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Sumpary

An open divertor configuration has been adopted
for TIBER. Moat recent designs, including DI1II-D [1),
NET [2) and CIT [3) use open configurations ané rely
on & dense edge plasas to shield the plasma from the
gas produced uat the neutralizer plate Fig. 1 shows
the DIII-D and TIBER-11 configuratfous on roughly the

sare scale to allow a coapsrison of dimensions.
Experimente on ASDEX, FDR, D-111, and recently eon
DI11-D have shown that a dense edge plasma can be

produced by re-ionizing most of the gas produced” at
the plate. This high recycling wode allows a lerpe
flux of particles to carry the heat to the plate, so
that the mean energy per particle can be 1low.
Erosion of che plate can be greatly reduced {(f the
average impact emergy of the fons at the plate can be
reduced to near or below the threshold for sputtering
of cthe rlate material., The present configuration
allows part of the flux of edge plasma ions to he
neutralized at the entrance to the punping duct so
that heliun is pumped as well as hydrogen. This
configuration 1s shown in Fig. 2 and has the following
features:

* Pesk heat loads of about 3 MW/m®, and less than 6.5
Mi/m? even 1f the plasma shifts position by as much
as 0.1 @ in any direction.

sputtering and che
production of

* High gas recycling to reduce
erosion of cthe plates and the
ippuricy lons.

* Small vacuup ducts pade possible by the high
pressure in the ducts that reaults from che high
recycling. Pumping speed is S0 w'/s and pressure
in the vacuum ducts is 40 mTorr.

* At least 0.48m of neurron shielding between plasma
and the superconducting magnets.

TIBER

DIiI-D and TIBER ghown on the same scale for
conparison of the divertors,

MASTER

Fig. 1.

Ihe pivergor Configursvion

The divertor configuracion shown in Fig. 2 is
intended to help TIBER meet icts design goal of
ignition in a minimum-size device, and to maintain
the required spacing (sbour 0.5 m) for neutron
shielding averyvhere between the plasma and che
super duced e . The distance that can
be allowed between the neutralizer plates and che
closed field 1lines is determfned by the need to
prevent gas and izpuritiss fros resching the confined
plaszs. With high racycling at the platsa, the plassa
tamparvature and density pasr tha platss will be about

10 eV and 107 g3, respactively. In such a plasmr,
the mean free paths (afp) for Llonfzatfon of the
tecycled neutrals e short, with the longest being

about 50 mm for tho fast neutrals that resulc froo
charge exchange (CX). Because the cross cection for
CX of D° and T° {s larger than that for lonization,
multiple CK ovents can allow deeper penetration than
the mfp would wsuggest. In TIBER's divertor
configuration the msinimuam space between a plate and
the confined plasma is 150 mm. This is much greater
than any of the relevant mips when the recycle rate,
and therefore the denaity, is high.

Identical top and bottom divertors are oach
divided into 16 wodules so that each e can be
removed between the 16 toroidal fleld (TF) coils. A
slab-shaped vacuum duct under each lower plate
connects to & circular vacwum pipe, which leads to an
external pumping manifold.

TIBER's first wall is located on magnetic flux
surfaces to miniwize the particle and heat load to the
wall. The separation of tho first wall from the
confined plasma s several radlal decay lsngths for
both patticles and energy. The decay length for

showing
and one of

Fig. 2. The TIBER divertor
magnetic flux surfaces in the edge plasma
16 vacuum pipes.

configuration
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energy 1s about 15 om st the midplane in both che
outer and inner scrape-off layers (SOLs), and che
decay lengths for particles are abour 20 mm in the
outer S0L, and &, = 17 ma In the inner SOL.

th_fo d|

We calculate the thickness for power flow using a
wodel that includes the variation of thickness ceused
by varlation in the poloidal component of the magnetic
field. Fig. 2 shows the large variacion ln thickness
of the magnetic flux tubes In TIBER's SOLs. The
primary simplifying assumption made here is chat che
plasma  pressure 1is constant on & wmagnetic fiux
surface. This assumption should be good everywhere
except near the divertor plates where a presgsure
gradient develops to accelerate the new, recycled
ions. The constant-p assumption reduces the radial
gradients near the null points. We set the coctal
power flow Pgy Lnte the outer ur inner SOL equal to
the integral of the cross-fleld emergy transport over
the plasma surface facing that SOL:

ngkTg ] e RB,
x| ——eteeReds,
%0

ae.Fo B0

Pe, = xl[_

vhere 5, 1s measured along the separatrix {n the
pololdal plene, and £, is the radial scale length for
energy at the midplane. The integral runs from the
lover null point to the upper one. In steady state,
half of this power must flow across the sheath at
either end of the S0L. Pover balance at either sheath
requires

