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1 Introduction

It is predicted that ignited tokamaks such as CIT will experience a thermal
instability. In this work a zero dimensional transport model is used as a
means of examining this thermal instability. In order to solve the problems
associated with the uncertainty in predicting the behavior of an ignited toka-
mak plasma, auxiliary power may be used for mapping the tokamak operating
space, both in the low temperature stable regime and in the high temperature
unstable regime. Auxiliary power modulation as a means of burn control is
the most reliable method, especially during the initial stages of CIT oper-
ation. By modulating the auxiliary power stable thermal equilibria can be
created at relatively high values of Q (~ 65).

2 Power Balance

In analyzing the burn control characteristics of a tokamak plasma the zero
dimensional transport model will be used. Such a model describes the global
power balance of the system and it is obtained by integrating the one dimen-
sional transport equations over the plasma volume, and then substituting
trial functions for the density and temperature profiles.

The general 0-D power balance of the ohmic (pg), alpha particle (p,),
conduction loss (p;), Bremsstrahlung (py) and auxiliary (p,) power densities
has the form

Clme+m) 20 = (pa) + (p) + (pa) = (1) — () (1

For a plasma composed of deuterium, tritium, alpha particles, and a

single impurity with densities ng, n¢, nq, and n;mp, the following definitions

are made
T = T.=Tp=Tr=T; (2)
N, = ng+ng+ g+ Nimp (3)
n = ng+n (4)
fi= = (5)
n



with n representing the total deuterium-tritium density and f; gives the
deuterium fractional density. Under these assumptions the power balance
Eq. 1 takes the form

(et md g = %)+ full = )Quraw) + (%) -
Mt Ty oy ©
TE

where 7 is the Spitzer resistivity [1], J the current density, Q. the alpha
particle energy (3.5 MeV), 30 the DT reaction rate, P, the total auxil-
iary power, V, the plasma volume, 7z the energy confinement time, C, the
Bremsstrahlung coeflicient, and where (F) denotes the average of F over the

plasma volume. By charge neutrality the electron density is given by
Ne =1+ 2ng + ZimpNimp (7)

The volume average of the terms in Eq. 6 is evaluated by assuming the

plasma has an elliptic cross section with profiles given by

n o= ng (1—?3—~y?--~)% ®)

a? a’k?
m2 y2 vr
T =To(1—-;-2'-—;2—n2) (9)

Experimental measurements indicate that v, =~ 1/2 for gas puffing while
v, = 1 for pellet injection. The quantity vy will soon be related to the kink
safety factor g, [2] at the plasma edge. The on axis values Ty and n, are

related to the averages (T') and (n) by

no = (v+1)(n) (10)
Ty = (vr+1)(T) (11)
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In this analysis we assume that all the density profiles are described by
the same profile parameter v,.

The ohmic power term is evaluated by assuming Spitzer resistivity [1]
with InA = 16.
n=264x10"%Z,,/T*? Qm (12)

Here and in all formulae that follow the units are To(keV'), no(10%m™3),
Bo(T), a(m), Ro(m) and F,(MW). The current density is related to the

temperature by the steady state ohmic relation
J = Jo (T/To)** (13)

where the current density on axis Jp is determined by the sawtooth condition

qo = 1.
1+ K2 By
Jo= ( K ) (MOROQO) (14

Eq. 13 is assumed valid for F, = 0 as well as I, # 0 in order to avoid

the unrealistically optimistic situation of simultaneously peaked temperature
profiles and broad current profiles.

The profile parameter vy can now be related to the kink safety factor g,
by the definition [2]

2ra’k B,
== 15
From Eqgs. 13 and 14 and by using the relation I = [ J dA we obtain
q. 2k
- = 1+1.5 16
e (1 +1.5v7) (16)

The physical significance of Eq. 16 is that as the total current increases the

temperature profile becomes broader.



Finally, the ohmic power term is given by

1.67 x 10°Z.;; (1 + w2\> 2
o) = S ﬁ( H) 0 W

+ Lovr x g0 H5To

The alpha power density is given by
5.6 x 105
(Pa) = “_T“fd(l ~ fa)ndFo(To) W/m?
where

1022 %

FolTo) = 75 [ 70(6)6" dg

0

with &3 given in m®/sec and v = (2v, + 1)/vr.

(17)

(18)

(19)

Two types of confinement scalings are considered. The ohmic (Neo-

Alcator) [3] scaling 7y4, and the auxiliary scaling 74v. Since the ohmic

scaling represents an upper limit on confinement a combination of ohmic

and auxiliary scalings of the form [4]

1 1 1 \¥/2
Lo
TE ™~NA TAU

— L(1+A2)1/2
TNA

is used in order to limit 7g. The form of the ohmic scaling considered as well

as various forms of the auxiliary scalings are given in the next section. The

thermal conduction losses are given by

1.2 x 10° N0 + Nn;o
() = (—"

A2 1/2 14 % 3
vn+uvr+1 )T0(1+ ) /m

- TNA

(21)



where A = Ty 4/7av, and n.g, n;o are the peak values of the electron and
ion densities.
The average auxiliary power heating density is defined as the total power

absorbed by the plasma, P,, divided by the plasma volume. Thus

Fy

F,
(pa) = Sriaiin = 007 X 10* ( ) W/m? (22)

a?Rox
Finally the radiative loss due to Bremsstrahlung is given by

_ 5.3 x 103Z¢ff 2 Tl/z

3
T a4 Sur+1 070 Wim (23)

(Pv)

Eqgs. 17, 18, 21, 22, and 23 are now substituted in Eq. 6 and the power
balance becomes

2

Kg(n, + n,—)T = KQ q—z'ﬁiﬁ‘ﬁ + Kafd(]- - fd)nzFa(T) - Kbn:Tl/z -
0
K ) (ne + n:)T + K, Ra? (24)

where the zero subscript has been suppressed from T, By, Ro, Ne0, Ni,0, N0,

and T = 8T/8t. The parameters K ; are given in Appendix A.

3 Confinement Scalings

The energy confinement scalings play two important roles in an ignition ex-
periment. First, at the design stage it gives information on the values of the
machine parameters R, a, R/a, B, &, I etc. needed in order to achieve the de-
sign goal. Second, during the operation stage the confinement characteristics
are used in order to predict the behavior of a given shot.

