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Abstract

During the last months of Extrap T2 operations an imaging acquisition system, based on

charge-coupled devices (CCD) cameras, has been operated. CCD cameras are a standard

diagnostic used in many fusion experiments:

i) to obtain a direct insight of the plasma behaviour during the pulse, of the evolution of

plasma-wall interactions and, eventually, of locked modes,

ii) to measure local quantities such as the wall temperature and the impurity influxes,

iii) to study the hydrogen recycling behaviour and

iv) to estimate the poloidal and toroidal mode numbers.

One of the aims of our imaging campaign was to check the utility of such diagnostic for

T2. The purpose of this report is to describe the technical aspects involved in the use of such

diagnostic (paragraph 1) and to briefly describe the results obtained (paragraph 2). In this

view, this report aims to be a guide to the development of a dedicated image acquisition

system for Extrap T2, after the planned rebuild, by stressing the problems and limitations

encountered during this campaign.

Keywords: CCD camera, calibration, field of view, mapping, plasma-wall interaction,
locked modes, flying debris.
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1. Experimental apparatus

Two different Charge-Coupled Device (CCD) cameras have been used on T2:

- a TM-765-E CCD camera, manufactured by Pulnix, and

- a RedLake high speed video system.

The images from both cameras are acquired by an 8 bit ADC frame grabber. The grabber

converts the analog video output into an 8 bit digital image (256 grey levels) of 768 x 576

pixels. The grey level of a pixel, in the range 0-255, is called a digit number (DN).

In this paragraph, the experimental set-up of the CCD cameras is described. In particular

the following points will be discussed:

i) the mounting of the CCD cameras on T2, which determines the field of view of the

cameras,

ii) the electronic configuration used to synchronise the cameras with the discharge and the

PC based acquisition system, which determines the time resolution and the acquisition

timing,

iii) the optics, the interference filters and the neutral density filters, which affect the

information content of the recorded images,

iv) the thermal calibration, which allows to estimate the wall temperature from infra-red

images.

1.1 The slow camera

The Pulnix camera, also referred to as the slow camera, is characterised by an acquisition

rate of 25 Hz per frame with a resolution of 768 x 560 pixels. This camera has a wide spectral

response, ranging from 400 to 1100 nm (from the visible to the near infrared region). A single

image (frame) is obtained by the interlacing of two fields referred to as the odd and even field,

each of them having a resolution of 768 x 280 pixels. These two fields are acquired in the

sequence odd-even: the odd field corresponds to the first 20 ms of the frame and the even field

to the last 20 ms of the same frame. The two fields are then interlaced to give a single image.

The image acquisition system includes (see Fig. 1): the CCD camera, a trigger unit

(Jorway), a pulse generator, a PC equipped with the grabber and a TV monitor. The signal

from the Jorway unit (channel #3) is used to synchronise the grabber with the shot.

Unfortunately, the same trigger signal can not be used to synchronise the CCD camera that,

once switched on, acquires images independently from the shot sequence. The Jorway triggers
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the grabber 60 ms before the shot. The signal from the Jorway is then fed into the pulse

generator, used in gate mode triggered on the signal rise front. Once triggered, the pulse

generator sends a square wave signal (+ 5 V p.p., +2.5 V offset) with a frequency of 20 kHz to

the grabber which then starts to transfer the images acquired by the camera into its inboard

memory. The number of frames acquired can be set by the software controlling the grabber

and its limited by the available inboard memory (8 Mbytes). Typically, 3 frames are acquired

corresponding to a total acquisition time of 120 ms: 60 ms before and after the start of the shot

(the shot is 10 - 12 ms long). A major drawback of such set-up is the lack of synchronisation

between the Jorway and the camera resulting in a random time delay between the beginning of

the field and the beginning of the shot. Therefore, the shot might be split in two consecutive

fields (see Fig. 2).

Jorway

ch#3 G-

Diagnostic Room

TV
monitor

Pulse
Generator

J120 kHz
+5V, +2.5V offset

PC
Grabber

ct Pulnix CCD
controller

Video Signal
T2Hall

+12Vdc

Fig. 1 Slow camera acquisition system: the CCD controller has two other inputs used for a
shutter and for the vertical drive synchronisation.

