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An ion diagnostic system using electrestatic probes for measurements in the
JFT-2M tokamak boundary plasma has been developed under the collaboration
program between KFA and JAERI. The rotating double probe system, on which the
Héthker double probe and Amemiya asymmetric probe can mcunted, are monufactured
at KFA werkshop while the linear driver to support the rotating double probe,
the ion toothbrush probe, the Xatsumata probe and the cubic Mach probe are
developed at JAERI. This report describes the hardware of this probe system for
ion diagnostics in the boundary plasma and preliminary data obtained by means
of this system. Furthermore, results on the transport are estimated on the

basis of these porbe data.
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1. Introduction

Plasma transport is a very important subject to be studied on the way to a
magnetic fusion reactor. If the plasma transport is clarified we can construct
a more feasible machine for fusion reactor since the effective confinement
method is established using the transport physics. The boundary plasma in a
torus is a region where the closed magnetic surfaces in a core plasma
change into the open ended surface, where the magnetic field lines are cut by
the solid materials such as the limiter and divertor plate and the heat from the
core plasma is lost by the contact with the solid materials through convection
and conduction.  Thus, the boundary plasma forms important boundary
conditions to determine the confinement characteristics in a core plasma
since the transport equations must be solved by using above heat and
particle loss conditions. In this sense it is often said that the boundary
plasma plays a key role to solve the transport problem.

The diagnostics in the boundary plasma is performed by using many
methods. Among them, the diagnostics by using electrostatic probes is very
useful compared with indirect diagnostics such as spectroscopic method
since the electrostatic probe can catch many information of plasma with a
good spatial resolution by gathering the direct current from plasma particles.
Plasma diagnostics using electrostatic probes is applied to a large extent in
tokamaks, however, there are few data on ions. Much remains to be done to
study the transport of the boundary plasma to include also the contribution of
the ions. Considering this situation, ion diagnostics such as the Héthker

rotating double probe”, Amemiya asymmetric probez), Katsumata probes),
ion toothbrush probe (ITP) and cubic Mach probe have been installed on the
JFT-2M tokamak.  The rotating double probe, on which the Hoéthker probe
and Amemiya probe can be mounted at the top, are designed and
manufactured at KFA. This work was performed within the international
collaboration program at Fy 1993 between KFA and JAERI titled by “JAERI-
KFA({Jilich) Joint Research on H-mode Plasma from Boundary lon
Temperature Measurement using a Rotating Probe”.  The other probes and
related necessary instruments are developed at JAERI.  In this program,
JAERI bought the rotating double probe designed and manufactured for the
JFT-2M tokamak at the KFA. The linear driver, which supports the rotating
double probe and drives the rotating probe in the radial direction, and the
power supply and controlling system are manufactured at JAERI.

Since the particles and energy losses via conduction, convection, radiation
and charge exchange across the boundary region to the first wall the cross
field diffusion coefficient and thermal conductivity can be estimated from the
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plasma parameters in the boundary region if we can find the plasma
parameter profiles. We have already shown experimentally that the cross

field particle diffusion coefficient Dl and the electron thermal conductivity
are determined due to the e-folding lengths of density A, and electron

temperature Ay, and that these coefficients behave as rather Bohm-like and

do not obey the neo-classical scheme on the JFT-2 tokamak.4) However, the
ion thermal conductivity x; could not be estimated due to the lack of ion

temperature profile.

In this report, we describe the development of electrostatic probes
including ion diagnostics in JFT-2M boundary tokamak plasma and the
related transport study using the probe data. In the JFT-2M tokamak, the
scrape-off Layer(SOL) has been extensively studied in order to clarify the

physical process of transport using the ergodic limiter®) and divertor

biasings). The measurement of the ion temperature by means of the probes
are aiming at a further understanding of the transport in the plasma edge. The
data obtained by the above probes will help to clarify the transport process by
delivering the experimental information.

2. Hardware of ion diagnostic system using electrostatic probes
in JFT-2M

2.1 Linear driver

We have two ports for ion diagnostics in JFT-2M tokamak boundary plasma
as shown in Fig.1 (a) ( cross sectional view) and Fig. 1 (b) (plane view),
respectively. One is a horizontal port (P-9) and the otheris a vertical port (P-
2). The linear driver is the vacuum vessel containing the support structure of
the probe head and allows to vary in the radial position of the probe from shot
to shot, due to bellows by 700 mm, having £100 mm of fine structure. We
can insert the rotating double probe through both ports since the specification
of the linear driver is common for both horizontal and vertical port.  One of ion
diagnostic probes is the rotating double probe, in which we can use this

probe as the Hé&thker double probe” and/or as the Amemiya asymmetric

probe2) by replacing the head of probe tip with the screw structure. We
define this probe to be the horizontal ion probe. Other ion diagnostic probes
are Katsumata probe, ion toothbrush probe and cubic Mach probe. These
three probes are mounted in the same probe structure. ~ We define these
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probe system to be the vertical ion probe.  The vacuum of the linear driver is
generated by means of a 50 I/sec turbo molecular pump. This vacuum can
be separated from the JFT-2M vacuum by means of a valve in order to allow
the replacement of the probe head without venting the tokamak. At the
horizontal port the working area is due to the JFT-2M poloidal field coil very
narrow. The replacement of the probe head is here performed by moving the
linear driver by means of a handle in the radial direction as shown in Fig.1 (a).
In Fig.1(b), the plane view of the probe system is shown. Using these linear
drivers the probes can be inserted into the plasma almost perpendicular to
the magnetic field as shown in Fig.2.  In this figure, the magnetic field line is
for the lower single null (LSN) divertor plasma configuration. Before probe
measurement the probe head is baked in an electric heater installed in the
linear driver at 100 C about one week.

2.2 Rotating double probe

It is very difficult to measure the ion temperature by means of the
electrostatic probes in a strongly magnetized plasma. As early as 1967,
Katsumata invented an electrostatic probe in order to measure the ion
temperature by using the difference of mean Larmor radii between glectrons

and ions.3)  One of the problems with the Katsumata probe is that the ion
velocity distribution function is disturbed by the externally applied bias voitage
on the probe. After that, HGthker invented an improved probe method to
measure the ion temperature by means of a rotating, floating double probe.
Almost at the same time, Amemiya invented a probe method to determine the
ion temperature from the asymmetry of the signals from a probe due to the
different size of a cylindrical pins of a double probe.  The details of the
Hothker rotating double probe and of the Amemiya asymmetric probe are

given in elsewhere 1):2), The Hothker probe method relies, globally
speaking, on the scanning of the ion orbits in the shadow of the probe pins
while the Amemiya methods analyses the asymmetry of the signals due to the
difference in the size of the pins. The total view of the rotating probe is shown
in Fig. 3. The total length of the probe is 1200 mm from the flange of vacuum
seal to the probe head. Because of the rotation the probe signals have to be
transferred by means of a slip ring installed within in the vacuum of the linear
driver. The structure of the probe consists of non-magnetic stainless steel. In
table |, the items of the supporting structure of the rotating probe are listed.
The precise design of the H6thker probe tips is shown in Fig.4 (a) for 4 pins
and (b) for 2 pins. The items of the head of the rotating probe is shown in
Table Il. The probe tips are made of graphite, the partial insulation of the



JAERI—Research 95—040

graphite rods consists of tubes made of Boron nitride (NB). The tubes are
fixed in @ macor cylinder.  The frequency of the rotation is variable up to 8.2
Hz in JFT-2M, in order to investigate rapid phenomena such as L/H-mode
transition. In TEXTOR the frequency was in general 2 Hz.

