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Abstract. The spontaneous Raman scattering technique is an excellent tool for a quantitative analysis of multi-species gas
mixtures. It is a noninvasive optical method for species identification and gas phase concentration measurement of all Raman
active molecules, since the intensity of the species specific Raman signal is linearly dependent on the concentration.
Applying a continuous wave (CW) laser it typically takes a few seconds to capture a gas phase Raman spectrum at room
temperature. Nevertheless in contrast to these advantages the weak Raman signal intensity is a major drawback. Thus, it is
still challenging to detect gas phase Raman spectra in alow-pressure regime with a temporal resolution of only a few 100 ms.
In this work a fully functional gas phase Raman system for measurements in the low-pressure regime (p=>980 hPa
(absolute)) is presented. It overcomes the drawback of a weak Raman signal by using a multipass cavity. A description of the
sensor setup and of the multipass arrangement will be presented. Moreover the complete functionality of the sensor system
will be demonstrated by measurements at an anesthesia simulator under clinical relevant conditions and in comparison to a
conventional gas monitor.

Keywords: Raman scattering; multi species gas sensor; low pressure; anesthesia monitor; multipass cavity; short sampling
time; simultaneous online concentration information
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AnHotaums. CIOHTaHHOE PaMaHOBCKOE PACCESHUE INPEICTABIACT cOOOK NMPEKPACHBIH METOJ KOJMYECTBEHHOTO aHalM3a
MHOTOKOMITOHEHTHBIX T'a30BBIX CMeceil. DTO Hepa3pylIArOlIUi ONTHYCCKHIl METoJ MICHTU(UKAIMH COCTaBa BEIECTBA U
HU3MEPEHHs KOHLICHTPALMd KOMIOHEHTOB Ta3a, BKIIOYAIOIIHUX B ce0s pAMAHOBCKHE aKTHBHBIC MOJEKYJbL. [IpH 3TOM HHTEH-
CHBHOCTbH CIEHU(PHUYESCKOr0 paMaHOBCKOTO CHI'HAJIA IPSIMO MPONOPIHOHAIBHA KOHICHTpayH. [Ipy HCIONb30BaHHH JTa3epPHO-
IO W3IYYCHHUs B HENMPEPHIBHOM PEKMME [P KOMHATHOW TeMmeparype TpeOyeTcsi BCero HECKOJIbKO CEKYH IS MONyYCHHS
PaMaHOBCKOTO CIIEKTpa ra3oBoil cMecu. B To e camoe BpeMst Cepbe3HbIM HEAOCTATKOM METOJIA SIBJISICTCS Masiasi HHTCHCHB-
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HOCTh paMaHOBCKOTO curHaina. Ilo 3Toil mpudnHe cymecTByeT npobieMa AeTEeKTHPOBAaHHS COCTaBa ra30BOH CMecH IO pama-
HOBCKHM CHEKTPaM MPH HU3KHX AABICHUSIX KOMIIOHEHTOB ra3a ¢ BpeMEHHBIM Pa3pelIeHUeM MOPsIKa COTEH MUJUTHCEKYH/I.

B nmannoit pabore mpenacraBieHa KOHKpETHas paboOTaloImasi CHCTeMa ra30BOTO aHAIM3a HA OCHOBE PAaMAaHOBCKOTO PACCEsTHUS
TIPH HU3KUX JaBICHUSIX KOMIIOHEHTOB (abcomroTHOe aaBieHue p > 980 rlla). [[puMeHeHne MHOTOIPOXOAHOM MOIOCTH MO3BO-
JsIeT KOMIIEHCHPOBAaTh CJ1abylo BEIMYMHY PaMaHOBCKOTO curHajia. bomee Toro, paboTocrnocoOHOCT NPEACTaBIEHHON CeH-
COPHOHM CHCTEMEBI MPOAEMOHCTPHPOBaHA H3MEPEHHISIMHE B XOZI€ TIPOLEYPhI aHECTE3UU B KOHKPETHBIX KIIMHUYECKUX YCIOBHIX
U IIPU COIIOCTABJICHUH PE3yJIbTaTOB U3MEPEHHUIT ¢ OOBIYHO NIPUMEHSIEMBIMU CPEJICTBAMH I'a30BOT0O aHAIIM3A.