The camera is pre-set by the manufacturer to automatically compensate for the gain (AGC)

when the light source is too bright. This, however, does not affect the signal since the time

required for the automatic compensation is longer than the pulse duration: it can be therefore

assumed that the camera gain is constant during the discharge.

The longest pulse in T2 lasts less than the time required for the acquisition of a single field.

This means that the entire shot can be acquired in a single field. The corresponding frame is

therefore the interlacing of a very bright field (containing the whole signal) with a dark one



(no signal). Sometimes, due to the lack of synchronisation, the shot can be recorded partly in

one field and partly in the successive one (see Fig. 2).

FRAME
<• >

CCD
VD

4

GRABBER

FIELD

t

-60 ms
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odd

20 ms

even \

: : *

1 Ik

Oms *

•
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Fig. 2 Typical time chart for the camera vertical drive (VD), the plasma current (Ip) and the
grabber acquisition system. The trigger from the Jorway is sent to the grabber a t = -60 ms. The
grabber acquires 3 frames. The start of the plasma discharge is not synchronised with the VD of the
CCD.

In such case, the field with the strongest signal (usually saturated) is due either to the

breakdown process at the beginning of the discharge or to the terminating phase of the shot.

The other field, characterised by a weak signal, contains the remaining part of the shot, which

is usually the most interesting. In both cases, in order to extract the useful information from

the interlaced frame it is necessary to separate the two fields: this is achieved by manipulating

the frame once stored as a file. The image manipulation is based on a simple algorithm whose

main features are the de-interlacing of the frame and the preservation of the frame aspect ratio

for the two fields. The preservation of the aspect ratio is necessary to obtain an image whose

dimensions are not distorted: this implies the transformation of the 768 x 280 pixels field into

an image with a size of 768 x 560 pixels. This is accomplished by resizing each field to 768 x

560 pixels, alternating rows from the acquired field with blank rows (i.e. setting DN = 0 for

all the pixels in such rows). For each pixel in the blank row j the corresponding DN is given

by:

DN._k = Round
DNj.l>k+DNj+lik

(0

with k = 1,2, ..., 768 and j = 1, 3, ..., 279 for the odd field (j = 2, 4, ..., 280 for the even

field). The function Round returns the closest integer to its argument.
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Due to its poor time resolution and the inherent synchronisation problems, the slow camera

has been used only with the infrared filter to determine the temperature of the first wall. The

camera has been then calibrated in temperature. Such calibration has been realised heating a

graphite tile, similar to the tiles constituting the T2 first wall, in a vacuum chamber (10'5

Torr). Then its temperature has been measured with a pyrometer and an image of the heated

tile has been acquired with the CCD camera, with the same settings as used for the acquisition

inT2.

The tile was placed between two copper electric contacts and heated by a current of 1 A.

Since the electric contacts had different masses, one side of the tile was at higher temperature

than the other side, creating a temperature gradient along the tile. The temperature was

measured in three different positions, at the two ends of the tile and in its centre. The DN of

the pixels in the corresponding positions is obtained from the acquired image. A linear

interpolation between DN and the temperature (see Fig. 3) gives the temperature (in Celsius

units) corresponding to each grey level (DN) according to the relation

T = 1.57 xDN +800 (2)

In Fig. 4 the actual temperature scale is plotted together with the acquired image of the

flowing graphite tile.
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Fig. 3 Relations between the position, the temperature and the pixel readings for the thermal
calibration of the CCD camera equipped with an I.R. filter using a heated graphite tile as a
blackbody radiator.



The estimate of the temperature is affected by some limitations. Firstly, the saturation of

the signal sets an upper limit of 1200 °C. The saturation of the signal is due to the limited

dynamic rangeb of the camera. Secondly, the assumption of an emissivity equal to 1

underestimates the temperature of the graphite tile, thus introducing a systematic error.

However, the systematic error due to this assumption is quite small compared with the random

errors associated with the temperature measurement. The sources for random errors are mainly

due to the uncertainty in the position along the tile, where the temperature has been measured,

and to the measurement of the temperature made using the pyrometer. The error in the

position can be estimated to be about ± 0.5 mm with a corresponding uncertainty of ± 25 °C in

the temperature (see to Fig. 3). The error in the temperature measurements, determined by

repeated measurements, has been estimated in ± 10 °C. The overall temperature uncertainty is

approximately ± 35 °C.