The Amemiya probe head, which is shown in Fig.4(c), can also be
mounted on the support structure of the rotating probe. It is fixed by a carbon
screw. The Amemiya probe head, equipped with two cylindrical probe tips of
different lengths and identical cross section are also rotated relative to the
magnetic field direction. We can estimate the perpendicular ion temperature
T by measuring the ratio R' of the ion saturation current flowing to the disk

and the cylinder, respectively. The value of R' is an increasing function of
the fontemperature. The more R’ is, the higher T; is obtained.

2.3 lon toothbrush probe

The ion toothbrush probe is aimed at measuring the profiles by only one
plasma shot. The vertical ion probe is shown in Fig.5, which includes the ion

toothbrush probe, the Katsumata probe and cubic Mach probe. The
Amemiya probe in singleness is mounted at the horizontal ion probe and
7)

have already yielded much data on the ion temperature.

Since the Amemiya probe head equipped at the rotating double probe can
rotate around the axis we can more precisely know the position where the
probe axis is parallel to the magnetic field by detecting the trough of the
envelope of the ion saturation current. However, it is not always necessary to
rotate the probe head in order to measure the ion temperature if only the
probe train is set paralle! to the magnetic field. In the ion toothbrush probe,
the fixed multi-Amemiya probe head are mounted in paralle! to the magnetic
field. If all multi-Amemiya probe system are running simuitaneously we can
measure the plasma profile at one plasma shot. In order to estimate the ion
temperature it is only necessary to observe the current ratio of the disk and
the cylinder since the probe axis is set prior to the measurement in parallel to
the magnetic field. In the conventional method to estimate the plasma profile
by the electrostatic probe, it is necessary for the probe to be scanned in the
radial position at each plasma shot. However, such a method cannot assure
the reproduction of the same plasma profile with accuracy since each plasma
shot has not always completely the same plasma profile even if almost the
same plasma conditions are set up before the plasma shot starts.
Furthermore, since in the conventional method the transport analysis must
regard to deal with the same plasma although data are on the completely
different plasma.  The exact analysis of transport phenomena would not be

_4_
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possible if we use the conventional probe. In the ion toothbrush probe, five
pairs of Amemiya probe tips (in total 10 electrodes) are mounted in a
rectangular box with the interval of 10 mm in the radial direction. The more
precise design is shown in Fig. 6. Five pairs of the tips are fixed on the box
made of macor and the probe trains are inclined by a small angle so as to
make train along to the magnetic field line in the radial direction. The
inclination angle is shown at the corner table in Fig.6.

The precise scale of the Amemiya probe head is shown in Fig. 4.  The
insulation is made by macor. The top of the ITP has plug-in type structure
which can be replaceable into the spare probe tip by removing a few screws.
This is so that the replacement work of the probe tip can be made easily since
the damage of the probe is often limited to the probe tip only. The maximum
inserting point in SOL is at the perpendicular distance Z=0.475 m, which is
just around the separatorix in the divertor configuration plasma in JFT-2M.

2.4 Katsumata probe

The rotating probe is now installed at the horizontal port in JFT-2M and a
similar prebe can be also installed at the vertical probe, in which we want to
know the information of ion temperature around the X point at the upper
single null (USN) in the divertor configuration. When the rotating double
probe is not installed at the vertical port the Katsumata probe, ion toothbrush
probe are installed for the cross check of the ion temperature and the fast
measurement of the plasma profile, respectively. The precise structure of the
Katsumata probe is shown in Fig. 7. The position of ion collector can be
changed by the external operation with fine structure without breaking the
vacuum seal. The depth from the ion collector to the top of the electron guard
is denoted by h.  In the Katsumata probe, the value of h is responsible to
determine the ion temperature. The higher h is , the smaller ion current is
caught since only higher energy ions with the larger Larmor radius can enter
into the collector at the case of large h. We can know the information on the
energy distribution function of ions by varying this value.  The ion collector is
made of carbon and the electron guard is made of molybdenum. The
insulation is made by the macor. The head of the Katsumata probe is a plug-
in type structure which can be replaced by the spare probe by removing a
few screws.

2.5 Cubic Mach probe

In Fig. 8, the precise structure of the cubic Mach probe is shown. The
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cubic Mach probe is aimed at estimating the electric field in the scrape-oft
plasma by measuring simultaneously the ion saturation current in the toroidal,
poloidal and radial direction. In total, six electrodes are inserted in the box
for observing the ion saturation current. Among them, two electrodes are
located towards the two poloidal directions, two electrodes are located
towards the two toroidal directions and one electrode is oriented into a radial
direction. The three components of the ion saturation current are estimated
from the difference of saturation current towards the two directions. The
method to estimate the electric field is explained in section 4.3.

2.6 Probe circuit and data processing system

The probe circuit and data processing system are shown in Fig.9. The
probe voltage Vpp (about 50 - 150 V) is supplied by a triangle function

generator with 200 - 800 Hz and is fed to the double probe P via BNC cable
and structure L in the linear driver. The motor for the rotation {5 - 8 Hz) as
well as all operations are performed by means of a personal computer (NEC
PC-9821 Ap). The probe voltage and probe current are detected through a

pick-up resistance with 1 Q and are fed into CAMAC module, which is
monitored by the oscilloscope simultaneously. The master pulse from JFT-
2M tokamak delivers a trigger pulse for detection and data from the probes
are A/D transformed by the digitizer 8212 or 4008 through the delay circuit D
connected to the CAMAC system. The obtained data are gathered via the
interface INT and are processed at PC9821Ap to be stored on an optical disk
OD. Two channels (probe voltage and probe current) use 16 k sample points
each. The control of the rotating motor is performed by sending a control
signal from the personal computer through a serial port to the controller of the
step motor. we can drive many types of rotation (direction and absolute
position) by pushing the function keys on the personal computer.

