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Abstract

A heavy ion beam probe is constructed for the study of plasma confine-

ment in Nagoya Bumpy Torus (NBT-1/1M). The measurement of the local plasma

potential as well as the electron density profile is possible with good

spatial (1 ~ 2 cm) and temporal O- 1 msec) resolutions. The feedback

controlled detection technique and the time resolved fast detection tech-

nique are coupled to use, which enables us to measure local potential

reliably even in the pulsed experiments.

The process of the development of concentric equipotential surface is

observed. The cold and collisioral plasma in bumpy torus is not in the

equilibrium (C-mode), and the vertically polarized potential profile is

produced by the toroidal drift. With the growth of warm collisionless

electron component, the polarization is poloidally short-circuited, and the

concentric equi.potential surface is developed.

The concentric negative potential well and its positive rim are

observed in the standard operation. The position of the potential boundary

(rim) moves with the second harmonic ECRH zone at the midplane of each

mirror section, where the hot electron ring exists. The rim potential is

formed by the direct loss of warm electrons. It is confirmed that the core

electron heating is essential for the negative potential formation. The

potential depth is much larger than the ion temperature 7\ , and cannot be

explained by the existing neoclassical theory. A stable positive potential

is observed near T-M transition. The positive potential is also observed in

the ion heated plasma. Relating to the growth of the high energy component,

the potential formation due to direct loss process is discussed.
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I. Introduction

1.1 Motivation

The formation of ambipolar potential in plasmas is one of the most

fundamental problems, and is also an incomprehensible problem in plasma

physics. The radial particle loss fluxes in a non-axisymmetric device are

not generally equal between the electrons and the ions without radial

electric field." Even in the axisymmetric device, the radial electric

field will play an important role in a transport regime dominated by

trapped particle loss. In both systems with magnetic rotational transforms,

the particles trapped in a local mirror field do not feel the rotational

transform, and they are strongly affected by the radial electric field. If

there is no plasma potential, these particles drift out to the wall

directly or draw large banana orbits.

Potential formation in open-ended system is of course essential for

the axial confinement. Even if the axial loss is reduced, the radial loss

will never obey the classical diffusion, because a small potential asym-

metry will act something like toroidal effect (u± •>- EQ/B ), and the situa-

tion will be similar to the toroidal devices.

The bumpy torus is a toroidal link of simple mirrors. (Fig.1-1) The

system looks like an open-ended device whose axial loss is reduced. There

is no magnetic rotational transform. The particles in this system feel

radial magnetic gradient, and this VS drift motion acts as the rotational

transform. However, as the poloidal drift frequency due to VB is

five "̂  T/eaRcB , this becomes easily comparable to Exfl drift rotational

transform, if the potential of about T/e is formed (fie "- T/ecrB ), where T

is temperature, a is plasma radius, and Rc is average magnetic curvature.
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I. Introduction

Then the particles in the bumpy torus is strongly affected by the potential

profile even in the collisional regime. The system can simulate future

problems that will occur in collisionless transports of high temperature

plasmas.

The radial potential profile is determined by the local ambipolar

condition Ve(r,E) = r";(r,E). However, as the orbit itself strongly depends

on the potential profile, every physical parameters such as potential,

density, temperature etc. must be solved selfconsistently.2"41 Further, the

drift surfaces in the bumpy torus are pitch angle and energy dependent, and

they are not nested in general. These situations make the theoretical

investigation complicated and difficult. The purpose of this work is to

study the role of plasma potential in the magnetic confinement of plasmas,

through investigating the process of potential formation in the bumpy

torus.

Fig, 1-1 Schematic view of the bumpy torus, in which simple

magnetic mirrors are toroidally connected.
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I. Introduction

1.2 Historical Background and the Present Work

The heavy ion beam probe (HIBP) has now become a standard tool for the

measurement of plasma potential in high temperature plasmas. This technique

enables us to make space and time resolved measurement of not only the

space potential but also the electron density multiplied by a function of

the electron temperature nf{Te). If either the electron density or the

electron temperature is knovn, the other one can be obtained. R. L. Hickok

et al. first proposed this method for the measurement of local plasma

density and electron temperature,5"7' however, it has been used almost for

the measurement of plasma potential because of its uniqueness. The first

application of this method on a medium size machine was the potential

measurement in ST Tokamck,89' in which negative potential well was

observed. In ELMO Bumpy Torus (EBT-I/S), the potential well was also

observed inside the hot electron ring by the use of an improved system.10'

The feedback controlled technique1" was developed in EBT,'2"15' and the

resolution of the potential measurement is much improved. The method is

also used in the central cell of Tandem Mirror Experiment (TMX).I6) where

the advantage of the open-loop (non-feedback) mode in pulsed experiments is

demonstrated, and the radial profile of the density fluctuation was

observed as well as the potential.17' The potential measurement in a

complicated configuration such as a baseball coil has also been

examined.18' All these HIBP system have teen developed mainly by the group

at Renselaer Polytechnic Institute directed by R. L. Hickok.

HIBP has been constructed on Nagoya Bumpy Torus (NBT-1/1M), for the

direct, nondisturbing measurement of local plasma space potential.19"2" The

feedback controlled detection technique and the time resolved fast detec-

tion technique are coupled to use for both the steady state and the pulsed

- 3 -



I. Introduction

experiments. In chapter II, the detail of the technical development and the

operation of the HIBP system in NBT-1/1M are described. The beam orbits

including the effects of the hot electron beta and the potential are

analyzed. Possible errors in the measurement are also listed.

Spatial profile of the plasma potential has been measured in bumpy

torus under various operating conditions. The experimental observations are

described in chapter IV. The formation of closed drift surfaces in a system

without magnetic rotational transform is a key point for the plasma confi-

nement. The process of the development of the closed and nested equipoten-

tial surfaces is observed in NET-1 P-* The vertically polarized potential

of cold plasma is caused by the toroidal effect, which is left open-

circuited. The formation is ascribed to the production of warm component of

the electrons. Another important problem is what determines the potential

boundary. In NBT-1M the boundary (positive rim) is observed to move with

the second harmonic BCRH zone at the midplane, where the hot electron ring

exists.23' Together with these observations, the mechanism of potential

formation is discussed in chapter V.
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II. Heavy Ion Beam Probe

2.1 Principle of Measurements

The principle of the potential measurement by the HIBP is shown

schematically in Fig.2-1. The singly ionized primary ions injected into the

plasma (not necessary to be singly ionized) are ionized by the electron

impact ionization in the plasma, and further ionized secondary ions change

their orbits because of their smaller gyroradius, and some of them reach

the energy analyzer located outside the plasma. The primary ions with the

energy of W loose it as they climb up the plasma potential to be V-e<p(r) ,

where <p(r) is the local plasma potential. The secondary ions which are

ionized at the position r get energy of Zep(r) as they leave the plasma,

where Z is the charged state of the secondary ions. Consequently the energy

of the secondary ions is W+ (Z- 1 )e<p(r) . The local potential can be meas-

ured by detecting the small change in the kinetic energy between Lhe

primary and the secondary ions.

In the steady state operation, the analyzer voltage is fedback so as

to centralize the secondary beam on the split plate detector. Thus the

analyzer voltage directly represents the secondary beam energy, and the

local space potential can be known by comparing the difference between the

ion gun voltage and the analyzer voltage.

The ratio of the secondary beam current Is to the primary beam current

Ip is a function of the electron density n(r) and the electron temperature

Te(r). Consider the primary beam with the beam current of

I p = enfeiibA , (2-1)

where ru, and u(> are the ion beam density and the veloci ty of the ions

- 5 -



I I . Heavy Ion Beam Probe

W,»Wi

Fig.2-1 Principle of the potential measurement by HIBP. The
ioriization point Is shown by ***.

