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METHOD OF MONITORING PRESSURE OF
A GAS SPECIES AND APPARATUS TO DO
SO

The present invention is directed on a novel method and
apparatus and on various embodiments thereof for monitor-
ing pressure of a gas species. It resulted from the need of
rapidly monitoring oxygen content in transparent closed
containers, as of glass or plastic material vials, e.g. for
medical appliances.
Under a first aspect a first embodiment of the method
according to the present invention of monitoring of a gas
species up to at most a predetermined maximum pressure
value, such method comprises
exposing the gas species to transmission of laser light;
periodically modulating the wavelength of the laser light
over a wavelength band which includes at least one
absorption line of the gas species;
optoelectrically converting the transmitted laser light,
thereby generating an electric output
and it further comprises at least one of
first filtering the electric output signal of converting
with a filter characteristic which has a lower cut-off
frequency which is not lower than a transition fre-
quency and of

second filtering the electric output signal of the con-
version with a band pass filter characteristic which
has an upper cut-off frequency which is not higher
than the transition frequency and with a lower cut-off
frequency above modulation frequency of the peri-
odic wavelength modulation.

Thereby, the transition frequency in the spectrum of the
electric output signal of conversion is determined there
where the caustic function of the pressure-dependent
spectrum envelopes of the addressed output electric
signal touches the envelope of the spectrum at the
maximum pressure.

The output of the addressed at least one filtering is
evaluated as a pressure indicative signal.

In one embodiment both, namely first and second filter-

ing, are performed.

In one embodiment the first filtering is performed as band
pass filtering.

In one embodiment the first filtering is performed with a
lower cut-off frequency which is higher than the addressed
transition frequency.

In another embodiment the first filtering is performed as
band pass filtering and there is determined a filter frequency
above the lower cut-off frequency of the addressed first
filtering there where the derivatives of spectral amplitude vs.
pressure of the electric output signal of the conversion at
least approximately accord with a desired characteristic.
Then band pass first filtering is performed with the deter-
mined filter frequency as band pass center frequency.

In a further embodiment the first filtering is performed as
band pass filtering and bandwidth of this band pass filtering
is selected with the target of achieving a desired signal to
noise ratio.

Still in a further embodiment the first filtering is per-
formed as a band pass filtering and a desired sensitivity of
the output signal of the band pass first filtering is realized
under consideration of noise in that the followings steps are
performed once or more than one time in a looping manner:
(a) A filter frequency is determined above the lower cut-off

frequency of the first filtering there where the derivative

of spectral amplitude vs. pressure of the electric output
signal of conversion at least approximately accords with

2

a desired characteristic. Band pass center frequency of the
addressed band pass first filtering is established at the
filter frequency thus determined.

(b) The bandwidth of the band pass first filtering is designed

5 for a desired signal to noise ratio.

In a further embodiment the method according to the
present invention comprises selecting the upper cut-off
frequency of the second filtering below the addressed tran-
sition frequency.

10 Still in a further embodiment of the method according to
the present invention the second filtering is performed with
a center frequency there where the derivative of spectral
amplitude vs. pressure of the electric output signal at least
approximately accords with a desired characteristic.

15 Still in a further embodiment the second filtering is
performed with a bandwidth selected for a desired signal to
noise ratio.

In a further embodiment the second filtering is performed,
thereby realizing a desired sensitivity of an output signal of

20 the addressed second filtering under consideration of noise
by performing the following steps subsequently once or in a
looping manner more than one time:

(a) Determining a center frequency of the second filtering
there where the derivative of spectral amplitude vs. pres-

25 sure of the electric output signal of conversion at least

approximately accords with a desired characteristic and
(b) tailoring bandwidth of the second filtering for a desired

signal to noise ratio.

Under a second aspect of the present invention there is

30 established the method of monitoring pressure of a gas
species within a predetermined pressure range, namely
between a maximum pressure value and a minimum pres-
sure value. This latter method comprises

exposing the gas species to transmission of laser light;

35 periodically modulating the wavelength of the laser light
over a wavelength band which includes at least one
absorption line of the gas species;

optoelectrically converting the transmitted laser light,

thereby generating an electric output signal;

40  then at least one of the following steps is performed
first filtering of the electric output signal of conversion

with a filter characteristic which has a lower cut-off
frequency not lower than a transition frequency and
second filtering of the electric output signal of conver-

45 sion with a band pass filter characteristic which has

an upper cut-off frequency which is not higher than
the transition frequency and with a lower cut-off
frequency which is above modulation frequency of
the periodic wavelength modulation.

50  Thereby, the addressed transition frequency in this case is
determined in the spectrum of the electric output signal
there where the spectrum envelopes of the electric
output signal at the minimum and at the maximum
pressure values intersect.

55 Then the output signal of at least one of the addressed first
and second filtering is evaluated as a pressure indica-
tive signal.

In one embodiment both the first and second filtering is
performed

60  under the second aspect.

In a further embodiment under the second aspect the first
filtering is performed as band pass filtering.

Under another mode of the second aspect of the present
invention the first filtering is performed with a lower cut-off

65 frequency which is higher than the transition frequency.

Under the second aspect another embodiment comprises
performing the first filtering as band pass filtering between
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the transition frequency and a noise limit frequency. The
noise limit frequency is thereby defined there where noise
energy of the electric output signal of conversion equals
signal energy of that electric output signal at the predeter-
mined minimum pressure value.

A further embodiment under the second aspect comprises
selecting the band pass first filtering so that the energy
difference in the filtered spectrum of the electric output
signal between the maximum pressure applied and the
minimum pressure applied becomes maximal.

Still a further embodiment under this second aspect
comprises selecting band pass first filtering under the con-
straint that noise energy of the electric output signal, there
where the filtering is effective, becomes at most equal to
signal energy at the predetermined maximum pressure
value.

Still in a further embodiment under this second aspect the
upper cut-off frequency of the second filtering is selected
below the transition frequency.

Still another embodiment under this second aspect com-
prises performing the second filtering there where the energy
difference in the spectrum of the electric output signal of
conversion is maximum between applying the maximum
pressure value and the minimum pressure value which both
establish for the pressure range to be monitored under this
second aspect of the invention.

Under a third aspect the present invention provides for a
method for monitoring pressure of a gas species which
comprises

exposing the gas species to transmission of laser light;

periodically modulating the wavelength of the laser light
over a wavelength band which includes at least one
absorption line of the gas species;

optoelectrically converting the transmitted laser light,
thereby generating an electric output signal;

inputting a signal which is dependent on the electric
output signal of conversion to at least a first and a
second parallel gas pressure monitoring channel;

performing in the first channel first filtering and in the
second channel second filtering;

performing the first filtering so that the output signal
thereof varies with a first characteristic as a function of
pressure of said gas species;

performing the second filtering so that the output signal
thereof varies with a second characteristic as a function
of the addressed gas pressure;

further performing said first and second filtering so that
the first characteristic becomes different from the sec-
ond characteristic.

From combining signals which are dependent on the
output signals of the first and of the second filtering a
pressure indicative signal is evaluated.

In an embodiment of this third aspect at least one of the
first and of the second filtering is performed as band pass
filtering.

In an embodiment under this third aspect first and second
filtering is performed in non-overlapping frequency areas of
the spectrum of the electric output signal.

In a further embodiment under this third aspect the first
and the second filtering are performed as band pass filtering.

In a further embodiment under the third aspect of the
present invention the first and second filtering are performed
in respective first and second frequency ranges, whereby the
energy of the electric output signal has a first energy vs.
pressure characteristic in the first frequency range and has a
second energy vs. pressure characteristic in the second

20
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frequency range, whereby the first and second energy char-
acteristics are different from each others.

In a further embodiment which is applicable to the present
invention under all its aspects there is prestored a first
reference characteristic which represents the first character-
istic and/or there is prestored a second reference character-
istic which represents the second characteristic. The
addressed characteristics are the characteristics with which
the output signal of the respective filtering varies as a
function of pressure of the gas species to be monitored.

Then momentary signals which depend from signals of
the first and/or second filterings respectively are compared
with a stored first and second reference characteristic,
whereby first and second pressure indicative signals are
generated. Thus, momentarily prevailing filtering results
become compared with predetermined signal vs. pressure
characteristics to establish from the prevailing signals to
which pressure value they accord.

Still in another embodiment under the third aspect of the
present invention, but also applicable to the invention under
the first and second aspects, the first filtering generates a first
output signal which has first derivatives vs. pressure within
a predetermined pressure range. The second filtering gener-
ates a second output signal which has second derivatives vs.
pressure in the addressed predetermined pressure range.
Thereby, absolute values of one of the addressed first and
second derivatives are smaller than absolute values of the
other of the addressed derivatives in at least one common
subpressure range of the predetermined pressure range.
Thereby, when speaking of signal derivatives we clearly
disregard signal noise which makes derivative values ran-
dom.

In a further embodiment under the third aspect but also
applicable to the invention under the first and second aspects
the second filtering generates a second output signal which
has exclusively positive or negative derivatives vs. pressure
in a predetermined pressure range.

The first filtering generates a first output signal with first
derivatives vs. pressure which are exclusively positive in at
least one pressure subrange of the predetermined pressure
range and which are exclusively negative in at least one
second subrange of the addressed predetermined pressure
range. Thereby, the absolute values of the second derivatives
are smaller in at least one of the addressed pressure sub-
ranges than the absolute values of the first derivatives also
considered in the addressed at least one of the subranges and
again without considering noise.

