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ABSTRACT

Long-pulse (>10-s) operation of large tokamaks with high-power (>10-MW)
heating and extensive external fueling will require correspondingly efficient particle
exhaust for density control. A pump limiter can provide the needed exhaust capa-
bility by removing a small percentage of the particles, which would otherwise be
recycled. Single pump limiter modules have been operated successfully on ISX-B,
PDX, TEXTOR, and PLT. An axisymmetric pump limiter is now being installed
and will be studied in TEXTOR. A third type of pump limiter is a system that
consists of several modules and exhibits performance different from that of a single
module. To take advantage of the flexibility of a modular pump limiter system in a
high-power, long-pulse device, the power load must be distributed among a number
of modules. Because each added module changes the performance of all the others,
a set of design criteria must be defined for the ove}all limiter system. The design
parameters for the modules are then determined from the system requirements for
particle and power removal. Design criteria and parameters are presented, and
the impact on module design of the state of the art in engineering technology is
discussed. The relationships between modules are considered from the standpoint
of flux coverage and shadowing effects. The results are applied to the Tore Supra
tokamak. A preliminary conceptual design for the Tore Supra pump limiter system

is discussed, and the design parameters of the limiter modules are presented.






I. INTRODUCTION

Long-pulse (>10-s) operation of large tokamaks with high-power {>10-MW)
heating and extensive external fueling requires efficient techniques for particle and
power removal. One possible solution, as planned for the Tore Supra tokamak,! is
to use a pump limiter system. A pump limiter can provide the exhaust capability
needed for density control by removing a small percentage of the particles, which
would otherwise be recycled. Single pump limiter modules have been operated
successfully on the Impurity Study Experiment (ISX-B),? the Poloidal Divertor
Experiment (PDX),> TEXTOR,? and the Princeton Large Torus (PLT).® An axi-
symmetric pump limiter is now being installed on TEXTOR® and will be operated
in late 1987. A third type of pump limiter is a system that consists of several
modules and exhibits performance different from that of a single module. To take
advantage of the flexibility of a modular pump limiter system in a high-power,
long-pulse device, the power load must be distributed among a number of modules.
Since each added module changes the performance of all the others, design criteria
must be defined for the overall limiter system and then applied to module design.
The relationship between individual modules must also be considered from the
standpoint of flux coverage and shadowing effects.

For long-pulse or steady-state operation, the limiter modules must be equipped
with active cooling. At the leading edge of the module, the cooling channel deter-
mines the thickness of the limiter blade (or head). The design of a pump limiter
module is always a compromise between a thin blade for high particle exhaust and
a leading edge that is sufficiently recessed to be in a region of tolerable heat flux.
We have developed a model for estimating the system exhaust efficiency in terms
of the parameters of the limiter leading edge (i.e., its thickness and the design heat
flux) for given device parameters and the power load that must be removed.

In order to estimate the exhaust efficiency for controlling the core plasma density

N, for a given tokamak, we use the global particle balance relation:

dN, Ne s
dt Gext + '}_;‘(R - 1) - ¢exh(PL) ) (1)

where Gext, Pexn(PL), 7, and R are the external fueling rate, the particle exhaust
rate provided by the pump limiters, the global particle confinement time, and the
global recycling coefficient, respectively. The recycling coefficient is the ratio of the
total recycled particle flux (from the limiters and wall) and the total incident flux;

its value can reach R ~ 1 within a few seconds of the plasma discharge for long-pulse

1



operation of a tokamak. Therefore, as we see from Eq. (1), for particle equilibrium,
the external fueling [from, for example, gas pﬁﬁ‘, neutral beam injection (NBI), and
pellets] must be balanced by the particle exhaust provided by the pump limiters
in the system; that is, dext = Pexn(PL). Since @exn(PL) is a given fraction e of
the total particle efflux, N, /7,, we can estimate the required pump limiter system

exhaust efficiency as

- Ne/7p (2)

from the total fueling rate ¢ext = Pgas pui + PNBI + Ppellets: Using Bq. (2) in
Eq. (1), we also get the equilibrium plasma density,

Ne: PR —:— ’ (3)

where R.g = R — ¢ is the effective recycling coefficient with the pump limiters.

Equation (3) demonstrates that the plasma density can be controlled very effec-
tively using pump limiters with a relatively low exhaust efficiency (e ~ 0.1) provided
R ~ 1, which is the case for long-pulse tokamaks. It also shows that pump limiters
reduce the global recycling by a small fraction, which is the basic principle of their
operation (see Refs. 7 and 8 for details). The goal of this paper is to discuss criteria
for the optimization of particle exhaust as a function of heat loads and then to apply
these criteria to study the performance of a system of modular pump limiters. To
do this, we first briefly review the characteristics of a modular pump limiter and
then proceed to study a pump limiter system for large tokamaks.

