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(57) ABSTRACT 

Systems and methods for rapid Raman spectroscopy. The 
speed is improved by providing light from a sample to a 
light-dispersive element, such as a holographic grating, in a 
pattern that inversely complements distortion caused by the 
grating. For example, if the grating imparts a curve to the 
spectral lines emanating from the grating, then the light is 
inserted into the grating in a curve in the opposite direction. 
Also calibration light guides able to transmit a known, or 
standard, light to the detection or spectroscopy system. The 
calibration light guide can be useful both With traditional 
light transmission guides and With the light transmission 
guides of the present invention. 
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In Vivo Raman Spectrum from a Heaithy Hand Dorsum 
45000 ' 

33750 ‘ ( 

22500 ' 
lnlensny (a u) i j 

0 ' 1 I I)" 
500 600 700 800 900 1000 1100 ‘.200 1300 1400 i500 

m1,A 
Raman Shift (cm ‘) 

Figure 8. 

Raman Spectrum from BaSO4 Coatmg on Glass Slide 
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Raman Spectrum from a Tylenol Pill 
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Raman Spectrum from an Aspirin PIH 
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APPARATUS AND METHODS RELATING TO 
HIGH SPEED RAMAN SPECTROSCOPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority from US. 
provisional patent application No. 60/154,070, ?led Sep. 14, 
1999. 

BACKGROUND OF THE INVENTION 

[0002] When monochromatic light such as laser light 
strikes a sample, almost all of the light is scattered elasti 
cally, Which is called Rayleigh scattering. This Rayleigh 
scattered light undergoes no change in energy or frequency. 
HoWever, a very small portion of the light, ~1 in 108, is 
scattered inelastically, Which is called Raman scattering. 
This light does undergo a change in energy and frequency, 
and the change corresponds to an excitation of the illumi 
nated molecular system, most often excitation of vibrational 
modes. Measuring the intensity of the Raman scattered 
photons as a function of the frequency difference provides a 
Raman spectrum. Raman peaks are typically narroW (a feW 
Wavenumbers) and in many cases can be associated With the 
vibration of a speci?c chemical bond (or normal mode 
dominated by the vibration of a single functional group) in 
a molecule. As such, it is a “?ngerprint” for the presence of 
various molecular species and can be used for both quali 
tative identi?cation and quantitative determination. Analyti 
cal Raman Spectroscopy, Chemical Analysis Series Vol. 
114, J. G. Grasselli and B. J. Bulkin, Eds. (John Wiley, NeW 
York, 1991). 
[0003] Raman spectroscopy has a variety of potential uses 
in vivo. For example, Raman spectra have been observed 
from various biological tissues including skin. OZaki, Y.: 
“Medical application of Raman spectroscopy’34ppl. Spectn 
Rev. 24:259-312, 1988; Manoharan, R., et al. “Histochemi 
cal analysis of biological tissues using Raman spectroscopy, 
”Spectr0. Acta PartA, 52:215-249, 1996; Mahadevan-Jan 
sen, A. and Richards-Kortum, R.: “Raman spectroscopy for 
the detection of cancers and precancers,”J. ofBiomea'. Op, 
1:31-70, 1996. Identi?ed Raman scatterers in tissues include 
elastin, collagen, blood, lipid, tryptophan, tyrosine, caro 
tenoid, myoglobin. Id. Most of the data has been obtained 
from ex vivo tissue samples using Fourier-Transform (FT) 
Raman spectrometers. These data have demonstrated that 
Raman spectroscopy has potential for diagnosis of diseases. 
Raman spectroscopy might also be used to monitor cutane 
ous drug delivery and pharmacokinetics during skin disease 
treatment. Schallreuter, K. U.: “Successful treatment of 
oxidative stress in vitiligo,”Skin Pharmacol. Appl. Skin 
Physiol. 12(3):132-8, 1999; LaWson, E. E., et al. “Interac 
tion of salicylic acid With verrucae assessed by FT-Raman 
spectroscopy,”J. Drug Target 5(5):343-51, 1998; Schallreu 
ter, K. U., et al. “In vivo evidence for compromised pheny 
lalanine metabolism in vitiligo,”Bi0chem. Biophys. Res. 
Commun. 13; 243(2):395-9, 1998; Schallreuter, K. U., et al. 
“OxybenZone oxidation folloWing solar irradiation of skin: 
photoprotection versus antioxidant inactivation,”J. Invest. 
Dermatol. 106(3):583-6, 1996. Raman spectroscopy could 
also potentially be used to detect the presence of prohibited 
drugs used by athletes or speci?c drugs in drug abusers. 

[0004] In order to enhance such uses, Raman measure 
ments should be able to be performed in vivo and quickly, 
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preferably Within seconds or sub-seconds. FT-Raman sys 
tems typically require as much as half an hour to acquire a 
spectrum and are typically bulky and not portable. Mano 
haran, R., et al. “Histochemical analysis of biological tissues 
using Raman spectroscopy,”Spectr0. Acta Part A, 52:215 
249, 1996. Recently developed dispersive-type Raman sys 
tems based on ?ber optic light delivery and collection, 
compact diode lasers, and high ef?ciency spectrograph 
detector combinations, may be able to acquire in vivo tissue 
Raman spectrum in seconds. Baraga, J.J., et al. “Rapid 
Near-infrared Raman spectroscopy of human tissue With a 
spectrograph and CCD detector,”Appl. Spectra. 46:187-90, 
1992; Kramer, J. R., et al. “Spectral diagnosis of human 
coronary artery: a clinical system for real time analysis, 
”SPIE Proc. 2395:376-82, 1995; Mahadevan-Jansen, A., et 
al. “Development of a ?ber optic probe to measure NIR 
Raman spectra of cervical tissue in vivo,”Ph0t0chem. Pho 
t0bi0l. 68(3):427-31, 1998. 

