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This paper introduces a novel optical cell design that integrates ultraviolet-visible (UV-vis) and laser-induced
breakdown spectroscopy (LIBS) for comprehensive vapor phase chemical analysis at temperatures up to
450 °C. The motivation behind this research is to overcome the limitations of existing vapor phase
spectroscopy techniques by providing a versatile and efficient solution for detailed chemical analysis in
high-temperature environments. The modular design of the optical cell enables the optimization of
optical path length and beam diameter to meet the specific requirements of each spectroscopy
technique. Experimental results demonstrated good resolution when analyzing both organic

(naphthalene) and inorganic (SbCls) vapors. A key innovation discussed is the implementation of a cover

iig:g&% i&i;hAl;erﬁrggrzyszozs gas buffer to prevent material buildup on the optical windows, ensuring the integrity and longevity of the
cell during extended operation. This approach enhances the capabilities of existing techniques and
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1 Introduction

The demand for advanced vapor spectroscopy capabilities has
grown significantly for studying high-temperature processes
and reactions—such as those in combustion, metallurgy, and
nuclear science—where traditional analytical methods may not
be feasible. These tools are essential for analyzing reaction
intermediates and volatile compounds.

Various analytical techniques are commonly employed to
study vapors and gases. Gas chromatography (GC) is often
paired with mass spectrometry (MS) or Fourier-transform
infrared spectroscopy (FTIR) for compound identification. A
limitation of GC is that it is often temperature limited and
sensitive to particulates in the sample gas. FTIR analyzes the
vibrational properties of various functional groups and bonds
by identifying specific molecular vibrations within the infrared
spectrum. This technique allows for the identification and
analysis of the chemical composition and structure of a sample
based on the unique vibrational frequencies of its molecular
bonds. A challenge with FTIR is limited sensitivity and potential
interferences from background gases. Photoionization detec-
tors (PID) ionize gases and monitor the resulting current, while
flame ionization detectors (FID), typically coupled with GC,
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monitoring, pharmaceuticals, materials science, and chemical manufacturing.

measure ions formed during the combustion of organic
compounds. PID has a low dynamic range and is not sensitive to
alkanes and high ionization potential compounds while FID
cannot detect inorganic compounds or permanent gases. Elec-
tron capture detectors (ECD), also paired with GC, detect elec-
tronegative compounds (such as halogens, nitrates and
organometallics) by monitoring changes in current due to
electron absorption but is not effective in other gas matrixes.
Optical emission spectroscopy (OES) analyzes light emitted by
excited atoms or molecules, and Raman spectroscopy is another
vibrational technique used to identify polarized bonds. While
OES is suitable for many analytes, sample preparation is chal-
lenging, and careful matrix matching is needed. Raman
generally has low sensitivity but may be effective for some
molecular vapors and gases.

Additionally, many of these techniques are destructive, and
only a few allow for rapid, in situ, or in-line analysis with
minimal system disturbance and flexibility in experimental
setup. This highlights the necessity to develop an experimental
arrangement that offers the required adaptability for contin-
uous, rapid, and in-line coupling measurements. It is evident
that the integration of techniques is crucial for gas analysis, and
an unexplored option is the combination of ultraviolet-visible
spectroscopy (UV-vis) and laser-induced breakdown spectros-
copy (LIBS), given their precision and sensitivity. This combi-
nation of absorption and emission spectroscopy provides
valuable information for understanding the composition and
chemical behavior of gases. Furthermore, when developed for
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in-line analysis, it avoids unnecessary sample treatment that
could alter the nature or chemical state of the vapors. Applying
these technologies to the vapor phase can provide critical
insights in various scientific and industrial applications,
including environmental monitoring, pharmaceuticals, mate-
rials science, and chemical manufacturing. This combinatorial
in-line chemical monitoring technique is also valuable for
molten salt energy conversion technologies (off-gas systems),
where the harsh environments of radiation and temperature
present significant challenges. It should be noted that other
combinations of analytical techniques may also be beneficial
based on the specific gas/vapor sample. However, the focus of
this work is the combination of LIBS and UV-vis.

UV-vis spectroscopy is widely used for determining absorp-
tion characteristics, providing information about electronic
structure and concentration of substances. This technique is
useful for monitoring the concentration of pollutants in air and
water, analyzing the purity of chemical reagents, and studying
the kinetics."* The ability to obtain real-time data makes UV-vis
spectroscopy indispensable for process control and quality
assurance in nuclear and industrial applications.** LIBS
enables rapid elemental analysis of solid, liquids or gases by
generating plasma from the sample and analyzing the emitted
light during de-excitation.® This versatile technique requires
minimal sample preparation and delivers fast results, making it
suitable for applications in environmental monitoring,®
forensic analysis,” and industrial quality control.? Furthermore,
LIBS can detect trace elements with high sensitivity, which is
crucial for identifying contaminants in food,” pharmaceuti-
cals,’ and nuclear materials." In the nuclear industry, it is
particularly valuable for measuring actinides,””™ including
isotopic distributions.*>*®

The literature on vapor phase spectroscopy is extensive, with
numerous studies highlighting the benefits and applications of
UV-vis and LIBS spectroscopy. LIBS has been used to study
compounds in the vapor phase across various fields."””** For
instance, Dumitrescu et al.'” developed a system to measure
methane-air levels in combustion chambers, and Henry et al.*®
designed a gas phase LIBS system to measure carbon and
hydrogen, both with and without the addition of helium. In the
context of actinides, a noteworthy example is the system
developed by Chan et al.*>*° to measure gaseous UF,. Similarly,
gaseous species have been characterized by UV-vis studies.>*™”
DeKock and Gruen® measured gaseous transition metal chlo-
ride compounds at 1000 °C, determining electronic absorption
spectra for VCl,, CrCl,, FeCl,, CoCl,, NiCl,, and CuCl,. Gruen
and McBeth*® used UV-vis spectroscopic techniques to charac-
terize the complexation behavior of UCl; and UCl, with Al,Cls.
Boghosian et al.*® determined molar absorptivities for lantha-
nide halides, which included chloride, bromide, and iodide
compounds.

