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PROCESS AND DEVICE FOR ANALYZING TRACES OF IMP'URlITIES
IN A GAS SAMPLE BY MEANS OF A DIODE LASER =
The préesent invention relates to the field of

the detection of traces of impurities (for example
water vapor) in a gas  sample. It _more particularly
relates to the methods for detecting and quantifying
such traces of impurities using near-infrared laser
sp_eci:roscopy; ' '

With regard to the example of detecting water
vapor traces, before the appearance of infrared laser
spectroscopy analysis techniques (most often referred
to in the literature by the term “TDLAS”, for “tunable
diode laser absorption spectroscopy”). Ehe hygrometers
available on the market (whether, for example, dew-
point hygrometef:s, vibrating-quartz hygrometers or P,0O-
electrolytic hygrom_et;.ers) - offered unsatisfactory
performances both relating to the lower detection limit
(more. than . 10 ppb) and relating to the often
érohibitive response time of these apparatuses, which
may be more than one hour, with an operating time of
often moré than several hours. '

The so-called APIMS method (for' atmospheric
pressure mass spectrometer) for the first time provided
a consideré.ble improvement in the perfoi:‘mances‘ achieved
in comparison with traditional hygrometers, with a
detection limit as low as 10 ppt of water vapor in a
neutral gas and a response time of.the order of a few
minutes for variations in content £rom one sample to
another  which -can spread over ' three orders of
magni.tud.e. _ . _ B ' _

However, either with traditional hygrometers or
APIMS, their operation is relatively incompatible with
the.measi_xrement of impurities in corrosive gases (gu’ch
as HCl, HBr, HF, etc.), these hygrometers then having
sensitivities of no less than 100 ppb in the optimum
case, thei_f performances being largely degraded by the
presence of such corrosive gases, and their operation
being - even sometimes made impossible .b_ecause of
degradation. of the instrumentation  (incompatibility
with the matefi’ais) .
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The appearance of a very wide literature has
been witnessed over the past few years relating to  the
TDLAS detection tech.niq_ues mentioned above, based on
the quantification_of traces of impurities (for example
water vapor) by measuring the 'op'ti'cal' absorption
intensity of the impurity molecules in question in the
;'Lnf_rared; the principle of which is as follows: the

Cimpurity absorbs light at certain wavelengths,
- knowledge of these wavelengths and the intensity and

the profile of the corresponding ~absorption 1lines

(having the appearance of a Lorentzian) ., make it

possible to identify the presence of the molecule and
to quantify this presence in the medium analyzed.

Still using the example of the detection of the-
water molecule, the laser source (most often e
semiconductor diode laser) can emit light at a very
precise wavelength in the near infrared, which wave-
length can be varied by adjusting the temperature and
the supply current of the diode.

The Beer- Lambert law is most often used to
express the intensity of the light tranem:.tted by the
gas medium which comprises the impurity molecules, as
attenuated at the characteristic wavelengths of these
:meur:.ty molecules, according to the formula.

I(A) = I,(A). exp (-k.N.L/®.Y)

where
N represents t;_he concentration of the absorbing
m_ol.ecule,. | '

I, represents the initial intensity of the beanm
emitted by the diode, on entry into the gas sample
analyzed, '

"k represents the :.ntensity of the a.bsorption
line, .
L represents the path length in the gas sample
analyzed, and | -

y.represents the linewidth. _

~ It can therefore be seen that it is possible to
detect an impurity by using the diode laser to ‘scan the
profile of one - of  these characteristic absorption
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lines. It~ can also be observed that the intensity of
the recorded sxgnal will increase as the impurity
concentfation in the analyzed sample, the intensity.bf
the selected absorption line and the path length of the

beam emitted by the diode through the sample of gas

analyzed 1ncrease.

The first of the three parameters is clearly
defihztlyely set by the range of impurity contents in
question (for example of the order of ppb). However, it
is aiways possible to select one ef_the more intense
absorption 1lines in the _spectrum of the molecule
considered, and to seek to obtain a maximum path length
of the beam through the sample to be analyzed (while
attempting to have 'the least poss;ble detr;mental
effect on the overall bulk of the apparatus).

This formulation - also shows that, £for weak
absorptions, the concentration 6f absorbing impurity in
the analyzed sample can be deduced linearly from the

'absorbance-measurement for the line considered.

