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Abstract. Demonstration power plant is the next step for fusion energy following
ITER. Some of the key design questions can be addressed by simulation through system
codes. System codes aim at modeling the whole plant with all its subsystems and
identifying the impact of their interactions on the design choice. The SYCOMORE
code is a modular system code developed to address key questions relevant for tokamak
fusion reactor design. SYCOMORE is developed within the European Integrated
Tokamak Modelling framework (ITM) and provides a global view (technology and
physics) of the plant. It includes modules to address plasma physics, divertor physics,
breeding blankets and shields design, magnet design and power balance of plant.
The code is coupled to an optimization framework which allows specifying figures
of merit and constraints to obtain optimized designs. Examples of pulsed and steady-
state DEMO designs obtained with Sycomore are presented. Sensitivity to design
assumptions are also studied, showing that the operational domain around working
points can be narrow for some cases.

Introduction

The next step for fusion energy following ITER is the construction of a demonstration
power plant. A viable fusion reactor aims at achieving a net electricity output together
with sufficient availability, reliability at an acceptable cost. This poses major challenges
on the plant design. In particular, a large number of constraints have to be met at the
same time. The so-called system codes aim at addressing this design issue. They model
all the subsystems in a power plant to study their interactions and their impact on the
global design [1, 2, 3]. SYCOMORE is a modular system code developed to address

I See the Appendix to G. Falchetto et al., Nucl. Fusion 54 (2014) 043018
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Figure 1. Sycomore code workflow - direct run mode

physics and technology issues for fusion reactors. The code was designed to be modular
(giving the possibility to add new code modules), flexible (giving the possibility to
update already implemented modules) and consistent (providing self-consistent designs
along the calculation). The first part of the present article will describe Sycomore’s
computational architecture and the basic principles of the code. The second part will
describe briefly the physics and technology contents of the different modules in the code.
The third part of the article will show results obtained with Sycomore on two major
classes of tokamak reactors: pulsed and steady-state machines.

1. General Description of the code

1.1. Code structure and calculation workflow - direct mode

Sycomore is built over a chain of code modules handling each reactor subsystem taken
into account in the calculation. The modules communicate to each other using the
European Integrated Tokamak Modelling framework (ITM) [4] and are chained in a
graphical interface software named Kepler [5]. This allows a straightforward outlook
of the calculation sequence. The present calculation chain is presented on figure 1.
Sycomore can be run in two different modes: the direct mode and the optimizer mode.
The direct mode is the primary way to run the code and is the one shown on figure 1.
The user specifies a set of fixed inputs (among them major and minor radius, toroidal
field, edge safety factor, kinetic profile parameters, etc...). These are used to compute
the design and its performances (fusion power, net electric power, radial build, pulse
duration etc.). No global optimization is performed at this stage. Consistency is
enforced all along the calculation chain: every module checks that the data it produces
is consistent with the results of module earlier in the chain. If an inconsistency is found
at any point of the workflow (for instance a lack of space for any of the elements of the
radial build), the calculation stops and the point is considered as invalid. This prevents
inconsistent designs from being produced by the code, a situation which would require
post-calculation checks. The direct mode allows quick checks of a particular design and
is particularly useful for benchmarks with other system codes.
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1.2. Optimization mode

The second run mode of Sycomore is the optimizer mode. It wraps the direct mode
workflow inside an optimizer loop (see figure 2) thus allowing the user to specify figures
of merit and constraints on the design parameters. Since the core of the code is the same
calculation chain as in the direct run, any set of input variables can be chosen as an
optimization variable. All combinations of input or output variables can be chosen as
figures of merit or constraints. Single-criterion problems (e.g. minimizing the major
radius) or multi-criterion problems (minimizing the major radius AND maximizing
the net electric power) can be solved. Multi-criterion optimizations are handled by
creating Pareto fronts for the chosen problems. For the example described above, this is
equivalent to find the maximum net electric power achievable for a range of major radii.
Examples of single-criterion optimizer runs are presented in section 3. Multi-criterion
runs are left for future work.

