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I nvention relates generally to Ranan 5 spectronetry, and nore
particularly to a standardi zed Ranan spectronetry apparatus capabl e of
measufing and conpensating for variabilities in the system Background of = -
the Invention 10 The use of spectronetry in analytical |aboratories
for measuring physical and anal ytical propeTﬂies of materials is a well
established art. Raman spectronetry is one such technique that can provide
gqualitative and quantit atigs
mol ecul ar structure of ché -

interacts with matter it may undergo a process cal |l ed scatterlng Scattered

radi ati on may be Ehéiﬁ_éi_tﬂsﬂﬁF_éntﬁﬁn'“C'de“t mavelength i s unchanged in
the scattered radiatio n_ whi ch the scattered
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provi des the energy of various nol ecul ar vibrational notions and conveys
chemi cal and nole v ILnfornption e rgin the matter studied. 30

The Ranman scatter k; typically a few Raman
scattered phBtons exi sThanuag of | spectrofettvisin canalytical dabratories.

This smal | Raman fbenﬁéag{iﬁmﬂatpweiéﬂ f‘n&'é’ﬁéiﬁ?ié&’l FrHg&EEdsSigEhal
places severe denggtgrggls is Qsaéfngégéblfgﬁed art. Raman spectrometry
is one such technique that can provide qualitative and
guantitative information about composition and or
15 molecular structure of chemical substances. When
incident radiation interacts with matter it may undergo
a process called scattering. Scattered radiation may be
elastic, in which the incident wavelength is unchanged
in the scattered radiation, or inelastic, in which the
20 scattered radiation has different wavelengths than the
incident radiation. In one form of inelastic radiation
scatter, referred to as Raman scattering, incident
photons are scattered with either a gain or loss of
energy. The energy difference between the scattered and
25 incident radiation is commonly referred to as the Raman
shift. The resultant Raman shift spectrum provides the
energy of various molecular vibrational motions and

......

conveys chemical and molecular information regarding the
matter studied.

30 The Raman scattering effect is extremely weak;
typically a few Raman scattered photons exist among
millions of elastically scattered photons. This small
Raman signal amongst the large elastically scattered
signal places severe demands on the instrumental design



* -2- of any spectroneter used to collect useful Raman spectra. Nunerous
radi ati oWGB328s are capabl e of generating Ranman scatter FaTousos/oseai eri al . -

For 5 anal ytical measurenment, these sources need to emt nonochromatic
radiation of high intensity. |In this regard, |lasers are well suited s
radi ation sources. U.s. Patent No. 3,556,659, the disclosures of which are
i ncorporated herein by reference, describes a Ranan 10 spectroneter in

whi ch a sanple.contained in a-tube is i¥radiated by radiation froma |aser
. along the axis of the tube. There are various classes of |aser radiation _
sources, including: .gas lasers, such as heliumneon, 15 ni trogen, argot

ion and krypt Rf iBW SRAGLFomeRar uses o soddest nagful :Baman and Nd: YAG -
(neodyniun1yttspe&hréuun1nun}garnet) | asers; dye | asers; chem cal |asers;

and solid state IagﬁEf | e mode and mul ti de_di ode | asers. 20
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di ode | asers %P Qﬁﬁiﬁr§ﬂﬁ%ﬁ%§°nmﬁ¢cHiEHnlﬁFSOFHEYParE@ Bei®r output i1

a conpact, ruguEghmyilesdnst ane mmpudxbdbr‘adu.a’aebﬁnsohﬂSéélpl lutdes in

t hei r out put IS Anal . Chem,
1950, Vol |6, PERAE 1 SERESIY ! AR Wl sLindePRd VEURRN alf |
i ncor por at ed %WWW dereda hBeG‘&tf%ePne:RdﬁaqrstSterRmrprocess
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spectra in d'ff§¥ad§a€M3”ifN¥¥dlat1 n Qrom a laser along the axis of !
the tube. = : _

There are various classes of laser radlatlon
sources, including: gas lasers, such as helium-neon,

15 nitrogen, argon ion,and-krypton_ion} solid state lasers,

' such as ruby'lasers and Nd;YAG (neodymium:yttrium— |
alnminumegarnet) lasers;'dyeflasers;.chemical.lasers;
and solid state lasers, such as single mode and
multi-mode diode lasers. _ . : :

20 Of these, gas lasers are generally accepted as
especially suitable for dispersive Raman spectrometry
because of_their'high degree of wavelength stability.
Unfortunately, they are either'expensive and require
extensive maintenance, or they have low-output power.

25 The use of semiconductor diode lasers in Raman
spectrometry, which can prov1de large power output in a
compact, rugged dev1ce but which may. exhlblt inherent
instabilities in their output propert;es,'are described
in Wang and McCreery, Anal. Chem., 1990, Vol. 62,

30 PP. 2647-2651, the disclosures of which are incorporated
herein by reference. '

Because the Raman scatterlng process relates to a
shift from an 1nc1dent wavelength different lasers
provide spectra in different wavelength regions.

35 However,'the Raman shift spectra in those regions are




35 Fbmevg? ggaman shift spectra in those regions are pcrgsesiissdsl ar,
and essentla.?y e sane structural information can be obtained through the
use of different incident |aser wavel engths. Fluorescence is a process by
whi ch®absorbed 5 radi ati on i nduces broad em ssion, characteristic of the
nmol ecul ar structure. The induced fluorescence signal, if observed, is
typically many orders of magnitude | arger than—he Raman signal and in sone
cases conpl etely masks the Raman shift spectrum Thus, it is 10

desirable to select an incident wavel ength that m nim zes fl uorescence
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wth mavelengths 3§£1%§$ 660 nanoneters to 1100 nanoneters, as
described in D. B ase t?ien1 Soc., 1986, Vol. 108, pp. 7485 7488,
t he di scl osures of mhuEhuareschmaawrmss rb)bwhmlbrmb&ch a
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A well known method to reduce fluorescence
background problems is to use lasers which generate red
or near infrared radiation, with wavelengths from about

15 660 nanometers to 1100 nanocmeters, as described in
D.B. Chase, J. Am. Chem. Soc., 1986, Vol. 108,
pPp- 7485—7488, the disclosures of which are incorporated
herein by reference. Such a method is useful because
the fluorescence emission profile is independent of

20 incident wavelength and the Raman process is a shift
from the incident wavelength. Typical radiation sources
operating in this region include krypton ion gas lasers,
single mode diode lasers, multi—mode diode lasers, and
Nd:YAG lasers. '

25 The large ratio of elastically to Raman scattered
photons requires an efficient method of photon
separation. Traditionally, this has been accomplished
with double or triple spectrograph systems, constructed
with two or three dispersive elements, respectively.

30 Other radiation filtering devices can sufficiently
reject the elastically scattered photons to permit the
use of smaller, more efficient single dispersive element
spectrograph devices; for example, holographic Bragg
diffraction filters are described in Carrabba et al.,

35 Appl. Spec., 1990, Vol. 44, pp. 1558-1561, the



use of smaller, nore efficient single dispersive el enment spectrograph
devi ces wbomssarrpl e, hol ographic Bragg diffraction filtcrGIresas/08¥®cri bed
in Carrabba et al., 35 Appl . Spec., 1990, Vol. 44, pp. 1558-1561, the

-4- disclosures of which are incorporated herein by reference. The detector

element is critical to the performance of the Raman instrunent and nust be
capable of 5 di scerning extrenely IOM/IeveIs of radiation. Traditional
scanni ng nonochr omat or syst éms have us&d4pfotonul tiplier tubes that are
capabl e of observing Iomrphoton signals. Mre recent |nstrunents enpl oy
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can simul t ane¥efeyenbeerve a region of the spectrum up to the entire Raman

spectrum CCD det boaataeeoeuétémdheeﬂéleﬁfh@m e pedlt eh&ﬁcavl tipl
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di ode | &®er, qumledptdrevwesl ¢SCDa . f | Brraypdetegrats, chiist- afitabl e
conputer may marﬂ@yqe opt1ca1 elements that can 31mu1taneously
observe a reglon ‘of the spectrum up to the entlre Raman
spectrum. CCD detectors are multl—dlmen51ona1 and able
~to observe multlple Raman spectra at more than one

is wavelength szmultaneously. '

- The prev1ously mentloned paper by Wang and McCreery
describes the use of a charge coupled devzce together
with a near—lnfrared diode laser in a Raman spectrometer
of hlgh senszt1v1ty. Also, Newman et al., A 1. Spec.,

20 | 1992, Vol. 46, pp. 262-265, the dlsclosures of which are
1ncorporated hereln by reference, descrlbes the useé of a
CCD and diode laser with a flat fleld 1mag;ng
spectrograph provided with a fiber optic interface with

_ the sample.

25 Ramaﬁ'spectrometry instrumentation that combines a
single disperSiVe grating spectrograph with a CCD
'detector, s;ngle—mode d;ode laser, flber opt1c cables, a

- fiber optlc probe, and a suitable. computer may be able
to accompllsh in seconds what used to take minutes to

30 hours with trad1t10na1 lnstrumentatlon. However,

' mechanical stablllty of the spectrograph and detector
system and other opt1ca1 1nterfaces ‘as well as the dlode
laser 1nstab111t1es cause severe llmltatlons to the
ultimate quantltatlve capability. '
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to acconpl i iy gsp3econds what used to take minutes to 30 oI eS98i05991
traditional instrunentation. However, nechanical stability of the
spectrograph and detector system and other optical interfaces as well as
the diode |l aser instabilities cause severe limtations to the ultimte
guantitative capability. -5- Fourier Tranéfgrn1(FT) Raman spectronetry
has been proposed for quantitative chem cal anal ysis. However, due to
instrumental variations, the analysis is generally linmted to, at best,
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(c) variat#Bn |anﬁ@egﬂﬁFﬁc?%Fl%??¥§q%ﬁn ¥%t? 19™8): variation in

the position of the detector; and
roblems to be Solved by the Inventi

The use of Raman instruments to obtain spectra for
guantitative chemical determinations is limited by the
15 considerable extent of system variability. This
variability in Raman spectrometry apparatus has many
sources, including the following:
(a) variation in the intensity and-ror wavelength
of the source radiation, which can be in the energy
20 profile (wavelength) of the incident beam or the
wavelength position (energy of incident radiation) of
the profile;
(b) variation in optical alignment, for example,
in the input optical components;
25 (c) variation in the characteristics of the
spectrograph;
(d) variation in the posxtlon of the detector; and
(e) random detector noise variation arising from
photon counting statistics (referred to as “"shot
30 noise"), random movement of molecules and electrons in
the detector component (referred to as "dark noise"},
and instabilities arising during conversion of the
electronic signal from the detector to an analog signal
(referred to as "read noise").