Primary
Beam I p

Entrance
Sift

Secondary
Beam

Is

Fig.2-2 Illustration for the sampling length I, .
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II. Heavy Ion Beam Probe

respectively, and A is the area of the beam cross-section. The secondary

beam current will be

Is = 2aenbn(r)<cv>Als , (2-2)

where a is the transparency of the beam through microwave screens. <av> is

the rate coefficient of the electron impact ionization, and is a function

of only Te . The sampling length Is represents the length of the shadow of

the entrance slit of the analyzer on the primary beam pass, as shown in

Fig.2-2. The factor 2 cones from the charged states of the secondary ions.

Then the ratio Is/Ip is written as

(2-3)

As ls and v\, are known as a function of beam energy, the ratio includes the

information of n(r) and Te(.r). The ionization rate <av> for cesium ion, for

example, is sensitive to Te around 30 eV, and is relatively insensitive to

Te beyond 100 eV. The profile n(r) and Te(r) can be determined separately

if either one is known from the other measurements. If cesium ion beam of

10 keV and 1 fxk is injected to the plasma of n(r) = 1012 cm"3 and

Te (r) = 100 eV, the secondary beam signal of 3 nA is expected at a = 50 %

and L = 0.5 cm.

2.2 Orb-it Calculations

2.2.1 The characteristic energy WQ

The energy Vo at which the primary beam reaches the energy analyzer

directly is a basic quantity for the design of HIBP system. The obtained Wo

- 7 -



II. Heavy Ion Beam Probe

in NBT-1M is 8.02 keV with ceciura ion beam at Bo = 7.2 kG (78 = 5.0 kA).

where Bo is the magnetic field at the center of midplane. The effective

radius of the beam orbit Ro is defined as the gyroradius of the ion beam

with the energy of WQ in the magnetic field of Bo. and the characteristic

energy Wo is expressed as

Vo = 2m
(2-4)

where m is the ion mass. The effective radius f?o changes with the location

of the ion gun and the analyzer, and is 20.8 cm for this case, which is

slightly larger than the coil radius. All Vos by changing the ion source or

the magnetic field are calculated by eq.(2-4). (see Table 2-1) Cesium,

rubidium or potassium ion source is used depending on the magnetic field

strength. The time to = m/eB, which is the characteristic time required for

the flight of the ion beam from the ion gun to the energy analyzer, is also

shown in Table 2-1.

It

So

mode

ion source

to

1 .3 kA

1 .7 kG

8.5 GHz
SR

K

1.85 keV

2.18 iiS

2.3 kA

3.3 kG

v>.5 GHz FR
18 GHz SR

K

5.79 keV

1.23 uS

Rb

2.65 keV

2.67 MS

2.8 kA

4.0 kG

18 GHz SR

Rb

3.92 keV

2.21 nS

Cs

2.52 keV

3.44 uS

5.0 kA

7.2 kG

18 GHz
FR

Cs

8.05 keV

1.93 yS

Table 2-1 Th- .lormalzing energy Wo and time t0 at various

operating conditions and ion sources.
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II. Heavy Ion Beam Probe

The required beam energy in using the reaction of single ionization

can be roughly estimated. Wo is the lowest limit, because the ions which

are ionized near the analyzer (bottom) will take a close orbit to uhe

primary beam with the energy Wo- And 41t'o is the highest limit, because the

ions which are ionized near the ion gun (top) requires the square of the

charge times Wo to take the same orbit. Similarly the required energy to

detect 3̂ - ions is from Wo to 9kb •

The energy Wo is proportional to (BQRO )^ and is inversely proportional

to m. If this method is applied to a large device, very high beam energy

will be required. In this case, m should not increase easily, because the

large massive beam has a long time of flight and will be fully ionized

before passing through the plasma region. The mean free path of the beam

f. = Vb/n<av> must be much longer than /?o-20' However, the requirement of

high energy is not only the problem of MeV technique, but also the problem

of high stabilization of the energy analyzing system. The ion mass should

be chosen carefully taking them into account.

2.2.2 Calculation of the observation point

The observation point where the detecter is looking at can be scanned

two-dimensionally by choosing the energy W and the sweep angle 9 of the

primary beam. The two-dimensional diagram for the observation point

expressed by W and 0 is often called the grid map. The incident angle of

the secondary beam into the energy analyzer and the sampling length should

also be calculated for the correction of the potenti&l <p(r) and

n(r)/(Te(r)).

Since the beam orbits are restricted on the midplane of one mirror

section, the equation of motion is reduced to two dimensional one. And the

calculation of the grid map in the normalized form is combinient because

- 9 -



II. Heavy Ion Beam Probe

the magnetic field is often changed in the experiments. The following

normalization is suitable

t = tof

E = 2&B- (2-5)

B = BoB' ,

where t, E, and B are the time, the electric field, and the magnetic field

respectively. The parameters with "" represents their normalized form. The

ion beam orbit is calculated by solving the normalized equation of motion

by using Runge-Kutta-Gi)l's method. Since the beam orbit changes at the

point where the ionizaticn reaction occurs, the observation point for the

given beam energy W and the sweep angle 0 is found by iteration. In this

iteration process the sampling length ls is also found.

The grid map for the measurement using the ionization reaction from 1+

to 2+ ions is shown in Fig.2-3(a). The observation points are also shown in

Fig.2-3(b) on the W-6 plane. The system is designed so that the center of

plasma which is close to the mod-B axis is observed with zero sweep angle,

at which the beam energy of W/WQ =2.25 is required. The array of the

detectors for the primary beam is used for the monitor of the primary beam

through the plasma, and is located on the line y = -22.5 cm. The detection

point of the primary beam is shown in Fig.2-3(c). They are also used for

the measurement of the field modification by the finite beta of the hot

electron ring. The injection angle of the secondary beam into the energy

analyzer is shown in Fig.2-3(d). The angle is important for the correction

of the potential measurement. It is roughly constant for a fixed sweep

angle. The sampling length ls is shown in Fig.2-3(e) at the analyzer

- 10 -



I I . Heavy Ion Beam Probe

(a)

(b)

GRID MAP OF

NBT-IM HEAVY [ON BEAM PROBE

I ^—Centtr of Toru

IQNIZfiTION POINT

*-i3.i>it.t-fl.i • • . • •«.• •s.a t.t i.a «.t ••• 1.0 l«.l 11.0 II.0 ••-•

SWEEP flNGLE (DEC)

Fig.2-3(a) Grid rrcp of the observaion points by changing the ion gun
voltage and the sweep angle of the beam,

(b) Map of the observation points on the W-8 plane.
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(c)
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I I . Heavy Ion Beam Probe
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(f)

I I . Heavy Ion Beam Probe
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II. Heavy Ion Beam Probe

entrance slit of J cm. As the actual slit width is 0.7 cm, ls is usually

smaller than the beam diameter. The spatial n(r)f(Te{r)) is calculated

using these values and eq.(2-3). The time of flight normalized by to is

shown in Fig.2-3(f). These values are important to know the highest limit

of the chopping frequency of the beam.

2.2.3 Beam orbit with the hot electron beta and the potential

The above calculations are exact in the case of vacuum magnetic field.

If there is a plasma with finits beta or finite space potential, the orbit

of the beam is deformed, and the observation point is shifted, which causes

the position error in the local measurements. The calculations including

those effects are carried out for NBT-1 in three cases, (a) V/Wo = 1.80 and

e = -12.5° (inside), (b) V/Wo = 2.28 and 0 = -2.5° (center) and (c) V/Wo =

2.40 and 0 = 7.5° (outside).

