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The maximum temperature expected in ITER is in the region of 40 keV and the minimum average
density of approximately 3 ⫻ 1019 m−3 is also expected. The proven capability, convenience, and
port occupancy of the LIDAR Thomson scattering approach, demonstrated on JET, makes it an
excellent candidate for ITER. Nonetheless, there are formidable design challenges in realizing such
a diagnostic system. The expected high temperature presents its own problem of a very large
relativistic blueshift of the scattered spectrum 共e.g.,  / 0 ⬃ 0.35 for Te = 40 keV兲, impacting on the
laser choice and spectrometer/detector system. The combination of coupling high power lasers to the
plasma and broadband wavelength detection has been examined in terms of minimizing the
operational risk to the overall system, while optimizing the diagnostic performance. Part of the
exercise has also included identifying the present critical components, and reducing their impact,
e.g., on diagnostic reliability and performance, and attempt to make the design compatible with
possible long term developments and operational requirement. Issues such as redundancy of key
operational components, e.g., lasers are explored. © 2006 American Institute of Physics.
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INTRODUCTION

The outline measurement requirements of the ITER core
electron temperature and density diagnostics are shown in
Table I. It is proposed to measure this with a LIDAR Thomson scattering system, with a laser beam injected approximately horizontally through an equatorial port. A possible
outline design is shown in Figs. 1 and 2, indicating the laser
beam directed towards the core plasma, and the optical labyrinth for the scattered light positioned inside the ITER port
plug. The LIDAR concept has been successfully deployed at
JET,1 however, in ITER, a substantial part of the optics has
to be in the vacuum vessel.
Key elements in the system implementation are control
of the first mirror and collection window integrity across a
large wavelength range and maintainability of the laser window under extended irradiation of neutrons and laser radiation. Technical developments in lasers and detectors are also
important.
SCATTERED SPECTRUM

Some examples of the scattered spectra expected in
ITER, including the substantial relativistic effects, are shown
in Fig. 3.2 It is clear that at the highest temperatures, the
spectrum peaks significantly at shorter wavelengths.3 To get
to 40 keV at a scattering angle of 180° 共LIDAR兲, one needs
0034-6748/2006/77共10兲/10E525/4/$23.00

to measure down to  / 0 ⬃ 0.3– 0.35 共0 is the laser wavelength兲. Typically, this extended region of the spectrum is
problematic for high-optical transmission for both refractive
and reflective components in the ITER environment due to
the various effects of neutrons, gammas, and mirror degradation due to erosion or 共mainly兲 deposition.

SPATIAL RESOLUTION

The spatial resolution specified are a / 30 or ␦x ⬃ 7 cm.
This is at the limit of the present technology, particularly the
combination of time resolution and the spectral range of detectors. The accuracy of the system will be ultimately limited
by signal to background radiation and convoluting effects
including those of laser pulse width and detector response
time. Assuming that the temporal response of the system is
given by the following: ␦t = 共c / 2兲共␦x兲 where ␦t is the total
convolved time response of the system including detector
and laser. The total time of ␦t ⬃ 460 ps is estimated to
achieve the spatial resolution. Assuming Gaussian distributions and taking equal contributions from each of the components, a requirement is that the laser pulse and detector full
width half maximum response times should be approximately 330 ps. Generally, the response time of the detectors
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TABLE I. Main requirements for the core LIDAR.

Electron
Temperature
Electron density

Spatial
range

Parameter range

Time
resolution

Space
resolution

Accuracy

r / a ⬍ 0.9

0.5-40 keV

10 ms

a / 30

10%

r / a ⬍ 0.9

3 ⫻ 1019 – 3 ⫻ 1020 m−3

10 ms

a / 30

5%

is not Gaussian with the detectors having a slower fall time
than rise time. This can be accounted for in the detailed
analysis.
OPTICS

