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(57) ABSTRACT 

A method and a device for generating and for detecting a 
Raman spectrum enables an automated, or automatable, and 
at the same time quantitative SERD spectroscopy (for 
example concentration measurement series). To this end, dur 
ing the SERD spectroscopy, a ?rst spectrum and a second 
spectrum are standardized in relation to one another in terms 
of intensity values and a ?rst difference spectrum is subse 
quently calculated, a second difference spectrum is calcu 
lated, the ?rst difference spectrum is converted into a ?rst 
transformation spectrum, the second difference spectrum is 
converted into a second transformation spectrum, and the 
Raman spectrum is calculated by adding the ?rst transforma 
tion spectrum and the second transformation spectrum. 

23 Claims, 5 Drawing Sheets 





US. Patent Nov. 13, 2012 Sheet 2 of5 US 8,310,672 B2 

"4863 

H 2496 

33'080 - 

$1606 
$2439 QM 143M 409 

miatwa wavanumbar ism"; 

K1 

was 

‘2506 
1806 mm 1290 8% 408 

mama wav?number £15m“; 

Fig 4 



US. Patent Nov. 13, 2012 Sheet 3 of5 US 8,310,672 B2 

#92300“ 

mm‘ 

m m 

‘same ' 

mm QM 1am 

reiaiive wawnumizer m“; 
490 

Hg. 5 

8,18 * 

433 * 

10“) 1m 1% 1a 

reiaiixre wavm wiser gem“; 

9% 

Fig. 6 



US. Patent Nov. 13, 2012 Sheet 4 of5 US 8,310,672 B2 

~ a 
2 4.. 

avuwmamvau 

was: 

$2 

ma 

/\ 
we: 

:3 3 Z? 

raiative wavmumbar {0914} 

Fig, 3 





US 8,310,672 B2 
1 

METHOD FOR GENERATING AND FOR 
DETECTING A RAMAN SPECTRUM 

PRIORITY CLAIM 

This application is a continuation of Patent Cooperation 
Treaty Application No. PCT/EP2010/063606 ?led Sep. 16, 
2010, Which claims priority to German Patent Application 
No. 10 2009 029 648.4 ?led Sep. 21, 2009, both ofWhich are 
incorporated by reference. 

TECHNICAL FIELD 

The present invention relates to a method and to a device 
for generating and for detecting a Raman spectrum. 

BACKGROUND 

On account of its suitability for in-situ and on-line chemi 
cal analysis, Raman spectroscopy is increasingly being used 
in industrial process engineering and environmental metrol 
ogy, Wherein a disadvantage includes the fact that in practice 
the ?uorescence and/or the scattering properties of some 
samples result in the generation of spectra Whose quality is 
affected by a high background, particularly if the samples are 
not prepared and compact equipment is used. 
One approach to solving this problem is the technique of 

shifted-excitation Raman difference spectroscopy (also 
referred to as “SERDS” in the folloWing), Wherein tWo 
Raman spectra Whose excitation Wavelengths are slightly 
shifted With respect to each other are recorded. The broad 
band background is eliminated by subtraction, and the Raman 
spectrum is reconstructed from the difference spectrum. 

Tuning the excitation Wavelength by means of the tempera 
ture has been a usual method since diode lasers Were made 
available, Wherein the temperature is typically controlled and 
stabiliZed thermoelectrically. The change in temperature 
enables the emission Wavelength to be shifted by some 
nanometers (J . Zhao, M. M. Carraba, and F. S. Allen, Appl. 
Spectrosc. 56, 834 (2002)). 

HoWever, the Wavelength stability of simple Fabry-Perot 
diode lasers is not suf?cient for performing Raman spectros 
copy so that additional stabiliZation is necessary therefor. For 
example, external-cavity semiconductor lasers (ECL lasers) 
enable the frequency to be shifted by turning the outer grating 
(T. F. Cooney, H. T. Skinner and S. M. Angel in Appl. Spec 
trosc., Vol. 49 (1995), pp 1846-1851). 

If no tunable laser source is available, the majority of 
dispersive spectrometers provide the possibility of turning the 
grating by a small angle, Whereby the spectrum spectrally 
shifts together With the background by the amount A (Steven 
E. J. Bell, Elsa S. O. Bourguignon and AndreW Dennis, Ana 
lyst, Vol. 123 (1729-1734) (1998)). 
From WO 2006/134103 A1 and M. MaiWald, G. Erbert, A. 

Klehr, H. -D. Kronfeldt, H. Schmidt, B. Sumpf and G. 
Trankle, Appl. Phys. B 85, 509-512 (2006) it is knoWn to 
directly modulate the Wavelength of a DFB laser by means of 
the injection current of the DFB laser. Being driven at 785 nm 
at tWo different amperages causes the frequency-stable DFB 
diode laser to accordingly emit at tWo different Wavelengths. 
The main advantage includes the possibility of quickly 
sWitching betWeen tWo Wavelengths, Wherein no movable 
parts are required. Thus, this method is cut out for fast on-line 
chemical analysis. 
WO 2006/ 130728 A2 discloses a method for generating 

and detecting a Raman spectrum of a medium to be analyZed, 
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2 
Wherein a difference spectrum is calculated by subtraction of 
the ?rst spectrum and the second spectrum. 

Various algorithms for reconstructing a Raman spectrum 
from a difference spectrum are knoWn in the prior art. 