The effect of the hot electron beta is shown in Fig.2-4, where Ar

represents the shift of the observation point, and Aip is the shift of the

primary beam on the primary beam detectors. Parabolic distribution of the

hot electron ring at the second resonance zone of standard operation is

assumed. The width of the ring is fixed to be 4 cm and the beta $ repre-

sents its peak value. Both Ar and Axp are proportional to (S. The shifts Ar

for (a) and (c) are large compared to (b), because their length of the

orbit along the hot electron ring is relatively long. In the core plasma

region, the change of Ar is usually small compared to the beam size. The

calculation indicates that the hot electron beta can be roughly estimated

from che shifts of the detection points of the primary beam of many cords.

The effect of the finite plasma potential is shown in Fig.2-5, where

parabolic potential well inside the second resonance zone with the bottom

potential of zero is assumed, out of which the potential decreases linearly

- 14 -



I I . Heavy Ion Becm Probe

<t>T/w0 = o

0.1 0.2 0.3 0.4 0.5

0.1 0.2 0.3 0.A 0.5

FFg.2-4- Effect of the finite beta of the hot electron ring.
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II. Heavy Ion Beam Probe

0.15

0.15

Fig.2-5 Effect of the plasma potential.
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II. Heavy Ion Beam Probe

to the wall. <pr represents the rim potential. The calculation is made for

rather big potential compared to the beam energy, so as to clarify the

effect of finite space potential. In the case (a), both Ar and A.rp are very

large, whereas they do not change much in the case (b). This is because the

beam is affected by the same amount of inward and outward directed force,

and the both do not move on the average. Those caiculations indicate that

the beam energy must be much higher than the peak potential to be measured.

It should be noticed that the finite potential does not affect the measured

potential value but the observation point.

'i -0.05

y

AWO.2
Wo

0.1

y*

-0.1-

-0.2

0.05

y

0.75

0.1

y

0.15

Wo"'

Fig.2-6 The relation between the center potential <p0 and the
detected primary beam energy W.
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II. Heavy Ion Beam Probe

The simple way to estimate the average potential is to measure the

energy of the primary beam which is deflected by the plasma potential and

reaches the analyzer directly and compare with the primary beam energy in

the vacuum case. Figure 2-6 shows the relation between the potential height

and the detected energy W/VQ . The assumed potential profile is a parabola

with its center at x = -2.5 cm and its radius of 13.5 cm. The sweep angle

9 = 0 ° . The calculation is also made in NBT-1 magnetic field. The change of

the energy Alt'/Î  is almost proportional to <PQ/WQ , and their ratio is found

as <po/AW -v 0.75 , where <po is the center potential. This method of poten-

tial estimation is helpful for the measurement of large amplitude potential

oscillations such as in M-mode.'9)

2.3 Mechanics and Electronics

2.3.1 System overviev-

The schematic view of the mechanical system of NET-1M HIBP is shown in

Fig.2-7. It consists of the ion gun with the chop and sweep plates, and the

energy analyzer. Focusing of the beam is monitored at the focus ladder and

the primary beam is monitored at the primary beam detectors. The microwave

screens and the plasma screens are used to avoid the disturbances on each

components. The block diagram of the electronics is shown in Fig.2-8. The

electrical circuits are composed of HV power supplies, their controllers,

and the beam signal amplifiers. The space potential comparator detects the

difference of the ion gun voltage and the analyzer voltage to get space

potential. The system can be used both in the feedback mode and in the

open-loop mode.

- 18 -



I I . Heavy Ion Beam Probe

N B T - I M HEAVY ION BEAM PROBE

ION GUN

CHOP PLATE

SWEEP PLATE

PRIMARY BEAM
DETECTORS

Flg.2-7 Schematic view of the NBT-1M Heavy Ion Beam Probe System.
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I I . Heavy Ion Beam Probe

ELECTRONICS OFNBT-IM HIBP

-2-2KV
SWEEP PLATES

SWEEP PLATE
DRIVER

BEAM
CONTROL •0,vG/vo etc.

0-700V
CHOP PLATES

CHOP PLATE
DRIVER

O-3O kV
ION GUN

ISOLATION
TRANSFORMER

« — HEATER
CONTROL

ION GUN
IPOWER SUPPLIES

GUN VOLTAGE
CONTROL

t o , O-lO hVC
HV DIVIDER
HV DIVIDER —»

SPACE POTENTIAL
COMPARATOR

ANALYZER
ANALYZER

POWER SUPPLYf

F.B.

SIGNAL
GENERATOR

RAMP
GENERATOR

from
SPLIT PLATE
DETECTOR

-c
NCH

PREAMPLIFIER
PREAMPI'IFTER

SUM

Fig.2-8 Block diagram of the electronics.
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II. Heavy Ion Beam Probe

2.3.2 Beam transport

The ion gun consists of Pierce extractor and triple cylinder lens. An

ion source of thermal emission type2425' is employed. The diameter of the

source area is 6 ram, which mainly determine the beam diameter. The emission

current is of the order of 1 - 10 JIA. Cecium, rubidium, or potassium ion

beam with the energy of 2 -* 25 keV are used depending on the magnetic

field strength.

The high voltage power supplies are remotely controlled with 0 ~ 6 V

DC voltage. Three power supplies are used for the ion source, the extrac-

tor, and the lens electrode. Focusing characteristics of the ion beam can

be controlled by the ratio of these three voltages in the wide range of

beam energy. In usual operation the ratio is fixed in the high voltage

controller.

The focusing characteristics of the beam is monitored by the focus

ladder and the transit beam detectors. The focus ladder consists of an

array of thin wires with the spacing of 2 cm. Microwave screen and plasma

screens are mounted just below those wires. This is also used for the

calibration of the sweep angle of the beam. In usual operaton, the beam

diameter in the plasma region is 1-^2 cm, which limits the spatial

resolution. However the measurement of local nf(Te) is insensitive to the

beam size, as can be seen from eq.(2-3).

The ion beam is chopped out of the midplane for the phase sensitive

detection. The chopping frequency is 14.3 kHz (70 jisec in the repetition

time), vhich is variable depending on the time of flight of the beam and

external noise frequency. The repetition time must be much longer than

10to. The chopping voltage is controlled to be proportional to the ion gun

voltage so that the chop angle is constant. The deflected beam is detected

by the total beam current monitor just beyond the focus ladder.
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2.3.3 Energy analyzer

An energy analyzer is required to detect small change in beam energy.

The 30° parallel plate electrostatic energy analyzer is used, which was

studied in detail by T. S. Green and G. A. Proca.2627) Since the angle of

the secondary ions escaping from the plasma is different for different

observation point, the analyzer is designed to be rotated around the

entrance slit. The voltage error function (or the voltage correction

function) F represents the change of the detected beam energy as a function

of entrance angle 6 of the beam.101"

(2.6)
3A/3S-cot9

where 5 = i/3\/3y, which controls the focusing characteristics of the

analyzer. The parameters x and y are the mechanical sizes shown in Fig.2-9.

If 6 is chosen to be 1, the focusing occurs just at 6 = 30°. The parameter

y = 2/(35- 1) is useful to express the effect of 6 on the measured voltage

error. If the effective 8 is changed by the plasma loading the voltage is

changed as much as the change of 7.