The URANIE [6] optimization framework developped at CEA/DEN was chosen for
Sycomore. Since URANIE is an external framework, a communication library based
on socket data exchange was developped. This solution keeps a maximum flexibility in
the choice of the optimizer. URANIE is an uncertainty and sensitivity platform based
on on the data analysis framework ROOT [7], an object-oriented petaflopic computing
system developed at CERN. It provides a collection of multi-constraints multi-criterion
algorithms among them genetic algorithms (GA) within the Vizir library [8] which was
chosen for Sycomore. GAs use a different approach from conventional gradient-based
algorithms; they are based on random processes mimicking the natural selection to
evolve a population of points (or individuals) towards the optimum. A genetic algorithm
proceeds in 5 steps:

(i) Evaluate the current population of individuals with the function to be optimized;
(ii) Select and rank the individuals following the figures of merit and deviations from
the constraints;

(iii) Randomly recombine the individuals by pairs (with a favorable weight on best ones)
to create new children. The recombination operator used in URANIE creates both
heterozygotes and homozygotes individuals from the parents’ genetic material.



4

(iv) Introduce small random changes (mutations) in the new individuals. The set of
new individuals is the next generation of the population.

(v) Tterate back to the first step until the values of the function to be optimized
are within a certain range for all the points of the population (i.e. a population
converged on an optimum)

GAs generally need much more evaluations of the function to be optimized than classical
gradient-based algorithms, but are much more robust. First of all they usually avoid
the problem of being trapped in local minima of the cost function. Secondly, they are
not blocked, unlike gradient-based algorithms, when encountering invalid designs, for
example a set of parameters for which it is not possible to put all components in the
radial build. When a design point is invalid, the GA rejects it and a new child is simply
created by a recombination of other parents. This is particularly important for system
codes as radial build problems can be encountered very often when exploring a large
parameter space with no a priori knowledge of the valid area.

The coupling to the Optimizer framework has also been parallelized. Since all the
function evaluations inside a GA generation are independent, the scaling factor is close to
100%. A typical run of Sycomore in optimizer mode with a population of 400 individuals
requires approximately 15 min on 128 cores (for 20000 to 40000 points explored).

2. Modules content

The physics and technology content of the modules are briefly described in the present
section. This is only a short summary of the main methods and assumptions used in
Sycomore in order to give a global view. Some of the modules have been described in
independent articles (referred to in each module’s paragraph) should the reader need
more details.

2.1. Plasma physics module

The plasma module is based on the Helios code [9]. It assumes parabolic profiles with
a pedestal:

2\ An
n(p) = Nped + (Mo — Nped) (1 — p%;d> for 0 < p < ppea 0
Ngep + (nped - nsep) % for Pped < P < 1
ar
Te"‘T—Te (1—pﬁT> fOI'OS S e
T(p) = ped + (To ped) Pﬁfd P = Pped 2)
Tsep + (Tped - Tsep) % fOI' pped S P S 1

The pedestal temperature follows the Cordey scaling as explained in detail in [9)].
Other parameteres are user inputs.

Once the profiles are known, the confinement time, fusion power, helium fraction
and power crossing the separatrix are determined. A number of confinement time scaling



5

laws are available in the module although the most commonly used is IPB98(y,2) [10].
The ratio of the effective helium confinement time (defined as the total helium content
within the separatrix divided by the fusion rate) to the energy confinement time is
generally chosen equal to 5, based on JET D-T experiments and extrapolations to
ITER [11]. An important feature for this module is that only the power conducted and
convected through the separatrix (P, ) is used in the confinement time scaling (not the
total input power). Radiated powers are therefore excluded from the calculation of the
IPB98 confinement scaling. One must bear in mind that the heating power is not an
input to the plasma module. It is determined at the very end of the module by the
plasma power balance.
Once the helium fraction is known, the alpha power is calculated:

2
Ne)—

Pa = Oa< 4> U*VDTEQV (3)
where F, is the alpha energy, V the plasma volume and o*vpr the average fusion
reaction rate coefficient. C,, is the dilution coefficient due to impurities (argon in the

present case) and helium ash.