Shreve et al. (R. A. Mathies, A. P. Shreve, N. J. Cherepy, 
Appl. Spectrosc. 46, 707 (1992)) describe a manual ?t of 
LorentZ functions to the difference spectrum according to the 
method of least error squares. HoWever, this modeling 
requires previous knoWledge of the original spectrum as Well 
as a check by a user, Which is Why this technique cannot be 
automated. 

Since SERD spectra are similar to ?rst-order derivative 
spectra, integration thereof is obvious. This process can be 
automated but results in the formation of artifacts so that 
manual ?nishing Work is necessary. 

Matousek et al. describe a linear recursive algorithm With 
linear interpolation betWeen the data points (P. Matousek, M. 
ToWrie, and A. W. Parker, “Simple reconstruction algorithm 
for shifted excitation Raman difference spectroscopy,” 
Applied Spectroscopy, vol. 59, 2006). This algorithm can be 
automated, but there are preconditions for the distribution of 
the difference signals in the SERD spectra so that this method 
is not universally applicable. Moreover, this method results in 
the formation of artifacts, too. 

Zhao et al. describe several integral transformations for the 
reconstruction of spectra, said transformations being based 
on the deconvolution of the SERD spectrum (I. Zhao, M. 
Carrabba, and P. Allen, Applied Spectroscopy, vol. 56, no. 7, 
2002). These transformations can be automated, but the 
resulting reconstruction spectra are not free from artifacts, 
either. 

Rebecca Willett describes the reconstruction problem as an 
inverse Poisson problem and uses a statistical expectation 
maximiZation algorithm (Multiscale reconstruction for pho 
ton-limited shifted excitation Raman spectroscopy,” ICASSP 
2007). HoWever, the used algorithm is not fully formulated, 
and there are some unansWered questions With respect to 
experimental realiZation regarding the selection of and the 
number of excitation frequencies. 

The knoWn algorithms for spectrum reconstruction pro 
vide purely qualitative spectra, and they result in the forrna 
tion of artifacts or require previous knoWledge of the Raman 
spectrum or preconditions for the SERD spectra so that auto 
mated and, at the same time, qualitative and quantitative 
SERD spectroscopy (e.g., concentration measurement series) 
is not possible according to the prior art. 

It is therefore the object of the present invention to provide 
a method and a device for generating and for detecting a 
Raman spectrum that enable automated or automatable and, 
at the same time, qualitative and quantitative SERD spectros 
copy (e.g., concentration measurement series). 

SUMMARY 

The inventive method for generating and for detecting a 
Raman spectrum of a medium to be analyZed has the folloW 
ing procedure steps: exposing the medium to be analyZed to 
excitation radiation, Wherein the medium to be analyZed is 
exposed in a time-shifted manner to a ?rst excitation radiation 
having a ?rst Wavelength and to a second excitation radiation 
having a second Wavelength, Wherein the ?rst Wavelength 
differs from the second Wavelength; spectral analysis of the 
?rst excitation radiation scattered by the medium to be ana 
lyZed, Wherein a ?rst spectrum that assigns one intensity 
value each to a plurality of Wavelengths is detected from the 
scattered ?rst excitation radiation; spectral analysis of the 
second excitation radiation scattered by the medium to be 
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analyzed, wherein a second spectrum that assigns one inten 
sity value each to a plurality of Wavelengths is detected from 
the scattered second excitation radiation; calculating a 
Raman spectrum of the medium to be analyzed from the ?rst 
spectrum and the second spectrum, Wherein the ?rst spectrum 
and the second spectrum are normalized to each other With 
respect to their intensity values, and subsequently a ?rst dif 
ference spectrum is calculated from the difference betWeen 
the ?rst spectrum and the second spectrum, a second differ 
ence spectrum is calculated from the difference betWeen the 
second spectrum and the ?rst spectrum, the ?rst difference 
spectrum is converted into a ?rst transformation spectrum, 
Wherein one intensity value each is assigned to a plurality of 
Wavelengths, and the intensity value of a Wavelength of the 
?rst transformation spectrum is calculated by adding a ?rst 
intensity value of a ?rst Wavelength of the ?rst difference 
spectrum and the amount of a second intensity value of a 
second Wavelength of the ?rst difference spectrum, Wherein 
the ?rst Wavelength of the ?rst difference spectrum is greater 
than the Wavelength of the ?rst transformation spectrum by a 
predetermined transformation parameter and the second 
Wavelength of the ?rst difference spectrum is smaller than the 
Wavelength of the ?rst transformation spectrum by the trans 
formation parameter, and the second difference spectrum is 
converted into a second transformation spectrum, Wherein 
one intensity value each is assigned to a plurality of Wave 
lengths, and the intensity value of a Wavelength of the second 
transformation spectrum is calculated by adding the amount 
of a ?rst intensity value of a ?rst Wavelength of the second 
difference spectrum and a second intensity value of a second 
Wavelength of the second difference spectrum, Wherein the 
?rst Wavelength of the second difference spectrum is greater 
than the Wavelength of the second transformation spectrum 
by the transformation parameter and the second Wavelength 
of the second difference spectrum is smaller than the Wave 
length of the second transformation spectrum by the transfor 
mation parameter, and the Raman spectrum is calculated by 
adding the ?rst transformation spectrum and the second trans 
formation spectrum. 