[0005] Thus, there is a need for Raman spectroscopy 
systems capable of fast speeds or high quality results. The 
present invention provides these and other advantages. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides systems and meth 
ods for rapid Raman spectroscopy. The speed is improved by 
providing light from a sample to a light-dispersive element, 
such as a holographic grating, in a pattern that inversely 
complements distortion caused by the grating or other 
device. For example, if the grating imparts a curve to the 
spectral lines emanating from the grating, then the light is 
inserted into the grating in a curve in the opposite direction. 
These and other features of the present invention enhance 
the signal to noise ratio and improve the spectral resolution 
of the system. The present invention also provides a cali 
bration light guide able to transmit a knoWn, or standard, 
light to the detection or spectroscopy system. The calibration 
light guide can be useful both With traditional light trans 
mission guides and With the light transmission guides of the 
present invention. 

[0007] In one aspect, the present invention provides a light 
transmission bundle suitable for use for Raman spectros 
copy, the light transmission bundle comprising a proximal 
end and a distal end and comprising at least 5 light guides, 
Wherein the light guides are arranged in a substantially 
?lled-in geometrical shape at the proximal end of the light 
transmission bundle and a substantially linear curve at the 
distal end. In some embodiments, the substantially linear 
curve is a parabolic curve, and can be substantially identical 
to a curve of a substantially linear line of light after it has 
been passed through a holographic grating, for example a 
volume phase technology (VPT) holographic grating. In 
some embodiments, the ?lled-in geometrical shape is a 
circle, although other shapes are also possible. (Unless 
expressly stated otherWise or clear from the context, all 
embodiments of the present invention can be mixed and 
matched.) The present invention also provides a calibration 
light guide, Which can be one of the light guides at the distal 
end of the light transmission bundle described above, for 
example at the center of the substantially linear curve. 
Typically, the proximal end of the calibration light guide is 
optically connected to a calibration light source. 

[0008] In another aspect, the present invention provides a 
Raman spectrometer system comprising a detection light 
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guide able to detect light emanating from a sample. A distal 
end of the detection light guide is optically connected to a 
plane grating that is in turn optically connected to a piXelated 
light detector operably connected to a controller containing 
computer-implemented programming that detects light 
impinging on detection piXels in the piXelated light detector. 
Alight transmissive portion of the distal end of the detection 
light guide is arranged in a substantially inverse shape that 
is complementary to a distortion to the light caused by 
passing the light through the plane grating, to provide light 
in a substantially straight line at the piXelated light detector. 
In some embodiments, the light guide is similar to that 
described above. 

[0009] The Raman spectrometer system can further com 
prise a monochromatic illumination light source that pro 
vides illumination light to the sample, and an illumination 
light guide and a probe located at the distal end of the 
illumination light guide, Wherein the illumination light guide 
transmits the monochromatic illumination light from the 
light source to the probe, Which in turn transmits the 
illumination light to the sample. The monochromatic illu 
mination light source can be an infrared laser, for eXample 
having a poWer of at least about 250 mW, a Wavelength of 
about 785 nm, and a poWer of about 300 mW. The illumi 
nation light guide can be a single optical ?ber having a 
diameter less than about 200 pm. Preferably, the proXimal 
end of the detection light guide is optically connected to the 
probe. 
[0010] The probe can further comprise a compound para 
bolic concentrator (CPC) optically connected at the proxi 
mal end of the detection light guide, Wherein the compound 
parabolic concentrator collects light emanating from the 
sample and concentrates it and transmits it into the distal end 
of detection light guide. Alternatively, the proXimal end of 
the detection light bundle can have a large a diameter, for 
eXample greater than about 1 mm, and then the detection 
probe may not comprise a CPC. In some embodiments, the 
probe is siZed to provide an illumination spot on the sample 
that is substantially larger than a detection spot detected by 
the probe. 
[0011] The Raman spectrometer system can further com 
prise a calibration light guide optically connected to a 
calibration light source. Also, the detector preferably com 
prises an array of detection piXels and the detection light 
guide preferably comprises a bundle comprising enough 
light guides to substantially ?ll a column or roW of the array, 
Wherein the bundle comprises more than about 50 light 
guides. The light guides can be selected from the group 
consisting of an optical ?ber, a liquid light guide and a 
holloW re?ective light guide. Also, the system is preferably 
portable. 
[0012] The present invention further provides means for 
and steps of achieving the various aspects, embodiments and 
features of such invention. 

[0013] In a further aspect, the present invention provides 
methods of making a light transmission bundle comprising 
a) providing at least 5 light guides, b) arranging the light 
guides in a ?lled-in geometrical shape at a proXimal end of 
the light transmission bundle, and c) arranging the light 
guides in a substantially linear curve at the distal end of the 
light transmission bundle. In some embodiments, the meth 
ods further comprise adding a calibration light guide to the 
light transmission bundle. 
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[0014] In another aspect, the present invention provides 
methods of taking a Raman measurement comprising a) 
illuminating a sample under conditions and for a time 
suf?cient to induce measurable Raman scattered light to 
emanate from the sample, b) collecting the emanating light, 
c) providing the emanating light With a substantially inverse 
shape that is complementary to a distortion to the light 
caused by passing the light through a light-dispersive ele 
ment, d) passing the light having the substantially inverse 
shape through the plane grating to provide substantially 
straight spectral lines, and e) performing Raman spectro 
scopic analysis on the substantially straight spectral lines. In 
some embodiments, providing the substantially inverse 
shape further comprises transmitting the emanating light 
through a detection light guide Wherein the light transmis 
sive portion of the distal end of the detection light guide is 
arranged in a substantially inverse shape that is complemen 
tary to a distortion to the light caused by passing the light 
through the light transmissive element, and Wherein the light 
transmissive element comprises a plane grating. Illuminat 
ing the sample and collecting the emanating light can be 
done through a probe optically connected to an illumination 
light source and to the detection light guide, for eXample by 
providing an illumination spot on the sample that is sub 
stantially larger than the detection spot detected by the 
probe. The methods can further comprise providing calibra 
tion light, and can be performed using a portable Raman 
system, and in less than about 1 second. 