The first goal is achieved by using the existing confinement scalings with

the appropriate extrapolations in the regime of interest. This approach does
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not guaranty success since it is only capable of predicting the behavior in
the regime from which the data base has been extracted. It is however
hoped that the design will provide a window for achieving the desired goal.
The goal of predicting the exact behavior during operation will be met by
performing experiments designed to investigate the new regimes of interest
in a controlled fashion. In achieving this goal we propose the use of auxiliary
power modulation for burn control and will discuss the method in detail in
later sections. In the analysis that follows we will use the energy confinement
of the form given by Eq. 20 and will investigate both ohmic and auxiliary

heated confinement.
Ohmic confinement is obtained when ohmic heating represents the pri-

mary heating mechanism. The most well known ohmic scaling is the Neo-
Alcator scaling [3] and its effect can be investigated by setting A = 0 in the
energy balance Eq. 24.
Confinement in auxiliary heated tokamaks appears to degrade with power
[4] and various scalings exist representing this mode of operation. In this
paper we will not analyze the tokamak behavior under all these scalings.
Rather we will concentrate on the effects of the Goldston scaling, one of
the most widely used auxiliary power scalings. In the following analysis we
assume that alpha power degrades confinement in the same manner that
auxiliary power has been observed to degrade confinement. The Goldston
scaling is given by [4]
ror = 0.037 M {Bf‘jﬁi}fs—‘i"—s sec (25)
where again I, is given in MA, P = P, + P, is given in MW, M is a multi-
plicative factor measuring possible enhancements due to H mode operation,
and A = 5/3 represents the normalized mass ratio for D-T reactions. The

energy confinement time has the form

1 1 2 \1/2
A 26
e (L + L) (26)



where Agr = v /7cL reduces to

Agr = KgL NT®
I and Kgi are given by:
2
PzaR&+C4mR)B%&
B
3.71 R
Kear g

= M f R%5q 134

(27)

(28)

(29)

F, is given by Eq. 19 and C;, C,, and f are given in Appendix A. The

behavior under Goldston scaling is thus obtained by substituting Eq. 27 into

Eq. 24.



4 Ignition Definition

A tokamak thermonuclear plasma will be considered ignited once the plasina
temperature reaches a point beyond which the plasma temperature increases

mainly due to heating by the alpha particles.

The ignition definition used herein follows from an examination of a T vs

T plot such as the one shown in Fig. 1. Note that for P, = 0 there are, in

general, three steady state equilibrium solutions corresponding to T' = 0. The
left equilibrium point, denoted by TG, represents the temperature achieved in
an ohmic discharge (pa) & (p;) and it is dominated by the 1/T?/2 dependance
of the ohmic power term. The equilibrium point Ty, for burn temperature,
is dominated by the alpha particle heating and occurs in the range of 10 —20
keV. Since the temperature for maximum fusion power production, at fixed

B, occurs at ~ 15 keV it is desired that future fusion reactors operate in this
temperature regime.

The right equilibrium point, Ty, is a consequence of the high temperature
decay of the &7 curve and it typically occurs between 30 — 90 keV, depending
on the particular tokamak design and the energy confinement scaling used.

The temperatures at which an ignition experiment is expected to operate
are shown by the shaded region in Fig. 1. However, it is not possible to gain
access to these high temperatures through the normal evolution of an ohmic

discharge. This is because Ty is a point of stable operation. Therefore, in

order to reach the high temperature regime the minimum of the T' curve must

lie above the axis. This may be achieved with the use of auxiliary power.

Once the minimum of the T' curve becomes greater than zero the alpha power
dominates the energy balance and the plasma temperature increases due to

self heating by the alpha particles. The temperature at which the minimum
of the T' curve becomes tangent to the axis is denoted by T, and will be called

Marginal Ignition Temperature hereinafter. Fig. 2 shows a TvsT plot for
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Figure 1: Plot of the rate of change of temperature with time, T, vs temper-
ature 7.
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Figure 2: A plot showing the original system (solid line) and the ignited
system with F, = P (dotted line).
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zero auxiliary power, F, = 0, (solid line) and for P, = P; (dotted line), where
Py is the amount of auxiliary power required to make the minimum of the
TvsT plot tangent to the axis at T;. It should be noted that P; is the
auxiliary power absorbed by the plasma.

On an n-T (POPCON) plot the marginal ignition temperatures form a
contour as shown in Fig. 3. This contour goes through the Cordey pass and
will be referred to as the Marginal Ignition Ridge (MIR) hereinafter.

A plasma will thus be considered ignited only if the temperature exceeds
that corresponding to the MIR. Mathematically the conditions for marginal

ignition described above is given by [5]

T(T;) = 0 (30)
aT
sp(T1) =0 | (31)
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Figure 3: General plasma operating contours of auxiliary power showing the
marginal ignition ridge (MIR) contour (dotted line).
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Table 1: CIT Parameters

Parameter Value
Major Radius R (m) 2.1
Minor Radius a (m) 0.64
Aspect Ratio A 3.28
Elongation K 2.0
Toroidal Field B (T) 11.0
Plasma Current I(MA) 11.0
Pulse Length (sec.) 5.0
Effective Charge Zess 1.5
Maximum Auxiliary Power P, (MW) 30

5 Tokamak thermal instability and the need
for burn control

Thermal runaway occurs in a tokamak once the plasma temperature exceeds

a certain value. Fig. 1 shows the rate of change of temperature, T, as a
function of temperature, T. As is schematically shown in Fig. 2 auxiliary
power P; is required in order for the plasma temperature to enter into the

ignition regime. If the temperature T} is reached and the auxiliary power is

not reduced the plasma temperature continues to increase since T > 0 in this
region. It is this temperature increase that we shall call thermal runaway.
In order to distinguish the regions of stable and unstable equilibria we
will examine Fig. 4 which shows the n-T operating space of CIT, whose pa-
rameters are given in table 1, under Goldston H-mode scaling. By expanding
the energy balance Eq. 24 about the equilibria shown in Fig. 4 the linear
growth rate 4 (sec™!) is calculated and its values are shown in Fig. 5 as
linear growth rate contours. A positive sign for v indicates the unstable re-
gion, while a negative sign implies stable equilibria. Note that there are two

regions of stable equilibria. One at low temperatures and the other at high
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temperatures. The low temperature stable equilibria occur at ~ 5 — 10 keV
depending on the amount of auxiliary power supplied to the plasma. Present
day tokamaks operate in this regime and thus all the existing confinement
data correspond to this low temperature region of operating space. However,
these temperatures are too low for operating an ignition experiment.