If the arrangement of measuring instruments is calibrated 
to one of the tWo initial spectra (?rst spectrum or second 
spectrum) before the measurement, the Wavenumber scale is 
preferably shifted after the calculation of the Raman spec 
trum (adding the ?rst transformation spectrum and the second 
transformation spectrum) by + or —Delta/2 (i.e., by half the 
Wavelength spacing) depending on Which of the tWo original 
spectra the arrangement of measuring instruments Was cali 
brated to. 

Preferably, half the amount of the difference betWeen the 
?rst Wavelength and the second Wavelength is used as a trans 
formation parameter. The ?rst Wavelength and the second 
Wavelength are preferably selected from the 250-1100 nm 
interval, very preferably from the 400-950 nm interval. 

The concept of the present invention comprises using a 
novel reconstruction algorithm for automated shifted-excita 
tion Raman difference spectroscopy (SERDS) for on-line and 
in-situ applications. As against the prior art, the method is 
characterized by the fact that it can be easily automated, i.e., 
Without having any information about the sample (medium to 
be analyzed) in advance and Without any interventions by an 
operator. It has been found that the quantitative information of 
the spectra is preserved When the inventive method is used. 
Furthermore, the inventive method is universally suitable for 
all Raman apparatuses that alloW multiple-Wavelength exci 
tation, and it can also be used for other spectroscopic meth 
ods, e.g., IR absorption, atomic ?uorescence for background 
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4 
suppression, for the reconstruction of conventional Raman 
derivative spectra, or generally for the reconstruction of 
derivative spectra. 
The spacing betWeen the tWo Wavelengths may have 

almost any value. Preferably, the Wavelength spacing value A 
is selected to be ZFWHM/2; preferred intervals for the ratio 
AvLaSe/FWHMPeak are 0.3-10, very preferably 0.6-1.5. FIG. 
7 shoWs the operative range of the method. It has been found 
that the operative range is betWeen 0.6 and 1 .5 for the quotient 
of the Wavelength shift and the full Width at half maximum 

AVLaser/F\VI_IMPeak' 
Another advantage over the prior-art reconstruction meth 

ods includes the possibility of applying the reconstruction 
method repeatedly. By varying the transformation parameter 
6, n further spectra can be constructed from the same raW data 
and added afterWards, Which is approximately equivalent to n 
individual SERDS measurements When the method is applied 
n times. The noise decreases by a factor of V5 When the 
method is applied n times, and the signal increases by a factor 
of n in the ?rst approximation. The number of applications of 
the algorithm may be increased until the signal-to-back 
ground ratio cannot be improved any more, Wherein the num 
ber of repetitions is limited by the number of the data points 
in the range of the extrema of the difference peak (see FIG. 6). 
The number of repetitions n cannot be higher than the number 
of pixels k in the range of the full Width at half maximum 
FWHM of the Raman signal. Since repetitions in the range of 
small difference intensities do not result in an improvement of 
the SERDS intensity any more, the number of the repetitions 
of the application of the algorithm n is preferably selected to 
be betWeen 1 and k/2. When the algorithm is applied repeat 
edly, the transformation parameter 6 is preferably varied in 
even-numbered steps by up to +/—k/4 pixels starting from half 
the Wavelength spacing ALLEN. 
The inventive method for generating and for detecting a 

Raman spectrum of a medium to be analyzed has the folloW 
ing procedure steps: exposing the medium to be analyzed to 
excitation radiation, Wherein the medium to be analyzed is 
exposed in a time-shifted manner to a ?rst excitation radiation 
having a ?rst Wavelength and to a second excitation radiation 
having a second Wavelength, Wherein the ?rst Wavelength 
differs from the second Wavelength; spectral analysis of the 
?rst excitation radiation scattered by the medium to be ana 
lyzed, Wherein a ?rst spectrum that assigns one intensity 
value each to a plurality of Wavelengths is detected from the 
scattered ?rst excitation radiation; spectral analysis of the 
second excitation radiation scattered by the medium to be 
analyzed, Wherein a second spectrum that assigns one inten 
sity value each to a plurality of Wavelengths is detected from 
the scattered second excitation radiation; calculating a 
Raman spectrum of the medium to be analyzed from the ?rst 
spectrum and the second spectrum, Wherein the ?rst spectrum 
and the second spectrum are normalized to each other With 
respect to their intensity values, and subsequently a ?rst dif 
ference spectrum is calculated from the difference betWeen 
the ?rst spectrum and the second spectrum, a second differ 
ence spectrum is calculated from the difference betWeen the 
second spectrum and the ?rst spectrum, the ?rst difference 
spectrum is converted into a ?rst transformation spectrum, 
Wherein one intensity value each is assigned to a plurality of 
Wavelengths, and the intensity value of a Wavelength of the 
?rst transformation spectrum is calculated by adding a ?rst 
intensity value of a ?rst Wavelength of the ?rst difference 
spectrum and the amount of a second intensity value of a 
second Wavelength of the ?rst difference spectrum, Wherein 
the ?rst Wavelength of the ?rst difference spectrum is greater 
than the Wavelength of the ?rst transformation spectrum by a 
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predetermined transformation parameter and the second 
Wavelength of the ?rst difference spectrum is smaller than the 
Wavelength of the ?rst transformation spectrum by the trans 
formation parameter, the second difference spectrum is con 
verted into a second transformation spectrum, Wherein one 
intensity value each is assigned to a plurality of Wavelengths, 
and the intensity value of a Wavelength of the second trans 
formation spectrum is calculated by adding the amount of a 
?rst intensity value of a ?rst Wavelength of the second differ 
ence spectrum and a second intensity value of a second Wave 
length of the second difference spectrum, Wherein the ?rst 
Wavelength of the second difference spectrum is greater than 
the Wavelength of the second transformation spectrum by the 
transformation parameter and the second Wavelength of the 
second difference spectrum is smaller than the Wavelength of 
the second transformation spectrum by the transformation 
parameter, and the Raman spectrum is calculated by adding 
the ?rst transformation spectrum and the second transforma 
tion spectrum. 