[0015] These and other aspects of the present invention 
Will become evident upon reference to the folloWing 
Detailed Description and attached draWings. In addition, 
various references are set forth herein that describe in more 
detail certain apparatus and methods; all such references are 
incorporated herein by reference in their entirety. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 provides an image of light from a IOU-pm 
slit passed through a holographic plane grating, demonstrat 
ing image aberration. 

[0017] FIG. 2 depicts a graph of the horiZontal displace 
ment of a spectral line as in FIG. 1, With the displacement 
rounded to 27-pm pixels. 

[0018] FIG. 3 provides a schematic block diagram of a 
rapid Raman spectrometer system. 

[0019] FIG. 4 provides a schematic block diagram of a 
rapid Raman microspectrophotometer system. 

[0020] FIG. 5 provides a schematic block diagram of a 
probe for Raman measurement in vivo or for other distant 
samples, the Figure also depicting the proXimal and distal 
ends of a detection light guide according to the present 
invention. 

[0021] FIG. 6 provides an image of spectral lines from 
light that has been supplied to the HoloSpec spectrograph in 
a curve comprising 58 optical ?bers that is inversely 
complementary to aberration depicted in FIG. 1. The dark 
spots in the middle of the spectral lines are from the 
calibration ?ber, Which Was not illuminated in the image. 

[0022] FIG. 7 provides an in vivo Raman spectrum from 
the palm of a healthy volunteer obtained With an integration 
time of 5 seconds using the Raman system of the present 
invention. 
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[0023] FIG. 8 provides an in vivo Raman spectrum from 
the back of the hand of a healthy volunteer With an integra 
tion time of 5 seconds using the Raman system of the present 
invention. 

[0024] FIG. 9 provides a Raman spectrum of BaSO4 
coating on glass slide obtained With an integration time of 1 
seconds using the Raman system of the present invention. 

[0025] FIG. 10 provides a Raman spectrum obtained 
directly from an acetominophen (Tylenol®) pill obtained 
With an integration time of 0.5 seconds using the Raman 
system of the present invention. 

[0026] FIG. 11 provides a Raman spectrum obtained 
directly from an aspirin pill obtained With an integration 
time of 0.5 seconds using the Raman system of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] The present invention provides high speed Raman 
systems for spectroscopy, such as in vivo spectroscopy, and 
other spectral analyses. The performance of the Raman 
systems is improved by providing a light collection or 
detection device that displays light emanating from a sample 
into a holographic grating, or other device that separates the 
light into its spectral components, in a pattern that inversely 
complements any distortion caused by the grating or other 
device. For example, if the grating imparts a curve to the 
spectral lines emanating from the grating, then the light 
collection device corrects the distortion by inserting the light 
into the grating in a curve in the opposite direction. These 
and other features of the present invention enhance the 
signal to noise ratio and improve the spectral resolution of 
the system. The present invention also provides a calibration 
light guide able to transmit a knoWn, or standard, light to the 
detection or spectroscopy system. The calibration light 
guide can be useful both With traditional light transmission 
guides and With the light transmission guides of the present 
invention. 

[0028] One of the dif?culties With previous high speed 
Raman systems that use a plane grating, and other Raman or 
other optical systems that transmit light through a plane 
grating, is that the light is distorted by the plane grating. For 
example, a straight line of light (such as light passed through 
a slit) typically comes out of the grating as substantially 
linear curve, typically a parabolic curve. James, J. E, and 
Sternburg, R. S.: “The design of optical spectrometers,” 
Chapman and Hall Ltd., London, England, 1969. This 
phenomenon can be due to the fact that the light rays from 
different positions along the length of the slit are incident on 
the grating With varying amounts of obliqueness. For spec 
trographs having a short focal length, such as a holographic 
spectrograph such as the Kaiser HoloSpec spectrograph 
(Kaiser Optical Systems. Inc., Ann Arbor, Mich.), the 
obliqueness causes a signi?cant distortion that can affect the 
performance of a detector doWnstream in the light path. As 
an example of this, FIG. 1 shoWs the spectral lines resulting 
from passing light from a mercury-argon calibration lamp 
through a 100 pm slit and then through a Kaiser HoloSpec 
spectrograph. The curvature of the spectral lines is apparent 
in FIG. 1. FIG. 2 shoWs in graphical form the horiZontal 
displacement of a spectral line from FIG. 1 in graphic form, 
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With the displacement rounded to 27-pm pixels. The maxi 
mum horiZontal displacement in FIG. 2 is 5 pixels. 

[0029] One of the Well-known approaches for improving 
the performance of a spectrometer is to combine the signal 
from an entire spectral line for analysis. This can be called 
“hardWare binning,” and in a charge-coupled device (CCD) 
the binning can be performed before the signal is read out by 
the preampli?er. For signal levels that are limited by readout 
noise, such as Weak Raman signal measurement, hardWare 
binning improves signal to noise ratio (SIN) linearly With 
the number of pixels grouped together. The image aberration 
described in the previous paragraph detracts from the effec 
tiveness of hardWare binning because the entire spectral line 
no longer hits a single line (roW or column) of pixels in the 
detector. This can decrease the spectral resolution and the 
S/N. It can also cause problems With Wavelength calibration. 
Binning can also be done by softWare after the signal is read 
out. HoWever, such softWare binning typically improves the 
S/N only by as much as the square root of the number of 
pixels added together. Hence, hardWare binning is preferred 
for maximum S/N. Other approaches bin the 11 segments 
shoWn in FIG. 2 using hardWare binning and then shifting 
the appropriate number of pixels before summing them 
together using softWare binning. Kaiser Optical Systems, 
Inc. “HoloSpec VPT System Operations Manual,” 1994. 
This may be termed a “combined hardWare and softWare 
binning procedure.” The previous approach of acquiring the 
Whole image ?rst and then adding all the pixels along the 
curved line together by softWare binning can be termed a 
“complete softWare binning procedure.” 

