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1. I N T R O D U C T I O N A N D R E V I E W 

Experiments in the Impurity Study Experiment (ISX-B) tokamak using coinjected 
neutral beams showed that the volume-averaged toroidal beta ((/?)) did not increase 
linearly with beam power.1 Scaling experiments in clean discharges2 led to the ISX-B 
empirical scaling law for the global energy confinement time (r^* = 5 X 
10~3/3/2PA

_2/'3> where te is expressed in milliseconds, Ip is the plasma current in kiloam-
peres, and Pb is the total input beam power in megawatts). Detailed power balance 
studies1,2 revealed that the confinement deterioration was caused primarily by an increase 
in the electron thermal diffusivily (x«)- Two possible explanations were suggested for the 
degradation in energy confinement, one based on high-pressure effects and one on beam-
specific effects. 

Theory indicates that at high pressures [or ligh poloidal beta (/3p)] resistive balloon-
ing modes are unstable and can directly influence x« >n ISX-B. The correlation between 
the experimental xe and predictions made by the Carreras-Diamond model3 provided some 
support for the hypothesis that resistive ballooning modes were responsible for the 
enhancement of x e observed in ISX-B. The other explanation for the confinement degrada-
tion was based on beam-specific effects. The large toroidal rotation velocities (v^ ~ 
0.4vthi) induced by neutral beam injection, coupled with enhanced viscous effects and large 
electric fields, were expected to significantly affect particle confinement.4 Evidence that 
such effects were important came from observed changes in impurity transport5 when the 
direction of rotation of v^ was reversed by going from coinjection to counterinjection. To 
permit more detailed investigation of these phenomena, a third neutral beam injector 
(which injected in a direction opposite to the others) was added, providing independent 
control over the beam momentum and beam power. A heavy-ion beam probe was also 
installed to measure the plasma space potential under the different neutral beam injection 
modes. 

Initial results were available from the beam probe system beginning in September 
1983. At about the same time, experiments with balanced injection in ISX-B yielded an 
energy confinement time similar to that obtained with coinjection.6 This result suggested 
that beam-specific effects played a subdominant role in determining the energy confine-
ment in beam-heated plasmas. The emphasis of the heavy-ion beam probe measurements 
then shifted to the comparison of the measured potentials with predictions based on radial 
momentum balance. The relation of the measured electric fields to confinement was also 
examined. It is now believed that radial electric fields and beam direction affect particle 
confinement but have negligible influence on the global energy confinement time, because 
the latter is dominated by electron heat conduction, rather than by convection. The ISX-B 
experimental program was terminated in September 1984. 

This report describes spatially resolved measurements of electric fields in neutral-
beam-heated and ohmically heated tokamak plasmas and the relevance of these electric 
fields to particle confinement. The measured potentials are compared with those derived 
from the radial momentum balance equation. This equation is obtained by taking the 
radial component of the ion momentum equation: 

I 
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The floating potential in the peripheral regions of most tokamaks is measured using 
Langmuir probes. These probes can also be used to measure the density and temperature 
of the edge plasma. When the electron temperature is known, the space potential can be 
calculated from the floating potential using the relation = 4- cTJe, where c is a 
constant that depends on the ion and electron distribution functions and the impurity con-
tent. Space potential measurements in the interior of most tokamaks do, however, require 
the use of techniques such as heavy-ion beam probing, because the high plasma tempera-
tures in the interior cause burnout of Langmuir probes. 

Examples of Langmuir probe measurements are provided by results reported from 
TEXT,7 PRETEXT,8 MACROTOR,9 and the Caltech tokamak.10 In all these cases, the 
space potential has been observed to rise from 0 V at the chamber walls to 50-100 V at 
the limiter flux surface. Data from MACROTOR indicate a flat potential profile over the 
peripheral regions of the plasma within the limiter flux surface, while data from TEXT 
show a reversal of the radial electric field with movement toward the plasma interior. 
However, all Langmuir probe measurements have been confined to the peripheral regions 
of tokamak plasmas, and their data tend to be unreliable within the limiter flux surface. 
Additionally, the introduction of Langmuir probes affects the plasma characteristics,7 and 
beyond a certain point a discharge cannot be initiated. 

The first measurement of space potential in a tokamak plasma using a heavy-ion 
beam probe was made on ST.11 The plasma was ohmically heated and had a minor radius 
less than 10 cm. The safety factor at the limiter was greater than 4, and Zeff was usually 
greater than 1.5. The potential was measured to be negative by about 200 V at the plasma 
center and close to 0 V at the limiter. 

Space potential measurements in RENTOR,'2 however, show a positive potential with 
negligible radial electric fields in the plasma interior. The low plasma currents (30 kA), 
coupled with the low densities (fte ~ 2 X 1 0 1 2 c m - 3 ) , may be the reason for the absence 
of any noticeable electric fields in the plasma interior. 

Finally, there have been some measurements of space potential13,14 on the TM-4 
tokamak in the Soviet Union. These measurements were also made using a heavy-ion beam 
probe. However, a radial profile was constructed on a shot-to-shot basis, with the potential 
at a single radial location measured on a single shot. Therefore, the potential had to be 
reproducible from shot to shot. The plasmas in TM-4 were ohmically heated, and the 
measured potentials indicated negative well depths on the order of a few hundred volts. 
The well depths were observed to decrease with decreased plasma densities, and regions of 
positive potential were often observed in the outer regions of the plasma. 
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ABSTRACT 

Plasma potentials have been measured for the first time in neutral-beam-heated 
tokamak discharges. Radial potential profiles have been obtained for coinjection, counterin-
jection, and balanced injection discharges as well as for ohmically heated plasmas in the 
Impurity Study Experiment (ISX-B) tokamak. Within experimental uncertainties, the 
measured values of potential are consistent with calculations based on radial momentum 
balance using experimental values of rotation velocities, density, and ion temperature. 

The measurements were made using a heavy-ion beam probe, with typical plasma con-
ditions of IP ~ 150 kA, BT =s 12.3 kG, NE w 4 X 1013 c m - 3 , and PB = 0.9 MW. A 
negative potential well depth of about 1.0 kV was observed in ohmically heated plasmas 
and increased somewhat for balanced injection. Counterinjection resulted in a significantly 
larger well depth of approximately 3 -4 kV, while coinjection showed an outward-pointing 
electric field in the plasma interior. In ohmically heated plasmas, the potential was con-
stant in time, but significant time variations in potential were observed in neutral-beam-
heated discharges. Potentials in ohmically heated plasmas showed a dependence on both 
density and plasma current. 

The particle confinement times of both ions and impurities were observed to improve 
with counterinjection as compared with coinjection. Inclusion of momentum sources and 
drags in the momentum equation leads to a component of the radial particle flux propor-
tional to the radial electric field that is qualitatively capable of explaining the observed 
improvement. 

vii 
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2. DIAGNOSTIC TECHNIQUE AND HARDWARE 

2.1 PRINCIPLE OF BEAM PROBING 

One of the most important measurements that perhaps only the heavy-ion beam probe 
can make in high-temperature plasmas is the measurement of the plasma space potential. 
Heavy-ion beam probing is an active diagnostic technique that uses a singly charged beam 
of heavy ions at current densities low enough not to perturb the plasma. The beam is used 
to probe regions of a magnetically confined plasma. The plasma potential is determined 
directly from the energy difference between the injected primary ions and the secondary 
particles that are created from the primary beam mainly by impact ionization with the 
energetic plasma electrons. The secondary particles used for space potential measurements 
are usually doubly charged. 

Referring to Fig. 2.1, one can see that the primary particles lose qptf> in energy on 
reaching a point q, due to the conservative nature of the electric field, while the secondary 
particles created at the point q gain qs<l> in energy on leaving the plasma. Here qp is the 
charge of the primary beam, qs is the charge of the secondary particles, and <t> is the 
plasma space potential at the point q. The energy difference between the primary and 
secondary particle energies is then given by 

Es-Ep = (qs - qp)4> . ' (2.1) 

Thus, when the charge states of the particles are known, the plasma space potential at the 
point q can be determined by measuring this energy difference. 

Implicit in these arguments is the assumption that the energy transfer in the collision 
process is negligible. Classically, the Coulomb interaction of an elementary particle with a 
complex system of charges in a state of dynamic equilibrium, which the atom presents, can 
be divided into two parts:1 (1 ) interaction with the unperturbed field of the whole system, 
which does not lead to a change of its internal energy (elastic collision), and (2) interac-
tion with the individual elements of the system (electrons), which may lead to a change of 
its internal energy (inelastic collision). One would therefore expect the change in energy of 
a high-energy ion due to impact ionization with an energetic electron to be on the order of 
the ionization potential of the outermost shell electron, which for heavy ions like R b + , 
C s + , and T l + lies in the 10- to 30-eV range.2 This is usually much smaller than the beam 
energies used (e.g., 100-200 keV on ISX - B ) , and the potentials that are to be measured (a 
few kilovolts on ISX - B ) . Similarly, one would expect negligible changes in the beam 
momentum during a collision event with a plasma electron. 

For ion temperatures in the 1-keV range, impact ionization and charge-exchange reac-
tions with plasma ions can also be expected to contribute.3 However, no experimental data 
are now available for these cross sections. 

The advantage of an ion beam probe is its capability to map the detection region by 
electrostatically sweeping the beam across the plasma. For a given magnetic field and 
beam energy, the primary beam trajectory is fixed, and for most magnetic field configura-
tions, there exists only one point along the primary beam path from which a generated 
secondary particle can reach the detector. Thus, the spatial location of the measurement is 
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determined. (The direct effect of plasma potential and beta on beam trajectories is usually 
negligible in tokamaks.) The locus of observation points obtained by keeping the beam 
energy fixed and sweeping the primary beam across the plasma is referred to as a detector 
line. Energy lines represent the locus of points obtained by varying the beam energy while 
keeping the injection angle fixed. The grid of lines consisting of both the energy and detec-
tor lines is referred to as a detection grid, which also defines the region of plasma that can 
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be probed. An example of a detection grid for thallium ions is shown in Fig. 2.2. ( A 
similar grid for cesium ions appears in Fig. 3.1.) 

Besides measuring plasma space potential, the heavy-ion beam probe can also measure 
plasma density,4,5 electron temperature,6 fluctuations in space potential,7 density 
fluctuations,8 and perhaps even current density,9 though some of these measurements can 
be made only over a restricted range of plasma parameters. 

The energy analyzer used as the detector for secondary particles is a parallel plate 
electrostatic energy analyzer described in more detail in Sect. 2.2. By detecting the beam 
on a set of split plates, energy changes on the order of one part in 104 can be satisfactorily 
determined. 

40 
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Fig. 2.2. Detection grid for tballiun ions. 
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The energy analyzer can be operated as a closed or open loop to extracl the plasma 
space potential. In closed-loop operation, the split plate signals, amplified by current-to-
voltage ( I /V) converters, are fed into a difference amplifier. Its output is ac coupled to the 
high-voltage (HV) supply of the analyzer top plate to keep the beam essentially centered 
on the split plates. The output of a voltage divider monitoring the top plate of the analyzer 
then provides a direct measure of the secondary beam energy and hence the space poten-
tial. 

Closed-loop operation is well suited to dc machines or slowly varying plasmas. It 
offers the convenience of real-time tracking of the plasma space potential with no need for 
any computer processing of data and is ideally suited to circumstances where computer-
automated data acquisition capabilities are not available. It also has the advantage of 
being capable of making measurements over a wide dynamic range of potential change. 
Feedback loop stability considerations and HV power supply response characteristics, how-
ever, limit the inherent bandwidth of closed-loop systems to a few tens of kilohertz. 

Open-loop operation, on the contrary, offers much more flexibility and enables poten-
tial measurements over the entire frequency bandwidth of the IJV converters. In this mode 
of operation, the analyzer top plate voltage is kept constant, and the potential is calculated 
from the split plate currents using the formula:10 

qsVA 

Is - Rp 
GA(6) + 

ih ~ lL 
ih + k 

w sin(^ + fl) 
4d sin 20 sin I 

qsvG 

9s ~ Qp 
(2.2) 

where 
qp and qs are the charge states of the primary 

and secondary ions, 
if, and </. are the high- and low-energy split plate currents, 
VA and VG are the analyzer and gun voltages, 
GA(6) is the analyzer gain function (described in Sect. 2.2), 
w is the entrance slit opening, 
d is the height of the analyzer field region, 
6 is the entrance angle into the analyzer, 
yp is the angle between the plane of the entrance slit and the analyzer 

ground plane (\j/ ~ 60°). 

