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ARTICLE INFO ABSTRACT
Keywords: In order to measure the tritium content accumulated in the divertor tiles by residual gas analysis, ITER T-
ITER diagnostics monitor diagnostic utilizes a powerful laser beam guided through a developed system of mirrors to heat locally a

Laser heating
Optical system
Ray-tracing

thin deposition layer on the divertor tiles Huber et al. [1]. The primary challenges identified include mirror
surface distortion induced by laser heating, leading to potential issues such as loss of laser spot position and beam
defocus. These concerns present a risk of desorption occurring at uncontrollable locations within the laser spots,
thereby complicating the analysis. Due to the defocusing, not all of the tritium content in the heated area
(typically within a 5 mm diameter spot) is desorbed, which could be compensated by increased laser power
requiring a more complicated and expensive laser system.

The laser beam path consists of 15 mirrors in total. Six of them are located inside an equatorial port plug and,
therefore, subjected not only to specific challenges associated with in-port components including thermo-
mechanical loads, but also stringent integration requirements, and the necessity for remote handling capabilities.

This work presents the current design and analysis of the in-port optical components of the T-monitor diag-
nostic, focusing on its operation that starts after plasma operation (POS) and a six-hour cooldown period.

1. In-vessel system design overview 1. A safety requirement: beam spot shift from nominal position < 1Imm
- to prevent from heating the divertor cooling pipes
The in-vessel optical system consists of two main assemblies Front 2. Measurement accuracy requirement: ensure that the uncertainty of
Mirror Box (FMB) and Rear Mirror Box (RMB), each containing three the desorbed surface area does not exceed 10 %. Assuming a near
mirror units. The boxed are mounted on the Vertical Plates of the flat-top power distribution, the uncertainty can be approximated as:
Diagnostic Shielding Module (DSM) (Fig. 1). Ps A
Each mirror box contains three mirror units mounted on a retractable AA / N -5~ (AA/A) P

Holder unit (Fig. 2). Holders are mounted to removable Housing units.
Housing and Holder of FMB are cooled actively by water. Housing units
are mounted on Brackets and permanently connected to the DSM. Mir-
rors are made of CuCrZr alloy with Au coating, most other structural

) de of 316 L(N)-IG stainl reel where AA/A is the desorbed surface area uncertainty, A — nominal
parts are made o -IG stainless steel.

surface area, P — perimeter, § - required spot radius tolerance.

For a single spot operation mode this tolerance is around 128 pym (5
mm diameter circle), for one divertor tile — 430 ym (31 mm x 12 mm
rectangle). The final tolerance requirements are defined as the square
root sum of squares of the spot radius tolerance and the diffraction limit
(125 pm), yielding 180 um for a single spot operation mode, and 450 ym

2. Estimation of image quality distortion

An overview of the diagnostic system’s optical layout can be found in
[1]. Two main optical performance criteria are set for the T-monitor
diagnostic:
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Fig. 1. FMB and RMB arrangement inside DSM.
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Fig. 2. Exploded views of FMB and RMB.

for operation modes covering one or more tiles with a series of 5 mm
pulses.

To verify the system’s optical performance, a thermal-structural
analysis is first performed in ANSYS. The resulting distorted mirror
surfaces are then converted to Grid Sag surface files and exported to
Zemax for ray-tracing analysis.

2.1. Thermo-mechanical modeling

Tritium monitor operation starts 6 h after a series of ITER plasma
operation cycles. For thermal analysis of FMB and RMB the following
load steps were taken into account:

1. Baking sequence — 34 h coolant temperature ramp up to 240 °C, 14 h
flat top, 24 h coolant temperature ramp down to 70 °C. Since the
RMB is not actively cooled and the plasma operation sequence may
begin immediately after Baking, this analysis step is required to es-
timate the resulting temperature of the RMB;
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Fig. 3. Temperature distribution (°C) after 6h cooldown (from left to right):
Rear Mirror box, Front Mirror box, M4.

N

. Plasma operation sequence — 20 plasma cycles, 450s burn (neutronic
load), 1350 s dwell time, 10 h total;

. Cooldown phase after plasma operation — 6h;

. Tritium monitor operation — surface heating of the mirror surfaces by
laser beam.

HW

The boundary conditions include temperatures at the mounting in-
terfaces, ambient temperature values for radiation heat transfer and
water convective cooling for the FMB water loop. The temperature
distribution for the FMB, RMB and M4 after 6 h cooldown are shown in
Fig. 3.

For the modeling of the laser operation sequence the most
demanding planned scenario was taken: 192 pulses over 3 s with a pulse
duration of 3 ms and 12.625 ms interval between pulses; total laser
power is 25.5 kW (1070 nm). In this scenario eight tiles are heated in
poloidal direction; the sequence of laser pulses is shown in Fig. 4.