[0030] One of the features of the present invention cor 
rects the image aberration and alloWs hardWare binning of a 
Whole spectral line. As shoWn in FIG. 5 and described more 
fully beloW, the output from the detection light guide is 
provided to the grating in a shape that is substantially 
inversely proportional to the aberration caused by the grat 
ing. For example, Where the grating imparts a parabolic 
curve to the light, the output of the detection light guide 
forms an inverse or complementary curve, as shoWn in FIG. 
5, so the light emanating from the grating onto the detector 
is a straight line, as shoWn in FIG. 6. This alloWs full 
hardWare binning of the entire vertical line Without losing 
resolution and Without reducing S/N. Compared to the 
combined hardWare and softWare binning procedure, the 
S/N improvement can be up to at least about 111/2 or 3.3 
times or more, and compared to the complete softWare 
binning procedure, the S/N improvement can be up to at 
least about 2561/2 or 16 times.or more. 

[0031] De?nitions 

[0032] The folloWing paragraphs provide de?nitions of 
some of the terms used herein. All terms used herein, 
including those speci?cally described beloW in this section, 
are used in accordance With their ordinary meanings unless 
the context or de?nition indicates otherWise. Also unless 
indicated otherWise, except Within the claims the use of “or” 
includes “and” and vice-versa. Non-limiting terms are not to 
be construed as limiting unless expressly stated (for 
example, “including” means “including Without limitation” 
unless expressly stated otherWise). 

[0033] An “illumination light path” is a light path from a 
light source to a sample, While a “detection light path” is a 
light path for light emanating a sample to a detector. Light 
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emanating from a sample includes light that re?ects from a 
sample, is transmitted through a sample, or is created Within 
the sample, for example, ?uorescent light that is created 
Within a sample pursuant to excitation With an appropriate 
Wavelength of light (typically UV or blue light). In the 
present application, such emanating comprises light that has 
been Raman scattered. 

[0034] A “controller” is a device that is capable of con 
trolling a detector or other elements of the apparatus and 
methods of the present invention. For example, the control 
ler may control the pixels of a pixelated light detector or 
compile or interpret data obtained from the detector. Typi 
cally, a controller is a computer or other device comprising 
a central processing unit (CPU). Controllers are Well knoWn 
in the art and selection of a desirable controller for a 
particular aspect of the present invention is Within the scope 
of the art in vieW of the present disclosure. 

[0035] “Upstream” and “downstream” are used in their 
traditional sense Wherein upstream indicates closer to a light 
source, While doWnstream indicates farther aWay from a 
light source. Similarly, “proximal” indicates upstream and 
“distal” indicates doWnstream. 

[0036] The terms set forth in this application are not to be 
interpreted in the claims as indicating a “means plus func 
tion” relationship unless the Word “means” is speci?cally 
recited in the claims. This is also true of the term “step” for 
process or method claims. 

[0037] Other terms and phrases in this application are 
de?ned in accordance With the above de?nitions, and in 
other portions of this application. 

[0038] The Figures 

[0039] Turning to the ?gures, as noted above FIGS. 1 and 
2 depict curved spectral lines from a plane grating. FIG. 3 
depicts a schematic block diagram of a rapid Raman spec 
trometer system according to one embodiment of the inven 
tion. In the ?gure, a light source 4, preferably a monochro 
matic light source such as laser, for example an infrared laser 
such as an external cavity stabiliZed diode laser (785 nm, 
300 mW, SDL Inc.), provides light capable of inducing 
Raman scattering in a sample, such as tissue. Preferably, the 
light source minimiZes interference from non-desired 
sources. For example, if the sample is a tissue, then the light 
source can be selected to minimiZe ?uorescence from the 
sample and the absorption of photons emanating from 
melanin. The light source 4 is optically coupled to the 
proximal end of an illumination light transmission guide 6. 
In FIG. 3, the illumination light transmission guide 6 is a 
100-nm optic ?ber. The illumination light transmission 
guide 6, and other light guides of the present invention, can 
also be a liquid light guide or holloW re?ective light guide 
or lens system, or a bundle of any of such light guides or 
other light guides able to transmit the illumination or detec 
tion light, or other light, as desired. 

[0040] The illumination light transmission guide 6 is opti 
cally connected at its distal end to a probe 8, for example via 
a SMA connector. The probe 8 transmits thevn illumination 
light to the sample 9, and then gathers the return light 
emanating from the sample, Which return light comprises 
Raman photons. The light collected by probe 8 is transmitted 
to a spectrograph 2, such as a holographic transmissive 
spectrograph (Kaiser, HoloSpec-f/2.2-NIR), through a 
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detection light guide 10. As noted above, the detection light 
guide that transmits the detection light can be an optical 
?ber, a liquid light guide or holloW re?ective light guide or 
lens system, or a bundle of any of such light guides or other 
light guides able to transmit the light. In a preferred embodi 
ment, the detection light guide comprises a bundle of light 
guides because it is relatively simple to control the geometry 
of the light guides in the bundle so that the bundle can have 
one shape at the proximal end of the detection light guide 
(i.e., the portion of the detection light guide 10 at the probe) 
and a second shape at the distal end of the light guide (i.e., 
the portion of the detection light guide 10 at the spec 
trograph). A calibration light guide 12 provides light from a 
calibration light source to the spectrograph 2. 

[0041] The light from the detection light guide 10 is fed 
through a lens 14 and into a plane grating 16. In preferred 
embodiments the plane grating is a holographic grating, 
such as a volume phase technology (VPT) holographic 
grating (Kaiser, HSG-785-LF). The plane grating 16 dis 
perses the incoming light through a second lens 18 onto the 
detector 20. The detector can be pixelated, such as a charge 
coupled device (CCD), such as an LN/CCD-1024EHRB 
from Princeton Instruments, charge injection device (CID), 
intensi?ed CCD detector, photomultiplier tube (PMT) detec 
tor array, photo-diode array (PDA), intensi?ed PDA and an 
avalanche photo-diode (APD) array. In a preferred embodi 
ment, the detector is a back-illuminated, deep depletion 
CCD detector With enhanced QE and reduced etaloning in 
the NIR (QE§70% at 900 nm), is liquid nitrogen cooled, 
and its S/N is read-out noise limited When acquiring Weak 
Raman signals. The detector in one example has 1024x256 
pixels (27-nmx27-nm) in a 27.6-mm><6.9-mm siZe rectan 
gular array and alloWs vertical binning (Princeton Instru 
ments, LN/CCD-1024EHRB). The detector 20 is operably 
connected to and controlled by a controller 22, Which can be 
a PC computer. The Raman spectra are preferably displayed 
on the computer screen in real time and can also be saved for 
future display or further analysis. 

