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An Optimal Burn Regime in a Controlled
Tokamak Fusion Power Plant

Julio J. Martinell and Javier E. Vitela

Abstract—The optimal conditions for the burn regimes of a
tokamak fusion power plant are obtained under the assumption
that electron and ion temperatures can be controlled indepen-
dently by means of external auxiliary heating. The study of
the system is based on a volume-averaged 0-D two-temperature
model in which different operating states are obtained by
proper adjustment of the deuterium-tritium refueling rate and
the auxiliary heating power to electrons and to ions. Optimal
operating conditions that maximize Q power gain are determined
using plasma operation contour plots. For the H-mode, the
optimal burn regimes for a given fusion power are shown to
be obtained when the auxiliary heating power to the plasma ions
vanishes. The impact on the optimal operating states of varying
the enhancement factor of the energy confinement time is found
to be important. Impurities composed of beryllium and argon
are included in two different scenarios that give similar results.
An ideal system free of impurities is also presented to show that
a clean plasma would significantly improve its performance.

Index Terms— Fusion reactors, plasma confinement, tokamak.
I. INTRODUCTION

N ORDER to optimize the performance of a fusion power

plant, it is necessary to minimize the auxiliary heating
requirements. The ultimate goal is to achieve the ignition
state where no auxiliary heating is required. Then, most of
the heating of a burning plasma should be due to fusion
reactions, which in a deuterium-tritium (DT) fueled tokamak
reactor heat the plasma through the energetic alpha particles
that are created. They deposit most of their energy into the
electrons, with only a small fraction going to the plasma ions.
Thus, electron temperature will be higher and the reactor will
operate in the hot electron mode. To describe this situation,
it is necessary to analyze the operation of a fusion reactor by
considering two different temperatures for ions and electrons.

In contrast to other studies in which a one-temperature
model was used [1]-[5], in this paper, we analyze burning
regimes of a two-temperature plasma in a tokamak device.
For definiteness, the design parameters of International Ther-
monuclear Experimental Reactor (ITER) [6] are used, but
the analysis could be applied to any other system. To keep
it simple, we use a 0-D model in which energy transport
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is accounted for by a global energy confinement time tg
taken from the IPB98(y, 2) scaling. Deuterium and tritium
particle transport as well as helium ash accumulation is also
accounted for by means of global confinement times assuming
Tp, THe X 7g. Different operating conditions can be obtained
by appropriately adjusting the DT refueling rate and the
independent auxiliary heating to electrons and to ions. Here,
plasma operation contour (POPCON) diagrams [7] are used
to identify the optimal operating conditions, i.e., those states
that maximize the (Q-gain for a given fusion power level.
The operating points studied in this work are constrained to
keep a fixed electron-to-ion temperature ratio 7;/7T, = constant
(although (T, — T;) = constant was also studied). This means
that going from one steady state to another, while seeking to
attain the optimal one, the electron temperature and density are
varied independently, but the ion temperature is determined by
the fixed relation. This can be achieved by tailoring auxiliary
heating to each species appropriately. We focus the attention
on the hot electron mode (7, > T;) since this is the one
expected for the operation of a subignited burning plasma.
A similar analysis has been used to study the thermal stability
of a fusion power plant [8], [9].

Our aim in this paper is to show that the optimal oper-
ating states of a reactor can be attained for zero external
heating to the ions. We are not concerned about how to go
from one state to another, but we assume that it is always
possible to reach the desired state by controlling the external
parameters like the auxiliary heating and the refueling rate.
Another control parameter is the helium content, which could
be extracted or injected as needed. The operating states are
thus characterized by the electron temperature and density,
which in turn determine all other relevant quantities. This is
an attractive operation option since the power requirements
are reduced by turning off external ion heating such as ion
cyclotron range of frequencies (ICRF) heating maintaining
just electron external heating, like electron cyclotron resonant
heating (ECRH). Since we also assume H-mode operation,
it is of interest to mention that ECRH can also be used to
produce transport barriers leading to H-mode [10]. We first
study with some details the case for which the ion to electron
temperature ratio 7;/T, is constant, and then compare with
some cases that use the alternative condition that keeps T, — T;
constant. The results are qualitatively the same indicating that
the fundamental conclusions do not depend on the actual
temperature relation.