Temperature in °C

120 0 1100 1000 900 800

Fig. 4 Image of the heated tile together with the corresponding temperature scale.

1.2 The fast camera

The fast camera, a Red Lake MotionScope HR 8000 model, has been used to acquire time

resolved images of the shot with Ha and CII filters. Its frame rate is in the range 250 - 8000

full frames per second with a resolution decreasing, from 480 x 420 pixels down to 80 x 140

pixels, with increasing frame rate. This camera has a narrower spectral range compared to the

Pulnix camera, being insensitive to the infrared radiation. For this reason, it has not been

possible to use this camera to obtain time resolved images of the evolution of the first wall

temperature. All the images have been acquired with an acquisition rate of 1000 frames per

'' The (optical) dynamic range is the ratio of'maximum light intensify at saturation to light intensity that produces

an output equal to noise input.



second and a corresponding resolution of 240 x 210 pixels. This is the best compromise

between the requirements of a good time resolution, a good spatial resolution and the signal

intensity. The camera is also equipped with an electronic shutter whose speed can be set in the

range 1/60 s to 1/40000 s controlling the camera exposure time.

The image acquisition system consists of (see Fig. 5): the CCD camera and its control unit

(which also includes the power supply), a trigger unit (Jorway), a remote control and a PC

equipped with a grabber and a TV monitor. The Jorway (channel 10) is used to send a TTL

gate signal (0 +5 V), synchronised with the shot, to the control unit of the CCD camera which

starts the acquisition. The acquired images are stored in the memory of the control unit and

then manually transferred to the PC hard disk after each shot. For a typical shot, the number of

recorded images is between 8 and 12 (corresponding to a shot 8 - 12 ms long).

Diagnostic Room

Jorway

fj Red Lake

remote
control

CCD
controller

TV
monitor

PC
Grabber

T2Hall

Video Signal

Fig. 5 Fast camera acquisition and synchronisation set-up.

The remote control is used to operate the control unit from outside the T2 experimental hall

and to transfer the stored images from the control unit memory to the PC hard disk without

entering the T2 hall between the shots. The remote control is connected to the control unit via

a DB9 connector and a 20 m long cable. The remote control acts as a simple short circuit

between the remote connections 1-8 and the ground (pin 9). It is equipped with 8 switches

which are normally open: when pressed they provide a momentary switch closure to ground

which activates the corresponding function. The simple electronic scheme is shown in Fig. 6.
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Fig. 6 Electric scheme of the remote control for the CCD control unit.
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Fig. 7 Transmission coefficients for the used interference filters

1.3 Lenses, interference filters and neutral density filters

Both cameras are equipped with a standard C mounting for the lenses. The lenses available

had a focal length of 25 and 50 mm. The 50 mm has been mounted on the Pulnix camera, the

25 mm on the Red Lake.

The narrow-band interference filters (band-pass filters, see Fig. 7) used for the image

acquisition are:

i) one Ha filter centred on the H(X line X = 6560 ± 65 A,

ii) one CII filter centred on the CII line X = 5120 ± 25 A and

iii) one infra-red filter with X = 1040 ± 20 nm.

Together with the H(X and CII filters, additional neutral density filters have been used to

reduce the signal intensity leading to the following optics set-up:
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i) for the filter for the Ha line: neutral density filter of optical density D = 1, shutter

speed in the range 1/1000 - 1/4000 sec with a diaphragm of 1.4,

ii) for the filter for the CII line: shutter speed in the range 1/1000 - 1/4000 s with a

diaphragm of 1.4 and

iii) for the I.R. filter: diaphragm 4.

