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ABSTRACT 

The instrumentation and controls (I&C) of an ignited plasma magneti-
cally confined in a tokamak configuration needs increased emphasis in 
the following areas: 

(1) physics implications for control, 
(2) plasma shaping/position control, and 
(3) control to prevent disruptive instabilities. 

This document reports on the FY 1979 efforts in these and other areas. 
Plasma physics studies indicate that feedback control of plasma 

density can be accomplished primarily by pellet injection rather than by 
gas puffing. Continued progress has been made in understanding the 
thermal consequences to the first wall of a major plasma disruption 
(MPD). Also, a sharpening of the parameters used in the feedback con-
trol system of the upgraded Impurity Study Experiment (ISX-B) has been 
accomplished. 

Also presented are discussions in the areas of (1) diagnostics 
suitable for the Engineering Test Facility (ETF) and (2) future research 
and development (R&D) needs. The appendices focus attention on some 
preliminary ideas about the measurement of the deuteron-triton (D-T) 
ratio in the plasma, synchrotron radiation, and divertor control. 
Finally, an appendix documenting the thermal consequences to the first 
wall of a MPD is presented. 
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1. INTRODUCTION 

The advancements required for the design and development of an 
ignited tokamak such as the Engineering Test Facility (ETF), to be 
operational in the early 1990's, include extensive progress in instru-
mentation and controls (I&C). However, concurrent research and develop-
ment (R&D) is required during cite machine studies and design evolution, 
and a control and data-handling philosophy that will permit the required 
device performance with control simplicity should be established. 

Three areas of the I&C of a tokamak have been examined here in some 
depth. These efforts are a continuation of previously initiated work.1 

Some of the significant investigations undertaken are as follows. 
(1) Operating scenarios including startup, burn, and shutdown were 

studied. Density profile control through gas puffing and pellet injec-
tion was analyzed using a one-dimensional (1-D) transport code. If the 
reactor has a divertor, density control will probably have to be accom-
plished by feedback control of pellet injection rather than by gas 
puffing. 

(2) A hybrid simulation of the upgraded Impurity Study Experiment 
(ISX-B) horizontal plasma position and current control achieved by 
changing the internal and external ohmic heating (OH) coil currents has 
permitted refinements of the tokamak operating parameters. Also, a 
multivariable feedback control algorithm for ISX-B is being developed 
for the horizontal plasma position and current control. 

(3) The thermal consequences of a major plasma disruption (MPD) to 
the first wall of a tokamak (the ETF) were analyzed for both circular 
and D-shaped plasma chambers. Failure in the chamber wall will, accord-
ing to these analyses, probably occur after 40-900 disruptions, depend-
ing upon the amount the plasma's magnetic center is displaced from the 
chamber geometric center. A 24-ms disruption time was assumed for the 
ETF. Each of these areas is discussed more fully in Sects. 2, 3, 4, 
and 5. 

In addition to these considerations, other aspects of control have 
been investigated and are presented as appendices. Appendix A contains 
an overview of the control problem for a deuterium-tritium (D-T)-burning 

1 
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tokainak. A design philosophy is required that incorporates the control 
of the reactor as an integral part of the design tradeoffs. 

Appendix B presents some suggestions on methods of measuring deuteron-
triton (D-T) ratios. The relative densities of deuterium and tritium in 
the plasma may not be the same, even though the feed rates are kept the 
same, because their diffusion rates differ. A measurement of the D-T 
ratio may be necessary for density control. Appendix B contains some 
observations on this measurement. 

Appendix C includes a discussion of some preliminary approaches to 
plasma temperature control. Controlling plasma density by changing the 
pellet injection rate also changes the plasma temperature. Various ways 
to regulate the temperature (e.g., neutral beam heating using ripple 
coils to preferentially remove the alpha particles) have been suggested. 
The feasibility of using a shutter arrangement in the first wall to 
control synchrotron radiation losses has also been examined in a pre-
liminary way. 

Appendix D suggests reasons for exploring divertor control to 
determine its merits and demerits. Finally, Appendix E presents a 
detailed examination of the thermal consequences to the first wall of a 
MPD. This information is supplementary to Sect. 5 of this report. 

REFERENCE 

1. W. R. Becraft et al., ORNL/TM-6617, Oak Ridge, Tennessee (1979). 
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2. PHYSICS ISSUES OF DUELING CONTROL 

Fueling scenarios during the burn phase of a tokamak operating 
cycle have most often assumed that either frozen hydrogenic pellets or 
gas puffing can be used as control knobs to maintain the plasma density. 
However, the technology required to accomplish this control has rarely 
been addressed. Furthermore, it may be necessary to measure the deuterium 
and tritium densities separately, process the signals, and adjust the 
fueling rates of separate deuterium and tritium injection systems in 
order to maintain a 50-50 plasma. This difficult complication is further 
discussed in Appendix B. 

Here we address some of the differences between pellet and gas 
injection from the plasma physics viewpoint. There are very great 
differences between these methods; therefore, different combinations of 
gas and pellets for deuterium and tritium can provide a wide range of 
flexibility in the fueling control system. As shown in Table 2.1 there 
are advantages and disadvantages to each fueling method. 

Table 2.1. Advantages and disadvantages of fueling 
by gas puffing and pellets 

Advantages Disadvantages 
Easy to control 
Cools edge of plasma 
and protects wall 

Large fuel turnover so 
low fractional burnup 

Large amount of tritium 
inventory required Gas puffing 

Cannot presently meet 
demands for feedback 
and control 

Pellets 

Fuel deposited more 
deeply into the 
plasma for efficient 
fuel use 

Discrete amounts put into 
plasma that cause sig-
nificant perturbations 
in plasma density and 
temperature Size, velocity, and 

repetition rate 
variable 

Minimum-size pellet re-
quired for penetration 
of scrape-off region 
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Because a divertor will probably be requited on the ETF, fueling in the 
presence of a bundle divertor with a 13-cm scrape-off thickness was 
chosen. The machine parameters and other factors used in this study are 
shown in Table 2.2. 

In order to evaluate the effect of the pellets on the plasma, a 
routine called PELLET1 was written to be incorporated as a subroutine in 
the WHIST code.2 A feedback system on the pellet source was used to 
keep the average deuterium and tritium densities above the desired 
level. Pellets were injected into the plasma at 2 km/s, the effective 
radius of the pellet being 0.2 cm. Gas puffing of deuterium was used 
for supplemental fueling but was found to be very inefficient because of 
the divertor.3 ae 1-D multifluid transport code WHIST includes ripple 
enhanced, neoclassical, and anomalous diffusion. SPUDNUT^ is a subroutine 
that treats the neutrals in the plasma. The neutrals can charge exchange 
or be ionized. In either case energy is transferred. Particle and 
energy balances were performed at each of the 37 radial nodes used in 
the calculation. 

It was expected that fueling could be done by pellets, gas puffing, 
or a combination. However, no stable solution could be obtained when 
only gas puffing was used. The reason was that the feedback was assumed 
to be proportional to the difference between the desired density end the 
actual density. As more gas was puffed into the divertor region,, its 
density built up. As the density increased, ionizations became more 
prevalent so that more particles were swept to the divertor collector. 
The consequence was that the gas puffing could not be used as a feedback 
control on particle density in the bulk of the plasma. 

A tradeoff exists between particle pumping rates and fueling rates 
by gas puffing and pallet injection. Because of the inadequacy of gas 
puffing for fueling, it was decided that some deuterium gas puffing 
would be used to cool the scrape-off region with feedback on the pellet 
repetition rate to control the plasma density. 

Figure 2.1 shows the time-averaged fraction of the deuterium atoms 
puffed into the divertor region that gets through the acrape-off region 
and then is ionized in the plasma. The density increases in the scrape-
off region and ionization occurs, causing more particles to be carried 
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Table 2.2. Tokamak parameters used in density control 
via pellet injection and gas puffing 

Parameter Value 

Major radius, Rq 

Minor radius, a 

Elongation, b/a 
Toroidal ripple, 6 

Edge 
Center 

Scrape-off thickness, d^ 
Pellet radius, a P 
Pellet speed, v P 
Gas puff 
Plasma diffusion 
coefficient, D̂  

Divertor diffusion 
coefficient, D. 

4.80 m 

1.20 m 

1.6 

1.02% 
9.5 x 10~2% 

13 cm 

0.2 c.m 

2.0 km/s 

0.03-3.0 x 1023 deuterium atoms/s 
(1.25 X 1017/n ) + 5000 (r/a)3 cm2/s e 

l/16(kT/eB) cm2/s 

'4 
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Fig. 2.1. Time-averaged fraction of deuterium 
gas ionized in the plasma and scrape-off region as the 
deuterium gas feed rate is increased. At V3 x 1023 a"* 
feed rate of the deuterium, the divertor begins to 
choke off. 
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to the divertor plates as the deuterium gas feed rate is increased. 
Actually there is a spread in this fraction because pellet injection 
causes the density to fluctuate. Notice that when the deuterium gas 
puff rate is 3 x 1023 atoms/s, M.0% of the deuterium atoms make it to 
the plasma for ionization. When a pellet is inserted, less of the 
puffed gas gets into the plasma region. 

As the deuterium gas feed rate is increased (see Fig. 2.2), there 
is initially a drop in the required deuterium pellet fueling; however, 
this effect diminishes as more neutrals are ionized in the scrape-off 
region. 

Figure 2.3 shows the number of particles from the deuterium gas 
that is ionized in the scrape-off zone for a 0.5-s segment of a typical 
case. In Figs. 2.3-2.7 the deuterium gas puff rate is held constant at 
1.4 x 1023 atoms/s. After a pellet is inserted, the amount of neutral 
gas that is ionized in the scrape-off region increases significantly 
because the particle density has been increased. Simultaneously, the 
net particle source in the plasma decreases, as shown in Fig. 2.4. When 
both the deuterium and the tritium pellets are inserted simultaneously, 

of the net deuterium plasma source is in the scrape-off region. 
The source terms for tritium due to deuterium gas puffing are negative 
in both the plasma and scrape-off region because of charge exchange 
losses. The charge exchange neutral flux of deuterium and tritium to 
the wall is shown in Fig. 2.5. 

Figure 2.6 shows the total tritium and deuterium charged particle 
flow to the divertor. The bulk of the load to the divertor comes shortly 
after both pellets have been inserted simultaneously. About 3 x 1022 
deuterons/s strike the divertor collector plate. 

The flow of tritium and deuterium to the wall is depicted in Fig. 2.7. 
Of course, to get to the wall the particle must diffuse across field 
lines whereas it moves parallel to the field lines in the case of flow 
to the divertor collector plates. When pellets are injected, a large 
number of particles strike the wall because ionization of the deuterium 
gas then occurs very close to the wall. This causes sputtering from the 
wall; however, these considerations have not been built into the present 
calculations. An extension of these calculations to include particle 
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Fig. 2.2. The effect of the deuterium gas puff-
ing rate on the deuterium and tritium pellet fueling 
requirements. 
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Fig. 2.3. Net particle deposition in the plasma 
from deuterium gas fluctuates as pellets are injected. 
There is a net loss of tritium as a result of charge 
exchange. The deuterium gas feed rate for this example 
is 1.4 x 1023 s_1. 
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Fig. 2.4. Net particle deposition in the scrape-
off region with a deuterium gas feed rate of 1.4 x 
1 0 " s-1. 
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Fig. 2.6. Charged particle flow rates of deuterium 
and tritium to the divertor collector for a deuterium 
gas feed rate of 1.4 x 1023 s - 1. 
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Fig. 2.7. Charged particle flow rates of deuterium 
and tritium to the wall for a deuterium gas feed rate of 
1.4 x 1023 a"1. 
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sputtering from the wall and divertor collector plate may alter these 
results somewhat. Both particle and energy balance calculations must be 
made to take these features into account in a self-consistent way. 

The tradeoffs that occur when a poloidal divertor rather than a 
bundle divertor is used require further analysis. The impact on the 
results of parallel flow rate, mirroring in the bundle divertor throat, 
etc., should also be considered. Another area in which the calculations 
may need refinement is the impact of particle diffusion models on the 
results in the divertor region as well as in the plasma region. Currently 
Bohm diffusion is employed in the divertor region, and "PLT" diffusion 
is used in the plasma region. Also, an assessment of the sputtering and 
divertor shielding efficiency is required. 

The most important result of this work is that little control on 
the density of the tritons and deuterons can be exerted by gas puffing 
through the scrape-off region. Pellet fueling reduces the deuterium and 
tritium flow to the collector plates. The fluctuations in the operation 
that are observed may be reduced with the use of smaller pellets and the 
inclusion of recycle effects from the walls and the collector plate. 
Thus, it seems that feedback on pellets for density control is the best 
approach. This may be achieved by varying the pellet repetition rate, 
as was done in these calculations, or by varying the pellet size (extru-
sion rate) for a fixed repetition rate. 

REFERENCES 

1. W. A. Houlberg et al., ORNL/TM-6549, Oak Ridge, Tennessee (1979). 
2. W. A. Houlberg and R. W. Conn, Nucl. Sci. Eng. 64, 141-150 (1977). 
3. W. A. Houlberg, H. C. Howe, and S. E. Attenberger, ORNL/TM-7124, 

Oak Ridge, Tennessee (1980). 
4. K. Audenaerde, G. A. Emmert, and M. Gordinier, J. Comput. Phys. 34, 

268 (1980). 
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3. COMPUTER SIMULATION OF ISX-B PLASMA CURRENT 
AND HORIZONTAL POSITION CONTROL 

3.1 SIMULATOR STUDIES OF TOKAMAK CONTROL 

The objective of the hybrid computer modeling program is to explore 
the dynamic relationships between plasma current and horizontal position 
vs the action of the field coil current controls. Although the program 
seeks to develop generic tokamak control algorithms, the ISX-B machine 
continues to be the system whose characteristics are under study; the 
existence of an experimental facility makes possible a model-tuning and 
verification process. 

Results of earlier simulations have already been reported;1 the 
model described in this earlier report is the basis for the work pre-
sented here (see Table 3.1). In the initial approach control of the 
plasma current Ij (see Table 3.1) was largely neglected, with primary 

Table 3.1. Definition of symbols used in hybrid 
simulation of ISX-B 

Symbol Meaning Unit 

11 Plasma current (negative) kA 
12 Inner OH current kA 
13 Outer OH current kA 
I5 Symmetrical shell eddy current kA 
B Vertical field v 
3 Poloidal pressure ratio P 
A3 Change in Bp 
Rl Plasma major radius m 
6Ri Change in plasma major radius m 
V2 Control voltage on inner magnet V 

power supply primarily controlling 
plasma current Ij 

V3 Control voltage on outer magnet V 
power supply primarily controlling 
R1 
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attention paid to the horizontal position Rj. When the design basis 
control system was applied to lj as well as to Ri, the combined effects 
caused loss of control. This behavior is a function of the very high 
gain of the overall system because reducing the feedback coupling between 

and I2 provides good stabilization. Inasmuch as this coupling is a 
parameter of ISX-B design, it is not a variable at our disposal for 
system tuning or experimental verification. The same improvement in 
controllability can be achieved, however, by increasing the gain of the 
V2 control system by a large factor C—25 x nominal). With this very 
high gain Rj and Ij are well controlled, even for 9% step increases (or 
decreases) in the value of This response is shown in Fig. 3.1. 