In this study, antimony (Sb) is used to evaluate the perfor-
mance and efficiency of the developed experimental setup,
necessitating a review of related literature on this element.
Gregory et al.*” reported the absorption spectra of antimony
trichloride (SbClz) and antimony pentachloride (SbCls) in the
vapor phase, as well as in mixtures with other halides. They
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conducted their measurements in sealed cells to prevent
condensation at high temperatures, using a Cary 14H spec-
trometer. The chemistry of Sb has been extensively explored in
solid and liquid phases using LIBS,**** however, none were
conducted with Sb in a chloride form and only one involved the
gaseous phase.” In the study involving the gas phase,
Simeonsson and Williamson** used a hydride generation
approach to extract volatile species from solution for trace
measurements in gas phase and reported a limit of detection
(LOD) of 0.2 ppm in Ar gas using the Sb I 252.860 nm line.

Despite their extensive use, UV-vis and LIBS spectroscopy
have traditionally been applied individually and have not been
combined into a single apparatus. Integrating these spectros-
copy approaches into one cohesive system can provide
a powerful tool for comprehensive chemical analysis, enabling
more detailed and accurate studies of vapor phase chemical
species. The effective integration of these methods into a single,
versatile apparatus is challenging since each technique has its
own unique requirements and constraints regarding optical
path length, beam diameter, focal length, and sample interac-
tion volume. For instance, UV-vis spectroscopy requires an
optical path for chromatic light transmission into and out of the
cell while optimizing the optical path length through the
sample. LIBS on the other hand, necessitates access to the cell
with monochromatic laser light being focused through the cell
window and into the vapor phase to generate plasma, and then
the collection of chromatic light exiting the cell from the plasma
location. These differing requirements must be considered
when developing suitable cell geometries, windows material/
coating selection, and likely necessitate independent optical
paths and access points tailored for each measurement tech-
nique. Additionally, potential interferences between the
different spectroscopy approaches may exist. For example,
scattered light from the LIBS plasma could distort the trans-
mission and absorption signal for UV-vis. Alternatively, scat-
tered chromatic light from UV-vis has the potential to be
collected as part of the LIBS spectrum, potentially introducing
additional background to the measurement. While careful
selection of optical paths, optics, and LIBS plasma location can
mitigate or reduce these interactions, a better approach may be
to time synchronize the two measurements so overlap with
respect to time does not occur. This can be accomplished
simply with the use of a digital delay generator (DDG) that
controls/triggers the LIBS and UV-vis data acquisition with
suitable delays between measurements.

The design and implementation of an optical cell tailored for
combined UV-vis and LIBS spectroscopy are essential for
advancing vapor phase chemical analysis. In this paper, a novel
design of an optical cell that integrates UV-vis and LIBS spec-
troscopy for comprehensive vapor phase chemical analysis, is
presented. The design accommodates the unique constraints
imposed by each spectroscopic method and offers a versatile
solution that can be adapted for various analytical needs. The
versatility of design is leveraged by a modular approach,
allowing for the modification and optimization of optical path
length and beam diameter, which is crucial for accommodating
the different requirements of UV-vis and LIBS spectroscopy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This novel approach not only enhances the capabilities of
existing spectroscopy techniques but also opens new avenues
for research and development in chemical analysis.

2 Optical cell design & testing
methods
2.1 Design considerations and parameters

Before delving into the detailed description of the optical cell
and its design, it is crucial to understand the unique constraints
that each spectroscopy approach—LIBS and UV-vis—imposes
on the cell geometry. These constraints are fundamental in
shaping the overall design. For LIBS, both excitation (laser light
into the cell) and light collection (out of the cell) can occur
through the same window or through separate windows.

UV-vis spectroscopy is performed in transmission mode,
where a portion of the light (wavelength dependent) is absorbed
in the sample, and the unabsorbed or transmitted light is
collected by the spectrometer. The distance the light passes
through the sample is known as the path length. In the simplest
UV-vis setup, a straight-through geometry is used: light passes
through the sample in one direction, with the light source on
one side and light collection optics on the other. This setup
requires at least two windows on the optical cell to allow for
light transmission through the cell. Alternate UV-vis configu-
rations include a multi-pass cell that uses mirrors to reflect the
light through the cell multiple times.

The quality of the UV-vis signal is dependent on several
factors, most importantly the optical path length, and the beam
diameter. Optimizing these parameters improves the signal
quality; however, the optimal values for salt species in vapor
phase are not well-documented in literature. Therefore, exper-
imental exploration of the optical path length and beam
diameter was necessary to determine the optimized values for
the vapor cell for these species. The configuration explored in
this design was a straight through geometry with two optical
windows.

2.2 Cell design and instrumentation

With the above in mind, a modular optical cell was designed,
with which parameters such as optical path length and beam
diameter could be experimentally explored to narrow the design
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space for probing vapor phase constituents. Fig. 1 shows the
optical cell design. Here, 38.1 mm (1.5 inch) diameter uncoated
UV Fused Silica windows (Thorlabs, VPW42) were used to obtain
an optical window opening approximately 30 mm in diameter
into the cell. These windows were uncoated to allow for better
transmission of chromatic light from UV-vis and the LIBS
plasma. The windows were sealed by sandwiching them
between an outer stainless-steel ring and grafoil gaskets
(Curtiss-Wright/AP Services, AP Style 6300L) as shown in Fig. 1b.
Three screws (8-32) were used to tighten down and compress
the gasket. This sealing approach allowed the cell to be rapidly
disassembled and re-assembled as needed.