KiroueBbie cj10Ba: paMaHOBCKOE paccesHUE, MHOTOKOMIIOHEHTHBIH aHAIN3aToOp ra30B, HU3KOE JIABJICHUE, KOHTPOJIb IIPOLEeC-
ca aHeCTEe3MHU, MHOTOIPOXOHAs MOJO0CTh, MAJloe BPEMs aHalH3a, HHPOpPMAIMsA O KOHIIEHTPALUK Ta3a B PEallbHOM PEKHME
BPEMEHH.

Baarogapuoctu. [Ipoekt ocymiectsieH mpu nogaepxkke denepaabHOro MEHHCTEPCTBA IO oOpa3oBanuio u Hayke OPT, Ho-
mepa rpantoB rpaHTel Ne 13EX1015A, 13EX1015B u 13EX1015L. Ocobyro GmarogapHOCTh aBTOpHI BhIpakaloT Erlangen
Graduate School in Advanced Optical Technologies (SAOT) u Medical Valley EMN.

Introduction

An online species concentration determination of gas mixtures is of great interest in a wide range of
technical and medical applications. For process reasons the gas sample has often a relatively low pressure of
some 100 hPa. Typical examples for such gas mixtures are biogas or natural gas [1-4]. Their gas composition
and gas properties like the caloric value and the density is strongly depending on the production process or the
exploration site. This has to be taken into account when the gas is injected into the existing gas supply net or
used in a combustion process. In either case, the final product gas composition has to be monitored. Another
example is the breathing gas composition of a patient during an anesthesia procedure. A continuous monitoring
of this gas composition is of vital importance to ensure the patient's safety. Therefore the concentration of the
various anesthetic gases, which are added to the breathing gas and the oxygen, carbon dioxide and water vapor
concentration is necessary to be monitored [5]. Since inspired and expired breathing cycles take place within a
few seconds the gas composition is changing rapidly. This requires a fast and precise measurement of all gas
species within a time resolution of 200 ms to 500 ms during each breath event. Up to now a lot of gas monitoring
solutions for all species of interest are based on a sidestream analysis where a sample of inspiratory or expiratory
gas is withdrawn continuously. Commercial available anesthesia monitoring systems are usually a combination
of electrochemical or paramagnetic sensors and IR-absorption spectrometers [6]. These systems have several
drawbacks. Since various independent sensors are used, the total gas concentration may differ from 100 vol.%
e.g. if one sensor is miscalibrated, this can lead to conflicting information increasing the potential for a wrong
decision of the caregiver [7, 8]. A further disadvantage of conventional systems is the need for treatment of the
gas sample like e.g. filtering and drying before entering the sensors system. It is also not possible to detect all
occurring species. For instance, the nitrogen and the water vapor concentration are not measured by such
commercial available systems.

