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Abstract. In the event of a severe accident in a light water nuclear reactor, substantial amounts of hydro-
gen may be produced and released into the containment due to reactor core degradation. Additionally, if
molten corium interacts with concrete, further combustible gases, such as hydrogen and carbon monoxide,
may be emitted. As demonstrated during the Fukushima Daichi accident, the combustion of Hy and CO
can generate high-pressure peaks, potentially compromising the integrity of the reactor containment. To
mitigate the formation of combustible gas mixtures, many European countries have implemented safety
measures, including the use of Passive Autocatalytic Recombiners (PARs) or igniters, which help consume
Hs and CO upon release. However, studies indicates that even with these systems in place, completely
preventing the formation of combustible mixtures remains challenging. This could lead to localized com-
bustion, flame acceleration, and ultimately poses a risk to the integrity of containment structures and
safety components. To safeguard containment integrity, severe accident management guidelines (SAMG)
recommend strategies such as activating spray systems or emergency core cooling, which may inadvertently
increase the risk of gas explosions. Therefore, an effective gas monitoring system is of strong interest for
supporting decision-making and implementing SAMG measures. In response to this need, the COMOS sys-
tem — a fiber-coupled nuclearized gas probe prototype utilizing optical Raman technology — was developed
under the French MITHYGENE Project. This system aims to enhance the management of combustible
gases during severe accidents in water-cooled reactors, including Small Modular Reactors (SMRs), offering
an innovative approach to improving nuclear safety.

1 Introduction atmosphere (either filtered or unfiltered). However, some
of these safety strategies can introduce new risks, such as
promotion of flame acceleration in case of spray activation

in some conditions [1].

During a severe accident (SA) in a Light Water Reac-
tor (LWR), substantial amounts of hydrogen (Hs) gas are

expected to be generated and released into the containment
due to core degradation, creating a potential combustion
hazard. Additionally, if Molten Corium/Concrete Interac-
tion (MCCI) occurs, further flammable gases, including
hydrogen (Hz) and carbon monoxide (CO), may be released.
If ignited, these gases could cause rapid pressure and tem-
perature spikes, threatening the integrity of the contain-
ment structure and essential safety components.

To mitigate the risk of combustible gas mixtures form-
ing, several European countries have adopted safety mea-
sures such as Passive Autocatalytic Recombiners (PARs)
or igniters, which help to consume Hy; and CO upon
release. Additional precautions are taken to prevent reac-
tor building failure due to overpressure, including water
spray injection and controlled venting of gases into the
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To assist reactor operators and safety authorities (e.g.,
emergency response centers) in managing explosion hazards
during severe accidents, safety guidelines were developed
in the 90’s. These severe accident management guidelines
(SAMG) provide recommendations on the adequate safety
strategies during the accident with the aim to preserve the
containment integrity. When implemented, the monitoring
of combustible gas concentrations is a key aspect of these
guidelines and plays a crucial role in decision-making. Typ-
ically, fewer than ten sensors are placed in various contain-
ment areas to track gas concentrations. Operators rely on
these data to make critical decisions, such as delaying spray
activation or opening venting lines [3].

Two primary measurement techniques are mainly
employed in nuclear power plants (NPPs) to monitor
containment atmosphere during a severe accident. They
are based on gas sampling and catalytic reaction-based
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detection. In catalytic reaction-based measurement sys-
tems, hydrogen concentration is inferred by measuring
the temperature increase induced by catalytic reactions
on Pt/Pd sensors. This method is used in nuclear plants
such as Beznau (Switzerland), Doel units 3 and 4 (Bel-
gium), and Kozloduy (Bulgaria) [2]. However, these sys-
tems do not effectively work in the later phases of a severe
accident when oxygen is lacking, and carbon monoxide is
present. The reduction of oxygen content reduces the cat-
alytic reaction, thereby limiting the temperature increase.
Moreover, the simultaneous presence of hydrogen and car-
bon monoxide makes more difficult the accurate determi-
nation of their respective concentrations using tempera-
ture measurements.

The second widely used hydrogen measurement tech-
nique is gas sampling. In this approach, gas samples are
extracted through sampling lines and analyzed outside the
containment using either a mass spectrometer or a thermal
conductivity detector. This method is employed in several
NPPs in Germany and Japan, providing long-term mon-
itoring capability during severe accidents, as the hydro-
gen sensors remain outside the containment and are not
exposed to the harsh internal environment [2].

However, gas sampling has several disadvantages [2]
such as:

1. The need for containment penetration, increasing the
risk of leakage.

2. The potential dilution of hydrogen during the sampling
process, as pressure differences between the pipe inlet
and outlet can affect measurement accuracy.