_ As previously indicated, this principle has
been used very widely over the last few years in works
relating to the detection of traces of water vapor, the
diode 1laser ‘being set to a wavelength 1lying around

~1.37 pm, or else to the detection of traces of CH, or

N0 (reference may, in particular, be made to the
following works: D. Cassidy, et al., published in

.applied Optics, July 1982, p. 2527; J. Mucha et al.,

published in ISA Transactions, 1986, Vol. 25, p. 25; G.
Devyatykh et al., published in SPIE Vol. 1724, Tunable
Diode Laser Applications, p. 335; and S. Bone et al.,

- published in Applied Spectroscopy, 1993, Vol. 47,

P. 834).

Examination of the performances reported in

'-'these various works demonstrates the following points:

- since -the use of pressures close to
atmospheric pressure or greater than this atmospherlc
pressure lead to a broadening and an amplitude decrease
in the absorption lines, these works have most often
selected low-pressure operating conditions; '
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- such low-pressure conditions then undeniai)ly
represent a major drawback for an application of ‘the
method to industrial conditions, in which in situ
meaéurements ‘are.often desired;
| -  these low-preésure conditions moreover
represent drawbacks associated with the complexity,
cost and special requirement of the process, and also
through the use of .pu:mps which they require, problems
of vibrations which are difficult to control and are
not without c‘ons_équeﬁces as regards the detection limit

achieved;
s

- the reported detection levels remain very
high' (typically several tens of ppm), the very low
leveis sometimes reported béing' always projected
(extrapolation of results already obtéined) H

- since these results relate to the detection
of water vapbr in neutral gases, ‘no information .is-'
given regarding the compatibility of such methods with
corrosive gaseous media, and in any case the use of
vacuum pumps appears ‘incompatible with such corrosive
atmospheres; _

- the achieved detection levels and the lack of
compatibility with ‘the presence of corrosive ga.ées

- therefore make these methods inapplicable to the case

of gas 1lines of microelectronics manufacturers, for
which the detection levels to be achieved must be .of
the-.érder of 1 ppb, in widely varied carrier gases,
whether they are inert gases (nitrogen, argon, ete.),
or relatively corrosive special gases according to each
particular case (SiH,, HBr, HC1, étc.). _

- In this context, the object of the present
invention is to provide a method fo_r analyzing traces
of at least one impurity in a gas sample: '

- making it possible to achieve detéc;ion
levels as low as 1 ppb; ' .

- regardless of the characteristics of the gas
sample containing the impurity '(wh'ether it is, for

~example, a neutral gas or reactive special gas'es for

_electronics);
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- which is easy to use in .an industrial
environment, arid therefore, - in this regard, has
characteristics of small bulk and reduced weight
(transportable or even portable appératus) ;

- very easy and quick to use (for example a

-'re‘asonable purge time at least less than 30 minutes),

and a short response time (of the order of a few
seconds); and - '
| - which is compatible with operation at or
above atmospheric pressure (in practice, a few bar).
The_. work carried out by the Applicant Company
in this field has demonstrated that it was possible to

_' provide a solution with a good compromise between these

cbjectives, some of which' are, however, conflicting.

. This solution, based on the principle of semi-
conductor diode laser infrared spectroscopy, employs
the si:litting of the beam emitted by the ‘diode into at
least two branched beams, one, ‘'called the measurement
beam, encountering_ the gas sample to be analyéed, which
is at a pressure at least equal to atmospheric pressure
(along' a so-called measurement path), jand' the other,

called the reference beam, not encountering this gas

sample (along a so-called reference. path); the optical
path lengths of the measurement and reference paths
being equalized respectively' between the diode and a
measurement photodetector present at the end of the .
measurement path, and betwee.n the diode and a referenée
photodetector present at the end of the reference path,
a modulation of the wavelength emitted by the diode,
comprising at least one function of the exponential
type, having been introduced.

The work carried out by the Applicant Company,
in particular in the field of the detection of traces
of water vapor, has in fact demonstrated the importance
of the fact of having egqualized in air the optiéal path
lengths of the measurement and reference paths in order
to access detection limits of the order of 1 ppb, this
being in order to overcome the contribution to the
measured signal of the hﬁmi_.dity in the ambient air. The.
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particular modulation comprising 'an " exponential
component moreover advantageously makes it possible to
accommodate the_ broadening and the weake'ning of the
absorptiof line which are induced as a result of
operating at a .pressure close td atmospheric pressure

and, a fortiori, above. This exponential modulation

- gives results which- are improved compared to the

modulations conventionally used, which are of square-
wave, sinusoidal, ‘triangular., or else ramp shape,
leading in particular ‘to highly symmetrical absorption-
peak shapes which approach the theoretical prqf.ile of a
perfect Lorentzian. ' '