Preferably, half the amount of the difference betWeen the 
?rst Wavelength and the second Wavelength is used as a trans 
formation parameter. The ?rst Wavelength and the second 
Wavelength are preferably selected from the 250-1100 nm 
interval, preferably from the 400-950 nm interval. Electro 
magnetic excitation radiation is preferably generated by 
means of a laser diode With an internal frequency-selective 
element. For generating varying excitation Wavelengths in an 
alternating manner, the laser diode is preferably driven With 
tWo different excitation conditions in an alternating manner 
by means of the electric current applied to the laser diode. 
Preferably, toggling betWeen the excitation conditions is per 
formed at a frequency that is higher than 1 HZ. Preferably, the 
spectral analysis of the electromagnetic radiation scattered by 
the medium to be analyZed is performed by coupling the 
scattered radiation into a spectro-optical apparatus. Prefer 
ably, the detection of the individual Raman spectra that have 
varying excitation Wavelengths is synchroniZed With the 
alternating driving of the laser diode. The detection of a 
Raman spectrum is preferably performed in each case Within 
a time interval in Which the amperage of the current that is 
applied to the laser diode is kept constant. 

Preferably, the laser diode is driven With at least tWo dif 
ferent excitation conditions Within a time interval in such a 
manner that it emits at at least tWo Wavelengths With a Wave 
length spacing that corresponds to at least a third of the full 
Width at half maximum of the Raman signals (more prefer 
ably to half the full Width at half maximum, and very prefer 
ably to the full Width at half maximum). Preferably, the laser 
diode is driven With at least tWo different excitation condi 
tions Within a time interval in such a manner that it emits at at 
least tWo Wavelengths With a Wavelength spacing that corre 
sponds to at least 3 cm-1 (0.2 nm When excited at 785 nm), 
more preferably to at least 4 cm_l, and even more preferably 
to at least 8 cm“. 

Preferably, the time interval is 1 s, more preferably 0.1 s. 
Preferably, the laser diode is calibrated before the excitation 
radiation is coupled into the medium to be analyZed. Prefer 
ably, a grating, an etalon or a Mach-Zehnder interferometer is 
used as a frequency-selective element. Preferably, the excita 
tion radiation generated by the laser diode is coupled into the 
medium to be analyZed by means of a Raman measuring 
head. Preferably, the excitation radiation generated by the 
laser diode is ampli?ed before it is coupled into the medium 
to be analyZed. Preferably, the radiation scattered by the 
medium to be analyZed is coupled into the spectro-optical 
system by means of an optical ?ber. Preferably, the laser 
diode is driven by means of a poWer source, Wherein the 
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6 
output poWer of the poWer source is modulated. Preferably, a 
function generator is used for modulation. Preferably, the 
individual Raman spectra are stored by means of a data pro 
cessing device. Preferably, both a modulation of the output 
poWer of an excitation source and a synchronization of a 
detector of the spectro-optical system are carried out for 
synchronizing the detections of the Raman spectra With the 
driving of the laser diode. 
The inventive device for generating an excitation radiation 

and for detecting a Raman spectrum of a medium to be ana 
lyZed has an excitation light source, means for coupling the 
excitation radiation emitted by the excitation light source into 
the medium to be analyZed, means for coupling the radiation 
scattered by the medium to be analyZed into a spectro-optical 
system, and a data processing device that is connected to the 
spectro-optical system, Wherein the data processing device 
calculates a Raman spectrum of the medium to be analyZed 
from the at least tWo detected Raman spectra that have vary 
ing excitation Wavelengths, in Which calculated Raman spec 
trum the ?uorescence background has been eliminated by 
Way of calculation, and Wherein the data processing device is 
designed to normaliZe the ?rst spectrum and the second spec 
trum to each other With respect to their intensity values, and 
subsequently a ?rst difference spectrum is calculated from the 
difference betWeen the ?rst spectrum and the second spec 
trum, a second difference spectrum is calculated from the 
difference betWeen the second spectrum and the ?rst spec 
trum, the ?rst difference spectrum is converted into a ?rst 
transformation spectrum, Wherein one intensity value each is 
assigned to a plurality of Wavelengths, and the intensity value 
of a Wavelength of the ?rst transformation spectrum is calcu 
lated by adding a ?rst intensity value of a ?rst Wavelength of 
the ?rst difference spectrum and the amount of a second 
intensity value of a second Wavelength of the ?rst difference 
spectrum, Wherein the ?rst Wavelength of the ?rst difference 
spectrum is greater than the Wavelength of the ?rst transfor 
mation spectrum by a predetermined transformation param 
eter and the second Wavelength of the ?rst difference spec 
trum is smaller than the Wavelength of the ?rst transformation 
spectrum by the transformation parameter, and the second 
difference spectrum is converted into a second transformation 
spectrum, Wherein one intensity value each is assigned to a 
plurality of Wavelengths, and the intensity value of a Wave 
length of the second transformation spectrum is calculated by 
adding the amount of a ?rst intensity value of a ?rst Wave 
length of the second difference spectrum and a second inten 
sity value of a second Wavelength of the second difference 
spectrum, Wherein the ?rst Wavelength of the second differ 
ence spectrum is greater than the Wavelength of the second 
transformation spectrum by the transformation parameter and 
the second Wavelength of the second difference spectrum is 
smaller than the Wavelength of the second transformation 
spectrum by the transformation parameter, and the Raman 
spectrum is calculated by adding the ?rst transformation 
spectrum and the second transformation spectrum. 

