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Abstract

A new data-set of outboard mid-plane scrape-off layer (SOL) heat flux widths,
Ay, has been constructed for L-mode plasmas in the MAST spherical tokamak
(ST). The scaling with key plasma parameters such as density, toroidal magnetic
field, parallel connection length in the SOL and surface heat flux at the separatrix
is investigated. An empirical scaling is developed for the Aj, data-set, which
exhibits a strong positive dependence on both the connection length (or edge
safety factor) and density and weak or moderate inverse dependences on the
surface heat flux and magnetic field, respectively. The empirical scaling
is compared with earlier results for a range of tokamaks with conventional
geometry, which show weaker dependence on the density and edge safety factor.
Importantly, however, the weak negative dependence on the surface heat flux
(and thus heating power) is common in both conventional and ST geometries.
The experimental data are also used to test a number of dimensionally correct
Ay, scalings developed from theoretical models for perpendicular transport in
the SOL coupled with classical transport parallel to the magnetic field. A
scaling based on perpendicular transport driven by resistive MHD interchange
provides the best fit, although several models are close. A subset of the better
fitting theoretical scalings are used to extrapolate for Ay in one design for a
future burning ST machine and finally to predict the peak heat loading on the
outboard divertor target plate.

1. Introduction

The lifetime of plasma facing components, especially those at the divertor targets, will be
fundamental in determining the availability and cost effectiveness of a future fusion power
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plant. Even in ITER, the divertor target lifetime will be a significant issue. One important
factor in determining this lifetime is the peak heat flux that must be accommodated by the
targets for a given power flowing into the scrape-off layer (SOL), Psor. For steady state
conditions (ignoring transient phenomena such as edge localized modes and disruptions) this
is governed by the radial heat flux width, Ay, in the SOL.

In a tokamak, either a limiter or a magnetic separatrix defines the plasma boundary. Inside
this boundary, where there are closed magnetic flux surfaces, profiles of density and temperature
are determined by local perpendicular transport coefficients. Outside the boundary, in the SOL,
the profiles are determined by a competition between parallel and perpendicular transport. It
is generally accepted that classical processes govern transport parallel to the magnetic field
but, in the perpendicular direction, the dominant mechanisms are not fully understood. In
order to make predictions for Ay in future devices it is therefore necessary either to develop
scalings from existing devices in terms of well characterized plasma or engineering parameters
or to establish a physical basis for the anomalous perpendicular transport and assume that this
extrapolates to larger scales.

Several efforts have been made to develop Ay, scalings for conventional tokamaks using
multi-machine [1,2] and single-machine [3,4] databases of SOL parameters, however there are
few published scalings for the spherical tokamak (ST). It is likely that the extreme magnetic
geometry of the ST (low toroidal field, high triangularity, high normalized plasma pressure,
high toroidicity and so on) will have a significant impact on perpendicular transport processes
in the SOL. Scalings developed from a well-conditioned database of SOL parameters in ST
devices are thus a necessity for reliable predictions to future ST devices. To develop such
a database, a dedicated series of L-mode discharges covering a broad range of plasma and
engineering parameters were produced in MAST. These data were used to develop scalings
for Ay, at the outboard mid-plane and to test analytic models for perpendicular transport in the
ST SOL.

In section 2, a simple analytic model for transport in the SOL and scaling of the SOL
width with basic plasma parameters is briefly described. In section 3 an empirical scaling
for the SOL width in MAST is developed using experimental data from a series of L-mode
discharges. Section 4 compares the data with dimensionally correct scalings for the SOL
width, derived from a variety of physical models for the perpendicular heat diffusivity, x .
Section 5 compares the ST L-mode scaling with one developed from a conventional tokamak
database. Lastly, in section 6, a range of L-mode scalings is used to extrapolate from Ay in
MAST to that in a possible future ST device, operating with a D-T mix and an L-mode edge.

2. Theory of SOL transport

2.1. Analytic SOL model

Simple models for the tokamak SOL are usually based on a balance of classical parallel heat
transport and perpendicular diffusion. The models are distinguished by the SOL collisionality,
which determines the parallel transport, and the choice of cross-field heat diffusivity, x; Several
models for x, including Bohm diffusion, have been integrated into SOL models by Itoh and
Itoh [5] to develop scalings of the SOL width in terms of key operating parameters, such as
q9s, PsoL and n.. This work was extended by Counsell ef al [6] to include a greater range of
parameters in the scaling and to investigate other models for x| .

