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Abstract

Standard diagnostics for fundamental plasma parameters and for plasma physics are routinely

utilized for daily operation and physics study in the large helical device (LHD) with high reliability.

Diagnostics for steady state plasma are intensively developed, especially for T, n! (YAG laser

Thomson, C02 laser polarimeter), data acquisition in steady state, heat resistant probes. To

clarify the plasma property of the helical structure, 2-D or 3-D diagnostics are intensively developed:

Tangential cameras (Fast SX TV, Photon counting CCD, H TV); Tomography (Tangential SX

CCD, Bolorneter) Iaging (Bolometer, ECE, Reflectometer). Divertor and edge physics are one

of important key issues for steady state operation. Diagnostics for neutral flux (H,, array, Zeeman

spectroscopy) and n, (Fast scanning probe, Li beam probe, Pulsed radar reflectometer). In addition

to these, advanced diagnostics are being intensively developed with national and international

collaborations in LHD.



INTRODUCTION

Requirements to realize a fusion reactor are as follows: (a) high plasma confinement; (b)

stable and steady state operation; (c) adequate material against neutron wall load, and so on.

The progress in the study of plasma confinement is so remarkable that the next generation

device will reach the ignition condition. Development of material replacement technology

may solve the problem of wall load, as quick replacement minimizes the dead time of reactor

operation. Stable and steady state operation is one of the most crucial issues in the study

of fusion reactor. In tokamaks, stable and steady state operation is still difficult subjects to

be solved. Tokamaks suffer the current disruption, wich happens when the plasma current

or the value is high, where is the ratio of the plasma pressure to the magnetic pressure.

Plasma current, which makes tokamak configuration, is inductively introduced in case of

traditional scheme, but it is very challenging to maintain plasma current in the steady state.

On the other hand, a helical system is expected to be a disruption-free steady-state reactor

since no plasma current is required. Among different types of helical systems, the large helical

device (LHD) 1] is the world's largest device fully equipped with superconducting magnets,

modern diagnostics and high power heating systems. The LHD has an = 2/m = 

heliotron configuration with a natural divertor, where I and m are the poloidal and the

toroidal mode numbers of the helical plasma, respectively. The present machine parameters

are as follows: the magnetic field strength on the plasma axis can be varied up to 29 T; the

major radius is 34 - 41 m; the averaged inor radius is 06 m- and the plasma volume is
330 m

Three heating methods are available; electron cyclotron heating (ECH) 21 MW, neutral

beam injection (NBI): 10.3MW, and ion cyclotron heating (ICH): 27 MW. The energy

confinement time in LHD is longer by a factor of more than 50 than that obtained from

the international stellarator scaling law 2]. The achieved plasma parameters are comparable

to those of large tokamaks as follows: the highest central electron temperature is 10 keV; the

highest central ion temperature is 7 keV- the highest is 32 the highest stored energy

is 12 MJ and the highest electron density is 16 x 1020 M-3.

Target and achieved plasma parameters in LHD are shown in TableI, and target and

achieved heating power in LHD axe shown in TableII. The first goal of LHD experiment

is to confine a fusion relevant plasma, such as the electron temperature of 10 keV and the
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TABLE I: Target and achieved plasma parameters in LHD until July, 2003.

Target Achieved

T, [keV] 10 10

Tj [keV] 7 7

n, 1019 m-'] 10 16

W [j] 3 1.2

0 %] 5 3.2

Duration [sec] 3,600 150

TABLE II: Target and achieved heating power in HD until July, 2003.

Target Achieved

NBI [MW] 17 10.3

ECH [MW] 3 2.1

ICH (MW] 5 2.7

electron density of 10' m-'. Those targets have been already achieved. Residual targets

axe the plasma energy Wp, 3 value and the long pulse operation. Improved confinement is

necessary to obtain high Wp. If the confinement is governed by the L-mode, the required

power is times larger than the present power in order to reach the target WP.

In order to reach the goal, diagnostics will be more important not only for measuring

plasma parameters but also for precise plasma control. In high,3 plasma, the magnetohy-

drodynamic (MHD) instability might be destabilized. As the duration time is longer, the

plasma wall interaction gives larger effects to plasma, and edge plasma physics including

diverter is more important. So, diagnostics to study physics of improved confinement, MHD

physics and physics of plasma wall interaction are necessary to reach the goal of LHD. Also,

diagnostics working in steady state should be developed. In LHD, standard diagnostics for

plasma performance are important and most of them have been installed. Beside, diagnos-

tics for steady state plasma are important to carry out the expected aim of LHD experiment.

Considering HD plasma is not axi-symmetric, two dimensional (2-1)) or three dimensional

(3-D) diagnostics are more useful in LHD than in axi-symmetric plasma, such as tokamak
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TABLE III: Diagnostics for plasma operation in HD.

Parameter Diagnostics Actuator

n, FIR Laser Interferometer Gas puff

Min. n, Reflectometer NBI Interlock

IP Rogowskii Coil PF coil

and RFP plasmas.