In the absence of any physics or technological limits the high temperature
stable equilibria could be ideal operating points for an ignited fusion machine
since large amounts of fusion power can be produced. However, fundamental
limits, such as the Troyon 3 limit and the wall loading limit, exist which can
not be violated in a fusion experiment. In Fig. 6 the CIT equilibria corre-
sponding to zero auxiliary power are shown under Neo-Alcator, Goldston-H,
and Kaye-Goldston-H scalings. Note that the location of the high tempera-
ture equilibria (dashed lines) can vary between 20 and 80 keV depending on
the type of confinement assumed. In general, an ignited plasma will evolve to
one of these high temperature equilibria. Also on Fig. 6 typical contours for
the 3 limit and the wall loading limit of 3 MW /m? are shown. These limits
are violated for some of these equilibria. It is plausible to speculate that
the expected uncertainty in the location of these high temperature equilibria
will be as large as the variation introduced with present day scalings. During
the initial stages of a first generation ignition experiment it is prudent that
operation at the high temperature equilibria is not relied upon.

In summary, operation at either of the naturally stable equilibria is not
desirable for a first generation ignited tokamak such as CIT. This is because
the low temperature equilibria produce insufficient fusion reactions while
the high temperature equilibria are unreliable and result in violations of
important limits.

Therefore, an ignited tokamak will have to operate in a regime in which
the physics and technological limits are not violated. However, these equilib-
ria are unstable requiring some form of feedback control. Since an ignition
experiment will have to operate in a regime not previously investigated the
existence and the location of these unstable equilibria will be subject to spec-
ulation prior to beginning of operation. In the next section the issues related
to the investigations of the operating space are addressed.
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Figure 6: Location of the high temperature stable equilibria corresponding
to zero auxiliary power under various confinement scalings.
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6 Mapping the Tokamak Operating Space

A first generation ignited experiment has two primary goals. First it must be
capable of crossing the marginal ignition ridge, and second it must operate at
a high enough temperature for performing the necessary studies of an alpha
power dominated plasma. The first step towards the achievement of these
goals is the determination of the existence of a regime inside which an ignited
plasma can operate.

Due to the uncertainty associated with the predictions of existing confine-
ment scalings the characteristics of the operating space in an ignited tokamak
are not accurately known. For example, in a steady state POP-CON plot
with fixed auxiliary power contours the precise locations of the Cordey pass,
the marginal ignition ridge, and the zero auxiliary power contour are un-
known. Therefore, determining the characteristics of the operating space,
(mapping the operating space) will be the first goal of the ignition experi-
ment. In this section we investigate various methods by which the operating
space can be mapped.

During the mapping stage of an ignition experiment the most important
goal is to determine the existence and location of the marginal ignition ridge.
If such region exists the plasma is capable of igniting according to the defi-
nition given in section 4, i.e. the alpha power will dominate other terms in
the energy balance equation. Knowing the location of this ridge is important
since it separates the low temperature stable region from the high temper-
ature unstable region. A successful experiment must achieve some form of
“stabilized” operation in the high temperature region.

Auxiliary power, whose primary objective is to assist the plasma in cross-
ing the marginal ignition ridge, may be used for mapping the tokamak op-
erating space both in the low temperature stable regime and in the high
temperature ignition regime. The primary motivation for using auxiliary

power is that it is capable of creating steady state equilibria at any location,
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provided that sufficient power is available. For a fixed plasma density a cer-
tain auxiliary power P is required to enter the ignition regime. For P, < P;
an equilibrium point if reached to the left of the MIR. If P, > Pr the plasma
temperature will continue to increase, resulting in a thermal runaway, unless
the power is appropriately reduced. The procedure by which the auxiliary

power is changed is outlined in section 9 in the burn control part of the
report.

In an experiment, the location of the marginal ignition ridge can be deter-
mined by either (1) measuring the energy confinement time and extrapolating
(2) measuring Q (Fusion power / Auxiliary power) as a function of tempera-
ture, (3) looking for an inflection point in the temperature versus time plot.
In this analysis we assume that acceptable reproducibility exists from shot to
shot, and thus we assume that once the behavior at a certain point is known
it will remain the same as long as the operating conditions do not change.

The energy confinement time may be measured during the temperature
evolution or more easily during a temperature flat-top. By using auxiliary
power, as outlined above, temperature equilibria can be created. By measur-
ing the peak temperature and density as well as their profile shapes during
the flat-top the energy confinement time 7z is essentially deduced from the
volume average of the equation

Puaion
Pa':ﬂ‘l‘Pb“‘ !
TE 5

- Pq (32)

The fusion power may be deduced from the density and temperature mea-
surements or directly from appropriately calibrated neutron detectors. The
amount of auxiliary power absorbed by the plasma is estimated by modeling
the energy transfer mechanism of the particular form of auxiliary power used.

Once the fusion power produced by the plasina P; and the auxiliary power

P, absorbed by the plasma are known the value of Q = P;/P, is estimated.
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For a given density the value of @ at the marginal ignition ridge is found by

simultaneously solving the equations

dT
= =0 . (33)
dr,

=0 (34)

In Fig. 7 the value of @ at the marginal ignitidn ridge of CIT is plotted as a
function of plasma density n under various confinement scalings. Note that
() ranges from 4 to 6 as the density varies from its value at the Cordey pass
to the Murakami limit. It is therefore obvious that a Q of at least 5 must
be achieved before any claim for an ignited plasma can be made. Any other
situation for which the operating space does not have a marginal ignition
ridge in the regime of interest is incapable of producing @ = 5. Therefore,
once @ = 5 is detected the implication is that the plasma is capable of
igniting. The importance of the = 5 contour is also shown in Figs. 8,
9, and 10 where the marginal ignition ridge (MIR) and the Q = 5 contour
are shown for Neo-Alcator, Kaye-Goldston H-mode, and Goldston H-mode
confinement scalings. Note that the @ = 5 contour almost coincides with the
MIR for all the scalings shown.