The balance between the perpendicular (from the plasma core into the SOL) and parallel
(along the SOL flux tube to the divetor target) flow of power can be represented in a simplified
SOL geometry for a divertor tokamak, figure 1. Here x; and x, are the parallel and
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Figure 1. Power balance in a simplified SOL geometry.

perpendicular heat diffusivities, ¢ and g, are the heat fluxes, L is the upstream to target
connection length and Ay is the upstream SOL heat flux width. In the case of conduction
dominated parallel transport in the SOL, Psor,, the power crossing the separatrix is given by

PsoL =A1qL ~ —Ain ViT = Ayqy = —Ajiq VT = =Ayny V)T, ey

where A is the area of an annulus at the outboard mid-plane of width Ay, projected in
the magnetic field direction, and A is the surface area of the plasma. &k is the parallel
thermal conductivity in the SOL, yx, is the perpendicular heat diffusivity, n the electron
density and T the electron temperature. Making the simplifying assumptions of circular
cross-section and large aspect ratio, we then have Ay = 27 (R + a) Ay sina ~ 2r RALB,/B
and A ~ 27 R -2ma = 4% Ra, where « is the field line angle at the outboard mid-plane and
B, and B are the poloidal and total magnetic fields.

Thus, approximating V, T~ — T/Ar, where Ar is a scale-length for perpendicular
temperature decay in the SOL, the parallel and perpendicular energy balance equations can be
written as

B P
nVIT = ———2 2
Bp ZNRAh
T Psor
XL At 4m?Ra 3

Generalized classical heat transfer in the parallel direction can be written as x; ~ T# xj0. When
Aee K Ly, where A is the electron—electron mean free path, collisional diffusion becomes
dominant in parallel transport, 8 = 5/2 and xjo ~ 1/n, so that Psor, o« T"/?/L; (heat loss
is limited by the finite conduction in the SOL). On the other hand, if A.. > L, the parallel
heat flux in the SOL is limited by the transmission of heat through the electrostatic sheath. In
collisionless heat streaming, 8 = 1/2 and xjo ~ L, so that Psor oc nT3/%.

It is important to establish a physical basis for the perpendicular heat diffusion, x, and its
scaling with the plasma parameters. In the model used in this work, following that in [5],
temperature and temperature gradient are taken into account. Let x; ~ x,07T*VT? ~
X1o0T“ /Ly (from micro-turbulence arguments), where x o n‘gq"R"a" B* and L,, Lt

p.T.n
and L, are the pressure, temperature and density decay lengths in the perpendicular direction.
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2.2. SOL width scaling laws

Using the power balance equations, equations (2) and (3), and the expressions for x; and x|
described in section 2.1, a scaling of A} with key tokamak parameters (n, ¢, R, a, B and
Psor) can be obtained. For example, the Bohm model assumes y; ~ T/B and results in the
expression Ay, oc n”/1' Ra3/1 B=7/11g8/11 p=3/11 for a collisional SOL. Models for turbulence
in the SOL have a similar physical basis to those for core turbulence (i.e. ideal and resistive
ballooning, interchange modes and drift waves) but with the effects of the limiter or divertor
targets included. In this case, the field lines are open and there exists a sheath boundary
condition to be imposed at the targets. A detailed description of these theoretical models for
SOL width scaling can be found in [6, 7]. One should note that these models can only be
adequately validated against data covering a broad parameter regime. In earlier work [5-7],
the safety factor at the 95% flux surface, gos, is often used for g. However, for the ST, gos is
not necessarily the best measure due to the strong magnetic shear at the edge. In this work, we
will therefore compare experimental data with scalings expressed using both g (for which gos
is assumed, derived from magnetic equilibrium reconstruction) and parallel connection length
in the SOL, L (calculated from the equilibrium reconstruction by field line following).

3. Empirical SOL width scaling with plasma parameters

3.1. Experimental technique

A dedicated experimental campaign of L-mode plasmas was conducted on MAST to obtain
data for the SOL heat flux width, Ay, over as wide a range of plasma parameters as possible.
Ay was determined using data from an array of Langmuir probes across the divertor target
strike-point region. Using divertor probes it was possible to derive an accurate Ajp over a
much wider range of discharge conditions than would have been possible using the mid-plane
reciprocating probe on MAST. Figure 2 shows a typical MAST magnetic and physical geometry
for a connnected double null divertor (CDND) discharge with the probe positions indicated.