Preferably, half the amount of the difference betWeen the 
?rst Wavelength and the second Wavelength is used as a trans 
formation parameter. Preferably, the excitation light source is 
a laser diode With an internal frequency-selective element. 
For generating varying excitation Wavelengths, the laser 
diode is preferably connected to a poWer source modulated by 
a modulator, Wherein the modulator modulates the poWer 
source in an alternating manner. Preferably, toggling is per 
formed at a frequency that is higher than 1 HZ. Preferably, the 
spectro-optical system is a spectrograph With a CCD detector. 
Preferably, the spectro-optical system and/or the data pro 
cessing device are/is connected to the modulator, and the 
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detection of the individual Raman spectra that have varying 
excitation Wavelengths is synchronized With the alternating 
driving of the laser diode. Preferably, the modulator is a 
function generator. Preferably, the modulator is a square 
Wave generator. Preferably, the means for coupling the exci 
tation radiation into the medium to be analyZed and the means 
for coupling the radiation scattered by the medium to be 
analyZed into the spectro-optical system have an optical ?ber 
and a Raman measuring head. Preferably, an optical ampli?er 
is arranged betWeen the laser diode and the medium to be 
analyZed. Preferably, the internal frequency-selective ele 
ment is a grating, an etalon, or a Mach-Zehnder interferom 
eter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the folloWing, the invention Will be explained in greater 
detail on the basis of the ?gures in Which 

FIG. 1 shoWs a device for generating an excitation radia 
tion and for detecting a Raman spectrum, according to a 
preferred embodiment of the invention, 

FIG. 2 shoWs tWo measured Raman spectra that are shifted 
With respect to each other on account of their varying excita 
tion Wavelengths, 

FIG. 3 shoWs the Raman spectra measured in FIG. 2, after 
their normaliZation to each other With respect to their inten 
sities, and also shoWs a difference spectrum formed there 
from afterwards, 

FIG. 4 shoWs a transformation spectrum obtained from the 
difference spectrum shoWn in FIG. 3 by means of the inven 
tive method, 

FIG. 5 shoWs tWo Raman spectra reconstructed from the 
Raman spectra measured in FIG. 2, in comparison With a 
conventionally measured Raman spectrum of calcium sul 
fate, Which reconstruction Was performed by means of the 
inventive method and Which reconstructed Raman spectra 
Were determined from the same data after single and ?vefold 
reconstruction, respectively, 

FIG. 6 shoWs the representation of further points suitable 
for reconstruction for the purpose of repeated application 
(pairs of points are marked by symbols), 

FIG. 7 shoWs the operative range of the method plotted as 
the signal intensity over the quotient of AvLaSe/FWHMPeak, 

FIG. 8 shoWs a conventionally measured Raman spectrum 
and a Raman spectrum determined by means of the inventive 
method of 100 uM of copper(II) phthalocyanine-tetrasulfonic 
acid tetrasodium salt in distilled Water, 

FIG. 9 shoWs various Raman spectra of copper(II) phtha 
locyanine-tetrasulfonic acid tetrasodium salt of varying con 
centrations in distilled Water, Which Raman spectra Were 
determined by means of the inventive method, and 

FIG. 10 shoWs the calibration curve for the Raman signal at 
1530 cm-1 ofFIG. 9. 

DETAILED DESCRIPTION 

The difference betWeen the recording of SERD spectra and 
conventional Raman measurements comprises carrying out 
tWo measurements of the same sample 9 With tWo excitation 
Wavelengths k1 and k2 instead of carrying out a single mea 
surement, said tWo excitation Wavelengths k1 and k2 being 
shifted With respect to each other by a Wavelength difference 
A. The arrangement shoWn in FIG. 1 is used for the measure 
ments. The DFB diode laser 1 is successively driven With tWo 
different injection currents, Whereby the Raman signals of the 
tWo spectra are shifted With respect to each other correspond 
ing to A, Whereas the broadbandbackground is not changed in 
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8 
the ?rst approximation (FIG. 2). The intensities of the tWo 
spectra 16 and 17 differ from each other because the poWer of 
the laser depends on the set amperage. 
The tWo Raman spectra 16 and 17 are then normaliZed to 

each other With respect to their intensities, and the difference 
is formed (FIG. 3). The resulting difference spectrum D1 is 
?rst converted into the transformation spectrum K1 by means 
of the inventive reconstruction algorithm (FIG. 4), and the 
Raman spectrum R1 is reconstructed from the transformation 
spectrum K1 by adding K1 and K2 (FIG. 5). 
Another advantage over the prior-art reconstruction meth 

ods includes the possibility of applying the reconstruction 
method repeatedly. 

