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A B S T R A C T

In the present work, we report an experimental method to measure the density and distribution of a supersonic
molecular beam used for charged particle beam profile monitoring. The density of the molecular beam used
in this monitor was in the range of 1014–1017 molecules/m3. The vacuum performance of such a system
using beam-induced fluorescence mode was discussed. The successful measurement of the molecular beam
parameters paves the way for future applications in beam profile monitors for machines such as the LHC and
proton therapy accelerators.
1. Introduction

Noninvasive measurement methods are preferred for modern accel-
erators to characterize the parameters of the charged particle beams.
Ionization profile monitors (IPMs) [1–3] and beam-induced fluorescent
monitors (BIFs) [4–8] are widely used as non-invasive beam profile
monitors in many accelerators. In such monitors, the particle beams
interact with the residual gas, causing the gas molecules to either ionize
or emit fluorescent light. The byproducts from the beam–gas interac-
tion can be collected via an external electromagnetic field (ions and
electrons) or detected using a stand-alone optical system (fluorescence)
to provide the one-dimensional distribution of the primary beams.
Depending on the background pressure level, they usually require long
integration times or extra working gas being loaded. The latter will
create a large pressure bump area and cause a potential degradation
of the primary beams. Previous studies [9–13], have shown that the
transverse profile of particle beams can be obtained non-invasively by
a novel beam profile monitor using a supersonic molecular curtain as
a screen. Using a molecular curtain [14] is a novel and safer way to
introduce working gases where the molecular beam flows across the
charged particle beam in a small and confined area. The signal from
the interaction will be significantly increased due to the increased local
density but the ambient pressure will be minimally affected due to the
directionality of the supersonic molecular beam. Moreover, as shown
in Fig. 1, using a curtain beam angled at 45 degrees will have the
added benefit of providing a 2D profile of the beams. The thickness,
uniformity, and density of the molecular beam curtain screen will
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affect the accuracy and detection efficiency of such monitors, and thus
characterizing these parameters is essential. In addition, supersonic
gas jets or molecular beam sources are widely used in high energy
physics [15,16], nuclear physics [17,18], nuclear astrophysics [19],
and atomic physics [20].

Fig. 1. Concept of using gas jet as a Beam profile monitor.

Previously, the density of gas jets or molecular beam sources was
measured overwhelmingly by laser interferometry techniques [21–26]
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Fig. 2. The layout of the gas curtain beam profile monitor setup, including the vacuum pumping system.
but also by other techniques such as Rayleigh scattering [27], usage of
a common microphone [28] or pressure transducer [29], multi-photon
ionization [30,31], and nuclear scattering [32]. The target density
measured using these methods was in the range of 1020–1022 m−3.
When dealing with molecular beams with density in the range of
1014–1017 m−3, these methods suffer from the signal-to-noise ratio.
Compression gauge method [9,10,33] was used to measure the density
of a pulsed gas sheet in the range of 1016 m−3. We extend this method
to measure the absolute density and distribution of a continuous
supersonic molecular beam. This enables us to understand the beam
profile measured by such monitor and mitigate any distortion due
to the thickness and non-uniformity of the gas curtain. The paper
is structured as follows. In Section 2, we describe the experimental
setup. In Sections 3 and 4, the principle of producing molecular beam
curtain and measuring the density using the compression gauge will
be explained. In Section 5, the experimental results are presented and
discussed together with a comparison from theoretical predication. The
conclusions are then summarized in Section 6.