The method according to the invention for

analyzing traces of .at least one impurity in a gas

sample by means of a tunable diode laser, during __which
a meais'urement is made of the absorpt:.on, by the
:meur:.ty to be detected; of a light beam emitted by the
diode, the supply cur.rent of the diode comprising a
continuous coniponent and a variable component making it
possible to introduce' a modulation of the emitted
wavelength in order to describe all or part of the
profile of at least one of the absorption lines of the
impurity, the beam emitted by the diode being split
into at least two branched beams, of which one, called
the measurement Seam, .is along a measurement path
directed toward the gas sample to be analyzed, which it
passes through in a multipassage cell, before being
focused onto a measurement p.hotodetector, another
branched beam, called the reference beam, being along a
reference path and diréctl_y focused onto a reference
photodetector without encountering the gés gample, and
the optical path lengths of the measurement and
reference paths, respect:.vely between the diode and the
measurement photodetector and between the diode and the
reference photodetector, having béen equalized in air,
is one wherein gas sa'mple' to be analyzed is at a
pressure at least equal to ‘atmospheric pre'ssure,' and
wherein the - :.ntroduced modulation comprises at least
one function of the exponential type.
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‘According to the invention, the -expression “a
function of the exponential ty’pe"’ is intended to mean
both an actual exponential (for example in I, (1-A exp.
(-at))) and a nonlinear sum of polynomials (since, as
is known, an exponential function can be mathematically
decomposed into a sum of polynomials).

The working pressure according to  the
invention will advantageously 1lie in the interval
[10 Pa, 3 x 10° Paj absolute but:,.as will be clearly
apparent to the person skilled in the art, a pressure
of a few bar more may be encountered in certain 'ca.ses'.
of industrial pipelines. |

| The optical path lengths outside the absorption
cell are equalized with the aid of an optical path
adjustment, the precision of which should be sub-
millimetric or even micrometric. Such an equalization
of the optical path - lengtl;.s .may, £for example, be
obtained by using a system of plane mirrors which are

-placed on the path of the reference beam and make it

possible to vary the optical path length of this
reference path between the 'diocde "laser and the
reference photodetector,  without altering the alignment
thereof. ' _

' .As indicated. above, the introduced modulation,
which-comprises a funétion of the exponential type (for
example in Io (1-Ao exp. (-at))) has shown, as will be
expounded upon hereafter in the context of examples,
results which are substant:.ally improved compared to
the modulations 'tradit'ionally used and recommended in
the literature, while permitting better. accommodation
of the 'phenoixena of broadening and amplitude dec‘r‘ease
of the absorption lines, which are :Lnduced by operating
at a pressure close to atmospher:l.c pressure.

The laser source \_:Lsed will advantageously be a
semiconductor diode of the InGaAsP type (the so-called
DFB, DBR, DFB/DBR types which are well known to the
pef:son skilled in the art) or else a diode of the
doped-crystal solid laséer type. '
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As will be <clearly apparent: to the person
skilled in the art, depending on the impurity to be
detected in the gas sample to be analyzed, the emission

of the diode will be centered on a wavelength

. corresponding to an  absorption line ‘which is

advantagéous for the impurity in qqestion (for example
on the wavelength close to 1.37 um, or else on .a
wavelength close to 1.9 um, for detecting traces of
water. vapor) . | _.

The diode is then advantageously temperature-
stabilized (for example by using a Peltier-effect
element), in order - to center its emission ‘on the
selected absorption line, the current used for
supplying the diode then 'making it possible to modulate
the wavélength in order to describe all or part of the
profiie of the abs'orption-' line selected ' for the
molecule in question (the supply current of the diode
then comprises a continuous component and a  variable
component, the = latter being used to modulate the
emitted wavelength). '

According to oné of the embodiments of the
invenltion, no cell is arranged on the reference path,
between the diode and the reference photodetector.

Advantageously, -~ the" diode and/or the
measurement and -reference photodetectors are mounted
without a window.

The multipassage cell used is, for example, of
the Herriot type, as composed of two spherical mirrors
with the same focal --iength,. one of these mirrors
comprising an off-center_ed' orifice through which the
beam enters and leaves the cell after a certain nuitber
of reflections. The input window of the cell is
advant:ag"eously; inclined at thg’ Brewster angle, so that
the naturally polarized beam of the diode laser is
fully tranémitted, while - minimizing' parasi_tic'
reflections which are a source of perturbation of the
signal. S . ' '
A multipassage cell of the astigmatic type, for
example, may also be envisaged. ’ :
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It will be.chosen to make the multipassage cell
used physically compatible ‘with wiciely variable gas
samples to be anaiyzed, whether they are gases of very

high purity (for example the detection of residual

‘'water vapor contents at the level of 1 ppb in nitrogen

or argon with .very high purity), or else corrosive
gases employed in the microelectronies industry, such
as HF, HCl, HBr, etc. It will then be chosen to make
the cell, and also the mirrors of which it is composed,

from materials which firstly have high compatibility

- with corrosive gases, such as nickel or else Hastelloy,

and also a very low degassing/desorption factor for the
molecules to be detected. ' .