Ca = (1 - 2fHe - ZArfAr)2 (4)
The alpha power is then used to compute all the different 5. The bootstrap fraction
is then determined by a fit as described in [9]

51) th 1 Oé;;
’BS 1/2 x 0.45 1 ; (5)

where a7 is a thermal pressure peaking parameter and «; an ad hoc current density
peaking parameter.

Radiated powers are then calculated. The synchrotron power follows the scaling
proposed in [12]. Line radiation is treated using an seeding impurity profile proportional
to the electron density. This is a rough estimate as no simple way to compute impurity
transport has yet been implemented in the plasma module. The total line radiation
power is calculated using tabulated radiation coefficients from the ADAS database.
Beryllium, argon and tungsten are available in the code but only argon is used at the
moment. An important feature of the plasma module is that line radiation is considered
as a loss for the total plasma power balance, up to a certain normalized radius pjne. A
typical value is pjne = 0.95. This means than all the line radiation inside this radius
will be considered as a power loss. This has significant consequences on the designs as
addressed below in paragraph 3.1.3.

The plasma thermal balance is then closed with the additional heating power:

Padd - Pcon + PBrem + Psynchro + P)linerad. - Palpha - POhmic (6)

The current driven by the amount of additional power calculated in equation is
then given by
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with Te in keV and n, in m=3.

Iep = Pad (7)

The fit for vy¢p is only valid (strictly) for negative NBI current drive as stated in
9].

In cases where the current driven is larger to the plasma current set as input,
the efficiency is artificially reduced. For steady-state designs where full non-inductive
current drive is requested, situations where the power needed for thermal balance is lower
than the one needed for current drive may occur. In this case, the mean temperature is
increased (and the calculation restarted from the beginning to avoid inconsistencies) in
order to increase the current drive efficiency. This increase is done up to a certain point
in order not to deviate too much from the initial user input.

2.2. Dwertor and edge module

Its main role is to compute the plasma temperature in the divertor and the heat flux on
the targets. It also calculates the fuelling and pumping parameters in the divertor and
scrape-off layer. Divertor target erosion is not taken into account in the present version
of the module. It may be another limiting factor for the divertor and will be addressed
in future versions of the code. The present version of the module takes as inputs the
plasma geometry, safety factor at 95% flux, density at the separatrix, power conducted
and convected through the separatrix (P,,, in the previous section) and total radiated
power from the plasma. Calculations are based on a basic two-point model [13] and
only single-null divertor is considered in the present version. Calculations are applied
to both inboard and outboard sides.

The scale length for power decay at the divertor target uses the following scaling law
taken from [14]. More recent (and pessimistic) scalings have been recently implemented
in the code [15], but their consequences on the power density are left for future work.

2
A = 0.00312 R (8)

The parallel heat flux, considered as a constant along the field lines is calculated
using the following formula:

o PCO’I’L (9)
q) = 47m}\q(l%

The equations of the two-point model are then solved to get the target temperature
Ti. fpower is the fraction of power lost in the Scrape-Off Layer (SOL). At this step of
the calculation, fower is only an assumption (a range of values between 0 and 1). The
upstream density n,, is a user input. Typical values used in Sycomore are around 3.6.10"°

m_3.
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where k. is the electron thermal conductivity, € the mean energy lost per recycled
neutral, 7 is the sheath heat coefficient, I'; the particle flux on the target, f.om a free
parameter for momentum losses in the divertor and f.,,q for conductive losses both set to
1.0 in the present version. f,,.,, Will be computed consistently with the SOL parameters
in a future version of the divertor module. Quantities with subscript u denote upstream
values and subscript ¢t target values. The upstream temperature 7T, is then calculated
with a conduction equation and density at the target is obtained using total pressure
conservation.

The upstream temperature and density are used to compute the actual power lost
in the SOL through impurity radiation (argon seeding in the present case). Equation
11 is the result of the heat balance between the upstream and the target points.

2
Fy = ,};{mwerqH (11)
utio T2, [T LT05L,(T,)dT,

with Fy, = £4=.

