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ABSTRACT

PROCESS is a reactor systems code - it assesses the engineering and economic viability of a hypothetical
fusion power station using simple models of all parts of a reactor system, from the basic plasma physics
to the generation of electricity. It has been used for many years, but details of its operation have not
been previously published. This paper describes some of its capabilities. PROCESS is usually used in
optimisation mode, in which it finds a set of parameters that maximise (or minimise) a figure of merit
chosen by the user, while being consistent with the inputs and the specified constraints. Because the user
can apply all the physically relevant constraints, while allowing a large number of parameters to vary, it is
in principle only necessary to run the code once to produce a self-consistent, physically plausible reactor
model. The scope of PROCESS is very wide and goes well beyond reactor physics, including conversion of
heat to electricity, buildings, and costs, but this paper describes only the plasma physics and magnetic
field calculations.

The capabilities of PROCESS in plasma physics are limited, as its main aim is to combine engineering,
physics and economics. A model is described which shows the main plasma features of an inductive ITER
scenario. Significant differences between the PROCESS results and the published scenario include the
bootstrap current and loop voltage. The PROCESS models for these are being revised. Two new models
for DEMO have been obtained. The first, DEMO A, is intended to be “conservative” in that it might be
possible to build it using the technology of the near future. For example, since current drive technologies
are not yet mature, only 12% of the current is assumed to be due to current drive. Consequently it is a
pulsed machine, able to burn for only 1.65 hours at a time. Despite the comparatively large size (major
radius is 9 m), the fusion power is only 1.95 GW. The assumed gross thermal efficiency is 33%, giving just
465 MW net electric power. The second, DEMO B, is intended to be “advanced” in that more optimistic
assumptions are made. Comparison of DEMO A and B with a reference ITER scenario shows that current
drive and bootstrap fraction need the most extrapolation from the perspective of plasma physics.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

transmission of electricity — in other words, a reactor systems
code. These codes are well-suited to parametric studies and the

Assessing the engineering and economic viability of a hypo-
thetical fusion power station can best be done using a computer
programme that includes simple models of all parts of a reac-
tor system, from the basic plasma physics to the generation and
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identification of reactor operating regimes, which can then be
more thoroughly investigated with more computationally inten-
sive modelling methods. The Process code has been used for many
years, in particular for the Power Plant Conceptual Study [1], but
the details of its operation have not been previously published.
This paper describes some of its capabilities in as much detail as
is allowed by the space available, and the focus has been kept on
the modules used for recent DEMO studies. It is hoped that the high
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Table 1
Figures of merit. The iteration variables can be adjusted to maximise (or minimise)
one quantity chosen from this list.

Capital cost (direct cost or constructed cost)

Cost of electricity

Divertor heat load

Neutron wall load

Plasma aspect ratio

Plasma major radius

Power injected by the heating and current drive systems

Pulse length

Ratio of fusion power to input power

Ratio of fusion power to power injected by the heating and current drive
systems

Toroidal field on axis

level of detail in this paper will make it possible for the algorithms in
Process to be evaluated and improved by collaboration with other
institutions.

The code was based originally on TETRA (Tokamak Engineer-
ing Test Reactor Analysis) [2], which, together with much of the
original version of Process itself, was written at Oak Ridge National
Laboratory, with contributions from other U.S. laboratories.

PROCESS has two modes of operation. In the non-optimisation
mode the code finds a single set of parameters that are consistent
with the inputs and the specified constraints. It does this by adjus-
ting a set of variables known as iteration variables. This solution is
unlikely to be unique. In optimisation mode Process finds a set of
parameters that maximise (or minimise) a figure of merit chosen
by the user (Table 1), while being consistent with the inputs and
the specified constraints. Given the large parameter space avail-
able, it is quite possible that the solution is a local rather than a
global optimum, so it will depend on the starting values chosen.

It is useful to be able to scan through a range of values of a given
parameter to see what effect this has on the machine as a whole.
Scans are always carried out in optimisation mode. For the first run
the iteration variables initially take the values specified in the input
file, before being adjusted. In subsequent runs these variables are
initialised to the values produced at the end of the previous run. The
variable being scanned is incremented in each run. This method is
intended to ensure that the machine parameters vary smoothly.

Because the user can apply all the physically relevant con-
straints, while allowing a large number of parameters to vary, it
is in principle only necessary to run the code once to produce a
self-consistent, physically plausible reactor model. The code does
not need external routines or libraries. The user manual [ 3] explains
not only how to use the code but how to add additional variables
and equations, although it is intended to maintain a reference ver-
sion of the code at CCFE. At present all users run a single version of
the code on CCFE computers.

Many other systems codes have been developed - for example
HELIOS [4], TREND [5] and SYCOMORE [6]. The scope of PRO-
CESS is very wide and goes well beyond reactor physics, including
pumping, conversion of heat to electricity, buildings and costs. This
paper describes only the plasma physics and magnetic field calcu-
lations, and does not discuss current limits for superconductors,
stress limits for coil structures, etc. (Part 2, a paper on the engineer-
ing and economic modules, is in preparation.) We describe Process
version r326.

2. Options, constraints and code design

PROCESS has modules for many different basic fusion vari-
ants, including stellarators, inertial confinement, D->He fusion and
hydrogen production. As this paper is focussed on the routines used
for DEMO studies, only the well-developed conventional aspect
ratio DT tokamak modules are described in this paper.

Table 2
Glossary of terms.
BOF Beginning of Flattop
BOP Beginning of Pulse
CcSs Central Solenoid (ohmic heating coil)

Current drive Methods for generating plasma current other than induced
voltage and bootstrap current

EOF End of Flat-top

Flat-top Time during which the plasma is in an approximately
steady-state, the plateau.

Flux swing The change in magnetic flux linked by the plasma, equal to
the time integral of the loop voltage

PF coil Poloidal field coil (not including the CS)

Separatrix Last closed flux surface, last closed magnetic surface

Shield Radiation shield outside the blanket

TFC Toroidal field coil

There are two types of constraints in PROCESS: consistency
equations and inequalities. In the non-optimisation mode only the
consistency equations are enforced. In the more commonly used
optimisation mode, both consistency equations and inequalities
are enforced. In both cases, only those constraints specified by the
user are implemented. There are several hundred input parame-
ters, but one hundred of these are available as iteration variables.
The number of iteration variables chosen must be greater than the
number of constraints. The optimisation routine varies the chosen
iteration variables between specified bounds to optimise the fig-
ure of merit within the constraints. Any of the inequalities listed
can be redefined as an equality by the user. For pulsed reactors,
all quantities are evaluated at the highest value they reach dur-
ing the pulse, unless otherwise stated. Only single and double-null
divertor configurations (with one and two divertors respectively)
are included.

The order of calculations is not always intuitive. The parame-
ters whose initial values need to be defined at the start of the run
include:

e electron density

e toroidal field on axis

e plasma size and shape

e profile indexes

e total plasma 8

e fuel composition and impurity fractions

e safety factor at 95% surface, qgs5

e Central Solenoid (CS) overall current density at the end of the
flat-top burn period (EOF)

¢ density of hot ions due to input of energy from neutral beams

e The density of thermal helium ions as a fraction of the electron
density

These parameters are available to be chosen as iteration vari-
ables, except for the thermal helium density.

