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Abstract

We have implemented a one-dimensional scrape-off layer (SOL) model in the PROCESS fusion reactor systems
code. It allows reactor scenarios to be obtained while limiting both the plasma temperature of the SOL at the
entrance to the sheath at the divertor target, and the power density on the target. To take account of cross-field
transport in an ad hoc way, the area of the flux tube is increased discontinuously part of the way along its length.
The following physical processes are included: convected heat flux; thermal conduction; momentum conservation;
radiation by deuterium, tritium and impurities; charge exchange; electron impact ionisation; and surface
recombination. Pumping is not included — all particles striking the target are recycled. The strong shearing of the
flux tube near the X-point is not taken into account. The isotropic emission of fast neutrals due to charge exchange
from the part of the SOL adjacent to the target dominates the total power density on the target when the plasma
temperature is reduced below 5 eV.

As the seeded impurity concentration is increased a discontinuous transition is observed between an attached
state where the plasma temperature at the target is 50 eV, and an approximately detached state the temperature at
the target hits the lower bound of the simulation, 1.1 eV.

1. Introduction

A reactor systems code includes simple models of all parts of a reactor system, from the basic plasma physics to
the generation and transmission of electricity. We have implemented a modified version of a one-dimensional
scrape-off layer (SOL) model developed by Kallenbach et al [1] in the PROCESS [2] fusion reactor systems code.
Only the outer divertor is included, as there are reasons to believe that a 1D approach is not suitable for the inner
divertor leg [1]. The typical connection length from the outboard side of the plasma to the inner target is about
three times as long as that to the outer target, giving time for extensive broadening of the SOL. Experience shows
that if the power density on the outer target is acceptable then so is the power on the inner target. The model
allows optimised reactor scenarios to be obtained while limiting both the plasma temperature of the SOL at the
entrance to the sheath at the divertor target, and the power density on the target.

A recent study using the SOLPS code [3] proposed argon as a seeded impurity, the electron temperature adjacent
to the target < 5 eV and the peak heat flux <5 - 10 MW/m2. However, when the radiation on the target was taken
into account, the peak heat flux on the outer target could not be reduced below 15 MW/m?2. This underlines the
importance of optimising the main plasma and SOL as a single system.

2. The SOL model

We have used equations 2-7 from [1], but rewritten as a set of ordinary differential equations in the six dependent
variables listed in Table 1. The other quantities such as v are calculated from these. The independent variable x is
the distance along the field line from the divertor target. Variable names used more than once are given in Table 2.
Throughout this paper, quantities referred to as “at the target” should be understood to be defined at the entrance
to the target sheath.

The neutral deuterium and tritium flux from the target is divided into two velocity groups each carrying half the flux.
The first group of atoms has a velocity corresponding to a temperature of 5 eV, representing the typical kinetic
energy of atoms after electron impact dissociation (Franck—Condon atoms [4]) and reflection of sheath-accelerated
ions. The second group is started at the target with a velocity higher by a factor 10, representing neutrals entering
the flux tube further upstream from the side. These energies are assigned just to calculate a penetration depth —
when the neutrals become part of the plasma by ionisation, their energy and momentum are set to zero. The
ionization rate is also calculated assuming the neutrals are at rest.
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Table 1. Dependent variables
ny;  Number density of group 1 (slow) neutral atoms. *
ny,  Number density of group 2 (fast) neutral atoms. *
(nv) n =n, =mn,; (electron and ion density), and v is the plasma flow velocity
T T =T,=T,is the plasma temperature
Peor  Mo(m;v? + 2eT)
Q  Power transported along the SOL

Table 2. Variables.
¢, lon sound speed at the target
A, Area of SOL at the target
R;,n Rate coefficient for ionisation of hydrogenic species by electron impact
R,.. Rate coefficient for volume recombination of hydrogenic species
R-x Rate coefficient for charge exchange of hydrogenic species

There are four additional differential equations to calculate the integrals of the power loss terms. The sum of these
losses is used to check the power balance. As the pressure P,,;has been used as an independent variable, we
need to solve the equation of P;,;to give the plasma density.