3. The time delays due to sample extraction and analysis.

4. The necessity to shield external sampling systems to
protect personnel from radiation exposure.

5. The possible adsorption on pipe walls of certain species
such as H,O.

To address these limitations, the COMOS fiber-coupled
nuclearized gas prototype was developed under the French
MITHYGENE project (PTA-RSNR!) [4]. This technology
enables in situ, real-time monitoring of gas mixtures (Ho,
Oz, Na, steam, CO, CO3) at multiple containment loca-
tions, ensuring sufficient coverage throughout all phases
of a severe accident in LWRs.

The Technological Readiness Level (TRL) of COMOS
is estimated between 5 and 6, and its development has
led to three patent applications. Additionally, data-driven
algorithms, applied to a database of CFD simulation
results from accidental scenarios, have been used to opti-
mize sensor placement inside the containment. A summary
of the development and qualification of this system is pro-
vided in the following sections.

2 Description of the COMOS system
(COntainment Monitoring System)

COMOS utilizes Raman spectrometry for in situ gas mon-
itoring, covering both in-vessel and ex-vessel phases of
severe accidents. It partially relies upon temperature and
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pressure data provided by the control-command of the
NPP. It simultaneously measures six key gases (Hz, O,
CO, COg, steam, and N3), providing essential information
for Severe Accident Management and Emergency Plan-
ning, including:

— Quantification of hydrogen released into the contain-
ment, supporting the assessment of core degradation
level.

— Distribution of hydrogen and steam within the con-
tainment.

— Detection of MCCI.

— Measurement of carbon monoxide and carbon dioxide
released during MCCI providing information on the
concrete ablation.

— Identification of potential flammable gas mixtures for
both In-vessel and Ex-vessel conditions.

— Recognition of conditions favorable for rapid combus-
tion.

— Assessment of Passive Autocatalytic Recombiners
(PARs) efficiency in reducing hydrogen concentration.

— Observation of global convection phenomena based on
the measurement provided by several probes located
in the containment.

This monitoring technique offers several key advantages,
including chemical-selective, distributed, and highly local-
ized gas measurements (down to cm?® resolution) with
near real-time data acquisition (response time under
10 minutes). The optoelectronics unit is positioned outside
the radiological zone and connected to probes via several
meter-long optical fiber cables through optical penetration
assemblies (see Fig. 1). Additionally, it can be powered
by emergency power supplies to ensure functionality dur-
ing power outages, as experienced during the Fukushima
Daiichi accident.

The gas measurements performed using COMOS help
drawing a picture of gas distribution inside the contain-
ment and assessing the risk of flammable clouds formation
inside the containment during the accident. This informa-
tion can be then provided to the operators and emergency
centers in the form of the Shapiro-Moffette ternary dia-
grams below (Fig. 2).

Raman spectroscopy is extensively used for mate-
rial characterization and chemical analysis across various
fields. However, to the best of our knowledge, COMOS
marks the first application of a fiber-coupled nuclearized
Raman probe specifically designed for use in a NPP. The
deployment of Raman spectroscopy in nuclear environ-
ments faces significant challenges, particularly due to the
radiation-induced Cerenkov effect in fibers, which inter-
feres with Raman signals, especially under severe accident
conditions for which dose rates can reach 1kGy/h. Addi-
tionally, cumulative radiation exposure can reach several
MGy, and Radiation-Induced Attenuation (RIA) along
fiber optic links restricts the use of a narrow range of near-
infrared wavelengths for laser interrogation (typically in
the range [730-750 nm]).

Another challenge arises from the release of airborne
particles within the containment, including aerosols com-
posed of soot (from burning plastic sheaths), fission
products, metallic and nuclear fuel residues (from core
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degradation), as well as sodium, potassium, magnesium,
silicium and calcium compounds generated during MCCI.
Preventing the accumulation of these aerosols on optical
components is crucial. Lastly, water condensation on opti-
cal windows scatters light, reducing collection efficiency.
To overcome these four key challenges, the develop-
ment of COMOS followed a step-by-step approach [6]:

e Step 1: Identifying the constraints imposed by the
harsh containment environment during a severe acci-
dent, establishing the requirements the prototype must
meet.

e Step 2: Defining relevant standards and preparing test
matrices for prototype qualification.

2 This diagram will be updated based on the results gained
recently from the European project AMHYCO.

e Step 3: Exploring technical solutions to ensure compli-
ance with the identified requirements.

Step 4: Designing the nuclearized Raman probe pro-
totype and conducting qualification tests, including
metrological and radiative assessments.