2. Experimental setup

2.1. Supersonic gas curtain monitor system description

The layout with emphasis on pumping details of the setup is shown
in Fig. 2 and similar setup were described previously [12,14]. There
are three sections including the curtain generation section, interaction
section, and gas dump section. The nozzle skimmer assembly separates
the curtain generation section into three chambers nozzle chamber,
skimmer chamber I, and skimmer chamber II. The supersonic gas jet
is generated by injecting high-pressure gas (1–10 bar) from a gas tank
through a small nozzle with a diameter of 30 μm into a low-pressure
nozzle chamber (10−3 mbar). Then the molecular beam is produced by
skimming the core of the jet with a conical skimmer with a diameter
of 180 μm. It is further collimated by another conical skimmer with
a diameter of 400 μm and a pyramid-shaped skimmer with a tip size
of 0.4 × 4 mm2, the molecular beam can travel mono-directionally
and be shaped into a screen-like curtain for diagnostic purposes. The
differential pumping stages separated by the skimmers were designed to
remove the diffused gas molecules and maintain an ultra-high vacuum
environment in the interaction chamber. Dumping sections, including
the diagnostic chamber and dump chamber, are used for characterizing
and dumping the molecular beam. The pressure in each chamber is
listed in Table 1 with the stagnation pressure off or continuous on at a
stagnation pressure of 5 bar. This clearly shows that the introduction
of the molecular beam has a negligible effect on the ultra-high vacuum
condition of the interaction chamber.

In the interaction section, the fluorescence induced by the electron
beam when interacting with the gas molecules was observed by the
2

Table 1
Pressure (mbar) in each vacuum chamber, with stagnation pressure off and on at a
pressure of 5 bar.

Nozzle Skimmer I Skimmer II Interaction Dump

Off 5.0×10−8 5.0×10−8 4.0×10−8 <1.0×10−9 <1.0×10−9
On 3.9×10−3 8.4×10−6 7.3×10−7 4.0×10−9 1.4×10−9

Fig. 3. Schematic drawing of the gas curtain beam profile monitor system.

imaging system including a dedicated band-pass filter with a bandwidth
of 10 nm and central wavelength at 391 nm and 585 nm for nitrogen
and neon respectively, and an intensified camera system (ProxiKit PKS
2581 TZ-V from ProxiVision GmbH and acA1920-40gm CMOS camera
from Basler AG). The schematic drawing of the setup can be seen in
Fig. 3. One fluorescence image of a 5 keV and 0.73 mA electron beam
obtained by using a nitrogen curtain with a stagnation pressure of
5 bar is shown in Fig. 4 [13]. The fluorescent wavelength is 391.4 nm.
The Root Mean Square (RMS) beam size is measured as 0.91 mm and
0.67 mm for 𝑥 and y, respectively.

2.2. Scanning gauge system

As indicated in Fig. 3, a movable gauge assembly could be installed
either between the second and third skimmer or after the interaction
chamber. As seen in Figs. 3 and 5, the assembly includes a small cham-
ber consisting of a DN40CF straight connector with the bottom side
closed by a fixed flange and the top side attached to a Bayard–Alpert
(BA) type ionization gauge. The connector has a length of 125.2 mm,
an inner diameter of 34.9 mm, and a wall thickness of 1.55 mm. Two
BA gauges were used, one is a series 274 gauge from Granville Phillips
Ltd. for the dump section and the other one is an AIG18G gauge from



Vacuum 208 (2023) 111701H.D. Zhang et al.
Fig. 4. Image of the nitrogen gas curtain based BIF monitor with an electron beam of
5 keV and 0.73 mA. The integration time is 400 s and the inlet pressure is 5 bar [13].

Fig. 5. Schematic drawing of the movable gauge.

Arun Microelectronics Ltd. for the skimmer chamber. The sensitivity
factor of nitrogen for both gauges are 7.5 mbar−1 and 19 mbar−1
respectively. This gauge assembly is then connected to a VACGEN
Miniax XYZ manipulator powered by three stepper motors to allow 3-
dimensional movement with a minimum resolution of 5 μm. On the
tube of the connector, 40 mm above the bottom, there is a pinhole
with a diameter of 0.5 mm. The gauge for the dump section is powered
by an IGC26 ion gauge controller with an emission current of 0.1 mA
by Vacgen Ltd., while the one for the skimmer chamber is powered
by an NGC2 ion gauge controller with an emission current of 0.5 mA
by Arun microelectronics Ltd. Their signals are amplified by a pico-
ampere meter, CP8 by Cooknell Electronics Ltd., and then recorded by
an oscilloscope, DS1074 Z-plus by Rigol Ltd.

The ideal position to measure the gas curtain density distribution
will be at the interaction point. Due to space limitations, we chose to
measure it before and after the interaction point. The geometry of the
whole system is summarized as Fig. 6.

