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W. A. Houlberg
S. E. Attenberger
Oak Ridge National Laboratorv
P.O. Box 2009
Oak Ridge, Tennessee 37831-807
(615)574-1350

ABSTRACT

The relationships between fueling (gas injection and
pellets of various sizes and velocities), pumping in the
divertor chamber (constrained by fuel processing and
divertor design), core density (constrained by the de-
sired fusion power and helium ash accumulation), sep-
aratrix density (constrained by divertor operation and
density limits) and plasma confinement models are ex-
amined for the International Engineering Tokamak Re-
actor (ITER) Engineering Design Activity (EDA) for
guidance in the definition of design requirements for
the pumping and fueling systems. Various combina-
tions of gas and pellet injection are found to meet the
constraints for operation at 1500 MW of fusion power
and 1 bar-1/s (5.3 x 102 atoms/s) of DT pumping. Very
low pumping reduces fuel processing requirements, but
can lead to excessive helium accumulation depending on
the particle transport properties. Isotopic tailoring of
the fuel sources, e.g., 20-30% of the input fuel stream as
tritium pellets and the rest as deuterium gas, can main-
tain the core fuel species mixture in the optimum range
for fusion production (at least a 40-60 mixture) while
reducing the tritium concentration in the edge region to
20-30%. This should reduce the tritium inventory in the
plasma facing components. since that is typicallv gov-
erned by the fuel densitv mix near the plasma edge. A
high density, low temperature ignited regime supported
by deep pellet injection is shown to exist under some
low confinement conditions.

I. INTRODUCTION

It is widely recognized that there are several con-
straints on the electron, plasma fuel and helium ash
densities in the various spatial regions of a tokamak fu-
sion reactor — i.e., in the core (closed field line region),
in the scrape-off laver {SOL. or open field line region

in the plasma chamber) and in the divertor chamber —
that should be met simultaneously for optimal perfor-
mance. But because of our limited ability to quantify
the physics models in extrapolations to the reactor oper-
ating domain. these constraints are not well quantified.
Therefore, the particle fueling and pumping systems in
ITER (1] must be designed with a reasonable amount
of operational flexibility so that these constraints can
be explored and performance optimized under actual
operating conditions.

Although computational models of varying detail
have been developed for the physics in the plasma core.
SOL and divertor regions, simultaneous solution of the
most sophisticated of these models in all regions has
not vet been attained. The separation of the fueling
and pumping problem into two primarv computational
regions — plasma chamber and divertor chamber —
provides a natural division that allows efficient solu-
tion of the coupling problem (2]. Boundary conditions
at the divertor throat (the boundarv between plasma
and divertor chambers) define an operating domain in
density-particle flux space for each of these two spatial
regions. Figure 1 illustrates, qualitatively, the solutions
of the plasma chamber and divertor regions at constant
fusion power. along with various constraint curves. It
is the particle balance analog of the Plasma OPeration
CONtour (POPCON) plots used to represent the energy
balance [3]. The solution of the radial particle trans-
port equations in the plasma chamber. with a particle
flux (net throughput) boundary condition at the diver-
tor throat. [y, represents the fueling side of the prob-
lem. In Fig. 1. Ao and A, represent the density at the
plasma surface resulting from shallow (gas) and deeper
(pellet) fueling. respectively, at constant throughput.
Operation between these curves is accessed with a com-
bination of the two sources. The solution of the paral-
lel transport equations in the divertor chamber, with a
fixed densitv boundary condition at the divertor throat
characterized by the electron densitv at the separatrix
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FIG. 1. A qualitative view of the operating domain for
particle control in a fusion reactor at fixed fusion power.
The density at the separatrix surface (ns) and net plasma
flow across the boundary between the plasma and divertor
chambers (I'a) represent two parameters for matching the
plasma chamber and divertor solutions for different fuel pen-
etration depths (Ao < A1) with different levels of divertor
pumping (Po < P1). The constraints on minimum density
for divertor operation (ni™*), maximum density for density
limit disruptions (nd®) and minimum pumping for main-
taining low helium ash accumulation are also represented as
constraint curves.

