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(57) Abrégée/Abstract:
The invention relates to a method and a device for detecting compounds in a gas stream, enabling a plurality of compounds in the
analysis gas to be characterised almost simultaneously. The gas stream containing the compounds Is guided Into the ionisation
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(57) Abrege(suite)/Abstract(continued):

chamber of a mass spectrometer and exposed to radiation with a UV laser pulse. The resulting ilons are detected In the mass
spectrometer. The gas stream Is exposed to said radiation with said UV laser pulses at regular or irregular intervals by alternate
exposure to a vacuum ultraviolet (VUV) laser pulse In the ionisation chamber, the resulting ions being detected In the mass
spectrometer.
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(57) Abstract: The invention relates to a method and a device for detecting
compounds in a gas stream, enabling a plurality of compounds in the analysis
gas to be characterised almost simultaneously. The gas stream containing the
compounds 1s guided into the 1onisation chamber of a mass spectrometer and
exposed to radiation with a UV laser pulse. The resulting ions are detected in
the mass spectrometer. The gas stream 1s exposed to said radiation with said UV
laser pulses at regular or irregular intervals by alternate exposure to a vacuum
ultraviolet (VUV) laser pulse in the 1onisation chamber, the resulting ions being
detected 1n the mass spectrometer.

(§7) Zusammenfassung: Die Erfindung betrifft ein Verfahren und eine
Vorrichtung zum Nachweis von Verbindungen in einem (Gasstrom, wobel
eine Vielzahl von Verbindungen im Analysengas nahezu gleichzeitig
charakterisiert werden Kénnen. Der Gasstrom mit den Verbindungen wird
in den Ionisationsraum eines Massenspektrometers geleitet mit einem
UV-Laserpuls bestrahlt und die dabe1 entstandenen Ionen werden 1m
Massenspektrometer nachgewiesen, wobei altermierend zur Bestrahlung
mit UV-Laserpulsen in regelmidfigen oder unregelmifigen Abstinden der
Gasstrom im [onisationsraum mit einen Vakuum-Ultraviolett (VUV) Laserpuls
bestrahlt wird und die dabei entstandenen Ionen 1m Massenspektrometer
nachgewiesen werden.
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K 198 CAN

METHOD AND DEVICE FOR DETECTING COMPOUNDS IN A GAS STREAM

The invention relates to a method and device for detecting

compounds in a gas stream 1n accordance with the preambles of

claims 1 and 8, as they are known from the publication °I.

State of the Art
The resonance—-enhanced multi-photon ionization (REMPI)
technique, which utilizes UV-laser pulses for a selective ioni-

zation of for example aromatics, 1s used as a selective and

soft jionization method for the mass spectrometry. The selec-
tivity is determined among others by the UV spectroscopic prop-
erties and the location of the 1onization potentials. A typi-
cal application is the on-line detection of aromatic compounds
in exhaust gases'. It 1s a disadvantage of the REMPI method
that it is limited to several substance classes and that the
ionization cross-section may sometimes be very different for
similar compounds.

The single photon ionizatlion - (SPI) with VUV laser light
permits a partially selective and soft ionization®.

The selectivity is determined by the location of the i1oni-
zation potentials. A typical application 1s the detection of
compounds, which cannot be detected by REMPI. A disadvantage
with the SPI method however 1s that some substance classes can-
not be detected. Furthermore, the selectivity i1s smaller than
with the REMPI method so that, with complex samples, 1nterfer-

ences can be strong.

The electron impulse 1ionization (EI) wusing an electron

beam is the standard technigque for the i1onization in the mass
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spectrometry of volatile organic and inorganic compounds. It
1s very universal (that 1s, not selective) and, with many mole-
cules, results 1n a high fragmentation. However, it is highly
sulitable for a direct detection of compounds such as 0,, N,

CO,, C;H,, etc, which cannot be well detected by VUV or REMPI.

e

Object of the Invention

It is the object of the i1nvention to provide a method and

a device of the type referred to above with which however a
multitude of compounds 1n the gas to be analyvzed can be de-
tected almost at the same time. The object is solved by the
features of claims 1 and 8. The sub-claims define advantageous

embodiments of the invention.