The measured characteristic curve of the energy analyzer is shown in

Fig.2-10. The curve corresponds to the focusing parameters 5 ~ 1.03 and

y - 0.957. When the incident angle of the ion beam is shifted from 30°,

the measured potential value should be corrected according to this voltage

error function. The voltage correction &p/Vc f°r this case is -2.4 ~

+1.7xlC3 within the incident angle of 23.6° -- 37.3° , which is often

called angular acceptance window.

The maximum voltage required for the analyzer is about one forth of

the maximum gun voltage, because the analyzer gain is designed to be about

2 and the secondary ion of charged state of 2+ is analyzed. An active power
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Split Plate
Detector

Fig.2-9 Schematic view of the parallel plate energy analyzer
and the orbit of the finite size beam.
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Fig.2-10 Characteristic curve of the energy analyzer.
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distribution circuit is designed for the HV stabilization against a heavy

loading of UV light and particles on the top plate and guard ring of the

analyzer, especially on ICH experiment.

2.3.4 Space potential measurement

The secondary beam is detected by the split plate detector. The

detector consists of two stainless-steel plates, P ch. and N ch.. Secondary

beam signal on each channel is detected by current amplifiers with the

conversion gain of 107 V/A, and with the frequency responce up to 250 kHz

(-3 dB point). These signals are again amplified depending on their

strength, and then filterd at the chopping frequency. Figure 2-11 shows the

example of the detected secondary beam signal on P ch. (upper trace) and

the filtered sum signal (lower trace). In this case, the primary beam

current is about 0.2 fiA. The detected signal is very weak, but is enough

for the steady state measurement.

Raw Signal

(2nA/div)

Filtered
Sum Signal
(0.5nA/div)

Time(50jjsec/div)

Fig.2-11 Detected secondary beam signal on P ch. (upper trace)
and the filtered sum signal (lower trace).
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There are two processes for the space potential measurements, that is,

a feedback mode and an open-loop mode. The real time analysis of the space

potential measurement is possible in the feedback mode. In this mode, the

analyzer voltage is fedback so as to centerize the incident beam on the

split plate detector, which is schematically shown in Fig.2-1. The time

responce is limited by the HV power supply, but the space potential signal

is directly obtained. The data is usually taken on a X - Y recorder in this

mode.

The open-loop mode has an advantage in the feist time responce (< 1

msec). As the zero level calibration is made in the feedback mode, the

system can be tuned to the reliable state. The responce is limited by the

chopping frequency now, but if the beam signal is intense enough to do away

with the phase sensitive detection, more fast measurement is possible as

fast as the current amplifier can work. In this mode, the space potential

is obtained from the difference signal divided by the sum signal on the

split plate detector and multiplied by the ion gun voltage. The signal

analysis is usually made on a computer with A/D converters.

Other than this, analogue computers are sometimes used for the real

time analysis in both modes. The space potential signal is calculated from

the difference and sum signals. n(r)f(Te(r)) signal can also be obtained by

dividing the sum signal by the total beam current. These are enough for the

fixed point measurement. Further processes such as the correction of ls and

the multiplication of the squareroot of VQ are done by M-200 system of IPP

computer center by using the results of orbit calculations.
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2.4 Errors in Measurements

Now we discuss on the errors in the potential measurement. In order to

measure the absolute space potential, the zero level should be carefully

adjusted in the space potential comparator which is often the main source

of the error.

The calibration of zero level is made by introducing the defocused

primary beam into the energy analyzer. The required voltage of the analyzer

is just twice that for the secondary beam with no energy change. The high

voltage dividers are used for the comparison between the gun voltage and

the analyzer voltage, and the change of the room temperature often causes

the drift of zero level.

The plasma loading on the top plate and guard ring of the energy

analyzer by UV light and particles disturbs the top plate voltage or the

electric field in the analyzer. This is sometimes a serious problem espe-

cially on the high power ICH experiment. The fed voltage must always be

checked to eliminate this problem.

If the density gradient of the plasma is large within the sampling

length, the beam density has a gradient at the entrance slit with finite

width, and the weight of the beam current shift from the center of the

entrance slit. This effect corresponds to the change of 8 effectively and

causes the error. The change of y exactly represents the change of cp/Vc at

6 = 30°. The measured edge potential usually includes much error because of

this reason.

The effects of finite plasma beta and finite potential lead the change

of the beam orbit and thus cause positional error in the observation point.

The former effect can be reduced by increasing the beam energy. The latter

effect cannot be eliminated unless the local beta value is known, but
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fortunately this is usually small.

In the open loop mode, the incident beam does not always centralized

on the split plate detector. The characteristics of the energy analyzer is

not guaranteed to be constant within the measurement. Although this effect

does not affect zero level, the incident angle of the beam into the

analyzer must be carefully adjusted to 30* in this mode.
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3.1 Concept of Bumpy Torus

The bumpy torus is a link of simple mirrors. The system is originally

unstable to the flute mode, because U = wdl/B simply increases radially.

The electron-cyclotron-heated bumpy torus28"32' , such as NBT (Nagoya Bumpy

Torus) and EBT (ELMO Bumpy Torus), is characterized by a high-beta hot

electron ring, which is automatically generated in the midplane of each

mirror section and stabilizes the toroidal plasma by the average miniraum-B

configuration. Figure 3-1 shows the horizontal cut of a sector of NBT-1M

device, in which bumpy magnetic field lines are produced by a set of simply

arranged toroidal coils. There is no rotational transform in magnetic field

lines, and the poloidal rotation of particles is maintained by the poloidal

motion due to VB , magnetic curvature, and £xB drifts. Orbit calculation

shows that there exists some confinement region only by the VB and curva-

ture drift motions, and that it will be expanded to whole area if the

potential of the order of the temperature is produced.30"32' The formation

of potential plays an essential role on plasma confinement, especially in

bumpy torus.

Operating regimes in ECH bumpy torus are classified into three modes

depending on the ambient gas pressure P«2 and the microwave power P,,.

Although Pn2 and Pw are vague parameters to determine the plasma state, it

is convenient to use them here for the introductory talk of bumpy torus

plasma. At relatively higher gas pressure, there is no hot electron ring,

and the plasma spreads out to the wall, which is called to be C-mode

operation. The plasma in this mode is cold and collisional. With the

decrease in pressure, electrons are effectively heated and some of them are
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heated to several hundred keV. The toroidal plasma is confined inside the

hot electron ring, and a symmetric potential profile is formed, which is

T-mode operation. With further decrease in pressure, electron density

decreaces and the hot electron suddenly becomes unstable, which is called

to be M-mode.

Fig.3-1 Horizontal cut of NBT-1M device showing magnetic field
lines and mod-B contours. The hutched area shows the
fundamental and the second harmonic resonance zone of
18 GHz microwave at IB = 2.8 kA (So = 4.0 kG).
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3.2 The Nagoya Bumpy Torus

The upgraded device of Nagoya Bumpy Torus (NBT-1M) consists of 24

simple magnetic mirrors. The major radius is 140 cm and the core plasma

radius is about 7 cm. The magnetic mirror ratio on the axis is 2.4. The

magnetic field intensity at the center of the midplane So = 1.43 kG with

the coil current IQ = 1.0 kA. The magnetic error field is suppressed much

less than the old device (NBT-1), and it can be compensated less than 10"1

with an additional field correction loop.33'

Plasma is produced and heated by the electron cyclotron resonance

heating mainly at the frequency of 18 GHz. 8.5 GHz microwave source is

sometimes used for the additional heating. A standard second resonance (SR)

heating configuration is formed at IB = 2.7 - 3.0 kA (Bo = 3.9 - 4.3 kG).