L Pror + /P2, — 4 - 2em;T,(nv)?
e 2 2eT,

The equations used are as follows. (Heat flux and velocity towards the target are negative.)

Continuity equation for “slow” neutrals:

dng, 1 .
dx = 17_ (Rrecne - Rion"Olne)
01
Continuity equation for “fast” neutrals:
dng, 1
dx = _U_ RionMoane
02

Convected heat flux:

1 nv\?2
Qycony = —(nv) | 5eT + Emi (n_e>

Total heat flux, derived from the total power in the SOL, Q, and the cross-section area of the SOL, A:

Q

Qitotal = Z
Total heat flux is the sum of the convected and conducted fractions:

Qiicond = Qitotal — Qliconv

For thermal conductivity there is no general expression for a multi-species plasma, but an approximation has been
proposed by [5]:

8788 (Zeff + 0.21) w
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where Z,4 is the effective ion charge (taken as constant throughout the SOL), and ion conductivity is neglected.
Thermal conduction is then described by

dT 1

dx Qjicond TZ—SKZO
lon continuity:

d(nv) ,
dx = Rionn01ne + Rionnozne - Rrecne
Momentum conservation:
dPeot
I —(Rcx(noy + ngz) + Ryecnie) (nv)m

Impurity radiation loss density:
pimp = Tlg Z CZLZ
zZ

Radiation loss density for neutral hydrogenic species:

pu = (o1 + no)ne(Prr + Dre)

p.r = line radiation power rate coefficient (Wm?)
Prp = continuum radiation power rate coefficient (Wm3)

Charge exchange power loss density:

Pcx = €TeRcx(Noq + Ng2)ne

lonisation power loss density:

. Pion = (Rionn01ne + Rionnozne)eEion
Energy conservation:

aqQ
a = A(pimp +py +pcx + pion)

The PROCESS implementation allows thirteen impurities: He, Be, C, N, O, Ne, Si, Ar, Fe, Kr, Ni, W, Xe. The
impurities other than helium are likely to be enriched in the SOL relative to the main plasma. Based on
neoclassical transport it is predicted that for ITER there will be a net outward drift of tungsten in the pedestal
provided the temperature is greater than 92 eV [6]. We expect the same to be qualitatively true for DEMO, and for
other impurities with high atomic numbers such as argon.

The radiative loss functions, mean ionic charge and mean squared ionic charge were calculated from ADAS data,
as a function of the dwell time parameter describing the departure from local ionisation equilibrium in the SOL. The
ionisation ratios were calculated for a range of temperatures and a single electron density, 1x102° m-3. For
hydrogenic species, cross-section and rate tables are used for recombination, ionisation, charge exchange, line
radiation and continuum radiation. For power balance the energies in Table 3 are used.

Table 3. Energies required for loss calculations
Volume recombination energy (assumed to be lost as radiation) 13.6 eV

Molecular association (per ion) 2.3eV
E,.. = Surface recombination (including association) 15.9eV
E;,n = Electron energy loss due to ionization 15eV

The effective charge is derived by summing contributions over all impurity elements j,

Zepr =1 +ZCJ(Z_12_Z_1)

Jj#*H



where Z,and Z—]2 are the mean charge and mean square charge averaged over the different ionisation states for
impurity element j.

The connection length from midplane to target has been calculated by direct integration for an example reactor
equilibrium (Figure 1). A fit to this curve has been used, as a function of Ar, the radial distance from the LCFS at
the outer midplane. The connection length is taken to be proportional to TR,qq5, SO the final estimate, with metre
units, is

TRy (qos < < 1 ) )
L., =-—215(2125In(—)—-87
con = 937 "\ar

The relevant distance Ar has been taken to be 4,oup, the power fall-off length in the SOL at the outer midplane.
The large connection length and elongation of the flux tube cross-section very near the separatrix may be
important, leading to strong cross-field transport, but this is not taken into account.
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Figure 1. Connection length from outer midplane to divertor. Plasma major radius = 9.0734 m, toroidal field at axis = 5.6212 T,
Safety factor at 95% flux surface = 3.2691, divertor is at major radius = 8.3 m.