The probe circuit for the rotating double probe is shown in Fig. 10. In
Fig.11, the probe circuit for ITP, Katsumata probe and cubic Mach probe is
shown. Figure 11(a) is for ITP and Katsumata probe, in which the same five
channels (ch1 - ch5) are equipped . When we use for Katsumata probe the
switch SW2 is set to single line. Figure 11 (b) is for cubic Mach probe, in
which almost constant bias voltage can be delivered to the probe. This probe

circuit shown in Fig. 11(a) was first used in JFT-2 as early as 19774, As
shown in this figure, the probe voltage is fed by the battery and is scanned
with fast speed of about 5 msec by a thyrister (the rated current is 20 A in
continuous and the rated voltage is 700 V in maximum). The switch 1 (SW1)
is for the separation between the probe circuit and the battery, in which we put

— 6 —
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on SW1 just before the probe measurement start to charge the battery. The

voltage of the battery is applied to two condensers with 220 pF.  When the
trigger pulse is coming to the trigger terminal two thyristers are turned on to
start the discharge and the voltage is applied to the double probe. The
switch 2 (SW2) is for the mode change between the single probe (Katsumata
probe) and the double probe. The switch 3 (SW3) is for the discharge of
condenser for safety, which is turned on to discharge the condenser voltage
whenever the power supply is not used. The switch 4 (SW4) is for the
exchange of shunt resistance.  This circuit has five channels and are
delivered to each five pair electrodes in the ITP independently. In the ITP
circuit, a isolation amplifier is used for the isolation between the CAMAC
digitizer and the probe circuit as shown in Fig.11 (c). The gain of the amplifier
is 1, the frequency band is 20 KHz, and the withstand voltage is 1500 V. The
probe current is detected through the voltage drop in the shunt resistance (c-
d) and is sent to the isolation amplifier keeping the isolation. The input of the
probe voltage is divided 1/100 (a-b) and is sent to the isolation amplifier
keeping the isolation. The AD246 is the clock generator for the isolation
power to drive in the isolation amplifier. The master pulse from JFT-2M
tokamak delivers a trigger pulse for the detection with an appropriate delay
signal and is sent to the probe circuit of the ITP and the "stop” input in the
digitizer (8212). When a trigger pulse is sent to the probe circuit the fast
speed probe ramp voltage from +150 to -150 V is generated. The digitizer
use 1 k sample points per channel after the stop signal is received. Whether
the data processing is finished or not is transmitted from the digitizer 8212
automatically by means of the PC program and then the personal computer
reads the measured data into the memory. The battery for the probe voltage
consists of four and two small batteries with 67 V and is connected to the
probe circuit. The timer is for the automatic separation between the battery
and the probe circuit when the start signal is coming. These are shown in
Fig. 11 (d). The source programs of the data acquisition are shown in the

appendix.

2.7 Problems and improvements

The list of the ion diagnostic probe of JFT-2M is shown including their
feature in Table Ill. Since the component of the rotating probe were not all
manufactured at the same place (Germany and Japan) there are many
obstacles to be overcome for the assembling total system. In this section, we
want to describe the list of the problems which have occurred during the
collaboration and how we can overcome these problems.

For the rotating double probe, the angle of the probe axis relative to the

_7_



JAERI--Research 95—040

magnetic field direction is very important in order to measure the precise ion
temperature. However, in the first period of measurements, the angle of the
probe axis is deviated by 4.9 degree from the normal to the magnetic flux
surfaces. This deviation would yield ion temperature values which are too
large as described in ref. 1. This misalignment occurred because only the
central port at the large flange is located at the left hand side of the large
flange, is mounted almost parallel to the central port.  During the second
period of measurements this deviation was eliminated by an angular
adjustment of the linear driver.

The vacuum gasket made ot a synthetic resin (VESPEL), serves at the
same time as vacuum seal and electric insulator. It was delivered from the
Julich workshop is normally not used in Japan and no spare gasket were
available. We manufacture this substitute from the peek material, which is

specially produced in JT-60 diagnostics group for the gasketB).

The program to control the rotating motor for the rotating double probe was
based on the IBM computer which is frequently used in Europe. The
interface between the machine and the computer is a NEC-PC computer is
frequently used in Japan. We had to change the source program for the
control of the the motor in order to fit the PC-98 specification.

Since the pulse duration of the discharge is only one second (flat top is 0.5
sec) in JFT-2M the speed of the rotation had be increased up to 8.2 Hz, which
has caused many troubles. The first trouble was a failure in the main
controller of the rotating motor due to overheating.  Since the motor often
stopped for the case of higher speed during the rotation we run the rotating
motor from before plasma shot to after plasma shot in order to reduce the
heat damage. In the second period measurements it was necessary to
increase the probe length in order to avoid an interference between the probe
gate valve and other port in the large flange. We had to add a small pipe with

300 gram in weight and 160 cm in length and 34 mm¢ in diameter, between
the probe head and the main probe. This item is shown as the length adjust
pipe in Fig.12. However, since the modified program in PC-98 computer
does not have the softlanding of the rotation stop a large torque is exerted on
the probe at the ramp-up and ramp-down phase of the rotation so that the
probe head was detached from the support.  The reason is that the ceramic
support of the probe tips does not stand for the additional torque due to the
length adjust pipe. This problem is solved by changing the support structure
from ceramic to the metal .

For the measurements with the double probes, it is difficult to realize a
perfect floating of the electric circuit. In our case also much efforts had to be
paid to realize the floating circuit. The insulation between the probe and the
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flange is effective but a second shielding at the probe circuit is useful.

Automatic processing of the probe data may have an effect on the value of
the determined ion temperature for both the Amemiya and the Hothker probe.
The absolute value of ion temperature strongly depend on the compression
rate of data processing. A more convenient processing program must be
developed for a more accurate estimation of ion temperature.

In future, the data acquisition system will be interfaced to the main data

acquisition system VAX in JFT-2M.

3. Experimental data
3.1 Measurement of plasma profile by Amemiya probe

The raw data using the Amemiya asymmetric probe head is shown in
Fig.13 (a), in which the rotating frequency is 8 Hz and we can see that the
wave pattern of the probe current is modulated due to the rotating. The
density relatively close to the wall in a Joule heated plasma are shown in Fig.
13 (b). The raw data and the profile with NBI heating are shown in Fig.14 (a)
and (b), respectively. The experimental conditions are : mean plasma density

ne=2.5 x1013 cm3, plasma current | =220 kA ,toroidal field Bt=1.3 T and the

p
ohmic heating phase in the divertor configuration with LSN point.  The ion

temperature is much higher than the electron temperature. The density decay
is steeper than the temperature decay and the e-folding length of T, and T,

are almost the same7).

