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This paper addresses the critical challenge of tritium inventory control in ITER and future fusion devices,
emphasizing the necessity for precise measurement and spatial distribution of tritium within the vacuum vessel.
The proposed laser-based T-monitor diagnostic system from Forschungszentrum Jiilich employs Laser-Induced
Desorption (LID) combined with Residual Gas Analysis (RGA) to measure hydrogen isotope concentrations on
the inner divertor tiles. Key design elements include high-power laser integration, advanced optical systems, and
a Fast Scanning Mirror Unit for accurate laser spot positioning. The diagnostic aims to measure in situ tritium

retention, improving operational safety and efficiency in nuclear fusion environments.

1. Introduction

A central challenge for ITER and future fusion devices is controlling
the tritium inventory within the vacuum vessel, which is crucial for
facility safety. As a licensed nuclear facility, ITER must limit tritium
retention to 1 kg to reduce the risk of potential releases during accidents.
This limit includes 120 g in cryopumps and 180 g of measurement un-
certainty, allowing a maximum of 700 g within vessel components [1].

The current first wall design still considers beryllium (Be) as the
material for the main chamber wall. However, the ITER Organization
(I0) has been extensively discussing the potential shift from beryllium
(Be) to tungsten (W) as the first wall (FW) material. Although a final
decision has not yet been made, the IO initiated a re-baselining exercise
in early 2023, with a key component being the transition of the FW
material from beryllium to tungsten [2]. The benefits of using tungsten
include lower sputtering yield, a higher energy threshold, improved
erosion lifetime, a higher melting point, and greater resilience during
disruptions. However, this change increases the tungsten plasma-facing
surface area, raising the risk of higher core plasma tungsten content,
which could lead to radiative losses and challenges in maintaining
H-mode. Furthermore, replacing beryllium reduces impurity gettering,
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particularly for oxygen, which could complicate plasma start-up. To
address this, a boronization of the first wall will be implemented, though
it may increase tritium (T) fuel retention due to co-deposition.

Full-tungsten devices generally apply a thin boron (B) coating to
plasma-facing components (PFCs) through glow discharge plasma-
assisted chemical vapor deposition (boronization), which facilitates
plasma initiation and start-up. However, in ITER this method poses the
risk of increased tritium fuel retention, as the eroded boron may co-
deposit with the fuel.

The laser-based T-monitor diagnostic system developed by For-
schungszentrum Jiilich will remotely measure the tritium content on
ITER’s inner divertor tiles. This measurement technique relies on laser-
induced desorption (LID) and the detection of released gases using a
residual gas analyzer (RGA). The method has been successfully
demonstrated in laboratory settings [3], as well as in fusion devices like
TEXTOR [4,5] and JET [6] In these devices, with low-Z materials in the
main chamber, the hydrogen isotope content was primarily built up
through wall erosion and the co-deposition of hydrogen isotopes,
particularly in magnetically shadowed regions [7] and on the inner
tungsten divertor [8]. This phenomenon was also anticipated in the
original ITER configuration, where beryllium was used in the main
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chamber. However, in a fully tungsten ITER, the main sources of tritium
retention will shift to the co-deposition of hydrogen isotopes with
eroded and re-deposited boron (B) and tungsten (W), alongside im-
plantation into the tungsten material [2]. As boron is eroded, it is ex-
pected to migrate and deposit at the divertor [9]. The phenomenology is
similar to that of beryllium (Be) eroded from the first wall, although it is
quantitatively different for boron since the source can be more accu-
rately quantified (i.e., the boron introduced by boronization, while Be is
produced by erosion of the wall) [10]. As mentioned above, the B
coating in a fully W machine replaces the oxygen-gettering role of Be by
boronization, although the coating is relatively short-lived.

This article introduces an optical and mechanical design with a high-
power laser and metallic mirrors for efficient NIR beam transport and
coaxial VIS/NIR observation. The mirrors, made from durable, non-
standard substrates, are designed to meet the unique demands of
ITER’s nuclear environment, with attention to detection limits and T-
Monitor diagnostic requirements.