At this point the system's control action is derived from rate 
errors only; for long-term stability proportional control terms must be 
included. A small amount of proportional error signal — about 10% of 
the nominal value — can be added without losing control, although the 
noise level in the field currents increases greatly, an indication of 
approaching loss of equilibrium. On the other hand, even a small amount 
of proportional R^ error signal added to the controlled variables leads 
to a complete loss of stability. At the time control is lost V2 is 
attempting to go negative, a polarity denied by ISX-B control system 
design. If the simulation is altered to permit negative Vg excursions, 
Rl and Ii are initially well controlled, but the field currents and 
control voltages oscillate with diverging envelopes until control is 
lost in MD.5 s. Fig. 3.2 illustrates this behavior. Reducing ARj and 
/ ARi inputs makes the system stabler but yi- Ids a slightly offset Ri 
value. Because the amplifier for the simulated outer field reference 
current runs in overload in this model, / ARj is actually not meaning-
fully implemented. 

In all of the foregoing control configurations, simplification in 
model development inadvertently introduces Rj and Ii reference levels 
not only into the proportional but also into the rate error signals. 
With this shortcoming corrected, an improper ambiguity in set points is 
removed and the circuit is somewhat stabler. Were it not for a slight 
residual drift in Rj, control would be excellent. 
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Where oscillations 1-i the simulated system are encountered, fre-
quencies are 90-100 Hz ;f'-\s. 3.1 and 3.2). Experimental results in 
ISX-B show oscillations occurring at ̂ 150 Hz (Fig. 3.3). Figure 3.3 
also shears that as stability is lost, I2 and I3 diverge, a behavior seen 
in some of the simulator runs (Fig. 3.4). Thus, the simulator and the 
experimental machine have similar dynamic characteristics. 

There is one stabilizing effect in the experiment that is not 
-Included in the model: as Rj diverges from its design point, the plasma 
tends to impinge on the wall, losing current-carrying elements from its 
outer edge. A simple version of this behavior was programmed into the 
simulation. Under its terms Rj could not deviate from its design point 
by large amounts; attempts to do so resulted in progressively greater 
attenuation of Ij, representing plasma 1.->s to the wall. This circuit 
proved to have very little effect on system behavior and was removed. 

In the field a successful cut-and-try stratagem for improving ISX-B 
horizontal stability resulted from the cross-coupling of the plasma 
current and position controls. This procedure prevents electronic 
squabbling between autonomous control systems; such disagreements can 
lead to loss of all control when the requirements for R^ and Ij provide 
conflicting field current commands. The equations used for the two 
field current set points are 

12c = [200(Ii - Ii0) + Ii] dt + C32/[200(Ri - Ri0) + Ri ] dt (3.1) 

and 

*3c " 60/[200(R1 - R10) + Ri ] dt + C23/[ 200(Ii - Ii0) + ii] dt . (3.2) 

In our original control scheme C32 = C23 = 0. Cross-coupled in the new 
simulation, C32 = 150 kA/m and C23 = 0.2 kA/kA. Using these values 
results in the simulator output shown in Fig. 3.4. Here Rj and Ii are 
controlled In a long-term fashion, albeit with 3-6% wanderings from 
their set points. 
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In other control configurations the inner and outer field currents 
12 and I3 have sometimes diverged without limit. In the case shown in 
Fig. 3.4 these control currents begin such behavior but then recover 
through periodic control action wherein the field currents rapidly 
retrace the paths of their divergent drift. During the drift itself 
calculated V2 is negative; in the ISX-B system this means that there is 
no output from the inner field coil control system. As the intermittent 
corrective phase begins, V2 goes positive and the inner winding control 
system comes alive briefly. The damped oscillations near the start of 
the traces represent initial transients excited when the machine is 
thrown into the RUN mode. By setting initial conditions for I2 and 13 
closer to equilibrium values, these initial transients can be eliminated. 

The power supply characteristics in the equations used were based 
on idealized concepts. Actual time-constant delays and nonlinearities 
should be addressed for more rigorous design studies. In addition, 
desired plasma elongation will require a curved field and hence better 
vertical position control through the radial field coils. None of these 
issues were addressed in the present analysis, which, however, has 
demonstrated the usefulness of an easily observed and quickly programmed 
analog control mockup. 

3.2 OBSERVATIONS AND CONCLUSIONS 

The incorporation of the vertical as well as the horizontal position 
and plasma current into a unified control stratagem will make the system 
more complicated but may permit plasma shaping to take place. A coupling 
between the vertical position and the elongation of the plasma requires 
careful analysis of any proposed control strategy. 

The cross-coupling between plasma current control and plasma posi-
tion that was put into the ISX-B control has quieted the system and made 
it stabler. Figure 3.4 includes this cross-coupling, but it is absent 
in Figs. 3.1-3.3. A physical interpretation of all of the oscillations 
in Fig. 3.3 and the importance (or lack of importance) of including them 
in the system equations may prove beneficial for later tokaxaak control 
systems. 
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4. MULTIVARIABLE FEEDBACK CONTROL SYSTEM DESIGN FOR ISX-B 

4.1 INTRODUCTION 

As indicated in Sect. 3, the controller currently used on ISX-B 
controls the magnitude and horizontal position of the plasma current by 
rate and proportional error signals. Proportional control is probably 
not necessary for pulse duration <1 s. For longer pulses rate and 
proportional control will be necessary because some drifting has been 
observed on the simulations without proportional feedback. 

If the control system were to be designed and developed again with 
our current understanding of the system, a different controller would 
doubtless emerge. The purpose of this section is to outline the initia-
tion of a new controller design for ISX-B. Figure 4.1 is a block diagram 
of the system. and Ri are to be kept within specified limits (see 
Table 3.1 for notation). 

ISX-B control is achieved through a variation of current in the 
inner and outer poloidal field coils. Because these two control windings 
are coupled to each othtr as well as to the plasma, complete separation 
of their control function is not possible. The inner winding, which 
primarily controls plasma current, also influences plasma position, and 
the outer winding affects not only the position but also the current. 
This leads to a multiple-input, multiple-output control system. 

The design for a multivariable feedback control system from a 
transfer function matrix viewpoint was chosen even though others1»2 
have used the state-variable approach. The reasons are as follows. 

(1) The design of controllers for plasmas is in its infancy; thus, 
frequency-domain techniques provide easier methods for hardware 
design than modern control techniques. 

(2) At this stage the specification of a performance criterion may be 
premature. Once a controller is designed, later state-space tech-
niques may be used to optimize the parameters. 

The extended root locus technique is used for actual design. 
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Fig. 4.1. A feedback control for ISX-B. 



2 7 

4.2 THE TRANSFER FUNCTION MODEL G(s) FOR ISX-B 

Figures 4.1, 4.2, and 4.3 are block diagrams of the three main 
components of the system: ISX-B, the controller, and the power supplies. 
The self- and mutual inductances and initial parameter values are given 
in Table 4.1. The dynamic equations3 for the ISX-B horizontal control 
are given below: 

i i t 

1̂ 1 + Li2l2 + L13I3 + L15I5 + (LX1I10 + L12I20 + L13I30 

+ Li'5l50)Ri + R1I1 = 0 , (4.1) 

L12ii + L12I10R1 + L22i2 + L 2 3 I 3 + L25i5 + R2I2 = v2 , (4.2) 

1*13*1 + LI'3II0RI + L23I2 + L 3 3 I 3 + L 3 5 I 5 + I 3 R 3 = V3 , (4.3) 

LJsix + lJsIiqRi + L25i2 + L35i3 + L 5 5 I 5 + I 5 R 5 = 0 , and (4.4) 

RjCt) = R10 + £gi(Ii - Iio) + «R(t) • (4.5) 
These equations are linear with constant coefficients. This means that 
the inductances L ^ are assumed to be independent of plasma current and 
position. 

A transfer function for ISX-B is obtained by taking the Laplace 
transform of Eqs. (4.1)-(4.5) with zero initial conditions and arranging 
them in the form 

anli(s) + a12I2(s) + a13I3(s) + a15I5(s) + a^R^s) = 0 , (4.6) 

a21Ii(s) + a22I2(s) + a23I3(s) + a25I5(s) + aieR^s) = V2 , (4.7) 

a31Il(s) + a32I2(s) + a33I3(s) + a35I5(s) + asgR^s) = V3 , (4.8) 

aitlI1(s) + at|2I2(s) + ait3I3(s) + a^5I5(s) + alf6R1(s) = 0 , and (4.9) 
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Fig. 4.2. An equivalent model of Fig. 4.1. 
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Fig. 4.3. An equivalent model of Figs. 4.1 and 4.2. 
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Table 4.1. Parameter values for ISX-B controller design 
Parameter Value 

Inductance, pH 
L11 254 
L 1 2 1514 
Ll3 2012 
L L 5 0.13 
L 2 2 9120 
L 2 3 12,050 
l25 3.68 
^ 3 3 16,210 
I>35 -4.59 
l55 0.549 

Inductance per length, yH/m 
M l 1.2 
L12 -15.8 
L13 15.9 
L15 -1.9 

Resistance, SI 

^plasma —0 
3.7 x 10_l* 

R3 1.33 X 10" 3 
7.6 x 10-5 

Initial current, kA 
ILO -100 
120 7.0 
I30 7.2 

Coupling parameter, m/kA 
81 -0.0027 
82 0.105 
83 -0.143 
S5 0.0145 

Design value plasma position, m 
0.95 

6R 0 
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a5ili(s) + a52I2(s) + a53I3(s) + a55I5(s) + asgR^s) = 0 , (4.10) 

where all a ^ (1 = 1, 2, 3, 4, 5; J = 1, 2, 3, 5, 6) are constants. 
The controller is to be designed so that the system response to 

slip changes in I^q and R^g remains within specified limits. This may 
be accomplished by the extended root locus method if the transfer func-
tion is obtained. Therefore, we value Eqs. (4.6)-(4.10) for Ij and Rj 
as functions of and V3 to obtain 

'Il' s 
-Rl-

V2(s) 

V3(s) 
(4.11) 

G(s) 

where 

Nil 
G n > Gl2 - Nl2 N2I N22 

» G2 1 = — , and G22 = — (4.12) 

N 
Gn(s) = 11 

(s + 3.08)(s + 6.19)(s + 6.91)(s + 7.15)(s + 106.8) 
(s + 0.95)(s + 3.91)(s + 6.18)(s + 7)(s + 7.07)(s + 281) » (4.13) 

N12 - (s + 0.68)(s + 0.17)(s +7.04 ± j0.11)(s + 636) , (4.14) 

S21 = (s + 4)(s + 6.16 ± j0.72)(s + 7.98)(s + 772) , and (4.15) 

N22 = (s + 2.44) (s + 6.39 ± j0.2)(s + 7.49)(s + 1507) . (4.16) 

Using the above transfer function for ISX-B, a controller is being 
designed. A block diagram form of the transfer function is shown in 
Fig. 4.4. 
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Fig. 4.4. Transfer function model G(s). 
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4.3 THE EXTENDED ROOT LOCUS METHOD 

The system shown in Figt 4.3 has a characteristic equation given by 

|l + KxK2G| = 0 . (4.17) 

Let Kj = KK{, where K is a scalar gain of the controller. Equation 
(4.17) can be written in the form 

^(s - zr) > - zt) 
K2A -J + KB ̂  + 1 = 0 , (4.18) 

- Pr) > - pt) 7r ir 

where u denotes the product of x factors. 

A root locus technique is a plot of roots of the characteristic equation. 
In the single-variable case, the characteristic equation is linear in K; 
thus, the K2 term is zero. 

In the case of ISX-B the controller design is multivariable, and 
the characteristic equation is quadratic in K as in Eq. (4.18). The 
root locus procedure is complex, and a computer program is being developed 
to plot the root locus for varying K. Once such a program is developed, 
one can design a variety of controllers with different configurations 
and parameters, using the standard root locus techniques available in 
the literature. 

4.4 SUMMARY 

The characteristic equation that was developed [Eq. (4.18)] will be 
used to design a number of different controllers to see which concept is 
best for ISX-B control. A computer program for the solution of Eq. (4.18) 
is being written. After this is accomplished, responses to step inputs 
in Rig» Iio> auc* 6R(t) will be observed. Also, stability and controlla-
bility to cross-coupling will be observed. 
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. MAJOR PLASMA DISRUPTIONS 

5.1 THE POSSIBILITY OF CONTROL OF AN INCIPIENT MAJOR 
PLASMA DISRUPTION 

An interaction of the 2/1 and 3/2 modes of the helical flux func-
tion is apparently responsible for major plasma disruptions (MPD's). 
Three time periods exist1 that correspond to deformations in the current 
density profile: (1) before the disruption (the initial phase), 
(2) during the transition period (where these modes interact), and 
(3) during the disruption itself. To prevent the disruption one can 
prevent the growth of either the 3/2 or the 2/1 mode (or both) so that 
overlap does not occur. The 2/1 mode, centered at a large radius, is 
more accessible to control by pellet injection or neutral beam heating. 
Also, the growth rate of the 2/1 phase is slower; therefore, it seems 
reasonable to control this mode to control disruptions. 

Feedback stabilization has been studied theoretically2 by switching 
on and off a feedback signal when the 2/1 mode and the feedback signal 
are locked in phase at the limiter. Stabilization might thus be achieved 
experimentally by using a helically wound coil that is actuated periodic-
ally depending upon the 2/1 growth mode. 

Another method of stabilizing the plasma is to heat it outside the 
q = 2/1 surface. As the temperature of the region outside this surface 
increases, it modifies the current profile near the q = 2 surface and 
the growth rate of the 2/1 (and 3/2) mode decreases. The disruption is 
thus avoided. 

Both of these methods of stability control depend upon the possi-
bility of detecting a precursor signal to a MPD. If the q(r) profile is 
modified in the wrong place, destabilization may be enhanced; therefore, 
good diagnostics with rapid response is necessary. The time delay for 
the feedback system should be less than Y21_1 (the growth rate factor 
for the 2/1 mode). For the ETF it is estimated that the growth rate 
factor is ̂ 24 ms; thus, the feedback system's time response should be 
less than "xAO ms. 
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A suitable precursor signal might be obtained by observing the 
poloidal field, which is apparently strongly influenced just before a 
disruption. The translation of the physical ideas into working hardware 
will require more time and effort. 

Because the avoidance of MPD's is not presently available, the 
probable consequences of disruptions are discussed oelow for an off-
centered plasma in a circular vessel and for a D-shaped plasma in a 
D-shaped vessel. Appendix E provides calculational details and addi-
tional data. 

5.2 SUMMARY OF THE CONSEQUENCES OF A MAJOR PLASMA DISRUPTION 

If a MPD were to occur in an ETF machine, the following results 
would be likely. First, we define 6 as the distance between the center 
of the circular vessel and the magnetic center of the plasma. The 
D-shaped plasma is considered to be one-half of an ellipse with e the 
eccentricity and the displacement of the magnetic center of the 
plasma from the straight-line portion of the wall. The ratio Sp/a is 
the ratio of the distance of the magnetic center to the minor radius of 
the ellipse. 

The following conclusions have been derived. 
(1) It is likely that the plasma disruption time td will be longer 

than previously anticipated. Instead of 100 ps, the disruption time 
will probably be of the order of milliseconds for the ETF. 