[0042] In one embodiment, the plane grating 16 covers the 
loW frequency “?ngerprint” Raman bands from 0 up to 2080 
cm_1. In another embodiment, the spectrograph 2 has an 
f-number, such as 2.2, that matches the numerical aperture 
(NA) of the ?ber bundle (e.g., NA=0.22). Coupling optics in 
the spectrograph preferably provide 1:1 imaging With mini 
mal optical losses due to NA matching betWeen the spec 
trograph and the ?bers. This spectrograph has 5 times better 
throughput and better spectral resolution compared to a 
traditional f/4, 1A-meter imaging CZerny-Turner spec 
trograph used in conventional dispersive Raman systems 
(see, e.g., OWen, H., et al., “New spectroscopic instrument 
based on volume holographic optical elements.” SPIE Pro 
ceed., 2406, 1995). 

[0043] The Whole spectrometer system of this and other 
embodiments of the present invention can be permanent or 
can be portable, for example it can be movable on a cart for 
outpatient clinical data acquisition. 

[0044] FIG. 4 depicts an example of a rapid Raman 
microspectrophotometer system according to the present 
invention. The system provides both imaging and spectral 
analysis. The system comprises up to four light sources, 
monochromatic (here, a laser) light source 4, calibration 
light source 13, alignment light source 19 and halogen lamp 
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36. Calibration light source 13 provides alignment light that 
is transmitted into the system. Alignment light source 19 
provides light that travels up to the microscope to identify 
the speci?c spot being examined in the sample. Light from 
the monochromatic light source 4 or halogen lamp 36 is 
transmitted to a sample 9, via one or more mirrors 24, 
condenser lenses 26 or illumination light guides 6. Light 
emanating from the sample is transmitted to eyepiece 32, 
imaging device 38 such as a CCD camera, or Raman 
spectrometer 40. One or more of the devices, in the ?gure 
the Raman spectrograph 2 and imaging device 38, can be 
operably connected to a controller 22. The system can 
include a band pass ?lter 34 betWeen the illumination light 
source and the sample to eliminate Raman spectra and 
?uorescence from the illumination light path, a notch ?lter 
30 betWeen the sample and the spectrograph 2 to ?lter out 
illumination light from monochromatic light source 4, and 
an optional narroW band pass ?lter 35 in front of the imaging 
device to select Raman bands of interest for imaging. Other 
?lters, mirrors, lenses and other optical components can be 
selected by a person of ordinary skill in the art in vieW of the 
present speci?cation. 
[0045] FIG. 5 depicts a probe for taking Raman measure 
ments, and the proximal and distal ends of a detection light 
guide according to the present invention. In the probe 8, a 
collimator lens 42 collimates the illumination light coming 
out of illumination light guide 6, and a band pass ?lter 34 
?lters out the Raman signals and the auto?uorescence sig 
nals that are generated by passing the illumination light 
through the illumination light guide 6. Mirror 24 de?ects the 
illumination light beam to the sample 9. In an alternative 
embodiment, the illumination light passes through a holo 
graphic band pass ?lter (Kaiser Optical Systems, Inc.) that 
turns the illumination light beam 90°. The beam is then 
de?ected to the sample by a mirror. Apair of lenses 15, 17, 
for example, tWo one-inch diameter f/2 quartZ lenses, col 
lects the scattered light from the sample surface. The colli 
mator lens 15 is preferably positioned so that its focal point 
is located at the sample surface, providing a collimated beam 
betWeen the tWo lenses. A notch ?lter 30, such as a holo 
graphic notch plus ?lter (Kaiser), can be placed betWeen the 
collimator lens 15, and the focusing lens 17, to block the 
Rayleigh scattered light and pass the frequency-shifted 
Raman signal. Focusing lens 17 focuses the ?ltered beam 
onto the proximal end of detection light guide 10. Detection 
light guide 10 then transmits the light to the Raman spec 
trometer. 

[0046] In one embodiment, detection light guide 10 com 
prises 100 pm optical ?bers 44 packed into a ?rst shape, such 
as a ?lled-in geometric shape such as a circle (as in the 
Figure), a square, a rectangle or a hexagon, at the proximal, 
or input, end 46. The shape can be other than ?lled-in if 
desired. The ?bers are arranged in a second shape, such as 
curved line, at the distal, or output, end 48. In particular, the 
optical ?bers 44 or other light transmissive portion of the 
detection light guide 10 are arranged such that they provide 
a substantially inverse shape to the distortion to the light 
caused by passing the light through the plane grating, Which 
means that the shape is complementary to such distortion so 
that the light emanating from the plane grating 16 is in a 
straight line (or other shape if so desired). For example, in 
one embodiment the shape at the distal end 48 of detection 
light guide 10 is a parabolic curve that has substantially the 
same horiZontal displacement as shoWn in FIGS. 1 and 2 
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but in the reverse direction. A calibration ?ber 50 can be 
added to the distal end 48 of detection light guide 10. Again 
referring to the curve in FIGS. 1 and 2 for exemplary 
purposes, a parabolic line or curve can be ?tted to the graph 
in FIG. 2 by linear regression line ?tting or can be approxi 
mated by ?ve segments of straight lines. 

