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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 3 MARCH 2003

High-speed tangentially viewing soft x-ray camera to study
magnetohydrodynamic fluctuations in toroidally confined plasmas (invited )

S. Ohdachi,? K. Toi, and LHD Experimental Group
National Institute for Fusion Science, Toki 509-5292, Japan

G. Fuchs
Institut fir Plasmaphysik, Forschungszentrumidin GmbH, EURATOM Association,
D-52425 Jlich, Germany

S. von Goeler
Princeton Plasma Physics Laboratory, Box 451, Princeton, New Jersey 08543

S. Yamamoto
Department of Energy Engineering and Science, Nagoya University, Nagoya 464-8603, Japan

(Presented on 11 July 2002

A high-speed tangentially viewing soft x-ray camera system has been developed and installed on the
large helical devicgLHD) using a video camera with a maximum framing rate of 13.5 kHz.
Low-frequency activities, for example, structures with toroidal/poloidal mode numirar 1/2,

are directly detected with this system. ZD03 American Institute of Physics.

[DOI: 10.1063/1.1537449

I. INTRODUCTION An advantage of a two-dimensional visualization is that
) o ) we can make full use of established pattern recognition

Fluctuation patterns inside fusion plasmas are rathépmethods to understand complicated phenomena like magne-
complicated. Soft x-ray(SX) tomographic reconstruction tohydrodynamic (MHD) instabilities. Photography-based
methods allow one to deduce the spatial structure of thesgeasurements of visible light were often employed and have
fluctuations. Although the methods have successfully rproven to be useful in MHD studies near the plasma édge.
vealed important fluctuation features, their limitations arélowever, in order to study the core plasma, where the tem-
also pbwous_ now(l) Due 'Fq the limited number of b_eams, peratures are in the kilo-electron-volt range, we need to ob-
the diagnostics are insensitive to small scale fluctuations, angL e the x-ray emission. The construction of a fast SX cam-
furthermore, the integration along the lines of sight acts as @5 was not easy, it took the development of the two key
low wave-number filter(2) In addition, a large number of components(1) A 2D x-ray image convertor with a large
equally spaced detectors surrounding the plasma is needed{@siive area, developed mainly for medical purposes, pro-
obtain a reliable reconstruction. Due to limited access andjjges an output of fast optical images essential for fluctuation
scarcity of ports, this is not always possible. An '”Sta”at'onstudies.(Z) The other component is a fast-framing video
inside the vacuum chamber is almost impossible in IargeEamera, which is realized by a parallel readout from a
devices, because heat loads onto the detectors are not acce(%'mplementary metal—oxide semiconductor sensor. These

able, especially for long-duration discharges. _ _ have enabled us to develop a camera which can catch soft
A tangentially viewing camera represents an interesting,_r fiuctuations in the kilohertz range.

method to study fluctuations in toroidally confined plasmas  gjnce 1997 we have developed a camera system in col-
and to investigate the typical character of plasma fluctuagporation with the Princeton Plasma Physics Laboratory
tions. Since most fluctuation patterns vary mainly PErpeN{pppy) and the Institut fu Plasma Physik at the Forschung-
dicular to the magnetic lines of force, disturbances due to thg o nirum  Jlich 3 Experimental results obtained on
fluctuations tend to have a long wavelength parallel to thergxToR-94 tokamak with a slower framing video camera
magnetic field. If the viewing angle is carefully adjusted, thep,ve peen reported elsewhérilere, we first report experi-
lines of sight will be almost parallel to the magnetic field—at . antal results with a high-speed camera obtained on the

least in some area—and we can monitor directly the tWo, g6 helical devicdLHD) in the National Institute for Fu-
dimensionak2D) structure of the fluctuatlon]sCompllcated sion Science.

