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ABSTRACT

Achieving the long sought goal of fusion energy requires the attainment of an
ignited and controlled thermonuclear plasma. Obtaining an ignited plasma in a
tokamak device requires consideration of both the physics of the plasma and the
engineering of the machine. With the aide of a completely analytical procedure

optimized and ignited tokamaks are obtained under various physics assumptions.
These designs show the possible advantage of tokamaks characterized by high
(~ 4.5) aspect ratio, and high (~ 15 T) toroidal magnetic field. The control
of an ignited plasma is investigated by using auxiliary power modulation. With
auxiliary power stable operating points can be created with @) ~ 50. Recognizing

the need for a fast 13 —D transport model for studying profile effects the plasma

transport equations are solved using variational methods. A computer model
based on the variational method has been developed. This model solves the

1 l —D transport equations very fast with little loss of accuracy.
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Chapter 1

Introduction

The fundamental problem faced by the fusion community over the past 40
years has been the development of a confinement device which can contain

the thermonuclear plasma for a sufficiently long time and without major
instabilities. The advent of the tokamak [1,2] in the 1960’s provided the
best to date confinement scheme for a thermonuclear plasma. With the
aide of the tokamak very substantial results have been achieved.

Even though there is general agreement on the importance of the toka-
mak concept in fusion research, there is no agreement on the particular
geometric configuration that a fusion experiment, which is designed to ig-
nite, should have. The design of an ignition experiment is guided by the
physics of the thermonuclear plasma and by engineering considerations.
The biggest contributor to the uncertainty associated with tokamak design
is the incomplete understanding of plasma transport. A strong manifesta-
tion of this uncertainty is the plethora of models which attempt to describe
both the local and the global plasma transport characteristics.

In order to minimize the uncertainty associated with the predicted per-
formance of a certain tokamak design it is important that extensive scoping
studies are done in order to investigate the effect of all relevant theories.

This thesis is primarily concerned with the development of ideas and
tools which can be used in order to investigate the behavior of fusion plas-
mas, and to aide in the design of tokamaks. In particular the following
questions are addressed.

16



I. How can tokamak designs be developed which are optimized and ca-

pable of achieving ignition?

2. How can an ignited plasma be controlled?

3. Is it possible to improve the tools by which tokamak scoping studies
are performed?

The above questions are addressed by using the transport models de-

veloped on chapter 2. There, by starting with the Fokker-Planck equation,
various plasma transport models ranging from the complete fluid model, to
the volume averaged (0-D) transport model are developed.

The first two questions are answered by employing the zero dimensional

model developed on chapter 2. An affirmative answer to the third equation

is obtained by using a variational formulation in order to solve the transport
equation.

1.1 Design optimization of ignited tokamaks

It is evident from experimental observations that the plasma global energy
confinement time decreases with auxiliary power. On the other hand ohmi-

cally heated tokamaks report energy confinement scalings which are more

reliable and optimistic. Therefore, by minimizing the ratio P,/ Pq, subject
to the conditions that the plasma is ignited and that certain engineering
considerations are satisfied, optimized designs are obtained under various

confinement scalings. For example the ratio P,/ FP, has a well defined min-
imum when plotted versus the plasma minor radius a, as shown on Fig.

1.1 under Goldston 7g scaling. By calculating the tokamak parameters at
which the ratio P,/ Pq is minimized, designs are obtained which indicate the

possible advantage of high (~ 157") magnetic field, and high (4.5) aspect
ratio.

17
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Figure 1.1: The ratio of the auxiliary power to the ohmic power is plotted
as a function of minor radius a. Note the well defined minimum that the
P,/ Pq assumes at a certain a.

1.2 Burn control using auxiliary power mod-
ulation

The ignited tokamak designs just discussed will be operating in a regime
characterized by unstable equilibria. In this situation some means of con-

trolling the plasma at the desired equilibrium must be provided. For the first
generation ignited tokamak it is important that the most reliable method
of burn control is used. By comparing the various burn control methods
that have been suggested over the years, burn control via auxiliary power

modulation appears to be the most reliable.

By modulating the auxiliary power supplied to the plasma stable equi-
libria are created and fluctuations about these equilibria can be stabilized

by dynamically altering the auxiliary power supplied to the plasma. The
equilibria created by auxiliary power modulation are characterized by finite
thermonuclear @) values since there is a small amount of auxiliary power

that is continuously supplied to the plasma.

18



1.3 Variational formulation of the transport
equation

Following the optimized ignition and burn control studies, which are based
on a zero dimensional plasma transport model, is the presentation of the

basic ideas in the variational formulation of the 1-D general transport equa-
tion. The primary motivation for developing this variational transport
model is that such a model yields profile information fast, and with high
accuracy, when compared to finite differencing formalisms.

The derivation of the variational formalism proceeds as follows. First

a function called the Lagrangian is derived which represents the transport

equation under consideration. Next, trial functions characterized by cer-
tain unknown parameters “variational parameters” are substituted into the

Lagrangian. In turn the variational solution to the transport equation is
found by estimating the value of the variational parameters which make the
Lagrangian stationary.

The variational method for the solution of the transport equation has
been estimated to reduce the required computational time by a factor of 10-

50 over standard finite differencing techniques. Furthermore, by choosing
the right trial functions the accuracy of the method is very good (again
when compared with the exact solution). This is shown on Fig. 1.2 where
a profile obtained by the variational formulation is compared to the exact
solution.

1.4 Variational solutions of the plasma trans-
port equations

Having developed and tested the variational formulation for the transport
equation, the next goal is to develop a complete plasma transport model.

This is accomplished in chapter 6 where the 1.-D plasma transport model
developed on chapter 2 is formulated variationally. Also, a sawtooth model

19
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Figure 1.2: Comparison of the results obtained from the variational and the
exact solution of the transport equation.

1s developed, and the issues related to the connection between the global
energy confinement time 7g and the local diffusion coefficients are discussed.

The formulation is incorporated into a computer code called MITra

which solves the 11-D time dependent plasma transport equations. This
code is in turn used to study some fundamental ignition and burn control
issues of the CIT tokamak.
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Chapter 2

Tokamak Plasma Transport
® eo J ®

and Equilibrium Equations

2.1 Introduction

Plasmas are composed of a large number of charged particles of different
species. For example, in a tokamak plasma the main species are: electrons,
hydrogen, deuterium, tritium, alpha particles, as well as many other ions
characterized by higher atomic numbers, the so called impurities. The
behavior of such a plasma is described in terms of the particle motions with

the aide of the distribution function f(&amp;,v,t). The distribution function f;
is a function of seven variables and it gives a measure of the probability

density for the particles of species j in the (&amp;,v) phase space.
The time evolution of the distribution function f;(Z,v,t) of species, 7, in

a multiple species plasma is given by the (Vlasov) Fokker -Planck equation

Bf; Gil Eo A
Wo hh Es Rn Bl Ee, (2.1)

where e; is the charge and m; the mass of particles of species j, E and

B are respectively the macroscopic electric and magnetic fields. C; is the

Coulomb collision operator and S; represents any external particle source
or sink of species j.

21



2.2 Fluid Transport Equations

In general, for many applications, it is adequate to describe the plasma in
terms of the fluid variables such as density, fluid velocity and temperature

which are functions of only four variables. This reduction in the number of

independent variables is obtained by taking moments of Eq. (2.1).
The first three velocity moments of Eq. (2.1) give the fluid expressions

for the conservation of mass, momentum, and energy respectively.

on; 5
—2 + V-(njd;) = So; (2.2)ot

du; ZR
n;m; hi — e; ny (BE +d, x B)+V -1I1, = R, (2.3)

3 8(n,;T; 3 . ”
PT) + 5 . (n;T;4;) + n; 7; Vv. U4 + IT; : Vu; = J;

—- V. gq; = SE; (2.4)

In the above equations the various fluid variables are:[3]

The density n; of species j,

n= [ fds 25)

the flow velocity, u; of species 3,

g; = [1 47 wa)

the particle source rate,

the total pressure tensor,

(2.°

(2.5

29



II = [m, (5 — G(T — &amp;;) f; &amp;5 2.9)

the friction force,

R; = [my - a) C;dv (29)

the temperature of species 7,

Rn;

where p; is the scalar pressure Wego,®5yPj = [Ti - 4,f; ds (2.11)

the heat flux, mt A RCT=codih=; [ms — U5) [U — u;|°f; dv (2.12)

the heat generated due to collisions between unlike particles,1 — —|2—QR; = 5 [milo — 4;|°C,; dv (2.13)

and the energy source,

1 As .

Sia &gt; [ms 1528; dF (2.14)
In Eqs. (2.2 — 2.4), all the fluid variables are functions of space, Z,

and time, t, (i.e. four independent variables). However, in the study of
transport in the toroidal tokamak geometry, it is possible, by choosing an
appropriate coordinate system, and considering the behavior of the plasma
in the various directions, to reduce the number of independent variables
to two, one for the space and one for the time. A summary of the basic

assumptions and procedures necessary for this reduction in the number of
independent variables is developed in the next two sections.

SL

So
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2.3 The Ideal MHD Model

The hydrodynamic model is useful in describing low frequency phenomena
because it 1s then valid to neglect the electron inertia and to assume that

the plasma remains neutral.[4,5] Starting with Eqgs.(2.2 - 2.4) the main steps
for the derivation of the MHD equations are presented in this section.

2.3.1 Equation of motion

The net force balance equation for the plasma is obtained by adding Eq. (2.4)
over all species and neglecting the electron inertia

di; 2 =

Dmjn;—? ~JIxB+Y Vp; =-V. &gt; (P)) (2.15)
7 J J

The current density is

J = vv EN; (2.16)
7

and P; is the anisotropic part of the pressure tensor II;

P; = 1; we p;1 (2.17)

where I represents the identity tensor and p; is the scalar pressure tensor.

Note that the sum of the friction forces &gt;; R; = 0, due to momentum

conservation in Coulomb collisions, and that the electric force acting on the

plasma is zero due to the quasineutral approximation 3; en; = 0.

In the development of the MHD model the typical time scale of in-

terest corresponds to the ion thermal transit time a/Vz,, where a is the

macroscopic dimension of the plasma (the length scale of interest). During
the time a/V7, a certain number of collisions occur in the plasma between

the various plasma species. For a valid fluid treatment it is required that

the plasma is collision dominated. This collision dominated assumption
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assures that the distribution functions of the plasma species are nearly

Maxwellian. For the plasma ions the dominant collision mechanism is due
to ion-ion interactions characterized by a collision time 7;;. Furthermore, the

plasma electrons become Maxwellian by colliding either with ions or with
other electrons, since 7. ~ T;..[4] Another requirement for the collision-

dominated theory to be valid is that the macroscopic plasma length scale a

be much longer than the mean free path (Debye length A) for each species
(i.e. A &lt; a). In general the conditions for a collision dominated plasma are

given by [4]

Vr. 7s;
dhl al (2.18)

a

By considering the relative magnitude of V-P to Vp it can be shown that[4]

\% . P;/Vp| ~ Vr; 7ii/a &lt;&lt;] (2.19)

Therefore Eq. (2.15) reduces to

du; - =

J J

2.3.2 Ohm’s Law

[n processes in which all quantities vary slowly in time (no significant
changes in one electron ion collision time) [3] the electron inertia may be
neglected and the the electron momentum balance becomes.

. a

E+ixB=—(JxB-Vp, —V-P. +R.) (2.21)en

From Eq. (2.19) it is clear that the V - P, term is negligible compared to

Vp. term. Furthermore, from Eq. (2.20) it follows that the Vp, term is

comparable to the J x B term. By comparing the Vp, term with the u x B
it gives
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[VPe/en| pri
= Ts 2:22ZB) a 2:22)

where pr; is the ion Larmor radius. By assuming that pp;/a &lt; 1 t%-

electron momentum equation reduces to

— a — 1 ,

F+4uxB=—R, (2.23)
en

The term R. represents the friction force between the electrons and the

other plasma species. The major contribution of R. is the electrical resis-
tivity and can be written as[3]

1 .

en

where 7 is the electrical resistivity of the plasma.

Finally, the electric field E, the magnetic field B, and the plasma current

J are given by the low frequency Maxwell equations.

. 8B
Nalin ="——— 2.25o (225)

VXxB = pod (2.26)

V-B = 0 (2.27)

2.4 Toroidal Geometry. Flux Coordinates

The local properties of the thermodynamic variables n;, and T; can be

described in terms of a fixed cylindrical orthogonal system © = (R, ¢, Z) as
illustrated in Fig. 2.1.

The analysis is based on the assumption of toroidal axisymmetry which

implies that 05/0¢ = 0, where S is any scalar.[4]

“Tic
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Figure 2.1: Cylindrical geometry for axisymmetric toroidal equilibrium

The purpose of this work is to obtain solutions to the transport equa-

tions on the time scale governed by cross field transport and resistive dif-

fusion. This time scale is long compared to the time that Alfvén waves

act to equilibrate plasma forces imbalances. Therefore, the inertia term in

Eq. (2.20) may be neglected and the plasma is confined by a magnetic field

B according to the static set of equations.

VP = JxB (2.28)

VxB = pg J (2.29)

V-B = 0 (2.30)

where P denotes the total plasma pressure, and J is the plasma current

density.

2.4.1 Flux Coordinates

In axisymmetric systems, and by virtue of Eq. (2.30), a stream function
for the poloidal magnetic field may be introduced.[4] In a system like the
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tokamak where the contours of constant 1 form nested toroidal surfaces it

is useful to introduce the flux coordinate system (p, 8, ¢). In Fig. 2.2 the
coordinates p, and 6 are depicted as contours of constant p, and 6.

The variable p represents the generalized minor radius p which is, by
definition, constant on any flux surface. p(¢) is normalized to zero on the

magnetic axis and it is equal to one on the outermost flux surface.

p € [0, 1] (2.31)

Since there is an one-to-one correspondence between a given value of p and

a particular flux surface, p is a flux surface label.

The variable 8 in the flux coordinate system is an angle like variable

varies from 0 to 2m along the poloidal direction around the flux surface p.

The coordinate ¢ (toroidal angle) is the same in both the (R, ¢, Z) and

(p, 8, ¢) coordinate systems and 0 &lt; ¢ &lt; 2.
The Jacobian of the transformation from the fixed frame (R, ¢, Z) to

the flux coordinates (p, 8, ¢) is given by

J = (Vp = NI). No)il (2.32)

OROZ OROZ
= Rl—/—/— — ——=— (2.33)

86 6p Op 06 |

In general the vectors Vp and V6 need not be orthogonal over a partic-

ular non-circular flux surface. The following relationships are valid for the

vectors Vp, V6, and Vo.

Np Nong (2.34)
V§-Vo = 0 (2.35)

Vp:-No =10 (2.36)
1

No No = (2.37)
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The thermodynamic variables n;, and T; may be advanced in time lo-

cally (i.e. at each point on a flux surface) by using Eqs. (2.2, 2.4). However,
in a tokamak plasma the motion of particles and heat along the magnetic
field is rapid compared with the resistive motion across flux surfaces.[6,7]
As a result the density and temperature profiles, of the thermalized species,
are nearly uniform on a flux surface. This difference in time scales can

be used to eliminate the explicit appearance of the poloidal coordinate 6,
and as a result the complexity of the problem is reduced without loss of

pertinent information.
The elimination of the coordinate 6 is obtained by the operation of flux

surface averaging. In general, the flux surface average of a scalar, =, is given
by (Z) =Jo"J(p,6)Z(p,0)db(2.38)ko" J(p,8) db

The flux surface average operator (---) is thus used in order to reduce the

transport problem from the two spatial coordinates (p, 8) to a single one

(p)-
Equation (2.38) may be rewritten as follows

om 27
Z) = — = Jd 2.39

v

ov 2m
Vie = on | J db (2.40)Op 0

Often, during the development of the flux averaged transport equations
the flux average of the divergence of a vector, (V - A), is required. From

Eq. (2.39) we obtain

NOT [27
(Fie Ai $y (V.A)J db (2.41)

0

‘here
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where V - A is given by

2 T3 0 R 0 (AsJ\Vd = | (Vel)+ooroAe)+oo(227)2.42However, due to assumption of axisymmetry the third term on the right
hand side of the above equation is zero. Furthermore, due to periodicity
conditions in the poloidal angle 8 the second term on the right hand side of
the above equation integrates to zero. Therefore,

o 2m [2 0
Vv A) = ZT —(JIVela,) df 2.43V-H=FfZIV(2.43)2 8

zr J(A-Vp) db 2.44pmL IES (2.44)
Re

2.4.2 Force Balance: Grad—Shafranov Equation

The flux average operation indicated by Eq. (2.39) requires the determi-
nation of the flux surface geometry, ¢(Z). For the axisymmetric systems
under consideration the “equilibrium” flux surface geometry is obtained by
considering the solutions of the Grad - Shafranov equation.

Nvr=— RJ], (2.46)
= —po R* P'(y) — F($)F'(¢) (2.47)

subject to the boundary condition

where S, denotes the plasma surface, and the constraint that the flux func-
tion 9 remains regular at the magnetic axis. J, is the toroidal component of
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the plasma current, and P(v) and F'(v) are “free” functions relating to the
pressure and toroidal field profiles. The operator ( ’) denotes differentiation
of a function with respect to its argument.

The operator A* is defined

. Vy

ge [1d aHE Ds (2.50)
ARR GR BZ

Having introduced the concept of flux surface average, the next step is
to reduce the three dimensional fluid Eqs. (2.2, 2.4) to the more useful one

dimensional flux surface averaged equations.

2.5 Flux Surface Averaged Transport Equa-
tions

The flux surface averaged transport equations are obtained by performing
the “averaging” operation (Eq. (2.39)) of the transport equations (2.2, 2.4)
over the flux surfaces obtained by solving the Grad-Shafranov equation

(2.46).

2.5.1 Particle Conservation Equation

Beginning with Eq. (2.2), the derivation of the flux averaged equations
expressing the conservation of particles is obtained by integrating Eq. (2.2)
over the volume interior to a surface p = const

on.[Fidi+ [Vn;d;d5 = [ 5,43 (2.51)
Note that in general p can be an arbitrary surface label. Applying the
divergence theorem on the second term of the left hand side of Eq. (2.51)
it follows that
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On; dS &gt;
| Gti f mits Vo = [ Suda (2.52)

The above integrals are carried out over a region interior to the moving

surface p = const. Therefore, the first term in Eq. (2.52) takes the form|7]

on; 0 dStell dl =e / dz — § line 2/ 5 5 z 1 n; dz Vo) Nyt, Vp £2.53)

where, as indicated, the time derivative of n; is taken at constant &amp;, and

the time derivative of fn; dz is taken at constant p. 4, is the velocity of

the coordinate system characterized by p with respect to the stationary
coordinate system .

By substituting Eq. (2.53) into Eq. (2.52) it follows that

b 2 22D -
lS dz == # n; (4; 5 U,) &gt; Vol dS = / Svs dz (2.54)

Finally by averaging over the poloidal angle § Eq. (2.54) becomes

0 / 0 / —_ — d,

S| Vm) + = (V (mili =) Vp) = VV (Sug) (255)ati, Op

By defining

Lj = (nj(u; — dy) - Vol) (2.56)

to be the flux relative to the surfaces of constant p, Eq (2.55) becomes

0 / 0 / /

5 (V (m5) + Bp (V'T;) = V'(Snj) (2.57)

The above equation describes the evolution of the density n; of species
7 in the toroidal tokamak geometry.
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2.5.2 Energy Conservation Equation

The heat balance equation for the j** species is given by

30(n;T; Eh peal Sop i
Sot £% G + 5% 7,4] = =P; : Vi; +4; - Vp; + @Q; + Sp; (2.58)

where P;, the anisotropic pressure tensor, is given by Eq. (2.17).
Proceeding in a manner similar to that used in the development of

the mass conservation equation (section 2.5.1) the flux surface average of

Eq. (2.58) is given by

30 0 B 5 seg]
25 (VT) = —o |V'((@- Ve + Sn T(E = 5) Vi)

Sunn x
nt (n;Tj4, - Vp)

- VP; : Vi) + V'(d; - Vp;)

+ V'{(Q;) + V'(SE;) (_.59)

During the time scale of cross field transport the densities and temper-

atures equilibrate along the magnetic field lines, and thus on any given flux
surface the densities and temperatures are assumed constant

(nj) = ny (2.60)

TH i=NT; (2.61)
(n;T;) ~~ nd (2.62)

By using the above approximations the heat transport equation (2.59) be-
comes

a
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35 da 5 0 inte
yo n= “5 v © Vo) + 5 Tin; (ds — 4) vo)

ov’ re 8(n;T;)
~ wT — VE, SE

— V'(P; 3 Vi;) 4 V'{i; . Vp;)

+ VQ; +V (8g; (2.63)

Where the term AV'/0t is given by

Ay uss
— = —[V'(p){u,- V 2.64= 2 Ve) Vil (2.64)

2.6 Magnetic Diffusion Equation
For a complete treatment of the plasma transport it is necessary to derive

the equation for the evolution of the plasma poloidal flux. This equation
must be solved consistently with the equations describing the evolution
of the thermodynamic variables n, and 7. The derivation is obtained by

evoking Faraday’s law, Ohm’s law, and Ampere’s law. The basic idea is
to calculate the voltage induced due to the time change of the poloidal
magnetic flux.