Another indicator for the existence and location of the MIR is the appear-
ance of an inflection point in the trace of temperature versus time. Fig. 11
shows a plot of temperature vs time for a shot with the capability of cross-
ing into the ignition regime. Note that at a certain time the temperature
evolution shows an inflection point. The temperature at which the inflection
point occurs lies in the MIR and thus the observation of an inflection point
signifies that the plasma has entered the ignition regime.

However detecting the inflection point will be difficult in an experiment.

The existence of experimental errors as well as the effect of large amounts
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Figure 12: Temperature evolution of an ignited CIT with “large” amount of
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of auxiliary power make the detection of an inflection point very uncertain.
For example note the shapes of the two curves shown in Figs. 11, and 12.
Even thought the same final temperature has been reached the curve with
the small amount of auxiliary power (Fig. 11) has a clear inflection point
while the location of the inflection point in the curve corresponding to the
large amount of power (Fig. 12) is very uncertain. For these reasons this
method does not appear to be very helpful during the mapping process of

the tokamak operating space.
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Burn Control: General Remarks

Once the existence and the location of the MIR is determined operation in
the high temperature alpha dominated regime is possible. Here we assume
that the operating space resembles the one shown in Fig. 4.

We begin the analysis by briefly reviewing the various burn control mech-
anisms suggested to date. Next we identify the most important issues that
must be addressed by a control system. Consideration of the major advan-
tages and disadvantages of each control system leads to the conclusion that
auxiliary power modulation is the most desirable method for a first gener-
ation ignited tokamak. A detailed discussion of auxiliary power control as
well as a complete control model will then be presented. Finally, specific
examples of ignited and controlled plasmas are presented.

7 Burn Control Methods.

Over the years researchers have suggested a variety of methods for provid-
ing temperature control to a burning plasma. In this section we review the
most widely studied methods by briefly explaining the physical principle and
outlining the major advantages and disadvantages of each. The primary mo-
tivation for the selection of a particular burn control method is reliability,
both technological and scientific. While a number of methods may actu-
ally be tested in an ignited fusion experiment, it is clearly important that
the baseline design must be based on the ones with the most reliability in
order to insure overall credibility. The various control mechanisms may be
classified as passive or active depending on whether the modifications to the
energy transport in the plasma is achieved by the plasma itself (passive) or
by actively altering the plasma operating conditions.

7.1 Passive Methods
7.1.1 Soft # Limit Control

It has been suggested [6,7,8] that the plasma may automatically provide itself
with burn control by means of a soft 3 limit. In particular, as the plasma
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undergoes a thermal runaway, it will eventually exceed the Troyon 8 limit. To
the extent that this is a “soft” limit, the consequence is a rapid deterioration
of confinement time, resulting in automatic burn control. Economically and
technologically such a method is highly desirable. However, the existence and
behavior of a soft 3 limit is not well established. Thus, the method does not
have high scientific reliability. Furthermore, if the 3 limit is hard rather than
soft, the result is a major disruption, leading to potentially serious damage
to the first wall. Furthermore, the 3 limit must also be less than the wall
loading limit, particularly in a reactor.

7.1.2 Field Ripple Control

Another method [9,10,11,12,13] of natural burn control relies on the predic-
tion, from neo-classical transport theory, that toroidal field ripple can sig-
nificantly enhance ion heat transport. To achieve control, the magnetic field
is designed so that the ripple increases strongly with major radius near the
outside of the torus. Thus, as the plasma heats during a thermal runaway, its
Shafranov shift increases, moving the plasma into a region of strong ripple.
This provides automatic (natural) burn control. Again the primary advan-
tages of such a method are its economic and technological attractiveness.
The problems with ripple control are as follows. First, the enhanced trans-
port resulting from field ripple has not been reliably verified experimentally.
Second, if the plasma ignites in an optimized region of minimum field ripple,
it is not possible to stabilize against negative thermal excursions. Finally,
if one needs to stabilize relatively large positive temperature deviations, the
field ripple must be actively increased over a short time scale. However, due
to the long time scale associated with magnetic field diffusion, this may be
impossible to accomplish.

7.2 Active Methods
7.2.1 Vary B,.

If the toroidal magnetic field By is varied above and below the value which
gives the desired equilibrium temperature, then for essentially all confinement
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scalings the performance parameter nr varies accordingly. This in principle
should be an effective way to stabilize both positive and negative temperature
excursions. The major difficulty with this procedure is that the magnetic
diffusion time 7p = woa?/n, where a and 7 are respectively the radius and
resistivity of the plasma, is very long, thus prohibiting effective stabilization
of fast temperature excursions. Also, such a control system requires that the
value of the steady state toroidal magnetic field be below the design limit
in order to insure that negative temperature deviations can be stabilized.
Furthermore, the power requirements for varying the magnetic field may be

prohibitively large.

7.2.2 Adiabatic Expansion / Compression

By varying the vertical field during a thermal runaway, the plasma can ex-
pand (or compress) adiabaticlly [14,15,16,17]. For an expansion, the resulting
state has lower n, lower T, larger R and larger a. In most circumstances the
strong n,T dependence of the alpha particle heating dominates. This cools
the plasma, thereby providing a mechanism for burn control. The difficulties
with this method involve power requirements on the vertical field circuit,

and the need for a somewhat oversized vacuum chamber to allow room for
expansion and contraction. The problem is more serious in configurations

with divertors, since there is in general only very limited flexibility in the

allowable motion of the X points of the separatrix.

