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ARTICLE INFO ABSTRACT

Keywords: In future tokamaks, the control of burning plasmas will require careful regulation of the plasma density and

ITER temperature. Along with the design of effective burn-control systems, understanding how the fusion power varies

Scrape-off layer in the density-temperature space is vital for the operation of fusion power plants. In this work, the steady-state

glll‘ll‘ir::;'ltlﬂl operational space of ITER is studied using a control-oriented core-plasma model coupled to a two-point model of

Plasma operations the scrape-off-layer (SOL) and divertor regions. The two models are coupled through the exchange of input-
output parameters. The deuterium and tritium recycling from the wall are output parameters of the SOL-
divertor model that are used as input parameters in the core-plasma density balance. Furthermore, the separa-
trix temperature, which is an output parameter of the SOL-divertor model, is incorporated into the radial core-
plasma temperature profiles. Therefore, the temperature-dependent power balance of the plasma core is inti-
mately linked to the SOL-divertor model. Both the power entering the SOL from the core, as determined by the
core-plasma power balance, and the separatrix density, as dictated by the core-plasma density balance, are input
parameters to the SOL-divertor model. They are control knobs in the SOL-divertor model that can be regulated
using the core-plasma actuators: auxiliary power and pellet injection. There are various operational limitations,
such as the saturation of the aforementioned actuators, that will prevent ITER from accessing certain high-fusion
plasma regimes. The achievable tritium concentration in the fueling lines and the maximum sustainable heat load
on the divertor will impose further restrictions. By accounting for these limitations, the ITER operational space is
computed based on the coupled core-SOL-divertor model and visualized using Plasma Operation Contour
(POPCON) plots that map performance metrics, such as the fusion to auxiliary power ratio, over the density-
temperature space. Comparisons are drawn between plasmas with different recycling, confinement, and SOL-
divertor conditions.

1. Introduction

The safe operation of burning plasmas in ITER will require real-time
regulation of the core-plasma’s density and temperature along with the
conditions in the plasma’s edge. The sensitivity of the plasma core to the
conditions in the scrape-off-layer (SOL) and divertor regions (and vice
versa) makes achieving burn control and divertor objectives more
challenging. For example, increasing the fusion power (burn control
objective) could risk the melting of plasma-facing components by
increasing the heat flow crossing the separatrix and intensifying the heat
load deposited on the divertor plate. In this work, a core-SOL-divertor
model that couples zero-dimensional differential equations for the par-
ticle and energy densities within the separatrix with a two-point model
of the plasma’s edge is presented. In the core-plasma, deuterium and
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tritium particles are burned up in fusion events that produce alpha
particles. The temperatures of the ions and electrons in the core are
assumed to have radial profiles that are parabolically shaped and
include the temperature at the separatrix (specifically at an upstream
position). Since the upstream separatrix temperature is determined by
the two-point model, the core-plasma power balance is directly depen-
dent on SOL-divertor conditions. The SOL-divertor conditions also
determine the strength of the wall-recycling that helps fuel the plasma’s
core. In kind, the core-plasma’s total density and power have a strong
influence on the SOL-divertor plasma. Since the core’s density and
power are readily modulated with the use of actuators (primarily pellet
injection and neutral beam injection), they behave as control knobs for
the plasma’s edge.

Actuator constraints will prevent ITER from accessing certain
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desirable plasma regimes that have a high fusion power. Between the
electron cyclotron, ion cyclotron and neutral beam heating systems,
ITER will have a total of 73MW of auxiliary power available [1].
Deuterium (D) and tritium (T) in the core will be refueled with a D
injector that fires 100% D pellets and a deuterium-tritium (DT) injector
that fires 10%D-90%T pellets [2]. The D injector and the DT injector will
have a maximum throughput of 120 Pam®/s and 111 Pam?®/s, respec-
tively. During long pulses, the T concentration in the DT pellets may fall
below the 90% nominal value. Because of this, ITER’s accessibility to
adequate T refueling is a concern. Actuator constraints are not the only
restrictions to the ITER plasma system. The heat load on the divertor
target must be limited to a maximum of 10 MW/m? to avoid catastrophic
melting. Finally, the H-mode confinement regime and divertor detach-
ment should be maintained.