In an embodiment especially under the third aspect of the
present invention from a signal dependent on the second
output signal of second filtering one of the pressure sub-
ranges is determined.

In a further embodiment from this pressure subrange
determined and from the first output signal, i.e. of first
filtering, a pressure indicative signal is determined.

Under the third aspect of the present invention a further
embodiment comprises

predetermining a maximum pressure to be monitored;

performing at least one of the following steps, namely

performing the second filtering with a band pass filter
characteristic which has an upper cut-off frequency
not higher than a transition frequency and which has
a lower cut-off frequency which is above modulation
frequency of periodic wavelength modulation and

performing first filtering with a filter characteristic
which has a lower cut-off frequency which is not
lower than the transition frequency.
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Thereby, the addressed transition frequency is determined
in the spectrum of the electric output signal there where
the caustic function of the pressure-dependent spec-
trum envelopes of the electric output signal touches the
envelope of the spectrum at the maximum pressure.

Thereby, in one embodiment first as well as second
filtering are performed.

Thereby, in a further embodiment first filtering is per-
formed as band pass filtering.

Thereby, in a further embodiment first filtering is per-
formed with a lower cut-off frequency higher than the
transition frequency.

Thereby, in another embodiment first filtering is per-
formed as a band pass filtering and there is determined a
filter frequency which is above the lower cut-off frequency
of first filtering there where the derivative of spectral ampli-
tude vs. pressure of the electric output signal of conversion
at least approximately accords with the desired characteris-
tic. Then band pass first filtering is performed with the
determined filter frequency as band pass center frequency.

Thereby, another embodiment comprises performing the
first filtering as band pass filtering, thereby selecting band-
width of band pass first filtering with the target of achieving
a desired signal to noise ratio.

Thereby, a further embodiment comprises selecting an
upper cut-off frequency of the second filtering below the
transition frequency.

Thereby, a further embodiment comprises performing the
second filtering with a center frequency there where the
derivative of spectral amplitude vs. pressure of the electric
output signal at least approximately accords with a desired
characteristic.

Thereby, still a further embodiment comprises performing
the second filtering with a bandwidth for a desired signal to
noise ratio.

Thereby, an embodiment further comprises performing
the second filtering and realizing a desired sensitivity of the
output signal of the second filtering under consideration of
noise by performing the following steps subsequently once
or repeatedly in one or more than one loops:

a) Determining a center frequency of the second filtering
there where the derivative of spectral amplitude vs. pres-
sure of the electric output signal at least approximately
accords with a desired characteristic and

b) tailoring bandwidth of the second filtering for a desired
signal to noise ratio.

Still under the third aspect one embodiment comprises

performing monitoring in a predetermined pressure range
between a minimum pressure value and a maximum
pressure value;

performing at least one of the following steps:

second filtering with a band pass filter characteristic
which has an upper cut-off frequency not higher than
a transition frequency and which has a lower cut-off
frequency which is above modulation frequency of
the periodic wavelength modulation;

first filtering with a filter characteristic which has a
lower cut-off frequency not lower than the transition
frequency;

whereby the transition frequency is determined in the

spectrum of the electric output signal there where the

spectrum envelopes of the electric output signal at said

minimum pressure value and at said maximum pressure

value intersect.
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Thereby, a further embodiment comprises performing
both first and second filterings. Still a further embodiment
comprises performing the first filtering as a band pass
filtering.

Thereby, a further embodiment comprises performing the
first filtering with a lower cut-off frequency which is higher
than the just addressed transition frequency. Thereby, in
another embodiment first filtering is performed between the
transition frequency and a noise limit frequency. The noise
limit frequency is defined there where noise energy of the
electric output signal equals signal energy of the electric
output signal at the addressed minimum pressure value.

Thereby, in a further embodiment band pass first filtering
is selected so that the energy difference in the filtered
spectrum of the electric output signal between applying the
maximum pressure value and the minimum pressure value
becomes maximum.

Thereby, still a further embodiment comprises selecting
the band pass first filtering under the constraint that noise
energy of the electric output signal there where the first
filtering is effective is at most equal to signal energy at the
maximum pressure as predetermined.

Thereby, in a further embodiment the upper cut-off fre-
quency of the second filtering is selected below the transi-
tion frequency as addressed.

Still further, in an embodiment second filtering is per-
formed there where the energy difference in the spectrum of
the electric output signal of conversion is maximum between
applying the maximum predetermined pressure value and
the minimum predetermined pressure value.

Still in a further embodiment under all three aspects of the
present invention the gas species monitored is oxygen.

Still in a further embodiment under all three aspects of the
present invention there is generated a reference pressure
indicative signal by performing the monitoring according to
the present invention at a predetermined pressure of the gas
species. Yet under a further embodiment there is generated
a resulting pressure indicative signal in dependency of a
difference of the reference pressure indicative signal and the
pressure indicative signal.

Still a further embodiment under all the aspects of the
present invention comprises monitoring transmission of the
laser light along a trajectory path to which the gas species is
or is to be applied and thereby generating a transmission
indicative signal. Signals from which the pressure indicative
signal depends are then weighted in dependency of the
transmission indicative signal.

Still a further embodiment of the invention under all its
aspects further comprises providing a gas with the gas
species in at least one container which is transparent for the
addressed laser light.

Thereby, in a further embodiment such container is pro-
vided and monitored in ambient air.

Still in a further embodiment monitoring transparency of
the trajectory path for the laser light includes the addressed
transparent container, whereby a transparency indicative
signal is generated. Signals wherefrom the pressure indica-
tive signal depends are then weighted in dependency of the
transmission indicative signal.

Thereby, in a further embodiment there is provided a third
parallel channel as a calibration channel and there is gen-
erated the addressed transmission indicative signal in the
said calibration channel.

In a further embodiment a reference signal is generated by
performing the monitoring according to the present inven-
tion at a reference container with a predetermined amount of
the gas species, whereby a result pressure indicative signal
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is generated in dependency of the difference from said
reference signal and the pressure indicative signal.

Still a further embodiment comprises checking the pres-
sure indicative signal on plausibility.

Still a further embodiment comprises monitoring oxygen
pressure in the addressed containers.

Still a further embodiment comprises that the addressed
containers are filled with a product.

Still in a further embodiment the addressed containers are
substantially of glass or plastic material. Thereby, still in a
further embodiment such containers are vials.

Still in a further embodiment a container, whereat the
gaseous content is monitored, is one of a multitude of
containers which are conveyed in a stream towards, past and
from the addressed monitoring.

Still in a further embodiment the container being moni-
tored and the laser light transmitted therethrough are moved
in synchronism during monitoring.

Still a further embodiment comprises monitoring subse-
quently the gas pressure in a multitude of containers which
are conveyed subsequently towards, past and from the
monitoring, thereby generating a reference pressure indica-
tive signal by applying to the monitoring at least one
reference container with a predetermined amount of the gas
species to be monitored before monitoring one of the
multitude of containers. There is thereby generated a result
pressure indicative signal in dependency of the reference
pressure indicative signal and the pressure indicative signal.

Further, in an embodiment the reference pressure indica-
tive signal is generated each time just before monitoring one
of the multitude of containers.

Still in a further embodiment reference pressure indicative
signals from subsequent monitoring of reference containers
with the predetermined amount of gas species are averaged
and the addressed difference is formed in dependency of the
result of such averaging.

The present invention is further directed on a method for
manufacturing closed, possibly filled containers which are
transparent to laser light and with a predetermined maxi-
mum amount of oxygen, which manufacturing method com-
prises the steps of manufacturing closed, possibly filled and
transparent containers and subjecting these containers to a
gas pressure monitoring as was disclosed above and accord-
ing to one of the different aspects and embodiments of the
present invention and rejecting containers if a signal which
depends from the pressure indicative signal is indicative for
an oxygen pressure in such container above a predetermined
maximum value.

There is further proposed according to the present inven-
tion an apparatus for performing the present invention under
all its method aspects.

With an eye especially on monitoring oxygen pressure the
following dimensioning rules may be followed:

Center frequency of second filtering band pass, f,,,
relative to laser wavelength modulation frequency f:

10/ =20

Center frequency of band pass applied for first filtering,
f, relative to modulation frequency f.:

S0Sff-<120

Pass bandwidth of second filtering relative to modulation
frequency:

1B fe=18
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Pass bandwidth of band pass first filtering, B, relative to
modulation frequency f:

SOZB,/f-<1000

Deviation H of wavelength modulation of the laser:
At least 5 pm, thereby preferably

50 pm=H=500 pm.

Further, one laser which may be applied in context with
the present invention is the Vertical Cavity Surface Emitting
laser.