The hatched areas in Fig.3-1 are the fundamental and the second harmonic

resonance zone of 18 GHz microwave plotted at Ig = 2.8 kA (Bo = 4.0 kG).

The second resonance for 18 GHz is located near the chamber wall at the

midplane, and the fundamental resonance is separated from the midplane to

the coil plane. There are two regimes from the heating configuration ; one

is the region only with the fundamental resonance on the magnetic field

line, and the other with both the fundamental and the second harmonic

resonance.

The typical electron density n<> = 0.5 - 1.0 x 1012 cm"3 , and the

electron temperature Te = 50 - 100 eV, depending on the microwave power and

the ambient gas pressure. The ion temperature 7\ = 20 - 30 eV without ion

heating. The SR-configuration for 18 GHz is also a fundamental resonance

(FR) configuration29' for 8.5 GHz microwave. The fundamental resonance for

8.5 GHz is located at the midplane, and no resonance exists inside it. The

FR-configuration for 18 GHz is made at IB > 4.8 kA (Bo > 7.0 kG). The
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density of this plasma reaches almost the cutoff of the fed microwave, but

the electron temperature is extremely cold because there is no resonance in

the core region. However the hot electron ring whose density and tempera-

ture are higher than those at SR-configuration is produced in this confi-

guration.

3.3 Drift Orbit in Bumpy Torus

In the bumpy torus, there is a poloidal drift motion due to the bumpy

field. The toroidal drift is compensated by the poloidal drift, and the

drift orbit is closed within the torus. The shift of the drift surface A

from the mod-B surface is

(3-,)

where u* is the toroidal drift velocity, and Q is the poloidal precessional

frequency. The velocity ut and the precessional frequency fi^s due to V8 or

curvature drift are expressed in terms of the energy z and the pitch angle

C (= vn/u ) of the particle as

u, = ^ , (3-2)

cxid

wherefif is the toroidal field curvature, R C(O is the effective magnetic
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gradient scale length, r is the radius of the drift surface, and B is the

magnetic field intensity. The charge e includes its sign. For the trapped

particles, u( is canceled within the bounce motion.

More accurately, fiVB is calculated from the longitudinal invariant J,

which determines the drift trajectory. In the absence of plasma potential,

J = m(bv«(il = */2m(b*/£-ijB<il , (3-4)
J J

where e is energy of the particle and n = miA./2B is magnetic moment. Using

the bounce period

T = <pai , ( 3 _ 5 )

the precessional frequency Qva is calculated as

In Fig.3-2, fitfB is plotted as a function of C for th_ case of N = 24 and W

= 2.0, where N is the number of mirror sections and H is bumpy mirror ratio

at the center. The particles whose pitch angle C ^ */l-l/N at the mid-

plane, stay for a long time at the mirror throat, and the poloidal drift

motion is almost canceled Qve ~ 0 . These particles are easily lost without

radial electric field.

Trapped particles (f ~ 0) are strongly influenced by the radial

gradient of the toroidal nagnetic field (ftc -̂  r) , and drift along the

mod-B surface (A -̂  0 ) . Passing particles (C ~ 1) feel the average

toroidal field curvature Rt . and A becomes about r. This results in a big

direct loss region in the outer half space.
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-0.5

Rg.3-2 Pololdal precessional frequency On vs pitch angle
(=

125

Fig.3-3 Spatfal ragion of the closed drift orbit without electric
field, fl (= cos"V,/v) is pitch angle of the particle.
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The particle drift orbit is calculated in the actual NBT-1M magnetic

field. The particles are started from the major axis at the midplane with

various pitch angles (9 = cos"1 (C) )• Figure 3-3 shows the spatial region

of the closed drift surface without electric field. A big direct loss

region exists for passing particles in the outer half space of the torus.

When the radial electric field is produced in the plasma, the vacuum

drift surfaces are modified by ExB drift. The poloidal precessional

frequency ft becomes

Q = QVB + flE , (3-7)

where

(3-8)

is the ExB precessional frequency. It should be noted that ffe is charge

independent, while the direction of Qua is different between the electrons

and the ions.

If the potential of the order of e/e is generated, QE becomes the

order of z/er^B. It is comparable to fivs for the trapped particles, and is

much larger than that for the passing particles. Consider the case of the

radially inward electric field. The directions of fig and fi\?8 are the same

for the electrons, and Q is a simple summation of them. But for the ions,

QE cancels Opg at some energy range of the trapped particles. These parti-

cles are called resonant particles and are quite lossy. In the case of

large electric field, the poloidal precession is dominated by £xB drift,

and the drift orbits are well closed for both the electrons and the ions.
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3.4 Transport Theory

The ambipolar potential is determined so as to satisfy the radial

particle flux balance

re = r\ , (3-9)

and

T, = - Dni^ - DTI^L - Wj§ (j = e.i) , (3-10)

where rij and Tj are the density and the temperature of the j species, and

Aij > On • and iij are the transport coefficients. The parameter HJ satisfies

the Einstein relation fij = eDnj/<Tj , where K is Boltzmann's constant. These

coefficients for bumpy torus is intensively studied, assuming the closed

drift surfaces. Dnj is given by

ex 11 \
( 3" n )

for large electric field limit.1' v is the total collision frequency. When

the elctric field is not so large (QE < QVB ). the Dn; must be calculated

numerically.34' The coefficient will be extensively applied to the parti-

cles in collisional regime23-35' and to nonresonant species in collisionless

regime.36' The resonant particles draw banana orbits, whose loss will

dominate in the collisionless regime. Dnj for plateau transport is obtained

as37-38'
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Recently more exact analytic solutions for both the nonresonant and the

resonant transport coefficients are obtained.3940' Using these coeffic-

ients, attempts are made to explain the experimental potential profiles and

the particle confinements.

- 36 -



IV. Experimental Observations on the Potential Formation

4.1 Development of Concentric Equipotential Surfaces

The operating regimes can be separated into three modes depending on

the ambient gas pressure P/c . Figure 4-1 shows (a) the line integrated

density <nl> measured by a microwave interferometer, (b) the center

potential <PQ and (c) the diamagnetic signal $dia of the hot electron ring,

as a function of the pressure P\\2 at the coil current Ig = 2.8 kA (Bo =4.0

kG). The signal $d;a is proportional to the stored energy of the hot

electron ring.

In C-mode, <nl> signal changes almost linearly with PHZ , Cold and

rather high density plasma is produced in this mode of operation. The

center potential is positive, and the hot electron stored energy is quite

in low level. In T-mode the hot electron ring is produced, and <nl> stops

to decrease or rather increases compared to C-T transition. The center

potential po increases a little at C-T transition and it decreases to

negative in T-mode. The maximum negative potential depth reaches about 150

V, when the electron temperature Te is about 100 eV and the ion temperature

7\ is much colder than Te. The hot electron Leaperature measured by a hard

X-ray detector is usually 200 - 250 keV, and its density is 10" cm"3 at

maximum. Further decreasing PHZ , the plasma becomes unstable and suddenly

<nl> falls to zero. This is M-mode.

The radial potential profile measured vertically along the 8 = 0 ° line

of Fig.2-3(a) is shown in Fig.4-2 for various gas pressures. In C-mode, the

potential has an asymmetric profile. With decreasing the pressure, the

center potential grows gradually and the profile becomes nearly symmetric

at C-T transition (PJE = 2.0xl0~5 torr). Further decreasing the pressure,
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Fig.4-1 The dependences of (a) the line integrated density
<nl>, (b) the center potential <£„ , and (c) the diamagnetic
signal <t>d|0 , on the ambient gas pressure P^,.
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IB= 2.8kA
(B0=4.0kG)

= 30kW

.6x10 tonr

.4xl63torr

l.2xl6Storr

Flg.4-2 The radial distributions of ambipolar potential. Gas
pressure Pw is taken as a parameter. Abscissa shows
the normalized gun voltage VV Va, which corresponds to
the scanning line of fl = 0" shown In Flg.2-3(a).
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that is in T-mode, the negative potential appears and develops. The poten-

tial shows a noisy profile near the T-M transition, because it is a time

averaged data of T- and M-mode plasmas. Plasmas in some mirror sections are

considered to be unstable, while the others are in stable T-mode.