An exponential fit to the target heat flux was used to obtain a 1/e decay length. This was
mapped to the outboard mid-plane, taking account of the flux expansion between the mid-plane
and target, using the EFIT magnetic equilibrium reconstruction code [8]. In order to ensure
a valid mapping, only data for collisional SOL conditions in the conduction-limited regime
were selected (i.e. data where no significant power loss at the target was observed, which might
indicate onset of detached conditions). Furthermore, only periods during which the discharges
were accurately in a CDND equilibrium were selected, to ensure that complexities in the SOL
that might be associated with the existence of a second separatrix were avoided. Thus, data
from plasmas for which the outboard 7 value (the mean radial distance, at the mid-plane,
between flux surfaces containing the upper and lower X-points) was greater than 1 mm were
discarded (cf a typical ion gyro-radius at the outboard mid-plane, p; ~ 5 mm).

The quality of fit obtained in empirical scalings is not only dependent on good conditioning
of the data-set but is also crucially dependent on the quality of source data (including accurate
estimates of associated errors). Consequently only data from the Langmuir probes with
good exponential fits to the electron retardation region and stable ion saturation currents
were selected. These data tended to be obtained during quiescent, steady state phases of
the discharge which, in any case, are the most appropriate periods to use in the validation of
scalings (e.g. because it is most likely that power lost from the core is conducted only to the
targets at these times). A typical target heat flux profile for well-fitted Langmuir probe data is
shown in figure 3.
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Figure 2. The magnetic and physical geometry of a MAST CDND discharge including positions
of the target Langmuir probe arrays. Also shown are the locations of various poloidal coils, both
upper and lower.

(This figure is in colour only in the electronic version)

It is seen in figure 3 that the exponential fit is primarily to the steep gradient of the target
heat flux profile in the near SOL region (i.e. closer to the separatrix, 1 < r < 1.1 m). This
is justified by the fact that only data in the conduction-limited regime, where parallel electron
conduction to the divertor dominates heat losses in the near SOL region, were selected for this
work. The cross-field heat convection, represented by the flatter profile, is only important in
the far SOL region until the divertor detachment sets on [9, 10]. Once the detached conditions
set on, the cross-field heat convection to the wall exceeds parallel conduction losses over
the entire SOL. This work, therefore, is relevant to the extrapolation to the future machine
operating at low/medium density where the divertor detachment is not achieved. The L-
mode MAST plasmas operating at line-averaged density below 4.0-4.5 x 10" m~3 generally
have electron—ion SOL collisionality of 5-10 and this is consistent with the SOL plasmas in
conduction-limited regime.

For each heat flux width derived, four key core plasma parameters were recorded and used
to develop an empirical scaling; the line-averaged density, 71, power flow across the separatrix
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Figure 3. Typical target heat flux profile across the private flux region (PFR) and SOL from target
Langmuir probe data. Note that the exponential fitting curve is primarily to the near SOL region.

from the core plasma into the SOL, Psqor, edge safety factor, gos, and toroidal magnetic field
at the target, By. 1. was derived from a CO, interferometer, Psor. was estimated from the total
input power less the radiated power fraction and the rate of change of stored energy and gos and
Bt from the EFIT code. The range of the plasma parameters explored was 0.28 < Bt < 0.41T,
0.27 < Psor, < 2MW (Ohmic and NBI heated), 4.4 < o5 < 7.4 (10.5 < L < 18.2m) and
1.7 x 10" < 71, < 4.7x 10" m~3. Only a very limited range of major and minor plasma radii,
R and a, were explored in the plasmas studied (a general difficulty with data-sets derived from
a single tokamak). As a result, these parameters were excluded from the empirical scaling.

It is generally accepted that the separatrix density, n.s, is directly related to the SOL heat
flux width and therefore should be used for the derivation of empirical scalings. The line-
averaged density is only permitted for use when density profile consistency over the data-set
prevails. However, the mid-plane reciprocating probe data for n.s values were not available
for construction of the data-set used in this paper. Thus a detailed investigation regarding the
justification of the use of 7, was carried out by examining relationships between edge 7. (e.g.
at the 95% or 98% of flux surfaces, ne 95 and n. o3, respectively) and the scaling parameters
for a number of MAST L-mode plasmas, although it could not be conducted for the data
points used to derive the empirical scalings (section 3.2) due to the lack of Thomson scattering
density profile data at the desired time slices. Figure 4 shows the plot of n. 95 versus 7, with
Spearman’s (p) correlation coefficient for a wide range of MAST L-mode plasmas. It is clear
that the n. o5 values are strongly correlated with the line-averaged density values, although
with a great deal of scatter. If the scatter were the reflection of the n. 95 dependence on Br,
qos and Pgsgp in a systematic way in addition to the relationship to 7, then any regression
involving n., BT, gos and Psor, alone would automatically be polluted by this interdependence.
The relationships of the edge density (n¢ 95 and ne 9g) to the other parameters (B, gos and
Psor,) have been carefully investigated and found to reveal no systematic interdependences
among these parameters within the limits posed by the scatter in the data. The point scatter
is therefore not clearly related to any possible interdependence among n. 9s, 7., Br, o5 and
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Figure 4. Plot showing strong correlation between the edge density (at 95% of flux surfaces, n¢ 95)
and the line-averaged density with Spearman’s (p) correlation coefficient, for a large number of
MAST L-mode plasmas. This, along with the fact that no interdependence between ne 95 and other
scaling parameters (BT, g9s5 and Psor.) was identified, indicates justification of the use of 71, instead
of the separatrix density for the empirical scaling.