7.2.3 Vary the Plasma Density n,

If the density can be varied above and below its thermal equilibrium value,
the resulting change in alpha particle power should be adequate to provide
burn control. There are several important difficulties with this method. Since

the density diffusion time scale is typically three to five times longer than
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the energy confinement time, a combination of gas puffing and particle diffu-
sion does not have adequate response time to stabilize the thermal runaway.
Part of the difficulty can be overcome by injecting hydrogen pellets into the
plasma. The increased mass cools the plasma but does not produce any
additional alpha particles. This process takes place on a very short time
scale, more than adequate for burn control. Thus, pellet injection can effec-
tively stabilize positive thermal excursions. Negative temperature excursions
are more difficult to control. Injecting pellets of D or T should in principle
increase the plasma reactivity. However, once a pellet is injected, the imme-
diate plasma response is a drop in T and an increase in n, further amplifying
the initial negative temperature excursion. Whether or not the temperature

can recover quickly enough to reheat the plasma is uncertain.

7.2.4 Vary the Auxiliary Power P,

Since a certain auxiliary power is required for ignition, lowering P, suffi-
ciently fast during the thermal runaway [18,19,20] can cause a net loss in
plasma energy; the decrease in plasma energy due to lower P, exceeds the
increase due to the thermal runaway in F,. This procedure can stabilize a
positive thermal excursion. Conversely, rapidly increasing P, during a neg-
ative temperature excursion, also produces stability. Auxiliary heating in
the form of RF power can be varied in a relatively continuous manner on a
virtually instantaneous time scale. In this regard, varying P, is an effective
way to achieve burn control. The primary disadvantage is that in order to
stabilize both positive and negative temperature excursions, the value of P,
must be non-zero at the point of thermal equilibrium. Therefore, the overall
efficiency of the reactor, defined by Q = Fusion power (P;)/Auxiliary power
(Pa), can be unacceptably low if the maximum temperature excursion to be
stabilized is too large (requiring a large equilibrium F,).

From the discussion above, it is apparent that there are a wide variety of
possible burn control methods. Each has advantages and disadvantages, and
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none is sufficiently simple and well tested experimentally to assure success.
Passive burn control methods such as soft the 3 limit control or field ripple are
more desirable from an economic point of view. It is therefore important that
future fusion experiments carry out studies aimed at investigating the validity
of such methods. However, in judiciously designing near term experiments
such as CIT and ITER the primary burn control method must utilize the

most reliable method available.
In this paper we recommend that burn control by means of varying P,

is the best choice for the first generation ignition experiments. Significant
auxiliary power already exists for ignition, so no additional major hardware
is required. Varying P, provides stability against both positive and nega-
tive temperature excursions. The main drawback is that in steady state the
plasma must operate sub-ignited requiring a finite non-zero value of P,. How-
ever, we show in the analysis that follows, that the Q of the system (fusion
power over the auxiliary power) remains quite high for reasonable values of
the thermal excursion AT that must be stabilized. For these reasons, the

remainder of the analysis is focussed on burn control by means of varying
P,.
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8 Burn Control Issues

The goal of burn control is to provide a stable thermal equilibrium in the
regime of alpha dominated ignited operation. In general, any viable burn
control study requires consideration of the following issues: determination
of the equilibrium “operating” temperature, stability analysis about the op-
erating temperature, calculation of the time scales involved in the problem,
and evaluation of the various diagnostic and engineering issues. These issues

are described as follows:

8.1 Thermal Equilibrium

In order to achieve steady state operation the power balance must by defi-

nition satisfy T = 0. Furthermore, for fully ignited operation power balance
must be satisfied for P, = 0. As indicated in section 5 there exists one tem-
perature, labeled Ty, for which both T' = 0 and P, = 0 in the regime of
interest. From Fig. 2 we see that the temperature T is accessible once the
plasma crosses the MIR. Also, note from Fig. 2 that if one wishes to operate
at a lower intermediate temperature Ty < T < Tp, then a finite P, is required

for thermal equilibrium.

8.2 Stable Operation

Once in thermal equilibrium, the plasma must lie in a region of stable oper-

ation. Specifically, if the plasma experiences a small perturbation in temper-

ature, the shape of the T vs T curve must be such that the plasma returns

to its equilibrium operating point. In a linear analysis this requires

orT

— <0 35
6TS Ts v ( )

where T is the desired operating temperature.
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Observe that as the auxiliary power is gradually reduced to zero the
operating temperature approaches Tg. At T Eq. 35 is not satisfied and thus
Tp is an unstable equilibrium. Providing a realistic method for stabilizing

operation about T = T is the primary goal of burn control studies.

8.3 Time Scales

A critical feature of any burn control system is its response time. In the
case of an active control scheme, there may be a substantial delay between
the time that the temperature of the plasma is detected and the time that
the system responds by altering the plasma temperature for stability. For ef-
fective stabilization against temperature excursions, the burn control system
must be able to respond on a time scale shorter than the thermal runaway

time 7g. In general, the e-folding thermal runaway time 75 is given by

e -1
S 4 ( gf ) (36)
#(Pa+ Pa+ P.— P—PB,) s

Ts

Depending on the type of confinement scaling used rg varies between 0.5 and
2.0 seconds in the regime of interest.

The delay time associated with the deposition of power into the plasma is
an important consideration in a control system. The alpha particles deliver

most of their energy to the electrons in an e-folding time given by

_ 0.099 T%/2

Tae = oA n (sec) (37)

Similar estimates can be made for the time delay in the energy transfer
between the auxiliary power mechanism and the plasma particles. The time
delay associated with the feedback system must also be included as well as

detection delays.
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8.4 Diagnostic and Engineering Issues

Burn control methods based on active stabilization of temperature excursions
depend on monitoring the plasma parameters. Therefore, the overall response
of the feedback control system is determined by both the inaccuracies of the
diagnostics and the finite delays inherent in the system. Deviations from the
stable equilibrium temperature cause changes in the fusion power production
that introduce damaging cyclic heat and neutron fluxes to the first wall
and supportive structures. Therefore, it is important to keep temperature
excursions to a minimum. This requires accurate temperature measurements
and fast response of the feedback system.