' It will also be chosen to construct the cell
according to the rules relating to wultravacuum
conditions or gases of very high purity, £avoring
metallic materials and avoiding polymer materials,

including for the  seals, except when their use proves

- necessary (in particular around the window).

According to a preferred embodiment of the
invention, the cell is made from a single metal block
(thus machined from solid), without welded jqints or
weld .be_ads, which represent points which are
potentially vulnei‘aﬁle to corrosion.

-8till with the aim of 'minimizing optical noise

~ and other parasitic reflections,'_it may, for example,

be chosen to use, for the component used to split the
beam emitted by the diode into as inany branched beams,
a splitter component (for example a splitter plate)
which is th:i.p and perfectly cleared. It is also

" possible to incline the detectors sufficiently to limit

refleétions toward the diode laser and to clear the
rear face of this dicde laser, and also, in general, to
prevent the beams £from being diaphragmed- downstream of
the splitter component at any moment. '

In order to achieve the aim .of a detection

" 1limit which is as ‘low as 1 ppb (for example 1 ppb of

water va.p'of), it is’ advantageous, as a complement to
the equalization of the anal_ys_is/reference optical path
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lengths already mentioned above, to flush the apace
contained between the diode laser and each detector
with a protective gas, this protective gas flow making
it possible, on the one hand, to reduce the parasitic
signal due to the 'presence. of impurities in the
detection head, and also to increase the transmitted
optical power, because of the reduced absorption by the
presence of such parasitic impurities. .

Such  flushing with a protective < gas
(advantageously- nitrogen or else argon) will
advantageously_be implemented by including the, assembly
constituted by the diode, the measurement and réference
photodetectors and the multipassage cell -containg the
gas to be analyzed in a hood, which is isoclated from
the surrounding atmosphere, and which will be flushed
with such a protective gas flow. The absence of a

window at the detectors and the diode then represents a

vefy_positive point as regards the limitation .of the
presence of any unpurged dead volumes. ‘
Such flushing with the protectlve gas will
advantageously be carried out in laminar £low, in order
to 1mprove the efficiency and’ stablllty of the flow,

. and also to optimize the gas consumption.

In order to favor the obtaining of .improved
response times for the method, it appears gquite
particularly advantageous to minimize the residence
time of the molecules of the gas sample to be analyzed
in the cell, which the Applicant Company has obtained
according to the invention by minimizing the dead
volumes. and the vortex phenomena when the gas enters
the cell and when it flows through this.call, ensuring
a laminar or quasirlaminar flow of the gas in the cell.
An illustration of embodiments making it possible to
“obtain such a lamznar flow is glven further on in the
present description.

‘The invention also relates to an apparatus for
analyzing traces of at least one impurity in a gas
sample, suitable - for implementing the invention,
comprising, - o
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- a semiconductor diode laser;
- at"lgast- one splitter system making it
possible to split the beam emitted by the diode into at

_least two_branchéd beams, one called the measurement

beam and the other called the reference beam;

- a multipéssage cell containing the gas sample
to be analyzed; '

- an optical device making it possible to
direct the measurement beam along a measurement optical
path onto the multipassage cell; '

- a measurement photodetector}

- an optical device making it possible to-

~direct the measurement beam output by the multipassage'
. cell onto the measurement photodetector;

- a reference photodetector; _

- an optical device making it possible to
direct the reference branched beam along a reference -
optical path onto the ieferencéVPhotodetector;

- elements for acquisition and processing of
the beams generated by the two photodetectors,

the apparatus comprising means making it
possible to equalize the optical path lengths of the
measurement and reference paths, respectively between
the diode and the measurement photodetector, and
between the diode and the reference photodetector,

and which device comprises means for modulating

‘the supply current of the diode, making it possibie to

introduce a modulation comprising at least one function
of the exponential type. _ o

" The equaiizatian means . may, for example,
comprise systems of plane mirrors present ~on the
reference path between the splitter system and the
reference photodetector. _ '

According to one of the aspects of the
invention, the appératus comprises a Peltier-effect
element making it possible to stabilize the temperature
of the diode. ' ' .