The invention shall now be described by way of examples
and with the help of figures. The figures show:

FIG. 1 simplified and schematically, an apparatus accord-
ing to the present invention and performing the monitoring
method according to the present invention;

FIG. 2 qualitatively over the wavelength axis, absorption
lines of a gas species to explain wavelength modulation
according to the present invention;

FIG. 3 the absorption spectra of a gas species as of oxygen
at different pressures;

FIG. 4 qualitatively the spectrum of electric signals result-
ing from optoelectric conversion according to the present
invention;

FIG. 5 qualitatively envelopes of spectra according to
FIG. 4 at different pressures of gas species;

FIG. 6 qualitatively envelopes of the spectra according to
FIG. 4 for different gas pressures defining for the caustic
function;

FIG. 7 a representation in analogy to that of FIG. 6 for
explaining determination of transition frequency with the
help of the caustic function;

FIG. 8 schematically and qualitatively first filtering
according to the present invention in one frequency area
relative to the transition frequency as found according to
FIG. 7,

FIG. 9 a simplified functional block diagram showing
evaluation of filtering results according to FIG. 8;

FIG. 10 qualitatively an example of the course of an
output signal of the embodiment of FIG. 9 as a function of
pressure to be monitored;

FIG. 11 schematically by means of a signal flow/func-
tional block diagram evaluation of a pressure indicative
signal according to the present invention and with filtering
according to FIG. 9;

FIG. 12 schematically and qualitatively second filtering
according to the present invention in a second frequency
area with respect to transition frequency determined accord-
ing to FIG. 7;

FIG. 13 simplified, a functional block representation of
performing filtering according to FIG. 12;

FIG. 14 qualitatively an example of the dependency of the
output signal of the embodiment according to FIG. 13 from
the pressure to be monitored;

FIG. 15 simplified and schematically by means of a signal
flow/functional block diagram evaluating, a pressure indica-
tive signal from the filtering according to FIG. 13;

FIG. 16 a further embodiment of the present invention,
whereby filtering according to FIG. 8 and filtering according
to FIG. 12 are exploited in combination;

FIG. 17 qualitatively, spectral envelopes of the spectra
according to FIG. 4 for different pressure values for explain-
ing tailoring the band pass filter according to FIG. 8;

FIG. 18 in a representation according to FIG. 17, tailoring
band pass filter according to FIG. 12;
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FIG. 19 again parameterized with the pressure, qualita-
tively spectral envelopes of spectra according to FIG. 4
under a second aspect of the invention for determining a
transition frequency;

FIG. 20 in analogy to FIG. 8, tailoring first filtering in a
frequency area above transition frequency as determined in
FIG. 19,

FIG. 21 a representation in analogy to FIG. 9, thereby
filtering according to FIG. 20;

FIG. 22 qualitatively an example of the dependency of
output signal of embodiment according to FIG. 21 from gas
pressure;

FIG. 23 in analogy to FIG. 11 evaluation of the result of
filtering according to FIG. 21 for generating a pressure
indicative signal;

FIG. 24 in analogy to FIG. 12 a representation of second
filtering in a frequency area below transition frequency
determined according to FIG. 19;

FIG. 25 in analogy to FIG. 13 a simplified functional
block diagram for performing filtering according to FI1G. 24;

FIG. 26 in analogy to FIG. 15, in a simplified form and by
a functional block/signal flow diagram evaluating filtering
according to FIG. 25 for generating a pressure indicative
signal;

FIG. 27 qualitatively, an example of the dependency of
output signal of the embodiment of FIG. 25 from pressure;

FIG. 28 a further embodiment according to the present
invention and based on transition frequency as determined
according to FIG. 19, thereby combining filtering according
to FIGS. 20 and 24 for evaluating a pressure indicative
signal;

FIG. 29 schematically and simplified, a twin-parallel
measuring channel embodiment according to the present
invention;

FIG. 30 the result of monitoring oxygen pressure with the
embodiment according to FIG. 29 in one pressure range;

FIG. 31 in a representation according to FIG. 30, the
results in a second pressure range;

FIG. 32 in a representation according to the FIGS. 30 and
31, the results when monitoring over a larger pressure range;

FIG. 33 a functional block/signal flow diagram of a part
of an evaluation unit according to the present invention
exploiting signal courses as e.g. shown in FIG. 32;

FIG. 34 most simplified, an apparatus according to the
present invention and operating according to the method of
the present invention for testing transparent closed contain-
ers in a stream with respect to gas content;

FIG. 35 a simplified signal flow/functional block diagram
of an evaluation unit in a further variant, and

FIG. 36 a variant according to the present invention of the
apparatus according to FIG. 34.

In FIG. 1 there is shown by means of a functional block
diagram the generic structure of a monitoring system
according to the present invention for monitoring pressure of
a gas. The system comprises a laser arrangement 1 gener-
ating a laser beam B transmitted through a specimen 3 of gas
containing the gas species to be pressure monitored. The
laser beam B as transmitted through the specimen 3 is
received at an optical input of an optoelectric converter
arrangement 5 and is converted in an electric signal S5 which
is operationally connected to the input E, of an evaluation
unit 7. The output signal S, at output A, of evaluation unit
7 is a pressure indicative signal indicative of the pressure of
the gas species in specimen 3.

The laser arrangement 1 is modulatable with respect to A,
of the light of beam B. As schematically shown in FIG. 1 it
may be considered having a wavelength control input M to
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which there is operationally connected a modulating gen-
erator 9. Generator 9 generates a periodic modulating signal
to input M of laser arrangement 1 at a frequency - and with
a peak to peak level value A, . Thereby, the beam B having
generically a wavelength A, is wavelength-modulated with
a frequency f. around the value A, with a modulation hub
H as a function of A,,,.

In FIG. 2 there is qualitatively shown absorption line
E_,(G) of a gas species G to be monitored. The laser
arrangement 1 is thereby wavelength-modulated so that the
modulation hub H includes at least one of the absorption
lines of the gas species, according to FIG. 2 e.g. just one
absorption line.

In fact, the absorption line as schematically shown in FIG.
2 is an absorption spectrum as shown in FIG. 3. This fig.
shows as an example for a gas species to be pressure
monitored, namely for oxygen, the absorption spectra for a
pressure of 200 mbar (a), 75 mbar (b) and 40 mbar (c) of the
specimen exclusively containing the gas species.

The absorption spectrum and its pressure dependency as
exemplified for oxygen in FIG. 3 is with respect to its
qualitative shape and behavior encountered for most gas
species.

By modulating the wavelength of the laser beam B
according to FIG. 1 and as shown in FIG. 2 and by
transmitting the laser beam B through the gas specimen 3 as
of FIG. 1 having the absorption spectrum as shown in FIG.
3, converted signal S, has a discrete energy spectrum as
shown qualitatively in FIG. 4. There is a normally relatively
high spectral line at zero frequency, as a DC component
succeeded at rising frequency by a spectral line at modula-
tion frequency f. of the laser beam and higher order fre-
quencies of f.. The discrete energy spectrum of signal S
defines for the spectrum envelope EN as shown for the
example of gas specimen, namely oxygen, qualitatively in
FIG. 4.

In FIG. 5 the pressure—p—dependency of the envelope
EN, thus EN(p) is shown, whereby the envelope according
to (a) accords with the 200 mbar absorption spectrum (a) of
FIG. 3 and, accordingly, the envelopes (b) and (c¢) with the
respective absorption spectra (b) and (c) of FIG. 3. It has to
be noted that the spectra and respectively their envelopes
EN(p) as shown in FIGS. 4 and 5 are shown with a
logarithmic energy scaling on the vertical axis e.g. according
to a logarithm of signal energy to noise energy in dB.

In FIG. 6 there is purely qualitatively shown a multitude
of envelopes EN(p) parameterized by the pressure p of the
gas species in specimen 3, whereby the arrow “p,,..ouse
indicates the development of the envelopes as pressure p of
the gas species increases. The collectivity of all the enve-
lopes EN defines for a function course CA to which each of
the collectivity of envelopes EN is a tangent. We call this
function CA the caustic function.

The inventors of the present invention have investigated
the behavior of signal S5 in dependency of the pressure p of
the gas species in specimen 3 of FIG. 1 and have found the
spectral behavior in dependency of pressure as has been
exemplified up to now here without a claim for scientific
exactness.

This basic cognition has been exploited by the inventors
in different manners as will be now further exemplified with
the target to generate at the output of evaluation unit 7 as of
FIG. 1 a pressure indicative signal S,.

According to a first aspect of the present invention and as
shown in FIG. 7 the inventors have recognized that when-
ever the pressure of the gas species is to be monitored up to
maximum pressure p,,,. a transition frequency f,,, is

max
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important. If according to FIG. 6 the maximum pressure
Poax Up to which the pressure p of the gas species shall be
monitored is selected, now switching to FIG. 7, the locus
where the envelope EN(p,,..) touches the caustic function
CA in the spectral representation defines for the addressed
transition frequency f;,,,... In both frequency areas, 1 above
frmae and II below T, . the pressure dependency of Sg
according to FIG. 1 is specific. Thereby, it has to be noted
that the modulation frequency f. is practically always below
frmaxs €specially for selected maximum pressures p,,,, as
performed in practice. Thus, in a first embodiment the
spectrum of S; is evaluated in the first addressed frequency
area | to generate a pressure indicative signal.

It has to be noted that we speak generically of a frequency
“area” if a one-side open frequency range is addressed and
that we speak of a frequency “band” if a two-side closed
frequency range is addressed.

According to FIG. 8 in one embodiment there is thus only
evaluated the frequency area I, i.e. with a frequency f;

L —

e.g. by providing a high-pass filter with the lower cut-off
frequency not lower than the transition frequency f7,,,.-

Thus, the evaluation unit 7 as of FIG. 1 at least comprises,
according to FIG. 9, a filter unit F, operating in the frequency
area | as a low-pass filter with a lower cut-off frequency not
lower than the transition frequency f;,,,.. An example of the
pressure—p—dependency of the output signal Sy, of filter F,
up to the maximum pressure to be monitored p,,,,., is shown
in FIG. 10, qualitatively. Energy and pressure are thereby
linearly scaled in arbitrary units.