Pso1,, which however appears to be covered by the noise. The steep edge density gradient in
MAST and the moderate spatial resolution (5-8 mm) of the Thomson scattering system at the
edge make the extraction of n. g5 or n. 9g very challenging and this is believed to account for
a significant fraction of the scatter.

The use of line-averaged density also allowed a much wider range of discharge conditions
in the data-set in that the mid-plane reciprocating probe would only have been able to measure
nes for a limited plasma time slice whereas the line-averaged density is continuously measured
during the whole plasma discharge time.

It should be noted that there exist co-variances between several of the parameters used
in the scaling. For example Bt and gys are implicitly linked and the Ohmic heating power,
Pgq, one component of Psor, is related to the plasma current, I, which affects gos and L and
so on. Ideally, each parameter should be varied whilst keeping all the others fixed. Such an
approach was not, however, possible for this work due, in part, to the wide range over which
each parameter was varied. The consequence, as with most empirical scalings, is that the
scaling is only strictly valid for extrapolations to devices in which the same co-variances exist.

3.2. Empirical scaling results

A power law regression analysis procedure was employed to investigate the scaling of the
outboard mid-plane SOL width. Figure 5 and equation (4) show the result for a scaling of Ay,
in terms of 7., Br, go5 and Psor .

Ah (mm) =1.16 x 10728’%e (m73) 1.45+0.17 BT (T) 70.63i0.72q9]é45i0.51 PSOL (kW) —0.1940.14 . (4)

The SOL width has a weak inverse dependence on Psor, (o< PS_OOL'IQ) and amuch stronger positive
dependence on both the line-averaged density (oc 72.43) and gos (¢ q91545 ). The apparent strong
inverse dependence on the toroidal magnetic field (B 0-63) cannot be supported due to the
large error bars in this case (—0.63 +=0.72), which are probably a consequence of the relatively
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Figure 5. Multivariate least square fit to the MAST database on the outboard Ap, with respect to
fle, Br, q95 and PsoL..

small variation of Br in the database (0.28 < Bt < 0.41T). It is noted that the dependence
on the line-averaged density and qos is significantly stronger than is observed in conventional
tokamak devices (see equation (6)). The size of the current data-set is small (21 points)
and this introduces relatively large error bars on the scaling result although the dependences
qualitatively agree with the result from conventional tokamaks. The refinement of the scaling
and elucidation of possible differences between conventional and ST geometries are subject
to an ongoing work. The positive dependence on 7. is favourable for extrapolations to future
devices, which will operate at higher densities giving rise to a larger Ay,. This more than offsets
the unfavourable, but weak, inverse dependence with Psor. Extrapolations to future devices
will be discussed further in section 6.

We now explore the effect of the ST geometry on empirical scalings in MAST. As the large
aspect ratio and circular approximations (especially L ~ mRqgos and A| ~ 2R - 2ma =
4% Ra) used in the derivation of Ay, are not strictly appropriate in ST geometry, the edge safety
factor, qos, and Psor, may not be the most appropriate parameters to choose for the scaling
of Ay. gos was therefore replaced by the connection length in the SOL from the outboard
mid-plane to the divertor target, L, calculated for each data point using a field-line following
code and the EFIT-derived equilibrium. Psop, was replaced by the average heat flux crossing
the separatrix, Py, calculated using Psor, and the plasma surface area derived from the EFIT
equilibrium.

Figure 6 and equation (5) present a multivariate least square fit to the MAST SOL width
database with respect to n¢, Br, Ly and Py,¢. With this choice of parameters, the scaling now
becomes

Ah (mm) —290x 10731,,—1e (m73) 1.52+0.16 BT (T) 70.98:E0.69L i (m)1.69:t0.48
x Psurf (ka72)70.23ﬂ:0.13' (5)
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Figure 6. Multivariate least square fit to the MAST database on the outboard A}, with respect to
ﬁc, Br, L” and Psurf-

Only the index for By is noticeably modified by the new choice of scaling parameters,
however the change compared with equation (4) (from —0.63 to —0.98) is probably not
significant due to the large error bars for the By index in both scalings.