This paper considers that the plasma contains impurities
composed of a light element, beryllium, and a heavy element,
argon, and analyze the cases when the number density of Ar is
fixed and when the fractional density na./n. is kept constant.
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In both of these cases, the beryllium fractional density is
assumed to be fixed. As a reference case, we also study the
ideal situation in which no impurities are present.

This paper is divided as follows. In Section II, we discuss
the physical model used in this paper. Section III presents the
results for steady-state operation using POPCON plots. The
results of the case where the beryllium fractional density fg.
and the argon particle density na, are fixed are presented in
Section III-A; in addition, the results and discussions of the
optimal conditions for maximum energy gain are given and
the dependence of the optimal operating conditions on the
energy confinement time values is shown. In Section III-B, the
alternative case where both fractional densities fg. and fa, are
fixed is analyzed. Section III-C presents some results for the
ideal case where no impurities are present and Section III-D
studies the effect of modifying some electron/ion relationships.
Finally, in Section IV, the main results are discussed and
conclusions are drawn.

II. PHYSICAL MODEL
The equations that govern particle balance (ions and alphas)
and energy density balance (electrons and ions) are
0
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The quantities fDT and fa and g, and g are the DT
and alpha particle fluxes and the electron and ion energy
fluxes due to transport, respectively. Energy losses include
bremsstrahlung [11] and cyclotron radiation Peye [12]. The
coefficient A, corresponds to the bremsstrahlung radiation
losses and Py, = E - j is the ohmic heating, which is assumed
to be solely due to the induced plasma current I (bootstrap
and current drive are considered to be absent or small) and
thus approximated by 5(1/A)?, with 5 being the neoclassical
resistivity [13] and A the cross sectional area. The effective
charge Z.g is given by

2.
Zions z i
Zions Z ini
7¢i 18 the relaxation time for electron—ion energy equipartition
and (ov) is the DT reactivity given by the expression [14]
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where T; = T;(r, t) is the local ion temperature in kiloelectron-
volts. The values of the parameters myc?, Bg,and cy,...,¢c7
can be found in [14]. Thermalization of the alpha particles
produced by fusion is assumed to be instantaneous. The birth
energy of the alpha particles is Q, = 3.5 MeV, fi, is the
effective fraction of alpha particles that are anomalously lost
due to MHD events before they are thermalized, and f, and f;
are the fractions of the alpha particle energy Q, deposited into
the electrons and ions, respectively. We will assume that the
impurities are solely composed of Be and Ar. Thus, the quasi-
neutrality condition is n, = npt + 21y + Zpenpe + ZariArs
where n, is the electron number density.

The 0-D equations are obtained from the volume average of
the above equations. For the optimization analysis we make
here, the shape of the radial profiles is unimportant since
stability and transport phenomena are not involved. Thus, for
simplicity, we assume flat particle density profiles ng(r) = ng
(k = e, DT, a, Be, Ar) and temperature radial profiles for both
electrons and ions of the form [15]

Ti(F, 1) = T2(OI1 — w/wol” 8)

with TkO (k = e,i) being the central temperature and
w the toroidal magnetic flux coordinate, and g the total flux
enclosed at the tokamak boundary.

The volume average of (1)-(4) gives a set of coupled
nonlinear differential equations for the evolution of npr, the
helium ash n,, and the peak electron and ion temperatures
Te0 and TiO. Because of a lack of proper understanding con-
cerning particles and energy plasma transport, volume average
transport losses are usually taken into account in 0-D studies
through the energy confinement times of the electrons and
the ions tg . and 7g;, as well as by the DT and the helium
ash confinement times 7, and 7,, respectively. The resulting
equations take the form
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dl3
7 E(nDT +ng + nge +na){Ti)y

1
= <Paux,i>v + Z(l — firac) fi QanzDT(O'U>v
3y
1+=t\3 T.—-T;
n ) Zn, e i
IL+y J2 Tei

1 3
- = (mpr +ng +nge +n
(1-1-)’:) 2( DT + Mg + NBe + Nar)

T;

(12)
TE,i
where the electron—ion relaxation time 7. is given by the
expression [16]

3 Tf /2

B 8\/2nm;/2e4lnAe > ions Zl.zni/mi .

In these equations, for simplicity, we have removed the super-
script O in the electron and ion central temperature notation,
and thus from now on, T; and T, will denote the central
temperatures.