interpretations, which may introduce inevitable errors inthe 1o |HD is an E2 Heliotron-type device with a pitch

reconstruction process, are not necessarily needed. The atimberm=10. It is a superconducting machine with major
vantages of the tangential view hold for higher-number mode_4iusR of 3.5 to 3.9 m. and an averaged minor radais
fluctuations as well; numerical simulations have shown that. § g m The rotational t}ansforrtnis an increasing function

for tangential viewing, fluctuations with double-digit mode ¢ {0 averaged minor radiys in standard configurations it

numbers could easily be resolved. extends from about 0.4 at the center to about 1.4 at the edge.
MHD instabilities located at the rational surfades1/2 (p

dElectronic mail: ohdachi@nifs.ac.jp ~0.5) and 1/1 p~0.9) are of importance, especially for

0034-6748/2003/74(3)/2136/8/$20.00 2136 © 2003 American Institute of Physics
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LHD 6T Por Tongrad. with a strong magnetic stray field. The light is first amplified
Plastic bundled 1255120 Faspceeia using an electron-beam-imaging amplifi€Hamamatsu:
M%X 4440U-mod, thereby reducing the image size to 2.5 cm in
e diameter. The image is further reduced by a tapered fiberop-
B Csl+ FOP Lags Shaneser neon it s tic plate and subsequently intensified by a multichannel plate
HAMAMATSU V4440U-Mod 0 e (MCP: Proxitronic: BV2563 followed by a diode(Prox-
. 4100 70x70 6100 025 620 itronic 3V2503. Finally, the image is recorded by a high-
LightSource  CslI(Tl) P47 P47 speed video camef&odak: ECTAPRO 4540mx The fram-
‘éVave'e"ch 5;2"'“ 4032"”‘ 403?“'“ ing rate of the camera ranges from 30 Hz to 4.5 kHz for full
PSS s s S resolution (256 256 pixels), and extends to 13.5 kHz for a
Fiber element 750um 6um reduced frame of 128128 pixels.
Length om 18.7mm *1Y2AI5012:Ce

We have modified our original plirby the following
FIG. 1. Basic arrangement of the tangentially viewing SX camera.  actions. (1) The interface to the LHD device has been
changed to reduce the visible stray light. The scintillator
screen is attached to a separated vacuum chamber, which
looks into the LHD main chamber through a vacuum-tight
eryllium window (25 um thick). Beryllium foils of up to a
hickness of 4Qum are used if additional filtering is desired.
2) The second image intensifier has been replaced by a two-
stage amplifier (BV2563 BV2503), whereby the input win-
dow is directly coupled to its tapered fiberoptic plate. Be-
cause of the higher transfer efficiency due to the direct
A. Camera system coupling, the S/N ratio has significantly improved. The total
The basic concept of the camera is presented in Fig. 1. ﬁime response of the system is ‘mpfo"ed as well; the image
consist of a pinhole with a 1-mm-diam camera and a 1O-cm'-ntenSIerrS now use p-a1 phosphdmstgad of P-2Dthat
diam scintillator screen made up by a fiberoptic plate coatecrfave a response time of the order of microseconds.
p by puc p
with Csl (50-um in thickness The scintillator screen con-
verts the soft x-ray image into a visible one. A 9-m-long
optical fiber bundle[Toray PGR-FB750(0.75«m 100 The camera system is controlled by an UNIX-based
X 100 fibers] is used to guide the light away from the region (FreeBSD 3.3 PC (Fig. 2. Since this PC is located in the

inward-shifted plasmasRs of 3.5 to 3.6 m which have
unfavorable MHD properties Detailed descriptions will be
given for the camera in Sec. Il and the data analysis in Se
[ll. The scheme to extract fluctuating components from the
video data is discussed as well. (

Il. EXPERIMENTAL SETUP

B. Control system

ICF70 o
L-Valve Pirani Gage
Pirani Gage Rough pumping Controller
Proxitronic
BV2! BV2! f
FOPg25.20 DV2o03+BV2503 mankpr
ICF152
— Hamamatsu 5?4%':5( =
LHD 6T port E,z,éerf I V4440-Mod
Csl+FOP Lens
Gate Valve Controller T, Trig-in
Controller |_' -
iq-i Camera Moni
Lg-in Controller ontior
LHD main Hall Controll
EEEEEEEEEEEEEEEEEEEEENY Power Supply ontroller Sl
- Controller =
— — Optical Fiber ain
: : FControIIer
™1 Analysis n pAs Pc |SCSI unc-Gen. RS 232C  |Rs 232C
S— PC ] Win2000 RS 232C
id Di Linux -
FialdDiske 1,2 . Serial 1 Serial 2 Serial 3
BlackBox LE2801 ™ Parable