The two scaling results, equations (4) and (5), are quite similar and the choice of Py
and L does not make a big difference. The large aspect ratio approximation L ~ 7 Rqos
fairly well describes the relationship between L and gos for the data points with 5-20% error
bars as a whole. The circular approximation A, ~ 27 R - 2mwa = 47> Ra also turns out to be
quite accurate in estimating perpendicular plasma areas, giving 5-10% error bars for the whole
data-set. This produces quite a good linear relationship for Psor versus Pg,¢ and ggs versus
L, leading to similar empirical scaling laws (equations (4) and (5)). However, in the future
ST machine or even for the plasmas in the planned MAST-U, for which the high elongation
and triangularity are likely to be the dominant plasma shaping factors, these approximations
will probably become more inaccurate. Therefore the choice of parameter Py, and L would
be a better representation for the extrapolation to the future ST machine.

4. Comparison with theoretical models for the SOL

Dimensionally correct, heat flux width scalings were derived in [7] from 21 models for y,
including models based on the effects of resistivity on ballooning and interchange modes, drift
turbulence, temperature gradient instabilities and so on. Following the scheme of [7], each y
model has been labelled in this work with an index from A to Q. Separate scalings were derived
in [7] for collisionless and collisional SOL cases; however, since all the MAST data taken were
for SOL conditions in the conduction-limited regime, only the collisional scalings were con-
sidered in this study. Five of the x; models each gave rise to two separate scalings depending
on the choice of perpendicular gradient length. In addition, three directly derived scalings were
also considered. Thus a total of 29 collisional scalings were tested against data from MAST.
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Figure 7. Normalized chi-squared, x2, for all the scalings (in order of decreasing quality of fit
from the left). The fit was made with respect to the ‘ST scaling parameters’ (i.e. iie, R, Br, L and
Pgurr). The 11 better fitting scalings are shaded black (note that the E1-II and E2-II scalings are
indistinguishable).

The original 29 scalings presented in [7] were derived for six parameters: 7., R, a, Br,
qos5 and Psor. In this study, these have been re-expressed using a maximum of five parameters:
ne, R, Br, L and Py, in order to take some account of the ST geometry (see section 3.2).
Comparisons were made between the value of Ay, predicted by each of these dimensionally
correct scalings and the experimentally measured values. In each case, a chi-squared linear fit
was performed. Since the scalings are in the form of a power law, the linear fit was constrained
to pass through the origin.

Figure 7 shows the values of chi-squared per degree of freedom (x2) for the fit to each
scaling. The better fitting models have lower values of x? (re-normalized to 1.0 for the worst
model). Eleven of the 29 scalings, shaded black, appear to provide noticeably better fits to the
experimental data than the rest (note that the E1-II and E2-II scalings are indistinguishable).
Table 1 summarizes the better fitting scalings, together with the associated x; model and a
brief description of the physics basis for each of the models.

Figure 8 shows scatter plots of the A} derived from the scalings in table 1 against the
experimentally measured values. Models E1-II/E2-II, (resistive MHD interchange with L,
and L,, respectively) produce a least square fit with the lowest 2. These two models
lead to identical scalings and are thus indistinguishable. The scaling takes the form A o
s R9/'(’BT_14/]5L 16/15 p=2/5 41nd derives from a model for D (~ ) based on the resistive

I surf
MHD interchange mode [7] yielding x1 o ng*RB™*T~'?L_ .

The second best scaling, model H-II, has the simpler form Ay, o 7l QBT_ 7 lzLﬁ/ 6 PS;rl:/ *,
with no dependence on R; this scaling was derived from a model for D, based on drift wave
transport [7] yielding x| oc n¥/3¢10/3 R10/3g=2—11/6 “8/3,

All the better fitting Ay, scalings exhibit positive dependences on density, n, and parallel
connection length, L. Dependences on magnetic field, B, (where it appears) are always
negative and, in all but one case (model A-II), the dependences on surface heat flux, Py,
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Table 1. The 11 better fitting Ay, scalings for the collisional SOL case, together with the associated
X1 model and a brief description of the physics basis. Lp, L, and Lt are perpendicular gradient
lengths for pressure, density and temperature (~Ap 1., & Ap) contained in some of the theoretical
expressions for x| .

