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IX.A. INTRODUCTION

In this chapter, we focus on the physics basis for
the expected operating conditions at the BPX di-
vertor and inner wall limiter. The essential features
of the BPX device have been fully described in
previous chapters. The main reasons for choosing
the divertor configuration are the desire to obtain
H-mode operation with high confinement and to
obtain “high-recycling” operation in which a high-
density, low-temperature plasma, is formed in front
of the target plates so as to minimize sputtering
and impurity transport back to the core plasma.
It is planned for BPX to operate primarily in the
double—null (DN) configuration to maximize the
contact area for heat removal. However, upper and
lower single—null (SN) operation is also possible to
minimize the H-mode power threshold. Inner-wall
limiter configurations can also be obtained to pro-
vide a further option for increasing the power han-
dling capabilities of the device.

In terms of the plasma conditions in the scrape—
off layer (SOL), BPX represents a significant ex-
trapolation from present machines because of its
high power and relatively compact size. It also op-
erates at more than twice the toroidal field of any
other operating divertor tokamak. Table 9.1 gives
a comparison between BPX and other tokamaks in
terms of expected heat flux across the separatrix
and at the divertor targets. (In the table, A, is
the plasma surface area, V; the volume, and Ad,,,
the actual contact area at the divertor targets.)
With 17 MW of ion cyclotron resonance frequency
(ICRF) + ohmic heating (OH) power, BPX could
produce 420 MW of fusion power at Q = 25. Then
Piogs = 0.2 X Q + Pjeg = 100 MW should be de-
posited in the plasma and must be lost by radia-
tion to the walls and conduction to the divertor
plates. The peak divertor heat flux at the end
of the Q@ = 25 burn phase (~20 MW/m? exclu-
sive of toroidal peaking factors) is expected to be
higher than values in most present tokamaks!3:
~30 MW/m? in JET, ~5 MW/m in JT-60 and
DIII-D. At Q = 5 with Pp, = 100 MW and
Pioge = 40 MW, the peak dxvertor heat flux will
be down to about 12 MW /m2. Active sweeping of
the X-points will be used to reduce the tempera-
ture risc to manageable levels for inertially cooled
divertor targets.

The predicted operating conditions at the diver-
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tor are derived prlmanly from numerical simula-
tions using the B2 code,* similar to the approach of
the NET, INTOR, and ITER design groups. Simu-
lation is reqmred because of the scarcity of system-
atic experimental studies®® showing the scaling of
key SOL plasma parameters with core parameters
such as Ip, Pheqt, BT, Or fie, none of which have
been able to be carried out at energy fluxes compa-
rable to BPX. The codes employed solve the fully
two-dimensional problem of SOL transport using
a realistic magnetic geometry and input assump-
tions for plasma transport based on comparisons
with experimental data on other tokamaks. Much
of the effort in this field is also directly applicable
to ITER, and so a number of people are working on
studies for both devices. This is good because we
are, in effect, pooling our resources on the common
problems of divertor design.

The SOL plasma simulations predlct a peak di-
vertor heat flux for @ = 25 operation in the 17 to
30 MW /m? range, depending primarily on (a) the
distribution of power among the four strike-points,
(b) the value of the thermal diffusivity (xi. for
ions, electrons) in the SOL plasma, (c) the mag-
netic flux expansion at the divertor targets, and
(d) radiative losses in the edge plasma. Peak elec-
tron temperatures at the targets (T, qiy) are pre-
dicted to lie in the 30- to 100-e¢V range. This re-
sult is important because the the sputtering rate
and target plate erosion are strongly temperature
dependent. Unfortunately, the uncertainty here is
relatively large because T 4iy is sensitive to even
more parameters than is the heat flux: In addition
to D, and x., the recycling coefficient directly af-
fects it. Lower uncertainties for T, 4;, await better
experimental data from existing tokamaks.

IX.B. DIVERTOR GEOMETRY

Most BPX operation will use the double-null
open divertor geometry of Fig. 9.1, that will allow
for radial sweeping of X—point position. This ge-
ometry is very similar to that found in other open
divertor tokamaks that have obtained H mode:
DIII, DIII-D, JET, JFT-2M, JT-60, and PBX. In
these devices, the divertor plasma itself provides
the necessary gas shielding. The exact degree of
“openness” (or the ability of recycled neutrals from
the divertor to fuel the core plasma) allowed is still
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Table 9.1. Expected BPX Parameters Compared to Other Tokamaks

Power Density ASDEX DII-D JET  BPX ITER
B () 0.8 0.9 012 15 0.2
Fso (M¥) 0.12 024 006 061 0.14
T (MY 2.5 1.2-5 23 20 11
Pa meas (MW/m?) 2.5 4 30 N/A N/A
Core Density

e (10%° m~3) 0.3-0.7 0.6-1.4 0.6 3.0 0.7-1.5
Divertor Density

Ne,q (10%° m~3) 0.5 0.3-2.0 0.3 2-3 3-7
Loss Energy Assuming 7, = 2 7g H-mode

Q keV

Gaon (kev) 12.5 3.5 10 26 52

not well understood. However, JET, DIII-D, and
JFT-2M all report good H-mode confinement even
with the X-—point on or slightly outside the first-
wall surface”® (i.e., a minimum of plasma shield-
ing). Therefore, no divertor baffling is planned for
BPX.