The diode and/or the measurement and reference

- photodetectors are.advantageously without a window.
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The assembly consisting of the diode, the
measurement and feference photodetectors and the
multipassage cell - which con}prises- the gas- to be
analyzed will advantageously be isolated from the

surrounding atmosphere, by including it in a hood, this

‘hood being provided with. means making it po'ssiblle to

flush the interior of the hood with a protective gas
flow. The means used for cérrying out this flushing
will edvantageously be dimensioned in such a way that
the f£lushing produced is substantially laminar.

Porous channels may, for example, be .envisaged

for obtaining such a substantially laminar ‘regime.

Reference may also be made to the work carried out by
. the Applicant Company, relating to: the gas injection
systems for the production of protective atmospheres in

confined 'spaces (French Patent Application No. 93.15503
of 22 December 1993).

~ The cell will advantageously be in the form of
a single metal block machined from sol:.d (and therefore
without a welded joint or weld bead).

.According to one of the aspects of the
invention,' the point's where the gas is injected into
the cell and where the gas leaves the cell are designed
in such a way as to establish a substantially laminar
flow regime of the gas to be analyzed in Ehe cell.

Other features and advantages of the present
invention will emerge from the following description of
embodiments which are given by way of illustration but
without"implying any limitation, made with reference to
the appended drawings, in which:

- Figure 1 is a schematic representation of an
installation suitable for implementing the :anent:.on,

- FPigure 2 is a schematic representation of
some of the optical eleménts found on the path of the

‘measurement and reference beams;

- Figure 3 J.B a representation of an example of
a modnla-tion. function of the current. of the diode
laser, comprising an exponential component; h
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- Figure 4 illustrates the results obtained, in
the case of using an exponential modulation in 1l-exp
(-2.5 t) for various H,0 concentrations present in the
gas sample to be analyzed; ' '_

- Figures 5 and 6 illustrate the comparative
results of the. signal obtained in the absence of water
vapor in the gas sample to be analyzed (flushing.the
cell with nitrogen), respectively using a sawtooth
modulation (A t + B) and an exponential modulation
(1-exp.(—2.5.t))? , -

' Figures 7 and 8 illustrate an exemplary
embodiment of a.laminar flow regime of the gas .to be
analyzed in the cell. :

Figure l'schematically illustrates the path of
measurement and reference beams from the diode to the
data acquisition and processing system. A tunable
semiconductor diode 1 (here of the InGaAsP type) emits
a beam 2 which is split by a splitter plate 20 into an
undeviated measurement beam 3 and a reflected reference
beam 4. o

The - diode is temperature-stabilized, for

‘example at a temperature close to ambient temperature,

by using a Peltier-effect element 12.

It is supplied by a current generator 13 with a'
current comprising a continuous component ‘and a
variable component used to modulate the wavelength of
the beam emitted by the diode, in order to describe all
or part of the proflle of the abeorptlon line selected
for the molecule analyzed.

The measurement beam 3 is aligned so as to be
injected into a cell 5, advantageously of the. Herriot
type (containing the gas sample to.be analyzed) at a
givenu point and with given directional coefficients.

The window for input into the cell 5 is advantageously

'indlined at the Brewster angle, in order for the

naturally polarzzed beam to be fully transmitted.

The measurement beam 3/ obtained at the output
of the cell 13 £ocused onto a detector 6 (for example
InGaAs or else Ge)



10

15

20

25

30

35

- 14 -
The current genérated by the photodetector 6 is-
preamplified on a transimpedence amplifier .7, the
voltage signal resulting therefrom -being sent to a
differential amplifier.Q. | ‘

For its part, the reference beam 4 is directed
onto a system of mirrors (not represented in this
figure)'which focus the beam onto a phétodetector 15,
and which also makes it possible to vary the optical
path. length ‘of the reference path between the diode
laser and the detector 15, without altering its
alignment, thus making it possible ‘to equalize the

.optical path lengths of the reference and measurement

paths in air (the optical elements involved in this

"equalization of the optical path lengths of the

measurement and reference paths will be. detailed
further.on in the context of Figure 2). .
| The cufrent generated by the photodetector 15
is here again preamplified on a . transimpedence
amplifier 8; the - voltage signal resulting' therefrom
being sent to the differential amplifier 9, mentioned
above, which performs subtraction with the signal
outpuﬁ b& the preamplifier 7, in order to reconstruct
the profile: of the absorption line of the impurity

~ traces in the gas sample analyzed.