surface. n,, represents the pumping side of the prob-
lem. Py and P; represent weaker and stronger pump-
ing, respectively. The intersection of these domains is
the set of parameters that can be accessed by the pump-
ing and fueling systems simultaneously. Additional con-
straints on the edge density result from a minimum for
acceptable divertor operation (nMY), and a maximum
for avoiding density limit disruptions (ndi#). A mini-
mum on the pumping is also set by helium accumulation
(F::Irit)‘

The 1-1/2-D (one-dimensional radial. plus two-
dimensional magnetic equilibrium) time-deperdent
transport code WHIST is used to analyze the plasma
chamber half of the problem. This is an extension of
earlier work [2]. We expand the lower end of the pump
throughput curves considered there. include an anoma-
lous particle pinch and investigate some variations in
the transport model. The details of the plasma simu-
lation model are given in Section II. In Section III we
use the above approach to quantify the relationships be-
tween pumping, fueling (pellet and gas) and edge den-
sitv for the ITER EDA design at 1500 MW fusion power
output (see Table I). Ve examine helinm ash accumu-
lation in Section IV.

We also present a preliminary analvsis, in Sections V
and VL of two interesting, non-standard, operating

TABLE L. ITER EDA Parameters

n Major radius 8.11m

a Minor radius 3.00m

K. Elongation 1.53

) Triangularity 0.22

B Toroidal field 570 T

I Plasma current 24

NBe/nNe Beryllium 1.0%

Prus Fusion power 1500 MW
g Max DT Pumping 1 bar'l/s
B Max DT Pumping 5.3x10%% /s

Tp Pellet Radius 4.25 mm

fpet Max pellet rate 2.70 Hz

modes. These tend to place moderately greater de-

mands on the fuel injection and processing systems than
standard operation, yet they appear to be accessible
within the present design constraints. In Section III.
‘isotopic tailoring’ of the pellet and gas fueling streams
is explored as a means of reducing tritium inventory in
plasma facing components. In Section IV. a high den-
sity, low temperature ignited regime is examined for low
confinement conditions. The characteristics of both of
these modes of operation are enhanced with the deep-
est pellet fueling and maximum available pumping. The
isotopic tailoring scheme sets the design limits on the
ex-vessel fuel processing system because optimal oper-
ation is attained with the D and T streams at the max-
imum available isotopic separation.

I1. PLASMA MODEL

The radial particle fluxes, I';, and conduction heat
fluxes, @, consist of a combination of ‘full’ neoclassi-
cal [4] and "diagonal’ anomalous contributions for each
species j inside the separatrix surface, p < a:

(ijrj)z(Q])Fj)neo'*'(QJaFJ)a" (1)
an __ ‘anTj
QJ = —NiXy ‘(37)‘ (2)
an unanj an
3" = ~Dj Fp-+vj nj (3)
\,:n — Y;tl’l — D;tll — Cdng(p) (4)
glp) =1 +4(p/a)? (5)
Da’\ 6
ran _ _ ] ﬁ
= =o=(5) ()

The anomalous particle pinch velocity, V™!, is impor-
tant only in the outer 2230% of the plasma radius with
Cp = V,*"a/ D" of order unity at the separatrix surface
(p = a) as deduced from particle transport analysis in
many pellet injection experiments [5]. The anomalous
transport coetlicients are normalized (through C*") to
match a global rg expressed as the minimum of either
neo-Alcator or a multiple, #, of ITER L-mode contine-
ment [6]:



g = min(m~a, X TITERs9P) (7)
A = 0.077000R %, (8)
el u
= —(=1f(r,0 f

q 'R f(k,8) 9)

1+ k2(1 + 262
Fin 5y = LES : ) (10)

AQ.OS[O.BSRLZ 0.3.0.5 0.1 BO 2 ’
rirERsop = 0.048 M — T Tt (1)
Py

Piot (MW) = Poy + Pa + PrF — Prad (12)

where the subscript 20 on the density designates units
of 102% m=3 (fi.g is the line average and n.p is the
volume average), I is the toroidal current in MA. and
A; is the average atomic mass number of the ions. Neo-
classical electrical resistivity is used to evolve the cur-
rent profile from initial conditions to quasi steady-state
(in the presence of sawtooth activity). The neoclassical
bootstrap current model is from Hirshman (7).