In this work, all of the aforementioned constraints are mapped to
Plasma Operation Contour (POPCON) plots that span over density-
temperature space. The region in these POPCON plots that meets all of
the constraints gives the set of achievable plasma regimes in ITER for a
certain set of plasma conditions. In a previous work [3], the authors
performed POPCON analysis based on core-specific constraints (e.g. the
maximum deuterium and tritium pellet injection rate) and the
zero-dimensional differential equations of the core-plasma’s density and
energy. This work advances this prior analysis with a coupled core-edge
model that allows the consideration of edge-specific constraints (e.g. the
maximum divertor target heat load) and the core-plasma’s dependency
on edge-plasma conditions. The POPCON analysis in this work reveals
the sensitivity of the ITER operable space to the conditions and con-
straints in the edge-plasma.

This paper is organized as follows. In Section 2, the model of the
plasma’s core is presented. The two-point model of the plasma’s edge
that is coupled with the core-plasma model is given in Section 3. In
Section 4, POPCON analysis is used to study operational constraints in
ITER. Finally, conclusions are drawn and possible future work is
considered in Section 5.

2. The core-plasma model

The model of the plasma’s core is bounded by the separatrix, and it is
derived from one-dimensional rate equations for the ion and energy
densities. To match expectations for ITER, the radial temperature and
density profiles are assumed to be parabolic and flat, respectively [4].
The radial temperature profiles have the shape:

Ti(t,w) = (To — T)(1 —w/y,)* + T, €h)

T.(t,w) = (Too = T)(1 —y/yo)* + T, @
where T; and T, are, respectively, the peaked ion and electron central
temperatures of the core-plasma, T, is the plasma temperature at the
separatrix, y is the toroidal magnetic flux coordinate, and v, is the total
flux enclosed at the separatrix [5]. With the assumption of flat particle
density profiles, the plasma core’s total density (ions and electrons) is
simply n(t,w) = n(t) = n, where n, is the density at the separatrix.

By taking the volume average of the one-dimensional equations, the
zero-dimensional model of the core can be found to be

%’lr = —Z—: — Su+ S + S, @
= (1= ) ®)
%El- = 75 + fiPy + Poi + P, Q)
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where np, nr and n, are the deuterium (D), tritium (T) and alpha-particle
ion densities, S, is the fusion reaction rate density, fjos is the fraction of
alpha particles that are lost before they deposit all of their kinetic energy
into the plasma because of MHD events, S and ST are the D and T
recycling sources (given in Section 3), fy<1 is the shielding factor [6], Sp
and St are the external fueling rates from pellet injection, and Py, ; and
P are the auxiliary powers delivered to the ions and electrons. The
total auxiliary power from the external electron cyclotron, ion cyclotron
and neutral beam heating systems is Pgx = Pauwxi+ Pauxe. The
temperature-dependent ion and electron energy densities are given by

3

E; :E(Vln +nr+na+nl)<Ti>7 8
3 3

Ee = Ene Te = E(HD +nr + Zl’la + Z]fl[) Te 5 (9)

where n; with atomic number Z; is the impurity particle density and the
electron density n, is determined from the quasi-neutrality condition.
For brevity, the volume average of the ion and electron temperatures is
denoted using (T;) and (T,) instead of writing it explicitly in terms of T;,
T.o and T,. The bremsstrahlung radiation losses, the ohmic heating [7],
and the collisional ion-electron power exchange [8] are given by

Py =55 x 1073 Z,5n(T)?), (10)

Pom =28 x 107 Zyg (T2, an
3 Te - TL

Pei:§”e< >T< ) 12)

where I, = 15 MA and a = 2 m are the plasma current and minor radius
for ITER, respectively, and T, is expected in keV in (10) and (11). The
effective atomic number and the energy relaxation time are, respec-
tively,

_nptnr+4n,+Zn

7
eff n,

13)

 3ny2rel(TH?) m;
=V e -

14
em2InA = nZ; a9

ei

where e = 1.622x 1071°C, m, = 9.1096 x 10~3kg, & = 8.854 x
10712F/m and InA ~ 17 [7].