The two-dimensional potential profiles are plotted for the C-mode

plasma (Fig.4-3(a)) and the T-mode plasma (Fig.4-3(b)). The direction of

the upward shift of the potential peak of the C-mode plasma is the same as

that of the toroidal drift of the ions. The secondary beam current profile

shows the plasma spreads to the wall. This indicates the plasma cannot

sustain its shape, and it may be stabilized by the line-tying effect. The

tendency is reconfirmed in the different machine.l2) The observed vertical

electric field is about 15 V/cm. In T-raode the profile shows a symmetric

negative well. The position of the positive rira almost fits the second

harmonic resonance of 18 GHz at the midplane. The well depth measured from

the rim is about 120 V, and the well diameter is about 14 cm.

The electron temperature of C-mode is about 2 0 - 3 0 eV, and that of

T-mode is about 50 - 100 eV. In those parameter range, the drift motion of

the particles are dominated by the ExB drift. Then the particles in C-mode

simply drift outward. On the other hand, T-mode is characterized by the

closed drift surfaces. The process of the development of the closed drift

surfaces is the process of the establishment of bumpy torus configuration.

4.2 Potential Structure

4.2.1 Positive ria

The position of the rim observed in Fig.4-2 is investigated by chang-

ing the magnetic field intensity. Figure 4-4 shows the position of the
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ia)

-Center of Torus

tt>>

8 3 = 4 . 0 kG)

P,,= 30 kW

PH2= J.<xl(Tstorr

-Center of Torus 5cm

Fig.4-D Equipotentlal surfaces of (a) C-mode and (b) T-mods
plasma plotted every 20 V. The dotted circle shows the
position of the second harmonic ECRH zone at the midplane.
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Fig.4-4- Position of the peak potential observed in Fig.4-2, as a
function of the coil current /„ . The second harmonic ECRH
zone at 18 GHz Is shown by a solid line in the figure.
Abscissa shows the normalized gun voltage.
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Ftg.4-5 The peak potential (closed circle) and the center potential
(open circle) by changing the magnetic field.
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potential peak by changing the coil current Ig . The second harmonic BCRH

zone at 18 GHz at the midplane is shown by a solid line in the figure. The

negative potential well is formed in the wide range of the magnetic field,

and the position of the positive rim moves inward by decreasing the mag-

netic field strength. The position locates just inside the second harmonic

resonance zone. Below Ig = 2.3 IcA, the rim merges into a simple convex

profile.

The dependence of potentials at the rim and the center on Ig are

plotted in Fig.4-5. The closed circle shows the rim potential, and the open

circle shows the center potential. The difference between the two circles

shows the potential well depth. The potential well of about 120 V is formed

at 7B = 2.8 kA. The well depth decreases and the rim height increases as /g

decreases. The data indicates that both the inward and the outward electric

fields are not changed so much, and only the turning point is moved by the

heating configuration. By decreasing Ig further, the rim merges to form a

simple positive hill shape, and its peak height reaches about 450 V at

maximum. The peak potential is much higher than the measured bulk electron

temperature.

4.2.2 8.5 GHz ^-configuration

In the last machine NBT-1, the positive potential is observed in the

standard second resonance configuration,® in which ECRH is maintained

only by the 8.5 GHz microwave source. The standard configuration for 8.5

GHz in NBT-IM is made at the coil current of IB - 1.3 kA (Bo = 1.9 kG),

which corresponds to Is = 2.8 kA for 18 GHz.

Figure 4-6 shows Pj£ dependence of the radial potential profiles in

the standard configuration by using 8.5 GHz microwave. The profiles at

higher gas pressure (C-mode) is similar to those of Fig.4-2. The vertical
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Fig.4-6 The radFal distributions of ambipolar potential by changing
the ambient gas pressure PM. The ECRH configuration is
the same as that of Fig.4-2, but the heating frequency is
8.5 GHz.
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electric field is about 7 V/cm. The center potential also peaks at C-T

transition. Further decreasing the pressure, a shallow negative potential

well is formed in an almost positive profile at the pressure Pff>

1.4 x 10"5 torr. Then the center potential simply goes up to form a

symmetric positive potential.

The potential well is also observed at low field ECRH operation. The

observation may be due to the highly compensated error field of the present

device. A stable positive potential is also observed near T-M transition.

The positive profile is formed with a smooth and reversible change from the

well shaped potential. This shows that there is only one solution of

eq.(3-9), which has not been predicted theoretically.

4.2.3 Application of the external error field

It is known that the equipotential surfaces are destroyed by the error

field.4142' The vertically uniform error field SBv is produced by a set of

toroidal loop coils. Figure 4-7 shows the equipotential surfaces plotted at

the vertical error field (a) 8Bv/<B> = 2.4* 10~4 and (b) 5By/<B> =

4.1x10"* . The negative potential profile observed in Fig.4-3(b) becomes

horizontally slant by the error field. The tendency is same with the case

of vertically opposite error field and with the case of horizontal one.

The error field is not effective for the trapped particles, because

this effect is canceled out within the bounce motion. For the passing

particles, the vertical motion due to the field error component becomes

fi "*• VthSB/<B> , and their orbit will shift A ~ u±/Q, where vth is thermal

velocity and fi is the precessional frequency. The direction of this shift

is different between the parallel going and the anti-parallel going elec-

trons. Then the shift A must be much shorter than the plasma radius, fi is

dominated by Exfl drift, and at the moderate error field case (Fig.4-7(a)),
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(a)

-Cenler of Torus

(b)

-Center of Torus

Fig.4-7 Equipotentlal surfaces with vertical error field (a) 6Sv/<8>
= 2.4 x 10"* and (b) SBV/<B> = 4.1 x 10"*.
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the negative electric field is about 9 V/cm at the midplane. As the elec-

tron temperature Te ~- 50 eV, the shift of their orbit is calculated as

A ~ 3.6 cm. The condition is more generous to the ions. This experiment

shows the critical error field is limited by the shift of the electron

drift orbit, and the passing electrons play an important role in the

potential formation.

4.2.4 FR-configuration

The potential profile in the pure FR-configuration cannot be measured

because of low electron temperature (< 10 eV). Only the signal from the hot

electron ring and its warm surroundings can be detected.2" However the

nature of the FR-plasma can be imagined from the following data. The radial

profile of the potential with the additional heating at 18 GHz is shown in

Fig.4-8. At lower additional heating power, the potential is almost ground

level, and has a slant profile in its fine structure. The direction of the

charge separation is similar to that in C-mode of the SR-plasma. The

FR-plasma is very cold, so that even 10 V potential can strongly influence

on the particle drift orbit. The outer boundary of the profile is limited

by the ring position. By increasing the additional heating power, the

center potential decreases gradually. The secondary beam signal becomes

intense, which indicates the core electrons are effectively heated at the

18 GHz fundamental resonance zone, (see Fig.3-1) At P\& = 27 kW the poten-

tial shows an almost symmetric negative well. The potential profile is

determined by the power distribution of 8.5 GHz and 18 GHz microwaves. The

well shaped potential is associated with the core electron heating at the

18 GHz resonance zone. The potential well is not formed in the FR-operation

in spite of the existence of the hot electron ring.
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Fig.4-8 Effect of 18 GHz additional heating on the radial potential
profile of 8.5 GHz FR-plasma.
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4.3 Potential Profile of Ion Heated Plasma

For the purpose of the plasma production and heating, high power ion

cyclotron heating (ICH) is applied to the NBT plasma.43' lrn this experi-

ment, 12 half-turn antenna are located every two cavities to heat the

plasma uniformly. The potential change accompanied by the heating is also

measured. As the RF pulse is only 10 milisecond in duration, the potential

is measured in open loop mode.