[0047] FIG. 6 shoWs a CCD image of light from a 
mercury-argon calibration lamp. The light Was carried by a 
detection light guide 10 comprising a bundle of about 58 100 
pm light guides arranged in an inverse curve as discussed 
above and then passed through a plane grating to give 
spectral lines. The spectral lines of the light are substantially 
straight. The dark spots in the center of the spectral lines are 
from a SO-pm calibration light guide disposed at the center 
of the bundle that Was not illuminated. Accordingly, the light 
can be hardWare binned Without losing resolution and With 
out reducing S/N. 

[0048] Preferably, the detection light guide 10 is a bundle 
and comprises as many ?bers as Will ?t the vertical or 
horiZontal (or other straight-line characteristic) siZe of the 
detector. For example, for the image in FIG. 6, the CCD had 
a height of about 6.9 mm, and about 58x100-pm optic ?bers 
and 1x50 pm optic ?ber Were ?tted into the detection light 
guide 10. 

[0049] At the proximal end of the detection light guide 10 
the ?bers Were packed into a 1.6 mm diameter area. There 
fore the measurement or detection spot siZe on the sample 
surface Was also 1.6 mm. If desired, a compound parabolic 
concentrator (CPC) can be used to collect more light from 
the sample. HoWever, the proximal end diameter of the ?ber 
bundle, Which is restricted by the vertical siZe of the CCD 
array and the desired spectral resolution, may not be as big 
as the output aperture of the CPC to fully make use of the 
light collection capability of the CPC. Also the laser beam 
may need to be focused smaller than the input aperture 
diameter of the CPC, therefore, restricting the total illumi 
nation poWer to prevent tissue damage. Accordingly, in 
another embodiment it is preferred not to use a CPC, but 
collect light directly from a large spot on the sample. 
Preferably, the illumination spot is larger than the detection 
spot to increase the total alloWable illumination poWer. The 
Raman signal generated by the large beam may diffuse into 
the measurement spot and be collected. 

[0050] In other aspects, the present invention provides 
methods of making and using the devices and systems 
described herein. For example, the present invention pro 
vides methods of making a light transmission guide or 
bundle as described herein, Which methods can include 
providing at least 5 light guides, arranging the light guides 
in a substantially ?lled-in geometrical shape at a proximal 
end of the light transmission bundle, and arranging the light 
guides in a substantially linear curve at the distal end of the 
light transmission bundle. The order of the steps in these 
methods is not critical. In some embodiments, the methods 
can further include arranging the light transmissive portion 
or element of the light guide in a substantially parabolic 
curve at the distal end of the light transmission guide, the 
parabolic curve being substantially identical to a curve of a 
substantially linear line of light after it has been passed 
through a holographic grating if desired. Similarly, the 
?lled-in geometrical shape can be a circle or other desired 
shape. In other embodiments, the methods comprise provid 
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ing a calibration light guide to the light transmission bundle. 
The calibration light guide can be useful both With tradi 
tional light transmission guides and With the light transmis 
sion guides of the present invention. 

[0051] In further aspects, the present invention provides 
methods of taking a Raman measurement comprising illu 
minating a sample under conditions and for a time suf?cient 
to induce measurable Raman scattered light to emanate from 
the sample, collecting the emanating light, transmitting the 
emanating light through a detection light guide as described 
herein, passing the light through the plane grating to provide 
substantially straight spectral lines, and performing Raman 
spectroscopic analysis, such as display, measurement, com 
parison or other desired functions on the substantially 
straight spectral lines. In other aspects, the methods com 
prise providing the light in a particular shape that is comple 
mentary to the shape imparted by the light-dispersive ele 
ment (such as the plane grating) via the use of curved 
mirrors or other optical elements able to control the shape of 
the light. The present invention also includes systems com 
prising such alternative approaches to providing comple 
mentary-shaped light. 

[0052] In some embodiments, the methods further com 
prise illuminating a distant sample, such as an in vivo 
sample or a sample in a dif?cult to reach location in a 
machine, and collecting the emanating light from the sample 
through a probe such as those as described herein. The 
methods can also be performed using a portable Raman 
system. For eXample, the system can be carried on a cart or 
in a carry-bag so that it can move from one person or 
machine to another. The Raman measurements can be 
obtained in relatively short times, typically less than about 
5 seconds, generally less than about 2 seconds, preferably 
less than about 1 second, and further preferably less than 
about 0.5 seconds 

EXAMPLES 

[0053] A Raman spectroscopy system Was built With a 
detection light guide comprising a bundle of 58><100 pm and 
1><50 pm optic ?ber light guides arranged in an inverse curve 
that can be described by the coordinates X=0.000011904y2+ 
0.000194553y—4.4485278. At the proXimal end of the detec 
tion light guide the ?bers Were packed into a 1.6 mm 
diameter area. Therefore the measurement or detection spot 
siZe on the sample surface Was also 1.6 mm. The system also 
had a volume phase technology (VPT) holographic grating 
(Kaiser, HSG-785-LF) and an LN/CCD-1024EHRB charge 
coupled device (CCD) (Princeton Instruments). The spectral 
lines of the light emanating from the sample Were thus 
substantially straight at the CCD and hardWare binning of 
the spectral lines Was performed. 