Determining the optimum distance from the
X-point to the target plates (Lpq in the poloidal
plane and L) 4 along the field lines) involves sev-
eral trade—offs. First, the desire to keep the edge
magnetic ¢ > 3.2 (for stability and confinement)
pushes us in the direction of small L, 4. Second,
the desire to lower the peak divertor heat flux g4
also drives us to reduce L, 4 to take advantage of
the flux expansion near the null, though X-point
sweeping and more stringent requirements for tile
alignment (the field lines are more nearly toroidal
near the null) reduce the expected benefit. Push-
ing in the other direction is the need to reduce

Te,q by increasing the parallel connection length (a
rather weak function). This would also provide in-
creased screening from sputtered impurities or re-
cycled neutrals, which might be beneficial to con-
FUSION TECHNOLOGY
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finement. However, there is not much experimental
evidence for this effect. Therefore, we have chosen
Liq4 ~ 15 cm largely as the result of magnetic
equilibrium considerations and confirmed it by B2
calculations that show an acceptable trade-off be-
tween §q and Te 4. The parallel connection length
from outboard midplane to the divertor plates is
about 20 m.

At the divertor, the magnetic flux surfaces inter-
sect the target plates at nearly normal incidence,
as shown in Fig. 9.1. The solid lines correspond to
the start of the X-point sweep, while the dashed
correspond to the end of the sweep. The mag-
netic flux expansion from midplane to the divertor
ranges from 14:1 to nearly 20:1 at the end of the
sweep. A single sweep is planned; multiple sweep
capability will be provided by the coil set. Signifi-
cant performance is gained by multiple sweeps, but
only in the case that the power scrape-off width
is narrower than predicted below. Figure 9.2
shows two possible sweep programs and the result-
ing peak surface temperature at the targets; the
optimized sweep adjusts the programmed motion
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Fig. 9.1. Cross section of the BPX upper divertor region, showing the separatrix flux surface at the

beginning and end of the X—point sweep.

to minimize the surface temperature rise.

The magnetic field lines at the strike-points are
nearly tangent to the divertor targets, having an
angle of incidence 0g of about 1.3 deg. This shal-
low angle forces strong constraints on the align-
ment of the divertor tiles since the heat flux on an
exposed edge is 1/sinfp or ~ 40 times that on the
flat surfaces of the divertor tiles.® A toroidal saw-
tooth pattern has been proposed (see Sec. IX.E) for
the divertor tiles to minimize this potential prob-
lem. This pattern will have to be matched to the
field helicity and to the ripple in the toroidal field
to minimize heat flux peaking due to the modula-
tion of the angle of incidence (Bt maz/B7T,min =
1.01 at the outer strike-point).

Away from the divertor, the minimum clearance
between the separatrix flux surface and the inner
wall or ICRF antenna shields is planned to be large
enough so that recycling from those surfaces will
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not be a problem. This means separations of the
order 2 X An, the density e—folding length at the
midplane. Currently, the minimum gap is 4 cm
from the ICRF antenna Faraday shield to the sep-
aratrix at the outboard midplane, which compares
with 1.3 to 2.6 cm for A, predicted from B2 simu-
lations.

IX.C. DIVERTOR OPERATION

Central to the BPX design is the idea that it
will operate with H-mode confinement to achieve
the required fusion performance. H-mode oper-
ation has numerous implications for the divertor
design, some of which are: the SOL density will
be lower and its width reduced compared to L-
mode operation (yielding lower neutral and impu-
rity screening), the power distribution among the
strike-points may be changed, and edge-localized
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Fig. 9.2. Possible divertor sweeping programs: (a) the resulting peak surface temperatures and (b) the
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Fig. 9.3. Representative H-mode discharges®!! from DIII-D(left) and JET (right). In the case of JET,
divertor gas injection delays the onset of carbon blooms.

modes (ELMs) may produce large heat pulses on
the divertor plates. Therefore, in this discus-
sion we concentrate on the divertor parameters for
H mode, especially since an L-mode discharge will
likely operate at significantly lower power levels.
The probability of achieving H mode in BPX is
discussed in more detail elsewhere in this paper.
We note here only that the threshold power for a
single-null divertor configuration with the ion VB
drift in the direction of the X—point is somewhat
lower than that for the double-null. The threshold
is approximately 50% higher than the SN case for
inner wall-limited discharges, as reported by the
DIIT-D and JFT-2M groups.é’m

IX.C.1. ELMs and H Mode

It is important to first distinguish between the
two types of H-mode discharge: ELM-free quies-
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cent and ELMing H modes. Representative time
histories for each type®!! appear in Fig. 9.3 (from
JET and DIII-D). Note that the ELMing H mode
does have an initial ELM—free period during which
the density rises. In all cases, this density rise oc-
curs without external fueling and is thought to be
the result of a sudden rise in particle confinement
time coupled with a sustained flux-independent
particle release from the walls.!? This effect may
be relatively less prominent in BPX with its high
operating density, but 7¢ and 7, are comparable to
JET’s.

ELM-free quiescent H modes are characterized
by a steady buildup of plasma density, temper-
ature, and impurity radiation.!® In some cases,
hollow profiles have been observed during this
buildup.'* Usually, the quiescent period is termi-
nated by the start of ELM activity, which reduces
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Fig. 9.4. Divertor heat flux profiles from DIII-D (left) and ASDEX (right), showing the effect of ELMs.
The ASDEX data?? are for the outside strike-point only; the DIII-D data?! show both.

the density and impurity content of the plasma. If
the heating pulse lasts long enough and no ELMs
occur, the radiative losses grow to nearly equal
the input power, and H-mode confinement is lost;
this is typical of JET plasmas.!® Truly steady-state
ELM-free H-mode discharges have not been ob-
served.

ELMing H modes can achieve quasi-stationary
conditions due to periodic losses from the plasma
edge.1® These tend to clamp the line-average den-
sity and the buildup of impurity radiation from the
core. It is currently thought that ELM behavior
may be exgﬂajned in terms of ideal ballooning mode
theory!"1®: ELMs occur when the edge pressure
gradient exceeds a threshold value that depends
on the magnetic shear near the edge. Higher heat-
ing power drives the pressure up faster and makes
more ELMs, while higher Br and I, raise the sta-
bility limit and so lower the ELM frequency.