This equation is also referred to as the off-line processing equation. Analyzers have been 
operated open loop on the heavy-ion beam probe systems on TMX, RENTOR, and ISX-B. 

One of the disadvantages of open-loop operation is the limited dynamic range of 
potentials that can be measured. Additional sets of split plates need to be employed to 
increase this range. Also, the amount of computer processing of data is greatly increased, 
and the potential profiles are usually calculated only some time after the data have been 
taken. 

The principal components of the apparatus used for the heavy-ion beam probe system 
on ISX-B may be categorized into the following subsystems: analyzer, accelerator, HV 
enclosure, sweep optics, and control and data acquisition system. These subsystems are 
described in the following sections. 
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2.2 ANALYZER 

The energy analyzer used was basically a parallel plate electrostatic energy analyzer 
oriented at about 30° to the incoming beam. A set of split plates collected the beam after 
it was bent by the electrostatic field of the analyzer. Changes in beam energy on the order 
of one part in 104 could be detected. The design criteria of this analyzer have been 
described by Froca and Green.11'12 The analyzer response is treated in some detail in 
Appendix A. 

The basic dimensions of the analyzer are shown in Fig. 2.3. The analyzer was 
designed for a gain of 5 for secondaries entering the analyzer at 30°, where the gain is the 
ratio of the detected beam energy (in kilovolts) under zero space potential conditions to the 
voltage (in kilvolts) that had to be applied to the analyzer to center the beam on the cen-
tral split plates. Quantitatively, the geometric gain for primaries is given by 

GA(0) 
xd - zdcot 9 (2.3) 

2d sin 26 

where zd = zdl + zd2, using the notation in Fig. 2.3. The measured values were xd 

= 59.8 cm, Z41 = 6.38 cm, zd2 — 5.0 cm, and d = 9.95 cm, which imply that 
GA(6 = 30°) = 2.326. The measured gain on the HV test stand was 2.33 (ref.13). 

Another important design criterion of the analyzer was the shape of the voltage 
correction function, which is the functional dependence on the entrance angle 9 of the error 
voltage V„ required to center the beam. This function is found to have an inflection point 
(both first and second derivatives with respect to 9 vanish) at 6 = 30° if 

Zrf = 4GA(P)d cos 2/9 sin2/? , (2.4) 

where 0 = 30°. 

Defining 

Zd =
 2zd (2.5) 

7 ~ 4G A (P)d cos 2(3 sin2jS (xd/-v/3) - zd ' 

one can write the analyzer gain function as 

sin 20 GAW) =GA(P) sin 29 
(2 61 

[1 + 7 cos 2/3(1 - tan /3 cot 0)] , 

where again 0 = 30°. Plots of GA(0) for different values of y are shown in Fig. 2.3. For y 
= 0.98, a local maximum is obtained at 0Q = 32.6° and a local minimum at 0O

 = 27.5 
For 7 > 1, no such extrema are obtained. Thus, the value of y determines the sensitivity of 
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Fig. 2.3. Analyzer dimension and characteristics. 
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the analyzer to deviations of the entrance angle from 30°. The voltage correction function 
can be determined from the difference between Cm(0) and Ga(P) f ° r various entrance 
angles. 

For the measured values x j = 59.8 cm, zd = 6.38 + 5.0 = 11.38 cm, and d = 
9.95 cm, y = 0.983. On the HV test stand, y was measured to be 0.982, in agreement 
with the expected value. 

The analyzer itself consisted of a top plate, guard rings, ground plane, entrance slits, 
and split plates. The entire analyzer was fabricated out of aluminum, with the exception of 
the split plates and the ground screen frames, which were made of stainless steel. There 
were 12 sets of detector plates arranged in 2 sets of 6 plates. These two sets straddled the 
centerline of the analyzer in the toroidal direction. 

Each of the two ground screen frames had 5-mil tungsten wires spot-welded length-
wise, thus forming a one-dimensional screen with a high transmission factor. There were 
three entrance slits to the analyzer, of which only the central one was used. Each of the 
three slits could be opened up to a maximum of a little over 1 cm, through a set of linear 
motion feedthroughs. 

The insulators separating guard rings were made of Vespel. A string of 12 2.2-MQ 
TRW CR10 resistors was used to supply voltages to these guard rings. These resistors were 
operated under vacuum to avoid the use of multiple high-vacuum feedthroughs. 

The split plates were mounted on an isolated back plate that could be grounded from 
outside the vacuum system. The split plate currents were brought out to pins mounted on a 
water-cooled copper plate at the back of the analyzer behind the split plates. Current-to-
voltage converters were housed in shielded boxes that could plug into the water-cooled 
copper plate and mate with the current-carrying pins. The converters used an I/V converter 
with a transimpedance of 106 V / A for the First stage, followed by a voltage amplifier with 
a gain of 10. The overall transimpedance of the converters was therefore 107 V / A . Their 
analog bandwidth was 1.0 MHz, and the baseline noise level was less than 4.0 nA of 
equivalent input current. 

High voltage to the analyzer top plate was supplied by a 60-kV Dielectric Sciences sil-
icone rubber cable which terminated on a Dielectric Sciences Type 131 IB HV 
feedthrough. On the atmosphere side of this feedthrough, an R G / 8 shielded HV cable sup-
plied the necessary high voltage. 

An aluminum shield box could be slid over the analyzer from the back. The shield box 
was electrically isolated from the analyzer and could be grounded externally. There was a 
minimum clearance of 10 cm between the analyzer top plate and the shield box. 

The entke analyzer assembly could be adjusted from outside the vacuum chamber. 
These adjustments included toroidal translation through ± 5 cm and remote computer con-
trol of the analyzer angular position in a vertical plane from 6° to 27° via a stepping 
motor-shaft encoder combination. The step size of the stepping motor was 1.8°. A 60:1 
reduction gear train was employed to transmit the motion to the analyzer, with the result 
that the rotation step size was reduced to 0.03°. This small a step size was essential to 
ensure jitter-free rotation of the analyzer and shield box assembly. Provision was also made 
to rotate the analyzer vacuum chamber toroidally in a horizontal plane by ± 6 ° . In addi-
tion, the analyzer cover chamber could be slid back on rails to facilitate any work on the 
internal electronics. 
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2.3 ACCELERATOR 

The main accelerating column was an air-insulated 150-kV Van de Graaff-type 
accelerating column manufactured by Dowlish Developments, England, and marketed in 
the United States by Peabody Scientific. However, the column could not be operated air-
insulated on ISX-B, and a safety enclosure had to be used. Because of space and weight 
constraints, this enclosure provided only about 12 in. of clearance between the top of the 
column and the inside wall of the enclosure. To enable operation at up to 170 kV, the 
enclosure was operated with 1.5 to 2.0 psig of sulfur hexafluoride (SFg). 

Figure 2.4 shows the overall dimensions of the accelerating column and the injection 
scheme employed. The accelerating column itself was about 56 cm high and 20.3 cm in 
diameter. There were 18 electrode elements with 12-in.-diam corona rings on every third 
electrode. The electrodes curved downward on the inside of the column, as depicted in 
Fig. 2.5. Also, there was a cup-shaped element above the focusing screen at the top of the 
column. This arrangement gave rise to a moderately strong focusing action of the beam 
before it was accelerated. There was a 25-Mfl resistor between every two adjacent elec-
trodes of the column. This made the focal length of the cup-screen arrangement a constant 
for a given energy of the beam after extraction. 

The injection system consisted of a Pierce electrode separated from the extractor elec-
trode by the Pierce separation, as shown in Fig. 2.5. The extractor also had a l-in.-OD 
tube attached to it. When the injector was mounted over the column, this tube projected 
into the 3.15-in. entrance bore of the column, thus forming another lens with a focal length 
that could be adjusted by changing the extractor or column voltage. The hole in the Pierce 
electrode vas 0.09375 in., and that in the extractor electrode was 0.125 in. 

The Pierce, extractor, and column voltages were supplied by 160-kV Type 2042 
Dielectric Sciences coaxial cable. Within the sulfur hexafluoride enclosure the cable was 
unshielded. Because of problems with flashover on the cable surfaces at operating voltages 
above 130 kV, the unshielded portion of the cable had to be wrapped with HiK dielectric 
tape. 

The ion source consisted of a 0.1875-in.-diam ceramic source cup that contained some 
thallium-loaded (or cesium-loaded) zeolite packed around a three- or four-turn tungsten 
filament. After the source cup was filled with zeolite, an oxyhydrogen flame was used to 
melt the zeolite. Additional material was added and melted until a level surface was 
obtained at the source tip. 

2.4 HIGH-VOLTAGE ENCLOSURE 

The HV enclosure had a heavy metal base, with perforated metal frames for the sides 
and top. The sides were also lined internally with 0.125-in. Plexiglas sheets. A heavy 
copper ground bus ran midway along the south wall and a portion of the west wall of the 
enclosure. 

Internally, the enclosure was 325 cm long, 244 cm wide, and 325 cm high. The layout 
of the enclosure is shown in Fig. 2.6. The most conspicuous of the various HV equipment 
in the enclosure was the 200-kV precision voltage divider manufactured by Ross Engineer-
ing Corporation. This divider was used to monitor the Pierce voltage. It was claimed to 
possess an absolute accuracy of 0.01% and a stability of 0.01% per year. It employed 
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Fig. 2.4. Sectional view of accelerator. 
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Fig. 2.5. Accelerator injection scheme. 
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Fig. 2.6. Layout of HV enclosure. 

2 -6 psi of sulfur hexafluoride internally to ensure corona-free operation. The total resis-
tance of the divider was 400 MS2. A 99-cm-diam HV toroid was mounted above the 
divider, which was 178 cm high. The toroid provided a uniform potential gradient along 
the surface of the divider. 

The analyzer divider was also made by Ross Engineering Corporation. The divider 
was 40.6 cm high and 30.5 cm in diameter. Its absolute accuracy was ±0.01%, and the 
stability was ±0.01% per year. The total resistance of the divider was 100 MQ. 

Three 200-kV multiplier stacks were mounted on the west wall of the enclosure. The 
HV input to these stacks came from rack-mounted 200-kV Glassman power supply units. 
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An isolation transformer supplied filament power. Using a 1-kHz audio amplifier output to 
feed the primary of the transformer greatly reduced the size of the transformer and the 
magnetizing current requirements. The secondary of the transformer was wound with a 
shielded Dielectric Sciences 160-kV cable (Type 2042). The ratio of primary to secondary 
turns was 21:7. The second-- -y fed a bridge rectifier assembly that was housed between two 
toroids on top of the 2C Pierce multiplier stack. The output of the rectifier circuit was 
heavily filtered and used to supply the required filament power. 

2.5 SWEEP OPTICS 

A pair of deflection plates was used for toroidally sweeping the beam, and another 
pair was used for radial sweeping. Each pair was driven differentially by a pair of ±4-kV 
Trek 609-9 HV amplifiers. These supplies had a 15-MHz gain-bandwidth product and a 
35-V/ps slew rate, so that a complete ±4-kV voltage swing could be obtained in 0.23 ms. 

The toroidal sweep plates, shown schematically in Fig. 2.7, were 10 cm long, 10 cm 
wide, and separated by 2.54 cm. The radial sweep plates were also 10 cm wide, but they 
consisted of a straight section 12 cm long and a flared section 3 cm long, as shown in 
Fig. 2.7. This shape was chosen to minimize the total length of the sweep plates for given 
values of maximum deflection desired, plate separation, beam energy, and sweep plate vol-
tage. The plate separation was 2.54 cm. For the coordinate system shown, the beam path 
within the two regions can be described by the following equations. 

In the straight section 

dx 
dz 

Vs z + b (2.7) 

V, (z + b) 
x = — -

, 2 (2.8) 

vm\ 2 a 

and in the flared section 

(2.9) 

(2.10) 
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Fig. 2.7. Schematic of toroidal and radial sweep plates. 

These equations neglect fringing fields and are simple enough to carry out a straightfor-
ward design and compute the location of the effective sweep point. The effects of including 
fringing fields are to increase the deflection constant n in 

tan 0 = M l -
(2.11) 
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by 10-20% and to introduce a slight displacement in the location of the effective sweep 
point. It is evident from these equations that 

1 . M - T l n , + + A . <212> 
a a 

The radial and toroidal sweep plates were designed to be used with ±4-kV Trek 609-9 
units. The design allowed for a ±5.2° deflection with the toroidal sweep plates and a 
±7.5° deflection with the radial sweep plates for a 175-kV beam. Including fringing fields 
would again increase these angles by 10-20%. 