Fig. 6. Schematic of the molecular beam curtain system with two movable gauges.
3

3. Forming the supersonic molecular beam curtain

As mentioned in Section 2, a supersonic gas jet is generated when a
high-pressure gas expands through a 30 μm nozzle into a low-pressure
region. From the nozzle to the first skimmer, the center-line density
scales as the distance increases, which can be described by Eq. (1) with
the assumption of isentropic flow, ideal gas behavior, constant heat
capacity, and continuum flow [34].

𝑛 =
𝑃0

𝑘𝐵𝑇0
(1 +

𝛾 − 1
2

𝑀2)−
1

𝛾−1 (1)

where 𝛾 is the heat capacity ratio, 𝑛 is the number density, 𝑃0 and 𝑇0 are
pressure and temperature at nozzle throat, and 𝑀 is the Mach number
which can be calculated as follow [34]:
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𝑑
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1
2 (

𝛾+1
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Here 𝑥 is distance from the nozzle, 𝑑 is the nozzle throat size, 𝐴 and 𝑥0
are fitted parameters which are 𝛾-dependent as seen in Table 2. Note
that this formula for Mach number [35,36] is a fitting formula for the
calculation based on the method of characteristics for an inviscid free-
jet flow where the effects of a viscous boundary layer are disregarded.

Table 2
Parameters for center-line Mach number calculation for axisymmetric flow [34].
𝛾 (𝑥0∕𝑑) 𝐴 (𝑥∕𝑑)𝑚𝑖𝑛
1.67 0.075 3.26 2.5
1.40 0.40 3.65 6

The temperature and the velocity of the gas jet in the continuum
flow region can be obtained from Eqs. (3) and (4) [34].

𝑇 = 𝑇0(1 +
𝛾 − 1
2

𝑀2)−1 (3)

𝑣𝑏𝑒𝑎𝑚 =

√

2𝛾
𝛾 − 1

𝑘𝐵𝑇0
𝑚

(4)

Where 𝑇0 is the temperature of the nozzle, 𝑘𝐵 is the Boltzmann con-
stant, and 𝑚 is the mass of the gas molecule. 𝑣𝑏𝑒𝑎𝑚 is the molecule
velocity which is assumed to be the terminal velocity since the gas
is cooled substantially in the expansion. After the 1st skimmer, the
ambient pressure drops below 10−5 mbar and the freely-expanding
gas jet is skimmed to a molecular beam. The mean free path will be
around one meter and thus the collisions between molecules can then
be ignored and the gas flow can be regarded as a molecular flow. As
a result, geometric expansion can be assumed. The center-line density
𝑛 of the supersonic molecular beam as a function of the distance from
the skimmer 𝐿 can be calculated from the gas jet parameters at the 1st
skimmer using Eqs. (5) and (6)[37].

𝑛 = 𝑛𝑠𝑘𝑖𝑚𝑚𝑒𝑟(1 +
𝐿𝑣

𝑟𝑠𝑘𝑖𝑚𝑚𝑒𝑟𝑣𝑏𝑒𝑎𝑚
)−2 (5)

𝑣 =

√

3𝑘𝐵𝑇𝑠𝑘𝑖𝑚𝑚𝑒𝑟
𝑚

(6)

Where 𝑛𝑠𝑘𝑖𝑚𝑚𝑒𝑟 and 𝑇𝑠𝑘𝑖𝑚𝑚𝑒𝑟 is the center-line number density and tem-
perature of the freely-expanding jet at the location of the 1st skimmer
calculated using Eqs. (1) and (3). 𝑟𝑠𝑘𝑖𝑚𝑚𝑒𝑟 is the radius of the 1st
skimmer. 𝑣 is the transverse velocity.