The ordinary differential equations are solved using a modified divided difference form of the Adams PECE
formulas [7]. At the point in the SOL when the neutral density becomes small (less than 1014 m-3), all the atomic
rates are set to zero and remain at zero for the remainder of the integration. This is essential to stop the equations
being too stiff.

The total field is assumed to be constant along the flux tube. In the absence of cross-field transport the area of the
flux tube would then be constant. To take account of cross-field transport in an ad hoc way, the width of the flux
tube is increased discontinuously by a specified amount at a point given by a specified fraction of the total
connection length.

The momentum factor, the ratio of momentum of the SOL plasma at the target to that at the midplane, is

ZTtargetntarget

fmom -

Tmidplane nmidplane

The sonic boundary condition at the target makes the factor of 2 appropriate.

3. Target physics

The SOL strikes the target at an oblique angle, so a Chodura sheath is formed [8], except in detached conditions.
The velocity of the ions along B at the entrance to the sheath is greater than or equal to cs. The plasma upstream
then has no ‘knowledge’ of whether the flux tube is terminated by a normal sheath or an oblique sheath. The
thickness of the sheath is

kT
Lenoaura = V6

sin
e c,B v

where y is the angle between B and the surface normal (nearly 90°). The thickness is small compared to the
divertor dimensions, at around 0.2 mm when the target temperature is 100 eV. To a good approximation the sink



action of the solid surface acting on the plasma, with regard to both particle and power flows, is unaffected by the
change from a normal to an oblique target, and the ion impact energy is also unaffected.

The ratio of the wetted area on the target to the area measured perpendicular to the field line is

1 1

cosp sin(a) BB‘9
total

f. =

where By is the poloidal field, B,,:4; is the total field, and a is the angle in the poloidal plane between the target and
the projection of the field line onto the poloidal plane (Figure 2).

The plasma reaching the sheath is assumed to be sonic (Mach number = 1). The plasma flux at the target
measured normal to the field is therefore

['=n,cs

where n, is the plasma density near the target. The heat flux due to convection and conduction, measured normal
to the field, is

qy = veToI'
where y is the sheath energy transmission coefficient, and T,is the temperature at the target.

Here we want to start with the engineering parameters, so we obtain the electron density at the target, n,, from
qaep, the power density on the target due to convection and conduction:

— qdepfs
¢ VeTO Cso

where T,is the temperature at the target, and y is the sheath energy transmission coefficient [8]. In estimating y we
ignore (i) the electrical bias of the target, (ii) secondary electron emission and electron reflection, and (iii) atom—
atom recombination. The electron and ion contributions to y, taking account of the reflection coefficient for ion
energy, Rg, are

Y=YetVi Ye=55 vi=251—-Rg).

According to the Chodura theory the ions strike the surface at right angles, but surface roughness implies that one
should probably use values averaged over a range of angles of incidence. The fraction of the total ion kinetic
energy that is reflected, Rg, is of the order of 50% for deuterium atoms in the range 1 — 100 eV striking a tungsten
target [9]. We use the same figure for ions, assuming that the electron in an incident atom is absorbed into the
conduction band of the target on a timescale shorter than the reflection process. The presence of tungsten “fuzz”
due to prolonged ion bombardment would reduce reflection. Electron-ion recombination of hydrogenic ions on the
target is taken into account (but not included in y) by adding the power

Erecene CSUAO

where A, is the cross-section of the SOL at the target.

4, What happens to the lost energy?