In order to include the contribution of line radiation losses,
in (11), we have included the fudge factor F.,g = 2 such
that the bremsstrahlung losses in this model match the design
values of the combined bremsstrahlung and line radiated power
at the reference values of the electron and ion temperatures
and particle density reported for ITER. For the same reason,
we have also included the fudge factor Fyn, = 1.85 in
the ohmic heating term, which accounts for differences
in the profile averaging procedure, in order to give the
design power of 1 MW at the nominal operating point.
The constant Acyc is given in [12] and for our parameters
equals 1.23 x 10715 MW/m?, while A, = 0.0324 MW/m3
and A, = 5.327 x 107* MW/m® when T, and n are
in kiloelectronvolts and particles per cubic meter, respectively.

The volume average of the DT reactivity (o), used in the
above equations can be written as

(ov)y = G(y1, Ti) X {o0)

13)

Tei

(14)

where G is a correction factor for the radial profile in (8),
which is given by

G(ys, Ty) = 0.249 +0.017T; — 0.0001177 — 0.13y,
+0.023y — 0.00769y,T; + 0.000067T7y,
+0.00125T;y2 — 0.0000126T7y (15)

where 7; is the central ion temperature in kiloelectronvolts
and (ov) is the expression for the reactivity in (6) evaluated
at the central ion temperature.

The energy confinement time g will be estimated using the
IPB98(y, 2) scaling [6], [20]

7198 (¥, 2)
— 0.0562H 993 R197 BO15 019 058,078,041 p=09 (14

where the factor H expresses the degree of enhancement
expected over the current mean prediction. The values of the
parameters in (16) were taken from the values reported for
ITER [6]. First, the simplifying assumption tg; = Tg,. = TE
is used, which means that ion and electron channels have the
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same scaling, an assertion that is supported by studies based
on experimental data from different machines made in [18].
They find that in H-mode, 7 ; and tf . are consistent with the
gyro-Bohm scaling, which in turn agrees with the global g
given by (16) [18]. The actual values of t¢ ; and g, may be
different, so we allow a variation of the ratio { = tg,;/7E -

Although the scaling (16) has been obtained from past and
current devices that operate in the hot ion mode, some recent
results have shown that the energy confinement time does not
depend on either the electron to ion temperatures ratio 7,/7; or
the electron to ion input power ratio; only the total net heating
power is involved in 7g [17]. It has been argued [18] that the
observed dependence of the thermal diffusivity on T,/7; would
lead to a corresponding dependence of tg on T,/T;, butin [17],
it is shown that there is also a temperature gradient change
when T,/T; is modified that compensates for the diffusivity,
making tg independent of T,/T;. Thus, up to date, there is no
evidence of any modification required to the above scaling for
the hot electron mode expected for a reactor.

The gain factor Q¢, defined as the ratio of the energy
generation rate in the plasma due to the fusion reactions to
the total external heating power, measures how close a fusion
reactor is to ignition conditions

<Pfusion>v
(Paux + Pohmic)v

where Py« includes both the auxiliary heating to electrons and
to ions and Pkysion takes into account the total energy produced
in the DT fusion reactions, i.e., the energy carried by the alpha
particles and by the neutrons. When ¢ = 7g;/tg,. # 1, the
resulting values of Q¢ and other quantities are modified, but
the main relationships are maintained.

Important empirical quantities to be considered are the
L-H mode transition power threshold M

Q¢ = a7

M = P;/ Presh (18)
with [19]
Piiesh = 4~30Me?f130.772n2.782 R0.999ao.975 (19)
and the Greenwald density limit
ng = 1/(xd?). (20)

It is required that M must be larger than one for H-mode
operation [15], [20]. In these equations, Presn and P are
in megawatts. On the other hand, ng is an empirical upper
density limit to avoid plasma disruptions and confinement
degradation when operating near this limit. However, it has
been found that operation of tokamaks at higher densities is
possible under certain conditions [21]-[23]. In (16) and (18),
Py = (Po~+Paux,e +Paux,i +Pohm —Prad) X Veore, With Veore the
volume of the plasma; n, is the electron density normalized
to 102 m—3 in (16), while it is normalized to 102° m~3 in
(19) and (20); and B is in Teslas, R and a are in meters, and
the current / is in megaamperes.