- For the embodiment represented, the beams are
subtracted after each beam has.been preamplified, on a
transimpedence amplifier (7, 8). One wvariant could
consist in performing the subtraction, followed by the
preamplification of ‘the signal obtained during the
subtraction operation. *~ \ '

' The signal resulting therefrom is sent towards
a data acquisition and integration system 10, where

.this signal is filtered, sampled and ¢onverted into a

digital signal, then stored in memory, this being done
for each of the wavelengths scanned in the absorption
line by the signal emitted by the diode 1. The
operation is thus repeated £for each of the these
wavelengths and the corresponding signals are added to

" the previous ones, with the aim of impro#ing the
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signal/noise ratio. Thié operation is .advantégeously
repeated for as many times as .{_s necessary in order to
obtain a favorable signal/noise: ratio.

Figure 2 provide's‘ the detail of thé optical
elements encountered by" the measu:r;'ement 3 'and reference

4 beams between the diode 1 and -the data acquisition

and processing system 10.

The diode laser 1 emits a beam which is
directed ‘toward -the splitter plate 20, in this case
passing throxigh collimation optics 23 and a diaphragm
22, '_the emitted beam being split into the measurement 3
and reference 4 beams. '

The measurement beam 3 encounters a mirror 24
before reaching the multipassage cell 5, through its

- input window 17 which, in the example represented, is

inclined at the Brewster angle. This cell 5 is of the
Herriot type and, for the embodiment represented, is
composed of two spherical mirrors 18 and 19 with the
same focal lé&ngth, one of these mirrors cbniprising an
off-centered orifice 28 through which the béa:ﬁ 3 enters
and leaves the cell (the output beam" is denéted 37)
after N reflections. The beam 3’ emerging from the.
multipassage cell 5 is directed wvia a parabolic mirror:
21 onto the measurement photodetector 6.

For its part, the reference beam 4 output by
the splitter 20 is directed, via a system of plane (11,
25) and parabolic (,14)-' mirrors, onto the reference
photodetector 15. The system of plane mirrors 25, which
is mounted on a translation plate, makes it possible to _
vary the optical pa.th' length of the reference path
between the diode laser .and the reference photodetector

‘15, without altering its alignment,' in order to obtain

equalization of the opt:i‘c_al "path lengths of the
reference and measurement paths. _ ' '
Figure 3 illustrates an example of a modulation
functi.on- of the current supplying the diode laser 1,
set up using the current generator 13. The represented
example illustrates the case of a modulation function
of the type 1-A exp. (-2.5 t) with a period of 1 kHz.
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In this case, the.'modulation . is represented
with arbitrary units both on the abscissa and on the
ordinate (for a time unit for the abscissa and a
voltage unit for the ordinate). )

Figure 4 illustrates the results-obtained for
various exemplary embodiments of an installation as
described in the context of Figures 1 and 2, and in the
case of detecting traces of water vapor in a nitrogen
sample to be analyzed. The modulation functioh used
here had the form l-exp. (-2.5 t), the temperature of
the diode being regulated 8o as to adjust the
wavelength of the diode laser emission  around that

absorption 1line of water vapor which is close to

'1.37 pm (coverage of the spectral band, approximately

1.364 pin to 1.372 pm) .
For each example of water <vapor content

detected, the. reﬁresented signal corresponds to the

‘difference between the measurement and reference beams

obtained. The operation of scaning the aforementioned

wavelength range was repeated 96,000 times for each of

. the cases treated (acquisition of the signal,

processing, storage in memory and additionm to the
previous signals). _ |

! The five signéls " correspond to water vapor
contents in nitrogen ranging from 0 ppb (simple‘
fluéhing of thé cell with ﬁltrapure nitrogen, this ™0~
ppb thus having to be considered as qualifying the

subtraction of two beams which have encountered the

.same. nitrogen atmosphere) té. 16 ppb, while passing

through intermediate contents corresponding to 3, 7 and
12 ppb of water'vapor in nitrogen. These watef~vapor
contents were introduced into the reference nitrogen by
using permeation cartridges. ' .

For all these exemplary embodiments, the entire
detection ?head_-(diode, multipasssage ceil, detectors)
wage placed in a hermetic hood flushed By a dry nitrogen
gas f£low. - |

Here again, the'repreéentation in Figure 4 uses

aibitrary units both. on the abscissa and on the
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ordinate (corresponding to time units on the abscissa
and voltage units on the ordinate).