By prestoring a signal vs. pressure characteristic, as
shown in FIG. 11 denoted as S, -in a memory unit 11,, as
e.g. in a look-up table unit, comparing the actual output
signal Spa of filter unit F, with such characteristic in a
comparing unit 13, the actual pressure value p, as shown in
dashed lines in FIG. 10 is evaluated as a pressure indicative
signal. This signal may directly be used as output signal S,
of evaluation unit 7.

In a second embodiment of the invention and with an eye
on FIG. 7, the lower frequency area II, which is actually a
frequency band, is exploited. Thereby, filtering is performed
as shown in FIG. 12 by a filter with an upper cut-off
frequency not higher than the transition frequency f,,,, and
with a lower cut-off frequency which is above the modula-
tion frequency f.. of the laser wavelength modulation. Thus,
there is performed in this embodiment as a second possible
filtering, band pass filtering with a characteristic having an
upper cut-off frequency not higher than the transition fre-
quency and a lower cut-off frequency above the modulation
frequency f.. of the periodic wavelength modulation.

In this embodiment and according to FIG. 13 the evalu-
ation unit 7 comprises a filter unit F; providing for the filter
characteristic according to FIG. 12, thereby generating an
output signal S, in dependency of which the pressure
indicative signal S, is generated. Here too, signal Sz;; is
already are per se pressure indicative.

In analogy to FIG. 10, FIG. 14 shows a qualitative
dependency of output signal Sy, from the pressure p of the
gas species in specimen 3 of FIG. 1 to be monitored.

In complete analogy to FIG. 11 and according to FIG. 15
for generating a signal which is indicative of the actual
pressure of the gas specimen, the characteristic Sz, of
output signal as of FIG. 14 is stored in a storing unit 11, e.g.
in form of a look-up table. This characteristic Sz, is
compared, as schematically shown by comparing unit 13,
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with the actual signal Sz, thereby generating at the output
of comparing unit 13,, a signal according to the actual
pressure value p, in dependency of which the pressure
indicative signal S, is generated.

In a further embodiment, the embodiments according to
the FIGS. 8 to 11 and of FIGS. 12 to 15 are combined. This
is shown in FIG. 16 which only needs little additional
explanation in view of the explanations given to the respec-
tive single-filter embodiment. At the output of the respective
comparing units 13, and 13, there appear signals which are
both in fact indicative of the actually prevailing gas species
pressure p,, in the gas specimen being monitored. Neverthe-
less, and as addressed by the different shaping of the
characteristics in FIGS. 10 and 14, the redundancy of having
two output signals indicative of the same actual pressure
value p, is exploited in a computing unit 15, principally to
rise accuracy of pressure indication by the pressure indica-
tive signal S,.

Generically spoken as evaluation of both frequency areas
I and II by according filtering leads to two different signal
dependencies from pressure according to Sp; and S;,—
these two characteristics may be different with respect e.g.
to sensitivity (steepness of the characteristic), ambiguity,
signal to noise ratio, etc.—it becomes possible to remedy the
drawback of one characteristic, e.g. ambiguity, by the advan-
tage of the second characteristic, e.g. unambiguity, thereby
maintaining the advantage of the first characteristic, e.g.
high sensitivity, without making use of the drawbacks of the
second characteristic, e.g. low sensitivity. Thus, principally
by exploiting filtering measurements in the two frequency
areas—above and below the transition frequency f;,,,,—
high flexibility is gained to generate an accurate pressure
indicative signal with desired characteristics, which will
normally be high sensitivity, unambiguity and high signal to
noise ratio.

Further and with an eye on filtering in the first frequency
area | according to FIG. 8 and as shown in that figure with
dashed-pointed lines, it is a variant to perform this first
filtering as band pass filtering. The reason why this is
considered may be seen in FIG. 6. As the envelope EN
according to the selected maximum pressure p,,,, Crosses
the zero line as at point N of FIG. 6, noise energy becomes
predominant. Therefore, by performing band pass filtering in
frequency area I, noise energy in the signal S; is reduced.

Further, and especially with an eye on combining the
filtering in the first frequency area I with filtering in the
second area II according to the embodiment of FIG. 16,
separation of the two filters is reached by performing first
filtering F, with a lower cut-off frequency f; higher than the
transition frequency f,,,. as shown in FIG. 8 and/or to
perform the second filtering F,, as shown in dashed line in
FIG. 12 with an upper cut-off frequency f;, at a frequency
below the transition frequency f,,, ..

Whenever first filtering comprises band pass filtering in a
frequency band BP, of FIG. 8, there remains still a degree of
freedom, where the center frequency f,, of this band pass
filtering shall be established.

FIG. 17 shows a representation according to FIG. 6. When
considering in the spectral representation in frequency area
1, the energy in signal S,; at a frequency f is in fact given,
in dependency of pressure p, by the infinitesimal surface
area as shown in hatched representation in FIG. 17. There-
fore, it might be seen that at a prevailing pressure p this
energy is proportional to the prevailing spectral amplitude at
frequency f, with respect to envelope EN(p). Sensitivity is
thereby given by the derivative of that spectral amplitude vs.
pressure. It has further to be noted (logarithmic scale) that
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whenever a pressure-dependent spectral envelope EN(p)
reaches zero dB line, the noise energy in signal S becomes
equal to the signal energy therein, i.e. below that zero dB
line, the noise energy becomes predominant. Therefore, it is
one rule to find the central frequency f,, of band pass
filtering in frequency area I, to establish a desired charac-
teristic of derivative of spectral amplitude vs. pressure and
to select as the addressed central frequency f; of FIG. 8 that
frequency f where this derivative accords at least approxi-
mately with the desired characteristic. Thereby, it has to be
noted that a maximum derivative vs. pressure leads to
maximum sensitivity. Because the characteristic of spectral
amplitude vs. pressure at a given frequency f is not linear,
one may e.g. select where, i.e. in which pressure range,
maximum sensitivity shall be reached, in other words in
which pressure range maximum sensitivity shall be realized.

Thereby, signal to noise ratio may be an additional target
value. Is is dependent on the bandwidth BP; of band pass
filtering in frequency area 1. The larger the bandwidth BP, is
selected, the smaller will be, as a generic rule, sensitivity in
that the derivative of signal energy vs. pressure will be
decreased, but, on the other hand, the larger will be the
signal to noise ratio. This becomes evident when again
considering FIG. 17, where a filter frequency band BP; has
been drawn in dashed line. The derivative of spectral energy
of the signal S; is represented by the spectral surface area
hatched under BP,, the derivative of which vs. pressure
becoming smaller with increasing bandwidth BP,, the noise
energy represented by the surface area under BP; below zero
dB becoming relatively smaller with increasing bandwidth.

Therefore, one approach to select central frequency f,;
under consideration of signal to noise ratio is to loop one or
more than one time through the steps of
a) determining the central band pass filtering frequency f,;

by finding that frequency f at which the derivative of

spectral amplitude vs. pressure accords best with the
desired characteristic;

b) selecting bandwidth BP, with respect to the central
frequency found additionally considering signal to noise
ratio and sensitivity, possibly readjusting center frequency
and bandwidth with the target of realizing a desired
optimum compromise between sensitivity and signal to
noise ratio.

We have now described how filtering in frequency area |
may be realized. Let’s turn now to considerations about
filtering in frequency area II.

As was explained in context with FIG. 12, filtering in
frequency range 11 is performed by band pass filtering with
an upper cut-off frequency f;;, at most at f,,,, and with a
lower cut-off frequency f;,_ above modulation frequency f
of laser wavelength modulation.

According to FIG. 18 and with an eye on selecting central
frequency of band pass filtering, the same considerations
prevail as were explained in context with FIG. 17 for band
pass filtering in the frequency area I. That is, and with an eye
on FIGS. 18 and 12, the central frequency F ,, is selected by
finding the frequency f whereat the derivative of spectral
amplitude vs. pressure at least approximately accords with a
desired characteristic. Thereby, additionally and with respect
to selecting frequency band BP,; of band pass filtering F,
signal to noise ratio is considered, although being less
critical as becomes evident from FIG. 18 than in the fre-
quency area 1. Again, with sensitivity to be reached as one
target function and signal to noise ratio as a second target
function the steps of
a) determining the center frequency f,,; of filter F;; is

performed by establishing where the derivative of spectral
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amplitude vs. pressure of the signal S,; (FIG. 13) at least

approximately accords with a desired characteristic and
b) tailoring bandwidth BP,, for a desired signal to noise ratio

are performed once or more than one time in a looping
manner.

We have now described the present invention under the
aspect of having an upper maximum pressure p,,,. estab-
lished up to which the pressure of the gas species shall be
monitored.

Let’s now consider a further aspect, where there is estab-
lished a pressure range between a maximum pressure p,,,.
and a minimum pressure p,,;,, in which the pressure of the
gas species shall be monitored according to the invention.

Thereby, FIGS. 1 to 5 still prevail as well as the expla-
nations which were given in context with these figures.

FIG. 19 shows a representation in analogy to FIG. 6. It
shows the spectral envelope for the maximum pressure to be
monitored EN(p,,,.) as well as the spectral envelope for
minimum pressure to be monitored EN(p,,;,). Thus, the
pressure range Ap inclusive the limit values at p,,,. and p,,,.,,
shall be monitored. In this case there is determined a
transition frequency f;,,, there, where the envelope EN(p,,;,,)
crosses the spectral envelope EN(p,,,.). In analogy to f,, .
this transition frequency f;,, delimitates two frequency
areas I, and I, ..