(e) random detector noise variation arising fromphoton countin statlstlcs
(referr WOY#B318 "shot 30 noi se"), random novenent of HRITESY ’&?9

el ectrons in the detector conponent (referred to as "dark noise"), and
instabilities arising during conversion of the electronic signal fromthe
detector to an anal og signal (referred to as "read noise"). -6-

D fferent anal yses have unique spectral_ ?uallty requi renments. For exanpl g
an analysis for the ratio of two materials for which the spectra of the
conmponents are different and non-overl apping woul.d be relatively 5

tol erant of both Iﬂifﬂéféﬁtaaﬂawy@ém@ uﬁf&@éﬂépéetrali Jqualfdtgnt No.
5,139, 334, the dlsclosu % mhlch e |nch¥§{ated 3#¢ %& reference
descri bes a ntPABITEReR ﬁryz %ﬂtﬁﬂl b Q¥ LiRaRtn
spectrum of atwanmatersatepﬁoetuuiththevspecnrangﬁIthqmco@pbhentsranges
the intensityapp ase&&eaﬁé aRdl ﬁ&ﬁ.oavéﬁfgﬁhg WiAd bd FeAdediRdy and 1he

i ntegrated intensity values are conpared prOV| 3 neasurenent of the
sanpl e pPoper FPdgra FbREvE?thlh“%?%%ﬁﬁ?e&PQUﬁﬂ %PQﬁhlﬁﬁﬁfqgé%&GNents t hat
may have sini bas.spaeens, theselmysmo; e didrldsurem oOwyichpareg ranges

with the necesqaypitQngs! hedelR! noUgHal s abal ddldrsndd WGsIL0B, OF the

variabilities era ron souf ce an conponent’s 0 Barmn
spectrometry appdyaing, hudrpcapben pituyes hin pyicinta iRaman ispectmuml d

enabl e the uses2@ samplesist séﬁafai:éd DRES e OtdHllever Ielpdingds Mul tiple
| i near r}g gression_or gg\rtlﬁ% E& ggugrestto cﬂchl‘g* an a.ccura e analysis
of a colPl ex ARRBEPe. CAeSIRABPRSIEY OhSCRE tF3%3 bility of
a spectroneteraagpaustmstegrabedolandtthewunmegratedﬁlnﬁhnsltymyaaaes
material of 'Q&%réﬁhpﬁreameodpf£9i39t tmggﬁurement of the sample
propertles. However, in a complex analysls of many .
components that may have 31m11ar spectra, there may not
15 be two non—overlapplng ranges w1th the necessary
| propertles for adequate analyszs. Compensatlon for the
varlabllltles in the radlatlon source'and other
components of the Raman spectrometry apparatus, as is
prov1ded by the present 1nvent10n, would enable the use
20 of statlstically based procedures such as multlple
' linear regression or partial least squares to achieve an
accurate ana1y51s of a complex mixture.
A sxmple test of -the quantltatlve reproduclblllty
of a spectrometer apparatus is to collect two spectra of
25 - the same material of interest at two dlfferent times.
One spectrum is subtracted from the other to produce a--
difference spectrum,_ln which can be seen a residue that
is the consequence of the non—reproducible features of
the two spectra In the optlmum s1tuatlon, the residue,
.30 whlch der;ves from such sources as read nolse from the
detector and shot noise from the fluctuatlons in the
photon arr1va1 rate, would be of random 1nten51ty
dlfference with wavelength Any resxdue that looks like
the or1glnal spectrum (intensity 1nstab111ty), the first
35 derivative of the original spectrum (wavelength position

¥



One spectrum,ggs,gw;ract ed fromthe other to produce a differporesssnssdlr um
I n 'which can be seen a residue that is the consequence of the
nen-reproduci bl e features of the two spectra. |In the optinum situation,

t he résidue, 30 whi ch derives from such sources as read noise fromthe-
detector and shot noise fromthe fluctuations in the photon arrival rate,
woul d be of randomintensity difference wi th7wavel ength. Any residue that
| ooks |ike the original spectrum(intensity instability), the first 35

de ative of the o nal ectrum (wavel engt ition -7-
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the Invention A Raman ectroheiry apparatus that 1|s capabl'e measuri ng
and conpensati ng %B?tﬁagib5+?$t4%st¢% eompPenAntsQfs e @PPagatussour ce of
substantiallg 10 nmonochromati ¢ radi ati on, neans for sinmultaneously
interfacing the radiation w a, sanpl £ and reference material, neans for
si mul t aneously ac wavel ength t he convol ved Ranman
spectrum of the sanpl ehaRamancepectrenetry Appavaiius thatefisr capabls of

material, and mﬂaﬁéaéﬁfzﬂ?"&ﬁ@&é Roehddt VEd i v ddnGiiee 9h the
convol ved spectra and a

convo n function t.o_adjust the
convol ved Ranan sPBERFH ﬁfc? %%ﬁ%l% ??Piﬁ?xﬁéz ¢§ﬁ§§95} standard
Raman spect L.am of mbhechropatic2Padiation, Anesrishfbr wimlitaneouglyhe

standar d_ Ranan SPeRELUPALNG SAUPLEafAERER WPt (£)slylTY AP YUte ence

irradiating the sa
mater1al means for 51multaneously acquiring at more

than one wavelength the convolved Raman spectrum of the
sample and a convolved spectrum of the reference

15 material, and means for determining the convolution
function of the convolved spectra and applying the
convolution function to adjust the convolved Raman
spectrum of the sample to produce thereby the standard
Raman spectrum of the sample.

20 A method for obtaining the standard Raman spectrum
of a sample comprises:

(a) simultaneously lrradxatlng the sample and a
reference material with a substantially monochromatic
radiation source;

25 (b) simultaneously acquiring at more than one
wavelength a convolved Raman spectrum of the sample and
‘a convolved spectrum of the reference material;

(c) choosing the standard spectrum of the
reference matérial;

30 (d) from the convolved Raman spectrum of the
sample and the convolved spectrum of the reference
material and the standard spectrum of the reference
material, determining the convolution function of the
convolved spectra; and



reference material with a substantially nonochromatic radiation source; 25
(b) sinwblespsmeisly acquiring at nore than one wavel engt hPET/E895059%1ed Ra
spectrum of the sanple and a convol ved spectrum of the reference naterlal
(c) choosing the standard spectrum of the reference material; 30

(d) fromthe convol ved Raman spectrum of the sanple and the convol ved
spectrumof the reference material and thg standard spectrum of the
reference material, determning the convolfution function of the convol ved
spectra; and -8- (e) applying the convolution function to adjust the

convol ved Raman spemunagﬁhmegm'&ﬁ&w&%s&&&ww%ﬁh ggdard

Raman spectrum of the sa dvantageous.Ef ect of the Invention Th
Raman spect ronEPchabﬁa}‘zgﬁsR% SFRRGEUHR Qb Hhe FPRleo ko BFRBHECE! this

i nvention all otBenenytuhmhmmmmsm&ﬁoroﬂ/meabahpuees in the
spectra of the sanple and the reference material owing to 10

instabilities in various conponents in the apparatus so that, after

st andar di 2at i oAdve B r ks : 9N y fl uct uati ons

characteristic of—rgﬂgonaﬂgﬁegﬁéﬁtfsﬁ Vl 5Bpggaﬁuyﬂaﬁa B@@%Qrgaectrum

obtained in acc en nvention nabl recise_ 15
quantitative nﬁg agﬁgﬁfiébﬁn $ évﬁﬂ%ﬁl % POR KR t he
course of a vamsesyrefanﬂeownpensabze@SESWERKﬂbx*itﬁas'mmx&hplspectra

distillation opePeh¥BAMBPE! SRa €hé eée%&ﬁé@txﬁﬁhﬁaﬂ RirilA Wighgs 20
Figure 1 |s a schematic¢c ¢l agramof, a S|ng {go e Ranan Spectroneter.

Flgure 2305 g éBﬁEﬁEﬁF&tﬂﬁﬁg%ﬁﬁYﬁTlﬁpﬂ in the apparatus so

that, after standardization, the dlfference spectrum
shows only fluctuations characterlstlc of random
detector'noise. The standard Raman spectrum obtalned 1n.m
- accordance with the present lnventlon enables preclse
15 quantltatlve measurements of a sample, whlch find use in
monltorlng the course of a variety of chemlcal processes
such as, for example, distillation or polymerlzatlon,

Brief iption of the wine
20 ' Figure 1 is a schematic dlagram of a s;ngle probe
Raman spectrometer.

Flgure 2 is a schematlc dlagram of a double probe
Raman spectrometer.

Figure 3 is an illustration of a procedure for

25 obtalnlng the convolved spectra of a sample and a
reference.

Figure 4 is:an.illustration of the Fourier
transform'process of measuring differences between
standard and convolved reference spectra for the purpose

30  of standardizing the convolved'sample spectrum.

Flgure 5 is a schematlc diagram of a multi-probe
Raman spectrometer.

Figure 6 is a schematic dlagram of a multl—source
Raman spectrometer.

. .




Raman spect moopd/sxse Figure 3 is an illustration of a procedurPCTus9saBel
obt'ai ni ng the convol ved spectra of a sanple and a reference. Figure 4 is an
i llustration of the Fourier transform process of neasuring differences

bet weén standard and convol ved reference spectra for the purpose 30 - of"-
standardi zi ng the convol ved sanpl e spectrum Figure 5 is a schematic

di agram of a multi-probe Raman spectroneter™ *$§ure 6 is a schematic

di agram of a nulti-source Raman spectroneter. -9- Figure 7 is an

illustration of the rquggg:v isafl 1_Qn . rdi zed e igure 8 is
an illustration of the r, uc?e? \?%tf 3 iia’gu%tr?%gtqg‘ﬁgaé i%gcgi g%é@?? fol I ow ng
variations 5 i ivaratdagmin sFamdaydized speghral| ustration of reduced

vari ?t i ont in stF andar dilza_d;@@@ lrifs fa{rP'I{l@tﬂ%&fa't&&gr o'Entﬁed_k'éltméééTo _
spectroneter. Figure .lQ.is an illustration of reduc ariation ., in

st andar di zed specf?%%*4£ﬁ331ﬁﬁﬂﬁﬁqﬁaﬁiglﬁfgdgpf %gli°ﬁﬁﬁ? ¥atHgtions
spect r onet er .5 Det din éﬁlmam of the Invention The Ranman spectronetry
apparatus of the preserjgie o 'i%Vgx@l; 1391 ystratiah Sfoi-eﬁﬁééarbﬁﬂi%g??iifxlz os

conpensating for both | ong-term an hort-term variati-ons and 1 nsta
in its conponent FHrandandizede SPectarefERl AgIR&cAAPGEcipnat A4alPeaReouUs] Y
acquires the convapettraptigra of sanples with unknown 20

characteristics and a rgaferen terial,, re.all sp ave_be
subjected to the same |Eﬁ'§{§bél1lcll%t iq%s an %llu\g@%a_%lgh of gg&{lgeg Variation
10 in standardized spectra from a multi-mode diode laser in

a dual beam spectrometer.

Detajiled iption of the ention
The Raman spectrometry apparatus of the present

15 invention is capable of measuring and compensating for
both long-term and short-term variations and
instabilities in its component parts. It uses a
referencing technique that simultaneously acquires the
convolved spectra of samples with unknown

20 characteristics and a reference material, where all
spectra have been subjected to the same instabilities.
mhis Raman spectrometry apparatus is particularly useful
in applications where precise quantitative
determinations of structural or compositional properties

25 of matter are required, and where it is convenient to
use unstable or variable spectrometer components for
reasons of fﬁggedness, simplicity, cost, speed, and the
like. 1

U.S. Patent No. 4,620,284, the disclosures of which

30 are inco:porated herein by reference, describes a method
and apparatus for comparing the Raman spectrum of an
unknown sample with reference spectra of known
materials, the reference spectra being stored in digital
form in a computer, and the coﬁparison of the spectra

35 being accomplished by the computer. There is no



This Raman spectronmetry apparatus is particularly useful in applications
wher e prwaiesssmgeantitati ve determinations of structural oPCESIPHENT onal

properties 25 of matter are required, and where it is convenient to use -

unstabl e or vari abl e spectronmeter conponents for reasons of ruggedness
simplicity, cost, speed, and the like. U S. Patent No. 4,620,284, the

di scl osures of mhrch 30 are |ncorporatgg herein by reference descri bes
a nmethod and apparatus for conparing the man spectrum of an unknown
sanple with reference spectra of known neterials, the reference spectra
bei ng stored iﬁrsﬁigiéﬁ'fﬁuwaddreaﬂgﬁﬂﬁﬁgeagtaadlbheocoaﬁarison of the

35 b I "t 0 -
¥ ovi 51 on,  hoverRengay O FGR Tondseidy SR th8kr-telf SakTaflons sod, m an
short - ternrvarl@ﬁt%bﬁlkﬂkﬁﬁrﬁneﬂhﬂ|ﬂpa§;ﬁQPhPK9m9$§éFrepnerehQSF|c

apparatus. The presgid pf@ﬁiﬁtCihukﬁtiddyaes%rﬁﬁgﬁna5Ramaﬁp30tVO”Etry
apparatus_and a nethod i n which variations fr. nrsQur etector, and/or

mechani ca? pos????ﬁﬁ?ﬁﬁ??%t%ﬁﬁ??ﬁ?ﬁi;§543 PgaﬁgagﬁﬁF?Eﬂ°Fénan
spect rum so th@tomrnommcess&etectnqxﬂanﬂmomnmewhahecpdoposédlontngreferred

enbodi nent of .’ut)‘sé g{)f?{f\égsag@ meagﬂféd aly 'a'?:ﬁru ﬁuaﬁgﬂstruct ed with |

a radi ati on sour ce, di spersive enent , channe
array detectorSP?65%¥Me$°vﬁh¢Fe$hﬁﬂﬂﬁ9ﬂﬂﬁﬁ§¥ 9ﬂﬂﬂﬂaﬁﬂﬁé°PoFaBbP&|nlng t he

r{gnvol ution fueﬁévmeend Droveghned ampssaindat ot hisSApphiatusal a sanpl e

oroper it rof SEHEHERR oS, SRRSEiReT chit R ke R tgaBEieRea
Carrabba et alsour@bnpqptléaumaldxsnenﬂmyﬁeﬁlameﬂtoramﬂoeemgl&md
channel array detector, together w1th a mathemat;cal
procedure for obtalnlng the convolutlon function and
prov1d1ng the standard Raman spectrum of a sample.
15 ' Minlmlzlng 1nstah111t1es in diode lasers may be
achieved through proper control of temperature and
unwanted emisslons, as described in Carrabba et al.,
"cOmpact ‘Raman Instrumentatlon for Process and
Envxronmental Monltorlng," SPIE 1991, Vol 1434,

20
' pp. 127-134 the dlsclosures of wh1ch are 1ncorporated
hereln by reference. For the control of undesirable
laser em1s51ons, Carrabba et al. descrlbes holographic
optical edge fllters whzch have very high optical
25 'density at the laser wavelength.