Step 5: Developing numerical algorithms to optimize
sensor placement within the containment and generate
key performance metrics to aid plant operators and
emergency response teams in analysing measurement
data.

The COMOS probe was then tailored to withstand acci-
dental conditions, i.e. it is sealed (IP69K) to prevent
aerosol pollution of inner parts and temperature- and
radiation-resistant [5]. The Raman analysis of gas mix-
tures is challenging because the gas density is typically
3 orders of magnitude lower than for solids or liquids.
Raman analysis of gas mixtures is even more challeng-
ing in nuclear accidental conditions. The Raman signals
from all gases of interest (Oz, N2, Hy, H2O, CO and COs)
are discriminated against Cerenkov light stemming out
from the exposed fiber links with the help of two algo-
rithms based on background subtraction and polarization-
correction that rely upon Raman signal modulation with
tuning both laser light polarization and power. Laser inter-
rogation in the red part of the optical spectrum helps min-
imizing Radiation-Induced Attenuation (RIA).

The COMOS prototype then designed is presented in
the following figure (Fig. 3):

All optical devices are mounted onto a base plate,
itself mounted inside a sealed case (IP69K) in order to
prevent the inner optical parts from contamination by
aerosols. The probe is equipped with two optical penetra-
tion assemblies allowing for laser input (laser fiber) and
Raman signal output (Raman collection fiber). 20-meter
long low-OH multimode (MM) fibers were used as laser
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Fig. 3. Scheme of the COMOS prototype.

and Raman fibers respectively. The fibers are inserted
into crush-resistant stainless steel sheathes. Two addi-
tional electrical penetrations are also installed in order
to transmit both heating current and electric command
for polarizer rotation through silicone-coated wires.

Since the State of Polarization (SoP) is not maintained
in a MM fiber, the laser light entering from the laser fiber
(400 um diameter) is first polarized through a polariza-
tion beam splitter (PBS) cube. At the output of the PBS,
the electric vector of the laser light is aligned parallel to
the support base. Afterwards, the laser light is low-pass
filtered in order to remove unwanted light contribution in
the Raman band. All filters exhibit seven orders of mag-
nitude attenuation in the stop band. Then, after being
reflected by a beamsplitter (BS) plate set at 20° incidence,
it is focused with the help of a parabolic mirror. Both
laser and Raman lights are transmitted through a sin-
gle Brewster-oriented UV-grade silica window. The focal
point is located 15 mm away from the external surface of
the window.

The Raman light generated at the focus point is collected
by the same parabolic mirror and sent back to the internal
part of the probe. It propagates through the BS plate, a low-
pass filter removing excess laser light, a rotating polarizer,
and is eventually focused into the Raman collection fiber
(600 pm diameter). Although the dominant contribution of
the Raman light comes out from the focus point, alesser part
stems from scattering along the beam line inside the probe
that may be filled with a reference gas. Raman spectra start
from 772 nm, up to 1050 nm.

All gas of interest are light molecules having large
Raman Stokes shifts, ranging typically from 587cm™!
(Hz) up to 3657 cm~! (H20), making discrimination easier
with compact grating-based spectrometers or conventional

bandpass filters. Figure 4 (left) shows a reconstructed
Raman spectrum for all gases of interest in this study.
All transitions are vibrational in nature, except Hay (S1)
which is rotational. We used a Continuous-Wave (CW)
laser emitting 3W at 750 nm. recorded the Raman spectra
with a scientific Charge-Coupled-Device (CCD) low-noise
silicium detector. The vibrational line of Hsy falls outside
the spectral domain of silicium (beyond 1050 nm) and is
thus not detected. The 2D CCD detector may be sepa-
rated in several parts (typically four) allocated to several
Raman probes (multitrack capability). Finally, the use of a
CW laser complies with ATEX recommendation because
the laser intensity at focus is nine orders of magnitude
lower than the intensity required for laser-triggering Ho
explosion.

All Raman peaks are well separated from each other;
no interference is observed between species. It is worth-
while noticing that water vapor (a ubiquitous interfering
gas in FTIR spectrometry) is well discriminated against
the other gases. Partial pressures require monitoring the
temperature of the gas mixture, near the focus point.
Consequently, each probe must incorporate a SA-qualified
temperature sensor close to the focus point. The relative
concentration may then be determined by normalizing the
partial pressure to the total pressure given by the control-
command of the NPP. Figure 4 right shows the ternary
diagram Hs-air-HoO upon which Hs-risk assessment is
done.