2. The method and measurement requirements

The core concept of laser-based LID-QMS diagnostics is to heat spe-
cific areas of the first wall using intense laser radiation between plasma
discharges under vacuum conditions. The peak temperatures must be
sufficient to desorb the entire amount of hydrogen isotopes and their
compounds from the surface layer in a single laser pulse. Wall particles,
including atoms, molecules, and clusters, are released through desorp-
tion and detected by Residual Gas Analysis. A detailed description of the
RGA system intended for use on ITER can be found in [11], it is beyond
the scope of this paper. The technique enables the measurement of
thermally released gases at different locations, providing spatially
resolved data. The spatial resolution of T content measurements on ITER
requires two measurement points in the poloidal direction on the same
poloidal monoblock and at least six measurement points in the toroidal
direction on the same toroidal monoblock. Given that a divertor
monoblock measures 10 mm by 30 mm (poloidal/toroidal directions)
[12], the laser spot size should be 5 mm in diameter or smaller.

The power density and pulse duration must be sufficiently high to
heat the surface to 1600 K, the temperature at which, based on our
experience, all hydrogen isotopes are fully desorbed from the expected
deposited layer. This temperature of 1600 K is adequate to desorb the
entire hydrogen isotope content from both Be:D and B:D deposition
layers [3-6]. It is worth mentioning that the first laser desorption ex-
periments were conducted in TEXTOR on B:D deposited layers [4]. In
these experiments, the D content of the B:D layer was completely
released from a laser spot with an area of approximately 0.4 cm? using a
laser pulse of 0.3 ms duration and 5 J of pulse energy. This corresponds
to a maximum absorbed power density of about 415 MW/m? On the
other hand, thermal heating must remain below the melting point of
bulk tungsten (T _melting = 3695 K) to prevent significant sublimation of
the tungsten material. To achieve a surface temperature of 1600 Kona 5
mm spot, the required absorbed power density is approximately 665
MW/m? for a 1 ms pulse and about 380 MW/m? for a 3 ms pulse. These
estimates are based on a simplified model that accounts for finite heat
penetration depths, using the infinite half-space approximation to esti-
mate the laser heat propagation. The calculations were performed for
tungsten, considering the laser absorption power fraction of 0.5, as
measured in the laboratory on tungsten samples at the NIR laser
wavelength A = 1.07 pm. The special case involves measurements in the
erosion zone on pure W material without deposited layers. TMAP-7
modeling [13] shows that, using a longer exposure duration of 10 ms,
the simulation predicts that approximately 80% of the D is released at a
surface temperature of 1000 K. The fraction of released D is expected to
depend on the steady-state exposure temperature of W during D im-
plantation, and this will be the subject of future work. It should be noted
that if a single pulse is not sufficient to desorb the entire fuel content in
this case, a multiple-pulse solution should be considered. Retention in
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the erosion zone of pure tungsten could be affected by neutron irradi-
ation. The effect of neutron irradiation depends strongly on the level of
irradiation damage, expressed in terms of displacements per atom (dpa).
At ITER’s end-of-life, the maximum damage values are estimated to be
0.54 dpa on tungsten at the inner divertor target [14]. As reported in
[15], retention is generally found to increase with the presence of
displacement damage. It was found [15,16] that at a damage dose of
0.23 dpa, a maximum deuterium concentration of about 1.4 at% is
reached. This is much lower than the fuel concentration expected in the
boron layer. Nevertheless, the measurements with the T-monitor diag-
nostic in the erosion zone of pure tungsten are foreseen.

A key requirement for the T-monitor diagnostic is the ability to
measure the surface tritium concentration at ng,s = 2.1 x 102! T atoms/
m?, with a required relative accuracy of 20% [17]. The measurements
shall be conducted on the inner divertor baffle. These requirements
remain the same regardless of the first wall material configuration. The
measurements of the T-inventory, combined with codes like
Monte-Carlo code ERO2.0 [18] or WallDYN [19], will provide the
tritium inventory content inside the vacuum vessel.