As seen from (12) and (14), an estimate is used for the volume
average of P,; in (6) and (7) because finding a closed-form solution was
not tractable. The impact of taking this approach, which is similar to that
taken in [9], is negligible because P; does not appear in the plasma
power balance (16). Therefore, it does not influence the energy
confinement time (zg), the total auxiliary power or the SOL-divertor
model presented in Section 3. Exact closed-form solutions were used
for volume averages of the remaining power terms (P,, Py, and P,py,) in
(6) and (7).

The alpha-particle power P, = fip5sQ,S,, Where Q, = 3.52MeV, is
proportional to S,. The DT reactivity [10], which determines S, =
npnr(ov), is given by

(ov) = G(Tio) x ClaJ\/f/(m,czTio)e’x7
. (15)
o = Tol1— T:o(Co + Tio(Cs + T:9Cs)) 1
O T To(Cs + Ti(Cs + TioCr)) |

where ¢ = (Bé/4a))1/3, Bg, myc? and G; for j € {1,...,7} are constants.
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The correction factor G(T;) is used to account for the volume-averaging
procedure [9]. Using the model found in [11], approximately f, ~ 80%
and f; ~ 20% of the alpha-particle power, P,, are delivered, respectively,
to the plasma electrons and ions in ITER.

The IPB98(y,2) scaling law for the global energy confinement time of
H-mode plasmas [12] is

00562H11J93R1 97BUISMO 19 058 4)78 ()4]P [)697

e = tot
(Pa +Paux Pbr+Pohm)><V7

Py = (16)
where Py, is the total plasma power in MW, V = 840 m® is the plasma
volume, H is the enhancement factor, B is the toroidal magnetic field,
R = 6.2 m is the plasma major radius, x = 1.7 is the vertical elongation
at the 95% flux surface, ¢ =a/R,M = 3y+ 2(1—y),y =nr/(np+ nr),
and n, has units of 10'® m~2 (values are for ITER). The confinement
times in (3)-(7) are assumed to be proportional to 7z such that 7p =
kDTE, T = kTTE, Tqg = kaTE, TEi = kiTE and TEe = keTE where kD, kT, ka, ki
and k. are constants.

When the total plasma power (16) exceeds a certain power threshold
(Phresn), the plasma is considered to be in H-mode. When Py, < Pgyreshs
the plasma is in L-mode. The threshold power for the L-H mode transi-
tion is
Prhre.\/z — 4.3M7130‘772118‘782R0’99900'9757 (17)

where P is in MW [13]. Maintaining H-mode operation is considered
a constraint of the system because the IPB98(y,2) scaling law for 7z was
generated from a database of H-mode plasmas from various tokamaks.

The two external fueling rates, Sp and Sy, are supplied by two pellet
injectors that fire pellets into guide tubes that lead to the plasma. The D
pellet injector fuels the plasma at a rate of S using 100% D pellets
(tritium concentration of 7" = 0). The DT pellet injector supplies D and
T to the plasma at a total rate of Si7¢. The nominal tritium concentration
of DT pellets is yi'¢ = 90%, but it may fall below 90% during long pulses.
The relationship between the total rates of D and T externally injected
into the core (Sp and S7) and the output of the two pellet injectors (sg"e
and SI) is

So = Carl(1 = rSE + (1= 75887 as)

Sp = Cyplylnesline 4 yline gline] 19)
where Cgp is the pellet mass loss factor. For ITER, pellets are expected to
lose approximately 10% (Coy = 90%) of their mass while traveling
along the guide tubes [2]. Pellet fueling loses efficiency as the temper-
ature of the plasma edge increases. This could eventually be modeled by
making C.y inversely proportional to a function of T,,.