. aralan prcalFier Video in 1
— _I H I. o arlan Free BSD PC video in 2|
Data Acquisition Room  Ether Net ] FX50x32 Ether Net

EEEEEEEEEENEEEEEEEEEEEN

Optical Fiber

FIG. 2. Control diagram for the camera system.

Downloaded 18 Nov 2012 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



2138 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Ohdachi et al.

501 (A)
E
8
=]
s =
£ 0.
E ;
e
@ <L,
=
'1|5
4 5 & - s -
Distance [m ]
0.10 T L D S e s
MAQE SI7E —
o doak % spread of ne mage —--rrt
IE‘ -]
€ 006 i
R=] B
2 004 |
2 ;
@
Do b oy o ) . .
4 5 6 7 8 "
Distance [m ]

FIG. 3. (Color The lines of sight together with flux surfaces of the LHD plasma are shoh)ihorizontal cross section ariB) vertical cross section. Thick
lines in(A) and(B) indicate the inner walls of the plasma. Size of the plasma elements which are covered by a one pixel in the detectors aréGhown in
Its extent, due to the finite size of the pinhole, is also shown in order to give information about the resolution within the plasma. View from tred pmgent

is shown in(D). The measuring area is indicated by a white frame.

experimental hall, to avoid damages from the stray magnetisize of the video camer#3) the gains of the image intensi-
field its storage is replaced by a solid-state digk6 MB).  fiers[applied voltage to the MCPand(4) the valves of the
The PC controls the following systemil) the power sup- vacuum pumping system. In order to use the full dynamic
plies of the whole systent?) the framing rate and the frame range(8 bit) of the fast camera, we need to carefully adjust
the framing rate of the camera as well as the gain. An NTSC

0.03 v ———r—r——rr
150 . : .
I Tangentially viewing
L camera
0.02f- L | .
° 100 | P S
S T | decay time = 0.5ms |
P 2 |
2 = SX detector array
0.01p I 1
50 | i
— Ice pellet Injection
L Ho |
OOC i A A PR | A i A el o ) .
1 10 0.850 0.855 0.860 0.865
MCP Amplifications [Electron / Electron] Time [s]

FIG. 4. Noise level as a function of the amplification factor at the MCP FIG. 5. Time evolution of the camera data. Data from the PIN-diode de-
plate. tector array andH , signal are also shown for comparison.

Downloaded 18 Nov 2012 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics 2139

(b)

18
Rax = 3.9m
Al (C)
1 T T T L T
og .
. -, B2
< 08 1
B S B3
L s v F e 1
= 0.4 A 5 W
. .
¥ £y
u L]
LY
0,2 ¥ L
& Al
&
0.0 st

00 D02 04 06 08 10
Averaged Radius p

-1.0 | Rax = 3.6m
-4.2 -40 -38 -36 34 -32
R [m]

(A2)

-

FIG. 6. (Color) Sample images taken by this camera are showi\in—(A3) of (a), and simulated images assuming flux surfaces are showBlir-(B3)
of (a). In the simulations, the shape of the flux surface, whose shape at a vertically elongated section is shpvamdhthe radiation profiléc), are used.