The combination of SPI and REMPI ionization performed in a
mass spectrometer (quasl) simultaneously has a number of advan-
tages. Both methods detect different partial amounts of the
complex analysls gases with a different selectivity. In this

way, altogether, more compounds of a sample can be identified.

If also the EI-ionilzation technique is utilized, addi-
tional compounds such as CO,, H;O or Ch, can be detected, which
cannot reasonably be detected with SPI or with REMPI. The com-
bination of the methods and the device for the quasi-parallel
use of the methods 1n a single apparatus results in the con-
struction of particularly compact analytical MS-systems for ex-
ample for online analytical field surveillance (process analy-
sis), which still have a very high performance. The REMPI -
and/or VUV - and/or EI mass spectrometric data obtained in a

parallel process may also be supplied to a chemometric analysis

by way of sample recognition procedures (for example, a main

component analysis).

Examples:
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Below, the invention will be described on the basis of ex-

amples with reference to the figures.

Fig. 1 is an exemplary view of the ionization region of
the mass spectrometer 14 and of the gas chamber 9.

Fig. 2 shows schematically an optical arrangement for gen-
erating a UV-laser pulse 10 and a VUV laser pulse 2.

Fig. 3 shows an online measurement of NO and napthalene in

the exhaust gas of a waste combustion plant taken with alter-

nating SPI ionization (VUV for NO) and REMPI-ionization (UV for
napthalene) .

The (quasi-) parallel utilization of ionization with REMPI
and SPI makes the concurrent examination of complex chemical
samples possible. Because of the different selectivity of the
two methods, different mass spectra are obtained with the re-
spective methods. Fig. 1 shows the 1onization region of the
time of flight (TOF) mass spectrometers. The gas stream to be
analyzed flows effusively through the inlet needle 12 1into the

‘. Alternatively, also supersonic molecu-

ionization chamber 14
lar beam inlet systems (described for example in °) may be em-
ployed. Analytes from the gas stream are 1rradiated directly
below the inlet needle 12 alternately by UV laser pulses (266
nm) 10 and VUV laser pulses (118 nm) 2. The laser pulse length
can be between 1 fs and 100 ns. The 1ions generated by multi-
photon ionization are drawn through the opening of the with-
drawal diaphragm 13 into the TOF-mass spectrometer and are
mass—analyzed therein. Alternative to the alternating switching
between UV laser pulses (206 nm) and VUV-laser pulses (118 nm)
several pulses of one wavelength can be beamed 1n 1n seriles,
before a switchover to the other wavelength. The VUV-laser
beams (118 nm) 2 are generated in the gas chamber 9, which 1is

—

filled with a noble gas (Xe and Ar) 3 by tripling of the fre-

quency of 355 nm laser pulses 1. The 355 nm laser pulses 1 are

focussed by a quartz lens 6 and directed through a quartz win-

3
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dow 5 into the gas chamber 9. The VUV radiation formed thereby
and the remaining 355 nm radiation 1 pass through the MgF, lens
4 into the ionization cubicle 14 of the TOF mass spectrometer.
The beaming in of the 355 nm laserbeam 1 so that it is dis-
placed with respect to the center of the MgF, lens 4 results in

P

a spatial separation of the 355 nm laser beam 1 and the 118 nm

beam in the ionisation chamber. With a diaphragm, the 355 nm
radiation can be captured ahead of the 1onization location.
This results in SP1 mass spectra, which are depleted of frag-
ments.

The alternate generation of the 266 nm and 118 nm 1 ioni-
zation pulses 1is achieved by a special optical arrangement as
shown in Fig. 2. An Nd:YAG laser 15 generates a 1064 nm laser
beam 23, which 1is conducted by way of two di-chroid mirrors 16
through a frequency doubling crystal 17. The resulting laser
beam consists of 1064 nm and 532 nm laser radlation iéband 25.
A di-chroid mirror supported movably on an arm 18 so that it
can be pivoted, by way of a galvanometer under the control of a
computer, rapidly and precisely into the beam path 1s used to