3.2 Measurement of plasma profile by Héthker probe

For the measurements by means of the Hothker probe the contamination
of the JFT-2M plasma was exceptionally high. This may explain the spices
on the probe signals of Fig.15 (a) which are attributed to arcing due to the
burn-up of impurities on the probe pins.  For the results of Fig.15 (b) the
Héthker probe was first exposed to the TDC (Taylor type Discharge Cleaning)
plasma.  The probe signals are much smoother which is attributed to a
significant reduction of arcing due to the reduced contamination. In the TDC
plasma, we performed the probe measurement by means of the Héthker

probe and we get T,=4 eV and ng=1.53 x1012¢cm™ for a hydrogen plasma

at r=350 em. The raw data in TDC plasma is shown in Fig.16. The raw data
from the Hothker probe is shown in Fig. 17 for the case of the small
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from the Hothker probe is shown in Fig. 17 for the case of the small
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compression and the large compression data. The envelop of the signal for
the ion saturation current is excellent and we can estimate the ion
temperature deduced from this method. The profiles obtained by means of
the Hothker probe is shown in Fig.18 including results from Amemiya's
method. In Fig.18 (a), the electron and ion temperature profile are shown
and the density profile is shown in Fig.18 (b). These profile are very similar to
those obtained previously on TEXTOR.

3.3 Measurement of Mach number by means of the Amemiya and
the Hoéthker probe

Both methods to determine the ion temperature rely on the assumption that
velocity distribution function of the ions is a non-displaced Maxwellian.
However, the probe signals often indicate the existence of a flow. [nsuch a
case, we must modify the method to estimate the ion temperature, but we
have to determine first the flow velocity from the probe signals. The flow
velocity v is expressed as Mach number M which is the velocity normalized

by ion sound velocity vg, i.e., M=v Ao Theion distribution function must be
modified as f=my2mkT) Pexp(— my(v — v;)/21kT;} 7)
In Amemiya probe case, when probe train is parallel to the magnetic field

B and the flow, then ion current of probe 2 increases by the effect of the flow at
V_ >0 region and the ion current of probe 1 decreases by the shadow effect

P
due to the flow at Vp D is the probe voltage. When the

probe train is inverse parallel to the magnetic filed and the flow, then the ion
current of probe 2 decreases by the shadow effect at Vp>0 and the current of

probe 1 increases by the flow at Vp<0. In total, the time behavior of the ion

current becomes as Fig.19 (a) and the current increases for paratiel phase to
yield the relatively higher ion temperature. So we can determine the real ion
temperature including the Mach number from the prebe characteristics.

For the Héthker probe the probe signal also become asymmetric if the
measurement is performed in a streaming plasma. This asymmetry occurs
because the ion saturation current collected from the up-stream side is larger
than from the down-stream side. From this difference between the collected
up-and down-stream flows the Mach number can be determined by use of a

Chung & Hutchinson theory.g) The results can be expected to be correct only
if the radius of the probe tips is large compared to the mean Larmor radius of
the ions. This latter conditions is marginally fulfiled in the edge plasma of
JFT-2M for the rotating double probe with a pin diameter of 5mm. The

<0 region, where V
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straight forward extension of the method to determine ion temperatures
seems to be justified for small Mach numbers because of the above
mentioned linear dependence.

The ion saturation current becomes as Fig. 19 (b). When the probe train is
perpendicular to B and v both current of probe 1 and 2 increases by v, and

the probe characteristics is symmetric as shown in Fig.19 (b). When the
probe rotate by the half turn the ion saturation current |,4 increases for Vp>0

region and decreases for V, <0 region. In total, the time behavior of 'is

P
becomes as shown in Fig.19 (b).
The probe current as a function of time as measured by means of the

Hoéthker probe is shown in Fig.20 for different radii. The probe position
increases in the radial direction from up to down in the figure. The radial
Mach number profile as determined from these signals is shown in Fig.21. In
future, we will insert the probe deeper into the plasma, in order to determine
ion temperatures and Mach numbers near the X point.

3.4 Preliminary data by lon Toothbrush Probe (ITP)

The most important point for the measurement by means of the TP is to
assure the completely normal operation in five probe tips. If the electrical
insulation is sufficient the coupling with neighbor probe is no problem. The
probe characteristics of the ion toothbrush probe are shown in Fig. 22
including the time behavior of the probe voltage and probe current. It should
be noted that the floating potential moves to the positive side as the probe
channel approaches to the wall, in which we can know the existence of the
radial electric field at SOL and we can estimate its absolute value. The
typical T, Ty and ng (ion saturation current) profiles which are obtained in

one shot are shown in Fig. 23.

3.5 Preliminary data by Katsumata probe

Raw data from the Katsumata probe are shown in Fig.24. The ion current
is about a few micro Ampere which is ten times smaller than the electron
saturation current flowing into the electron guard. Since the ion current is so
small it is largely disturbed by noise.  In Fig.25 (a), the ion current in the
saturation region is shown as dependent on the depth of the guard h. The
inclination of this decrease is claimed to give the information of ion
temperature. The absolute value of ion temperature cannot be determined
because of large noise level, however, the gradient of lis vs h which
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corresponds to the ion temperature increases with increase of the probe
position as shown in Fig.25 (b).

3.6 Density dependence of plasma profile

The density dependence of plasma profiles in the edge plasma is
measured by both the Amemiya probe and the Héthker probe, in which we
can check the theoretical one by using consideration in the next section.

The experiment were performed in a program to study the density limit 10)

and are shown in Fig.26. In Fig. 26 (a), the time behavior of radiation loss
(up), density (middie) and loop voitage (down) in this experiment are shown.
The radial profile of the density, electron temperature and ion temperature is
shown in Fig.27 (a) and (b), respectively.  The thermal conductivity is
estimated in the next section.

3.7 Discussions

For the first measurements the estimated ion temperature may be
relatively high because of the misalignment of the probe.  But the ion
temperature are similar to those determined in TEXTOR. From both, the
Amemiya and the Héthker probe, clear evidence for plasma flow in the SOL
is found for some radii. For specific conditions the values for the ion
temperature and for the Mach number can be determined simultaneously.
The Héthker analysis shows the existence of flow in the SOL. Similar data
on the flow velocity is observed in the outer region and the inverse flow is

observed in the inner region in SOL of JET') . The analysis of Hothker in
the edge plasma of TEXTOR shows that the signatures of the measured flow

velocity are those expected from neoclassical theory12), however, another

people try to analyze using the inverse flow of impurity13). More studies on
the flow are needed.

More experimental data on the impurities in the edge plasma is desirable
since the mass of ion is much affective for the determination of ion
temperature. However, the value of the ion temperature as determined by
means of rotating double probe is weakly dependent on the uncertainties
regarding the impurities in the SOL, as demonstrated in ref.1

In the measurement of the ITP, it is difficult to establish all channels are
alive in just the measurement. The probe voltage is fed from the battery
independently in order to eliminate noise due to the induction.  Since the
plasma impedance increases with increasing the edge density the rise time of
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thyrister must be set for the minimum impedance. The induction effect in the
neighbor the circuit is small, however, it is difficult to set the appropriate probe
voltage for each channel.

For measurement by means of the Katsumata probe the signal comprises
large noise contribution.  Since the ion current is very small, as shown in
Fig.24, an appropriate filter to eliminate noise may be necessary. The
frequency of noise is typically several kHz. Since the ion saturation current
decreases with increase of the barrier h, as shown in Fig. 25 (a), the gradient
of I;s against h is claimed to contain information on the ion temperature, which

is shown in Fig.25 (b). This value increases when the probe position move to
the core plasma.