The cell body was a 2-inch (50.8 mm) outside diameter (OD)
stainless steel tube fitted with the window end caps. With this
design, the cell body could be replaced with tubes of varying
lengths to meet specific measurement needs with defined
optical path lengths. To test and optimize the optical path
length for the current application, two tube sizes were used:
7.9 cm and 15.9 cm to obtain optical path lengths of 10 cm and
18 cm, respectively. The 18 cm length was dictated by the size of
the tube furnace used to heat the cell. In other applications, the
cell could be made longer as needed. The end caps consisted of
the window seals described above as well as a clamping mech-
anism to make a seal with the outside surface of the stainless-
steel tube body. A cross-sectional view of the end cap and the
clamping mechanism is shown in Fig. 1b. Two grafoil gaskets
(Curtiss-Wright/AP Services, custom cut) were compressed
between the two angled jaws in the endcap via screws that draw
the jaws together. This compression action forces the gaskets
inward to tightly engage the outside surface of the stainless-
steel tube, creating a seal. This design is typically used when
sealing metallic components to quartz tubing and usually
utilizes a rubber O-ring or gasket rather than a carbon based
grafoil seal. Each end cap had a 0.25-inch (6.35 mm) OD tube
that was welded to the inside jaw of the endcap and allows for
gas inlet and outlet from the optical cell.

The entire cell, including the grafoil gaskets, were rated to
temperatures as high as 450 °C in oxidizing environments and
600 °C under inert conditions. This allows for a range of
different chemicals that can be tested. The tube furnace utilized
in these initial tests was an MTI Corp, OTF-1200X. Initial testing
with the vapor cell in the furnace showed a significant thermal
gradient between the center of the optical cell and the windows.

Gaskets - 7,(b)

= Window

gasket

Inside

clamping -

few Fused Silica
window

Optical cell

e Window

Outside — retaining ring

clamping jaw

(a) Framework of the versatile optical cell, and (b) expanded view of the window assembly.
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For example, with the 18 cm path length vapor cell at
a temperature of 450 °C (measured via the furnace control
thermocouple at the center of the furnace, exterior to the cell),
the windows were at ~210 °C (measured using an external
thermocouple in contact with the window) due to increased
heat loss at the windows and the edge of the furnace. As a result,
material loaded into the cell at its center would boil and migrate
towards the colder windows, where it could condense or freeze
depending on the operating temperature of the furnace and the
sample being measured. The large thermal gradient from the
center of the cell to the windows is difficult to change in this
setup. To address this issue, an external sample cell/chamber
was developed, as shown in Fig. 2, which could be heated
independently from the optical cell. This design allowed the
optical cell to operate at significantly higher temperatures while
still introducing the sample at a lower temperature. By
increasing the optical cell temperatures such that the windows
were above the boiling point of the sample, condensation and
freezing on the windows was significantly reduced. The sample
chamber consisted of 1-inch stainless steel tubing connected
via Swagelok fittings. The chamber was wrapped with heat tape
and then covered with a silicone sheet for insulation. Despite
the availability of the external sample chamber, some tests were
performed by adding the sample directly to the optical cell for
simplicity during testing.

On either side of the optical cell and external sample
chamber were high temperature valves (Swagelok, Model #SS-
3NBS4-BKP-G) that could be opened or closed. The primary
function of the valves was to allow for loading and unloading of
the sample and optical cell in an inert atmosphere environment
(glovebox). Once the sample was loaded, the optical cell, with
closed valves, could be transferred out of the inert atmosphere
to the furnace, connected to the gas lines without exposing the
sample to air. The gas panel was configured with a two-way valve
toggled between argon gas flow or vacuum (via a venturi), such
that the cell could be evacuated and backfilled to ensure a clean
atmosphere before testing, operated under vacuum, or under
inert gas flow conditions. If the valves were closed at the onset
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of the experiment and remain closed, pressure in the cell would
build with heating and the vapor phase within the cell could
reach equilibrium vapor pressures under the temperature and
pressure conditions. If the valves were left open, then gas flow
from the gas panel could continuously pass through the cell and
to the exhaust system.

The laser used for this work was a Nd:YAG laser (Quantel
USA, Q-Smart 450) operating at 1064 nm. In this configuration,
a z-pattern of mirrors was used to align the laser beam through
a beam splitter (to reduce the energy), allowing for the laser to
operate at a higher energy while minimizing instabilities and
utilizing lower energies at the sample. After the beam splitter,
the laser beam was directed through another set of mirrors in
a z-pattern to achieve the correct height and orientation for the
beam. The selection of the laser focusing lens and beam
diameter is critical for gas applications. With longer focal
lengths, the beam diameter passing through the window might
be small enough to exceed the damage threshold of the window
material. Additionally, Morgan et al.** found that if the focal
length is too long, an elongated hourglass shaped plasma,
which is cooler than optimal, occurs. If the focal length is
extended further, there is insufficient energy for gas breakdown
to occur. For a beam diameter of 6 mm (the incident beam
diameter from Q-Smart 450), the ideal focal length was 35 mm.
At this short focal length, it is challenging to work around the
windows and constraints posed by the furnace, insulation, and
other fixtures. To achieve a more practical focal length of
between 125-140 mm, the laser beam diameter increased to
17.3 mm using a 2.66x beam expander.

The 2.66x beam expander utilized two optical components.
The first was a concave lens with —75 mm focal length, and the
second was a plano-convex lens with a 200 mm focal length,
positioned 125 mm from the first lens. The first lens expanded
the laser beam and the second lens collimated it into approxi-
mately a 17.3 mm diameter beam. A 2-inch laser mirror redir-
ected this beam towards the optical cell. The laser beam was
then focused into the optical cell using a 125 mm plano-convex
lens (Thorlabs, LA4236), positioned about 80 mm from the