In the calculation, it is assumed an ideal case where the 1st skimmer
separates the region of the continuum flow and the molecular flow.
The pressure at the nozzle throat is assumed to be the stagnation
pressure 5 bar and the temperature at the nozzle throat is 300 K. Then
𝑛𝑠𝑘𝑖𝑚𝑚𝑒𝑟, 𝑇𝑠𝑘𝑖𝑚𝑚𝑒𝑟, 𝑣𝑏𝑒𝑎𝑚 and 𝑣 can be calculated using Eqs. (1)–(4), (6)
as 5.92 × 1020 m−3, 2.3 K, 786.3 m/s and 44.8 m/s for nitrogen and
1.02×1021 m−3, 0.12 K, 784.6 m/s and 12.2 m/s for neon. The number
density of both gases from the 1st skimmer is calculated using Eq. (5)
and the results are shown in Fig. 7. Note that the background scattering
and skimmer losses can further reduce the center-line number density,
but it is not included in the discussion.
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Fig. 7. Calculated center-line number density of the supersonic molecular beam.

4. Measuring principle

The small movable gauge assembly is placed in front of the super-
sonic molecular beam, as it passes through the system. Part of the beam
enters the small chamber through the pinhole and is accumulated inside
the small chamber. It results in a higher density and thus a higher ion
gauge current reading. The new equilibrium pressure 𝑃 inside the small
chamber is reached when the net effusive flow rate through the hole
is equal to the entering rate of the molecular beam. According to [34],
this pressure can be expressed as

𝑃 =
4𝑄𝐼𝑘𝐵𝑇1
⟨𝑣⟩𝐴

(7)

where 𝑄 is a factor related to the shape of the pinhole. For the pinhole
used in this paper, it is regarded as a round channel with radius 𝑟 =
0.25 mm and length 𝐿 = 1.55 mm, Q is calculated as 3.64 according
to [38]. 𝐴 = 𝜋𝑟2 is the area of the pinhole channel and ⟨𝑣⟩ is the mean
velocity in the cell at the movable gauge temperature 𝑇1

⟨𝑣⟩ =

√

2𝑘𝐵𝑇1
𝜋𝑚

(8)

𝐼 is the flux of the molecules entering through the pinhole

𝐼 = 𝑣𝑏𝑒𝑎𝑚𝑛𝑏𝑒𝑎𝑚𝐴 (9)

where 𝑣𝑏𝑒𝑎𝑚 and 𝑛𝑏𝑒𝑎𝑚 are the longitudinal velocity and the density of
the molecular beam, respectively. For the gauge, the increased pressure
can be calculated from the difference of the measured ion collector
current 𝛥𝐼𝑐 with or without the molecular beam using Eq. (10).

𝛥𝑃 =
𝛥𝐼𝑐

𝑆𝑁2
𝑅𝑔𝐼𝑒

(10)

where 𝑆𝑁2
is the sensitivity factor for nitrogen, 𝑅𝑔 is the gas correction

or relative sensitivity factor and 𝐼𝑒 is the electron emission current of
the chosen gauge. The value for 𝑅𝑔 is 1.0 for nitrogen and 0.3 for neon
according to the gauge manufacturer. Combining Eqs. (4), (7)–(10), we
obtain the density of the molecular beam as

𝑛𝑏𝑒𝑎𝑚 =
𝛥𝐼𝑐

𝑆𝑁2
𝑅𝑔𝐼𝑒

1
4𝑄𝑘𝐵𝑇1

√

𝑇1
𝑇0

𝛾 − 1
𝜋𝛾

(11)

In the analysis, we made several assumptions. First that the molecu-
lar beam is uniform and stable on the scale of the pinhole size. Second
that the out-gassing rate for the inner surface of the small chamber does
not change. Third that at each pinhole location, the new equilibrium
inside the small chamber will be established on a time scale of less
than one second. These assumptions are reasonable for a continuous
molecular beam and a degassed ion gauge. The molecules that enter
the small chamber could experience more than 1000 interactions within
the chamber surface in one second which is long enough to achieve a
new equilibrium.
4

For the density scan, the manipulator moves the small chamber
with the pinhole to a set of coordinates, 0.25 mm per step horizontally
and vertically in a region of interest across the molecular beam and
beyond. At each coordinate, the collector current of the ion gauge
is recorded over 4 s to wait for a new equilibrium to achieve. The
current is then averaged and subtracted from the ambient current and
the density at that coordinate is calculated from the current difference
using Eq. (11). Finally, the density map from all coordinates forms the
transverse density map of the molecular beam.