The argon fraction f4, can then be calculated.

o FAr
1= 0.01Fa,Zar(Zar — 1)

Fa (12)

The integral term fOTe’“ %TGO'E’LZ(Te)dTe in equation 11 represents an impurity
radiation loss function. It is calculated using interpolation of data presented in [16]
and tabulated for argon in the code. It is to be noted that this integral assumes
target temperature equal to zero. This speeds up calculation but tends to overestimate
the radiation losses. Once equations 11 and 12 are established, the value of fpoper
corresponding to the argon fraction given in input can be determined.

The maximum heat flux on the inner/outer divertor target gpeqk,injout is then
computed:

Pcon(l - fpower) - Prad,H

Awet,in/out

f owerPcon
fin/out + prdiv (13)

Qpeak,injout =

Proam = e(e— Ei)nt\/% 4%& is an hydrogen radiation term (e is the cooling rate

per injected neutral (25 eV) and E; the ionization energy 13.6 eV). A, is the wetted
area calculated using the divertor geometry, field lines angles (an input parameter in
the present version) and an ad hoc flux expansion parameter. f;, Jout 18 the in/out power
asymmetry factor (30% inboard, 60% outboard, 10% private region). fy, is the fraction
of energy radiated in the SOL which ends on the divertor and A, the total divertor
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surface. The limiting heat flux considered for Sycomore calculations is the maximum of
inner and outer gpe., values.

Once the heat flux is known, the argon fraction is adjusted to fulfill the constraint
on the maximum heat flux on the divertor targets. This is done by a loop between
the divertor module and the plasma physics module which computes the new plasma
parameters taking into account the new argon fraction.

2.8. Blanket module

The present current blanket module treats only HCLL blankets. It is based on the HCLL
design model described in [17]. The module computes the neutron flux from the fusion
power provided by the plasma module. Then it calculates the breeding zone thickness
needed to reach the breeding ratio specified by the user. Finally, the shield thickness
is determined so that the peak fast neutron flux (> 0.1 MeV) reaching the inner leg of
the toroidal field coil stays below a value set by the user. All components from blankets
and shields (breeding zone, manifold, backplates, shields) are taken into account when
calculating the neutron flux escaping from the blankets. The present module only uses fit
functions derived from more advanced neutronics calculations. More refined neutronics
using neural networks will be implemented in the near future [18, 19].

2.4. Magnet module

The magnet module is based on a simplified version of the ESCORT code [20]. The full
derivation of the equations shown in the present section can be found in this reference.
The magnet module in Sycomore takes as inputs the remaining space for TF and CS
after other elements (plasma, first wall, blankets, shields and vacuum vessel) have been
designed. It also takes a number of engineering parameters for the coils as inputs:
number of TF coils, total current, magnetic field on axis, maximum allowable stress on
TF and CS. It computes the conductor cross section needed to provide the requested
magnetic field on axis, the equation derived from the expression of the centering stress
and of the hoop stress to find the minimum size of the inner leg, such as presented in
details in [20] .
In particular the expression of the average centering stress is the following;:

2Rz,TF (Rerr + 2R 1) Br2naacTF
3poRirr (Rerr + Ri,TF)2

where R, rr and R; rp are respectively the external radius of the TF coil inner leg
and the internal radius of the winding pack of the TF coil inner leg. By,..7r is the

(14)

O centering —

maximum field on the conductor. The hoop stress term is presently taken as a constant
(around 200 MPa) but will be calculated consistently as in [20] in future versions of the
code. The hoop stress is a tension constraint and the centering stress is a compression
constraint. The sum of these two stresses according to the Tresca criterion must stay
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under 550 MPa in a conservative first approach; higher values will be used in the results
presented below for a broader exploration.

The inboard sides of the TF coils (the nose) are wedged together to form a vault
as described in [20]. The radial size of this vault is obtained by solving the equation
determining the applied stress:

2
2UcenteringRZ'yTF
Ovault = $y 2
Ri,TF - RLvault

(15)

where R; yqut is the inner radius of the TF coil vault (and hence the inner radius
of the whole TF coil structure assembly).

The central solenoid is designed by maximizing the available flux while fulfilling
the constraint maximum hoop stress on the conductor steel. This stress is given by

B2
ThoopC'S = ﬁf(Re,CS/Ri,CS) (16)

R. cs and R, ¢g are the external and internal radius of the central solenoid. R, cg
is obviously dependent on the internal radius of the TF vault which has been calculated
just before. The full expression of function f can be found in appendix A of [20]. As
the solenoid is multi-layered, the number of of layers is optimized such as yielding the
maximum flux.