This target concentration is expected to be achieved in the configu-
ration with beryllium in the main chamber, with a tritium inventory of
10 g in the vacuum vessel (VV). This amount is expected after approx-
imately 25 plasma pulses (each lasting 400 s with Qpr = 10), with a
deposition rate of about 0.4 g per full-power pulse [20].

For the full-W device, the primary sources of tritium retention will be
co-deposition with eroded and re-deposited boron and tungsten, as well
as implantation in tungsten. In terms of boron co-deposits, migration
simulations are detailed in Section 4.2 of paper [2]. To ensure conser-
vative tritium retention estimates for ITER, a fixed value of {H/D/T}/B
= 0.5 is assumed. Boron co-deposits can retain a maximum of 4, 8, and
12 g of H, D, and T, respectively, per 50 nm of boronization on ITER,
depositing 86 g of boron (see Section 4.2 in [2]). Applying these esti-
mates, the total tritium retention in boron co-deposits is estimated to be
between 320 and 380 g by the end of the DT-1 phase, with the variance
due to different choices that may be made during the execution of the
FPO-4 and 5 campaigns [2].

The selection of laser pulse duration is critical for ensuring the
required accuracy of T-inventory measurements. Fig. 1a illustrates the
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Fig. 1. a) Impact of lateral heat propagation on the heated area, b) RGA signal
during laser illumination, ¢) Dependence of the uncertainty of the spot area on
the laser spot size for different laser pulse durations.
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impact of lateral heat propagation on the heated area. Due to the finite
laser exposure time, the spot diameter becomes d + 25, where d is the
designed laser spot diameter, and § represents the increase in diameter
caused by lateral heat propagation, which becomes larger with a longer
laser pulse duration. In general, the pulse duration should be minimized
to reduce the impact of lateral heat propagation on the desorption area.
However, the heat penetration depth must be sufficient to desorb fuel
from the deposited layer, which is expected to be around 100 pm for a
beryllium material configuration in ITER [1]. For a full-W configuration,
the expected depth is smaller [2]. The laser parameters, determined
considering a maximum coating layer thickness of 100 um, are valid for
both material configurations, making the diagnostic method universally
applicable. Fig. 1c illustrates the operational parameter space for the
laser, represented in terms of spot diameter and uncertainty for different
pulse durations. The uncertainty is defined as AS/S = (S, — S)/S, where
S is the laser spot area and Sy, is the heated area, including the lateral
heat propagation, where the temperature T is above 80% of the
maximum temperature in the illuminated spot (Fig. 1a).

As shown, for ITER, a 5 mm laser spot and pulse durations between 1
ms and 3 ms are needed to maintain less than 10% measurement un-
certainty, with ~5 mm spatial resolution required for single-point
measurements.

Additionally, Fig. 1b shows an example of the RGA signal (partial
pressure of mass 3, which corresponds to the HD molecules) during laser
illumination of the investigated samples in the lab. The laser illumina-
tion triggers an abrupt jump (Ap) in the pressure signal, followed by an
exponential decay, the time constant of which depends on the pumping
speed. From the Ap, the number of released HD molecules can be
evaluated. More details about the evaluation procedure can be found,
for example, in [4]. The measurement requirements for the T-monitor
diagnostic are as follows: the diagnostic should provide measurements
of protium (H), deuterium (D), and tritium (T) concentration at the inner
baffle, where co-deposits are primarily expected to form. The scanning
area extends =~0.54 m in the poloidal direction and =~0.11 m in the
toroidal direction as shown in Fig. 2. Please note that the toroidal
extension should include three monoblocks: two monoblocks are located
in the deposition zone, and one is in the erosion zone. The measurements
must be taken under good vacuum conditions and when the plasma
operation is not active. The expected tritium areal density is between
10?! and 2 x 10**m~2.

3. Optical design and mechanical layout

The optical components, consisting of both in-vessel and ex-vessel
components, are distributed across various areas (see Fig. 3a). The in-
vessel components, located within the port inside the Diagnostic
Shielding Module (DSM) [21], perform re-imaging of the Intermediate
Focus Image 2 on to the divertor surface. Ex-vessel components are
positioned in the Interspace Support Structure (ISS) area, within the
bioshield, in the Port Cell Support Structure (PCSS), and in the Tritium
building. These groups of optical components do not have a stable
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targets
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Fig. 2. A single ITER tungsten (W) divertor cassette, highlighting the scanning
area on the inner divertor baffle.
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common platform, which can lead to misalignment between groups
during operation due to thermal expansion of the optical components’
supporting structures.