(2) The eddy currents are much more important in force considera-
tions, power supply protection, etc., than in contributions to the heat 
load through I2R (Joule) heating. Except for extremely asymmetric 
configurations, it seems that in most cases <10% of the temperature 
change in the wall will be due to the induced eddy currents. 

(3) The temperature rise is not very sensitive to the shape of the 
heat pulse that strikes the wall. The disruption time t q and the total 
thermal energy in the plasma primarily determine the temperature distri-
bution in the wall. 

(4) The maximum wall temperature for circular tokamaks (about 
1000°C for 5/a «= 0.5) increases as 6/a •*• 1, and the maximum temperature 
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is always in the inside region of the torus. For D-shaped tokamaks the 
maximum wall temperature increases as e ->• 1 and decreases as -*• 1. 
The maximum temperature (about 1100°C for e = 0.968 and 6^/a = 0.167) 
generally occurs in the top portion of the D; this is a result that 
depends on the constant radial velocity assumption. 

(5) The maximum number of MPD's before wall failure occurs de-
creases as fi/a + 1, with 48 being the minimum number under any circum-
stances for the ETF. Because there is more surface area per plasma 
volume in the D-shaped design this number increases to 60 MPD's for the 
worst case. 
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6. DIAGNOSTICS SUITABLE FOR FEEDBACK CONTROL ON ETF 

6.1 INTRODUCTION 

Several factors will make the diagnostics for the ETF different 
than that on existing machines. In addition to the high temperature, 
neutron fluxes, presence of lithium in the blanket, high magnetic fields, 
and temperature fluctuations, there can be significant fluctuations of 
magnetic fields that induce eddy currents in metallic parts and set up 
force fields. The following factors will need to be taken into considera-
tion when instrumenting the ETF. 

(1) Remote maintenance and calibration of the instruments will be 
required. 

(2) The neutron fluxes will probably prevent direct viewing of the plasma 
through ports. Some type of mirrored surface for laser light, etc., 
will probably be necessary. 

(3) Because solid-state detectors suffer neutron damage, they probably 
cannot directly view the plasma. 

(4) Magnetic field pickup coils will be located behind the first wall or 
limiter; thus, a magnetic field diffusion may cause a significant 
discrepancy between the time something occurs and the time it is 
measured. 

(5) Significant numerical analysis for the rapid interpretation of 
results (for example, the inversion of data from soft x rays) will 
be required. Vast amounts of computer interfacing with instrumenta-
tion will be necessary. 

(6) For some parameters data describing not only the time behavior of a 
quantity but also the spatial variation will probably be required. 

(7) It is probably necessary to be able to measure the deuteron, triton, 
and electron densities for adequate control because both tritium and 
deuterium pellet injectors are likely to be required. 

(8) The detection of tritium in the presence of background gamma radia-
tion in the structure will be required. Process control, fuel 
handling, divertor collectors, and lithium blanket processing will 
involve large amounts of tritium. 
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(9) A direct ion temperature measurement would be beneficial. The fusion 
power production is directly dependent on the ion temperature through 
<av>. 
The diagnostics for the ETF needs a fair amount of attention. In 

addition, the numerical methods associated with interpreting the outputs 
of the devices also require work in order to reduce the amount of data 
and computer storage required. The calculations will have to be done so 
that on-line computer decisions can be made. 

6.2 TIME CONSTANT INVOLVED IN DIAGNOSTICS AND CONTROLS 

6.2.1 Major Plasma Disruptions 

The control of incipient MPD's will require diagnostics, computa-
tional time, and control action, all completed in a few milliseconds. 
It may be that arrays of soft x-ray detectors provide the most accurate 
way of determining the probability of an incipient disruption. Even 
though the time constants associated with solid-state detectors are 
short (microseconds), the conversion of the intensities of the x rays 
into a meaningful plasma profile requires computer analysis. 

The amount of computational time required to obtain information on 
the plasma profile depends on the number of detectors, the computing 
system, the interfacing, and the numerical algorithms involved. Assuming 
that this can be done in a few milliseconds, a control action is required 
to alter the plasma distribution so that the disruption is averted. 

There are at least two ways that control action may be taken (see 
Sect. 5). The first is to use helically wound feedback coils so that 
the m/n = 2/1 mode is nonlinearly stabilized. Because this mode rotates 
with some frequency (approximately drift wave frequency), the response 
time for the coil to be activated and the field to penetrate the vessel 
is roughly the reciprocal of the drift frequency. The feedback signal 
must be in phase with the 2/1 mode or accelerated destabilization may 
occur. The other method is to add heat to the plasma at the right place 
and time. The importance of time constants is apparent in the control 
of disruptive instabilities. 
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6.2.2 Power Level Control 

The power during the burn phase must be controlled in some way. In 
a fission reactor, control rod positions determine the neutron population. 
The corresponding control in a fusion reactor may be a ripple coil. The 
energy multiplication factor1 kgn must be kept near unity for fusion 
control. The fueling rate and species are, of course, also important in 
power level control. 

The important factor from a controls point of view is that for a 
D-T reactor of 10 < T. < 100 keV, 

1 dk . _ _ en > 0 . 
k dt en 

This means that the control system will have to be able to respond with 
time constants less than the energy confinement time t„. For the ETF r„ fc. fc. 
will be M..2 s; therefore, it seems that the time constants involved in 
power control and diagnostics and computational time will not be diffi-
cult to obtain. However, the instability of the power level means that 
nondrifting control systems will be very important. 

6.2.3 Position and Shape Control 

The time constants involved in the measurement, determination, and 
control action of the plasma position and shape will be of the order of 
a few milliseconds. Diagnostics can be done via coils or soft x-ray 
detectors, and considerations similar to those that apply to the control 
of MPD's apply here as well. It is expected that times of a few milli-
seconds will be required for position and shape control. 
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7. ASSESSMENT OF THE CONTROLS R&D NEEDS 

7.1 INTRODUCTION 

The lack of precision in defining the controls R&D needs reflects 
the uncertainty in the physics, design, and mission of the ETF. The I&C 
design is especially difficult because of the interface that must exist 
between the hardware and the plasma. The plasma physics is not under-
stood well enough to make it easy to specify the consequences of certain 
actions (such as the injection of a pellet). 

The functions of the I&C system on the ETF will be threefold: 

(1) to provide manual (open-loop), semiautomatic, and fully automatic 
(closed-loop) control of the ETF through all phases of operation; 

(2) to provide automatic shutdown capability in the event of an 
environmentally, physically, or economically hazardous situation; 
and 

(3) to provide diagnostic outputs so that important physical parameters 
may be discerned. 

There are two difficulties that must be overcome if automatic 
control of fusion reactors is to become a reality involving more than 
just plasma position control. These are 

(1) the production of the diagnostics necessary for an adequate 
measurement of system outputs; 

(2) the development of adequate mathematical models that relate the 
response of the plasma to the inputs (these mathematical models 
may be derived from the application of basic physics laws or 
from empirical relations arising from the extrapolation of 
operating machines). 

A great gulf exists between present capability and the requirements 
for ETF control. The single largest aspect of control that needs atten-
tion is the development of adequate mathematical models of the plasma. 
Various design requirements are listed in Ref. 1. Assuming the hurdles 
of plasma physics state equations can be overcome, the control system 
design should reflect reasonableness in scope and safety. 
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7.2 DESIGN REQUIREMENTS 

The design requirements can be categorized in several ways. During 
each pulse of the tokamak various sensors will have to detect data on 
which the control of the device hinges. These data will doubtlessly go 
into an on-line computer that will perform calculations and then activate 
control knobs. The control system should be able to accommodate, the 
following: 

(1) normal shutdown in the event of various system malfunctions, 
(2) normal shutdown in the event of a safety hazard such as a tritium leak, 
(3) automatic remote calibration and checking of sensors, 
(4) feedback and control of the total power of the burn phase, 
(5) normal shutdown if various design parameters (such as first-wall 

temperature) are exceeded, and 
(6) automatic control of plasma position and profile to provide reason-

able assurance of plasma stability. 
These functions can be performed if the proper parameters are sensed. 

The spatial and temporal variations of various quantities must be 
sensed. These include 
(1) T and Tg of the plasma, 
(2) the temperature of the first wall, 
(3) the neutron intensity on the first wall, 
(4) the plasma current density, 
(5) tritium levels throughout the plants and environs, 
(6) the divertor collector plate temperature, 
(7) electron, deuteron, and triton densities in the plasmas. 
Many of these quantities can be obtained directly or be inferred by 
measurement techniques already in use. The sensing of deuteron and 
triton densities is more difficult; Appendix B looks at this problem in 
more detail. 
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APPENDIX A 

CONTROL OF A TOKAMAK FUSION REACTOR: AN OVERVIEW 

A.l INTRODUCTION 

The practicality of controlled thermonuclear fusion as a power 
source is dependent on the ability to control the plasma and thus to 
obtain a relatively inexpensive net power gain. In 1969 Rose pointed to 
seven problems in magnetically confined systems that must be solved, the 
first and perhaps most important of which is directly related to control 
of the device.1 As with most physical systems the whole question of 
controllability depends on finding a region or point in an appropriate 
state space where the reactor performs well and on designing a control 
system that keeps the plasma parameters in the neighborhood of that 
operating point. 

A significant step toward commercial fusion is the ETF, which will 
begin operation about 1990. This device, expected to be a tokamak, will 
probably have the parameters2 listed in Table A.l. Because the tokamak 
will also probably be a pulsed device, there will be a preignition, 
burn, and shutdown phase for each cycle.3 Most of our remarks concern 
this reactor because it is to be the first large D-T-burning facility 
constructed. 

As shown in Table A.2 the three aspects of the closed-loop control 
problem that must be considered are plasma position and shape, stability, 
and power level. Power control is such that the net output power over a 
cycle maximizes the salable power. In this discussion we ignore the 
power produced in the blanket. The three aspects of control are not 
independent of each other because changing a given plasma parameter may 
affect stability as well as power level. All process I&C is also ignored 
because it is likely to be standard. 

Figure A.l is a block diagram of the plasma, the plasma inputs 
(control knobs), and the three outputs to be controlled. Each area of 
control must have at least the following information specified in each 
phase of the operating cycle: 
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Table A.l. Likely ETF reactor parameters 

Plasma major radius, R (m) 5.0 
Plasma elongation, 6 1.6 
Plasma minor radius, a (m) 1.2 
Plasma volume, V (m3) P 230 
Plasma current, I (MA) 5.0 
Neutron wall loading (MW/m2) 2.4 
Total fusion power (MW) 1140 
Fusion power density (MW/m3) 5.0 
Number of TF coils 12 
TF coil vertical bore (m) 9.9 
TF coil horizontal bore (m) 6.2 
TF coil conductor Nb3Sn 
Field at TF coil, B (T) m 10.9 
Field on axis, (T) 5.3 
Steady-state burn time (s) 500 
Total cycle time (s) 560 
Total volt-seconds 83 
Neutral beam energy (keV) 150 
Injection time (s) 6.0 
Microwave power (MW) 1.0 
Microwave frequency (GHz) 120 
Fueling Pellet injection 
Impurity control Bundle divertor 
Shielding Stainless steel balls 

and borated water 
Vacuum topology Vacuum building 
Vacuum pumping Cryopumps 
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Table A. 2. Delineation of the control problem in each phase 
of the operati -.g cycle 

Phase 

Type of control Preignition Burn Shutdown 
Position13 Perhaps Y Y 
Stability^ Y Y Y 
Power level N Y N 

aMajor radius and vertical position. 
Sawtooth, Mirnov, and major disruptions. 
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SYNCHROTRON RADIATION CONTROL KNOB -INPUT VECTOR Ujy 

Fig. A.l. Schematic diagram of fusion reactor inputs, outputs, 
and state variables. 
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(1) observable parameters (those quantities that can be detected or 
directly inferred); 

(2) control knobs or input variables; 
(3) a system of equations relating the state variables to the input 

variables and device parameters; 
(4) an objective function or performance index that is to be achieved 

by the control system; 
(5) relations connecting the observable parameters to the objective 

function parameters; and 
(6) diagnostics used in measuring the observables along with the 

accuracy and time constants associated with the measurements 
[these diagnostics must be applicable to the ETF (neutron field, 
high temperature, intense magnetic fields, large temperature 
fluctuations) environment]. 

The purpose of this appendix is to provide an overview of the 
importance and difficulty of fusion reactor control. Prior to 1970 a 
great deal of theoretical work was done on various aspects of plasma 
stability, position, etc.11 However, perhaps because of the lack of 
success in designing hardware with the correct performance capability, 
the past ten years have not seen as much activity in the area of control. 
Now, with the designing of large power-producing fusion reactors such as 
the ETF, a feedback control (closed-loop) system seems imperative. 
Feedback control system design cannot merely be a reactor add-on because 
the control concept is an integral part of the reactor design. This is 
reflected in pulsed-field effects, first-wall design, coil interconnec-
tion approaches, and power supply size, to name a few. 

Plasma shape sensing and control will probably have a strong 
influence on the stability of the plasma. Disruptive instabilities are 
sensitive to the safety factor profile q(r);5 therefore, the separation 
of plasma shaping and stability is not likely to be possible. We consider 
shaping and position together because both are geometrical requirements 
for the plasma and because the sensing is likely to be done via the same 
instrumentation. 

The development of a state model that consists of a set of differ-
ential and algebraic equations connecting the input vector ti and the 
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state vector x is essential. The relation hip of the detector outputs £ 
to the state variables must also be known (e.g., the relationship of the 
intensity of the soft x-ray detector to electron temperature, densities, 
etc.). If an adequate model can be developed for the plasma system, 
then it is probable that a feedback and feedforward (anticipatory) 
control system may also be designed. We discuss some of the elements of 
this process in the next sections. 

A.2 STATE VARIABLES AND PERFORMANCE INDICES 

The choice of performance indices and state variables used to 
describe the essential physics of the tokamak is not unique. The 
framework of modern control theory seems to be appropriate for fusion 
reactor applications because the control system will be a multiple-
input, multiple-output device. 

Position control is the only aspect that has received any serious 
attention in a practical sense,6-10 although plasma stability has received 
some attention.5'11 Power control is common on fission reactors, but 
power control for fusion reactors has not received much attention 
because no net power has yet been produced. 

The control knobs or input variables are not yet well defined. Gas 
puffing, neutral beam heating, pellet injection, ohmic heating, equilib-
rium field (EF), and shaping coils are all currently being used or are 
under development. It may be that some mechanism can be used to control 
the divertor efficiency by changing the divertor coil power supply 
voltage. A ripple coil may be used to enhance or reduce the ripple. 
The ripple influences the diffusion of particles, particularly the ions. 
In Fig. A.l the inputs are grouped into u^ (magnetic), u^ (particle and 
heating), and u (synchrotron radiation). Significant additional —sy 
investigations are required to establish the feasibility of synchrotron 
control. 

Synchrotron radiation is reflected from the first wall (^90%) and 
reabsorbed by the plasma. Exact calculations associated with the emis-
sion, absorption, and reflection of the radiation from the wall are very 
difficult, if not impossible, at this time. Because of the high reflec-
tion12 of the radiation from the wall, it may be that a portion of the 
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wall could open (like a window) to allow the synchrotron radiation to go 
out and be absorbed by anothev material. However, this sliding opening 
in the first wall will introduce various complications in the design, 
thus necessitating a thorough analysis of the concept. 