1.4 Camera field of view and 6 - <|> mapping

The cameras have been mounted in two different positions, one viewing the plasma along a

tangential chord and the other viewing the plasma along a radial direction. The fast camera

was used only to look at the plasma tangentially, while the slow camera was used in both

positions. The tangential view is provided by a porthole located on the equatorial plane of the

vessel, which is generally used for spectroscopic measurement of the impurity rotation. The

porthole is sited at the toroidal position of 82°. The radial view is provided by a bottom

window located at the toroidal position of 338°, below the Langmuir probe insertion

manipulator (in the following this view will be referred to as the "bottom-up" view). In this

position the field of view is very limited and does not provide as much information as the

tangential view.
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Fig. 8 Toroidal position of (he equatorial port-hole used for the tangential view: the shaded area
represents the field of view of the CCD eamcra as it looks like on the equatorial plane.
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The field of view of the camera placed on the tangential port is shown, for the torus

equatorial plane, in Fig. 8 as the shaded area. The field of view is determined by a wide-angle

objective placed at the edge of the inner vessel. The camera looks towards the position where

the iron core is situated (in the opposite direction relative to the toroidal angle <]), see Fig. 8),

with a toroidal field of view which is approximately Aty = 40° ± 10°. The poloidal coverage of

the inside of the vessel is between 150° and 360° depending on the toroidal angle.

150

100 -

50 -

Point source

fcght sv

^ \

\

~^^J-S

7,

viewing
,chord

>< \ \ \

0 50 100 150
R= 124 cm

radial distance (cm)

Fig. 9 Geometric construction used for the 9-<|> mapping. Details in the main text.

The poloidal and toroidal angles specifying the position of any feature seen in the acquired

image are obtained from simple geometric considerations. The determination of the poloidal

and toroidal angles from an acquired image is called in the following the 9-(|) mapping. This

mapping requires the definition of a reference system that can be superimposed to an acquired

image. The origin O of this reference system lies on the camera viewing chord, i.e. on the

straight line connecting the two port-holes used for the impurity rotation diagnostic. The

position of this straight line corresponds to a point in the acquired image. An image of this

point has been obtained, with no plasma, using a point light source placed outside the porthole

opposite to the one where the CCD camera is placed (see Fig. 9). Since the camera is placed in

the same position as during the T2 sessions, the bright spot in the acquired image constitutes a

reliable origin for the reference system. The second step in defining this reference system, is
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the determination of the toroidal angle of the origin O, i.e. its position along the viewing

chord. This position is given by the intersection of the radial line, lying on the equatorial

plane, passing through the points Q and R with the viewing chord (see Fig. 9). Q is the point

where the line limiting the field of view is tangent to the vessel inboard wall, and it is located

at the toroidal angle <|> = 50.6°. The radial position of the origin is 124.03 cm, which is very

close to the major radius of T2 (124 cm).

The radial line passing through Q and R defines the X axis of the reference system: the

vertical direction is consequently chosen as Y. These two axes define a poloidal section (thick

line in Fig. 9) that is not exactly perpendicular to the viewing chord. The angle a between this

poloidal plane and the plane perpendicular to the viewing chord and passing through the

origin is about 11.27°. However, errors in the calculation of 0-<|) values do not exceed 2 %.

The last task, for the complete definition of the reference system, is the determination of the

axis unit length. For this purpose an image of the inboard side of the vessel is superimposed to

the image of the bright spot defining the origin of the reference system (see Fig. 10). The

average distance, in pixels, from the centre of the bright spot to the wall along the radial

direction is 88 pixels; since the minor radius is 18.3 cm a single pixel corresponds to 0.21 cm

(~ 5 pixels/cm).

Fig. 10 Superimposition of the bright spot on a typical plasma image. The two axis define a
local reference system used for the 0-<|) mapping (the poloidal section). The toroidal scale is shown
on the X-axis. The white circle represents the diameter of the inner wall.
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With the reference system so determined, any pattern seen in the image can be univocally

identified, on the poloidal plane, by its coordinates. Let P be a point on this poloidal plane.

The corresponding point on the wall, lying on the same line of sight as P, is P' (see Fig. 9).

The poloidal and toroidal angles 0 and <|> of P' are calculated from the intersection of the line

CCD-P' with the outboard wall (or inboard wall, according to the position of P).

The 6-<|) mapping here described is valid as long as the regions of enhanced emission, in

the visible and infrared regions of the electromagnetic spectrum, can be assumed to be close to

the wall. The regions of enhanced emission observed in the images are due to strong plasma-

wall interaction. The validity of this assumption must be discussed separately for each

different interference filter. As a general consideration, the inner part of the plasma, being

very hot, is radiating mostly at short wavelengths (i.e. less than 400 nm). The edge of the

plasma, on the contrary, can be quite cold and the radiation is emitted mainly as line radiation

in the visible region.