In general, the differential form of Faraday’s law is

zl ean
Nol == ~.65X 50 (2.65)

where E, and B are respectively the macroscopic electric and magnetic
fields in the plasma. By integrating Eq. (2.65) around any moving contour
of surface §S it is found that

d Jo = So

= [B-eds=- [Vx EF -e.ds i)dt Js Ss

g

(2.66
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where €,, is the unit vector normal to dS, and where d/dt represents the
convective derivative

d 0
2 JAE iy 2.67ZR za

By using Stoke’s theorem Eq. (2.66) becomes

* [Beads $ Ed (2.68)a . €n a esas . .

dt Js ¢

where C is a closed curve which bounds S, and dl is an infinitesimal dis-

placement along C. In the tokamak geometry, by choosing the contour C
to be any axisymetric toroidal contour labeled by p (see Fig. 2.2) Eq. (2.68)
reduces to

1 [Beds - or RE (2.69)Tg OES

where FE, is the toroidal component of the electric field, and R is the major

radius corresponding to the contour C. Since the magnetic field B is related

to the poloidal flux, ¥p, via the equation

Yp = / B.&amp;,dS (2.70)
Ss

Yp = 2m (2.71)

equation (2.69) becomes

dy— i= RY 2.725 RE, (2.72)

The physical significance of Eq. (2.72) is that the toroidal voltage V(p,t) =
2m R Ey is induced due to the time change of the poloidal flux 1. For future
reference the electric field may thus be written as
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nl Vp, t) =
E=—""or BC? (2.73)

Now in order to estimate the voltage V(p) it is required to evoke Ohm’s

law ( Eq. (2.23) )

B= nd — Tx B+ Bu (2.74)

where J is the plasma current density , 7 represents the plasma resistiv-
ity, v is the velocity of the plasma relative to the frame moving with the

contours labeled with p, and where the term Bs has been introduced to

represent any externally applied electric fields. By taking the dot product

of Eq. (2.74) with B it follows that

E-B=nJ-B+E..-B (2.75)
Note that the unknown plasma relative velocity v has been eliminated

from the above equation. By using Eq. (2.73) the flux surface average
of Eq. (2.75) becomes

As Vie), 1
E-BY = —(=)F :(E-B)=ZEA)(276)— (J - B) + i ’ B) (2.77)

where F(p) = R By
The next step in the derivation requires the consideration of Ampere’s

law

V x B = poJ (2.78)

By using B= Bp + Bég, where Bp, and By are respectively the poloidal
and toroidal components of the magnetic field, Eq. (2.78) becomes
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a 1

I (7%) 70, (2.79)
By taking the dot product of Eq. (2.79) with B, the following results:

_ OY |Vp|? ( 1B= ri OIE v2 vy 2.8pod (p) dp R2 R2 ¥ (p) ( 0)

The flux surface average of Eq. (2.80) gives

 o op | Vp|* 14 |Vp|?, OY
Bm PY CN ry yt yr PE TO Ne

which is equivalent to

&gt; F*(p) 8 [V'(p),|Vpl* 09]
wold B) = — 0) 2 [V0) [VF 2 (282Vi(p) 8p|Fp)R?'0p)Finally, by combining Eqs. (2.72, 2.73, 2.76, 2.82) the magnetic diffusion

equation becomes

dp _ Fp) n 0 RA (Vel, 4 (Ee B) (2.53didn BBY pY oud Flp)tnBeatop)©1{RZRip)In order to evolve the magnetic diffusion equation (2.83) it is necessary

to determine the function F(p). The determination of F(p) is obtained

by considering the force balance (Grad - Shafranov) equation (2.46). In
particular F(p) must satisfy the equation

JRL] |Vp|? Oy 1— ~~ (VP) —) == =poP’—FF’2.84ria [VOCED SE=Pe)+(oa)(284)
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For the solution of the above equation it is required that expressions for

the plasma pressure profile P and the plasma flux profile ¥ are provided.
The pressure profile P = nT is obtained from the density and temperature

equations (2.57, 2.63), and the flux profile is obtained from Eq. (2.83).
The flux surface averaged plasma current density profile is obtained once

the profiles of P, 1, and F' have been determined, and is given by

Us) = smo [(RYP(p) + (5) FF) (285) oy/0p R |

The plasma current enclosed by a flux surface labeled by p is given by

1,09 |Vp|?d = —— VI (—) 8p(p) a 3p 72 )

2.7 Complete 1:-D Plasma Transport Model

Having completed the development of the general flux surface averaged
(11-D) transport equations for mass, heat, and flux, the next step is to

develop a working plasma transport model.
A future tokamak reactor will be fueled by deuterium and tritium and

the resulting plasma will be composed of deuterium ions, tritium ions,
fusion-product alpha particles, various impurity ions, as well as the ac-

companying electrons. In order to describe the behavior of such a plasma

the evolution of the following quantities must be considered

(2.8
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e Deuterium density ;

e Tritium density ng

e Alpha Particle density Ng

e Impurity density Pimp

e Electron density 7”,

e Deuterium temperature Ty (2.87)

e Tritium temperature iz;

e Alpha particle temperature Zz

e Impurity temperature LE

e Electron temperature 1

e Magnetic flux

2.7.1 Transport Equations
The evolution of the density, temperature, and flux is governed by equations
Eqs. (2.57, 2.63, 2.83) respectively. The equations describing the complete
evolution of a deuterium tritium plasma thus become.

0 / 0 / /

rid ng) = ig (V'Ta) + V'(Sna) (2.88)
0 / 0 / /

5 Vg av (V'T.) + V' (Sp) (2.89)

B's ) = i (VT) + 10S. (2.90)
ot x Op a no

0 / 0 / /

5 Rinp) = "8p (V Pera) + V (Stimpy) (2.91)

Ny

i}
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iy i am HE
5lV Net = Bp (VT) + V8) (2.92)

3a. 0 lo 5 . gl :

say nl = 5 v (a Vp) + 5 Tana (da — dy) - Ve),

Wn 5
— nala—- -V (d, x Vp) g, (mela)

— VPa: Via) + V/ (dq - Vpa)

+ V' (Qa) + V'(SEaq) (2.93)
SE 0 TA 5 Sr
SHV) =~ [V/((@- Ve) + Tem (5 — 5) Vo) |

ov’ Sd 0
ms ndi- Se NV (uw, . Ve) g, (net)

= VP, . Vi.) + V(d, . Vp)

CV + V (Si (294
3a 0 pike O ) oh
5m" neTa) = “8p v ((d : Vp) i 51a {na (Ua =: up) : ve)

ov’ Ang 0
oy Nada —V {77 VP) g, (ela)

— VP, : Vi) + V (ty Vpa)

b V(@a) + V' (Sk (2.95)
38 0 ns 5 "
5 5plV Timp limp) = BT v (Gms + Vp) + 5 Timp (Mim(timp — 1) - vo)

ov’ Rie 0
= NimpLimp—— = V(t, VP) g, (imp Timp)

— V (Pimp : Nore) == ime 2 N Pimp)

+ 1% {Gimp += 4 (SEimp) (2.96)
33. EE 0 SY 5 ” 3
salt nT.) = “Bp v ((@ Xo 5 Le{ne (te — up) - vo)

ov’ ll 0
as edo —-V (u, . Vp) Bp (TT)
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— VP. : Vi) + V'{d,- Vp.)

+ VQ.) + V' (SE) (2.97)

SR) yo py [Toftot (1/R?) V'(p) Op|F(p)*R?"OpBot ? B) —
+ et — (i, VY (2.98a/R FG) VY |

The above equations completely describe the evolution of the plasma
thermodynamic variables n,, 7, Migs Rime, Bey Las der Lees Limpy ond ZT,
as well as the evolution of the poloidal flux ¢. The parameters ['y, I,
Iw, Limp, and I’, represent the radial mass flow for the deuterium, tritium,
alpha, impurity, and electron particles and can be written as

on; : :

Ry iia — vin; where Ju=id, tion impye (2.99)

(gj - Vp) represent the radial conductive heat flow of the j** species. (Q,)
gives the energy exchange between species 3 and the rest of the plasma
particles. (S,;) corresponds to the mass sources and sinks of species 7, and
(Sk;) gives the sources and sinks for the energy of species j. The quantity
V' is given by Eq. (2.40).

2.7.2 Initial and Boundary Conditions

The solution of Eqs. (2.88 - 2.98) is obtained subject to the boundary con-
ditions at the edge (p = 1) and on the axis (p = 0).

On the axis, the boundary conditions are

cd 2200 (2.100)Op p=0

2 = (2.101)Op p=0

&gt; 40 (2.102)Op p=0
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At the plasma surface (p = 1) the value or the gradient of each of the

variables nj, T}, and v is specified.
The initial conditions for the particle densities and temperatures may

be given by any profile which satisfies the boundary conditions outlined
above. The initial flux (poloidal magnetic field) profile can be specified by
giving some form of the initial plasma current profile with the appropriate
normalization in order to match the boundary condition for the poloidal
flux.

2.7.3 Simplified 1;-D Plasma Transport Model

By evoking standard plasma physics assumptions the number of thermo-
dynamic variables to be evolved, and thus the number of equations to be

solved, can be decreased. First, by assuming quasineutrality [8] the plasma
electron density is given by

Ne = Ng + nt + 2n, + &gt; Z (imp) MN (imp); (2.103)
J

where Zp); is the charge of the j** impurity ion with density R(imp)j-
Therefore, the evolution of the electron density is governed by the behavior
of the plasma ions. In the formulation that follows only one impurity species

is considered. Further simplifications are obtained by assuming that all the
plasma ions are in thermal equilibrium, i.e.

T; = iT, = 7, = Le —- Lomp (2.104)

where T; will henceforth signify the plasma ion temperature.

By summing Eqs. (2.93, 2.94, 2.95, 2.96) and using Eqs. (2.104, 2.103)
the system of flux averaged plasma transport equations becomes

Sin }. in (V'Ta) + V' (Spa) (2.105)
En d Tp d nd ,
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0 0 ; ;

HV me) — Gp (V Ty) = V {Sr} (2.106)

Sa = ho (VT) + V' (Sha) (2.107)
ot Bt Op = nE

0 / 0 / /

5V Pimp) —— "8p (V Born) + V {Simpy (2.108)
35 0 5So(v'mT) = —= |v'(4&amp; Vo)+SEL)2a mh) a ((a 2

ov’ On. T;)
— mT Vd, Vp) Tt

= VP; : Vi, + V'(u; . Vi)

Si (Qs) +172 {S5:) (2.109)
Sor gp 5535. Rl) = Bp v ((@ : Vp) + 31 r.)]

ov’ o(n.T.)
= ede eh “(a 3 Nanel. V'(d,- Vp) 9p
- V{P.: Vi.) + V'(i - Vp.)

V'{(Q:) + V' (Ske) (2.110)

Gyn Zln) nw 5 Vie) [Vet OF58~[RHVI(p)9p|Flo)B®'8p)(Foe : B) —
+ ——r—(u, - Vo 2.111WRF) VY a

where the terms I'. and I'; are given by

Fe = (ne(de —4,)- Vp) (2:112)

(q; - Vp) corresponds to the total radial conductive heat flow of all the
plasma ions, and @Q; represents the heat exchange between the ions and the
plasma electrons.[3] In general, the radial conductive heat flow is given by
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ar,
(Ge . Vp) RE eT IV pl? ao (2.114)

p

. oT;
(¢i- Vp) = —xini|Vp|? = (2.115)

Op

where x., and x; are the electron and ion thermal diffusivities in units of

length? / time].
The ion density, n,, is given by

n; = Ng + Ny + Ng + Nimp (2.116)

The difference between the electron temperature, 7,, and the ion tem-
perature, Tj, is ostensibly determined by the term @);, which gives a measure
of the heat generated as a consequence of collisions. [3]

The solution of the above Eqs. (2.105 — 2.110) requires the characteriza-

tion of the term OV’/0t, and the velocity 4, of the flux surfaces. However,

by considering the magnitude of the various terms in Eqs. (2.105 - 2.110)
further simplifications can be made. The transport problem has three time
scales of interest: The time scale of heat transport, the time scale of mass

(particle) transport, and the time scale of flux transport. The flow of heat,

mass and flux across the plasma with a characteristic length a (for example

a can be the minor radius of a tokamak plasma) can be characterized with

the the bulk velocities vr, v,,, and v, respectively. These flow velocities

follow the scalings

or (2.117)
a

D
Un = — (2.118)

a

Ve (2.119)
Lo a
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where x is some effective heat diffusivity, and D is an effective particle

diffusion coefficient. In general ZL ~ 5 and vy &lt; vy. Therefore

VT &gt; Um &gt; Uy, (2.120)

and the terms =, u,-Vp, and P : Vp are smaller than the 7'/6t and q- Vp
terms and may be neglected without loss of generality. It must be noted

that the inclusion of the terms 0V’/dt, and 4, - Vp is required if studies of

startup phenomena are to be investigated. This simplified model should be
used only in cases for which the flux surfaces have evolved sufficiently, as

for example during the flat top portion of a tokamak plasma discharge. In
terms of the numerical scheme used to solve the transport equations this
simplification implies that the plasma equilibrium will be held fixed during
a time step to the value obtained from the previous time step (i.e. the

Grad - Shafranov equation will be solved only between time steps). The

equations thus become

Ong 1 0
— = ——— (V'T 3 2.121ot V/ dp ( d) ih ( nd) ( )

On, 1 0
— = ——— (V'T Se 2.122

on 183
SI a Dien 2.123= (RT (2123)

Mip a
= = ~V' 8p (V an) + {8 ern) (2.124)

38 13 87.5al)=ig[V(mnieJen)]am+(Qi) + (Ski)
30 bad 8r.., 5A te a 1 — e We =T.!i2.126={0) 2% (SEe)
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2.8 Sources and Sinks for Energy

The sources and sinks for energy in Egs. (2.125, 2.126) are related to the

processes of fusion reactions, radiation, auxiliary heating, ohmic heating,
and collisional energy exchange. In all the formulae that follow the use of

MKS units is implicit with the temperature 7, and 7; given in keV, and the
density in units of 102°/m3.

2.8.1 Collisional Energy Exchange

The heat acquired by the ions in collisions with the electrons is given by

0i= ool =) (2.128)
a 9 Teg e 1 .

where m, is the electron mass, m; is the ion mass, and 1/7, is the electron

collision frequency with the background ions

T3/2
2g = 1), en 2.129Teg=0-039PY()where In A is the Coulomb logarithm [8]

1 Te

Eq. (2.128) shows that for constant density and in the absence of other

heating and cooling mechanisms the two temperatures T., and T; would
gradually approach a common value.

47



2.8.2 Fusion Power

In a deuterium (D) tritium (7) plasma the dominant thermonuclear reac-
tion is

D+ T — He® (3.52MeV) + n (14.1 MeV) (2.131)

The 14.1 MeV neutron leaves the plasma and gives up its energy to the sur-

rounding structure. The 3.52 MeV alpha particles He* are doubly charged
ions and thus they are, in principle, confined by the toroidal magnetic field.
As a result they transfer their energy to the plasma ions thereby providing
a self heating mechanism for the plasma.

The total fusion power density produced by the deuterium tritium re-
action is

B= E; ng Ng ov {2:132)

where ng is the deuterium density, n; is the tritium density, and Ef corre-

sponds to 17.62 MeV. ov represents the D T fusion reactivity.

The source of energy to the plasma is related to the energy associated

with the fusion alpha particles (He*). The fusion alpha particles transfer
their energy to the plasma electrons and ions via collisions. If the fraction

of alpha particle energy deposited to the ions is f;, then the contribution of
fusion power to the electrons p,., and to the ions p,; is given by

Pace = 1.602 x107%(1 ~ fi) ngm, 006 W/m® (2.133)

Pai = 1.602 x 107" °fingn,50  W/m® (2.134)

A calculation for the fraction f; is given by Sigmar and Joyce. [9] By fitting
the results presented in [9] the formula

fi =1 — exp[—0.015T,] (Te in keV) (2.135)

has an accuracy +5% in the range 5 — 50 keV.
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2.8.3 Ohmic Heating

In the tokamak configuration the current flow in the plasma provides an

intrinsic heating mechanism. This resistive, or ohmic heating, of the plasma

is given by

pa=E-J (2.136)
with E representing the applied electric field and J the plasma current. By
using Ohm’s law the ohmic power density becomes

Pa = CnenilJs Js) (2.137)

where the flux averaged toroidal plasma current density (J) is given by
Eq. (2.85). n is the Spitzer classical plasma resistivity given by

m= BAZ ; {
n= 1.6510 n eff T3/2 - (2.138)

The constant Cyc represents the enhancement of classical resistivity

due to Neo-Classical effects.[6] Z.;, the effective charge of the plasma, is
given by

1 2
Leys _ —2 7% nj (2.139)

eg

where Z; is the charge of the j** ion with density n;, and where n. corre-

sponds to the electron density. Implicit in the above equation for Z.;; is

the assumption of quasineutrality Eq. (2.103).

2.8.4 Radiation Losses

Energy is lost from the plasma via Bremsstrahlung radiation, line radiation,
and synchrontron radiation. In this model only the contribution from the
Bremsstrahlung and synchrontron radiation is considered.

om
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2.8.4.1 Bremsstrahlung radiation

The power density lost due to Bremsstrahlung is given by [10]

7 =83 x1 Zn? TF Wim (2.140)

2.8.4.2 Synchrontron radiation

Synchrontron radiation is emitted as a result of the gyration of electrons
around the magnetic field lines. The radiation is emitted at frequencies
which are integral multiples of the fundamental frequency vy [11]

paz Shai GL0 pT (2.141)

where B, the toroidal magnetic field, is given in Tesla.
The total synchrontron power emitted by the plasma is approximately

given by [12]

3 2 T. 3
Ds = 8.2056 10% nil BL Th =f ) W/m (2.142)

2.8.5 Auxiliary Power
Various forms of auxiliary power can be employed in a fusion experiment.
Fach type of auxiliary power is characterized by a certain power deposition
profile (f,(p)). By considering the total amount of auxiliary power (F,)
to be deposited in the plasma and a certain normalized power deposition
profile, which resembles the characteristic deposition profile of the type of
auxiliary power under investigation, the total auxiliary power density is
given in terms of the normalizing factor

A (2.143)Pa— i e

Jv 1:9 dV
By assuming that a fraction c, of p, is transferred to the electrons then

Pac = CaDzfAp) (2.144)

Pa: — (1 = Ca) Dafzlp) (2.145)

J
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Table 2.1: Typical values for the heat exchange time for a deuterium plasma
at a temperature of 10 keV.

Density ( 1028/2) Teq (5€C.)
1.0 0.184
2.0 0.092
3.0 0.061

2.9 Fast Equilibration Approximation
The difference between the electron temperature, 7,, and the ion temper-
ature, Tj, is a function of the heat exchange time 7., given by Eq. (2.129).
For high density Tokamaks such as CIT and Alcator the equilibration time
is very short (see table 2.1 for typical values) and thus, to the zeroth order
the electrons and ions can be assumed to be in thermal equilibrium.

It is thus possible to make the assumptions

Te = T-+7, Where 5 &lt;1 (2.146)

0 sme (2.147)

By adding Egs. (2.125, 2.126), and neglecting the convective fluxes I,
and I';, it is found that

318 0 153 oT. oT’
3 he Le 3g. id = lit e eo 1 i=la ) + 5m ) Vv opY nox SURE

+{5.) + (57) (2.148)

Substituting Eqs. (2.146, 2.147) into Eq. (2.148) yields

3B 0 13 O(T + Th) oT
shir = (ni = ye XianI bl 0) + gy) Ci nex Op he Op

+ (Se) + (S:) (2.149)
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[n the zeroth order the above equation reduces to

38 Ry oT
EE e 1 Ti = ——=—1 eXe Xi)5 gg Ve +) Vi op (ex Tnx) 5

+(5e(T)) + (Si(T)) (2.150)

By subtracting Eq. (2.126) from Eq. (2.125) and substituting Eqs. (2.146
2.147) the result is

Bika 0 3 oT + Ty) oT
alles THT) — mT =m mV Xe = ikamir - foun)=FavpantnalES eT 1, UE (2.151)

Tea

An approximate expression for 7} is obtained by retaining the first order
terms in Eq. (2.151). In particular

TononetrTenSATmkLeViit= prt e ii 1 PNG TTR, be SE
: 3 n, 2 Zz 2n, Ot

lr, 1.3 oT
— == — —V' |(NeXe — MiXi) — 2.152

In summary the equations representing the fast temperature equilibra-
tion approximation are given by

Ong i 0 /
I I 2.153

on, 155 ;
YE on mE, 2.154

Ong, 1 0
— = == (V'T, 2.155Eis (2155)
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Onyne 1 0
IST = a TE Salim 2.156Pr (Eo tiers (2.156)

30 Is oT
Noy e 1 T= Sv eXe 1X1) oa7 75 (Be +4) V' 8p (nx tn) 5,

+(Se(T)) + (Si(T)) (2.157)
TT. =. T+7T; (2.158)

Cnn iot—(1/R)V'(p)8p|F(p)'R*'8p](Bex &gt; B)
ET (2.159)(1/R?)F(p)

2.10 Ohmic Constraint

In many situations it is possible to solve the 1 transport equations

without explicitly evolving the magnetic flux. For example during the flat
top it can be shown that the current density profile is related to the tem-

perature profile via the so called ohmic constraint.

The derivation of the ohmic constraint follows from the assumption that

the evolution of the poloidal flux has reached equilibrium. The equation for
the evolution of flux (Eq. 2.72) may be written as

0 =
r + RPE -V¢ = V(t) (2.160)

where V(t) is the externally applied toroidal voltage which is only a function

of time. Therefore, for 6 /0t = 0 and for E-Vé~ nJs/ R the steady state
relation becomes

RJ, =Y{1) (2.161)

and by considering the form of the Spitzer resistivity for n (Eq. 2.138) the
above equation becomes
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i
rl J, = V(t) (2.162)

where 7 is constant. Thus the left hand side of the above equation must

be independent of space (p) which implies that

(RJ) ~ T3/? (2.163)

Having obtained (RJ), the shape of the flux surfaces is obtained from

po{RJ4) = uo(R?) P' + FF’ (2.164)

[In summary the equations representing the fast temperature equilibra-
tion approximation and the ohmic constraint are given by

Ong 1 0
— = —-=—=— (V'T 2.1= pe (VT) + (5) (2.165)

On be pl
oe “Via, (VT) + (Sut) (2.166)
on ed
eS Io] 2.167Es re Tp (2167)

ONimp 1 0
SAT eA hx 2 Soo ; Pn n(im 21ot V' 8p (V p) + (Sn(imp)) (2.168)

38 1 8 oT
a a; le 1 T = ——=—V eXe iXi) a5 5 (Me +) V 8p (nex trax) 5

+{S.(T)) + (S:(T)} (2.169)
T, = T+T, (2.170)

(BJI= Tas (2.171)
po{RJyY = po(R&gt;)P' + FF’ (2.172)

where T is given by Eq. (2.152).
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2.11 Sources and Sinks for Mass

The terms S,5,08,, 08... ANAS, 17m) in Eqs. {2.1210 — 2.124) ave related ito

fusion processes, volumetric effects, fueling, and atomic processes.

1 dV
nd. 00 —Ngrs— +S 2.173nd Ng Ng OV dy; 7 + Sd ( )

1 dV
Sr = = 00 —m—— +5 2.174: nen OU—mir—+St(2.174)1dV
S., = — Ny ——— 2.175NgN; ov—nNvo()2limp) = R+1+ Som (2.176)

where Sy, (S;) is the volumetric deuterium, (tritium) source rate, and V is
the total plasma volume. S;,, represents the volumetric impurity source
rate, and R, I give the rates of recombination and ionization of the impurity
species.

2.12 Zero Dimensional Transport Equations

In this section the general considerations for the derivation of the zero di-

mensional transport equations is presented. The derivation is given by con-
sidering a two species plasma (electrons and ions). The transport equations
for such a plasma can be written in the simplified form

38(n,T,goin.1s)-Vi.(exe V.iT.)-+SEe(2:177)23

On.
Bt =, (Dei Vine) + She (2.178)

30 n; T;So V(x VT) + Se (2.179)
2001

on;
Bt =e (D;1V,n;) + Shi (2.180)
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where (), denotes the component of () in the radial direction. x. , and

D,;, represent the thermal and particle diffusion coefficients for the elec-

trons (e), and ions (2). Sge,i, and Spe; represent the sources for energy and

particles respectively. There is usually no explicit evolution equation for
the flux in the zero dimensional model.