The densities and temperatures in the SOL are de-
termined from 1-D (radial. ~constant values along field
lines) equations on the plasma chamber side with en-
ergy and particle sink terms representing the flows to
the divertor chamber, and continuity conditions at the
SOL-plasma core interface. The net DT throughput
at the divertor throat is specified (i.e.. the DT pump
throughput rate [ dAy [jpr). The net parallel flows (or
pumping rates) of D, T and He are scaled in proportion
to their local densities. I'y; o (n;/np +n7)lypr. This
approximation follows from the assumption of equal
parallel flow velocities due to frictional coupling with
v < ven. The radial transport coefficients are assumed
constant in the SOL, equal to their values in the plasma
core at p = a. .

Recycle at the chamber walls is 100% (saturated ap-
proximation) and consists of energetic (partially re-
flected charge-exchange neutrals and degraded in en-
ergy) and the rest cold (Franck-Condon) neutrals. The
‘wall’ is specified as 5 cm from the separatrix surface,
representative of the geometry near the divertor throat.
A 1% bervllium fraction is assumed in both the plasma
and SOL.

I1I. SEPARATRIX DENSITY

Steadyv-state solutions to the transport equations are
generated by the WHIST time-dependent code at the
desired fusion power by utilizing feedback on the aux-
iliary particle sources —- either gas or pellets or a com-
bination of the two. With 100% recvcle from the wails.
the only sinks for the DT fuel are fusion (~10 mbar-l/s
of each D and T at 1500 MW) and the prescribed net
How at the divertor throat. which is equal to the pump
throughput when there is no awaliarv fueling in di-
vertor chamber. We then examine the separatrix den-
sity and other plasma parameters with increasing fuel

throughput. The difference between the procedure in
the present calculations and the earlier work in Ref. (2]
is in the use of feedback control on the fusion power,
rather than imposing a very slow density ramp (which
scans a range of fusion powers).

For a reference density limit we use the expression
for the limit on separatrix density expressed in terms of
the flux across the separatrix given by Borass (8]

np = 1.23 x 10°°Q%5° B **[Rq95}* % (13)

where Q 1 o(MW/m?) is the heat flux conducted and
convected across the flux surface defined by the sep-
aratrix, B; is the toroidal magnetic field, R is the
major radius and qgs is the safety factor at the sur-
face containing 95% of the toroidal flux. All units are
mks unless otherwise specified. This limit is typically
ng ~ 0.5 x 102 m~3 for the ITER EDA design at
1500 MW.

As shown in Fig. 2a, injection of 4.25 mm effective
spherical radius pellets in the range 0.5-3.0 km/s main-
tains the separatrix density below the density limit for
<1 barl/s of DT throughput. Each pellet contains
1.9 x 10%2 atoms. An injection rate of 2,75 Hz is re-
quired at the maximum throughput. Operation with a
~50-50 D-T mixture is a result of using a 50-50 mix
in the pellet. Increasing pellet velocity increases pel-
let penetration and reduces the separatrix density at
a constant fusion power. Increasing pump throughput
also reduces the separatrix density. The separatrix den-
sity for neutral gas injection is above the value given in
Eqn. (13). Therefore, a combination of gas and pellets
can be used to control the separatrix densities between
the respective pellet-only curves and the density limit
with this selection of transport models. The expanded
operating regime with deeper pellet penetration can be
expressed in terms of either greater margin against the
density limit. or more flexibility in the combinations of
gas and pellet fueling, or in reduced pumping.

Figure 2b illustrates the sensitivity to variations in
the particle and energy transport properties. When the
anomalous pinch term is removed (Cp = 0), ne(a) in-
creases onlv moderately. Reducing D/y by a factor of
two decreases n.\a) by a similar amount. Increas’ gthe
energy confinement, while maintaining constant D/,
strongly reduces n.(a) as seen by the A = 2 curve.
(This curve is cut off below 0.8 bar:l/s because of he-
lium accumulation discussed in the next section.) This
reduction results from the higher operating temperature
associated with improved confinement and correspond-
ing lower densitv needed to maintain constant fusion
power.
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FIG. 2. The electron density at separatrix. n.(a). a) de-
creases with pump throughput and increasing fuel penetra-
tion (represented here by increasing pellet velocity), and
b) decreases strongly with enhanced energy confinement. de-
creases weakly with reduction of D/y and increases weakly
when the particle pinch is eliminated {Cp = 0). The density

limit given by Eqn. (13) is approximately 5.5 x 10" m™
and the gas fueling curve lies above this limit, giving an op-
erating domain between the respective pellet fueling curves

and the edge density limit.