In Section II, we discuss the basic properties of a modular pump limiter for
particle and power removal. In Section 1II, we apply these properties to the design
of a system with several modules and discuss the relationships among modules and
their implications for particle and power removal. We develop a model for estimat-
ing the system exhaust efficiency in terms of the parameters of the actively cooled
leading edge. The choice of locations for the modules is also discussed, and the
effects of shadowing between modules on particle and power removal are examined.
In Section IV, the formulation discussed in Section III is used to estimate the design
parameters for the Tore Supra! pump limiter system, and overall system character-
istics are presented. The effects of magnetic field ripple on the limiter design are
briefly examined in Section V. General remarks and discussions are contained in
Section VI.



I1. MODULAR PUMP LIMITER

In this section, we review the characteristics of a typical modular pump limiter
with an actively cooled leading edge that can remove 2-3 kW /cm? from a tokamak
plasma, as shown in Fig. 1. These characteristics are then used to explore the

relationships between N combined modules.
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Fig. 1. Typical pump limiter in a tokamak. A fraction of the core plasma
particles is captured by the limiter; after neutralization, these particles are pumped
out of the device.
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4
A. Particle Exhaust of a Modular Pump Limiter

A typical modular pump limiter and its parameters are shown schematically in
Fig. 2. Particles are assumed to enter the pump limiter from both the ion and the
electron sides. In the figure, the z-coordinate is the distance into the scrape-off layer
(SOL) plasma from the last closed flux surface, which is defined by the location of
the pump limiter head in the tokamak, as shown in Fig. 2(b). The dimensions of

the module head are Lg in the poloidal direction and L4 in the toroidal direction;
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Fig. 2. (a) Schematic of a typical modular pump limiter and its characteristic
parameters. (b) Location of the module in the tokamak plasma.



zy is the module head thickness, zy is the diameter of the cooling channel on the
leading edges (tips) of the module, and A is the throat entrance width.

The particle exhaust efficiency of a pump limiter module epy,, which indicates
the fraction of the total plasma efflux ¢p1asma = N, /7, that is pumped out of the

device, is

(4)

Equation (4) can also be expressed in terms of the various fractions of the particle
flux defined by the module:

€py, = (¢module> ( Pthroat ) ( Pexh )
¢plasma ¢’module ¢throat ’

where @podule is the total flux available to the module for exhaust and @iproat is

the total particle flux in the throat entrance of the module. Each fraction in this
expression for epy, may be viewed as one of the characteristic efficiencies of the
module. That is,

€PL = €MC X €coll X €R (5)

where epmc, €coll, and er are the module coverage, collection, and particle removal

efficiencies, respectively. We briefly discuss these efficiencies.
1. Module coverage

For simplicity, we ignore the toroidal effects and assume a cylindrical geometry
in poloidal (6) and toroidal (¢) space for the last closed flux surface, where the
modular pump limiter is located. As shown in Fig. 3, the module defines a flux
tube through which the SOL particles flow and become available to the module for
exhaust. In this configuration, the pump limiter has a poloidal extent 8; = Lg/a
and a toroidal extent ¢ = L4/R; here a is the radial location of the limiter, and
R = Ry + acos 8, where Ry is the major radius of the device. We also define a

poloidal module flux coverage angle fyc, indicated in Fig. 3 and given by

bvmc =801 — dr/q (6)

where ¢ = g(a) is the edge safety factor.

As we see from Fig. 3, at the plasma boundary, z = 0, the pump limiter mod-
ule intercepts only a fraction of the total particle efflux, N¢/7 = I'|(0)A) =
I'; (0) x 2ma x 2n Ry, where I' | (0) is the outward particle flux at the limiter loca-

tion. Therefore, the total flux available to the module for ¢ teroidal revolutions is
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Fig. 3. Pump limiter in (8, ¢) space. The module defines a flux tube through
which particles in the SOL flow into the module throat entrance for pumping out
of the system.

given by ¢module = ['1(0)A1 (M), where A} (M) = (a X fmc) x L) is the module
flux tube area shown in the figure, defined along the magnetic field line with an

average length of L = 2mrqR,. The module coverage then becomes

o 10 (5 (5).