Spontaneous Raman scattering provides an interesting alternative measurement method to identify and
determine all relevant species within the breathing gas during anesthesia procedures [9, 10]. In principle, it gives
the possibility for the simultaneous detection of virtually all polyatomic species with high temporal resolution
with one sensor system. Due to the high content of information, spontaneous Raman scattering is among the
most established spectroscopic techniques. Concerning gas phase diagnostics in the field of combustion it is
mainly used to determine the local gas sample composition, e.g. in the mixture formation processes [11-15] and
in flames [16—19]. In spite of being a challenging technique due to a weak signal, the linear Raman spectroscopy
seems to be perfectly suited for the application in gas sensor monitoring and in anesthesia procedures [9].
Additionally there is no need for a sample preparation, which enables an access to in situ measurements inside
the breathing circuit. Previous efforts to use a Raman based sensor system for the online monitoring had some
restrictions concerning the accuracy caused by channel cross-sensitivity especially for the parallel use of
anesthetic agents [20-23]. Therefore, only three of five anesthetic agents could be detected by such systems.
Furthermore, an additional gas treatment was necessary for the application of these sensors systems. The
measurement cell was located inside the laser resonator and had to be protected from condensing water vapor. In
contrast to that, the sensor presented in this paper requires no sample preparation and can detect all five
anesthetic agents, CO,, N, and H,0, at a pressure of 980 hPa within a short measurement time. The development
of the sensor hardware and especially the signal enhancement by using a multipass approach is described in
detail. Finally, its application is demonstrated successfully during a simulated anesthesia process and compared
with conventional gas monitoring system at the anesthesia test center of the University Hospital in Erlangen.

Measurement principle

The measurement principle of the developed monitoring system is based on the linear Raman scattering,
which is well described in literature (see [24-26]). Therefore, only a brief description will be given here. If
monochromatic light enters a gas volume, the largest part of the light passes through the gas volume without any
interaction. Only a small amount interacts with the gas molecules and part of this is scattered. The scattered light
consists mainly of two different parts. The major part is scattered with the same frequency as the exciting laser
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beam and is known as Rayleigh scattering. With an intensity of approximately three orders less, scattered light,
which is shifted in frequency with respect to the incident radiation, can be observed. This process is called
spontaneous Raman scattering and the frequency-shift is characteristic for a certain species. The shorter
wavelength shifted bands are called anti-Stokes transitions, the longer wavelength shifted bands are called
Stokes transitions. If the molecules are treated as a non-rigid rotator, the energy levels of diatomic molecules

interacting with the incoming laser light can be specified as a function E(v,/). Beside the rotational (J) and

vibrational (v) quantum number E(v,J) depends only on molecule specific constants, which lead to an

individual Raman spectrum for each molecule, that can be used as a fingerprint for a species identification
purposes [27, 28].
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Fig. 1. Gas phase Q-branch vibrational spectra of species typical for an anesthesia process

Anesthesia processes relevant to vibrational Raman spectra are shown in Fig. 1. The spectra of the pure
substances Ny, O,, CO,, H,0, N,O, sevoflurane (SEV), isoflurane (ISO) and desflurane (DES) are normalized to
one. For quantitative species concentration determination, it is advantageous that the intensity of each Raman
line is linearly depending on the number density of the molecules inside the measurement volume:

0o
I =k nl| 2|0, 1
i Onz (GQJ ( )

where £ is a setup specific constant, /, — the intensity of the exciting laser radiation, #; is the number density of
species i, / is the length of the probe volume, dc/0Q — the differential Raman scattering cross-section and Q is

the observation angle.
Experimental setup

The Raman probe consists of a laser source, a temperature stabilized measurement cell with four optical
accesses and a spectrometer. During online measurements the gas sample inside the measurement cell is
constantly renewed. Since the excitation wavelength is in principle arbitrary, a compact, frequency-doubled
Nd:YVO, cw laser is used. Due to the relatively low Raman signal intensity, it is challenging to realize short
measurement times for low-pressure gas samples. In order to increase the Raman signal significantly a robust
multipass approach was used. The laser is focused inside the test cell, which is centered within the multipass
cavity. The scattered signal is observed at an angle of 90° with respect to the incoming and redirected laser
beams. This 90°-setup offers the possibility of a sufficient stray light reduction. By redirecting the Raman signal
into the spectrometer, which is scattered under an angle of 270° an additional signal gain is achieved. The Raman
signal is coupled into a two meter optical fiber with a high transmissivity in a wavelength range of 400 nm to
Ium which is connected to the entrance slit of the spectrograph. There the signal is spectrally resolved and
detected by a sensitive CCD camera. The resulting spectral observation rage is 300 cm ' to 4600 cm ™' covering
all relevant molecules of interest for nearly all gas phase applications. The measurements were performed at gas
samples without any additional treatment, which simplifies the measurement procedure significantly.