During the thermalization of the a particles produced by
fusion, they are in the energy range between 3.5 MeV and the
volume average plasma nominal temperature ~8 keV, and in
this range, the velocity of the alpha particles is greater than
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the thermal velocity /27T /m; of the ions and much smaller
than the thermal velocity of the electrons. In this interval
(v, K Vg K Uth,e), the rate of energy loss of the alpha
particles is approximately given by [24]-[26]

d o 327 Z2e*n, In AeE

dt YT Bmmy z)fh’e *
N Y (P L
ions Q'ma mi El}t/z

where the first term on the right-hand side is the energy
absorbed by the plasma electrons and the last term is the
energy lost to the ions. Thus, above a certain energy value,
the alpha particles lose their energy mainly to the electrons.

This critical energy is given by
2/3
(1 + @) Z?ﬁ} .
m; Ne

(22)

Ecril =

mal)tQ]:l,e 3\/5& Z ln Al
2 4 mg In A,

ions

Using (21) to determine the energy deposited into elec-
trons and ions during thermalization, we find that approxi-
mately 85% of the energy of the fusion alphas is absorbed by
the electrons and only 15% by the ions.

The reference operating state for the studies presented in
the following is ng = 102 m=3, and T,y = 23.6 keV
and T;p = 23.0 keV for the electron density and the peak
temperatures of the electrons and the ions, respectively. The
radial profile parameter y, will be taken to be equal to 1.85 for
both electron and ion temperatures. It will be assumed
that 10% of the alpha particles produced are anomalously lost
before they are thermalized, and hence, we take fi,c = 0.1.
Following the previous discussion, we assume f, = 0.85 and
fi = 0.15. Similarly to other studies, we take into account the
effect of helium ash accumulation self-consistently assuming
7, = 6.87g, and likewise for the global transport losses
of DT, we take tpr = 14. The ionization charges for the
impurity ions will be taken as Zx, = 17 and Zg. = 4. The
Greenwald density limit ng is 1.194, which corresponds to a
horizontal line in the POPCON plots shown in the following
at ne/neo = 1.19.

Equations (9)—(12) are solved for steady state (0/0t = 0)
scanning over density and electron temperature around the
reference state, in order to generate POPCON plots. The
corresponding ion temperature is determined from the constant
ratio T;/T, = 0.975, obtained from the reference values
of T,o and Tj9. For each (n.,T,) value, the solution of
the four equations gives the values of the four quantities:
DT refueling rate Spr, fractional density of helium ash f,
and the auxiliary heating power to electrons Py, and the
auxiliary heating power to ions P,uy,;. By fixing a temperature
ratio lower than one, we are constrained to operation in the hot
electron mode.

III. CHARACTERIZATION OF OPERATIONAL STATES

The impurity content determines the properties of the opera-
tional states. Here, we keep fg. constant at 0.02 and for argon,
two cases are considered: constant na, and constant fa;.

1.6F >
7
//
1.4} 50,
Ve
//
127
£ of 7
= -
0.8p _ _
0.6f —~ 710
~\\ 7‘ \
0.4'- l\\\l\i 1 -\ 1 )
04 06 08 10 12 14 1.6
Te/TeO

Fig. 1. Contour plot in the normalized T,—n. space of auxiliary heating
power to electrons (dashed lines) and auxiliary heating to ions (solid lines)
in megawatts, for constants fge and na, with H = 1. Red line: Payx,; = 0.

A. Case fg. and ny, Constant

Here, we analyze the results when the density of Ar is fixed
at na = 1.2 x 1017 m™3 for all operating points. Figs. 1-5
show POPCON plots summarizing the results obtained with an
enhancement factor H = 1 in the energy scaling law in (16).
In Fig. 1, we show the contour plots of the auxiliary heating
power to electrons and ions. We found that for a constant
electron density, the auxiliary heating power to the ions
decreases when the operational electron temperature decreases
reaching a point where P,,x; = 0. Note that in Fig. 1, we did
not include contour lines with P, ; < 0 because these states
are not physically plausible under the steady-state conditions
considered here. These states are unstable since, given the
fact that Pyyx,; cannot be negative, making Payx,; = 0 in (12)
(keeping all the other terms at their steady-state values) would
imply a positive time derivative. Thus, the line P,,; = 0
represents a cutoff for the available operating points of the
reactor, where they are marginally stable.