A successful burn control system must satisfy each of the conceptual
requirements described above as well as a large number of detailed practical

problems.
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9 Auxiliary Power Control: General Re-
marks

Burn control with auxiliary power modulation is obtained by varying the
input power as a function of plasma parameters such as temperature or fu-
sion power (neutron flux). At the beginning of the discharge the maximum
amount of auxiliary power is supplied to the plasma. Once the temperature
crosses the MIR the plasma enters into the unstable ignition regime. Once
in this regime the auxiliary power will be appropriately reduced in order to
create an equilibrium at the desired temperature. Quantitatively the auxil-
iary power term in the energy balance, (Eq. 24) is varied according to the

proportional feedback control law:

, P+ AP T<T,
P(T)={ (Pi+AP) [1 - (TT;_»T;I)*] T, <T<T, (38)
{ 0 T>T,

where P; is the minimum auxiliary power required to cross the MIR, AP
is excess power above this value required for a finite time evolution to the
desired operating point, T} is a temperature (~ Tj) above which the auxiliary
power is gradually reduced, and T}, is a temperature (~ Tg) between T; and
the burn temperature Tp at which P, = 0. The exponent A dictates the
shape of the P, versus T curve.

By changing the parameters in Eq. 38 a steady state operating tempera-
ture can be created somewhere between T) and Tg. Figure 13 illustrates (a)
the original system, (b) the form of the applied auxiliary power, and (c) the
final system with steady state operating temperature Ts.

Initially, auxiliary power equal to P; + AP is supplied to the plasma. By
doing so the plasma temperature increases and eventually the MIR tempera-

ture T is reached. The temperature continues to increase until the value T}
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Figure 13: Schematic representation of an original system (a), the form of
the auxiliary power (b), and the final system indicating the steady state

operating temperature T
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is reached. The auxiliary power is then decreased according to the functional

form given by Eq. 38. In the absence of plasma disturbances the tempera-

ture continues to increase since T > 0 until the operating temperature T
is reached. Note that operation at the temperature T's requires a non-zero
steady state auxiliary power Ps. From an energy efficiency perspective it is
important that Ps be as small as possible.

Stabilization against temperature excursions away from the operating
temperature Ts is obtained by altering the amount of auxiliary power sup-
plied to the plasma. During a positive temperature excursion the auxiliary
power must be decreased from the steady state value Ps. This results in an
overall energy loss from the plasma and thus a decrease in temperature. If the
temperature decreases from the operating point, Ts, the input power is in-
creased. As a result, the overall plasma energy and consequently the plasma
temperature increases returning operation to Ts. Therefore, the auxiliary
power should be viewed as a source of both power enhancement and power
loss. Power enhancement occurs to the left of the operating temperature T,
and power loss occurs to the right of Ts. This type of control about the
operating temperature Ts breaks down for positive temperature excursions
AT above a certain magnitude. In an ideal system (i.e. one without time
delays and with instantaneous feedback response) the maximum temperature
deviation that can be stabilized is AT e = Tp — Ts (see Fig. 13). Similarly

in an ideal system all negative excursions are stabilized.

10 The Complete Model

In addition to the power balance Eq. 24, a complete burn control model must
include the effects of the time delays discussed in section 8, the form of the

feedback law given in section 9 as well as the density evolution.
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10.1 Time Delays

In our model we incorporate the time delay associated with the energy trans-
fer between the fusion alpha particles and the plasina ions as well as the time
delay associated with the deposition of auxiliary power into the plasma.

In general, the effect at the present time ¢ of a stimulus S, (t')dt’ at any

past time ¢’ is given by
¢
Sa(t) = / R(t—t) S (t)dt (39)
)

where we have assumed that the effect is proportional to the stimulus with
proportionality constant R which depends only on the elapsed time ¢t — ¢t'.
Hence it has the form R(t —t’). Eq. 39 gives the response at the present
time ¢ as a weighted superposition over the input at the times ¢’ < t. The
weighting factor R (¢ — t’) characterizes the system, and S, (¢/) characterizes
the past history of the input.

In particular, since we are concerned with the delay time associated with
the transfer of energy as particles collide, the delay time or the energy transfer
time 7 is given by

_ E

T dE/dt (40)

where E is the particle energy. By integrating Eq. 40 we obtain for the rate
R

dE(t;) 1 [ tl]
= = - —-= 41
R(t1) Fe dt, 7 eXP | = (41)
In Eq. 41 t; = t — ¢’ and represents the time elapsed since the particle had
energy Eq. By substituting Eq. 41 into Eq. 39 and differentiating with respect

to t we obtain

) _Lig 1) - m) (42)
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This is now a differential equation giving the effect of the stimulus, in this
case the amount of energy transferred into the plasma, at time ¢ subject to
the delay time T and some appropriate initial condition.

Similarly the time response of the feedback system, including the diagnos-
tics and the auxiliary power delivery system, can be modeled by evaluating
the auxiliary power at a delayed temperature T;. A simple model for the
feedback system is obtained by assuming that the delayed temperature Ty,
relaxes to the plasma temperature with a time constant 74 [19]

T, 1

i =TT (43)

10.2 Density Evolution

As the plasma temperature evolves the plasma density is changing due to
fusion processes, fueling, volumetric effects, and particle confinement. In

general the evolution of the deuterium (ny) and tritium (n:) densities has

the form
dng 2 1dV  ng
hathy. S _ — fYeondl—pn,——_ _ @ 4
dt Sd 2fd(1 fd)avn ng V dt Tp ( 4)
dnt 2 1 d‘/ un
s e P — — ] —_— g T — o — e = 4
o Se —2f4(1 — fg)oTn® — Ny vVt (45)

where S4 (S;) is the volumetric deuterium (tritium) source rate, f; gives the
deuterium fraction in the plasma, V' is the plasma volume, and 7, is the
particle confinement time.

By assuming that deuterium and tritiumn have identical confinement prop-

erties the total deuterium-tritium density, n = ngy + n, is given by

dn , 2 1dV n
g - e e 4
7 S —2f4(1 - fa)gon® —n vt (46)
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where § = S; + S, is the total volumetric source rate. The variation in the
deuterium fraction, fy, is obtained by differentiating Eq. 5 with respect to
time

% =(fa.d_fd);ls““(1——2fd)fd(]__fd)ﬁn (47)

where f, 4 is the fraction of deuterium in the source. By assuming profiles

of the form given by Eqs. 8, and 9 the volume average of Eqs. 46, and 47

becomes
dg? = (14 u)(S) - 0.023--'1/L 1L = f)Fa(T)m? —
n -1‘;% - Tﬁp (48)
n 2 = (1) (fua = Sal(S) -
001121~ 20 ful1 - fa) FulT) (49)

In the above equations the volumetric source rate,S, is given in units of
10%° / m® / sec, the density in units of 10?° /m?, and 7, in sec. F, is given by
Eq. 19.