There was a four-way split aperture 12.2 cm above the toroidal sweep plates to shield 
the insulators on the sweep plates from the beam. This aperture had a 2.5-cm-diam hole in 
it. In addition, there was a rectangular 6.4- by 2.8-cm aperture midway between the radial 
and toroidal sweep plates. The locations of the sweep plates and apertures are shown 
schematically rn Fig. 2.8. 

2.6 CONTROL AND DATA ACQUISITION 

Control and data acquisition were handled by a time-shared VAX 11/780 computer 
via a CAMAC serial highway fiber-optic link. It typically took only a few seconds to 
acquire data (128K words) and to make any required alterations in tLe system setup in 
preparation for the next shot. The remaining time between shots ( = 2 . 5 min) was used to 
display the data and calculate a few preliminary potential profiles. Figure 2.9 shows the 
essential elements of the control and data acquisition system. 

The Pierce, extractor, and column power supplies were incremented in 5-kV steps by 
16-bit digital-to-analog converters (DACs). The internal power supply dividers were used 
to monitor the output voltages via a 32-channel, 12-bit analog-to-digital converter (ADC), 
and 30-Hz filters were introduced between the ADC and the divider outputs to prevent 
noise from influencing the feedback control. When the voltages were within 2.5 kV of the 
desired voltage, they were feedback controlled. The same was true for the analyzer HV 
supply, except that the initial voltage increments were 500 V each. On the extractor and 
column, manual fine control of the voltages was possible by pressing appropriate keys on 
the computer terminal. This capability was essential for manually focusing the ion beam. 

The radial and toroidal sweep plate power supplies were provided signal inputs from a 
BiRa H910 digital waveform generator. This module could be operated in a one-, two-, or 
four-channel mode. The desired waveform was programmed into the 32K, 12-bit memory 
unit of the waveform generator. Since the generator was a four-channel module, only 8K 
of memory was available for any one channel. Upon receipt of a start pulse, either exter-
nally or from the computer, the module output the desired waveform. The free-running 
mode was chosen to allow the module to output a periodic waveform. The radial and 
toroidal sweep plate waveforms were phase related. The 1000:1 voltage divider outputs of 
the Trek 609-9 HV amplifiers were fed into a 4-channel, 10-bit LeCroy 8210 Transient 
Digitizer, for recording the sweep waveforms along with the split plate currents. 
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The analyzer stepping motor controller was sent update pulses from a 24-bit output 
register. The duration between consecutive pulses determined the angular rotation speed of 
the analyzer. The analyzer position was monitored by a 10-bit shaft encoder via a 24-bit 
input register. The Gray code output of the shaft encoder was converted to binary and 
then to a real angle by the computer after the contents of the input register were read. 
When the analyzer angular position was within a few degrees of the desired value, feed-
back control was employed to accurately set its position. 

Precision HV dividers monitored the Pierce and analyzer voltages. The divider outputs 
were monitored by two 6.5-digit Weston 7ISO digital multimeters. A GPIB interface 
module in Crate 3 enabled GPIB commands to be sent to the multimeter and data to be 
read back. The absolute accuracy of the multimeter was 0.01%. 
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Fig. 2.9. Heavy-ion beam probe control and data acquisition system. 

The beam detector channels included 1 channel for the total beam monitor, 4 for the 
split aperture plate, 26 for the focusing ladder, 8 for the straight-through detector, and 11 
for the primary beam detector. Some of these channels were fed into two 24-channel I/V 
converters; their outputs were monitored on two 6-channel oscilloscopes via a 15-channel 
optical isolation amplifier module. The analog bandwidth of this module was 60 kHz, and 
the isolation capability was 700-1000 V. 

LeCroy 8210 Transient Digitizers were used for recording the bulk of the data. These 
were 4-channel, 10-bit digitizers that employed two 32K memory modules for local data 
storage. Three units were earmarked for recording the 12 analyzer channels (although usu-
ally only 4 channels were used), and the fourth recorded the waveforms applied to the two 
plates of the radial and toroidal sweep plates. Since a typical ISX-B shot lasted about 
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3. EXPERIMENTAL DATA 

This chapter presents the experimental data obtained with the heavy-ion beam probe 
on ISX-B. The data obtained with other diagnostics are presented in Appendix B. Compar-
ison with theory and other as acts of the data are discussed in Chap. 4. 

3.1 DATA OBTAINED WITH RADIAL AND TOROIDAL SWEEPS 

3.1.1 General Aspects 

Most of the operation for this set of data was carried out at a toroidal magnetic field 
of 12.3 kG, a plasma current of ISO kA, and a line-averaged electron density of about 
4 X 1013 c m - 3 . The plasmas were nearly circular with a minor radius of about 25 cm 
and an elongation of approximately 1.2. The main plasma ion species was deuterium, and 
the beam species (in beam-heated plasmas) was hydrogen, with an injected beam energy of 
30 keV. Both the toroidal magnetic field and the plasma current were in the counter-
clockwise direction when viewed from above. 

The heavy-ion beam probe used a 160-keV, C s + beam to probe the plasma. The loca-
tion of this detector line is indicated by the 160-kV line on the detection grid appearing in 
Fig. 3.1. (Some data obtained with a thallium beam are described later in this chapter.) 
The beam was swept radially across the plasma by a ± 8 ° , 50-Hz triangular sweep 
waveform. A radial profile of potential was thus obtained in 10 ms. In addition to the 
radial sweep, a fast (2-kHz, ± 4 ° triangular) toroidal sweep was employed. This was done 
for two reasons. First, the extreme toroidal sweep points invariably resulted in loss of 
secondary signal (due to scrapeoff of the beam) and thus provided a sampling of the back-
ground noise level. Second, it enabled the response of the analyzer to variations in toroidal 
entrance angle and displacement of the secondary beam at the analyzer to be determined 
dynamically during the course of a plasma shot. The need for this dynamic tracking of the 
analyzer response is explained in Appendix A. 

3.1.2 Secondary Signals 

ShQwn in Fig. 3.2 are the secondary signals obtained with a primary beam current of 
about 15-20 fiA on an ohmic heating discharge. The signal peaks shown with solid lines 
represent the sums of the signals on the left-upper and left-lower plates. The peaks shown 
with dotted lines correspond to the sums of the signals on the right plates. The vertical 
scale on the left of the graph indicates the signal level in nanoamperes. The signals were 
lower for the neutral beam cases due to increased beam attenuation by the plasma. To 
compensate for this effect, the primary beam current was raised to 20-30 fiA to yield 
about the same level of secondary signal. The signals shown in Fig. 3.2 are those obtained 
after the noise background was subtracted from the raw signals. This background noise 
level was constructed by linearly interpolating between the mean noise levels sampled dur-
ing each toroidal oversweep period. The noise levels were on the order of 50 nA for ohmic 
heating but exceeded 100 nA and possessed substantial high-frequency content in some 
neutral-beam-heated discharges. 
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Fig. 3.1. Detection grid for cesium ions. 

The radial sweep in Fig. 3.2 decreased with time from about 7° to nearly —8°. Refer-
ring to the detection grid in Fig. 3.1, this corresponded to a scan from the plasma edge to 
the plasma interior. The record time (as indicated) extended from 185 ms to 217.8 ms. 
The digitizing rate was 500 kHz. Of the three radial scans recorded, Fig. 3.2 shows the 
central one. Usually, the transient digitizers were triggered at appropriate times to ensure 
that the 32-ms recording window occurred over the "steady-state" portion of the discharge 
and included the sequence time at which Thomson scattering data were taken. 

On an expanded time scale, the left and right sum signals, toroidal sweep, and Ai/i 
are shown in Fig. 3.3. The value of AJ'/J indicates the ds^ree to which the upper and lower 
split plate currents are unbalanced. Changes in Ai'/z" therefore reflect changes in secondary 
beam energy. In magnitude, a change in A i / j by unity roughly corresponds to a 2.0-kV 
change in the measured space potential for a 4.8-mm entrance slit opening. (For balanced 
injection and counterinjection, the entrance slit opening was 4.0 mm.) I f one selects a 
toroidal sweep angle of, say, 1.8° (note that the sweep and split plate signals are displaced 
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in time by about 9 (js due to beam transit time and differences in response time of front-
end electronics), then the A i/i values in Fig. 3.3 indicate that the potential decreases as 
one probes closer to the plasma center. However, the large variations of Ai/i over a 
toroidal sweep need to be understood before one can select a toroidal sweep point for 
evaluating the potential. 

3.1.3 Analyzer Response 

Ideally, the analyzer response does not depend on the toroidal location of the beam. 
The indicated beam energy does depend, however, on the toroidal entrance angle 0 of the 
beam. I f Eb is the true beam energy, the indicated beam energy is Eb cos2</> . Computer 
simulations through the tokamak magnetic field provided a fair idea of the variation in 
toroidal entrance angle with toroidal sweep angle. When applied to the data shown in 
Fig. 3.3, this change in toroidal entrance angle should have caused a lower value of A i/i 
at the extreme points on a toroidal sweep compared with that over the central portion. 
Some of the profiles in Fig. 3.3, however, show the opposite behavior. A sequence of exper-
iments identified this discrepancy as being due to electric field errors within the analyzer. 

I t was realized that plasma-geiieYat.ed ultraviolet radiation, entering the region 
between the analyzer and the shield box that surrounded it, caused photoelectric emission 
from the inside walls of the shield box. These photoelectrons moved along electric field 
lines and were collected by the guard rings of the -analyzer. Photoelectric currents on the 
order of a few microamperes were sufficient to cause loading of the divider string that sup-
plied voltages to the guard rings. (The chain current in the divider string was about 
1 mA. ) The applied voltages to the guard rings were therefore in error by a few percen-
tage points, causing electric field nonuniformities of about the same magnitude. This 
phenomenon was experimentally verified when the guard ring voltages were actually mea-
sured during a plasma shot. Details of these measurements appear in Appendix A. 

Because of the fast-paced experimental program and the limited lifetime of the I S X - B 
tokamak, there was no time to correct the analyzer problem. I t is felt at this time that 
designing the analyzer to eliminate these field errors is not a straightforward task. A 
comprehensive procedure for correcting the data for these nonideal effects was developed. 
The error field within the analyzer was modeled on the basis of a relaxation calculation. 
The magnitude of the electric field error was adjusted until the simulated characteristic of 
Ai/i vs toroidal sweep angle agreed with the experimental characteristic at three points in 
the plasma—in the interior, in the central portion, and near the plasma edge. Wi th the 
detailed structure of the error field, a correction curve could be constructed, which pro-
vided the "additional change in beam energy" over a radial sweep due to these field errors. 
The potential profiles determined from the Ai/i signals were then corrected to yield the 
corrected profiles. Details of the error field modeling and the correction procedure are con-
tained in Appendix A. 

3.1.4 Potential Profiles 

The uncertainty limits of the potential data thus obtained are fairly difficult to deter-
mine. I f the uncertainties in the various parameters that go into determining the correction 
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curve are known, the errors in the data can be estimated. The uncertainty in relative 
potentials (difference in potential between a given point and the potential at the limiter) is 
estimated to be ± 1 0 0 V for ohmic heating and ± 4 0 0 V for the neutral beam cases. 
Shown in Fig. 3.4 are representative potential profiles obtained with ohmic heating, coin-
jection, counterinjection, and balanced injection, plotted as a function of p, the normalized 
flux surface coordinate. Note that the vertical axis has been labeled <$(p) — $ (1 ) , 
indicating that all the potentials have been normalized to zero at p = 1. This normaliza-
tion was necessary because the corrections that had to be applied to the data rendered esti-
mates of absolute space potential quite unreliable. The spatial uncertainty is ± 2 cm, as 
indicated. 

Since the range of uncorrected potentials that had to be recorded in neutral-beam-
heated plasmas was outside the dynamic range of the analyzer, these profiles were con-
structed by "patching" together data from three or four shots, each with a different value 
of analyzer voltage. 