The strategy of diagnostics in LHD is to assure the following features: (i) Reliable and

robust diagnostics for operation (video, n,, Ip, Wp, NBI interlock); (ii) Reliable and flexible

diagnostics for fundamental plasma parameters (T�, T, n,) with reasonable accuracy; (iii)

Diagnostics and data acquisition systems capable of steady state plasma operation; (iv) 2-

D or 3-D capability of standard diagnostics for physical parameters (T, T, ne, E, ECE,

SX, Spectroscopy, Bolometer) for studies of the 3-D non-axisymmetric LHD helical plasma;

(v) Advanced diagnostics for physics analysis with improvements in accuracy and innovative

methods of which R&D should be carried out with domestic and international collaborations.

Following to the above-mentioned strategy of diagnostics in LHD, we constructed the

diagnostic systems in pace with the LHD experiments. The arrangements of major diag-

nostics together with heating systems are schematically shown in Fig. ?. The categories

of diagnostics and the corresponding diagnostic systems are smmarized in the following

sections.

In this paper, recent developments of plasma diagnostics in LHD wl be reviewed. Stan-

dard diagnostics for plasma performance have been reviewed in the previous papers 3 4.

This paper will rather focus diagnostics to study physics of improved confinement, MHD

physics and edge plasma physics. This paper will also present development of 2-D and 3-D

imaging diagnostics and innovative diagnostics in LHD.

DIAGNOSTICS FOR LHD OPERATION

Diagnostics for plasma operation in LHD are shown in TableIII. The operation of LHD

is much easier than tokamaks, since plasma urrent is not required, and position control is

not sensitive thanks to disruption free configuration. Once the superconducting magnets
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are energized, plasma is generated and controlled by gas puffing and heating in LHD.

The plasma density is monitored by the 2-color mm-wave interferometer and the far

infrared (FIR) laser interferometer 7.

The FIR laser beam is generated by C02 laser pumped CH30H lasers with wavelength

118.8 /m. The observed density resolution is 4 x 1017 M-3. When the electron density is

controlled, the gas puffing is automatically adjusted using the feedback control system so

that the line averaged electron density that is monitored by the FIR laser interferometer

may agree the target density. The plasma is usually generated by the electron cyclotron

heating (ECH), but sometimes generated by the neutral beam injection (NBI). The NBI is

tangentially injected, but the beam passes through when the electron density is very low.

In order to minimize the damage on the wall, the NBI power is shut off with the density

interlock system. The interlock system uses an 0-mode homodyne reflectometer with the

frequencies of 28.5, 34.2 and 40.8 GHz [8].

The plasma current is usually not important in LHD, but it is unexpectedly generated

by the bootstrap current and the beam driven current. n the case of co-beam injection into

a low density plasma, the plasma current sometimes exceeds 100 kA. In order to prevent

unfavorable effect to the superconducting magnet coils, the plasma current is monitored by

the magnetic diagnostics 911] and is limited. Sometimes, the plasma current is actively

controlled by changing poloidal field (PF) coil current 12].

The reliability and robustness of the diagnostics for operation and feed-back control have

been proved during the 6 experimental campaigns.

FUNDAMENTAL DIAGNOSTICS FOR OPERATION IMPROVEMENTS

Reliability and flexibility of the diagnostics for ftmdamental plasma parameters: T, T,

n, and the other essential parameters with reasonable accuracy are extremely important.

Electron Temperature

The YAG laser Thomson scattering system and the ECE system are proven as a reliable

diagnostic for the temporal development of the electron temperature profile. The YAG laser

Thomson scattering 13-15] works routinely to provide electron temperature profile every
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TABLE IV: Standard diagnostics for plasma performance and confinement physics in LHD.

Diagnostics At Ax Parameters [References]

FIR Interferometer 10 psec 10 cm < n,(r, t > [71

C02+YAG Interferometer 10 Asec I cm < njr, t > [41-44]

YAG Thomson 0.001 01 sec 2 cm T1- (r, t I n, (r, t) [13-151

ECE(MicheIson) 50 msec 5 cm T, (r, t) [16, 171

ECE(Radiometer) 2 psec 3 cm T,(r, t) [18]

SX-PHA 0 I sec 10 cm T,(r, t) [19, 20)

HX-CCD 10 sec 10 cm T,(r, z, t) [391

Crystal Spectroscopy 0. 1 sec T (0, t), Impurity [21, 22]

CXS 0 I sec 10 cm T (r, t), Er (r, t) [23]

Fast-CXS 10 msec 10 cm T (r, t), E, (r, t)

TOF-NPA 0 I sec T (0, t), fast particle [24, 25]

NDD-NPA 0. 1 sec Tt,,jj(t), fast particle [26-281

Si-NPA 0 I sec Tt,il (t), fast particle (29, 301

Bolometer array 1 msec 5 cm Pr" (r, z, t) [31, 33]

0.1 sec. The back scattered light of Nd:yttrium-aluminum-garnet (YAG) pulse laser beam,

which has a wavelength of 1.058 /m a pulse energy of up to 2 J a pulse width of 20 s, passes

a 33 cm x 60 cm quartz viewing window, and is collected by a 50 cm x 180 cm mosaic mirror.