3. Glossary and symbols
See Tables 2 and 3.
4. Plasma profiles

Two plasma profile options are available: without pedestal (the
default), and a new model with a pedestal, which may be appropri-
ate for an H-mode plasma. Not all the physics routines take account
of the profile, however. The only models that use pedestal profiles
in a fully self-consistent way are fusion power, lower hybrid
current drive, and electron cyclotron current drive. The following
models are based on specific profiles with no variable parameters:
loop resistance, neutral beam shine-through and neutral beam
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Table 3
Symbols used. Other symbols are defined where they are used.
a Minor radius of plasma
A Aspect ratio
B: Toroidal magnetic field on the geometric axis
By Poloidal magnetic field averaged over the plasma perimeter
Ip Toroidal plasma current
I; Normalised internal inductance of the plasma (see Section 9.1)
(ne) Volume averaged electron density
(Ne)ia Line-averaged electron density
(ny) Fuel ion density (D +T)
(ni) Total thermal ion density
(Ng) Thermal alpha (*He) density
N Number of TF coils
Py Mean alpha power created per unit volume by fusion
Pinje Auxiliary power deposited in the electrons (see Section 13)
Pinji Auxiliary power deposited in the ions (see Section 13)
qos Plasma safety factor at the 95% flux surface
(Te) Volume averaged electron temperature
(Te)n Density-weighted average electron temp
(T;) Volume averaged ion temperature
(Tidn Density-weighted average ion temperature
R Major radius
Vv Plasma volume
B Total plasma beta

Poloidal plasma beta (see Section 15)
Plasma separatrix triangularity
Inverse plasma separatrix aspect ratio
Plasma separatrix elongation

X M ST
=

current drive. The models for radiation (see Section 10), “equilibra-
tion power” (Section 4.1), and thermal 8 [15] use the no-pedestal
profile.

For calculating integrated and peak values the plasma cross-
section is taken to be elliptical, where p is the normalised minor
radial co-ordinate, which can be expressed in xy coordinates whose
origin is on the plasma centre:

1 y\?
— _ 2 z
p= x+(K).

Except for the area close to the X-point, p? is an approximation
to the conventional poloidal flux coordinate, normalised to unity at
the separatrix.

4.1. Without pedestal

The profiles are of the following form:

Density n(p) = ng(1 — p*)™"
Temperature T(p) = To(1 — p2)*"

Current density J(p) =Jo(1 — p2)”

The density and temperature profile exponents are specified by
the user, and ng, Ty, and Jy are the density, temperature and current
density at the magnetic axis. The current density exponent can be
set by the user, or given ([7], p. 110) by

where qg is the central safety factor, and q.y, is the cylindrical equiv-
alent safety factor, given [8] by

a Bea? (1+&35(1+ 2835 — 1.283;))
=920
YRl 2

(units T, MA, m), where kg5 and dg5 are given in Section 7.

It can be shown that the electron and ion temperatures and the
electron density at the magnetic axis are:

Toe = (Te)(1 + )
Toi = (Ti)(1 +ar)
Nge = (Ne)(1 + atn).
The pressure profile coefficient is
op = o +ar.

Note these profiles are not used for evaluating plasma volume
or area; the Shafranov shift (the offset between the geometri-
cal centre and the magnetic centre) is not included; and there is
no pedestal (edge transport barrier) in this version of the code.
The profile factor, which relates volume-averaged with density-
weighted quantities, is:

(Te>n (Ti)n

P, — — —

(1+an)(1 +ar)
off = Te) — (T

1+oan+or

The line-averaged electron density (averaged along a major
radius from the edge to the centre of the plasma) is:
noe I'(1/2)"(an + 1)

e = 5 TNan+ G20

I'(on+1)
= 0.886227(ne)(1 +a”)F(oen Tk
where [ is the gamma function.

The volume-averaged electron and ion temperatures are equal
by default, but a ratio other than one can be input. If they are dif-
ferent, the power per unit volume transferred between ions and
electrons (the “equilibration power”) is calculated:

P = 2.42165 - 10~*! Ay (ne)? (Zefy),

LT — (Te) (1 +an)
(Te)*? (200 — (1/2)ar + 1)/1 + a7

where (Z,q)n =density-weighted plasma effective charge, and the
ion-electron Coulomb logarithm is calculated here as

In (1)
2

(units m=3, eV).

Aie =31- +1H(Te)

4.2. With pedestal

The density profile is
n
2
Nped + (no - nped) 1- ;; 0< P = Pped,n»
n(p) = Fredn

1-p
Nsep + (Mped — Nsep) (1_%6“> Ppedn < P =<1,
and the temperature profile is

ar

pﬁT
Tped + (TO - Tped) 1- Br

T(p) = 'Oped,T

1-
Tsep + (Tped — Tsep) <]—deT)
ped,

where subscripts 0, ped and sep, denote values at the centre (p=0),
the pedestal (0= ppeq) and the separatrix (o=1), respectively. The
density and temperature peaking parameters o« and ot and the
second exponent. Bt in the temperature profile can be chosen by the
user. Note that density and temperature can have different pedestal

0 <0 < Pped,T>

Pped,T < P = 1,
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Fig. 1. Geometry of CS and PF coils. The TF coil is also shown. Dimensions m.

POSItions Ppeqn and ppeyr. The volume-averaged density (ne) and
temperature (T,) are inputs (or iteration variables), and the density
np and temperature Ty at the centre are given by

ng = [3(ne)(1 + an) 4 nsep(1 4 @ (=2 + Pped,n + pged,n)

2
3pped,n

—Mped((1+n)(1 + Pped.n) + (tn = 2)p%g )]

1
To = Tpea + [Tpedpged,-r —(Te) + §(1 - pped,T)[(] + ZPped,T)Tped

+(2+ Pped,T)Tsep]] YV

where
—I"(1+ar +2/Br)
) PP T+ an)T(2 + Br)/Br)
Y= I'(=oq)sin(re) (1 +ar +2/pr)
7020+ T (2 + Br)/ Br)

and I is the gamma function. The pedestal model is used with equal
electron and ion temperatures.

if ar is integer

if ar is not integer

5. Poloidal field and poloidal field coils

A tokamak requires a set of poloidal field (PF) coils and usually
a central solenoid (CS). A pair of coils directly above and below the
plasma “pulls” on the plasma in order to elongate it. One or more
pairs of coils with larger major radius provide an approximately
vertical field to overcome the bursting force due to the plasma cur-
rent. The layout allowed by PROCESS is shown in Fig. 1. The PF coils
are numbered 1-3, but several coils of type 3 are permitted. Each
pair of coils is symmetric about the midplane except coil 2 in the
case of a single-null plasma.

5.1. Vertical field

The vertical vacuum field required at the major radius to main-
tain the plasma in equilibrium is

__M< (§> ﬁ_§>
Be=-Zm ") TP t3-3)

This is consistent with ref [7]. This equilibrium field is assumed
to be generated by a set of vertical field coils (shown as number 3 in
Fig. 1), together with the CS. Coil 1 is assigned a nominal equilibrium
current of zero. Coil 2 creates the elongated shape of the plasma,
using a current given by

Ka
lasz = 2Ip (1 - 72) )

where Z, is the half-height of the coil. For plasma initiation the
code calculates the currents in all the PF coils required to achieve
as near as possible zero magnetic field in the poloidal plane, in the
presence of the field from the CS, at 32 points equally spaced across
the plasma midplane. To do this the code finds a least squares best
fit solution to an over-determined set of linear algebraic equations,
using singular value decomposition. The magnetic field at any point
due to a number of co-axial circular current filaments is calculated
using standard formulae involving elliptic integrals [9].

5.2. PF coils and CS: size and location

The half-height of the CS is given by
hes = hmaxohhghf

where hpax = inside height of TFC, and Ohnghf is defined by the user
in the range (default value 0.71). Increasing the height of the CS
increases the flux swing available. The vertical position of each of
the number 3 coils is calculated relative to the minor radius, using
a user-specified array Z:

Z3(i) = aZref(i)
The number 3 coils are placed on a sphere whose radius is

tfthko
Reisnorm = Rrot + 5

+ Routr

The radius of each coil in this family is then

— 2 2
Rs = \V Rclsnorm _23

Coils 2 and 3 have square cross-sections.