Shown in Fig. 3.5 are the lines over which the potentials were measured for the ohmic 
heating case and for a typical neutral beam heating case. Also shown are the flux surfaces 
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for the two cases. The surfaces for neutral beam heating appear shifted from the machine 
centerline to a greater extent than those for ohmic heating because of the higher poloidal 
beta of neutral-beam-heated discharges. As indicated in the figure, three rail limiters and a 
mushroom limiter were used on ISX . The plasmas for which heavy-ion beam probe data 
were taken invariably touched the inner rail limiter. The portion of the scan line indicated 
in bold shows the region of the plasma over which acceptable signal levels were obtained. 
Potential measurements did not extend beyond p = 0.4 (p < 0.4) because of loss of signal 
due to beam attenuation in neutral-beam-heated plasmas and because the scan line was 
tangent to the p = 0.4 surface for ohmically heated plasmas. I t is shown in Chap. 4 that 
within experimental uncertainties, the profiles in Fig. 3.4 are consistent with predictions 
based on radial momentum balance. 

3.1.5 Poloidal Electric Fields 

In Fig. 3.5 the scan line is mainly poloidal in the plasma interior, and all the data 
points from this portion of the plasma lie fairly close to the curve for ohmic heating in 
Fig. 3.4. This indicates that, a* least for ohmically heated plasmas, the poloidal electric 
fields are not large, and the potential can, to leading order, be described as a flux surface 
quantity. Indeed, it can be said that \Eg/Er\ < t, the inverse aspect ratio, over the region 
of the plasma between p = 0.4 and p = 0.6. 

3.1.6 Absolute Potentials 
The absolute potential can be estimated by normalizing the measured potential pro-

files with respect to those obtained by Langmuir probes in the plasma edge region. Shown 
in Fig. 3.6 is a typical matched potential profile for ohmic heating. The Langmuir probe 
data were obtained from the T E X T tokamak1 at the University of Texas at Austin. Simi-
lar data from I S X - B are unavailable at the present time. However, preliminary measure-
ments (made by Wootton) indicated potentials similar to those obtained on T E X T , though 
the data do not extend as far out to the limiter (or beyond). I t is interesting to note that 
both the Langmuir probe and the heavy-ion beam probe indicate a shoulder (where the 
radial electric field changes sign) at about the same point near the limiter. 

Shown in Fig. 3.7 is a matched potential profile for balanced injection. The Langmuir 
probe data were obtained on a different balanced injection sequence. In contrast to the 
ohmic heating case, there is a marked disagreement between the radial electric fields 
measured by the two diagnostics. The Langmuir probe seems to indicate electric fields 
much smaller than those inferred from heavy-ion beam probe data. Also, the choice of the 
radial location for matching is not obvious. In general, Langmuir probe data tend to be 
unreliable closer to the limiter, and heavy-ion beam probe measurements lose their accu-
racy outside the outermost flux surface (p > 1.0). The point chosen for matching in 
Fig. 3.7 was the point where the Langmuir probe showed the highest potential. The con-
clusion that can be drawn from these matched profiles is that, in the region of the limiter, 
the space potential could be positive, in contrast to the plasma interior, where it is nega-
tive. 
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Fig. 3.6. Matched potential profile—ohmic beating. 

3.1.7 Limited Time Evolution of Potential 
Information on the time evolution of potential can be obtained by overlaying all three 

radial scans (separated in time by 10 ms each) for a particular sequence on the same 
graph. The profiles for ohmic heating are shown in Fig. 3.8. A l l three scans were taken 
over the flattop portion of the discharge. The relevant I S X - B data for these sequences 
appear in Appendix B. For the ohmic heating sequence shown, all three radial profiles lie 
right on top of one another, indicating that a steady state was reached. Additionally, these 
discharges showed shot-to-shot reproducibility. 
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Fig. 3.7. Matched potential profile—balanced injection. 

The corresponding profiles for coinjection, balanced injection, and counterinjection 
appear in Figs. 3.9, 3.10, and 3.11. There is considerable time evolution of potential in all 
three cases. The most striking of these three neutral beam cases is the one for coinjection, 
where it may be observed (see Appendix B) that during the time interval of these scans the 
plasma current, the loop voltage, and the line-averaged electron density were essentially 
constant in time. The changes in the potential profiles could have been caused by changes 
in the rotation velocity or ion temperature profiles that did not show up on diagnostics 
measuring global plasma parameters. For balanced and counterinjection plasmas, the 
density and temperature were also evolving in time. This required profiles of potential to 
vary in time. 
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The shot-to-shot reproducibility in neutral-beam-heated discharges was not as good as 
for ohmically heated discharges, though the trends shown in Fig. 3.4 were clearly discerni-
ble. 

3.2 DATA OBTAINED WITH RADIAL SWEEP ALONE 

3.2.1 Balanced Injection 
The balanced injection sequence for which potential profiles were obtained also had 

coinjection and counterinjection phases. The beam firing sequence for these shots was as 
follows: 0.5 M W of neutral beam power from the west beam was injected into the plasma 
starting at 100 ms. At 200 ms, 0.5 M W of neutral beam power from the south beam was 
added in the counter direction. At 250 ms, the west beam was turned off. The plasma dis-
rupted around 270-280 ms. This firing sequence provided a 0 . 5 - M W coinjection phase 
from 100 to 200 ms, a 1 .0 -MW balanced injection phase from 200 to 250 ms, and a 
0 . 5 - M W counterinjection phase from 250 to 280 ms. The relevant I S X - B data appear in 
Appendix B. 

Heavy-ion beam probe data were gathered on this sequence using a fast radial sweep 
(500 Hz , ± 8 ° triangular) and a fixed toroidal sweep ( ± 1 ° ) . A radial profile could there-
fore be obtained every millisecond. The digitizing rate was 250 kHz , and the record time 
was about 64 ms. Because of loss of signal at the extreme points of the radial sweep, noise 
could be sampled every millisecond and could be subtracted out. Since the noise back-
ground was changing in time, the field errors were also expected to change in time. (The 
noise on the split plates provided an indication of the strength of ultraviolet radiation 
entering the analyzer.) From the analysis of coinjection, counterinjection, and balanced 
injection sequences that had beam probe data with both radial and toroidal sweeps, it was 
found that the magnitude of the field error was proportional to the background noise level. 
This suggested that the Held error could be determined at every point in time during the 
balanced injection sequence from the changing noise level on the split plates. After correct-
ing the data dynamically in this manner, the time evolution of potential could be deter-
mined with a resolution much better than a profile every 10 ms. Some of the profiles 
taken with fast radial sweep had unacceptably low signal-to-noise ratios and therefore had 
to be discarded. 

The corrected data are shown in Figs. 3.12 and 3.13. The uncertainties associated 
with these data are the same as those for the data shown in Fig. 3.4. A few selected pro-
files are shown in Fig. 3.12. The profiles at 179.4 ms and 190.5 ms were taken during the 
coinjection phase of the discharge. Those at 210.5 ms and 238.5 ms were taken during the 
balanced injection phase. The profile at 250.3 ms was taken at the beginning of the coun-
terinjection phase, and the last profile at 269.1 ms was obtained during the final portion of 
this phase. I t may be observed that these profiles agree qualitatively with those in Fig. 3.4. 
The electron density increased gradually with time for these discharges. This increase was 
reflected in the beam attenuation and hence the probing range. Earlier in time, the profiles 
extend beyond p = 0.4 (p < 0.4); later on in time, they barely extend till p = 0.6. The 
curves in Fig. 3.13 show the time evolution of potential. Shown are the potential well 
depths at two points, $ ( p = 0.4) and $ ( p — 0.6), as a function of time. These curves pro-
vide information about the time constants of rise and decay of toroidal rotation and other 
plasma parameters, as described in Chap. 4. 
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3.2.2 Ohmic Heating 

Earlier in the experimental program, a thallium beam was employed because of volt-
age limitations of the accelerator power supplies. Some data gathered during that period 
using a 115-keV, T l + beam are presented here. The toroidal magnetic field strength was 
13.3 kG for this set of plasma shots. The plasma current was flat from SO to 250 ms at a 
level of 100 kA. N o neutral beams were employed. The plasma minor radius was about 
20 cm (as opposed to 25 cm for the data described earlier), and the density was slowly 
varied during the course of the discharge. 

A ± 8 ° , 100-Hz radial sweep was employed. The toroidal sweep angle was zero. The 
digitizing rate was 50 kHz, and the record time exceeded 320 ms. A radial profile could 
therefore be obtained every 5 ms. Because of very low background noise levels, the field 
errors within the analyzer were negligible. The only correction that had to be applied was 
that due to changes in the radial entrance angle over a radial sweep. 

Simple scaling laws indicate that the C s + beam energy at 12.3 kG corresponding to 
115-keV T l + at 13.3 kG is 151 keV. Referring to the detection grid in Fig. 3.1, it may be 
observed that this scan line could not have probed as close to the plasma center as the 
160-keV detector line could have. Shown in Figs. 3.14 and 3.15 are the data obtained from 
ohmic heating shot 54318. The density was changed gradually until about 200 ms, when it 
was abruptly dropped to about 1.4 X 1013 c m - 3 , resulting in a minor disruption at that 
point in time. The disruption lasted a little over 20 ms, as indicated by a Mirnov pickup 
loop. The duration of the disruption is shown hatched in Fig. 3.15. Shown in Fig. 3.14 are 
a few selected profiles. I t may be observed that the profiles not only became "deeper" as 
time progressed, but also showed considerable profile changes. 

I f the difference between the potential at the point closest to the plasma interior and 
the potential at p = 1.0 is divided by the distance over which the potential was developed, 
an estimate of the average radial electric field is obtained. This mean electric field is plot-
ted as a function of time in Fig. 3.15. The line-averaged density is also shown on the fig-
ure. The densities quoted have been corrected for any changes in the minor radius of the 
plasma. I t may be observed that there is a strong correlation between the mean electric 
field and the plasma density. The physics aspects of this data are explored in Chap. 4. 
Also, the radial electric field appears to go to zero at the time of the minor disruption, as 
indicated by the two data points in Fig. 3.15. There is, however, considerable uncertainty 
in the actual values of electric field indicated by these data points. 

In addition to the density dependence of the radial electric field, there is a dependence 
on the plasma current. The data shown in Fig. 3.4 were taken at a plasma current of 
150 kA. The line-averaged density for the ohmic heating case was 3 X 1013 c m - 3 , and 
the corresponding mean electric field was 900/ (0 .6 X 25 X 1.2) = 50 V /cm. Referring 
to Fig. 3.15, the mean electric field at 100 kA and a density of 3 X 1013 c m - 3 is seen to 
be about 43 V /cm. This suggests a dependence of the radial electric field on the plasma 
current. This dependence cannot be expressed as a scaling law from this limited set of data 
because for these two cases the plasma radius was different and the impurity content was 
probably not the same. Profile changes and the dependence of potential on Z e f f need to be 
taken into consideration before anything more meaningful can be said. 
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300 ms, a 50-kHz digitizing rate would use up 1SK of the 16K memory available for each 
channel. Hence, the time period between samples needed to be 20 fis for full shot record-
ing. Later on, the digitizing rate was increased to 500 k H z to record data taken with slow 
radial and fast toroidal sweeps. The record time was then limited to about 30 ms. A pro-
grammable delay generator was used to delay the — 50-ms fire pulse by an amount that 
ensured that the 8210s started digitizing exactly when the plasma began. (This facility also 
helped circumvent a design limitation of the 8210, which restricted the maximum number 
of post-trigger samples to 14K.) The clock input to the delay generator was provided by a 
gated clock generator, which in turn was triggered by the —50-ms tokamak trigger pulse. 
Provision was also made for arming the transient recorders on the — 30-s trigger pulse. 
The entire data acquisition system was thus made completely automatic, with the data 
recorders being armed, triggered, and serially read out after the shot by the computer. By 
default, all acquired data were stored in data files. These data files were completely unfor-
matted because they were generated by a single block D M A transfer of data from the 
crate to the computer. This internal file format made data file manipulation faster by 
almost a factor of 100. 
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4. DISCUSSION 

4.1 INTRODUCTION 

The primary objective of this experimental program was to measure the radial electric 
fields for the three neutral beam injection conditions and for ohmically heated plasmas and 
to compart the measured values with those calculated from the radial momentum balance 
equation using experimental values of rotation velocities, density, and ion temperature. 
This comparison is made in Sect. 4.2. Other physics aspects of the data, such as the time 
evolution of electric fields and their relation to particle transport, are contained in 
Sect. 4.3. Finally, Sect. 4.4 includes a few suggestions for future work, both in the area of 
tokamak physics related to electric fields and in the area of heavy-ion beam probe diagnos-
tic development. 