In principle, the solution of Egs. (2.177 — 2.180) determines the time

evolution of T., T;, n., and n;. Knowing the solution, physical phenomena
such as the onset of thermal runaway, and the achievement of ignition can

be predicted. However, the transport coefficients x., xi, De, and D; are not
well known either experimentally or theoretically. The source of the diffi-
culty is a multitude of instabilities that occur over different portions the

plasma cross section. The turbulent transport coefficients are often anoma-

lously large, by factors of as much as two orders of magnitude. Because
of the complex nature of turbulent transport, there is as yet no universally

agreed upon transport coefficients.
The usual approach to circumvent this problem is to average the conser-

vation equations, (2.177 — 2.180), over the plasma volume. Then, by sub-

stituting experimentally measured profiles for the density and temperature,
and by introducing empirically determined confinement time coefficients for
the energy and particle losses Eqs. (2.177 — 2.180) become.

ee _ eh ST (2.181)

ie = PR ti (2.182)

nT = Eke + SEi (2.183)

o i I wT (2.184)

where denotes the volume average of Q, i.e.
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= 1

Q = = [Qav (2.185)

The parameters Tg, TEi, Tne, and 7,,; represent the global confinement time
for the electron energy, the ion energy, the electron density, and the ion

density respectively, and are defined by

13
— J=z. rdr = -— / N -in.X. VT. rdr (2.186)
TEe 2

i
fin ner = — [Vi (Duin) rar (2.187)
Tne

13
—2 [nu Tindr = = [Vi (ro VT) rdr (2.188)
TE: 2

1
ee [nirdr = -[v. ND Nin )rdr (2.189)
Thi

2.12.1 Zero Dimensional Transport Model of a Ther-
monuclear Plasma

Next generation fusion reactors will certainly be fueled by deuterium and
tritium. The resulting plasma will be composed of deuterium ions, tritium
ions, fusion-product alpha particles, various impurity ions, as well as the
accompanying electrons. By assuming that the density of the impurity ions
is constant (n;,, = const.), the evolution of the deuterium density (n.),

tritium density (n:), alpha particle density (n,), deuterium temperature
(Ty), tritium temperature (7}), thermalized alpha particle temperature (7),
and electron temperature (7) is given by,

03 «fede pl) (2.190)
ot Thnd

on, CT
Yn sg Dee 2.191Ot Tnt # : ( )
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on n
Go aE 2.192ot rend b (2a

3 dng Tq) 3 ngly —
SS = ES 2.1932 ot 2 TEd Ge ( )

30(n. T,) 3n,T,tl = =4+82.194A bin 245
30(n. 1.) Sma lat ion
SE = LSE Shee 2.1952 ot 2 TEx ¥ 2 ( )

3 O(n. T.) 3 Tele a
=m EEO 2.1962 Ot 2 rg. CF 295)

By assuming thermal equilibration among the electrons and ions

T= To Ta=T, = T, (2.197)

as well as quasineutrality ( Eq. (2.103) ), the summation of Eqs. (2.193 —

2.196) gives 20ln, SoiyTvecolingTillSigsme= — == |. 8,|Sp2.198a5 REEL JL (2.198)

wheren, = ngtn Ln, ny,

The quantity 7g represents the total energy confinement time, and it is

determined empirically by measuring all other terms in Eq. (2.198) over a

wide range of parameters in many different Tokamaks. In practice measure-

ments for 7g are obtained only during the flat top part (steady state) of
the discharge. Expressions for 75 are obtained as functions of the machine

parameters and plasma conditions characterizing the various experiments
(see section 2.12.5). Obviously, 7g is a number for any given experiment,
whereas x is a function. It is therefore not possible to infer a unique x once

Tr has been determined.
In summary, the equations describing the evolution of the plasma are,

by
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3 or 3 (ne +n;))T
=i, le EI ee S e S 3 2.15(n +n) 5 = + Spe + Sg (2.199)

any a PH (2.200)
ot ie nd ad

Ong Tt
== ER = 2.201ot Tht Ei k ( )

on n
LE om OL 2.202ot Fires i ( )

The volume average of the terms in Eqs. (2.199 — 2.202) is evaluated
by assuming the plasma has an elliptic cross section with profiles given by

2 2 \""
n; = MNjo (1 ene 77 =o &amp;) J] = d,t, «a (2.203)

I #2}

Experimental measurements indicate that v,, ~ 1/2 for gas puffing while
v, ~ 1 for pellet injection. The on axis values Tj, and ng are related to the

averages 1 and 7 by

ng. =. {n+ 1)7 (2.205)

To = (r+ 1)T (2.206)

In this analysis it is assumed that all the density profiles are described
by the same profile parameter v,,.

2.12.2 Volume Averaged Sources and Sinks for En-
ergy.

In general the terms Sg., and Sg; can be expressed in terms of the ohmic
(pa), alpha particle (p, ), auxiliary (p, ), Bremsstrahlung (ps), and synchron-
tron (p,) power densities.

See + Sm=po+tpatr—m—p (2.207)
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2.12.2.1 Ohmic Power Density (pq)

The ohmic heating power density is given by

pn = 9g? (2.208)

where 7 is the plasma classical (Spitzer) resistivity given by Eq. (2.138).
The toroidal current density J is related to the temperature by the

steady state ohmic relation

T 3/2
y= a (L) 220o(% (2.209)

where Tj, is the temperature on axis, and where the current density on axis,

Jy, is determined by the sawtooth condition gy = 1.

1 2 B
Jo = jr (2) (2.210)# po Roqo

[n the above equation Bj, denotes the toroidal magnetic field on axis, Ry
is the major radius, k the plasma ellipticity, and pg is the permeability of
free space. Eq. 2.209 is assumed valid for p, = 0 as well as p, # 0 in order

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

The profile parameter vr can now be related to the kink safety factor

gq. by the definition [4]

2na’kBg = 2 5 (2.211)
poRol

where a denoted the plasma minor radius at the mid plane. From Egs.

2.209 and 2.210 and by using the relation I = [J dA, where I is the total
plasma current, we obtain

Th (2.212)= = Su

do 1 + KR T
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The physical significance of Eq. 2.212 is that as the total current increases

the temperature profile becomes broader.
Finally, the volume averaged ohmic power density is given by

1.048 x 10° mA Zp; [1 +42) BE

1+ 1.5v7 ’ ART

2.12.2.2 Alpha Power Density (p.)

The volume averaged alpha power density is given by

5.6 108Tai Tn ELT Viin (2.214)
1m

wh. =

1022 To
FulTo) = = [ow(e)e dt (2.215)

0
0

with ov given in m®/sec and v = (2v,, + 1) /v7.

2.12.2.3 Auxiliary Power Density (p,)

The average auxiliary power heating density is defined as the total power

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

Pa = ———— = 5.07 x 10* (50) W/m? (2.216)
* 212a2Ryk a?Rok

2.12.2.4 Bremsstrahlung Radiation (ps)

The volume averaged radiative loss due to Bremsstrahlung is given by

5.3 X 10%Z,;¢ 2 1/2 3
= —tLg2 T Ww 2.217

zl

ETE

P.
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2.12.2.5 Synchrontron Radiation (p,)

The volume averaged synchrontron radiation power density in W/m? is
given by

BIE e er ef a (2.218)
Base. 1+ uv, +r 146(1 + vp, + vr)

2.12.2.6 Conduction Losses

The term first term on the right hand side of equation (2.199) gives a
measure of the energy loss due to thermal conduction across the plasma.

Sn. OTp= Se +m)T (2.219)
2 TE

It is now important to emphasize that all the physics of energy transport
across the plasma is incorporated in 7g, the energy confinement time. In

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

Alcator) [13] scaling Tv 4, and the auxiliary scaling 74. A discussion of
these scalings as well as several expressions for them will be given in section
2.12.5. Since the ohmic scaling represents an upper limit on confinement a

combination of ohmic and auxiliary scalings of the form [14]

1 1 1 yi

TE TNA TAU

1
= —{1 i AZ

TNA

is used in order to limit 7g. The volume average of the thermal conduction
losses is given by

LZ not np2 aL ™~A ) EA] fo be

TE
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where A = 7n4/7Tav, and ng, n;o are the peak values of the electron and
ion densities.

Egs. (2.213, 2.214, 2.216, and 2.217, 2.218, 2.221) are now substituted
in Eq. 2.199 and the power balance becomes

K A WR FAT)—Kyn2T/?1(e + n;) ot == © 2 R2T3/2 | alld Tit sk ) Ti bl,

(1 + A2)/? P,
=r So YT: TNA 5 bo ) = Ra?

—K, Bn, T(1+—r  ——| (2.222* ST) ( )

where the zero subscript has been suppressed from Ty, By, Ro, neo, nio,
N40, No, and the parameters K; are given in Appendix A.

2.12.3 0-D Density Equations

By assuming profiles of the form given by Eqs. (2.203, 2.204) the volume
average of Egs. (2.173 — 2.175) gives

1+, 1dV
Sat = —0.01 Te Vi N¢o F, = NOT as (1 H&lt; Ur) (2.223)

1+ wv, 1dV
Sh OA Yigg Fy — ney; + (1+ vn)S: (2.224)

1+, 1dV
She = DRL Sn Tito z, Age Rady; ar (2.225)

By substituting Eqs. (2.223 — 2.225) into Eqs. (2.200 — 2.202) the evo-
lution of the plasma density is described by the equations

Ong ng 1+4+v, 1dV
a LAY) —ng—— (2.22ot Ts =k (1 + v,,)S4q 0.01 ng ne F, (T) Rd; dt ( 6)

BZ

I
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ong ng 1+ vv, dV

ong, Nig 1+, 1dV~ = = -.—40.01—F(T)—ng——2.228ot Lh vr nan Fa(T) Re ot ( )

where the zero subscript has been suppressed from ngo, ns, and noo. The

function F(T) is given by Eq. (2.215).

2.12.4 Complete 0-D Transport Model

The complete set of equations describing the evolution of the plasma tem-
perature and density is

Kiln. + n;)T = Ka paren HKTd n Fo (T) Za Hons THe

(1 + AZ)1/2 Z,—KREEEEiieeEFie1airisFTE (ne +n) T + K, Ra

EE Tr te et pigz Lay RM

ny RD + 8 Oe T2250)—_— = —— v — 0.01 —— :

ot . nd vr Ng Ng I'y

dy
TeVv dtOr = 2 200,aOTLPS23)ot Fo 7 n/t . vr Ngne Lo :

1 dV
—N — ——

‘V dt
Ong Ne 1+, 1dV
—= = ——t 0] — —- nem —— (2.2325 = + 0.01 Ban, Fall) Nal; (2:232)

Ne EB Ng+0+ 20, + Zp, Nyy (2.233)

ni = Ng+ ng + Ng + Nimy, (2.234)

B?
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2.12.5 Energy and Particle Confinement Scalings

In order to predict phenomena such as the achievement of ignition or the
onset of thermal instabilities the solution of Egs. (2.229 — 2.232) must
be obtained. The first step towards solving Egs. (2.229 — 2.232) is the
characterization of the global confinement times: 7g, 7.4, Tp, and 7.

2.12.5.1 Energy Confinement Time

Through the years measurements of plasma properties, such as tempera-
ture, have been obtained as functions of toroidal field, plasma current, con-
finement geometry, and auxiliary power (the control “knobs”). Tokamak
devices such as the Alcator C at MIT have operated with density ranging
from 10'® m3 to 10%! m3, and with magnetic field as high as 12T. Other
machines such as the TFTR tokamak at Princeton have operated with as
much as 35 MW of auxiliary power supplied to the plasma, resulting in a
temperature up to 32 keV. Furthermore, DIIID at General Atomic in San
Diego has achieved (3 (plasma pressure / magnetic pressure) values of up to
8%, and other machines such as the Joint European Torus (JET) operate
with large plasmas (1.25 m minor radius) and high current (up to 7 MA).

The results from these experiments have generated a large data base
in which the plasma conditions are given as functions of the various con-
trol knobs. A value for the energy confinement time 7g can be obtained

from Eq. (2.229) once the rest of the terms are known. By using the com-
plete data base it is possible to obtain empirical scalings for the energy
confinement time 7g by regression analysis of the data. In general not
the whole data base is used when a fit for 7g is desired. This is because
different modes of operation, such as the type of heating used, seem to
imply different empirical forms for 75. For example, when ohmic power is
the dominant heating mechanism, a reasonably reliable and relatively opti-
mistic scaling for 7g is the so called “Neo-Alcator” scaling. However, in the
important regime of auxiliary power dominated operation, several different,
more pessimistic, but not dissimilar empirical scalings for 7g have been de-
rived. These types of confinement scalings are , in this thesis, labeled as

the “Auxiliary Scalings”
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2.12.5.2 Ohmic Scalings. Neo-Alcator

Ohmic confinement, and thus the use of Neo-Alcator scaling for 7g, is ob-

tained when ohmic heating represents the primary plasma heating mecha-
nism. The Neo-Alcator scaling is given by [13]

na = 0.27, a R2K'/? (2.235)

where 7. is the line averaged electron density, x is the plasma ellipticity,
and a, and Ry correspond to the minor and major radius of the plasma.
If the solution of Egs. (2.229 — 2.232) is desired under the assumption of

Neo-Alcator scaling, then the parameter A in Eq. (2.229) must be set equal
to zero.

2.12.5.3 Auxiliary Scalings

One of the first energy confinement scaling for auxiliary heated tokamaks
was was put forward by Goldston in 1982.[14] Since then a large number of

scalings has been developed modeling this regime of operation. The main
feature of these scalings is that confinement in auxiliary heated tokamaks
degrades with power. This implies that the total energy confinement time
Tg characterizing the plasma decreases as the auxiliary power supplied to
the plasma increases.

The Goldston scaling for the energy confinement time in auxiliary heated
tokamaks is given by

7 KS R175 AS

where the plasma current I, is given in MA, M is a multiplicative factor

whose significance will be discussed shortly, and A = 5/3 represents the

normalized mass ratio for D-T reactions. The term P appearing in the

denominator of Eq. (2.236) is given in MW and it represents the total
amount of auxiliary power supplied to the plasma plus the total amount of

Sec.

sec
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alpha power produced by the fusion process. It is thus assumed that the
alpha power will degrade confinement in future tokamaks in the same way

that auxiliary power has been observed to degrade confinement in present
fusion experiments. Under the assumption of Goldston scaling solutions of
Eq. (2.229) are obtained with A = Ag, where

Agy = 4 (2.237)
TGL

etSHoy SLE (2.238)
B

where I', and Ky, are given by

RE. RNGpo she ppb np) [as B2aFu(T) (2.239)a B

3.71 qd.
fot = M7 RFarnm 220

F(T) is given by Eq. 2.215 and (,, C,, and f are given in Appendix A.
During the last five years various modes of enhanced confinement have

been observed in tokamaks. These modes have been obtained through pro-
file control, divertor operation, and edge preparation. It is observed that
these enhancement confinement modes show many of the same scaling char-
acteristics as the original scalings. Therefore, it is common to characterize

this enhanced confinement by the multiplicative factor M. These enhanced
confinement modes are referred to as the “H-mode” (for high confinement

mode) as compared to the “L-mode” (for low confinement). Usually H-
mode confinement is modeled by letting M to be in the range 1.5 — 2.5.

Similar expressions for A can be obtained for other scalings such as

Kaye-Goldston [15]

[1-22 5,26 28 P1.65 4.5
_ p
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2.12.5.4 Particle Confinement Time

Contrary to the energy confinement time, 7g, for which a large number of

empirical scalings exist, expressions for the global particle confinement time
7p have not been developed. However, from measurements of the thermal

diffusivity x, and the particle diffusivity D in the JET [16,17,18] and other
tokamaks [19] it appears that the central values of x and D are in the ratio

. 2.2224 "For Ohmic Heating
3.040.5 :coios For Auxiliary Heating

By considering the ratios of x/D given above, and by using Eqs.(2.186
— 2.189) it is common to assume that the global particle confinement time

Tp 1s ~ 3 — 5 times the energy confinement time 7g. Therefore, in the

analysis that follows the particle confinement time has the form

Tp = &amp; TE (2.243)

where C is a constant number between three and five.

2.13 Conclusions

The transport equations derived in this chapter will be solved in subse-

quent chapters in specific tokamak geometries. First, by solving the zero
dimensional equations the concepts of Ignition and Burn Control are investi-

gated. Next, by employing variational techniques, the flux surface averaged
(1 : —D) plasma transport equations are solved and the results are compared
to those obtained from the zero dimensional transport model.
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Chapter 3
® ® ® ®

Design Optimization of
Ignited Tokamaks

The zero dimensional power balance Eq. (2.229)can be written in the com-
pact form.

dT Cq 1/2 WIIrs = T+ W | oa + N (CaF — OT ) ALLER)

Where, T'(t) is the peak temperature, W = Brg/R is a basic parameter
measuring machine performance, N = nR/B is a normalized form of the
density, and II = P,R/a?B? is a normalized form of the total auxiliary

power P, = (p,)V, where V}, is the plasma volume. The function F(T) is
given by Eq. (2.215), and the coefficients C; are given in Appendix A. In
these expressions and all that follow, the units are T' (keV), n(10%° m3),
B (T), a (m), R (m), 7g (sec), and P, (MW). In summary the quantities
W, N, II are given by

Brg
W = — 5.27 (0.2)

nk
N = = 3.35 (3.3

P.R

“2
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Equation (3.1) is the power balance relation describing the time evolu-

tion of 7. There are many ways to rewrite Eq. (3.1) by defining a different

set of parameters. The choices made here for W and N are crucial for a

proper understanding of ignition. The critical issue is that n and 7g are

not interchangeable parameters in the design of an ignition experiment. In
a given device, n ~ NN can be easily varied over a reasonably wide range of

parameters without affecting the cost. N is constrained only by a practical

experimental operating limit, ' known as the Murakami [22] limit given by

N&lt;N,=14 (3:5)

In contrast, raising 7g ~ W invariably requires an increase in either field,

current, or machine size and, hence, cost. Consequently, W = B1g/R gives

a measure of machine performance and cost. It is more reliable than such

traditional parameters as ng or nTg1 which do not distinguish between

high n-low 7g (low cost) or low n-high 7g (high cost).
In general the energy confinement time 7g can be written as

5 = G(a, R,k,-- )F(N,T,1I) (3.6)

where G is a function of geometry (a, R,k,---), and F is a function of

temperature, density, and auxiliary power. Therefore, the paremeter W
may be written as

W = WZF(N,T,I) (3:7)
—~ B

Wis g9(a 8, Kyo ++) (3.8)

In this general case W serves as a performance parameter. In particular

the following cases are investigated.

i Therelisiaisecond operations] limit duettol MED instabilitiesknown as the Troyon
20,21] limit, N &lt; Ng = 1.12IR/aT. In the analysis, the Murakami limit is assumed
more severe. The 3 limit is tested a posteori, once the final geometry is decided.
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e Generic. FIN T= 1

eOhmic. FIN, T=
sAuxilioryl. F(N,T,M) = 1/T°5 a

eAuxiliary?2. FN, T= N/T

3.1 Ignition Definition

The natural definition of ignition follows from an examination of the T' vs

T diagram. Depending upon the size of W there are three qualitatively

different regimes to distinguish: ohmic ignition, auxiliary power ignition,
and non-ignited operation.

Figure 3.1 illustrates the most desirable regime of operation. Observe
that for P, = 0 there are three steady state equilibrium solutions corre-

sponding to T = 0. The left point, denoted by Tq, represents the tempera-

ture achieved in an ohmic discharge (pg) ~ (p;) and is dominated by 1/7%/2

dependance of the ohmic power term. It typically occurs at Tq ~ 2—3 keV.

The second equilibrium point Tp is dominated by alpha particle heating and
usually occurs at Tg ~ 12 — 20 keV. Since the optimum temperature for

fusion power production, at fixed 3, occurs at T' ~ 15 keV this is ultimately

the desired operating temperature. The third equilibrium point, Tg, rep-
resents the final stable temperature. It typically occurs at Tg ~ 50 keV as

a consequence of the high temperature decay of the ov curve. This point,

even though stable, is uninteresting because the plasma 3 is far above the
MHD stability limit and corresponds to operation far from at the optimum
temperature for fusion power production.

Unfortunately, it is not possible to gain access to the high temperature

equilibrium point Ts through the normal evolution of the ohmic discharge.
The reason is as follows. At the initiation of the discharge the temperature

Sa.
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is very low and ohmic heating is the dominant mechanism in the power

balance relation. As time increases the temperature increases since T' &gt; 0.

This is equivalent to moving to the right along the T' axis. Once the low
temperature ohmic equilibrium point, Tq, is reached the temperature can

increase no further. Any increase in temperature causes 7° &lt; 0 which

drives the system back to the ohmic equilibrium point. Stated physically,
for temperatures greater than that corresponding to the ohmic point, the
losses increase faster than the ohmic power input.

It is thus clear that in order to reach the high temperature regime the

value of W or P, must be sufficiently high so that the minimum of the T

curve lies above the axis. In this situation, 7 &gt; 0 during the entire evolu-

tion, thereby providing access to the alpha particle dominated operation.

The temperature at which the minimum of the T' curve becomes tangent to

the horizontal (7) axis is denoted by 77, and is called the ignition temper-
ature hereinafter.

There are two ways to achieve T' &gt; 0. First, for P, = 0 the minimum

of the T' curve can be raised above the axis by increasing the machine

performance (and hence cost); this is equivalent to raising the value of W
and corresponds to pure ohmic ignition since P, = 0; see Fig. 3.2. Note

that when T' exceeds Tt the plasma temperature will runaway.

The second method to achieve 7 &gt; 0 applies when economic and/or

technological considerations prevent the design of an ohmically ignited ma-

chine. In this case the minimum of the T' curve can be made positive if

sufficient auxiliary power is supplied to the plasma. This type of ignition is
denoted as ignition with auxiliary power; see Fig. 3.3. Once T7} is exceeded,
the auxiliary power can be gradually decreased shifting operation to T' = Tg
on the P, = 0 curve. Note that at T' = Tg the system is susceptible to a

thermal runaway since 7 (Tg) &gt; 0. This is the problem of burn control and

is discused in chapter 4
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For non-ohmically ignited systems the form of the Tvs T' curve in Fig. 3
is the most desirable because, with the aid of auxiliary power, access is
provided to the thermal equilibrium point Tg along the P, = 0 curve.

A second, and not as desirable, situation is illustrated in Fig. 3.4. Again,
with sufficient auxiliary power, the minimum of the 7 curve can be made
positive. However, the corresponding curve for P, = 0 has a maximum
which is below the axis. Thus, once T' exceeds Tj, the auxiliary power
cannot be completely shut off since no thermal equilibrium point exists.

Instead, the power is reduced as much as possible until the maximum of T
is just tangent to the axis. Since FP, is now not equal to zero at the steady
state equilibrium temperature Tg, the system acts as an amplifier with gain
Q = P,./P, where PF, is the fusion neutron power.

The third situation to consider is illustrated in Fig. 3.5. Here, the con-
finement is so poor that T'vsT is a monotonically decreasing function for
any auxiliary power. There is no potential region for alpha dominated op-
eration and only the ohmic equilibrium temperature Tg is possible. This
corresponds to "no fusion” and is obviously the least desirable regime of
operation.

The natural definition of ignition thus requires a region of thermal run-

away in the T vs T diagram regardless of how small. The precise mathemati-
cal definitions [23] of the regimes of interest can be conveniently summarized
as follows

1. Pure Ohmic Ignition

T(T;, W,N,-I=0) = 0 (3.10)

OTL WN. = 0) =A (3.11)

2. Auxiliary Power Aided Ignition

T(Tr,W,N,II) = 0 (3.12)

oT W,N,II) = 0 (3.13)

T(Ty,I=0) &gt; 0 (3.14)
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The significance of the temperature Ts can be infered by examining Fig. 3.3.
3. Auxiliary Power Aided Amplification

T(T;,W,N,II) = 0 (3.15)

br W,N,II) = 0 (3.16)

F(Tdl=0) &lt; 0 (3.17)

4. No Fusion

on W,N,II) &lt;0 (3.18)
The ignition characteristics can also be observed by eamining the con-

tours of constant auxiliary power. These contours usually refered to as

Plasma Operating Contours (POPCON) [24] are obtained by calculating
the auxliary power required to make dT'/dt = 0 at a combination of plasma

density and temperatures. Thus a POPCON represents steady state be-
havior. A typical POPCON is shown in Fig. 3.6. The ignition temperature

TI, satisfying Egs. (3.10, 3.11) form the contour indicated by the dots in
Fig. 3.6. This contour goes through the “Cordey pass” — the point at which

both T = 0 and dT'/dT = 0 are satisfied with the least amount of auxiliary

power. This contour which is henceforth called Marginal Ignition Ridge
(MIR) is important since, at it is shown in chapter 4, it is the boundary
between the regions of negative and positive growth rates for the plasma
temperature

In the following section the ignition requirements for systems falling
in regimes 1 and 2 are investigated, and the boundaries separating these
regions in the parameter space of auxiliary power vs performance are pre-
sente:'A.
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Table 3.1: Critical Parameters for Ohmic Ignition

~ Generic Ohmic | Auxiliaryl ' Auxiliary?
LE 14.2 19.5 14.6 22.92

Ty | 11.39 7.06 9.89 7.07
N 10.249 0.576 0.371 0.679
nrg 3-51 11.20 5.42 15.56

3.1.1 Ohmic Ignition

An ohmically ignited plasma is one that gains access to the alpha dominated
regime solely be means of ohmic heating; no auxiliary power is required
(i.e., IT = 0). This is highly desirable in view of the scientific and techno-

logical complexities associated with auxiliary power. The major difficulty
with ohmic ignition is that it requires large values of W which ultimately
translates into high cost.