705, KT, yhey = (1/2) Ty

Equacing these two equations for P, using Ay -
Z:RDAWB‘»/B(, and solving for 8y, Tesults In:

i,

B, RE-B,
where 1, = o -;;..a;p .
w0 i, 0P

Here, cg = J(2kT,/M;) is the lon scund speed; y = 8 s
the sheath parameter; and subscript t indicates values
near the target plate. The uncertainty in this
calculation is due mainly to the uncertainty in x
vhich 1s expected to range [4,%] from 1 to 4 m/a.

e and %]

In normal operation and when the plasma is in its
normal position, che particle flux across the inner
SOL to the wall armor is determined by the cross-field
diffusion rate. We assume Bohz diffusion and wrice
the vadiel parcticle flux T :

T, n

16+8 -;:

Assuzed values give I' = 6x10" lons/o?/s at the wall.

Recyeling of the rasu]tan: gas incruns che wall flux
by about 408 te T ~ = 1 x 10997 /s. Jon iwpact

energy is de:emlned by the local jon temperature and
the sheath drop at che wall. This gives an ion impact
energy E = 2T; + 3T, = 400 eV, vhile the recycled
atoms strike the vnll with the energy E = (/T =
120 eV. The physi~al sputtering yleld for 400 oV D°
18 Y, =0.026; for 400 eV T, 1t {s Y, { = 0.035

atons/ion [6] for normal incidence on carbon. Because
the off-normal incident angle could double these
ylelds, we assune a value Y. = 0.05 atoms/ion. For

r,--0vn =

the 120-eV neutrals the yields are about 0.020 for D°
and 0.035 for T°. The resulting erosion rate is 0.8
om/yr for the graphite armor at the inner wall.
Although this erosfon rate 1is serious, it is slow
enough to allow comvenient scheduling of armor
replacement.

At the outer wall the situation is different
because the spacing is larger, and because of the
poloidal limiters on the outer wall. The spacing
between plasma and wall {s 120 om ar the outer
oidplane, and each of the 16 limiters extends inward
20 mn from the wall. A similar calculation as for the
inner SOL gives an fon flux of T, = 2 x 10"/n%/s at
the radius of the limiters, and a total radial flow of
sbout 2 x 10?! ions/s. The power deposited on che
limiters is about 0.13 MU, which gives an average of &
kW to each of the 16 limiters. The bonbarded area on
each limiter Ls determined by the radial distance that
the fons diffuse out between limiters. Ion radial
velocity due to diffusion is sbouc v, = 59 m/s, and
the cime for radial drift becween limiters is t =
alyve = 2.3 x 105 &, which allows a radial drifc of
v,t = 1.65 mm.  Since the limiters are about 3.8 a
long, each limiter has an exposed ares normal to the
{1eld direction of sbout A, = 6.3 x 103 a®. If the
heat 1is divided evenly between the two hce: of each
limiter, the heat load normal to the field will be 0.6
Md/n? on each outer edge of each limiter. This heat
does not appear tc be a serifous praoblea in normal
operacion.

Hest Losd on the Divertog Plates

The distibution of heat on the éivertor plates is
calculated by sssuning that the energy density in tba
SOL decreases exponentially with distance out from the
Plasma at the midplane. This exponential distributien
{s cthen mapped, by following magnetic field lines to
the divertor plates, to determine the pover
intercepted by each increment of area on the plates.

Fig. 3a shows the divertor region ms nodeled by
the code. The divertor is specified as a aeries of
coordinate points, and the code calculates the average
heat load on each segaent and allaws adjustment of the
shape. fig. 3b shows the average heat loads plorted
against the distance from the separatrix, measured
along the surface of the plate. Totsl power flow in
the SOL 1s set equal to 708 of the total power carried
out by charged particles, which is equal to the suw of
alpha power, heating power, and current drive pover.
The other 30% 1s assused to be radiated to other
surfaces and does mnot reach cthe divertors. For
Fig. 3, it is further ascumed thet the SOL power
divides with 2/3 of it flewi- 1 {n the outer SOL and
1/3 flowing in the {imner SOL. The rtesults for an
80/20 division of pover are obtained by adjusting the
vertical scale in the figure. Total charged particle
pover in TIBER {is about 110 MW, with alpha power
accounting for about half of it. The three parts of
the divertor are lsbelad “inner,” “lower,” and
“outer.*