IV. HELIUM ASH ACCUMULATION

In Fig. 3 we show the axial helium fraction for the
same cases studied in Fig. 2. Variations in the pel-
let fueling velocity have no significant influence on the
helium ash accumulation as seen in Fig. 3a. Reduced
pumping (higher recvcle) to 0.2 bar-l/s moderatelv in-
creases the helium fraction for the reference model. The
species dependence of the particle transport coetticient
in that model is based on the assumption that helium is
not preferentially accumulated as shown in the helinm
experiments on TEXTOR [9] and DIII-D {10]. Reduc-
ing D/x moderately increases the helium fraction. but
elimination of the anomalous particle pinch has essen-
tiallv no etfect as seen in Fig. 3b. However. os the
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FIG. 3. The axial helium fraction a) decreases modestly
with pump throughput and is essentially independent of the
pellet fueling depths for the reference confinement model
(H = 1.5), and b) is strongly increased by improved en-
ergy confinement (H = 2), but moderately increased by
elimination of the particle pinch or reduction of D/x. For
H = 2, helium ash accumulation is strong enough to prevent
steady-state solutions at 0.6 bar-l/s and below.

overall confinement increases (H = 2). helium accu-
mulation increases dramatically and does not allow a
steady-state ignited solution for <0.6 barl/s. In these
circumstances. helium accumulation sets the minimum
pumping constraint. In this case, the helium accumula-
tion can be managed with operation at near maximuin
pump throughput while the edge density is increased by
providing the bulk of the makeup fuel by gas injection,

V. ISOTOPIC TAILORING

A mixture of gas and pellet injection can provide even
more flexibilitv when the species mixtures of the two are
varied. The differences in the depth of fueling between



the two tvpes of particle sources opens up the possibil-
ity of sustaining different :adial profiles of D and T -
a concept called isotopic tailoring {11]. A rednced tri-
tium fraction in the plasma edge region should reduce
the tritium fraction incident on the plasma facing com-
ponents and the vulnerable tritium inventory inside the
vacuum vessel, In addition to the safety benefits, this
also has financial benetits. Reduction of the overail DT
mixture to 60-40 provides some decrease in the tritium
concentration evervwhere in the plasma without hurt-
ing the fusion power density significantly. Tritium-rich
pellets can be used to fuel the core and controi the fu-
sion production rate. while the plasma edge density is
sustained by deuterium gas fueling.

In Fig. 4a we scan a range of D gas fueling supple-
mented by T-rich pellets (90% T. r, = 4.25 mm at
1.5 km/s with constant total fuel throughput and fusion
power of 1500 MW) to show that the axial tritium frac-
tion (fr = nt/np + nr) can be nearly twice the edge
fraction. At 0.75 bar-l/s D gas input the axial fraction
is 38% and the edge fraction is 23%. These conditions
should reduce the tritium wall inventorvy by more than
a factor of two from the reference 50-50 DT operation.
When pellet penetration depth is increased. as shown in
Fig. 4b, the separation between axial and edge fractions
increases. These three cases were generated with pellet
effective spherical radii (mmj, velocities (km.si. and
injection frequencies (Hz) representative of what mav
be expected from centrifugal accelerators (3.0.1.0.2.0),
single-stage light gas guns (4.25.1.5.0.7) and two-stage
light gas guns without sabots ({5.35.3.0.0.4). respec-
tivelv. The impact of isotopic tailoring on the design
of the fueling and ex-vessel fuel processing systems. tri-
tium inventory, safety. and other engineering design and
operational aspects are presently under evaluation {11},