g,

alternately permit passage of the laser beam and to deflect the

laser beam. When the mirror arm 18 1s pivoted out of the laser
beam path, the laser beam 24 passes through a summing differen-
tial mixed crystal 19, whereby 355 nm laser light 1 1is gener-
ated, which 1s separated by the di-chroid mirrors 20 from the
co-linear 532 nm and 1064 nm radiation and 1is directed 1nto the
gas chamber 9 for generating the 118 nm VUV laser beam 2. When
the mirror arm 18 extends into the laser beam, the 532 nm com-
ponent of the beam 24 1s diverted and deflected by the di-
chroid mirror 21 to a doubling crystal 17. The resulting 266
nm laser beam 10 is separated by the di-chroid mirrors 22 from
the 532 nm radiation and 1s used for the REMPI 1onization 1in
the inlet chamber 14 of the TOF mass spectrometer.

The data recording system records the REMPI and VUV-SPI

mass spectra separately. If a sufficiently strong YAG laser is

4
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used, a partially permeable mirror (di-chroid radiation di-
vider) can be used in place of a pivotable mirror. The masking
out of the beam part, which is not needed, can be realized by
way of a Pockel cell or a chopper wheel. Besides the Nd:YAG
laser also other solid body lasers which can be operated in a
pulsed fashion such as Ti: sapphire laser can be used.

From the primary wave of the Nd:YAG laser (1064 nm), the
following harmonic frequencles can be generated: 523 nm (dou-

bled), 355 nm, (tripled), 266 nm (quadrupled), 213 nm (guintu-

pled) and 118 nm (nine-fold). In an extension of the two-beam
process described above (266 nm for REMPI and 118 nm for VUV)
also several wavelengths can be 1ntroduced in an alternating
fashion. With a combination of 266, 213 and 118 nm are for ex-
ample simultaneously (that 1s, slightly displaced) two differ-
ent REMPI selectivities utilized, 1n addition to the VUV selec-
tivity. For example, napthalene and 1ts methylized derivatives
(these compounds are indicators for the efficiency of combus-
tion processes) can be detected particularly efficiently with
213 nm. Consequently, depending on the solid body laser type,
2, 3 or more wavelengths can be used 1n parallel with the ioni-
zation of compounds from the sample. The different selectivi-
ties, which are induced by the different REMPI and/or VUV wave-
lengths, result in respective different mass spectra (that is,

respective other compounds appear or disappear from the mass-

spectrum). If, with highly complex samples or unknown samples,
the compounds detected cannot be assigned, chemometric proce-
dures for the sample recognition (for example, main component
analysis) and consequently, phenomenological characterization
may be employed. With the use of non-adjustable frequency dis-
placement units (for example by way of optical-acoustic cou-
pling, with a Raman shifter with an optical-parametric-
oscillator crystal, with a color laser unit) a frequency may be
converted to a desired frequency for a selective REMPI-

detection of a particular compound. For example, a frequency

5
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can be tuned to a resonance of monochlorobenzene (for example,
at about 266 nm or at about 269.82 nm'). Monochlorobenzene is
an 1indicator for the presence of toxic polychlorinated dibenzo-
p-dioxins and -furans (PCDD/F) and can be detected by REMPI on
line 1n the exhaust gases o0of for example technical combustion
processes 5). With a wavelength of about 269.82 nm a detection
of monochlorobenzene (MCB) as well as a number of other aromat-
ics such as benzene, napthalene or pyrene is possible. Alter-
natively, MCB can be detected at a resonance very close to the
quadrupled Nd:YAG wavelength®’). To this end, it may be suffi-
clent 1n certaln cases to slightly de-tune the base wave of the
Nd:YAG laser for example by a manipulation of the laser resona-
tor.

Then, parallel compounds such as NH;, NO, many aldehydes
and ketones etc, which can not be detected with REMPI at the
MCB resonance, can be detected.

An analytical laser mass spectrometer may further advanta-
geously be equipped with an inlet system for the generation of
a supersonic molecular beam (jet). The adiabatic cooling

achieved thereby increases the selectivity of the REMPI-TOFMS

method® and decreases the fragmentation with SPI and EI-
ionization.