Fig. 2
before wrapping with silicone insulation tape.
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(a) Picture of the external sampling chamber without the heat tape and (b) a photo of the external sample chamber with added heat tape
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optical cell window, resulting in a beam diameter of approxi-
mately 5.76 mm at the window surface. The plasma light
collection was achieved using a 5 mm diameter fiber optic
micro-collimator (Fiberguide, NA 0.22) connected to a kine-
matic mount positioned beside the 125 mm focusing lens. A
SMA fiber optic cable (Ocean Optics, P400-5-UV-VIS) linked the
micro-collimator to an Echelle spectrometer (Catalina Scien-
tific, EMU 120/65). Two different EMU 120/65 spectrometers
with distinct gratings were used. The first spectrometer grating,
IX2:VIS/NIR, covered a spectral range from 350 nm to 950 nm
with an average resolving power of 51000 at 435 nm, and
employed a Falcon 285 electron multiplying charge coupled
device (EMCCD) detector from Raptor Photonics. The second
spectrometer grating, UVU3:UV/VIS/NIR, spanned a spectral
range from 200 nm to 1000 nm with a resolving power of 15 000
at 435 nm, and used an iXon3-885 EMCCD detector from Andor
Technologies. Since neither detector had a digital shutter,
a separate DDG (Quantum Composer, 9200) was utilized to gate
delay the spectrometer. The gate delay varied in this study while
the gate width was maintained at 80 ps. In the optical setup
described above, the components following the beam expander
were mounted on a breadboard platform (Thorlabs, 0.5-inch by
4-inch by 6-inch) attached to a rail (Newport, PRL-24). During
LIBS measurements, the platform was positioned using a stop
on the rail and secured. While performing UV-vis measure-
ments, the breadboard platform was slid along the rail to clear
the UV-vis beam path. As a result, time synchronization was not
necessary between the LIBS and UV-vis measurements.

The UV-vis spectroscopy system coupled with the vapor cell
comprises a high-resolution spectrometer (Ocean Optics HR6
utilizing a CCD array detector) with a range of 185-1100 nm,
and a Deuterium-Halogen UV-vis-NIR light source (DH-2000-
Bal) capable of illuminating from 190-2500 nm. Data transfer
utilized High-OH fiber optic cables (Fiberguide, core diameter
400 um, NA 0.22) with minimal attenuation over a range of 190-
1250 nm. Data collection was performed using the OceanView
software, set to 20 scans per collected spectrum, with integra-
tion times between 400-800 ps. The UV-vis setup included the
central optical cell, previously described, and telescopic
modules on both sides of the central cell. The telescopic
modules were designed to provide flexibility in modifying the
optical path length and beam diameter according to the
sample's absorption characteristics, while being robust enough
to require minimal adjustments without losing alignment. The
optical path length can be adjusted to various lengths according
to the sample's absorption cross-section and concentration by
exchanging the central cell body (tube) and fitting the same side
windows. The telescopic units consist of plano-convex lenses
that amplify the light beam from the illumination source (point
source from the fiber guide) to increase the effective interaction
volume with the sample along the cell. On the opposite side
(outlet), the other telescopic unit reduces the collimated beam
at the focal point, which is the fiber guide that transmits the
photons to the spectrometer. The beam size is determined by
the choice of lens and its focal length (directly related to the lens
diameter). Two sets of collimating/receiving lenses were used:
30 mm and 50 mm focal lengths. The lenses are positioned in
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the apparatus so that the distance between the SMA connector
of the optical fiber and the vertical axis of the lens matches the
focal length. The 50 mm and 30 mm lenses generate beam
diameters of 22 mm and 11 mm, respectively. The mounts for
each type of lens are adjusted according to the lens diameter.
The total optical path between the light source and the receiving
fiber optics was adjusted by moving the receiving optics along
a rail. The available range for total optical path distance
adjustments was approximately 57 to 73 cm. Two different
systems (one organic, naphthalene, and one inorganic, SbCls)
were tested to evaluate the detection and behavior of the
experimental setup.

2.3 Chemicals

Naphthalene (H;0Cs, Sigma-Aldrich, 99% purity) was selected
for vapor-phase analysis due to its low sublimation temperature
(~80 °C), its high molar absorption coefficient and its charac-
teristic absorption in the UV range.*® The parameter optimiza-
tion of the UV-vis design configuration, including path length,
beam diameter, and optical path (the distance between optical
mounts on either side of the furnace), was performed using
naphthalene at 85 °C, just above its sublimation temperature.
The spectrum for naphthalene was also collected at 450 °C to
assess the effect of temperature on the resolution and sensitivity
of the spectroscopic cell. For each test, approximately 0.6 g
naphthalene crystals were weighed and loaded into the vapor
cell using a high-precision analytical balance (Mettler Toledo
XPE504).

After refining the optical cell parameters for the UV-vis
design and conducting high-temperature testing, a volatile
metal halide system, antimony pentachloride (SbCls, boiling
point 140 °C, Thermo Fisher 99.997% purity, lot number
017570-14), was selected to demonstrate the applicability of this
cell for molten salt vapor phase analysis. SbCl5 is a highly
volatile and reactive salt that decomposes upon heating,
releasing toxic and corrosive vapors such as chlorine gas (Cl,)
and antimony trichloride (SbCl;) in absence of air. In the
presence of air, it decomposes to antimony oxide (Sb,Os) and
Cl,. HSC chemistry software* was used for Gibbs energy
calculations for these reactions. The decomposition of SbCl; in
the presence of oxygen is highly likely at any temperature, and
the decomposition without the presence of oxygen is likely
above approximately 200 °C.

The glovebox was maintained below 0.1 ppm O, and H,O
levels to ensure an inert and controlled environment. Approxi-
mately 0.9 g of liquid SbCl; was placed into a glass vial using
fluorinated pipettes, which was then loaded into the apparatus.
The sample was then transferred into the optical cell within the
glovebox to maintain the integrity of the sample. The vapor cell
was then sealed to reduce contamination or loss of sample due to
chemical reactions. The sample chamber was heated to 140 °C, to
allow the vaporization of SbCls. The optical cell was heated to
350 °C to prevent condensation of SbCl; on the windows
(windows temperatures were 169 °C). Spectra were collected while
maintaining this temperature for up to 3.5 hours to evaluate the
effect of SbCls concentration and its corresponding spectrum.
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3 Results and discussions
3.1 Optimization of test configuration