In Fig. 2, the contour lines of the gain factor Q¢ as obtained
from (17) are shown. In Fig. 2, we also show the states of
constant total fusion power, which include the energy of the
neutrons produced by the fusion reactions. In addition, Fig. 2
includes the boundary line for which P,,; = 0. We observe
that for a fixed fusion power value, we can decrease
the electron temperature by simultaneously increasing the
electron density, properly moving along the corresponding
Prysion = constant line, thus increasing the Qg monotonically
until the boundary P,,; = 0 is reached. For instance, at the
reference operating point (7,0, n.0), which is the point (1, 1)
in the normalized space of the POPCON plots, the total fusion
power is 489 MW with a gain of Qg = 11.5. The operation
at this state requires P, = 33.7 MW auxiliary power to
the electrons and P,.,; = 7.6 MW auxiliary heating power to
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Fig. 2. Contours of total fusion power in megawatts (dashed lines) and the

Qg factor (solid lines), for constant fge and na, with H = 1.
Red line: Pqyx,; = 0. Magenta line: L-H transition threshold M = 1.

the plasma ions; the bremsstrahlung and cyclotron radiation
losses at this point are P, = 37.7 MW and P.y. = 8.2 MW,
respectively. Thus, from Fig. 2, we see that while maintaining
the same fusion power, it is possible to increase the gain up
to Qg ~ 14 by decreasing the electron temperature to 0.9 T,o
and increasing the electron density to the value 1.16 n.
At this new operation point, there is no auxiliary heating to
the ions, while the auxiliary heating to the electrons increases
only slightly to around 36 MW.

In general, the intersection of the boundary line P,u,; =0
with the contour line corresponding to Prysjon = constant in
the n.—T, space gives the operational state for which Q¢ is
maximum for that particular fusion power. Trying to get to
higher Qg would lead to unstable states. In that sense, these
are the optimal states. In Fig. 2, we have also added the line
at which the L-H transition power threshold M = 1 occurs.
The states to the right of this line correspond to M > 1
and thus they are in the H-mode. Since we are using the
confinement time scaling for the H-mode, the states lying to
the left of the M = 1 line should be regarded as meaningless,
and therefore, the optimal states for densities below the one
for the crossing of the lines M = 1 and Paux,; = O (in this
case n, = 1.15 neo) are given by the line M = 1, since that
would give the maximum attainable Q¢ for a given Prygion, as
seen from Fig. 2. Returning to the example of the reference
point (1, 1), we note that when moving along the isoline of
Prusion = 489 to increase the gain, the M = 1 line is crossed
before reaching the Paux,; = O line, and thus the maximum
gain is limited to Qg ~ 13.

In Fig. 3, we show the POPCON plots of the helium
ash fraction, f, = ng/n.. It can be concluded from
Figs. 2 and 3 that increasing Qg while keeping the fusion
power constant implies increasing the helium ash fraction.
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Fig. 3. Case fBe and na, constant with H = 1. Contours of the fraction
of helium ash ny/n, (solid lines) and total fusion power (dashed lines).
Boundaries of zero auxiliary heating power to ions and the L-H transition
limit are shown.
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in seconds. Red line: Py ; = 0. Magenta line: M = 1.

This is mainly a consequence of an increment in the energy
confinement time of the helium ash, which we took
proportional to 7.

Fig. 4 shows the contour plots of the Lawson parame-
ter notg (normalized to 1020 s/m3) together with the plots
of constant energy confinement time as obtained from the
IPB98(y, 2) scaling. Here, we observe that the boundary
line P,x,; = O superposes almost perfectly with the line
netg = 4.5 x 102° ¢/m3. This is thus a maximum value for
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Fig. 5. Case fge and na, constant with H = 1. Contours plots of
the total radiated power, bremsstrahlung plus cyclotron, and just cyclotron
radiation (dashed lines) in megawatts, together with Py ; = 0 (red line) and
M =1 (magenta line).

the Lawson parameter since states to the left of this line are
not attainable. We also observe that the line corresponding to
the L-H transition threshold power M = 1 is similar to the
neighboring g contour lines and only lines with 7 < 5's
fall to the right of the M = 1 line. Thus, we can say that
the requirement for H-mode operation sets a limit on the
maximum confinement time, which for the present situation
iIStg~5s.

In Fig. 5, we show the contour plots of the total radiated
power, i.e., bremsstrahlung plus cyclotron, together with the
contour lines of the cyclotron radiated power, and the strong
temperature dependence of the cyclotron radiation.