An array of 200 fibers with a core diameter of 2 mm and a separation of 293 mm carries

the collected scattered light to polychromators. In each polychromator, the scattered light

is separated to different wavelength bands by dichroic filters, and each band is detected

by an avalanche photo diode. The YAG laser Thomson scattering system has a very good

flexibility for the repetition rate (from ms to hundred ms) as shown in Fig. 

The magnetic field profile has a peak in the central region of the plasma in LHD, as shown

in Fig. 2 Therefore, the full electron temperature profile with electron cyclotron emission

(ECE) is measured using two antennas, one on the outboard side and one on the inboard

side 16-181. The ECE on the outboard side is detected by a Michelson spectrometer, which

is absolutely calibrated to the blackbody radiation source. The ECE on the inboard side

is detected by the heterodyne radiometer, which is cross calibrated to Michelson.a This
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experiment was possible owing to the long pulse operation of LHD.

Soft X-ray Pulse Height Analyzer (SX-PHA) 20] is utilized to measure electron temper-

ature profiles in addition to diagnose of line emission from ipurities such as Fe, Cr and Ti.

The electron temperature profiles measured by the ECE and the SX-PHA agree well with

the data measured by the Thomson scattering system.

X-ray crystal spectroscopy for T measurement

The central ion temperature has been measured using a Johan-type x-ray crystal spec-

trometer with a cylindrical crystal bent to 3m in radius 21, 22]. Four crystals (quartz

(2020), 2023), 3140) and 2243)) set at a rectangular crystal holder can be automatically

selected by an external controller moving a detector position in order to measure He-like

lines of Ar XVII, Ti XXI, Cr XXIII and Fe XXV, respectively. The curvature of the crystals

was carefully checked in order to reduce the installation error less than pm. Ile spectral

2line proffle is measured by a CCD detector (active area: 13 x 13 mm 1024 x 1024 channels).

The resonance lines of Ar XVII 3.95 A) is routinely utilized for Doppler broadening mea-

surements every 20 ms with small Ar gas puffing before the discharge. The lowest measured

ion temperature was 02-0.3 keV for ArXVII and TiXXI A highest O) measured by this

system (from Ar XVII) is 7 keV so far.

Charge exchange spectroscopy

Charge exchange spectroscopy (CXS) has been conveniently used to measure the profile

of ion temperature and plasma rotation velocity and radial electric field (E,) in LHD By

applying neon gas puff, the charge exchange line of fully ionized neon, NeX (n = 1 +

10 A 524.9 nm) is used in LHD CXS 231. A time resolution of the charge exchange

spectroscopy should be improved in order to study the transitions of confinement phase. A

new charge exchange spectroscopy system has been developed to increase time resolution of

the E, measurement. By using a back iuminated CCD with quantum efficiency of 80 %

and camera lenses with F=2.8, the time resolution is 50 ms, which is 9 times improved from

conventional CXS. The 50 fibers with a diameter of 200 are arranged at the entrance slit

(100 ILm) of spectrometer. Each fiber leads the light emitted from different radial position

8 



in plasma to the spectrometer. The pixel size, the width and height of the CCD detector

axe 12 pan, 652 pixels and 496 pixels, respectively. The instrumental width is 0.08 nm and

the wavelength range of the spectrum image is 57 nm.

Diagnostics for fast neutral particle

Fast eutral particle measurement is great concern in the ripple transport in helical field,

the high energy ion tail during heating in LHD. The time of flight - neutral particle analyzer

(TOF-NPA) is useful to measure energy spectra of fast particles from 0.5 to 300 keV 24, 25].

The pitch angle distribution can be obtained by scanning the analyzer. High energy neutral

particles are also detected by Si diodes 29, 301 and by Natural diamond detectors (NDD)

[26-281 in LHD. By using the plse height analysis technique, energy spectra of fast particles

is obtained from these semiconductor dtectors.

IMAGING DIAGNOSTICS

2-D or 3-D imaging diagnostics axe intensively developed with national and international

collaborators in LHD: Tangential cameras (Fast SX, Bolometer, photon counting CCD, "

CM); tomography (tangential SX CCD, AXUV); mm wave imaging (ECE, Reflectometer).

Bolometric imaging

The infrared imaging video bolometer (IRVB) has been developed and mounted on a LHD

tangential port. This diagnostic utilizes a thin (0.001 mm) gold foil mounted in a frame to

detect the radiation and neutrals from the plasma, wich are incident on the foil through a

1 cm diameter pinhole. Ile resulting temperature distribution on the foil is measured using

an AGEMA THV 900 W infrared camera having 136 x 272 pixels with a frame rate of 1 Hz

and a nominal sensitivity of 80 mK. Using a numerical technique the spatial and temporal

derivatives of the temperature distribution on the foil are calculated and the incident power

density on the foil is determined using a calibration of the foil obtained by means of a He-Ne

laser. The resulting Ox 14 pixel view of the plasma radiation at a 15 Hz frame rate has a

noise equivalent power density of 0.5 mW/cm2. An image of the plasma radiation dring a
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discharge using the inboard vacuum vessel wall as a limiter shows radiation localized near

the limiting surface.