According to the present invention, repeated application of 
the reconstruction method means that the steps of 

converting the ?rst difference spectrum D1 into a ?rst 
transformation spectrum K1, Wherein one intensity 
value each is assigned to a plurality of Wavelengths, and 
the intensity value of a Wavelength of the ?rst transfor 
mation spectrum K1 is calculated by adding a ?rst inten 
sity value of a ?rst Wavelength of the ?rst difference 
spectrum D1 and the amount of a second intensity value 
of a second Wavelength of the ?rst difference spectrum 
D1, Wherein the ?rst Wavelength of the ?rst difference 
spectrum D1 is greater than the Wavelength of the ?rst 
transformation spectrum K1 by a predetermined trans 
formation parameter 6 and the second Wavelength of the 
?rst difference spectrum D1 is smaller than the Wave 
length of the ?rst transformation spectrum K1 by the 
transformation parameter 6, and 

converting the second difference spectrum D2 into a sec 
ond transformation spectrum K2, Wherein one intensity 
value each is assigned to a plurality of Wavelengths, and 
the intensity value of a Wavelength of the second trans 
formation spectrum K2 is calculated by adding the 
amount of a ?rst intensity value of a ?rst Wavelength of 
the second difference spectrum D2 and a second inten 
sity value of a second Wavelength of the second differ 
ence spectrum D2, Wherein the ?rst Wavelength of the 
second difference spectrum D2 is greater than the Wave 
length of the second transformation spectrum K2 by the 
transformation parameter 6 and the second Wavelength 
of the second difference spectrum D2 is smaller than the 
Wavelength of the second transformation spectrum K2 
by the transformation parameter 6, 

are performed repeatedly, Wherein the process of repeated 
application includes varying the transformation parameter 6 
betWeen 0.2 A and 0.8 A and the plurality of transformation 
spectra K1, K2 obtained in this manner are added up. 
By varying the increment 6 (preferably, 6:A/2 if n:l), n 

further spectra can be constructed from the same raW data and 
added afterWards, Which is approximately equivalent to n 
individual SERDS measurements When the method is applied 
n times. The noise decreases by a factor of 75 When the 
method is applied n times, and the signal increases by a factor 
of n in the ?rst approximation. The number of applications of 
the algorithm may be increased until the signal-to-back 
ground ratio cannot be improved any more, Wherein the num 
ber of repetitions is limited by the number of the data points 
in the range of the extrema of the difference peak (see FIG. 6). 
The number of repetitions cannot be higher than the number 
of pixels k in the range of the full Width at half maximum 
FWHM of the Raman signal. Since repetitions in the range of 
small difference intensities do not result in an improvement of 
the SERDS intensity any more, the number of the repetitions 
of the application of the transformation n is preferably 
selected to be between 1 and k/2. When the algorithm is 
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applied repeatedly, the spacing 6 is preferably varied in even 
numbered steps by up to +/—k/4 pixels starting from half the 
Wavelength spacing ALLEN. 
A signi?cantly improved reconstructed Raman spectrum 

R2 may be obtained by ?vefold application of the reconstruc 
tion method (FIG. 5). 

FIG. 8 to FIG. 10 shoW the quantitative evaluation of a 
concentration measurement series (conventionally and by 
means of SERDS) illustrated by copper(ll) phthalocyanine 
tetrasulfonic acid tetrasodium salt in Water. 

The inventive evaluation method Was ?rst tested on a test 
object (highly scattering blackboard chalk), Wherein the sig 
nal/background-noise ratio S/OBGN Was improved by a factor 
of 48. The positions and the relative intensities of the signals 
are preserved and enable the selectivity of qualitative assign 
ment in the SERD spectrum reconstructed according to the 
invention to be higher than the selectivity of qualitative 
assignment in the conventional Raman spectrum because the 
FWHM values of the signals are reduced by the algorithm 
from observed 12 cm“1 to 9.5 cm_l. In the SERD spectra, all 
Weak Raman signals that are masked in the conventional 
chalk spectrum by the background Were found in the posi 
tions that are knoWn from a gypsum crystal spectrum. 

The quantitative evaluability of the SERDS measurements 
Was demonstrated by recording a calibration curve of copper 
(ll) phthalocyanine-tetrasulfonic acid tetrasodium salt in dis 
tilled Water. The calibration curve Was linear, and the detec 
tion limit for the SERDS measurement series (3 uM) Was 
loWer than the detection limit for the Raman measurement 
series (3 .4 uM), Wherein the limiting factor rather includes the 
inaccuracy that occurs When the solution is mixed, Which 
limiting factor enters into the calculation of the detection 
limit. 

The fact that the novel evaluation algorithm makes SERDS 
suitable for qualitative and quantitative measurements has 
been successfully demonstrated. The quality of the SERD 
spectra Was alWays signi?cantly better than the quality of the 
conventionally recorded Raman spectra. The novel recon 
struction algorithm enables on-line chemical analysis to be 
automated and totally user-independent for the ?rst time. 
Almost any Raman system could be easily and cheaply 
adapted for the use of SERDS. Moreover, the developed 
technique is very Well suitable for the mobile use of minia 
turiZed Raman systems, e.g., in process control. The free 
choice of excitation Wavelengths enables sensitivity to be 
adapted for any ?eld of application. Moreover, SERDS may 
be used in combination With other Raman techniques (e.g., 
SERS and resonance Raman spectroscopy) as a matter of 
principle. 