The minimum value of W required for ohmic ignition is determined by

the condition that the T vs T curve becomes tangent to the T' axis at

T = T;. See Fig. 3. This is expressed by Egs. (3.10, 3.11). Solving these
equations gives the minimum W = W(N). The function W(N) itself has a
well defined minimum with respect to N as it is shown in Fig. 3.7. Setting

dW /dN = 0 then gives the absolute minimum W and corresponding N and
T for ohmic ignition. These values are given in Table 3.1 for the generic
scalings, the ohmic scaling, and the auxiliary scaling. Also given are the
values for nrg.

By writting the function F in the general form

Ne
= TB (3.19)

the complete parameter range of possible N and 7 dependances can be
investigated. By taking a = 0 the minimum values of W and the corre-

sponding N are plotted in Fig. 3.8 as a function of the exponent 3. Note
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Table 3.2: Critical Parameters for Auxiliary Power Ignition

Generic | Ohmic Auxiliary] ' Auxiliary2
r 1.6% 1.63 1.75 2.14
1; | 34.2 34.2 25.1 19.13
N 14 1.4 1.4 1.4
nrg | 2.28 2.28 2.45 2.99

that the variation of W with 3 is very small. Also note that the values for

N are well below the Murakami limit for all 3. Interestingly, as seen from

Fig. 3.8, and from table 3.1 the minimum W shows very little variation
whereas nrg varies by more than a factor of three. Even so, a value of

W ~ 15 is sufficiently large that the resulting machine cost would exceed

the economic resources allocated for currently envisaged next generation
ignition experiments.

3.1.2 Auxiliary Power Ignition

When W is less than the value required for ohmic ignition, sufficient auxil-

lary power guarantees access to a dominated operation as long as (Tw) &gt;

0 on the P, = 0 curve (see Fig 3.3 for an indication of the temperature Tyr).

The condition that the T' curve be tangent to the T axis at Ty, defines the

minimum value of W required for auxiliary power ignition.

The solution of Egs. (3.12, 3.13) gives the minimum W = W(N). In
this regime W monotonically decreases as N increases. Thus, the absolute
minimum value of W occurs when N reaches the Murakami limit. Table
3.2 gives the values of W,T,, N and nrg for the generic scaling, the ohmic
scaling and the auxiliary scalings.
Observe that the value of W is much smaller than that required for ohmic
ignition.
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3.1.3 Non-Ignited Operation

If W is less than the value given in Table 3.2, the T vs T diagram for
P, = 0 assumes the form illustrated in Fig. 3.5. In this case there is

only one steady state operating point corresponding to an ohmically heated
discharge, T' = Tq. There is no steady state operation dominated by alpha

power heating. Consequently, this regime is non-ignited and is discussed no
further.

3.2 The Minimum Auxiliary Power for Ig-
nition

Another topic of interest concerns the minimum auxiliary power required

for ignition. It is important to minimize this power for two reasons. First,

since auxiliary power is technologically complicated and economically ex-
pensive, it is desirable to keep the requirements as low as possible. Second,

and more critical, is the experimental evidence that the empirical scaling
relations are more reliable and optimistic in the ohmic dominated regime.

Hence, minimizing FP, also minimizes the uncertainties associated with 7g
in the auxiliary heated regime. In this connection it is more appropriate to

minimize F,/ Pq rather than P, itself. Here Pj is the total ohmic power.

In order to calculate (P,/Pq)min, the value of W is fixed at some in-

termediate value between the ohmic ignition and auxiliary power ignition
boundaries. The ignition condition is given by

T(T,W,N,II) = 0 (3.20)

a7
a7 WN, Re= sil (3.21)

Solving these equations gives II = II(N,W). This is substituted into

the following
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Pac,
Eis he core” (3.22)

yielding I' = T'(N,W). For higher values of W, I' has a minimum with

respect to N (see Fig 3.7) that is less than the Murakami limit. At smaller
W, the minimizing N exceeds the Murakami limit. In this situation the

minimum W is obtained by setting N = 1.4, the Murakami limit.[22]

Fig. 3.9 shows the variation of (FP, /Pq)min with W. As expected P,/ Py
is a decreasing function of W, illustrating the basic tradeoff between physics

reliability and cost. Observe that P,/P, is a very steep function of W for

small W. Thus, for W &lt; 5 the plasma is operating in a particularly sensitive

region of parameter space. Also there is relatively small variation in P,/ Pq
for the different scaling relations.

3.3 Coupling Physics and Engineering

Up to this point the goal was to estimate the values of the various physics
based parameters W, V, II.These parameters are directly related to the

physics considerations as represented by the 0-D model. In this section the
ignition ideas developed in the previous sections are coupled to fundamental
engineering considerations of both the toroidal and the ohmic heating coils

resulting in optimized tokamak designs.

3.3.1 Optimized Ignition Physics and Machine Per-
formance

The first step is to develop a sharply defined goal of “optimized ignition”.
There are two main issues to consider. First, since we have been driven to

auxiliary power aided ignition because of the prohibitive economic limita-
tions imposed by pure ohmic ignition, the total machine cost is clearly one
of the most important problems. Second, and somewhat less quantitative,
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is the relatively high physics uncertainty associated with auxiliary power
confinement scaling as compared to the ohmic scaling.

Consider now in more detail, the questions of cost and physics uncer-

tainty. Optimizations based purely on cost tend to place too much emphasis
on auxiliary power. Large values of P, relative to FP; are required, resulting
in operation in a regime of high physics uncertainty. Thus, while the cost
is minimized, the probability of success is not.

In this analysis a different approach is adopted. It is assumed that
virtually all of the available economic resources are dedicated to the basic

machine (excluding auxiliary power). The machine design is then optimized
by minimizing the auxiliary power required for ignition. This philosophy
places a high weight on minimizing the physics uncertainty, and as it is
shown below it does not add significantly to the economic constraints as

relatively small values of P, are required.
It can be argued that the tokamak performance is approximately pro-

portional to the cost of the TF system. Furthermore, the overall TF design
is strongly driven by the coil throat, the most critical element in the mag-
net. By assuming that the cost of coil throat is proportional to its volume
V, V can be adopted as a universal measure of machine performance. It is

then possible to relate the geometric quantity W to the coil throat volume

V. In this way W is eliminated in terms of the volume V

Minimizing the physics uncertainty actually implies minimizing P, with
respect to a given ohmic power F;. A minimization of the absolute value of
P, leads to the unphysical limit By — oo, a — 0. Since a — 0, the plasma

volume approaches zero implying that no auxiliary power is required. Even

so, in this limit, the ratio P,/ Py can be large implying high physics uncer-
tainty.

Thus, in the analysis that follows, the quantity P,/Pqg required for ig-
nition is minimized, subject to the constraint of a fixed volume V set at

the maximum value permissable by economic constraints. When the calcu-
lation is complete it is shown a posteriori that the auxiliary power cost is
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not prohibitive and that the equilibrium burn temperature is indeed in the

ignited regime of operation.
The optimization procedure can be summarized mathematically as fol-

lows. The quantity F,/FPq is easily found from Eq. (3.1).

I afo _ Cappap _ U(T,II,N,W,q.,k,a, Ro) (3.23)
Pot Ch

U is to be minimized subject to the condition that the plasma is ignited.

H(T;,10;, N,W, Gas K) = (3.24)

oT
5T (Tr, N, W, Quy K) = 0 (3:25)

and the constraint that the TF coil throat volume V is fixed. In the next

section it is shown that V = V (W, a, Ro, , q.) so that the fixed volume

constraint becomes

V (W,a, Ro, k, ¢.) = consl.. (3.26)

In principle, Eqs. (3.24) and (3.25) are solved for 77 and II, and Eq. (3.26)

for W. These results are substituted into Eq. (3.23) yielding

U=U(N,q.,k,a,Ro;V) (3:27)
The quantity U is then minimized with respect to N, q., &amp;, a, Ro holding V
fixed. In practice, the dependence of U on gq, and x is monotonic implying
that these quantities must be set to their extremum values as determined by

physics: q, = 2, k = 2. What remains is a three dimensional minimization

of U with respect to N, a, R,.

st.

R9



3.3.2 TF Coil Design

The one remaining relation required is that expressing the throat volume,
V, in terms of the ignition parameters. The coil model described below is
sufficient for this purpose. The critical assumption is that V is determined

by stress considerations on the inner leg of the magnet.

The coil model is deliberately simplified for purposes of pedagogical
clarity and to avoid any false impressions of unjustified accuracy. It is
important to realize that the goal of this work is to demonstrate trends
rather than to arrive at a precise final design. Thus, while the results are

only semi-quantitatively correct in detail, they quite accurately describe the
features and directions of the optimized design.

Consider the rectangular coil model illustrated in Fig. 3.10. The dis-
tances b;, b, and bs separate the plasma from the TF magnet and provide
space for the first wall, divertor, RF antennae, etc. The values of b; and
b, are taken from the current CIT design and are assumed to be known

quantities. The value of b; is scaled with the minor radius according to the

relation.[25]

bs = 0.88a + 0.5 (3.28)

The thickness of the coil throat is denoted by c, and it is this quantity
that is crucial in determining the volume V. The value of c is found by

calculating the Tresca stress on the inner leg of the magnet and setting it
equal to its maximum allowable value o,, ~ 500 M Pa.

The analysis begins with the evaluation of V. A short calculation gives

V =4mc(ka + bs) (Ro — a — by —¢/2) (3.29)

In order to obtain a reference case, for comparing the accuracy of the model,

the CIT parameters are considered (i.e. Ry = 2.1 m, a = .64 m, xk = 2.0,

by = 17m, 0b: = .6m,ib, ='.88 im e=43m B= 11 T, I = 11: M4,

om = 500 M Pa). This gives a throat volume V = 12.4 m? for the reference
case.
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Next, consider the vertical hoop stress. The total vertical force Fz acting
on the upper half of the magnet can be approximated by

Ras, 7
Fz ~ —B}Ro (a+b) (3.30)

Ho

wh oe

= bi +bBe (3.31)
2

This force is assumed to be distributed equally between the inner and outer

magnet legs. It produces a tensile stress o; that is much larger on the inner

leg because the stress area of the inner leg, Az; = mw (R23 — R?), is much

smaller. A simple calculation gives

F, B? Ry (a+bRm RED
247 2ppc(Ro—a—b; —¢/2)

The second stress to be considered is due to wedging. As a simple

approximation, it is usefull to calculate the relation between the wedging
force and the hoop force in the thin coil limit ¢ — 0. Using this relation, it is

then straightforward to estimate the Tresca stress, using the finite thickness

tensile stress [Eq. (3.32)].
[n the thin coil limit the net centering force is approximately given by

2% 1 1Fr~—-"B2R}(ka+b ETT 3.33# Ho oft ( 2) Bo—a — 0 Ry +a +h) ( )

The centering force Fr produces a wedging stress

FTo = (3.34)
2m AR

where Agr =~ 2 (ka + bs) c. Substituting Eq. (3.33) into Eq. (3.34) gives

J1ere
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BR: 1 1
Op = —— FE _ — (3.35)

2U0C Ro —a—b Ro + a + by,

In the thin coil limit, a comparison of Egs. (3.32) and (3.35) indicates
that

o
= = —— (5.36Ot i 1 +e )

Where ¢, is given by

a+b
€ = 5 (3.37)

Now assume for simplicity that Eq. (3.36) is valid for finite thickness
coils as well. Under this assumption, the Tresca stress or = 0; — 0, can be
written as

B2 &gt; + €o (a + b) Ro
or = — (==) rr (3.38)

20 \1+€3/ ¢c(Ry — a —b, —c/2)

By setting or = 0, (the maximum allowable stress) in Eq. (3.38) the

coil thickness is given by

5 (==) pile (3.39)c=—rm—7-—|—
200m \1 + €3/ c(Ro —a—by —c/2)

By substituting Eq. (3.39) into Eq. (3.29) the coil volume is given by

E =

Vm rd rae ateth |! (3.40)Hoom|[(2a+b+by)(ka+b3)|[(3Ro+a+ba)Equation (3.40) is the desired relation. It is the equation that couples the

ignition physics and the engineering. Since the parameter w depends on the

7;

)
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plasma geometry the coil volume given by Eq. (3.40) can alternatively be
expressed as a function of W. In order to check the calibration of this model

the CIT parameters are used. By solving Eq. (3.40) for B and substituting
the CIT parameters gives B = 10.7 Tesla which is in good agreement with
the 11 Tesla CIT design.

In practice there are several important limits which prevent small R,.
Certainly, the geometric condition Ry &gt; a + b; + ¢ must be satisfied. An
even stronger limit on Rj results from the volt-second requirements of the

ohmic transformer, and it is investigated next.

3.3.3 OH Coil Design: Volt Second Requirements.

In this section a derivation of the minimum major radius that satisfies the

volt-second requirements of the ohmic transformer is presented.

3.3.3.1 Basic Constraint

The basic constraint defining the volt-second requirements can be written
as

A=F%L] (3.41)
Here, A is the flux swing in the transformer, I is the plasma current, and
L is the plasma inductance, which can be approximated as [26]

8 Ry 7L=poRo [In (57) Baa
The parameter k is a constant and typically k ~ 1.2. This guarantees
sufficient volt-seconds to bring the current from zero to its final value as

well as maintaining the plasma for an extended period of flat top operation.
In equation (3.41) it is also convenient to express I in terms of By and

2ma’kBp= 2 (3.43)
to Rog.

Ix
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3.3.3.2 Evaluation of Ay

In order to evaluate Av it is assumed that the magnetic field in the trans-

former is double swung from —B,,, to +B,,. For a double swing system

AY = 2(¢ + 92) (3.44)

where 1); is the flux in the vacuum region and 1), is the flux in the coil. The
final value of the flux in the vacuum region is

Yi =nBil,, (3.45)
where the transformer geometry is illustrated in Fig. 3.11. The flux in the

coil itself is easily found by noting that for a uniform current density

R,— RB=Bn(2r) R.&lt;R 3.46

A simple calculation then gives

wB,,
(5 = 1 (Ry = BR.) (Ry i 2R.) (3.47)

Therefore Ay becomes

1All=0r0) R2 +3 (B= Ra) (Ry + 2R,) (3.48)

3.3.3.3 Relate the maximum field B,, to the maximum stress o,

Typically 0, ~ 330 M Pa for CIT. The local Tresca stress in a straight

solenoid has the form[27]

B: R? Bz:R=" [|= 3.49m= (gw) (&amp;) 54
Unlike the TF coil, or is a strong function of R in the ohmic transformer

coil, particularly if the coil is thick.
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In general, it 1s required that the peak to average stress ratio in the
OH system be less than some value nn. For CIT nn ~ 1.5. This serves to

determine the ratio R,/R,. The peak stress occurs at R = R, and is given

by

Bn? R: \
R)="2 |= 3.50Tei) Ho [nS] Ld

The average stress is defined as or = [ordR/ [ dR, and is given by

B2 RR,or = 2|=3.51m= (2) a
Computing the ratio (or (R,) /o7) = 1 leads to

Ry
== 3.52wr (3.52)

3.3.3.4 Intermediate form of the Volt-Seconds constraint

Combining the results just derived, setting or = 0,, and noting that Ry, =

Ro —a—b; —c, the following form for the volt-seconds constraint is obtained.

ka’ Bg 8 Ro =o (E28) (m2 0)qs akl/?2 4

2 _1\"? [2 +9 +1]
= (noo)? (2) LEE (Baby ~ of (3.58)U oF

Substituting the values 0, = 330 M Pa, n = 1.5, k = 1.2 leads to

Ba? 1/2
Bo=a th Patil [222] (3.54)

qx
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3.3.3.5 Final form of the Volt-Seconds constraint

The final step in the calculation is the elimination of the coil thickness c

from Eq. (3.54). The quantity c is expressed in terms of V from Eq. (3.29),

the defining relation for the coil throat volume. Equation (3.29) can be
written as

?—2(Ro—a-—b PER 3:55c (Hey Ne 0 ( )

Solving for c yields

1/2=Ry—a—0b;—ee3.56ge Ha (&amp; 2h] eT (250)
Substituting into Eq. (3.54) leads to the following expression for R,

ka’B V iat= by +04|——+——3.57Ro =a+b + vr] ( )

Equation (3.57) is the desired relation, giving Ry = Ry (B,a,V,k,q.).
Substituting the calibration values on the right hand side gives Ry = 2.1,
again indicating an accurate calibration between the simple model and the
CIT design used for calibration. Thus, in the full optimization the geometric

factor W is expressed as a function of V by Eq. (3.40) with Ry evaluated

from Eq. (3.57).

3.4 Results

The physics and the engineering are coupled through Egs. (3.24, 3.25, 3.40,
3.54). Eqs. (3.24 and 3.25) represent the ignition condition, and Eqs. (3.40,
3.57) characterize the toroidal field and ohmic heating coils. The optimized

desigs are obtained by simultaneously solving Egs. (3.24, 3.25, 3.40, 3.54)
and by minimizing the quantity
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Table 3.3: The Parameters a; corresponding to Eq. (3.59) for various con-
finement scalings

| Us Ch tg | (rq | a5
Goldston 3 G.0 RT). 5
Neo-Alcator 1.00. Ol 00.00 0.5Kaye-Goldston 1.39 | -0.49|0.17i1.24|0.28TERS 1.10.31. 220: 254 00.5

Pp,
— = U(N,a,T;,11;,W, Ry) (3.58)
Pq

Note that the kink safety factor g, and the elipticity x do not appear in

the above equation. Specifically q. and « are considered constant and in

the following results they have the values q, = 2.0 and xk = 2.0. The four

parameters 1, [I;, W, Ry are determined from Egs. (3.24, 3.25, 3.40, 3.54).
[n turn the quantity P,/Pq is minimized in the N, a space.

The first step in the solution procedure is the characterization of the

parameter W. In general the parameter W can be written as

W = C, RS a®* B*2 [*4 °° (3.59)

By adjusting the parameters a; various confinement scalings can be sim-
ulated. Table 3.3 gives the values of the parameters ay, a,, as, ay, as for

Neo-Alcator, Goldston, Kaye Goldston, and ITER [28] confinement scal-
ings.

Another parameter that must be given is the coil throat volume V.
The coil volume is a constraint in the calculation and the optimization is
performed subject to a fixed coil volume. In order for a baseline to be

set, enabling comparisons to be made, the results that follow are obtained
by taking VV = 12m? which corresponds to the coil throat volume of the

present CIT design.
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By considering Goldston Scaling (see table 3.3 for the appropriate pa-
rameters) the function P,/ Pq is minimized with respect to N within a range

of minor radii a. The minimum of the function P,/ Pq is plotted versus a in

Fig. 3.12. Note that P,/P, has a well defined minimum at a ~ 0.4m. Also

shown in Fig. 3.12 is a plot of the total amount of auxiliary power required
at ignition versus a. Note that at the optimum minor radius the required

auxiliary power is 5 MW. This small amount of auxiliary power required
for ignition may now be viewed as a justification for choozing to minimize

the quantity P,/ Pq.
Other important parameters characterizing the design are the the major

radius (R), the toroidal magnetic field on axis (B), and the plasma current

(I). These parameters are shown in Fig. 3.13 as a function of the minor

radius a. Note that the major radius R varies between 1.75 and 2 meters as

the minor radius ranges from 0.25 to 0.7 meters. At the optimum a = 0.4m

the major radius is 1.78 meters resulting in an optimum aspect ratio of 4.5.

This optimum aspect ratio is substantially higher than the aspect ratio of
3.3 characterizing the present CIT design. This type of high aspect ratio
design was obtained from a confinement scaling which was derived mainly

from tokamaks with a small range of aspect ratios. However, in the TFTR

tokamak it has been recently observed that confinement scales favorably

with aspect ratio.[29] The toroidal magnetic field in the optimized designs
is high with a value of 15 Tesla at the optimum a. This high magnetic

field is consistent with the stress requirements in the coil structure (see

section 3.3.2). Earlier work by Cohn[30,31] has also suggeted the possible
advantage of tokamak designs characterized by high magnetic fields. In
particular Cohn’s work has shown the advantage of designs characterized by
high values of the parameter B2a. Usually for B%a &gt; 150 ohmic ignition is
possible thereby minimizing the adverse effect of auxiliary power on machine

performance. The parameters Bri /R and B%a are equivalent for the case

of Neo-Alcator scaling and for operation under a fixed Murakami parameter
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Table 3.4: Summary of the optimized design parameters for Goldston, Neo-
Alcator, and ITER scalings

Goldston  Neo-Alcator | ITER
a(m) 0.4 0.32 0.4
R(m) 1.78 1.76 1.78
R/a 4.5 5.5 4.47

B(T) 14.5 16:5 14.8
I(MA) 6.5 5.0 6.75

P, (MW) 5.0 1.2 2.3
Ty (keV) 8.5 5.0 5.7

Ni 0.75 1.1 0.99
Btg/R 7.2 19.0 14.1

nR/B. The plasma current I decreases from 11 MA at a = 0.64m to 6.5

MA at the optimum a = 0.4m. This decrease is a consequence of the

decrease in the plasma minor radius a. Note that, even though the total
plasma current is low at the optimum design point, the designs should not
be considered low current devices since q, has been set at the MHD stability

limit (gq, = 2).

In Fig. 3.14 the parameter W = B7g/R is plotted as a function of the

plasma radius a. Note that the parameter B7g/R is maximized at the
optimum radius a.

Similar results are obtained for other scalings. For the ITER scaling

the optimum P,/Pq and the corresponding B1g/R is plotted on Fig. 3.15.
Note again thet there is a well defined miinor radius a at which P,/ Pg is

minimized. On table 3.4 the parameters representing the optimized design
for Goldston, Neo-Alcator, and ITER confinement scalings are summarized.

3.5 Conclusions

The volume averaged plasma power balance gives the characteristics of the
global plasma behavior. Since the transport of heat is governed by the
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global energy confinement time 7g, and because of the large number of
scaling relations for 7g there is no agreement on the choice of an appropriate

parameter which can represent the plasma performance. In this chapter it
was shown that by introducing the parameters W, II, and N the behavior
of the plasma can be characterized within a small range of W. In general

W ~ 15 is required for ohmic ignition regardless of the type of confinement

scaling. Also values of W less than 5 are not desirable since the auxiliary

power required for ignition at these low values of W become very large.