Fig. 11 The radiating region, on the equatorial plane of the vessel, is shown as the dotted area
close to the wall. A<() (Ay) is the angle between the intersections of the CCD line of sight with the
wall (<)>i or \|/|) and with the boundary of the CII (or Hlx) radiating volume (<))2 or v|/2).

The assumption of an emission "close" to the wall is then certainly true for images

acquired with the infrared filter. With H« and CII filters this assumption is not always

satisfied: this is due both to the hydrogen recycling and the carbon influx following strong
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plasma wall interactions. Results from a transport model for T2 impurities indicate that CII

presence is peaked at 1.5 cm from the wall [1]; experimental results move the position of the

peak even closer to the wall. The assumption of a CII emission close to the wall is then

appropriate. As for the Ha emission, the situation is less favourable since measurements of

neutral hydrogen profiles indicate that, during strong plasma-wall interactions, the emission

region can extend up to 5 cm from the wall [2].

Let us then assume a radiating volume extending up to a distance d from the wall (see Fig.

11). Consequently, a pattern that is thought to be on the outboard wall (d = 0) may actually be

sitting on the imaginary boundary between the CII (or Ha) radiating volume and the rest of the

plasma. Let us indicate with §i and fa (see Fig. 11) the corresponding toroidal angles (\|/i and

V|/2 if on the inboard wall). The angle A<(> = fa - <|>i (or A\|0 can be estimated from the

calculation of the intersection of the CCD line of sight with this boundary (which yields (jh, or

\|/2) and with the wall (which yields <|)|, or \j/i). In the calculations here reported, this boundary

is represented by a toroidal surface with the same major radius as the inner wall of the vessel

but with a smaller minor radius.

• d = 5 cm
° d = 1 cm

o o o o ° o o o o o
o o o o o o

-10 0 10

distance from the origin (cm)

20

Fig. 12-A Angle between Ihe intersections of the CCD line of sight with the outboard wall and
with the radiating layer for two different extensions (d) of the radiating volume. The distance from
the origin corresponds to the X axis of the local reference system shown in Fig. 10.
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The errors A§ and A\|/ have been calculated for the equatorial field of view of the CCD

camera assuming d = 1 and 5 cm. The results, shown in Fig. 12-A, indicate that A<|> is less than

7 degrees, even for d = 5 cm, and it decreases as the toroidal angle increases. Therefore, even

if the hypothesis of a radiating region close to the outboard wall is not completely satisfied,

the mapping procedure here described is sufficiently accurate. The results, shown in Fig. 12-

B, indicate that the 9-<|) mapping on the inboard wall is more sensitive to the extension of the

radiating volume. In fact, the error A\|/ is quite high for toroidal angles around Q (see Fig. 9)

even for d = 1 cm. At toroidal angles greater than 53 degrees, A\|/ is less than 7 degrees (for d

= 5 cm) and it decreases as the toroidal angle decreases. Within these limits, also the inboard

mapping is then sufficiently accurate.

bO

•8

• d = 5 cm
o d = 1 cm

o o o o o o o

-40 -30
distance from the origin (cm)

-20

Fig. 12-B Angle between the intersections of the CCD line of sight with the in board wall and
with the radiating layer for two different extensions (d) of the radiating volume. The distance from
the origin corresponds to the X axis of the local reference system shown in Fig. 10.
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2. Preliminary results

Extrap-T2 has been only recently equipped with the CCD imaging system. The total

number of acquired shots is about one hundred between the shot no. 7543 and no. 7843. Most

of the shots (about 80) have been acquired with the fast camera viewing the plasma along the

tangential port: these shots are almost evenly distributed between images acquired with the Ha

and CII filter. At the same time, the slow camera, equipped with the infrared filter, was

mounted on the "bottom-up" port. Some shots were also acquired with the slow camera

(always equipped with the infrared filter) viewing the plasma from the tangential port: for

these shots the fast camera has not been used. Among all these shots, 17 were selected (see

Table 1) as the most interesting ones: 14 acquired with the fast camera, of which 9 for the H«

signals and 5 for the CD signals, and the remaining 3 acquired with the slow camera, 2 for the

tangential view and one for the "bottom-up" view.