When cthe
and/or 1n or out,

plasaa 1s shifted by 10 ca up or down

the highest heat loads are 4.3 and
6.2 HH/n on the lower plate. These loads occur vhen
the plasma is shifted upvard by 10 cm, or radially
outward by 10 cm, and when the outer SOL eyuries 80%
of the divertor heat. A worst case would be when this
conditian exisis, and when one null is partially lost
so that the heat to the other lower plate increases by
SO0 This would give a maximum of 6.6 M¥/z® on thac
lower place.

For normal ateady operation we assume that the
powver divides equally becween upper and lower
divertors. A perfect 50:50 ratio requires exsct
synmetry about the nfdplane. Algost any small
asymmetry will tesult in che pach along the field
lines to ope divertor being nhover than the other.
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Fig. 3. Heat loads on the divertor plates. a. The
coordinate points used in the flux mapping of the
pover flow. L. Average heat loads on segments of the
plates between coordinate points, Distance s ia

messured along the surface
with the separatrix.

away from the intersection

This effect {5 amplified by the shallow pitch angle
due to the veak poloidal field wnear the mnulls. A
large deviation from symmetry could Jestyoy one null
and allow the other divertor to act as & limfter.
Assumlng that we can avotd the couplete loss of efither
null, che extreme ratfo of powver to the tvo divertors
that we might expect Ls about 25/75.

Perticle and Energy Trsngporc in the Edge Plasma
The density and temperature in the SOL are about
n = 5x10%/z% and T, ~ 100 ¢V. In this plasma ths afp
for electron-electron scattering 1s A (m) = 1 x 10
T’,/n, =2m, and A, =), Close to the divertor
the wfps become shorter. Since these are smaller than
the scale length for temperature gradients, we can
assume to good approxismstion that ions snd electrons
have Maxwelllan velacity distributions. However, the
afp for jons to thermalize wirh electrons varies from
about 10 m near the midplane to a few cencimeters near
the divertors. Therefore, the electron and ian
temperatures will be different in the hotcter part of
the SOL, but will approach equality near the divertor.
We assume no net particle flow and only classical
electron thermal conductivity in "Region I," the main
part of the 50L, but use a fluid model in “Region 11-
near the divertor.

we. W

Region I (0 = s =< s,) has an energy source,
q{5), but no particle source and no particle flow.
The energy equacion after a first integration s

dT
- ABKT . o A(s)q(s 1ds’ .
ds -]

cince [dT/ds) .o - O.
give

This can be invegrated again to

s
ThG) - 1) = —— | Qua’yds’
x|y

where we have get

1
Qu(s) = ———FL(S')q(S')ds'
Al )

This gives the temperature variation slong the field
line in Region I, and in particular, deteraines the
tepperature difference betveen midplane (s = 0) and
the beginning of Region I1 (s = sy). The solurions
in Region 1 and Region I1 wust joim amoothly at s =
.@'

Eowver Flov in Region II

The energy equation in Region II has & particle
source and particle flow, but no energy source term.
After setting U = T/ and U' = dU/ds, the ensrgy
equation becomes:

WiE) ~ (Ao /AU (84) + (T/2K)+{ST(8) + E)+T(a).

The numserical integration of chis equation 1is
iterated until che value of U{s,) sgrees with the
power input ta the SOL and there 1s power, preasure,
and psrticle balance at the sheath.

Boundgty Conditions at the Sheach

The boundary
are deternined by the requirements
preasure, and energy all balance
balance requires that:

conditions at the sheath at s = s
that particle,
there. Particle

1 (N
Ty = ——— | A(8)S[T(5).n,(s),p(s))as

Ats) Juy
Energy balance at the sheath requires chac:

Kk d1??
(e )T(8) = -

»

71 ds

+ Sr(s)TCa) .
x

which establishes the relstion between best cenduction
and convection into the sheath.