2.5. Plant power balance

The power balance module summarizes the power flows in the plant. It takes into
account as sources the heat generated and absorbed by blankets and divertor. A
constant user-defined energy multiplication factor is used in the present version. It will
be determined by a neutronics module in the near future. Power sinks are the additional
heating systems (with a user-defined wall-plug efficiency) blanket and divertor coolant
pumping powers (helium in the present case) calculated using the temperatures currently
assumed for commonly accepted HCLL designs. PbLi pumping power is also computed
in a simple way (not taking into account the influence of the magnetic field) in the
HCLL blanket case. Auxiliaries such as cryoplant are scaled up from ITER estimates
as a first approximation. A fixed thermodynamical cycle efficiency is assumed. The
module output is the net electric power to the grid.

2.6. Pulse duration

The burn duration Aty,,, is obtained from the following magnetic flux equation:

cI)CS - (I)T’amp—up + VZoopAtburn = LpIp + CEjima,MORIp + PohmAtburn/Ip (17)

where L, is the plasma total inductance. The flux available from the central solenoid
dpg is given by the magnet module and the ohmic power P, by the plasma module.
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The flux consumption at plasma breakdown as well as the contribution of the external
poloidal coils to the available flux are neglected for the time being.

3. Applications to DEMO design

Sycomore was used to provide designs on two classes of tokamak reactors: pulsed
machines and steady-state machines. These two classes are in line with the two main
European concepts: DEMO1 (pulsed machine with conservative physics and technology)
and DEMO2 (steady-state machine with advanced physics and technology).

3.1. Pulsed reactors

3.1.1. Design point. The optimization problem consists in designing a pulsed reactor
of a minimum 500 MW net electric power and two hours burn duration for the
smallest possible major radius. Input parameters, constraints and figures of merit are
summarized in the first column of table 3.1.1. A population of 500 points and a tolerance
of 5 cm on the converged optimum population is chosen for the genetic algorithm run.
The optimum design found by the optimizer is summarized in tables 3.1.1 and 3.1.1
and. The inner radial build is also given on figure 3. The global design is in line with
similar designs proposed by other system codes [21] with an aspect ratio of 3. One of
the particular points of this design is the high NBI power needed to keep the plasma
thermal balance. This is due to to the large line radiation power and will be addressed
below in section 3.1.3. As a consequence, the H-mode threshold is largely met due to to
the large power conducted and convected (P,,,) through the separatrix. The net electric
power fulfills the 500 MW constraint thanks to relatively optimistic NBI plug efficiency
(>50%). Constraints on the TF coil steel stress have also been relaxed for this first
study. This is due to the large total blanket and shield thickness required to protect
the TF coil inner leg from excessive neutron damage. A large gap between plasma and
magnets narrows down indeed the feasible domain for the TF coil inner leg.

S
Vac Breeding
oo | R+ - [ = S

0 1 2 3 4 5 6 7 8 9
Distance from axis [m]

Figure 3. Inner radial build for DEMO1-like reactor (pulsed)

3.1.2.  Sensitivity and operational domain. All the points explored by the genetic
algorithm are stored during the search of the optimum. This gives a preliminary view
of the width of the operational domain, although the mapping is neither necessarily
exhaustive nor regular. The points indeed tend to converge towards the optimum rather
than being spread over the entire parameter space. Figure 4 shows the net electric power
achievable for different (R,a) designs tested in the course of the optimization run. The



| DEMO1
Figure of merit Minimize R
Optimization variables R, a, qo5, By
Constraints
Pt >500 MW
Flat-top duration >7200 s
095, Kos 0.333, 1.518
Greenwald fraction fow 1.2
H-factor 1.1
NBI current drive efficiency 0.03 x (T¢)
Power flux to the divertor target || 10 MW.m ™2
Tritium breeding ratio 1.1
Neutron flux on TF 103 n.m?.s7!
Number of TF coils 18
Max. Stress on TF coil jacket 650 MPa
Max. Stress on TF coil vault 650 MPa
Max. Stress on CS coil 400 MPa
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Table 1. Design constraints for DEMO1-like reactor (pulsed)