Two error sources were considered, position error and density er-
ror. The gauge is mounted on a manipulator, and the resolution and
repeatability of the motion in each axis is 5 μm. For the measurement,
the step size is always larger than 100 μm, i.e. we can ignore the
position error. For a typical B-A type gauge, the measurement error
of the current 𝐼𝑐 can be 20%. Because of the hot filament of the gauge,
the small chamber could be heated up and its temperature 𝑇1 will be
slightly higher than the normal room temperature of 300 K. We did not
have a direct measurement of that temperature, and instead, a 5% error
was used for the temperature. Combining these two errors, one can get
a density error of about 20% using Eq. (12).

𝜎𝑛𝑏𝑒𝑎𝑚
𝑛𝑏𝑒𝑎𝑚

=

√

√

√

√

√

𝜎2𝛥𝐼𝑐
𝛥𝐼2𝑐

+
𝜎2𝑇1
4𝑇 2

1

(12)

where 𝜎 is the absolute error for each measurement.

5. Results and discussions

Since the nozzle, 1st and 2nd skimmers are all circular, the ideal
transverse distribution of the molecular beam between the 2nd skim-
mer and the 3rd skimmer is supposed to be rotationally symmetrical.
Measurement of such molecular beams with nitrogen and neon as
working gases at 1st diagnostic position are shown in Fig. 8. The inlet
pressure was 5 bar in both cases and the step size of the movable gauge
was 0.25 mm. Both density profiles show a quasi-circular shape. The
asymmetry could result from alignment errors related to the nozzle and
both skimmers. A Gaussian fit for both dimensions shows a beam size
of (0.80 mm, 0.87 mm) for nitrogen and (0.73 mm, 0.81 mm) for neon,
respectively. The slightly smaller size of the neon beam is due to the
smaller thermal velocity of the neon beam 12.2 m/s as compared to
nitrogen 44.8 m/s.

The maximum densities are 2.35 × 1016 m−3 for nitrogen molecular
beam and 1.20× 1017 m−3 for neon. The differences in density for the
two gases depend on the gas molecule status, mono-atomic or diatomic,
the molecular weight 𝑚, the initial pressure 𝑃0, and temperature 𝑇0. In
the continuum flow region, from the nozzle to the first skimmer, the
density and the temperature of the molecular beam drop much quicker
for a diatomic gas than a mono-atomic gas, so the number density of the
nitrogen beam at the skimmer is smaller than the neon beam as shown
in Fig. 7. Then in the molecular flow region, the thermal velocity will
remain constant when there is no collision. Then the number density
reduction is only due to a geometric expansion from this thermal
velocity. Comparing this measured maximum number densities to the
ones in Fig. 7, one can see that the measured nitrogen beam density is
close to the prediction while the neon beam density is ∼4 times less.
Many factors can contribute to this. First of all, the calculation model
for Fig. 7 is too ideal. The transition location from continuum flow to
molecular flow can happen before the 1st skimmer. The exact location
will decide how much the reduction of number density due to the free
expansion will be since the number density decrease monotonically
with the distance. In this case, there will be density gain for the start of
the geometrical expansion in the molecular flow region if the transition
occurs upstream of the 1st skimmer. Moreover, the skimmer loss and
background scattering that is not considered will reduce the number
density. Second, in the measurement, the misalignment of the nozzle-
skimmer assembly will result in a smaller maximum number density
which is clearly shown in Fig. 8.
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Fig. 8. Measurement of the nitrogen (a) and neon (b) molecular beam density
distribution at first diagnostic position.

The density distribution measurement at the 2nd diagnostic position
is shown in Fig. 9. The quasi-rectangular shape of the molecular beam
is the result of a vertically placed rectangular 3rd skimmer (0.4 mm ×
4 mm). Note that the 3rd skimmer is normally placed at a 45-degree
angle for beam profile measurement. The full width at half maximum
(FWHM) sizes was measured for both cases to be 7.50 ± 0.25 mm
(long), 1.25 ± 0.25 mm (short) for nitrogen and 7.63 ± 0.25 mm
(long), 1.25 ± 0.25 mm (short) for Neon. The size differences are in
the error range which shows there is little difference in the thermal
velocity of both molecular beams after they are collimated by the
3rd skimmer. Both distributions show a sharp drop in density at the
top and a Gaussian tail at the bottom, which indicates that the 3rd
skimmer is off the center compared to the nozzle-skimmer assembly.
Similarly, the number density for the neon beam 4.92 × 1015 m−3 is
still higher than the nitrogen beam 1.40 × 1015 m−3 which is consistent
with the measurements at the 1st diagnostic position and the geometric
expansion assumptions. Again, the maximum number density of the
nitrogen beam is close to the calculated center-line number density
at the 2nd diagnostic position while for the neon beam, it is much
smaller. Note that a measurement range from 1014 to 1017 m−3 can be
summarized from both Figs. 8 and 9.
5