The results shown in Figs. 1-5 correspond to a confinement
time enhancement factor of H = 1. We also performed the
same calculations using several values of H in the range
0.8 < H < 1.2 with the same conclusion: the optimal
operating burn regimes for a given fusion power, that is, those
that maximize the gain Qg, are also those for which Py ; = 0
or M = 1, whatever occurs first when 7, is reduced.

The influence of the H factor can be appreciated when
considering only the optimal operation points that yield the
maximum energy gain Q¢. In Fig. 6(a), we show the optimal
states for several values of H ranging from 0.8 to 1.2 in a
T,—n. plot. They are formed by the piecewise composition
of the lines P,x; = 0 and M = 1, as mentioned above.
As expected, the optimal temperature increases with H.
In Fig. 6(b), the optimal density values are shown as a
function of the total fusion power. It is seen that for a
confinement enhancement factor H = 1.2, the fusion power
can be as high as 1500 MW for densities around n, ~ 1.6n.0,
while at a low density, n, ~ 0.4n., the fusion power
produced is of the order of 100 MW for all H values.

The maximum energy gain attainable for a given Prysion
is shown in Fig. 7(a). This plot can be used in combination

1.2 3
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Fig. 6.  Optimal operation points for confinement enhancement factors
H = 0.8,09,1,1.1, and 1.2 in (a) space n. versus T, and (b) n, versus
Prysion plane, when fge and na, are constant.

with those in Fig. 6 to determine the required density and
temperature for a certain value of Pyjon for an optimal
operation, and then obtain the corresponding value for the
associated optimal energy gain. Alternatively, one could
determine the plasma density and electron temperature for a
given enhancement factor H from Fig. 6(a) and obtain the
values of Pyysion and the optimal Qg from Fig. 7.

A typical situation when operating a reactor would be to
specify the desired Prysion and the associated maximal Qg
and then determine the required plasma parameters n, and T,
at which the machine should operate. In order to automate
this task, we could obtain a practical expression to be used
to find n, and 7, when a certain value of Q¢ is given for
optimal conditions. This is done with a polynomial fit to
the values obtained from the solutions of the equations in
terms of Qg and H. The polynomial functions n.(Qg, H)
and T,(Q¢g, H) provide good agreement with the sixth- and
fourth-degree polynomials in Qg and H, as it can be seen
in Fig. 8, where the computed points and the analytical fits
are shown for both functions. The functions n.(Qg, H) and
T.(Qg, H) can then be used to obtain the optimal operating
state n, and T, once Qg and H are specified.

Another possible application of functions n.(Q¢, H) and
T.(Qg, H) occurs in a load-following operation in which it
is desired to modify the total fusion power to a higher or
a lower value to satisfy energy supply demands, in such a
way that not only the initial and final operating points are
optimal but also all the transient states. Thus, if we are initially
in an optimal state for a given enhancement factor H for
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Fig. 7. Energy gain Qg as a function of Ppygjon at the optimal operation
points for confinement enhancement factors H = 0.8,0.9,1,1.1, and 1.2.
(a) Case fge and na; constant (Section III-A). (b) Case fge and far constant
(Section III-B).

the confinement of the system, we can move along the
corresponding boundary line (P, = 0)/(M = 1) given
in Fig. 6(a) starting from the initial operating density until the
operating density corresponding to the desired fusion power
has been reached, as given in Fig. 6(b).

B. Case fp. and f, Constant

Argon is an impurity that can be externally controlled, so
one can choose to maintain its fraction fa, fixed instead of
holding a constant density na, as before. Beryllium content is
not controlled from the outside since it comes from the walls,
so we still keep fge constant. The Ar fraction is fixed to the
reference value far = 0.0012. When this is done, there are
some differences from the results of the previous section. The
most important is that the maximum energy gain Qg is lower,
as it can be seen in Fig. 7(b) where Q¢ as a function of the
fusion power is shown for fj; = constant, compared with the
case of na, = constant in Fig. 7(a). This is due to the fact
that the Ar impurity density increases as the electron density
rises, which is when the energy gain would be maximized.
Thus, the larger radiative losses have to be compensated by
auxiliary heating to the electrons, which diminishes Qg.