In one embodiment and according to FIG. 20 there is
performed in the frequency area I, filtering as of high-pass
filtering with a lower cut-off frequency f,,, which is not
lower than the transition frequency fy,,,. This results in an
embodiment of the present invention according to FIG. 21
having a filter F,,, operating in the frequency area I,, of
FIG. 19 as a high pass filter. The pressure indicative signal
S, of evaluation unit 7 depends on output signal of filter
Fapt» Seapr There results as a qualitative example an output
signal S, ,; of filter F,, ,;, according to FIG. 22. Energy and
pressure are thereby again linearly scaled in arbitrary units.

In FIG. 23 there is shown in analogy with FIG. 11 the
structure of the evaluation unit 7 for evaluating the filter
signal Sp,,; to generate a pressure indicative signal S,. In
view of the explanations given in context with FIG. 11, FIG.
23 and the respective embodiment becomes perfectly clear
to the skilled artisan and needs no further explanation.

In a further embodiment of the invention and with an eye
on FIG. 19 the lower frequency area Il,,, which is again
actually a frequency band, is exploited. Thereby, filtering is
performed as shown in FIG. 24 by a filter with an upper
cut-off frequency S, not higher than the transition fre-
quency fr,, and with a lower cut-off frequency S, which
is above the modulation frequency f. of the laser wavelength
modulation.

In this embodiment and according to FIG. 25 the evalu-
ation unit comprises in analogy to the embodiment as shown
in FIG. 13 a filter unit F, ,,, providing for the filter charac-
teristic according to FIG. 24, thereby generating an output
signal Sy, ., in dependency of which the pressure indicative
signal S, is generated. Again the signal Sg,,; is per se
pressure indicative.

In analogy to FIG. 15, FIG. 26 shows the structure of the
evaluation unit 7 exploiting the output signal Sy, of filter
F s pir to establish for the pressure indicative signal S,. Here
too, no additional explanations are necessary for the skilled
artisan. Further, FIG. 27 shows in analogy to FIG. 14
quantitatively an example of the dependency of output
signal Sg,,,; from the pressure p of the gas species in
specimen 3 of FIG. 1 being between the minimum and
maximum pressures p,,,;, and p,,,.-
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In FIG. 28 a further embodiment is shown combining the
embodiment as exemplified and explained with the help of
the FIGS. 20 to 23 with the embodiment as explained in
context with the FIGS. 24 to 27. The target of combining
these embodiments is the same as was discussed in context
with the combined embodiment of FIG. 16. In view of FIG.
16 and the explanations given thereto the embodiment of
FIG. 28 needs no additional explanations for the skilled
artisan.

With an eye on FIG. 8 and the explanations given thereto
also in the case of providing filtering in the frequency area
I, according to FIG. 20, and as shown in dashed-dotted
lines, band pass filtering is applied. Further, again based on
the explanations given in context with FIG. 8, in one
embodiment, especially in the embodiment making use of
filtering in both frequency areas 1,, and II,,, the lower
cut-off frequency f,,,_ of filtering in the frequency ares I,,,
is higher than the transition frequency f;,,. Further, and
referring to FIG. 12 and the explanations thereto, in a further
variant according to FIG. 24 the upper cut-off frequency
fxpir. 15 selected below the transition frequency {7,

In spite of the fact that, with an eye on FIGS. 19 and 20,
band pass filtering F; in frequency area I,, may be per-
formed with respect to selecting central frequency f,,,,and
bandwidth, under considerations similar to those given in
context with FIGS. 17 and 18, it is of prime importance here
that such band filtering is established between the transition
frequency f7,, and a noise limit frequency f,; (see FI1G. 19)
where at p,,;, the noise energy in signal S5 equals signal
energy therein. Thereby, such band pass filtering may be
performed so that the energy difference in the spectrum
between the envelope EN(p,,,.) and the envelope EN(p,,..,,)
becomes maximum.

It has to be noted that, as was mentioned, the spectral
envelopes EN(p) as shown in the various figures are merely
qualitative. Nevertheless, in FIG. 19 a bandwidth BP,,, is
arbitrarily shown with the hatched surface representing the
addressed energy difference.

Principally band pass filtering in frequency area I, is
performed by respective selection of center frequency 1, ,,
(see FIG. 20) and bandwidth BP, ,; under the constraint that
noise energy of the output signal S; where the filtering is
effective is at most equal to signal energy at maximum
pressure to be evaluated.

Considering frequency area II,, and with an eye on FIG.
24 band pass filtering is performed with a lower cut-off
frequency f,,;; above modulation frequency f, of the peri-
odic wavelength modulation and with an upper cut-off
frequency f,,;, which is at most equal to the transition
frequency f;,,. Again with an eye on FIG. 19 the central
frequency and the bandwidth of this filtering is selected so
as to perform band pass filtering there, where the energy
difference in the envelope spectrum of signal Sg between
applying the maximum pressure to be monitored p,,, and
the minimum pressure p,,, to be monitored to become
maximum. The respective energy difference to be consid-
ered is shown in FIG. 19 in frequency area 1y, in hatched
representation.

We have shown embodiments for evaluating pressure
indicative signals making use of single filtering above or
below of a transition frequency f,,,,, and {7, , respectively or
to combine filtering in two parallel channels, thereby per-
forming filtering in both frequency areas above and below
the respective transition frequency f;,,,y, T7,. Thus, in the
latter embodiment and as shown in FIG. 29 at least two,
namely a first monitoring channel K; and a second moni-
toring channel K,;, are formed with filtering F; and F,
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respectively tailored in dependency on how transition fre-
quency fhas been defined. Thus, FIG. 29 is an embodiment
as of FIG. 16 or 28.

Thus, dependent on the output signal of the respective first
and second filtering F,, F; in the respective channels K, and
K,; the pressure indicative signal is computed.

Thereby, there is exploited that the result of the respective
first and second filtering in the channels K, and K, becomes
different. I.e. the output of filter F, varies as a function of the
pressure of the gas species to be monitored differently than
the result of the second filtering F;.

In FIG. 30 there is shown the result of monitoring
pressure of a gas specimen, thereby of oxygen as an
example, by showing the output signal S.; and S.; of
filtering in the respective channels K, and K,; as of FIG. 29.
The signals S, ;, are scaled in arbitrary but equal units.

For filtering in frequency area I a band pass filter is used.
The filters are not optimized with respect to sensitivity and
signal to noise ratio. The lower cut-off frequency of band
pass filter in channel K, as well as upper cut-off frequency
of'band pass filter in channel K, are nevertheless selected so
as to be clearly distant from both transitions frequencies
T and L7y,

It may be seen that there is generated a first output signal
Sy of first filtering which has in the pressure subrange Apc
of about 0 mbar to 50 mbar out of the overall monitored
pressure range Ap of about 0 mbar to 75 mbar a derivative
vs. pressure, the absolute value of which being larger than
the absolute value of the derivative vs. pressure character-
istic of the signal S, i.e. of filtering in channel K. In FIG.
31 there is shown in a representation analog to that of FIG.
30 the respective output signals S, and S, of the respective
channel filtering in a different range of pressure, again as an
example of oxygen pressure, namely in the range of about 75
to 200 mbar. From FIG. 31 it might be seen that here within
the pressure subrange Ap, of about 110 to 190 mbar the
absolute value of the derivative of signal Sy, vs. pressure is
larger than such derivative of the signal S.,;. Thus, one can
say that in a two-channel approach according to FIG. 29
there is generated by first filtering F, a first signal with a first
derivative vs. pressure in a predetermined pressure range Ap
and by means of second filtering F;; a signal with a second
derivative vs. pressure in the predetermined pressure range
Ap, whereby absolute values of one of the derivatives is
smaller than absolute values of the other derivatives in at
least one pressure subrange Ap, within the predetermined
pressure range Ap. Thereby, the derivatives are considered
without taking noise into account, i.e. by smoothening the
respective output signals, because noise would provide for
random derivatives vs. pressure characteristics.

FIG. 32 shows in a representation in analogy to that of
FIGS. 30 and 31 the course of signal SF, and at SF;; at a
predetermined pressure range to be monitored of about 0 to
195 mbar. Therefrom, it might be seen that first filtering F,
in channel K; which accords to filtering in the frequency area
I above transition frequency {7, or I, , has derivatives vs.
pressure which are exclusively positive in pressure subrange
Ap,, and exclusively negative in a second pressure subrange
Ap,, out of the overall predetermined pressure range Ap.
Further, the derivatives of the second signal S, are exclu-
sively of one signum in the overall pressure range Ap.

Further, the absolute values of the derivatives of the first
signal S, are larger at least in the subrange Ap,,, thereby
again not considering noise.

The signal as shown in the FIGS. 30 to 32 are typical for
gases and respective filtering in the two frequency areas
above and below transition frequency.
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The results as shown have been monitored on oxygen gas.
With an eye on the signal courses of FIG. 32 in the pressure
range Ap to be monitored it is evident that the signal S, has
a sensitivity in the pressure subranges Ap,, and Ap,, which
is larger than the sensitivity of signal S, in the respective
pressure subranges. On the other hand the signal Sz, is
ambiguous in that one signal value of S, may be indicative
for two pressure values which are highly different. For
instance and as shown in FIG. 32 a signal value S, of signal
Sy may be indicative for a pressure of about 25 mbar, but
also for a pressure of about 170 mbar.

Although having a smaller sensitivity, signal Sz, is not
ambiguous over the range Ap including the subranges Ap,,
and Ap,,.