An outline scheme for the collection optics is shown in
Fig. 2. In the case shown, the laser beam is injected through
a hole in the first light collection mirror. This has the key
advantage of separating the requirements for high power
handling of the laser mirror from wide spectral bandwidth
for the collection mirror, at the expense of a small hole in the
collection mirror 共⬍5% of total mirror area兲. The scattered
light is relayed through a labyrinth to the vacuum window at
the rear of the port plug. This arrangement while minimizing
the direct escaping neutrons minimizes the neutron and debris load on the collection window. The etendue of the system will reduce with distance across the tokamak, with the
minimum light being collected at the inner wall. The system
indicated in Fig. 1 has a variation of f numbers from ⬃f / 6 at
the outboard side to f / 18 at the inner wall. This is compatible with collecting the light scattered from the whole cross
section of the laser beam onto a single detector of diameter
typical of available detectors although a twin detector approach for each spectral channel may be useful to minimize
background light and optimize response time. These would
allow the creation of a dual image plane to minimize the
effects of depth of field. In this case, the first image which
represents the light from the furthest away section of the

plasma would be carefully extracted while almost all the remaining light 共from the near field兲 would continue on to the
second detector.
Rhodium is a good candidate for the reflection coating of
the first collection mirror, although very little work has been
carried out on its behavior in the ITER environment. It has a
reasonable S-polarization reflectivity 共⬎75% 兲 across the visible spectrum from 280 nm upwards. Locating the collection
mirror further away from the plasma should help to reduce
the impact of plasma interaction and hence increase the lifetime of this key component. In this design iteration, the first
laser mirror is separated from the collection mirror and can
be outside the vacuum. The first vacuum window is remote
from the plasma. It is expected to be essentially immune
from plasma deposition or erosion. As these are in the direct
neutron path from the plasma, a study of the damage threshold of appropriately irradiated windows and mirrors with
various wavelengths will need to be carried out. The arrangement shown has the advantage that the first laser mirror can
be changed relatively easily without entering the area between the port plug back and the bioshield wall. The focusing lens for the laser beams could be installed in the stable
bioshield wall. This would provide a solid mounting for the
guiding laser optics and aid the system alignment. The
vacuum pipe extension would need to be supported from the
port plug.

FIG. 1. 共Color online兲 Generic arrangement for ITER core LIDAR. The light collection and the laser injection are separated.
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FIG. 2. 共Color online兲 Outline schematic of the port plug area LIDAR
design for ITER.

FIG. 4. 共Color online兲 Typical error estimates expected for core 共collection
f number of 12兲 measurements.

DETECTOR OPTIONS

The detectors under consideration at present are photomultiplier tube–microchannel plate 共PMT-MCP兲 type. These
have a relatively large aperture, ⬎10 mm, and are responsive
across the spectrum from 300 nm to approximately 800 nm
using certain types of photocathodes such as GaAs, S20, and
GaAsP. S20 based devices have adequate time response with
full width at half maximum 共FWHM兲 response times under
200 ps. However, S20 is relatively insensitive at the longer
wavelengths 共⬎680 nm兲 compared to the other photocathodes mentioned. The response times of these detectors are
currently under investigation. Existing detectors are not adequate to allow a system based on first harmonic
共Neodymium-yttrium aluminum garnet兲 Nd:YAG lasers to be
used solely. Presently, the use of this laser would be confined
to measuring temperatures greater than approximately
2.5 keV and hence it would need to be combined with a
shorter wavelength laser 共such as titanium: sapphire or second harmonic Nd:YAG兲. In the final detector solution, it is
likely that several detector types will be utilized, each one
optimized for different spectral regions.
LASER OPTIONS

The ITER specifications of 100 Hz laid down for the
laser repetition rate can be achieved by going for a multilaser
approach.4 This will build in redundancy, allow a burst mode

FIG. 3. 共Color online兲 Example of the spectral intensity 共arbitrary units兲 for
500 eV electron temperature compared with spectra for 5, 10, 20, and
40 keV plotted vs normalized wavelength with depolarization 共 / 0兲. To
measure 40 keV a value of the order of 0.3–0.35 should be reached with the
measurement apparatus. This would mean getting down to below 300 nm
for an 800 nm laser or 400 nm for 1064 nm laser.

option, and make the requirements realizable. Energies from
the laser of the order of 5 J 共FWHM ⬍250 ps兲 are required.
A system with approximately 15 Hz is feasible based on current technology. As reliability and availability are critical for
ITER and as lasers are typically high maintenance items,
maintenance needs to be considered as a design driver. Deciding on the exact number of lasers may be a financial or
space issue but arrangements of lasers with certain symmetries are more appropriate. A triangular arrangement 共three
lasers set at corners of an equilateral triangle兲 or a hexagonal
arrangement 共seven lasers, six centered at the corner points
of the hexagon and one in the core兲 is considered. For the
seven laser case, each of these laser beams would be between
70 and 100 mm in diameter at the first laser mirror or the
input window. The whole array would require an entrance
window of approximately 170– 200 mm in diameter. The
size of the beams can be much smaller in the laser generating
room where they are combined, hence minimizing the footprint of the laser array on the first laser mirror. It should be
noted that the limiting vacuum aperture in the laser flight
path would be the hole in the first collection mirror. This
would be less than ⬃100 mm. This arrangement would also
allow optimization of the laser beam size at the inner wall.
ERROR ANALYSIS