COMOS is designed to accommodate an anti-fogging-
anti-aerosol device (AF-AA) that is Joule-heated to pre-
vent condensation. The feasibility of aerosol filtration was
evaluated theoretically by the use of a cascade impactor
filter connected to the probe head. The AF-AA module
has additional functions of blocking external light (light
labyrinth) and ensuring eye safety.

3 COMOS qualification

To ensure the COMOS operability under representa-
tive severe accidents conditions, the French RCC-E
standard® [7] was considered within the following spec-
ifications: (1) pressure up to 9 bar, (2) temperature
peak up to 170° C, (3) radiation annual dose and dose
rate up to 2MGy/1kGy/h, (4) saturated water vapor
condition (RH=100%), (5) presence of aerosols, (6)
shock/vibrations (Design Basis Earthquake — DBE), (7)
design and beyond-design basis.

During the MITHYGENE project, the COMOS probe
was developed in stages to gradually improve its perfor-
mance qualified hardware: standalone during entire oper-
ational lifetime and MTTF of several months after the
onset of the accident. Thus, qualification tests were per-
formed on several facilities as shown in Figure 5.

Several experimental campaigns were then conducted
on these facilities demonstrating the performance of the

3 The RCC-E code provides a series of rules applicable to the
electrical and I1&C systems and equipment in order to guaran-
tee safety of a PWR plant or other facilities, including EPR2
and SMR.
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COMOS system considering conditions as specified in the
French RCC-E standard* [7].

As the Cerenkov effect was the principal challenge
to overcome, we limit in the following the results pre-

4 RCC-E (Régles de Conception et de Construction des

Matériels E‘lectm’ques des ilots nucléaires) provides technical
rules for the design, construction, installation, qualifica-
tion, inspection, and maintenance of electrical and 1&C
(Instrumentation & Control) systems in pressurized water
reactor (PWR) nuclear power plants. It covers equipment
and systems under both normal operating and accident
conditions (temperature, pressure, radiation, seismic loads,
etc.).

sentation to the radiation performed tests. The Raman
probe was tested in the IRMA irradiation facility to
check both the RIA influence and the algorithms for
Cerenkov removal (Fig. 6). Several cobalt sources were
used to achieve four dose rates (250Gy/h, 500 Gy/h,
844 Gy/h and 1000 Gy /h). In accidental conditions, under
a dose rate as high as 1 kGy /h, the most detrimental phe-
nomenon appears to be the Cerenkov light stemming out
from the fiber used for Raman collection. The Cerenkov
light that superimposes over the useful Raman is typ-
ically 2-3 orders of magnitude larger, thus degrading
both Signal-to-Noise Ratios (SNRs) and Limits of Detec-
tion (LoDs). It illustrates how challenging the Cerenkov
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Fig. 6. View of Raman spectra of ambient air corrected from
Cerenkov light for several dose rates (curves are shifted up for
sake of clarity).

correction may be in accidental conditions. We applied two
algorithms to discriminate Raman signals out of Cerenkov
perturbations: Background Subtraction (BS) and Polar-
ization Correction (PC). The BS algorithm consists in
interpolating a baseline from two reference datapoints or
segments located close to the Raman band of interest.
The PC algorithm consists in recording two spectra, one
for each state of polarization (SoP) of the Raman light.
A monitoring cycle consists of 4 spectra (Cerenkov 0°
and 90° | Raman + Cerenkov 0° and 90°). The PC algo-
rithm does not rely upon baseline correction and is thus
inherently more stable than the BS algorithm because it
self-compensates both Cerenkov and laser-induced fluo-
rescence. The PC algorithm pertains to Oz, No, CO, CO2
and H2O monitoring on account on their low depolariza-
tion ratio (several percents). Conversely, the BS algorithm
was used for the monitoring of the rotational band of
Hs, granted its high depolarization ratio (75%). Limits of
Detection (LoDs at SNR =3) of the order to several per-
cents are obtained for a 10-minute integration time and a
laser power of 160 mW at focus.

The probe was tested in gamma irradiation cell
(IRMA, IRSN (now ASNR), Saclay, France) in ambient
air and onto Hy-Ny mixture samples (TEDLAR bags).
The wavelength-dependent RIA-induced penalty in fiber
transmission lies between 2dB and 3.5 dB for a total dose
of 1.6 MGy and a total exposed length of 10 meters.
Cerenkov light is typically about two orders of magni-
tude stronger than the Raman signal from air, making
Raman gas monitoring under accident conditions partic-
ularly challenging. However, because the Cerenkov signal
is proportional to the dose rate, it can also be used to
monitor nuclear activity inside the containment.