The SOL emits energy by radiation and by charge exchange. (The energy lost by ionisation of neutrals is not
considered to be emitted to the surroundings.) Although this energy is emitted isotropically, a substantial fraction
nevertheless lands on the target. We have made a rough estimate of this fraction as follows. Figure 2 shows the
target and SOL in the poloidal plane. The area on which this energy is mainly incident is shown by the red line,
given by

Areceiving = 2 - Wetted Area = 2R 4y ger " 2W

where Ryq,4¢¢ is the major radius of the target and W is the wetted length of the target, measured in the poloidal
plane. The power emitted by the “near zone” is calculated by direct integration, and half is assumed to reach the
target. (The power due to charge exchange atoms is reduced by the energy reflection coefficient.) The volume of
the “near zone” of the flux tube depends on the connection length between A and B, sag,
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where B, is the local poloidal field and B, is the local toroidal field, and the length AB in the poloidal plane is

2w

Lyp =

cosa

where a is the angle of incidence in the poloidal plane.

W = Wetted
Length

B

Figure 2. Target and SOL in the poloidal plane. The blue shaded area is considered “near” to the target, and energy loss from
this area is used to calculate the extra load on the area of target shown by the red line.

This estimate is based on the assumption that the length of the radiative zone in the SOL (in the poloidal plane) is
greater than the wetted length. Significant radiation is emitted from outside the “near zone”, but does not add much
to the local power deposition. If the radiative zone is very short the formula above underestimates the power
density landing on the wetted area. However, in reality neutrals will impinge on the SOL all along its length, not just
from the direction of the target as assumed, so the radiative zone is likely to be larger than that calculated here.

5. Behaviour close to the target

This model does not give results within the sheath itself, but the zone immediately upstream of the sheath can still
have surprisingly rapid gradients. Figure 3 shows that when the target temperature is 10 eV, much of the
acceleration of the plasma occurs in the last 0.2 mm before the target, while the plasma density drops significantly.
This suggests that finite Larmor radius effects and local variations in the shape of the target may be important.
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Figure 3. Parameters in the SOL as a function of the distance x from the divertor target. Target temperature = 10 eV. Other
parameters as in Table 4 and Table 5.



Table 4. Selected input parameters used except where stated

Conversion from flux density [el/s] to Pascal [Molecules] 1.55x10%
Ratio: Total power through separatrix / power at midplane directed towards outer target 2.3
Parameter for approach to local equilibrium 0.5x10Y" s m-3
SOL power fall-off length at the outer midplane 2mm
SOL power fall-off length at the target 5 mm
Distance from target at which SOL gets broader as a fraction of connection length 0.1
Mean SOL density at OMP / separatrix density 0.9
Angle between flux surface and divertor target 30°
Ratio of helium concentration in SOL to confined plasma 04
Ratio of other impurity concentrations in SOL to confined plasma [10] 5

6. Consequences for optimised reactor scenarios

The benefit of implementing the SOL model in the reactor systems code “PROCESS” is that many parameters can
be varied simultaneously to optimise the selected figure of merit while satisfying the constraints. All the results in
this paper have been obtained in this way.

Figure 4 shows the plasma and neutral profiles in the SOL for a PROCESS solution where the target temperature
is setto 1 eV. Some of the input parameters are shown in Table 4.
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Figure 4. Parameters in the SOL as a function of the distance x from the divertor target, measured along the field line. The left-
hand graphs show the region near the target, and the right-hand graphs show the remainder of the flux tube up to the midplane.
Power densities: ‘H rad’ = radiation from hydrogenic species, ‘CX’ = power lost from SOL due to charge exchange, ‘imp rad’ =
radiation from impurities, ‘ionisation’ = power from SOL required for ionisation of neutrals. Other symbols: ‘mach’ = Mach
number, ‘He’ = radiation from helium, etc.
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Figure 5. Parameters for confined plasma and divertor target as the temperature at the target varies from 20 to 2 eV.

