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Abstract

In order to measure erosion/redeposition during long duration discharges, a new diagnostic based on speckle in-

terferometry is proposed. First experiments performed on carbon fiber composite materials have shown that this

technique is able to measure a modification of the surface in the range of 1 lm. Further experiments have been per-
formed on different materials using a second wavelength in order to increase the dynamic range from 0.1 to 100 lm and

to perform 3D measurements of the surface. A diagnostic based on two-wavelength speckle interferometry to measure

in situ erosion/redeposition during a single discharge on the CIEL limiter is under development.
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1. Introduction

Carbon material is widely used in present tokamaks

because of its good thermomechanical properties and low

atomic number allowing a comparatively high impurity

content without severe contamination of the plasma.

Nevertheless, using carbon as plasma facing compo-

nent (PFC) in the next step devices such as ITER will

induce a major problem: erosion and subsequent rede-

position.

Physical and chemical sputtering cause a large ero-

sion on the neutralizer plate of the divertor, decreasing

the lifetime of the tiles and therefore may strongly affect

the duty cycle of the tokamak. As a direct consequence

of the erosion, the redeposition of carbon combined with

hydrogen atoms, known as codeposition process, forms

a carbon layer with high hydrogen content. Extrapola-

tion from present tokamaks shows that the tritium in-

ventory in ITER will reach the limit value, set at 350 g,

within few discharges [1]. Then, operation has to be in-

terrupted for safety reasons until tritium removal is

achieved by the use of conditioning techniques.

The aim of the CIEL project (Composants Internes Et

Limiteur) [2] is to obtain high performance discharges,

up to 1000 s in Tore Supra. Over such durations, erosion

and redeposition processes may become significant even

for a single shot. Being in contact with the plasma, the

toroidal pumped limiter (TPL) is the most relevant PFC

where erosion/redeposition should be monitored. Since

the limiter is actively cooled, the surface temperature

remains below the radiation enhanced sublimation

(RES) temperature threshold of 1000 �C and RES should
not occur in normal operation. Due to the large uncer-

tainties on the neutral flux impinging on the limiter,

chemical erosion has not been taken into account in this

part. Due only to the ion bombardment, the thickness of

the eroded material is estimated from the relation:

e ¼ utY
M

qN
; ð1Þ

where e is the erosion (m), u the ion flux (partm�2 s�1), t
the duration of the discharge (s), Y the sputtering yield
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of the material, M the molecular mass of the material, q
the density of the material and N is Avogadro�s num-
ber.

Taking into account the physical sputtering yield of

deuterium ions on carbon with an averaged value of

2� 10�2 [3], an ion flux of 5� 1022 m�2 s�1 and carbon

density of 1.8 g cm�3 (CFC material) we obtain an ero-

sion rate of about 10 lm per 1000 s discharge. This

erosion is not uniform but depends on the ion flux dis-

tribution on the surface of the limiter. Modelling per-

formed with the Tokaflux code [4] has shown a strong

variation on a short spatial scale due to toroidal field

ripple and self-shadowing effects, as can be seen in Fig.

1. Therefore, erosion/redeposition measurements should

not be performed at a single position but 2D measure-

ments are required. Erosion/redeposition measurements

performed previously on long term samples in Tore

Supra have shown that the net erosion can be strongly

reduced due to redeposition [5]. Analysis of these ex-

periments gave on the inner bumper limiter an averaged

carbon redeposition fraction of about 99%, reducing by

two orders of magnitude the net erosion rate. Then, the

order of magnitude for the erosion and redeposition

process, which is anticipated on the TPL in Tore Supra

for a single discharge of 1000 s, is in the range of 0.1–10

lm. On such a scale and without in-vessel intervention,
only optical measurements seem to be able to provide

valuable information. Therefore it has been proposed to

develop a diagnostic based on interferometry in order to

measure modification on CFC tiles in the range of

0.1–10 lm.

2. Speckle interferometry

From analysis of literature, speckle interferometry

has been retained [6] as the most promising technique.

The principle of speckle interferometry is presented in

Fig. 2. A laser beam reflected from the surface interferes

with a reference beam on a black and white CCD

camera. Displacements of the surface in the direction of

the laser beam modify the interference fringes. Erosion

and redeposition is similar to an out-of-plane displace-

ment, which can be related to a phase shift. Measure-

ments need to be performed before and after surface

modification [7]. Both the reference and object beams

interfere on each pixel of the CCD camera with an in-

tensity value of:

Ibefore ¼ I0½1þ m cosðu � uRÞ�;

where I0 is the laser intensity, m is the fringe contrast

factor, u and uR, respectively the phase shift of the

object and reference.

Fig. 1. Power flux on part of the TPL (	50� 120 cm) calculated with the Tokaflux code, the red area corresponds to the surface

receiving a high flux and the blue area to a low flux. The second image, taken with CCD camera shows the surface aspect after few

weeks of operation. The surface modification attributed to erosion/redeposition is well correlated with power flux deposition.
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After modification of the surface, the intensity is:

Iafter ¼ I0½1þ m cosðu � uR þ DuÞ�;

where Du is the phase shift induced by the surface

modification.