[0054] FIG. 7 shoWs an in vivo Raman spectrum from the 
palm of a healthy volunteer obtained With an integration 
time of 5 seconds using the system. The major Raman peaks 
shoWn in the graph are consistent With spectra published in 
literature. Caspers, P. J ., et al., “In vitro and in vivo Raman 
spectroscopy of human skin,”Bi0spectr0., 4:S31-S39, 1998; 
Gniadecka, M., et al., “Distinctive molecular abnormalities 
in benign and malignant skin lesions: Studies by Raman 
spectroscopy,”Ph0t0chem. Ph0t0bi0l., 66:418-423, 1997; 
Gniadecka, M., et al., “Diagnosis of basal cell carcinoma by 
Raman spectroscopy,”J. Raman Spectrosa, 28:125-130, 
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1997; Williams, A. C., et al., “Fourier transform Raman 
spectroscopy: A novel application for examining human 
stratum corneum,”Int. J. Pharm., 81, R11-14, 1992; Barry, 
B. W., et al., “Fourier transform Raman and infrared vibra 
tional study of human skin: Assignment of spectral bands,”J. 
ofRaman Spectra, 23:641-5, 1992; EdWards, H. G. M., et 
al., “Novel spectroscopic deconvolution procedure for com 
pleX biological systems: Vibrational components in the 
FT-Raman spectra of ice-man and contemporary skin,”J. 
Chem. Soc. Faraday Trans., 91:3883-7, 1995; Williams, A. 
C., et al., “A critical comparison of some Raman spectro 
scopic techniques for studies of human stratum corneum, 
”Pharma Res., 10:1642-1647, 1993; Williams, A. C., et al., 
“Comparison of Fourier transform Raman spectra of mam 
malian and reptilian skin,”Anal., 119:563-566, 1994; Will 
iams, A. C., et al., “Raman spectra of human keratotic 
biopolymers: Skin, callus, hair and nail,”J. Raman Spec 
tr0sc., 25: 95-98, 1994; Barry, B. W., et al., “Fourier 
transform Raman and IR spectra of snake skin,”Spectr0 
chimActa, PartA, 49:801-807, 1993; EdWards H. G. M., et 
al., “Raman spectroscopic studies of the skin of the Sahara 
sand viper, the carpet python and the American black rat 
snake,”Spectr0chim. Acta. Part A, 49:913-919, 1993. 

[0055] FIG. 8 shoWs an in vivo Raman spectrum from the 
hand dorsum of a healthy volunteer With an integration time 
of 5 seconds. The major Raman peaks shoWn in the graph 
are consistent With spectra published in literature. 

[0056] FIG. 9 shoWs a Raman spectrum of a BaSO4 
coating on a glass slide using an integration time of 1 
second. 

[0057] FIG. 10 provides a Raman spectrum obtained 
directly from a Tylenol pill. No sample preparations Were 
performed prior to obtaining the spectrum. The integration 
time Was 0.5 seconds. 

[0058] FIG. 11 provides a Raman spectrum obtained 
directly from an Aspirin pill. No sample preparations Were 
performed prior to obtaining the spectrum. The integration 
time Was 0.5 seconds. 

[0059] From the foregoing, it Will be appreciated that, 
although speci?c embodiments of the invention have been 
described herein for purposes of illustration, various modi 
?cations may be made Without deviating from the spirit and 
scope of the invention. Accordingly, the invention is not 
limited eXcept as by the appended claims. 

What is claimed is: 
1. A light transmission bundle suitable for use for Raman 

spectroscopy, the light transmission bundle comprising a 
proXimal end and a distal end and comprising at least 5 light 
guides, Wherein the light guides are arranged in a substan 
tially ?lled-in geometrical shape at the proXimal end of the 
light transmission bundle and a substantially linear curve at 
the distal end. 

2. The light transmission bundle of claim 1 Wherein the 
substantially linear curve is a parabolic curve. 

3. The light transmission bundle of claim 2 Wherein the 
parabolic curve is substantially identical to a curve of a 
substantially linear line of light after it has been passed 
through a holographic grating. 

4. The light transmission bundle of claim 3 Wherein the 
holographic grating is a volume phase technology (VPT) 
holographic grating. 
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5. The light transmission bundle of claim 1 wherein the 
?lled-in geometrical shape is a circle. 

6. The light transmission bundle of claim 1 Wherein at 
least one of the light guides at the distal end of the light 
transmission bundle is a calibration light guide. 

7. The light transmission bundle of claim 6 the calibration 
light guide is disposed at the center of the substantially linear 
curve. 

8. The light transmission bundle of claim 6 or 7 Wherein 
a proximal end of the calibration light guide is optically 
connected to a calibration light source. 

9. A Raman spectrometer system comprising a detection 
light guide able to detect light emanating from a sample, a 
distal end of the detection light guide optically connected to 
a plane grating that is in turn optically connected to a 
pixelated light detector operably connected to a controller 
containing computer-implemented programming that 
detects light impinging on detection pixels in the pixelated 
light detector, Wherein a light transmissive portion of the 
distal end of the detection light guide is arranged in a 
substantially inverse shape that is complementary to a 
distortion to the light caused by passing the light through the 
plane grating, to provide light in a substantially straight line 
at the pixelated light detector. 

10. The Raman spectrometer system of claim 9 Wherein 
the detection light guide comprises a light transmission 
bundle comprising at least 5 light guides, Wherein the light 
guides are arranged in a ?lled-in geometrical shape at a 
proximal end of the light transmission bundle and a sub 
stantially linear curve at the distal end, and the plane grating 
comprises a holographic grating. 

11. The Raman spectrometer system of claim 10 Wherein 
the system further comprises a monochromatic illumination 
light source that provides illumination light to the sample. 

12. The Raman spectrometer system of claim 11 Wherein 
the system further comprises an illumination light guide and 
a probe located at the distal end of the illumination light 
guide, Wherein the illumination light guide transmits the 
monochromatic illumination light from the light source to 
the probe, Which in turn transmits the illumination light to 
the sample. 

13. The Raman spectrometer system of claim 11 Wherein 
the monochromatic illumination light source comprises an 
infrared laser. 

14. The Raman spectrometer system of claim 12 Wherein 
the illumination light guide comprises a single optical ?ber 
having a diameter less than about 200 pm. 

15. The Raman spectrometer system of claim 11 Wherein 
the illumination light source provides light having a poWer 
of at least about 250 mW. 

16. The Raman spectrometer system of claim, 12 Wherein 
the monochromatic illumination light source provides light 
having a Wavelength of about 785 nm, and a poWer of about 
300 mW. 

17. The Raman spectrometer system of claim 12 Wherein 
the proximal end of the detection light guide is optically 
connected to the probe. 

18. The Raman spectrometer system of claim 17 Wherein 
the probe comprises a compound parabolic concentrator 
optically connected at the proximal end of the detection light 
guide, Wherein the compound parabolic concentrator col 
lects light emanating from the sample and concentrates it 
and transmits it into the distal end of detection light guide. 
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19. The Raman spectrometer system of claim 17 Wherein 
the proximal end of the detection light bundle has a diameter 
greater than about 1 mm and the detection probe does not 
comprise a compound parabolic concentrator. 