Fig. 9. Measurement of the nitrogen (a) and neon (b) molecular beam density
distribution at the second diagnostic position.

Due to the finite size of the pinhole for the movable gauge, the
distribution measured here will be a convolution of the real number
density distribution with the pinhole size. To retrieve the real distri-
bution, a deconvolution method was used. Since the distribution for a
highly collimated molecular beam tends to be uniform, a uniform beam
with sizes 𝑎 (long) and 𝑏 (short) is assumed to be the real distribution.
Then it becomes an optimization problem to find the sizes 𝑎 and 𝑏 when
the cost function between the convolution of the uniform distribution
with these sizes and the measured distribution is minimized. In prac-
tice, the genetic algorithm was used for the deconvolution process and
it gives the sizes as 8.32 mm (long), 0.96 mm (short) for nitrogen and
7.54 mm (long), 0.87 mm (short) for neon. The convoluted density
distribution of the uniform beam with these parameters is shown in
Fig. 10, which shows a good match with the measurements in Fig. 9.
Note that the de-convolution will be more effective with the scanning
steps smaller than 0.25 mm. The reason why this step was used is
a trade-off between experiment time and accuracy. Theoretically, the
scanning steps can be as small as 5 μm as previously mentioned.

Fig. 10. Convoluted images of uniform molecular beam distributions with the pinhole
matched with the measurement: left: Nitrogen; right: Neon.

For beam profile measurements, the vertical size of the molecular
beam curtain defines the range one can use to characterize the primary
beam. The thickness and the uniformity of the molecular beam curtain
will determine the smearing effects and hence the image quality. From
our jet density measurement, both measurements show a good unifor-
mity in the central area in the 2nd diagnostics position. From the 3rd
skimmer to the interaction point and then the 2nd diagnostics position,
the gas flow is a molecular flow where no collision will occur. Thus,
for the interaction point, the gas curtain thickness can be estimated
by a linear expansion from 0.4 mm at the 3rd skimmer location to
1.25 mm at the 2nd diagnostic position as shown in Fig. 11, which
gives a thickness of 0.85 ± 0.14 mm at the interaction point.

6. Conclusion

In this paper, we described a method to measure the absolute
density and the density distribution of a supersonic molecular beam in
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Fig. 11. Estimate the curtain sizes in the interaction point by a linear expansion from
the 3rd skimmer.

the molecular flow region. This method was applied to a supersonic gas
curtain used for charged particle beam profile monitors. It is capable
to measure the number density of both nitrogen beam and neon beam
in the range from 1014 to 1017 m−3 with a good spatial resolution of
sub-mm. The spatial resolution is limited by the pinhole size but can
be reconstructed by the de-convolution method if a known distribu-
tion (uniform distribution here) is assumed. The measurement of the
molecular beam density and its distribution will allow a further study
or optimization of the gas curtain by changing the geometry of the
skimmers to meet different diagnostics requirements such as charged
particle beam intensity, integration time, and ambient vacuum envi-
ronment. Currently, this method is used regularly for characterizing a
supersonic gas curtain in the beam profile monitor [39] designed for the
LHC proton beam where a uniform gas curtain with 1× 1016 to 1× 1017

m−3 density and 0.5 mm thickness is required to achieve an integration
time of 1 s. This method could also be applied to similar supersonic
molecular beams used in other fields such as nuclear targets and atomic
physics. The recent development of a beam profile and dose monitor for
medically used charged particle beam [40] is another example where
the measurement of the gas curtain density and its distribution will help
in the designing and commissioning phases.
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