Wlthout controls such as those descrlbed diode
lasers are unstable and thus regarded as of little use
for Raman spectroscoplc 1nvestigatlons. Further, the
wavelength of any dlode laser dev1ce w111 gradually

30 shift as the dev1ce ages. a dzode laser dev1ce, though
stable for short tlmes, is characterlzed by long-term
1nstab111t1es ‘'which produce a slow drift, resultlng in
reduced 1nstrument rellabillty To date there have been
no publlshed solutlons to these long—term 1nstab111ty

-




Envi r onment s¥o d4m31sori ng, " SPIE, 1991, Vol 1434, 20 Envi r oPEEHS8/05991
Serisi ng and Conbustion Di agnostics, pp. 127-134, the disclosures of which
are incorporated herein by reference. For the control of undesirable |aser
emi ssions, Carrabba et al. describes hol ographic optical edge filters which
have very high optical 25 density at the Lgser wavel ength. Wt hout
controls such as those described, diode |asers are unstable and thus
regarded as of little use for Raman spectroscopic investigations. Further,

the wavel engt h of cHrffidhndd dsasdthdadioae Wakergaediakekywlln apshidd &s the
device ages. A di%,{as}%rctq%ﬁ q:g? t hough stable for short tines, is
erma nstabrri-

characterized by | ong- r 1 ties which produce a slowdrift,
resulting in reduced i F¥Rigadnsinglieapodet diodeolaserst Avecratativeln no

published sol uti onsdxpdridEse ho%gp_h%%hn%&%hi bhb%tantiaiiy'léééf&&tf{&&é es
wi th diode | aser devi ces when gpplied tﬁ Raman s ectronetry.‘tgplca st ngl e
node di ode | aser s BVES SONRAF %Pngﬁﬁe 886LShut MPLELSPRARI dhodenkasaRsal | y

| ess output 5 phhisch haveariaherengawavedength ththbﬁmﬂtidépdgeﬁfﬁiﬁéh

whi ch have inhere th, | abi Lt e stant i re

| aser power outpu?ﬁi aﬁﬁéﬁﬁgﬂg #%%% E?ESe ?égg? ggéﬁégséﬂgﬁtggﬁ%geé%ﬁggit a
constant |y changi 88 diasedt Revicessi bptptbey| exhihit angenstamtiy 10

di Odﬁ I ase][ s, vvlgi |d&1a@fdﬂr@3bﬁa‘¢§l§ﬁ§%ﬂfQ_n&EnEE!E&&pi:B?ElQepo‘é\@ﬁuﬁrtﬂ&Rﬁatnié%@en
not heretofare be nsi_dered useful _in_provyidi reproducj bl e

spectra. hbgﬁglly%ﬂﬁﬁﬁhﬁafﬁggfrg éﬁ? BﬁFﬁgﬁgavﬁyggfﬁP Er?ﬁg ete,13288 at i on
wi th a wavel engt h pawegadudpiityahayei optlberetofioheshaebheconsiderdt useful
resol ution of the inyrovitihg FepevahiciBYe’ RAMGhNEpREELLUL I ON, additional

si gnal
9 Normally, Raman spectra are obtained by scattering

laser radiation with a wavelength spread and variation

15 much smaller than the resolution of the instrument.
However, by reducing resolution, additional signal
throughput can be obtained and broader bands may be
used. For example, a multi—mode diode laser has less
spectral purity and stability than traditional sources

20 but could provide a greater signal at a reduced cost.
Though it may appear that less resolution provides less
information, broad signals often contain information
similar to narrow signals, which can be extracted by
proper mathematical routines.

25 Another source of variation in a spectrometer used
in an on-line process control environment is related to
maintenance or repair operations. For example, a major
component in the spectrometer might need to be replaced
because of malfunction. If a detector is removed and

30 remounted, position inaccuracies of as little as a few
micrometers will lead to spectral errors sufficient to
destroy guantitative calibration. If a diode laser were
to be replaced, the new laser could have characteristics
significantly different from the replaced item. 1In the

35 chemical process industry, these and other changes in



t hroughput can be obtai ned and broader bands nmay be used. For exanple, a
mul ti - nosko 98/33@89 | aser has | ess spectral purity and stabi [RCI{US95/83991
traditional sources 20 but could provide a greater signal at a reduced
cost. Though it nmay appear that |ess resolution provides |ess infornmation,
broad signals often contain information simlar to narrow signals, which
can be extracted by proper mathemati cal- rp@utdi nes. 25 Anot her sour cie
of variation in a spectroneter used in an on-line process control
environment- is related to mai ntenance or repair operations. For exanple, &
maj or conponenspentrhnetpﬁctIﬂSﬁiﬂﬂenﬂqﬁmonuaas ldkiedyr &pl aceurbecPaise of

mal function. | brayeiehest @kedy | afh13is to%ﬁouthgdsggeﬁrohgee orror

i naccuracies of- as little as a em1n1croneters W spec S

sufficient to BEBRFRLUEARSY (DeXRPUSE jehonghy T PﬁrylﬁlﬁﬂesFa§B?n1E$e to be
repl aced, the wtthbutemayduldh#rupti&nuaiﬂrhs:ﬁperat&ognlf|cantly di f ferent

[rom the geplaced 1147 kit adlrea N1 AIRAERS° ChlCHBREK ol oo 0

~other changes in F1°C-1 NSt rumen on ar e to occur
To provide a u§é9%¢1ﬁV%bbs%1Q#E§y@#sﬁtQRﬂVONHﬁéqmp@@ttb#ed@ﬁlapﬂaratus nust

be robust enoushgﬁslpeﬁmanthes&m Midpinide. rraJxar odhegsR;ion of its
operat|0n e ogserved S|gna

t,ral eter 1t
will al ways beLQFESﬁV%?Eg}dﬁe%?°?$§§lé§§§ g%@h& 'aﬁﬁ 3% PR¥2E®nent a
response. | n déstont, thesdesmmcdeslgmsbonses broaden, shift, or otherw se

distort jge des'rEdTﬁegégnvofutlon rocé%g*(tﬂo hPEbBDl&BQQ@SEFtLHOUQh

non-linear in an obser ffum" can be represented as a multiplication
in the time dofBBRrVedTSPRE ué%a%uQF(Rﬂﬁﬁﬁﬁ%ﬁﬁige&sté acconpl i sh the
conversion to nuﬂtipbﬂcatlon in the time domain. FT techniques are

commonly used to accompllsh the convers1on to and from
the time domaln. In the time domain, the deconvolutlon
15 process is a stra;ghtforward divisxon, us;ng complex
numbers (which consist of both a real and 1maglnary
component), of the observed 51gnal by the 1nstrumental
response function. o
Under ideal conditions, the instrument response may
20 Dbe determlned elther experlmentally or by a theoretical
calculatlon. However, when the apparatus response
changes thh time, as is the case with unstable lasers
or other components, traditional methods of using FT
deconvclutlon to compensate for lnstrumental effects are
25 lnadequate. '
A Raman spectrometer useful for the pract1ce of the ;
present 1nvent1on may be constructed such that the a
radlatlon from a laser is optlcally flltered and
_transmltted to the sampled matter,_the Raman scattered
30 radiation is then collected, optlcally flltered, and
transmitted to the dlspers1ve element, where individual
'wavelengths are separated and monltored with a multi-
channel array detector. '

The detector'continuous1y monitors the spectra of
35 both the sampled matter and that of a suitable reference




the time doRgdds33ad) the tine domain, the deconvolution 15  pEr/osS®Rsee1S a
straightforward division, using conplex nunbers (which consist of both a
real and imagi nary conponent), of the observed signal by the instrunental
response function. Under ideal conditions, the instrunent response may 20
be determ ned either experinentally or by a theoretical calculation.
However, when the apparatus response change®with tinme, as is the case with
unstabl e | asers or other conponents, traditional nethods of using FT

deconvol ution to Qﬁgﬁﬂgfte | t ct | nadequat e.
A Raman spectron@ﬁer uset ul #éﬁ %4&?%%@5%” <§°§%¥§h§&b?é§e%?ffﬁsgﬁ?ion may
be constructed surdterial Rlsadefisaned tenhereideas $hepecooablyedi |t er ed
and transmtted tfetdiemadEpbttiin,ClcondiGtRABN a5 Geltrad SQagmeﬁad&féﬁon

is th | I ect tical ly filtered, and.t. tted to th
cl cmont, wher o | PEROTH SRR SRS Sl SORYOIACHHEROPLY GPRACE

mul ti- chann®l arisgtaleibities ifhchoetrediaticonsources androri mechahbeal

spectra of 35 b e | s&f ¢Hd ti5is Jriat QBeachVE @gke ref erence

- 13 - material. i&e convol ved spectrum o e reférence materral, also

referred to her ei FRERFENRe SRR IS consiedyed)&ot th@ appasasus ép the
spectral fragnmentsamé hedgh g tHee dorivolo/el dpfetitiriin ©F ¢heYeauple\ hiisa! |

random 5 instabilities ,jn.the radiation source d/aor .nmechani cal
instabilities i na‘tb%%éﬁtrﬁesc?r% ’hr}.e’ﬁgasgé‘r%\?olc LR g?ﬁ&‘é’%p?@?f’ﬁﬁ}"f"s

convol ved by0the apparEhere iare fyesganeral &t icns encountpredr im thet.he
sanpl e, also ref esrese {Qe NSF QiHb 315:1441‘&i‘3¥ﬁV0|o¥@tiﬁfgmi%hs Ree! Hib140

There are two general, situati ons encountered in
provides a suitable spectral fragment to serve as the

convolved reference spectrum, and the other in which no
such spectral fragment exists. In general, it is rare

15 that a sample will exhibit a suitable convolved
reference spectral fragment, and thus the latter is a
more general and more preferred embodiment of the method
of the invention.

The reference material may be mixed with a sample

20 either homogeneously, for example, as a solvent for the
sample, or heterogeneocusly, for example, as small
particles. The reference material may be included in a
window or cell that is irradiated by the same beam that
irradiates the sample. Alternatively, the reference

25 material sample may be irradiated by separate beams with
the same characteristics.

Figure 1 schematically illustrates a Raman
spectrometry apparatus that can be used when a suitable
reference spectral fragment exists in a sample 20. Such

30 an instrument is composed of a radiation source 1, an
excitation optical waveguide 2A and 2B, excitation
filtering means 3, an optical probe 4, incident
wavelength rejection means 5, a collection optical
waveguide 6A and 6B, a spectrograph interface 7, a



practlce of the invention: one in which the sanple provides a suitable
spectralwbmalgmmt to serve as the convol ved reference spebﬂlﬁﬁ?ﬂ(ﬁ?ﬂi t he :
ot her in which no such spectral fragnent exists. In general, it is rare 15 .
that a sanmple will exhibit a suitable convolved'referencetspectra

fragment, and’'thus the latter is a nore general and nore preferred

enbodi mrent of the nmethod of the invention. The reference material may be
m xed with a sanple 20 ei t her honogéhééu§1y, for exanple, as a sol vent
for the sanple, or heterogeneously, for exanple, as small particles. The

reference mateg igcl cjfgi W n QA B a | at ed
by the sane bea#néé?u gr)@‘dé]at%s e&s%m e(1191 terna P\‘/% Egtﬁré‘;'{ erence
25 naterlalwéﬁhpﬁﬁp¥ﬁ®r¥ﬁ¥$r¥ Al FONAiRes heans wnth the sane

characteristics. Fipigerd zdnwsﬂzcaaiés/a |1dd1‘5d ifeineTal Raman spectronetry
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spectral fragnmen I nstrument

differs FPOH\tﬁﬂ@lﬁ§96?lbﬁﬂt4¢ﬁ¥ﬁgﬁﬁkﬁ]iin/QQQiQ%Rﬂ%¥(%$Q@ﬂe§tbean1spl|tter
10, additi onal weveléﬁgtﬁnrepéwﬁnwmieazﬂi si; aaditPonal .

collectlon_optzcal waveguldesﬂsc and €D, and a
requirement that the array detector 16 be
'multldzmen51ona1. - |

i5 ' Excitation optxcal waveguldes 2 2A, 28, 2c and 2D

' may be varlous lenses, mlrrors,,flber optlc cables, or

comblnatlons thereof that are capable of transm1tt1ng
radlatlon over the desired dlstance. cOmmonly, the

_ waveguldes are low hydroxyl content quartz fiber optic

20 cables.