The EI 1onization achieves only much smaller effective
cross—-sections than the laser 1onization (with the common pulse
energies); however, the repetition rate of the laser impulse

processes, which operate 1n a pulsed fashion, is limited in

many compact laser systems to 10 - 20 Hz. Since the recording

of a mass spectrum takes, after the 1lonization pulse, only sev-

eral 10 us, the mass spectrometer 1s not utilized most of the
time.

The EI 1onilizatlon uses an electron cannon, which acceler-
ates electrons with kinetic energies of 2 - 200 eV toward the

sample molecules. By way of pulsed electron cannons and pulsed
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withdrawal fields the normally continuously operating EI-method
can be used also with the flight time mass spectrometry. This
is possible also parallel with the use of the laser ionization
methods (REMPI, SPI). Typically the information of the laser
5§ ijionization methods 1s recorded Dby means of a transient re-
corder, whereas the information from the EI-ionization is re-
corded by way of counting cards. The inclusion of the electron
impulse ionization permits the direct on-line measurement of

the compounds present in higher concentrations, which cannot be

10 detected by REMPI or SPI.

AEElication ExamEles

The method described above and the apparatus can be used
in principle for a multitude of applications. Below, four ap-

15 plication examples are presented:

Application example 1: Surveillance of combustion processes
REMPI has evolved as a very powerful analytical method for
the online analysis of aromatic hydrocarbons, dioxln-indlicators
20 (MCB) and other compounds '. Obtaining at the same time infor-
mation for example concerning nitrogen compounds such as NO,
NH; or the aldehydes would be 1important. These compounds can
be detected with VUV. Consequently, the VUV-SPI and REMPI
ionization methods complement each other and can be used to-
25 gether advantageously for a good characterization of the com-
bustion process. If the parallel EI lonization 1s ilmplemented,
a comprehensive characterization 1s achleved since several
chemical main parameters, ‘such as concentrations of CO,, 0, and
smaller organic molecules such as acetylene (important for the

30 formation of polycyclic aromatlics and carbon aerosols) cannot

be detected with the usual SPI VUV wavelengths or with 2 pho-
ton-REMPI processes. The method with a correspondling apparatus

is suitable for characterizing and analyzing all kinds of com-
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bustion and pyrolysis processes. Fig. 3 shows the concentration

of napthalene and NO in the exhaust gas of a garbage combustion

plant (raw gas at 700°C) recorded with parallel VUV-SPI and

REMPI ionization.

Application example 2: Online analysis of process gases in the

food stuff technology

In the surveillance of food technological processes (dry-
ing processes, roasting or ripening processes etc.) and also in
the quality control of raw materials (fungal infestations,
quality) or the evaluation of the sensoric quality, online mass
spectrometric processes can be used. Initial experiences were
already made with the REMPI method 1n the field of coffee
roasting '. With REMPI (266 nm), the degree of roasting can be
determined by the composition of differently substituted compo-
nents. Many aroma-relevant compounds (aliphatic aldehydes and
ketones, furan derivatives, nitrogen heterozyclen, etc.), how-

ever can be detected well with VUV ionization. The electron

impulse ionization permits the tracing of the primary coffee
roasting products CO, and H;O. In principle, a multitude of

such processes can be comprehensively controlled and validated

with the method and apparatus of this type.

Application example 3: Online analysis of headspace samples of

complex mixtures
The method can be employed with an apparatus of the type

described for the analysis of complex substance mixtures (solid

materials, solution/liquld, gas phase). Sultable auxiliary ap-
paratus (head space sampling, thermo-desorber, etc.) can be
used for obtaining a representative gas sample. For example,

process solutions of the chemical 1ndustry, mineral o1l prod-

ucts and also end products such as perfumes or deodorants can

be analyzed and surveilled.
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Application example 4: On-line analysis of medically relevant

samples:

With an apparatus of the type described, the method can be
used by patients and control persons for the analysis of the
breath (exhaled). Certaln volatile compounds such as acetone
are an 1ndication of illnesses or of the general state of
health. Furthermore, the gas space (head space) above medical

samples (blood, urine etc., can be analyzed.
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Listing of Reference Numerals:

1 |55 nm laser beam - - -

2 |18 nm laser beam

3 | Gas filling (for example 0.001 bar Xe)