In spite of the many observations supporting

FUSION TECHNOLOGY VOL. 21 MAY 1992

these general trends in ELM behavior, predicting
whether or not BPX will have ELMing H modes is
not straightforward. Generalized profile compar-
isons (e.g., the same normalized volume-averaged
beta implies the same ELM behavior) are not suffi-
cient since the key physics is at the edge, where the
mechanisms determining the scale length (dp/dr)
are not well understood. Thus, small shaping
changes, which affect only the edge magnetic shear
and not the overall beta limit, can dramatically af-
fect the ELM behavior.!® For plasmas with similar
edge stability limits, the radial energy flux across
the edge plasma is a big factor in determining the
level of ELM activity.'® The lack of ELMs in JET
is consistent with this picture since it has a much
lower energy flux across the separatrix than either
ASDEX or DIII-D, as shown in Table 9.1. Simi-
larly, we might expect to see ELMing H modes in
BPX at full power since its power density at the
edge will be high. The frequency of the ELMs will
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Fig. 9.5. Frequency and amplitude of ELMs in
DIII-D as a function of plasma current and input
power.23

probably grow during the discharge as the fusion
power rises.

The significance of ELMs to the plasma bound-
ary lies in the fact that they produce large power
bursts at the divertor targets and broaden the
SOL significantly.!® This broadening has been ob-
served both at the divertor and at the plasma mid-
plane, where its effect on ICRF coupling has been
documented.?® Divertor heat flux profiles due to
large ELMs in ASDEX and DIII-D are reproduced
here?b:22 a5 Fig. 9.4. The peak values are up to 20
times larger than the time-averaged value between
the ELMs. Fortunately, the ELM amplitude is ob-
served to drop sharply as their frequency rises,?® as
shown in the DIII-D data of Fig. 9.5. Individual
ELMs in high-power discharges may remove only
1% of the total stored energy. There is at present
no predictive model for this behavior.

Based on observed ELM behavior, we expect
that ELMs will not be catastrophic for the BPX
divertor in a nearly ignited plasma. Given a to-
tal stored energy of 90 MJ at full power and as-
suming a 2% loss per ELM spread out over twice
the usual divertor contact area with a 2-ms du-
ration, we find that the transient surface temper-
- ature rise for pyrolytic graphite would be about
600° C. This would result in sublimation of a thin
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surface layer from the tiles (already hot from the
steady-state heat flux). How much of this carbon
would escape the divertor region, as opposed to be-
ing redeposited, depends on the plasma conditions
in front of the target plates following the ELM.
Recent measurements from ASDEX suggest?* that
ELMs can more than double the time-averaged
sputtering rate of the divertor material (copper in
their case). In both ASDEX and DIII-D, ELMs
deposit more energy at the cooler inner divertor
strike-point than at the outer.

IX.C.2. Power Balance and SOL Heat Flux Distribution

Global power balance measurements for quies-
cent H-mode plasmas have been reported from a
number of devices.?225-2" The total power reach-
ing the divertor is generally less than 40% of the
input power. ‘The remainder of the power goes
into radiative losses (30 to 60% — growing with
time after the H-mode transition) and into build-
ing up the stored energy. A significant fraction of
the power losses (~20%) usually remain unmea-
sured. In ELMing plasmas, the contribution of the
ELM-induced energy loss to the overall power bal-
ance has been determined in both ASDEX and in
DIII-D. ASDEX reports®* that there is a 50/50
power split between the ELM and quiescent-phase
losses, whereas a steady decrease in this ratio with
increasing heating power is reported® for DIII-D.
These results appear in Fig. 9.6.
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Fig. 9.7. Distribution of energy losses assumed for BPX divertor studies.

Figure 9.7 illustrates the assumptions about the
H-mode power balance and heat flux distribution
used for the BPX reference discharge with Pj,ss =
Pheat = Proy + Po = 100 MW. We assume that
40% of the total input power Pheq is radiated as
follows: 20% as bremsstrahlung and cyclotron ra-
diation from the core [from typical Tokamak Sim-
ulation Code (TSC) modeling with Z.y = 1.65],
10% as impurity radiation from the edge and SOL
plasma, and 10% as localized radiation in the diver-
tor region. We thus work with the assumption that
60% of the heating power is conducted in the SOL
plasma. As described below, numerical simulations
predict that hydrogen line radiation in the divertor
will reduce this by another 6%, so that 54% of the
total heating power should actually reach the di-
vertor plate (including 13.6-eV recombination en-
ergy). This figure is matched experimentally only
FUSION TECHNOLOGY
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in low-density L-mode discharges.2 However, with
relatively higher density (lower Z.5), and certainly
higher temperatures and all-carbon walls, a lower
radiative loss fraction may be expected in BPX,
so 54% may not be overly conservative. A better
estimate of the radiative losses awaits new models
of SOL impurity behavior, as discussed below.
Published data on the divertor heat flux distribu-
tion for double-null divertor tokamaks32425 show
that about 80% of the total divertor power is de-
posited at the outer targets. The up-down sym-
metry of the power distribution is sensitive to the
positioning of the X-points. Measurements in AS-
DEX and DIII-D show®?* that effectively single-
null operation is obtained if the flux surfaces tied
to each null are not positioned to within A4 of each
other at the midplane. Even with excellent mag-
netic balancing, however, there are indications that
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Fig. 9.8. Divertor heat flux® for DN discharge in DIII-D: (a) Total integrated divertor power and (b)
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the peak heat flux is greater to the divertor in the
ion VB drift direction. Figure 9.8 shows such up-
down asymmetries in the peak (2:1) and the to-
tal (1.2:1) divertor heat flux for a DN discharge
in DITI-D for which the magnetic flux surfaces for
each null were maintained to within less than 0.5\,
during an ELMing H mode. However, no attempt
was made to adjust the magnetics to achieve bet-
ter heat-flux balance. It is thought that this asym-
metry results from ExB drift effects in the SOL
transport. We include the numbers for both asym-
metries in Fig. 9.3: 26 MW to one quadrant for
1.2:1 (A), and 32 MW for the 2:1 case (B).

