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On-line tangential soft x ... ray IVUV tomography on COMPASS .. C 
R. D. Durst, The COMPASS Group 
AEA Fusion/Euratom Association, Culham Laboratory, Abingdon OX14 3DB, England 

(Presented on 7 May 1990) 

A tangentially viewing pinhole camera has been used to image the COMPASS-C plasma in 
the vacuum ultraviolet and soft x-ray spectral regions with framing rates up to 330 Hz. 
The PC-based system acquires up to 256 128>< 128 pixel images per shot and incorporates an 
array processor to allow on-line tomographic reconstructions. Data compression is used 
to reduce the data load by a factor of 4. 

I. INTRODUCTION 

The COMPASS Tangential Soft X-Ray/VUV Camera 
(TAN SOX) uses a tangential view of the plasma to to
mographicaUy reconstruct the plasma emissivity contours J 

as previously demonstrated on CLE02 and PBX. 3 The soft 
x-ray (SXR) emissivity and vacuum ultraviolet (VUV) 
continuum emissivity are associated, respectively, with iso
temperature and isodensity contours. In a shaped plasma 
this information can be used to derive the current density 
distribution. 4 The TAN SOX is also sensitive to nonther
mal x-ray emission and has been used to diagnose the spa
tial distribution of suprathermal electrons in a sJideaway 
discharge. 5 

The system has been optimized to allow fast ( < 15 s) 
tomographic reconstructions of the emissivity distribution. 
This allows inversions to be performed on-line to provide 
timely information to the machine operators and experi
menters and also makes off-line data analysis more efficient 
and productive. 

II. DESCRIPTION OF DIAGNOSTIC 

The design of the pinhole camera subsystem is based 
on work done on PBX.3 A 0.4 mm pinhole images the 
plasma onto a P-ll (ZnS:Ag) scintillator screen. This 
phosphor has a high quantum yield in the VUX/SXR re
gion (11 = 65 at 8.3 A} 45 times the yield of the sodium 
salicylate) and a fast decay time (20 f1s decay to 10% of 
initial brightness). For a thin screen of poll (~1O mg 
em -2),11 peaks at 3-5 keY and falls slowly with increasing 
incident photon energy to about 25% of the peak value at 
15 ke V. There is no sharp cutoff in the yield and the screen 
continues to respond (with reduced efficiency) to incident 
photons with energies up to several MeV.? The extended 
response makes the system quite sensitive to x-ray radia
tion from suprathermal electrons. Between the pinhole and 
screen is a filter wheel with three foil filters (25 ILm Be, 
g f.1m Al, and 100 nm AI) and a VlJV interference filter 
(140 urn, 10 nm FWHM). 

The phosphor screen is fiber optically coupled to a 
microchannel plate (MCP) intensified photodiode camera 
whose photocathode response (520) closely matches the 
output spectrum of the P-ll screen. The MCP gain is ex
ternally controllable from 103-106

. The Mer can be gated 
·for fast exposures (down to 5 ns). 

Fast phenomena may be resolved by appropriate gat
ing. For example, a system which gates the MCP on for a 
fixed portion of each sawtooth cycle duriug a frame has 
been implemented. In addition, pinhole images may be 
used as templates to improve reconstructions based on 
SXR diode array data. 8 

The camera is a Reticon MC9128 with a pixel resolu
tion of 128 X 128 and a maximum framing rate of 330 Hz. 
The camera control and data acquisition are managed by 
an IBM AT compatible PC which is linked to the camera 
via fiber optics (see Fig. 1). An add-in board containing an 
Intel 8253 programmable timer provides the camera with 
frame timing pulses (synchronized to the plasma to) and 
the MCP gate commands. This board also provides digital 
output channels which are used to control the MCP gain. 

Video is sent to the PC via a 50 MHz analog optical 
link and is digitized by a frame grabber board (Data 
Translation 2861). This board supports acquisition of the 
nonstandard video format (slow scan) produced by the 
MC9128 (though the driving software required modifica
tion in order to operate at framing rates greater than 60 
Hz). The DT2861 has sufficient on-board memory to ac
quire up to 256 frames per shot and is coupled to a fast (8 
MFLOPS) array processor (DT7020) which is used to 
tomographicaHy invert some of the raw data between 
shots. 

In order to maximize data availability the TAN SOX 
has been integrated inte the COMPASS archive system. 
Because of the very large amounts of data that this diag
nostic can generate (up to 4 MBytes per shot, though the 
typical data load is presently < 1 MBytes) differential run 
length data compression9 is performed before the data is 
archived. This is an information-conserving technique 
which exploits the high spatial correlation in the images. 
Consider the line of pixels through the center of the image. 
Typically the pixel values increase smoothly from near 
zero at the edge of the image to about 255 near the center 
(pixel 64) and the average differential between adjacent 
pixels is 4. Thus, while the pixel values require 8 bits for 
storage, the differentials can be stored using only 3 bits 
with no loss of information content. In practice the line is 
divided into a number of "runs" which correspond to areas 
of the image with more or less spatial structure which 
therefore require more or fewer bits for storage. The com
pression ratio achieved by this technique dearly depends 
on the spatial structure of a given image. Typically, com-
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FIG. 1. Schematic diagram of the TAN SOX. 

pression ratios of about 4 are achieved on TAN SOX data. 
The compression requires 30 s/MByte using the PC pro
cessor. 

Compressed data are sent to the data archive on the 
main COMPASS VAX via Ethernet. The PC-VAX link is 
controlled by Digital's PCSA software which allows the 
PC to directly access VMS files. PCSA is run from ex
tended memory using a Quarterdeck memory manager 
since when run in conventional memory PCSA uses nearly 
half the 640 kB memory available for the acquisition and 
analysis software. 

