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ABSTRACT

The equatorial visible and infrared Wide Angle Viewing System (WAVS) for ITER is one of the key diagnhostics for machine protection,
plasma control and physics analysis. To achieve these objectives, the WAVS will monitor the surface temperature of the Plasma Facing
Components by infrared (IR) thermography (3—5 uym range) and will image the edge plasma emission in the visible range. It will be
composed of 15 lines of sight installed in four equatorial ports (no. 3, 9, 12 and 17) and will survey more than 80% of the overall area
of the vacuum vessel. This paper presents the optical design of the ex-vessel optics, which is at Preliminary Design Status by the time
this paper is published. The main function of the ex-vessel optics is to relay the scene image, and also the pupil image, coming from the
Port-Plug Optics into a dedicated set of detectors, while keeping the required performance. The optics will work in two bands
simultaneously, visible and Mid IR, and will use common refractive optics all along the optical path until it splits into the dedicated
sensors at the Port Cell Cabinet. The optical system consists of several modules that comply with the different system interfaces and
environmental constraints. A full description of the different modules, its function and performance, and the end to end optics performance
will be described in this paper. The optics alignment strategy will be also described and the corresponding assembly and manufacturing
tolerances.

Figs. 1 and 2 show the Optics Blocks Diagram and End to End Optical
layout, respectively, of one Line-of-Sight of the WAVS (tangential left
view). The optical elements of the common path transfer the VIS and IR
signals from the Port-Plug through the Interspace and the Bioshield areas

1. Introduction

This paper describes the Ex-vessel optical design of the ITER diagnostic

55.G1.CO Equatorial Visible & Infrared Wide Angle Viewing System
(WAVS) in the Equatorial Port #12 and its associated performance.

The WAVS is one of the key diagnostic in ITER devoted to machine
protection, plasma control and physics analysis. 15 lines of sight (LoS)
composing this diagnostic installed in four equatorial ports (#03, #09, #12
and #17) are foreseen allowing for the monitoring of the surface
temperature of the main in-vessel components and imaging the edge
plasma emission in the visible range. Port #12 consists of 3 Views, named
as Tangential Right View, Tangential Left View and Divertor View. The
optics of these three Views will be described in this paper.

For an overview in the progress of the design at previous phases, see
references [1-6]

2. Optical design requirements

Table 1 summarizes the main infrared and visible optical specifications
used for the assessment of the system measurement performances.

3. Optical design description

up to the Port-Cell. Then, at the very end of the system, and inside the
Shielded Cabinet, a beam-splitter splits the two wavebands in order to
feed two dedicated channels, each of them having two identical cameras
(two identical cameras for the Visible channel and two identical cameras
for the IR channel).

3.1. In vessel optics

Complete details of the in-vessel Optics can be found in [6], only a
brief description of its components is included here.
In the Port-Plug (Fig. 3), each View is sub-divided in two units:

= The First Mirrors Unit (FMU), with an off-axis ellipsoidal first mirror
(M1) which forms an aberrated image close to a second folding mirror
(M2)

» The Hot Dog-Leg mirrors Unit (HDL), with a pair of flat folding mirrors
(M3 and M4) sending the light through the Windows As- sembly (WA),
at the exit of the Port-Plug.

See Fig. 3 for a Layout of the Port Plug WAVS Optics.



3.2. Ex vessel optics

Interspace Optics:
See Fig. 4 for a Layout of the Interspace Optics (Divertor View only).

As part of the ex-vessel optics the first optical elements are two
mirrors facing the PP exit, which constitute the Optical Hinge Unit (OH).
This component compensates for the radial and vertical displacements
of the Vacuum Vessel (VV) in normal operation and baking. This func-
tion will be performed by means of a piezoelectric actuator coupled to
the upper mirror of the OH to produce the vertical displacements aimed
at the alignment of the optical beam. Following the OH, the ORU (Op-
tical Relay Unit) relays the beam reducing its diameter and producing a
collimated beam that enters the interspace optics. The optical elements
of the Port Plug, OH and ORU are all reflective. Regarding mirror ma-
terials and coatings, these are still under consideration being Zerodur or
fused silica the current candidates for the mirror substrate. A dedicated
test campaign for several substrates materials and mirror coatings has
been conducted at previous phases [7].