Exqitation filtering means 3, 3a, and 3B are
required to remove stray radiation_from the sburce beam
prior to laser“radiatidn interaction with the sampled
matter. Such means may be placed near the unstable

25 laser, near the optical prbhe,_or at any location
between. Typical filtering means include grating
' dispersion,'dielectric interference, or holographic
'handpass filters to lsolate the 1nc1dent radlatlon from
undeslred stray radlatlon.
30 Inc1dent wavelength rejectlon means 5, 5A, and SB
are used to remove elastically scattered radlatlon from
~ Raman scattered radlatlon. Such means may_be placed
near the opt1ca1_probe, near the entrance optics, at any
location'between the optical'probe and the entrance
35 optics, or as part of the spectrograph system. Typical




addi ti onal eygiokaisgen filtering nmeans 3A and 3B, an 10 addptioeedoso9r
opti cal probe 13, additional incident wavel ength rejection neans 5A and 5B,
additional collection optical wavegui des 6C and 6D, and a requirenent that
the array detector 16 be nultidi mensional. 15 Excitation optica
wavegui des 2, 2A, 2B, 2C, and 2D may be various lenses, mrrors, fiber
optic cables, or conbinations thereof that—alt® €apable of transmtting

radi ati on over the desired distance. Commonly, the wavegui des are | ow
hydroxyl content quartz fiber optic,20 , cables, Excitation filtering
nmeans 3, 3A, and gBaaﬁe1P€&HF?e8°FBIE§Fb9%ss??d§1$E&F%&YQM93ﬁ=GﬁBFhe sour ce
beam prior to | ashologgaphionnotthr péfectiont filtersanpeim@dopeda Such

means may be pl ac b I t opti.cal_.probe,
or at any Iocatioﬁggggﬁéeﬁgil#ggéga%§¥%??%?1H%fﬁéﬁﬁégﬁguﬁéﬁi?'§FQFFﬁdgn

di spersion, diel efidkerpnt anfefintectvichlong reass cedgm dpdderns. tdns to

i sol ate the gnci dgahetadi,abhen Fe9atHRShéns Shisy b dafadle o0

I nci dent wavel engt h.rejpection ans,_5, 5 and 5B are, used to renove

el astically scatt&Fef® éﬁFaFFS%gFfoﬁ?iﬁnihosééhtéﬁ?ﬁf*?ﬁ?iﬁiﬁﬁ?éie§ means
may be pl aced neaphohenspfbraeverpbRamanaphobenentrance optics, at any

| ti bet th kG t '

ocation betueen the OBbriBhiPbeBBes™ LNE £4R0EdE to Hidrihe knd®

part of the spectrograph syste means | ncl U

conbi nati ons of diBféReRfeTaRAREARGE, Whbh obhe psamPlRtand kefanense filters,
i ndi um dopedocadnmaterehlyr rdgpecyively. dsetieCdévice®iddhdreilQ6t icdmprise

L et o e s i FbBihaldoR288 TEHEeL] hftlerd ) Winaolt Uil or®Hiber
optic cables through which the incident radiation may
interact with the sampled matter and or reference o
material and through which the Raman scattered radiation

15 is collected. U.S. Patent No. 4,573,761, the
disclosures of which are incorporated herein by
reference, describes a fiber optic probe that comprises
at least one optical fiber for transmitting radiation
into a sample and at least two optical fibers for

20 collecting radiation from the sample. U.S. Patent
No. 5,112,127, the disclosures of which are incorporated
herein by reference, discloses a fiber optic probe with
optics that filter scattering and fluorescence by the
fiber, focus the filtered light on an external sample,

25 collect the scattered radiation from the sample, and
refocus the scattered radiation to the exit fiber.

Beam splitter 10 performs the function of splitting
incident laser radiation into two or more distinct
paths. Such devices are typiéally constructed either by

30 fusing together two or more optical fibers or using
special beam splitting optics such as prisms or
half-silvered mirrors. The specific construction of



rejecting greater than 100,000 elastically scattered photons for every
Raman phgb®sassepti cal probes 4 and 13 are used to interfaPeT/whesnssmi dent
radiation with the sampl e and reference 10 material, respectively. Such.
devi ces generally conprise a conbination of |enses, mrrors, w ndows, _
and/or fiber optic cables through which the |nC|dent radi ati on may i nteracit
with the sanpled natter and/or reference material and through which the
Raman scattered radiation 15 is col Fedbedt. U.S. Patent No. 4,573,761,
t he di sclosures of which are incorporated herein by reference, describes a
fiber optic probe that, conprises at |.east one o t|c | fiber for. .
transnitting rReAmSRHYHNY deviGes. ig,pok: crugipl kB bhe; t‘aYe’ﬁ’rféTs for 20
col l ecting radéatiemy fas)readle patipicentaling. aPstimitakoreprédéntiafion he
di scl osures of ", her b en clpses a
tibor %’hﬂ? %(cgi& He r%g @[nt 8kBn eQEI:EE géﬁfjéf of

optlc pro er scat uor escence by
the fiber, foC%Eith?##IQQﬂm§¥QM§$%N @Naaﬁaé%seraaplyéﬁppeismﬁ andcol | ect
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devi ces are ty@mtatiq.dmnuukucwmm(ﬁuaed'ﬂwpeﬁooptlbubeag spyttbhersiwo or
more optical Trhehso Qropl?id% a%fae%-aeé@ﬁ@roaa'esttwmnephl Cﬁeﬁus&agyprlsms

or half- S|Ivered mrrors ecific construction
splitting devices |¥P?mﬁPQ§§R9QHaHH)#ﬂ%?rQ§ﬁ§nﬂlHﬁ“é&lVoﬁBnﬁ§1§§ch pat h
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the aperture of the collectlon wavegulde to the aperture
of the spectrograph. The adjustable_slitﬂ;nfluences the -
resolutlon of the resultant Raman spectrum

15 The spectrograph 8 functlons to dlsperse the

1nd1v1dual wavelength of the Raman radiation. Such
devices are typlcally composed of disper51ve grating
'elements, mirrors, and/br lenses. cOmmerclally

available spectrographs such as 51ngle grating
20 dispersion instruments from Instruments S. a., Inc.,
Edision, New Jersey, Chromex, Albuquerque, New Mexico,
or Acton Inc., Acton, Massachusetts, holographlc
dlsperslon 1nstruments from Kalser Optics, Ann Arbor,
Michlgan, or FT—interferometers from Nicolet Instrument
| 25 'cOrp., Madlson, Wlscons1n, are suitable for the practice
of the 1nvent1on.
The detector element 16 for a dlspersion 1nstrument
may be a multl—channel array detector, such as a PDA or
CCD, whlch enables all wavelengths of the spectrum to be
30 s;multaneously_monltored. When distinct reference and
sample chahhels are used, it is necessary that the
'detector be multidimensional. Useful multi—channel

array detectors include photo-diode arrays, intensified
photo—diode arrays, charge—coupled devices (CCD),
35 photographic films, Vidicon tubes, and charge injection




Cal i f or ni a, wio 9sm3318%0upl ed prisns, from Oz Optics, Carp, OntarPCL/UsERsa,
and fused fiber optic beamsplitters, fromQ Optics and C Technol ogi es,
Trenton, New Jersey. The spectrograph interface 7 usually contains 10
spectrograph entrance optics and an adjustable slit for the nonochromator.
Entrance optics are used to match the aperturg of the collection wavegui de
to the aperture of the spectrograph. The adﬁ stable slit influences the

resolution of the resultant Raman spectrum 15 The spectrograph 8
functions to di spgesgceae | B¢ ¥id e t g@gaf

Such devices are é ically co osg§b°¥%¥§§ ggé?vgigrgffng e eeévq I%n
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It is important tuabotbe:dehestole 184C1XClNpboaRE! SCeRbUSH S | Ship it o
spectrum, the convolved reference spectrum, the standard
reference spectrum, the standard sample spectrum, and h

15 the convolution function.

' The convolved sample spectrum, S'(x), is a digital
representation of the Raman spectrum of the unknown
sample material, as obtained from the spectrograph
detector. This spectrum is influenced by variations

20 from both instrumental (laser and- or mechanical)
instabilities and structural changes in the sample.

As described above, the convolved reference
spectrum, R’ (x), contains a spectral fragment with known
shape characteristics convolved with all instrument

25 instabilities. This spectral fragment must be convolved
with the same convolution function as the convolved
sample spectrum.

The convolution function, c(x), which enables one
to compensate for the variations resulting from

30 radiation source variability and- or instrument
mechanical instabilities, contains the information
necessary to transform a standard spectrum into a
convolved spectrum, and vice versa.

The standard reference spectrum, R(x), is a

35 selected spectrum that should be a true representation



limted by photon shot noise rather than detector read or dark current
noi se. AVWQPYIMIE and preferred 5 .= detector that neets tRERESISHNMMIrenent s
is a charge-coupl ed device (CCD). Suitable mathenmatical routines are al so
useful for the practice of this invention. The collected spectra are

mat hematically treated with a standardization 10 ~ process that
conpensates for all but random detector_ qglse variability. In this process,
the follow ng spectral information is |nportant' t he convol ved sanpl e
spectrum the convol ved reference spectrum the standard reference

spectrum the cfmﬁr@mﬁﬁgsmwraf ahé Ednvolla £ePYLLH Jféon functi on.
The convolved e _spe S I S a d| |taI.re resentation of the
Ranan spectr um #ﬂ‘émUn(k;#%%\;?%f{ﬂgéi nBaYiPendt he

spect rogr aph d%h%mreﬂlcalumathnnatmnal:repnesehmatdohyo!athatiﬂﬁ@rﬁiht frof
bot h mstrurrerit,@}tﬂ,,asgf a{gi/é'gn gl&ﬂlrr&le)r %%E%E, clt\;?_ggs g?%\tﬁg tural

changes |g t he sanple -As descri be ove

spect rum (x'? %(ﬁ’ﬁ%‘ﬁﬁus}}érﬁﬁg‘%%eq P&@Wﬂeﬁ spegtoun Qﬁapbe
characteri st | CsePearende anh e ia b lthath Hasl Beein d3justedsbabihbbétfsa, This

tral fra A/ €, sane :convol uti op function as
tsﬁgcc{)ﬁvol vegrﬁs‘}%‘:ﬂg i pygctlﬁg%é) es%egmt"%&?lﬁ?ﬁc VoRVeERIINI i ch
enabl es one t ™Ykt fof Rﬂﬁ?lﬂnﬁhﬂ|amqulme§ubbnnglvednsﬁéctraraﬂlatlon
source vari abltnéyr@mh‘éﬁcé Nedterml, Maehaal ?x%lt hBEEQEhL—k“ﬁéweGé’Pt ains the

onvbl ved
cpect urkE and UFRE 4 mdee AL e Frtbide. B ehanined refayence o 35
sel ected spectspectium héunhthﬂnedaﬂnometmepsam&nhﬁsteﬁment as that {
used to acquire the convolved spectra of the sample and
the reference materlal. _
The standard sample spectrum, S(x), whlch 1s
15 produced by the apparatus and method of the present
'1nvent1on, is the resultant sample spectrum after all
random 1nstrument varlatlons except random detector
noise have been removed. This spectrum will vary
accordlng to chemlcal comp031t10n and thus enables a
20 precrse quantltatlve analys;s of the sample.
' As prev1ously dlscussed there are two general
sztuatlons for the practlce of the 1nvention. Figure 3
1llustrates a procedure for obtalnlng the unknown
convolved sample spectrum and the convolved reference
25 spectrum for either 51tuatlon. In case A, where a '
suitable reference spectral fragment in ‘the Raman sample
spectrum exlsts, collection of the sample spectrum,
Flgure 3(a), 1s sufficient for_the standardlzatlon
process. ‘A sultable spectral fragment 1s one whlch
30 remalns unchanged as the sample undergoes comp051tlon or
' temperature changes. Mathematical routlnes may be used
to isolate thls reference fragment from extraneous
portions of the spectrum, for example, multlpllcatlon of
the functlon in trace (a) by the functlon in trace (b)