4.2 COMPARISON WITH RADIAL MOMENTUM BALANCE 

The radial component of the ion momentum balance equation can be used to relate 
the radial electric Held to the pressure gradient and the rotation velocities. This equation is 

Using experimentally determined toroidal rotation velocities and the density and tem-
perature profiles, Er can be evaluated and integrated to yield potential profiles for each of 
the four sequences. 

In Eq. (4.1b), the neoclassical prescription for the poloidal rotation velocity (v w ) has 
been used. This prescription has been shown to be valid in a clean ohmic plasma.1 For 
plasmas with substantial impurity content, this prescription need not be valid. Also, model 
calculations including beam-specific effects2 indicate an enhanced (over neoclassical) level 
of ion poloidal rotation for coinjection and counterinjection plasmas. I t will be seen later 
that the effect of the poloidal velocity term in these plasmas is small. The error involved in 
using the neoclassical ohmic prescription is also small. I n plasmas with ohmic heating and 
with balanced injection, the computed poloidal rotation velocities are on the order of 2 X 
105 cm/s, and their contribution to the calculated potential well depths in Eq. (4.1b) is 
less than 200 V. 

O f the three terms in Eq. (4.1a), the pressure gradient term tends to create a negative 
potential well. The toroidal velocity term opposes the pressure gradient term for coinjec-
tion, while it adds to the contribution due to the pressure gradient for counterinjection. 
The poloidal velocity term can behave differently depending on the sign of M2//MI/> a s dis-
cussed later. 

Er = - j r ^ T + <v* *#> - <v w * *> 
(4 .1a) 

dr ' 
(4.1b) 
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The central toroidal rotation velocity was determined (by R. C. Isler) from the 
Doppler shift of charge-exchange excitation lines of oxygen.3 Energetic hydrogen atoms 
(E < 35 keV) from the neutral beam charge exchange an electron with fully ionized oxy-
gen via 

H ° + O G + — H + + 0 7 + , 

leaving a hydrogenlike 0 7 + ion in an excited state. The Doppler shift of the radiative lines 
of the excited 0 7 + ion yields the rotation velocity of the impurity species. Because of 
strong interspecies frictional coupling between the impurities and the main plasma ions, the 
toroidal rotation velocity of the ions is very nearly the same as that of impurities. Shown in 
Fig. 4.1 are the experimentally observed central rotation velocities (courtesy of R. C. Isler) 
for the three injection conditions. In all cases a peak rotation of (1.5-1.6) X 107 cm/s 
was observed shortly after injection started, with a subsequent relaxation to about 1.0 X 
107 cm/s. For counterinjection, the rotation velocity was in a direction opposite that of the 
plasma current. For balanced injection, the rotation was reduced to zero within experimen-
tal uncertainties. Counterinjected plasmas always disrupted because of impurity accumula-
tion before a steady rotation velocity was reached. 

The rotation velocity profile was determined from the Doppler shift of impurity lines4 

like O V I I and C V. Experimental data obtained on ISX-B5 suggest a parabolic rotation 
velocity profile, though similar data from P L T indicate more of a parabolic-squared 
dependence.6 In calculating the potentials using Eq. (4.1), it was found that the calculated 
well depths were much more sensitive to the rotation velocity profile than to the ion tem-
perature gradient. For coinjection and counterinjection cases, potentials were calculated 
using both a parabolic and a parabolic-squared dependence. In the former case, the profile 
used for v^ was 

v0 = + 1 . 2 X 107(1 - p2) cm/s 

for coinjection and 

= - 1 . 2 X 107(1 - p2) cm/s 

for counterinjection. 

Since the poloidal field B9 is not a flux surface quantity, its average value was deter-
mined using the equation (in mks units with current I in amperes) 

B6 = f^(p)/Kp) , (4.2) 

/ 
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where 7(p) is the current enclosed by the flux surface and / (p) is its circumference. These 
quantities were provided by Z O R N O C , 7 the I S X - B profile analysis code. The ion density 
and temperature profiles were also provided by Z O R N O C . 

The quantity /%/aMI in Eq. (4.1b) is a well-known neoclassical coefficient, which is 
— 1.17 in the deep banana regime. This quantity changes sign depending upon the value of 
the collisionality parameter 

_ - j 2R 0 qv i (4 .3) 
_ 3/2 ' 

where q is the safety factor, vt h i = (27,
( /mi)1 /^, e = r/Ro, and vt = vi{ + viZ is the 

total ion collision frequency. The collisionality dependence of M2//AM1 o n "*« caused the 
poloidal velocity term to make the calculated potentials "deeper" in the plateau-collisional 
regime and "shallower" in the plateau-banana regime. 

Since 

"iz - ~ 2, nzz . 
"i Z 

Vi could be approximated as 

r, = u„[l + V 2 ( Z e
2

f f - 1)] , (4.5) 

where 

2 " z Z 2 + n, 1 (4.6) 
Zeff ~ 

and 

In A . (4.7) 
Vu = (in mks units) 

n i r h l ^ T f ^ 

Values for Z e f r and q were obtained from Z O R N O C . 7 Expressions of the form 

y = Ov - ^oKi - paf + y0 
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were used to fit Z O R N O C data for ion density and temperature, and expressions of the 
form 

were used for fitting safety factor q, enclosed current / , and circumference /. The parame-
ters used for the fits along with the values for Z e f f for the four sequences are shqwn in 
Table 4.1. 

Table 4.1. Fitting coefficients of plasma parameters 

Parameter 

/I, Ti q I I 
( X 1013 c m - 3 ) (eV) (kA) (cm) 

Coinjection sequence 020641 
( Z e f f = 1.24) 

yP 5.05 740.0 3.73 149.8 169.0 

yo 1.67 90.0 0.72 0.0 0.0 
a 2.40 2.40 2.70 2.00 1.03 
b 2.10 2.40 0.80 4.00 1.00 

Counterinjection sequence 022241 
(Z e f f = 1.36) 

yP 4.15 483.0 0.65 0.0 171.0 
yo 1.80 37.0 2.60 2.00 0.0 
a 1.50 2.30 0.75 4.60 1.04 
b 1.01 2.00 3.77 148.6 1.00 

Balanced injection sequence 022941 
( Z e f f = 1.11) 

yP 4.77 635.0 3.77 148.6 170.0 
yo 1.67 55.0 0.69 0.0 0.0 
a 1.62 2.25 2.60 2.00 1.04 
b 1.01 2.40 0.75 4.20 1.0 

Ohmic heating sequence 013041 
( Z e f f = 2.42) 

yP 4.03 396.0 3.77 144.6 168.0 
yo 0.70 60.0 0.83 0.0 0.0 
a 2.10 2.20 2.60 2.00 1.04 
b 1.60 1.50 0.75 3.60 1.00 
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The calculated profiles are shown in Fig. 4.2. Ohmic heating and balanced injection 
assumed zero toroidal rotation velocity. [Theoretically, v ^ O H ) — Vth/Pp//a-] The experi-
mentally determined profiles were in all cases deeper than the calculated profiles. In the 
ohmic heating case, a toroidal rotation velocity less than 1 X 10s cm/s in the counter 
direction was sufficient to make the experimental curve agree with the calculated profile. 
Rotation velocities of this magnitude have been measured in other tokamaks under ohmic 
heating conditions.6,8 The agreement is therefore fairly good in this case. 
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Fig. 4.2. Space potential derived from radial momentum balance. 
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The three neutral beam cases agree only qualitatively with calculated values of poten-
tial. Quantitatively, the disagreement is greater than 400 V. However, the velocity profiles 
that were needed to yield agreement within ± 4 0 0 V were not unrealistic. These profiles 
were: 

v^ = 1 X 107(1 - p1-5)1-5 cm/s 

for coinjection, 

v* - - 1 . 4 X 107(1 - p , s ) - 3.0 X 106 cm/s 

for counterinjection, and 

v^ = - 2 . 5 X 106(1 - p2) - 2 X 106 cm/s 

for balanced injection. 
These values are not outside the experimental uncertainties of the rotation velocity 

measurements (see Fig. 4.1). I t therefore appears that within the uncertainties of the space 
potential measurements and within the uncertainties of knowing the rotation velocity and 
ion temperature profiles, the measured values of potential are consistent with those derived 
from radial momentum balance. 

4.3 OTHER PHYSICS RESULTS 

4.3.1 The Ambipolar State 
In the ohmic heating case, the agreement between measurements and calculations is 

fairly good. The contribution to the well depth from the velocity terms was small and on 
the order of 100 V. The major contribution was due to the pressure gradient term. Also, in 
view of the fact that the potential profiles were steady in time (at least over the 32 ms 
recorded), it may be said that the present level of understanding9 of the time evolution of 
potential is adequate for ohmically heated plasmas. 

On a fast time scale, the time evolution of the radial electric field follows the decay of 
the poloidal rotation velocity.9 This decay time constant Tp is usually less than the ion-ion 
collision time TU, which is on the order of 1 ms. On a slower time scale, the radial electric 
field evolves over times associated with the decay of the toroidal rotation velocity. For 
times greater than the toroidal velocity damping time Tt, the quasi-stationary value of the 
radial electric field is essentially determined by the pressure-gradient-driven diamagnetic 
flows and the toroidal angular momentum. Since the potentials reached a steady value in 
ohmically heated plasmas, one may conclude that rp and TX were less than the discharge 
duration times in these plasmas. 
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Stacey and Sigmar10 included momentum sources and drags and showed that in 
neutral-beam-heated plasmas TT was equivalent to 1 /vd, the toroidal viscous drag time. In 
other words, the quasi-stationatry value of the radial electric field was reached in a time 

I/"* 

4.3.2 Time Evolution—Balanced Injection 

A few points about the data obtained with the fast radial sweep for the balanced 
injection sequence are worth noting. First, changes in the pressure gradient term can cause 
a change of a maximum of 300 V in the potential well depths indicated in Fig. 3.13 over 
the time period (170-280 ms) of interest. The observed changes in potential, which are 
much greater, therefore reflect changes in rotation velocity during the course of the 
discharge. The change in potential over the initial portion of the balanced injection phase 
is predominantly due to decay of toroidal rotation velocity. The observed time constant of 
T t = 20 ms will be close to that associated with the decay of toroidal rotation velocity 
and is therefore related to the momentum confinement time. 

Rotation data shown in Fig. 4.1 indicate a decay time constant of about 35 ms for the 
toroidal rotation velocity during the initial portion of the balanced injection phase. Data 
from the beam turnoff portion of a coinjection plasma, which had neon added as a trace 
impurity, also showed a 35 ms decay time constant.s In this case, estimates of rotation 
velocity were made from the Doppler shift of a neon line. However, data obtained from 
another sequence, which went from coinjection to a "partially balanced" injection phase,s 

seemed to indicate a time constant of about 20 ms. Thus, the observed time constant of 
r T = 20 ms from heavy-ion beam probe data is roughly consistent with estimates of the 
decay time constant made from rotation velocity measurements. 

The change in potential during the initial portion of the counterinjection phase is 
again principally due to buildup of plasma rotation in the counter direction. I t is difficult 
to estimate a time constant for this portion because the counterinjection plasmas disrupted 
before a steady rotation state was reached. Nevertheless, a rise time of 20 ms is not incon-
sistent with the data. 

Another point worth noting is that the potential profiles in Fig. 3.12 are not smooth 
curves, indicating that there could be several regions of local activity in the plasma inte-
rior. Whether these undulations in the potential are due to spatial variations of plasma 
parameters or to other fluctuations on the transport time scale, or both, is not answerable 
from this limited set of data. 

4.3.3 Time Evolution—Ohmic Heating 
Figure 3.15 indicates a striking dependence of the mean electric field on the line-

averaged density. Changes in the shape of the potential profiles are also observed (see 
Fig. 3.14) as the density is changed. Similar dependences of the radial electric fields on 
the line-averaged density and changes in the shape of the potential profiles have been 
reported11 from measurements on T M - 4 using a heavy-ion beam probe. 

I t was shown earlier that the pressure gradient term was the dominant term in the 
ohmic heating case; that is, 
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Since pi = n(r , . 

.L — L + — 
e dr n, dr 
1 BT, T , flnf 

I f w,- = n l 0 [ l - (r/a)b]a, and 7 , = 7 ) 0 [1 - ( r / a ) 6 f , then it can be shown that 

0 ' 

which is independent of the central density. However, the potential well depth is affected 
by the central ion temperature and by the shape of the density and temperature profiles. 