Vacyus Pumping at the Divertor

Gas recycling et the lower divertor plate near
the duct Spening 1s provided partly by gas from nearby
Tegions of the plate, but mostly by ges from the duct

itself. Only a small froction of the ions entering
the duct is removed by the vacuum pumps. The larger
fraction enters cthe plasma and {s recycled, so the

opening to the duct recycles gas nearly as efficiencly
a5 the solid plate. The particle flux at the plate
and parallel to the field lines {s estimated from the
heat flux. Ty g = 5 x 107 fons/s/n?, The width of
the magnetic flux ctube that carries ions onto the
lower plate nesr the duct is sbout 130 sm and extends
around the machine, giving Lt en area of AN = 2.2
a. Since most of the ions that are neurralized here
become gas molecules in the ducr, the rate of gas
input into the duct is

Fanvhsi, ~ 1.1 1 10% geoms/s .
This gas input rate must be balanced in steady sctate
by the removal rate back into the plasma and out to

the puop. The pumping speed of the plasma through the
opening Aotacaa 18

Sotasma = (1782090~ (1 = Roypend) Apigema -

1f ve assume that the albedo of the plasma is LN
= 0.4 and take Ay, ., = 3.4 o’ as shown in Flg. 2,



then § = 640 o’/s. Notlce that § >> C

1] agne P
~ 25 'nfs for the lover divertof, 30 Sy
essentially determines the melecular density in the

Juet. Particle balance requires
Qe = 2"Tig* (Sptaems * Sp) = Qi = 1. 1x10%atans/s,

which gives ng = B.7 x 10% molecules/m® for the gas
density i{n the duct and corresponds to a du¢t pressure
of 42 mTorr when the temperature is 500 K. At this
high density, the gas conductance should be treated as
a viscous flow rather than molecular flow as assumed
here. Since the gas conductance of a given geometry
is greater in the viscous vegime, we designed for the
molecular regime to be conservative,

The vacuum pumping system in TIBER must provide
the necessary pumping speed for deuterfum apd tritlue

and for helium ash in chree aifferent stages of
operetion: (1) initial pumpdown, (2) steedy-stare
plasma operation, and (3) pulsed plasma operation.

During inltis} pumpdown, the gas pressure p in the

torus decreases with cime t as:

PLEY = 1R(0) - Qu/S1e " 5 QS

vhere che pumping speed 5 - 50 o¥/s, and the puaping
time constant r = V/S = 2.5 5. The volume V = 125 &,
and includes auly the incide of the tosus since the
spaces between shielding modules and beh‘ad and around
divertor modules are pumped separately by the external
systes for the superconducting magnets. The gas load
on the systen during pumpdown, N i due to
outgassing of surfaces. Clean stainless steel that
has been baked and glow discharge cleaned outgasas at

sbout 10°7 Torr-L/ssw’ {2, 7]. huu.rataly clean
surfaces before baking can have a rate that is 100
tines higher. Agaip we assume chat only the inner
aurfaces of the torus plus the inner surfaces of the
ducts will concribute to the gas load. The Loner
surface 4res of the torus s sbout 200 n°_and the
tocal for the ducts and pipes 1s abour 160 ol which

cotals about 360 w? for outgassing. This gives Cog =
3.6 x 105 €0 2.6 x 10" Torr-L/s, and p(=) = Q_ /S =
10? to 107 Torr. This base pressure meers the NET
goal of 107 to 10? Torr after baking and glow
discharge cleaning.

e gas load under dy -

is just equal to the gas equivalenc of che net
fueling, plus the gas that is injected into the SOL
with the pellets. The net fueling current is about

350 A, of D° and T°, and the extra pellet gas is
estimated to add another 420 A,. or G = 68 Torr-L/s of
wmolecular gas. This_gives a pressure in the duct of
Pact = U5 = 1.4 x 107 Torr, which is lower than

that required for cthe desired high reeycling. This
purping speed is sufficilent to allew throttling of the
pumps to control the pressure in che duct. In steady

state, the He pressure in the duct and the relacive
concentration of He in the edge plasma near the plates
will adjust until He atouws are removed at the rate
that o-particles are ptoduced. OJur estimste is thet
the edge plasma will contain sbaut 5% He.

In pulsed plesma operstion, the pressure p(c,)
at the end of a dwell time ¢, after a pulse is:

plty) - [P(O) - p()]e™™ + p(=) = p(O)e'V/" |

with t-t, and p(0) = 5 x 10°* Torr is the pressure in
the torus at the end of the previous pulse [2). This
equation gives p(t,} = 2 % 108 Torr if we assume tg =
20 sec as for NET. This meers the NET goal of 3 x 105
Torr, and the 1 x 10°% Torr design requirement uvsed
in the FEDC tokamak systems code [8).
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