VI. LOW CONFINEMENT OPERATION

A high-density. low-temperature operating regime
was found with low H-factors (L-mode like conuitions)
in the course of these fueling and pumping evalua-
tions {12]. The right side of the ignition curve moves
to successivelv lower temperatures (Fig. 3) as H is re-
duced. These cases are similar to the low-T. high-n
cases generated for [ITER with the PRETOR code nsing
a beta-induced reduction in confinement at high densi-
ties {1}. The low temperatures allow deeper penetration
of the pellets, Pellets with velocities of 3 5 kin-s pen-
etrate as much as 70%% of the distance to the axis with
the axial temperatures below 20 keV for the H = 1
case. The resulting peaked densitv profiles enhance
fusion production while maintaining separatrix :lensi-
ties below the densitv limit. The normalized beta for
1500 MW and H = 1 is Jy = .3 lower +han for
higner H-factors. With such high densities and low
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FIG. 4. The axial and edge tritium fractions a) decrease
when the D gas input is increased with fixed total external
fuel input and the axial concentration of T remains about
50% higher than the edge concentration. and b) the axial
tritium fraction increases with pellet penetration for a fixed
D gas feed rate while the edge concentration is essentially
constant and reflects the overall fuel input mixture.

temperatures. much of the power is radiated from the
inside the separatrix (=50%). The plasma collision-
ality at the separatrix is above unity and the plasma
mav therefore remain in L-mode for the H = 1 case.
This provides attractive divertor operating conditions.
Also. the high densities and low temperatures acceler-
ate thermalization of fast alphas, so these plasmas are
not very susceptible to deleterious alpha particle insta-
bilities. However. the strong central heating by alphas,
combined with radiative cooling in the outer plasma,
tends to constrict the temperature and. therefore, the
inductivelv driven current densitv protile. This gener-
ates strong sawtooth activitv and fusion power oscilla-
tions. The low temperature also generates strong re-
sistive magnetic fux consumption (Viaep = 0.4 V) that
limits the duration of this operating mode. Attempts
to connect the ignition curves to the Ohmic operating
curve without auxiliarv hieating have been unsuccessful
for these ITER simulations because the Ohmic curve
rends to terminate in a radiative collapse as the density
Is raised.
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FIG. 5. Stable ignited thermal equilibrium contours
(Paux = 0) are pushed to very low temperatures for low
H-factors of 1.0. 1.1, and 1.2. The raggedness of the con-
tours are the result of sawtooth activity during the slow den-
sity ramp used to generate the curves with a time-dependent
simulation.

VII. SUNMMARY

Manv aspects of particle control in ITER have been
examined here. The most definitive conclusion that can
be reached from these studies is that flexible fueling
and pumping systems enhance the probability of [TER
meeting the various constraints on fusion power pro-

pellets, should provide the flexibility to cover these un-
certainties. The isotopic tailoring concept bears much
pronmise from a safety standpoint. and is only possible
with more than one fueling system. Deep pellet pene-
tration can provide an interesting alternative operating
mode in the event confinement is poor.
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Computational Region and BCs

a3k

¥1. WALL

2. DIVERTOR
THROAT

1. Wall - 100% recycle.

> Divertor Throat - net DT throughput specified; net He flux
is proportional to the He fraction and net DT flux.
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Transport Model

Core: oo .
(Q;,15) =(Q;, ;)" +(Q;.T;)*"
Xe =X; = Di"=C"g(p)
g(p) =1+ 4(p/a)?

./ NA
7r = min(rg"", H TITERS9P)

D= ,
van — _¢ J_(\6
J P a a

e Full neoclassical plus anomalous particle and thermal fluxes.

o D?n/xgn is unity in the reference cases, representing a

typical (but widely varying) value observed in DIlI-D He
pumping experiments.

o Transport coefficients are normalized (through C'?") to
match a global 7g expressed as a multiple (H-factor) of

L-mode confinement.

e Anomalous diffusivities have a parabolic radial form factor,
g(p).

e The normalized pinch (anan/D?“) Is species independent,

thus satisfying C, = 1 as observed in DIlI-D He pumping
experiments.