Even though ion temperature data were unavailable for shot 54318, data obtained 
from other ohmic heating shots (see Appendix B) showed a rise in central ion temperature 
from 200 eV to 420 eV as the line-averaged density increased from 1 X 1013 c m - 3 to 
3 X 1013 c m - 3 . The plasma current changed very little over this period of time. Since the 
ions are heated via ion-electron collisions in an ohmic heating plasma, this dependence on 
the electron density is understandable in light of the density dependence of the ion-electron 
collision frequency. 

Additionally, the density and temperature profiles could change with increasing densi-
ties. There is some evidence of such behavior in the profiles appearing in Fig. 3.4. A t low 
densities (earlier in time), there is a very small radial electric field for p > 0.6. This could 
be due to a combination of low ion temperatures and small ion temperature gradients. A t 
the higher densities, the radial electric Held appears to be almost constant for p > 0.5. 

4.3.4 Particle Confinement 

The global particle confinement time TP can be evaluated for the basic sequences for 
which heavy-ion beam probe data were obtained. A careful analysis reveals that rj> is 
larger for counterinjection than for coinjection, although the global energy confinement 
time T*E shows no dependence on beam direction. The continuity equation is 

1 7 + V - ( n V ) = 5 , at 
(4 .8) 

where s is the source term and n stands for the density of the ions or electrons. I f 
Eq. (4.8) is integrated over the plasma volume, the integral of the divergence term can be 
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written as a surface integral over the plasma boundary. I t therefore represents the total 
flux of particles leaving the plasma, N/rp, where N — J^n dV. Thus, 

dN {
 N - S (4.9) 

dt T P 

In reality, S has contributions from the external gas feed and from the recycled gas. 
I f the recycling coefficient is R, then 

dt Tp g T p 

where Sg is the gas feed from the valves and Sb is the particle source rate due to beams. 
Therefore, 

Tp N (4.11) 
1 - R (Sg + Sb) - dN/dt 

I f one defines a parameter 

. n^V v (4.12) 

Tp ~ (Sg + Sb) ~ V dnjdt ' 

where ne is the line-averaged density and V is the plasma volume, then 

rp (4.13) Tp = 
1 - R 

Note that T*P is extremely sensitive to the recycling coefficient. For example, if R 
changes from 80% to 90%, then the factor 1 / (1 — R) changes from 5 to 10. The advan-
tage of defining TP as in Eq. (4.12) stems from the fact that it is a truly experimental 
quantity, since all the quantities on the right-hand side of the equation can be 
experimentally determined. The figures in Appendix B contain plots of Tp for the four 
sequences. 

Wootton has investigated the dependence of Tp on beam direction for a large number 
of gettered plasmas.12 His results appear in Fig. 4.3, which shows that T*P is higher for 
counterinjection than for coinjection. However, the data in Appendix B show the opposite 
behavior, which could be due to differences in the recycling coefficient. 
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The particle confinement time from Tp can be calculated by accounting for changes in 
the recycling coefficient. This is done by making use of the fact that the D a emission in 
the vicinity of the limiter is proportional to the amount of gas recycling, 

P = JSEH (4.14) 
« T ' TP 

where Pa is the radiated power. Suppose R is 80% for coinjection at 250 ms. Wi th Tp 
known from experiment and the assumed value of R, k can be computed. From k, the 
recycling coefficient can be calculated at all other times and for all sequences. Denoting by 
T*P* the quantity 

r? - T ^ I - R) , 

which is close to the particle confinement time Tp, r " can be evaluated at all times and 
for all sequences. For a chosen value of /{base = 0.8, the time evolution of r " is shown in 
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Fig. 4.4. A similar calculation can be carried out for R b M C = 0.9, and the results appear 
in Fig. 4.5. The recycling coefficient for these discharges is expected to be in this rang?,13 

probably closer to /?base = 0.9. 
Even though the vertical scales are different in Figs. 4.4 and 4.5, the trends are the 

same. A blowup of the beam portion of the discharge is shown in Fig. 4.6. The portions of 
the discharge between tick marks denote periods where all three sequences had comparable 
density, plasma current, and beam power. I t is now seen that TJ> for counterinjection could 
be as much as 50% greater than for coinjection. The balanced injection values fall between 
those for coinjection and counterinjection. Also, in general, the particle confinement in 
neutral-beam-heated discharges is less than that in ohmically heated discharges. 

O R N L D W G 8 4 - 3 7 9 0 F E D 

TIME (ms) 
Fig. 4.4. Time eroiatkMi of TJ' for R ^ . = 0.8. 
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4.3.5 Effect of Electric Fields on Particle Transport 

To lowest order in p/a, the radial electric Held cannot cause radial particle transport. 
However, radial electric fields can modify flows within a flux surface. If viscous effects are 
included, these modified flows can then cause changes in the radial particle flux. A radial 
electric field can therefore indirectly affect particle transport. Poloidal electric fields can 
directly cause radial transport. In fact, the fluxes associated with poloidal electric fields 
are usually large enough to enable one to set an upper limit on the allowable electric field, 
knowing the experimentally observed particle confinement times. 

In neutral-beam-heated plasmas, the radial electric field may be considered to be the 
effect rather than the cause of the large toroidal rotation velocities developed by neutral 
beam injection. In certain other cases, the cause and the effect may be less distinguishable. 
The final plasma state may be the result of an equilibrium established among the various 
interactions between the rotation velocity, the radial electric field, and the prevailing 
nonambipolar processes. 

It is well known that parallel (to If) friction can cause radial particle transport in a 
tokamak. The drag force, which is also a force within the flux surface, can also contribute 
directly to particle transport. However, since v̂  changes sign in going from coinjection to 
counterinjection, this component of the radial particle flux is affected by the sense of neu-
tral beam injection. To understand how the radial electric field is related to this flux, one 
needs to take the toroidal component of the momentum balance equation 

eaBe(na\ar) =s manavda\^a — Ra<t> — Ma<t> . (4.15) 

The radial component gives 

= VeaB* - -— + Er . 

Neglecting v9fl2?^for simplicity, and substituting for v̂ a in Eq. (4.15), 

manav4a 
e^Bein^ar) = 

B„ eana 

(4.17) 

Summing over all species yields 

0 - B9 2 = J 
manavda Pa 

Er ~ ~ 2 Mo<t> » 
(4.18) 



which determines Er such that 
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S ' a O v w ) = 0 . 
a 

For counterinjection, Er=—di/dr is negative, and the flux proportional to the radial 
electric field in Eq. (4.17) is inward for both ions and impurities. For coinjection the oppo-
site situation is true, and Ma<t> is positive for ions and impurities. The flux proportional to 
this momentum input term is therefore inward (outward) for coinjection (counterinjection). 
The fluxes driven by friction and pressure gradient are also modified by neutral beam 
injection. However, it has been shown in ref. 2 that it is the flux proportional to the radial 
electric field that is primarily responsible for the observed increase in impurity particle 
confinement time in going from coinjection to counterinjection. I t is for the same reason 
that the ion particle confinement time is greater with counterinjection. 

Using the ambipolarity constraint, 

(neyer) = ( « / V / r > + Z{nzV2r) , (4.19) 

it may be observed that if the right-hand side of Eq. (4.19) is lower (improved confinement 
with counterinjection), then the left-hand side should also be lower. I t should therefore be 
true that the particle confinement times of ions, electrons, and impurities improve simul-
taneously with counterinjection. 

The observed improvement in ion confinement cannot be verified in a straightforward 
manner using Eq. (4.15) because the radial dependence of the particle source rate is not 
known in ISX-B. However, model calculations carried out by Stacey and Sigmar2 suggest 
that this theory can explain the experimentally observed effects. 

Even though particle confinement in ISX-B is correlated with beam directivity, the 
global energy confinement is unaffected by the sense of neutral beam injection.14 Power 
balance studies15 have revealed that the dominant energy loss mechanism is electron heat 
conduction. The effect of any improvement in particle confinement on the global energy 
confinement time is therefore negligible. 

4 .4 SUGGESTIONS FOR F U T U R E WORK 

Simultaneous determination of the toroidal and poloidal rotation velocity, ion tem-
perature, and potential profiles in beam-heated and ohmically heated plasmas would yield 
detailed information about the plasma processes of importance in a tokamak. In ohmically 
heated plasmas, such information would provide a better understanding of the various 
nonambipolar processes. If , in addition, the impurity density and impurity transport rates 
could be measured simultaneously, methods coiHd be devised to control the radial electric 
field, thereby preventing impurity accumulation. 
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Combined potential and rotation velocity measurements on the beam turnon and beam 
turnoff portions of a neutral-beam-heated discharge can provide valuable insight into the 
nature of viscous processes. Rotation velocity measurements by R. C. Isler indicate a rise 
in toroidal rotation to about 1.6 X 107 cm/s with a subsequent relaxation back to about 1 
X 107 cm/s during the beam turnon phase within 20-30 ms. This relaxation phenomenon 
needs to be modeled to determine if any known plasma process can explain this sort of 
behavior and also to determine if the viscosity during the ohmic heating phase is 
anomalous. There is a possibility that this "overshoot" of rotation velocity might not be 
observed when going from balanced injection to counterinjection (or coinjection). Also, any 
theory proposed to explain the development of anomalous viscosity in tokamaks should also 
explain the observed deterioration of momentum confinement with beam power. 

The effect of electric fields on particle transport needs to be investigated further 
through a series of controlled experiments with impurity injection. The response of a 
plasma to externally controlled radial electric fields would provide additional information 
about the effects of electric fields on particle transport. Such control of Er may be possible 
by electron or ion cyclotron heating. 

Present experimental techniques are not able to measure poloidal electric fields to the 
desired accuracies. The importance of poloidal electric fields in transport (particularly in 
beam-heated plasmas) needs to be investigated in much more detail. 

Though fluctuations are not the subject of this report, the determination of potential 
fluctuations would help identify microinstabilities and other plasma oscillations. Their 
relevance to the anomalous electron heat loss (in ohmically heated plasmas), and to the 
confinement problem as a whole, is a topic that should not be neglected. 

The striking density dependence of the plasma potential in ohmically heated plamas is 
a phenomenon that needs to be better understood. Also, the observed "flatness" of the 
potential profile in the low-density regions of the plasma should be studied to verify 
whether this is an effect that can be explained solely in terms of peculiarities in density 
and temperature profiles or whether other less-known effects need to be invoked. 

From a diagnostic standpoint, the analyzer needs to be designed to perform satisfac-
torily in plasma-generated ultraviolet radiation environments. Designing the analyzer to be 
insensitive to toroidal entrance angle variations is also desirable. 
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Appendix A 
ANALYZER FIELD ERRORS AND CORRECTIONS 

A.1 INTRODUCTION 
This appendix deals mainly with electric field errors that can be caused by a 

plasma-generated ultraviolet radiation environment. Physical processes that can gen-
erate field errors are discussed in Sect. A.2. This section also describes the experimen-
tal data base that indicated the presence of these errors. The error field modeling 
scheme is outlined in Sect. A . 3. Finally, the correction curves are evaluated in 
Sect. A.4. 

A.2 ERROR FIELD DESCRIPTION 

A schematic of an analyzer with a resistive divider is shown in Fig. A . l . Although 
only 3 guard rings are shown, the ISX-B analyzer employed 11 guard rings and 12 
resistors. A relatively simple model was chosen to predict the change in voltage from 
the ideal case for any particular guard ring. The error voltage for the «th guard ring 
was assumed to be given by 

n, error = —Va 
n(N - n)k/2 

N + N(N - l)k/2 
(A.1) 

where K„ierror = Kn>actual — vn,ideal. N is the number of resistors in the divider network, 
and k is a constant identified below. 

I t can be readily shown that this is the voltage distribution expected for at least 
three physically realizable situations. First, a uniform flux of ultraviolet photons strik-
ing the inside walls of the grounded shield box could release electrons that could be 
accelerated toward and collected by the guard rings. A n equivalent circuit for this 
situation is shown in Fig. A.2a. The constant k corresponds to the current ratio i/I as 
defined in the figure. Second, photons reflected from the solid top plate of the analyzer 
could strike the upper side of the guard rings. The electrons released from any speci-
fied guard ring would then be collected by the next guard ring up. I f the flux of pho-
tons is uniform, then the current collected by a guard ring would equal the current of 
the photoelectrons released by it. The voltage distribution on the guard rings would 
then be the same as the ideal case. I f , however, the flux of photons were linearly 
graded, then there would be a net current flowing into or away from each guard ring. 
The equivalent circuit would therefore be that shown in Fig. A.2a, with an appropriate 
choice for the direction of current flow. Third, photons striking the uncoated resistors 
could lead to actual changes in the resistance values. Again, this effect can make a 
contribution only if the change in resistance is not constant along the divider string. An 
equivalent circuit for this situation is shown in Fig. A.2b, where k corresponds to the 
ratio (Rn-i - Rn)/R. 
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Fig. A.l. Schematic of energy analyzer. 