optimum lies in a region above R=9.5m and with some margin on the minor radius.
One can notice that the area below a line defined by R = 0.85a + 6.7 (m) contains only
invalid points. This corresponds to lack of space in the radial build. The transition is
sharp, meaning that designs too close to this boundary have little margin on the radial
build. Other invalid points in the rest of the operational space correspond to too high
toroidal fields invaliding the TF coil design or too high power crossing the separatrix
(meaning that the edge plasma lies outside usual physics regimes).

Figure 5 displays the net electric power as a function of the pulse duration of
different major radii. It shows that a trade-off between pulse duration and electric
power has to be found for a given major radius. Increasing the net electric output to
the 800 MW range is feasible with moderate major radius increase only if the pulse
duration is short enough. Increasing the power on designs with more than 10 hours
burn time becomes very costly in major radius: R ~ 10m is needed for designs with 2
hours burn whereas more than 12 m are needed for designs with 20 hours. This also
shows that the validity domain for long pulse machines with more than 500 MW net
electric power narrows down with the pulse duration. 40 hours pulsed machines with
500 MW leave little margin on the available space. It is to be noted that because of the
high additional power needed to compensate the radiation losses in these designs, the
current drive power is also large. This explains the possibility to get design points with
more than 10 hours burn duration. Most of the points below 500 MW net electric power
are actually steady-state reactors for the same reason. However, the large recirculating
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Results DEMOL1

R/a 9.34 m/3.025 m
I, 20.57 MA

B, 599 T

dos 3.17

Boostrap fraction 29%
NBI-drived current 68%

TE 3.87 s

Thermal energy content || 1461 MJ

By 2.58

Zets 3.00

Helium concentration 7.2%

Argon concentration 0.63%

(n.) 8.03 x 109 m=3
(T, ) 14.38 keV

Ne maz,ped,edge 9.6, 7.36, 3.6 x 10 m~3
Temanped.edge 36.1 keV, 2.20 keV, 0.1 keV
P s 2218 MW
Purem 111 MW

Poymen 61 MW

Pline 165 MW

Peon 337 MW

Pnpr 251 MW
PrHtnresh. 142 MW

Q 8.83

P Hepumping 238 MW

Poryo 34 MW

Pret,elec 526 MW

Flux from CS 378 Wh

Burn duration 7200 s

Table 2. Design result for DEMO1-like reactor (pulsed)

power needed for high auxiliary powers might be a concern from the economic point of
view as the cost of infrastructures to handle such high powers is likely to be an issue.
The number of access ports for heating systems might also decrease the space available
for blankets. These points are possible midterm upgrades for Sycomore’s calculations.
A more systematic scan of the parameter space was done by a random sampling
of the optimization variables (R, a, Bt, q¢5). Random sampling algorithms are indeed
available within the URANIE framework. A first rough scans of 10° points (figure 6)
confirms that no valid points are found below 9 m major radius or for too low aspect
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Element radial size
Central bore 1.77 m
CS coil 0.72 m
TF coil internal casing || 0.1 m
TF coil vault 0.68 m
TF coil 0.82 cm
TF coil external casing || 0.1 m
Vacuum vessel 0.3 m
Shield 0.62 m
Manifold 0.4 m
Breeding zone 0.63 m
First wall 0.03 m
SOL 0.15 m
Plasma radius 3.025 m

Table 3. Inner radial build for DEMO1-like reactor (pulsed)

1600
1400
1200
1000
800
600

400

200

Figure 4. Pulsed DEMO. Net electric power map in (R,a) space. Black triangles are
invalid design points (e.g. lack of space in radial build). The optimum zone is pointed
out by the arrow.

ratios. Sampling the space closer to the optimum previously found confirms its location
around (R,a)=9.3m/3.025m as shown on figure 7(a). The map of net electric power as a
function of burn duration for different major radii is shown on figure 7(b) and confirms
the trends highlighted by figure 5: increasing the net electric power is more expensive
for long burns.