LIST OF REFERENCE NUMERALS 

1 laser diode 
2 ?rst lens 
3 ?rst mirror 
4 band-pass ?lter 
5 second mirror 
6 Raman ?lter (edge ?lter or notch ?lter) 
7 second lens 
8 excitation radiation 
9 medium to be analyZed/ sample (in a vessel) 
10 third lens 
11 optical ?ber 
12 spectro-optical system 
13 CCD detector 
14 spectrograph 
15 data processing device 
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16 measured Raman spectrum at excitation Wavelength X1 
17 measured Raman spectrum at excitation Wavelength X2 
18 Raman measuring head 
19 poWer supply 
20 function generator 
D1 ?rst difference spectrum from 16 and 17 
D2 second difference spectrum from 17 and 16 
K1 ?rst transformation spectrum 
K2 second transformation spectrum 
R, R1 Raman spectrum reconstructed according to the inven 

tion 
R2 Raman spectrum reconstructed according to the inven 

tion, after ?vefold application 
A Wavelength difference 
6 transformation parameter 
What is claimed is: 
1. A method for generating and for detecting a Raman 

spectrum of a medium to be analyZed having the folloWing 
procedure steps: 

exposing the medium to be analyZed to excitation radia 
tion, Wherein the medium to be analyZed is exposed in a 
time- shifted manner to a ?rst excitation radiation having 
a ?rst Wavelength and to a second excitation radiation 
having a second Wavelength, Wherein the ?rst Wave 
length differs from the second Wavelength, 

spectral analysis of the ?rst excitation radiation scattered 
by the medium to be analyZed, Wherein a ?rst spectrum 
that assigns one intensity value each to a plurality of 
Wavelengths is detected from the scattered ?rst excita 
tion radiation, 

spectral analysis of the second excitation radiation scat 
tered by the medium to be analyzed, Wherein a second 
spectrum that assigns one intensity value each to a plu 
rality of Wavelengths is detected from the scattered sec 
ond excitation radiation, 

calculating a Raman spectrum of the medium to be ana 
lyZed from the ?rst spectrum and the second spectrum, 

Wherein 
the ?rst spectrum and the second spectrum are normaliZed 

to each other With respect to their intensity values, and 
subsequently: 

a) a ?rst difference spectrum is calculated from the differ 
ence betWeen the ?rst spectrum and the second spec 
trum, 

b) a second difference spectrum is calculated from the 
difference betWeen the second spectrum and the ?rst 
spectrum, 

c) the ?rst difference spectrum is converted into a ?rst 
transformation spectrum, Wherein one intensity value 
each is assigned to a plurality of Wavelengths, and the 
intensity value of a Wavelength of the ?rst transforma 
tion spectrum is calculated by adding a ?rst intensity 
value of a ?rst Wavelength of the ?rst difference spec 
trum and the amount of a second intensity value of a 
second Wavelength of the ?rst difference spectrum, 
Wherein the ?rst Wavelength of the ?rst difference spec 
trum is greater than the Wavelength of the ?rst transfor 
mation spectrum by a predetermined transformation 
parameter and the second Wavelength of the ?rst differ 
ence spectrum is smaller than the Wavelength of the ?rst 
transformation spectrum by the transformation param 
eter, 

d) the second difference spectrum is converted into a sec 
ond transformation spectrum, Wherein one intensity 
value each is assigned to a plurality of Wavelengths, and 
the intensity value of a Wavelength of the second trans 
formation spectrum is calculated by adding the amount 
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of a ?rst intensity value of a ?rst Wavelength of the 
second difference spectrum and a second intensity value 
of a second Wavelength of the second difference spec 
trum, Wherein the ?rst Wavelength of the second differ 
ence spectrum is greater than the Wavelength of the 
second transformation spectrum by the transformation 
parameter and the second Wavelength of the second dif 
ference spectrum is smaller than the Wavelength of the 
second transformation spectrum by the transformation 
parameter, and 

e) the Raman spectrum is calculated by adding the ?rst 
transformation spectrum and the second transformation 
spectrum. 

2. The method of claim 1, Wherein 
a value of betWeen 0.2 and 0.8 of the amount of the differ 

ence betWeen the ?rst Wavelength and the second Wave 
length is used as a transformation parameter. 

3. The method of claim 2, Wherein 
a value of betWeen 0.4 and 0.6 of the amount of the differ 

ence betWeen the ?rst Wavelength and the second Wave 
length is used as a transformation parameter. 

4. The method of claim 3, Wherein 
half the amount of the difference betWeen the ?rst Wave 

length and the second Wavelength is used as a transfor 
mation parameter. 

5. The method of claim 4, Wherein 
steps c) and d) are repeated several times before step e) is 

performed, Wherein the transformation parameter is var 
ied With each repetition of steps c) and d), Whereby a 
plurality of ?rst transformation spectra and a plurality of 
corresponding second transformation spectra are 
obtained, Wherein the Raman spectrum is calculated by 
adding the ?rst transformation spectra and the second 
transformation spectra in step e). 

6. The method of claim 5, Wherein 
the transformation parameter is increased or decreased 

With each repetition of steps c) and d). 
7. The method of claim 6, Wherein 
half the amount of the difference betWeen the ?rst Wave 

length and the second Wavelength is used as a transfor 
mation parameter When steps c) and d) are performed for 
the ?rst time, and the transformation parameter is sub 
sequently varied Within the interval of 0.2 to 0.8 of the 
amount of the difference betWeen the ?rst Wavelength 
and the second Wavelength. 

8. The method of claim 1, Wherein 
electromagnetic excitation radiation is generated by means 

of a laser diode With an internal frequency-selective 
element. 

9. The Method of claim 8, Wherein, 
for generating varying excitation Wavelengths in an alter 

nating manner, the laser diode is driven With tWo differ 
ent excitation conditions in an alternating manner by 
means of the electric current applied to the laser diode. 