>




- 18 - of tiwpesmiesd yi ng shape of the convol ved reference spePCI/USRSHOSTHe
standard reference spectrumnay be a theoretical nathematical
representation of the invariant portion of the convol ved reference
spectrum it may also 5 be a previously acquired convol ved spectrum of °
the reference material that has been adjusted or snoothed. Preferably, it
IS a spectrum obtai ned by averaging a mnult# @9 etty of previously acquired

convol ved spectra of the reference material. It is not necessary, however,
10 that a spectrum used t rovi de t he standard reference sgectrum be
obt ai ned from t he*2 ¥t i the iop imdrageeddo FhQureSUkansonaveserm

SpeC:ra of SE h;e Svmah@d:?n@m(tﬁél&:drﬁfﬂﬁﬁ:&dﬁr@nc@ Sp Em:trsmnd% réﬁ Ref.
spectrum S(x i C uc e appanatus .an 0d .0 e
present invention, is *IE ra'e%erq’ralhch‘ gﬁp%e l&é ‘-’-515## aFFm;;[iﬁﬁﬁﬁ

i nstrument vari at#’%#r’sa@@emay delennlayss @s tdies conyed viedespeetioundof Thi s

spectrumw | § Val’ﬂh@.Cfé)f&é}g:é eeTeNsTelg Fetc] corrp03| tion and thus enables a 20
preci se quantitative sis of the saélﬁ) As preV| ously discussed, there

are two general situat 3%B+ fhsRe 019 Suitahle Keferencs, sPertyale 3
illustrates a prdwmﬂrrecists aih titre rsgmt;ﬂez Lsﬁemmmm;omud legerabphft $pectrum

and the convol vedggefer fRce grr lHHan?:refé t Q,e.{? %r-“e[a%E Bneanpscase

»
A, where a suitable reference speci ral "fra rrent

spectrum exi sts, R e Feiarance magard Grhe pithere ipty) thP—s
sufficient for theamppadarylisifita reFesence’ ratidrdde isPepk &hatr agment

temperat ur e changPXS bR b FRTRARE ARy (L AHLF PefeEaL ATREBRAE his
ref erence fragmerRigmend othosee Ramarn spemtsun hase as gdaglenstirongexanpl e,
mul tiplication ofyifeat idictdOhndud 1352 (@-10Vwhienf YIeE 2R the thAEHId D)
of the 500-2000 cm™ ! "fingerprint" region, is an
15 especially suitable and preferred reference material.
In this way, a convolved sample spectrum, Figure 3(d),

and a convolved reference spectrum, Figure 3(e), are
simultaneously measured with a two—dimensional array
detector. Extraneous bands may be removed from the

20 reference spectrum by a mathematical routine, for
example, multiplication of function (e) by function (f)
to get function (g), which provides the convolved
reference spectrum, Figure 3(g).

Figure 4 schematically illustrates the general

25 process of measuring the spectral variations between the
standard and convolved reference spectra and utilizing
‘those measurements to adjust the convolved sample
spectrum to obtain the standard sample spectrum.
Carrying out this process by iterative computation is

30 possible, although extremely arduous. Preferably, after
the spectra R’(x) and S’ (x) have been obtained, they can
be transformed into the time domain using a FT method as
described in, for example, W.H. Press et al., Numerical
Recipes: The Art of Scientifi¢c Computing, 1986,

35 Cambridge University Press, pp. 381-383 and 407-—412, the



- 19 - to'getithe function in trace (c). The resultant waveformbecones the

convol veWO ¥3Bi8nce spectrum Figure 3(c). In a vari ati on RET/ESSO5981

el astically scattered radiati on may be enpl oyed as the convol ved spectrum
of 5 the reference material. In case B, where no suitable reference.
spectral band exists in the sanple spectrum the laser beamis split into
two beans or channel s, . one of which entgrg into the reference material and
the other into the 10 sanple. A-suita Pe~reference material is one that
exhibits a consistent, reliable spectral fragment. Dianmond, whose Ranan

TPeC Tt oot CeedcBues o WhiCh 08 ShoBbfbfatddhd il py ) ch 1es I

t eo err

esgeg ally sui tga%l X8 pr eREX eds r@'&gf’e EEnﬁﬁ?E‘F?%I J-ml"‘i’l the £img, a

convol ved sanpldemaiac andme (K)guisedatdrmined bycaividims tied arense rpRact 1 um
Figure 3(e), argey etggegtfshyégﬁeasuhgd tﬂa %‘!\Qﬁgﬁ?nﬁaﬁ?ﬂe ray

det ect or. Extraneous e rennve rom
by a mat héhat | &X)r a0d ﬁe(Xﬂorme)laﬁﬁ somplexi punbexs orthis fdinision (e) by

function (f) tawuge pfmpemqnabgbunwhfeb Béewéﬁé i-é%'l Céﬁuloi R ﬁéﬁ;lence
.spectrum Fi gurg, Flgu strate

plroocess of measuring s spéc gﬁggfa{( §X‘Bet et ef% a?rﬁ’%%“a

convol ved refeF@W@@sgwﬁcFP@Pdsa divisiongandomel tipkicatiot s t o adjust t he

convol ved sanple@ lgbkﬁéanhgiﬁgaag@%gnsanple spectrum Carrying:
out this process ra i'v utation is ossi bl e, al t hough
ext renel Q‘ ar duous. egf F@P"PEB"‘%%C??%FHQ%) LX) S'qontainge beel

obt ai ned, theytm@nrieceslsamyf dnfermationt be 8eseAEOMRe Vatsidid chd hriget hod ag
described in, i ¥st@63TH G esV b tReCifstluftbnt 3%%G¥£1£§ during the
spectral acquisition. The FT of S'(x) 'is then divided
(again both matrlces contain complex numbers) w1th c(x)
15 to result in the FT of S(x). By calculatlng the inverse
| FT on this result, a standard'sample”spectrum, s(x),
which accurately represents the comp051t1on of the
sample, is obtained.
If desired, S(x) may be treated by procedures to
20 achieve curve smoothing or to obtein'the:spectral
derivatives, for example. These"procedures"may be
useful when the spectra are used for reproducibly
extracting quantitative composltlonal 1nformat1on.
‘Curve smoothing methods are descrlbed in a. Savitsky and
25, M.J.E. Golay, Anal. Chem., 1964, vol. 36, pp. 1627—1639.
The method for obtaining the standard sample
spectrum may be carried out'with_instruments of various
forms. It is required, however, that the convolved
reference spectrum derive from the same convolution
30 funct1on as the convolved sample spectrum. Two
addltlonal embodlments are descrlbed in Flgures 5 and 6.
'Figure 5 shows the components of a Raman apparatus
that ' is capable of slmultaneously monltorlng three
materials. It consists of one radlatlon source with a
35 four way beam splitter which dlrects radiation toward

=

spectrum




Reci pes: ThesoMsiszede Sci entific Conputing 1986, 35 Canbr i dgeCI0S9585%91 t Y
Press, pp. 381-383 and 407-412, the - 20 - disclosures of which are

i ncor porated herein by reference. R(x) is also transformed into the tine
dormain and c(x) is determned by dividing the FT of R(x) into the FT of R
(x). As the matrices for the FT of 5 F«x% and R (x) include conpl ex
nunbers, this division nust properly account4}¥or both the real and

i magi nary conponents. The synbols [/] and [*] used in Figure 4 represent

conpl ex division mul tiplication. .res tivel in the FT ti.me dogain.
10 The catBiPH, BRPRERES) BERBHEF AT S Teesrerds datar i, e
necessary i nfor matihdiviidudédcodspohentaranei similax tosthose iusess iof t he

i nstrument occurrj ' hges t tPERMLE | & ; s fy S S
t hen di vi ded (aga%%ggggﬁbﬁg??i ggseg(s)n%giisn cong?eihﬁﬁ‘qb:éggl%ﬁ 2c’(xg %Sel
to result in the BRddVidpa)l sample,chapnels 2¥edenQesd L¥-(3)y (R ABSy ¢,
a standard sanpl e (spect rhey appayatubi eanabe ucahstyucted asith ad heany
conposi tion of th%aﬁg'f%! &hahRe POt 4LNGd #Ea?eﬁép‘?&’ @ﬁi‘ée h,d reated by
procedures to 20 chieve curve snoothing or to obtaln the spectra
derivatives, for agssptableTradiapioncthredghpyt pef the Fradiatiomsesoaysera
Qrf USG?_fOF EﬁprQQEQBbiﬁhexﬁhﬁfﬁbQﬂ &ﬂﬂéﬁéiéﬁ#ﬁ@fcﬁﬂ@gfﬁéid&ﬁﬂﬁfioni% -

i nformati on, rve_snoot.hi ng, net ho re described i . Savi an
MCE Gol ay, AnaRrraNoRetedsgn. "VOF RAE PEAViqusty Resn st sitde)
obtai ning tNe® staetand.sdSpinaltppecusnMutyispoint rFibent@puidc Ramat r unent s
of various TOrNS. sablbilifig! 8841 Efmi BAVCHEEcel Dbl BT N By Yhddd s
spectrum derive fromthe same convolution unciion_as” the convol ved
sanpl e spectrum angdpa CCD Detector", SPIE, 1991, Vol. 1587, Chemical,

emical a vironment ibe so ,
pp.- 219-231, and Vess and Angel, "Near—Visible Raman
15 Instrumentation for Remote Multi-Point Process

Monitoring Using Optical Fibers and Optical
Multiplexing,®" SPIE 1992, Vol. 1637 Environmental and
Process Monitoring Technologies, pp. 118-125, the
disclosures of which are incorporated herein by

20 reference, that a CCD detector is capable of
simultaneously monitoring up to ten channels. The
present invention is general and not limited by current
physical dimensions of the detector; with correctly
sized components, more than 100 samples may_be monitored

25 simultaneocusly on one Raman instrument.

Figure 6 schematically illustrates another
embodiment of the invention, in which multiple lasers,
each with a reference and sample arm, are used. This
embodiment is similar to that shown in Figure 5, except

30 that each sample channel has a corresponding reference
channel to provide the necessary information for the
standardization process.

Further embodiments may be any combination of the
above embodiments wherein muit;ple radiation sources are

35 directed at multiple samples, each source having a



addi tional enbodinments are described in Figures 5 and 6. Figure 5 shows t he

conponenwe 95@39Raman apparatus that is capable of sinultROPMS23/05991
monitoring three materials. It consists of one radiation source with a 35
four way beamsplitter which directs radiation toward - 21 - three
séparate sanpl es and one reference material. The individual conponents are
simlar to those used in construction of ,t,he instrument shown in Figure 2,
where individual sanple channels are dendfed by (a), (b), and 5 (c).
‘The apparatus can be constructed with as many sanpl e channels as desi red,

bei ng |inited ﬂgspdam&wemeaéaabuen thheﬁgﬂﬁytlﬂéhéﬂ?ei adi ation

d/ - I nS| onal , array '
Zg'l[”eg?o?n I?rhas %eﬁ{o%glafgoggﬁ Isﬁg-' rﬁymﬂx éF ibk erepces . 1“§%I t aneous
Mul ti-point Filnstogment wnggr_rpleitwgenothehohanaelﬁr ocEssigont rol Usi ng
Di ode Lasers ajtmbridgDKpRMACHSY th SEHE tﬁﬂ%lma){?'azéééé%é%”i&a'

Bi ochemﬁfg a.nd EnV|r nment al Fi ber Sensors I, and Vess ang
ar- Vi

Angel §Spgnse PEHFEHEHPBPPGF\SfB?Y Fefrsieteamined o nt

Process Moni tmnmgldannl@eﬂahyc&bnﬁbbatioﬁnduﬁatidﬁs d@rfi-t]éaleyy ng," SPIE
1992, Vol . 163%HnHaih t a b@CES t chnol o S, pp.
118-125, the d| scl 0315@;5% %\bg@%% a%’g ?nggwg{r’a@“dggt?g %ﬁf
reference, thHITOUGHDthe é&fgﬁrp@tcspaanelsf- smntuhbmlgamitorl ng up

to ten channelmstl'hmqhtssa&b P&éﬁnhgotﬁhetspﬁﬂdﬁita% aﬁd?ggé iﬁ\éﬁlﬁzte%rp)/
gg:r;gmanltm]ysimﬂgst%na %ﬁ 5 B ﬁgr%ﬁigeﬁeanzﬁns ®R¥% t aneously on
one Raman i nsthegRense mayube Goxchemm byl applYingttneesppnmpﬂ‘ﬁtenbodl meng
of the inventigyhvdiutWnsh it hblksohdss' the standard:.zat:.on
convolution of the invention. . _
By removing the uncertaint:.es in laser stablllty,

18 deteéctor position, etc., the changes that occur between
subsequent standardized spectra can be correlated to
composit:.onal changes in the sampled matter.