Signal amplification. To increase the Raman signal a suitable multipass cavity was built up and
integrated in the sensor system. In the literature several different possible types of cavities and light traps are
described [29-33]. The basic amplification principle in all these types of cavities is always the same.

220 Hay4Ho-TexXHU4YeCKunii BECTHUK MHPOPMALIMOHHBIX TEXHOMNOMMIA, MEXAHUKN U OMTUKN,
2015, Tom 15, Ne 2



C. Wnotep, C. Acbax, H. Nonoscka-Jlennepu, T. 3eerep, A. Jlernepy,

CM: concave mirror ’iﬁ—: ID
OF: optical fiber L ._\__\_:h 1LP HWP

Data analyzer

ID: iris diaphragm >
L: lens 7
M: mirror e

LP: low pass filter :
NC: test cell OF Spectrometer

Fig.2. Near-confocal cavity (NCC) with two confocal mirrors

Laser

The stimulating laser beam passes through the measurement volume as often as possible. Starting from a
robust 90°-setup, a near-confocal cavity (NCC) arrangement was used in this study as shown in Fig. 2. The
signal gain of such a multipass arrangement is dominated by the optical losses per pass. A theoretical treatment
about the multipass gain analysis can be found in [34]. The reflectivity and transmissivity of the individual
surfaces in the beam pass have a huge impact on the single-pass efficiency 1, which is defined as

(it

where the number of reflective surfaces is given by i and the number of translucent components by j, R; describes

the reflectivity of the surface / and 7} the transmissivity of surface j. The signal gain G is given by equation:
1_ P
G, =—01, ?3)
I-n
where p is the number of passes. The limit for p — o shows the maximum achievable gain (Gy,y) for a given

cavity efficiency n.
. 1

limG, =— “)

po®© 1— n

In Fig. 3 the measured signal gain of the NCC is plotted over the number of beam passes. The signal gain
for O,, N, and H,O was determined since the Raman signals of these molecules are well distributed over the
spectral region of interest. In the experiment, 52 beam passes could be realized in the NCC, resulting in a signal
gain factor of 17.15. The limiting factors were the size of the concave mirrors and the beam acceptance angle of
the sample cell. From these measurements the respective 1 can be determined as it is shown in Fig. 3.
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Fig.3. Signal gain and the cavity quality n for a near-confocal cavity
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Subsequently, the maximal possible gain amplification can be calculated from equation (3).This results in
a theoretical maximum signal gain of Gyy,,= 18.52 for the configuration described above. The NCC needs only a
few optical components compared with other cavity types [30, 32, 35]. Therefore, a relatively large n can be
achieved. Additionally, depending on the size of the mirrors, a large number of passes can be realized in the NCC
configuration leading to a larger signal amplification. To avoid that, the lasers beam is back-reflected exactly to
its origin when the maximum number of passes is realized, the cavity adjustment was slightly misaligned. This
ensured that the outgoing beam was deflected to prevent it from entering the laser source again (see Fig. 2).

Data evaluation procedure

The data evaluation procedure, which is used in this work, is based on a contour-fit procedure and
determines the relative species concentration in volume percent fully automatically. The intensity of the Raman
bands is linear depending on the number density of the molecules n (see Eq. (1)). Nevertheless, also the detection
system e.g. the spectrometer including the CCD-detector should have a linear behavior within the operation
range, otherwise the data evaluation procedure has to compensate this nonlinear behavior. This was tested and as
an example in Fig. 4 the measured Raman signal of DES in dependence of pressure is shown. Since in a low
pressure regime the ideal gas law is valid in good approximation, the pressure p is proportional to the density of
the moles number n/V. A correlation coefficient is indicated in Fig. 4 by r} =0.99978. It is equal to 1 for a

perfect positive correlation and to zero, if there is no linear dependency.