Model x scaling Physics basis for x| Ay scaling

ELI xo ocng?RB>T1/2LS! Resistive MHD Ay ocn#/1SRINOp=14/15 O/13 p 2/
interchange: with L,

E2-Il i «cng®RB2T-1/2L; ! Resistive MHD Ay ocn#/1SRIN6p=14/15 013 p- 2/
interchange:
with L, ~ Lt

HIL . ocn¥3g'ORRPE=27 =16 L85 Drift: with Ly ~ Ly Ay ocn?/*B~712L3/0 p_ 13/

Al — Marginal ideal MHD Ay, oc n”/°R!/18 B=14/9 3 P22

B2 . o« qB 2T3°L;! Endplate MHD Ay ocn?V AR/ p=14/17 133 p /1T
interchange: with L,

NIy xTB™! Bohm Ay ocn?/M g7/ p S

E2-I xi ocng?RB2T-V/2L;! Resistive MHD Ay ocn?S/20 RV p=14/13 [ 71/20 p 8/13
interchange: with L,

K2 xi ocn'Bg2ARYBB275/6L7*°  Drift Alfven: Ay oc n®9/18 g=28/39 L2178 p 107
higher collisionality

CIl  x. xn'q3R'BT52L2 Collisionless MHD Ay, ocn'/2R¥SB=1L}/*
interchange

FIl o ocq'BRBB2732LY Drift: with L, Ay ocn¥BBTALYE P

7/9LT‘¢/9P75/9

Q-II XL = const Constant y | Ap xn urf

(where it appears) are also negative. A dependence on major radius, R, appears in only 6
models (E1/E2-1I, A-II, B2-III, E2-III and C-II) and is always positive. The constant x
model (which has no physical basis but is often used in fluid models of the edge) provides the
simplest form of Ay, scaling, Ap ﬁz/ 9LAH‘/ ’ PS;rSf/ 2.

Table 2 provides the indices of each scaling parameter for both empirical and 11 better
theoretical scalings. The indices of theoretical scalings are represented as decimals instead
of fractions for easier comparison with the empirical scaling. It is noted that the 1, and L
dependences of the empirical scaling (1.52 and 1.69, respectively) are particularly stronger
than those in most theoretical scalings selected.

5. Comparison with conventional tokamaks

Databases of SOL parameters have been assembled for several conventional tokamaks around
the world, partly in response to ITER requirements. Scaling studies of SOL widths have been
performed against two different types of experimental measurements: data of the SOL plasma
parameters (ne, 1c, 7;) obtained at the mid-plane using reciprocating probes or spectroscopic
diagnostics and data obtained by extrapolating from profiles at the divertor plates, using
Langmuir probes or infra-red cameras. Both approaches have been used by the ITER Divertor
Modelling and Database Expert Group in order to establish multi-machine databases [1,2].
Measurements and analysis of the target power deposition by infra-red cameras from
four major divertor tokamaks, JET, DIII-D, ASDEX-U and JT60-U, were presented in [2].
All these divertor experiments report that, for Ohmic and L-mode discharges, the SOL width
increases with plasma density and edge safety factor and decreases weakly with increasing
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Figure 8. MAST heat flux SOL width data (for the outer SOL in conduction-limited regime)
against the 11 best fitting models with respect to the ‘ST scaling parameters’ (i.e. iie, R, Br, L
and Pgyr). Note that the E1-II and E2-II scalings are indistinguishable and are thus plotted on a
single graph.

input power—consistent with observations on MAST (see section 3.2). A saturation of the SOL
width narrowing with increasing power is, however, observed. The best empirical scaling found
within this database for SOL conditions in the conduction-limited regime was reported [2] as

~0.68+0.16 p1.21£0.15 0.59:£0.11 1 —0.280.08
Ap ocng R 4995 Psor. : ©)

No dependence on magnetic field was observed.

The scaling shows similar dependences on Psgy to those observed in the MAST empirical
scalings (equations (4) and (5)). The dependence on 7z, and gos (or L) observed in the MAST
data-set are, however, 2 and 2.5 times stronger (respectively) than those in equation (6). In
the MAST scaling, the dependence on the toroidal magnetic field at the target is uncertain due
to large error bars. It is not, however, inconsistent with the lack of dependance observed in
equation (6). The dependence on R could not be investigated in MAST because of the limited
variation of R in the data-set.
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Table 2. Indices of scaling parameters of the empirical and theoretical Ay, scalings.