IX.C.3. Edge Density and Temperature

It is important to have some idea of what the
electron density on the separatrix will be in BPX
because it significantly impacts the predictions for
the peak electron temperature at the divertor tar-
get and, to some extent, the peak divertor heat
flux. High edge density near the midplane will
yield a high-density, low-temperature plasma at
the divertor plates. H-mode operation means rela-
tively flat density profiles with a steep density gra-
dient at the edge. Pellet fueling of H-mode plasmas
may peak the central density by adding particles
to the core, but it leaves the edge density pedestal
relatively intact. Experimental data?®%® suggest
that ne gep/fle =~ 0.2 to 0.4, with considerable un-
certainty arising from lack of a precise determina-
tion of the separatrix position. Furthermore, these
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data suggest that the ratio may drop with time fol-
lowing the H-mode transition. The ITER desi%
team uses 0.28 as a reference value for this ratio.
We have nominally chosen 0.25, which then yields
Ne,sep = 1 X 102 m~3 for 7, = 4 x 102 m~3. This
operating point is about three to five times higher
than that obtained in JET or DIII-D. More mea-
surements here are needed.

Centrally peaked electron temperature profiles
are expected in BPX H-mode plasmas. We do
not, as yet, have a firm idea of T¢ 4ep. Where de-
tailed edge measurements are available, the data
at first seem conflicting. ASDEX and PDX re-
port31:32 3 strong increase in electron temperature
near the separatrix following the H-mode transi-
tion, whereas only a modest increase is observed!”
in DIII-D. It has been suggested, based on more
recent ASDEX operation with a new divertor con-
figuration, that the larger T, sep pedestal may be
associated with- a more closed divertor geometry.
The actual value that will be obtained depends
on details of the radial energy transport near the
edge in a self-consistent way: It is assumed that
gsep < nXVT. Unfortunately, there is as yet no
clear picture of the loss mechanisms across the
separatrix of H-mode plasmas. For many of the
SOL simulations described below, we have fixed
the edge density and total heat flux out of the
core, then calculated the Te sep and Tj sep comsis-
tent with assumed energy transport coefficients.
The resulting temperatures are in the 200- to 700-
eV range. Since BPX will operate at high density,
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it is tempting to think that T; = T, near the sepa-
ratrix, but the SOL plasma near the separatrix is
only marginally collisional due to the relative short
connection length to the divertor targets and the
high temperatures near the midplane ( L)/ Aei ~ 1
to 5 for Z.g = 1 in the SOL). Recent data from
JET points to T; > T near the separatrix for
high-power dlscharges 35 The impact of ICRF on
the velocity distributions in the edge plasma is not
known.

IX.D. BASIC PHYSICS OF THE SOL PLASMA

In this section, we examine the essential elements
of the particle and power flow in the edge plasma.
The purpose of these “back—of-the—-envelope” cal-
culations is to obtain a rough estimate (within fac-
tors of 2 to 3) of the divertor parameters and their
scaling to guide our intuition when working with
the more complete two-dimensional multifluid nu-
merical simulations. A number of two-point or one-
dimensional models of the SOL plasma have been
developed for this purpose.34®> The two most com-
mon features of these models are the following as-
sumptions:

1. Energy transmission is across a collisionless
sheath at the material wall, with a sheath
transmission factor of v ~ 7 to 8, where 7 is
defined as g4 = Y T:Cs.

2. Classical particle and energy transport along
field lines (Spitzer thermal conductivity) is
balanced by anomalous cross-field transport
(characterized by x and D).

In general, these simple models match the mea-
sured quahtatlve behavior of the divertor plasma
pretty well.3 Additional physics concerning par-
ticle recycling at the limiter/divertor surfaces,
and/or impurity radiation in the SOL, has been
included by several authors.3”

IX.D.1. Heat Flux Profiles

Under conditions where the sheath dominates
the energy flux, Harbour®® and Harrison3? arrive at
the following expression for the heat flux e-folding
length at the plasma midplane:

1
o xely |?
Aq - [O‘S’YCJ,d] ’
where L) is the parallel connection length (flux-

surface averaged midplane to divertor), 7 the
sheath energy transmission coefficient, and C; 4 the
ion sound speed at the divertor target, equal to

(9.1)
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10*/T(eV) m/s for deuterium. So in this case,
the radial e-folding length for the heat flux at the
midplane depends on x but is nearly independent
of the energy flux into the SOL (a slight variation
appears through the sound speed).

In the other extreme, when the parallel thermal
conductivity of the SOL plasma is the limiting fac-
tor, Harrison shows that Ay o< (Xe /qse,,)l/ 2 | where
gsep is the power density across the separatrix. In
this case, because the parallel thermal conductivity
rises with temperature, the width of the scrape—off
layer decreases with power and the peak divertor
heat flux varies as P3/2 instead of linearly with P,
as above. Such behavior has been predicted from
B2 modeling for the NET/INTOR divertor. As
shown below, we see something more like the lin-
ear behavior in the B2 modeling for BPX.