10,2 7 x10°
=
o
£ 9 ,
)
o .
51 e
2 6 A o
Z 7, =0,99978
O
E
S 3 1 #
£
< p
&

»
0 175 350 525 700

poes / hPa

Fig. 4. Measured signal intensity of DES over partial pressure

Data evaluation. A typical anesthetic gas sample may contain up to six substances O,, N,O, CO,, N, H,O
and for instance DES as anesthetic agent (in some cases even more substances are used). The measured signal inten-

sity in dependence of the Raman shift is expressed by a finite vector S s - The contour-fit procedure, based on the

Levenberg-Marquardt algorithm, compares the measured signal S  Wwith a synthetic spectrum S consisting out

Fit

of the spectra of the pure substances S, . This procedure can be formulated as an optimization problem:

min (% qz_: (S5 (¥)=S), (x))2 j ) ®)

where S}, (X) is one data point of the spectrum of ¢ values respecting the spectral position, and S,,(x) is one

data point of the measured spectrum with the same number of elements. The goal of that optimization problem is

to find the synthesized spectrum §

; that has the smallest deviation from the measured spectrum S s -The

synthetic spectrum § ., 18 a linear superposition of the Raman spectra of the pure substances and is described by

z-1
Sp =245, (©6)
e=0
The contour-fit procedure solves the optimization problem in Eq. (5) by varying the coefficients a, in
Eq. (6) for each stored spectrum § . of the pure species e. In the calculated spectra z represents the total number

of species. If the setup specific scattering cross-sections of the individual substances are determined by a
calibration, it is possible to calculate the concentrations c, of the species e by
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c,=b,-a,, (N
where b, is the calibration coefficient of species e.
Experimental Results

For a test under clinical conditions the Raman sensor was operated in line with a commercial anesthetic
gas monitor (AGM, Dréger Perseus®). The measurements were performed in an anesthesia test center at the
University Hospital in Erlangen. The principle setup is illustrated in Fig. 5. The anesthesia system consists of a
gas mixer, a circular system with CO, absorber and a ventilator; it delivers breathing and anesthetic gases.
Calibration measurements were performed for N,, O,, N,O and CO, by using a commercial available calibration
gas. For the anesthetic agents and H,O self-made binary gas mixtures consisting of N, and the desired species
were used. The system was connected to a human patient simulator® (HPS), which has a realistic breathing
behavior and delivers depending on the surgery status a clinical relevant respiratory gas composition for the
expiratory gases. The online Raman measurements were performed with a continuous gas flow through the test
cell. The operation of the Raman probe needed no sample preparation and was connected directly to the y-piece
of the semi-closed anesthetic circle system.

reservoir

=H=1e
Raman | |Anesthesia v;por \ 0
{FI— monitor monitor ”E”” air
CO, absorber ] N,O
/ﬂ\ o0
(ALe

/
( () =
f 'P t ﬂ ventilator @

Fig. 5. Test setup for evaluating the Raman monitor

N

rotameter

Nevertheless, for the conventional monitoring system the sample gas had to be dried and was therefore
guided through a water trap. Based on this experimental setup Raman spectra of respiratory gas mixtures
consisting of O,, N,, CO,, H,O and SEV were recorded with the Raman probe under clinical relevant conditions.
The measurement and evaluation time for the Raman probe was set to 250 ms / spectrum for all measurements.
The spectra were evaluated online and compared to measurement results achieved by the AGM.
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time / mm:ss 02, SEV, ‘Hzo; COz, _N2