An important point is that u^ will probably be a much faster-acting 
input than u^ or usy- The magnetic field diffusion time through the 
first wall is of the order of tens of milliseconds, and a mechanical 
sliding shutter will probably require hundreds of milliseconds for 
travel. Beam heating, microwave heating, gas puffing, etc., will 
probably be faster by an order of magnitude or so. Therefore, if 
possible, it may be better to use u^ for fast control. 

The real problem with control of the fusion reactor is a lack of 
knowledge about the plasma physics in the areas of disruption mechanisms, 
shutdown phenomena, impurity effects, and divertor physics. Allowable 
levels of perturbations in density and temperature caused by pellet 
injection, neutral beams, and impurity buildup need to be established. 
The state variables and performance indices chosen should be as simple 
as possible while still allowing for physical constraints such as 
voltage limitation on power supplies, pellet injection rate, and energy. 
The formulation of the. state equations is not unique.13 Obtaining the 
important reactor parameters and state variables for adequate control 
requires an understanding not only of the plasma behavior itself but 
also of other influences on the plasma such as actions from the external 
coils and eddy currents induced in the first wall. An iterative process 
reducing the state variables with low sensitivities to input or output 
variables will be required to arrive at a reasonable set of state 
equations. 

We define the following function spaces that apply to the fusion 
reactor system. The total space of state variables is designated by E. 
The actual number of state variables used will be a subset of Z but may 
vary from the startup to the burn to the shutdown phase because the 
physics is different in each phase. In all cases the number will 
probably include T^, T , n2, n3, and n5. We designate the space of 
output variables or observables by Y and look for the form of y that 
includes as few of these state variables as possible in order to lock in 
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the desired operating condition of the reactor. Finally, the space of 
all possible input parameters is designated U, which includes deuterium 
and tritium input rates and energies, OH coil power supply voltage, EF 
power supply voltage, neutral beam injector heating, rf heating, and 
perhaps divertor coil voltage supply and impurity injection. 

Control for startup and shutdown will, of necessity, be different 
from control for the burn phase because there are no nominal operating 
or steady-state parameters. The analogy to starting a fission reactor 
is somewhat applicable here in that many of the control inputs will be 
ramped in time from initial to burn values. Various startup scenarios 
have been simulated,3 but no serious considerations of controller 
hardware design have been attempted for the combined position, shape, 
and stability problem. Controller hardware design is difficult because 
plasma diagnostic systems are in an early state of development. Further 
understanding of plasma mechanisms will accelerate diagnostic development 
and improve the control sensors necessary to a control concept formulation. 

Once a plasma is formed, plasma position and shape, as well as the 
q(r) profile, become matters of concern. It is likely that a time 
evolution of these parameters may be worked out a priori or by experi-
ence. The parameters would be preprogrammed into the control system so 
that instead of an operating value R q , a desired time-evolving R q would 
be used. In all cases it appears that startup state equations will be 
required and that an experimental or operational method for determining 
when ignition has been achieved must be developed. It is important to 
identify variables that describe the plasma behavior which can be 
sensed directly so that the computational time between the observation 
and the perturbation can be maximized to allow for control. 

A. 3 PLASMA STARTUP 

The startup state equations would connect ug eU with the startup 
state reactor x e£: -s 

*s - 4 *s
 + is > (A.l) 
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where A and B are matrices defined by the physics of the reactor during 
the startup phase.1*4 The output variables are some function of the 
state variable so that y eY is related to x eE: s -s 

y - C x . (A.2) *-s =s -s 

We assume that A , B , and C may be time varying but that they are not —s -s —s 
a function of any components of the state reactor xg. 

The performance index for the startup phase is composed of both 
plasma position (vertical and horizontal) and stability-characterizing 
parameters. Perhaps the plasma position and shape could be adequately 
specified by the major plasma radius R and the radial moments of the 
density distribution (or perhaps pressure distribution) by <r >, where 
k is less than or equal to some arbitrary number. This means that R is 
the distance from the centerline of the torus to the point in the 
plasma where the temperature is at a maximum (assuming the plasma has no 
heavy ions) and that 

J r2-n ,-limiter , 
' / r n(r,6-)r dr d6 

k 0 0 <rS = — — — — , k = 1, 2, . . . K . (A.3) Y .limiter n ( r > 0 ) r d r d 0 

Jq h 

The q(r) profile is derived from other measured parameters and may 
be used to characterize the stability of the plasma. Therefore, a 
suitable control scheme may be one in which the inputs u influence x —s s 
so as to minimize the performance index: 

00 / k L \ 
J " f (wiR2 + J* w2<r >2 + T w31q2 + w4z2 ) dt , (A.4) 
8 J

n \ k-1 £=1 S / 

where q^ is the safety profile at resonance surfaces and L is the 
largest one that need be considered. The w's are weighting factors, and 
the tilde represents the difference between the actual value and the 
desired value o£ the parameter at time t. The effect of this quadratic 
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performance index is to minimize deviations of the measured values of 
the state variables from the prescribed values obtained by calculations 
or experience. 

A fundamental question is whether a decomposition of these spaces 
is possible in any of the phases. For example, if we look at the 
startup phase and choose input vector u EU to control the shape and S1 
position of the plasma and to control the stability, are the com-
ponents of ug all different from those of ug ? Mathematically we 
desire 

x = A x + B u , (A. 5) -s =s -s =si -si 

with 

y = C x (A.6) 
S1 = S l - s 

and 

x - A x + B u , (A.7) -s =s -s =S2 -S2 

where 

y C x (A.8) 
—S2 =S 2 - s 

such that u is orthogonal to u and y is orthogonal to y . If -s -s2 -si -S2 
significant time delays occur in the state equations, it seems unlikely 
that such a separation will be possible. 

The startup stage is characterized by ohmic heating, neutral beam 
injection, and then a transition into the ignition regime. This stage 
will take M.0-20 s in the ETF, and then the burn phase of ̂ 500 s will 
occur. The state variables in this stage are not yet well defined. 
Impurity concentrations may be critical because large radiation losses 
result, if these become large for a given filling pressure. The energy 
losses due to charge exchange, impurity line radiation, etc., may require 
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additional heat input such as electron cyclotron resonance heating. As 
noted in Table A.2 the state equations and the instrumentation used in 
the startup phase will require concentration on the stability of the 
plasma. 

A.4 PLASMA BURN PHASE 

Once the plasma is ignited, the control will probably have to be 
shifted to a different control concept that also accounts for the power 
level during the burn phase. It is possible that the power level need 
not be kept constant because it is the total energy over the burn cycle 
that is to be maximized,15 consistent with the demands of position, 
shape, and stability constraints. For the plasma to remain ignited, the 
thermal energy multiplication factor16 k e n must remain unity just as the 
neutron multiplication factor in a fission reactor must be one. However, 
there may be a fundamental difference between the fission neutron 
multiplication factor and the fusion thermal energy multiplication 
factor. The neutron multiplication factor can be unity at any power 
level at which the reactor is stable. On the other hand, the stability 
of the operating point of the fusion reactor when k g n is unity is 
questionable at this time; thus, the control system may have to be 
better than that used in fission reactors. 

An appropriate performance index for the burn phase of the cycle 
might be the particular control strategy that changes the burn phase 
reactor state variable x^ el so that 

/ k _ L \ 
Jb = I VW,*kin + W s R 2 + X w6 k

< r > 2 + Z + w8*2) (A-9) -q \ k=l £=1 ' 

is minimized. Various constraints would likewise have to be imposed 
(e.g., if the wall loading exceeded a certain rate, shutdown would be 
initiated). If deviates much from zero, the power level of the 
reactor may shift drastically; thus, the weighting factor w^ may need to 
be chosen carefully. 

Even though there are nominal operating values for ion temperature, 
density, and electron temperature during the burn phase, they will 
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probably change. Synchrotron radiation increases rapidly with electron 
temperature and with impurities caused by helium ash accumulation and by 
particles sputtering from the wall that change the characteristics of 
the plasma. The diffusion rate of tritium and deuterium may be differ-
ent; therefore, an additional diagnostic that measures n2 and n3 

separately may be required. 
To suppress MPD's, control of the plasma q(r) profile by neutral 

gas injection and plasma current control11 has been tried. Often a 
precursor to a MPD is the presence of other oscillations (sawtooth — 
poloidal mode number =1; minor oscillation — poloidal mode number = 2, 
3, ...). Sawtooth oscillations abruptly change the electron temperature 
profile to a nonequilibrium state; thus, the shape control mechanism 
must not act in such a way as to force the plasma into an unstable 
configuration. The stability control will probably involve very compli-
cated state equations so that on-line computation capability and real-
time considerations may require drastic approximations unless data 
feedthrough problems and computational algorithms can be further ana-
lyzed to determine the relationship between computational time and the 
accuracy of the result. Of course, correlations to anticipated response 
times need comparisons, and DEMO-sized reactors may help in this control 
area. 

A.5 SHUTDOWN PHASE 

Of the three phases briefly discussed here, the shutdown phase has 
been studied the least. Shutdown may take 10 s or so and in some respects 
is a reversal of the process used to initiate the plasma. The time for 
shutdown to occur should be greater than the energy confinement time of 
the plasma so that heat load problems on the wall can be circumvented. 

In the shutdown phase we again need to be concerned with plasma 
position and stability. Even during shutdown we want to avoid the 
occurrence of a MPD because of the potentially severe consequences to 
the wall. A performance index similar to Eq. (A.4) could be written 
except that now the state variables x eE and the control variables u^ 
cU are different than they were in the startup phase. 
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Shutdown control has not yet been studied in any detail. The 
discharge must be terminated in a short time so that the burn time can 
be maximized to the cycle time. The shutdown time must be long enough 
so that the 200 MJ of thermal energy stored in the plasma is not depos-
ited on the wall so quickly that wall damage is done or that wall 
lifetime is significantly shortened. 

It may be necessary to add heat during the shutdown phase to avoid 
an abrupt quench of the plasma that may result from impurity buildup, 
which could take the plasma to a subignition regime. All of the inputs 
available for control in the other two phases are potentially applicable 
here. Again, the fundamental difficulty is the lack of adequate state 
equations. 

Some techniques suggested for shutdown include reducing the fuel 
input, injecting impurities, and enhancing alpha particle transport by 
means of a ripple coil. Understandably, the major effort to date has 
been on obtaining an ignited plasma. However, the imminence of the 
demonstration of fusion scientific feasibility supports the need for an 
increase in investigation of controlled termination. 

A.6 DIAGNOSTICS CONSIDERATIONS 

Control without diagnostics is impossible. The diagnostics must be 
very rapid compared to the time constants of the physical phenomena 
being controlled, i.e., plasma position, stability, and power. Addi-
tionally, the diagnostics must be able to withstand the environment of 
the ETF and be remotely maintained and calibrated. Table A.3 is a 
matrix of some detectors and some environmental conditions. A "Y" means 
that the diagnostic can stand up in that environment, a question mark 
means either that we do not know or that it depends upon the exact 
nature of the detector, and an "N" means that the diagnostic should not 
be used in that environment. 

A list of plasma diagnostics is provided by Edelbaum et al.17 The 
sensors will have to be calibrated remotely because neutron production 
will prevent manual calibration. 



Table A.3. The environmental impact on various diagnostic methods 

Environmental conditions 

Physical 
mechanism 

Space 
limitation 

of 
M.00 cm3 

Vacuum 
conditions 

of 
10-8 torr 

Magnetic 
fields 

of 10 T 

Neutron 
fluence of 

1020 neutrons/cm2 

First-wall 
temperature 
of 800°C 

First-wall 
temperature 
fluctuations 
of 400°C Bakeouts X-radiation 

Electromagnetic spectroscopy 
Soft x ray Y Y Y N N 7 7 Y 
Hard x ray Y Y Y N N 7 7 Y 
Atomic Y Y Y N N 7 7 7 

Molecular Y Y Y N 

Nuclear 

N 7 7 7 

Neutron N Y Y N Y 7 7 Y 
Gamma N Y Y N N 7 7 Y 
Charged 

particle Y Y Y 7 

Probes 

N 7 7 Y 

Electric Y Y 7 N Y 7 Y Y 
Magnetic Y Y 7 N Y 7 Y Y 
Particle Y Y 1 N 

Waves 

Y 7 Y Y 

Optical Y Y Y 7 Y 7 Y Y 
Microwave Y Y Y ? 

Mass spectroscopy 

Y 7 Y Y 

Charged 
particle N Y 1 ? Y 7 Y Y 
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A significant factor that must be taken into account in future 
fusion systems is the high neutron fluxes in which the detectors must 
operate. The neutron loading for the ETF is expected to be ̂ 2.4 x 
106 W/m2 or 1.06 x 101*1 neutrons/cm2-s impinging on the first wall. 
This translates into a neutron fluence of 3.35 x 1021 neutrons/cm2 in 
one year of operation at maximum power. Most of the diagnostics will be 
located behind ports in the first wall, but neutrons will still have an 
influence in at least two ways. 

(1) Neutrons are likely to make viewing ports (glass, beryllium, 
etc.) less transparent to laser beams, soft x rays, ultrasoft 
x rays, etc. 

(2) The transmutation of elements will probably cause the absorption 
of radiation to have a different frequency dependence than the 
port initially had. 

The calibration of the detection instruments at intervals by remote 
means will be necessary for at least some of the diagnostics. 

Computer software that takes and interprets the sensor data and 
obtains the parameters of interest for control must also be developed. 
Vast amounts of data from soft x-ray detector banks will have to be 
analyzed in order to obtain relevant plasma parameters such as electron 
temperatures, shape, etc. Naturally, the control requirements are 
radically different from the experimental needs, and the. amount of data 
can be held to a manageable level by using data collection bursts or 
windows. 

For control purposes it would be desirable to be able to determine 
directly the ion temperature as a function of position because the 
fusion energy production rate is a sensitive function of temperature. 

It may be possible to use synchrotron radiation as a control knob 
and as a diagnostic tool. Unfortunately, at the present time it is not 
very well analyzed. If a significant amount of energy is reflected back 
from the first wall, a port or variable opening in the wall may provide 
a means of fine-tuning the central temperature of the plasma. 
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The detection of the plasma position and shape can probably be done 
very rapidly by means of soft x-ray silicon surface barrier detectors. 
The plasma emits soft x rays consisting of bremsstrahlung, recombination, 
and line radiation. It seems that the intensity of the x ray is thus 
proportional to the electron temperature Te« Ultrasoft x rays should be 
relatively insensitive to the electron temperature because ultrasoft 
x-ray transitions can be induced by thermal electrons. Ultrasoft 
x rays are primarily the result of impurities and so should be propor-
tional to the startup phase density ng. Plasma disruptions have been 
studied on very short time scales by this technique.1® These preliminary 
diagnostics considerations underscore the fact that any control concept 
will require additional observations on the plasma that will provide 
data to generate the control knob intelligence. 

A. 7 SUMMARY 

Control of fusion devices is not presently developed to any degree 
except for position control. The basic difficulty is that simple state 
equations suitable for control are not known. Even though the ETF is 
still about a decade away, serious attention to the developments needed 
for its control is essential. 

Because of the nonlinear state equations modern control theory 
seems to provide the most appropriate forum for discussing fusion con-
trol. Serious considerations about time constants and the separability 
of position control from power and stability control may permit easier 
control than is currently anticipated. 