A subset of the images can be tomographically 
inverted on-line by the PC between shots. The techniques 
used for the tomographic reconstructions are maximum 
entropy (ME) 10 and Bayesian regularized least squares op
timization (BRLSO). 11 The reconstructions produced by 
these techniques are quite similar though the latter tech
nique is more suited to on-line inversions due to its faster 
convergence and the ease with which it can be imple
mented on the fast array processor. SRLSO is one of a 
class of algorithms known as row action methods or alge
braic reconstruction techniques (ARTs), 7 It iteratively 
minimizes the cost function 

(1) 

where b is the vector of measured brightnesses, e is the 
solution vector (emissivity), L is the digitization matrix 
which is a function only of the system geometry, II 112 
represents the Euclidean norm, and eE is the "expected 
solution" which, in the absence of other information can be 
taken a constant vector, However, where significant a pri
ori information is available the use of a nontrivial eE can 
greatly improve the quality of the reconstructed image as 
well as increase the speed of convergence. The parameter r 
determines the relative importance of a priori and mea
sured data and is proportional to the signal-to-noise ratio. 
During each iteration a single brightness measurement hi 

k 
is used to adjust those emissivity elements in e which con-
tribute to it 

(2) 

2751 Rev. Sci. Instrum., Vol. 61, No.1 0, October 1990 

(3) 

where k represents the kth iteration, t; is the vector whose 
ith component is one and aU others are zero and c is given 
by 

r[b· - (L· ek ) J _Uk 
k k· 'k 'k' lk 

c =A 1 f2'IL; 112 + I 'k 

(4) 

where h represents the index of the brightness vector ele
ment which is used to update e, A is a relaxation parameter 
such that 0 < A, < 2 and anguiar brackets represent the in
ner vector product. Note that the simplicity of the iteration 
step is well suited to implementation 011 an array processor. 

The vectors e and u are initialized to eO = eE and 
UO = O. As noted above, the choice of eE is important both 
to the quality of the final image and the speed of conver
gence: a reasonable estimate of eE can save many thousands 
of iterations. The following procedure is currently used to 
derive ;:". First, note that for any toroidally symmetric 
plasma the reconstruction of the emissivity in the horizon
tal midplane, elf> reduces to the Abel problem. Thus, ell 

can be quickly found using one of the well known tech
niques for Abel inversion. In particular, a generalized cross 
validation (GCV) smoothing splineI2 is fitted to the hori
zontal brightness vector and is then analytically inverted. 
The GCV algorithm also gives an estimate of the experi. 
mental scatter in the data which is needed to determine the 
regularization parameter r as well as the stopping criterion 
for both the BRLSO and ME algorithms.!O A model for 
the overall emissivity is then fitted to elI' A four-parameter 
model has been found to be suitable for making the initial 
estimate in circular COMPASS discharges. The geometry 
of the plasma is assumed to be approximated by shifted 
circles where the shift of any flux surface, rc(p), is given by 

(5) 

FIG. 2. Emissivity contours for a typical ohmic discharge. A lOO-nm AI 
filter was used which transmits above 10 eV (except for a notch around 
100 cV). 
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where r a is the shift of the outermost fiux surface which is 
estimated from the edges of eH. ro is the shift of the mag
netic axis relative to ra which is determined from the peak 
of e Hand p is the radial flux surface coordinate. 

With the conversion from Cartesian to fiux surface 
coordinates fixed by Eq. (5), eII is fitted to the form 

eIIc£ exp( -all, (6) 

which is then used to evaluate eE off the midplane through 
the assumption that emissivity is constant on a flux surface. 
This fit is performed by the PC while the iterative inversion 
[Eqs. (2), (3)) is done by the attached array processor. 
Typical can vergence times are 1 0-15 s for a 32 X 32 pixel 
inverted image. Thus, several frames can be inverted be
tween shots. 

III. TYPICAL RESULTS 

Figure 2 shows the broadband VUV emissivity distri
bution for a typical COMPASS ohmic discharge. The dis
charge parameters were 80 kA, 1.4 T, and 1.1 X 1019 m -3. 

A 100 nm Al filter was used and the integration time was 
8 ms. 

Figure 3 shows the SXR emissivity for an ohmic, in
board x-point discharge (90 kA, 1.1 T, l.4x 1019 m- 3

). 

Figure 3(a) shows the basically circular plasma before the 
shaping fields were applied while 3 (b) shows the distribu
tion after the x point was established. Note that the SXR 
images are typically more peaked than those taken in the 
VUV (e.g., Fig. 2). Magnetic measurements indicate that 
the x point was near the inboard limiter midplane (r/ 
a= - 1, z!a=O in Fig. 3) and the reconstruction in 3(b) 
shows a clear distortion of the originally circular distribu
tion on the side facing the x point. Details of COMPASS 
inboard x-point work will be reported elsewhere. 5 

In summary, the diagnostic has been operated rou
tinely on COMP ASS-C and has produced high quality re
constructions of SXR and VUV emissivity distributions. 
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FIG. 3. SXR emissIvity for an 
ohmic discharge with an inboard x 
point (shot 1871). a) shows the dis
charge before the shaping fields 
were energized (24--36 ms) while 
b) shows the plasma after the x 
point was established (60-72 ms). 
The 25 /.lm beryllium filter (2 keY) 
was used. The contour levels are 
multiples of 10%. 

The key features of the system including data compression 
algorithms, integration with the VAX cluster (using 
PCSA), and the use of a fast array processor have been 
demonstrated. 
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