The absolute extreme ultraviolet silicon photodiode (AXUVD) arrays are installed in

LHD 33]. The sensitivity of the AXUVD in most of the XUV region is flat and equal

to 027 A/W. All the channels have been absolutely calibrated to two arrays 16 and 19

channels) installed in the normal LHD cross section and to two other arrays 20 and 20

channels) in a semi-tangential plasma cross section. Tomographic reconstruction using a

singular value decomposition (SVD) technique has been developed for the total radiation

power distribution from the AXUVD data 34]. The 2-D inversion uses a 2-D peeling away

algorithm, improved by a feedback procedure. The emitting region is divided into a nmber

of layers using the magnetic flux contours calculated using the VMEC code 35] assuming a

certain,3 close to the experimental value derived from the diamagnetic loop measurements.

Then the emission at each magnetic flux layer is assumed to be a function of poloidal

angle 0. The expansion coefficients are determined by a least-square fit to the brightness

of the chords. These measurements and analysis techniques have enabled us to visualize

asymmetries in plasma emission due to pellet and gas fueling.

ECE imaging

A 3-D ECE imaging system is under development in LHD 36]. The imaging system

consists of focusing optics installed inside the vacuum chamber of LHD and planer-type

detectors fabricated by monolithic microwave integrated circuit technology. The detector

consists of the integration of a bowtie antenna, a down-converting mixer using a Schottky

barrier diode, and heterojunction bipolar transistors (HBTs) on a GaAs substrate. The

HBTs work as an intermediate frequency (IF) amplifier with a 0 GHz bandwidth and a 0

dB voltage gain. The ECE signal and local oscillator beam are irradiated from both sides

of the detector. The ECE signals are down-converted at the mixers and the IF signal is fed

to a filter bank with center frequencies of 1-8 GHz. The obtained ECE signals agree with

the ECE measurement by Michelson.
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Tangential soft X-ray camera

A high-speed tangentially viewing soft x-ray camera system has been developed and

installed in LHD 37, 381. It consist of a vacuum-tight beryllium window 25 or 40 Am

thick), a I mm diameter pinhole camera with a 0 cm diameter CsI coated scintillator screen,

where the soft X-ray is converted to visible light. The visible image is tranffered to a image

intensifier system by a 9 m long optical fiber bundle (100 x I 0 fibers with 0. 75 tim diameter

core) in order to avoid a magnetic stray field. The image intensifier system consists of an

electron-beam-imaging amplifier with P47 phosphor, and is further reduced by a tapered

flberoptic plate and subsequently intensified by a two-stage MCP amplifier. Finally, the

image is recorded by a high-speed video camera with the framing rate of 35 kz for a reduced

frame of 128X 128 pixels. In LHD, the coherent fluctuation component is comparable to

or even lower than the noise level, so the method of singular value decomposition (SVD)

has been developed to identify coherent fluctuations in space and tme within a background

of noise. An example of the SVD components is shown in Fig. 3 A slow (500-1000 Hz)

MHD oscillation is observed in a inward-shifted plasma (R,,x = 3.53m). A rotating m = 2

structure can be constructed from three components (U2-U4) in Fig. 3 The (2,I) mode

structure is also confirmed by the magnetic probe array. We have been able to successfully

extract relevant fluctuating components using SVD, even though the fluctuation level is

comparable with that of the noise.

Hard X-ray imaging for electron temperature profile

Two-dimensional profiles of energy spectra of x-ray eission are measured with the pho-

ton counting hard X-ray CCD camera by optimizing the intensity of x-ray with attenuation

by Be and Al filters 39]. Since half of the pixels are devoted to storage area, the imaging

area has 1242x576 pixels. The time resolution detern:dned by the mechanical shutter is

-100ins. The two-dimensional profiles of the electron temperature are derived from energy

spectra measured using the hard x-ray CCD camera. Comparison between the SX data and

the Thomson data is done for the plasmas with and without ITB as shown in Fig. 4 It is

revealed that both the data agree well. Such situation is seen also for the plasma heated

with ECH and NBI. This fact suggests that the energy distribution of electrons is close to
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the Maxwellian in the energy range of the YAG and the x-ray CCD measurements.

Soft X-ray imaging for Shafranov shift

The x-ray imaging system with a soft x-ray back-illumination CCD detector sensitive to

the energy range of IkeV to 10keV has been applied to measure the magnetic axis sft

[401. The system has good spatial resolution (1024x512 pixels in image area). By choosing

the appropriate combinations of pinhole 'Size and tckness of Be filters, the x-ray image

can be measured for the plasmas in a wide range of electron temperature and density. The

major radius of the magnetic axis (R,,,,) is derived by choosing the magnetic flux surface

from a database, which gives the best fit to the measured two-dimensional x-ray profile.

