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A B S T R A C T

The Charge eXchange Recombination Spectroscopy diagnostic system on the ITER plasma core (CXRS core) will
provide spatially resolved measurements of plasma parameters. The optical front-end is located in upper port 3
and the light of 460–665 nm is routed to spectrometers housed in the tritium building. This paper describes the
layout of the optical system in the port plug, cell and interspace areas. The layout is a continuation of the
developments described in [1] and takes into account changes in the design of the upper port plug, con-
siderations for the system lifetime as well as internal and external tolerances on the optical chain. The layout was
selected also with a number of additional criteria, including optical performance, radiation shielding, main-
tainability and robustness. A free-space optical chain was added pushing the optical fibres to the port cell. A line-
of-sight finder imaging apertures and masks in the optical chain was added to enable determination of deviations
within the optical chain and stabilise the image on the fibres. Where feasible, existing solutions for sub-systems
such as the shutter were adapted to the layout.

1. Overview

The Charge Exchange Recombination Spectroscopy diagnostic
system for the ITER core (CXRS core) captures light originating from
the interaction of the diagnostic neutral beam (DNB) with the plasma.
The light in the wavelength range of 460–665 nm is examined spec-
troscopically. CXRS core is the primary diagnostic system for toroidal
plasma rotation (vtor), core ion temperature (core Ti), relative Helium
concentration (nHe/ne), Helium profile, and core concentration of He,
Be, C, Ne and Ar. It also contributes to a number of other measure-
ments. The presence of 0.6% Neon in the plasma is expected during the
measurements in ITER. Recent experience at JET also shows the ability
to measure in an ITER-like environment in the presence of He, Be and N
[2]. CXRS core is not suitable to measure Zeff as a primary diagnostic
system since the usable lifetime of the mirrors with open shutter is
limited. In addition the concentration measurement of elements is not

continuous as the DNB is pulsed, and only a lower bound can be
measured as not all elements are detected. The newly added Visible
Spectroscopy Reference System (55.E6, VSRS) is assumed to take over
this role with CXRS core contributing to its ability.

The system level considerations taken into account in the update of
the diagnostic layout are discussed in Section 2 and the resulting optical
system is detailed. The mechanical implementation of the different sub-
systems is discussed in Section 3.

2. CXRS core system level design and optical layout

As a continuation of the CXRS core design described in [1], the
system level layout was revised taking into account the results of the
conceptual design review and changes in the surrounding components.
On the system level, the following changes were implemented:
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• The coupling of light into the fibres was relocated to the port cell

• A mirror chain was implemented in the interspace and bioshield

• A line-of-sight (LOS) finder was added to the system

• The mirror chain in the upper port plug (UPP) was revised

Termination of the fibres was relocated to the port cell to reduce
radiation damage to the fibres, avoiding the need to replace the inter-
space section of the fibres. In addition, maintenance is simplified as the
fibre length to be handled and stored during maintenance is minimised.
The fibre positioning mechanism is also more accessible in the port cell.

To enable relocation of the fibres, an appropriate optical in-air chain
of mirrors to transfer the light from the UPP to the port cell is im-
plemented. Fig. 1 gives an overview of the updated CXRS optical chain
in port 3. The second and fifth mirrors are of toroidal shape with radii
between 1 and 2.2m. In the interspace, a two-mirror transfer telescope
is added. In the bioshield, a cold dogleg consisting of two flat mirrors is
added. The lens system consists of 3 lenses (1 doublet) and focusses the
beam onto the fibres. The last lens may be used to adjust focal length.
The in-air optical chain is similar to the one proposed for the H-alpha
diagnostic system.

The CXRS optical system implements an entrance pupil of 35mm ϕ
at about 4.7 m distance to the object. For a field of 1.48m×0.49m
with a roughly trapezoid shape (see Fig. 2), light within a solid angle of
4.3× 10−5 sr is transferred without vignetting. An initial transmission
of around 40% in the relevant wavelength range from the object to the
fibres is expected with a Rhodium first mirror (M1), Aluminium sec-
ondary mirrors in the UPP (M2–M5), protected Silver coating in-air,
and the window and most lenses made from fused silica with AR
coating on all surfaces. The magnification of the full optical chain is
around 1/40.