and by using Eq. (6) in emc, we find

emc =~ qLg/2ma . (8)
Here we have made use of the fact that 8, > ¢L.
2. Particle collection efficiency

We begin our discussion of the particle collection efficiency with the particles in
the SOL plasma. Some of these particles enter the pump limiter throat (Th); this

particle flux is given by

®throat = /I‘h dA FH(I) s (9)



where [, dA = 2LsA is the area of the module throat entrance and T'){z) =
I'/(0) exp(~z/Ar) is the flux along the magnetic field in the SOL, which has a
characteristic scale length of Ar. The total flux available for the module is

Pmodule = I 1 (0)A L (M) = 2L, [Oco dzT')(z) = T'|(0) A4 (M) ,

where A|(M) = 2LsAr. We carry out the integration in Eq. (9) from z = zj to
Ty + A and obtain

€coll = g@fﬁt = exp(—zn/Ar)[1 — exp(—A/Ar)] . (10)

The throat entrance width A should be at least a particle density scale length
A, of the SOL for a high value of €..).” However, if A is too large, then the particle
backflow is high and the pressure buildup needed for good pumping cannot be
established.

3. Particle removal efficiency

As noted in Section II.A.1, only some of the particles in the SOL enter the
module throat and have a chance to be exhausted out of the pumping chamber.
Some of these particles leave the module and go back to the SOL (backflow); some
of them hit the neutralizer plate and then scatter into the module pumping chamber.
The scattered neutral particles build up pressure in the pumping chamber until the
sum of the backflow out of the chamber and the particle flux actually removed by
pumping ¢exy, becomes equal t0 dyproat- As defined earlier, the particle removal
efficiency ¢gr, the part of ¢yproat that is actually removed by pumping, is

€R — ¢exh/¢‘throat . (11)

The particle exhaust @eyxp out of the pump limiter module can be calculated from
the pressure buildup pg in the pumping chamber and the effective pumping speed
Sefr of the module pump:

Bexh = Po X Set - (12)

Recent experiments with ALT-I10 on TEXTOR indicate that the removal ef-
ficiency of a modular pump limiter is around 60 to 70%. For our calculations, we

assume that eg = 70%.



As discussed in Section III, the limiter throat can be shadowed if there are
multiple modules in the system. This may set up regions of different plasma densi-
ties, or “stripes,” in the entrance channel, which would affect the particle removal

efficiency. This effect is ignored here, but it should be investigated.
B. Power Removal with a Modular Pump Limiter

The total power received by the modular pump limiter Pj, is the sum of the
power to the limiter surface Py, the power to the leading edge P;, and the power to
the neutralizer plate Py. The heat flux profile of the SOL,

Q(z) = Qoexp(—z/Ag) , (13)

where ), is the scale length and Qo = Q(z = 0) at the boundary, can be used to

write the components of the total power:

P, = 2L, / " de Q) = 2LeQoA; [ — exp(~za/Ag)] (14)
0
Tet Ty
Py = 2Le/ dz Qy(z) = 2LeQoAgexp(—zs/Aq) [1 — exp(—z¢/Aq)] , (15)
and
Py = 2LsQoMgexp(—zn/Ag) [1 —exp(—A/Ag)] . (16)

From Egs. (14)-(16),
Py = 2L6Q0) {1 — exp[—(n + A)/Ag]} - (17

Note that zp, = z¢ + zs. The limiter power Py, is a fraction of the total heating

power of the tokamak; typically
P, = (0.5—0.8) X Phea,ting . (18)

This must be assumed to be a known parameter for a modular pump limiter design.
The heat fluxes on the surfaces of the limiter at z = 0 and of the leading-edge
cooling channel (as discussed in Appendix A), where z = z, — £¢/2, must be below

their design values of Q4 and Q4:
Qo = @) (0)sinex < Qq (19)

and
Qy(zn — 74/2) = Qo exp[—(zn — z4/2)/Ag] < Qs (20)



where @, is the heat flux normal to the limiter surface at = 0 and « is the angle
between the limiter surface and the magnetic field (or the particle flow), as shown
in Fig. 2(a). With present engineering technology,!! for example in the case of Tore
Supra’s limiter modules, typical design heat flux values are'? Qg =~ 300-500 W /cm?
and Q; ~ 3 kW /cm?. It is clear that for large tokamaks with Pyeating > 10 MW,

more than one modular pump limiter is required just to handle the power.