Ne R Br LH Pourt
Empirical fit  1.52 — —-0.98 1.69 —-0.23
E1/E2-11 0.93 056 —-093 1.07 —0.40
H-II 0.78 — —-0.58 0.83 —0.36
A-II 0.78 061 —1.56 2.00 0.22
B2-1II 0.62 058 —-0.82 097 —0.24
N-II 0.64 — —-0.64 0.73 —-0.27
E2-1II 1.35 055 -—1.08 1.19 —0.62
K2-1II 0.63 — —-0.72  0.65 —0.26
C-II 0.5 060 —1.00 1.25 —
F-III 0.625 — —-0.75 0.625 —0.2
Q-II 0.78 — — 0.44 —0.56

6. Extrapolations to a future ST device

6.1. Model selection

The MAST SOL width data-set is so far quite small (at least for the plasmas optimized for
this study), which results in rather large error bars on indices for the empirically-derived Ay
scalings (equations (4) and (5)). A more comprehensive collection of data on Ay, covering
a wider range of SOL and core plasma parameters, will be necessary to improve confidence
in the empirical scalings before they can sensibly be used to extrapolate for Ay in a burning
ST device. It is, however, possible to use this data-set to provide a reasonable basis on which
to select the theoretical-derived scalings (as presented in table 1) most likely to be valid for a
future device.

As we saw in section 4, none of the theoretical scalings examined agree with the empirical
scalings within the errors on the indices. We therefore introduce a new criterion for selecting
models to be used in the extrapolation. In addition to the filtering procedure based on the
quality of fit, x2, as described in section 4, we have selected models where the indices agree
with those of the empirical scaling (in this case, equation (5)) to within three standard deviations
for each index. This method enabled 3 (A-II, C-IT and B2-III) out of the 11 models in table 1
to be eliminated as being inconsistent with the experimental data despite their relatively
low x2. The remaining eight models were used for the extrapolation of Ay, in a burning
ST machine.

6.2. Extrapolation results

The experimental data collected from MAST for these studies are for collisional SOL conditions
in L-mode (see section 3.1). It is reasonable to assume that the SOL plasma in a future burning
ST device, such as the Culham spherical tokamak power plant (STPP) design [11,12], will be
collisional due to the high core densities. It is also quite possible, and indeed desirable, that
such a device could operate with an L-mode edge, for example if associated with an internal
transport barrier (L-mode plasmas with confinement comparable to H-mode, Hipgogy,» > 1.3,
have been observed in MAST [13]). A machine operating in the H-mode may also have L-
mode edge plasmas resting on a limiter during start-up. The basic engineering parameters of
the STPP relevant to estimating the target heat flux, as well as specific parameters for the SOL
scaling, are given in table 3. The parameters of MAST are also given to be compared with
STPP so that the extent of the extrapolation is shown.
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Table 3. Typical base line parameters together with specific parameters relevant to SOL scaling
for a 3 GW STPP. Also presented are the relevant parameters of MAST in order to show the extent
of the extrapolation to STPP.

Parameters STPP MAST
R,a (m) 3.42,2.44  0.85,0.65
Prusion, Po (MW) 3100,616 —
Paux MW) 60 5
B1(T) 1.3 0.5

495 15 7
7le(x1020m—3) 1.08 0.35
Psor, (MW) 338 2
Radius at outer target: Riarger (m) 3 1.15
Outboard separatrix surface area: A (m?) 490 18
Outboard parallel connection length: L (m) 50 15
Outboard poloidal flux expansion: f 35 5
Outboard target inclination: o (°) 10.0 12.0

Table 4. Extrapolation of simple zero-dimensional scalings for the STPP outboard mid-plane SOL
heat flux width, for the best fitting 8 models in the order of decreasing quality of fit, together with
the average of the models.

Models E1/E2-1  H- N-II  E2-III K2-II F-III Q-1 Average

AR (mm) 442 223 192 406 16.3 15.1 182 25+12

The STPP is designed to operate with a double-null divertor configuration (DND). It has
previously been reported [14] that ~95% of core heat losses flow across the outboard separatrix
in MAST DND, L-mode plasmas. This assumption, together with the assumption of a 50%
radiated power fraction from the core and boundary plasma, was made to estimate Psop in
the STPP. The result is that only 338 MW of the « and auxiliary heating power remains to be
handled by the STPP divertor in L-mode: ~160 MW to each of the outboard legs and ~8 MW
to each of the inboard legs.

The 8 theoretical scalings selected from the 11 listed in table 1 (see section 6) have been
used to extrapolate from the mid-plane heat flux width in MAST to the STPP. The results are
presented in table 4. Note that the E1-II and E2-II models give identical scalings and thus the
same value of extrapolated Ap,.

