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Abstract: The pellet charge exchange technique, which can enhance the charge exchange reaction in plasma core, is utilized.   Although there is no fusion reaction in the Large Helical Device (LHD), the simulation experiment can be expected by using the ion cyclotron resonance heated plasma.  We newly install CNPA (0.8-168keV, 40 channels) to obtain the high-energy particle spectra in LHD.  In pellet experiments, the time resolution of 0.1 ms is equal to 5 cm spatial resolution at the pellet speed of 500 m/s.   Pellet penetration depth determines the possible observable area of the energy spectra.   In our experiment, the penetration depth (up to =0.2) can be obtained at 1 mm diameter pellet.  The spectra in three different plasmas can be compared.
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INTRODUCTION

A measurement of an  particle occurring as a result of nuclear reaction is important in a nuclear fusion reactor.  Some techniques are proposed for  particle measurement, but a pellet charge exchange measurement (PCX) [1] is one of effective methods, which can directly observe  particle.  It is not tried so many since there are a few opportunities getting nuclear reaction plasma.  The  particle measurement using PCX has been tried in TFTR [2].  On the other hand, it is theoretically possible to obtain the high-energy ions of MeV level by ion cyclotron resonance heating (ICH), although no nuclear fusion reaction can be occurred in Large Helical Device (LHD) [3].  A simulation experiment of  particle measurement especially for ITER is possible by using this.
PCX is very interesting only not as simulation experiment of  measurement but a measurement of helical plasma in LHD.  Suppression of the dispersion of a high-energy particle from plasma (loss cone) is important to realize nuclear reactor in a helical device.  The suppression can be obtained by artificially forming a radial electric field.  PCX can provide the information of high energy-particle particle distribution in core plasma, which is unknown by the passive charge exchange neutral particle measurement.  In passive method, the charge exchange between the high-energy particle and the background neutrals is the main process.  Therefore the information near the plasma center cannot be generated because the background neutral cannot penetrate to the plasma core especially in the high-density plasma.  Line integration of the information is another problem.  Diagnostic beam as a charge exchange source is a suitable system for this purpose.  However the high current helium beam for  measurement is too expensive and still under developing.
Another advantage of PCX is to obtain the radial information on unique detector by observing the signal from backward of the pellet trajectory.  The pellet velocity is about 500 m/s.  The time resolution of 0.1 ms is required to obtain enough particles statistically.  Therefore the spatial resolution of 5 cm can be expected.  In LHD, we use the tracer encapsulated solid pellet (TESPEL) [4], which can provide the local deposition of the impurity (tracer) in plasma.

EXPERIMENTAL APPARATUS

　

LHD has the toroidal mode number of m=10 and helical mode number of l=2.   The major radius and minor radius are 3.9m, 0.6m, respectively.   The helical ripple is 0.25 and a magnetic field is a maximum of 3T.   Although the standard magnetic axis is 3.75m, it can be changed from 3.4m to 4.1m by applying a vertical magnetic field.   There are three different heating systems of the electron cyclotron resonance heating (ECH, 10MW) [5], the neutral beam injection heating (NBI, 15MW) [6] and ICH (3MW) [7].   As for electron temperature, a maximum of 10keV is observed by using Thomson scattering and ECE (Electron Cyclotron Emission).   Electron density can be changed from 0.1 to 4x1019m-3.   The density profile is measured with the multi-channel interferometer.
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We can choose the pellet materials (polystyrene, titanium etc.) and inject them with the velocity of 300-500 m/s   in TESPEL system.  In TECPEL, which is developing now, the tracer is encapsulated in the solid hydrogen in order to reduce the variation at the pellet injection.  Figure 1 shows the experimental setup.  The pellet is injected to plasma under an interesting condition.  Incidence speed is monitored by two photo diodes.  The penetration depth in plasma can be obtained from time trace of the H signal assuming the constant flight speed in plasma.  The pellet ablation cloud size and density are measured by the CCD camera with H filter and by the Stark broadening using the visible spectrometer, respectively.
The charge exchange neutral particle is measured by two different detectors (a natural diamond detector (NDD) and a compact neutral particle analyzer (CNPA)) at a same sight line.  High-energy hydrogen atoms are emitted from the plasma by the charge exchange between the plasma ion (mainly proton in this experiment) and the pellet ablation cloud (hydrogen and partially ionized carbon from polystyrene).  NDD can easily measure a high-energy particle from 50 keV to several MeV with high-energy resolution.  However there is no sensitivity for the low energy region.  The high time resolution cannot be expected because the pulse height analysis requires the processing time.  To save the processing time, we choose the direct processing of the signal instead of the electrical pulse height analysis.  In the high-energy particle measurement over 168 keV, where CNPA cannot be observed, NDD is very helpful.  CNPA is a traditional electric-magnetic analyzer.  The compactness of the analyzer can be realized by using the shaped permanent magnet.  We can install it in a narrow space just behind of the TESPEL system.  The observable energy is from 0.8 to 168 keV using 40 energy channels with the energy resolution of several %.  To obtain much amount of particle statistically, we specify the time resolution of 0.1 ms.