The peak field at the CS, which plays a major part in determining
the pulse length available in a pulsed reactor, is calculated using
data from [10]. First, the field in the centre of the CS is given by

o+ \/a2+,32>

By = |
) Moafﬂn<1+m

where
R AR
o= cs + cs
Rcs

h
p Res
and J=current density, Rcs=solenoid inner radius,
Res + ARcs = solenoid outer radius, and h=solenoid half height.
Then the maximum field, which occurs on the inside edge of the
coil, is derived using fits given in [10]. The fits are intended to be
valid provided

outer radius
inner radius

half-height

<2 and ———
inner radius

0.5

Using a more general but less accurate method the code calcu-
lates the total field due to all the PF coils, CS and plasma, at the
inside and outside faces of any specified PF coil, or the plasma. The
field due to the CS at the other coils is calculated by modelling the
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e

Fig. 2. Model of currents used to calculate field at inner and outer radii of a PF coil.

CS as a number of equally spaced infinitely thin current loops (“fil-
aments”), whose radius is the mean of the inner and outer radii of
the CS. The current density in the CS is an input (and is available as
an iteration variable).

Each PF coil is treated as a single thin filament, except for the
coil at which the field is being calculated. This coil is divided into
4 equal pieces, each of which is treated as a filament. The plasma
is treated as a thin filament at the major radius. Fig. 2 shows the
simplifications used. The B field components at the inner and outer
field points for each coil in the group (i.e. the upper and lower coils
of a PF pair) are calculated.

6. Toroidal field coil

When neutral beams are used, the beams must pass at an angle
between the TF coils. This imposes a limit to the maximum tangency
radius, which can be imposed as a constraint. Increasing the num-
ber of coils (Nr) will reduce the field ripple but may also reduce the
achievable tangency radius. Limitations on the number of coils due
to the need to remove the blanket modules through ports between
the coils are not taken into account at present.

6.1. TF coil ripple

Since discrete TF coils are used, the magnetic field will have a
toroidal variation, known as ripple, which can cause losses of fast
alphas, neutral beam particles, and even affect the confinement of
thermal plasma. These losses will not only affect the power balance,
but may create unacceptable localised heat loads. At present these
effects are not modelled in the code, but the user can specify the
maximum permissible ripple at the outer edge of the plasma, dmax,
where ripple § is defined as

§= Bmax — Bmin
Bmax + Bmin

and Bmax and By, are the maximum and minimum values of the
toroidal component of the field at the outer edge of the plasma
in the midplane. Process checks whether the calculated ripple is
acceptable. The calculated value of ripple amplitude at the plasma
edge in the midplane is estimated using a fitting function derived
from calculations by the authors for coils of different shapes. The
calculations used the Biot-Savart law, modelling each TF coil as a
set of filaments. The curved section of each filament was divided
into short sections, which were modelled as infinitesimal straight
wires. The vertical part of each filament was modelled as a single
straight wire of finite length ([ 10], pp. 38-39). The following fit was
derived:

5 T T T

4t mmE Wesson |
o ' e & ¢ PROCESS
g 3 | 'S N
s o " e T
ISS

1 e,

LI
0 | | |
14 16 18 20 22

Number of toroidal field coils

Fig. 3. Ripple at the outer edge of the plasma calculated using PROCESS formula,
compared to formula from [7]. R=9m, a=2.381m, outer leg radius Rior = 14.42 m.

§ = (0.875 — 0.0557x) (RR+ a

)NTF—(l .617+0.0832x)

tot
where x, the dimensionless coil width is

Wp
X= TNTF,

Rior =radius to the centre of the outer TF coil leg (Fig. 1) (m),
Wwp = the toroidal width of the winding pack of the TF coil (the
conducting portion of the coil), and the range of applicability of the
fitis

0.737 <x < 2.95

16 < Nrr < 20

0.7 < (R+a)/Reot < 0.8

If the ripple is excessive the radius of the outer leg of the TFC
is increased appropriately. We can compare this fit with a simpler
formula from [7], shown in Fig. 3.

6.2. TF coil fields

The peak field at the superconductor determines the maximum
current density, which in turn determines the space available for
the steel case, and so on. The TF coil is assumed to consist of a wind-
ing pack, which contains the conductor, surrounded on all sides by
a case. The peak field due to the TF coils will be at the plasma-facing
side of the winding packin the inboard leg. If the field was toroidally
symmetric it would be given by Ampeére’s law:

Mo Irrc
27 Rpmax

Bnom =

where Itrc =total current in the TF coils, and Rpmax =the radius of
the peak field. The peak field at the conductor is estimated using
a fitting function derived using the Biot-Savart law as described in
6.1. Two dimensionless input parameters were used:

. . . . w
dimensionless coil width : t=
Wmax
. . . . Ar
Dimensionless coil thickness: z=
Wmax

where w is the toroidal width of the plasma-facing face of the
inboard leg, wmax is the maximum coil width before coils touch:

Wmax = 2(rip — 0.5Ar) tan (NLTF)

rin = major radius of the centre of winding pack of the inboard leg,
and Ar=radial thickness of winding pack.
The fit is

Bmax TFrp = Bnom(a1 + aye~t + a3z + ayzt)
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The coefficients a;-a4 are:

16 coils: 0.3272,1.972, —1.233, 1.142

18 coils: 0.371, 1.952, —1.414, 1.066

20 coils: 0.303, 2.027, —1.135, 1.091

The limits of applicability are 0.3<t<1, and 0.26<z<0.7. In
practice optimisation will usually make the winding pack fill the
toroidal width available in the inboard leg, in which case the cor-
rection to the toroidally symmetric field is negligible.

The field on the plasma axis, By, is available as an iteration vari-
able, and the correct current is guaranteed provided the following
constraint equation is applied:

R
Bt = Bnom Br;ax .

Stored energy per coil:

1L
EstoTF = ENLTI;I%F’

where Lz is the self-inductance of the entire set of TF coils (consid-
ered as a single axisymmetric turn). It is calculated by numerical
integration over the cross-sectional area:

LTF = /B(r)Zhdr,
where the vacuum field inside the coil for unit current is given by

_ Mo
B(r) = 2ar’
h is the height from the midplane to the inside of the TF coil, and
r is the major radius coordinate. The additional contribution from
the cross-sectional area of the coil itself is calculated by taking the
field within the coil thickness as B(r)/2.

7. Plasma geometry

A vertically elongated plasma has a larger poloidal circumfer-
ence for given major radius, giving a bigger safety factor, and makes
it easier to create an X-point for divertor operation. Unfortunately,
this makes the plasma vertically unstable, requiring both passive
and active control. PROCESS provides an estimate for the maximum
elongation that can be controlled in a stable manner [5]:

0.5

K=1.5+7

— (A>2).

The triangularity and elongation of the 95% flux surface are
smaller than those of the separatrix, and are given [11] by
K 1)
Kgs = m and 595 = ﬁ
The plasma volume is found by integrating between two circular
arcs. The centres (Cy, C3), radii (Rc1, Re2) and integrated volumes
(Vout, Vi) of the arcs are given by

Zn = kKa
R (R+a)* - (R-8a)* — 22
= 2(1+0)a
R —(R-a)® + (R - 8a)* + 22
2= 2(1-8)a
Ci=R+a-R4

G =-R+a+Reg

The plasma volume, surface area, cross-sectional area and
poloidal perimeter (used only for calculating the mean poloidal
field along the perimeter in Section 15), are calculated using this

Fig. 4. Calculation of plasma volume and surface area.

geometry. The volume is multiplied by a user-specified correction
factor (usually 1) (Fig. 4).