The measurement by means of the cubic Mach probe was not yet
successful in JFT-2M.

The dependence of the ion temperature on the density cannot yet be
presented because of the few ion temperatures measured up to now. In
TEXTOR, the absolute value of T, obtained by means of the Hothker rotating

probe has been compared with the ion temperature as determined from

Lithium beam activated charge-exchange spectroscopy14). However, no ion
temperature profile is obtained although rather good agreement has been
found between the results from two methods. From measurements in JFT-
2M, it has been found that the density and the density profile does not
change and the electron temperature decreases with increase of main
plasma density. On the other hand, the few measurements on the ion
temperature values do not change so much and/or increase a little near the
wall. '

4. Explanation of experimental results and the study of transport

4.1 Transport model in SOL and the method to estimating the

transpor’t1 5)

The purpose to measure the ion temperature in SOL is, first, to investigate
the transport process in connection with the improved confinement plasma
such as H-mode plasma and, second, to estimate the heat to the divertor
plate, limiter and the wall. If we can measure the e-folding length of density
and temperature profile we can estimate the particle diffusion coefficient and
the thermal conductivity in the following. As early as 1979 - 1980, one of
authors (K.U.) first proposed the tokamak boundary model to estimate the
transport coefficient, however, that model is not adequate since the unnatural
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4. Explanation of experimental results and the study of transport
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The purpose to measure the ion temperature in SOL is, first, to investigate
the transport process in connection with the improved confinement plasma
such as H-mode plasma and, second, to estimate the heat to the divertor
plate, limiter and the wall. If we can measure the e-folding length of density
and temperature profile we can estimate the particle diffusion coefficient and
the thermal conductivity in the following. As early as 1979 - 1980, one of
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transport coefficient, however, that model is not adequate since the unnatural
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boundary condition that the diffusion coefficient is zero at infinitive, 16-17)

So, we must modify the transport model in the following.  The continuity of
particle is,

on . 4
ot + divl’ = nn <ov>;

(1)
, where n is plasma density, T'is the particle flux and the R.H.S. is the source
term, in which n, is density of neutral and <ov>; is the rate of ionization. The

value of T" is the sum of parallel flow Iy and perpendicular flow I as I'=Ty+

r When the translation of coordinate represented by a finite straight

_1_.
coaxial cylinder as shown in Fig.28 is performed in the tokamak boundary
plasma the above equation becomes

—g‘ + T T = NN, <0V>;
P (2)

where Lp is the connection length along the magnetic field line, which is

Lp:Zan for rail type limiter and/or divertor plasma and Lp=2=R for aperture

type plasma, where q is safety factor and R is major radius in torus. We set

F//=ans ,I“J_=- DJ_Vn , where M is Mach number. Assuming that the value

np<ov>; do not depend on the position the above equation

ofD_L i

H VS ’
becomes

2
d°n lal'l anzn_o

—_— = —r
ot T or ©

This equation can be solved using a modified Bessel function Kolr) as

r/A

n=ngKgq(ar), which becomes very approximately as n=noe'°£nr =nge " n

when 1/An>>1 " The e-folding length of the density n is
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_ VD,

A=l =
"G /2Mv /L, —n,<ov>; (4)

When a radial electric field E | exists in the plasma, the flux must be changed
as I‘_L=- DLeVn +nHeEr for electron and I“J_=- DJ_iVn -nuiEr for ions, where
L is the mobility which is expressed as pe=-(eﬂ'e)Dle and p;= - (e/Ti)DJ_i .
We get

D, =2 —2{25 — nn<cw>i)(lL — CTE’)_I
d noe (5)

for electrons and

2Myv,

Lp

_1— CEr —1
'-n“<ov>i)(ln + T, )

D=2
(6)

forions, When E =0 egs. (5} and (6) coincides with eq. (4). Thus, we can
show that the density in SOL decays exponentially and the e-folding length
decays at the limiter position since as shown in eq.(4) and that 1, becomes

smaller when L, changes from 2nRqto 2nR at the limiter.

p
On the other hand, we can get the heat transport equation using the same

procedure. The heat transport equation is given by,
div(Q, ©, Q,%)=-nn,<ov>;V;g +1.5(3mg/m)ATn/zg,; (7)

for electron heat flow and

div(Q i)z-nnn<cv>chi -1.5(3my/mp)ATn/1, (8)

i
1 -i-Q//

for ion heat flow, where the parallel and perpendicular heat flux are

Q/=-ny ”JV 4T+ 1Ty and Q =y lv LT G=e ori). (9)
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and <ov>., are the rates of charge exchange loss, 1t is the equipartition
time between ions and electrons, V;, is the ionization potential, m; (j=e,i) is
mass of electrons and ions and AT(=T;-T,) is a temperature difference

between ion and electrons. Similar equations as eq. (3} on the heat transport
are obtained by using the same translation of coordinate as

Qe Qe 2QF oy v, + 450 AT,

—_B-I—'_ T Lp n . 1 'ie rn1 Tm (10)
and

Qi Q, 20 m, A

ar_L + r-L + L;f = —nn,<Cv>., Ti—4.5r—n-‘_:i T;I;n 1)

Setting the term of VLTj = 'Tjﬁ‘Tj appearing in the term of (1/r+I‘J-)V_LTj of

L.H.S. we can get similar equation of eq.{3) as

9°T; 9T, 270
L — L=
a2 " Toor T, °} (12)

Similar as in the case of density profile the solution of this equation can be

expressed as Tj = KO(aTjr) =e r”7‘TJ, so we can say that the temperature

profile also decays exponential in SOL. The perpendicular thermal
conductivity can be expressed using the value of aTj(=1/lTj)

4. T;
e o — 1))

V.,
xS = lckn{f—(% %’1 Mv+n,<ov>(1+ Tle

P
(13)

for electron heat flux and

¥l = ?LKT[ 5(;6” ;f“Mv)+n(<cw>+<cw>cx)+4 "'(1 T)}

i T; T (14)

for ion heat flux. Here,
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KTe and KTI are the e-folding length of electron and ion tgmperature,

respectively, xﬁe and x”i are electron and ion heat conductivities in the

parallel direction, respectively , l//e and ?L/,i are the characteristics length of
electron and ion temperature profile in the parallel direction, respectively
(VT =T ) and ag =ag T oaan ey This relation
means that the heat flow in SOL is described by the picture that the heat flow

entering from the main plasma is convected in parallel and is conducted in
perpendicular direction due to the temperature gradient and is transported to
the sheath in front of divertor plate, limiter and to the wall. This becomes a
loss for electrons to be accelerated and for ions to be decelerated by the
sheath potential. It should be noted that the radial temperature profile for
both electrons and ions in some extent differ compared with the density profile