Standardized spectra can be used to monitor
compositional c'once'n:trat'ions', reaction rates, or other

20 :mportant varlables that relate to changes in the sample

| ‘through time. .
‘Another addit:.onal embod:.ment of the 1nvent10n is

‘the use of standard:.zatlon ‘of Raman spectra collected
with a rad:l.at:.on source in a Raman system in which the

25 detector is a Fourier transform spectrometer rather than

' an array detector. The Four:.er transform spectrometer
also collects the entire spectrum 51mu1taneously. If

> U

the radiation characterlstlcs change more slowly than
the scan of the.spectrometer, a spectral fragment from
30 the spectrum may be used to standardize the'spectrum.

' In the Fourier transform spectrometer, the. spectrum
commonly includes the excitation wavelength in the scan.
Thus, the filters may be selected to leak enough light
to act as the spectral fragment for the convolved

35 reference spectrum _ | S i



each with a wohsssisse and sanple arm are used. This enbodi me RCTUSIS3991 ar
to-that shown in Figure 5, except 30 t hat each sanpl e channel has a
correspondi ng reference channel to provide the necessary information for

t he standardi zati on process. Further enbodi nents may be any conbi nation of
t he above enbodi ments wherein nultiple rad|a5|on sources are 35 directed
at nultiple sanples, each source having a respective reference
sanpl e. \Wen nulti-channel instrunents are used there may be differences

in the instrument respeige DM &gm&ea&@aee&saﬁ% éﬁeﬁ@%‘@'%&}fkc in

the art that many differences iIn I nstrunent res onse bet annel s
may be det er mi ned S¥AFRdEsc A HedaBRr o FPEFEEPHRERE ARV NRE ised cip hhe

conparing the spegiraztiiced ofoniien presentalineenuicad tHadagdrd heratidfornent

: f th
Chvention, 10 ORSCIYSRERRy.. 8 WHIRHA 838pdPBleh sheRRitlen i e honee
may be corr ed5t ed igppdeyved i@ combipptdpni withcanmovablemask thatition to

the standardi zati QdrRQIHe & iseties %esuﬂ’tsnah&“ls%oéf@&éw ix@%the
uncertainties in |laser stability, ﬁtect position, etc

e
changes t hat occuFqﬁﬁﬁma%?nfub§§q8§ﬁFr§P5 d&PdSzéd Qﬁ@%??a.%%wvtﬁ?ﬂll——
correlated to corrm_ng_s_qnala?a.halvgﬂs u.n,tbp.samm-snitzrraanern.ﬂ aSicogli arexl
spectra can be us 0 Yol gac.‘;ﬂd) a,
rates, or other 2 i np CTTant i'n the
sanpl e throdéh ti ﬁ@aoAntﬁah@deﬁédFﬁléﬁaPreﬁbéélﬂﬁéﬂ\Phé%the 2$ﬁ/erﬁh%n i s the

use of standardi z@iis¥]lddurBa e whdch’ arecihestporattld Reréfh aby On source

in a Raman system_n which the
reference.

a e 1 — FT Raman s ra of toluene obtained
15 with :YAG er in multi-mode o ion — Raman
spectra were collected on a Nicolet 60SX Fourier
transform spectrometer equipped with a Nicolet FT Raman
accessory. The Raman spectra were excited with a 5 watt
CVI Nd:YAG laser operating in multi-mode configuration
20 with about 1.25 watts at the sample, and were collected
with 180 degree scattering geometry. Toluene (Burdick
and Jackson High Purity Solvent) was placed in a quartz
tube at the position that gives maximum signal. A
spectrum consisted of 1000 scans co-added with a scan
25 time of 2 seconds/scan. The resolution was
8 wavenumbers. The data were transferred to a personal
computer, where the data processing was done.
Each spectral fragment was collected so that the
elastically scattered radiation was also observed. As
30 this spectral fragment is indicative of laser
fluctuations, it was used for the convolved reference
spectrum. The standard reference spectrum was chosen to
be a delta function spike, which was later smoothed to a
Gaussian shape in the Fourier domain. The convolution
35 function was determined and each spectrum standardized



25 detector is a Fourier transform spectroneter rather than an array
det ect or wo 9B83180ur i er transform spectroneter al so col | ecPETURASRIPY e
spectrum si nul taneously. If the radiation characteristics change nore
slowy than the scan of the spectroneter, a spectral fragnent from30 -
the spectrum rray be used to standardize the spectrum In the Fourier
transform spectroneter, the spectrum coompgly includes the excitation
wavel ength in the scan. Thus, the filters nay be selected to | eak enough

“light to act as the spectral fragnent for the convol ved 35 reference
spectrum - uding ethedesuIrﬁ.bpaeprdeeest or Spectrige Memtspectrun f or
exanpl e, a Hadggj %%c% g@xn{gg U]?Eéucédt he practice of the
present invention. anar For m sp ct roscopy, jn which a dispersion

spectrometer is 5 A"emé& Pﬁ EBﬁbFﬁQPFEPW iR DORER eslmgk iMhat
contains a seriFgyude J.it Traedsi B aAdi Ai apadthe Ritgah OSpeécttadE | S

and D A Skooy SHIBAErR; 25 BlarEret” (FoRcatPid 450 attes Bhe °20i ca |

10 1980, SaFtkandarddizasdon pnpbsael,pnaapeptlzshy tH@rmes;ltbandesD of
whi ch are incorgihplaedittetencly sgéfzti-ﬁﬁcfroﬁxaﬂpéeeiage Fdpdtd@in SBectra of

t ol uene obtain aser i.n mu ti{l?ﬁge operation, - Raman

spectra were C(ﬁj’*ee&t@d’d&?d&zggcépﬁtﬁésinéoﬁﬁ &P §‘Forﬁ?%%"cft’r‘fﬁ1léﬁ er

equi pped W t h af TfacescA IihdRMavecbeenooﬁfsEhef&an‘ahesmpomewm e excited

with a 5 yp AG | n t n 20
. wth about 1. Zgﬂ'wa’:l\i%L \‘at t eq's%aga?aaig g ggrgﬂt:o ect ed&\?\% L1Jéfgécp<:a)gree
scattering georfiaty they Isﬁféﬁéa(lﬁl}?&ﬁcEP&ﬁﬂrMckéﬁnal—FgﬁnP@#‘Fél‘}t Sol vent) vvas|
placed in a quatddaction in variation.

e 2 — Se si ity of R a stem to

15 echanica justments — A Raman' spectrograph was
assembled as 1n Flgure 1 to contain one optical probe.
The radiation from a Lexel krypton ion gas laser
operating at 752 nm was_used'to illuminate a toluene
sample_through.the_optical probe} ;A:0.3 meter single

20 grating spectrograph from Instruments SA, Inc. (model
number HR320) with a fiber optlc spectrograph interface
assembly and a llquld nltrogen cooled CCD detector (578
X 416 plxels each 25 mlcrons square) was used to
collect, disperse, and monitor the Raman_s;gnal. A

25 series of spectra was acquired while adjusting the
position of the spectrograph grating and spectrograph
interface'slit width. These minor adjﬁstments caused
dramatic changes in the spectrum appearance by shlftlng.
band p051t10ns and broadenzng or narrowing bands.

30 ' The Raman vibrational bands between 950 cm™! and
1050 cm™l (249-314 pixels in Figure 8) were used as the
spectral fragment 'to determine the convolved reference
spectrum. The 1n1t1ally collected convolved reference
spectrum was used as the standard spectrum. Each

35 subsequently acquired spectrum was standardized using



t(Jbe at t heygpexisigoon t hat gi ves maxi mum signal. A spectrum cpesusssadosif
1000 scans co-added with a scan 25 time of 2 seconds scan. The

resol ution was 8 wavenunbers. The data were transferred to a personal
conputer, where the data processing was done. Each spectral fragment was
collected so that the elastically scattered radiation was al so observed. As
30 this spectral fragnment i$ indicative Taser fluctuations, it was
used for the convol ved reference spectrum The standard reference spectrum

was chosen to betie UfhtRehatfdd Dpridtddur i ddied A aetarplifedato a

Gaussi an shape in th(g F%UI’I er, donai n. The convol ution 35 unction was
determ ned and eREINIIELFIRLE AFREFH Py - 24 - using the described
process. Spectrum t oF bgpuxe r&inshews a | spectruns icfhithe avituenecdanpde , AN

exanple of the r i on 4 | ' | . T 7. r s _B.apd A are
the Raman spectra o é5‘2' t%%%%%om%%l&rrﬁq{e%d( cf(gr‘\’&olig1 dfgéﬁglﬁgter
the standardi zatPonthf otRectrogmanl tpasition, Ttrase 8 asadDtbieonesidual

di fference spectvaiiatoh adif feer e ShRddrdldaidPridceadar diraed spectra

and as coll ected,, . especiively Traces and have heen offset for the
pur pose of 10 (%ki‘%r??ﬁe. °‘%t°‘|’é°¢ R in anbé’S’&t’"ﬁ"dﬁ CPXEEEPENIRJtD t hat
the standardi zedthg cvangen ¢fs5 40-<1 3710 fantan) r §otet thati traeeiBti on. Exanple
2 - ensitivity ghafedde S 4 iRlda) bariat Al YU Rlr Bots biPRhS capderaman

spectrogr aﬁ] was, assenbl ed as,in Figure 1 ntaln one optical probe. The

radi ati on ¢ om 2RIy HR dhe greatest degrae @f ¥aristigm was used
to illumnate a ¢adumningaatpl intlectigh tgwimpivefilony.obdn tiake3cethls
single 20 or & £RGE A BRdh A" IR ey | N (MOdE]

e 3 — Rama ect i ea ents o
15 i usi a i~ e las — The same spectrograph
and detector from example 2 was used in conjunction with
a 1.2 watt multi-mode gallium—aluminum—arsenide (GaAlAs)
diode laser (Spectra Diode Labs) with a center
wavelength of 800 nm. Such a laser exhibits a
20 constantly changing wavelength and energy profile. The
radiation was directed toward a diamond fragment, and
the Raman scattered radiation was detected. A Raman
spectrum of diamond exhibits one strong band located at
1332 cm~l. A series of 200 sequential files was
25 acquired and standardized to a theoretically shaped
Gaussian curve.
An analysis of the experimental data showed that
the raw spectra had a standard deviation as great as 3%.
- This degree of variation is excessive for precise
30 quantitative work. The raw spectra were analyzed by
using the 1332 cm™! spectral fragment in each diamond
spectrum as the convolved reference spectrum. A
mathematically derived three point half width Gaussian
band was used as the standard reference spectrum. After
35 the standardization process, analysis of the data



nunber HR320) with a fiber optic spectrograph I nterface assenbly and a

|i qui d nMOre5§3189cool ed CCD detector (578 x 416 pixel s eac RCEHSHRYhs
square) was used to collect, disperse, and nonitor the Raman signal. A 25
series of spectra was acquired whi l e adjusting the position of the .
spectrograph grating and spectrograph interface slit width. These m nor
adj ust nents caused dramatic changes in-the spectrum appearance by shifting
band positions and broadeni ng or narrowi ng bands. 30 The Ranman

vi brational bands between 950 [err]. and 1050 [err] (249-314 pixels in

Fi gure 8) wer andamami ttihats fohet larges&gstandapdddeviatien tderosswies/ed

reference Speqiihle 31;% sl o2 o BebEehEdadOBUALUED LEL TGN iphect T UM

was used as the spectrum sequent acquired .
spect rum was sq'eﬁ‘?pl %r nghe MZS’riFHe°§théﬁa?F¥hPtp9’ec‘&ﬁrr@e

descri bed to adss afhd rreuﬁiaateamiar éhotpbdsepaihituatibhguir €héhows a _
spectrum !?%éég uene sanple, trace A the resi‘dual variation caused from
the shift qqmaspectrograph position, trace [err] and the

resi dual varratron after the standardrzatron process trace C. (The scale

of 0-500 pixels on phgsred S R HRARISpERtBRetPIECaRE) 540s 1580 [err])
Note that trace B indi-Cates. .a. prca varra |02 ca ern or an-unstabl e 10

i nstrument, w+FMSRE i Sjangnd referen ecHrilAada¥2E nf | ecti on
poi nt regions.ldser -age Iama:rhlspetmrrc@rraph Iwas lassembu.edbwltnltm nedms .

milt ]+ o | ooy %tg@gﬂé&% AR SkBre o 850005 509, °

same “spectrogra fromexanple 2 was |
used in conj urkXeRM St similan ¢ #ﬂurﬁoée Qaplraﬁﬂathﬁvnﬁn$mr%enrde {

(GaAl As) di odeLdsesEkyRasH MiorDigads 1a¥ey) opelratdngCRters52 nm was
Spllt into each probe w1th a beam splltter (0z Optics)
and used to 1llum1nate lxquld toluene (sample) and a

15 " @iamond fragment (reference materlal)._ A serles of

' 200 sequential spectral palrs were collected and saved .
from both samples.