EXPERIMENTAL RESULTS

Figure 2 (a) shows the time history of H emission from the pellet cloud and the flux of the charge exchange neutral particle with different energies.  The size of the pellet ablation cloud is estimated to be several cm by the CCD camera image.  Therefore the time history of the emission corresponds to the position of the particle emission if the charge exchange reaction assumes to occur around the moving ablation region.  We get the radial information of the neutral particle emission as shown in Fig. 2 (b).  In this shot, the pellet reaches to ρ=0.65 at the injection speed of 440 m/s.  Much particle can be observed at the diverter region of ρ=1.1 although a few emission of light can be observed there.  This means that the high-energy particle can be there even outside of the latest closed surface of plasma.

The charge exchange neutral flux during TESPEL injection in ECH plasma is described.  The positive electric field can be expected during ECH heating because the plasma electron is selectively accelerated and dispersed by ECH [8].  Therefore the improvement of the trapped particle confinement and the flux increase can be expected.  Figures 3(a) and (b) show the comparison of observed neutral particle flux between with and without ECH during TESPEL injection.  The ECH is applied in plasma sustained by NBI.  With ECH, much particle with the energy of lower than 20 keV can be observed at =0.7.  The main source of the trapped particles, which have a large pitch angle, comes from the pitch angle scattering between plasma ion and the decelerated NBI particles.  NBI is injected tangentially, although CNPA is perpendicularly set against the magnetic axis.  The energy of energetic ion is reduced by the collision with the plasma electron.  The pitch angle scattering occurs at several times energy of the electron temperature.  Therefore the main energy of the trapped particle is less than 20 keV.  The experimental result can be explained by this assumption.

The difference of the ECH heating between on and off the magnetic axis is also described as shown in Figs. 4 (a) and (b).  When the ECH is applied on the magnetic axis, the high-energy particle (trapped particle) over 50 keV can be obtained although it cannot be seen off-axis heating.  The result may be indicated that the strong positive radial electric field can be formed at the on-axis heating of ECH.
The spectra during TESPEL injection to the NBI plasma are shown in Fig. 5.  Figure 5 shows the charge exchange neutral spectrum every 0.1 ms before, during and after the TESPEL injection.  The neutral particle flux increases several ten times during injection.  The dip in the spectrum around 30 keV appears clearly during injection.  When the magnetic field strength changes, the energy at which the dip appears, also changes.  The dip may be due to the resonant loss caused by the balance force between the▽B drift and the E×B drift [9].

The PCX measurement during TESPEL injection in ICH plasma is the most effective tool in order to understand the behavior of the high-energy confinement.  The direction of the particle acceleration in ICH plasma is same as the sight line of the CNPA (NDD).  During ICH phase, much neutral particle flux can be observed.  TESPEL penetration depth in plasma is so large due to the low plasma density. Therefore we can obtain the energy distribution of high-energy ion at the plasma core.  The tail temperature obtained from the energy spectrum is high when TESPEL enters the resonance region of ICH. The result is agreed with the vertical scan result on the silicon detector neutral particle analyzer.  The result is helpful to control the ion cyclotron heating.

SUMMARY

The pellet charge exchange particle measurement, which is as the simulation experiment of  particle measurement, has been tried in LHD.  In LHD, the confinement of high-energy particle is the important issue.  The high-energy particle confinement is discussed in three different heated plasmas, ECH, NBI and ICH based on the result from PCX.  The high-energy particle confinement can be improved by the variation of the electric field during the ECH application.  The resonant loss can be observed in NBI plasma.  In ICH plasma, the additional heating can be obtained in the ion cyclotron resonant region.  The next issue of PCX is to minimize the effect for the measurement caused by the large variation of the plasma during pellet.
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Fig.3 Neutral particle signal with/without ECH. 


Time history of the neutral particle when the ECH is applied,


time history of the neutral particle when the ECH is not applied,





                     (a)                                            (b)


Fig.2 H-alpha signal and neutral particles.


(a) Time histories of the Ha signal from the pellet cloud and the neutral particle signals.


(b) If the charge exchange occurs around the pellet cloud, the time corresponds to the pellet position..  The emitting profiles of the neutral particles as function of the plasma  are shown.








Fig.1 Experimental setup.


The TESPEL system and CNPA,NDD are installed almost on the middle plane.  The charge exchange neutral particle is measured just behind of the pellet trajectory.
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Fig.4 Neutral particle signal in different magnetic fields. 


X, Y and Z-axes show the energy, the time and flux.


(a) ECH is applied on the magnetic axis,


(b) ECH is applied not on the magnetic axis.
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Fig.5 Neutral particle signal in NBI plasma.


The spectra from –0.6 ms to –0.1 ms before TESPEL injection,


The spectra from 0 ms to 0.5 ms during TESPEL injection,


The spectra from 0.6 ms to 1.1 ms at the end of TESPEL injection and after injection,


The spectra from 1.2 ms to 1.7 ms after TESPEL injection.


The lines in each figure indicate the time evolution  The flux during TESPEL injection phase increases several tens times.  The dip around 30 keV can be observed.
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