Shown in Table A . l is the error in the voltage distribution calculated using 
Eq. ( A . l ) . This distribution was computed using a value of k = 0.028. For ?. 1 -mA 
chain current in the divider string, this value for k translates to a current drain of i = 
28 fiA or to a 2.8% variation in the resistance along the string. I t is now possible to 
determine whether any of the three processes described yields a comparable value of k 
for the plasma conditions that existed. 

The measured value of the total radiated power in I S X - B was 100 k W , of which 
only 3.8 k W of power was actually subtended by the analyzer. The radiation intensity 
at the entrance slit was estimated to be about 0.03 W / c m 2 . Roughly 2% of the power 
entering the IS- by 12-cm opening in the shield box was expected to hit its inside 
walls. For a 10% photoelectric yield, this translated to a current of 6S6 fiA, so that the 
current drain per guard ring was roughly 656 /12 = 55 fiA. The current drain model is 
therefore capable of explaining the observed effects. 

Due to several factors, the nonuniform illumination model is too weak an effect to 
be of any significance. First, the entrance slit opening is much smaller than the open-
ing in the shield box. Second, the reflection coefficient of aluminum in the 500- to 
1000-A wavelength range is only about 10%. Finally, it is difficult to expect substantial 
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(a) M O D E L ONE 

Fig. A.2. Circuit models describing nonideal guard ring voltage distribution. 

(b) M p D E L T W O 

Table A.l. Error in guard ring voltages expressed 
as a percentage of top plate voltage 

Ring number z (cm) terror (%) 

Ground 0.00 - 0 . 0 0 
1 0.83 - 1 . 1 2 
2 1.67 - 2 . 0 4 
3 2.50 - 2 . 7 5 
4 3.33 - 3 . 2 6 
5 4.17 - 3 . 5 7 
6 5.00 - 3 . 6 7 
7 5.83 - 3 . 5 7 
8 6.67 - 3 . 2 6 
9 7.50 - 2 . 7 5 

10 8.33 - 2 . 0 4 
11 9.17 - 1 . 1 2 

Top plate 10.00 - 0 . 0 0 
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nonuniformities in the ultraviolet radiation falling upon the guard rings after being 
reflected off the top plate. 

The graded resistance model is also likely to be unable to explain the observed 
effects. A value of k = 0.028 would imply that the top resistance is smaller than the 
lowest resistance by 2.8 X 11 = 30.8%. I t is difficult to expect a variation in resis-
tance of this magnitude, especially because the resistors were mounted inside the shield 
box. 

The voltage distribution predicted by the constant current drain model is com-
pared with the experimentally measured distribution in Fig. A.3. Even though both 
curves have been normalized to 1.0, the maximum error expressed as a percentage of 
the top plate voltage was 7.73% experimentally, compared to 3.67% in Table A . l . O f 
course, the plasma conditions were widely different. The experimental data in Fig. A . 3 
were obtained during the ohmic heating portion of a neutral-beam-heated plasma (shot 
65454) with a top plate voltage of 15 kV. For higher analyzer voltages, and for times 
later in the discharge, the top plate voltage itself began to sag and eventually led to 
breakdown within the analyzer. The shield box was not employed for these experi-
ments. The analyzer therefore faced a flux of ultraviolet-generated photoelectrons that 
was orders of magnitude greater than the flux it would hav«s normally faced. 

Each guard ring was capacitively coupled into an i.<jlation amplifier with 50-k8 
input impedance using a coaxial cable with a total capacitance of 100 pF. A series 
combination of a 40-kV, 920-pF capacitor and a 100-MG high-voltage resistor provided 
the desired capacitive coupling. The attenuation at ac frequencies (in the 2 -Hz to 
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30-kHz range) provided by this monitoring scheme was therefore 50 kfl /100 M O = 
0.0005. The output of the isolation amplifier fed into a programmable gain amplifier 
and subsequently into a LeCroy 8210 transient digitizer. 

The fact that the experimental curve is not symmetric about the sixth guard ring 
suggests that the current drain was not uniform. There was, perhaps, more drain from 
the upper guard rings than from the ones below. Also, it is not obvious that the same 
voltage distribution would have been obtained if a shield box were employed. In the 
presence of a shield box, the intensity distribution of ultraviolet light falling on the 
box's inside walls would depend somewhat on the radial angle of the analyzer in space 
and also on the "shadowing effects" introduced by the analyzer body. I t was therefore 
decided that the constant current drain model was a reasonable one to choose in the 
absence of any experimental data with the shield box. Also, since the major difference 
between the curves appears only over the upper half of the analyzer, where the beam 
would normally spend very little time, the error in not choosing the "experimental" vol-
tage distribution is expected to be small. 

A.3 ERROR F IELD M O D E L I N G 

The nonideal electrostatic potential distribution within an analyzer can be decom-
posed into an ideal component and an error component, 

* = *ideal + terror • (A.2) 

In the absence of fr .e charges, $ has to satisfy Laplace's equation, 

V 2 $ = 0 . (A.3) 

Since both $ and $idca l satisfy Eq. (A.3) , one may conclude that $e r r o r also satisfies 
Laplace's equation. This would imply that $ideai + "terror satisifies Eq. (A.3) and is 
therefore physically realizable ( a is a constant). This suggests that the error field com-
ponent calculated using the voltage distribution in Eq. (A.1) for a chosen value of k 
can be arbitrarily scaled and added to the ideal field within the analyzer. 

For a given analyzer top plate voltage and a given value of k, the guard ring vol-
tages can be calculated using Eq. (A.1). Neglecting the presence of the shield box, a 
relaxation calculation can be carried out to determine the potential distribution within 
the analyzer, since all the boundary conditions are known. For a nonideal voltage dis-
tribution on the guard rings, both Ex and Ey components of the electric field will be 
introduced in addition to the usual Ez component. However, because of the large 
length-to-height ratio of the analyzer, Ex can be neglected, and a two-dimensional 
relaxation calculation can be used to solve Laplace's equation for the potential distribu-
tion. 

Shown in Fig. A.4 are the results of such a relaxation calculation carried out on a 
13 X 13 grid. Because of symmetry, only half the grid is shown. This calculation 
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solved for the error component — terror! Va was chosen to be 36 kV, and k was taken 
to be 0.00692 in order to give a maximum error of 360 V at the sixth guard ring. The 
distribution of voltages on the guard rings was given by Eq. (A.1) . The top plate and 
ground plane imposed the remaining boundary conditions, namely zero error in volt-
ages. 

This potential distribution needed to be differentiated to evaluate the electric fields 
Ey and Ez, so that ion trajectories could be calculated through the analyzer field 
region. Since beam displacements of less than 1 mm at the split plates needed to be 
resolved for modeling the small changes in indicated beam energy, the simulation 
needed to be accurate to better than 1 mm over the 70-cm path length of the beam 
within the analyzer. A straightforward differentiation of the relaxation grid clearly 
would not provide this level of accuracy because of the extreme coarseness of the grid. 
A least-squares bicubic spline fit was therefore made to the grid in Fig. A.4. The N A G 
library routine E02DAF was used for this purpose. Three equally spaced interior knots 
in y and three in z were found to give a reasonable fit. A n example of such a fit is 
shown in Fig. A. 5. 

A two-dimensional version of a routine to evaluate the derivative of a spline 
representation was not available in the N A G library. This problem was circumvented 
by repetitive calling of a one-dimensional cubic spline evaluating routine, E02BCF. The 
array of 7 X 7 = 49 B-spline coefficients output by E 0 2 D A F was arranged into seven 
groups, each group representing a one-dimensional fit in z. Then E02BCF was used for 

O R N L - D W G 8 4 C - 3 7 8 8 FED 

a: 
O 
cr 
tr 
LU 

Fig. A.S. Error in electrostatic potential, expressed as a percentage 
of top plate voltage. 



70 

each of these seven groups to evaluate the function and its derivative at a chosen value 
of z. These values were treated as B-spline coefficients representing a spline fit in y. 
E02BCF was again called to evaluate the desired quantities at the required value of y. 
Thus, by making appropriate calls, all three quantities, namely Ey, and Ez, could be 
evaluated at a given point (y,z). Since no multiple interior knots were specified in car-
rying out the bicubic spline fit, the electric fields evaluated from this spline representa-
tion possessed continuity of the first derivative. 

The error fields Ez and Ey are shown plotted as a function of y in Figs. A.6 and 
A.7 for several values of z. The nature of the error fields is such that the magnitude of 
the total electric field Ez is weaker near the guard rings than at the center (at least 
over the lower half of the analyzer field region) and is also weaker near the ground 
plane than in regions near the top plate. It may be verified that these fields would give 
rise to the characteristic V-shaped curve of indicated beam energy vs toroidal displace-
ment of the beam at the entrance slit, as seen in Sect. A.4. Also, a beam entering the 
analyzer with a higher radial entrance angle would face a stronger overall electric 
field. This has the effect of making the analyzer response extremely sensitive to the 
radial entrance angle. The corrections introduced by this effect in space potential 
measurements are discussed in Sect. A.4. 

The effect of the Ey component of the error field, which is normally absent in the 
ideal case, is to deflect the beam toroidally within the analyzer. Since this component 
of the field points away from the midplane of the analyzer, the effect it has on the 
beam trajectories is to steer them toward the guard rings. Computer simulations indi-
cated displacements of 1 to 2 cm at the split plates due to this error field component 
for typical neutral-beam-heated plasmas on ISX-B. 
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A.4 CORRECTIONS TO THE DATA 

The most exact way of correcting space potential data for plasma-generated elec-
tric field errors is to perform an exact simulation on the computer of what happened 
during the experiment. This procedure involves adjusting three parameters—space 
potential (and hence the secondary beam energy), the analyzer voltage, and the magni-
tude of the field nonuniformity—until the beam hits the split plates at exactly the 
same point as it did during the experiment, for all values of radial and toroidal sweep 
angle. This simultaneous iteration in three parameters is possible in theory but is 
almost impossible in practice, because of the lack of knowledge of the trajectory 
parameters and the exact nature of the electric field errors to high accuracy, not to 
mention the immense amounts of computer time that would be required. 

I t is also extremely difficult to correct the data to get any sensible information 
about the absolute space potential (with respect to tbe limiter). This is because the 
corrections must then be known absolutely, which would in turn mean that the absolute 
values of the entrance angles and toroidal displacements have to be known fairly accu-
rately. For 11111ral-beam-heated plasmas on I S X - B , the uncertainty in the absolute 
potent hi! was several kilovolts, which happened to be larger than the actual potentials 
that were lu lie measured. Correcting the data to yield relative potential measurements 
(i.e., f^e ^jfference in potential between two points) is a much easier task. I n most 
cases hiilj/ lilt-, changes in the beam parameters over a radial sweep are then important, 
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instead of their absolute values. The correction scheme adopted on ISX-B therefore 
concentrated only on relative space potential measurements. 

The first step in the correction procedure involved the determination of k [in 
Eq. ( A . l ) ] or the magnitude of the field error. Three well-formed V-curves (variation 
of indicated beam energy with toroidal sweep angle) were selected for three different 
radial sweep angles. This selection sometimes used data from more than one shot, each 
with a different analyzer voltage setting and therefore covering a selected portion of 
the radial sweep range. 

A 160-keV Cs 2 + beam was used for simulations. The analyzer voltage and the 
value of k were adjusted until the beam hit the split plates at approximately the same 
location as it did during the experiment and reproduced the slope of the two arms of 
each of the three V-curves. Typical fits are shown for the ohmic heating case in 
Fig. A.8 and for the balanced beam case in Fig. A.9. Coinjection and counterinjection 
yielded results similar to those for balanced injection. 