Figure 4-9 shows the radial potential profiles by changing the total

heating power. The initially negative potential profile goes up to be a

positive profile by the heating. The ion temperature is monitord by a

time-of-flight type charge-exchange neutral analyzer, which is available in

the energy range 100 eV - 1 keV. The initial plasma is very cold because

ions are heated only through collisions with electrons. Although the

detector is not reliable below 100 eV, 7\ -̂  20 eV for this plasma. The

increment of 7"i is almost linear to the input power Prf in this power

range, and it reaches 310 eV for the top trace. The density of this high

energy component is about one half of the electron density.

4.4 Summary of the Experimental Results

Many potential profiles are obtained through experiments. The results

are summerized as follows -'

1. C-mode plasma is characterized by the opened drift surfaces. The

direction of the charge separation is consistent with the toroidal drift.

2. Closed and nested drift surfaces is formed in T-mode.

3. The negative potential with a positive rim is formed in the standard
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Fig.4-9 Radial profiles of potential with Ion cyclotron heating.
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operation. The position of the rim is close to the second harmonic reso-

nance zone at the midplane, where the hot electron ring exists.

4. In 8.5 GHz SR-operation, the potential well is certainly observed in an

almost positive profile. A stable positive profile is observed near M-mode.

5. Equipotential surface is destroyed by the error field.

6. In FR-operation, the potential has a slant profile like C-mode, in

spite of the existence of the hot electron ring. Core electron heating is

essential for the negative potential formation.

7. Positive profile is formed in the ion heated plasma.

From these observations, it is found that the potential formation is

strongly affected by the heating configuration rather than the vacuum field

curvature. The plasma may be separated into two regions from the ECH

configuration one is the region only with the fundamental resonance

zone (core region), and the other has both the fundamental and the second

harmonic resonance zone on the magnetic field line (surface region). These

two regions well coincides with the positive and the negative electric

field regions. And the important point is that the hot electron ring exists

near the boundary of two regions.
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5.1 Opened Drift Surfaces in C-mode

The potential profiles in C-mode always show a vertically slant

profile. The direction of its polarization is consistent with the toroidal

drift, that is, the ions go up and the electrons go down. The observed

downward electric field at the midplane is 15 V/cm at 18 GHz SR (Bo = 4.0

kG) and 7 V/cm at 8.5 GHz SR (So = 1.9 kG). The plasma is not in equili-

brium, and it will be lost with ExB drift time. In the steady state, the

particle balance is described by the following equation.

1
<EV/B> ~ no<ov> '

where a is plasma radius, no is neutral density, and <av> is ionization

rate coefficient. The vertical eletric field is approximately calculated as

<Ey> ~ a6ono<ou> , (5-2)

which is proportional to B. Assuming no = 2*1012 cm"3 and Te = 20 eV in

both cases, <Ev> ~ 12.0 V/cm for fio = 4.0 kG, and <Ey> ̂  5.7 V/cm for Bo

= 1.9 kG. These values are close to the observation.

With the growth of the hot electrons the potential becomes symmetric,

and the closed drift surfaces are produced. The collisionality of an

electron with the energy e without potential is

-Hs. v, 7::10 ^ f5 „.

five V ^ e V ) ' (5"3)

which is quite sensitive to e. For the plasma of n = 5x10" cm"3 and B =
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4.0 kG, the electrons with z > 110 eV are in the collisionless regime

(V/Q'JB < 1)- The electrons gain perpendicular energy by ECH, and get

trapped in each mirror section. These warm electrons precess poloidally on

the closed drift surfaces, and will equalize the potential poloidally. Some

of them grow up to form hot electron ring.

5.2 Comparison with the Neoclassical Theory

The measurement shows that symmetric and nested equipotential surfaces

are produced in T-mode of SR-operation. The core region has inward directed

electric field, in which QE helps the electron VB drift motion and cancels

the ion's. In the consequence of this cancellation of the poloidal drift

motion, banana orbits or open drift surfaces are produced for the ions,

which will lead to a main charge flow. The condition of the drift cancella-

tion ($5 -v. 0) occurs at

e -v- -RceE . (5-4)

Here E is about -5.Or V/cm from the parabolic fit of the measured potential

well, and rRc is about 70 cm
2 for trapped particles. Then the resonating

ion energy is e ->- 350 eV for trapped particles, and it requires much

higher energy for passing particles. Assuming the flat temperature profile

and the parabolic profiles of n, and <p, the radial flux of eq. (3-9) is

evaluated near the axis as

ij ~ T (' + rpF.'r ' v-5"5)

where no and po are the density and the potential at the center, and a is
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the average plasma radius. Experimentally 7\ < - e<po • so that the diffu-

sion term is smaller than the mobility term in eq.^5-2), and the particle

flux directs inward. In order to balance ion flux to the electron flux,

there must exist some amount of high energy ion at least to upset the

particle flux in this model. If we assume the ions to have a tail component

of fraction a, the particle flux of them may be estimated by multiplying a

to eq.(5-5). This may be justified because the resonant diffusion is caused

by only a small amount of resonating particles. From tha radial flux

balance, a is estimated as 4.5 % for the tail component with a temperature

Ttaii = 350 eV. But we did not observe such amount of ion tail.

In the experiment of EBT, the negative potential well is explained by

the existence of high energy, aluminum impurity ions, of which loss is so

fast to balance electron flux.4445' At present we could not measure such

kind of impurity ions. Recently we observed a tail formation in the energy

spectrum of fast neutrals accompanied by the electromagnetic fluctuation

driven by the hot electron drift motion in the additional BCH experiment.

The observation is important from the view point of the existence of the

alternate mechanism of ion heating.

According to the neoclassical diffusion, the negative potential is

determined by the resonating ion (tail) temperature, and the negative well

depth should grow with the ion heating. This is quite opposite to the ICH

experiment, and the neoclassical theory will never explain the ion heated

plasma. The FR-operation data shows the core electron heating is essential

for the negative potential formation. The negative and positive potential

formation seems to have some relation to the development of high energy

components. The neoclassical diffusion theory is not applicable to these

components.
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5.3 Analysis with Direct Loss

5.3.1 Estimation of loss rate

The orbit calculation shows that a direct loss region exist in the

outer half space. These lossy particles are the passing.

C > Co = (t - i ) l / 2 . (5-6)

If the energy of the particle

e > £o = Rt\eE\ ~~ — \e<p\ , (5-7)

the shift of their orbit from the mod B surface is

I - sbf >a • (5"8)

The orbit is not closed within the discharge chamber, and the particle is

lost directly with drift time. The direct loss region in velocity space

(loss-cone) is schematically shown in Fig.5-1. As the drift orbit of these

particles are opened, they will not obey the diffusive loss (eq.(3-9)).