3. The SOL-divertor plasma model

The two-point model relates upstream separatrix conditions at the
outer-midplane to downstream separatrix conditions at the divertor
target. It is defined by assuming particle, pressure and power balances
along the SOL:

20, T, = frnomnu T, (20)
7 feonaq) L

1,0 = 4 el @1
2 ko

(l 7f/‘70w)qH = y.;nthcsh (22)

where n, and T, are the upstream density and temperature, n, and T; are
the downstream density and temperature, g is the parallel power flux
density, ko = 2000 is the parallel conductivity coefficient, L is the
connection length which is defined as half of the along-field distance
between the two divertor plates, y;, = 7 is the sheath heat transmission
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coefficient, and c is the plasma sound speed. Correction factors for
conduction (feonq), momentum losses (frnom) and power losses (fpow) are
included [6].

Below, the two-point model given by (20)-(22) is rewritten in terms
of two readily regulated core-plasma quantities: the upstream density n,
[m 2] and the power entering the SOL from the core Pgo, [W]. This is
done in part by assuming that Psg; enters the SOL entirely via perpen-
dicular conduction, relating the power scrape-off width Ay to m, and
Pso1, and replacing g with Psor in the two-point model (20)-(22). The
power entering the SOL is defined by the total plasma power (16) such
that Pso;, = P;o;. With radial density profiles that are flat, n, =np + nr+
n, + n; + n,. Because of the two-point model’s sensitivity to n, and Psoy,
SOL conditions can be manipulated through the external heating and
fueling of the core (Pgyy, Sp and St).

The upstream and downstream temperatures in eV are

7 e oaP2 L 5
T.= (o= —SgL ¢ _soL : (23)
8273 ) en, S koaR?*(By/B),
1~ foow)’ i
T, = 267 x 107 | U 2he) e
f ;3r)mf:0nd y»" e’
24
P SOLKU

where y5° is the anomalous cross-field heat thermal diffusivity, (Bs/B),
is the ratio of the poloidal field over the total field at the upstream (x =
u) or downstream (x = t) location, and m; is the average ion mass. For
ITER, L = 75 m, 5L = 1 m%s™!, (By/B), = 0.3 and (B,/B), = 0.075 are
expected [6,14,15].

The power flux density (W/m?) deposited on the target, which must
be kept low enough to avoid catastrophic melting, is given by

(Bo/B),

1.61 x 1072 (cosp) (frond) (Bo/B),

Gdep =

(25)

2 5 3 3
><( PsoL ) Ko(Bs/B),

SOL 2,147
eny ISR ad

where cosf is included to account for target tilting. The effective angle
and the angle between the target’s surface and the connecting field lines
are complementary angles.

In this work, plasma-facing surfaces are assumed to be hydrogen
saturated to match expectations for long pulse reactors like ITER [6].
The wall-recycling sources Siy° and Si¥ in (3) and (4) are proportional to
the particle flux density (m~2s~!) onto the divertor targets:

713 j nfmd o3

=) )

I, (26)
x (nZLZaRZﬁOL(&/BL) "

2 2
PSoLKy

The recycling sources can then be found to be

e np (By/B),Aver
Sru — x T r 27
: (n) L @7)
S = ("_T> X F,—(B"/ ?’A“’“, (28)

where the plasma wetted area is given by
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Fig. 1. Inputs and outputs of the core-plasma model (Section 2) and the SOL-divertor model (Section 3).