Initial pressure testing of the optical cell was conducted to
explore the effectiveness of the design and seal mechanisms.
Initially, the seals were not sufficiently tight to hold pressures
greater than 5 psi. However, after torquing the bolts to their max
torque rating of 2.25 Nm (~20 Ib-in), the leaks were significantly
reduced but not eliminated. The leaks were typically located
where the end caps were connected to the 2-inch cell body. This
seal type is better suited for rubber O-rings rather than the
grafoil seals for use at high temperatures. As a result, for tests at
temperatures lower than 288 °C, PTFE O-rings were used which
eliminated leaking at this location. The seal around the
windows also had a slight leak in between the bolt pattern,
which was improved by further tightening the bolts but was not
eliminated in all cases. With all grafoil seals, the leak rate was
measured to be approximately 0.2 psi per minute at 10 psi.
While this leak rate was deemed sufficient for flowing applica-
tions where the operating pressures were at ambient condi-
tions, it is too high for testing in a sealed system where the
pressures could be much greater than 10 psi. Indeed, initial
tests using naphthalene in a closed configuration resulted in
a strong naphthalene smell, indicating loss of material via
leaking (pressure measurements in the cell in closed configu-
rations were not possible due to the potential for material freeze
out on the gauge). As a result, all future testing with this
hardware was conducted in a flowing configuration with Ar gas
at flows of approximately 1 L min~'. To enhance the cell's
sealing capability, it is recommended to use welds when
possible and to utilize additional and stronger bolts to increase
the compression of the grafoil seals.

With the optical cell pressure testing complete, testing of the
UV-vis design parameters was carried out in a series of experi-
ments using naphthalene at 85 °C. Naphthalene is a poly-
aromatic organic compound with characteristic transitions in
the UV range due to conjugated double bonds. These transi-
tions result in a fine structure that have been extensively studied
due to their health impacts and environmental implications,
particularly from the combustion of coal, oils, and gas in the
chemical industry. Studies by Ferguson,* George,* Suto,*® and
Orain*” have reported the absorption cross-section, fluores-
cence, and quantum yield in both the UV and visible spectra.
The absorption spectrum of naphthalene consists of a series of
peaks between 250-280 nm due to a second transition, which
are complex and challenging to interpret due to conjugation. In
1957, Ferguson® reported the vapor spectra of naphthalene at
313 K with small amounts of argon to facilitate thermal equi-
librium. It has become common practice in literature to use the
absorption peak at 265 nm as a reference for concentration
calculations. Orain® reported an absorption cross-section for
266 nm peak between 1.25-1.35 x 10" in the vapor phase.

Fig. 3a illustrates the electronic absorption spectra for
naphthalene in vapor phase after 1 hour of heating with a set-
point of 85 °C, varying two parameters: path length (10 and 18
cm) and beam diameter (11 and 22 mm) using the
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corresponding lenses. The relative position of the collimation
lenses was tested by moving the receiving optical mount along
a rail to increase distance between optics. A signal attenuation
of 11.4% was observed after a distance increase of 16 cm. The
sample mass and argon flow conditions were kept constant
between tests; therefore, it is assumed that the vapor concen-
tration between tests was the same. Flow configuration of the
cell limits the determination of the actual concentration of the
vapor species.

Optimal signal strength and peak resolution were achieved
with a larger beam diameter and longer path length (22 mm
beam, 18 cm path). The data indicates that beam size is the
most critical factor for improving signal resolution and inten-
sity. While increasing the path length enhances signal intensity,
it does not necessarily improve resolution, as shown by the
11 mm X 18 cm and 11 mm x 10 cm configurations. A larger
beam diameter expands the hypothetical measurement cylinder
(interaction volume), allowing for more spatially distributed
interactions. This can reduce self-absorption and energy
transfer effects, potentially mitigating impact of scattering on
spectral resolution. Smaller interaction volumes (narrower
beams or shorter paths) generate weaker signals that are more
susceptible to noise and fluctuations, degrading spectral
feature resolution. Extending the path length increases photon
absorption, while a larger beam diameter ensures more mole-
cules contribute to the measured signal. This combination
enhances peak definition, making absorption features more
distinct relative to the baseline. Therefore, optimizing both
beam size and path length improves measurement sensitivity
and enhances the reliability of spectral analysis.

To further assess the effect of these parameters, the beam
interaction volume was calculated from the beam diameter and
path length. The absorption intensity at select wavelengths was
compared between these beam interaction volumes. Table 1
shows the parameters and calculated beam interaction
volumes, and some select wavelengths with corresponding
intensities, and Fig. 3b shows the intensities versus beam
interaction volume plot. Although the resolution is suboptimal,
intensities versus beam interaction volume plot, Fig. 3b shows
a general trend, supporting the hypothesis that a higher beam
interaction volume will lead to a higher intensity signal.

3.2 High-temperature tests

The spectrum for naphthalene was collected at 450 °C to assess
the functionality of the design with the addition of the external
sample chamber. During the test, the optical cell was raised to
450 °C. Once the cell temperature stabilized, the sample
chamber was raised to and maintained at 85 °C to vaporize
naphthalene, and transfer into the optical cell. Fig. 4 shows the
spectra recorded for naphthalene at 450 °C.

A change in the spectral features of naphthalene with
temperature is notable. A similar effect has been observed by
Grosch et al.,** where naphthalene was studied up to 500 °C
using a similar experimental spectroscopic setup, albeit with
a larger size and less flexibility. Grosch et al. reported the
temperature-dependent changes in absorption spectra of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Average spectra of naphthalene vapor at steady-state at 85 °C. Beam diameter and path length were varied to determine optimal

configuration. The strongest signal was observed at a 22 mm beam diameter and 18 cm path length. (b) Scatter plot of beam interaction volume

and peak intensities at select wavelengths.

naphthalene, with the fine structure vanishing and the overall
broadening of the peak. These observations can be explained by
the presence and overlap of vibrational states, which create
a continuum of absorption rather than the fine structure
observed in the vapor phase at lower concentrations and
temperatures.”® Additionally, higher temperatures increase
molecular motion, resulting in Doppler broadening and colli-
sional broadening, which further contributes to the broadening
of absorption peaks. These combined effects explain why the
absorption peak shifts to lower energies (red shift) as temper-
ature increases. This phenomenon has been also reported for
benzene, naphthalene, anthracene, diphenyl, perylene, pyrene,
phenanthrene, and triphenylene crystals show narrower and
more intense signals in absorption spectra at low-temperature
(=170 °C) compared to room temperature.* This observation

Table 1

indicates that interactions among aromatic hydrogens affect
the shape of the absorption peaks. It is important to note the
blue shift for naphthalene under Ar in this work compared to
the spectrum reported by Grosch et al. under N,.** This blue
shift in the naphthalene spectra can be attributed to the weaker
interactions and lower stabilization of the excited states in Ar
compared to N,, due to its lower polarizability compared to N,.
Additionally, Angus and Morris* conducted studies on solid
solutions of naphthalene in noble gas matrices and found shifts
in the characteristic absorption peaks depending on the matrix.