Figure 5 shows the results from a PROCESS solution as the target temperature is reduced from 20 to 2 eV, using
the inputs and bounds shown in Table 5. From 12 to 2 eV the optimiser has achieved this by increasing the argon
concentration and the major radius very slightly. These modest upstream changes are sufficient to reduce the
target power density from 6.0 to 3.3 MW/m?, although the contribution due to isotropic losses from the adjacent part
of the SOL (section 4) increases and becomes dominant below 5 eV. The minimum in the top plot suggests that
two different solutions are possible for the same argon fraction in this strongly non-linear regime. The argon
concentration refers to the core value. Divertor concentration is higher by the enrichment factor 5. If this factor is
reduced, the optimiser increases both the helium and the seeded impurity concentrations in the core, leading to
greater fuel dilution. The mean plasma density also falls. Both of these effects reduce the fusion power per unit
volume, leading to an increase in major radius, as shown in Figure 7.
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Table 5. Selected PROCESS inputs and bounds

Figure of Merit Plasma major radius
Burn time =7186s

Net electric power 500 MW

Injected power <50 MW

He concentration 20.01

W concentration 5x10°

Xe concentration 2.58x10*

Argon concentration =10+

7. Approach to detachment

The model appears to describe the behaviour of the SOL as it approaches detachment. The atomic data has not
been supplied below 1 eV, so it is not possible to explore complete detachment, where the temperature at the
target would be << 1 eV. Figure 7 shows the trends as the argon concentration is increased. A discontinuous
transition is observed between an attached state with very little loss of momentum, and an approximately detached
state where 70% of the momentum is lost and the plasma temperature at the target hits the lower bound of the
simulation (1.1 eV in this case). Although the PROCESS solver was used, the plasma geometry and most of the
main plasma parameters were fixed, and the optimiser was effectively disabled.

A discontinuous transition of this type is not usually observed in experimental scans, because adding more
impurities typically leads to an increase in the midplane separatrix density. In these simulations, in contrast, the
separatrix density is held constant at 50% of the Greenwald density.



1E+21

—@— Electron density at
separatrix (/m3)
P
€
—@— Plasma density near
1E+20 target [m-3]
1E+19 e e o L B e e e e e
0 0.0005 0.001 0.0015 0.002
Argon number density fraction
1

momentum factor
0.6

0.4

0.2

0 0.0005 0.001 0.0015 0.002
Argon number density fraction

1.E+08

1.E+07
2
o
2
o
a
1.E+06
—@— Total power on target [W]
—@— Power on target due to convection [W]
—@— Power on target due to conduction [W]
—@— Power on target due to surface recombination [W]
—@— Power on target due to isotropic losses [W]
1.E+05

0 0.0005 0.001 0.0015 0.002
Argon number density fraction



300

250 —0—0—0—0—0—0—o—c-0omn-o

200 | —@— Plasma temperature at

% outer midplane [eV]
150
100
50 —@— Plasma temperature near
target [eV]
0

0 0.0005 0.001 0.0015 0.002

Argon number density fraction

Figure 7. Parameters of the SOL and main plasma for varying argon concentration (argon ions/electrons). The plasma
temperature at the target was limited by the lower bound 1.1 eV. The optimiser was effectively disabled. Major radius 9.38 m,
electron density (volume average) 7.165x10° m-3, electron temperature (volume average) 12.76 keV, vacuum toroidal field at

plasma axis 4.916 T, Xe concentration = 2x104, W concentration = 5x10-5.

8. Conclusions

Integrating a fast one-dimensional scrape-off layer model into a systems code allows optimised reactor scenarios to
be obtained while taking divertor conditions into account. An integrated core/divertor solution was found with a
core Ar concentration below 0.2 % and a divertor Ar enrichment of a factor 5. The W concentration is set to 5x10°5,
and the Xe concentration is 2.6x10.

The isotropic emission of fast neutrals due to charge exchange from the part of the SOL adjacent to the target
dominates the total power density on the target when the plasma temperature is reduced below 5 eV.

The model appears to describe the behaviour of the SOL as it approaches detachment. More careful consideration
of the physics at temperatures below 1 eV would be required to describe detached conditions.
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10. Appendix: Supplementary data

The output file, including the input data, for the PROCESS runs used are available in Supplementary Data.
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