C. SOL Plasma Characteristics

In order to estimate the particle exhaust and power removal of the modular
pump limiter, we need to know the characteristics of the SOL plasma, including
the scale lengths of the particle and heat fluxes. These lengths, Ar and A;, may
be estimated if we assume exponential decay of the SOL plasma density n. and

temperature T, outside the last closed flux surface:

ne(z) = ne(0) exp(—z/An) (21)
and

Te(z) = Te(0) exp(—z/A1) . (22)

Here )\, and Ay represent the characteristic decay lengths of the density and tem-
perature of the SOL plasma. We assume that the ion and electron temperatures

are equal, T} ~ T,, and take the particle flux to be
ry= hev“ ~ T2 (23)
for particles with a velocity v|| along the field line and the heat flux to be
Q) = YkTel|| ~ nT2/? (24)

with v the heat transfer coefficient. By using Egs. (21) and (22) in Egs. (23) and
(24), we find the characteristic particle and heat flux decay lengths,

20,271

Ap =
S VIS V.

207
7 227 4+ 3),
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Experimental observations on TFTR!® and JET!*!% indicate that within the error

bars of the measurements, Ar ~ 2X,,. If we use this value in Eqgs. (25) and (26), we

get
4
AI‘ ~ 5—An ) (27)
4
Aq o *7‘An . (28)

The density scale length A, is often estimated by using Bohm diffusion. For the
SOL plasma, as shown in Appendix B,

Ap = (I)BohmT”)l/2 3 (29)

where
Dgopm ~ kT./B (30)

is the Bohm diffusion coefficient and
Ty ~ LC/U” (31)

is the parallel flow loss time of the particles traveling along the magnetic field B,
which have a typical connection length of L. ~ ¢n Ry in the SOL before the particles
hit the pump limiter.

The estimate of A,, from Eq. (29) is reasonable when compared with the experi-
mental observations.!® Furthermore, Eq. (29) provides insight into the effects of the
SOL parameters on the scale length and, in turn, the effects of design considerations

on the pump limiter parameters.
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1. MODULAR PUMP LIMITER SYSTEM

As noted in Section II, the power load in large tokamaks with Ppeating = 10 MW
will require multiple pump limiter modules. For our model calculations, we assume
a system of IV identical modules that can

1. remove particles at the necessary rate with an efficiency € > e.yi¢, where ecrig is
the critical efficiency for the device under consideration, and
2. remove a total power Pp > 0.7 x Pheating.

In order to optimize particle exhaust, the limiter head surfaces must be designed
to tolerate the highest heat fluxes possible. For the pump limiter model calculations,
we require

1. the heat flux on the limiter surface @, < Qq4, where Q4 is the design value for
the heat flux on the surface, and
2. the heat flux on the cooling channel at the leading edge @ < Q4 > Qq, where

Q: is the design value for the heat flux on the leading edge.

Next we develop an expression for the system exhaust efficiency that combines
some of these requirements (i.e., Pr, Q+, and the diameter of the leading edge cooling
channel) so that we can easily analyze the parameters that play an important role
in the design of the individual modules and their realization from the viewpoint of
engineering technology. We also discuss the location of the modules and shadowing

considerations.

A. Pump Limiter Systemn Particle Exhaust

In Section 11, the exhaust efficiency of a modular pump limiter was given by
Eq. (5). For the remaining discussions, we take the throat entrance width A to be
the density scale length of the SOL, A ~ A,, and also assume Ay =~ 2X,,. Then for

a modular pump limiter

EMC
€pl, TCXP(“xh/AF) ~ (32)
Here we have also used e ~ 0.7.
At this point we make some assumptions about the power and particle sharing
within the IV modules in the system:

1. The total power is shared equally among the N modules,

Pr=NPy,

where P, is the power received by a single limiter module.
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2. Particle flux is not shared between modules within the same flux tube. That
is, modules can “shadow” each other. This is a reasonable assumption, since
the parallel particle flow I is much faster than the perpendicular diffusion,
' ;. Therefore, on the time scale of parallel particle loss, 7, the flux tube may
remain empty once the particles hit a limiter module. These assumptions reflect
a conservative approach to the limiter design, since highly reliable performance

of the modules in large tokamaks is strongly desired.