Next by minimizing the parameter P,/ FP, optimized and ignited designs
are obtained. By minimizing the ratio of auxiliary power to ohmic power,

subject to a constraint of fixed toroidal field coil volume, designs are ob-

tained for various forms of the parameter W. For Goldston and Neo- Alca-

tor type confinement scalings, designs were obtained indicating the posible
advantage of high aspect ratio and high magnetic fields. In particular the
optimization results in geometries with aspect ratio ~ 4.5 and with toroidal

magnetic fields in the order of 15 Tesla. These designs are further charac-

terized by low total plasma currents while the required auxiliary power is
also small.
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Chapter 4

Burn Control Using Auxiliary
Power Modulation

4.1 Tokamak Thermal Instability and the
Need for Burn Control

Thermal runaway of a tokamak plasma occurs once the plasma temperature
exceeds a certain value. Fig. 4.1 shows the rate of change of temperature,

T, as a function of temperature, T for CIT (Table 4.1) under Goldston
H-mode confinement. As is shown in Fig. 4.2 auxiliary power Pj is required
in order for the plasma temperature to enter into the ignition regime. If
the temperature 7; is reached and the auxiliary power is not reduced the

plasma temperature continues to increase since T' &gt; 0 in this region.
It is this temperature increase that we call thermal runaway.
By examining the n —T' operating space of CIT under Goldston H-mode

confinement scaling (see Fig. 4.3) it is possible to distinguish the regions of
stable and unstable equilibria.

By expanding the energy balance Eq. (2.229) about the equilibria shown
in Fig. 4.3 the linear growth rate v (sec!) is calculated and its values are
shown in Fig. 4.4 as linear growth rate contours. A positive sign for «
indicates the unstable region, while a negative sign implies stable equilibria.

Note that there are two regions of stable equilibria. One at low tem-
peratures and the other at high temperatures. The low temperature stable
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Table 4.1: 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) LL:
Plasma Current I (MA) 11.0
Pulse Length (sec.) 5.0
Effective Charge A 1.5
Maximum Auxiliary Power FP, (MW) | 30

equilibria occur at ~ 5 — 10 keV depending on the tokamak performance

for a given 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 temper-
ature stable equilibria could be ideal operating points for a fusion reactor
since large amounts of fusion power can be produced. However, funda-

mental limits, such as the Troyon 3 limit [20] and the wall loading limit,
exist which can not be violated in a fusion experiment. In Fig. 4.5 the

CIT equilibria corresponding to zero auxiliary power are shown under Neo-

Alcator,[13] Goldston-H,[14] and Kaye-Goldston-H [15] scalings.
Note that the location of the high temperature stable 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. 4.5 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
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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 ig: ited tokamak will have to operate in a regime in which

the physics and technological limits are not violated. However, these equi-
libria 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
speculation prior to beginning of operation. In the next section the issues
related to the investigations of the operating space are addressed.

4.2 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 op-
erate 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 con-
finement 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
marginal ignition ridge, and the zero auxiliary power contour are unknown.

Therefore, determining the characteristics of the operating space, (mapping
the operating space) will be the first goal of the ignition experiment. In this
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section various methods by which the operating space can be mapped are

investigated.
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 definition given in chapter 3, 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 temperature 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
crossing the marginal ignition ridge, may be used for mapping the tokamak
operating 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,
provided that sufficient power is available. For a fixed plasma density a

certain auxiliary power Pj is required to enter the ignition regime. For
P, &lt; Py an equilibrium point if reached to the left of the MIR. If P, &gt; FP;
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 4.5.

In an experiment, the location of the marginal ignition ridge can be

determined by either (1) measuring the energy confinement time and ex-

trapolating (2) measuring Q (Fusion power / Auxiliary power) as a function
of temperature, (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
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power, as outlined above, temperature equilibria can be created. By mea-

suring the peak temperature and density as well as the profile shapes during
the flat-top the energy confinement time 75 is essentially deduced from the

volume average of the equation

Phim er po ilun Up (4.1)
TE 5

The fusion power may be deduced from the density and temperature

measurements 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 plasma P; and the auxiliary
power P, absorbed by the plasma are known the value of Q = P;/P, is

estimated. For a given density the value of () at the marginal ignition ridge
is found by simultaneously solving the equations

dT
rE 0 (4.2)

dP.
aT 0 (4.3)

In Fig. 4.6 the value of () at the marginal ignition 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 () of at least 5 must be achieved before any

claim for an ignited plasma can be made. 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. 4.7, 4.8, and 4.9 where the marginal

ignition ridge (MIR) and the @Q = 5 contour are shown for Neo-Alcator,
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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 ap-

pearance of an inflection point in the trace of temperature versus time.

Fig. 4.10 shows a plot of temperature vs time for a shot with the capa-

bility of crossing 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 on 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 experi-

ment. The existence of experimental errors and plasma instabilities such
as sawteeth as well as the effect of large amounts of auxiliary power make

the detection of an inflection point very uncertain. For example note the

shapes of the two curves shown in Figs. 4.10, and 4.11.

Even though the same final temperature has been reached the curve

with the small amount (10 MW) of auxiliary power (Fig. 4.10) has a clear
inflection point while the location of the inflection point in the curve cor-

responding to the large amount (20 MW) of power (Fig. 4.11) is very un-
certain. For these reasons this method does not appear to be very helpful

during the mapping process of the tokamak operating space.

4.3 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.
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4.3.1 Thermal Equilibrium

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

tion satisfy 7 = 0. Furthermore, for fully ignited operation power balance
must be satisfied for F, = 0. As indicated in section 4.1, Fig. 4.1 there

exists one temperature, labeled Tg, for which both 7 = 0 and P, = 0 in

the regime of interest. From Fig. 4.2 we see that the temperature Tg is

accessible once the plasma crosses the MIR. Also, note from Fig. 4.2 that

if one wishes to operate at a lower intermediate temperature 77 &lt; T &lt; TT,

then a finite P, is required for thermal equilibrium.

4.3.2 Stable Operation

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

operation. Specifically, if the plasma experiences a small perturbation in

temperature, 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

oT
se) 4.45Ts r. (4.4)

where T's is the desired operating temperature.
Observe that as the auxiliary power is gradually reduced to zero, the op-

erating temperature approaches Tg (see Fig. 4.1). At Tg Eq. 4.4 is not sat-
isfied and thus Tg is an unstable equilibrium. Providing a realistic method

for stabilizing operation about 7" ~ Tg is the primary goal of burn control
studies.

4.3.3 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
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system responds by altering the plasma temperature for stability. For effec-
tive 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 7g is given by

CE
re a ) (4.5)
Arran i

Depending on the type of confinement scaling used 7p 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

3/2
To mL (sec) (4.6)

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.

4.3.4 Diagnostic and Engineering Issues
Burn control methods based on active stabilization of temperature excur-

sions depend on monitoring the plasma parameters. Therefore, the overall
response of the feedback control system is determined by both the inac-
curacies 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 impor-
tant 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.

An
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4.4 Burn Control Methods

Over the years researchers have suggested a variety of methods for pro-
viding temperature control to a burning plasma. In this section a review
of the most widely studied burn control methods is presented. The vari-
ous methods are compared by briefly explaining the physical principle and
outlining the major advantages and disadvantages of each. The primary
motivation for the selection of a particular burn control method is relia-
bility, both technological and scientific. While a number of methods may
actually 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.

4.4.1 Passive Methods

4.4.1.1 Soft 8 Limit Control

It has been suggested that the plasma may automatically provide itself
with burn control by means of a soft 3 limit.[32,33,34] In particular, as the
plasma undergoes a thermal runaway, it will eventually exceed the Troyon
3 limit. To the extent that this is a “soft” limit, the consequence is a rapid
deterioration of confinement time, resulting in automatic burn control. Eco-
nomically 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 G8 limit must
also be less than the wall loading limit, particularly in a reactor.

4.4.1.2 Field Ripple Control

Another method of natural burn control relies on the prediction, from neo-
classical transport theory, that toroidal field ripple can significantly enhance
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ion heat transport.[35,36,37,38,39] 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 rip-
ple. This provides automatic (natural) burn control. Again the primary
advantages of such a method are its economic and technological attractive-

ness. The problems with ripple control are as follows. First, the enhanced

transport resulting from field ripple has not been reliably verified experi-
mentally. Second, if the plasma ignites in an optimized region of minimum
field ripple, it is not possible to stabilize against negative thermal excur-

sions. 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.

4.4.2 Active Methods

4.4.2.1 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 confine-
ment scalings the performance parameter nt 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 ~ poa?/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 re-

quires 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.
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4.4.2.2 Adiabatic Expansion / Compression

By varying the vertical field during a thermal runaway, the plasma can ex-

pand (or compress) adiabaticlly .[40,41,42,43] For an expansion, the result-
ing 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 dif-

ficulties 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 config-

urations with divertors, since there is in general only very limited flexibility
in the allowable motion of the X points of the separatrix.

4.4.2.3 Vary the Plasma Density ng

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 the energy confinement time, a combination of gas puffing and particle
diffusion 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 effectively 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 immediate 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.
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4.4.2.4 Vary the Auxiliary Power P,

Since a certain auxiliary power is required for ignition, lowering P, suf-
ficiently fast during the thermal runaway 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,. [44,45,46] 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 FP, 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 @) = Fusion power (P;)/Auxiliary power
(P,), 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 none is sufficiently simple and well tested experimentally to assure suc-
cess. 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 inves-
tigating 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.

Burn control by means of varying P, is the best choice for the first gen-
eration ignition experiments. Significant auxiliary power already exists for
ignition, so no additional major hardware is required. Varying FP, provides
stability against both positive and negative temperature excursions. The
main drawback is that in steady state the plasma must operate sub-ignited
requiring a finite non-zero value of P,. However, we show in the analy-
sis that follows, that the @ 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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4.5 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

fusion 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

auxiliary power term in the energy balance, (Eq. 2.229) is varied according
to the proportional feedback control law:

Pr+ AP Ea

A

P.(T)=1{ (Pr + AP) 1 — (£4) Theis (4.7)

Te

where Pj 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, 7; is a temperature (~ Ty) above which the auxil-

iary power is gradually reduced, and 73 is a temperature (~ Tg) between
T) and the burn temperature Tg at which P, = 0. The exponent A dictates
the shape of the P, versus T curve.

By changing the parameters in Eq. 4.7 a steady state operating temper-
ature can be created somewhere between 7} and Tg. Figure 4.12 illustrates

(a) the original system, (b) the form of the applied auxiliary power, and (c)
the final system with steady state operating temperature T's.

Initially, auxiliary power equal to P;+ AP is supplied to the plasma. By
doing so the plasma temperature increases and eventually the MIR temper-
ature 77 is reached. The temperature continues to increase until the value

0
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T; is reached. The auxiliary power is then decreased according to the func-
tional form given by Eq. 4.7. In the absence of plasma disturbances the

temperature continues to increase since T &gt; 0 until the operating temper-
ature T's 1s reached. Note that operation at the temperature T's requires a
non-zero steady state auxiliary power Ps. From an energy efficiency per-
spective 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, T's, the input power
is increased. 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 tem-
perature Ts, and power loss occurs to the right of Ts. This type of control
about the operating temperature T's 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 max-
imum temperature deviation that can be stabilized is AT}... = Ts — Ts

(see Fig. 4.12). Similarly in an ideal system all negative excursions are
stabilized. Quantitative estimates for AT... are given in figure 4.21.

4.6 The Complete Burn Control Model

In addition to the power balance Eq. (2.222), a complete burn control model
must include the effects of the time delays discussed in section 4.3, the form
of the feedback law given in section 4.5 as well as the density evolution.

4.6.1 Time Delays

In this model the time delay associated with the energy transfer between
the fusion alpha particles and the plasma ions as well as the time delay
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associated with the deposition of auxiliary power into the plasma is consid-
ered.

In general, the effect at the present time ¢ of a stimulus 5; (t')dt’ at any

past time t’ is given by

y= / R(t —t') S(t) dt! (4.8)
0

where it is 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. (4.8) gives the response at the present
time t as a weighted superposition over the input at the times t’ &lt; t. The

weighting factor R (t — t') characterizes the system, and 5; (t') 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

I
T= ——— 4.9dE/dt (19)

where FE is the particle energy. By integrating Eq. (4.9) the rate R becomes

1 dE(t;)) 1 t1AeA EE 1, [0 oo(t1) Ey, dt, rR ( )

In Eq. (4.10) t; = t—t’ and represents the time elapsed since the particle

had energy Ey. By substituting Eq. (4.10) into Eq. (4.8) and differentiating
with respect to t we obtain

dE, (t) 1——==— FE, (t) — E(t 4.11

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 t subject
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to the delay time 7 and some appropriate initial condition. (i.e. Ej; is the

energy produced by the particles at time ¢t, and FE, is the energy absorbed
by the plasma at time t)

Similarly the time response of the feedback system, including the diag-
nostics and the auxiliary power delivery system, can be modeled by evalu-
ating the auxiliary power at a delayed temperature 7,;. A simple model for
the feedback system is obtained by assuming that the delayed temperature
T, relaxes to the plasma temperature with a time constant 7; [45]

dl]—=—\(r—T 4.12= (= T) (4.12)

4.6.2 Complete Auxiliary Power Control Model

The energy balance, Eq. (2.229), the time delays associated with the alpha
power, Eq. (4.11) and the feedback system, Eq. (4.12) and equation (2.232)
describing evolution of plasma density are coupled to obtain the following
system of ordinary differential equations.

dT
ir == Gg (z Ne, Ny, 2. (na, Ng, T) ) 2 (Ta))

dP, 1
per |G (a, 10, BY Po (119,71, TH)

(4.13)
47 12 = (4.14)
dt Td

dn
= J (Tonge, So)
dn
i =_K (Z; ng, Tg, 5.)

dng
dt = L (Z. Nd, Ng)
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where the form of the functionals G, J, K, and L are given by Egs. (2.229,
2.232). P,(T,) is given by Eq. 4.7. P,(T) is the alpha power absorbed by
the plasma at time t, Q), represents the amount of alpha power produced
at time t. The parameters 7,, and 74 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. (4.13).

4.7 CIT Burn Control Using Auxiliary Power
Modulation

The Compact Ignition Tokamak (CIT), whose parameters are given in table

4.1, 1s 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 tempera-
ture 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.

4.7.1 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

temperature, T's, 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 temperature 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
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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. 4.7.1 shows a CIT POP-CON plot under Goldston H-mode scal-

ing. 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.

Note, from Fig 4.7.1, 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?®.

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 de-
sired at 15 keV. From Fig. 4.7.1 we see that for steady state operation at a

density of 6.0 x 102° /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, ra-

diation, and conduction powers are shown in Figs. 4.14, 4.15, and 4.16 for
A=2T, =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 temperature equilibrium.

In order for the plasma density to evolve as shown in Fig. 4.15 the
fueling conditions shown in Fig. 4.17 must be provided. The result shown
in Fig. 4.17 were obtained by assuming that the plasma evolves through a
sequence of quasistatic equilibria and thus the dn/dt term was neglected in
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the calculation of the source rate S. As seen from Fig. 4.17 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. 4.17 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. 4.18. 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.

4.7.2 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

presented in the previous section (Fig. 4.14) result in the formation of un-

stable equilibria. By modulating the amount of steady state auxiliary power
supplied 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
temperature to be stabilized and the steady state thermonuclear Q, the ef-
fect 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 fluctua-
tions, such as sawteeth, from the feedback system.

For effective stabilization of perturbations about an equilibrium tem-

perature the feedback system must respond in a time faster than the run-

away time Tg of the instability. In Fig. 4.19 the e-folding time is shown
as the runaway time for CIT under Goldston H-mode confinement scaling.

Comparison of Fig. 4.19 with Fig. 4.20, which corresponds to Neo-Alcator
scaling, shows the strong dependance of 7g on confinement scalings. For

example, at a density of 6 x 102° /m® and a temperature of 10 keV the
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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 4.5 the maximum temperature deviation that

can be stabilized, in a system without time delays, is the difference between

the operating temperature, Ts, and the equilibrium temperature at which
the auxiliary power is zero, Tg. This maximum deviation is denoted by
AT,... = Tg —Ts as seen in Fig. 4.12. The Q value obtained at the steady

state operating temperature, T's decreases as AT,,,, increases. Fig. 4.21
shows the dependance of Q on AT for CIT under Goldston H-mode con-
finement.

At this point an assessment of the maximum positive temperature devi-

ations 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 time, 7g,

while negative fluctuations can happen instantaneously (for example the
introduction 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 instan-

taneous 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 74. 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 74. By assuming
a feedback law of the form given by Eq. 4.7 with 7; = 11.0, 7, = 14.0 and

A = 2.0 the stabilization of an instantaneous 1.5 keV positive temperature

fluctuation is shown in Fig. 4.22, under three different values of the feedback
delay time 74. For 7; = 0.4 the system resembles an underdamped oscillator.
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As 7; decreases the system becomes more “damped” and the return to

equilibrium becomes monotonic. For a certain feedback law the system

will, as 7; decreases pass through the “critically damped state” at which the

return to equilibrium is the fastest. In Fig. 4.22 the curve corresponding
to 74 = 0.12 resembles a critically damped system and the approach to

equilibrium is the fastest.
The model as described by Eqs. 4.13 is governed by three characteristic

times, and they are: the alpha particle thermalization time, 7, the feed-
back delay time, 74, and the energy confinement time, 7g. The effect of all
these times is shown in Fig. 4.22. Due to the alpha particle thermalization
the 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. 4.6

gives To. = 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 74 later. The

evolution of auxiliary power associated with the stabilization of the positive
perturbations shown in Fig. 4.22 is given in Fig. 4.23.

For a negative temperature perturbation, as shown in Fig. 4.24, the
amount of alpha power deposited in the plasma immediately after the tem-
perature 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 7,4 later and thus the temperature will decrease further after the alpha
particle thermalization effect is observed, as it is clearly seen for the case of

74 = 0.4 sec. The evolution of auxiliary power associated with the stabiliza-

tion of the negative perturbations shown in Fig. 4.24 is given in Fig. 4.25.
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Figure 4.23: Evolution of auxiliary power required to stabilize a 1.5 keV
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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 7, increases the system becomes more and more underdamped and

eventually large oscillations develop and the system becomes unstable to
every fluctuation. Fig. 4.26 illustrates a simulation in which an attempt is
made to stabilize a 1.5 keV positive temperature fluctuation for 7, = 1.5sec

(large delay time) and for 74 = 0.2sec (small delay time). Note that the
system characterized by the large feedback delay time can not be stabilized.

In Fig. 4.27 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 7; &gt; 1.5 sec.

The feedback system should be able to distinguish and filter all the
benign 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

delay 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 periods without violating the maximum limit on 7,. A complete study
of this phenomenon requires the development of a sawtooth model in the
context of one dimensional transport. Such a model is developed in chapter
6.

4.8 Conclusions

Auxiliary power modulation can be used for operating CIT. By supplying
auxiliary power to the plasma and appropriately modulating it he toka-
mak operating space can be mapped, the desired operating point can be
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reached, and control about the operating point can be achieved. It has

been estimated that stable operation is possible with @) ~ 65. Large de-
lay 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 fluc-

tuations are filtered by signal averaging over a specified time period which

is compatible with the overall maximum feedback delay time.
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Chapter 5

Variational Formulation of the
Transport Equation

The importance of variational methods in the development of theoretical

physics, both classical and quantum (modern), has long been appreciated.
Extremal principles have given rise to the energy concept which forms the

basis for visualizing the behavior of complex mechanical systems. [47] For
example the equations of motion, and thus the behavior, of the system
shown in Fig. 5.1 can not be easily deduced from simple force displacement

considerations. However, by considering the energy (both kinetic and po-
tential) associated with the system the equations of motion can be deduced

in a straight forward manner by considering the extremal of a function

“the Lagrangian” which is related to macroscopic energy content of the

system. [48]
In addition to this conceptual advantage, extremal “variational” prin-

ciples can be effective in the construction of solutions to mechanical prob-

lems. In this case, the equations describing the behavior of the system are

known apriori and their solution, under certain constraints (boundary con-

ditions, and initial conditions), is obtained through the use of variational

principles.[49] In this thesis the variational formulation is used to obtain so-

lutions to the equations describing the transport of mass, energy, and flux in
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Figure 5.1: A typical mechanical system whose equations of motion are dif-
ficult to obtain by simply considering force balance relations. The equations
can be obtained easily by considering the Lagrangian of the system

a tokamak plasma. The primary motivation for using the variational formu-
lation to obtain solutions to the plasma transport equations is the decrease

in computer time over standard finite differencing techniques. In general,
a savings in execution time between a factor of 10—50 can be realized. As

a result one dimensional transport models may be incorporated in systems

codes enabling the investigation of profile effects in the various parametric
studies. Also such a fast transport model can be used as a between shot

diagnostic in existing and future tokamak experiments.
Since transport equations in general characterize dissipative systems, the

Lagrangian formulation of such a problem falls outside the “classical” range

of variational applications.[48,50] In general the Lagrangian formulation of
a dissipative system may be considered an extension of classical variational

calculus to non-self-adjoint problems. This extension is made possible by
applying the variational principle to the fluctuation alone.

In this chapter the variational formulation is presented in its generality.
First, a brief review of the variational procedure, by which solutions to a
certain set of equations can be obtained, is presented in section 5.1. Second,
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in section 5.2 the theory behind the variational formulation for dissipative
(non-self-adjoint) systems is reviewed. Third, the variational formulation
of the heat equation including both non-linear thermal conductivity and
convective terms is presented in section 5.3, and solutions obtained by the
variational methods are compared to “exact” solutions in section 5.5. Fi-

nally, in section 5.6 the variational formulation for a system of N transport
equations is presented.

5.1 Variational formulation: General Re-
marks

The equations describing the behavior of a physical system are put in the
variational form by introducing the integral

L=ifir ds (5.1)
where L, the Lagrangian density, is a function of functions [51] of the basic
system parameters (i.e. space and time), and the generalized coordinates
(i.e. dependent variables) ay, --, ay.

L = L(oy; f(=,t)) (J = Ilan) (5.2)

where f(z,t) is the function characterising the system.
In general, the solution of physical problems via the variational formu-

lation is a three step process. First, the functional £ “Lagrangian” must be

found whose first variation, §L, yields the equation(s) describing the system
as its “Euler equation”. Second, a set of functions characterizing the solu-
tion must be determined. These “trial functions”, which are given in terms

of certain number of undetermined coefficients, the generalized coordinates,
oy," ,Qn, are in turn substituted into the functional £. Third, by taking
the variations

oC
C= '=1,---.1n Brn}Sa; (7 ) ) ) (5.3
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a set of equations (differential or algebraic) are derived whose solution gives

the values of «; required for making the Lagrangian stationary.[47,49] Once
the third step has been completed the solution is found by substituting the
values of a; into the assumed trial functions.

In section 5.3, the variational formulation of the heat equation will be
obtained by following the above three steps.

5.2 Lagrangian Formulation of Dissipative
Systems

[t is known from studies of classical thermodynamics that entropy produc-
tion gives a measure of the approach to equilibrium of physical systems ex-

cibiting reversible processes.[52] It is then important to investigate whether
there is any function which for the case of dissipative systems could corre-

spond to the role that the Lagrangian function plays in the development of
classical and quantum mechanics.