Finally, the prototype probe (equipped with its Brew-
ster window, its AF-AA module and a temperature sensor)
should be tested representatively, with a dedicated readout
unit, into a large, dedicated gas cell in which gas mixtures
are flown at required partial pressures. Such test is likely to
be performed at the very end when the probe has suffered all
previous tests (temperature, irradiation, shock/vibrations)
in observance with a conservative approach.

4 Application to nuclear power plants

Experiences from past accidents have shown that manag-
ing severe scenarios can be hindered by a lack of avail-
able information. This may result from missing relevant
instrumentation (e.g., RPV liquid level measurement in
TMI2), loss of instrumentation (e.g., loss of DC power
as in Fukushima Daichi), instrumentation failure due to
design-exceeding loads (e.g., RPV liquid level measure-
ment in Fukushima Daichi), or exceeding the measure-
ment range of the instruments. Regarding the risk of com-
bustion, quantifying the combustibility of the containment
atmosphere during a severe accident within the SAMG
presents two distinct challenges: technical limitations of
the hydrogen monitoring system and physical difficul-
ties in inferring the containment state from the available
information. The technical limitations had been overcome
using the COMOS set-up.

To answer the second challenge and considering the
French PWR 1300 MWe reactor type, a first investigation
of the optimal sensors location inside the containment had
been conducted based on the large database originating
from CFD simulations of several accidental scenarios.

Using the adopted algorithms based on the data pro-
vided by the CFD analysis of several accident scenarios,
it was possible to optimize the sensors’ location and their
numbers leading to comparable results as those obtained
with CFD analysis. Figure 7 presents, for a small break
loss of coolant scenario, the comparison between CFD
results and sensors measurement interpolation results con-
sidering 11 and 19 sensors. Each sensor, identified by a
circle in the figure, is allocated to a dedicated volume con-
sidered as homogeneous.

As shown in Figure 7, it is important to note that the
information provided by the sensor measurements qualita-
tively aligns with the data obtained from the CFD results.
The composition of the gaseous atmosphere inside the con-
tainment, determined from the measurements, allows for
the assessment of flammability conditions and flame accel-
eration in the event of combustion, as illustrated in the
ternary diagram in Figure 4.

To provide relevant information to operators and
emergency centers, both the sensor measurements and
CFED results were processed to highlight flammable zones,
inert zones, and areas where flame acceleration could
occur. Figure 8 presents the post-processing results at
5990 seconds of the considered scenario.

It should be noted that the flammability status of
the containment atmosphere can be continuously updated
based on the sensors measurement throughout the acci-
dent including the In- and Ex-vessel phases.

5 Conclusions

The survey conducted at the beginning of the MITHY-
GENE project highlighted the limitations of current
commercial gas monitoring systems in handling the
extreme conditions expected during a severe accident, con-
sidering both the In- and Ex-Vessel phases. Addition-
ally, French regulations, which prohibit the extraction of
gas to maintain the containment’s integrity, rule out the
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use of gas samples for analysis outside the containment.
However, gas monitoring systems are essential to provide
crucial information that allows operators and emergency
teams to take appropriate actions, such as delaying the
activation of the spray or safety injection, thus prevent-
ing the combustion of Hy/CO. The COMOS prototype
addresses this need and can be applied in both existing
and future power plants. A second application involves
decommissioning and dismantling, such as monitoring He
during corium cutting (e.g., at Fukushima Daichi’s pri-
mary containment vessel).

The COMOS prototype has a TRL of 5-6 and requires
further development before it can be industrialized. To
this end, commercial photomultipliers could be used to
replace the CCD detector, which would improve the over-
all robustness of the system and facilitate obtaining hard-

ware and software nuclear certification. Emergency power
supplies may potentially power this unit, in case of power
outage (as it happened during the Fukushima Daiichi’s
accident). The energy consumption is estimated to be
about 15kWh (3-hour intense Joule heating followed by
3-day continuous operation), representative of a conven-
tional Li-ion battery for electric car. SA-qualified opti-
cal penetrations assemblies are commercially available
(IST/Mirion in France (ex-Auxitrol), Schott in Germany,
to name a few) and may be implemented in substitution to
existing electrical ones. Fibers would be deployed through
steel ducts to prevent them being ripped off and crushed.
The industrial transfer of this innovative development to a
French/European manufacturer will strengthen European
Nuclear industry and will contribute to stay ahead of the
competition with foreign countries.
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In addition, the COMOS development has been
awarded the 15* Nuclear Innovation Prize in the category
‘Reactor Safety Systems’ (RSS) during the 11*" Euro-
pean Commission Conference on EURATOM Research
and Training in Reactor Safety & Radioactive waste Man-
agement (FISA-EURADWASTE) in Warsaw (Poland),
May 12-16, 2025.
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