Let us now continue our discussion of particle exhaust with a pump limiter

system. The system exhaust efficiency with N modules is

Ne
€ = Nepy, = ~ ZMQ- exp(—zn/Ar) . (33)

If Nepmc = 1, then we achieve full flux coverage; that is, the efficiency is as high as

possible:
1
e = 5 exp(~zn/Ar) . (34)

The module coverage efficiency [Eq. (8)] therefore defines

2ma
Ng = Integer , 35
f & (ng) (85)

where Ng is the minimum number of modules that will provide full flux coverage in
a given device. We have already established that the number of modules required
to handle the power is N = Pr/P;,. Thus, we now need to consider the following
possible cases:

1. N > Ng. This implies the presence of more than one module in the flux tube
under consideration. Because we have assumed that the particle flux cannot
be shared between modules in the same flux tube that shadow each other fully
or partially, the second limiter cannot fully contribute to the particle removal.
Only its unshadowed region within the flux tube, if there is one, can contribute.

This is called “shadowing” and we therefore define a shadowing fraction,
fe=Ng/N <1, (36)

and include it in Eq. (33},

1
€ = foNepy, = 2 exp(—zn/Ar) , (37)
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to obtain the “full flux coverage efficiency.” In this case, it is clear that modules
must be located so as to minimize shadowing.

2. N < Ng. In this case, fs = 1, but full lux coverage is not achieved. That is,
Neyme < 1. ‘

3. N = Ng. In this case, full lux coverage is achieved with no shadowing, f; = 1,
and use of this set of modules is said to be optimum for achieving both power

and particle removal.

Let us consider a pump limiter system with N > Ng. The system exhaust
efficiency may be estimated by combining the total power [from Egs. (B.7) and
(B.8) in Appendix B],

Pp = NP, = 2NLgQoA,(Cy + CoNg/N) ,
where Cy = v2 — 1, C; + C3 = 1, and the heat flux at the tip of the leading edge,
Qt = Qoexp(—(zn — 71/2)/Aq] ,
with Eq. (34). We find

AN\ [7a\ AQF, ]‘*«/"”
~05|{ — | {— | ++—(Cy+ CaNg/N , 38
) [(Nﬁ)(q) Pr (G2 + CaNa/N) (38)

with Fy = exp(—z¢/2)\;), and we have also used the fact that NgLs ~ 2ma/q.
Here we should note that because we need full flux coverage in order to achieve the
maximum possible system exhaust efficiency, we have N > Ng.

Equation (38) is very useful for estimating the exhaust efficiency of the overall
modular pump limiter system, since for a given device, ¢ depends only on the
parameters of the leading edge cooling channel (i.e., its diameter z; and the design
heat flux @;). It is also clear that, for high exhaust efficiency in large tokamaks
with extensive heating (Pr =~ 10 MW) and fueling (@ext =~ 50 torr - L/s), small-
diameter (zy o~ 1-2 cm) cooling channels are required to remove high heat loads
(Qy ~3kW/ cmz). Therefore, the state of the art in engineering technology for high
heat removal has a direct impact on the module design parameters for maximum

efficiency.!1:1?

B. Location of Pump Limiter Modules and Shadowing Considerations

Modules should be located in the tokamak so as to attain the expected optimum
performance. For particle removal, this means that modules must be located to

minimize shadowing.
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For the rest of the discussion, we assume a symmetric pump limiter system by
considering an even number of modules N located in equal numbers at the top and
at the bottom of the tokamak. Thus, the toroidal and poloidal separations between
the modules are ¢; = 47 /N and 85 = «, respectively.

Figure 4 shows N = 4 modules, labeled A, B, C, and D. They are placed at
the top and the bottom of the device with proper toroidal separation so that no
shadowing occurs. For this case, we have the following relations for the dimensions

shown in the figure:

¢s > 2¢mc = 2g0mc (39)

and
(g8s + dmc) < 6777 < (¢85 — dmc) (40)
where ¢ = ST/ T = ¢? /B is the toroidal separation angle between the modules at

the top (or bottom) and $a'® (or ¢2/ T) is the toroidal separation angle between
the top and the bottom modules. If ¢85 = ¢ST/ B, then all the modules shadow one

another completely; otherwise, they partially shadow each other.

ORNL-DWG 86-2640 FED
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Fig. 4. Four modules located so that no shadowing between them occurs.
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We rewrite Eq. (39) for our model case, in which ¢, — 47/N, as:

4 L
> 2¢0nmc = 2¢0;, = 2¢—
N a
or 9
uldb > NLg .
q

This gives Nenmce < 1, which is simply the flux coverage relationship that we have
discussed in Section IIL.A.

In order to understand the effects of partial shadowing between two modules
on the system efficiency, we need to study such a case in more detail. To do that,
we consider a system with only two modules, one at the top and the other at the
bottom of the device with partial shadowing between them, as shown in Fig. 5.