Right after the ORU, we find the Interspace Afocal Module 1. Itisa
refractive optical system that consists of two identical doublets that
relays the pupil ahead, controlling at the same time the beam diameter.
The firstdoublet produces a real image at half way of the optical system.
The second doublet acts as a collimator that produces a collimated exit
beam that propagates towards the Bioshield (BS). The afocal module 1,
is a Keplerian telescope with magnification 1X (in all views).

BioshieldOptics:

Inside the Bioshield, two flat mirrors tilted at 45° constitute a radi-
ation shielding Cold Dog Leg (CDL) and will allocate alignment capa-
bility for the LoS. Following the CDL, a doublet focuses the collimated
beam and produces a real scene image inside the Bioshield, such that the
beam diameter is kept under control along the optical system. This

Table 1
Infrared & Visible optical specifications.

refractive module is also a Keplerian telescope afocal module, with
magnification 1X for both Tangential Views, a 1.39X for the Divertor
View. See Fig. 5 for a Layout of the Bioshield Optics (Divertor View
only).

Port Cell Optics:

See Fig. 6 for an optics layout of the Port Cell area (Divertor View
only).

In the Port Cell area (PC), the optical design concept is also refrac-
tive, except for the folding mirrors and the beam splitting components.
Part of the optics is installed outside of the shielded cabinet. This module
is named as Afocal Module 3, and it is also a Keplerian telescope with
magnification 1.92X for the Tangential Right View, 2.3X for the
Tangential Left View, and 0.97X for the Divertor View. It includes 2
folding mirrors in the path that help to accommodate the entry of the
beam into the shielded cabinet. The first optical element inside the
cabinet, common to the IR and the VIS channels, is a dichroic beams-
plitter at 45° that separates the radiation between the IR and the VIS
spectral range by transmitting in the IR and reflecting in the VIS. The
camera optical elements are inside the shielded cabinet where the
cameras are located. The Visible Objective is a set of 4 lenses focusing
the beam at the sensor focal plane. The design allows for the imple-
mentation of a second camera, producing an extra image in real time.
This is achieved by beam splitting a second time in the optical train. A
third beam splitter (or dichroic) is implemented in the design which
allows two operational IR cameras that provide redundancy for tem-
perature measurements. The IR objective is also refractive and consists
of 5 lenses. The optical interface with the detector foresees the imple-
mentation of a cooled sensor and includes a pupil image at the vicinity of
the focal plane (cold stop). The focal length of each camera objective is
shown in Table 2.

WAVS Optics main Divertor View Tangential Left View Tangential Right View

requirements IR VIS IR VIS IR VIS

HFOV x VFOV (°) 36.1° x 45° 43° x 53.8° 21.5°x26.9°

Detector si 1024 x 1280 1728 x 2236 512 x 640 1024 x 1280 512 x 640 1024 x 1280
etector size pixels of 15 um pixels of 7 um pixels of 15 um pixels of 7 um pixels of 15 um pixels of 7 um

Equivalent Focal 23.57 mm 19.74 mm 9.75mm 9.1mm 20.23 mm 18.88 mm

Length

Er}trance bl 4,6 mm 4 mm 4 mm

Diameter

F-number 5.12 43 244 23 5.06 4.7

Spectral Range 4+0.1pum 656 nm =1 nm 4+£0.1 um 656 nm+ 1 nm 4+0.1 pm 656 nm =1 nm

Optlcal. . >8% >2% >8% >2% >8% >2%

Transmission

Enclosed Energy (IR) EE> 50% MTF>20% EE >50% MTF>20% EE>50% MTF>20%

R 8y within 2x2 at 70cy/mm within 2x2 at 70cy/mm within 2x2 at 70cy/mm

pixels of 15um (Nyquist) pixels of 15um (Nyquist) pixels of 15um (Nyquist)
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that is the multispectral capability of a mirror-based optical system. A
refractive optical system has been implemented instead. Besides, to

3.3. Use of refractive optics
reduce the number of elements, most of the optics works in dual band in a
common optical path that goes from the Interspace Area to the Shielded

Restrictions in the available space for the Ex-vessel optics, led us to
Cabinet in the port Cell Area.

discard the use of reflective optics for the optical design of WAVS. With
this, the main advantage of the use of reflective optics is also missed, and
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Table 2
Objective optics focal length.