The Fast Scanning Mirror Unit (FSMU) in the ISS, along with the
optical dog-leg within the bioshield, is crucial for aligning the optical
system. The FSMU performs 1:1 re-imaging of the Intermediate Focus
Image 1 at the PCSS on to the Intermediate Focus Image 2 in the port
plug and can be also used to correct the misalignment. Alignment checks
and corrections will occur before each measurement. Space limitations
restrict the sizes of optical components, and the extended distances
impact optical resolution due to diffraction limits. Since the illuminated
surface needs to be examined, the same optical system is used for both
launching the high-power laser and collecting the return light for
analysis by one of the three integrated instruments. This co-axial
configuration supports three instruments covering different wave-
length ranges: visible (VIS) camera, near-infrared (NIR) camera, and a 3-
pyrometer optical setup.

In Fig. 3a, an overview of the complete beam path is presented,
starting from the laser fibre exit (laser injection) at right. The optical
system can be simply described as a pupil that follows an image or focus,
as illustrated in Fig. 3. Two focal planes are predefined: the laser fibre
cross-section and the laser spot at the divertor, which serves as the image
of the laser fibre. Laser-fibre diameter is 300 pm and the required laser
spot size at the target is 5 mm in diameter. The entrance pupil of the
optical system is defined by the image of the laser beam at the steering
mirror M7 (=~ 56 mm) and is located inside the first wall. An interme-
diate focal plane should be positioned inside the DSM between two
mirrors, maximizing the distance between them to increase the laser
beam diameter on the mirrors, thereby reducing the laser power density
on the reflecting surface and minimizing the risk of damage. Since a
toroidal mirror will be used due to tolerances in the DSM, this imaging
mirror must be M3, resulting in an intermediate image formed between
M4 and M5. Furthermore, the image size for full illumination of the
scanning area at the vacuum window (VW) must be smaller than 160
mm (the clear aperture of the VW). The DSM intermediate image is
reimaged after the dog-leg near the bio-shield. Reimaging the "Inter-
mediate Focus Image 1" guides the beams to the focal planes of VIS
channel, NIR channel and pyrometer as well as to the laser fibre.

Fig. 4 shows the spot diagrams for the central line of sight with the
Airy disks for comparison. It illustrates the distribution of light points
(spots) at the divertor baffle (image plane) for given field points at the
laser fibre input, showing how accurately the system can focus and
whether there are optical aberrations. The Airy disk represents the
smallest achievable spot size due to diffraction and, in this case, has a
radius of approximately 140 um. The spot diagram sizes are smaller than
the Airy disks; therefore, the optical system is called diffraction-limited.

The diffraction-limited resolution of the optical system is influenced
by the laser wavelength A and entrance pupil diameter D, as described by
the formula Ax = (1.22 4 / D) L, where L is the distance to the target. In
this design, the D = 56 mm diameter entrance pupil, located at L = 5.2 m
from the divertor target, results in a laser spot size uncertainty of about
Ax = 0.12 mm at a wavelength of 1 = 1.07 um.

3.1. In-vessel optics

The in-vessel optics consists of six mirrors, along with the vacuum
window, which includes two tilted uncoated fused-silica discs each
having a thickness of 17 mm, as illustrated in Fig. 5: a) the side view, b)
the top view of the optical design, and c) the in-vessel mirror assemblies
with the pneumatic shutter system. The design was developed in
accordance with the requirement for an optical dogleg inside the port
plug, ensuring that the neutron streaming is reduced. Only metal mirrors
are used in the optics within the port plug. A viewing path through the
diagnostic first wall allows observation of the inner divertor baffle. The
optical and shutter components typically operate in the range of
100-240 °C. Optical system will operate in both forward and backward
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Fig. 3. Overview of the optical layout of the T-Monitor diagnostic system: a) entire optical system; b) Optics for laser beam transport.
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Fig. 4. Spot diagram on the target for the central line of sight with the Airy
disks for comparison.