Scrape-off layer:
x(p > a).D(p > a) = x(a). D(a)

e Radially constant particle and thermal diffusivities are
matched to the core values at the separatrix (but no pinch

in the SOL).
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ITER Application

ITER EDA Parameters

R (m) Major radius 8.11
a (m) Minor radius 3.00
K Elongation 1.55
) Triangularity 0.22
By (T) Toroidal field 5.70
I (MA) Plasma current 24

nge/ne (%)  Beryllium 1.0

Pryis (MW) Fusion power 1500
maz (har |/s) Max DT Pumping 1
m“‘” (/s) Max DT Pumping 5.3x10%?
Tp (mm) Pellet Radius 4.25
frel (Hz) Max pellet rate  2.70

Borrass density limit from TAC-4 (at separatrix):

ns(m=?) = 1.23 x 102Q%88(MW/m?) By 33 (T)[R (m)q9s] "™

~55x 10 m™3
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Separatrix Density, H=1.5

0.8 l l ] |
(a)
0.7 - -
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15a
= - -
£ 05 3% o\.
,c- 0.4 - .\.\ -
%0.3 B ® 3\1
c \'-
0.2 Cp =1 -0
oq L Dit=1
’ H=1.5
0 ] | | |
0 0.2 0.4 0.6 0.8 1.0

PUMP THROUGHPUT (bar-L/s)

o The separatrix density decreases with DT pump throughput
and increasing pellet velocity (fuel penetration).

e The gas fueling curve lies above the pellet fueling and
‘Borrass' limit curves so gas can be added to raise the
separatrix density at a given pump throughput.
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Axial Helium Fraction, H=1.5

0.2 1 | s |
(a) .
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® 0.5
mi5
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—~—— e
Cp = 1
D/% =
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0 | l | |
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PUMP THROUGHPUT (bar-Us)

e The axial helium fraction is not significantly affected by
pellet penetration over the range considered.

e Very low pumping (0.2 bar:l/s) leads to only ~ 8% helium
fraction.
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Axial Helium Fraction, Improved Confinement

N (0)/ng(0)

0.2 | s | a
(b)
H=2.0 .\
(]
0.1
H=1.5
—® Y
—e
Cp = 1
D/t =1
Vp = 1.5 km/s
0 ] ! ] !
0 0.2 0.4 0.6 0.8 1.0

PUMP THROUGHPUT (bar-Lss)

e The helium fraction on axis is most sensitive to

simultaneous improvements in energy and particle

confinement.

e The plasma quenches from He accumulation for DT

throughput < 0.6 barl/s when H = 2.
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Isotopic Tailoring

1.0 T | |

(a) TOTAL FUELING 1.02 bar-L/s
08 PELLETS D/T =10/90 -
GAS D/T =100/0

fr(a) @=—
m—— ) e
02 * -
O i | |
0.60 0.65 0.70 0.75 0.80

GAS INJECTION (bar-Us)

o All cases have H = 1.5, 1500 MW and 1 bar:I/s pumping,
with T-rich pellets of 7, = 4.25 mm injected at 1.5 km/s.

e When the gas component is increased to 75% of the total
fueling, the axial tritium fraction is maintained at 38%
while the fraction at the separatrix is 23%.
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Isotopic Tailoring
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(b) °
04 / -
®

03 - fT(O) ./ |

, L PELLETS 0.27 bar-Lis |
0. GAS 0.75 bar-LUs

0 ] ] |
0.20 0.25 0.30 0.35 0.40

PELLET PENETRATION (Ap/a)

e Deeper pellet penetration from larger and/or faster pellets
enhances the profile variation of the tritium fraction.
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Low Confinement Operation
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e The thermally stable branch of the ignited operating
contour is pushed to very low temperatures as H — 1,
while peaked density profiles from deep pellet penetration

allow high power operation.

Advantages: low-3y, high core radiation fraction ~50%

(lower divertor heat load), and low fast and thermal helium

fractions.

Disadvantages: strong sawtooth activity (raggedness In

operating contours from time-dependent simulation), and

high loop voltages (= 0.4 V).
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Summary

A modeling analysis has been developed that:

e Quantifies the fueling parameters and pump throughput
needed to simultaneously meet core and edge density
constraints for a range of transport conditions.

Non-standard operating modes:

e Fuel species isotopic tailoring using a combination of pellet
and gas injection is an attractive method to reduce in-vessel
T inventory.

e Under L-mode like confinement conditions, low
temperature, high density operation supported by deep
pellet penetration may be an attractive operating mode.

A combination of gas and pellet injection enhances the
range of operating scenarios for ITER, within the pumping
and fueling guidelines.
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