Then the system exhaust efficiency is written as

€= €g X Z conl(7)ema(y) » (41)

J=1,2

ORNL-DWG 86-2641 FED

27

BOTTOM

TOP

0 2m 47T

Fig. 5. Two modules located at ¢ = 2 {the last closed surface). Slight shadowing
occurs. The shadowed portion of the limiter is assumed to be idle for particle
collection.
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where
wiAy

Gco“(l) = m eXp(*‘.’Eh/Al)[l - exp(—A/)\l)]
‘ngz
o ik exp(—zn/A2)[1 — exp(—A/A2)]

with Ls = wy + w2 and A; = Ap(j). Similarly, €con(2) = €con{1). Thus, we write

€coll = €coll(]-) - eCO”(Z)
_ exp(—zn/A1){1 — exp(—A /)]
14 (1 - Ols)/as\/§
N exp(—v2zn/A1)[1 — exp(—v2A/A1)]
1+ as\/i/(l - as)

Here w; = asLg, and (as we discuss in Appendix B) A = Al/\/i, since there are

: (42)

two modules in the same flux tube that shadow each other.

The flux coverage fractions of the modules are

Lg
1) =q¢g—
GMC( ) q27ra
and L
- W
EMc(Z) =q 8 2 = asEMc(l) .

27a
Using this relation and Eq. (42) in Eq. (41), we find

€ = (1+ as)emc(1)erecon(l) - (43)

For these calculations, we use typical values for the module head thickness, =y ~ A,
and for the throat opening, A ~ A;. As a demonstration, if we take ag = wy/Lg ~
0.5 for the nonshadowed poloidal extent of the module, then from Eq. (42), we find
€con =2 0.21.
Now, for the case with no shadowing, on the other hand, the collection efficiency
is
€conl(NS) = exp(—zn/A1)[1 —exp(—A/A{)] = e 11 —e!) ~0.23,

which indicates that
€coll(1) = €con(2) ~ €con(NS) .

Equation (43) then becomes

€~ (1+ ag)emc(1)erecon(NS) = emc(T)er €con(NS)
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or
€ = 2 fe€neMcecoll (N =2).

We find the shadowing fraction for this case to be fy = (1 + as)/2, and the total
module coverage epc(T) = emc(NS)(1 + ), where epc(NS) = epmc(1) is the
nonshadowed module coverage.

In Fig. 6, we display the normalized collection efficiency, €con(Ns, as)/€cot(NS)
for Ny = 2 and for N; = 3 modules partially sharing the same flux tube for various
values of ag, from full shadowing (s = 0) to no shadowing (ag = 1). For Ny = 2 we
observe that, if oy > 0.3, the error in estimating econ{as) from €. {NS) is <10%.
On the other hand, for Ny = 3, the error is <1%. This exercise suggests that it
may be possible to use e.on(NS) in the efficiency calculations without introducing
large errors. Therefore, for the remaining discussion, we assume that €1 {NVg, 0t} =
€colt(NS) as given by Eq. (10). We may now generalize the case for an even number

of modules N (>Ng). The composite exhaust efficiency may be written as

€ = 6RECOII(NS) Z EM(L‘(j) 3
Jj=1,N

where
) emc(d) = emc(NS)N(1 + o) /2, (44)
j
with as the nonshadowed poloidal extent of the module and €., (NS) and epc(NS)
the collection and the module coverage efficiencies, respectively, as if no shadowing
were present.
We may use the expression for the composite exhaust efficiency to obtain the

shadowing fraction f, by writing
€ = fsNeﬂfcoll(NS)eMC (NS) 9 (45)

from which we find
fs= Ng/N = (14 a)/2, (46)

and the fraction of the nonshadowed module poloidal extent becomes
;= 2(Ng/N) —1. (47)

For example, if there is no shadowing (N = Ng), then oy = 1 and the shadowing

fraction becomes f; = 1.
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Fig. 6. (a) Typical shadowing cases: Ny = 2 and Ny = 3 modules, partially
shadowing each other. (b) Normalized collection efficiency econ(Ns, ats)/€con(NS)
for various values of the nonshadowed fraction as from full shadowing (as = 0) to
no shadowing (as = 1).