2.1. Tolerances and deviations

The CXRS core nominal Field-of-View (FOV) extends from the
geometric plasma centre to 1.4 m outwards, see Fig. 2. It is aligned with
the target volume at operation temperature. The actual FOV, plasma
position and DNB location are subject to tolerances at assembly time
(as-built location and especially orientation of the UPP within ITER,
DNB location, magnetic axis to tokamak assembly datum, etc.) and
operation (thermo-mechanical deformation of the VV port, feed water
temperature tolerance, etc.). As a result, the target volume relative to
the CXRS core FOV by±62mm along the DNB flight direction,±
152mm across toroidally and± 128mm in focal depth of the CXRS
core system as sum of the known tolerances. The FOV is not centred on
the DNB on the outboard side, where sufficient light is available, to
clear the edge of the neighbouring blanket and improve the use of space
in the UPP.

The FOV is designed to be adjusted by± 100mm across the DNB
and± 50mm along the DNB flight direction during system assembly.
This adjustment is realised by aligning the entrance aperture, first and
second mirror. It can only take into account as-built deviations known
at the time of assembly. No compensation of the focal length is planned
as the loss of spatial resolution is limited.

To compensate for the deviations unknown at assembly time, the
FOV extends beyond the nominal diagnostic channels by±100mm in
plasma toroidal direction. The area relevant to the diagnostic is selected
at the coupling to the fibres in the port cell. No extension of the FOV is
planned along the DNB flight direction. In presence of deviations in this
direction, CXRS core will loose 1–2 diagnostic channels in either the
geometrical centre of the plasma or at the overlap to the edge CXRS
system. With the tolerances as given, the diagnostic purpose can still be
fulfilled.

The telescope in the port interspace is able to cope with±10mm
displacement and±0.5° tilt (horizontal and vertical) of the beam
coming from the UPP without repositioning. If this range is found in-
sufficient over a plasma shot, course repositioning to pre-programmed
locations is planned with a hexapod stage. All deviations of the front
end are relayed to the cold dogleg in the bioshield. These mirrors are
equipped with active tip-tilt adjustment and compensate movement of
the beam, providing a stable and nominal position of the field on the
lenses in the interspace.

To drive the cold dogleg mirrors, measurement of the deviations in
the optical path is necessary. Lacking an object with detectable edges, a
dedicated line-of-sight (LOS) finder optical system is implemented in
the port cell. Masks and apertures are placed along the optical path, see
e.g. Fig. 3. These elements are back-illuminated from the port cell and
feature diffuse-reflective back sides. The apertures are of subsequently

Fig. 1. The CXRS core optical path and general setup in the ITER UPP no. 3, port interspace and port cell.

Fig. 2. Field-of-view of the CXRS core diagnostic system.
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larger diameter starting from the entrance aperture and feature dif-
ferent shapes, allowing imaging and discrimination of all apertures. The
masks are placed within the FOV at areas that do not take part in the
diagnostic measurements. The relative shifts between the apertures and
masks is detected, allowing calculation of the relative location of the
UPP, interspace telescope and lens system and compensated by the
mirrors in the bioshield.

2.2. System lifetime

The system lifetime was maximised by the layout based on the
criteria established by tests and simulation [3,4]. The entrance aperture
size was reduced from ϕ 45mm to ϕ 35mm. In addition the distance
between the entrance aperture and M1 was maximised, reaching
210mm.

A cleaning system is planned for the first mirror. Research into first
mirror cleaning is progressing [5] and implementation for CXRS core
awaits definition of the cleaning system parameters. To allow effective
cleaning without damaging the second mirror by the debris, the dis-
tance between M1 and M2 was maximised in the optical layout.

Lifetime is further increased by a shutter which follows the DNB
operation cycle with the nominal cycle of 3 s on and 20 s off. The
shutter is opened in time for the DNB pulse to start and closed im-
mediately afterwards within<1 s to maximise system lifetime. In case
of a modified DNB duty cycle, the lifetime budget of the diagnostic
system can be redistributed in accordance with the measurement needs.

To detect the degradation of the mirrors, a calibration system
monitoring relative and absolute transmission of the optical chain is
included. The UPP calibration system components are described in
more detail below.

3. UPP sub-systems implementation

3.1. Shutter

A pneumatically actuated shutter with two 2.1m long flexible arms
was used in the previous design. The arms carry blades which interrupt
the optical path just behind the entrance aperture but avoid contact to
prevent sticking. The closing motion is achieved by bending of the arms
and limited with bumpers. The per-arm blade travel distance of 24mm
with open and close times of 0.7 s [6]. The back-side of the blade fea-
tures a diffuse surface for calibration. Assuming optimistic 30,000
plasma pulses of 500 s duration and a DNB cycle duration of 23 s, a
shutter cycle count of 660,000 is required.