The simulated and experimental curves are slightly displaced in toroidal sweep 
angle for the neutral beam case. These curves can be forced to match almost perfectly 
by using slightly different trajectory parameters. However, the use of these modified 
parameters did not lead to any difference in the final correction curve that was calcu-
lated. This matching procedure for V-curves showed that the field errors were the 
smallest for ohmic heating and the largest for plasmas with coinjection of neutral 
beams. The values of k for ohmic heating, coinjection, counterinjection, and balanced 
injection were 0.00369, 0.0507, 0.0309, and 0.0332, respectively. Given the value of k, 
the correction curves could be calculated. 

The uncorrected potential profiles were obtained from the indicated change in 
beam energy over a radial sweep at a fixed value of toroidal sweep angle. This chosen 
value for toroidal sweep was 1.8° for ohmic heating and 1.0° for neutral-beam-heated 
plasmas. The correction curves were calculated as a function of radial sweep angle for 
the values of toroidal sweep used in determining the uncorrected profiles. These 
correction curves were normalized to zero at p = 1.0 (outermost flux surface) and are 
shown in Fig. A. 10. The uncorrected data were also normalized to zero at the outer-
most flux surface. Finally, the correction curve was subtracted from the uncorrected 
potential data to yield the corrected potential profiles. 

Because of the limited lifetime of the ISX-B experimental program, there was no 
time to redesign the analyzer to minimize the field errors due to plasma-generated 
ultraviolet radiation. In general, it would have been a far better alternative to correct-
ing the data for nonideal effects introduced by these field errors. The corrections that 
had to be applied to some of the ISX-B data (particularly those obtained with neon 
injection) were so large that nothing meaningful could be said about the space poten-
tial in those discharges. I t is quite impractical to experimentally determine all the 
entrance parameters of the beam and the exact nature of the electric field errors to the 
accuracies that are demanded in order to obtain potential profiles with relatively small 
errors. I t is therefore advisable to minimize or eliminate these field errors by properly 
designing the analyzer. 
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Fig. A.9. Matching of K-cunes—balanced injection, lj> counterclockwise. 



6 i f o r 

5. CONCLUSIONS 

Electric fields have been measured in neutral-beam-heated and ohmically heated 
plasmas in ISX-B, and the measured profiles have been compared with those calcu-
lated from a radial momentum balance using experimental values of the rotation velo-
cities, density, and ion temperature. The comparison showed that, within experimental 
uncertainties, the measured potentials were consistent with the calculated values. This 
leads to the conclusion that the radial momentum balance equation is valid in the inte-
rior of tokamak plasmas and can be used to describe the relationship between the 
radial electric field, rotation velocities, density, and ion temperature. Therefore, it is 
not necessary to independently measure all of these quantities. 

The measured potential was negative in ohmically heated plasmas, and the well 
depth was typically 1.0 kV. The potentials were observed to be constant in time over 
the flattop portion of these discharges, and the measured values agreed very well with 
those calculated from neoclassical theory. Significant time variations in potential were 
observed in neutral-beam-heated plasmas. Potentials in ohmically heated plasmas 
showed a dependence on both density and plasma current. The radial electric field 
appeared to vanish during a minor disruption. 

Poloidal electric fields were typically much smaller than radial electric fields, at 
least in the interior of ohmic plasmas. The absolute potential in the vicinity of the lim-
iter appeared to rise to a maximum of 50 to 100 V . 

The potential well depth in balanced injection plasmas was measured to be some-
what greater than that observed in ohmic plasmas. Counterinjection resulted in a sig-
nificantly larger well depth of approximately 3 -4 kV, while coinjection showed an 
outward-pointing electric field in the plasma interior. The time evolution of potential 
during the beam turnon and turnoff phases of the balanced injection sequence indi-
cated central momentum confinement times on the order of 20 ms. These estimates are 
consistent with those obtained from measurements of rotation velocity, and they con-
firm the belief that the ion momentum confinement is anomalous in beam-heated plas-
mas. 

Inclusion of momentum sources and drags in the momentum equation leads to a 
component of the radial particle flux proportional to the radial electric field. This com-
ponent of the particle flux provides an explanation for the observed improvement in the 
particle confinement times of both impurities and ions with counterinjection as com-
pared with coinjection. Even though particle confinement in ISX-B is correlated with 
beam direction and radial electric fields, the global energy confinement is unaffected 
by the sense of neutral beam injection. The dominant energy loss mechanism is 
believed to be electron heat conduction rather than convection. The effect of any 
improvement in particle confinement on the global energy confinement time is there-
fore negligible. 
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Appendix B 
ISX-B DATA 

B . l M A C H I N E C O N F I G U R A T I O N A N D D IAGNOSTICS 

The ISX-B tokamak had a 93-cm major radius and a 25-cm minor radius. Its 
vacuum vessel was rectangular and consisted of 18 sectors, numbered in the clockwise 
direction, with sector 1 on the north side of the tokamak. 

Three 1 .0-MW neutral beam lines enabled high betas to be achieved. Al l .three 
neutral beams fired tangentially, two in the same direction as the counterclockwise 
plasma current (co direction) and one in the opposite (counter) direction. The east 
beam fired into sector 1, the west beam into sector 16, and the south beam (counter 
beam) into sector 10. Because of power supply limitations, only two beams could be 
operated at any time. The limiters were located in sector 14. There were three rail lim-
iters and an outer mushroom limiter, all constructed of TiC-coated graphite. The 
heavy-ion beam probe was located or. sector 13, and the pumping system for the entire 
tokamak was attached to sector 15. The iron core was located directly above sector 14. 
Deuterium gas was supplied via a bent tube located in the top port of sector 10. The 
toroidal field ( T F ) coil feed lines came underneath sector 12, while the feed lines for 
the inner and outer windings were located in the vicinity of sector 17. 

Thomson scattering used the bottom, top, and side ports of sector 2. The ion tem-
perature diagnostics were located in the vicinity of sector 7. The microwave interferom-
eter was on sector 6, and the F I R interferometer made use of sector 17. The toroidal 
rotation velocity was measured using a normal incidence vacuum ultraviolet spectrome-
ter viewing the plasma tangentially through a port in sector 13. Compensated and 
uncompensated diamagnetic loops were located in sector 5. The Rogowski coil to mea-
sure plasma current was located in sector 9. A l l these coils were external to the 
machine. The magnetic analysis code M A G D A T used a subset of the array of Mirnov 
loops located within sector 5. The soft X-ray pin photodiode array was also located in 
sector 5. The total radiation was measured by pyroelectric detectors located in several 
ports of the machine. The D a signal was recorded by a photomultiplier tube in con-
junction with a bandpass filter. One such detector was located in sector 10, the gas 
puff port, and another one in sector 14, which contained the limiters. 

B.2 D A T A 

At the end of this section, ISX-B data for four basic sequences are shown. These 
sequences were those for which extensive heavy-ion beam probe data were collected. 
The representative shots were 

Ohmic heating: Shot 59238, sequence 013041 . D X X R 
Coinjection: Shot 59387, sequence 0 2 0 6 4 l . D H X R S 
Counterinjection: Shot 60106, sequence 0 2 2 2 4 l . D H X R 
Balanced injection: Shot 60679, sequence 0 2 2 9 4 l . D H X R S 
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Figures B. l and B.2 show 16 ISX-B channels. The plasma current (Ch. 621) was 
obtained from a Rogowski coil. The loop voltage (Ch. 611) was the mean of the inner 
and outer loop voltages; the line-averaged electron density (Ch. —573) was obtained 
from F I R interferometry (data from microwave interferometry were unreliable in 
neutral-beam-heated plasmas); and the central ion temperature was measured by a 
passive perpendicular charge-exchange analyzer. 

The gas puff rate (Ch. —613) was measured by recording the pressure in the gas 
feed line to the tokamak. This pressure reading was calibrated in torr-liters per second. 
The beam power (Ch. —901) was determined by multiplying the beam voltage with 
the effective beam current. Poloidal beta (Ch. —590) was calculated from the energy 
content measured by a compensated diamagnetic loop. The shift (Ch. —501) gave the 
location of the magnetic axis relative to the centerline of the tokamak. The array of 
Mirnov loops was used to determine the shift. 
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Fig. B.l. (a) Plasma current and loop voltage, (b) electron density and central ion temperatare, (c) gas puff-
ing rate, and (d) poloidal beta and plasma shift for ohmically heated ISX-B plasma. 



79 

ORNL DWG 84-3712 FED 

Fig. B.2. (a) Energy and particle confinement tiroes, (b) MHD amplitude and toroidal magnetic field, (c) Da 

signals, and (d) soft x-ray measurements for ohmlcally heated ISX-B plasma. 

The energy confinement time T*E (Ch. —902) was determined from the plasma 
intent W, using energy content W, using 

W 
TE = P -W 

where P was the power input. T*E therefore provided the global energy confinement 
time that included all loss processes. [ I t was true that for counterinjection the power 
loss due to radiation increased continuously with time until the plasma disrupted. How-
ever, early in time the radiation levels were the same as for coinjection, and T*E could 
therefore serve as a suitable confinement parameter for comparing the different modes 
of injection. I n fact, for the times at which Thomson scattering data were taken, both 
coinjection and counterinjection plasmas indicated about the same percentage level of 
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radiation ( = 1 8 0 k W out of 1.0 M W ) . ] The apparent particle confinement time r * was 
determined using the expression 

t . = 
Tp (Sg + Sb) - V(dne/dt) ' 

where ne was the line-averaged density, V the plasma volume, Ss ihc ~as puff rate, and 
Sb the particle source rate due to beams. 

The M H D amplitude (Ch. 617) was the signal recorded by & iviLuov loop located 
on the outside midplane of sector 5. The toroidal magnetic field (Ch. 630) was mea-
sured by an uncompensated diamagnetic loop. The D a signal from sector 14 (Ch. 641) 
was proportional to the recycling rate because of the presence of the limiters in that 
sector. The D a signal from sector 10 (Ch. 640) was proportional to the gas puff rate. 
Both signals were the outputs of photomultiplier tubes that had bandpass filters at 
their front ends. The soft X-ray signal (Ch. 616) was obtained from a pin photodiode 
with an appropriate beryllium foil filter. The radiated power (Ch. 612) was measured 
by a pyroelectric detector. 

Shown in Fig. B.3 are the Thomson scattering data obtained along the horizontal 
midplane of the tokamak. The curves represent spline fits to the data as evaluated by 
Z O R N O C , the ISX -B analysis code. The remaining figures document the data 
obtained for the three neutral beam sequences. 
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Fig. B.3. (a) Electron and temperature and (b) electron density pro-
files for ohmically heated ISX-B plasma. 
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Fig. B.4. (a) Plasma current and loop voltage, (b) electron density and central ion temperature, (c) gas puff-
ing rate and beam power, and (d) poloidal beta and plasma shift in neutral-beam-heated ISX-B plasma with coin-
jection. 
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COINJECTION 

Fig. B.S. (a) Energy and particle confinement times, (b) MHD amplitude and toroidal magnetic flux, (c) D„ 
signals, and (d) soft x-ray and radiation measurements for neutral-beam-heated ISX-B plasma with coinjection. 
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Fig. B.6. (a) Electron temperature and (b) electron density profiles 
for neutral-beam-heated ISX-B plasma with coinjection. 
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Fig. B.7. (a) Plasm* current and loop voltage, (b) electron density and central ion temperature, (c) gas puff-
ing rate and beam power, and (d) poloidal beta and plasma shift in nentral-beam-beated ISX-B plasma with 
counterinjection. 
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Fig. B.8. (a) Energy and particle confinement times, (b) MHD amplitude and toroidal magaetic flux, (c) Da 

signals, and (d) soft X-ray and radiation measurements for neutral-beam-heated ISX-B plasma with counterinjec-
tion. 
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Fig. B.9. (a) Electron temperature and (b) electron density profiles 

for neutral-beam-heated ISX-B plasma with counterinjection. 
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Fig. B.10. (a) Plasma current and loop voltage, (b) electron density and central ion temperature, (c) gas 
puffing rate and beam power, and (d) poloidal beta and plasma shift in neutral-beam-heated ISX-B plasma with 
balanced injection. 
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Fig. B.l l . (a) Energy and particle confinement times, (b) MHD amplitude and toroidal magnetic flnx, (c) 
Da signals, and (d) soft- X-ray and radiation measurements for neutral-beam-heated ISX-B plasma with balanced 

.injection. 
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Fig. B.12. (a) Electron temperature and (b) electron density profiles 
for neutral-beam-heated ISX-B plasma with balanced injection. 
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