The energy balance, Eq. 24, the time delays associated with the alpha
power, Eq. 42 and the feedback system, Eq. 43 and equations 48, 49 de-
scribing the density evolution are coupled to obtain the following system of

ordinary differential equations.

((ii_f = g(T’nvfdvpa(n?T)’P“(Td))

dP, 1

Z = [Qa(nT)=La(n,T)]

T, 1

i = T 0
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5 = J(Tn5 fa)
d;
_;_td. = K(T,n,S, f4, fed)

where the form of the functionals G, J, and K are given by Eqs. 24, 48,
and 49 respectively. P,(T,) is given by Eq. 38. F,(T) is the alpha power
absorbed by the plasma at time t, ), represents the amount of alpha power
produced at time t. The parameters 7, and 7, represent the delay times
associated with the alpha power, and the feedback system.

In the next section the behavior of an auxiliary power control system are

investigated by solving Egs. 50.
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11 Results

The Compact Ignition Tokamak (CIT), whose parameters are given in table
1, is designed to achieve ignition (i.e. alpha particle dominated operation) in
order to determine the effectiveness of alpha particle heating and its impact

on confinement.
The results are presented in two parts. First, the heating sequence is

examined and the time required to reach the desired operating temperature
is compared to the pulse length. In the second part operation about the
equilibrium temperature is considered and the auxiliary power control system
is evaluated.

11.1 Temperature Evolution

During an ignition sequence in CIT the plasma temperature must evolve,
from T = 0 at the beginning of the discharge, to the desired operating tem-
perature, Ts, in a time significantly shorter than the specified pulse length.
This is a significant problem in CIT because of the short pulse length, and
thus the shot must evolve in such a way so that the time to reach the temper-
ature T’s is minimized. This requires that the maximum amount of auxiliary
power is supplied to the plasma and that the density evolves in such a way so
that the plasma evolves through the Cordey pass. In this analysis the plasma
temperature evolves from zero at the beginning of the current flat-top to the
desired temperature some time during the flat- top. The maximum amount
of auxiliary power available is 30 MW (note that this is the power coupled to
the plasma). For a conservative estimate we assume that a maximum of 25
MW can be coupled to the plasma. The results shown here, unless otherwise

indicated are based on Goldston H-mode confinement.
Fig. 11.1 shows a CIT POP-CON plot under Goldston H-mode scaling. In

this space the final operating point is denoted by point A which corresponds

to density of 6 x 10°° /m® and a temperature of 15 keV.
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Note, from Fig 11.1, that the Cordey pass occurs at a density of ~ 3.0 x
10%° /m® and a temperature of ~ 11 keV. Here the density is varied with
temperature as follows. For low temperatures and until the Cordey pass -
temperature is reached the density is constant and equal to 3 x 102°m?3.
For higher temperatures the density is ramped linearly between the Cordey
pass temperature and the final operating temperature. The auxiliary power
supplied to the plasma must be modulated if steady state operation is desired
at 15 keV. From Fig. 11.1 we see that for steady state operation at a density
of 6.0 x 10°° /m® and a temperature of 15 keV, 0.7 MW of auxiliary power
is required. Thus the power must be reduced from its maximum of 25 MW
to its steady state value of 0.7 MW as the operating point is approached.

The plasma temperature, density, and the alpha, ohmic, auxiliary, radi-
ation, and conduction powers are shown in Figs. 15, 16, and 17 for A = 2,
T; = 11 keV, and T; = 16 keV. Under these conditions the plasma evolves
to the final temperature in 2 seconds. The remaining 3 seconds during the
current flat-top is used for physics and engineering operation at the high tem-
perature equilibrium. In order for the plasma density to evolve as shown in
Fig. 16 the fueling conditions shown in Fig. 18 must be provided. The result
shown in Fig. 18 were obtained by assuming that the plasma evolves through
a sequence of quasistatic equilibria and thus the dn/dt term was neglected
in the calculation of the source rate S. As seen from Fig. 18 strong fueling
is required if the plasma is to evolve according to the above assumptions.
Although, delivering the actual number of particles per second indicated in
Fig. 18 is not difficult with present day pellet injection technology, pellet
penetration will be difficult in a plasma of such high temperatures.

The plasma evolution presented above results in a high Q operation as
shown in Fig. 19. However, operation at the steady state equilibrium is
constrained by stability considerations. These set a limit on the maximum

Q achievable and is discussed next.
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Figure 15: Time evolution of temperature for CIT under Goldston H-mode
confinement.
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11.2 Burn Control

Once the plasma has evolved to the desired operating point, steps must be
taken to ensure stable operation. Temperature evolutions of the type pre-
sented in the previous section (Fig. 15) result in the formation of unstable
equilibria. By modulating the amount of steady state auxiliary power sup-
plied to the plasma, temperature deviations about the equilibrium can be
effectively stabilized. The major issues investigated are: the magnitude of
the run-away times, obtained by linear expansion about the equilibria, under
different confinement relations, the relation between the maximum tempera-
ture to be stabilized and the steady state thermonuclear Q, the effect of the
feedback delay time, 74, on the maximum temperature deviations that can
be effectively stabilized, the distinction between underdamped and critically
damped systems, and the filtering of benign temperature fluctuations, such
as sawteeth, from the feedback system.

For effective stabilization of perturbations about an equilibrium temper-
ature the feedback system must respond in a time faster than the runaway
time 7g of the instability. In Fig. 20 the e-folding time is shown as the run-
away time for CIT under Goldston H-mode confinement scaling. Comparison
of Fig. 20 with Fig. 21, which corresponds to Neo-Alcator scaling, shows the
strong dependance of 7 on confinement scalings. For example, at a density
of 6 x 10%° /m?® and a temperature of 10 keV the linear growth rate is 0.4 /sec
for Goldston and 2.0 /sec for Neo- Alcator. This implies that the e-folding
time for Neo-Alcator scaling is 5 times that for Goldston scaling.