directions. All optical elements are flat, except for M3, which has a
toroidal shape. The spacing between the optics is large enough in order
to cope with the thermo-mechanical deformations, as the mirrors M1 to
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top view c) the mechanical layout.
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M6 are combined in two separate subassemblies: front mirror box (FMB)
for M1, M2 and M4 and rear mirror box (RMB) for M3, M5 and M6 as
shown in Fig. 6a. To verify the optical performance, a thermal-
mechanical simulation was conducted in ANSYS, considering system
assembly, plasma operations, and the Tritium monitor laser scanning.
The distorted mirror surfaces from this simulation were analyzed using
ray-tracing in Zemax [22]. Ref. [23] focused on the specific topic of the
impact of powerful laser exposure on the mirror surface in different
operation modes, with varying numbers of laser pulses. The analysis
reported in this paper shows that the system’s optical performance
criteria meet acceptable limits for spot defocusing and positional shift.

Additionally, the diagnostic system includes a pneumatic shutter
inside the port plug (Fig. 6b) to protect M1 against deposition and
erosion, especially during cleaning discharges or by fast neutral particles
during plasma operation. This shutter system consists of a linear actu-
ator, a cooled shutter blade, and arms. The pneumatic design ensures
high reliability and friction-free operation. The shutter operates with a
30 mm piston stroke, requiring 500 N of force to open, and has an arm
stiffness of about 18 N/mm. Both the shutter and the front mirror box
are cooled by water, and the shutter actuator uses pressurized helium
(up to 1.2 bar). The shutter blade also monitors optical transmittance at
a laser wavelength of 1.07 um, with a rear surface designed as a cali-
bration source that can be heated to 1200 °C. More details about the
usage of the shutter blade as a calibration source can be found in [24].
Since Ref. [24] is dedicated specifically to the calibration topic, the
present paper will not discuss the calibration issue in detail.

3.2. Ex-vessel optics

3.2.1. Fast scanning mirror unit in the ISS area

The T-monitor diagnostic is designed to measure the T content across
the specified spatial range. For precise laser positioning onto the
divertor baffle, the T-monitor’s Fast Scanning Mirror Unit is a device
developed within the diagnostic system to enable rapid (up to 60 Hz)
and accurate mirror steering. The FSMU contains four mirrors and
operates as an optical relay between Intermediate Focus Image 1 and
Intermediate Focus Image 2.

The M7 beam-pointing mirror provides six degrees of freedom,
allowing vertical tip/tilt angles of +0.6° and horizontal angles of
+0.16° To account for a 10 mm oversizing of the in-vessel mirrors and
alignment tolerances, the range is extended by at least 1° in all di-
rections, ensuring that the operational Line of Sight (LoS) is positioned
within this range before operation.

Mirror M7 is flat, made of Zerodur, and coated with gold for high
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Box e Mirror
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Fig. 6. a) Layout of the boxes with attached mirrors and shutter, b)
Shutter assembly.
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reflectivity at the laser wavelength. Focus adjustments at the divertor
are achieved through horizontal translation of mirrors M7 and M8,
which shifts the LoS and compensates for up to 75 mm in focal position.
The off-axis parabolic mirrors M8 and M10 are identical, each featuring
a 90° angle and concave surface, while M9 is a flat Zerodur mirror
(Fig. 7).

The precision of the scanning mirror system is defined by its tilting
step, which shifts the line of sight (LoS) at the divertor target. This shift
must be significantly smaller than the minimum gap between the W
blocks (0.5 mm poloidal), with a shift of 0.2 mm corresponding to a M7
mirror tilting angle of about 0.0008° The FSMU mirror box can also
rotate around the M10 mirror’s optical axis to adjust for the horizontal
thermal displacement of the port plug.