CCD Camera

fast camera

slow camera

Filter

Ha filter

Cn filter

infra-red filter

View

tangential port

tangential port

bottom-up port
tangential port

tangential port

Shot no.

7700
7701
7703
7718
7719

7801
7802
7803
7816
7720
7721
7722
7724
7804
7807
7513
7575

7607

Table 1 List of the most interesting shots acquired during the CCD imaging campaign on T2.

2.1 Image analysis

The acquired images (whose size can be either 768 x 576 or 480 x 420, depending on the

camera) are transferred and stored into the hard disk of a PC by means of a frame grabber. The

images are saved as binary files: the binary file consists in an array of 768 x 576 pixels. The

grey level of each pixel is represented by 8-bit unsigned integer (indicated as DN), ranging in
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value from 0 to 255. The size of the binary file does not depend on the size of the image being

transferred from the CCD camera (or by its control unit). The frame grabber automatically

assigns DN to 0 for those pixels outside the transferred image.

For each shot, the number of recorded images depends on the specific camera used, on the

shot duration and on the selected frame rate. When more than one image is available for a

single shot, the images are recorded one after the other and linked together to form a

sequence. This sequence thus corresponds to the temporal evolution of the shot. In practice,

this applies only for the fast camera. As pointed out in paragraph 1.1, the time resolution of

the slow camera is of 20 ms, much longer than the shot duration. Therefore, even in case of a

shot acquired in two successive fields, the information about the plasma evolution is not

available.

The image analysis is carried out using a software package that is able to perform basic

operations for a qualitative analysis on the images, such as image enhancement and false

colouring. False colouring is used to improve the visibility of details. The same software

allows to organise, view and manipulate the acquired sequence as a single stack (an array

containing the sequence). It is then possible to playback the shot from the stored images. More

sophisticated operations are also available for a quantitative analysis: an image can be

calibrated (i.e. it is possible to associate DN with a specific quantity) and distances and areas

can be easily calculated. The spatial calibration has been described in paragraph 1.4, while the

temperature calibration in paragraph 1.1. The calibration for the determination of the impurity

influxes is not presented in this report.

The spatial calibration has been used to calculate the toroidal and poloidal mode numbers n

and m from the acquired images: an example of how this calculation is done is shown in Fig.

13. The mode number n is evaluated as 2rc/A\|/, where A\|/ corresponds to the toroidal angle

separating points A and B (see Fig. 13). These points are assumed to be part of the helical

footprint of the same locked mode, which, starting in B and continuing through A, ends on the

outboard wall after a poloidal rotation of about 540 degrees. The mode number m is evaluated

as 2TC/A9, where A0 is the angle between patterns in poloidal direction (see Fig. 16-A). It is

worth noting that both m and n so calculated are not directly linked to a specific single mode.

The region of enhanced emission is characterised by a helical winding structure due to non-

rotating strong plasma-wall interactions (locked modes). This structure is the superposition of

several different modes, most of which are characterised by m = 1 but with n which may vary

in the range 12-36. The calculated value of n can be then regarded as an "average mode
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number" of the several modes forming the helical structure. Nevertheless, the CCD imaging

system is able to resolve higher "average" n values in comparison with the magnetic

diagnostic, which is limited to the range n < 16 [3]. The image in Fig. 13 shows also a critical

point of such calculations: the enhanced emission region labelled A coincides with the point Q

of Fig. 9. In this case contributions to the signal from A might come also from the outboard

wall on the same line of sight.
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Fig. 13 A typical locked mode, as seen with the CCD camera, is shown on the left. The
geometrical construction used to calculate the toroidal angle A\|/, between points A and B, is shown
on the right. For this locked mode Ay = 22°, corresponding to an "average" toroidal mode number
n= 16.

2.2 Images acquired with the Ha filter

The fast camera, equipped with the Ha filter, has acquired time resolved sequences of the

evolution of the plasma-wall interactions due to the locked modes. The mode locking is an

event which, in Extrap T2, occurs at different toroidal positions from shot to shot [4]. In order

to have a locked mode in the camera field of view, an external m = 0 field error can be

applied. The field error is generated, at the beginning of the shot, by a single turn coil. Shots

have been acquired with and without the application of such field error. Of course, locked

modes, which occurred spontaneously in the camera field of view (i.e. when no field error was

applied), have been observed as well. In Fig. 14 two Ha images are shown corresponding to a

spontaneous (Fig. 14-A) and a induced (Fig. 14-B) locked mode respectively.
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(A) shot no. 7703, frame at 7 ms .„. , t _„,„ . ^,
y ' (B) shot no. 7718, frame at 6 ms
Fig. 14 Ha emission of two different locked modes. For the shot 7703, the locked event

spontaneously occurred in the camera field of view. For shot no. 7718, the locked mode has been
induced by the application of an external magnetic field error.