In order to obtain quantitative measurements of the

phase shift Du, we use a technique called phase-shifting
[7]. Using a mirror mounted on a piezo electric trans-

ductor (PZT) reflecting the reference beam, it is possible

to introduce a well-known phase shift in the cosine

function. Several images of the object, with different

positions of the PZT, are stored. The numerical analysis

of these data allows to extract the phase measurement

on each pixel of the camera. Comparing the two phase

images, before and after modification, one obtains Du
and the displacement of the object in the direction out of

the plane.

3. Results

First experiments have been conducted in order to

test the feasibility of such a technique on a carbon fibre

material. A CFC tile (32� 20 mm) brazed on a copper

plate and a frequency-doubled Nd:YAG laser at 532 nm

were used, three images were recorded with a CCD

camera using the phase shifting technique. By applying a

slight mechanical pressure on the top part of the sample,

a very small displacement of the tile perpendicular to the

laser beam is induced. Then, after displacement, three

other phase-shifted images were recorded. We can see in

Fig. 3, the image of the CFC sample as seen by the CCD

camera and the displacement calculated from the anal-

ysis of the speckle interferometer. The displacement

value converted in a color scale is shown in Fig. 3(b) (full

scale is 1.2 lm). The theoretical resolution depends on
the interfringe value i ¼ k=2 and on the camera resolu-
tion, in our case i ¼ 266 nm and a 8 bit camera gave a

theoretical resolution of about 1 nm. Actually, the ex-

perimental resolution achieved in our experiments was

about one order of magnitude larger than the theoretical

value. These results show that speckle interferometry

can be used on CFC materials and provides quantitative

information on surface displacement. Nevertheless, in a

tokamak environment this technique cannot be applied

to measure in situ erosion/redeposition on PFC, because

of vibration, thermal dilatation of the internal and ex-

ternal components. Therefore, it has been proposed [8]

to apply two-wavelength speckle interferometry in order

to obtain a three dimensional (3D) measurement of the

limiter. The use of a second wavelength allows to obtain

a relative displacement as described previously and ad-

ditionally the 3D shape of the object [9]. Moreover,

according to the specific value of the second wavelength,

it is possible to cover a wide dynamic range in the

measurement. The dynamic range and the resolution

depend directly on the value of the interfringe i. By using
two wavelengths, the interferogram figure results with a

synthetic wavelength, K defined as:

i ¼ K
2
¼ k1k2
2jk1 � k2j

:

By changing the difference between the two wavelengths,

it is possible to vary the synthetic wavelength from 0.5 to

thousands of micrometers. In order to qualify the two-

wavelength speckle interferometry, first experiments

have been performed on several materials. A continuous

and tuneable dye laser with an output energy of 400 mJ

was used. The laser beam was transmitted to the

speckle interferometer through a 50 m optical fibre. The

Fig. 2. Speckle interferometer set-up. The laser beam is divided into two parts by the beam splitter (SP), in the first branch of the

interferometer, the mirror (M) is mounted on a piezo electric quartz (PZT) moving along the x-axis, in the second branch, the beam is

reflected on the object. Both beams recombine on the CCD camera. Once the object has moved along the z direction, a second speckle
interferogram is performed. From the difference between the two phase images, the displacement of the object can be measured.
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wavelength was continuously varied with a minimum

step of 10�4 nm. The Fig. 4 shows the contour plot of a

3D view of 1 € coin as well as a line profile across the

relief showing a value in the range of 200 lm. These
figures were obtained using 572.250 and 573 nm wave-

lengths, resulting in a synthetic wavelength of 437.2 lm.

Fig. 3. CCD view of a CFC tile (horizontal dimension is 20 mm) and displacement measured by speckle interferometry. Each color is

about 0.15 lm and the full scale (grey) corresponds to a displacement of 1.2 lm in the direction perpendicular to the surface.

Fig. 4. Contour plot of a 3D measurement of 1 € coin and horizontal line profile.
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Further experiments are planned to be done on cali-

brated samples in order to cover the full range from

0.1 lm to 10 mm.

Because of these very promising results, we are

planning to develop a diagnostic based on two-wave-

length speckle interferometer to be installed on Tore

Supra. Fig. 5 shows the experimental set-up of such a

diagnostic, which would be mounted on a vertical upper

window. Nevertheless, prior the installation on a toka-

mak, further developments need to be done on the op-

tical bench in order to define the specifications of the

laser (wavelength, energy, coherence length, etc.) and to

demonstrate the reliability of such an optical diagnostic

in a tokamak environment.

4. Conclusion

The speckle interferometry technique has been suc-

cessfully tested on a CFC tile and is able to measure

surface displacement in the range of tens of micrometers.

The use of a second wavelength allows to increase the

dynamic range and provides 3D shape measurements.

First experiments performed with a continuous laser

using two wavelengths at 572.250 and 573 nm provided

3D measurements of a 1 € coin. The dynamic range of

the depth measurement can be modified by changing the

difference between the two wavelengths. Based on this

two-wavelength speckle interferometer technique, a di-

agnostic for in situ erosion/redeposition measurements

on CIEL limiter is under development at Tore Supra.
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