By default the first wall area is calculated as the sum of two half
toroids, whose major radius is in both cases given by that of the top
of the plasma:

R] =R —ds.
The minor radius of the inboard toroid segment is

Ry — (R —a-— ASOLinbuard)s

where Agorinboard 1S the clearance between the separatrix and the
first wall on the inboard side.
The minor radius of the outboard toroid segment is

R+a+ ASOLoutboard — Ry,

where Asorouthoard 15 the clearance between the separatrix and the
first wall on the inboard side. The first wall area is the sum of the
areas of the two half toroids, multiplied by a user-specified cover-
age factor which can be used to take account of the area occupied
by the divertor, heating ports and so on:

(1 _fhole)-

8. Heating and current drive

In a steady-state reactor all the current must derive from a
combination of bootstrap current and current drive, and even an
inductively driven reactor may benefit from additional current
drive. This section gives the algorithms used for neutral beam and
electron cyclotron current drive techniques. There are lower hybrid
models in PROCESS, but they are not often used.

For bootstrap current, the formulae by Sauteretal.[12] are being
incorporated as the default model, but several other scalings are
available. Whichever option is chosen, the bootstrap current frac-
tion is constrained to be less than or equal to the total fraction of
the plasma current produced by non-inductive means, as specified
by the user.

8.1. Neutral beams

Several models for neutral beam current drive are available, but
only the default formulation is given here. Ref [13] compares a
range of codes, using ITER values. These results are given in Table 4,
together with PROCESS values for an approximately similar sce-
nario. Plasma rotation is not taken into account. The PROCESS result
lies near the average of the results listed.

The path length d,,q, travelled by the beam between entering
the plasma and the point at which it is tangent to the major radius
is calculated as follows (see Fig. 5). The beam is in the midplane
(so-called “on-axis injection”).

dpath = \/(R + SR)Z - (Rfrbeam)2
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Table 4
Neutral beam current drive comparison [ 13], based on the ITER steady-state scenario
1, from [14].

Code Neutral beam current drive, MA
PROCESS (default NBI model) 243
OFMC 2.83
ACCOME 231
ONETWO/NUBEAM 2.13
ASTRA 2.83
NEMO/SPOT 1.73

where fipeqm = tangency radius/plasma major radius.
The number of exponential decay lengths traversed by the beam
to its tangency point is:

Theam = dpath (Ne)Ostop

where ostop is the beam stopping cross-section. Mikkelsen and
Singer [15] found that the current driven by a deuterium beam is
greatest when 2 < Tpeq, <4. At higher values of 7 the beam depo-
sition in the plasma core falls due to poor penetration, and for
lower values the shinethrough loss becomes significant. The shine-
through fraction is:

—2d, Ne) O
fshine —e path< e)Ostop .

PROCESS does not yet have an explicit constraint on shine-
through, but the user can specify the attenuation factor from the
entry point to the tangency point. The beam stopping cross-section
is estimated using an analytic fit from [16], suitable for multiple
impurities. PROCESS uses volume-averaged quantities. The depen-
dences of the cross-section on n. and T, are relatively weak, so it is
reasonable to use volume averaged values of n. and Te. The depend-
ence on the beam energy, however, is strong, so the use of the initial
beam energy will cause the calculated cross-section to be too small.

The beam current drive follows the 1990 ITER formulation [17],
based on [15]. The shine-through fraction is neglected. The current
drive in this formulation is proportional to the ratio of tangency
radius to major radius, even if this is greater than 1. The current
drive efficiency is:

R
Nnbss = %feffCDnnb (1)

where Reang =beam tangency radius, fopcp = a user-specified adjust-
ment factor for current drive efficiency, and

5 (Tedn J

=Avag ne) 0.2°°

Mnb

outer edge
of plasma

" geometric “.pe

plasma axis
inner edge N,
of plasma \,

Fig. 5. Geometry for calculating the distance travelled by the neutral beam.

(units m, keV, 101 m~3) where Ay, is a calibration factor based
on more detailed models [18], given by

Apg = 0.107(1 — 0.35a, + 0.14a2)(1 — 0.210a7)
x(1 = 0.2Eppeqm + 0.09E2, ),

nbeam

where Eppeqm = initial neutral beam energy (keV), and the scaling
factors J and F are given by

x2

T 413y x2(x+1.39 + 0.61y07)

Foq_1-G

Zegr

J

where

E,
X = nbeam

Ecrit

_0.8Zg

Abeam

Eit is the critical energy at which the ions and the electrons are
heated equally by the beam ion, given here by the approximation
[19]:

Ecrit(keV) = 10Apeqm (Te)n

where Apeqm =atomic mass of the beam (amu). This current drive
model is stated to apply when npr/ne > 0.9, but this will not apply
in a power plant, where the presence of helium ash and high Z
impurities will make this ratio of the order of 0.7.

The atomic number of the beam is assumed to be 1. The factor
(1 — fspine) used by [15] and [11] has been omitted. The factor Reang/R
in Eq. (1) was introduced by [15] as an approximation to the value
of v /v at the point where the beam atoms enter the plasma, where
vy and v are the components of the beam atom velocity parallel and
perpendicular to the local magnetic field, but this is only acceptable
even as a rough approximation provided the factor is less than one.
Other models have found that optimum current drive efficiency can
sometimes be obtained when the beam tangency point is outside
the plasma axis.

The total fraction of the plasma current produced by non-
inductive means, f,spmni, 1S an input, and is available as an iteration
variable. The fraction of plasma current produced by auxiliary cur-
rent drive is then just the remainder after the bootstrap current
fraction fgs is subtracted:

faccd :fvsbmni —fBS
The injection power required to drive the specified current is:

faccdlp

nbss

P NBeam =

The user can specify additional heating power not used for cur-
rent drive.
The normalised current drive efficiency parameter is defined as

Y = NnpssR(Me)

(units m, AW-1, 1029 m—3)
The total injected power is broken down into power delivered
to the ions and electrons, based on an extension of the approach in

[7].
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Fig. 6. Illustration of the current waveforms and the reactor cycle.

8.2. Electron cyclotron heating and current drive

The electron cyclotron current drive option is not state-of-the-
art and is not commonly used, but two models are available: the
Culham model [20], and the original simple Tetra model. The lat-
ter [2] is a special case of the result by Karney and Fisch [21]. The
current drive efficiency parameter is:

(Te)n
=021—71— ,
NEC R(ne))\eefefﬂd
where forcp =a user-specified adjustment factor for current drive
efficiency, and A is the electron-electron Coulomb logarithm and
is given by

Aee =31 — WT"‘” +1In (Te)

(units A/W, keV, 1029 m~3). All the electron cyclotron power is
deposited in the electrons, and is given by

IP
Peccd = Pinje :faccd + Pheat’
TNEC

faced = fraction of plasma current produced by auxiliary current
drive, and P4 is optional additional heating power not used for
current drive.

9. Pulsed reactors and reactor start-up

PROCESS can model a steady-state reactor or a pulsed reactor.
The cycle of a pulsed reactor is illustrated in Fig. 6.

When the plasma current is ramped up too quickly, kink and
tearing instabilities can occur, so in [22] a constraint on the rate
of change of plasma current is proposed. If we assume that this
maximum rate will be proportional to the final plasma current, we
obtain

dly(t)
dt
In the default case, the ramp-up time is simply given by setting
the rate of change equal to this maximum, or it can be set by the
user. The minimum inductive current ramp-up time depends on
the voltage available from the CS power supply and the inductive
coupling between the CS and the plasma:

Les(Ics(BOP) — Ics(BOF))
Ics(BOP)Rcs — Vpr + Lpiasma, cslp

where L¢s is the self-inductance of the CS, Ics(t) is the CS current
at time t, BOP is beginning of pulse, BOF is beginning of flattop,

< 0.0455 s~ !,(Flattop),

tesmin =

Rcs is the resistance of the CS bus bars (assumed to include power
supply), Vpr = voltage of power supplies for CS and PF coils, taken to
be the same for all coils, Lyjqsmq,cs = mutual inductance between CS
and plasma, and Ip is maximum rate of change of plasma current
shown above.