4 lCcollection lens of MgF,

5 | Entrance window for 355 nm Quartz

6 | Collection lens of quartz

7 Seal ring

8 | Flange for filling/evacuating the gas chamber 9

9 [ Gas chamber

10 |[266 nm laser

11 | Entrance window for 255 nm of quartz

12 Gas 1nlet (needle)

13 Withdrawing diaphragm of the TOF-mass spectrometer

14 Ionization chamber of the TOF-mass spectrometer

15 Nd:YAG laser

16 |Di-chroid mirror for 1064 nm

17 4Crystal for the frequency doubling )

18 Computer controlled pivot arm with di-chroilid mirror for
532 nm

19 lCrystal for the sum frequency mixing

50 | Di-chroid mirror for 355 nm

21 Di-chroid mirror for 532 nm )

22 Di-chroid mirror for 266 nm

23 1064 nm laser beam

>4 | Co-linear 1064 nm and 532 nm laser beams

25 #532 nm laser beam

10
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What.is claimed:
1. Method for detecting compounds in a gas stream by a mass spectrometer including
an ionization chamber by, said method comprising the steps of:
a) conducting the gas stream with the compounds into the ionization
5 chamber of the mass spectrometer,
b) irradiating the gas stream in the ionization chamber by an UV-laser pulse
and
c) detecting the ions generated thereby in the mass spectrometer, and
d) alternately exposed the gas stream in the ionization chamber, in uniform
0 or non-uniform intervals, to vacuum ultraviolet (VUV) laser pulses and to
UV-laser pulses, and detecting and analyzing the ions generated thereby
In the mass spectrometer.
2. A method according to claim 1, wherein the UV laser pulse and the VUV laser pulse
are generated by means of a solid body laser pulse generator.

5 3. A method according to claim 2, wherein the UV laser pulse is generated from the
solid body laser pulse generator by at least one of frequency mixing and frequency
multiplication.

4. A method according to claim 3, wherein the UV laser pulse is tuned by the use of one
of a colour laser and an optical parametric oscillator.

0 5. A method according to claim 2, wherein the VUV laser pulse is generated from the
solid body laser pulse by at least one of frequency mixing and frequency doubling
with a subsequent frequency tripling in a gas chamber.

6. A method according to claim 1, wherein the wavelength of the VUV laser pulse is
tuned by the use of one of a colour laser and an optical parametric oscillator.

5 7. A method according to claims 1 to 6, wherein, in the time period between the VUV
laser pulses, the gas stream is irradiated in the ionization chamber by an electron

beam for electron impulse ionization and the ions generated thereby are detected in
the mass spectrometer.

8. An apparatus for the detection of compounds in a gas stream, consisting of
0 a) a mass spectrometer including an ion source with an ionization chamber
and having a gas inlet leading to the ionization chamber of the ion source
of the mass spectrometer,
b) a solid body laser with optical elements for the mixing and multiplication

of a base frequency of the solid body laser, wherein from the base
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frequency a UV laser pulse can be generated and introduced into an area
of the ionization chamber ahead of the gas inlet,
C) a data recording and processing system for the mass spectrometer, and
d) an optical component for dividing the laser pulse into two partial beams,
wherein from one of the partial beams the laser pulse is generated with
the aid of additional optical elements and is directed into the ionization
chamber in the area ahead of the gas inlet, and
e) additional optical components and a gas chamber with a suitable gas
flow wherein from the frequency-doubled and guided other partial beam
In the gas chamber a VUV laser pulse is generated by frequency tripling
and directed into the area of the ionization chamber ahead of the gas
Inlet, and
f) alternately exposing the gas stream in the ionization chamber, in uniform
or non-uniform intervals, to vacuum ultraviolet (VUV) laser pulses and to
UV-laser pulses, and detecting and analyzing the ions generated thereby
In the mass spectrometer.
An apparatus according to claim 8, wherein one of a colour laser and an optical
parametric oscillator is provided in at least one of the beam paths.
An apparatus according to claim 8, wherein an electron cannon is provided, which
can be pulsed for the electron impulse ionization of the compounds in the gas beam

ahead of the gas iniet in the ionization chamber of the mass spectrometer.
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