Once the width of the profile is known, the peak
divertor heat flux follows immediately using the
magnetic flux expansion at the target, the total
energy loss into the SOL, and the distribution of
the power among the four divertor strike-points.
Thus,

o P quad

%= 57 R x 0.80ga’ (02
where Py, is the total power to one quadrant
of the the SOL, R is the major radius, and g4
the e—folding ]ength mapped to the divertor tar-
get with 0.8 resulting from the integral over a cut-
off exponential profile. For BPX with Py, =
26 MW, T =~ 50 eV at the target, Ly =~ 20 m,

and x. = 2 m?/s, we obtain A, = 1.2 cm at the
midplane using Eq. (9.1). Combining this result
with the 14:1 magnetic flux expansion and 1.2:1
up-down asymmetry outlined in Sec. IX.C.2 ylelds
an estimated peak divertor heat flux of 13 MW /m?

(16 MW /m? for the 2:1 up-down asymmetric case).

For comparison, the B2 simulations described be-
low yield Ay =~ 0.5 cm and a peak divertor heat flux
of ~20 MW/m? for these same plasma conditions
(see Table 9.2).

It is clear that choosing the correct value for xe is
central to predicting the width and peak of the di-
vertor heat flux profile in BPX. Data from present
dlvertor experiments with Br = 1 to 4 T is con-
sistent®® with x ranging from 1 to 4 m /s the
lower values corresponding to ELM-free H-mode
discharges. While Stangeby and McCracken®
port measurements of the By scaling for Ay, and
A7 in limiter plasmas, no similar measurements for
the heat flux profile in either L-mode or H-mode
divertor plasmas have been reported. If we take
the lowest published x. (1 m?/s from DIII-D) and
scale it like Tep /B, then x. =~ 0.8 m?/s is obtained,
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Table 9.2. Input Parameters for B2 Simulations

Value

Quantity (Ref. Case) Range
Nesep (M™3) 1020 0.4-1.5
T sep (€V) 350 300-700
Qsep (MW) 26 7-57
(1 quadrant)

P,/ Pi 1:1 1:1-3:1
Xe (m?/s) 2.0 1-3
xi (m?/s) 0.6 0.3-1.0
D, (m?/s) 0.6 0.3-1.0
Vconv (mM/8) -20 -20to 0
Raiy 0.97 0.90-1.0
Flux limiter 0.2 0.1-0.2

and the analytically estimated )\, would drop to 0.6
cm.

IX.D.2. SOL Density and Temperature Profiles

A similar estimate for the density profile e-
folding can be obtained by balancing parallel and
perpendicular particle transport. Stangeby and
McCracken’s study of the variation of )\, with
toroidal field for a number of limiter and L-mode
tokamaks concluded that the data were consistent
with Bohm-like cross-field transport. That is,

M oc 1| 108
VAlow ’

where Dp = 0.06T'[eV]/B[T] and v, is the av-
erage flow speed from the midplane to the limiter
or divertor (which is ~0.1 to 0.3 times the local
ion sound speed). These data appear in Fig. 9.9,
with the region applicable to BPX corresponding
to A\n =~ 1t0 2 cm and Dp ~ 1.5 m?/s. Analysis of
scrape-off layer density measurements for H-mode
discharges in DIII-D and ASDEX yield diffusion
coefficients that are of the same order as the Bohm
values?®4! (~0.5 to 1.0 Dp), but there is no men-
tion of their Br scaling. In the far SOL of H-mode
plasmas (more than 1 to 2 x )\,), the density falls
off much more slowly than near the separatrix, sug-
gesting a larger D;. This clearly disagrees with
Bohm scaling. Neuhauser et al. speculate that this
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Fig. 9.9. Scaling of SOL density radial e-folding
length versus normalized parallel connection length
for several tokamaks.40

plateau is associated with increased plasma fluctu-
ations.4!

The peak electron temperature at the divertor
cannot be estimated analytically as simply as the
divertor heat flux. This is because it depends on
the local recycling coefficient at the divertor plate,
for which there is no simple formula. This relation-
ship is illustrated in Fig. 9.10, which is adapted
from Post, Langer, and Petravic.4? It shows Teq 88
a function of the energy loss per ion across the sep-
aratrix. T¢ 4 is derived from the ion flux and the en-
ergy transmission coefficient of the sheath, assum-
ing no energy loss in the SOL from radiative pro-
cesses. The ion flux at the divertor is R = 1/(1~r)
times the flux across the separatrix I'sep, where r
is the local recycling coefficient and R is Post’s
flux amplification factor. The shaded regions indi-
cate the operating ran§e for several tokamaks us-
ing published values?*3 for T 4. It is clear that a
high recycling coefficient is needed to keep T, 4 low
and to minimize sputtering, Obtaining a good es-
timate of r is difficult because it is sensitive to the
surface conditioning of the divertor targets and to
the probability that recycled neutrals can escape
without reionization. Similarly, [sep = Np/7p is
not well known. We currently rely on DEGAS neu-
tral transport calculations** to determine r and the

WHIST core-plasma transport code?® to determine
Cgep.
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Fig. 9.10. Relationship between peak divertor elec-
ton temperature and the energy loss across the sep-
aratrix and divertor recycling coefficient, according
to Ref. 42.

IX.E. NUMERICAL SIMULATION OF THE SOL PLASMA

Simple models alone do not suffice for choosing
the operating point of the BPX divertor because
details of the radial profile shape can have severe
consequences for the engineering design. For ex-
ample, the peak divertor heat flux could differ by
a factor of 2 between assuming a simple one-sided
exponential and using a full Gaussian profile con-
sistent with radial transport into the private re-
gion below the X—point. Therefore, we are mod-
eling the SOL and divertor plasma using the fully
two—dimensional Braams B2 code, which was orig-
inally developed as part of the NET program. B2
is now the most widely used edge plasma model in
the United States and forms the basis of predic-
tions of the operating point for the ITER diver-
tor. As described in Sec. IX.E.2 below, it has been
successfully validated against experimental data on
ASDEX, DIII-D, and TFTR, though this work is
still continuing. Work on other two-dimensional
codes is also being carried out.