Optionally this constraint can be applied to the actual value of
the ramp-up time: tcs > tesmin.

9.1. Inductances

In a pulsed reactor the current in the CS and the PF coils is
changed continuously to create a loop voltage, requiring knowl-
edge of the self and mutual inductances of the coils and the plasma.
The self-inductance of the CS is calculated from a formula for the
inductance of a coil of any length and any rectangular cross-section
[23]:

8a 3R? R?
Les = 241 (7> 1+ — | -2+ —
cs = Modn {“ R ( +16a2) ( +1602>}

where a=mean radius of winding, b =length, c=radial thickness,
and R is approximated by

R=0.2235(b + ).

The self-inductance of the plasma is the sum of so-called exter-
nal and internal inductances,

Lp = Lpext + Lyint

where the external inductance Lpeyx is given in terms of the aspect
ratio and elongation by a numerical fit from [24], and the inter-
nal inductance is expressed in terms of the normalised internal
inductance I;:

RI;
Lpint = MOZ -

The normalised internal inductance can be input, or given ([7],
p. 116) by

I; = In(1.65 + 0.89a).

9.2. Transformer flux swing

Itis assumed that the plasma current is initially started by a loop
voltage caused by electromagnetic induction, with no contribution
from current drive. The consumption of flux during start-up and
current ramp is given by sum of the resistive flux consumption
during start-up and current ramp (@yes) and the flux consumption
due to the self-inductance of the plasma during current ramp-up
(Dind)- The calculation of @,¢s is based on the fact that the ramp-up
takes of the order of the resistive current penetration time g a?/n,
where 7 is the resistivity of the plasma. The flux consumption is
therefore independent of the resistivity and the minor radius and
is:

Dres = CEMOIPR

where Cg is the empirical Ejima constant, defined by the user
(default value 0.4). Flux consumption due to the self-inductance
of the plasma (Lp, see Section 9.1) during current ramp-up is:

Ping = Lplp.

The PF coils are assumed to have zero current at time zero. The
total change in flux caused by switching on the PF coils to their



3062 M. Kovari et al. / Fusion Engineering and Design 89 (2014) 3054-3069

currents in the equilibrium (flat-top) phase is calculated using the
mutual inductances, as

I i
A®pp = g Lplasma,i tul‘ql‘lS-
i

i=PF coils

where Lpjasmai = mutual inductance between coil i and the plasma,
Iegi=total current in PF coil i required to create the equilibrium
vertical field in the absence of the CS, and turns; = number of turns
in PF coil i.

The flux swing required from the CS to ramp up the plasma
current is then

APcs = —(APres + ADjpg) — APpy.

The change in the CS current will affect the vertical field, and
currents in the PF coils need to be adjusted for this, causing an
additional change in flux. To avoid carrying out a full solution to
this problem, the CS is temporarily treated as infinitely long, and
therefore has no external field. The current swing required in the
CS can then be calculated:

ADcs
A

Ao LoT <R%S + (1/6)AR%S + (1/2)ARCSRCS >

where hcs =half-height of the CS, R¢s is the CS bore, and the addi-
tional terms in the numerator correct for the finite thickness ARcs
of the CS coil.

The total CS current at end of flat-top is calculated from its
cross-sectional area and the current density which is available as an
iteration variable. The total flux swing needed for the entire pulse
is:

Dot = Pres + Ping + Poum

quum = Csawth Vburn Churn

where V., =loop voltage during burn (see Section 18), and Cyqyyeh
is an enhancement factor to account for sawtooth effects-although
by default this factor is 1.

For a pulsed reactor the burn time is:

(pburn

thurn = Vb
urn

10. Radiation

In areactor the power entering into the scrape-off layer must be
kept to a minimum in order to protect the divertor. Introducing a
large amount of impurity radiation is one way of achieving this goal.
The model in PROCESS has recently been updated. The ratio of the
density of each impurity to the electron density is assumed to be
uniform throughout the plasma, and is set by the user. However, the
user can optionally choose any one impurity fraction as an iteration
variable to be adjusted by the code.

The radiation per unit volume is calculated using loss functions
calculated by the code ADAS405 [25] - see Fig. 7. The effective
collisional-radiative coefficients which are required to establish
the ionisation state and radiative losses of each ionic species,
assuming equilibrium ionisation balance in optically thin plasma,
were taken from the ADF11 derived data files [26]. For H, He, Be,
C, N, O, Ne and Si these use the generalised collisional-radiative
approach [27]. For Ni the data are based on [28], for Fe on [29],
and for W see [30]. The Ni and Fe rates have a density dependence

10-30
10-31
10-32
10-33
—103 )
£ 107
310'36
10-37
10738 — H — N — Ar — Kkr
10 e —e = —
S0 —c  —si
10103107 10° 10° 10' 107 10°
TlkeV]

Fig. 7. Radiation loss functions as a function of temperature, at 10'° electrons m—3.
The lowest line is H, with the other lines in the order listed. The dashed lines show
the bremsstrahlung calculated using a separate method.

imposed following the procedure in [31]. The Kr and Xe data is from
the ADAS baseline.

The resulting loss functions have a slow dependence on den-
sity, but are calculated at a fixed density (10'° electrons m~3). This
contrasts with strict coronal equilibrium, which is independent of
density. In reality non-local effects due to density and temper-
ature gradients will be significant, but these are not taken into
account. The loss functions include both bremsstrahlung and line
and recombination radiation, giving

P; =ninelz(Z;, T)

where P; =radiation per unit volume (excluding synchrotron radi-
ation), L;(Z;,T)=1oss function for ion species i at temperature T,
n; =density of ion species i.

The radiation emission is integrated numerically over the
plasma profile, using the temperature and density profiles. Only
emission from within the separatrix is included, as PROCESS has no
model for the scrape-off layer.

The plasma inside the separatrix is divided into the “core” and
“edge”, separated by a normalised minor radius set by the user.
Radiation is calculated separately for core and edge, except for the
synchrotron contribution, which is assumed to come from the core.

The calculation of synchrotron radiation is based on [32], which
modifies the results of [33] taking reflections into account, and can
conveniently be found in [4]. This is currently based on a tempera-
ture profile different from the standard Process options:

Te(0) = (Toe — Tea)(1 — ,OﬁT YT + Tea

where a1 and Bt are peaking parameters for the electron temper-
ature profile, Ty, is the central electron temperature and T is the
edge electron temperature. The edge electron temperature T, is
fixed at 1 keV, and the peaking parameter for the electron temper-
ature profile Bt is fixed as 2. (This makes the profile agree with
the no-pedestal PROCESS profile, except for an overall shift equal
to Teq.) This is stated to be accurate (or at least a good fit to the
detailed calculations) for:

10<T,<100KkeV, 1<k <2.5,

O<ap<2,0<ar<s8,

1<Br<8,and 1.5<1/e<15.

The power loss from synchrotron radiation is strongly depend-
ent on the reflectivity of the wall, which is poorly known and must
be set by the user.
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11. Fusion power

The fusion reactions included are DT, DD (both branches), and
D3He. The volume-averaged thermal fusion power per unit volume
from DT fusion is

Ppr = (ova)frfp (np)?Ee,

and similarly for the other reactions, taking account of the factor of
Vs required for DD reactions.where (ov),y = density-weighted mean
DT fusion rate coefficient, fr=fraction of fuel ions that are tritium,
fp=fraction of fuel ions that are deuterium, fye3 =fraction of fuel
ions that are 3He, E; = energy released in D-T reaction, (ny) =fuelion
density.