For naphthalene, LIBS measurements were also performed
alongside UV-vis analysis. A typical LIBS spectrum of naphtha-
lene and argon in the optical cell is shown in Fig. 5. This data
was collected at 43 m] with a gate delay of 2 us and is the
accumulation of 740 shots at 2 Hz. Many shots were

Intensities of select wavelengths at each beam interaction volume

Select points

Beam diameter (cm) Path length (cm) Beam interaction volume (cm?) Wavelength (nm) Intensity
1.1 10 9.50 254 0.10838
265 0.11451
267 0.10684
270 0.09884
1.1 18 17.11 254 0.33070
265 0.35461
267 0.33092
270 0.29998
2.2 10 38.01 254 0.54402
265 0.59230
267 0.52743
270 0.46801
2.2 18 68.42 245 0.64065
265 0.69601
267 0.60166
270 0.53033
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(Left) Average curves for naphthalene vapor at 450 °C over time, showing sample depletion at the end of the test. (Right) Average curves

for naphthalene vapor at 85 °C over time, showing the increase of naphthalene concentration at the start of the test.

accumulated since single shot data did not reveal any transients
or trends within the timeframe of interest. Increasing shot
accumulations resulted in lower noise and better detection of
weaker spectral lines. In this measurement, the spectral range
was from 350 nm to 950 nm. The signal was primarily domi-
nated by the argon carrier gas, with most of the prominent lines
originating from argon. The spectrum revealed several atomic
lines for carbon (C), hydrogen (H), oxygen (O), and nitrogen (N).
The presence of N and O suggest air infiltration in the system.
LIBS measurements were performed on the Ar gas source in
a smaller cell sealed with rubber O-rings and no indications of N
or O, were present. As a result, it is assumed that the air leaking
into the cell occured throughout the experiment through the
sealing mechanisms of the cell and not due to initial contami-
nation in the system or in the Ar carrier gas. Due to the long gate
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Fig. 5 A full LIBS spectrum from the optical cell in naphthalene vapor
at 85 °C, including CN, H, C,, and C lines at 2 us gate delay and 43 mJ.
The spectrum is an accumulation of 740 shots.
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width (exposure time) of 80 us used for this data collection,
there was also signal from two molecular species, diatomic
carbon (C,) and cyanide (CN). However, the weakest of the C,
and CN spectral lines only emerged statistically from the spec-
trum at higher shot accumulations, while the C lines and some
of the CN lines were discernible in the spectra from single laser
shots with signal to noise ratios (SNR) of approximately 2-3.
Table 2 shows the lines identified for C, C, and CN using 740
shot accumulations. The most intense C bearing line was the
CN line at 388.32 nm and the intensity of the other lines in the
table are shown relative to this line. The presence of these
molecular species is expected, as they are commonly reported in
hydrocarbons in the presence of air.”"*

Also shown in Table 2 are the signal to background ratios
(SBR) and the SNRs for each line reported. The SBR was calcu-
lated as the peak intensity divided by the background signal
near the peak of interest. While this approach is simple and
does provide a reasonable approximation of a line's strength, it
overlooks the level of noise present in the background. To
capture more of the noise information, the SNR was also
calculated as the background intensity subtracted from the

Table 2 Observed spectral lines for C, C; and CN with their relative
intensities, SBRs, and SNRs

Spectral line (nm) Wavelength (nm) Relative intensity SBR SNR

C1909.48 909.48 0.51 5.50 58.84
CI911.18 911.18 0.23 2.56 18.11
C1908.85 908.87 0.17 1.86 10.54
C1907.83 907.84 0.13 149 5.86
C, 473.59 473.57 0.54 1.26  5.89
C, 471.49 471.49 0.47 1.14 2.88
CN 388.32 388.32 1.00 2.34 20.86
CN 387.12 387.13 0.66 1.53 6.71
CN 385.44 385.45 0.58 1.25 2.86
CN 386.15 386.15 0.50 1.18 2.67

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peak intensity, all divided by the standard deviation of the
background signal.

Additional testing was conducted to evaluate long-term
durability of the cell and optical system for an extended
period while conducting measurements via LIBS and UV-vis.
The cell with a 10 cm path length and a 22 mm collimated
beam diameter, was loaded with 0.6 g of naphthalene. The
temperature was maintained at 85 °C for up to 30 hours. The
signal was observed to reach an equilibrium like those shown
under the same conditions for UV-vis and LIBS. However, minor
fogging was observed approximately four hours into the test,
indicating a buildup of material on the windows. This deposit
could not have been naphthalene condensation, as the windows
were too hot to maintain naphthalene in solid or liquid form. It
was likely a product of chemical reactions in the cell due to
water and oxygen contamination, leading to material deposits
or chemical etching of the quartz windows. This result suggests
that simply maintaining the windows at high temperatures is
not a viable long-term solution, necessitating alternative design
innovations.

To mitigate the observed sample interactions on the
windows, an alternative design was explored to limit material
accumulation on the windows. The new concept was developed
utilizing a cover gas buffer between the sample and the
windows. Fig. 6 shows a schematic depicting a double-window
design and how it would function with a laser for LIBS
measurements. A primary window was used to seal the interior
of the chamber, while a secondary internal window with a small
hole (5 mm) was positioned 25 mm from the primary window. A
cover gas was introduced between the two windows and into the
main section of the optical cell through the hole bored in the
secondary window. The gas flow is utilized to prevent the vapor
in the main cell from flowing back into the small chamber,
thereby protecting the exterior window from deposits. This
design was intended as proof of principle. In future iterations,
the secondary window could simply be replaced by an orifice
through which both LIBS and UV-vis measurements are
conducted.