The extrapolated mid-plane SOL width values range from 15.1 to 44.2mm. For
comparison, the multi-machine empirical scaling developed from a conventional tokamak
data-set, equation (6), would indicate a value of 16.3 mm.

We use the average value of Ay over the eight theoretical scalings, together with the
standard deviation, to estimate the target heat fluxes. The predicted outer mid-plane SOL
width was used to calculate the parallel mid-plane heat flux, gy = PS5 /2 R Ay, where
PSS and RO™" represent power into the outboard SOL and plasma radius at the outboard
mid-plane, respectively. ¢, may then be used to derive the peak heat flux at the target, Garget>
by accounting for the poloidal flux expansion in the outboard SOL, f, the poloidal angle of
the target with respect to the magnetic field, o, and the change in radius from the outboard
mid-plane to the target, Rouer/ Riarget> USING Grarget = g, I, Where the power reduction factor,
F = %(R(,uter / Riarger) sin ot/ f; the factor % is from the assumption that power can be evenly
divided between the upper and lower targets in a DND configuration. We obtain F ~ 0.048
(a =10°, f = 3.5 and Router/ Riarger = (3.4 +2.4)/3.0) for the STPP device. The results are
summarized in table 5.
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Table 5. Outboard mid-plane heat flux SOL width and peak heat flux at the mid-plane and outboard
target in L-mode, extrapolated from the average A given in table 4, for the STPP.

STPP
Ap (mm) 25+12
g1 MW m™2) 348 £ 165

Grarget (MW m,z) 169+ 8

The mean outboard target heat flux, Gger, in table 5 of ~17 MW m~2 is higher than
the levels encountered in existing devices and exceeds even those predicted for ITER but
is within the demonstrated power handling capability of high heat flux components already
developed for ITER, which are capable of handling steady state heat fluxes of ~20 MW m~2.
However, the range of gree: that can be derived for the models highlighted in table 3 is
large, from a minimum of ~9 MW m~2 (in fact, for the best fitting models, E1/E2-II) to
just over 27 MW m~2 (for model F-III). It cannot therefore be ruled out that novel power
handling techniques may be required, and some exploration of technologies applicable to
burning STs is already ongoing [15]. Clearly improvements to the database of ST plasmas
will help raise confidence in the extrapolation and narrow this range (e.g. data over a
wider parameter range, from different size devices and in other modes of operations, such
as H-mode), as will improvements to the theory (e.g. to remove the large aspect ratio
assumptions).

This study was restricted to developing scalings for the outboard SOL and no predictions
for heat fluxes to the inboard targets of the STPP have been attempted in this paper. The
development of an inboard SOL scaling awaits construction of a reliable set of inboard data.

7. Summary and conclusions

An empirical mid-plane SOL heat flux width scaling has been developed for the ST, based
on a data-set obtained from the outboard SOL in MAST. For the collisional SOL, this scaling
shows significantly stronger dependences on the density and edge safety factor (thus parallel
connection length) than is observed in a data-set obtained from a range of conventional
tokamaks (ocﬁé'“qgl;‘s in MAST compared with o<ﬁ2'68q8559). The dependence on another key
parameter, the power flow into the SOL, is however quite similar (o< PS_OOL'19 in MAST compared
with ocPS_(;)L'ZB). But, due to the relatively small size of the current data-set, quantitative
refinement of the dependences is subject to an ongoing work.

A range of theoretically derived, dimensionally correct scalings was tested against the
MAST data. The scalings, originally developed for large aspect ratio conventional devices,
were first re-expressed using parameters more appropriate for the ST geometry (specifically
edge safety factor and power flow into the SOL were replaced with SOL parallel connection
length and surface heat flux at the separatrix). Of the 29 theoretical scalings examined, one
based on perpendicular transport driven by resistive MHD interchange provided the ‘best-fit’,
although up to nine other scalings had a similar x 2. These scalings were used to extrapolate for
the heat flux width in a future ST power plant based on the Culham STPP design. The theoretical
scalings were used in preference to the empirical scaling as the error bars on the dependences
are rather large, reflecting the relatively modest data-set so far constructed. Nevertheless,
the empirical scaling was used to eliminate theoretical scalings which were inconsistent with
the experimental data (i.e. for which the individual dependences fell outside three standard
deviations of the empirical value), reducing the set of scalings studied from 11 to 8. The
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average extrapolated heat flux width of 25 4+ 12 mm was used to derive the peak heat flux to
the outboard target in the STPP, which was calculated as ~17 = § MW m—2.
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