The explicit forms of the terms in Eq. (45), €recon(NS) and emc(NS), given

here for completeness, are

1
6Rfcoll(NS) = "Z”exp("'xh/AF) (48)

and
emc(NS) ~ ¢Ly/27a . : (49)
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IV. TORE SUPRA PUMP LIMITER SYSTEM

The Tore Supra! tokamak, which is about the same size as TFTR, has a major
radius Ry ~ 2.4 m, a minor radius ¢ =~ 0.7-0.85 m, a toroidal magnetic fleld
B ~ 4.5 T (produced by superconducting magnets with a maximum field of 9 T
at 4.2 K), and a maximum plasma current I, ~ 1.7 MA. The typical discharge
duration is expected to be 30 s; auxiliary heating consists of 7 MW of NBI and
a total of about 16 MW of ion cyclotron heating (ICH) and lower hybrid heating
(LHH). It is expected that during full-scale operation of the device, up to ~15 MW
of heating power will be delivered by two of the three heating techniques. Tore
Supra will also use pellet injection (¢, =~ 40 torr - L/s) for core plasma fueling to
permit operation at high density {~ 10%° m~3),

The large external sources (dext =~ 50 torr - L/s) resulting from NBI and pellet
fueling must be accommodated. Design calculations with the model described in this
paper indicate that up to seven pump limiter modules will be needed to handle the
particle exhaust to prevent exposure of the limiter surfaces and their leading edges
to higher heat fluxes than can be tolerated with active cooling (Q¢ < 3 kW/cmz).

The required system exhaust efficiency for density control with external fueling
in Tore Supra can be estimated using Eq. (3). In Tore Supra, the expected plasma
efflux N./7, ~ 2 x 1022 51 for a global particle confinement time of 7p 2 0.1s, and
the planned total external fueling ¢eyt =~ 40-50 torr-L/s that must be exhausted by
the pump limiters to maintain particle balance. Thus, the overall required exhaust
efficiency of the pump limiter system is € =~ 10-15%.

We can now estimate the design parameters for the pump limiter system. If
the device is operated with I, = 1.7 MA and a plasma radius of ¢ ~ 0.75 m,
then g(a) =~ 3 and the estimated SOL density scale length! is A, ~ 3 cm (as
calculated in Appendix B), which gives Ap ~ 2.4 cmm and Ay =~ 1.7 cm for Ay =~ 24,
[Egs. (27) and (28)]. We assume that about 60% of a moderate heating power of
Pheating =~ 10 MW ends up on the limiters, so Py ~ 6 MW must be removed by
the modules. Using these parameters in the exhaust efficiency expression, Eq. (38),
we get € = f(Q4,zy); that is, e depends only on the diameter z; and the design
heat flux @ of the cooling channel at the module’s leading edge. In Fig. 7, we
have plotted € for values of zy = 1-2 cm and @ = 1-3 kW/cm? for two cases:
(1) N/Ng =1 and (2) N/Ng = 1.5. The figure also shows the limiter head thickness

zy, since for the full flux coverage pump limiter system we have z, = —Ap In 2¢ from
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Fig. 7. The leading edge heat flux Q; versus the system exhaust efficiency e for
various values of the z; for the Tore Supra pump limiter system. The module head
thickness zy, is also shown.

Eq. (34). Furthermore, the poloidal extent Ly must satisfy the requirement for full
flux coverage, NgLg ~ 27a/q.

As we see from Fig. 7, in order to meet the required system exhaust efficiency
€ ~ 15% and Q; < 3 kW/cm?, the cooling channel diameter should be z; ~ 2 cm,
and the number of modules needed is NV ~ 1.5Ng. The module head thickness then
becomes z}, ~ 2.9 cm in order to have ¢ o~ 15%. These values for the leading edge
parameters are within the reach of existing heat removal technology.1:12
The toroidal extent Ly of the limiter head can be estimated by requiring the

heat flux on the surface (where z = 0) to be less than or equal to the design value
of Qda
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@n{z =0) = 2(zp — zt)Q”(z: 0 < Q4 ,
where
Q)(z =0) = Qo = Qyexp|(zn — z:/2)/Aq] - (50)

Using the values we have assumed for @, =y, and z,, and taking Qg ~ 300-
500 W/cm, we find

Ly = 2(zy — mt)g% = 38-40 cm .

Because the vertical ports on Tore Supra are small, L4 =~ 40 cm has been chosen.
For this case, the angle of the limiter surface to the magnetic field will be o ~ 2.2°.

The poloidal extent Ly of the module head and the number of modules in the
system can be estimated from the total power receivéd by the limiter system and
from the constraint placed on Ly by the device port dimensions. From the power

handling requirement, ignoring the effects of shadowing, we find
Py
2Q0A
Here, we have used Pr = 6 MW and Qo ~ 9 kW/ cm?, which was calculated from
Eq. (50) with @y ~ 3 kW/cm?. On the other hand, for the system with full flux

coverage we need Ng Ly ~ 150 cn. Thus, by combining these two requirements, we

~ 200 cm .