- Figure 4 shows the presence, for the _curve
“0 ppb” of weak absorption (presence of a small rise in
the curve), which may corr.eepond to a possible wat;er
vapor .residue in the cell, or else (possibly in
combination with the preirious reason) to a slight
imperfection in the equalization of the optical path
lengths, or else to a water vapor content which is not
perfectly homogene'ous over time and/or through space in
the detection head or in. the cell.

It is then satisfying to observe that, despite
this slight imperfection (which it 4is possible. to
remedy or else which can be taken into account), an
emphatic differentiation in the signals obtained in
each concentration case is. observed, even at the lowest
levels, since it is perfectly possible to differentiate
between the curves obtained for 0,3 and 7 ppb.

Figures 5 and 6 illustrate, in the case when

water vapor 4is not introduced into the gas to be

‘analyzed (simple .flushling with dry  mnitrogen), the

comparative results observed for the use of an
exponential modulation function (modulation in 1 -
exp. (-2.5 ¢t)) as replacenient for a traditional
sawtooth modulation. '

. Figure 5 (case of a sawtooth modulation) then
illustrates the particularly significant thickening
obtained in the case'wheh such a sawtooth modulation is
used, even in the “absence” of water vapor in the
nitrogen gas sample analyzed.

Figure 7 illustrates one of the embodiments for
iﬁjecting' a gas to be analyzed into a ‘cell 31 with
cylindrical geometry, 'whi‘ch has made ie possible to
successfully obtain a laminar fiow regime of the gas in
the cell. Figure 7, which is a partial section of the

input of the cell 31, demonstrates an input mirror 29

(it will be noted that only half of the mirror has been

represented in order to simplify the representatioh and
thus to aid visualization). The cell 31 has, at its
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input face -and below the mirror, three ga‘;s-injection
cutouts 32, 33, 34 in the shape of portions of a ring
(type of corolla). which are angularly distributed
approximately symmetrically about the axis of the cell.
The gas to be analyzed, which arrives at the input of
the cell, then passes under the mirror, ingide. each
cutout, before entering the cylindrical body of the
cell. In order not to overburden the figure, the flow
of the gases has been illustrated by.simple arrows 30,
there being three arrows, ‘one per cutout. '

Figure 8 illustrates a schematic repré@sentation
of a simulation of the gas flow obtained in such a .
configu_ration, between the input and the Butput of the
ceil, with the gas circumventing the mirror in each
case. For the sake of simplification, the injection
cutouts have not been represented in this ‘figure, it-

-being instead chosen to symbolize the result obtained,

which is the absence or the marked reduction of the
vortex phenomena, "and the flow of the gas inside the
cell in a substantially laminar regime. '

Figures 7 and 8 illustrate only one of many
possible alternative embodiments of the gas inlet and

‘outlet means of the cell which make it possible to

obtain such. a substantially  laminar f£low. Further
configurations, such alns, ~ for example; ' thé use of
circular injection orifices distributed approximat;ely
regularly about the axis of the,. cell, could ‘"be
envisaged. | _.

Although . the present invention has been
described with reference to particular embodiments, it
is in no way 1imi£ed thereby and, on the contrary, is

capable of mod_.ificatj.ons and variants which will occur’

to a person skilled in the art.

' Thus, .although the case of detecting traces of
water vapor has quite particularly .bee.n mentioned and
exemplified above, it will be understood that the
present invention applies much '.m'o:;'e broadly to other
impurities that can be detected by absorption. Mention
in this regard be made of the detection of HF and WF; by
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using, for example, the quite particularly advantageous -
HF line situated at approximately 1.3618. pm. Since HF
is produced in a WFg; tank by a reaction between WF; and
H,0, the quantification’ of HF therefore makes it
possible to indirectly quantify the decomposition of
WF;, and therefore the iniﬁial quantity of water vapor
present in the tank. o

Similarly, as regards the carrier gas, the
examples discussed above quite pérticularly illustrated
the case of a nitrogen carrier gas (detection of traces.
of water vapor on the scale of 1 ppb or several ppb in
nitrogen). It shouid, however, be noted that the work
completed by the. Applicant Company has demonstrated -
that the process and device according to the invenfion
also make it possible to achieve such detection limits
on the scalé of a few ppb in the case of detecting
traces of water vapor in chemical gases such‘as CF,;, SF
or else NF,. ' '
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1. A process for analyzing traces of at least one

' impurity.in a gas sample by means of ‘a tunable diode

laser (1),- during which a'measurement,-is made of the

absorption, by the impurity to be detected, of a light

beam emitted by the diode, the supply current of the

diode comprising a continuous component and a variable
component making it possible to introduce a modulation
of the emitted wavelength in order to'describe all or
part. of the profile of at least one of the absorption