Diagnostics suitable for ETF control are also inadequately developed. 
A great deal of computer software and data-handling techniques suitable 
for plasma control is also necessary. The performance indices described 
above require the development of suitable hardware, computer software, 
and control algorithms. However, the performance indices chosen are a 

reflection of the current understanding of the plasma physics involved 
and may need to be altered or completely changed. 

Even though some work has been done in the past on stability 
control, no currently operating devices have incorporated stability 
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control to any extent. Sen indicates that it is theoretically possible 
to use one properly placed sensor and a single suppressor (control knob) 
to stabilize all unstable modes.19 Much work is still required in all 
three areas of fusion plasma control. 

Finally, it has been noted that analytically it is possible to 
design an automatic control system that can selectively detect and 
stabilize some of the helical flux modes of a plasma column.20 Most of 
the work done on stability thus far has been done in cylindrical rather 
than toroidal geometry. It may be that this will not cause many diffi-
culties, but the toroidicity of the plasma certainly has some effect on 
particle transport. Toroidal geometry may accentuate instabilities so 
that faster dynamic response is necessary. A proper set of state equa-
tions, including confinement times and a particle transport representa-
tion that reflects the physics and the toroidal geometry, requires 
development. 
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APPENDIX B 

THE EXPERIMENTAL DETERMINATION OF THE DEUTERON-TRITON RATIO 
IN A FUSION PLASMA 

Two pellet injectors, one for injecting deuterons and the other for 
injecting tritons, will probably be used in the control of a fusion 
reactor. Although the power output of the device depends upon the rela-
tive number of deuterons and tritons, this output is not in itself a 
sensitive measure of the deuteron and triton densities even if the ion 
temperature is known. Control using both pellet injectors requires 
diagnostics that will determine the relative average D-T densities at 
time t. Keeping a 50-50 ratio of deuterons and tritons maximizes the 
power output for a given temperature and a given number of particles. 
However, it may be that high-temperature operation (35-75 keV) may be 
advantageous because of different diffusion mechanisms now coming into 
prominence. 

Letting <ov>22 and <ov>23 denote the neutron-producing D-D and D-T 
reaction rates and assuming equal rates for the two branches of the D-D 
reaction, the particle balance equations for deuterons and tritons 
respectively are 

dn2(t) n2 
— — — = S2 - 2<av>22n| - <av>23n2n3 - — (B.l) 

and 

dn3(t) n3 
— — — = S3 + <ov>22n|/2 - <av>23n2n3 - — • (B.2) 

In principle the D-T ratio can be measured by taking either the ratio of 
terms within an equation or the ratio of terms from each equation. 
Therefore, there are two options. 

(1) One can determine the neutron production terms by taking the ratio 
of two terms in the same equation or the ratio of the neutron pro-
duction terms in each reaction: 
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N2 <OV>2?n\^2 n2(t) <CtV>22/2 
N3 " <av>23n2n3 ~ n3(t) <ov>23 ' (B"3) 

the evaluation of <0v>22/<ov>23 requires a knowledge of the 
average ion temperature. 

(2) One can use a mass spectrographs method to measure (n2/T2)/(n3/T3) 
in the collection chamber of the divertor and then relate this 
back to the density in the plasma. 

We will look first at the neutron detection method. 
The two reactions of interest that produce neutrons are T + D -*• 

3.52 MeV + n(14.07 MeV) and D + D + 3He(0.82 MeV) + n(2.425 MeV). 
The number of neutrons produced per cm3*s from the D-T reaction is 

N23(r,t) = n2(r,t)n3(r,t)<ov>23(r,t) , (B.4) 

and the D-D neutron production rate is 

N22<r,t) = nf(r,t)<av>22/2 . (B.5) 

The neutron production rate will vary throughout the plasma volume. 
Assuming a cylindrical volume for the plasma that produces the neutrons 
seen by the detector, we can relate the production rate to the densities 
as follows. As seen in Fig. B.l, assuming there is no density or tempera-
ture variation over the cross-sectional area of the cylinder, the total 
number of neutrons produced in the D-T reaction along the diametral 
chord is 

N23(t) - l\fQ n2(r,t)n3(r,t)<ov>232Trr drju . (B.6) 

The neutrons seen by the detector in the first wall are reduced by a 
solid angle factor fi3; therefore, 

N23(t) - N23(r.)fl3 = n3n2(t)n3(t)<av>23 . (B.7) 
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Fig. B.l. Schematic diagram of the neutron detection 
system for the experimental determination of the deuteron 
and triton density. 
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Similarly, the number of D-D neutrons striking the detector is 

N22(t) = n2n|(t)<ov>22/2 . (B.S) 

The ratio of neutrons striking the detector is thus = ^3) 

N22(t) n2(t)<ov>22(t) 
N23(t) = 2n3(t)<ov>23(t) * (B,9) 

Of course, <ov>22 in Eq. (B.9) is for the neutron-producing branch of 
the D-D reaction only. 

The detection system for determining n2(t)/n3(t) must have the 
following characteristics for fusion reactors. 

(1) It must be able to operate in a high-temperature area (300-500°C). 
(2) Because both x rays and scattered neutrons will impinge on the 

detector, it must be able to discriminate against such radiation 
background. 

(3) Because the reactor will likely be cycled, it must be able to 
tolerate thermal cycling. 

(4) The shorter the response time of the detector the better. Response 
times of milliseconds or less are desirable. 

(5) Some neutron discrimination is necessary to sort the 14.1- and 
2.4-MeV neutrons from each other. These energies are not as sharp 
as indicated here.1 

A threshold fission chamber would satisfy all of these character-
istics except that the threshold energies are incorrect and the fission 
cross sections are much too small (for example, for the fission of 
bismuth). No fissionable isotopes are available that have all of the 
characteristics necessary to produce a reasonable detector. 

The following method is considered for determining the relative 
densities of deuteron and triton. Isotopes that undergo threshold 
reactions are dissolved in water or some other fluid (e.g., carbon 
tetrachloride) and pumped continuously into the reactor and back out to 
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a counting chamber, as shown in Fig. B.l. Table B.l lists some data on 
threshold reactions that may be useful in the detection system. Because 
of the scattering of high-energy neutrons, a continuous neutron spectrum 
is likely. At least three isotopes that undergo threshold reactions at 
roughly 13.0 MeV, 3.0 MeV, and 2.0 MeV are chosen to bracket the neutrons 
to be detected. The count rate from the 13.0-MeV threshold detector 
will be sensitive only to the 14.1-MeV virgin neutrons, and the differ-
ence in the count rate of the 3.0- and 2.0-MeV threshold reactions, 
corrected for cross sections, half-lives, etc., should provide the 
2.425-MeV neutron intensity. 

This system would have at least the following operational advantages. 

(1) The irradiation chamber could be placed next to the first wall 
because the heat could be taken away by the fluid flow. 

(2) The fluid could be pumped into a near-radiation-free area; 
therefore, the counting system would not need to be subjected to 
such high neutron fields. 

(3) The half-lives, threshold energies, counting systems, irradiation 
and storage volumes, and pumping rate would all be, up to a point, 
a matter of choice for the diagnostician. 

The primary disadvantage is that in the reactor the counting rate 
information lags significantly behind the neutron production rate. The 
lag time can be of the order of a second or less. 

In order to evaluate the feasibility of this flow-counting system, 
we define the following symbols: 

n2(r,t) = the deuteron density at position r at time t in the plasma, 

n3(r,t) = the triton density at position r at time t in the plasma, 

N = the number of atoms/m3 of the fluid that has a threshold for 3 X 
detecting the 14.06-MeV neutrons from the D-T reaction, 

N3£ = the number of product atoms/m3 of fluid as a result of the 
14-MeV neutron reaction, 

N2i = the number of atoms/m3 of the fluid that has a threshold for 
detecting the 2.5-MeV neutrons, 
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Table B.l. Isotopes that may be useful in determining 
the n2(t)/n3(t) ratio in a fusion reactor 

Threshold Product Cross 
energy half-life section 

Isotope Reaction (MeV) (s) (mb)a Compound 

Cl-37 37C(n,a)31+P 1.4 12.4 (B,a) 44 CClt4 
B-11 nB(n,a)8Li 6.63 0.844 (e") 33 Boric acid 
0-16 160(n,P)16N 9.62 7.10 (3~,Y) 40 H20 
C-12 12C(n,P)l2B 12.6 0.0204 (g,Y) ? CC14 
Na-23 23Na(n,P)23Ne 3.6 37.5 (B,y) NaCl 
Al-27 2 7A1 (n, 2n) 2 6 Al 13.05 6.34 (B+) ^0.1 A1203 

°The cross sections vary with energy; these numbers are either lA.l-MeV 
neutrons or rou»h averages over the range of interest. 
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= the number of product atoms/m3 as a result of the reaction, 

N ^ = the number of atoms/m3 of the fluid that has a threshold for 
detecting the 2.3-MeV neutrons, 
t'ie decay constants for N^j and Nj^, respectively (s-1), 

T^ = the average atom residence time in the irradiation chamber, 

T2 •= the average atom residence time in the counting container, 

T3 = the average atom residence time in the storage chamber, 

03 = the cross section for the 14.1-MeV threshold reaction, 

02 = the cross section for the 3.0-MeV threshold reaction, 

oi = the cross section for the 2.0-MeV threshold reaction, 

(j>3 = the 14.1-MeV neutron flux at the irradiation facility, and 

T12 = the average transit time from the irradiation chamber to the 
detection chamber. 

If the atoms N3i are irradiated at a time t, then the number of 
radioactive product atoms N ^ that reach the detection chamber a time 
(Ti/2) + T1Z later is 

-M(Ti/2)+T12] - N (t) e . (B.10) 
• J " ® + T12 

The number of atoms at time t in the irradiation chamber is 

N3ia3<|) 
M3f(t> = - f i ~ I1 " 6 

- M T i / 2 ) 
(B.11) 

The average time that an atom spends in the counting container is T 
thus, it spends roughly T2/2 s in this chamber before it decays (actu-
ally an exponentially weighted average should be taken). Therefore, 
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N 3f 11 + ( l 1 ) + T " + ( ? • ) . = N3f(t) e 
-X3[(T1/2)+T12+(T2/2)] 

N3ia3<f> I -X3(T!/2) 
: Il - e 

-X3[(T1/2)+TI2+(T2/2)] 
e . (B.12) 

The flux <j>3 is related to the D-T reaction rate as well as to the 
geometric configuration of the irradiation chamber on the wall. From 
Eq. (B.7), putting in a geometric factor for the fraction of the neutrons 
that can directly impinge on the irradiation chamber, we have 

N 3 f | t + ( l i ) + T 1 2 + G 1 ) 

N31a3 -A3[(Ti/2)+T12+(T2/2)] 
— n3n2(t)n3(t)<CTv>23 e 

1 - e 
- M T J / 2 ) 

(B.13) 

The detection rate is some constant e3 (for detector efficiency and 
solid angle) and depends on the activity of N3f(t). Setting T equal to 
(Tx/2) + T12 + (T2/2), we have 

A3(t + T) = A3N3f(t + T) 

-A3Tr -X3(Ti/2)l 
= N3ia3n3e3n2(t)n3(t)<av>23 e [l - e J . (B.14) 

Similarly, for the detection of the neutrons from the D-D reaction, 
we have (if ê  = e2 and = ft3) 
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A2(t + T) = X2Nlf(t + T) - X2N2f(t + T) 

f 
= £2 \ *l(t)Nlia1 e 

-AxCTi/2) 
1 - e 

- (j>2(t)N2io2 e 
- A 2 T -X 2(T 1/2)i 

1 - e | . (B.15) 

The fluxes <j>i and <{>3 are related in that 4>j is due not only to 
neutrons but also to the D-T neutrons; therefore, 

'lCt) = 'f'b^ + filn2<CTV>22 = ^ ( t ) + n 1 n 2 < o v > 2 2 / 2 (B.16) 

Putting Eq. (B.16) into Eq. (B.15) we have 

-XiT 
A2(t + T) = e2 ( <j,2(t) j Nuai e 

-X1(T1/2) 1 - e 

-A,T 
N2ia2 e 1 - e 

- X 2 ( T l / 2 ) <av>22 
+ — 

-XiT 
x N, .ai e li 1 

-Al(Ti/2) 
1 - e (B.3 7) 

Now we choose N ^ and N2^ (or the volumes if N ^ and N2^ are the 
same) so that 

-AT 
N u0! e 1 - e 

-Xi(T!/2)l -A2Tf -A2(T2/2) = N2.o2 e [3 1 - e (B.18) 

By eliminating these terms one can virtually eliminate this effect 
of the background. 

Now we have the ratio of the D—D to D—T activity: 
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A2(t + T) E2fiin|(t)<CTV>22Nlicr1 e 
-A3Tr -X3(T1/2) 

A3(t + T) 2e3fl3n2(t)n3(t)<ov>23N3ia3 e 1 - e 

1 n2(t)o1<ov>22Nli e 
-AjTr -x1(T1/2) 

1 - e 
(B.19) 

2 n3(t)a3<C3v>23N3i e 

If we use an aluminum isotope, then the volume must be constructed 
so that the resident times are such that Eq. (B.18) is satisfied. The 
particular isotopes and reactions must be chosen carefully. In general, 
the (n,2n) reaction has two advantages over other reactions. 

(1) The products of the reaction, neutrons, do not need to overcome the 
Coulomb barrier and thus are not suppressed from leaving the nucleus. 
The cross sections thereby rise very sharply to their maximum values. 

(2) The threshold energy is generally very high (>5 MeV); therefore, it 
can be used to distinguish the 14-MeV neutrons from all the lower-
energy neutrons. 

The main difficulty is choosing isotopes that 
(1) dissolve readily in water, 
(2) have a half-life of a second or less, and 
(3) have a high cross section for the (n,2n), (n,a), or (n,P) reaction, 

depending on the reaction used. 
As noted in Table B.l, 160 undergoes an (n,P) reaction and has a 

threshold of 9.26 MeV. It can be used along with other isotopes to 
determine the D-T reaction rate if the flow material is water. In 
addition, it has a very high-energy gamma ray (6.3 MeV) from the 16N 
decay. Aluminum has all three reactions with roughly the right thresh-
old energies. However, 27Mg 

and ll+Na are too long for use in fusion 
reactor control. 

Therefore, from all considerations it seems that the proper com-
pounds and isotopes for the control of a fusion reactor are those shown 
in Table B.l. These cross sections are all in the millibarn range. 
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Using Eq. (B.l) and taking typical numbers we have A2(t +1)/ 
A3(t + 1) = 1CT2. To estimate the absolute correct rate that may be 
expected for [A2(t + T) ], we use Eq. (B,17) (all cgs units): 

2 
2 -AlTf -Aj(Tj/2) 

! 1 - e 

as (0.1)(10"2) (5 * f " 1 3 ) 2 (5 X 10-18) (6 x 1022) 

x (3 x 10-27) e-1(l - e-0-2) = 75 Cts/s . (B.20) 

An advantage of using the mass spectrographs method is that the 
time lag can be reduced to milliseconds, which is almost essential for 
feedback control. The disadvantage is that it is difficult to relate 
the material collected to the actual density in the plasma because the 
material has diffused into the scrape-off region, mixed with the deu-
terium and tritium components there, and then come to the divertor 

the TF coils. We assume the lithium droplet collector and note that the 
rate at which the ions enter the chamber must equal their capture rate 
by the lithium drops except for those that are uncollected and neutral-
ized. The uncollected neutral background could be analyzed to determine 
the relative amounts in the plasma, hoping that T2 and T3 are at least 
proportional to each other. 