The Shafranov shift measured with this method increases linearly as the averaged beta

< 3di,, > is increased. The scatter of the Shafranov shifts measured are beyond the error

bar of the measurements and is mainly due to the change of the pressure profiles for the

identical < 3i, > The Shafranov shift depends on not only the averaged beta but also on

the peaking degree of plasma pressure profiles. Recently from the data of this tangential

SX-CCD camera a tomographic image is reconstructed, and the static 2,1) magnetic island

is found.

C02 laser imaging interferometer

A C02 laser (A = 10.6 ym) imaging interferometer has been developed and installed to

measure the precise n, profile in LHD 41-431. For the compensation of vibration, YAG laser

(A = 106 mum) interferometer is coaxially installed on the C02 laser interferometer. The

whole system is installed on the unti-vibration structure for the FIR laser interferometer

. Frequencies of laser beams are shifted by acousto-optic modulators (AOM), so that the

phase is modulated with the frequency of I MHz. Then the C02 and YAG laser beams are

combined and expanded to slab-like beams (25Ox50 MM2), which are injected into the LHD

plasma vertically. The C02 and the YAG lasers are detected by the 32 channel HgCdTe

detector and avalanche photo-diode (APD) arrays, respectively The phase is detected by

comparing the IF signal and the original MHz clock. In LHD, the n, profile has a steep

gradient at the edge, and the diffraction of the laser beam with longer wavelength may cause
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large error on the n, measurement. Still the C02 laser interferometer is useful to measure

the precise density profile at the plasma edge. In order to measure the n, fluctuations, the

phase contrast imaging technique is utilized in this interferometer 43]

DIAGNOSTICS FOR EDGE PHYSICS

Refiectometer

A four channel pulsed radar reflectometer system has been installed on LHD 45, 461.

Pulsed radar reflectometry is useful, because it measures the delay time of the reflected

wave, not the phase, and X-mode and 0-mode polarized waves can be distinguished. Four

Gunn oscillators are used as a source. The frequencies of the oscillators are 33, 39, 60, and

65 GHz. The output power of each is about 100 mW A p-i-n switch is used as a pulse

modulator that uses the tuned signal of the generated impulse output. Separate transmitter

and receiver horns are used in order to avoid the ixture of spurious reflecting components.

The reflected waves is mixed with the local microwave with the frequencies of 51 GHz for

R band and 78 GHz for V band. The intermediate frequency signals are filtered by band

path filters with a bandwidth of 2 GHz and then detected. Each pulse width is 2 ns and the

repetition rate is 200 kHz in standard operation. The time-of-flight (TOF) measurement is

carried out with the reference pulses, of which detectors are located before the antenna to

avoid jitter from the pulse generator and the p-i-n switch. By using X-mode operation of

the pulsed radar reflectometer, the critical density where the microwave is reflected is about

1X 10" m'. Therefore, the X-mode reflectometer is useful to study edge plasma physics.

Li beam probe

A 30 keV ithium beam probe system to measure edge density and its fluctuation has been

developed in LHD 47]. The beam current is 01 mA and no unfavorable beam divergence is

observed in spite of a long distance more than 6 m from the injector. The beam penetrates

up to p = .8. The lithium beam system consists of a beam injector and an optical detector.

The electrostatically accelerated beam is injected to the plasma through the charge-exchange

cell. The electron density profile is reconstructed from visible light, which is emitted from

lithium atoms in the plasma due to the electron impact excitation. Electron impact, charge-
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exchange processes and beam attenuation are considered in the reconstruction. The light

emission from the Li beam is detected by the detector array with narrow band filter for the

emission wavelength.

Electrostatic probe

The particle flux is measured by a Langmuir probe array embedded in the divertor tile.

It has a spatial resolution of mm 48, 49]. The peak of the particle flux appears at the

positions of the long magnetic field lines calculated in each case of magnetic axis positions:

R,,_ = 36 m and R,, = 375 m. Ion saturation current profile is also measured with fast

scanning probe for observing helical diverter property. The scanning velocity of the probe

is 3 m/s. Peak positions of ion saturation current profile agree well with those of field line

connection length profile, which are seen as layers in the H CCD camera image [50].

Spectroscopic measurement using Zeeman effect

Rom the emission line profile of He I (A = 728.1 nm :2'P - 3S) observed with the

80 chord array, the intensity distribution around the stochastic layer is obtained. Figure

5 shows an example of the line profile of Hel line (A =728.1nm) that is Zeeman splitted

in LHD field. Locations of neutral emission He I are determined precisely using Zeeman

effect, since the magnetic field is different at the different position on the same line of sight

under the assumption that the line emission is localized [51]. Such eission comes from the

divertor surface.

DIAGNOSTICS FOR STEADY STATE OPERATION

One of important features of LHD diagnostics is compatibility with long pulse operation

[52]. Diagnostics for steady-state operations can be classified as either those for real-time

monitoring or those for feed-back control. Real-time monitoring is necessary to insure that

certain parameters do not exceed the limits of safe operation. Feedback control is necessary

when one measured parameter is used to control a device in order to maintain the plasma

in a steady-state condition. Long pulse operation up to 150 s was successfully conducted
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TABLE V: Spectroscopy in LHD.

Spectroscopy A [nm] AA nm] [Refs.]