Thus, in one embodiment of signal computing as by unit
15 of FIG. 29 the following may be done, according to FIG.
33:

Principally from a signal dependent on the second signal
Sz from channel K, according to FIG. 29, which accords
with filtering results in frequency area II, the prevailing
pressure subrange for the instantaneously prevailing result
of first filtering, Sz, is determined. As schematically shown
in FIG. 33 the prevailing actual signal S, is compared with
the prestored reference characteristic Sz, in unit 11, by
comparing unit 13, The comparison result at the non-
ambiguous characteristic Sy, is indicative for an estimate
pressure value p, and is fed to a comparator unit 20. There
the estimate pressure value p,, i.e. the signal indicative for
that value, is compared with limit values for the pressure
subranges Ap,, according to Ap, and Ap,, of FIG. 32. The
result of this comparison is an output signal which is
indicative of the pressure subrange Ap,, namely with an eye
on FIG. 32 of either Ap,, or Ap,,.

The output signal of comparator unit 20 controls via a
control input C,; the activation of either a storage unit 23a
or 235 both being e.g. look-up tables. In the one storage unit
23a the characteristic Sz, of the output signal of first
filtering F,in the first pressure subrange according to Ap, as
of FIG. 32 is prestored, whereas in storage unit 235 again
e.g. in the form of a look-up table, the characteristic S, of
the result of first filtering F, in the pressure subrange Ap,, is
prestored.

The pressure subrange indicative signal Ap, controls
which of the two prestored characteristics is compared in a
further comparator unit 25 with the prevailing result signal
Sy of first filtering F,. This is schematically shown in FIG.
33 by a controlled selection unit unit 27.

Thus, after having determined from a signal which
depends on second filtering F;; the prevailing pressure sub-
range Ap, from a signal which depends on the result of first
filtering, F, in the subrange Ap, the pressure indicative signal
is established.

Before proceeding to describing further embodiments of
the invention practically established dimension indications
shall be given which have been used for oxygen pressure
monitoring:

Center frequency t,;; of second band pass filter F;, relative

to modulation frequency f_:

10=f/f=20

Center frequency f,; of first band pass filter F:
SOZfylfr=120

Bandwidth of second band pass filter B,

1B fe=18
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Bandwidth of first band pass filter B,:

SOZB,/f-<1000

Wavelength derivation H according to FIG. 1 of laser
modulation at least 5 pm, thereby preferably:

50 pm=H =500 pm

Thereby, as a modulatable laser a Vertical Cavity Surface
Emitting Laser was used, modulated at {7800 Hz.

The invention with all different embodiments described
up to now is, in a further embodiment, applied in a practical
system as will now be described, whereby further embodi-
ments shall be addressed.

In FIG. 34 there is schematically shown a system for
monitoring pressure of a gas species in closed containers
which are transparent to the laser light as was described in
the modulated wavelength band and which may be filled or
not. Such containers, wherein the oxygen pressure has to be
accurately monitored, are e.g. vials of glass or plastic
containing a filling material which is not to be exposed to
oxygen.

Thus, in a further embodiment of the present invention the
gas species to be monitored is within a closed and transpar-
ent container, transparent to the light of the laser as applied.
According to FIG. 34 such containers as e.g. glass or plastic
material vials 27 are conveyed after having been filled and
sealingly closed and possibly stored during shorter or longer
time spans in atmospheric air, by means of a conveyor
arrangement 29 as e.g. a carousel conveyor towards a gas
pressure, specifically an oxygen pressure, monitoring station
31. Therein and according to FIG. 1 there is provided laser
arrangement 1 modulatable as was described by means of
modulating generator 9. The wavelength modulated laser
beam B enters after having passed a container 27 under test
as transmitted beam B, receiver unit 29 with optoelectric
converter 5 according to FIG. 1 and subsequent evaluation
unit 7. Depending on the construction of the system the
container 27 under test continues to be conveyed by con-
veyor 29 during gas pressure monitoring, whereby in this
case laser arrangement 1 and receiver unit 29 are moved
along a predetermined trajectory path in synchronism with
the conveyed container 27 under monitoring test.

Otherwise, in another construction, the container 27 under
test is stopped so that the laser arrangement 1 and receiver
arrangement 29 may be stationary.

The energy of the transmitted laser beam B, may thereby
be influenced by the prevailing transparency of the overall
transmission path in fact between laser arrangement 1 and
optical input port of receiver unit 29, thereby especially by
varying transparency of the container, be it due to tolerances
of container material, of container wall contamination etc.

This is taken into account in that there is generically
performed a transmission indicative measurement. As trans-
mission influences the energy of the signals which were
described to be filtered as well as significance of reference
characteristics as in look-up tables with which actual filter-
ing results are compared, the transmission indicative signal
is applied for weighing such signals.

In spite of the fact that a prevailing transparency in the
transmittance path 3 according to FIG. 1 may be measured
as by making use of a separate laser beam, in one embodi-
ment the laser beam B itself is exploited to provide also for
the transparency indicative information. With an eye on FIG.
4 it was explained that the spectrum of signal S; contains the
distinct spectral line at the modulation frequency f.. Depen-
dent on how wavelength modulation of the laser beam is
realized, the spectral component at f~ will be of higher or
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lower energy. When making use e.g. of a Vertical Cavity
Surface Emitting Laser (VCSEL), where the center wave-
length of emission spectrum is tunable and thus modulatable
by amplitude modulating the forward current as is taught in
H. P. Zappe et al. “Narrow-linewidth vertical-cavity surface-
emitting lasers for oxygen detection”, Appl. Opt. 39 (15),
2475-2479 (May 2000), the energy of the transmitted laser
beam at frequency f is quite large. Therefrom results that
the energy of the signal Sy is per se indicative of transmis-
sion. As has been explained in all filtering modes for
evaluating the pressure indicative information in signal Sy
the energy at the frequency f. is not considered by selecting
all filtering with a lowest-most cut-off frequency above the
modulation frequency f.

According to FIG. 35 there is therefore provided a third
channel K, as a calibration channel, whereat directly or
possibly and as shown in dashed line via selective band pass
filtering at frequency f_, a transmission indicative signal S,
is generated. This transmission indicative signal is used
generically for weighing signals from which the pressure
indicative signal depends. In the embodiments as were
described and according to FIG. 35, whereat the filtering
result signals S, and S, are used to find the according
pressure-dependent value in look-up tables 11, and 11,
irrespective which transition frequency fy,,,. or f;Ap has
been selected, the transmission indicative signal S, is
applied to calibration units 33 which are provided at the
output of the look-up table units 11,, 11, as well as at the
outputs of the filtering units F, and F,.

Thus, the output signals which appear at the outputs of the
respective comparing units 13 become independent from the
instantaneously prevailing transmission characteristics of
the transmission path 3 according to FIG. 1 and with an eye
on FIG. 34 independent of possibly varying transmission of
containers 27 which are monitored in line, i.e. in a stream of
subsequent containers, with respect to the pressure of a
specific gas species contained therein, as was addressed,
especially of oxygen.

Still a further embodiment comprises to perform the gas
species pressure monitoring as was described up to now
upon such gas specimen which has a predetermined known
pressure, be it for checking purposes of the overall func-
tioning and of accuracy of the system as described, be it for
providing a reference pressure indicative signal on the gas
species under test. With an eye on the teaching of FIG. 34
providing for such standard monitoring may be done always
after a predetermined number of containers 27 have been
tested and may even be done before each of the containers
27 is monitored on prevailing gas species, in the present case
on oxygen.

In FIG. 35 there is shown one embodiment for performing
a standard or reference monitoring as was just addressed
before gas species pressure monitoring at each of the con-
tainers 27.

According to FIG. 36 each container 27 to be tested and
once conveyed by conveyor 29 into the monitoring station
31 according to FIG. 34 is gripped by a transfer member 35.
The transfer member 35 may comprise a tubular member as
shown with controlled gripping arrangement 37 and with a
laser transition pass through 39. The transfer member 35 is
movable perpendicularly to the path of conveyor 29 up and
down as shown by the double-arrow F, thereby driven in a
controlled manner by a drive 41. The laser arrangement 1
and the optoelectric converter arrangement 5 are located
above the conveyor 29, so that whenever a container 27 to
be tested is gripped in the position as shown, and is then
lifted by means of drive 41 and member 35 in a monitoring

20

25

30

35

40

45

50

55

60

65

20

position where the pass-through 39 opens the transition path
for laser beam B. In FIG. 36 the transfer member 35 is
shown in its lowered position, where the next container 27
to be tested is about to be gripped. The transfer member 35
further holds a standard or reference container 27 5, wherein
a predetermined amount of the gas species to be monitored
is present, resulting in a predetermined pressure at a given
temperature. The standard container 27, within transfer
member 35 is only rarely replaced. Together with transfer
member 35 it is moved by means of controlled drive 41 up
and down and as a second pass-through 39, is provided in
transfer member 35 at a position according to the mounting
position of standard container 27, whenever the transfer
member 35 is in the position as shown in FIG. 36, the laser
beam B ftransits through the standard container 27,
Thereby, reference monitoring is performed. In dashed line
FIG. 36 shows the position of standard container 27,
whenever container 27 to be monitored is lifted in monitor-
ing position.