Fig. 2. On the left, the represented plasma has
favorable SOL conditions: f,ong = 1, fom = 0.3,
and fyon = 0.8. On the right, the represented
plasma has unfavorable SOL conditions: fi,ng =
0.9, fmom = 0.5, and fyow = 0.4. Both plasmas
consider target tilting (f = 85°). The black
contour lines give the fusion power in MW. Each
colored contour line represents a constraint of
the plasma system: auxiliary power at 73 MW
(blue-dashed line), DT injector with 90% T at
111Pam®/s (orange-dotted line), D injector
with 100% D at 120 Pam®/s (light-blue-dotted
line), H-mode threshold P,y > Py, (magenta-
solid line), target heat load at 10 MW/m? (red-
solid line), and detachment requirement
T; < 7 eV (yellow-solid line). The space in green

(Bo/B).,
(Bo/B),

Aper = 477R(

)lqu (cosp)™". (29)

The power scrape-off length (or power decay length) is

§5/9 74/ ;

2/9 /9 p=5/9 —2/9

= (f cz{nd) o (enu)( Sf”“) P so:i Ko PP

i (30

X(By/B);°d°RY”.

Similar to the requirement of H-mode operation, maintenance of
divertor detachment is assumed to be a constraint for ITER. The tran-
sition from the attached regime to the detached regime is assumed to
occur when T, falls below ~ 7 eV [16]. At low enough T;, processes that
are characteristic of detachment, such as ion-neutral friction, become
significant [6]. The two-point model has been shown to match
TOKAMS3X-EIRENE simulations of WEST when an appropriate set of
correction factors is used [17]. In [17], feona = 1, fom = 0.2 and fio =
0.5 was used for the detached regime, and fing =1, finom = 0.8 and fyon =
0.1 was used for the attached regime.

AsshowninFig. 1, the core-plasma model and the SOL-divertor model
are coupled through various input-output parameters. The core-plasma
model passes the power entering the SOL (Pg¢.) and the separatrix den-
sity (n,) to the SOL-divertor model. The SOL-divertor model feeds back
the separatrix temperature (T,) and the particle recycling (S5 and S7°) to
the core-plasma model. The SOL-divertor model also provides the heat
load on the target (qq,) and the target temperature (T;). External actu-
ators, such as the auxiliary heating (Pg,,) and pellet injection (Sp, St),
directly and indirectly influence the core and edge plasmas.

meets all of the constraints. (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article.)

4. Analysis of POPCON results

The following Plasma Operation Contour (POPCON) analysis is a
study on steady-state plasma conditions in ITER. The POPCON plots
span n, — T.p space. Each point of the POPCON plots is generated by
solving the five dynamic equations of the core (3)-(7) in steady state (d/
dt=0) simultaneously with the two-point model (23)-(30) for pre-
defined n, and T, values. The relationship T;o = 0.8T, is imposed
because the central electron temperature is expected to be approxi-
mately 20% higher than the central ion temperature in ITER plasmas
[4].

In Fig. 2, the POPCON plots of two similar plasmas with differing SOL
conditions are compared. Both plasmas assume that Z; = 10, n;/n, =
0.01, f; =0.01, fios =0.25,H =0.9,kp =0.7,kr =0.7,k, =0.9,k; =
1,k. =1,and f =85°. InFig. 2, a plasma with favorable SOL conditions
(feond = 1, fmom = 0.3, and f,n = 0.8) is shown on the left, while the
plasma represented on the right has unfavorable SOL conditions (f,;ng =
0.9, fmom = 0.5, and fyow = 0.4). The fusion power (P,; =5 x P,) in MW
is shown with black contour lines over density-temperature space. The
following actuator constraints are plotted: auxiliary power at 73 MW
(blue-dashed line), DT injector with 90% T at 111 Pam3/s (orange-
dotted line), and D injector with 100% D at 120 Pa m3/s (light-blue-
dotted line). The H-mode confinement threshold (Po; > Piresn) is met
above the magenta-solid line. The divertor heat load is less than 10 MW/
m? below the red-solid line. Divertor detachment (T; < 7 eV) is achieved
on the left side of the yellow-solid line. The area in density-temperature
space where all of these constraints are met simultaneously is colored in
green. This is the space where ITER can safely operate even at fusion
powers in excess of 700 MW. For both plasmas, the limiting constraints
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Fig. 3. The plasma represented in this figure has less target tilting (8 = 75°)
than the two plasmas represented in Fig. 2 (f = 85°). Since favorable SOL
conditions (feong = 1, fmom = 0.3 and fpoy = 0.8) are assumed, this figure should
be compared to the plot on the left side of Fig. 2. See Section 4 for a full
description of this figure.