Fig. 6. Comparison of the Raman probe and an AGM

As an example, a measurement series taken over 16 minutes is shown in Fig. 6. Due to software
limitations by the AGM, only each 16 sec one complete dataset containing the inspiratory and expiratory
concentration was displayed and stored. At the beginning of the illustrated time period the SEV concentration
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was 1 vol.% and the anesthetists increased the SEV set point value at the vaporizer stepwise from 2 vol.% to
3.5vol.% and then to 8 vol.%. After the actual value reached 6.5 vol.% the SEV vaporizer was reduced to
0 vol.%. During the whole time span the O, concentration inside the breathing circuit was kept between 85 vol.%
and 100 vol.%, therefore the measured N, concentration is less than 1 vol.%. Additional a slightly increasing
H,O concentration can be observed caused by water, which is accumulated in the CO,-absorber (see Fig. 5). At
the end of the illustrated anesthesia phase the circular system is flushed by pure O,, which leads to a significant
increase of the O, concentration and to a reduction of all other species. Especially H,O and SEV are flushed out
of the breathing circuit. During the complete anesthesia procedure a very good agreement between the two
monitoring systems was achieved. The Raman probe delivered in addition the N, and the H,O concentration. In
Fig. 7 the concentrations of CO,, O, and SEV are shown in more detail. The species concentrations measured
with the Raman probe show clearly well resolved single breathing events. The CO, concentration oscillates

between 0 vol.% and 4 vol.%, this are typical physiological values. During the presented time interval the SEV
concentration was kept constant at 2 vol.%.
8 A

CO, / vol. %
SN S NICN
1

%

98
X Po- - . .
= 964 i by AGM determined concentrations:
S 4 i . .
z gg i ™ inspiratory concentrations
Q 90 L ' e expiratory concentrations
°\°_ 37 E o eeees Set point SEV vaporizer
3 5 by Raman determined concentrations:
> 1 + :
[8a) H
0 0 I T Ii T
02:55 03:05 03:15 03:25 03:35

time / mm:ss
Fig.7. Detailed view on selected species with single resolved breathing events

For verification purpose, a gas mixture consisting of CO,, Ny, N,O and O, was analyzed by a gas
chromatograph (GC) and by the Raman sensor. The result of this comparison is listed in Table. Even for a low
concentration (see e.g. CO,) the relative deviation (f) between both measurements is quite small. The standard
deviation ¢ has been determined by 100 single shot Raman measurements.

Species | GC, vol.% | Raman, vol.% 1, % o, vol.%
CO, 1,89 1,86 -1,59 0,019
N, 7,57 7,56 -0,13 0,035
N,O 4521 45,12 -0,20 0,128
0, 45,33 45,47 0,31 0,045

Table. Comparison of Raman and gas chromatography (GC) measurements
Summary

The presented Raman probe is capable to identify and quantify all species of interest during an anesthesia
procedure, which is typically at an absolute pressure of about 980 hPa performed. In contrast to established
monitoring devices, the probe enables the simultaneous detection of virtually all volatile narcotic agents and
respiratory relevant gases, e.g. O,, CO,, N,O, sevoflurane, isoflurane, desflurane and additionally N, and H,O.
The Raman probe is able to measure the gas species concentration online without any sample preparation and is
thus in principal applicable as a mainstream monitor. Since all species are measured simultaneously by the
Raman sensor the concentration information for all species is received at the same time. This is not the case for
conventional monitoring systems consisting of several independent sensors. To increase the Raman signal and to
enable short measurement times of 250 ms the sensor is equipped with the near-confocal cavity. In a test under
clinical relevant conditions and in comparison with conventional gas monitoring system, the applicability of this
Raman system for anesthetic gas monitoring was demonstrated. All species of interest were measured online
with the data acquisition time of 250 ms. This gave the possibility to resolve a single breathing event. During the
complete anesthesia procedure a very good agreement between the Raman system and the conventional
anesthesia monitor was achieved. An additional comparison with gas chromatograph measurements
demonstrates the high quality of the Raman sensor measurements.
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