REFERENCES 
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plate. 
The collector plates or the "lithium rain"2 will be located outside 
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APPENDIX B 

THE FEASIBILITY OF USING SYNCHROTRON RADIATION 
AS A FINE-TUNING TEMPERATURE CONTROL 

Here we present a preliminary examination of the possibility of 
using synchrotron radiation to control plasma temperature. The power 
terms of interest in evaluating the importance of synchrotron radiation1 
are (1) the fusion power imparted to the plasma (keV/m3*s), 

Pp = n2n3<crv>23(3520) ; (C.l) 

(2) the bremsstrahlung radiation (keV/m3-s), 

p-a = "I K3n T^CO.OOe n T + 2 n.Z2) ; (C.2) Br 2 3 e e e e . i i 

and (3) the synchrotron (cyclotron) radiation (keV/m3,s) , 

B5/2 T11A . x v 
Pcy - I K*ne ( 1 " 1 0 I 1 + 254 j ' ( C ' 3 ) 

Here 
n2, n3, n^, ng = the average density of the deuterons, tritons, the ith 

ion specie, and electrons, respectively; 
Tg, T. = the average electron and ion temperatures, respectively; 

B = the internal magnetic field in the plasma; 
K2 = 105/Vn where L is the characteristic plasma length; 
K3 - 2 x 10-21; 
R = the wall reflectivity for synchrotron radiation, which 

depends upon the wavelength of the emitted radiation; and 
Z = the atomic number of the ith ion specie. 

The bremsstrahlung radiation lies principally in the x-ray region.2 
The synchrotron radiation emitted from a relativistic electron gas of 
uniform density and thickness L embedded in a constant uniform magnetic 
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field exhibits a critical frequency w* so that if to < to*, then the 
plasma behaves like a blackbody and if ui > u>*, then the plasma is 
transparent to synchrotron radiation. The critical frequency to* lies in 
the far-infrared range, where all metallic walls are good reflectors. 

A dimensionless length L is often used in connection with synchro-
tron radiation. The dimensionless length is related to the actual 
plasma length, that is, the minor radius a, by the relation 

u>2 

where the plasma frequency is 

n e2 

w2 = (C.5) pe m e e o 

and the cyclotron frequency is 

eB 

e 

Therefore, the dimensionless length that characterizes the plasma thickness 
to the emission of synchrotron radiation is 

a n e 
l = • <c-7> o 

The internal magnetic field B is related to the average beta in the 
plasma by 

B = Vl - 6 Bj . (C.8) 
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Using all the relations above, with R (the reflection coefficient) 
equal to zero, we can obtain the significance of P for ETF/INTOR. The 
temperature and density profiles (Figs. C.l and C.2) we obtained for 
INTOR3 (which should be similar to those for the ETF) using the WHIST1* 
code. The maximum ion and electron temperatures [T^(0) = 68 keV and 
Tg(0) = 38.5 keV] both occur at the plasma center. As seen in Fig. C.3, 
about 13% of the energy radiated from the center of the plasma is the 
result of cyclotron radiation. Using a reflection coefficient of 0.9 
would reduce this ratio to or 2%. Therefore, a sliding control 
mechanism in the wall does not seem to be feasible for ETF/INTOR. 

However, if D-0 plasmas are used so that operating temperatures are 
higher, it might well be that a sliding shutter mechanism in the wall 
will be feasible. Also, if the temperature profile is somewhat more 
peaked than is indicated and if the plasma electron temperature gets 
above 40 keV, then the potential of the sliding shutter concept may 
increase. 

Tamor points out that cyclotron radiation may be a useful diagnostic 
even if it cannot be used as a control knob.5 A measurement of the 
spectrum is likely to provide useful detailed information about the 
plasma capacity and therefore the emissivity and conductivity of the 
plasma. 
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APPENDIX B 

THE POSSIBILITY OF EMPLOYING A DIVERTOR 
IN A FEEDBACK CONTROL LOOP 

D.l INTRODUCTION 

A divertor will almost certainly be employed on the ETF. However, 
a great deal of the physics of divertors is unknown, and many assumptions 
must be made in modeling the effect of the divertor on the plasma.1 Tiie 

divertor employed on the ETF will probably be a bundle divertor. In a 
bundle divertor the null point is more or less independent of beta 
whereas with a poloidal divertor it fluctuates as the plasma current 
changes. However, because the null point (and therefore the scrape-off 
thickness) changes with the divertor coils, the null point can be shifted 
by changing the divertor coil power supply current. 

On a power-producing tokamak, the divertor coils probably cannot be 
placed far enough away from the plasma to use superconducting coils. In 
that case, copper coils, which require an appreciable fraction of the 
electrical power produced (5-15% of ti.° electrical output) will be 
employed.2 

In a power-producing reactor the limiting factor that terminates 
the burn phase of the cycle should probably be volt-seconds rather than 
impurity buildup. This requires a scrape-off region sufficiently thick 
to attenuate significantly the charged particle interactions with the 
wall. 

At this point, reasons for and against divertor feedback control 
can be emmerated. First, reasons for control with a divertcr include 
the following. 

(1) The divertor is a sizable piece of equipment, and efficient use of it 
will probably be cost-effective. 

(2) The effective use of the divertor can probably extend the lifetime 
of the first wall and limiters. 

(3) The plasma can maintain a degree of purity probably not possible 
without divertor control. Helium ash buildup and impurities 
emanating from the wall may be controlled to some extent, depending 
c-i the nature of the diffusion process. 
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Reasons for not using a divertor in the feedback loop are as follows. 

(1) An interaction exists between the scrape-off thickness and the fuel-
ing efficiency of the pellets and gas puffing. The thicker the 
scrape-off region, the smaller the fraction of pellets that actually 
get into the plasma region. 

(2) It may be that to change the scrape-off region very much requires 
considerable energy. If a small change in the scrape-off thickness 
does not change the sputtering rate a great deal, the returns may 
actually be negative. 

An evaluation of the feasibility of divertor control may be pre-
mature until the exact type of divertor to be used on the ETF has been 
selected. However, the possibility of divertor control must be considered 
from the beginning because of its impact on other systems. 

D.2 DIAGNOSTICS FOR DIVERTOR CONTROL 

Divertor control necessitates measuring the scrape-off thickness or 
measuring the number of particles striking the wall (or limlter) per 
unit of time. There is little likelihood of directly measuring the 
scrape-off thickness. However, the detection of impurity radiation 
appears to be a feasible method of testing the effectiveness of the 
divertor. Various radiation lines may be viewed from a mirrored port to 
eliminate neutron streaming. The intensity of the radiation is thus 
indicative of the scrape-off thickness. 

The effectiveness of the divertor depends not only on the scrape—off 
thickness but also on the particle density and temperature in this 
region. Up to a point the larger the number of particles, the greater the 
chance of ionization and the more effective the divertor. If the particle ii 
density in the divertor region becomes greater than the particle density 
in the plasma edge region, particles will diffuse from the divertor into 
the plasma region, nullifying the use of the divertor. 

The intensity of the impurity radiation is, therefore, a function 
not only of thickness but also of particle density and temperature. 
It may be that divertor control can be coupled with the diagnostics by 
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varying the gas puff rate rather than by varying the thickness by chang-
ing the magnetic field. 
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APPENDIX B 

THERMAL CONSEQUENCES TO THE FIRST WALL OF A D-T-FUELED 
TOKAMAK DUE TO A MAJOR PLASMA DISRUPTION* 

E.l INTRODUCTION 

Thermal and magnetic energies stored in an ETF plasma are expected 
to be as high as 200 MJ. The average time for this ETF plasma to become 
unstable and break up as a result of the disruptive instability t d is 
currently believed to be 0.1-25 ms. During a disruption a tremendous 
heat flux will occur. The two parameters of central importance in 
evaluating the thermal consequences of a disruption to the first wall 
and limiter are the disruption time x^ and the spatial distribution of 
the plasma energy on the wall. This, in addition to the presently unknown 
probability of a MPD occurring during the operating cycle, causes major 
uncertainties in the first-wall and limiter design of the ETF. 

The possibility may exist of obtaining an impending MPD precursor 
signal and changing the plasma state so that the MPD is averted. 
However, the consequences to the first wall must still be evaluated so 
that the number of disruptions before wall failure resulting from 
thermal stresses may be calculated. 

Here we analyze tokamaks with circular and D-shaped plasma cross 
sections. The center of the plasma need not coincide with the chamber 
center because of the finite beta shift of the former. Other investiga-
tors have examined this problem analytically1*2 and numerically3 for 
the circular cross section. 

E.2 MAJOR PLASMA DISRUPTIONS 

Although the complete mathematical description of a MPD is still in 
the distant future, great steps have been taken in understanding its 
origin. Because a complete temporal evolution is not yet fully understood, 

This paper has been accepted for publication in Nucl. Sci. Eng. 
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the breakup pattern and time behavior assumed here are based primarily 
on experimental observations. 

The current theory of MPD's4-6 is based on the resistive MHD 
equations. The B field in the plasma is written in terms of a poloidal 
flux function 4'*(r,t). Because more than one component of the helical 
flux function is involved, the poloidal flux function is expanded in a 
Fourier series in the poloidal and toroidal coordinates 8 and 

4-* = <y* + Y T $* cos (me + nO , (E.l) oo r* mn p m/n=p 

where p is the pitch but not necessarily an integer. The helical flux 
function is related to Eq. (E.l) by 

I = -p !* + X ?* cos (me + n£.) p oo r inn L m/n=p 
- \ r2 , (E.2) 

where r is the radial coordinate. Figure E.l is a picture of the 2/1 
island (the two islands being represented by the poloidal mode number). 

The contours of I1 for a given £ (a poloidal cut) indicate an 
island structure. The MPD presumably arises when the 2/1 island overlaps 
with the 3/2 island; with the occurrence of this overlap the field lines 
become ergodic, and rapid energy and particle transport can occur. The 
disruption time is associated with the time for the 2/1 island to grow 
and for these islands to overlap. 

Although the exact breakup pattern is not known, the following 
experimental observations provide some insight into the disruption 
process. 

(1) Low values of the safety factor at the limiter increase the 
probability of a MPD. 

(2) Vertical asymmetries may enhance the chance of a MPD. 
(3) The disruption seems to propagate from the outside surface inward. 
(4) The coupling between the even and odd modes (3/2 and 2/1) appears 

to be essential for explaining the propagation pattern during the 
disruption. The resistive terms in the 15*0 equations become 
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Fig. E.l. Helical flux surface depicting the m/n = 2/1 mode. 
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significant near rational surfaces. Islands form and grow generally 
at rational surfaces with low integers (1,2,3/2, . . .). Thus, the 
current disruption seems to be triggered by a growth of the m = 2 
and m = 3 MHD modes. 

Various methods have been proposed for suppressing the disruptive 
instabilities. It seems that broadening the current density profile at 
the rational surfaces lessens the probability of a MPD; therefore, any 
way this could be accomplished would be beneficial. (Skin heating of 
the plasma by neutral gas injection may be one possible way of doing 
this.) The limitation on plasma density and current in a tokamak is 
usually imposed by the MPD. 

During the disruption the plasma rapidly expands radially; as a 
result of this rapid expansion much of the plasma will be dumped on the 
wall. Many particles still follow the field lines and strike the 
limiter, which will likely be a hot spot. 

The disruption time xD is difficult to determine because it depends 
not only on the growth rates of the islands but also on the phenomena 
that occur after the plasma is in the? process of disrupting. A scaling 
law developed by Carreras et al.8 is based on the observation that the 
linear 2/1 tearing mode growth time seems to be comparable to the time 
scale of the nonlinear mode interaction. If plasma diamagnetic effects 
are ignored, x is shown to be proportional to S 2 ^ 5 x (s is the ratio 1) K 
of the resistive skin time x_[=a2/(yn)] and of the time for Alfven K 
waves to propagate around the torus in the toroidal direction 
tut,[=R (y p )1'2/B, ]; p is the mass density; and B, is the constant HP o o o <J>o o (f>o 
toroidal magnetic field). The disruptive time x^ can be written 
explicitly as 

xn = C[R2m.n.B, aG(l/V3)]1/5 , (E.3) D o i i 90 

where C depends.on q(r) and its derivative. The other parameters of 
Eq. (E.3) are defined in Table E.l, which gives their values for PLT and 
the ETF. The observed disruption time prevalent in PLT Is ̂ x = 500 ys; 
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Table E.l. Parameters used in scaling the disruption time i for ETF 

PLT ETF 

Major radius, Rq (M) 1.3 5.0 
Ion mass, HK (proton mass) 2.0 2.5 
Ion density, n^ (1013 cm-3) 10 13 
Toroidal field, I (T) <po 5 5.3 
Minor radius, a (m) 0.45 1.25 
Voltage at limiter, V (V) 2-4 0.05-0.1 

from this value and the scaling law given by Eq. (E.3), a disruption 
time of = 24 ms is projected for the ETF. (This extrapolation is 
shown in Fig. E.2.) 

E.3 METHODOLOGY 

The sequence of calculational steps for analyzing the impact of a 
MPD on the first wall is shown in Fig. E.3. Because the first wall is 
closest to the plasma, it will be most directly affected by the plasma 
disruption. As the plasma current dies away and the heat flux strikes 
the wall, eddy currents will be induced in the first wall and will add 
to the total heat load. We assume that the wall is 316 stainless steel, 
and we see the thermal properties reported by Kim.9 

The interaction of the plasma disruption with the wall is initially 
treated as though no other component of the reactor were involved. The 
heat load on the wall is due to the surface heat flux and the induced 
eddy currents generating a volumetric heat rate of I2R /V . A lumped W W w 
parameter model is used to estimate this heat rate, which is then used 
as a source for obtaining the wall temperature distribution. 

Several assumptions are made in this calculation. 
(1) The mutual plasma wall inductance and the plasma self-inductance 

Li} are constant during the plasma disruption process and then become 
zero when the plasma current goes to zero. 
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93 

ORNL-OWG 79-3510 FEO 

Fig. E.3. Schematic diagram characterizing the 
methodology in treating the consequences to the first 
wall. 
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(2) The Biot number is small; 

surface convection heat transfer rate h 6 
Bi internal conduction heat transfer rate k w 

is less than unity. This means that the temperature profile in the 
wall is nearly flat. 

(3) The Fourier modulus is large (Fo >> 1) and is defined as 

of these assumptions will be violated at least some time during 
the disruption. 

E.4 THE SURFACE HEAT FLUX AND VOLUMETRIC HEAT GENERATION RATE FOR 
THE CIRCULAR CHAMBER 

Table E.2 lists various parameters important in estimating the 
surface heat flux and volumetric heat generation rate resulting from 
eddy currents in the wall; we ignore heat generation in the wall resulting 
from neutron capture. 