This shutter with mock-up arms was successfully tested to
1,000,000 open–close cycles in air. No additional external loads outside
of some baking cycles were applied during this testing. The actuator did
not develop any defects or leaks. Limited wear was found at dummy
bumpers used to limit shutter movement, but the functionality was not
affected. A second shutter prototype with a detailed version of the
shutter arm was tested to 1,000,000 cycles in vacuum without defects
or leaks.

Experimental tests using a simplified parametric shutter mock-up
showed that with accurate control of the pressure evolution, rebounds
on the bumper could be completely suppressed without considerable
vibrations of the blade [7].

Fig. 4 depicts the current shutter setup. Only one arm can be used
due to spatial limitations. The shutter provides a blade travel distance
of 42mm and requires a pressure of about 4 bar absolute to open and
pre-load against the bumpers. The open and close time of 1 s is retained
based on the results of previous testing. The arm travel time is de-
termined based on eigenfrequency and stiffness which are close to the
previous design, and margins were present in the gas flow rate to adjust
arrival of the arm with minimal speed taking into account the oscilla-
tions of the arm when driving it. The shutter is mounted to the mid-
plane of the UPP diagnostic shielding module (DSM) which is as-
sembled from two halves. The actuator and arm are mounted together
on a common base structure to ease maintenance and allow accurate
adjustment of the shutter blade location. The design of the ancillary
components necessary for driving the shutter (safety valves, com-
pressor, tanks) is under investigation.

3.2. In-vacuum mirrors

The first mirror (M1) is located in front of the DSM. It helps in
adjusting the FOV and is aligned in piston, tip and tilt. A thin plate of
single crystal Rhodium is chosen as mirror surface material based on
reflectivity, resistance to corrosion and erosion. Nano-crystalline Rh
coatings are also being considered. With the high gamma heating of the
Rhodium at the M1 location (average of around 70W cm−3, the mirror
assembly is actively cooled. Details of the M1 substrate choice and
design can be found in [8]. Maintenance of the mirror is planned as
replacement of the complete assembly, with hands-on pre-aligning of
the replacement against the surveyed as-aligned initial M1.

Aluminium was chosen for the in-port mirrors 2–5. The substrate of
M2 (dimension of 350mm times 210mm) and M3 are made from alu-
minium RSA-905 [9] and will be Al-coated to maximise reflectivity.
With a measured electrical resistivity of 7.75×108Ωm at 70 °C for
RSA-905, the loads during disruptions are roughly cut in half compared
to Al 6061-T6. At an estimated peak moment of 0.95 kNm during a
Vertical Disruption Event (VDE-II 36ms linear current decay) with a
reasonably light-weight design, mounting of the substrate is still de-
manding.

3.3. UPP calibration system

As part of the diagnostic calibration, a setup to measure the trans-
mission of the optical chain in between pulses is foreseen in the UPP.
The system is based on illumination of the diffuse back-side of the
shutter blade with a light source. The absolute spectral radiance of the
diffuse surface is measured directly with a radiometer and through the
main optical chain. The radiometer measurement is only possible with
the shutter open as the entrance aperture is shadowed by mirrors from
the direction of the closure plate. An overview is given in Fig. 5.
Compatibility with the port interspace environment is under

Fig. 3. Overview of diagnostic components located inside the diagnostic shield
module and first wall (visible as outline in the background).

Fig. 4. Preliminary shutter assembly, adopted to the updated optical layout.
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investigation.

4. Conclusions

The CXRS core diagnostic system implements an optical system with
relatively large FOV and high étendue given the narrow design space in
the UPP and externally imposed tolerances. The optical layout was
updated successfully improving system lifetime, incorporating toler-
ances from manufacturing and operation, and changes in the sur-
rounding components. A design for the CXRS components in the UPP
was proposed and many of the existing solutions from the previous
layout could be incorporated.

Prototypes of the unmodified shutter have been successfully tested
to 1,000,000 cycles. The full prototype did not show any significant
damage and no leaks were found.

Detailing of the UPP diagnostic component is progressing and de-
sign of the ex-vessel components has started.
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