Objective Optics Focal Length MWIR VISIBLE
TAN RIGHT 100.3 mm 100.7 mm
TAN LEFT 49.4 mm 52.3 mm
DIVERTOR 152.7 mm 139.2 mm

Working in dual band with common refractive optics for both bands
is an obvious advantage from the reduction in optical elements point of
view. Nevertheless, due to the difference in the index of refraction of the
optical materials for the different wavelengths, a different response and
correction of the aberrations is inherently present. The main conse-
guence that arises from this is the chromatic aberration. To reduce this
effect a narrowing of the spectral bands has been implemented and
accepted as valid, and therefore the optics will be reaching the specified
operational performance when working at 4 ym + 0.1 ym for the MWIR
and 656 nm + 1 nm for the visible.

Also, the materials used in the optical elements have been chosen
taking into account their good performance under the harsh environ-
mental conditions identified in the equatorial ports location in terms of
radiation, temperature and humidity. A dedicated test campaign for
several materials and coatings has been conducted at previous phases [8,
9].

3.4. Optics modularity. Optical interfaces

A big improvement in time and cost in several subsequent activities
can be achieved when using optically corrected and independent optical
modules along the optical path. In this way the independent modules or
subsystems can be assembled, integrated and verified as independent
optical systems, such that they don’t need to be installed on site for its
verification, check or maintenance tasks. This is the strategy followed
for the optical design of ex-Vessel Optics of WAVS. The optical system of

each view consists of 3 afocal modules plus the cameras objectives, and
each of them is independently corrected.

3.5. OH optomechanical tolerancing study and implementation of focus
capability

During operation of the reactor, the Vacuum Vessel is affected by
radial and vertical thermal dilatations which produce relative dis-
placements between the optical components inside the Port Plug and the
ex-vessel optics.

These relative displacements have an impact on the optical perfor-
mance, degrading the image quality and decentering the Line of Sight
(LoS). These effects must be corrected by means of a set of two mirrors
attached in an Optical Hinge (OH).

Making use of the very similar deformation produced by the thermal
effects in both axis (radial and vertical), the linear vertical movement of
the upper mirror of the Optical Hinge (mirror OH1) will produce the

OP1=L1+L2
OP2=(L1-x) +(L2+x)
OP1=0P2
OP=0ptical path
VV: Vacuum Vessel

VV Radial displacement =x

L1-x

< L A "
b Y Mirror displacement =x
|

Movable Mirror (OH1)

L2

VV Vertical displacement =x

Fixed Mirror (OH2)

Fig. 7. Optical Hinge optical correction function layout.



desired correction in both focus and alignment with a single movement.
See Fig. 7 for a layout of the optical correction implemented by the
mirror displacement.

The positioning of the movable mirror (upper movable mirror (OH1)
in Fig. 7) can adopt three fixed positions, corresponding to three
established temperature modes; operational, baking and ambient tem-
perature. This means that no real-time corrections are foreseen with this
mirror. Then, any deviation of the Vacuum Vessel deformations from the
nominal values can mean a degradation of the optical performance of
the WAVS, as the OH1 mirror will only have one of the pre-set fixed
positions. This section describes the results of the assessment done on
the range of tolerance in the positioning of OH1, while keeping the
optical performance under control. The need of a refocusing device is
also considered here, such that a complementary correction can be added
to the system and in that way residual defocus correction can be
implemented in real time. The study concludes that the tolerance in
position of the OH1 mirror is not critical (several mm of positioning
errors does not affect the performance). It also showed a reduced
sensitivity or low efficiency of the OH1 mirror, when used for re-
focussing purposes. A fine focusing mechanism is then proposed for the
complete optical system to correct defocusing, and this will be
implemented at the end of the optical system, at the camera objective
optics.

An additional conclusion of this study shows that a residual LoS
decentering is always present when correcting with the OH1 mirror. For
Alignment/ Decentering correction, the OH mechanism could be used,
in open loop, depending on the allowed tolerance on image decentering.

4. Optomechanical tolerancing

The Tolerancing Study included in this document correspond to the
Ex-Vessel Optics only, such that the Port Plug and ORU optical systems
are contributing as with its nominal performance only, and no degraded
contribution from this optical module to the final tolerancing results is
taken into account here. End to End Performance for the as-built system
(including the PP and ORU optical modules) will be reported at the Final
Design Review phase.

The main Software tool used for the tolerancing study has been
Zemax OpticStudio.