Due to the fact that the pressure of a gas species in the
closed containers is dependent on the temperature which is
substantially equal, as given by the surrounding, for the
containers to be tested and for standard container 27,
within transfer member 35, the gas species contained within
standard container 27, will be subjected to pressure varia-
tions due to the same temperature variations as the gas
species possibly contained in the containers 27 to be tested.
According to FIG. 36 after optoelectric conversion of the
transmitted laser beam B signal processing is performed as
was largely explained up to now finally at the signal com-
puting unit 15. The signal generated at the output A 5 of
computing unit 15 represents, as was explained, a signal
which is indicative of the pressure of the specific gas species
as momentarily monitored. As shown in FIG. 36, the stan-
dard or reference container 27, is also gas pressure moni-
tored, and the result at the output A, 5 is stored in a storing
unit 41. Then the subsequent monitoring test result, which is
generated at a container 27 to be tested, is fed to a difference
forming unit 43 together with the stored reference result
value in storing unit 41. Therefore, an output signal D, at the
output of difference unit 43 is generated, which is indicative
of the difference between the gas pressure indicative signal
as monitored at the reference or standard container 27,-and
the next prevailing conveyed container 27 to be test moni-
tored.

A time control unit 45 controls, as schematically shown in
FIG. 35, storing of the output signal of unit 15 in storage unit
41, applying the prevailing output signal of unit 15 together
with the stored reference signal to the difference unit 43 and
up/down movement F of transfer member 35 via controlled
drive 41.

Further, and as only schematically shown in FIG. 36, the
resulting difference signal D, is fed to a threshold unit 45,
where it is checked whether it reaches a predetermined
threshold value or not, as preestablished by a threshold
setting unit 47. Dependent on the comparison result of D,
with the preset threshold value, the container 27 which is
momentarily under test will be considered as fulfilling
predetermined conditions with respect to the content of the
gas species and will then be considered to be a closed,
transparent container which holds at most a predetermined
maximum amount of gas species, especially of oxygen, thus
being a regular container. Those containers, which do not
fulfill the said conditions and thus have e.g. a too high
amount of oxygen, are discarded as shown in FIG. 36
schematically with discarding switch S,5 controlled from
threshold checking at threshold unit 45.
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As a further embodiment the storage unit 41 is replaced by
an averaging unit, whereat subsequent reference pressure
indicative signals monitored at standard containers 27, are
averaged and the averaged result is fed to the difference unit
43. Thereby, whenever the standard container 27 is corrupt
for whatever reason, its monitoring will not abruptly change
the averaging result and thus the prevailing difference result
D, will still remain accurate for some containers 27, thereby
not leading to containers 27 under test being erroneously
considered as fulfilling the predetermined gas conditions or
not. Thereby (not shown) whenever the monitoring result of
a standard container 27, leaves a predetermined signal
range, an alarm may be established informing about corrup-
tion of the standard container 27 ;.

Further, FIGS. 34 and 35 show single test station embodi-
ments. For increasing throughput of tested containers 27
more than one test station 31 may be provided, operating in
parallel, so that the test cycle time is divided by the number
of parallel test stations allowing for increased speed of
conveying the containers 27 by means of conveyor 29.

By means of the disclosed technique for gas pressure
monitoring, applied for testing oxygen content in glass or
plastic vials, test cycle times lower than 0.3 sec. were
reached, allowing to accordingly test containers in a stream
and thereby to test every single container 27.

The invention claimed is:

1. A method of monitoring pressure of a gas species up to
at most a predetermined maximum pressure value compris-
ing

exposing said gas species to transmission of laser light;

periodically modulating the wavelength of said laser light

over a wavelength band including at least one absorp-
tion line of said gas species;

optoelectrically converting said transmitted laser light,

thereby generating an electric output signal;
performing at least one of
first filtering said electric output signal with a filter
characteristic having a lower cut-off frequency not
lower than a transition frequency and of
second filtering said electric output signal with a band
pass filter characteristic having an upper cut-off
frequency not higher than said transition frequency
and a lower cut-off frequency above modulation
frequency of said periodic wavelength modulation,
thereby determining said transition frequency in the spec-
trum of said electric output signal there, where the
caustic function of the pressure-dependent spectrum
envelopes of said electric signal touches the envelope
of said spectrum at said maximum pressure, and

evaluating the output of at least one of said filterings as a

pressure indicative signal.

2. The method of claim 1, further comprising performing
both of said first and second filterings.

3. The method of claim 1, further comprising performing
said first filtering as a band pass filtering.

4. The method of claim 1, further comprising performing
said first filtering with a lower cut-off frequency higher than
said transition frequency.

5. The method of claim 1, further comprising performing
said first filtering as a band pass filtering and determining a
filter frequency above said lower cut-off frequency of said
first filtering there, where the derivatives of spectral ampli-
tude vs. pressure of said electric output signal at least
approximately accord with a desired characteristic and per-
forming said band pass first filtering with said filter fre-
quency as band pass center frequency.
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6. The method of claim 1, performing said first filtering as
band pass filtering and selecting bandwidth of said band pass
first filtering with the target of achieving a desired signal to
noise ratio.

7. The method of claim 1, further comprising performing
said first filtering as a band pass filtering and realizing a
desired sensitivity of said output signal of said band pass
first filtering under consideration of noise by performing the
following steps one or more than one time:

a) determining a filter frequency above said lower cut-off
frequency of said first filtering there where the deriva-
tive of spectral amplitude vs. pressure of said electric
output signal at least approximately accords with a
desired characteristic and establishing the band pass
center frequency of said band pass first filtering at said
filter frequency;

b) tailoring bandwidth of said band pass first filtering for
a desired signal to noise ratio range.

8. The method of claim 1, further comprising selecting
said upper cut-off frequency of said second filtering below
said transition frequency.

9. The method of claim 1, further comprising performing
said second filtering with a center frequency there where the
derivative of spectral amplitude vs. pressure of said electric
output signal at least approximately accords with a desired
characteristic.

10. The method of claim 1, further comprising performing
said second filtering with a bandwidth for a desired signal to
noise ratio.

11. The method of claim 1, further comprising realizing a
desired sensitivity of said output signal of said second
filtering under consideration of noise by performing the
following steps one or more than one times:

a) determining a center frequency of said second filtering
there where the derivative of spectral amplitude vs.
pressure of said electric output signal at least approxi-
mately accords with a desired characteristic and

b) tailoring bandwidth of said second filtering for a
desired signal to noise ratio.

12. A method of monitoring pressure of a gas species
within a predetermined pressure range between a maximum
pressure value and a minimum pressure value comprising

exposing said gas species to transmission of laser light;

periodically modulating the wavelength of said laser light
over a wavelength band including at least one absorp-
tion line of said gas species;

optoelectrically converting said transmitted laser light,
thereby generating an electric output signal;

performing at least one of
first filtering said electric output signal with a filter

characteristic having a lower cut-off frequency not
lower than a transition frequency and of
second filtering said electric output signal with a band
pass filter characteristic having an upper cut-off
frequency not higher than said transition frequency
and a lower cut-off frequency above modulation
frequency of said periodic wavelength modulation,
thereby determining said transition frequency in the spec-
trum of said electric output signal there where the
spectrum envelopes of said electric output signal at said
minimum and at said maximum pressure values inter-
sect, and

evaluating the output of at least one of said filterings as a
pressure indicative signal.

13. The method of claim 12, further comprising perform-

ing both of said first and second filterings.
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14. The method of claim 12, further comprising perform-
ing said first filtering as a band pass filtering.

15. The method of claim 12, further comprising perform-
ing said first filtering with a lower cut-off frequency higher
than said transition frequency.

16. The method of claim 12, further comprising perform-
ing said first filtering as band pass filtering between said
transition frequency and a noise limit frequency, said noise
limit frequency being defined there where noise energy of
said electric output signal equals signal energy of said
electric output signal at said minimum pressure value.

17. The method of claim 16, further comprising selecting
said band pass first filtering so that the energy difference in
the spectrum of said electric output signal between applying
said maximum and said minimum pressure becomes maxi-
mum.

18. The method according to claim 17, thereby selecting
said first band pass filtering under the constraint that noise
energy of said electric output signal, where said filtering is
effective, is at most equal to signal energy at said maximum
pressure.

19. The method of claim 12, further comprising selecting
said upper cut-off frequency of said second filtering below
said transition frequency.

20. The method of claim 12, further comprising perform-
ing said second filtering there where the energy difference in
the spectrum of said electric output signal between applying
said maximum and applying said minimum pressure is
maximum.

21. The method of claim 1, wherein said gas species is
oxygen.

22. The method of claim 1, further comprising generating
a reference pressure indicative signal by performing said
monitoring at a predetermined pressure of said gas species.

23. The method of claim 22, further comprising generat-
ing a resulting pressure indicative signal in dependency of a
difference of said reference pressure indicative signal and
said pressure indicative signa.

24. The method of claim 1, further comprising monitoring
transmission of said laser light along a trajectory path to
which said gas species is or is to be applied, generating
thereby a transmission indicative signal and weighting sig-
nals in dependency of said transmission indicative signal,
from which said pressure indicative signal depends.

25. The method of claim 1, further comprising providing
a gas with said gas species in a container transparent for said
laser light.

26. The method claim 25, further comprising providing
said container in ambient air.

27. The method of claim 25, further comprising monitor-
ing transparency of a trajectory path for said laser light
including said transparent container, generating thereby a
transparency indicative signal and weighting signals in
dependency of said transmission indicative signal, from
which said pressure indicative signal depends.

28. The method of claim 27, further comprising providing
a third parallel channel as a calibration channel and gener-
ating in said third channel said transmission indicative
signal.