case. Itis known when we solve egs.(13) and (14) on Ay, and Ay that the

A1e becomes large and Ay does not decrease so much compared with the

density profile case even if the connection length becomes smaller at the
inside limiter region. The estimation of A, and Ay; are listed as well as the

experimental data in the divertor region (SOL 1) and the limiter region (SOL II)
in table IV {a). In this estimation, we assume the probable perpendicular

conductivity and we try to estimate the value of A1, and Agjusing the solution

of egs.{13 )} and (14) as the secondary equation on XTj' As for the parallel

electron and ion conductivity we use the data given by Branginskii.m) Other
experimental data in JFT-2M are as : R=1.3 m, q,=3, Z 4=2 and M=0.3, for

deuterium plasma. In this estimation, Ay, becomes large in SOL 1l region and

ATi is almost constant in both SOL | and SOL Il regions.  The dependence

on plasma parameters is rather important than the absolute value since in
order to know the transport physiCs it is better to clarify the inclination of these
coefficients by changing the plasma parameters. In JFT-2M, the plasma
profile at various conditions are obtained by both Hé&thker and Amemiya

probes.7) In Fig.27 (a), the electron temperature and the density profile
obtained by Ameriya probe is shown in both joule heated case (denoted by

OH) and NBI heated case (denoted by NB) at the higher (ng=1x10'3 cm ™3

denoted by L) and lower density case of OH plasma. It is known from this
data that the density profile is not changed and the electron temperature
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decreases when the main plasma density increases. On the other hand, the
ion temperature is almost constant and/or increases near the wali and the e-
folding length increases a little when the main plasma density increases. In
table IV (b), the estimation of xJ_e and xli are performed using the
experimental value in the higher density case and lower density case. In
table IV (c), the estimation of xie and x_LI are performed using the

experimental data in the joule heated plasma case (OH-P) and NBI heated
plasma case (NB-P).

4.2 Estimation of heat flux to the first walil (divertor plate, limiter
and wall)

The diverter plate and limiter are usually electrically floating. The floating
potential Vy is negative in usual plasma against the plasma potential.  So

charged particles are flowing to the divertor plate and/or limiter through the
ion sheath. Electrons are decelerated and ions are accelerated by V, which

can be expressed in term of T,.  The heat flux to the divertor plate and the

limiter is qp g is

e i 15
dpaL =9p&l t9D&L (1)

where q eandq i are the heat flux of electrons and ions, which are
D &L D&L

qD&Le = J; _L_ J. \/iw_vf{ ( %mevze"—— e] Vf | )Vexfe(ve)dvexdveydvez
° (16)
dpeL’ = J‘ J L ( %mivzi + ¢ VeDvifi(vpdv,dvi,dvi,
(17}

where vj2=va2+vjy2+vj22 (j=e ori). When we assume that the distribution

function of electrons f and ions f are both Maxwellian, then qD&L becomes
e i
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(18)

q v

=ynv T
D&L / s e

where 7” is called as the parallel thermal transmission coefficient, which

becomes
1o /2 L G 12 M
Y[/_1+ TC(TC) {Tc+41n (1‘[ me)] (19)
The heat flux to the wall is estimated as
€ 1 D
qw=Q,"+Q, =Yinj_“£Te (20)

n

where YJ_ is called as the perpendicular heat transmission rate , which is

|3

e A i
7\”nx_l_ (1+ T, XL

—1+;r—i+— )
1o T ?\.TE DJ_ lT[ X_J_e e

<)

—

(21)

The total heat flux to the divertor plate OD, the limiter QL and the wall QW are

estimated by the surface integral of g and q  as
D&L w

lOUE

lin
QD=LT(J; dperdr+ | dpgrdr) 22)

0

and

2
QL = zf qD&LQTCI‘dI'
3| (23)

and
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where | is the length of inner divertor plate perpendicular to the magnetic
in

field line , |54 is the length of cuter divertor plate to the magnetic field, rq, ro

are inner and outer radius of the limiter, SW is the total area of the wall faced
to the plasma. The value of L{=IyN) is the length of the divertor plate along

the connection length line and all values of eq.(21) must be the value at the
wall. Here, Iy is the length of a divertor plate along connection length and N

is the number of divertor plate.  The total heat flux to the first wall is
Qiota=Qp+Qy  for the divertor configuration and Qyq:,=Qp +Quy for the

limiter configuration The designed values in JFT-2M are : | =12.7 cm,
: in

| =17.0cm,| =12.0cm, N=16, r =43 cm, r_=70 cm. Intable IV (d), the
out D 1 2

estimation of the heat flux to the divertor plate (OD) and the wall (Q II)
wa

according to the above discussion in the case of higher density case (H-n )

e

and the lower density case {(L-n ) are shown, respectively. Intable IV (e}, the
e

estimation in the case of OH and NBI heated case are shown, respectively.

It is known from this estimation that he heat flux to the divertor plate is much
larger than that to the wall and decreases with increase of main plasma

density, which is supported by the IR camera'9).  The heat flux to the divertor
plate also increases by NBI heating whereas the transmission rate in both
paralle! and perpendicular decreases by NBI.  Since in OH plasma, the joule
input power is about 350 kW and the radiation loss is about 30-40 % of joule
input power the residual power may be cccupied by the neutral particle and
non-Maxwellian charged particles. NBI power is about 700 kW the
estimation of the heat flux is reasonable value within ten percentage.

4.3 Method of estimation of electrical field in SOL using data of
cubic Mach probe

Recent study of the confinement improved plasma, what we call, H mode

indicates that the existence of the electric field in plasma is important to
produce the H-mode. An electric field in plasma may affect on the flow in
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the poloidal, toroidal and radial directions. We can detect these flows by
observing the current flowing to the directional plate with a finite biasing
voltage. The cubic Mach probe is designed so as to detect such a flow
separately in the toroidal, poloidal and radial direction. In order to estimate
the electric field the fluid equation for ions may be used,

—

dv

T + nmiV; = nZe(E +VX ﬁ) _Vp

nmi

(25)

where VP =nkT; In the case of E=E(ExEyE,)andB=B(0.B,B,) o

current in the poloidal and toroidal direction are obtained as J,= Zenv,, jy=
Zenvy and j, = ZenvZ' where vj (j = x, y, z) is the component of velocity
appearing €q.(25).  In this case, the value of Jj (j=x, Y, ) is given directly by

those observing on the cubic Mach probe. From eq.(25), we obtain the
current in radial ,polcidal and poloidal components

B B
J,=—ZeDy$8 — Zen-3E,— Zen—3E,

(26)
O, O E 252 %2, BB
1= Ze—2 Dy 2t 4 Zen + 200 SYp 4 L0 T 2p
Y v ox B, my g2 Y myv R
(27)
Wi  on B,E, 7%’n B,B, 7%"n B§
J,=- Ze—= D= + Zen—2 (—5E, + (1-=)E,
\Y ax B,B, myv m;V B (28)

where Z is the effective charge, w,=ZeB,/m;, and mciy=ZeBy/mi. Using
egs.(26), (27) and (28) we can estimate the value of E,, Ey and E, as follows,