SOXMOS 0. - 130 0.1 [54]

VT-TV 30 - 310 0.005 [551

UV/Visible 200 - 800 [561

Crystal 0.17 - 04 10-4 [221

SX-PHA 0.4 - 200 [keVj 0.4 [keV] [19, 20]

and recorded with complete data acquisition.

Impurity Diagnostics

Since the LHD experiment aims to confine high performance plasma, impurity accumu-

lation due to plasma-wall interaction is revealed one of the most severe problems in the

steady state operation. Table V present pectrometers for the detection of impurity line

emissions in LHD. Figure 6 shows time evolution of emission of impurity lines, the electron

temperature, the electron density and the radiation power during the long pulse operation.

The electron temperature and the electron density are measured by ECE 16, 17] and by

the FIR laser interferometer 7 respectively. In this plasma, the electron density starts

to increases 10 seconds after turning off the hydrogen gas puffing. Correspondingly, the

electron temperature decreases and the radiation power increases.

The impurity line eissions axe measured by a high-resolution, time-resolving soft x-ray

duo-multi-channel spectrometer (SOXMOS) 53, 54]. Intensity of impurity lines is averaged

during the time width of 10 sec, and is normalized at t=15 sec. So finite values of the neon

and oxybgen emission at 65 sec indicate the strong eissions near t=60 see. SOX-MOS

spectrometer reveals that neon gas comes out from wall after t=50 sec and finally it causes

radiation collapse. Tis plasma was produced with hydrogen gas and NBI, but neon plasma

experiment had been done in previous days. Therefore the saturation of wall pumping and

desorption of gas, which is adsorbed on the walls, take place in the steady state plasma, and

they terminate the long pulse discharge.
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Magnetic diagnostics

Magnetic Probes

The toroidal flux is measured by a poloidal loop on the inner surface of the vacuum vessel.

Careful compensation of the stray filed is necessary to obtain the internal plasma energy

(Wp) and the value. The stray field comes from the plasma current, the coil currents

and the eddy current in the vessel wall and other structures of the vessel and coils. The

current in coils and structures are measured by the use of the Rogowskii coils. The current

in the vacuum vessel is estimated by solving circuit equations. Some mutual inductances

between the diamagnetic loops and other components are directly measured, and some are

estimated by the calculation of the Biot-Savart equation. Since the external flux due to the

eddy current is as large as the plasma flux, those effects are carefully compensated in LHD

[621.

Integrator for the steady state

Integrators axe required for the magnetic measurement. The new-type integrator is de-

veloped for LHD. This integrator is made of three analog integrators and digital processing

system. A time slice of magnetic signal is separated to three different short time slices.

Each short time slice is integrated by a corresponding analog integrator and is digitized. By

accumulating integrated signal digitally, the whole integrated signal is obtained. Integrated

signals are transferred to VME system with DEC Alpha processor, where the integrated

data are delivered to the real time display, the LABCOM data management system and to

the control system. The integrator avoids saturation of integrated signal as the integration

is made during a short time slice. Therefore, the integrator will work in the steady state

operation.

Mortional Stark Effect

A mortional Stark spectroscopy (MSE) has been developed for measurement of magnetic

field pitch angle in LHD [? ]. The spectrometer consistes of a zigzag CCD as a detector and

ferroelectric liquid crystal cells for the polarization modulation. The pitch angle is derived
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from the polarization angle of and7r components in the H line. Experimental result is as

follows: the location of zero pitch angle is shifted 28 ± 6 mm in outboard side due to the

Pfirsh-Schluter current as expected by the equilibrium calculation.

Polarimetry for the density measurement

A 3 channel C02 laser polarimeter has been developed in LHD to measure the Faraday

rotation 571. Interferometry, which is used on almost all magnetically confined fusion devices

and has high resolution, needs a time history. The Faraday rotation is considered as a

monitor of the electron density in the steady state plasma. The polarimeter in LHD utilizes

the frequency-shift heterodyne technique with the use of aousto-optic modulators for high

resolution. By utilizing the digital complex demodulation technique, the accuracy of the

Faraday rotation angle with a time resolution of 16 ms is 0.01 degrees, wich is 100 times

less than the total angle. The electron density obtained by the C02 laser polarhneter agrees

well with that obtained by the FIR laser interferometer.

Data acquisition and storage/retreival system

A data acquisition system with parallel processing technology has been developed for

diagnostics in 3 minutes cyclic LHD operation [58, 591. Data of most diagnostics are taken

by CAMAC systems. The total number of CAMAC odules and channels in LHD are about

300 and 2000, respectively. The raw data size is up to 740 MB/shot with 150 shots/day

in the 2002 experimental campaign. The data acquisition system is made by a cluster of

personal computers (PC), which acquires the data from own CAMAC crate, compresses

them, and stores them in own hard disk. The data is also stored in the mass storages as

follows: RAID hard disk systems; Magneto-optical-disk (MO) jukeboxes 3.6 T bytes); A

digital-versatile-disk (DVD) changer 3.2 T bytes). The data are managed using the object-

oriented-data-base technology (ObjectStore). A LINUX server named 'name server' keeps

a indexing meta-table using the relational-data-base technology (PostgreSQL), as a user

obtain the data immediately.