The expected performance of the LIDAR system is
shown in Fig. 4 for a range of different potential laser options at the core of the plasma. In this case, the density is
3 ⫻ 1019 m−3, Zeff = 2, and background enhancement over
bremsstrahlung is estimated at 2. The cutoff wavelength for
all lasers is 380 nm except where shown. The transmission
of the laser to the target is estimated at 50% and the collection of the light from the target is 11%. The efficiency of the
detectors is typically set at and average value of 3% at wavelengths below 550 nm and an average of 4% above this
value. For the region above 800 nm, the average efficiency
was set to 0.2%. These are consistent with typical detectors
available at this time. An 18 mm detector area is assumed
and the collection f number is 0.7 at this point. The spatial
extent is 7 cm. The energy for the 532 nm laser was set at
50% of the 1064 nm, in line with second harmonic conversion efficiencies. The fractional error represents one standard
deviation. To simulate the effect of extending the wavelength
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region past the irradiation cutoff, one case has an extended
wavelength down to 300 nm. The effect of doing this is seen
in the figure. Based on the current assumptions, it is seen that
a system to measure the core temperatures to better that 10%
is outlined.
NEUTRON FLUX AND POWER LOADS ON
COMPONENTS

Neutron loads on components in the port plug and cryostat area have been estimated for 500 MW of fusion power.
The estimated neutron heating power on the first collection
mirror is ⬃17 mW/ cm3 共Cu兲 共7 ⫻ 1011 n / cm2 s兲. The heating power at the second collection mirror is below
100 W / cm3 共⬃4 ⫻ 109 n / cm2 s兲. At the first collection
window, the power is negligible and the estimated neutron
flux is in the region of 108 n / cm2 s. The spectrum of neutrons that arrives at this window has energies typically below
1 MeV. These calculations assume a 60% / 40% 共volumetric
ratio兲 of stainless steel/water mix distributed inside the walls
of the plug. The neutron flux at the first laser mirror is estimated to be ⬃1010 n / cm2 s.
According to the 2002 ITER design guidelines, the
maximum radiative load 共Pw兲 on the first wall during operation is 0.5 MW/ m2.5 Assuming that the aperture in the blanket has an area A 共⬃0.07 m2兲 and the mirror is presenting an
area B 共⬃0.12 m2兲 at a distance L from the first wall
共⬃2.35 m兲, then the power reaching the mirror is approximately, Pmirror = Pw共A / 2兲共B / L2兲, leading to a power of
130 W or a power density of ⬃1 kW/ m2 on the first mirror.
THERMOMECHANICAL ANALYSIS OF FIRST
MIRROR

Using the above data, it is possible to estimate the effect
of the heat sources on the first mirror. This analysis was
carried out for a copper mirror substrate in good thermal
contact with a stainless-steel supporting structure. The stainless steel was cooled. When the water temperature rise between the inlet and outlet is allowed to change up to 3°, the
time-average mirror surface temperature has a maximum of

⬃14.5 ° C above ambient. The effect of the temperature on
the surface profile is examined by calculating the change in
the radius of curvature of the mirror across the mirror. The
maximum curvature change is equivalent to a radius of
⬃1000 m. An option to keep the mirror at a temperature well
above the 100 ° C operating point of ITER is being considered to minimize deposition and keep the mirror clean.
TESTING AND IMPLEMENTATION

Implementation of a scattering system involves the use
of high power lasers and generally requires isolation of the
tokamak facility for safety reasons during the testing and
commissioning. This time could be significantly reduced by
creating a test rig that mimics as closely as possible the ITER
geometry. This facility would also allow for testing of alignment systems, minimization of straylight 共especially in the
region between the first collection mirror and the end of the
blanket shield module兲 and in situ calibration techniques to
be developed and perfected. Some components such as the
first laser window would need to be irradiated to test
properly.
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