The m = 1 structure of the plasma-wall interaction can be seen in both Fig. 14-A and 14-B.

Furthermore, in Fig. 14-B the helical winding of the locked mode is clearly visible. The pitch

of the enhanced emission region is consistent with the helicity of the internally resonant

modes [4]. The locked mode leads to an increased particle influx from the wall which results

in the enhanced emission from the neutral hydrogen at the edge. An indication of the impurity

influx can be obtained from the above images. In the absence of the camera calibration, the

only quantitative information, which can be extracted from the images, are the grey levels of

the pixels (DN). The average DN, for a small region (about 50 cm2) on the outboard wall, is

plotted in Fig. 15, together with the plasma density (measured by an interferometer, placed in

the camera field of view), as a function of time. As it has been shown, the two measurements

disagree in the case of the locked mode. This might depend on the specific choice of the area

used to calculate the average reading.

From the analysis of the selected shots listed in Table 1, the following general comments

can be done:

i) the toroidal extent of the locked mode footprint is approximately 20°,

ii) the main poloidal mode number is m = 1, with a poloidal coverage which ranges from

% to 2TC depending on the toroidal position of the locked mode,

iii) estimates of the toroidal number indicate that n is in the range 12 - 24, but, in some

cases, values as high as 36 have been observed.
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Fig. 15 Comparison between the density measured by the interferometer and the signal from the
CCD camera equipped with an Ho filter. Since the camera calibration is not available, the signals
are normalised to 1 and plotted on the same scale.

2.3 Images acquired with the CII filter

Similarly to what was described for the Ha filter, shots have been acquired using the CII

filter with and without the external application of the field error. Results from CII emission

analysis have shown that the footprint of the m = 1 locked mode is also visible at this

wavelength, but, in addition, bright spots with high m values have been observed (see Fig. 16

(A)). In particular, carbon bloom (i.e. high carbon impurity influxes due to a locked mode) has

been observed at the end of all the acquired shots. This seems to indicate that carbon

blooming is the typical feature leading to the plasma termination (see Fig. 16 (B)). In some

shots (see for example shot no. 7721), it has been possible to observe, at the beginning of the

discharge, an enhanced and not localised CII emission (see Fig. 16 (C)). Prompt radiation

emission is due to the CII burn through during the initial phase of the breakdown process.

Carbon influxes have been observed to affect the start up phase often degrading the overall

plasma performances. From the analysis of the selected shots listed in Table 1, the following

general comments can be done:

i) the toroidal extent of the locked mode footprint, as seen with the C1I filter, is

approximately 20 °, i.e. of the same order of magnitude as the one observed with the

Ha filter,
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ii) the main poloidal mode number is m = 1, with a poloidal coverage which ranges from

n to 2% depending on the toroidal position of the locked mode, but in some cases m

values as high as m = 6 has been observed,

iii) all the shots so far observed with this filter ended with a carbon bloom.

(A) (B) (C)

Fig. 16 Images acquired with the CII filters with 1 ms time resolution. High m values spots are
visible in (A). Carbon bloom is shown in (B) and prompt radiation emission due to CII burn
through during the breakdown phase in (C).
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Fig. 17 Comparison between the signal measured by the interferometer and the CCD camera
equipped with an CII filter. Since the camera calibration is not available, the signals are normalised
to 1 and plotted on the same scale.
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2.4 Images acquired with the infrared filter

The infrared images, acquired with the slow camera, have provided important information

about the local wall heating due to strong plasma-wall interactions. From the acquired images

it has been possible to determine the size and temperature of the regions where most of the

power was dissipated by such events. In the absence of a locked mode in the camera field of

view, it has been possible to detect the effect of stray magnetic fields (identified as due to the

iron core). An example of such effect is shown in Fig. 18(A): the stray field causes a plasma-

wall interaction, which is located, in different shots, always at the same toroidal angle <j) ~ 30°.
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Fig. 18 Infra-red image of the plasma wall interaction due to magnetic fields errors induced by

the iron core. The image as seen by the CCD camera is shown in (A). The temperature measured
along the line in (A) is shown in (B): the signal saturation of the CCD camera can be clearly seen.
The surface plot in (C) stresses the high localisation of such event.