In the steady state operation, data are continuously digitized at I kHz with Yokogawa

WE7000 modular PC-based instrumentation system 60]. Some of data are displayed on the
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TABLE VI: Diagnostics for fluctuations and MHD Physics in LHD.

Parameter Diagnostics [Ref]

i;l ECE(Radiometer) 118, 691

7i. C02 Laser Phase Contrast [43]

7ie Reflectometer (Pulse, Ultra-short pulse) [45, 46]

X-ray SX diode array [63]

Bo, Bo Mirnov Coil [64, 65]

real time monitor, and help the experimentalists for implementing the steady state operation

of LHD. The real-time data monitoring system using IP multicast technology is also under

development to monitor plasma parameters continuously in the LHD long-pulse operation

[61]. Since the IP multicast packets are sent to the sub-net, where cents receive the data,

the network load and server load will be drastically reduced comparing to the one-to-one

connection.

DIAGNOSTICS FOR MHD BEHAVIOR

Magnetohydrodynamic (MHD) behavior is monitored with soft X-ray (SXR) detector

arrays 63], Mirnov coil arrays 62], and ECE systems 17, 18, 18]. PIN photodiode arrays

are installed in two vertical port sections separated by a toroidal angle of 72 degrees. In

one section, 40 PIN diodes are set in a top port and 40 in a bottom port, and in another

section, 40 PIN diodes are set in a top port. In LHD, 64 Mirnov coils and 24 saddle loops

are installed inside the vacuum vessel in order to measure magnetic fluctuations. The AT

(Advanced Technology) probe has been developed 64]. AT probe is suitable for the steady

state operation since it is heat resistant up to 1000 'C. Although the Mercier criterion is

violated in most LHD plasmas when R, = 36 m, significant MHD activity has not been

observed yet 65].

Sometimes fluctuations are observed with Mirnov coils, but large fluctuations have not

been observed in SXR and ECE signals. Alfven-eigen-modes such as TAE, C-TAE, G-TAE,

GAE, HAE, EAE are studied using Mirnov coils in wide parameter range 66, 67]. Those

modes are excited by the fast ions from the 180 keV N-NBI in LHD. Sawtooth crash is
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observed in the core region of the high,3 and high counter-Ip plasmas. in the core drops

and T, in the peripheral region increases, and the heat plse propagates toward outside as

in tokamaks. Full sawtooth crash in helical system is not well understod as the m = mode

should not be ustable because of o - 3 6.

INNOVATIVE DIAGNOSTICS

heavy ion beam probe (HIBP)

A heavy ion beam probe (HIBP) can measure the plasma potential, its fluctuation and the

electron density fluctuation simultaneously. In LHD a 6 MeV HIBP is under construction.

In this device, a singly charged negative gold ion beam (Au-) is accelerated with a 3 MV

tandem accelerator at first. It becomes a positively charged ion beam when it passes through

a charge stripping cell in the accelerator. It is accelerated again and obtains another 3 MeV

energy. The singly charged positive gold ion beam (Au+) is swept and focused into the

LHD plasma using electrostatic sweepers and lens. The secondary beam from the plasma is

analyzed using a new tandem-parallel-plate analyzer which works in smaller anode voltage

compared with conventional parallel-plate analyzers, and it is uder development.

M-acer-Encapsulated Solid Pellet (TESPEL)

A nacer-Encapsulated Solid PELlet (TESPEL) injection is one of the simplest idea to

study the confinement of impurity 701. Figure 7(a) shows a schematic view of a TESPEL ball

which consists of polystyrene polymer (-CH(C6H5)CH2-)n as an outer shell, the diameter of

which ranges from 300 to 900 pm, and tracer particles as an inner core. A tracer impurity

can be locally deposited by TESPEL injection. The local deposition is really proven by

observation of the light emission from the pellet with combining a spectrometer and a fast

intensified-CCD camera. Time evolution of the ablation light (dominantly H line) is shown

in Fig. 7(b). The pellet ablation started at the frame No. 6 and ends the frame No. 17.

The interval between each frame corresponds to 84 ms in this case. The spectrum changes

suddenly at the frame No.16, which shows the ablation of titanium, while until the frame

No 15 the Hp line is dominant (the broad width is due to the Stark broadening) together

with a CI line 493.2 nm) because of the usage of polystyrene shell. The timing is consistent
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with the observation with the photomultiplier and a narrow band pass filter, and the total

duration of the ablation eission of about lms is also consistent with the above observation.