It has been shown that for dissipative systems there exists the quantity

dd = gz S" FidQ; dV &lt;0 (5.4)
J

which holds during the time evolution of the system without reference to

the relation between the forces F; and the fluxes @;. [53,54] The inequality
given by Eq. (5.4) is so general that it has been called a universal evolution

criterion valid throughout the whole range of macroscopic physics.[55] In
general the function ® is called the “local potential”. This local potential
if it exists for the physical system under investigation is equivalent to the
Lagrangian used in classical mechanics. By investigating the simple heat
equation it is shown that there is a function corresponding to the heat

equation which corresponds to Eq. (5.4).
The simple heat conduction equation of fixed density normalized to one

1s given by
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AT 0q;
de Oa; (3.5)

with gq; representing the heat flux, and where c, is the specific heat.

By considering the domain of solutions of Eq. (5.5) within a volume V
with a boundary surface S, the families of temperature distributions of the
form

T = T(z;,t) + 6T(z;,t) (5.6)

where Tis the appropriate macroscopic temperature distribution and where
8T are small variations around the macroscopic distribution represent the

solution of Eq. (5.5). For the Fourier law

oT
i TY =e 5.7qj K( ) oe, ( )

the thermal conductivity xk may be written as

s(T)=r(T + 8T)=R + bx +9)

and similarly the specific heat may be written as

g. =18, + Je, 15.9)

By multiplying Eq. (5.5) by —6T and by substituting Eq. (5.7) it follows
that OT O(8T) 3.faT— Cyl —4+——2 T= —— {kh—|6T5.10¢ Z or ) dz; (x5) (5.10)
which reduces to

86T oT J aT 8T 85T— Cy 8T = ¢,——8T — —|k—6Trn11STE Sr (re iy 0,

(5.2

{~
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and which is equivalent to

16(8T)2 OT 1 8(oTkOTO8T- met = fT — ——|R—8T—=-=5.12FT en J A St i, Be 5.22

Integrating Eq. (5.12) over the volume V results in

19 oT nll, OL nd rd
2 frray = / oe ST 4a mb ST [=] dvTl Ha Vv % i (Z) i Jz; Ne,

T- 597 Rds (5.13)S Cy Oz;

and by Integrating Eq. (5.13) over time the following results

1 oT RE ee aserra = [[ ToT+sso)+ngoT(—)|avai ) t Jv 2 2 2c, (2) oe Oz; Ne,
oT-[/ rind (5.14)LJ SiC, Ox;

Since the left hand side term of the above equation is negative definite, the

right hand side is always less than or equal to zero. Assuming that §T &lt; T

and subsituting Eq. (5.8) into the right hand side of Eq. (5.14) gives to the
first order

oT 8 (1 7 Rbl Taro (se) SY at—[ | EOL orasdt &lt;0 (5.15)tJv|OtBz;\8,Oz;vJ5'E,Bx;If the temperature is specified on the boundary S (i.e. if 87 = 0 on the

boundary) or if the fluxes across the boundary are zero the surface integral

in Eq. (5.15) vanishes. Therefore the variation
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oT a (ST OT— Tt E—I—|—dVdt&lt;05.16he pe oo ( )
is always less than zero, and it is equal to zero when the temperature

distribution corresponding to T is reached.
Similar arguments can be developed even if the time integration of

Eq. (5.13) is not performed. In that case the quantity

oT 8 [ETN OT= 8+ R——1=—1dV5.17/ ke ey (=) z ( )
can be positive or negative but it becomes zero when the temperature cor-

responding to the macroscopic distribution 7 is reached. Therefore, the

achievement of the macroscopic distribution T can be characterized by the
extremum condition

§C(T,T)Se =] 5.18oT l : )
with the subsidiary condition

T="T (5.19)
The functional L is given by

gEN nar
£=[|r(%) +22 (=| 5.20[r(5) +2 (52) oa

where for simplicity it has been assumed that the specific heat c, is inde-
pendent of temperature, T'.

The functional £ will henceforth be called the Lagrangian of the sys-

tem. The optimization operation indicated by Eq. (5.18) shows that the
functional £ has as its Euler-Langrange equation the original heat transport
equation (5.5). A detailed proof of this point is given in the next section
for a specific example.
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5.3 Variational formulation of the heat equa-
tion

In order to gain insight into the workings of the variational formulation,
and appreciation of its power in finding solutions to the diffusion problem,
various simple examples are presented.

The heat transport equation, in cylindrical geometry of unit radius and
of normalized constant density, is given by

OT{p,t 1 0 oT (p,tSEL nL
ot p Op Op

+ S(T, p,1)
oT (0,tEl = 1.0 (5.22)

Op

TL) =0 £5.23)
T(p,0) = f(p) (5.24)

Note that Eq. (5.21) is, in general, non-linear since the thermal conductivity,
x, the convective velocity, v, and the source term, S have been written as

functions of temperature, 7’, space, p, and time t.
For the above problem the Lagrangian L is given by

Li i LdA (5.25)
4

where the integration is over the cross sectional area of the cylinder, and

the Lagrangian density L is defined by

i rie i RYL=T—+-R|—|—0oT——15.2671% (3) vp (5.26)
where the quantity I in the last term of Eq. (5.26) is given by

7

I= J; S dT (5.27)
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where Tis the macroscopic temperature. Therefore, the Lagrangian £ be-
comes

1p git iar at
£=[ ["pdpas [TZ +25 (5) —9T5 — 1 5.28oe sete | +a (T] 2 Op | 52s

In the above equation it is assumed, following the formulation presented
in section 5.2, that the temperature distribution 7" is made up of the ap-

propriate macroscopic temperature distribution T', plus small variations of
the temperature, §T, about the distribution T' [50]

T = T(p,t) + 6T(p,t) (5.29)

The thermal conductivity, x, and the convective velocity, v, in Eq. (5.28),
are arbitrary functions of temperature and are evaluated at the macroscopic

temperature T so they are appropriately labeled %, and o.
The Lagrangian L is thus a function of both the total temperature T

and the macroscopic temperature T. The crucial feature to note is that in

taking the variations of L the quantities accented with a (7) are not subject
to variation. The first variation of Eq. (5.28) gives

Wf oF OT 5(8T) ~ O(8T)
se=2r [JTS +R TL — oF D2) S6T| pdp (5.30[| He Op . Op &amp; pte 1550)

where by assuming poloidal symmetry the integration over the poloidal
angle has been performed. Since the relation between §T and 8(8T)/0p is
not known, a simple integration by parts of the second and third terms in
the right hand side of Eq. (5.30) yields

far Sted GTN Lad
s£ = [NS —== (pro) + (pT) — S| 8T pdp(5.31

oT 1 1

+ p= oT] ~ poT4T)pis 0
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Where the factor of 27, being a constant, has been neglected from the above
equation.

From Eq. (5.23) it is seen that the value of the temperature, T', at the

boundary of the cylinder (p = 1) has been specified (i.e. 8T(1,t) = 0).
Therefore the last two terms in Eq. (5.31) are equal to zero. Now that the

variation has been calculated, set T = T, o = v, k = &amp;, and Eq. (5.31)

becomes

z= Gm (pee) + 2atevm) - 5] 8T pdp (5.22)
Thus, in order for L to be stationary (i.e. 6£ = 0) for arbitrary variations,

6T, it is necessary that the quantity within the square brackets in Eq. (5.32)

must vanish. Therefore, the necessary and sufficient condition [47] for the

vanishing of §£ under arbitrary 67 variations is that 7" satisfies the original

equation (5.21). Therefore, the function T' which makes the Lagrangian
stationary (i.e. 8L = 0) is also a solution to the original equation. It

has thus been shown that the “Euler equation” of the Lagrangian given by
Eq. (5.28) is the equation characterizing the system under investigation.

The next step in the variational formulation requires the introduction
of the trial function. Such a trial function must be capable of representing,

or approximating, the solution of the differential equation. For the heat

transport problem under investigation (Egs. (5.21, — 5.24)) a function which
models a wide variety of profiles is

T = To(1 — p?lexp op? 8 ap’ (3.33)

The coefficients, Ty(t), a; (t), and a,(t), characterize the solution, and they
are to be determined as a function of time. Fig. 5.2 demonstrates the

flexibility provided by Eq. (5.33) in modeling profile shapes. Note that
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Figure 5.2: Profile shapes obtained for various values of the parameters a;,
and ay. Note that profile shapes ranging from peaked to flat to hollow can
be produced with the trial function Eq. (5.33).

steep, flat, and hollow profiles can be modeled by appropriately choosing
the parameters a;, and aj.

In accordance with the variational principle the function T in Eq. (5.28)
1s written as

T = To(1 — p?) exp ap? + ap” (5.34)

When computing the Euler-Langrange equations the parameters Ty, a;,
and a, are varied while Zs ap, and a, are held fixed. After the variation

one sets To = To, @&amp;1 = oy, and &amp; = a,. Specifically by substituting the

trial function Eqs. (5.33, 5.34) into Eq. (5.28) the extremum of £ in the
(To, a1, ap) space is found by taking the derivatives

SLIT, T)i= 5.35

oL(T,T)sree det 5.36Oa, ( )
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HLT oy (5.37)Oa T

subject to the subsidiary conditions

ay = 0; (5.39)

Qs — Qo (5.40)

Equations (5.35 — 5.37) take the form

flere, oro omy oom),o|OT,ot8pOp\OT,ooNTT1 oT
i Es = 5.41J 3 Z = Ba

[lamer oro ery po omy,o|0aOt8pOp\OaBp\Bay}|£71

- s (Z)] a) (5.42)0 Oa

[Emer emo ony po am),om Ot Cc p\Ee) TV H\E
1 T- / s (22) odpi=1) (5.43)0 Oa,

Using the chain rule, the time derivative of T' becomes

BH E TE tm E Li
where for the trial functions under consideration
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oF Ll 5.45)on Th 2.
oT
2— = Tp 5.46oo p (5.46)

oF
=— = Tp 5.47% p (5.47)

Finally, the equations to be solved can be written in the matrix form

Pe
U=A"R (5.48)

Note that we have adapted the convention that the dot-operator (*) denotes

differentiation with respect to time. In Eq. (5.48), Uis a column vector with
components,

I)
ay

Aisa3 x3 symmetric matrix,

An An Al
A= Ai, As Ass (5.50)

L Ais Aas Ass J

whose elements are given by

ee = [ d (5.51)

oaAe oo / T? p® dp (5.52)To 0

renHse, od / T?2 38 dp (5.53)To 0
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1

CEE / T2 Pd (5.54)
0

1

Ass me / T= p’ dp (5.55)
0

1

Ass = / Ti? dp (5.56)
0

Note that the elements A;; are independent of the phenomenological coef-
ficients k, and v, as well as of the source term 5S. The dependance on k, v,

and S is incorporated into the elements of the column vector R

1

R- (5.57)
Tail

where for a trial function of the form given by Eq. (5.33) the elements of RK
are

1 oT \* oT
# = 2 [|--(= pot IT) od (7.581 x LE) + Tl | oa )

1 dr" 0B= [wa (FT)+vl(FTST|pdp(5.591 oT oO 0By = [ |-no == (p'T)+oT=(pT)+ST4*|pdp(5.603 Tr 2 (0) +» 5 (FT) + p*| pdp (5.60)

Therefore, Eq. (5.48) represents a system of coupled non-linear ordi-
nary differential equations in time. The variational formulation has thus
converted the original partial differential equation in (p,t) to a system of
ordinary differential equations in ¢. Consequently, the system represented
by Eq. (5.48) is less complex, and as we shall see this method is faster than
the solution of difference equations required to approximate the partial dif-
ferential equation.

In the next section we evaluate the validity of the variational formula-
tion, in terms of accuracy, relative to solutions obtained by analytic means,
and in terms of accuracy and speed, relative to solutions obtained by finite
differencing.
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5.4 Generalized Boundary Conditions

[f the solution of Eq. (5.21) is desired with non zero (constant or time

dependent) edge boudary condition i.e. if Eq. (5.23) has the form

Tt ="T{l} (5.61)
the Lagrangian given by Eq. (5.28) has to be modified in order to appropri-
ately represent this situation. The alternate variational formulation which
takes into account this boundary condition is

1 GFL aTNE COTLi=0/0p dpi Pie RHEYe-505s=a 3% (3) % Op |
oT .

PRT) + p01] (5.62)Op lp=1 p=

The Lagrangian given by Eq. (5.62) contains the “natural boundary con-
dition” of the system,|4] and it has the advantage of allowing trial functions
to be substituted that do not satisfy the boundary condition Eq. (5.61).

The trial function, Eq. (5.33), can incorporate the non-zero boundary

condition Eq. (5.61) with the following modification

T = To(1 — vp?) exp (op? + cp] (5.63)

where ~ is given by

T(t)=] — 5.64® To explay + ag] ( )

The remaining analysis for the formulation of the problem proceeds exacly
as the case with zero boundary conditions presented in section 5.3. The

only difference is the addition of the two new boundary terms and the

incorporation of the parameter v in the formulation.
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5.5 Test problems

By assuming various forms for the thermal conductivity x, the convective

velocity v, the source term S, both analytic and/or numerical (finite dif-
ferencing) solutions of Eqs. (5.21 — 5.24) are obtained and the results are

compared with solutions obtained via the variational formulation. First, so-
lutions to a single transport equation are investigated under various forms
of the phenomenological coefficients x, and v. Next, the variational procee-

dure is generalized to include several dependent variables and solutions to
a coupled set of equations is presented.

The values of the various parameters used in this section are given in

arbitrary units since we are interested only in comparing the performance
of the variational formulation, and not in extracting specific physical infor-
mation from the results.

5.5.1 Linear Problem

By assuming x = ko = const.,, v = 0, and S = AT (where A = const.),

the analytic solution of Egs. (5.21 — 5.24) is obtained in terms of the Bessel
functions

Tip,t) 23. EEL exp [( = v2mol] [| ofp) Ilvin) dp (5:65)j=1 1(v5)] 0

where J, is the Bessel function of order p, and where v; are the zeros of Jj

Le. Jolin Y =0:
In comparing the variational with the analytic results, both the time

behavior of the peak temperature, Tj, and the profile shapes will be consid-
ered. For k = 0.5, and A = 1.0 the time evolution of the peak temperature

Ty, and the profile shapes at time ¢t = 0.5 are shown in Fig. 5.3. Note that

both the time evolution of the peak temperature, and the profiles obtained
by the analytic and variational methods are in excellent agreement.
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5.5.2 Linear problem with convection

Here, the effectiveness of the variational formulation is evaluated for non-

zero convection velocity. By taking x = 0.5 v = vgp (where vo = 0.5),

and S = 0 the time evolution of the peak temperature, Tj, and the profiles
at time t = 0.5 are shown in Fig. 5.4. Note that even in the case of con-

vection the solution obtained via the variational formulation is in excellent
agreement with the analytic solution.

5.5.3 Non-Linear problem with heat pulse

By assuming v = 0 and by considering a thermal diffusivity of the form

k = 0.5 exp|[p?] (5.66)

with a source term given by

Ch
S=— T= + Llp 5.67

the performance of the variational formulation of the transport problem
Eq. (5.21) is investigated. Since the variational formulation is developed
for obtaining solutions to the plasma transport equations, the form of the

source term S, Eq. (5.67) has been purposly chosen to model the 1/73/2

dependence of the plasma ohmic heating term. 7 in Eq. (5.67) is some
number different from zero in order to avoid the situation at which the
source term S becomes infinite at the plasma edge. The term P(p,t) in

Eq. (5.67) is used to simulate a heat pulse of the form.

0 itt &lt;it,
P=! Pyexp |=] ift, &lt;t&lt;t (5.48)

0 if &gt; ¢,

In a physical situation, the term P could represent the heating of a plasma
due to externally applied RF or neutral beam heating. For po = 0, 0 = 0.5,
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Table 5.1: Comparison of execution times on a VAX computer for the
variational and finite differencing methods for the non-linear problem with
heat pulse

Method Time (sec.)
Variational 5.10
Differencing 40 grid points 47.95
Differencing 30 grid points 32.57
Differencing 20 grid points 19.59
Differencing 10 grid points 9.94
Differencing 5 grid points 5.13

C, = 1.0, T} = 0.5, and Py = 2.0 the results for both the variational and

the finite differencing formulation (exact) is shown in Fig. 5.5. The profiles
are compared at two different times during the evolution. Note that good

agreement exists between the variational solution and the finite differencing
solution. In table 5.1 the execution time for the variational formulation is
compared to the the time taken by the IMSL routine DPDES to obtain
the solution for the same number of time steps. The calculations were

performed on a VAX 3800 computer system. Note the factor of 10 gain

in computer time of the variational formulation over the finite differencing

scheme for the usual 40 grid points used in most applications. Note also that
the CPU times for the two methods are comparable when the differencing

routine is employed with 5 radial grid points. The radial profiles obtained
via the variational and the 5 radial grid finite differencing methods are
compared in Fig. 5.6. Note that interpolation is required in order to extract
the complete solution and thus the 5 radial grid point finite differencing
method does not provide adequate resolution.

5.5.4 Coupled equations.
Since our goal is to apply the variational formulation to realistic plasma

transport equations it is important to generalize the method to include
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Figure 5.5: Comparison of the results obtained from the variational and
the finite differencing formulation of the non-linear problem characterized
by a centrally peaked heat pulse. Note that the time evolution of the peak
temperature, shown in (a), is in excellent agreement for the two methods.
In (b), and (c), the profiles are compared at times t = 3.5 and t = 7.5
respectively and there appears to be excellent agreement between the two
methods.
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Figure 5.6: Comparison of the profile obtained by a five radial grid point
finite differencing method and the variational formulation.

coupled transport equations. The following system of equations is consid-
ered

oT. 10 oT.
FT e TT; sl) Se LL yb 5.69z Lop fu pt) Gor + S(T Tupt) (5:69)

87.(0,t)ol nl) :9p (3.70)
TA) = (5.71)
ln R= flr) (5.72)

oT; 18 oT;
== Les Lot) = {Tp := sar MTT S| + STuTunt) G67

0T;(0,t)
Bp =0 (5.74)

Ti(1,t) = 0 (5.75)

Ti(p,0) = filp) (5.76)

Following the formalism presented in section 5.3 the Lagrangian of the
above system of equations is
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1 FL 1 [OTNf= do |T. ==+ke|—|—Lj[ow | =" [Z) 55
: 7 0 (SLY

= d T; SEL = K; i so I; 5.78[ow [55 (5) | (5.78)
v

a.
I = 4 S, 47, (5.79)

T.

T;
IL = | 5.47; (5.80)

T;

By assuming trial functions of the form given by Eq. (5.33) for T¢, and
T;

T. = Tull —pPexp |p? + ap] (5.81)

T. = To(l~p®)exp Bip" + Gop’ (5.82)

the equations to be solved can be written in matrix form

= 1

ir =MaX (5.83)

where Vis a column vector with components

Teo ]
ap |

Vy = T, (5.84)

By145 |

‘here
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M is a 6 x 6 matrix,

Aq Ais Ais 0 0 0

~ Aa A; Aa 0 0 0 tia
M= fel 0 a, mam I&gt; #5)

0 0 0 Bz By By

In the above matrix the elements labeled A;; correspond to T., and the
elements labeled B;; correspond to T;, and are given by

R= yw [7 d (5 56)11 — Tr: 0 e P Pp de

Al a [1 3d (5.87)I2= Toni e P QAP .

1 oesHy a A= J T? p8 dp (5.88)
Too 0

1

os 4 72 0 dp (5.89)
0

1

oy | Teds (5.90)
0

1

Mie / T2 2° dp (5.91)
0

Bas ~ [7 d (5.92)neE= T2 : i pap !

B= ~ [ 1? 3g (5.93)12 — Ta ° i Pap .

Ea= — [1 5 d (5.94)ieR=  rRd ;
1

B= J T2 05 dp (5.95)
0

1

I hig | 12 dp (5.96)

S.0

Tl

3aa Ny
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2

Pr | Todo (5.97)
0

The elements of the column vector X are

SR . AY Se L=| pd 5.98
X Ea Za] Tells inT ele .1 7 J, olor [oa (5.98)

1 87.50X = [|-nZ2 2 (FL)+SLApd5.992 al ) + #| odo (5.99)
1 oT. 0X = [|-wS2o (p'T)+S.Tpt|pd5.1003 [| 5 ) + i oi (5.100)

X i OTN" | 61 pd (5.101)= =I AR 141 z3b=.gl5|pdp1 oT; oOX= [|-wS2 = (PT)+Sopd5.1025 |-mg  o ) + #| odo (5.102)
1 OT.5 8 |Xo = [|-nSt 2 (o'T)+SiTip?|pd5.1036 mE 2, ) + b| pdr (5.103)

By assuming

ke = 0.1exp[p?] (5.104)

ki; = 0.5exp[p’] (5.105)

! =
Se = —- +50 .106(T+ 2.0):5 ha (T, + 2.0)!5 5-200;

T=.
a 15S; 5.0 (T. + 2.0)i3 (5.107)

the variational solution of Eqs. (5.69, 5.73) is compared, in Fig. 5.7, to
the “exact” solution obtained by finite differencing. The time evolution of
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Table 5.2: Comparison of execution times on a VAX computer for the
variational and finite differencing methods for the problem of coupled non-
lineal transport equations.

Method Time (sec.)
Variational 5.71
Differencing 40 grid points 39.27
Differencing 30 grid points 28.16
Differencing 20 grid points 21.37
Differencing 10 grid points 9.18
Differencing 5 grid points 6.06

the central values of T,, and 7; is shown in Fig. 5.7 (a), (b) respectively.
Comparisons of the profiles for T,, and 7; at time ¢ = 1.0 are shown in

Fig 5.7 (c), and (d). Table 5.2 shows approximate execution times, on a
VAX 3800 computer system, for the variational formulation and for the
finite differencing method.

5.6 Variational Formulation of a General

System of Transport Equations.
Having developed and tested the variational formulation for a single trans-
port equation, and for a system of two coupled transport equations the
generalization of the formulation to an arbitrary number of transport equa-
tions is presented below.

The general one dimensional transport equation in cylindrical geometry
is given by

oU; 13 aly¢G—===) —=—pDyp—)+S; (5.108)J ot 2. p dp J dp J

where U; are the thermodynamic variables such as temperature, density,
flux, etc. The parameters c; are various weight factors, D,) are the trans-
port coefficients, and S; are the sources and sinks.
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Figure 5.7: Comparison of the results obtained from the variational and the
finite differencing formulation of a system of two coupled non-linear heat
equations. The time evolution of the temperature for the two species is
shown in (a), and (b). In (c), and (d) the profiles at time t=1.0 for the two
species are compared.
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Cc, = eklly, Us, - 21: P) (5.109)

Dir _ Dy (Uy, Us, ++, p) (5.110)

5; = Si(Ui,Us,---,p) (5.111)

The initial and boundary conditions have the form

Uj(p,0) = Ujo Initial Condition

2:(0,1) = Regularity at p = 0 (5.112)

UAL ty = 1; Boundary condition at the edge

The Lagrangian of Eq. (5.108) is given by

1 0; 1 «= OU; 0
t= [odo [M0 + By 5 5 — w)2 0 20 2 8p Op g

ot 30;
—pDj—2U, 5.113PL jk dp k ( )

where in the usual fashion the functions U; are set equal to U; after the

variation. The parameters N;, and W, are given by

N; = N;(0, Oz U1,U5y Ujpay + 4p) (5.114)

W; es Wi, 0s, ++, Uj1,U;,Uj41, +++, 0) (5.115)

Note that only Uj is to be varied in Eqgs. (5.114, 5.115). By taking the first

variation of Eq. (5.113), and setting it equal to zero, the 7** component
becomes
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. OU; 1 Dj.+Dy;\OU,OW;amd, Pat Buy) Ley (5.116)ou, Ot ~~ pop 2 Op Op

By requiring Onsager symmetry for the matrix D (i.e. Dx = Dy;), and by
defining

LA lari
Ni= | cj (U Uj,p)dU; 5° #7 (5.117)

vn Lo
W; = 5; (Us Uj,p)dU;  j' #3 (5.118)

the first variation of Eq. (5.113) yields the original equation as its Euler
equation.