The 1332 cm™? band from each dlamond spectrum was

used as the convolved reference spectrum and a

20 mathematlcally derived three point half w1dth Gausslan
band as the standard reference spectrum a convolutlon
function was determined for ‘each spectral pa1r and used
to standardlze each toluene convolved sample spectrum.
The variation in the resultant standard sample spectra

25 was near that limited by shot noise.

This reduction in varlation 1s 1ndicated in
Flgure 9, whlch shows the root mean square (RMS)
variation for the as collected (convolved) toluene
.spectra, trace a, the RMS var;at1on for the standard
30 toluene spectra, trace b, and an estlmate of expected
shot noise varlatlon based on photon countlng
statzstlcs, ‘trace c. (The scale of 0—500 plxels on the
x—-axis corresponds to the range of 360—1940 em~L. ) The
small 1nset is an enlargement of traces b and ¢ to show
35 additional detail. It is clear that the standardization




wavel engt h ov08883189n Such a | aser exhibits a 20 const ant | YCTHEPH0SAR
wavel ength and energy profile. The radiation was directed toward a di anond
fragnent, and the Raman scattered radi ati on was detected. A Raman spectrum
of di anond exhi bits one strong band |ocated at 1332 [err]. A series of 200
sequential files was 25 acquired and stangardi zed to a theoretically
shaped Gaussi an curve. An analysis of the experinental data showed that the
raw spectra had a standard devi ation as great as 3% This degree of
variation i s excepgiogessoispesfectigse at pemavingt avereat kporfiiwn rafivthe
spectra were anal yae@dday ﬁayts}amhhe 1§§%aiamhéee&aieﬁ ééé&ﬂe ik €ach

di anond spectrum as the convol ved erence spectrum A ematically
derived three p0|ﬁysﬁ§PF wi dt h Gaussi an band was used as the standard
reference spectrum After 35 t he standardi zati on process anal ysi s of

t he data =26- indicg ’

entire data set of 200°
The majority of tHOIVENE 3

o 200 1 L dsler i3 S pBiatafs B b SESELE9TBE o
Rana% spectrograpﬁqﬁﬁg ggééﬁgnﬁﬁeﬁffﬂgfﬁg hs8fielRoEx amat?e%to 1th,p two
spect rograph as i priébense¢—8p simhlart to pngbzesat uﬂhelnadzatianF¥gpuea2L
The radi at i fro I 0 o] S
P Troq 3 Laxel cLaYRE ﬂuh?? gsae ggséptB§£?£aﬂ%p zb{EHéNa

split into each probe wth a beam s
il lumnate |iqui dllaasgeﬁgee:'§§ﬂ:§geytaﬁgoanm5was EPéhﬁanﬁ‘Paﬁﬁ%tquhﬁ e e

material). A seriaepedim 2pQiteavenbrzabpeRes)rahdpakes ver£1tenissted and
saved liquid toluene (sample) and a diamond fragment
(reference material). A series of 200 sequential
15 spectral pairs were collected and saved from both
samples.

The 1332 cm ! band from each diamond spectrum was
used as the convolved reference spectrum and a
mathematically derived three point half width Gaussian

20 band as the standard reference spectrum. A convolution
function was determined for each spectral pair and used
to standardize each toluene convolved sample spectrum.
The variation in the resultant standard sample spectra
was near that limited by shot noise. '

25 The multi—-mode laser is inherently unstable and
exhibits a rapidly changing spectral profile. This is
indicated by the RMS variation of the raw convolved
spectra shown in Figure 10. After the standardization
process (lower curve and inset), the variation was

30 significantly reduced, again being on the order of the
expected shot noise variation. In this example, it
would be impossible to use the raw convolved spectra for
any sensitive quantitative analytical work; after
standardization, however, virtually all instabilities



fromboth sanples. The 1332 [err] band from each di anond spectrum was used
as the apgyesyes reference spectrumand a 20 mat hemat | pet/§9swssaved
three point half w dth Gaussi an band as the standard reference spectrum
convol ution function was determ ned for each spectral pair and used to
standardi ze each tol uene convol ved sanple spectrum The variation in the
resul tant standard sanpl e spectra 25 was near that limted by shot

noi se. This reduction in variation is Tnffcated in Fi gure 9, which shows
t he root mean square (RMS) variation for the as collectéd (convol ved)

t ol uene spect faqe | %% 1ikiRaBVE V?ﬁﬁﬁﬁﬂ? %,95 theasiwndard 30 t ol uene
spectra, trace b, and an estinate’of expecle slhot ‘nol se variation based o
phot on count i fterMinatiions tp be wade¢The scal e of 0-500 pixels on the
X-axi s corresponds The tihvehtion Bhs3blehOd@steibéd inhdetwmal withset is an

That Che. st anBaPaiFieg, Fetetebbe” 8R! pigerr 8l onbihors Tnepsnity' 2 or ool

portion & thdutaridowildsbeutnderstopdbthati eariationm@nd in the system
Example 5 - DyplgiFeamcipeas! cafEbel erfBatédi vithin OLhE SpMtiith afiggnond
reference material using a.diode laser - A Raman spectrograph was assenble
with the sane %p(?cl"(;r'tg’r?d%‘ﬁ%B&raph as in Exanple 3, with a two probe
set-up simlar to Figure 2. The radiation froma 10 = 1.2 Watt. GaAl As
mul ti-node di ode | aser (Spectra Di ode Labs) operating at 800 nm was split
into each probe with a beamsplitter (Oz Optics) and used to illum nate
liquid toluene (sanple) and a dianond fragnent (reference material). A -
series of 200 sequential ' : :

s

b




15 spect 'm0 993318 were col |l ected and saved from both sanpl BET/USHTOSIN3 2
[err] band from each di anond spectrum was used as the convol ved reference
spectrtum and a mat hematically derived three point half w dth Gaussian 20

band a ference spectrum A convol ution function was
deternﬂl@ﬂ"ﬁfﬂﬂﬁmﬂHWCtral pai r and used__t? st andar di ze each tol uene
convol ved sanpl e spectrum The variation in %e resul tant standard sanple
spectra was near that limted by shot noise. 2 The nul ti - node

| aser is inherently unstable and exhibits QLAg@gdly changi ng spectral
profile. This is indicated by the RVS variation of the raw convol ved
spectra shown in Figure 10. After the standardi zation process (|l ower curve
and inset), the vde aladm:was 30 significantly reduced, again being on
the order of the expected shot noise variation. In this exanple, it would
be i mpossible to use the raw convol ved spectra for any sensitive
quantitati veSanal yti caft-wor R; Ramanr speghuEaReFrY BPRTAENR hat \i5 (GaRakLe) |

instabilities o£8melidue ihAgeanal Eﬁh_ﬂaﬁeﬁtiﬂdjabbi: Ngatiigsiiities ein _tlne .
determnat ons 0 8aHis MREATLAL AR LEScBRRD: £0R81 PRI ! 1 1
under st ood that v&ubstaptiaddy moupthramatic radiptieni cpeans . femin the
spirit and scope @fipl1@anB%884yOfnterracify- s¥€aCradfation with a sample
10 and a reference material, means for simultaneously
acquiring at more than one wavelength a convolved Raman
spectrum of said sample and a convolved spectrum of said
reference material, means for determining the
convolution function of said convolved spectra and
15 applying said convolution function to adjust said
convolved Raman spectrum of said sample to produce

thereby the standard Raman spectrum of said sample.

2. A Raman spectrometry apparatus according to
20 Claim 1 wherein said source of radiation is a laser.

3. A Raman spectrometry apparatus according to
Claim 2 wherein said laser is a diode laser.

25 4. A Raman spectrometry apparatus according to
Claim 3 wherein said diode laser is a multi-—mode diode
laser.

5. A Raman spectrometry apparatus according to

30 Claim 1 wherein the convolved Raman spectrum of said

sample includes the convolved Raman spectrum of said
reference material.

6. A Raman spectrometry apparatus according to
35 Claim 1 wherein said means for simultaneously



5 1. A Ranan spectronetry apparatus that is capable of. nmeasuring
and conp¥09aB3INey for variabilities in the apparatus char aPCEUSISHS9RS
conmprising—a source of substantially nonochromatic radiation, neans for

Si rfacing said radiation with a sanple 10 and a .
re[mlﬁ ﬁwm means for sinultaneously acquiring. at nore than one

wa U - ved Raman spectrum of 3&i<€ sanple and a convol ved
spectrum of said reference material, neans-for determining the anvqution
function of sai.d, convolved spectra and 15 appl yi ng said convol ution
function to adﬁﬁEFrgﬁFangoﬁ%ggvﬁﬁp¥éﬁﬁﬁPsﬁkﬁﬂrﬁuﬁ%ﬂPl§aﬁ@dsanﬁpéerenpﬁoduce
t hereby the stmatlerdaBacempspsesram opticall prohd.e. 2. A Raman
spectronmetry apparatus according to 20 Claim 1 wherein said source of
radiration is a |laser. 3. A Raman spectronetry apparatus according to

Cl ai m 2 wherein sai d<1 asdrRaman speglerometyy apparatus actordingR&ean

spect r omesry apmaﬁﬁtaswﬁﬁﬁeiﬂl§ﬂ1d0b§1i&én:%ﬂﬁﬁﬁfﬁdhﬁiisisdhﬂdﬁehﬂier is a

mul ti-node dio Raman spectrometry apparatus according to 3(
Claim1l mmere.§g?h§§§%ﬁei|€t *Raman spectrum of said sanple i ncl udes the

convol ved Raman spectrum of said reference material. 6. A Ranan

- spectronetry apparagus agcggﬂaﬁg?ﬁgcgpomet‘? qﬁ%ﬁ%%‘ﬁﬁﬁh ns for

si mul t aneousl y acl ng, sal e and a
ref er ence nateFFéF“cEnﬁP?E%%“aﬁaﬁ$t?EE&°?ﬁcﬂ%?bQ’f“rﬁhqmamﬁnp§é§eﬁrénetry

appar at udoaccowdndgwt or5Scell Ceampr fis ifii =4 1 e fbrytide Aatieirade .conpri ses at
| east one optical fiber. 8. A Raman spectronetry apparatus according to
_ X

9. A Raman spectrometry apparatus acccrding to
Claim 1 wherein said means for simultaneously acqulrlng
at more than one wavelength the convolved Raman spectrum h
15 of said sample and the convolved spectrum of said
reference material comprises a spectrograph in
combination with a multi-channel array detector.

_ 10. A Raman spectrometry apparatus according to
20  Claim 9 wherein said multi-channel array detector is a
photo—diode array, an intensified photo-diode array, a b
'charge—coupled device, a photogréphic.film, a Vidicon

tube, or a charge injection device.

25 ~11. A Raman spectrometry apparatus according to
Claim 10 wherein said-multi—channel'array'detector is a
charge—coupled device.

12. A'Raman'spectrometry apparatus according to
30 Claim 1 wherein said means for simultaneously acquiring
at more than one wavelength the convolved Raman spectrum
of said sample and the convolved spectrum of said
reference material comprises an interferometer or a
dispersion spectrometer in combination with a movable
'35 mask comprising a series of slits.