The POPCON diagrams for the case H = 1 are similar to
those in Figs. 1-5. There is also a boundary line for Py, = 0
at almost the same position. In Fig. 9, the contour plots of
Q¢ and Pyygion are shown for comparison. The auxiliary power
needs are opposite for electrons and ions if the same (n., T,)
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Fig. 8. Case fe and na, constant. Polynomial fit in Q and H for the optimal
operational points computed from the dynamical equations for (a) density and
(b) temperature showing good agreement when 7, is of sixth order and 7, is
of fourth order.
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state for na, = constant is to be kept: for densities larger
(smaller) than the nominal n.p, P, has to be increased
(decreased), while P,.,; has to be slightly reduced (raised).
The largest possible confinement time for the attainment of
an H-mode is almost the same as in the case of constant
Ar particle density, i.e., Tg < 5 s. Similarly the limit value
for the Lawson parameter is almost the same as before,
nerE/lozo s/m® < 4.5, and the coincidence of the n,tp =
constant line with the boundary P,x; = 0 is as good as in
the constant n, case.

The cyclotron radiation power is the same in both
cases; however, when the electron density increases, the
bremsstrahlung and line radiation are larger in the case of
constant fa,, thus increasing the total power radiated, and
hence, the total auxiliary heating power must increase for
larger electron densities and, conversely, for smaller electron
densities, it diminishes. This effect is reflected in the gain Qg¢,
which for fa, = constant is smaller than for na, = constant
when n, > n.o and larger when n, < neo, as seen in Fig. 9.

C. Case With No Impurities

The ideal situation in which the reactor operates with no
impurities, although hardly achievable in practice, has interest
as a reference situation. For this reason, we included this case
in our study as an ideal state to compare with. In Fig. 10,
we show the POPCON plots for H = 1 corresponding to the
auxiliary heating powers to electrons and ions, while Fig. 11
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Fig. 9. Case fge and far constant with H = 1. Contour plot for the total

fusion power in megawatts (dashed lines) and the Q-gain factor (solid lines),
together with lines for which Pyyx ; = O (red line) and M = 1 (magenta line).
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Fig. 10.  Case with no impurities and H = 1. Contour plot of the
auxiliary heating power to electrons (dashed lines) and the ions (solid lines)
in megawatts. Red line: Pyx ; = 0.

shows the contour plots for the gain Qg and the total fusion
power. Qualitatively, these and the other contour plots look
similar to those with impurities. However, due to the smaller
Zsr value, the bremsstrahlung and line radiation losses are
much smaller in the system that contains no impurities, and
hence, the fusion gain here is significantly larger than in the
previous cases where impurities are present. This can be seen
by comparing Fig. 11 with Figs. 2 and 9. This is because the
quasi-neutrality condition for a given n, value gives a higher
DT fuel density when no impurities are present, and hence,
the fusion power is higher.

1.6F
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04 06 0.8

1.0 12 14
Te/TeO

Fig. 11. Case with no impurities and H = 1. Contour plot of the total
fusion power in megawatts (dashed lines) together with the Q-gain factor
(solid lines). Red line: Py ; = 0. Magenta line: M = 1.

An interesting feature when impurities are absent is that
the contour curves for P,y . have a turning point in density
at high n, within the allowed region (i.e., Py, > 0 and
M > 1), very close to the boundary line. This means there are
two possible states with the same P,ux . and Prysion Values, each
having different gain factors Q. Therefore, a higher energy
gain could be achieved without necessarily decreasing the
auxiliary power to electrons and corresponds to an operating
state with a lower temperature. This is due to the fact that
when lowering the electron temperature and impurities are not
present, there is only a moderate increase in ohmic heating
power entering (17), which is then dominated by a faster
decrease in the ion auxiliary power. An analogous effect does
not occur in the presence of impurities because one of the
corresponding operating states with the same Py, Vvalue
falls within the inaccessible region Py,; < 0. It is worth
mentioning that even in complete absence of impurities, there
are no allowed states with total P,,x = O and thus an ignited
state is not possible for the ITER-like plasma parameters used
in this paper.

Note that the boundary line P,,; = 0 is almost unaffected
by the presence of impurities owing to the fixed ion loss rate
assumed. On the other hand, impurities have the effect of
reducing the region of states operating in the H-mode, since
the L-H threshold line M = 1 moves to the right with respect
to the case with no impurities.