3.1.3. Treatment of line radiation power. As mentioned in the design summary, most
of the pulsed reactor designs found by Sycomore need high auxiliary heating powers
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Figure 5. Pulsed DEMO. Net electric power as a function of pulse duration for
different major radiuses
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Figure 6. Pulsed DEMO. Valid design points obtained from a random sampling of
the parameter space.

(around 200 MW). This is due to the line radiation treatment in the plasma module.
Conversely to bremsstrahlung and synchrotron powers which are predominantly located
in the plasma core, line radiation (of argon in present cases) occurs near the edge and
pedestal. Sycomore defines a minor radius py,. within which the line radiated power is
accounted as a loss. Line radiation power outside this radius is not taken into account
in the plasma power balance. The present pj;,. is at the pedestal radius. As shown on
figure 8(a) for a fixed design, a significant part of the line radiated power is radiated
inside the core zone limited by the pedestal radius. This represents a major loss term for
the plasma power balance. The minor radius within which Py, is no longer considered
as a loss (pune) has a major effect on the NBI power needed in the power balance as
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Figure 7. Pulsed DEMO. (a) Net electric power map in (R,a) space mapped by
random sampling. (b) Net electric power as a function of pulse duration for different
major radii. Black points are the optimum population.

1000g

220

| [} n
2‘0'9 900 " . A =200
G [ ]
2 o0sl : g s00- 1180
2 : = - 160
a;j 0.7 ' 5 700~ 1
2 ]
Qo6 : 3 o0 A 71405
3 H = 120 %
£ osf : g 500 1%
g ' g 100 &
S 0.4 ' o 400~ A {2
E ' £ leo 3
Sos : 3 300 a 1
é ' ] A 60
L . ° L 4
,2_0.2 : % 200 L 4 a 140
0.1t H 100 4 420
'
o . . . . H g . . ‘ ‘ ‘ . o
0 0.2 04 0.6 038 1 1 02 03 04 05 06 07 08 09
p pIine

Figure 8. (a)Normalized radiated power density along normalized radius. Dashed

line indicates pedestal. - (b)Peq etec Output as a function of pyine

shown on figure 8(b). High NBI power also leads to high power going through the
separatrix, explaining the high P.,,/R values obtained in those designs compared to
other codes. The treatment of line radiation should therefore be refined in order to

reduce uncertainties in system codes.

3.2. Steady-state reactors

3.2.1. Design point. Sycomore was used to provide a design for a steady-state reactor.
The optimization scenario is given in table 3.2.1 (left). The aim of the optimization
problem was to get the smallest major radius for a 500 MW net electric power reactor.
This design is more advanced than the pulsed reactor as it assumes a higher H-factor,
higher elongation and assumes that a fully non-inductive current drive scenario is used.
All other constraints remain the same as for the pulsed design. As expected and shown
on tables 3.2.1 and 3.2.1, the machine is more compact due to the better confinement and
the less severe constraints on the central solenoid. The plasma current is also lowered as
it is favorable from the power needed for current drive. The inner radial build is given
on figure 9. Better confinement also means that less power is conducted and convected
through the separatrix, calling for lower heat loads on the divertor, lower argon seeding

fraction and hence lower line radiated power than the pulsed DEMO1 design.



| DEMO2
Figure of merit Minimize R
Optimization variables R, a, q95, By
Constraints
Pt >500 MW
Flat-top duration 00
095, Kos 0.333, 1.604
Greenwald fraction fow 1.2
H-factor 1.4
NBI current drive efficiency 0.03 x (T¢)
Power flux to the divertor target || 10 MW.m ™2
Tritium breeding ratio 1.1
Neutron flux on TF 103 n.m?.s7!
Number of TF coils 18
Max. stress on TF coil jacket 650 MPa
Max. stress on TF coil vault 650 MPa
Stress on CS coil 400 MPa

16

Table 4. Design constraints for DEMO2-like reactor (steady-state)
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Figure 9. Inner radial build for DEMO2-like reactor (steady-state)