monitor signal from the camera-controller is captured by therig. 2) every week. The narrow bandwidth of the optical
PC to provide a quick check of the images in the controlSCSI connection is the bottleneck of the system. The rate is
room; in this way we can quickly infer the gain and the about 500 kB/s. Usually, to minimize the transfer time, only
framing rate for the next discharge. the interesting part from the complete data set is stored.
The camera-controller has an internal memory of 512
MB to store the video images; it keeps 8192 frames for th
full framing mode (25& 256 pixels) and 32 768 frames for
the half frame mode (128128 pixels). Therefore, we can The camera is installed on a tangential p@&T) port of
record video data about 1.8 and 2.4 seconds with framingHD. The lines of sight are shown in Fig. 3. In order to
rates of 4.5 and 13.5 kHz, respectively. Data are acquired viastimate the noise level, the number of the photons are ex-
a SCSI connection on optical fibers by a Windows-2000 PGamined, assuming that the radiation is caused only by the
(DAS PC in Fig. 2 following each discharge. The stored bremsstrahlung. In this configurationX20® s~ photons
images are backed up to RAID-5 disk arrays450 GB  from the plasma are absorbed by(@4 mm? area of the
which are controlled by a Linux-based R@nalysis PC in  scintillator; that part is a 1/2561/256 of the screen con-

e -
C. Characteristics of the camera
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FIG. 7. (Color) Examples of SVD components at a sawtooth-like crash measured by SX detector arrays are st®wiExpanded views of chronos
(V0-V2) and corresponding topd§/0—U2) are also shown.

nected through optical fibers to one pixel of the video cam-checked in a pellet injection experiment, where the plasma
era. The averaged electron temperatufg) €2.0 keV, the parameters change rapidly. The time evolution of the inten-
averaged electron densityg) =2.0x 10° m~3, and the ef-  sity of the SX radiation as measured by the cani&eming
fective chargeZ.4=2 are assumed. Only 4% of the photonsrate 13.5 kHz is shown in Fig. 5. A cooling of the plasma
will reach the entrance window of the first image intensifier,just after the injection is clearly observed. The decay time
whereas the others are lost in betweenx116° photons per ~constant is less than 0.5 ms; this agrees with the measure-
frame (N,) are utilized in the measurements, with a 4.5 kHzment from the PIN-diode arrayswhere the maximum fre-
framing rate. The noise level is estimated AN,/N, quency is about 300 kHz. The total response of the camera
= \/N_p/Np~1%_ In this pessimistic estimate, only the turns out to be adequate to study fluctuations in the range of
bremsstrahlung was taken into account; these noise levels ageveral kilohertz. The upper limit is due to the framing rate
at the lower limit that allows us to study fluctuations. The of the video camera.

noise level was measured as a function of the amplification ~Examples of images with different plasma position are
factor of the MCP(Fig. 4). It is about 1% for a moderate shown in Fig. 6a). The magnetic axiR, is located at 3.9 m
amplification and not quite as large as the estimate. FluctudAl) andR,,=3.6 m in(A2) and(A3). The images lack the
tions with a relative amplitude exceeding 2% can be detectetlght-top and the right-bottom corners because the plasma is
by our system. obscured by some parts within the tangential p@1)—(B3)

The resolution of the system is actually not determinedgive simulated images, whereby we assumed flux surfaces,
by the pixels on the video camera, but by those on the plastias in Fig. b), together with radiation profil€sThe hollow
fiber bundle (106 100). For this reason, in order to analyze radiation profile(A3) is caused by strong neon puffing. The
the fluctuations, we use “super pixels,” that is, an averagesimulated images agree well with the measured data al-
over 4x 4 pixels. This reduces the noise level by a factorthough the simulated images have only a resolution of 64
of 4. X 64. This is consistent with the resolution of the imaging

The time response of the camera system has beéiiber (100< 100).
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FIG. 8. The rotational transform profile of the plasma with the sawtooth-

like phenomena are shown i@). The radiation profile which is recon-

structed from Fig. 1U1) are shown in(B).

IIl. DATA ANALYSIS

The extraction of the fluctuating components from video
signal is an important issue for fusion devices. In our cas

the coherent fluctuation component is comparable to or eve
lower than the noise level. Nevertheless, the method of sin-

gular value decompositio(6VD) allows one to identify co-

herent fluctuations in space and time within a background of

noise®® By SVD, a matrix A(M X N) made up ofN time
series of M frames is decomposed into three matrices
U(MXN), V(NXN) and a diagonal matrix(NXN); A
=UWW. The columns ol andV are spatial and temporal
eigenvectors and are called topos and chronos, respective
A time seriesa; can be written by a combination of indepen-
dent components of the topos and the chronos, as

ai=W1><vi1><ul+W2><vi2>< U2+"‘+Wm><vim><um.
(1)
As SVD and the Radon transfotfhare both linear op-

€,

Plasma diagnostics 2141

of the camera. Therefore, images are treated asGddrather
than 256< 256 pixel frames. After removing the unnecessary
part, for example, top-right corner of the image, SV decom-
position is performed.