Quartz window

(1.5-inch dia.) Pierced quartz window (1-
inch dia.)
§§§¢ Glass or SS tube
Laser > —
plasma
wlivgy
Sheath Vapor
Flange Gas Phase in
Seal

Fig. 6 Schematic of the double-window optical cell design.
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This design was tested using a 3D printed optical cell made
from Onyx as the material (operating temperature of 145 °C),
with rubber O-rings, and quartz windows. The sample carrier
gas was Ar, flowing at approximately ~1 L min~". In this setup,
Ar was also used as the cover gas at a similar flow rate of about 1
L min . Tests were conducted using naphthalene as a sample
at temperatures between 90-100 °C to explore the signal and the
longevity of the new concept. UV-vis measurements with
a 11 mm diameter beam showed that the naphthalene signal
was only marginally affected by the hole in the secondary
window, and a clear naphthalene peak was observable as
expected.

For LIBS, measurements were acquired using a spectral
range from 200 nm to 950 nm, enabling the detection of the
strong C line at 247.853 nm, which was not possible with the
previous spectrometer configuration. The SBR and SNR for this
line was 5.0 and 33.54, respectively. Unfortunately, the strong C
lines in the 906-912 nm range observed previously fell into
a spectral gap due to the echelle grating of this spectrometer.
Strong H bands were also observable around 656.27 nm. Due to
the low-temperature design of the cell, O-rings were used, and
consequently there were no indications of O or N in the LIBS
spectra.

Over a series of tests in the new 3D-printed design, the
optical cell operated for a combined total of 44 hours, during
which 1.6 g of sample passed through the optical cell without
any interactions or observed material deposits on the windows.
This marks a significant improvement over previous tests,
where material deposits were observed after just 4 hours. This
new prototype configuration with a cover gas proved effective at
protecting the windows from material deposits and interfer-
ences in the spectroscopy measurements and is therefore rec-
ommended for future optical cell designs.

3.3 Molten salt vapor test: SbCl; species

A test with antimony(v) chloride (SbCls) was conducted using
the high-temperature stainless steel optical cell in closed

SbCl,——~_ | .o Original data

204 15 [IsbCls
—_ / 2 SbOCI I:‘ SbOCI
3
S5
c
L
=
2
o 1.0
/2]
e}
<

0.5 1

00 T T T T T

250 300 350 400 450
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Fig. 7 UV-vis spectra of SbCls vapor species, decomposed to SbCls at
350 °C.
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accumulation of 20 shots, and (b) data from the 350—-950 nm spectrometer taken at 26 mJ and 2 us gate delay and is an accumulation of 120

shots.

configuration as a proof of concept at high temperatures for
molten salt systems. In these experiments, the liquid SbCl;
sample was heated to a temperature of approximately 140 °C in
the external sample chamber, while the optical cell was main-
tained at a temperature of 350 °C. Under these conditions, the
cell windows were at a temperature above the boiling point of
SbCls, enhancing thermal decomposition to SbCl; and Cl,.
Fig. 7 shows the UV-vis spectra obtained for SbCl; at 350 °C
over a period of 5 hours. Initial peak observed (263 nm, blue
curve) corresponds to the second absorption peak for SbCls, as
reported by Gregory et al.®” who observed two intense absorp-
tion peaks for SbCl; at 298 K, around 230 nm and 270 nm. In
contrast, SbCl; exhibits one primary absorption peak below
200 nm with a shoulder at 255 nm with a low absorption coef-
ficient. Over time, the 263 nm peak for SbCls exhibits

Table 3 Spectral lines for SbCls observed using the 200-950 nm
spectrometer. The intensity is shown relative to the strongest Sb line

Spectral line (nm) Wavelength (nm) Relative intensity SBR SNR

Sb I 252.852 252.860 0.684 5.6 26.5
Sb I 259.805 259.805 1.000 8.7 39.6
Sb 1276.993 276.995 0.345 2.9 11.2
Sb 1287.792 287.795 0.551 4.2 18.7
Sb I 302.983 302.990 0.238 1.9 5.7
Sb I 323.252 323.255 0.555 4.1 21.8
Sb I 326.751 326.750 0.618 4.6 253
Sb I 363.785 363.785 0.185 1.6 5.2
Cl1725.662 725.675 0.202 3.1 8.7
Cl1774.497 774.515 0.132 2.5 13.8
ClI821.204 821.210 0.127 2.5 17.1
Cl1833.331 833.345 0.188 4.3 24.8
ClI857.524 857.525 0.152 3.5 9.7
Cl 1 858.597 858.605 0.301 6.7 38.2
Cl I 894.806 894.815 0.247 6.4 295
Cl11919.173 919.190 0.076 4.3 26.0

12572 | RSC Adv,, 2025, 15, 12563-12576

a bathochromic shift, in addition to the appearance of new
bands. According to thermodynamic calculations, the most
favored reaction involves the decomposition of SbCl; to SbCl;,
which is not observable either due to its rapid oxidation or its
low absorption coefficient in the 250-350 nm range. The new
bands (red curve) indicate the oxidation of decomposed Sb(ur)
species, resulting in the formation of SbOCIL.>* A closer exami-
nation of the red curve through deconvolution (inset, Fig. 7)
reveals a broad absorption peak at 298 nm (blue) and two lower-
intensity peaks (grey) at 263 and 309 nm. The two lower-
intensity peaks can be correlated to the presence of SbOCI, as
reported in aqueous systems,* while the broad peak at 298 nm
might correspond to some unreacted SbCl; and unresolved
more complex oxychloride species. Hu et al. (2024)** reported
diffuse reflectance spectra for various Sb,0,Cl, showing lower
energy absorption for higher oxychlorides, indicating
complexity of individual determination.