3.2.2. Sensitivity. Figure 10 shows a map of the net electric power as a function
of (R,a). A relatively broad zone of net electric power close to 500 MW is found
around (R,a) = (8.7m,2.7m). Increasing the major radius to allow more margin in the
radial build is possible at the cost of a slow reduction of the net electric power output.
Conversely, the line (R = 1.1a+ 5.4 (m)) which defines the boundary for most compact
machines is much sharper: all points located below this boundary are invalid due to the
radial build check. The smaller offset of this line equation compared to the same one
for the pulsed DEMO1 design is due to the reduced size of the central solenoid. One
has to note that this boundary prevents the increase of minor radius without increasing
significantly the major radius (R > 10.5m for P,et e > 800MW). Increasing the net
electric power is more expensive in terms of major radius increase for this range of
steady-state designs than for pulsed designs. At least 11 m major radius is needed to
get a reliable (i.e. not on the edge of the operational domain) 800 MW steady-state
design point, to be compared with 9.5 m to 10 m needed for pulsed designs. This is
due to the power needed for current drive in large machines with large plasma currents,



Results DEMO2

R/a 8.46 m/2.66 m
I, 15.69 MA

B; 5.53 T

dos 3.43

Boostrap fraction 41%
NBI-drived current 59%

TE 3.95 s
Thermal energy content || 1105 MJ

By 3.43

Zots 2.73

Helium concentration 7.3%

Argon concentration 0.52%

(ne) 7.94 x 109 m~3
(T, ) 15.16 keV

Ne maz,ped,edge

9.44, 7.26, 3.6 x 10¥ m~3

Te,maa:,ped,edge

38 keV, 2.32 keV, 0.1 keV

P fus 1734 MW
Pirem 71 MW
Psynch 43 MW
Pline 91 MW
| S 289 MW
Pnar 143 MW
Q 12.52

P tepumping 187 MW
Peryo 27 MW
Pret.elec 496 MW
Flux from CS 270 Wb
Burn duration 00

Table 5. Design results for DEMO2-like reactor (steady-state)
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which calls for larger machine to keep a high enough net electric output.

Conclusion and discussion

Sycomore is a modular system code aimed at providing consistent DEMO designs taking
into account simple models to describe all the major elements of a fusion reactor. It
has been implemented as a fully modular, explicit workflow under the ITM platform.
The present version of the code contains modules for the following elements: plasma,
divertor, tritium breeding blanket, TF shield, TF coils, CS coil, plant power balance and



Element radial size
Central bore 1.53 m
CS coil 0.62 m
TF coil internal casing || 0.1 m
TF coil vault 0.54 m
TF coil 0.78 cm
TF coil external casing || 0.1 m
Vacuum vessel 0.3 m
Shield 0.62 m
Manifold 0.4 m
Breeding zone 0.63 m
First wall 0.03 m
SOL 0.15 m
Plasma radius 2.66 m

Table 6. Inner radial build for DEMO2-like reactor (pulsed)
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Figure 10. P, c1ec map in (R,a) for steady-state designs. Optimum solution zone is
pointed out by the red arrow. Black triangles are invalid designs (e.g. lack of space in

radial build)

pulse duration. It is coupled to an optimization platform to be able to specify figures
of merit and constraints for a design study. Both pulsed and steady-state designs can
be obtained with Sycomore. The design consistency enforced along the calculation
chain allows quick analysis of design points and the external optimization framework
allows flexibility in sensitivity studies and parameter space exploration. Sycomore thus
combines the advantages of direct codes [1] providing optimized designs for a set of
inputs and codes using large databases [2] to map the parameter space.

Results are presented on both pulsed and steady-state designs. A pulsed reactor
(DEMO1-like) with 500 MW net electric power and 2 hours burn durations is described,
in line with results obtained by other system codes. Sycomore highlights that longer
burn durations only exist in a very narrow operational domain. The design is sensitive to
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the treatment of line radiation power. A smaller steady-state advanced tokamak design
is also presented. It is also shown that increasing the net electric power above 800 MW
requires a larger major radius increase for steady-state designs than for short-burn (~
2 hours) pulsed designs. More advanced multi-criterion sensitivity studies are planned
in the near future for Sycomore. New modules are also being implemented to extend
the code capabilities.
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