Figure E.4 is a schematic diagram of the physical system to be 
simulated. Following are four primary equations that are in the lumped 
parameter vodel. The energy balance equation for the wall is 

w 
» 

where a ±s the wall thermal diffusivity. It is obvious that each w 

dE 
= q" A + q"'V - UA (T - T ) . dt wt w ^wE w w w o w w (E.4) 

The voltage balance equation for eddy currents in the wall is 

dl2 
L22 *2(T )I2(t) - V2 dt w (E.5) 
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Table E.2. Typical parameter values for ETF12 

Quantity Value 

Ion density (average), n 1.3 x 1020 m-3 

Average ion temperature, T^ 13.0 keV 
Minor radius, a 1.25 M 
Major radius, RQ 5.0 m 
Elongation, a 1.6 
First-wall area, A w 348.6 m2 

First-wall thickness, 6 w 1.65 x 10"3 m 
Plasma volume, V^ 227.4 m3 

Plasma resistance, R^ 3.0 x 10~9 fi at 
13.0 keV 

Toroidal field at wall, B. <pw 7.7 T 
Steady-state plasma current, I (I;._) 
Heat energy in plasma, E 
Neutron wall loading, q̂ j 

5.6 x 106 A 
1.85 x 108 J 

Steady-state plasma current, I (I;._) 
Heat energy in plasma, E 
Neutron wall loading, q̂ j 2.38 x 10e W/m2 
Self-inductance of plasma, In 12.2 x 10"6 H 
Self-inductance of wall, L22 9.75 x 10-6 H 
Steady-state surface heat flux, q" to 5.94 x 105 W/m2 

aSee D. Steiner et al., ORNL/TM-62Q7, Oak Ridge, Tennessee (May 1978). 

The voltage Induced in the wall by plasma decay current is 

dli(t) 
V2 » -Ll2 • (E. 6) 

The plasma current as a function of disruption time is assumed to be of 
the form 

Il(t) = Iio exp ~(t/xD) . (E.7) 

In these equations V2 is the voltage induced in the wall; R2(Tw) 
is the wall electrical resistance, which changes with wall temperature; 
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Fig. E.4. Schematic diagram for analysis of the 
plasma/wall interaction. 
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V = A 6 is the volume of the wall; q"'(t) = I?(t)R (T )/V is the w w w wE 2 W W w 
volumetric heat generation rate; Iio is the steady-state plasma current; 
U is the overall heat transfer coefficient; Tq is the temperature of the 
coolant; Ew = total thermal energy of the wall; and I2 is the wall 
current. 

The surface heat flux obtained in a manner illustrated in 
Fig. E.5. Because the plasma center may not coincide with the vessel 
center, a coordinate transformation is necessary. The degree of off-
centeredness is a function BQ (poloidal 3)• 0 

A distribution describing the temperature and density profiles 
prior to and during the disruption is developed by assuming a functional 
form that satisfies known boundary conditions. The plasma's thermal 
energy is then computed using kinetic theory based on this distribution. 
As the disruption continues plasma particles are assumed to travel 
outward with a constant radial velocity; thus, 3r/3t = v and 36/3t = 0. 
The center of the distribution rather than the center of the circle is 
taken as the origin of the coordinate system. Figure E.5 illustrates 
the geometric relationship between the two systems. The transformation 
equations relating these coordinate systems are 

p2 = r2 + &2 - 26r cos 6 , (E.8a) 

To ensure equality of volume elements the Jacobian of the transforma-
tion is calculated as 

r2 = p2 + 62 + 25p cos 9 (E.Sb) 

and 

p sin <j> = r sin 9 . (E.9) 

3r 3r 
3p 3(f) 

>2 + 52 + 26p cos 9 
3p 3<j> 

(E.10) 



98 

ORNL-DWG 79-3514 FED 

SURFACE 
HEAT 
FLUX 

<Ct (») 

EDDY 
CURRENTS 

WALL 
TEMP 
T„(x,t) 

TEMPERATURE, T0 

COOLANT 
FLOW WALL 

(316 STAINLESS STEEL) 

Fig. E.5. Geometric relationships between the 
(p,<j>) and (r,0) systems. 
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If we assume the distribution function to be parabolic in r with a 
maximum at the magnetic center of the reactor, we have 

FCP,*> = l - Pa(*> 
(E.11) 

Here p is the distance from the center of the distribution to the a 
reactor first wall at a particular 4> and is given by 

PA(<F>) = -6 cos •}> cos2 $ - (62 - a2) . (E.12) 

The density and temperature distributions can be written as 

n(r,8) = n F(p,<f>) (E.13) o 

and 

T(r,6) = TQF(P,*) , (E.14) 

where the maximum density and temperature, nQ and Tq, can be evaluated 
knowing the average density and temperature as given in Table E.2. An 
alternative approach would be to normalize with respect to power rather 
than to density and temperature independently. 

The first-wall surface heat flux q^-Ct) is estimated by assuming 
that the plasma moves out radially at a constant velocity. By defini-
tion, the total thermal energy of the plasma is deposited on the wall in 
a disruption time T^. Because of the asymmetry in <J> some portions of 
the wall will still be bombarded with particles while no energy is being 
deposited on other sections. Thus, the disruption time is 

P U ) 
TD(<(>) ' ( E - 1 5 ) 
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where p (<(>) is defined by Eq. (E.12) and v is the velocity (constant) of ct 
the particles resulting from a MPD. 

The thermal energy in the plasma is given by 

E
Pt - ! (niTi + neTe)V

P • (E'16) 

where E is the total thermal energy in the plasma, ng and n^ are the 
average electron and ion densities, T^ and T^ are the electron and ion 
temperatures, and V^ is the volume of the plasma. Assuming equal electron 
and ion temperatures, Eq. (E.16) becomes 

•2* ,P (4>) P 
Ept = 3 n o V P I I [F(P,*)12 dp d* . (E. 17) 

The energy in an element of ring at radius p and angle <(> with thickness 
dp about d<j> is 

dEpt = 3noTo[F(p,4»)]22TrRxp dp d<J> , (E.18) 

where R (<f>) is th*? radius from the center of the torus to the elemental x 
ring (illustrated in Fig. E.5). 

It has been assumed that the ring, defined by Eq. (E.18), is moving 
out radially at a constant velocity. Thus, the rate at which energy is 
striking the wall is 

dE 3E dp 3E d<j> 
- d P " " i f ' 57 + " i f ' d¥ = V ^ 1 - * " 2 d * ' <E-19> 

where 

PNS = 6 T O O T O V 2 R X ( * ) ' ( E - 2 0 ) 



101 

The surface heat flux incident on a segment of the first wall between <|> 
and is found from Eq. (E.19) to be 

r 
to t < 0 

•Ctct,*) - ̂  o / 
*i+l P NS 

(*i+l "V x 

q»o exp (-t/xD) 

DA [F(t,^)]2 d4> + q£0 exp (-t/Tp) , 

0 < t < T 

t > TDC<j>) 
V. (E.21) 

where DA corresponds to the wall area subtended by the element of angle 
and (shown in Fig. E.5). 
Figure E.6 indicates how the vacuum vessel was segmented for solving 

Eqs. (E.4)-(E.7). These angles are all 36°, and arc 1 corresponds to 
the outside wall of the tokamak. 

E.5 RESULTS OF THE LUMPED PARAMETER MODEL 

A graphic display of the wall distribution function, current, and 
temperature appears in Figs. E.7-E.9, which are for a 6/a of 0.3; each 
figure shows the parameter of interest at the five arcs. The maximum 
temperature rise always occurs in arc 5, followed by arcs 4, 3, 2, and 
1, respectively. This is to be expected because as 6/a 1, a greater 
fraction of the plasma's thermal energy resides in the higher-numbered 
arcs. The effective disruption time also increases with the arc number 
as 6/a increases because the wall is bombarded for a longer period of 
time. 

The wall current curves show that as 6/a increases, the maximum 
wall current peaks increasingly higher in arc 1, which is consistent 
with intuition because the induced eddy current in the wall goes as the 
plasma current density. As can be seen from the plots the separation 
between these induced currents increases with 6/a. 
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Fig. E.6(a). Wall arcs in the (p,<|>) system 
for lumped parameter analysis. (b) Wall arcs in 
the (r,0) system for distributed parameter analysis. 
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The analysis indicates that the heating effect is greatest on the 
interior of the torus, arc 5. This is primarily due to the surface heat 
flux. A summary of temperature and wall current data for various 6's 
appears in Table E.3. 

The temperature difference between the maximum and minimum tempera-
ture increases with 6/a. In the worst case, when 6 s a, this temperature 
difference is 270 K. The time at which the maximum temperature occurs 
also increases with 6. This most probably results from a lengthening of 
the effective disruption time. 

On the other hand, the time at which the maximum current is achieved 
decreases with increasing 6/a. The induced potential in the wall is 
proportional to the time derivative of the plasma current. As 6 •> a the 
magnitudes of dlj/dt increase; thus, a higher wall current is achieved 
in a shorter time span. Also, the mutual inductance between the wall 
segment of arc 1 and the plasma increases with 6; therefore, two factors 
act to increase the wall current in arc 1. The same arguments apply to 
arc 5 only in the opposite sense; thus, the current is lowered in arc 5. 

Plots of the distribution function show less and less plasma in the 
solid angle identified with arc 1 as 6/a -»• 1. This fact coincides with 
the peaking of the wall current in arc 1. The temperature versus time 
plots show that the temperature rise decreases to almost zero as 6/a •*• 1. 
Thus, by qualitative arguments one can state that the effect of Joule 
heating is small compared to the surface heat flux. 

Two other parameters of interest are the fraction of magnetic 
energy stored in the plasma that is converted into heat and the fraction 
of magnetic and thermal energy that goes into heating the wall. Defined 
mathematically, these are, respectively, 

f (E.22) et 1/2 LiiI? n H o 

and 



Table E.3. A summary of results for several 6/a's 

6/a 
(m/m) 

I /I . a max mxn 
(A/A) 

I 
max 
(MA) 

Time maximum 
current occurs 

(ms) 
T /T , b max min 
(K/K) 

T max 
(K) 

Time maximum 
temperature occurs 

(ms) 

0 1.07 1.67 18.6 1.0 454 23.0 
0.1 1.16 1.83 18.2 1.07 469 28.1 
0.3 1.75 2.42 16.8 1.20 502 29.3 
0.5 2.82 3.15 12.2 1.35 539 33.2 
0.7 5.50 4.12 7.4 1.51 571 37.2 
0.977 27.20 5.50 2.0 1.75 637 42.3 
aThe maximum always occurs in arc 1, and the minimum occurs in arc 5 (except that it occurs in arc 3 
when 6/a = 0). 
J The maximum temperature always occurs in arc 5, and the minimum always occurs in arc 1. 
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-2-IT !(•) 
J J [l/TD(<J>)]C(T)Pw(T)V[T(t) - T±] dt d<fr 

f 9 2 . (E.23) 
V + 1/2 L„l[fl 

The mass density of the wall is p. 
Because the eddy currents die away exponentially, Eq. (E.22) is 

integrated to infinity in time; however, Eq. (E.23) is integrated only 
to the disruption time. During the disruption the plasma's energy acts 
to raise the wall's internal energy while the coolant works to reduce 
it. Beyond the disruption time the coolant acts to lower the wall's 
internal energy. A more exact expression would include heat due to 
ohmic heating beyond the disruption time, which is neglected in our 
calculation. The value of E , determined using Eq. (E.16), is 1.85 x Pt 
106 J when 6 = 0 . 

The fraction of magnetic and thermal energy that goes into heating 
the wall f is not significantly dependent on 6. However, f increases 
by almost a factor of 2 as 6/a goes from zero to nearly one. Values of 
f and fej_ corresponding to the 6/a's considered appear in Table E.4. 

Table E.4. A summary of f and f as a function of 6/a 

(m/m) e t tL 

0 0.304 0.310 
0.1 0.318 0.312 
0.3 0.356 0.312 
0.5 0.402 0.310 
0.7 0.468 0.316 
0.977 0.596 0.308 

A parabolic distribution function was assumed in this analysis. 
The sensitivity of the results can be obtained by using other distribu-
tion functions. The analysis was therefore done at selected 6/a's using 
the alternative distributions 



109 

(E.24) 

and 

f(p,<J») = cos ff p (E.25) 2 p U ) ' Si 

A comparison of the results using Eqs. (E.24), (E.25), and (E.ll) for 
the same 6/a is found in Table E.5. The comparison indicates that the 
results of the lumped parameter model are only mildly sensitive to the 
distribution chosen. 

E.6 TEMPERATURE DISTRIBUTION IN THE CIRCULAR FIRST WALL 

A 2-D analysis of the temperature profile was made with the 
HEATING510 code. The temperature gradient in the first wall during the 
plasma disruption was found and then used to obtain the thermal fatigue 
resulting from the disruption. 

Three contributions to the heat load in the first wall are 
considered: 
(1) the surface heat flux impinging on the wall as the plasma disrupts, 
(2) Joule heating resulting from the eddy currents induced on the wall, 
(3) neutron flux interacting with the stainless steel, which causes a 

heat load internal to the wall; the neutron flux heating contri-
bution is terminated after the steady-state temperature distribution 
is achieved. 

Although electrons with very high energy (>1 MeV) can also contribute 
to the internal energy generation, these are neglected, as are any 
x rays emanating from the plasma. Disruption times of 100 us and 24 ms 
are considered for <5/a = 0 because of the uncertainty in the disruption 
time. Because the temperature gradient for the 100-ys case is very 
steep, the wall is divided into two regions. The region close to the 
plasma has many more nodes than the region near the coolant. 



Table E.5. A comparison of the lumped parameter model using different distribution functions 

Maximum temperature, K 
Time of maximum temperature, ms 
T /T . max min 
Maximum current, A x 106 
Time of maximum current, ms 
I /I < max min 

6/a = 0 6/a = 0.5 

Eq. (E.ll) Eq. (E.24) Eq. (E.ll) Eq. (E.24) Eq. (E.25) 

454.0 441.9 538.8 513.7 532.8 
23.0 23.8 33.2 34.9 32.8 
1.0 1.0 1.35 1.32 1.34 
1.67 1.71 3.15 3.16 3.15 
18.6 19.2 12.2 12.2 12.2 
1.07 1.08 2.82 2.80 2.81 
0.304 0.306 0.402 0.404 0.402 
0.310 0.284 0.310 0.284 0.308 
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We assume that the internal heat generation resulting from Joule 
heating is spatially uniform in the radial direction. The time depen-
dence of Joule heating is obtained from the lumped parameter model. The 
boundary conditions on the first wall (see Fig. E.4) are that at the 
front surface (x = 0), the expression 

q£(t) = —k(T) 3T(x,t) 3x (E.26) 
x=0 

is satisfied and that at the back surface, the water coolant (at a bulk 
temperature of 20°C) carries the heat away from the wall. The heat 
transfer coefficient is chosen as 6222 W/m2-°C. The temperature distri-
bution is obtained from the heat conduction equation, 

3_ 
3x k(T) 3T(x,t) 3x (E.27) 

HEATINGS first obtains the steady-state distribution. The steady-state 
temperature profile is linear, with the front surface at 207°C and the 
rear surface at 123°C with 6/a = 0. The steady-state profile calculation 
includes the term11 

2.38 x 13.1 exp (-x/0.385) MW/m3 , (E.28) 

where we assume that the neutrou wall loading is 2.38 MW/m2. 
The thermophysical properties of stainless steel vary with tempera-

ture. For Td = 24 ms no phase change is necessary, but for Td = 100 ys 
the stainless steel not only melts but also vaporizes. 