The direct loss flux should be considered in two extreme cases. If the

particle drift time TJ is longer than the scattering time T S, the confine-

ment time of the particle is determined by - j . In this case, the loss-cone

distribution is not empty, and some particles here are again scatterd out

within Td. On the other hand, if Td is shorter than T S. there will be a

hole in velocity space, and the particle is lost with T S.

For the case Td > T S , the particles are frequently scattered within

Tdt and the loss-cone is filled with Maxwellian distribution. Although Td
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depends on both the spatial position and the drift orbit, it may be approx-

imated to r<j -v- a/ut . The loss rate S, is obtained by averaging n/td over

the loss-cone distribution Cig.5-I). For the tail component with density

n/, and temperature Th .

S, =
/•«o

v de
DO JO

where

(5-9)

(5-10)

and

eaRtB
cos2© (5-11)

Fig.5-1 Direct toss region In velocity space.
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The loss boundary is no = A/ECO/"' • Integrating eq.{5-9), the rate Sj is

obtained as

where

Er/(x) = -^fe^dt . (5-13)

In the opposite case TJ < T S , the particle is lost with T S. The

loss-cone distribution is empty now. This case is the same as Pastukhov's

problem,46' in which the loss boundary <p is replaced to (Rt/a)cp. The loss

rate for this case is

fexp(- ̂ ) , (5-14)° Klh

in which icTh < EO is assumed.

The time T S is about the 90° scattering time. For the particles with

e > 1 keV, Td is much shorter than T S. The tendency is obvious for higher

energy particles. However in both estimation, Sj decays like exp(-£o/Ti )-

Then qualitatively Sj is not different between the two cases. The following

discussions assume TJ < T S .
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5.3.2 Potential rim formation

Assume the ions obey the neoclassical diffusion. In the large electric

field (T[ < Te ~ a\E\ ), the ions are in collisionless regime. The neoclas-

sical diffusion coefficient is

The loss rate is dominated by the mobility term.

Equating (5-16) and (5-14), the ambipolar electric field is calculated as

~ - ft, Rt

Eq. (5-17) has a positive solution, if

The condition is easily satisfied. The surface region is full of warm

electron component (7"eh = 1 ~ 10 keV), because the electrons are heated

both the fundamental and the second harmonic resonance zone. These warm

electrons determine the electric field of this region, and the potential

boundary.
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5.3.3 Positive potential of ion heated plasma

When the ions are heated, both Sj and Se are the direct losses. By

equating eq.(5-14) for both species, the ambipolar electric field is

obtained as

eE\ - ̂ i^i^log(^fe) . (5-19)

Eq.(5-19) usually has two roots. The ambipolar electric field is determined

by the stability of the solution.35' The two cases are schematically shown

in Fig.5-2. If Tih > Teh and nih/ihh < (mi7Vmer(,h)
1/2 . eq. (5-19) has a

positive solution. This latter condition is easily satisfied if Tjh > Tey, •

Then, if the direct loss process is dominated in the ICH plasma, a small

increase in hot ion density will produce a positive potential profile. The

electric field is determined by Teh , if T;h > Teh .

On the other hand, if Tih < Teh and n^/n^h > (miTjh/meTeh)'
/2 are

satisfied, the negative potential profile is formed. This condition

requires very small tail density for the electrons. Other parameter regions

are ambiguous, because eq. (5-14) do not stand for KT/, > eo • In this case,

the loss-cone distribution may not be empty, and the expression will be

reduced to eq.(5-12).

Here both the positive and the negative potential formations are

demonstrated by the direct loss process. These potential profiles are

determined by the parameters 7\h/Teh and n^/neh- However the absolute

measurement of these tail components are difficult, and they have not done

enough. The experiment on the direct loss is a future problem.
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5.4 Other Problems Left to Consider

Recently Kovrizhnykh pointed out in his review paper47' that the

diffusion will be enhanced by the poloidal electric field Ee • If the shift

of the equipotential surface from the pressure surface is not small, the

vertical drift velocity may not be just the sum of the toroidal drift and

EQXB drift. The loss of convective type may be enhanced by E$ •

IT a large amount of particles are lost within the relaxation time,

there will be temperature and density difference along the magnetic field

line, and then the potential difference will be formed. Or if the particle

loss is not ambipolar, such that the superheated component is directly lost

at the midplane and the other component is lost at the mirror throat, there

will be electric current along the field line, which produces potential

difference. These potential differences will produce big bananas for the

particle drift orbits. This problem may possibly occur in the high power

ICH experiment.

The surface region is full of many fluctuations. In the analysis of

the potential formation, the diffusion due to fluctuation is not taken into

account. This kind of diffusion usually exibits an ambipolar nature, so

that it will not contribute to the potential formation.
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The heavy ion beam probe is constructed for the study of plasma

confinement in NBT-1/1M. The local plasma potential as well as the electron

density multiplied by a function of the electron temperature n(r)f(Te(r))

can be measured with good spatial resolution (1 -̂  2 cm), which is now

limited by the size of the ion beam. The feedback controlled detection

technique and the time resolved fast detection technique are used, depend-

ing on the operation mode, namely, the steady state operation and the

pulsed one. The temporal resolution is now limited by the chopping fre-

quency of the beam (~ 1 msec). As the zero level calibration is made in

the steady state (feedback mode), the system can be tuned to reliable state

in the pulsed mode.

The resolution of the potential depends on the signal intensity and

the integration time. In typical operation of NBTs, it is less than 1 V in

the steady state measurement and is about 10 V in the pulsed one. The

accuracuy of zero level adjustment, however, normally exceeds 10 V, which

limits the minimum error in the absolute potential measurement. The calcu-

lation of the ion beam orbit is made in the normalized form. The effects of

the hot electron beta and the potential on the beam orbit are also

analyzed. The shifts of the observation points due to these effecs is

usually small compared with the beam size. However, if the beta value of

the core plasma reaches several per cent, the distortion of the observation

points will become a serious problem. The hot electron profile and its beta

value can be estimated from the shift of the detection points of the

primary beam of many cords.

The process of the development of closed and nested equipotenital

surfaces is observed. The cold and collional plasma is not in the equili-
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brium (C-mode), and is characterized by the opened drift surfaces. The

vertically polarized potential of this plasma is produced by the toroidal

drift. The plasma is lost with EV><B drift time. With the growth of the

warm electron component, the polarization is poloidally short-circuited,

and the closed drift surfaces are produced (T-mode). The observation is

important in point of the formation of closed drift surfaces in a system

without magnetic rotational transform.

The negative potential with positive rim is observed in the standard

operation. The position of the rim i«: close to the second harmonic reso-

nance zone at the midplane, where the hot electron ring exists. The nega-

tive potential is also observed in 8.5 GHz SR-operation Equipotential

surfaces is destroyed by the error field. The potential is not produced in

FR-operation. It is confirmed that the core electron heating is essential

for the negative potential formation. A stable positive potential profile

with the hot electron ring is observed near T-M transition of 6.5 GHz

SR-operation, which is smoothly connected to the negative potential well.

The potential becomes positive with ion cyclotron heating.

The neoclassical diffusion theory cannot explain the negative poten-

tial in T-mode without assuming some amount of ion tail. The positive

potential formation due to ion heating will never be explained by it. The

potential formations are deeply related to the growth of high energy

components from the experiments. The particle loss rate due to the direct

loss particles e > Rt \eE\ is evaluated in two regimes : i) TJ > rs and

ii) Td < T S . It is demonstrated that both the positive and the negative

potentials are produced by the balance of 7\h/Teh
 anc' lih/neh- ^ne r a d i al

aabipolar electric field produced by the direct loss process is determined

by the tail temperatures. The experiment on the direct loss is a future

problem.
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