The mean fusion rate coefficient is calculated by integrating over
the plasma profile. The result can be shown to be

{0V = 2(1 + o) / p(1 - p*) " (ov)(T)dp

where the fusion rate constants (ov) (T) is calculated at a tempera-
ture T given by

T = (TH(1 +ar)(1 - p?)*".

The rate constants are from the fitting of Bosch and Hale [34,35],
valid in the ion temperature range 0.2-100keV. The total fusion
power is divided into alpha and neutron power:

Poyfimw = (Po + Preut )V.

The alpha power derives from thermal fusion and beam-plasma
fusion:

Py = Py(thermal) +

otNB
1%

Even for the DEMO B model in Section 21.2, which has 200 MW
of injected deuterium atoms, beam-plasma fusion is only 2.5% of
the total. The alpha power from beam-plasma fusion is

Pong = fpeamfus(PapB + PatB)

Speamfus = user-specified multiplier for beam-plasma fusion cal-
culation, P,pg=alpha power from beam-plasma fusion due to
deuterium beams, P,yg=alpha power from beam-plasma fusion
due to tritium beams.

The cross-section for beam-background fusion cannot be
derived from the fitting by Bosch and Hale, which does not cover
the energy range required, so an alternative fit is used. The beam-
plasma reaction rate coefficient is

Fusion rate

Background ion density x beam ion density
3 Enubeam 3
v crx u
= = 3 ﬁabmfus(u)du
In(1 + (Vpeam/Verx)™) Jo +u

where Ejpeqm =initial neutral beam energy, oppygs =fusion cross-
section. The variable of integration u is the ratio of beamion velocity
during slowing down to the critical velocity for electron/ion slow-
ing down, vqx. DD beam-plasma fusion is neglected.

12. Effective charge and impurities

Helium ash and other impurities will dilute the fuel. The density
of fuel ions n¢ follows from charge neutrality:

(Ne Zf,

(nf) = (Ne) — (Npeam) — 2{Nyfast) —

where f; is the number density of species i, as a fraction of the elec-
tron density, and Z; is its atomic number, (npeqn) =hot beam ion
density, (nyfs) =fast alpha density.

For this purpose all elements are assumed to be fully ionised.
The effective charge, neglecting fast particles, can be shown to be:

2
Zyr =Y _fiZ;
i

13. Plasma current

The safety factor qg5 required to prevent disruptive MHD insta-
bilities (which is an input) dictates the plasma current I:

27 a fq
o ngs
The factor f; makes allowance for toroidal effects and plasma

shaping (elongation and triangularity). Several formulae for this
factor are available, but the defaultis [11,19],

1.17 - 0.65
fa= 2 (1 4 g1+ 2825 — 1.28%,)).
2(1 - 52)

p=

14. Energy confinement
14.1. Confinement scalings

Several empirical scaling relationships have been proposed for
energy confinement, based on selected pulses from several differ-
ent machines. We are faced with the task of extrapolating these to
a reactor.

A reactor will require a large fraction of the alpha power
from fusion to be radiated - preferably from the edge or the
from the divertor region. Inevitably there will also be significant
bremsstrahlung and synchrotron radiation from the core. This
contrasts with the published scalings, which are derived from
experiments with low radiation fraction. The effect of radiation on
confinement is not well understood. It is likely that radiation from
the outer part of the pedestal will not greatly affect the power con-
ducted by ions and electrons from the core and the inner part of
the pedestal. On the other hand, radiation from the central plasma
and the inner part of the pedestal is almost certainly an additional
loss mechanism to the conducted power. PROCESS allows for this
by calculating energy loss from the confinement time, and then
adding the radiation emitted within a user-defined radius referred
to as the “core”, as explained in Section 10. The power lost by the
plasma is therefore

Plost = Pscaling + Peore

where the conducted loss from the confinement scaling is
Win

Pscaling = TE

Wy, is the thermal energy of the plasma, Pcore is the radiation from
the “core”, and tg is the energy confinement time derived from the
scaling as below.

Differences may exist in the ways in which energy confinement
time is defined and measured by different authors, but these are
not significant compared to the uncertainty involved in extrapola-
tion. The experimental scalings below are derived from the stored
thermal energy only. Thus fast ion losses are taken as energy not
deposited in the plasma, rather than as energy lost from the plasma,
and PROCESS uses this same convention.

The radiation also has an influence on the right hand side of the
confinement scaling equation, which includes the so-called “loss
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power” P, which we interpret as power transported out from the
“core” by charged particles:

Py = Pipji + Pigje + V(Py + Pohmpy — Pcore).

Ponmpy =inductive heating power (called ohmic heating) per unit
volume and the other symbols are in Table 2.

For high confinement mode operation (H-mode) with ELMs,
the most commonly used scaling is based on IPB98 (y,2) [36]. The
energy confinement time, averaged over the ELMs, is

Ip 0.93 B; 0.15 Ne)ia 0.41
e = 005023 () (5) " (fgmes)

p, \ 069 , g 1.97
o AL x 1078 50.58 40.19
MW m a Juel
where Hp, =user-defined enhancement factor, k4 =plasma elon-

gation calculated as

Ax
" a2

Ka

Ay is the cross-sectional area inside the separatrix, A, = average
mass of fuel portion of ions (amu).

Low confinement (L-mode) operation is sometimes considered
for reactors as it has no ELMs. PROCESS offers several L-mode
options, one of which is from Kaye [37]:

Ip 0.96 Bt 0.03 <ne>la 0.40
’E—wao-o”s(m) (T) (Wmfa)

P -0.73 R 1.83
x L -~ K0'648_0'06A0'20
MW m 95 fuel

14.2. L-H transition

H-mode can only be maintained if the “loss power” (the power
transported by charged particles through the edge of the plasma)
is sufficient to prevent reversion to L-mode. Several L-H thresh-
old scalings for loss power are available-the default is from Martin
et al. [38], who used the international H-mode threshold power
database. Martin’s definition of loss power excludes the power loss
by fast ions in unconfined orbits and charge-exchange processes.

Py = 0.0488 (7“19)’“ >0'717BO~80350941 2
’ 1020 m-3 ! area Aion
(units MW, 102 m—3, T and m?) The symbols are:
Sareqa = plasma surface area (see Section 7), Aj,, = mean ion mass
(amu) including the contribution from fast beam ions, and other
variables are in Table 3.

15. Definitions of 8

The total plasma 8 is usually an iteration variable. Definitions of
other forms of g are listed below, using the following quantities:

Bior = total magnetic field (see below)

(nj¢) = total ion density, including fuel and impurities

B =fast alpha contribution to beta (Section 17)

Bng =fast beam ion contribution to beta (Section 17)

Peoer = profile factor (see Section 4.1).

The poloidal magnetic field By averaged over the plasma perime-
ter is given by Ampére’s law:

_ Holp

==

where L is the plasma perimeter, given in Section 7. The total mag-
netic field By is calculated as the vector sum of the toroidal field at

By

the geometric axis and the poloidal field averaged over the perime-
ter,

Broc = 1/ BZ + B2.

The poloidal $, based on the full plasma pressure including fast
particles, is then scaled from the total g:

2
_ g Brot
ol
Thermal g:
(ne)(Te) + () (Th)

2
Btot

:Bth = ZMOE Pcoef
Toroidal B:

()

Thermal poloidal S:

2
IBp,thermal =(B- ﬂft — Bng) (BBfOf)
14

The relationship between the different contributions to beta
must be applied as a constraint:

2
LO% (ne)(Tehn + (Mie)(Ti)y)

tot

B =B+ Bns+

Two alternative values of “normalised beta” are calculated, irre-
spective of the beta limit option chosen:

Bn(%) =
0.01p

aB;
and
o B—Br— Bns
,BthermalN(A) = fti,
0.0la—§t

16. f and density limits

Three options are available for implementing the beta limit (all
using MA, m, Tesla).
Option 1 (the default): Includes all beta components:

Ip
B=0.01g L.