—1
Ex ay bx Cx Jx 'JBX
Ey = ay by Cy Jy —JBY
Ez dz bz C; Jz 'JBZ (29)

where a, =0, bx = ZeBZ/Bz, Cy = ZeB /82, JBX =ZeD Ban/ax, ay = Zen/BZ,

y
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S (22e2n/miv)(1~3y2182), o, = (Zzezn/miv)(Bsz/Bz), Jgy =

(Zew;,V)Dgdndx, a, = ZenBy/Bz, b, = (z2e2/miv)(Bsz/BZ), c, =

ciz V4

(ZPe2n/mv)(1-B,2/B%), Jp7 = - (Zewy )Dgdndx.  The obtained ion
saturation current by the cubic Mach probe in both direction are estimated as

Jx = Jr' Jy = J1y - J2y and J, = Jy, - Jzz. These are determined
experimentally and we can get the value of Ex' Ey and EZ, where we use the

calculated values as the magnetic field. We use the fluctuation level TR of
instability for Bohm-like diffusion coefficient 1073 for main plasma and 1072 for
scrape-off plasma, which must be also measured by experimentally.  Similar

estimation was performed by Annaratone in JFT-2Mm.20)

Here, we consider the radial diffusion coefficient is assumed to be Bohm-
. . . _ ) 2 B 2 .
like and the radial flux is T" = DBanlax nEZBy/B nEyBy/B since the
classical and neo-classical diffusion is not dominant in usual plasma. Using

Y/t

the equation of continuity dn/dt + divll = 0, n = nOe_ and the boundary

condition T' = 0 at x = 0 we obtain the relation using the confinement time 1,

T~M_~M , 4a B, 4a By
‘%DB —DB + FB—;EY + FE’Z—EZ (30)

where 10=(2/n)2a2/DB, which is the confinement time without electric field, is

obtained by the boundary condition n=0 at x=a. We can represent the radial
diffusion by the confinement time in main plasma. In this case, J, = D, =

(v19)DgM, Jpx= Dy = DgM . where DgM (= v ' T¢/B) is the Bohm-like

diffusion coefficient in the main plasma.
4.4 Discussions

The information of ion temperature must be aid to clarify the transport
process in tokamak plasma that is said to be no experimental information on

ions in SOL21),  In the conventional transport mode! of SOL it is generally
assumed that T,=T. when no dataon T, in SOL are available. However, itis

known from in this experiment that this assumption is not valid in SOL in
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tokamaks. The determination of the ion temperature has been performed
with a spatial resolution of a few mm in the radial direction by means of
electrostatic probes. It had already been measured earlier in TEXTOR that
the ion temperature in SOL larger than the electron temperature. [on
temperatures determined by means of the rotating double probe have been
compared in TEXTOR with those obtained from Lithium beam activated
charge exchange spectroscopy. The results from the two methods are fairly
good agreement. It should be noted that the results obtained in TEXTOR and
obtained in JFT-2M by using rotating probe and ITP are quite similar.

The transport model in SOL is developed including the heat flux and it is
shown that both density and temperature profiles decay exponentially. The
decay length of the density profile decreases inside limiter region (SOL 1},
which means that the connection length becomes small due to the limiter. [t
is shown from the modified transport model in SOL that the e-folding length of
the electron temperature in SOL | region is often larger than that in SOL It and
that the e-folding length of ion temperature often keeps almost constant value
in SOL | and SOL Il.  This is because in the case of temperature profile by
the parallel conductive flow the heat is transported to keep the temperature
profile even if the connection length becomes smaller. The fact is in
progress that the heat transmission rate can be estimated by the density and
temperature profile due to the probe and heat flux to the divertor plate, limiter
and the wall.  The result of measurement by electrostatic probe supports the

result of heat data due to IR camera 9). The heat flues to the divertor plate
and the limiter are much larger than to the wall. Similar to the result obtained
by IR camera, it is shown by the probe measurement in JFT-2M that the heat
flux to the divertor plate becomes small with increase of main plasma density.

5. Summary

In summary, the measurement of ion temperature in SOL has just begun
by means of the Héthker rotating probe and the Amemiya asymmetric probe
in JET-2M tokamak. The diagnostics was built in collaboration program
between KFA and JEARI. The rotating double probe was developed,
designed and manufactured at KFA and the ion toothbrush probe, Katsumata
probe , cubic Mach probe and the linear driver developed in JAERI are
installed at JFT-2M tokamak. Preliminary values on the ion temperature are
obtained using above probe system. The ion temperature is much larger
than the electron temperature and the existence of flow is observed in JFT-
oM. The decay length of the temperature is larger than that of density profile
and is almost constant at the position in the shadow of limiter. ~ The transpont
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designed and manufactured at KFA and the ion toothbrush probe, Katsumata
probe , cubic Mach probe and the linear driver developed in JAERI are
installed at JFT-2M tokamak. Preliminary values on the ion temperature are
obtained using above probe system. The ion temperature is much larger
than the electron temperature and the existence of flow is observed in JFT-
2M. The decay length of the temperature is larger than that of density profile
and is almost constant at the position in the shadow of limiter.  The transport
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model, in which the probe data can be explained, is developed and it is tried
to estimate the diffusion coefficient, ion and electron thermal conductivities
and the heat transmission rate according to the transport model. It is also
tried to estimate the heat flux to the first wall (divertor plate, the limiter and the
wall) by using the probe data. A model to determine the radial, poloidal
and toroidal electric filed from the measurement of ion saturation current on
the the cubic Mach probe is proposed.
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supporting housing

supporting tube
inner tube
carry flange
end section
carry plug
supporting plug
adjust ring
spacing ring

. clamp ring

. screw pivot

. support disk

. support disk

. support disk

. holder

. clamp

. Clamp

. coupling plug

. supporting bolt

. carry plate

. insulation sheath
. insulation sheath
. cable teeder

. support

. socket plate

. socket holder

. clamp

. nil

. il

. hexagonal nut M8
. U-type disk

. hexagonal screw
. screw bolt
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Items of the supporting structure of the rotating probe in Fig.3

34. hexagonal nut M6

35. U-type plate

36. hexagonal screw

37. screw bolt

38. hexagonal nut M6

39. U-type plate

40. screw bolt

41, hexagonal screw

42. hexagonal nut

43. hexagonal screw

44. screw bar

45. screw bar M4x10

46. cylindrical screw M3x10
47. hexagonal screw M3x8
48. screw bar M3x5

49, hexagonal nut M3

50. U-type plate

51. cylindrical screw M2.5x6
52. insulating plate

53. bearing

54. bearing

55. helical wave-type coupling MCAL100
56. UHV-rotational feedthrough
57. CF-gasket NW35