IX.E.1. The B2 Code

The B2 code simulates the SOL plasma by solv-
ing the fluid equations for particle, energy, and mo-
mentum balance on a two-dimensional rectangular
mesh. This mesh is mapped to the actual SOL
magnetic geometry using a prescribed set of met-
FUSION TECHNOLOGY
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ric coefficients derived from MHD equilibrium cal-
culations. Figure 9.11 shows the typical mesh (24
radial by 32 axial points) used to model the lower
half of the outside SOL of BPX. The mesh extends
from slightly inside the separatrix (necessary to in-
clude the so—called “private region” between the
strike-points) to 4 cm outside at the midplane, and
it has nonuniform cell size to account for the steep
spatial gradients near the separatrix and the strike-
point (where the cells are about 0.5 x 0.5 cm). It
is assumed that the wall of the tokamak smoothly
matches the outermost flux surface, so the effect
of localized ICRF antenna shields is neglected. A
detailed description of the physics and numerical
analysis used in B2 has been prepared by Braams.*

To complete a B2 run, boundary conditions and
transport coefficients must be selected. The radial
transport coefficients Dy, Xie, 8nd Vcony act uni-
formly over the mesh and are all anomalous (i.e.,
set by the user — usually to values that have been
determined from comparison with existing toka-
mak data). Classical parallel energy transport (i.e.,
Spitzer conductivity plus convection) is assumed,
with the inclusion of an electron heat flux limiter
of 0.1 to 0.2v, for low collisionality (e — €) condi-
tions. The value of the flux limiter is based on sim-
ulation results from fully kinetic one-dimensional
models.4” Other assumptions used in the simula-
tions include zero parallel momentum input at the
midplane, a specified particle recycling coefficient
at the divertor plate, zero flux to the outer wall,
and a currentless sheath condition at the divertor
target. Two combinations of boundary conditions
along the separatrix have been used: fixed density
and temperature (leaving the energy and particle
fluxes to be calculated) or fixed density and ra-
dial heat flux (leaving the particle flux and elec-
tron temperature along the separatrix to be deter-
mined). There is no significant difference between
the results from these two operating modes. Ta-
ble 9.2 lists the input values used in the reference
case B2 runs made for this study; the range over
which these were varied is also shown.

We mention here that the assumption of a cur-
rentless SOL is not correct since net current flow
in the SOL plasma has been measured.*3 It is
thought that this current is driven by thermoelec-
tric forces arising from poloidallgr nonuniform en-
ergy flow across the separatrix. 9 1t is predicted
that these forces and currents can have a significant
effect on the divertor heat flux distribution,%°!
SO we are upgrading the B2 code include them.
Preliminary results>? show that up-down heat flux
asymmetries do result, similar to those measured
in DN discharges.

We have not included the effects of impurities ex-
plicitly in the B2 calculations for BPX because of
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Mesh in the Physical Plane
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Fig. 9.11. Mesh geometry used in the B2 simulation of the BPX SOL plasma.
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Fig. 9.12. B2 simulation of the divertor profiles for the BPX 500-MW reference plasma (B2 run b2bpx03).
(a) heat flux; (b) electron density; (c) ion flux, with chain-dot corresponding to zero wall recycling; and
(d) electron (solid) and ion (dashed) temperature. Vertical dotted line denotes the separatrix.

difficulties in obtaining convergent solutions with
more than two-fluid interactions. Carbon radia-
tion from the SOL and divertor plasmas should be
significant at the concentrations expected (based
on DIII-D data, we expect Zeg,soL > Zeff,core)-
However, it is difficult to make “back-of-the-
envelope” calculations of impurity radiation in
the SOL because the radiative efficiency for each
charge state is a very sensitive function of the im-
purity ion lifetime. As a first approximation to ac-
counting for finite carbon concentration, we have
reduced the total energy flow into the SOL, Psor, =
Jsep 9sepdA, by an amount consistent with global
power balance measurements in existing tokamaks,
as discussed in Sec. 1X.C.2. B2 then calculates only
the hydrogenic losses in the SOL plasma (~6% of
Psor, excluding charge-exchange). That is, we let
FUSION TECHNOLOGY
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Psor, = 60 MW for the input to the B2 runs, in-
stead of 70 MW. We also leave Z,g = 1 in the
SOL for the B2 runs, which errs on the conserva-
tive side, since larger Z.g results in reduced par-
allel thermal conductivity and a lower peak heat
flux. Work is now under way to develop SOL mod-
els that can handle finite impurity concentrations,
starting with one-dimensional codes®® to reduce
the numerical difficulties and to avoid using a set of
arbitrary radial transport coefficients about which
there is no experimental data.

IX.E.2. B2 Simulation Results

In this section, we present results from B2 mod-
eling for the reference case plasma with Pheat =
100 MW and Pgueq = 26 MW, which refines the
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Fig. 9.13. B2 simulation of the midplane pro-
files for the BPX 500-MW reference plasma (B2
run b2cit87): (a) electron density; and (b) ion and
electron temperatures. Chain-dot line denotes the
separatrix.

simpler estimates presented earlier.  Profiles at
the outer divertor plate appear m Fig. 9.12. The
peak heat flux reaches 17 MW/m? with a 1/e width
of 6 cm. This maps back to Ay = 0.52 cm at
the midplane. The total power reaching the di-
vertor plate is 24.5 MW, or 94% of Psor, as ex-
plained above. The maximum electron tempera-
ture is 40 eV, the ion temperature is ~15 eV. The
peak density is about 4 x 10%° m~ ) 3. and the Eartl-
cle ﬁux at the separatrix intercept is 6 x 102

2. Integrating the ion flux profile over both up-
per and lower divertors gives a total loss current
2 [2nRT; 4dR = 1.1 x 10% s™1. This compares
with a total Partxcle loss across the separatrix of
3.4 x 10* s~4; the ratio is just 1/(1 — ).