The tolerances available for analysis include variations in construc-
tion parameters such as curvature, thickness, position, index of refrac-
tion, Abbe number, aspheric constants, irregularity of surface shape, etc.
The study also supports analysis of decentration of surfaces and lens
groups. The various tolerances may be used in any combination to es-
timate alignment and fabrication error effects on system performance.
This has been chosen such that follows the assembly and alignment
strategy we have in mind for the WAVS End to End System. The toler-
ancing analysis is critical to define a representative fabrication and as-
sembly budget in terms of integration times and cost.

Regarding the feasibility of the study, exact ray tracing is used for
tolerance analysis. There are no approximations or extrapolations of first
order results in the tolerance algorithms used.

Tolerances may be evaluated by several different performance cri-
terion, we have used two different Tolerancing runs: RMS wavefront
error and boresight or LoS error (through a user defined merit function).
Additionally, compensators have been defined to model allowable
adjustments made to the lens after fabrication. Limits in the range of
compensation have been placed for the chosen compensators.

The way the tolerances have been computed and analyzed is by a
Sensitivity Analysis: for a given set of tolerances, the change in the
chosen criterion is determined for each tolerance individually. Also, the
criterion for each field and configuration (or channel) individually has
been computed. The sensitivity analysis considers the effects on system
performance for each tolerance individually. The aggregate or total
performance is then estimated by a root-sum square calculation, such
that this represents a worst case scenario.

We have also considered an alternative approach to the computation
of tolerances, by a Monte Carlo Analysis: this is an alternative way of
estimating aggregate effects of all tolerances. This simulation generates
a series of random lenses which meets the specified tolerances, then
evaluates the criterion. No approximations are made other than the range
and magnitude of defects considered. By considering all appli- cable
tolerances simultaneously, an exactly, highly accurate simulation of
expected performance is possible. The Monte Carlo simulation can
generate any number of designs, using normal, uniform, parabolic, or
user defined statistics. For the study presented here a normal distribu-
tion statistic has been used.

The performance criteria is the following:

Optics MTF (visible) to demonstrate the compliancy with the
requirement: >20% at 70 cycles/mm

Ensquared Energy (IR) to demonstrate the compliancy with the
requirement: >50% within 2 x 2pixels. Boresight (LoS deviations): less
than 2% of the FoV.

4.1. Manufacturing and assembly tolerances

A summary the general tolerances and compensators applied to the
optical and optomechanical elements is shown in Tables 3 and 4. The
chosen set of tolerances guarantees that the specified image perfor-
mance and LoS accuracy can be achieved. Two types of quality com-
pensators are considered; image quality compensators and boresight (or
LoS) compensators (Table 5).

4.2. Operational tolerances

The study of the operational tolerances shows the potential errors
produced during the system operation and its effect on both the Image
quality and Line of Sight deviations. The assessment consists of the
identification of the degradation produced with the change of temper-
ature, within the specified temperature range from 18 to 35 °C. Gravity
effects are also considered in the structural deformations. The study has
two parts: Thermo-Optical effects and Thermo-Structural effects.

4.2.1. Thermo optical effects

As mentioned in Section 3.3, "Use of refractive optics” the common
path materials choice for the Ex-vessel optical design is very limited and
its behavior highly limits the optimization degrees of freedom.

The optical parameters susceptible of change with temperature such
as the index of refraction of the lenses substrate also behave different for
both spectral bands and a dedicated study has been done on this.

In Fig. 8, the change in the index of refraction with temperature is

Table 3
Expected deformations in the vacuum vessel for 2 different scenarios.

Temperature Direction of displacement Displacement
100 °'C Urad (R—) 15.40 mm
Utor 0
Uvert (Z 1) 15.06 mm
200 'C Urad (R—) 36.16 mm
Utor 0
Uvert (Z 1) 36.46 mm
Table 4

Tolerances of WAVS ex-vessel optical system.

Tolerances Lenses & Mirrors Mechanical Elements
SURF.SHAPE =1A p-v NA

THICKNESS +50 pm +50—200 pm
SEPARATION +50—-100 pm +50-100 pm

TILT +1—4arcmin NA

DECENTERING +50-100 pm NA




Table 5
Quality compensators of WAVS ex-vessel optical system.