Three SVD components at the crash of the sawtooth-like
phenomen® are shown in Fig. 7. The first and largest com-
ponent, VO and UO, represents the global time evolution of
the plasma. From the second tofidl), the decrease in the
core region and increase in the edge region—just like a re-
versed Mexican hat wavelet—is observed during relaxation.
In LHD, sawtooth-like relaxations often take places on the
t=1/2 (p~0.5) rational surface. The reconstructed radial
profile from U1 is shown in Fig. @). The inversion radius
agrees well with the=1/2 location[Fig. 8A)]. The third
component(U2) has a peculiar shape. It is not possible to
attribute a simple profile to it, which is constant on a flux
surface'* Possibly it is due to a helical energy flow during
the relaxation which at the time is asymmetric and involves
several eigenfunctions.

Another example of the SVD components is shown in
Fig. 9. An inward-shifted plasma with slo@00—1000 Hgz
MHD oscillations is observed. Oscillating componef\{2—

V4) attract much attention. They have a pronounoed 2
structure. A rotating structure withh=2 can be constructed
from these three componentewer rows in Fig. 10. This is
consistent with a series of simulated images assuming that
fnhe structure has a form of exp{(mé+ng¢)+ 8)xexp(—(p

= pre)?lAp?). With parameters that fit besh/m=1/2, p,s

0.4 andAp~0.1, the rotatingm=2 patterns are repro-
uced as shown in the upper row in Fig. 10. The mode struc-
uren/m=1/2 is also confirmed by the magnetic probe array.

We have been able to successfully extract relevant fluc-
tuating components using SVD, even though the fluctuation
level is comparable with that of the noise. SVD is superior to
fast Fourier transform in our analyses, because it automati-
é’any picks the set of eigenfunctions relevant for the process.

IV. CONCLUSION

We have been able to obtain 2D moving pictures of
MHD activities on LHD, for the case when the fluctuation

erations, one can reconstruct the local pictures from the toamplitude is sufficiently largé~1%) and the frequency is
pos only? which are a very small number as compared to thebelow 2 kHz. The basic goal of the tangential viewing
many frames we took for each discharge. The SVD methodamera—direct visualization of fluctuations—has been
was first used for the purpose of analyzing signals from thechieved. This was possible even when the fluctuation am-

magnetic probes and the SX detector afrdtywas further-

plitude was comparable to the noise level. Due to technical

more successfully applied to pick up fluctuating componentdimitations, the framing rate, and the dynamic range of the

within 2+ 1 dimensional data, for example, tomographic im-
ages in W7-AS stellaratbrand the beam emission spectros-
copy in D-IlID tokamak!? This does apply as well to the

video camera, this diagnostic works well only for a limited
set of plasma parameters in the LHD. We have a plan to
overcome the limitations by a newly developed video camera

images taken by the tangential camera; it gives a spatiakith a 10-bit dynamic range and a 20-kHz framing rate,
structure, topos, and its time evolution simultaneously. Whenvhich will be installed in the next experimental campaign.
the fluctuations in LHD plasmas are caught well by our cam-Plasmas in a wider parameter space can then be investigated.
era, the topos and their evolution tend to become compressétkperiments on TEXTOR-94 tokamak after the end of the

into smaller data sets. Two examples will be presented.

next experimental campaign are planned as well. A tokamak

The camera data have been processed as follows. Befohas the advantages of a simpler geometry and a more pro-
the SV decomposition, the dark current components are reazounced MHD activity. Furthermore, TEXTOR is presently

moved and averaged overx4 pixels. The averaging not

being equipped with a helical diverfdrand then we hope to

only reduces the noise, but also improves the dynamic rangget pronounced structures on demand.
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