58. socket-unit 15 poles
59. plug-unit 15 poles
60. stepping motor

61. rotator

62. capillary tube

63. insulation tube

64. lead wire

65. UNI-LAT-coupling
66. cylindrical screw M16
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Table J| Items of the rotatoing probe head in Fig.4 (a) and {b)

for 4 poles
isolation plug Macor

1

2. feedthrough
3. feedthrough
4

shield Al2O3
5. open frame Macor
10. hexagonal screw M3x8
11. cylindrical screw M3x25
12. U-type disk 3.4¢

1.
2.
3.
4

10. screw bar M4x8
11. screw bar M2x4

for 2 poles
contact caps

isolation tube

isolation plug Macor

probe tips graphite

12. cylindrical screw M3x5

Table T List of ion diagnostic probes in JFT-2M tokamak

ports name measurable values remarks
horizontal ion probe Hothker probe Neo To, T, M rotation
Amemiya probe Ner Te, Tiu M asymmetric
vertical ion probe Ion toothbrush Ne, Ter Ts' M multi-Amemiva
probe(ITP) probe
(5 channels)
Katsumata probe | n..T. T: ion energy
distribution
cubic Mach probe | n..M.E;(j=x,v.2).v. | flow velocity
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Table [V Estimation of e-folding length of the temperature profile,

thermal conductivity and heat flux to the first wall

(a) A n.” Ao | T TSP X X, Zre| A
) |(x107%m~*) (m) | V) | (eV) [(10*m?/sec) ((10*m*/sec) | (m) | (m)
SOL T | 24.5 2.0 0.11 | 10 100 69 143 0.164 | 0,209
SOL i, 8.2 0.7 0.01 b} 70 35 168 0.292 1 0. 204
(b n.’ Aat| Aoz | To®| Ti®| Axe| Ars xs xi
(X108 m ¥ ) [ | V)| V| m | m (m*/sec) (m*/sec)
L-n. 2.0 0.03(0.01( 20 100 0.24 | 0.29 510 84
H-n. 2.0 0.03(0.11| 15 751 0.15]0.35 147 41
(e) n.® Aat |Aae [T | T3 Are] A5 XL X1
(X107 m~%) (m) | (m) | CeV) | CeV)  (m) | (m) (m?*/sec) (m*/sec)
OH-P 0.5 0.06 0.009% 10 370 0. 169 0.53 34 3.4
NE-P 1.1 0.051 | 0.01 186 320 10.68 | 0.109 16.4 12.5
(d) X X, Y 71 Qo Quwar
(10*m*/sec)| (10*m*/sec) (kW) (kW)
L-n. 393 143 13.7 3446 91 h4
H-n., 191 63 15.2 905 59 14
(e) X %, 7 TL Qo Qwart
(10*m?/sec) (10%m*/sec) (kW) (kW)
OH-P 24 | 19 13 9610 109 1
NB-P 34 27 277 539 261 3
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JFT-2M
Tokemak

Fig.1

g Top of probe

Poloidal Field Ceil

| |

No. Name Matericl| Specification No. Nome Material Specification
. ] 1200¢ <569
@ Short Pipe SUS | UFC Li4 @ Rotating Probe (portd B C) lport B}
@ Gale vglve | UFC 114 @ Gote valve 2 UFCTQ
@ Viewing port | SUS Sigégi ([:llpdp:r]J Support SUS
(&) L pipe 5US | UFC 70 () |vocuum pump Turbo 50 €/s
@ Bellows SU3 ggcc.‘ssoarJﬂosc Hote! lparruhe 200V, 753 mm
NN [ ool I el
=1 6
thwvww.-/mmwvc
| il nandle
 S— | S— ]
)—_4=' = 1
_

Established Support

Installation of horizontal, vertical ion probes and their linear driver

in JFT-2M tokamakX. JFT-2M has sixteen diagnostic ports and ion probes are

equipped at p-2 {vertical) and p-9 port (horizontal)

{a)Cross sectional view
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P-2  Port
Vertical ITon Probe

— —

Y
X
\ _ rH
Separatorix? _
bl _
K P' 9 PO”
B
R=1310 r 'Horizontal
Ion
probe
1
9
1 Limiter

Magnetic Probe

Divertor Plgate

Fig.2 Magnetic configuration and the probe positicn in JFT-2M. The magnetic

configuration is for lower single null{LSN) divertor plasma
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— . outer conductor

53 /

} /// inner conductcr

insulation

R

N A R S

—Eﬁ—t AAAAA A

(b} 2 pin probe head for Hithker probe tip

Fig.4 Precise desigh of rotating double probe head
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Li/2 L1/2

¢D1

L2
L4

Inner¢D3
OuterdéD?2

3 Hexagon Socket Screws| SUS304

2 Ceramic for Insulation| Macor

1 Caroon Probe C

Type| L1 [L4/2] L2 [ L3 | L4 |01 |¢D2 ¢D3 Nunber

A 14 7/ 12 ) 2 | 84 | 94 | ¢2 5
B 14 / 12 & c 3 | ¢4 | ¢2 5
C &) 3 1z G 2 o4 | ¢4 | 92 5
B G 3 12 o 2 3 | ¢4 | ¢2 5

(¢) Carbon probe tip of Amemiya probe tip and capticn table. Figure

captions in (a) and {b) are shown in Table I

Fig.4 Precise design of rotating double probe head

_34f
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Fig.9 Probe circuit and data processing system
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Fig.13 (a) Raw data of Amemiya probe (CH plasma case} The chmic heating was

applied at t=300-800 ns.
double probe was oriented parallel to B,

At dips indicated by solid arrows, the

At dips indicated by open

arrows, the double probe was oriented perpendicular to B
(b) Radial profile of ion temperature, electron temperature and density
estimated by Amemiya probe for OH plasma case
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Fig.14 Radial profile of ion temperature, electron temperature and density
estimated by Amemiya probe for NBI heated case
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Fig.15 Raw data of Hothker probe (a) before and (b) after TDC plasma.

trace is probe voltage and under one is probe current
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Fig.22 Raw data of Ion toothbrush probe including time behavior of the prcbe
current and the probe voltage. Arrows in the light figure indicates the

variation of floating potential.
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Fig.24 Raw data of Katsumata probe.
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Fig.25 Data processing by Katsumata probe
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(a) Time behavior of radiation loss, density and the loop voltage in
JFT-2M
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(b) Time behavior of the probe current in Hothker probe, in which we

can see the dip of the current gradually becomes shallow indicating

the increasing ion temperature

Fig.26 Time behavior of main plasma density in JFT-2M and the Héthker probe

characteristics in SOL
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Fig.28 The boundary model represented by a finite cylindrical plasma for the
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Fig.A-3 Front panel for ch 1-6 in the vertical ion probe circuit
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Fig.A-4 Front panel for ch 7-8 in the vertical ion probe circuit