At the plasma midplane, the density profile is
much broader than either the T, or T; profiles, as
shown in Fig. 9.13. The e-folding length for the
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reference case is 1.3 cm, but the exact value is sen-
sitive to the boundary conditions at the outer wall
and the choice of the inward pinch velocity. With-
out the pinch, A\, doubles and the density remains
high all the way out to the wall. Since we have
no a priori reason to expect an inward pinch of
this magnitude (the Ware pinch is much smaller),
we have also made B2 runs with a sharply lower
recycling coefficient on the wall, to simulate the
effect of plasma scrape-off on ICRF antenna pro-
tection. This produces the dotted midplane profile
in Fig. 9.13b and divertor particle flux profile in
Fig. 9.12b. Resolving this issue is the subject of
continuing work with the B2 code.

The variation of predicted divertor conditions
with other input parameters is recorded in
Figs. 9.14 and 9.15. The peak divertor heat
flux versus power input to the SOL appears in
Fig. 9.14a for three different values of x.: There
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Fig. 9.15. Variation of peak heat flux and plasma temperature with density on the separatrix at the
midplane and with X-point to divertor plate distance Az 4 for constant total power across the separatrix.

is a 1/,/X dependence as expected. Figure 9.14b
shows that the peak (T 4iv+T; aiv) increases as x is
reduced, while the addition of an inward pinch ve-
locity increases the peak temperature by less than

5% .

The influence of the midplane density was exam-
ined using B2 runs in which the total power into
the SOL was held constant. In this case, the mid-
plane electron temperature varied almost inversely
with the density to keep I'g sep fixed. The output
of these runs appears in Fig. 9.15, from which we
conclude that increasing edge density reduces the
peak divertor heat flux and electron temperature.
This results from a drop in parallel heat conduction

(x 7!/ 2) associated with the lower SOL tempera-
tures at higher density.

The distance from the X-point to the divertor
target can also impact the divertor conditions. In-
creasing the distance reduces parallel conduction
and so lowers the peak T, giy. On the other hand,
the magnetic flux expansion decreases as one moves
FUSION TECHNOLOGY
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farther from the null. So from the heat-flux point
of view, closer to the null is better while, from the
sputtering point of view, farther away is better. It
should also be noted that, as the divertor targets
are moved closer to the X-point, the field lines be-
come more parallel to the surface and heat flux
peaking due to misalignment will become worse.

IX.E.3. Status of Model Validation

The B2 model has been com{)ared against a lim-
ited set of experimental data*!+?%% from DIII-D,
ASDEX, and TFTR. The JET team has focused
on using a 1—-d1mensxonal code to model the SOL
plasma. They generally find similar values for
transport coefﬁc1ents as have the other groups
(D) ~1m?/sand x. ~ 2 to 3 for ohmic plasmas),
but their data for high-power beam-heated plas-
mas are limited because of heat flux limits on the
scanning Langmuir probe that samples the edge
plasma. JFT-2M edge plasmas have been mod-
eled using the UEDA two-dimensional code, which
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Fig. 9.17. Divertor heat flux profile in DIII-D

at the outer separatrix intercept at ¢ = 180 deg
showing the bifurcation produced by a locked mode
that starts growing at 1250 ms.

The plasma itself can generate nonaxisymmet-
ric perturbations that affect the divertor heat flux.
Nonrotating locked modes can seriously distort the
divertor heat flux profile, as shown in Fig. 9.17.
In this case, the peak heat flux does not increase,
only the total power to the divertor at a given
toroidal location. As mentioned earlier, it was
reported from ASDEX that ELMing H-mode dis-
charges produced toroidal asymmetries in the to-
tal divertor power (not peak heat flux), but it has
since been determined that locked modes were re-
sponsible.! In general, it is easy to discern when
locked modes are present, and since they produce
disruptive plasmas with poor energy confinement,
it seems unlikely that much divertor heating will
occur when they are present. Therefore, we in-
clude a relatively small “physics safety factor” of
1.2 for plasma and field-error-generated toroidal
asymmetries. (Note that ITER chooses 1.5 for this
safety factor.) ASDEX data support this, as do
the power balance measurements from other di-
vertor tokamaks. Power balance is itself a mea-
sure of symmetry because it combines a number of
toroidally localized data to compare with the total
input power.

Auxiliary heating can also produce toroidal
neruniformity in the divertor heat flux if much of
tic power is deposited in the edge plasma.’” In
BPX near ignition this would not be the case, so
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we do not add a safety factor for it.

Other sources of uncertainty for the divertor heat
flux have been mentioned in earlier sections. To
summarize here: (a) Reducing x. by a factor of 2
(lower present data plus Bohm scaling) results in a
factor of 1.5 increase in gy due to narrowing of the
SOL; (b) assuming a worst-case up-down asymme-
try of 2:1 results in a factor of about 1.2 increase
in §q; and (c) a decrease in ngep/fle from 0.25 to
0.15 (lower bound in present measurements) yields
higher heat fluxes by a factor of about 1.3 from B2
simulations, again due to a decrease in Aq.

Table 9.3 combines these various safety factors
into a single factor by which the nominal heat flux
is multiplied. Note that factors that increase the
peak heat flux by decreasing the width of the SOL
have been counted only as the square root (i.e.,
1.4 instead of 1.9); this takes into account the
benefit of X—point sweeping, which gives the di-
vertor a power handling capability proportional to
(1/Xg)/2. Thus, an overall safety factor of 2.7 is
obtained. We do not calculate separately the safety
factors for the inside and outside strike-points since
the outside receives the largest heat flux and both:
share the same design.