Each mirror surface is subjected to a corresponding elliptical surface
heat load with Gaussian power distribution. The center of the spot
moves along the mirror surface in a zig-zag pattern shown in Fig. 4. The
total absorbed power per pulse ranges from 570W (M1) to 703W (M6),
which corresponds to the surface reflectivity of 96 % (based on the
measurements of a similar diagnostic setup at JET [2]). The resulted
temperature distribution for M4 (highest power density) at the end of
192nd pulse is shown in Fig. 5.

3 tiles (monoblocks) in width
| e |

42 tiles in height

h L L L L 4L 4L 4L J

Fig. 4. The T-monitor diagnostic FOV and eight tiles divertor scanning scheme.



L Ivashov et al.

80.22 Max
79.12

78.01

76.9

75.79
74.69
73.58
7247
71.36
70.25 Min

Fig. 5. Temperature distribution (°C) at the end of 1st, 24th and 192nd pulses
for M4 (from left to right).
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Fig. 6. Total deformation (um, left) and Von-Mises stress (MPa, right) of M4
after 192nd pulse (only laser load).

For the structural analysis of FMB and RMB, assuming a quasi-static
approximation, the following steps were taken into account:

1. System assembly (bolt preload and dead weight)

2. Non-uniform temperature field after plasma operation (neutron
heating) and 6 h dwell

3. Non-uniform temperature field after each of the 192 laser pulses (8
tiles scan)

In addition, only the laser loads without the assembly loads and
thermal loads after POS were simulated for all the laser pulses as a case
of ideal mirror mounting. The shifts and rotations of the mounting in-
terfaces due to the DSM deformation are not considered in the current
work and will be assessed later. The deformed M4 shape for this ideal-
ized scenario is shown in Fig. 6.

2.2. Ray-tracing analysis

The ray-tracing analysis was conducted in Zemax using the distorted
mirror surfaces for each case (1, 2, 3, 3%, 4, 4*) for the scanning mirror
position corresponding to the location of the 1st pulse (also representing
a single pulse mode) and 192nd pulse for the wavelengths of 1070 nm
(blue, main laser), 685 nm (green, pilot laser) and 650 nm (red, pilot
laser). The overview of the main analysis results is presented in Table 1.

The results show that the system assembly load (case #1) does not
significantly affect the image quality compared to the nominal case (case
#0). Minor spot position shift can be corrected by re-adjustment during
the assembly.

Since the T-monitor diagnostic will operate at elevated temperature,
the displacement results are corrected by subtracting the corresponding
loadstep with homogenous heating of FMB and RMB to 70 °C (coolant
temperature) for the cases #2 and #3.

Right before the Tritium monitor operation (case #2), the curvature
of the toroidal mirror M3 increases due to the elevated temperature (see
Fig. 3, RMB; M3 is directly facing the cutout) the image becomes defo-
cused. Refocusing at this step is possible which reduces the spot RMS
radius to ~75 pm, within the upper limit of 180 um for the single pulse
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mode. The temperature expansion of the components causes a shift in
the beam center from its nominal position, by -2.28/-2.32 mm in the
toroidal direction and +1.85/+1.69 mm in the poloidal direction for 1st
and 192nd pulses respectively. This shift is addressed by repositioning
every laser spot within the available field of view using a pilot laser.

The RMS radius 100 um for the single pulse scenario (case #3, left) is
well within the limit of 180 um) and the spot position shift is negligible
considering the abovementioned target area repositioning. After the
192" laser pulse (case #3, right) the image is significantly distorted
with spot RMS radius of 1427 um. In case of the active refocusing during
the scan (case #3*, right), the spot RMS radius can be reduced to 370 ym
which complies with the limit of 450 um, but the poloidal shift of around
1.5 mm (considering prior repositioning of 1.69 mm for case #2 minus
0.2 mm for case #3*) violates the safety limit of 1 mm.

Cases #4 and #4* represent a laser operation scenario with an ideal
mounting to exclude the influence of the bolt preload and pre-operation
temperature. Respective comparison to cases #3 and #3* shows very
little influence of the mounting and initial temperature.

It should be noted that current analysis takes into account only the
influence of the in- vessel mirrors deformation, assuming the deforma-
tion of the ex-vessel mirrors negligible due to the usage of Zerodur [1],
which will be further investigated during the next design stage.

3. Discussion

The results show that it is unlikely to meet the criteria for the 3 ms 8-
tile scanning scenario unless a coating with significantly higher reflec-
tivity is adopted. Extensive testing is required to identify a viable solu-
tion that maintains its performance during the Tritium monitor lifetime.