For this particular image, the signal of the CCD camera is saturated (see Fig. 18(B)). The

signal saturation is due to the CCD camera dynamic range. Consequently, in the regions where

24



the signal is saturated, it is possible to estimate only a lower limit of the wall temperature. The

temperature curve shown in Fig. 18(B) might suggest that the background temperature around

the peak is about 800 °C: clearly, this is not the case. The limited dynamic range of the CCD is

not able to measure temperatures lower than 800 °C, and the background temperature has to

be regarded as signal noise. The size of the radiating area is about 0.1 % (~ 100 cm2) of the

overall area of the first wail. Only a small fraction of the overall input power, estimated to 24

MW, is deposited on this region. Most of the power is dissipated by the locked mode, that, for

this shot, occurred at a toroidal position outside the camera field of view. The high

temperatures reached on such small fraction of the graphite wall account for the thermal

release of trapped hydrogen, self-sputtering and chemical erosion of the graphite tiles.

Calculations modelling the hydrogen detrapping, under the assumption of an area of 2 - 5 %

heated up to 900 - 1000 K, are in good agreement with the measured hydrogen density [5].

The temperature measurement from the CCD camera confirms the ranges of temperatures

assumed in the model.

Evidence of debris from the analysis of the material deposited in the bottom flanges and

windows of the T2 vessel has been confirmed by the camera as shown in Fig. 19. In this infra-

red image, acquired in the "bottom-up" field of view, the flying debris are visible as straight

lines (the two bright circles are the top port-hole edges). The vertical periodic stripes are due

to electronic noise.

' 1 : '» £
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Fig. 19 Flying debris detected with the slow CCD camera equipped with the infra-red filter.
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Final remarks

The CCD cameras have proved successful in providing useful information about many

different aspects of the plasma behaviour such as the evolution of the plasma-wall interactions

and, eventually of the locked mode. Furthermore, it has been possible to used the acquired

images to evaluate the m and n "average" value of the locked modes, to measure local

quantities (such as wall temperature and, at least qualitatively, impurity influxes and hydrogen

recycling) and to detect flying debris. The obtained results are consistent with the results

obtained from other diagnostics, especially with the magnetic diagnostic.

From this first imaging campaign on Extrap T2 different suggestions have emerged

concerning the camera experimental set-up, the camera calibration and the acquisition system.

For Extrap T2, after the planned rebuild, it is advisable to consider the CCD camera as a

routine diagnostic. In order to meet the different requirements, such acquisition system should

be characterised by a time resolution of at least 1 ms with a good sensitivity in the spectral

range 400 - 1100 nm. A dedicated porthole would simplify the 0 - <|> mapping and the overall

operations. A dedicated acquisition system, fully automatic and highly flexible, is mandatory.

The system should be based on a PC/Windows95 platform and equipped with a fast Ethernet

connection.
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Abstract

During the last months of Extrap T2 operations an imaging acquisition system, based on

charge-coupled devices (CCD) cameras, has been operated. CCD cameras are a standard

diagnostic used in many fusion experiments:

i) to obtain a direct insight of the plasma behaviour during the pulse, of the evolution of

plasma-wall interactions and, eventually, of locked modes,

ii) to measure local quantities such as the wall temperature and the impurity influxes,

iii) to study the hydrogen recycling behaviour and

iv) to estimate the poloidal and toroidal mode numbers.

One of the aims of our imaging campaign was to check the utility of such diagnostic for

T2. The purpose of this report is to describe the technical aspects involved in the use of such

diagnostic (paragraph 1) and to briefly describe the results obtained (paragraph 2). In this

view, this report aims to be a guide to the development of a dedicated image acquisition

system for Extrap T2, after the planned rebuild, by stressing the problems and limitations

encountered during this campaign.
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