3.2.2. Ex-vessel optics in the bioshield

In the bioshield (Fig. 3a), a cold dogleg, consisting of two flat mirrors
(M11 and M12), is positioned to reduce neutron penetration into the
port cell. The alignment of the axis for the ex-vessel optics with the axis
of the port plug optics is achieved through the combined movement of
the FSMU (tilting of the FSMU boxes and translation of M8) and the
dogleg optics. Each mirror in the dogleg is equipped with a hexapod
stage for remote 6 degree of freedom adjustments.

3.2.3. Ex-vessel optics in the PCSS

In the port cell, the optics combine the laser beam path with the
observation path, incorporating VIS and NIR cameras, light collection
optics for pyrometers, and a laser beam collimator. The VIS camera
operates within a wavelength range of 600 nm to 900 nm. It offers a
maximum field of view of 98 x 98 mm? at the divertor if a rectangular
image sensor having diagonal size of 1.5 inch is used. The image quality
of this camera remains close to the diffraction limit, ensuring an imaging
resolution of about 0.1 mm at the divertor surface.

The NIR camera covers a wavelength range from 2.1 pm to 2.3 pm,
providing a field of view of 12 x 12 mm? at the divertor. This camera is
optimized for capturing infrared thermal emission with a frame rate of
up to 9.6 kHz for 192 x 192 pixels windowing (FLIR X6980 high-speed
MWIR camera, Teledyne FLIR LLC), which is vital for monitoring ther-
mal distribution in the target region.

Radiometric calibration will utilize a Black Body source placed at
Intermediate Focus Image 1 (see Fig. 3b), with temperatures ranging

a) M7 tip/titt
! mirror |
i i ._7_\4 iM10 off-axis
Vacuum : ‘ Parabolic mirror
z : i
window Focalisation by | | H
translation of M8 *. IMS'IM
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Parabolic mirror mirror

Fig. 7. Fast scanning mirror unit a) optical design and b) the mechani-
cal layout.
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from 400 °C to 1000 °C. This calibration, combined with transmittance
monitoring of the optical system, will ensure absolute calibration of the
detectors and evaluate any degradation.

3.2.4. Ex-vessel components in the T-Building

The Tritium building contains the high-power laser and pyrometers
designed for temperature measurement at the laser hot spot on the
divertor baffle. The laser transmits light through an optical fibre
approximately 30 m long to the PCSS area, while the pyrometers have
their own separate optical fibres of the same length for accurate light
collection. The pyrometer system includes three high-speed infrared
pyrometers (Pyroskop 840) with a 10 ps time resolution, operating in the
1.4 um to 2 pm wavelength range, each targeting specific sub-ranges: 1.4
-1.6 pm, 1.6 - 1.8 pm, and 1.8 - 2.0 pm. An optical setup in the T-
Building splits light between the pyrometers and connects to the Port
Cell optical system using a 400 pm fibre, resulting in a 3 mm spot size at
the laser irradiation area.

The laser under consideration is a YLS-Series High Power Ytterbium
Fibre Laser from IPG Photonics, operating at a wavelength of 1070 nm,
with a maximum power output of 60 kW in continuous or pulsed mode,
allowing laser pulse durations of 1 to 3 ms. It requires a high-capacity
electrical supply in the T-Building, operating at 400-480 V and 50-60
Hz, with power consumption ranging from 154 kW to 174 kW.

4. Required laser output power and mirror materials

As discussed in Section 2, a power density of approximately 665
MW/m? is required for a 1 ms pulse duration to desorb the entire content
of hydrogen isotopes from a deposited layer of 100 um. For the selected
laser spot size of 5 mm in diameter, a laser power of about 60 kW is
required, assuming a reflectivity of 50% of the laser power on the
divertor surface and a total optical transmission of 44%.