Active refocusing can be implemented by preprogramming specific
focusing mirror positions based on simulation results. Cases #3 and #4
with active refocusing represent the most optimistic scenario, assuming
both the simulation is perfectly accurate and the focusing mirror can
precisely track the pre-programmed positions in real time, which may
not be achievable in practice.

Another option is to reduce the pulse duration, which requires higher
total power to keep the same surface temperature (for large spot size
Trmax ~ qv/t [J /v/s /m?] [3]), but reduces the deformation of the mirror
surface (for large spot size u, ~ gt [J /m?], can be shown using methods
from [4]). The same analysis sequence was conducted for another
foreseen scenario: 192 pulses over 3 s with a pulse duration of 1 ms and
total power of 44 kW [1]. The spot RMS radius for the last pulse of the
sequence for cases #3, #3* and #4, #4* are around 840 nm and 230 nm
respectively, which is in line with the theory: approximately v/3 smaller
compared to the 3 ms scenario.

4. Summary

Ray-tracing analysis of optical components is essential for validating
the performance of the high-power laser system and for defining its
acceptable operational parameters. To verify the optical performance, a
thermal-mechanical simulation was first conducted in ANSYS, taking
into account the system assembly, plasma operation, post-plasma
operation, and the Tritium monitor laser scanning procedure. The
resulting distorted mirror surfaces were then exported to Zemax for ray-
tracing analysis.

The main optical performance parameters defined are RMS radius
(loss of sharpness) and spot shift (FOV limits, possible divertor cooling
pipe targeting). Current design of the in-port optical system satisfies the
optical criteria on spot defocusing and position shift for a single spot
scenario. For the 3 ms 8-tile scanning scenario, the thermal deformations
of the mirror surfaces are too significant to meet the required limits, but
corrective measures like dynamic refocusing and repositioning (with
larger margins to the edges) as well as shorter higher power pulses are
under consideration. Different mirror coatings will also be tested to



L Ivashov et al.

Table 1
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Raytracing analysis results for the points corresponding to the location of the 1st and 192nd pulse.

Case Load case Description 1st Pulse 192nd Pulse
#
Spot diagram RMS Radius, Spot position shift Spot diagram RMS Radius, Spot position shift
Centroid [um] on divertor [mm] Centroid [um] on divertor [mm]
Toroidal ~ Poloidal Toroidal ~ Poloidal
0 Nominal mirror surfaces 08): ©.60¢e, 0.6000 mm 79 0.00 0.00 0B): ©.0000, ©.0000 mn 55 0.00 0.00
(nominal focus)
8 (((N g
@ (8 ) ;
7 g
IMA: 53.324, 251.673 mm IMA: 52.675. 152.889 mm
1 Bolt preload and dead weight at 081: 00000, 0.0000 nm 83 -0.60 -0.14 0BJ: ©.0000, ©.0000 mm 56 -0.63 -0.10
RT (nominal focus) 1
8. A s .
: 3 L
[IRC
IMA: 53.920, 251.214 mm
IMA: 53.300, 152.992 mm
2 6 h after plasma operation 083: 0.0000, 0.0000 mm 72 -2.28 1.85 0B1: ©.0000, ©.0000 mm 74 -2.32 1.69
(geometry adjusted to 70° C,
refocused) 3l o
8 8
g g
g 3
IMA: 55.601, 249.227 mm
IMA: 54.989. 151.204 mm
3 Laser load (geometry adjusted 081:_0.0000, 0.0000 mm 100 -2.28 1.85 0B): ©.0000, ©.0000 mm 1427 -2.29 1.55
to 70° C, case #2 focus)
g g
8| ™
9 8
¥
IMA: 55.601, 249.221 mm
IMA: 54,965, 151.335 mm
3* Laser load (geometry adjusted 08J: 0.0000, 0.0000 mm 74 -2.30 1.75 0B]: ©.6000, ©.0000 mm 370 -2.76 0.20
to 70° C, active refocusing)
8 @
S 3
)| @|
E g @
ThA: 33.623, 249.323 mm IMA: 55.439, 152.688 mm
4 Laser load only (nominal focus) 0B): ©.0000, ©.0008 mm 104 -0.01 0.01 0BJ: ©.0000, ©.0060 mm 1439 -0.01 -0.14
§ 8
o @
3 8
IMA: 53.332. 251.066 mm IMA: 52.682, 153.025 mm
4* Laser load only (active 0B): ©.8000, ©.0000 mm 83 -0.03 -0.09 0B): ©.0000, ©.0080 mm 354 -0.49 -1.51
refocusing)
8 8
: ] ®
? 2
IMA: 53.354, 251.168 mm IHA: §3.162. 154,395 mm

determine if an option with a reflectivity greater than 96 % can be
maintained throughout the diagnostic lifetime.
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