that bound the green area are the H-mode confinement threshold, the
maximum auxiliary heating of 73 MW, and the divertor detachment
threshold. By comparing these two POPCON plots, it can clearly be seen
that as the SOL conditions worsen the ITER operational space (the green
area) shrinks.

The plasma represented in Fig. 3 has the same conditions as the
plasma represented in the plot on the left side of Fig. 2 (favorable SOL
conditions: feond=1, finom=0.3, and fyow = 0.8) except that it has a
lower g value. The value of #is 75° in Fig. 3 and 85° in Fig. 2. Recall that
the cosp term in (25) is used to account for the angle between the target’s
surface and the connecting magnetic field lines. A smaller f results in a
magnification of the heat load on the target. As a result of this phe-
nomenon, the maximum heat load of 10 MW/m? on the target (given by
the red-solid line) restricts the ITER operable space in Fig. 3. In contrast,
the operable regimes of the plasmas represented in Fig. 2 are restricted
by the maximum auxiliary power instead of the maximum target heat
load. With g = 85° expected for ITER [15], the contrast between Fig. 2
and Fig. 3 demonstrates the importance of effective target tilting to
avoid target melting during high-fusion operation.

5. Conclusions and future work

The POPCON analysis presented in this work shows that the
achievable ITER operational space is very sensitive to conditions in the
SOL. While the POPCON analysis shows that the requirement of divertor
detachment drastically shrinks the ITER operable space when SOL
conditions worsen (i.e. worse values for f;ond, fmom and fpow), in this study
the constraint that prevents ITER from accessing higher fusion powers is
either the maximum auxiliary power or the maximum target heat load.
Even with unfavorable SOL conditions, ITER will eventually be capable
of achieving fusion powers that exceed 700 MW as long as the degree of
target tilting is sufficient. Sensitivity of the results to model assumptions
is part of future work.

The POPCON plots, Fig. 2 and 3, suggest that the tritium concen-
tration in ITER fueling lines is not the dominant constraint in this study.
The tritium fueling is more than sufficient primarily because two other
constraints, the maximum auxiliary power and the maximum target heat
load, are considerably more restrictive than the maximum DT pellet
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injection rate. If different values for the model’s parameters (e.g., y5°1)
were used when generating the POPCON data, then the maximum DT
pellet injection rate and the tritium concentration could have been more
relevant. A POPCON study that focuses on the impact of variations in the
DT pellets’ tritium concentration to ITER plasmas can be found in the
authors’ prior work [3].

To make the volume-averaging procedure for the differential equa-
tions tractable, simplified radial profiles for the temperatures and par-
ticle densities were assumed in this work. For future work, this volume-
averaging procedure may be avoided. Instead, one-dimensional equa-
tions and profile shapes that include a pedestal could be employed.
Furthermore, alternatives to the two-point model for the edge-plasma
may be explored. In [18], SOLPS simulation results were used to
develop parameterizations of edge-plasma conditions in terms of
core-plasma conditions and external actuators. These simulations
assumed a carbon-free tungsten divertor to match the plans for ITER.
The one-dimensional equations of the core-plasma could be coupled
with these SOLPS parameterizations to develop a more complex
core-edge model. In addition, the inclusion of edge-plasma actuation,
such as gas puffing and particle pumping, in a coupled core-edge model
could be used to gain further insight into the ITER operational space.
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