While Assembly & Alignment
Compensator

Detector

Cold Dog Leg Mirror

Afocal modules

Doublets in Afocal Modules
Focusing Mechanism

Compensation of
LoS or Boresight Range

+0.5 mm (decentering)
+5 mm (decentering)
1-2 mm (decentering)
+1.5 mm (focus)

+0.8 mm (focus)

Image quality

While Operating

Accuracy Compensator Range Accuracy
<25-50 pym OH1 mirror +40 mm (vertical) <200 pm
<200 pm

<100pm

<20pm

<2 pm Focusing Mechanism +1 mm (focus) <2 pm

dn/dT (x10°)

1000
B Materials in commen paths
Bl Materials in IR paths
mmm Materials in Visible paths

100
Sapphi BaF2 CaF2 zns Ge Si

1

0.1

Fig. 8. dn/dT for the optical materials used in WAVS.
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Fig. 9. Diffraction EE for the as-built E2E system. TAN RIGHT view (IR). Red
dot indicates Spec. value. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

shown in a comparative graph for each material used in WAVS, and in
logarithmic scale. It can be appreciated the big difference in the behavior
of the change of the index of refraction with Temperature in the
materials used for the visible path, with respect to the ones in the IR path.
Additionally, and regarding the common optical path, this behavior is
spectral-sensitive, so the change is slightly different for each spectral
band, and therefore this is an additional impact on the materials available
to use in the common path. Data in the graph has been taken from
different manufacturers and Zemax materials catalog.

A thermo-optical simulation has been run with Zemax, and its effect
on the imagen degradation has been assessed for WAVS. As a good
approximation these temperature errors can be considered linear errors,
such that its effect on the image performance can be approximated as a
defocusing. The optical End to End system provides a refocusing

mechanism (in the cameras optics) which can be used to compensate for
the linear errors produced in this temperature scenario. The study shows
that the needed range of refocusing to compensate for the thermo-
optical errors is within the total operational-working movement of the
focusing mechanism, and specifically around +0.5 mm for all views.

4.2.2. Thermo structural effects

The output of the Thermo - Structural analysis (not included here) is
used to estimate the degradation on the Image quality and Line of Sight
deviations with the operational temperatures. The considered range in
temperatures has been from 18 °C to 35 “C. The analysis is made sepa-
rately for each optical module. A worst case scenario, which is at both
ends of the temperature range, and statistics is taken, such that the
degradation values (defocusing and LoS errors) for each module are
Root Summed Squared, and the resulting figure is reported. The results
are the following:

« Refocusing needed < +0.1 mm for all views and channels
= LoS errors: Between 5 and 17 pixels, depending on each view and
channel

These values are taken into account as contributors in the complete
tolerancing study, and they are not considered as a potential problem.

5. Image performance

Fig. 9 and Fig. 10 show the optical MTF and Ensquared Energy (EE)
for the as built (after tolerancing) End to End. For this simulation a
Monte Carlo approach has been adopted to construct the as-built optical
system. The results are shown for the Tangential Right view only. An
indication of the specified value is also indicated in both graphs.

Modulus of the OTF

0 7.0 14.0 21.0 28.0 35.0 42.0 49.0 56.0 63.0 70.0
Spatial Frequency in cycles per mm

Polychromatic Diffraction MTF
EPPL2 VIS-IR Tangential View concept - Both cases (Right and Left)
28/01/2021 Zemax OpticStudio 18.9
Data for 0.6550 to 0.6570 um.
Surface: Image
RIGHT_E2E_config2_worst_case. MK

Legend {tems refer to Field positions Configuration 1 of 1

Fig. 10. Optical MTF for the as-built E2E system. TAN RIGHT View (VIS). Red
dot indicates Spec. value. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



6. Conclusions

WAVS Optics has reached its Preliminary Design Phase and the
design overview solution is shown here. The total length of the WAVS
Ex-vessel Optical System is around 10 m, from the exit of the vacuum
Vessel to the very end of the Shielded Cabinet. The required focal length
of the optics in this volume, is only 10—20 mm. With this, a priori,
contradictory magnitudes, the optical system must relay both the pupil
image and the scene image of the system all along the optical path, while
keeping the optical beam at a reasonable size and controlling the ab-
errations at the same time. One of our main goals in the optical design of
WAVS has been the development of a robust, manufacturable and
operation-tolerant optical system. Additionally, a big improvement in
time and cost in several subsequent activities can be achieved when
using optically corrected and independent optical modules along the
optical path. In this way the independent modules or subsystems can be
assembled, integrated and verified as independent optical modules, such
that reduced optical equipment will be needed on site.
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