If melting occurs the boundary conditions between the liquid region 
I and the solid region s are 

-k & 3x + k 
3T s 

s 3s 
'its 

dx 
= hs£P £s 

dt (E.29) 
Is 
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where hgĴ  is the latent heat of fusion (64 kcal/g'K) and x^s is the 
melting boundary, which moves as the heat is deposited. 

Because HEATING5 uses a centered cylindrical geometry, a transforma-
tion of the surface heat flux rates and volumetric heat rates continually 
has to be made (see Fig. E.6). Figure E.6a shows the system with the 
plasma centered on the magnetic axis, and Fig. E.6b shows these same arcs 
in the vessel-centered system. 

Figures E.10-12 indicate the results of HEATING5 for a centered 
plasma. For the 100-ys case about 4 or 5 ym of the wall ablates and 
about 40 ym melts. For the 24-ms case the wall neither melts nor ablates. 
In fact, the difference between the maximum and the average wall tempera-
cure is about 450°C. Thermal fatigue estimates for the stainless steel 
have been made; it was found that about 350 aborts could be tolerated. 

The maximum wall temperature for the 100-ys case is ̂ 5400°C, achieved 
at the surface at 70 ys. The maximum depth of wall melting is 35 ym, if 
the latent heat of fusio . is included in the calculation, and occurs 
100 ys after the plasma disruption begins. If the latent heat of fusion 
is ignored in the calculation, 40 ym of the wall melts. Because the heat 
of vaporization cannot be conveniently included in the HEATING5 code, the 
100-ys runs are correct up to 3090 K but not beyond that temperature. 

One other fact to be noted is that if 6/a = 0, the internal heat 
generation rate due to eddy currents changes the wall temperatures by 
roughly 1% of the temperature change due to the surface heat flux. This 
can also be observed from the lumped parameter models. Therefore, for the 
circular wall, plasma-centered case, the temperature distribution is not 
sensitive to the eddy current heat generation rate. 

The wall temperature resulting from a disruption of the off-centered 
plasma was also considered. Only the 24-ms disruption time was considered 
here. In no case did melting of the wall occur. Table E.6 is a summary 
of temperature data. Trends obtained from the lumped parameter model, 
which relate temperature to 6/a and time, are also apparent in the distrib-
uted parameter model. The temperature becomes uniform with <p at about a 
half thickness of the wall. Thus, a majority of thermal stress is con-
centrated in the first few millimeters of the wall. The effect of Joule 
heating becomes more pronounced in arc 1 as 6/a 1. In this case the 
primary source of heat is the eddy currents. 
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Fig. E.12. Solid liquid interface as a function 
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flux. 



Table E.6. Results of the distributed parameter model 

6/a 
T 
max 
(°C) 

T 
(°C) 

Time of T max 
(ms) 

Teff 
(ms) 

AT 
(°c) 

a 
a 

(lO"5 K"1) 
Sa* 
(ksi) 

Maximum number of MPD's 
before wall failure 

Parabolic distribution [Eq. (E.ll)] 

0 719 256 18.6 24 463 1.932 166 350 
0.1 764 265 18.6 26.3 519 1.932 186 215 
0.3 896 298 22.2 30.7 598 1.944 2.5 135 
0.5 1015 334 25.5 35.1 681 1.946 246 95 
0.7 1131 351 28.6 39.4 780 1.953 282 70 
0.977 1293 420 31.3 45.0 873 1.971 319 48 

Alternative distribution [Eq. (E.25)] 

0 632 236 19.3 24 396 1.93 142 450 
0.5 893 314 30.5 35.7 579 1.943 209 140 

Cosine distribution [Eq. (E.26)] 

0.5 991 313 21.98 35.7 678 1.946 245 95 
aThermal expansion coefficient. 
^Stress amplitude. 
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Figure E.13 illustrates the functional relationsh U be/:vcen 5/a and 
the number of aborts. The number of MPD's to result in failure is cal-
culated using a method outlined in the /SME Boiler Code.12 The maximum 
thermal stress o is given by max & 

a ^ n ^ . (E. 30) max 1 - ay 

Here K is the stress concentration factor resulting from surface irregu-
larities, n depends on the number of constraints, a depends on the number 
of directions constrained, y is Poisson's ratio, E is Young's modulus, AT 
is the temperature difference in the wall resulting from the MPD, and a is 
the coefficient of expansion and is given by 

a = 1.7887 x 10-5 + 2.3977 x 10"9 T + 3.2692 x 10~13 T2 . (E.31) 

The units of a are °C-1; however, K is used in calculation. In this 
analysis a, n, and K are taken to be 1; E is 26.10s psi, as suggested by 
the ASME Boiler Code; Poisson's ratio is 0.3; and the stress amplitude is 
taken to be (1/2)a max 

E.7 THE D-SHAPED VESSEL 

Power-producing tokamaks will most likely be of a noncircular cross 
section. A semiellipse or D lacks radial symmetry; therefore, the energy 
deposition in the first wall and other components will not be uniform 
during either normal operation or a MPD. Thus, as in the case of the off-
centered plasma distribution function, a model must be developed to 
estimate the potential damage to the first wall. The particle and tempera-
ture distributions are still given by Eqs. (E.13) and (E.14), but now we 
take 

'<"» " I1" • (E.32) 
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where pD must now be computed for a semiellipse rather than a circle. The 
equation of an ellipse in polar coordinates is 

r2 = £ , (E. 33) 
D 1 - e2 sin2 6 

where E is the eccentricity and a, r, and 6 are defined by Fig. E.14. 
Using the law of cosines the expression for PD(0) i s 

Vs2 + r2 - 2 r D c o s 6 6 < 90e 
6D 

^D = (E.34) 

V62 + (-rD sin 6)2 90° < 9 < 180* 

(for the purposes of analysis 8 is extended from TT/2 to TT to obtain the 
straight-line portion of the D). 

The total number of particles and energy in the system is conserved; 
thus, nQ and T q are obtained using Eqs. (E.13) and (E.14). The total 
reactor volume available to the plasma will also be conserved; i.e., 

< V c = ( V D • ( E- 3 5 ) 

The volume of the plasma is approximately 2ft(R̂ ) (the cross-sectional 
area of the reactor). The cross-sectional area of the semiellipse is 

A = — . 71 . (E. 36) 
C 2 y / T ^ J 

When the eccentricity is zero the area reduces to that of a semicircle. 
The major radius R^ of the D-shaped reactor is thus 
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Fig. E.14. Geometric parameters associated with 
the D-shaped reactor. 
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h = ( V ) Y± . (E. 37) 
T) p C 2 2 

To deduce the surface heat flux we again assume that the plasma 
particle moves radially outward at a constant velocity. Because the 
mutual inductance is more difficult to calculate in this case, some 
approximations were made in estimating Lj2> Lib anc* L22 • 

Using arguments of symmetry only the upper half (0 - it) of the 
semiellipse need be considered. The five regions considered are three on 
the outer elliptical section and two on the inner flat plate section. A 
list of parameters defining the reactor cross sections studied is found in 
Table E.7. The magnetic center SQ will be located at (1/6)a, (1/3)a, and 
(2/3)a for all eccentricities. 

Table E.7. Parameters describing reactor 
cross sections studied 

Eccentricity a b 

0 1. 770 1. 770 
0.50 1.640 1.900 
0.968 0.886 3.540 

HEATING5 cannot be directly used for analysis of D-shaped reactors 
because it requires that all boundaries be parallel to the coordinate 
axis. A complete analysis of the Eirst wall requires a separate run for 
each arc with a heat flux boundary condition 

q = -kVT (E.38) 

on adjacent boundaries. The conduction heat flux must be obtained by 
successive approximations. 

The effect that a MPD has on the first-wall lifetime is determined in 
the first several milliseconds. Because the maximum temperature is 
always achieved within the disruption time and because the time frame of 
significant poloidal conduction is greater than the disruption time, 
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adiabatic boundaries between the arcs can be assumed without affecting the 
estimates of the wall's lifetime. The validity of this assumption can be 
checked by considering the thermal diffusivity k/pc. 

A more straightforward check of this assumption can be made on the 
outer section of a reactor with zero eccentricity. In this case the 
coordinate axis coincides with the reactor boundaries. Arc 1 is analyzed 
by assuming an adiabatic boundary with arc 2 and also with conduction 
allowed between arcs 1 and 2. The adiabatic assumption underpredicts the 
maximum temperature by 3.0°C. The situation is just reversed for arc 3, 
where the maximum wall temperature occurs, because heat will tend to flow 
out of it. Thus, this assumption, which is on the conservative side, can 
be expected to yield good results. Therefore, only the arc experiencing 
the maximum temperature rise in the lumped parameter model will be 
analyzed. When the eccentricity is zero polar coordinates are used. 
Cases with e > 0 are approximated by a planar slab with thickness 
0.00165 m and length given by 

f 9 * _L 1 r l+l 

8. V l - e2 sin2 e l 

a 2 
3 d6 6 « 90° 

I = < . (E.39) 

b/2 90° < 9 < 180° 

The arcs examined are between the angles (degrees) 0-30 (1), 30-60 
(2), 60-90 (3), 90-135 (4), and 135-180 (5). Each arc is identified by 
the number in parentheses. In general, the maximum temperature occurs 
in arc 3, the upper portion of the reactor. An exception is the case of 
e = 0 and « 1.18, where the maximum temperature occurs in arc 4, the 
upper flat inner wall section; in this case, however, arc 3 shows the 
second-highest temperature rise. The current always peaks in arc 5, the 
lower flat inner wall section, when the magnetic axis is located at 
(1/6)a and (1/3)a. When the magnetic axis is located at (2/3)a, the 
peak current appears in the outer lower elliptical wall section, or 



1 2 3 

arc 1. The higher temperatures always occur in arcs that have solid 
angles containing greater amounts of plasma. The current, on the other 
hand, always peaks in arcs that have wall segments closest to the mag-
netic center of the distribution. 

Trends show that the maximum wall temperature increases as e -*• 1 
for a fixed The spread between the maximum and minimum wall tempera-
ture also increases with e. The situation is reversed when e is held 
constant and the position of the magnetic axis is allowed to vary. 

Plots of the distribution show that for fixed more and more 
plasma resides in the solid angle associated with arc 3 as E + 1; thus, 
more energy is incident on this wall segment. However, when the eccen-
tricity is held constant and the position of the magnetic axis is 
allowed to vary, plasma is shifted into arcs 4 and 5, thus resulting in 
a more even distribution of energy. 

The fraction of magnetic energy stored in the plasma that is 
converted to heat in the wall, f , and the fraction of magnetic and 
thermal energy that goes into heating the wall, a r e computed using 
Eqs. (E.22) and (E.23), respectively. (The values of f are considered 
an overestimate.) These numbers can be found in Table E.8. The scheme 

Table E.8. A summary of f and f for the D-shaped vessel 

E 

6 D/a 
(m/m) fet ftt 

0 1/6 0.972 0.404 
0 1/3 0.962 0.346 
0 2/3 0.940 0.312 
0.500 1/6 0.982 0.390 
0.500 1/3 0.966 0.354 
0.500 2/3 0.976 0.318 
0.968 1/6 1 0.474 
0.968 1/3 1 0.452 
0.968 2/3 1 0.420 
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used to calculate electromagnetic properties either underestimates the 
total magnetic energy by using an incorrect self-inductance or over-
estimates the induced eddy currents by using a mutual inductance that is 
too large or both; however, the trend displayed is correct. The fraction 
of magnetic energy that is converted to heat in the wall increases with 
the eccentricity. As the eccentricity increases the mutual inductance 
in arcs 1 and 5 increases faster than it decreases between the plasma 
and the remaining arcs. Thus, greater eddy currents are induced, which, 
in turn, lead to increased Joule heating. 

The fraction of magnetic and thermal energy that is converted to 
heat is also an overestimation because of the problem with fet- However, 
the error is considered slight because the majority of the wall heating 
is from the surface heat flux. In general, f increases gradually for 
eccentricities from 0.0 to 0.5 and then rapidly as e 1. When e is 
held constant and is allowed to vary, f decreases as increases. 

Arcs with wall segments closest to the magnetic axis experience the 
greatest wall currents. Arcs that have associated solid angles contain-
ing the greatest amount of plasma experience the greatest temperature 
increases. 

Trends discussed earlier for the circular wall are also apparent in 
the HEATING5 runs for the D. The disruption time is assumed to be 
24 ms. The maximum temperature in the wall increases, for a given 
as £ + 1. With the eccentricity held constant the maximum temperature 
decreases as increases. Significant results from the HEATING5 output 
are listed in Table E.9. 

E.8 CONCLUSIONS 

The following conclusions are derived from the analysis. 

(1) It is likely that the plasma disruption time x^ will be longer than 
previously anticipated. Instead of 100 ys it is probable that the 
disruption time will be of the order of milliseconds for the ETF. 

(2) The eddy currents are much more important in first-wall stress 
considerations and power supply protection than in contributing to 



Table E.9. Results of the distributed parameter model for the D-shaped wall 

E 
V a 

(m/m) 
T max 
(°C) 

Time T max 
occurred 
(ms) 

Tef f 
(ms) 

T 
(°C) 

AT 
(°C) 

a 
a 

(x 10-5 
"cr1) 

Sab 
(ksi) 

Maximum number of 
MPD's before failure 

0 
a 

(X 10"6 
m2/s) 

0 1/6 675 23.4 33.0 254 421 1.92 150 360 4.20 
0 1/3 607 23.7 32.9 242 365 1.92 130 580 4.17 
0 2/3 536 19.5 28.3 223 313 1.91 111 910 4.17 
0.500 1/6 690 23.4 35.0 256 434 1.92 154 340 4.20 
0.500 1/3 660 23.6 34.8 250 410 1.92 146 460 4.20 
0.500 2/3 543 24.2 36.6 227 317 1.91 112 900 4.17 
0.968 1/6 1188 32.2 47.3 393 795 1.96 290 60 5.02 
0.968 1/3 1149 32.4 46.8 385 764 1.96 278 66 4.98 
0.968 2/3 1045 33.0 46.4 362 683 1.95 248 90 4.53 

"̂ Thermal expansion coefficient. 
Stress amplitude. 

CThermal diffusivity. 



1 2 6 

the heat load through I 2 R Joule heating. It seems that in most cases 
except for extremely asymmetric configurations, <10% of the tempera-
ture change in the wall will be due to the induced eddy currents. 

(3) The peak temperature is not very sensitive to the shape of the heat 
pulse that strikes the wall. It is primarily due to the disruption 
time Tp and the total thermal energy in the plasma, which determine 
the temperature distribution in the wall. 

(4) The maximum wall temperature for circular tokamaks (about 1000°C for 
6/a = 0.5) increases as 6/a 1, and the maximum temperature is always 
in the inside region of the torus. For D-shaped tokamaks the maximum 
wall temperature increases as the eccentricity E -*• 1 and decreases as 
Sp/a 1. The maximum temperature (about 1100°C for E = 0.968 and 
6^/a = 1/6) occurs in the top portion of the D, a result depending on 
the constant radial velocity assumption. 

(5) The maximum number of MPD's before wall failure decreases as 5/a 1 
with 48 being the minimum number for T^ = 24 ms and an off-centered 
circular plasma for the ETF. Because of more surface area per plasma 
volume in the D-shaped tokamak, this number increases to 60 MPD's 
for the worst case. 
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