Claim7 wherwDs83488 opti cal probe further conprises a 10 WCTADIS6899L el |
conpri si—ng—sai d reference-material. 9. A Raman spectrometry apparatus
aecordin im 1 wherein said nmeans for simultaneously acquiring at
nor e t'haﬂMﬂ"MH lﬂ@ l“_,t ‘he convol ved Raman spectrum 15 of said sanple
and the m of said reference_paterial conprises a
spectrograph in conbination with a mul ti - cRaffel array detector. 10. A
Raman spectronetry apparatus according to 20 Caim9 wherein said
mul ti-channel array detygct oy p r

18Gt Oy h%mﬁn Q et%ﬁﬂerg E?%arap <§£lffm ,ggi\; % con

phot o- di ode arr ay, a .char ge- coy evi ce
tube, or a charge qlﬁjl&:lll g’ﬁ‘ Bcgaz.%means forlqetemmm theectronetry

apparahus accord:wgn&nnﬁumdm fﬁnwh&balBfSBaddanhvthéwﬂﬁiméﬁréﬁééﬁ¥é¥¥d&
i s a charge-coup peg a at us_accoy di ng
to 30 Caimil %&qu&h saléaheansgig?ggﬁnu Eﬁi%ﬁs%? égkéu$?91 re
t han one wavél engRAN@Re SPEFESMRe 9L REARA sﬁﬂpieuhﬁopreémdes%hgﬂstanﬂhndua

convol ved Sp_eCtrUmaﬁiEnS%bédtQixﬁr BRCEafA! sahgheceaaaﬁffa@é &g r&ﬁﬂ&eromter
or a dispersion sggctr%nete ggblnatlon W th nnvé%
glgorl m

conprising a seri 18% iPRéﬁﬁﬁaEbEEt??MEH?Wtﬁﬁbaratus

according to Claiml1l wherein said neans f.or determ ning the convol ution

function of said convoh&ed gaﬁgﬂﬁgpgégaergﬂgt%fp+¥é %ﬁﬁgcgéég%@ *#Iéﬁke

function to sald convolve spectru sanple
the standar d°Ramaf §ﬁ§cﬂPuWP8Fe§§|&aéﬂnﬁﬁénéoﬁﬁﬂp§é§e%.¢kﬁ9¢¥#enransform

al gorithmor an i teansifeencalgukathana ﬁﬂleé\E@nﬁﬁeséﬁﬁwéIWEﬁ'ﬁkm&ﬁparatus

according to 10 spgkgk 13 “@%ES'Ea%Sie,”Eﬁ”ScSSV Ess§g£¥¥ﬂﬂ(§f said
reference material, and the standard spectrum of said
reference material.

(

15
15. A Raman spectrometry apparatus according to
Claim 1 that further comprises means for splitting
radiation into at least two beams.

20 16. A Raman spectrometry apparatus according to
Claim 15 wherein said means for splitting radiation into
at least two beams comprises a fused fiber optic beam
splitter, a prism, or a half-silvered mirror.

25 17. A Raman spectrometry apparatus according to

Claim 16 wherein said means comprises a fused fiber
optic beam splitter.

18. A method for obtaining the standard Raman
30 spectrum of a sample that characterized as comprising:
(a) simultaneously irradiating said sample
and a reference material with a substantially
monochromatic radiation source;



transform al gorithmapplied to the convol ved Raman spectrum of said sanple, h

“the convWNOeB3a8%ect rum of said reference material, and t hPGVEETEFMN
spectrumof said reference nmaterial. 15 15. A Raman spectronetry appar atus

according to Caim1l that further conprises nmeans for splitting radiatieon '

into & . 20 _ 16. A Raman spectronetry apparatus
accor m"mmmmmmmyei_n said neans ggr—splitting radiation into at

| east fwo® beane' cdnptises a fused fiber optic beamsplitter, a prism or a
hal f-silvered mrror. 25 17. A Raman spectronetry apparatus .
according to-Caim16 whdbkdi nsdahdtanenusipnprgeising fak aibre bdrarophiec bear
splitter. 18. AraRRiieddthon eBhoblvEd RaRaf! SPEEFURAGR s R M Of &

sanpl e that characteri.zed as ¢ rising.,(a) - si-nultaneous ys | ?r adi ati ng
said sanpl e anf §°f‘é(PéfrV§ac§Pﬁ§fo:gBFanV\g?ﬁ&a% efeEeace | Bt ibbochr omati ¢
radi ati on source; - 32{(c)b) chebsihyatheustyndardi spectaim g esai@n one
wavel engthy a ¢ ‘ﬂr\é‘i@:e‘z‘)ﬂﬁ%@rﬁ.giﬁ rum of said sanple and a convol ved
spectrum of said reference materfal; (c) choosing the standard spectrum of

said 5 reference nmatedfdl ; frap theogPhvelved \Ranan spectrwpet makdof
sai d sanpl e andanpeC @naokned coROBLVEA Shesti-tn' 6f e5£1E OrdBddricd and the

standard spectrum Qf. sai.d.reference_material, determ nj t he convol ution
function of sail‘ﬁ@f‘lﬁ'_n‘ai Egﬁvg’\%ﬁggﬁgﬁf%a?pﬁﬁﬁﬂ)& appt ?’Fﬁf%%ﬁ'!?e
convol ution fumatieniailo déjtsmihﬁagcbheot:_oauomhﬁmsbmd:tim o f s=Eidl sanpl e

=T

to 10 convolved spectra; and

(e) applying said convolution function to {

adjust the convolved Raman spectrum of said sample to |

produce thereby the standard Raman spectrum of said

sample. ;
'19. A method according to Claim 18 wherein said
radiation source is a laser. ' ‘
20. A method according to Claim 19 wherein said
20 laser is a diode laser. '
21. A method according to Claim 20 wherein said
"diode laser is a multi-mode diode laser.
25 '22. A method according to Claim 18 wherein the
' convolved Raman spectrum of the sample includes the
convolved Raman spectrum of the reference material.
23, A'méthod*&ccbrding to Claim 22 wherein the
30 convolved Raman spectrum of the reference material.

comprises the convolved Raman ‘spectrum of the sample
solvent. ' ' ' " '




produce thewaes/ a3 st andard Raman spectrum of said sanpl e. 1BCTOs95/08991
method according to .aim 18 wherein said radiation source is a |laser. 20.
A,nethod according to Caim19 wherein said 20 | aser is a diode |aser.

i o ANRIIRREIHRAAI® 55 © =™ 20,077 Rethod Secoring to G aim 18

wher ei’n he*cohvol ved Ranan spectrum of the 33ampl e includes the convol ved
Raman spectrum of the reference naterlal 23. A nethod according to Claim
22 wherein the 30 co voIv n rum.oof f.he reference, materi al
conpri ses the convol ve Rartan stggg °o‘? ’I’Wet'?ar#pﬁaemsg‘lsvg rein the

33 24. A nethod =eWyelVes tspgttun & \Whe giefardenasomadierdalspomprisesf the
reference materi ad149OHAGASES ftattdre IpadiGiliigl.ed radiation. 5 25.
A met hod according to Cla|n118 wherein said reference material conprises

di anond. 26. A nethod according to Claim 18 wherein the sinultaneous
acquiring atSnore thanz.’n)ne Nanetiod) tacardink) to alaiwolleedhBeeiA sagat rum

of said sanple ang, SRPCt [ ence material is
carried out u3|ng a |rst ﬂ%ﬁhrogré% n%é%hnné@ﬁgﬁ with a multi-channel
array detector. 15 A nethod according to Caim26 wherein said
mul Li ;jlchannegI array deigct cx m‘éifﬂva d Sﬁcrfﬁ'ﬁhﬁ%@l%thQBd?Héﬁélnfghg 4
ggécfruﬁfg?rsgpg ﬁ%ﬁéié%ﬁ%ﬁéé ac&éﬁékng(%t more %%Fbp% %avg gngtgno%ra

10 convolved Raman spectrum of said sample and a convolved
spectrum of said reference material is carried out
using a first spectrograph in combination with a
multi—-channel array detector.

15 27. A method according to Claim 26 wherein said
multi—channel array detector comprises a charge-coupled
device.

28. A method according to Claim 18 wherein the
20 choosing of the standard spectrum of said reference
material is carried out by the averaging of a
multiplicity of previously acquired convolved spectra of
said reference material.

25 29. A method according to Claim 18 wherein the
choosing of £he standard spectrum of said reference
material is carried out by the édjusting of a previously
acquired spectrum of said reference material.

30 30. A method according to Claim 18 wherein the
determining of said convolution function is carried out
by a Fourier transform algorithm.



material is carried out by the averaging of a nultiplicity of previously
acqui r edW9sE318ed spectra of said reference material. 25PCT/USISI05999. A

nmet hed—according—to €ai m 18 wherein.the choosing of the standard spectrum

- of said refer rial is carried.out by the adjusting of a previously
acquilmﬂ ﬁ ‘ﬂ@iﬂ’mFal d reference material. 30 . 30. A nethod '
accor wherein the deternmi4yng of said convolution function

is carried out by a Fourier transformalgorithm 31. A nethod according
to G aim26 wherein the standard spectrum of said reference material is
acquired using a sesand BApmethodragdording to Claidn 26AwWRIFRinSRaet ronetry
apparatus that _i - b ri d.C. sat, for, variahi.lities
in the appar at Sgagﬁgggc%é??{z:ﬁgéyc%%%? ?%%}ég?é@&é;o%&%%%&l SFECIMAERR y
nmonochr omati ¢ BR&PEt Rofiecandoppectrograrui de, a radiation filter, an
optical probe, a 10 spectrograph, a detector that sinultaneously

noni tors gt nor e tth ong vel %gt h t he convol ved ARaman Séoe,ct rum of a
sanpl e and the convBfved S%S’B?’P BFCLONRIEY ARRALANUS (That 4%y caPabdBuL er
provi ded with ofit neasuring andtcompensativierfomevar iabilitiidsc dnv eheed
spectra 15 ] : - tg&gj&g -,J?‘%_ctru f.sai d reference
material, the %gggg?ﬁ{:ls‘é‘%ﬁ?ﬁ%%?%ﬁg%?das% _.o_ngso ed sapergcat rac, S&i d .

convol ution fufBPFEANEAALLY PeRoghrematip| radiation @n qrtdcednvol ved Ramaf
spectrum of sawdvegunbtie,ta paaationheirber f hen sopuitard gevby) 20
2 m 32 Phat - FHPERGBIEaRRr ) 2 d=SEqEar Eit FORARRRA gty
spectronetry appirathanaepervaviglengith sthe conwrelesd Rasiah spectrunf of {
radiation is aal 88fiple and the convolved spectrum of a reference |
material, and a computer provided éitﬁ'mathemetical
routines fo determine, from said convolved spectra
15 together with a selected standard spectrum of said
reference materiai,“the convolution function of said
convolved spectra, said convolution function thereafter
being applied to adjust the convolved Raman spectrum of
_ said sample to produce thereby the standard Raman
20 spectrum of said sample. )

33. A Raman s’peetromefry apparatus according to
Claim 32 that further comprises a beam splitter.

25 ) 34. A Raman spect:ometry apparatus'accerding to
Claim 32 wherein said source of radiation is a laser.

35. A Raman spectrometry apparatus according to .

Claim 34 wherein said laser is a multi-mode diode laser.

30 | ; . | |

' 36. A Raman spectrometry apperafus according to

Claim 32 wherein said optical probe comprises at least
one optical fiber.




35. A Ramarwepssimenetry apparatus according to O ai m 34 whePEI/HSEsASHL
| aser i.s_a nulti-node_ diode |aser. 30 36. A Raman spectronetry apparatus
according to Caim32 wherein said optical probe conprises at |east one

opti cal mmmmmugm EBII A Raman spectronetry apparatus according to Caim
33 wher tter conprises a fused fiber optic beamsplitter.

L A Rarfan *spectronetry appar atusSatcor di ng to Claim 32 V\/nerei n
sal d spectrograph is a dispersion spectrograph or a FT-interferoneter.

A Raman spectronetry s emagLar c L0 Sal
detector is a rrultl-ch)altsrsl.}nel arrayaq{de gtgggr%%om ﬁgk’g]rgﬁ %é? xé?’o’?g%fb A
Raman spect ronet r \CkBiR &7 shayiedm add Gleéin\rrISQQlMGFePﬁmnaiaemtfu%ihhnnel
array detector is fiddr optitiim: aplliedesdgVi ce.

5 38. A Raman spectrometry apparatus according to
Claim 32 wherein said spectrograph is a dispersion
spectrograph or a FT-interferometer.

39. A Raman spectrometry system according to
10 Claim 32 wherein said detector is a multi—channel array
detector or a multiplex detector.

40. A Raman spectrometry system according to
Claim 39 wherein said multi—channel array detector is a
15 charge—coupled device.