Option 2: Here, the beta limit applies only to the thermal com-
ponent of beta, not the fast alpha or neutral beam parts:

Ip
B—Bs— Bnp < O'OlgaTBt'

For this option a user-defined limit can also be applied to ¢fp.

Option 3: Here the beta limit applies to combined thermal and
neutral beam components of the total beta, but excludes the con-
tribution due to the fast alphas:

IP
B-Br = OD]gaT?{

By default the value of g is set by the user. Alternatively it can
be calculated from the aspect ratio using

g=2.7(1+5¢&3>)
(which gives g=3.0 for aspect ratio=3), or using

g :41,‘.



M. Kovari et al. / Fusion Engineering and Design 89 (2014) 3054-3069 3065

Several different plasma density limits are available [20]. The
simplest is the Greenwald limit, given by

m~3 m?2 I
ng =10" £
¢ < Amp a2
In this case the limit applies to the line-averaged electron den-
sity, not the volume-averaged density.
Both the density limit and the beta limit are available as con-

straints. As always, all the constraints specified by the user are
imposed simultaneously.

17. Fastions

The fast alpha particles and beam ions will make a substantial
contribution to the total plasma pressure. The fast alpha contribu-
tion to beta, B, is given (by default) by a fit based on [39], but
taking into account the deviation of the fusion cross-section from
T2 dependence at high temperatures.

Bt = Bin Pa x the smaller of
_ Pang
“v
0.3
x (i) \* (T;) + (Te) 0-3
O.26(<ne>) (Pcoef o —0.65)

where By, =thermal beta (see Section 15), P, is the fusion alpha
power per volume, Pynp is the o power from fusion due to fast
beam ions, and P,y is the profile factor (see Section 3 above).

The contribution to 8 by fast beam ions is:

Bus = 24.03 x 10-22 PomoTbeamErotns

3 Bior

where Bpnmo=1.5 by default, and (npeqy) and Eponp are the aver-
age density and energy of the fast beam ions. The average fast ion
energy is derived based on [40]. The fast beam ion density is the
sum of the deuterium and tritium components:

Tsbme |p 1+ (Eppeam/E 'tD)]'s
<nbeam>D = (1 _fﬂ’itbm)lbeam 3 ( ‘ﬂ/eam cri )

_ TSmee In(1+ (Enbemn/EcritT)1 '5)
(Mpeam) T = fitbmIpeam v

where fiitpm = fraction of beam that is tritium, Ipeq;, =rate at which
neutral beam atoms enter the plasma, E ¢4, = Neutral beam energy,
Tshme = beam ion slowing down time, given in this module by

(Ten”
(ne) Aje
Eqirp and E7 are the critical energies (at which the ions and the

electrons are heated equally by the beam ion) for D and T respec-
tively, given by

Tshme = 1.99 x 1019(2(1 — fwitbm) + 3ftrieom)

Aje+4
Eritp = 14-8<Te>n2(zeff>ﬁ/3(lj‘7.)

e

3
EcritT = EEcritD

The density of fast beam ions (relative to the electron density)
is always an iteration variable, and the following consistency equa-
tion must be applied:

(Mbeam) = Mbeam)p + (Mpeam)T

(Units in this section are s, keV, Tesla, m=3. {Ze)n and the
Coulomb logarithm Aj;, are given above.)

18. Plasma loop resistance and ohmic heating

The plasma loop resistance is:

Ze R (4.3 —0.65).
a

Ppias = 2.15 x 1072 ohmm
plas ka2((T.)/10keV)*/?

The expression is suitable for oy =0.5, ar=1.0, oy =1.5. The sec-
ond factor is the so-called neo-classical resistivity enhancement
caused by particle trapping [11], valid for aspect ratios in the range
2.5-4. An additional enhancement due to sawtooth effects can be
added later.

Loop voltage during burn is

Vburn = Ip pplasfacoh ’

where f,,n =the fraction of plasma current produced inductively.
The resistive (ohmic) heating power per unit volume is therefore

2
facohlp Pplas
Pohmpu = % .

19. Energy gain and power balance

The fusion energy gain Q is defined as

Q= Powfmw
Pinje + Pinji + Pohmpv ’

Power to the divertor will depend on the power transported
through the separatrix by charged particles,

Psep =PyV + Pinji + Pinje + Pohmpvv - Prad

No detailed divertor model is in use at present. Instead a simple
constraint can be applied to the ratio Psep/R.

The following constraints can be imposed.

Ion power balance:

P .
Pri + Pie = FaPai + /-
electron power balance:

Pinje
Pire + Praq :FO(Pae‘f‘Pie”‘Tv

and total power balance:
Plost = FoPoV +Pohmpvv + Pinji + Pinje-

In this section, Py mw = total fusion power, Psep = power trans-
ported through the separatrix by charged particles and the
remaining quantities are all volume-averages, per unit volume of
plasma: Poypypy =Inductive heating power (called ohmic heating),
Pyre =electron transport power through separatrix, P =ion trans-
port power through separatrix, P;, = power from ions to electrons,
Pye =alpha power to electrons, P,; = alpha power to ions, P44 = total
radiation power from the confined plasma, F, =fraction of alpha
power deposited in the plasma, P, =power lost by the plasma
(Section 14.1).

20. Optimisation

In optimisation mode PROCESS uses the routine VMCON, based
on a variable metric method by Powell [41] [42], which finds a sta-
tionary point of a function (the figure of merit), consistent with a
general set of equality and inequality constraints. The derivative of
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Table 5A

Input parameters in process set equal to ITER scenario [44].
Parameter Value
R(m) 6.2
a(m) 2.0
Br (T) 53
qos 3.0
Ko5 1.70
895 0.33
(Ne) 1019m—3 10.1
(Ti) 8.0
Png (MW) 33
Prr (MW)? 7
fue =He density/ion density (average) (%) 3.2
foe (%) 2.0
far (%) 0.12
Beam tangency radius (m) 5.31

2 In PROCESS simultaneous RF and NB heating are not allowed. The RF heating
was assumed to be additional unspecified heating with no current drive.

Table 5B
Results. Those differing by more than 20% are shown in italics. The complete output
file is available in Supplementary Information.

Parameter ITER PROCESS
Volume (m?) 831 845
Surface area (m?) 683 697
Poloidal perimeter (m) 18.2 184
Poloidal cross-section (m?) 21.9 22.2
Ip 15.0 15.06
I 0.84 0.65?
Vioop lo0D voltage (mV) 75 98.5
Bn Normalised beta 1.8 1.76
Br Toroidal beta (%) 25 2.60
By Poloidal beta 0.65 0.69
(Te) (keV) 8.8 8.0°
Pon Inductive heating (MW) 1 1.48
Psyn Net synchrotron loss (MW) 8 2.8
Prap Total radiation (MW) 47 37.8
7 Energy confinement time (s) 3.7 4.22
Wy, plasma thermal energy (M]) 320 330
Wias: fast particle energy (M]) 32 37

THe TE 5 4.58¢
Beam-driven current (MA) 1 0.888
Bootstrap current (MA) 2.2 4.44

a Default value.
b PROCESS is normally used with equal electron and ion temperatures.
¢ PROCESS has only a single particle confinement time.

the function must be available, and is calculated using finite differ-
ences. The second derivative does not need to be provided, but a
matrix related to it is estimated by the algorithm. A Lagrange func-
tion is created using Lagrange multipliers. The stationary point of
the Lagrange function is found by a variant of the BFGS method
[43]. At each stage in the iteration this function is modelled as a
quadratic in the vicinity of an initial trial point in parameter space.
Aline search algorithm then seeks an approximate minimum of the
Lagrange function along the vector joining the trial point with the
minimum of the quadratic. A recent addition to PROCESS enables
the optimisation procedure to continue even if the line search fails.
No attempt is made to ensure that a global minimum is found.