Fig. 8 illustrates the laser operating parameter space in terms of
mirror reflectivity. In this study, 15 mirrors (with spectral reflectivity R
> 94%) and 1 double vacuum window in the laser beam line were
considered. The mirror surfaces are assumed to be made of annealed
copper. Two operating cases are considered, with pulse durations of 1
ms and 3 ms. The upper boundaries of the operating spaces (in red) are
defined by the power density at which the divertor material, in this case
tungsten, would start to melt during the laser irradiation. The lower
boundaries (in blue) define the absolute minimum power density at
which the entire content of hydrogen isotopes will be desorbed during a
single laser pulse. The left (green) curve represents the maximum power
density at which plastic deformation of the mirror substrate occurs. This
curve was obtained using the threshold temperature increase for plastic
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deformation of annealed copper, estimated to be approximately 11.3 °C.
This value was calculated using Eq. (4) from Ref. [25], taking into ac-
count that plastic deformation occurs when the transverse stress exceeds
the yield strength. Based on this threshold, the maximum allowable
power density was calculated. The selected laser’s maximum power of
60 kW remains well within this safe operating range for the laser pulse
duration of 1 ms, as can be seen in Fig. 8. For laser operation with a pulse
duration of 3 ms, the maximum available power is more than sufficient
and must be adjusted (reduced) to remain within the allowable oper-
ating parameter space. At the same time, it is evident that only mirrors
with higher surface spectral reflectivity can be used. The suitable ma-
terials for the LID laser with a wavelength of 2 = 1.064 pm are Au (R ~
99%), Ag (R =~ 98.5%), Cu (R ~ 97%), and Al (R ~ 96.5%) [26]. How-
ever, Ag and Al can activate into very long-lived isotopes, making the
use of these materials problematic. Therefore, Au and Cu are the best
alternatives.

Gold and copper were selected in our project as coatings for all
metallic mirrors in the beam path due to their excellent and consistent
reflectivity in the infrared wavelength range. These coatings also pro-
vide very good reflectivity in the visible range down to approximately
550 nm, enabling optimized reflection of the high-power laser
(~97-99%) and sufficient reflectivity for the pilot laser and returned
visual image. The pilot laser used for visualizing the main laser spot
location on the divertor tiles will operate at a wavelength of approxi-
mately 660 nm.

5. Summary

The paper discusses the challenges associated with tritium inventory
management in ITER and future fusion devices, emphasizing the need
for accurate determination of tritium amounts and their spatial distri-
bution within the vacuum vessel. As a licensed nuclear facility, ITER is
required to limit tritium retention to a maximum of 1 kg in the vacuum
vessel, with specific limits on tritium trapped in divertor cryopumps and
measurement uncertainties.

To address this, a laser-based T-monitor diagnostic system has been
proposed by Forschungszentrum Jiilich, which utilizes Laser-Induced
Desorption and Residual Gas Analysis to measure tritium concentra-
tions on the inner divertor tiles. This diagnostic method, proven effec-
tive in other fusion devices, offers precise and spatially resolved maps of
fuel retention, enabling assessments of detritiation methods.

The paper presents the optical design of the T-monitor, incorporating
a high-power laser and durable metallic mirrors to transport laser beams
in the near-infrared spectrum while allowing for coaxial observation in
the visible range. Key requirements include measuring hydrogen isotope

Laser pulse duration 3ms
| AN

«— Plastic
deformation

___________ \\\\\\\\ —_————

Lower boundary

0.9 0.92 0.94 0.96 0.98 1.0

Reflectivity of a single mirror

Fig. 8. The operating parameter space in terms of laser power and the reflectivity of a single mirror.
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concentrations in specific areas of the divertor, with detailed specifica-
tions for the scanning area, laser parameters, and expected tritium
concentrations.

The LID-QMS diagnostic involves heating designated areas of the
wall to 1600 K using laser pulses, allowing for the desorption of
hydrogen isotopes. Measurements must maintain a relative accuracy of
20%, with specific spatial resolution requirements detailed for the laser
spot size and pulse duration.

The optical system includes various components for in-vessel and ex-
vessel optics, such as mirrors, a shutter, and cameras designed for visible
and infrared wavelengths. A Fast Scanning Mirror Unit is incorporated
for precise laser positioning on the divertor baffle, enabling rapid ad-
justments of the optical diagnostic setup.

The paper concludes with a discussion on required laser output
power and mirror materials. A pneumatic shutter system is introduced
for protecting optical elements from contamination, while also allowing
for the monitoring of the optical transmittance.
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