It is worthwhile to note that the approach to
determining our confidence level in the predicted
peak divertor heat flux is fundamentally different
from that used to determine the ignition margin of
the device. In that case, regression analysis of a
relatively large ensemble of global scaling data was
used to predict the machine performance within
certain error bars. Also, the number of indepen-
dent variables is well known and limited (e.g., ma-
jor and minor radius, plasma current, etc.). In the
case of the SOL and divertor plasma parameters,
we have been forced by the lack of a similar body
of empirical data to resort to calculations using a
theoretical model of SOL transport that includes
a large number of adjustable parameters that are
poorly known (e.g., particle reflection coefficients,
sputtering yields, etc.). Unlike the empirical ap-
proach, using a model leaves the prediction sus-
ceptible to the influence of hidden variables that
are not included ‘in the calculation. Thus, to be
conservative, we end up multiplying all of the un-
certainties to arrive at a worst-case scenario that
the design should accommodate.

Taken at face value, a safety factor of 2.7 implies
that to have a high degree of confidence in the de-
sign, the BPX divertor should be able to handle
27 MW/m? peak divertor heat flux when produc-
ing 100 MW of fusion power at @ = 5. This is fea-
sible using X-point sweeping and state-of-the-art
graphites for the divertor modules. On the other
hand, it also implies that a “brute-force” high-
confidence divertor for BPX at Pp, = 500 MW
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Table 9.3. Peaking IFactors and Physics Uncertainties

Source of Varies Varies

Uncertainty Total Power Width of SOL
Toroidal variations (physics) 1.2
Toroidal variations (engineering) 1.3
2:1 Up-down asymmetry (physics) 1.2
Scaling of transport coefficients 1.5
Other physics scaling (e.g., Ngep) 1.3
Total multiplicative effect 1.9 1.95 (1.4)
Resulting overall safety factor 2.7

should be able to handle a worst—case heat flux
of about about 54 MW /m?—surely a formidable
engineering task! Therefore, we are considering al-
ternative methods to accommodate a higher than
expected heat flux.

First, if the heat heat flux is higher than pre-
dicted due to up-down asymmetries, we could
dither the vertical balance of the plasma during
the discharge to alternately direct more heat to
one divertor or the other. The duty cycle of this
up-down modulation would be varied to achieve
uniform top and bottom heating. Such a modu-
lation should not affect confinement if the heating
power is well above the H-mode threshold. A sec-
ond possibility for accommodating higher than ex-
pected heat flux is to shift to an inside-wall limiter
configuration after the divertor reaches its temper-
ature limit. If well aligned, the inner wall has a
large contact area due to the nearly tangential flux
surface intersection with it. Again, based on ex-
perimental data, such a configuration should not
affect global confinement significantly. This could
nearly double the power handling capability of the
first wall.

A highly radiative divertor, in which most of the
heat flux is dissipated by impurity radiation and
charge-exchange losses before it reaches the target
plates, also looks like a promising possibility. Re-
cent experiments are showing its feasibility for a
tokamak reactor such as BPX. JET has reported®®
that deuterium gas injection below the X-point can
delay the onset of carbon blooms by more than two
seconds, doubling the total energy throughput of
FUSION TECHNOLOGY

VOL. 21 MAY 1992

the tokamak. In their experiments, the gas was in-
jected into an ELM-free H-mode discharge, and
while global energy confinement was unaffected,
the neutron rate fell sharply due to cooling. In
DIII-D, Dy and N; injection below the X-point
was observed®® to reduce the divertor heat flux
by up to a factor of 3 as shown in Fig, 9.18. In
that case, with an ELMing H mode, the gas injec-
tion did not reduce the neutron rate significantly
and lowered the total stored energy by less than
10%. Laboratory experiments in linear devices
have also reported encouraging results at terminat-
ing a plasma onto a gas target.t>%2 BPX, because
of its relatively short pulse length, would seem to
be a prime candidate for such a solution to the heat
flux problem. Multiple divertor sweeps provide an-
other possible solution in the case where the peak
heat flux has increased due to a reduced scrape-off
width.

Finally, it is important to consider that the idea
of designing to accommodate the high heat flux re-
sulting from ap;l)lying the safety factors to the nom-
inal 20 MW/m? divertor heat flux is probably the
wrong approach to take at this time. The immedi-
ate effort should go into reducing these multipliers,
as has been proposed in the BPX Physics R & D
plan. For example, if it can be shown that plasma-
and field-error-generated toroidal asymmetries are
not significant, then the safety factor drops from
2.7 down to 2.2, and the worst-case peak heat flux
is lowered by 10 MW/m?. If the up-down asym-
metry in DN discharges can be controlled or elim-
inated, then the worst-case peak heat flux would
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Fig. 9.18. Divertor heat flux reduction in DIII-D by divertor gas injection. Dashed line = 140 Torr-1/s
D3 injection; solid line = no gas injection. The location of the gas injection below the X—point is shown

in the small inset.

drop by a similar amount. These goals may not be
difficult to achieve since all that is required from
the point of view of hardware are a few extra diag-
nostic views on existing tokamaks and the alloca-
tion of experimental run time. The toroidal field
scaling of x is perhaps a more daunting task, but
the potential pay-off there is large, too. Thus, we
should consider these safety factors as illustrative
of the problems to tackle rather than hard limits
that must be engineered into the BPX design for
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Pps = 500 MW. In any case, by designing for the
nominal @ = 25, Pp,, = 420 MW case, we build in
sufficient safety margin to accomodate the Q) = 5,
Pr,s = 100 MW case even with all of the uncer-
tainties outlined above.
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