21. Application to ITER and DEMO
21.1. Comparison with detailed ITER calculations

The predictive capabilities of PROCESS in plasma physics are,
unsurprisingly, limited. It must be remembered that the main aim
of a systems code is to combine engineering, physics and eco-
nomics. Table 5 gives the parameters of a model which shows
the main plasma features of an inductive ITER scenario [44]. The

density and temperature profile exponents with no pedestal (see
Section 5) were adjusted manually to achieve the same fusion
power (400 MW) and effective charge (1.66), resuting in o, =0.45,
ar=0.25.

The biggest fractional discrepancy is a factor of three in the net
synchrotron loss power, but the reason for this is not understood at
present. The bootstrap current model, which disagrees by a factor
of two, is being replaced (Section 8). There is a 48% discrepancy
in the inductive heating power (known as ohmic heating), but the
absolute value of this power is very low. Note that the results are
far from unique - the same specified conditions could be achieved
using other combinations of inputs, some of which might lead to
closer agreement with the results of detailed calculations. Process
is not a plasma scenario code.

21.2. Latest DEMO models

The high-level objectives proposed for a fusion power plant
“DEMO” are to produce significant electrical power for a signifi-
cant length of time, to demonstrate tritium self-sufficiency, and
to provide proof-of-principle for all technologies required for a
commercial fusion power plant. Two new models for DEMO have
been obtained using Process [45]. The first, DEMO A, is intended
to be “conservative” in that it might be possible to build it using
the technology of the near future. For example, the line-averaged
electron density is 20% higher than the Greenwald limit, because
this limit is thought to be based on the density near the edge,
while the line-averaged density will be enhanced by the peak-
ing of the profile expected at the low collisionality due to the
high temperature. The energy confinement time is 10% higher
than the IPB98 (y,2) scaling law, approximately compensating for
the radiation correction described in Section 14. Since current
drive technologies are not yet mature, only 12% of the current is
assumed to be due to current drive. Consequently it is a pulsed
machine, able to burn for only 1.65hours at a time. Despite the
comparatively large size (major radius is 9 m), the fusion power is
only 1.95GW. The assumed gross thermal efficiency is 33%, giv-
ing just 465 MW net electric power. (A modest extrapolation of
DEMO A is possible, with the same geometric features, extend-
ing the pulse operation length with some current-drive. Since a
pulsed DEMO would in any event require about 100 MW addi-
tional heating to achieve H-mode, and would have the systems
available, it seems reasonable to explore the performance of such
a device.)

The second, DEMO B is intended to be “advanced” in that more
optimistic assumptions are made. Fig. 8 and Table 6 compare DEMO
A and B with a reference ITER scenario, showing that current
drive and bootstrap fraction need the most extrapolation. The high
energy confinement H factor used for DEMO B is motivated by data
suggesting that the standard scaling is unduly pessimistic at high
Bn [46]. The DEMO models in this section and the next were created
using an older version of PROCESS (version 246).

neutron power / plasma surface area
Current drive fraction r.

Bootstrap fraction ‘ ‘
q95
normalised beta (see 20) =DEMO1 /ITER
H factor ®DEMO2 / ITER
<ne>/nG | ‘ |

0 1 2 3 4 5 6 7 8

Fig. 8. Comparison of DEMO A and B, both normalised to the 400 MW fusion power
inductive ITER scenario. nG = Greenwald density (Section 16).
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Fig. 9. Parameters as a function of aspect ratio for DEMO 1, using PROCESS. The major radius was minimised. Net electric power =500 MW, burn time =2 h.

Table 6
Comparison of DEMO A and DEMO B with the 400 MW fusion power inductive ITER
scenario [44].

ITER DEMO A DEMO B
(ne)[ngi 0.85 1.081 1.08
H(IPB98 (y,2)) Hyaer 1.0 1.1 13
Bn (see Section 15) 1.8 2.44 3.44
qos 3.0 3.0 3.5
Bootstrap fraction 15% 33.9% 56.2%
Current drive fraction 6.0% 12.1% 43.8%

21.3. Aspect ratio and burn time

In a self-consistent model the effect of varying the aspect ratio
depends on a number of physics and engineering relationships [47].
Fig. 9 shows that for DEMO 1 as the aspect ratio is increased at
constant pulse length the plasma volume initially decreases, so
to maintain a constant fusion power the plasma density and the
toroidal field increase, causing the TF coil to become much thicker.
Up to an aspect ratio of about 3.5, the extra space available on
the inboard side allows the major radius to remain constant, but
beyond this point it must increase.

Fig. 10 shows that as the required burn time increases the major
radius increases (because of the space required for the central
solenoid). Fig. 11 shows the effect of allowing the aspect ratio to
vary in order to minimise the major radius, but the optimum aspect
ratio is somewhat erratic-probably because the minimum (shown
in Fig. 9) is so flat.

22. Discussion and future work

Nakamura et al. have compared the results from an earlier
version of PROCESS and the Japanese code TPC, concentrating
on the plasma physics [48]. They found that once the plasma
geometry, temperature, profile indices, and impurity fractions are
defined, and a suitable figure of merit and constraint set are chosen

10.5
10
9.5 4

9

8.5 A

Major radius (m)

8 T T T

burn time (h)

10.5
Major radius (m) |
10
9.5 4
9 = T T
0 1 2 3 4

burn time (h)

Fig. 10. Major radius as a function of burn time for DEMO 1, using PRO-
CESS, with fixed aspect ratio=3.5. The major radius was minimised. Net electric
power =500 MW.

for Process, the other key plasma parameters derived by the two
codes are in very good agreement-within about 5%, and usually
much better. The exception is the radiation, which is very sensitive
to the assumptions made concerning the pedestal and scrape-off
layer. Kemp et al. [49] discuss the discrepancies between the
two sets of results, including the fast particle contribution to the
plasma pressure, and the significant effect that different radiation
models have on the confinement time.
In our view a systems code should do all the following things:

e Estimate cost of electricity

e Estimate safety parameters such as tritium inventory and tritium
releases

e Optimise the design

¢ Include all known quantifiable constraints

e Make it possible for users to assess the scenario against con-
straints that are not yet quantified

e Show the assumptions

e Show dependence of results on assumptions

3.3

Aspect_ratio
32 - pect_

3.1 -

3 |
2.9 -
2.8 T T \

2
burn time (h)

Fig. 11. Parameters as a function of burn time for DEMO 1, using PROCESS. The aspect ratio and other variables were varied to minimise the major radius. Net electric

power =500 MW.
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e Be up-to-date
¢ Be able to be compared with other systems codes
e Give scenarios that can be studied with detailed models

It is desirable that it should

¢ Allow the source code to be read and checked.

e Allow the input and output files to be shared by other codes.
e Be rigorously tested.

e Find the globally optimum design.

No systems code meets all these requirements yet. PROCESS
is under active development - the pedestal, new radiation model
and improved treatment of TF coil ripple were introduced recently,
and new engineering and cost models are also being introduced.
Work has begun on ensuring that results represent a global rather
than just a local optimum, and on a user interface. The PROCESS
homepage is www.ccfe.ac.uk/powerplants.aspx, and this includes
a complete list of input parameters and their default values. A
paper on the engineering and economic modules is in prepara-
tion. New algorithms can easily be incorporated, and we invite
collaboration.
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