10. The method of claim 9, Wherein 
toggling betWeen the excitation conditions is performed at 

a frequency that is higher than 1 HZ. 
11. A device for generating an excitation radiation and for 

detecting a Raman spectrum of a medium to be analyZed, 
comprising: 

an excitation light source, 
means for coupling the excitation radiation emitted by the 

excitation light source into the medium to be analyZed, 
means for coupling the radiation scattered by the medium 

to be analyZed into a spectro-optical system, 
a data processing device that is connected to the spectro 

optical system, Wherein the data processing device cal 
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12 
culates a Raman spectrum of the medium to be analyZed 
from the at least tWo detected Raman spectra that have 
varying excitation Wavelengths, in Which calculated 
Raman spectrum the ?uorescence background has been 
eliminated by Way of calculation, and 

Wherein 
the data processing device is designed to normaliZe the ?rst 

spectrum and the second spectrum to each other With 
respect to their intensity values, and subsequently: 

a) a ?rst difference spectrum is calculated from the differ 
ence betWeen the ?rst spectrum and the second spec 
trum, 

b) a second difference spectrum is calculated from the 
difference betWeen the second spectrum and the ?rst 
spectrum, 

c) the ?rst difference spectrum is converted into a ?rst 
transformation spectrum, Wherein one intensity value 
each is assigned to a plurality of Wavelengths, and the 
intensity value of a Wavelength of the ?rst transforma 
tion spectrum is calculated by adding a ?rst intensity 
value of a ?rst Wavelength of the ?rst difference spec 
trum and the amount of a second intensity value of a 
second Wavelength of the ?rst difference spectrum, 
Wherein the ?rst Wavelength of the ?rst difference spec 
trum is greater than the Wavelength of the ?rst transfor 
mation spectrum by a predetermined transformation 
parameter and the second Wavelength of the ?rst differ 
ence spectrum is smaller than the Wavelength of the ?rst 
transformation spectrum by the transformation param 
eter, 

d) the second difference spectrum is converted into a sec 
ond transformation spectrum, Wherein one intensity 
value each is assigned to a plurality of Wavelengths, and 
the intensity value of a Wavelength of the second trans 
formation spectrum is calculated by adding the amount 
of a ?rst intensity value of a ?rst Wavelength of the 
second difference spectrum and a second intensity value 
of a second Wavelength of the second difference spec 
trum, Wherein the ?rst Wavelength of the second differ 
ence spectrum is greater than the Wavelength of the 
second transformation spectrum by the transformation 
parameter and the second Wavelength of the second dif 
ference spectrum is smaller than the Wavelength of the 
second transformation spectrum by the transformation 
parameter, and 

e) the Raman spectrum is calculated by adding the ?rst 
transformation spectrum and the second transformation 
spectrum. 

12. The device of claim 11, Wherein the data processing 
device is designed in such a manner that a value of betWeen 
0.2 and 0.8 of the amount of the difference betWeen the ?rst 
Wavelength and the second Wavelength is used as a transfor 
mation parameter. 

13. The device of claim 12, Wherein 
the data processing device is designed in such a manner 

that a value of betWeen 0.4 and 0.6 of the amount of the 
difference betWeen the ?rst Wavelength and the second 
Wavelength is used as a transformation parameter. 

14. The device of claim 13, Wherein 
the data processing device is designed in such a manner 

that half the amount of the difference betWeen the ?rst 
Wavelength and the second Wavelength is used as a trans 
formation parameter. 

15. The device of claim 11, Wherein 
the data processing device is designed in such a manner 

that steps c) and d) are repeated several times before step 
e) is performed, Wherein the transformation parameter is 
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varied With each repetition of steps c) and d), whereby a 
plurality of ?rst transformation spectra and a plurality of 
corresponding second transformation spectra are 
obtained, Wherein the Raman spectrum is calculated by 
adding the obtained ?rst transformation spectra and the 
obtained second transformation spectra in step e). 

16. The device of claim 15, Wherein 
the data processing device is designed in such a manner 

that the transformation parameter is increased or 
decreased With each repetition of steps c) and d). 

17. The device of claim 16, Wherein 
the data processing device is designed in such a manner 

that half the amount of the difference betWeen the ?rst 
Wavelength and the second Wavelength is used as a trans 
formation parameter When steps c) and d) are performed 
for the ?rst time, and the transformation parameter is 
subsequently varied Within the interval of 0.2 to 0.8 of 
the amount of the difference betWeen the ?rst Wave 
length and the second Wavelength. 

18. The device of claim 11, Wherein 
the excitation light source is a laser diode With an internal 

frequency-selective element. 

20 

14 
19. The device of claim 11, Wherein 
for generating varying excitation Wavelengths, the laser 

diode is connected to a poWer source modulated by a 
modulator, Wherein the modulator modulates the poWer 
source in an alternating manner. 

20. The device of claim 19, Wherein 
toggling is performed at a frequency that is higher than 1 

HZ. 
21. The device of claim 11, Wherein 
the spectro-optical system is a spectrograph With a CCD 

detector. 
22. The device of claim 11, Wherein 
the spectro-optical system and/or the data processing 

device are/ is connected to the modulator, and the detec 
tion of the individual Raman spectra that have varying 
excitation Wavelengths is synchronized With the alter 
nating driving of the laser diode. 

23. The device of claim 22, Wherein 
the modulator is a square-Wave generator. 