Diffusion coefficient can be directly measured from the temporal evolution of impurity

emission. The temporal evolution of the impurity emission in case of a titanium (Ti) tracer

in the plasma with < n > 3 x 10'9 m-' is shown in Fig. 8. The upper figure corresponds

to the highly ionized Ti impurity: Ti K (He-like; E=4.7 keV) and the lower figure to Ti

XIX (A = 16.959 m). These are measured by a soft x-ray pulse height analyzer 19] and

a vacuum ultraviolet spectrometer SOXMOS 54], respectively. Observed decay time of the

Ti K emission is fairly longer, while the Ti XIX emission is shorter. A transport analysis

with the MIST code based on the evolutions of both line emissions resulted in the diffusion

coefficient of D=0.6 m/see and the inward convection velocity of V(a)= 076 m/sec. The

inward convection cannot be explained by the neoclassical impurity transport. So, the effect

of a radial electric field and/or some other effect should be taken into account additionally.

The advanced application of TESPEL to particle transport study is to observe light eission

due to charge exchange recombination of a tracer with a heating neutral beam. This has an

advantage in the possibility of direct measurement of the local particle transport. The most

adequate atom as a tracer for this purpose is now under investigation.

Cold Pulse

Owing to the flexibility of the size ad material, the TESPEL injection makes a sudden

drop in the electron temperature in the middle of plasma (p -0.5), the temperature drop (so

called cold pulse) propagates across the flux surfaces. The T(r, t) profile is measured every

5 musec with the 32 channel radiometer [181 covering R,,, 29 - 35 in. By using cold

pulse propagation induced by TESPEL, the electron heat conductions inside and outside

the magnetic island structure are measured. The transport equation for the perturbation

can be written as P

3n, 96T, = 9 rn, 196L
2 - & n9r x ,

This equation is solved numerically and compared with the experimental data, the heat

conduction coefficient x is obtained. It is observed that the electron heat conductivity

(X = 02 M2/S) in the island is much lower than that in main plasma ((x = 2 M2/S) [72].

This dynamic measurement of heat conduction is consistent with the estimation from the
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temperature and density profiles. Ms is the first direct measurement of heat conduction

inside the magnetic island. This technique is also applied to analyze the heat transport in

the ITB region of LHD plasmas.

SUMMARY

In this article diagnostics employed on LHD are reviewed. Standard diagnostics for fun-

damental plasma parameters (T, T, n) and for plasma physics (E,, Impurity, Confinement,

MHD) are routinely utilized for daily operation and physics study in LHD. Diagnostics for

steady state plasma are intensively developed in LHD: C02 laser polarimeter, Data ac-

quisition and storage/retreival system, integrator for magnetics in steady state. 2-D or 3-D

imaging diagnostics are intensively developed in LHD: Tangential cameras (Fast SX, Photon

counting CCD, H CCD), 2-D imaging (Bolometer, ECE, Reflectometer), and Tomography

(Tangential SX CCD, Bolometer camera). Diagnostics for helical diverter, which is far dif-

ferent from tokamaks, are developed and installed in LHD. Advanced diagnostics are being

intensively developed with national and international collaborators in LHD. Most of the

diagnostics are working reliably with flexibility and reasonable accuracy owing to the well

planned introduction of different types of methods for important parameters.

TThis work was supported by the Ministry of Education, Culture and Science.
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FIG. 1: Evolution of T, and n, profiles measured by the YAG laser Thomson scattering. The

YAG laser Thomson scattering system has a very good flexibility for the repetition rate (from is

to hundreds ms) in addition to the good spatial resolution at 200 spatial points. For example, the

interval from Frame No. 16 to Frame No. 17 is 298 its, and the interval from Frame No. 17 to Frame

No. 18 is about 300 ms owing to the multiple laser system.
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FIG. 2 (a) Contour plot of magnetic field (solid contour) and flux surface (dotted contour). (b)

Radial magnetic field profile on the sight line of ECE diagnostics. (c) Field angle of the magnetic

field.
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T, both for the plasmas with and without ITB.
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FIG. 5: Line profile of HeI line (A =728.lnm) that is Zeeman splitted in LHD field.

29 -



2 Gas Puffing SOXMOS41306

2:% (a)
NeV11

"A

-0
4)
N OVA

C I I I0Z 0 . . .
1.5 . . . I . . I I . -U 600

M MOA1 S06.
'k-J (keV) rad

el e

400j

19 3)
n ( m-

0.5 e 200

0 0
0 20 40 60

t S)

FIG. 6 (a) Time evolution of emission of impurity lines NeVII (lambda = 10.3 nm), FeXIX

(lambda = 10.83 mn), CIII (lambda = 117.5 nm) measured by SOXMOS during the long pulse

operation. The intensity of impurity lines is averaged for 1 sc, and is normalized at t=15 see.

(b) Time evolution ofthe electron temperature (T,), the electron density (n,), and the radiation

power (P,.d)-

- 30 -



(a) Polystyrene
Polystyrene ball (CSHS)n
as a lid as an outer shell

500 80 gmN

Tracer particles ��jpu,

(b Ha
�07

Cad aft 0

#14

- - t Qvw"

#17 #18 "WOMIMP"

FIG 7 (a) Schematic view of a TESPEL ball. (b) Time evolution of ablation light (dominantly

Ha line).
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FIG. 8: (a) Evolution of Ti K (He-like; E4.7 keV) line emission measured by SX-PHA. (b)

Evolution of Ti XIX (A =16.959 nm) line emission measured by SOXMOS.
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