As mentioned in section 9 the maximum temperature deviation that can
be stabilized, in a system without time delays, is the diflerence between the
operating temperature, Ts, and the equilibrium temperature at which the
auxiliary power is zero, Tg. This maximum deviation is denoted by AT e =
Tg—Ts as seen in Fig. 13. The Q value obtained at the steady state operating

temperature, Ts decreases as AT,,,,. increases. Fig. 22 shows the dependance
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of Q on AT for CIT under Goldston H-mode confinement. At this point an
assessment of the maximum positive temperature deviations expected can
give an estimation of the maximum achievable Q. For example, by assuming
that the largest positive temperature perturbation to be expected is 1.5 keV,
then the maximum Q at which stable operation can be obtained is ~ 65.

Positive temperature fluctuations evolve with a characteristic tiine, g,
while negative fluctuations can happen instantaneously (for example the in-
troduction of impurities into the plasma). Therefore, the auxiliary power
control system will have to respond faster to negative fluctuations than to
positive ones. However, here we will consider the stabilization of instanta-
neous positive and negative fluctuations since such a case represents the most
demanding scenario.

The feedback system, including the diagnostic system and the auxiliary
power delivery system is characterized by the delay time 7;. For a certain
feedback law, the maximum positive fluctuations to be stabilized as well as
the maximum steady state Q depends on the magnitude of 7. By assuming
a feedback law of the form given by Eq. 38 with T} = 11.0, T, = 14.0 and
A = 2.0 the stabilization of an instantaneous 1.5 keV positive temperature
fluctuation is shown in Fig. 23, under three different values of the feedback
delay time 74. For 7; = 0.4 the system resembles an underdamped oscillator.
As 14 decreases the system becomes more “damped” and the return to equi-
librium becomes monotonic. For a certain feedback law the system will, as
T4 decreases pass through the “critically damped state” at which the return
to equilibrium is the fastest. In Fig. 23 the curve corresponding to t4 = 0.12
resembles a critically damped system and the approach to equilibrium is the

fastest.
The model as described by Eqs. 50 is governed by three characteristic

times, and they are: the alpha particle thermalization tiine, ., the feedback
delay time, 74, and the energy confinement tiine, 7. The effect of all these

times is shown in Fig. 23. Due to the alpha particle thermalization the
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Figure 23: Stabilization of an instantaneous 1.5 keV positive temperature
deviation for different values of 74
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amount of alpha power deposited in the plasma after the temperature has
increased by 1.5 keV is equal to the amount of alpha power produced at
the equilibrium for a time equal to the alpha particle thermalization time,
Tae- For a temperature of 13.57 keV, and a density of 6 x 10%° /m® Eq. 37
gives 7o, = 0.05 sec. Since this value of 7., is much shorter than the energy
confinement time the temperature will drop rapidly immediately following
the perturbation. Due to the feedback delay time 7, the amount of auxiliary
power supplied to the plasma will not be altered until a time 7; later. The
evolution of auxiliary power associated with the stabilization of the positive
perturbations shown in Fig. 23 is given in Fig. 24.

For a negative temperature perturbation, as shown in Fig. 25, the amount
of alpha power deposited in the plasma immediately after the temperature
drop corresponds to the amount produced at the equilibrium and thus it
tends to increase the plasma temperature. Therefore, the alpha particle
thermalization time has a stabilizing effect on both positive and negative
temperature fluctuations. Furthermore, the effect of the auxiliary power will
not be seen until a time 74 later and thus the temperature will decrease further
after the alpha particle thermalization eflect is observed, as it is clearly seen
for the case of 74 = 0.4 sec. The evolution of auxiliary power associated
with the stabilization of the negative perturbations shown in Fig. 25 is given
in Fig. 26. The auxiliary power ramping required for stabilizing negative
perturbations should be compatible with the specifications of the auxiliary
power system. Large negative temperature deviations will require the supply
of a large amount of auxiliary power within a very short time interval. For
example note that a ramping of 20 MW /sec is required for stabilizing the 1.5

keV fluctuation in 1.5 sec.
As 74 increases the system hecomes more and more underdamped and

eventually large oscillations develop and the system becomes unstable to

every fluctuation. Fig. 27 illustrates a simulation in which an attempt is
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tive temperature deviation for various values of 74.
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Figure 26: Evolution of auxiliary power required to stabilize a 1.5 keV neg-
ative temperature deviation for various values of 74.
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made to stabilize a 1.5 keV positive temperature fluctuation for r; = 1.5sec
(large delay time) and for 74 = 0.2sec (small delay time). Note that the
system characterized by the large feedback delay titne can not be stabilized.

In Fig. 28 the maximum temperature to be stabilized is plotted as a
function of 74, for operation at Q = 72. In this case no temperature deviation

can be stabilized for r; > 1.5 sec.
The feedback system should be able to distinguish and filter all the be-

nign temperature fluctuations that a plasma experiences as well as the noise
introduced by the diagnostics. This is done by signal averaging. The time
over which the averaging is done is a component of the overall feedback de-
lay time 74. For example in order to filter the temperature perturbations
introduced by sawteeth the averaging must be done over a certain number of
sawteeth periods. However, since the exact period of sawteeth is not known
the system has to be designed so that it stabilizes over a wide range of pe-
riods without violating the maximum limit on 74. A complete study of this
phenomenon requires the development of a sawtooth model in the context of
one dimensional transport. Such a model is presently under development at
MIT.

12 Conclusions

Auxiliary power modulation can be used for operating CIT. By supplying
auxiliary power to the plasma and appropriately modulating it he tokamak
operating space can be mapped, the desired operating point can be reached,
and control about the operating point can be achieved. It has been estimated
that stable operation is possible with @ ~ 65. Large delay times result in
a system resembling an underdamped oscillator as it returns to equilibrium
after a temperature fluctuation. Feedback systems characterized by delay
times in the order of 0.1 - 0.3 seconds can stabilize temperature fluctuations
of 1.5 keV at Q ~ 65. Benign temperature fluctuations are filtered by signal
averaging over a specified time period which is compatible with the overall
maximum feedback delay time.
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