29. The method of claim 25, further comprising generat-
ing a reference signal by performing said monitoring at a
reference container with a predetermined amount pressure of
said gas species thereby generating a result pressure indica-
tive signal in dependency of a difference from said reference
signal and said pressure indicative signal.

30. The method of claim 1, further comprising checking
said pressure indicative signal on plausibility.
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31. The method of claim 25, further comprising monitor-
ing oxygen pressure.

32. The method of claim 25, wherein said container is
filled with a product.

33. The method of claim 25, wherein said container is
substantially of glass or plastic material.

34. The method of claim 33, wherein said container is a
vial.

35. The method of claim 25, wherein said container is one
of a multitude of containers conveyed in a stream towards
and from said monitoring. during said monitoring.

36. The method of claim 35, further comprising moving
said container and laser light transmitted through said con-
tainer in synchronism during said monitoring.

37. The method of claim 25, further comprising monitor-
ing subsequently said gas pressure in a multitude of said
containers conveyed subsequently towards and from said
monitoring and generating a reference pressure indicative
signal by applying to said monitoring at least one reference
container with a predetermined amount of said gas species
before monitoring one of said multitude of containers and
generating a result pressure indicative signal in dependency
of'said reference pressure indicative signal and said pressure
indicative signal.

38. The method of claim 37, further comprising generat-
ing said reference pressure indicative signal before moni-
toring each of said multitude of containers.

39. The method of claim 37, further comprising averaging
subsequent of said reference pressure indicative signals and
forming said difference in dependency of a result of said
averaging.

40. A method for manufacturing closed, filled containers
transparent to laser light and with a predetermined maxi-
mum amount of oxygen comprising manufacturing closed,
filled, transparent containers, subjecting said containers to
gas pressure monitoring according to one of the claims 1 to
39 and rejecting containers if the pressure indicative signal
is indicative for an oxygen pressure in a container above a
predetermined maximum value.

41. A method for monitoring pressure of a gas species
comprising

exposing said gas species to transmission of laser light;

periodically modulating the wavelength of said laser light

over a wavelength band including at least one absorp-
tion line of said gas species;

optoelectrically converting said transmitted laser light,

thereby generating an electric output signal;

inputting a signal dependent on said electric output signal

to at least a first and a second, parallel, gas pressure
monitoring channel;

performing in said first channel first filtering;

performing in said second channel second filtering;

performing said first filtering so that the output signal of
said first filtering varies with a first characteristic as a
function of said pressure;

performing said second filtering so that the output signal

of said second filtering varies with a second character-
istic as a function of said pressure;

said first characteristic being different from said second

characteristic;

evaluating from combining signals dependent on the

output signals of said first and second filtering said
pressure indicative signal.

42. The method of claim 41, further comprising at least
one of said first and of said second filtering as band pass
filtering.
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43. The method of claim 41, further comprising perform-
ing said first and second filtering in non-overlapping fre-
quency areas of the spectrum of said electric output signal.

44. The method of claim 41, further comprising perform-
ing said first and said second filtering as band pass filtering.

45. The method of claim 41, further comprising perform-
ing said first and second filtering in first and second fre-
quency ranges respectively, the energy of said electric output
signal having a first energy vs. pressure characteristic in said
first frequency range and a second energy vs. pressure
characteristic in said second frequency range, said first and
second energy characteristics being different from each
others.

46. The method of claim 45, further comprising perform-
ing at least one of said first and second filtering as band pass
filtering.

47. The method of claim 41, further comprising prestoring
a first reference characteristic representing said first charac-
teristic and prestoring a second reference characteristic
representing said second characteristic and comparing sig-
nals dependent from output signals of said first and second
filtering respectively with said first and second reference
characteristics, thereby generating first and second pressure
indicative signals.

48. The method of claim 41, said first filtering generating
a first output signal with first derivatives vs. pressure in a
predetermined pressure range, said second filtering gener-
ating a second output signal with second derivatives vs.
pressure in said predetermined pressure range, absolute
values of one of said derivatives being smaller than absolute
values of the other of said derivatives in at least one common
sub-pressure range of said predetermined pressure range,
considering said derivatives without noise.

49. The method of claim 41, said second filtering gener-
ating a second output signal with exclusively positive or
negative second derivatives vs. pressure in a predetermined
pressure range, said first filtering generating a first output
signal with first derivatives vs. pressure being exclusively
positive in at least one pressure subrange of said predeter-
mined pressure range and being exclusively negative in at
least one second pressure subrange of said predetermined
range, the absolute values of said second derivatives being
smaller in at least one of said subranges than absolute values
of said first derivatives in said at least one of said subranges
and considering derivatives without noise.

50. The method of claim 49, further comprising deter-
mining from a signal dependent on said second output signal
one of said pressure subranges.

51. The method of claim 50, further determining from a
signal dependent on said first output signal in said deter-
mined pressure subrange a pressure indicative signal.

52. The method of claim 41, further comprising

predetermining a maximum pressure to be monitored;

performing at least one of

performing said second filtering with a band pass filter
characteristic having an upper cut-off frequency not
higher than a transition frequency and a lower cut-off
frequency above modulation frequency of said peri-
odic wavelength modulation and of

performing said first filtering with a filter characteristic
having a lower cut-off frequency not lower than said
transition frequency;

thereby determining said transition frequency in the spec-

trum of said electric output signal there where the
caustic function of the pressure-dependent spectrum
envelopes of said electric output signal touches the
envelope of said spectrum at said maximum pressure.
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53. The method of claim 52, further comprising perform-
ing said first and second filterings.

54. The method of claim 52, further comprising perform-
ing said first filtering as a band pass filtering.

55. The method of claim 52, further comprising perform-
ing said first filtering with a lower cut-off frequency higher
than said transition frequency.

56. The method of claim 52, further comprising perform-
ing said first filtering as a band pass filtering and determining
a filter frequency above said lower cut-off frequency of said
first filtering there where the derivatives of spectral ampli-
tude vs. pressure of said electric output signal at least
approximately accord with a desired characteristic and per-
forming said band pass first filtering with said filter fre-
quency as band pass center frequency.

57. The method of claim 52, further comprising perform-
ing said first filtering as band pass filtering and selecting
bandwidth of said band pass first filtering with the target of
achieving a desired signal to noise ratio.

58. The method of claim 52, further comprising perform-
ing said first filtering as a band pass filtering and realizing a
desired sensitivity of output signal of said band pass first
filtering under consideration of noise by performing the
following steps one or more than one time:

a) determining a filter frequency above said lower cut-off
frequency of said first filtering there where the deriva-
tive of spectral amplitude vs. pressure of said electric
output signal at least approximately accords with a
desired characteristic and establishing the band pass
center frequency of said band pass first filtering at said
filter frequency;

b) tailoring bandwidth of said band pass first filtering for
a desired signal to noise ratio.

59. The method of claim 52, further comprising selecting
an upper cut-off frequency of said second filtering below
said transition frequency.

60. The method of claim 52, further comprising perform-
ing said second filtering with a center frequency there where
the derivative of spectral amplitude vs. pressure of said
electric output signal at least approximately accords with a
desired characteristic.

61. The method of claim 52, further comprising perform-
ing said second filtering with a bandwidth for a desired
signal to noise ratio.

62. The method of claim 52, further comprising perform-
ing said second filtering and realizing a desired sensitivity of
an output signal of said second filtering under consideration
of noise by performing the following steps one or more than
one time:

a) determining a center frequency of said second filtering
there where the derivative of amplitude vs. pressure of
said electric output signal at least approximately
accords with a desired characteristic and

b) tailoring bandwidth of said second filtering for a
desired signal to noise ratio.

63. The method of claim 41, further comprising

performing said monitoring in a predetermined pressure
range between a minimum pressure and a maximum
pressure;

performing at least one of
said second filtering with a band pass filter character-

istic having an upper cut-off frequency not higher
than a transition frequency and a lower cut-off fre-
quency above modulation frequency of said periodic
wavelength modulation, and of
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said first filtering with a filter characteristic having a
lower cut-off frequency not lower than said transition
frequency;

thereby determining said transition frequency in the spec-

trum of said electric output signal there where the

spectrum envelopes of said electric output signal at said
minimum and at said maximum pressure values inter-
sect.

64. The method of claim 63, further comprising perform-
ing said first and second filtering.

65. The method of claim 63, further comprising perform-
ing said first filtering as a band pass filtering.

66. The method of claim 63, further comprising perform-
ing said first filtering with a lower cut-off frequency higher
than said transition frequency.

67. The method of claim 63, further comprising perform-
ing said first filtering as band pass filtering between said
transition frequency and a noise limit frequency, said noise
limit frequency being defined there where noise energy of
said electric output signal equals signal energy of said
electric output signal at said minimum pressure value.

68. The method of claim 67, further comprising selecting
said band pass first filtering so that the energy difference in
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the spectrum of said electric output signal between applying
said maximum and applying said minimum pressure
becomes maximum.

69. The method according to claim 68, thereby selecting
said band pass first filtering under the constraint that noise
energy of said electric output signal, where said filtering is
effective, is at most equal to signal energy at said maximum
pressure.

70. The method of claim 63, further comprising selecting
said upper cut-off frequency of said second filtering below
said transition frequency.

71. The method of claim 63, further comprising perform-
ing said second filtering there where the energy difference in
the spectrum of said electric output signal between applying
said maximum and applying said minimum pressures is
maximum.

72. The method of claim 63, further comprising selecting
the upper cut-off frequency of said first filtering below said
transition frequency.