" lines of said: impurity, ~the beam emitted by the diode

being split into at least two branched beams, of which
one, called the measurement beam (3), is along a
measurement path directed toward the gas sample to be
analyzed, which :Lt: passes through in a mult:.passage
cell (5), before being focused onto a measurement
photodetector (6), another branched beam, called the
reference beam (4), being along a reference path and

.d:.rectly focused onto a reference photodetector (15)

without encounter:.ng the gas sample, the optical path
lengths of the measurement, and reference paths,
respectively between the diode and the measurement
photodetector and between the diode and the reference
photodetector, having been equalized in air, wherein
said gas sample Iis at a pressure at least equal to
atmospheric pressure, and - wherein said introduced
modulation compriees at least one function of the
'exponent:i.al type. -

2. , ' The process as claimed in claim 1, vherein said
pressure of said gas sample does not exceed 3.10° Pa -
absolute. | .

3. ~ The process as claimed in claim 2, wherein
said pressure of said gas sample lies in the interval
. [10° ﬁa, 3.10° Pa]) ab-solt_zt:e.

4. The process as claimed in one of claims 1 to 3,
wherein the space contained between the diode laser and
each detector is flushed with a protective gas.




-

10

15

20

25

30

35

R O O

- 21 -
5. The process as claimed in. claim 4, wherein said
flushing is carried out in laminar flow. .
6. . The process as claimed in one of claims 1 to 5,
wherein said impurity analyzed is water H,0.
7. The process as claimed in claim 6, wherein the

wé.velengt'h range described by virtue of the m_odulaﬁion

extends around one of the following two wavelengths: )

1.37 pm or 1.9 pm, _
8. Device for analyzing traces of at least one
impurity in a gas sample, suitable for implementing the
processes as claimed in any .one of claims 1 to 7,
comprising,

- a semiconductor diode laser (1); _

-~ at least one splitter system (20) making it
possible to split the beam (2) emitted by the diode
into at least two branched Dbeams, a so-called
measurement beam  (3) -and a so-called reference beam
(4); |
' - a multipassage cell .(5) containing the gas
sample to be analyzed; '

- an optical device (24) making it possible to

send the branched measurement beam output by the

splitter system along a measurement optical path onto

the multipassage cell; .
- a measurement photodetector (6);

- an optical device (21) making it possible to

direct the measurement beam (3’) output by the multi-

passage cell onto the measurement photodetector;
- a reference photodetector (15);

~ a device (26, 25, 27) making it\possibie to -
‘direct the reference branéhe_d beam output by the

splitter system along a reference optical path onto the
reference photodetector; o .
'~ elements (7, .8, 9, 10) for acquisition and
processing of the signals generated by the measurement
aﬁd reference photodetectors; )
- means making it possible to equalize the
optical path lengths of the measurement and reference

paths, respectively " between the diode and the
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measurement photodetector, and between the diode ahd
the reference photodetector, | | .
which device comprises means | (13) for
modulating the supply  current of the diode, making it
possible to introduce a modulation comprising at least
one function of the exponential type.
9. - The device as claimed in claim 8, wherein.said
means for equalizing the optical path lengths comprise

.systems of mirrors. (25) present on' the reference path

between the splitter systam.and'the reference photo-

detector and moun;éd on a translation plate. =

10. The device as claimed in one of claimé.B or 9,
which' comprises means (12). ~ for stabiliéing the .
temperature of the diode. ' , _ _
11. The device as claimed in one of claims 8 to 10,
wherein at ‘least one of the elements in the group

. consisting of the diode and the measurement and

reference photédeteétors.is without a .window.

12. The device as claimed in one of claims 8 to 11,
wherein the assembly consisting of the diode, the
measurement and reference photodetectors and the

multipassage cell comprising the gas to be analyzed ié

‘isolated from the surrounding atmosphere by being

located in a hood which is equipped with means for"
injecting an inert gas flow into the hocod.

13. ‘The device as claimed in claim 12, wherein .the
means for injecting a gas flow_are dimensioned in such

a way that said gas flow is substantially laminar.

14. The device as claimed in one of claims 8 to 13,.

wherein the .cell is made €from a single-piece-metal
block. .

15. The device as claimed in one of claims 8 to 14,

wherein the cell is provided with means °"(32, 33, 34)

for inlet of thé-gas to be analyzed into the cell, and
for  outlet of the gas to be analyzed from the cell,

making it possible to establish a sﬁbstantially'laminar

flow regime of the gas inside the cell.