LIBS measurements were also conducted in SbCl; vapor for
the first time. In these measurements, both spectrometers were
used to capture the entire spectral region during a series of
different experiments. Fig. 8a and b show spectra acquired
using the two different spectrometers, one with a range from
200-1000 nm and the other with a range from 350-950 nm. The
spectra were analyzed, and spectral peaks were identified for Sb,
Cl, N, H, and O lines. The presence of N, O, and H indicate that
some air infiltrated the cell, most likely due to the leaky seals of
the optical cell. For data shown in Fig. 8a, the laser energy was
28 mJ with a gate delay of 3 ps, and each spectrum was an
accumulation of 20 laser shots at a frequency of 3.33 Hz. For the
spectra shown in Fig. 8a, spectral lines were identified for Sb
and Cl as tabulated in Table 3. The strongest Sb line, at
259.805 nm has a SBR of 8.7 and a SNR of 39.6, indicating that it
could be used for quantitative analysis. From previous gas
phase work, the Sb I 252.852 nm line was used effectively to
generate calibration curves.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Spectral lines for SbCls observed using the 350-950 nm
spectrometer. The intensity is shown relatively to the strongest Cl line

Spectral line (nm) Wavelength (nm) Relative intensity SBR  SNR
Sb I 363.785 363.776 0.69 5.8 6.1
Cl1725.662 725.654 0.48 40.0 32.8
Cl1754.707 754.698 0.30 11.7 11.2
Cl1774.497 774.486 0.26 9.6 11.9
Cl1821.204 821.194 0.13 13.5 9.5
Cl1833.331 833.334 0.29 16.0 14.0
Cl1837.594 837.580 1.00 65.8 43.3
Cl 1 842.825 842.814 0.63 1.3 8.7
ClI857.524 857.506 0.20 34.6 29.1
Cl I 858.597 858.584 0.40 237.4 51.6
Cl I 894.806 894.796 0.35 459 309
Cl1907.317 907.298 0.12 7.8 6.0
Cl1912.115 912.108 0.87 23 741
Cl1919.173 919.166 0.16 28.3 43.2

The data presented in Fig. 8b was collected using a laser
energy of 26 mJ with a gate delay of 2 ps, and each spectrum is
an accumulation of 120 shots taken at 2 Hz. In this spectral
range, only one Sb line was identified at 363.785 nm with a SNR
of 6.1, though several strong chloride lines were identified in
the spectra. Additionally, prominent N and O lines were iden-
tified along with a weak H line at 656.27 nm. Table 4 lists Sb and
Cl lines identified in the spectra using the spectral range 350-
950 nm. The Sb lines reported here are consistent with other ref.
38-42 and 55 for Sb, though to our knowledge this is the first
time LIBS was performed in a SbCl5 gas phase.
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As part of one of the SbCl; experiments using the spec-
trometer with a range of 350-950 nm, a gate delay study was
conducted in which the gate delay was varied between 1-25 us.
For each gate delay value, 5-6 replicate measurements were
taken, and from each replicate, the SBR, SNR, and intensity of
several peaks were calculated and averaged. These values were
then averaged across the replicates. Fig. 9 shows the average
SBR, SNR, and intensities of the ClI I 837.594 nm, Sb I
363.785 nm, Ar I 763.51 nm, and O I 777.19 nm lines. The error
bars represent the standard deviations between the different
replicates, which tended to be high relative to the variation
caused by different gate delays. For all four elements of interest,
the peak intensity decreased with increasing gate delay, as ex-
pected. For Cl, the SBR and SNR did not change significantly as
a function of gate delay. For Sb, there is a slight maximum in the
SNR and in the SBR at 15 pus gate delay, but due to the high
variance between repetitions, the maximum may not be statis-
tically significant. Similarly, for the O line, there is a maximum
in the SBR at 20 s, but not for the SNR. However, for Ar, there is
a statistically significant peak at 10 ps. Therefore, selecting
longer gate delays appears to be advantageous in these gas
phase experiments.

Post-experiments, a deposition and some etching on the the
windows was observed. The window temperatures were too hot
for SbCl; to condense or freeze. Consequently, a thermody-
namic assessment of potential SbCl; reactions with O, or H,O
as contaminants in the cell using HSC Chemistry software** was
performed, which indicates that the reaction of SbCls with
oxygen is thermodynamically unfavorable at all temperatures.
However, in the presence of moisture (H,0), SbCls can form
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Sb,05 and HCI at temperatures between 300-400 °C. The reac-
tion is as follows:

2SbCls (g) + SH,O (g) = Sb,Os (s) + 10HCI (g)

Based on LIBS results, O, N, and H were present despite
purging with argon gas. As a result, it is likely that H,O was
present in the cell (either initially or via leakage) to react with
SbCls. Thus, the deposition on the windows was likely Sb,05
and the observed etching might have been caused by HCl in the
optical cell.

4 Conclusions

A modular design of the optical cell that allows for the opti-
mization of optical path length and beam diameter, accom-
modating the distinct requirements of each spectroscopy
approach, has been presented. The design and development of
this novel optical cell presents a significant advancement in the
field of high-temperature vapor phase spectroscopy. The inte-
gration of UV-vis and LIBS spectroscopy into a single, versatile
apparatus provides a powerful tool for comprehensive chemical
analysis of vapor phase species. The limitation of initial design
was condensation of test species on the optical windows, which
was addressed by implementing a cover gas buffer on the
window. This innovative feature effectively prevents material
buildup, ensuring the integrity and longevity of the cell during
extended operation. The successful application of this cell in
analyzing both organic (naphthalene) and inorganic (SbCls)
vapors highlights its potential in various scientific and indus-
trial applications, including environmental monitoring, phar-
maceuticals, materials science, and chemical manufacturing.
The modular and adaptable nature of the optical cell ensures
that it can meet diverse needs of various scientific and indus-
trial applications, paving the way for future research and
development in the field of vapor phase spectroscopy. This work
sets a foundation for further explorations into combining
multiple spectroscopy techniques within a single apparatus,
offering a comprehensive tool for advanced chemical analysis in
complex environments. The introduction of the cover gas buffer
further enhances the cell's capability, making it a robust solu-
tion for high-temperature vapor phase analysis.
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