The Lagrangian can now be written in the matrix form

ou 1 (o0\ = (oi |
Zio Fort 20 PLETE BTri +1 (Z] 5 (5)

ov\ =
Lp -B-0] i 5.119)

where I is the identity column vector.

5.7 Conclusion

The method by which variational techniques can be used to obtain solutions

to the transport equations has been developed in this chapter. The accu-
racy of the variational formulationa has been investigated in the cases for

which analytic solutions exist. Also, the variational formulation was tested
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for accuracy and speed of execution for a single non-linear equation and

for a problem of coupled non-linear equations. It is shown that accurate
solutions can be obtained by employing the variational formulation with a

decrease by an order of magnitude in the required computer execution time.
Further reduction in the execution time can be obtained by optimizing the

computation. This optimization can be obtained by precalculating certain
frequently used quantities and integrals, as well as by optimizing the matrix

inversion algorithm.
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Chapter 6

Variational Solutions of the
Plasma Transport Equations

6.1 Introduction

Since the first successful measurements of the spatial profiles for the electron
density and temperature in the T-3 Tokamak [56] many computer models
have been developed for predicting and understanding Tokamak plasma
transport. Presently, some of the most widely used Tokamak transport
computer models are: TSC [57], developed at Princeton University, BAL-
DUR [58], also developed at Princeton, WHIST [59], developed at Oak
Ridge National Laboratory, and TRANSP [60]. Furthermore, more codes
are developed at other laboratories mainly for the purpose of addressing
specific transport questions.

In general, a Tokamak transport model can be characterized as Predic-

tive [61], Comparative or both. A Predictive model is based on existing
plasma theory, and it is used in order to predict the behavior of machines
during their design stage or to predict the effect of a certain mode of opera-

tion (auxiliary heating, fueling, alpha particle effects, etc.) during machine
operation. Such a model can also serve as a test of the underlying plasma

theory by comparing its predictions to existing experimental data. A Com-
parative tokamak computer model is one whose primary goal is to compare
various theoretical or empirical transport models to the experimental data.
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Developing a complete transport model and implementing it on the
computer requires extensive effort. For this reason scientists wishing to
perform transport calculations resort to one of the transport models men-
tioned above. These models are based on standard computational schemes

and provide good spatial and temporal resolution. However, they are very
computationally intensive requiring long computer time for evolving the
solution.

On chapter 2 various plasma transport models were developed. The vol-
ume averaged (0-D) model was in turn used in chapter 3 and chapter 4 in

order to investigate ignition and burn control characteristics of tokamaks.
The 0-D model is in general easy to develop and use. The computer time
required for obtaining results from a 0-D model is very short enabling para-
metric studies to be performed. However a 0-D model has many limitations

with the primary problem being the inability to investigate profile effects.
Ideally therefore it is desirable to obtain a plasma transport model which
incorporates the profile effects which are absent from the 0-D formulation
and which is fast to execute on a computer.

As it is shown in chapter 5 the variational formalism can be used in order

to solve the transport equations with a significant savings in computation
time, while retaining high accuracy. Therefore by using the formulation
developed on chapter 5 it is possible to develop a complete plasma transport
model which incorporates the desirable aspects of both the 0-D and the
standard 1-D formalisms. In particular such a model gives accurate results
very fast.

In this chapter a complete variational plasma transport model is devel-
opec.

6.2 Variational Formulation of the Plasma
Transport Equations

The variational techniques developed and tested in chapter 5 are now used in
order to obtain solutions to the plasma transport equations. The equations

1
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to be formulated variationally and solved is the set deduced from the fast

equilibration approximation Eqs. (2.153 - 2.157, and 2.159). The equations
are again listed here for convenience.

Ong 1 0 Ong— = ——V'|Dj—56.15 Vi 8p + vm) + (Su) (6.1)

on i onbt hav (0.5 vine) + (S20) (6.2)
on 1:0 on
EN WD 2 ng Su 6.3ot V' 3p SP EY ) {6:3}

Onim 13 / Onim“5 == TV' 8p yr [Bonen g= tina) + { Saimp) (6.4)
30 178 aT 5
a og te iL = Io pe eXe iXi) oq 71 eR2p" +7) 2 (mere +m) + 5 )

+(SEe) + (SEi)
TT. = "'T+T A)

ot {1/B Vp) 8p FlpiiR20pEw 7 B)
aL (6.7(1B Fp) |

Ne = Ng+ N+ 204 + ZimpNimp (6.8)

ni = Ng+ n+ Ng + Nimp (6.9)

Where (Q) denotes the flux surface average of (), and where the T) is given
by Eq. (2.152). The initial and boundary conditions for the above equations
may be written in the general form

U(p,0) = Us(p) Initial ConditionU(0,t) = regular~~BoundaryConditionattheOrigin(6.10)(1, t)=U,{t) Boundary Condition at the Edge

(6.

(6.0
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where U can be any of the dependent variables being evolved (i.e. U =

Ng, N¢y Ng, Nimp, T, Y).

6.2.1 Lagrangian Formulation

Following the procedure developed in chapter 5 the Lagrangian of Eqs. (6.1
- 6.5, and 6.7) may be written as

ra lg 00 LL [20 em 5 (00
C= J Vide BE a Be Me IE -w? J]0 | w+ (5) £2 (Z] E 4

a0 TU So STE Se
ip DU +v'0 TO (6.11)Op p=1 Tle p=1

m—— ia

Note that in this variational principle the last two terms contain the

“natural boundary conditions” of the system. [4] This formulation allows
for trial functions to be substituted whose variation does not vanish at the
plasma edge (see section 5.4 for a discussion of this issue).

The vector N is given by

ng

ng

. Ne

N = (6.12)
imp

3(R. + 7,)T
i YP J

The column vectors OU /Ot and aU /Op denote the time and space deriva-

tive of U and are given by
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ony
at

25:
ot |

—~ on |

ou ot
oe 6.13ot Onimp )

Bt

aT
Bt
8C3

© Ong
8p
ony
8p

: ona

oy =. = ? (6.14)
P Th

aT
Sp

| Oy8p

The matrix D is diagonal and is given by

ND 0 0 0 0 0 1
gael), tig 0 0 0

or 0 6D 0 0 0
_ a i= ie 0) 0 0 Lod

3 40 0 Ol Xe +1: 0
ARG) 0 0 Del

where Dy, = n(|Vp|?/R?)/F(p). I is simply a vector whose elements are

equal to one (unit column vector).
The third term on the right hand side of Eq. (6.11) represents the various

convective terms of the transport equations. The convective particle fluxes

I'; are included as the diagonal elements of the matrix T
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Vdd 0 0 0 0 0 1
0 vn, 0 0 6 0

o 0 Gun, 0 gd
Ba | BI Ry te (5.16)

0 0 0 0 0 0]

here, I'r represents the total convective heat flux and is given by

Ir = (neve + niv;)T (6.17)

The sources and sinks for energy and mass are included in the elements

of the vector W, which is given by

x
We

Ww- Ww, (6.18)
Ws
We

Ws |
where the elements W; are of the form

Ww, = 7 RS re (6.19)

Yo = JA (3. dn, (6.20)

Wa= / "(8.) dng (6.21)
Nimp

Wl A LEA Tas (6.22)
Nimp

1

fees 4 RE (6.23)
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We = 312 (ne + n;) (6.24)

x Lec: DB )
Wy = 4 a (6.25)

6.2.2 Trial Functions

Once the Lagrangian is determined the next fundamental problem in the
variational formulation is the choice of an appropriate trial function. In

general, a trial function must be capable of representing the actual solution
of the equations to be solved, and it is desired that it must be of a simple
mathematical form.

For a tokamak plasma the dependent variables (n, T', v) may be accu-

rately represented by a trial function of the form

U = Us(1 — 70%) exp [ap® + Bp] (6.26)

The parameters Uy, a, and 3 (the variational parameters) characterize
the overall shape of the profiles. In particular, Uy determines the central

value of U, and a, 3 (the shape parameters) characterize the profile shape.
This type of trial function is very flexible and can represent a wide variety

of profiles by suitably choosing the values of the shape parameters a, and
3. Its flexibility was investigated in chapter 5 and is shown in Fig 5.2.

Since the variation §U of the trial function given by Eq. (6.26) does not

vanish at the plasma edge (p = 1), an exact variational formulation requires

a Lagrangian of the form given by Eq. (6.11) which includes the natural
boundary conditions.

The parameter v in Eq. (6.26) is related to the outer, (p = 1), boundary
condition. In general with this type of trial function it is possible to model
both fixed and floating edge values. In this analysis, a floating edge value
is one which is related to the evolving variables. For example, a simple

model with floating edge values is one which requires that the edge value
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is some fraction of the central value. Also, as a floating edge value can

be characterized the case which determines the boundary conditions from

some kind of plasma edge model.

For the case of floating edge values (U(1,t) = U,(t)) the parameter ~
becomes

Uy(t)=] — 6.27E Us expla + 0] )

Similarly, for for fixed edge values v becomes

Us
= = 6.28Bi Us expla + 3] (5.28)

Another trial function, similar to the one given by Eq. (6.26), is

U = (Up — Usage )(1 — p*) exp |p? ax arp’ + U,pdge (6.29)

Where Ueqge corresponds to the value of U at p = 1. With this trial func-

tion the variation 8U at the plasma edge is zero and thus the appropriate

Lagrangian is given by Eq. (6.11) without the last two surface terms labeled
Si. and S,.

The two trial functions represented by Eqs. (6.26, 6.29), when used with
the appropriate Lagrangians, are equivalent in their effectiveness of repre-
senting the solution. The formulation presented in this analysis assumes

trial functions of the form given by Eq. (6.26) with the Lagrangian given
by Eq. (6.11). This choice allows for a more compact presentation of the
results to follow.

Explicitly , the trial functions used for the various thermodynamic vari-
ables are

ng = ng(l —v4p%)exp |p? a8 Bap’ (6.30)
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n= neo( 1 oy p%) €Xp |p? i Bip’ (6.31)

ng = Nao(l — vp’) exp ap? += Bap’ (6.32)

Nimp = Pimp! — Yimp 7) €Xp |Ctimpp? in Girptrl] (6.33)

T = To(l —~rp®)exp arp? + Brp’] (6.34)

Y= Yo(l — 740°) exp [ayp® + Bup’] (6.35)

Similarly, the trial functions for the quantities accented with a () (i.e.
the functions which are not subject to variations) are given by

fg = Ral —v4p°)exp (aap? xs Bap] (6.36)

Re = fuo(l — ye p%) exp [@p® + Bip] (6.37)

fla = 7ao(l — Yap?) exp EX + Bap’ (6.38)

Nimp = impo (1 — Yimp p’) €Xp (imp + Bmpr’ (6.39)

T = To(1—yrp*)exp|arp’® + Brp*] (6.40)

v = Po(1 — v4 p%) exp ap? + Bur] (6.41)

In summary, the variational parameters are;

Ndo, C4, [34 For the Deuterium

The, i, 5: For the Tritium

Noy Coy Bu For the Alpha Particles
(6.42)

Rimes Cirnps ime For the Impurities

To, ar, Br For the Temperature

Yo, ay, By For the Magnetic Flux
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6.2.3 System of ODE’s to be Solved

Having developed the Lagrangian for the equations to be solved and the
trial functions which will represent the solution, the next step is to deter-

mine the values of the variational parameters which make the Lagrangian
L stationary. As it has been shown in chapter 5 these values when substi-

tuted in the trial functions give the best possible solutions to the plasma

transport equations. By using the convention that £; represents all the vari-
ational parameters, the stationary value of the Lagrangian is obtained by
setting

SLs,°(6))=0(6.43)8¢;
subject to the subsidiary conditions

&amp;=&amp;; (6.44)

By performing the operation indicated by Eq. (6.43) for each of the
variational parameters it is found that the problem can be put in the matrix
form

= — —1 —

E=M -R (6.45)

where £ denotes the time derivative of the variational parameters
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ndo
Ql.
Ba |
No
ay
Be

Shs (6.46)
To
ar
Br
Yo
a

L By |

M is a 18 x 18 codiagonal matrix which may be written in the compact

form

Ad [O00 [0] 0) [0]
0] 4. |v 0] [0] [0]

Goo] ko [0] [o] ~
0] [0] [0] Aimp [0] [0]
[0] [0] [0] [0] Ar [0]

LO) 0 [0 [o] [0] A]

where each of the elements A; is a 3 x 3 symmetric matrix. The elements

[0] denote 3 x 3 matrices whose elements are zero.

The elements of A 4 are related to the deuterium equation and are given

be

a Agi Azz Aaa!
Ad= | Anz Adz Ads (6.48)

L Agia Adas Adsz |

197



1 pr?
Agi = ol Vn? dp (6.49)

no, Jo

Yr en
Ag = — / Vip® nj dp (6.50)

Ngo JO

a
Ald w =f Vp* nl dg (6.51)

Nd4o YO

1

Agro = [ve n’ dp (6.52)
1

Hoo / Vi fini, (6.53)
1

Ag = | ve n’ dp (6.54)

The elements of the matrix A, are related to the tritium equation and are

given by

Am Anz Aas’
A= #7 Aaa Aras (€.55)Ans Aaa Atas |

Yeloarl
ig i Via! dp (6.56)

ni Jo

LE ae
Aig = 1 Vip n, dp (6.57)

Mtg JO

1
Aol oe / Vp* n? dp (6.58)

Tigo JO

1

Apr = | ve ng dp (6.59)
1

Aas = / Y8 n? dp (6.60)

EleAy, = La n; dp (6.61)

9
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The the matrix associated with the alpha particle equation is A, and is

given by

_ - Aa1l Aa1z Aais

AE Wa Agzz Adzs (6.62)Aaa Aazs Aaass |

1 ft
mt / Vn dp (6.63)

ne gi&lt;o

Rt
Aon = = / Vp? n? dp (6.64)

Myo YO

rl
tor = 2 Lp 69

Nao YO

1

os = / Viet nl dp (6.66)
0

1

Aig J Ve nl dp (6.67)
0

1

Aas = [ V'o® nl dp (6.68)
0

Similarly the matrix om is associated with the impurity equation and is

given by

— | Ait Aimp12 A o1a !

Aimp= a Airapan Aimp23 ' 4)Airrol3 Aimpos Aimpas |

A ” 1 Y 2SC [| vt, do (6.70)

A; a Vpn? d 6.71
mmpl2 — Riragiol 40 p Nimp P ( )

(6.6&lt;
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1 1
Apia BR —t / Vi of a dp (6.72)

Nimp0O 0

1

Airnpoe we / Vp? np dp (6.73)
1

Ampas = / V'p° 0 dp (6:74)
2 [BE 2

Airpit _ / V P Nimp dp (6.75)

The temperature equation is represented by the matrix Ar whose elements
are given by

. Ari Ariz Ams]Ar=|A112Ar2Aras(6.76)Ariz Ares Aras |

Ls fs 2Arn = 2 | Viineg+mn Tid (6.77)
1c Jo

a 2Br = = | V5 (n+ 0) T2 dp (6.78)
To 0

Leg anon 2
Ang = 7 [ Vp! (ne +n) T? dp (6.79)To 0

1

Arey = / V'p* (ne + ny) T? dp (6.80)
1

Aras = J V'0® (ne +n;)T? dp (6.81)
1

Ary = / V'p® (ne + n;) T? dp (6.82)

The flux equation is represented by the matrix a whose elements are given
LWV
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Ayn Ayp1z Ayia
A= | Ayi2 Ayo Aya (6.83)Apis Ags Ayas |

Lt od BE enAle 1 yr Rr 6.84)“= 0h Fen

Lat ALART = / vig SHED 2g, (6.85RSE Jo fo F(p) my (p)

Li (1/R%) ,
hE = / vt SH 2g, (6.86)YET edo F(p) my (p)

; (1/R?)Aes / VE 2, 6.870 F(p) ny (p) #55

! (1/R?)Aide 4 Vi 6.8822 0 Fp) my(p) (55%

! (1/R*)Mrs J VRE Ady 6.89a 0 Fp) my(p) i829)

The elements of the vector R contain the various sources and sinks,

as well as the conductive and convective transport characteristics of the

problem, and may be written as

Pip Ong \” 0
Bi = 5 / 14 2 (Z) 4 s, T Sm dpNgo Jo Op Op

3

ad VD, I + Ving 2, (9p nyo lp=1 Ndo|p=11 Ong 0 0
boo= [VV |-DaTE = (p? Taw (p?nd)|d2 ] | a5 5, (1nd) + so (ond) 4

eo 2 ry Ondo 1,0 203
: i. V(Sa) nap®dp — V'Dg—p na + V'vap*ng (6.91)0 Op p=1 p=1

6.8

2
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! 7! Ong 0 4 0 4Bs = 0 V -D.5 9p (p na) + I'y Bp (p a) dp

4 7 V'(S4) ng p*dp — VD, + Vivap'ng (6.92)
0 Op p=1 p=1

1p on, 8
R,4 = | / Vv’ —D, i + Bo -+ (St) ur dpny Jo Op Op

3

= vp, Se + Vi | (6.93)Op Mito lp=1 No|p=12 rt on, 0 2 0 2

1 on
+ / VIS nm fidp - VD, pn, + Va pfnd (6.94)

0 Op p=1 p=1oy do One 0(40(4Re = J bp -n5 3p (p n.) + Er (p 0] dp
3 / 4 / on, 4 / 4 3 .

“ / VS) nep®dp — V'Dy—p*ny| + V'up'n; (6.95)
0 Op p=1 p=1

1 Ong \’ OngR; = nl V -». (52) Sr Lag, == (Sam dp
3

== vp, Te Ia + Viaaz. . =)

a bo Ona 0/,8(,Rg i / Vv -p.2e dp (p ne) 15 Ba dp (p oa) dp
1

+ 4 V/(Sy) nap? dp — VD. gn, 4 Vivepnd (6.97)0 Op p=1 p=1

1 dn, 8 0
= Va D2 pb tf 53

1 on
+ Jivugvn Ah yp She ol + Vioup'nly (6.98J (Sa) nap” dp Toe spiral )

(6.96
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1 1 on; 2 on;
R Es —— | VV =~ iD te d10 Nimpo YO | | Op ) i F Op | $

1

+ LV Nimp dp
O%ypy Ng n}

- V'Dippp———2 2 + Vip —— £.99P Op Rirpn p=] D ign ( )

1 ONimp O 08 i 4 Wt — Diy,EE2imPimun2im11 § | * 8p 5p (7 imp) + 5p (Pin) dp

RY S 2 d/ (Simp) imp 0° dp
— V'D; Ottimp a... + V'vimppn? (6.100)

imp dp imp 1 imp 8 .

1 ONimp O 0
R a / 1% =D: —F A im Cin: aL 2 im d12 h | Pp 5p (¢' ims) + v2 (ores) P

2 / 4

- i Vv Si) Nimp P dp

— V'D; Ontimp 4, + V'0imppind (6.101)
imp dp imp = imp imp el ;

1 1 aT \? oT
Fis = = [ V'|—(nexe Xi f= I'r—1| 4dt13 A | (nex +n (Z) 2 "| p

1

| VI((Ske) + (Se) Tdp
or T 5 T=

— V(nexe +n; 50% + -VT 6.102(nex X) 50 Tals irl ( )
1 oT oO oT

k = [Vv —\NeXe xi) == (P* =14 . | (nex +n) Gy 5 (°T) + Tr d
1

= V(Sse) + (Sw) PT dp
; aT 5

Vi(nexe + nix:) 5°) + oY Tre T| (6.103)Op =1 2 p=1

SO.
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1 OC Dari oT
— R= ixi)— — (pT I'r—1| dHis / V | (nexe + mx) 5-5 (p ) + x p

1

+ | VU(Se) + (Sm) p*T dp
37 5

— V'(nexe + nix) = pT] + 5 VTre'T) (6.104)
Op =] 2 p=]

La 1 ,|VpP (22)Be = = [V[-m5SD (5) + (Biv) 4 6.105

1 1 |Vp|? Oy IO |=|V|-==(—)77(pRy)p*|d6.106Re=[V5RDpea)+(Base|do(8108: LINEA a i, 4
Bs = [Vv [-g5EE0S 2) + dp (6.107w= [Vr RD seat)+(Retedo(820)(6.108)

where R, in Egs. (6.105 — 6.107) is given by

(Be 2 B)
R,= ———" 6.109)“= WHF) :

In summary, by finding the Lagrangian L£, by assuming forms for the
trial functions, and by taking the variations of £ with respect to all the
variational parameters appearing in the trial functions, it has been possible
to reduce the system of partial differential equations to a system of coupled

ordinary differential equations.

6.3 Sawtooth Model

Tokamaks are subject to various global, and local instabilities which can

not be predicted by the transport equations presented here. Most of the
macroscopic instabilities observed in tokamaks can be attributed to certain

MHD modes.
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Sawtooth oscillations were first observed in the ST tokamak. [62] There

it was found, by observing the soft X-rays emitted from the central part
of the plasma column, that the emission undergoes oscillations having a
sawtooth time dependence. This change in the X-ray emission is primarily
due to a change in the electron temperature.

Various models have been developed which attempt to explain the saw-

tooth oscillations. In particular, Kodomtsev [63] proposed an explanation
as a “reconnection model”, in which the m=1 magnetic island grows by

reconnecting the magnetic flux until it encompasses all the plasma inside
the ¢ = 1 region. Subsequently, the hot plasma is expelled from the region
gq &lt; 1 resulting in the flattening of the density, temperature, and current

density profiles.
In general, sawtooth oscillations result from a competition between two

effects: the peaking of the temperature and thus the current density profile,
and by the triggering of an m=1, n=1 MHD like mode once the q value at

the plasma center, qo, falls below unity. [64]
For the sawtooth model developed here it is necessary to address the

following questions.