20. The Raman spectrometer system of claim 17 Wherein 
the probe is siZed to provide an illumination spot on the 
sample that is substantially larger than a detection spot 
detected by the probe. 

21. The Raman spectrometer system of claim 9 or 10 
Wherein the substantially inverse shape is a parabolic curve. 

22. The Raman spectrometer system of claim 9 or 10 
Wherein the plane grating is a volume phase technology 
(VPT) holographic grating. 

23. The Raman spectrometer system of claim 9 or 10 
Wherein the light transmissive portion of the proximal end of 
the detection light guide comprises a ?lled-in geometrical 
shape. 

24. The Raman spectrometer system of claim 23 Wherein 
the ?lled-in geometrical shape is a circle. 

25. The Raman spectrometer system of claim 9 Wherein 
the detection light guide further comprises a calibration light 
guide optically connected to a calibration light source. 

26. The Raman spectrometer system of claim 25 the 
calibration light guide is disposed at the center of the 
detection light guide. 

27. The Raman spectrometer system of claim 9 Wherein 
detector comprises an array of detection pixels and the 
detection light guide comprises a bundle comprising enough 
light guides to substantially ?ll a column or roW of the array. 

28. The Raman spectrometer system of claim 27 Wherein 
bundle comprises more than about 50 light guides. 

29. The Raman spectrometer system of claim 28 Wherein 
the light guides are selected from the group consisting of an 
optical ?ber, a liquid light guide and a holloW re?ective light 
guide. 

30. The Raman spectrometer system of claim 9 Wherein 
the system is portable. 

31. Alight transmission means suitable for use for Raman 
spectroscopy, the light transmission means comprising a 
means for receiving light in a substantially ?lled-in geo 
metrical shape at a proximal end of the light transmission 
means and means for emitting the light in a substantially 
linear curve at a distal end of the light transmission means. 

32. The light transmission means of claim 31 Wherein the 
substantially linear curve is substantially identical to a curve 
of a substantially linear line of light after it has been passed 
through a holographic grating. 

33. The light transmission means of claim 31 Wherein the 
light transmission means further comprises a means for 
transmitting calibration light. 

34. ARaman spectrometer system comprising a means for 
transmitting detection light emanating from a sample, a 
distal end of the detection means optically connected to a 
plane grating means that is in turn optically connected to a 
means for detecting that is operably connected to a control 
ler means containing computer-implemented programming 
that detects light impinging on means for detecting, Wherein 
the means for transmitting detection light provides light in a 
substantially inverse shape that is complementary to a 
distortion to the light caused by passing the light through the 
plane grating, to provide light in a substantially straight line 
at the means for detecting. 
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35. The Raman spectrometer system of claim 34 Wherein 
the system further comprises a means for providing mono 
chromatic illumination light to the sample. 

36. The Raman spectrometer system of claim 35 Wherein 
the system further comprises a probe means for emitting 
illumination light to the sample and for receiving light 
emanating from the sample, the probe means optically 
connected to a distal end of a means for transmitting 
illumination light and to a proximal end of the means for 
transmitting detection light. 

37. The Raman spectrometer system of claim 36 Wherein 
the probe means provides an illumination spot on the sample 
that is substantially larger than a detection spot detected by 
the probe means. 

38. The Raman spectrometer system of claim 31 Wherein 
the system further comprises a means for transmitting cali 
bration light. 

39. The Raman spectrometer system of claim 31 Wherein 
the system is portable. 

40. A method of making a light transmission bundle 
comprising 

a) providing at least 5 light guides; 

b) arranging the light guides in a ?lled-in geometrical 
shape at a proXimal end of the light transmission 
bundle; and 

c) arranging the light guides in a substantially linear curve 
at the distal end of the light transmission bundle. 

41. The method of claim 40 Wherein the light guides are 
arranged in a substantially parabolic curve at the distal end 
of the light transmission bundle. 

42. The method of claim 41 Wherein the parabolic curve 
is substantially identical to a curve of a substantially linear 
line of light after it has been passed through a holographic 
grating. 

43. The method of claim 40 Wherein the ?lled-in geo 
metrical shape is a circle. 

44. The method of claim 40 Wherein the method further 
comprises adding a calibration light guide to the light 
transmission bundle. 

45. A method of taking a Raman measurement compris 
mg: 
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a) illuminating a sample under conditions and for a time 
suf?cient to induce measurable Raman scattered light 
to emanate from the sample; 

b) collecting the emanating light; 
c) providing the emanating light With a substantially 

inverse shape that is complementary to a distortion to 
the light caused by passing the light through a light 
dispersive element; 

d) passing the light having the substantially inverse shape 
through the plane grating to provide substantially 
straight spectral lines; and, 

e) performing Raman spectroscopic analysis on the sub 
stantially straight spectral lines. 

46. The method of claim 45 Wherein the providing the 
substantially inverse shape further comprises transmitting 
the emanating light through a detection light guide Wherein 
the light transmissive portion of the distal end of the 
detection light guide is arranged in a substantially inverse 
shape that is complementary to a distortion to the light 
caused by passing the light through the light transmissive 
element, and Wherein the light transmissive element com 
prises a plane grating. 

47. The method of claim 45 Wherein the method further 
comprises illuminating the sample and collecting the ema 
nating light through a probe optically connected to an 
illumination light source and to the detection light guide. 

48. The method of claim 45 Wherein the method further 
comprises providing an illumination spot on the sample that 
is substantially larger than the detection spot detected by the 
probe. 

49. The method of claim 45 Wherein the method further 
comprises providing calibration light. 

50. The method of claim 45 Wherein the method is 
performed using a portable Raman system. 

51. The method of claim 45 Wherein the Raman measure 
ment is obtained in vivo. 

52. The method of claim 45 or 51 Wherein the Raman 
measurement is obtained in less than about 1 second. 