D. Effect of Variation of Electron/lon Relationships

In the computations so far, it has been assumed that 7; / T, =
constant and tg; = 7g ., Which will not necessarily apply in
actual operating conditions. In order to explore how much
these restrictions affect the results, we have analyzed some
cases changing the relations. It is convenient to mention that
in our approach, 7; has to be obtained from a relationship
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with 7, in order to be able to represent the reactor states in the
two-variable space T,—n,.. In the first modification, we consid-
ered a case in which the temperature difference 7,—T7; is kept
constant instead of the ratio 7;/T,. The results obtained are
qualitatively the same, but the contours are slightly modified.
In order to have different energy transport rates for ions
and electrons, which is more adequate for 7, # T;, we took
e = (TE,. = (g so that the scaling law is the same.
When ¢ < 1, the reduced ion energy confinement substantially
reduces the energy gain. Fig. 12 shows the Q¢ values as a
function of density for three values of ¢, evidencing the large
reduction in fusion gain, especially at large densities: there
can be a fourfold reduction when tg ; decreases by 60%.

IV. DiscusSION AND CONCLUSION

Using a 0-D two-temperature model, we have analyzed
the different operating conditions in a tokamak fusion power
plant with ITER-like parameters. Operational states are
characterized by their density and electron temperature and
are presented using POPCON plots in the T,-n, space.
Consequently, the ion temperature has to be given in terms
of T,, either as a rational relation (7;/T, = constant) or a
difference relation (7, — T; = constant). These relationships
can be kept by externally controlling ion and electron
auxiliary heating. The operating states of the system can then
be represented in a pictorial way, allowing straightforward
analysis and interpretation. We considered the impurities
solely consisting of a light component, Be, and a heavy
component, Ar. While the Beryllium fractional density was
always assumed constant, the cases with fixed number density
of Ar and fixed fractional density na;/n, were analyzed, and
only minor differences were found.

An important result is that irrespective of the impurity
concentration, the optimal burn regimes (the operating con-
ditions that maximize the Q-gain for a given fusion power
level) are obtained when the auxiliary heating power to the
plasma ions is zero, while staying in the H-mode. This
means that a possible way to increase the power gain without
changing the fusion power would be to shut off the source of
auxiliary power to ions (e.g., neutral beam injection (NBI)
or ion cyclotron resonance heating (ICRH)), provided that
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T; decreases in the same proportion as T, does. For this to
happen, an appropriate refueling should be implemented to
increase n, in the right amount. This may be an attractive
way to optimize the operation of a power plant maintaining
the same fusion power. Another way to hold 7;/7, fixed would
be through an alpha channeling process in which some portion
of the alpha particle energy is captured by waves and delivered
to the ions [27]. This could even produce a hot ion mode in
extreme conditions; however, this regime cannot be described
by our model.

For the operation at the optimal states, we analyzed the
effect of changing the value of the energy confinement time
enhancement factor H in the IPB98(y, 2) scaling, showing
improved fusion conditions at higher H as expected. Optimal
operating curves were found for the plasma parameters and
the Q-gain as a function of Pryon, Which provide the values
needed for optimal operation at a given fusion power; these
could be used to asses the plausibility of reaching a given
optimal state. It is proposed that a fusion reactor could oper-
ate in load-following mode maintaining optimal conditions,
by controlling the density [Fig. 6(b)] through DT fueling.

The operation of the reactor in a given optimal state could
be maintained using a control system that adjusts the refueling
rate and the external auxiliary heating when a fluctuation in
the plasma parameters is detected. A possible control system
based on an artificial neural network has been previously
developed [29].

The results reported for the case 7;/T, = constant were
reproduced when the alternative condition 7, —T; = constant is
used, qualitatively obtaining the same behavior. This indicates
that the results are not very much dependent on the kind of
relation used to obtain the ion temperature at the operating
points, and therefore, our qualitative results apply quite gener-
ally in the operation of the fusion reactor. When the electron
and ion energy confinement times are allowed to differ (since
the assumed constraint 7g; = 7g,. may not be completely
consistent with a two-temperature plasma), with tg; < g,
the fusion performance is considerably degraded. This means
that the performance values obtained here should be regarded
as upper bounds.

As an exercise of how much the operation of a fusion reactor
might improve were it possible to get rid of the impurities,
we considered operation with a clean plasma. While most
qualitative results still hold, the performance greatly improves
having increments >20% for Prysion and threefold in Qg.
It is also possible to have a bifurcation where two states with
the same Pux, and n. have different burning conditions.
Although this may prove useful for a more versatile operation
of a reactor, it remains elusive until cleaner plasmas can
be produced.
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