1. What are the necessary conditions for the occurrence of sawteeth?

2. What is the sawtooth collapse time?

3. What is the heating rate of the sawtooth?

4. What is the sawtooth repetition time?

5. What are the profile changes due to the sawtooth collapse?

It has been shown that the condition for sawtooth activity is go ~ 1.[64]

In estimating the sawtooth collapse time there is no agreement between the-
ory or experiment. For example, in the JET tokamak the experimentally

measured collapse time is 7, ~ 100usec [65] while the predicted collapse
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time from Kodomtsev’s [63] reconnection model is ~ 5msec. In this model

the collapse time is chosen to be 100usec. By analyzing the one dimen-
sional electron heat equation, it has shown that the temperature rise of the

sawtooth “appears to be predominantly due to resistive heating”.[64]
The sawtooth period is a strong function of the plasma parameters and

the operating conditions. A good estimate of the sawtooth period, ,, is

given by[66]

r:\8/5 /T.\1/5TR (2) (+) En (6.110)a T.

where r; is the radius at which ¢ = 1, a is the plasma minor radius, 74

represents the Alfven transit time across the plasma radius

1/2mp
Ty = —— 6.111= BAD cy

where B, is the toroidal magnetic field, m, and k are respectively the
poloidal and toroidal mode numbers, and p is the mass density. The heating
rate 1/7, at the magnetic axis may be calculated from

3 Teo
Nb 8.112

where 70, and Jy are respectively the resistivity and the toroidal current

density at the plasma center. 7g is the resistive skin time across the plasma
radius and is given by

2a

7

The parameter w, in Eq. (6.110) represents the plasma diamagnetic
frequency and has the form

med Tl
CER Li 6.114= eB, r; dr (rs) ( )
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The prediction of 7, from Eq. (6.110) does not apply in general. For
example, in neutral beam and RF heated plasmas it has been observed
that the sawtooth period becomes very long &gt; 2sec. These types of saw-
tooth oscillations are called “monster sawteeth” and have been observed in
both the JET and TFTR tokamaks [67,68,69] The effects of these types of
sawtooth oscillations on plasma transport can be simulated by arbitrarily

choosing the sawtooth period.
After the sawtooth collapse the temperature and density profiles are

changed. In general, the profiles are flattened up to the inversion radius, p;
which corresponds to g = 1 i.e. p; = p(q = 1). Another interesting point is

the mixing radius, p,,, beyond which the profiles remain unchanged. These
qualitative arguments regarding the profile changes are drawn upon exami-
nation of experimental data. The name inversion radius is derived from the

observation that during sawtooth activity the X-ray emission observed at
outer radii indicates that the sawtooth is inverted.

During the sawtooth collapse the temperature, particle density and cur-
rent density profiles are changed but the total plasma density and the total
plasma current remain constant. From experimental data in DIII-D and
other tokamaks, scalings for the location of the mixing radius p,, have been
determined. In particular, Snider [70] has reported the following scaling for
frm

1
pn — 410.27 (6.115)

qos

where qg5 is the safety factor at the 95% flux surface.
It is important to determine the shape of the profile after the collapse

since it is required as a new initial condition for evolving the plasma pa-

rameters. For the variational transport model developed in this thesis it
is important to estimate the value of the variational parameters after the
collapse since they determine the actual shape of the profiles. For the trial
function used there are three variational parameters and thus values for

these three parameters must be obtained after the sawtooth collapse.
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The temperature profile 1s changing during a sawtooth collapse. Due
to the fact that the collapse is very fast no energy is transported across

the plasma via the standard convective and conductive processes during
the time frame of the collapse. However, due to the temperature change
inside the mixing radius the radiation balance changes. For example the
Bremmstrahlung radiation level changes during the sawtooth collapse.[71]
If the profile shape for the density and the temperature is known before and
after the collapse the difference in the Bremmstrahlung radiated power can
be estimated. If FE; is the total energy content of the plasma prior to the
collapse and Fj, is the total energy after the collapse then

E, =F, — Ep (6.116)

where Ep is the energy lost from the plasma due to Bremmstrahlung radi-
ation. By writing

E, = ¢F, (6.117)

where ¢ = 1— Eg/E,, the energy conservation condition given by Eq. (6.117)
can be used as one of the conditions needed for estimating the change of

the temperature profile. For arguments similar to those developed for the
estimation of the density profile changes, the temperature profile remains
unchanged at radii greater than the mixing radius p,, i.e. for p,, &lt; p &lt; 1 the

temperature profile remains unchanged. The two conditions outlined above
may be used to determine two of the three parameters appearing in the

temperature trial function Eq. (6.34). Therefore for a complete solution
another condition is required. This condition can be deduced from the

observation that the temperature profile inside the inversion radius p; is

flattened.[71] Thus if the location of the inversion radius is known, the
peak temperature after the collapse is equal to the temperature at p = p;
before the collapse. It is then possible to estimate the central temperature
drop AT due to the sawtooth collapse.In particular AT may be written as

AT = Tlp =0)— Tilp = pi) (6.118)
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The inversion radius can be obtained by either using the scaling relation[70]

: (6.119)
Sl d95

or by finding the radius below which the safety factor becomes less than
one.

In summary then the determination of the temperature profile after the
sawtooth collapse is found by using the equations.

fv E2dV = fy, eE, dV Energy conservation
(6.120)

AT = Ty(p = 0) — To(p = pi) Given Temperature drop

and by minimizing the integral

1

I = (Th — T.Y dp (6.121)
Pm

Next in order to determine the change in the flux profile ¢ the following
assumptions are made.

1. The total plasma current is conserved during the sawtooth collapse.

2. The axial current density J(p = 0) changes by a prescribed amount
during the sawtooth collapse. Soltwisch [72] has estimated that the
J(p = 0) changes by approximately 8% during the collapse.

3. The flux profile does not change for radii greater than the mixing
radius p,,

Mathematically the above conditions are expressed as follows.

Le: SiN pit
Io(p) = ido 000 =" Constant" (6.122)

p=pm po Op R? 'ipp,

A p=0) n= 8% (6.123)
1

Minimize y (¥ — Ya)’ dp (6.124)
Pm
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The mathematical model used for determining the shape of the density
profile after the sawtooth collapse is based on the following: First, the total
number of particles is conserved during the collapse, second, the value of the
density at the mixing radius p,, before the collapse equals to the density
after the collapse, third, the shape of the profile remains unchanged for
om &lt; p &lt; 1. Furthermore, the value of the density at the plasma center,
p = 0 equals to the density at the inversion radius p;.

Mathematically, if ny corresponds to the profile before the collapse and
n, corresponds to the profile after the collapse, the above ideas are expressed
as follows

frmdV = [yn dV Particle conservation
(6.125)

Relpm) = Tal pm) Fixed density at p,,

and by minimizing the integral

1

r= / (75 — 7) dp (6.126)
Pm

the difference between the before and after profiles is minimized between
pm and 1.

6.4 Relating 7p to x

The parameters that characterize the confinement of energy in a tokamak

plasma are: the global energy confinement time 7g for the volume averaged

(0-D) model, and the thermal diffusivity x in the one dimensional model.
Since 7g is a number and x is a function, it is not possible to infer a unique

x once the global energy confinement time 7g is known. In general how-

ever the global behavior represented by 7g is a conglomeration of the local
plasma behavior which may be represented by x, and there is a correspon-
dence between the energy confinement time and the local plasma transport
characteristics. This correspondence is valid only when volume averaged
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quantities are considered. In deriving the zero dimensional plasma trans-

port equations in chapter 2, the global energy confinement time 7g was
defined as

E
E=p (6.127)

where F is the energy content of the plasma

3Z=55 J niTiav (6.128)
J

and where P represents the plasma heating power. In particular P is given
by

P=PF_ +F — PP. (6.129)

The power lost due to conductive processes is equal to P and is given

by

Dis J Qoss AV (6.130)
Vv

the power density () has the form

Lg oT= —=V'(n x.+n:x:)|Vp?—6.131Q V7 8p (eXe + nix) Vol 9p (6.131)

Therefore Eq. (6.127) can be written as3 y V'(ne+n;)Tdplo deLiA(6.132)2 [V(nexe + nox) VolPSE]
It is not possible to obtain a unique relation between 7g and x unless

the functional form of both x. and x; is specified. By assuming that the

electron thermal diffusivity x. and the ion thermal diffusivity x; have the

211



same functional dependance but are modulated by some constant factor f,,

then a simple model for x. and x; is

Xe = Cyexplvy,p’] (6.133)

Xi = JuCx exp(vy, | (6.134)

The parameters v,, and v,, determine the shape of the profiles and are

assumed known. The parameter C, is given by

3 F V'(ne iJ — Jo"(ne+m1)roAT(6.135)275 [V'(ne explu,] + nif explo) Vo EE]

By using Eq. (6.135) the parameter C, can be calculated as the plasma
thermodynamic variables evolve and as the global energy confinement time

changes.

6.5 Solution Procedure

As has been shown from the previous analysis, the problem of finding solu-
tions to the plasma transport equations is reduced to the problem of solving

the system of coupled ordinary differential equations given by Eq. (6.45).
The variables to be evolved are the variational parameters.

In order to start the solution the initial conditions must be provided. In

a standard PDE problem the initial conditions are given in the form of a

radial profile. In this analysis the initial conditions are given by specifying
values for the variational parameters, which actually dictate a shape for the

initial profile. For example, by setting the shape parameters equal to zero
(i.e. a; = 0, B; = 0) the initial conditions are parabolic profiles. Besides

the shape parameters, initial values must be provided for the central values

of the thermodynamic variables n;, T', and the flux y.
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For the solution to proceed, the boundary conditions at the plasma
edge must be given. In general, the parameters 7; appearing in the trial
functions, are determined as functions of the edge values which can be fixed

or floating (functions of time) by using Egs. (6.27, 6.28).
Once the initial and boundary conditions have been specified the next

step is to determine the shape of the magnetic surfaces. This is required for
the computation of the various flux surface averages. The determination of
the magnetic surfaces is obtained by solving the Grad-Shafranov equation.
The Grad-Shafranov equilibria are obtained by using the variational equi-
librium model developed by Haney. [73] This variational Grad-Shafranov
solver is characterized by fast execution times, simplicity, and robustness
thereby making it ideal for calculating the flux surface shapes required for
performing the various flux surface averages. In order to completely define
this fixed boundary equilibrium problem the following parameters must be
provided.

Ro Plasma major radius
a Plasma minor radius

Ku (Ki) Plasma upper (lower) elongation
5. (81) Plasma upper (lower) triangularity (6.136)
Bo Toroidal magnetic field at Ro
P Plasma pressure
r Toroidal Flux Function

The functions P, and F are obtained from the transport equations and the
rest of the variables listed above characterize the tokamak geometry under
consideration. In particular the pressure P is given by

P= (n+ nT (6.137)
and the the function F is given by Eq. (2.84) which is repeated here for
convenience.

SE
a VS 2 = Po) + (PF (613)
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6.6 Computer Implementation

The theory developed in the previous sections has been implemented in a
computer program called “MITra”. This program, written in the MPPL

programing language has been adapted to run on VAX stations and on

the CRAY supercomputer. The system of ordinary differential equations
is solved by calling the IMSL routine DVERK. This routine is based on a

fifth and sixth order Runge-Kutta method. The code has been segmented
and thus the user has the ability to easily modify the desired subroutine
to perform the desired studies. For example the form of the diffusivity
X 1s given in a separate small unit whose manipulation is easy. Also the

auxiliary power is given in a separate subroutine thereby enabling the user
to change the auxiliary power deposition profiles with ease.

6.7 Sample results of the 1:-D MITra trans-
port code

The volume averaged (0-D) transport model and the 1.-D transport model
are fundamentally different in their representation of the plasma behavior.
The 0-D model evolves the thermodynamic variables under the assumption
of fixed profiles. However, even though the two models include different
representation of the underlying physics, the results obtained under similar
qualitative assumptions are similar. For example qualitative similar results
are obtained when the temperature evolution is investigated. On Fig. 6.1
the 0-D temperature evolution for the CIT tokamak under Goldston H-mode
scaling is compared to the temperature evolution obtained from the code

MITra. The simulation is obtained for x = C, exp[p?] where C, is found

from Eq. (6.135). Note that the final equilibrium temperature is similar. In
particular the 0-D model equilibrates at T' = 33 keV, and the equilibrium
obtained by MITra is T' = 28 keV. This difference in the equilibration

temperature can be decreased by changing the functional dependance of x.

214



40 - ey ey - 40 r - r -

38} 38

30 I 30

&gt; 25 s 25 t
x , nd
&lt; 20 Lo Zao)

15 LPs
10} 10

5 | 59reerLeferEEert0bteedRE,0 : : . 3 10 0 : . 8 Tr

time (sec) time (sec)

/
10° &amp;2NY sy

[TPR 2
URS Ta x

&gt; FIRS©(IN \ SIP

7 SEINE SINR 3— 20k RN”
&lt; RRRNDNNREE ER 2,
BE

fe gli - . a
bi it. oC

BN ¢
0 Sa

Figure 6.1: Clockwise from top left corner: 0-D temperature evolution of
the peak temperature (assuming parabolic profiles) and Goldston H-mode
scaling, the evolution of the peak temperature from the MITra code with
x = Cy exp[p?] where Cy is determined from Eq. (6.135) for Goldston H-
mode scaling. Also shown is the evolution of the temperature profile.
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Note that the equilibrium temperature reached in the evolution shown
on Fig. 6.1 is the high temperature stable equilibrium. However, as was

discussed on chapter 4, these high temperature equilibria are not desirable
for operating a tokamak reactor. In a manner similar to that employed

on chapter 4 it is possible to generate equilibria at lower temperatures by
modulating the auxiliary power. For example by modulating the auxiliary
power the equilibrium shown on Fig. 6.2 is obtained. The modulation of

the auxiliary power is obtained according to the relation

’ &lt;7

PT) =| 1 2 (2%) 7, &lt;T&lt;T, (6.139)

a &gt;,

where T} = 14.0 keV, T, = 16.0 keV, and A = 2.0. As the plasma tem-

perature increases the fusion power increases and thus the thermonuclear

Q increases accordingly. The evolution of the thermonuclear @ is shown on
Fig. 6.3. Operation at the equilibrium temperature corresponds to ¢) = 51.

Once the desired equilibrium has been reached the auxiliary power is
used in order to stabilize both positive and negative fluctuations. A positive
fluctuation is stabilized by decreasing the auxiliary power, and a negative
fluctuation is stabilized by increasing the auxiliary power. By assuming
a feedback law of the form given by Eq. (6.139) the stabilization of both
negative and positive perturbations is simulated. On Fig. 6.4 a 2 keV
negative temperature perturbation is imposed at time t = 7 sec. Responding

to this perturbation is the auxiliary power which by increasing brings the
system back to equilibrium.

Similarly the stabilization of a 1 keV positive temperature fluctuation
is simulated on Fig. 6.5. In this case by decreasing the auxiliary power the
plasma looses energy resulting in a temperature decrease and thus stabi-

lization of the perturbation.

P,

uU
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Figure 6.2: Clockwise from top left corner: 0-D temperature evolution of
the peak temperature with auxiliary power modulation (Goldston H-mode
scaling), the evolution of the peak temperature from the MITra code with
centrally deposited and modulated auxiliary power and with diffusivity of
the form x = C, exp[p?] where C, is determined from Eq. (6.135). Also
shown is the evolution of the temperature profile.
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Figure 6.4: Top figure shows the trace of the peak temperature of a CIT
discharge under Goldston H-mode scaling. Note that once the equilibrium
is reached a 2 keV negative perturbation is stabilized by auxiliary power
modulation. The bottom plot shows the complete evolution of the tem-
perature profiles. The form of the the x is x = C, exp[p?] where C, is
determined from Eq. (6.135).
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The sawtooth model developed in section 6.3 is now demonstrated for

the case of an ohmically heated discharge. On Fig. 6.6 an ohmic discharge

is presented with sawteeth turned off (top figure), and with fixed period

sawteeth (bottom figure). Note that the profiles flatten during the collapse
and then relax to their original (before collapse) shape as a result of the

heating of the plasma by the ohmic current. The peak temperature evo-
lution during sawtooth activity is shown on Fig. 6.7. This figure clearly
demonstrates the collapse of the peak temperature and the recovery due to

the heating of the plasma center by the ohmic current.
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Chapter 7
°Summary and Conclusions;

»

Suggestions for future work

7.1 Summary

In this thesis issues related to ignition/design, burn control, and the de-
velopment of a new transport model based on variational techniques have

been investigated.
The various plasma transport models used in the analysis were reviewed

in chapter 2. There by starting with the Fokker-Planck equation the various

assumptions leading to the 1.-D, and eventually to the 0-D transport
models were presented, and the various models were cast in a form suitable

for computation.
The procedure for designing optimized and ignited tokamaks was pre-

sented on chapter 3. There, by introducing the the parameters Brg/R,
nR/B, and RP,/a?B? it was shown that Brg /R represents a universal per-
formance parameter since it does not vary as various forms are assumed

for the energy confinement time 75. Next by explaining the importance of
keeping the ratio P,/P, as small as possible, optimized designs were ob-

tained by minimizing the ratio P,/P,. The resulting optimized and ignited
designs indicate the possible advantage of high magnetic field ~ 15 T and
high aspect ratio ~ 4.5.
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The method of plasma burn control via auxiliary power modulation was

presented on chapter 4 with particular emphasis on the CIT design. There
it was shown that auxiliary power can be a very important knob for tokamak

operation. First, by modulating the auxiliary power it is possible to map the
plasma operating space. Second, thermal equilibria can be created in the

unstable regime by suitably reducing the auxiliary power supplied to the
plasma. Third by modulating the auxiliary power about these equilibria
negative and positive temperature perturbations can be effectively stabi-
lized. Also the limits of operation of the auxiliary power control system
were investigated. In particular it was found that operation with @ ~ 50

is possible, and that the feedback control system can be characterized with
delay times in the order of 1 second. This delay time may be used in order

to differentiate between fluctuations that require stabilization, and benign
oscillations such as sawteeth.

The analysis presented in chapters 3 and 4 were performed via the 0-
D plasma transport model. Since such a model is characterized by fixed

profiles the need was recognized for the development of a plasma transport
model which could provide profile information as fast as the 0-D model to

yield its results. In order to solve this problem the variational formulation

was applied to the transport equation. In chapter 5 the basic principles
of the variational formulation were formulated and examples of variational

solutions to the general transport equation were presented. In particular the
variational formulation was tested for the case of a single transport equation

with non-linear phenomenological coefficients ( including convection terms,
and heat pulses) as well as for the case of a system of two coupled transport

equations. In general, the variational formulation yields results by a factor
of 10 - 50 faster than standard finite differencing schemes. Besides the

increase in speed the solutions obtained with the variational formulation
are accurate when compared with the exact solutions.

Having demonstrated the potential advantage of the variational formu-
lation in obtaining solutions to the transport equations, the formalism was
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next generalized in chapter 6 for the system of 1-0 plasma transport
equations developed in chapter 2. In particular the variational formula-
tion was extended to a set of coupled equations describing the evolution

of deuterium density, tritium density, alpha particle density, a single impu-
rity species, the ion temperature, and the magnetic flux. The flux surface

averaging required in the 11-D model is obtained by solving the Grad-

Shafranov equation with the equilibrium solver developed by Haney [73].
In addition to the general transport model a sawtooth model was also de-

veloped. Some sample cases were presented which indicate the operation
and the capabilities of the variational transport model. In particular sample
ignition and burn control cases were presented for the CIT tokamak.

7.2 Future Work

The 11-D variational transport model developed in this thesis can be used

to perform a number of studies related to tokamak performance. The main

advantage of this model is that profile information can be obtained in a

time similar to that required by the standard 0-D models. The burm control
characteristics presented in chapter 4 were obtained by using the 0-D model
and thus did not include any profile information. Many of the issues related
to ignition and burn control are sensitive to profile characteristics and thus

their study requires a 12-D model.
In particular the following issues are of importance and require further

investigation with the 1;—D model.

I Sawteeth.
In general a tokamak discharge is characterized by many local and
global instabilities with the sawtooth oscillation being one of the most

important from the point of ignition and burm control. During a
sawtooth oscillation the profiles of the plasma temperature and den-
sity flatten and there is enhanced transport from the plasma interior.
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This makes ignition more difficult to achieve and places some im-

portant limits on the feedback system required to control the plasma
burn. In chapter 4 the importance of the delay time 7, was introduced

and the connection to the possible sawtooth effects was mentioned.

The feedback system has to be able to discriminate against benign
plasma oscillations such as sawteeth. This point was also introduced

in chapter 4. With the fast variational transport model developed
in this thesis it is planned to study the effects of sawteeth-of vari-

ous periods-on plasma ignition and burn control. For example, pre-
liminary calculations indicate that an effective burn control system,

based on auxiliary power modulation and operating in a sawtoothing

plasma, will be characterized by @) values that are lower than those
characterizing a plasma without sawteeth. In the future, and with
the aide of the variational transport model, these issues related to

sawteeth effects will be investigated.

2. Impurities
Another important effect on ignition and burn control is the plasma
impurity level. For example, since impurities tend to concentrate in
the plasma center, it is important to model their transport in order to
study their effect on both the ignition and burn control characteristics

of the plasma.

Another important area that needs investigation is the effect of non-

coronal impurity radiation on plasma control. Up to now plasma

control and regulation studies, via impurity injection, has mainly con-
centrated on coronal equilibria. However, as the impurity ion average

charge increases and approaches the coronal charge state distribution
the radiated power decreases by one or two orders of magnitude.[74]

Thereby it is possible by injecting light impurities into the plasma,
and by including the radiated power due to non-coronal radiation to
find that the actual amount of impurity injection required for burn
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control and regulation can be substantially decreased. The possible
application of non-coronal radiation in the case of plasma shutdown,
which is a special case of burn control, needs to be evaluated. For ex-

ample, by inducing negative temperature perturbations and allowing
them to grow in a controlled manner, the shutdown phase can be slow

enough for the poloidal field system to follow the decrement of plasma
pressure, thereby minimizing the possibility of disruptions. Another
application of non-coronal radiation is for edge temperature control.
Low temperatures are required in order to minimize erosion problems
of the plasma facing components. Low temperatures can be achieved
by injecting small amount of impurities near the divertor plates.

3. Transport assumptions
One of the most important considerations when using a 11-D trans-

port model is the type of transport assumptions used in the model.
Since there is no agreement on the form of the plasma transport co-

efficients it is important to be able to perform parametric studies in
order to cover the whole range of possible functional shapes and de-

pendences. With the variational model developed in this thesis it
is possible to investigate tokamak behavior under various transport
assumptions by virtue of the fast execution of the model. In particu-
lar by evolving a tokamak plasma consistent with a particular global
confinement scaling, according to Eq. (6.135), the effect of various
transport coefficients can be investigated.

+. Off-axis heating
Controlling the plasma via auxiliary power modulation has been shown
to be an effective way to stabilize temperature fluctuations. It is

planned to extend the analysis with the aide of the new variational
transport model in order to investigate the effect of various types of
auxiliary power heating profiles. In particular it is important to quan-
tify the response of the burn control system for situations in which
the auxiliary power is deposited in the plasma periphery.

2928



5. Diagnostic tool
By virtue of its fast execution time, the variational transport model
developed in this thesis can be used as a between shot-diagnostic

in tokamak experiments in order to determine the various transport

coefficients. For example, it is possible by measuring the profiles of
density and temperature as well as the global energy confinement

time, to deduce the profiles of the various diffusion coefficients.

6. Fueling

During pellet fueling the plasma undergoes density, temperature, and
thus fusion power fluctuations. These fluctuations should not effect

the burn control system and it is important to investigate the type of
feedback system required in order to filter those types of fluctuations.
In particular the feedback delay time has to be consistent with the

time scale characterizing particle diffusion.

Finally, the variational transport model developed in this thesis is very
suitable for use as a module in a more general tokamak systems code. A

tokamak systems code which incorporates the variational transport model
developed here, and the variational equilibrium solver developed by Haney
[73], will be fast and also will provide important profile information.
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Appendix A

Coefficients for the 0-D
Transport Equations

In this appendix the coefficients K;, and C; appearing in the 0-D equa-
tions are presented.

5

Ko L2x10° i
l4+v, + vr

1.67 x 10% {1 + n?}?es (==) Less iL.
5

k, - Bx 03

K = 03x, (1.4)
° 1 + 2v, + Sup as

4

Kk, = 2x1 (1.5)
K

3

X= 6.21 x 10 (1.6)
l4+v, + vr

0.0507
Cy = mo (1.7)

14C= 0:4 (1.8)
vr
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