NL@'::’

find N/Ng ~ 1.5, and this value has been used in Fig. 7 to estimate the system
efficiency. For device operation at higher heating power (15 MW) in the future, it
is desirable to have NLg > 200 cm. Because Ly is limited by the port size to 40 ¢m,
the ability to handle additional power depends on the number of modules N. For
15 MW of heating power, N = 6-7 is needed.!?

For this study, since we assume a symmetric modular configuration in the device,
we take N = 6 modules. This satisfies the requirement of N = 1.5Ng, where the
minimum number of modules needed for full flux coverage is Ng =~ 4 for Lg = 40 cm,
the port size of Tore Supra. The modules are placed at the top and the bottom of the
device in equal numbers, N/2, separated toroidally by ¢y = 47 /N = 120°, as shown
in Fig. 8. A perspective view of the planned vertical pump limiter module!® of Tore
Supra is shown in Fig. 9. The module head is made of copper tubes protected with
graphite brazed armor. The titanium getters in the pumping chamber can provide
the pumping speed of 25,000 L/s.

Because Neye ~ 1.5 > 1, these modules shadow each other as shown in Fig. 8.

We can estimate the shadowing fraction fs, from its definition in Eq. (36), to be



22

ORNL-DWG 88C-2643 FED

2m

BOTTOM

8, POLOIDAL
R ——

¢. TOROIDAL

Fig. 8. Locations of N = 6 modules for Tore Supra. Modules are placed at
the top and bottom of the device and ¢, = 120° apart toroidally. There is some
shadowing between modules 1 and 6, 2 and 4, and 3 and 5.

fs = 0.65. The total system exhaust efficiency is then estimated from Eq. (45)
using the parameters obtained earlier for the module, z; = 2.9 ¢cm for the head
thickness and Ly = 40 cm for the poloidal extent. Using Eqgs. (48) and (49), we find
the nonshadowed module efficiency to be epy,(NS) ~ 4% and, for N = 6 modules,
N f, =~ 3.9; then, from Eq. (45), the total system efficiency € ~ 15%. This is the
same value, of course, that we have obtained from Fig. 7 using zy ~ 2 cm and Q¢ ~
3 kW/cm?. We can also estimate the nonshadowed poloidal extent of the module
from Eq. (47), and we find o, ~ 0.33, as seen in Fig. 8.

The power sharing within the various parts of the module can be estimated by
using Eqgs. (14)-(17). For this case, we find P;/P, ~ 40% on the module surface,
P,/ P, ~ 44% at the leading edges, and P,/ P;, ~ 16% on the neutralizer plate. The
total power removed by this module is P, = Pp/N =1 MW.

Here we should note that we have not used a model for the limiter blade that was
shaped for uniform heat load.® The module head thickness in the constant heat flux
model was given by® z, = Ay In(Qo/Qa), and if we use our values of Qo ~ 9 kW /cm?
and Qq ~ 0.5 kW/cm? for the surface that includes the leading edge, we have
zn =~ 5 cm. That reduces the exhaust efficiency to € ~ L exp(—zn/Ar) ~ 6%.
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Fig. 9. Perspective view of the planned vertical pump limiter module of Tore
Supra (Ref. 16). The module head is 40 cm x 40 cm and is made of copper
tubes with graphite brazed armor protection. The titanium getters in the pumping
chamber can provide a pumping speed of 25,000 L/s. The limiter is designed to
handle 1 MW of power removal. The head thickness is expected to be zp =~ 2.5~
3 cm.
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V. EFFECTS OF MAGNETIC FIELD RIPPLE ON THE
LIMITER MODULE

The finite number of toroidal field coils in tokamaks inevitably gives rise to a
magnetic field ripple 6 = (Bpax — Bmin)/(Bmax + Bmin)s Where Bp.x and Bin
are the magnitudes of the field at the coil and at the coil midplane, respectively.
This ripple will affect our model calculations for the pump limiter module, since we
assume an ideal toroidal magnetic field. For example, as we discuss later, the radial
component of the field B, that results from this ripple introduces a so-called ripple
angle 85 = tan™!(B;/Bioroidal) in the particle flow and may lead to an increase in
the modeled heat flux at the face of the pump limiter, as well as a displacement of
the module leading edge further into the SOL.

It can be shown that the ripple angle 85 is zero on the coil and coil midplane,
but it reaches its maximum at a toroidal angle of ¥y = 7/2N_o, where ¢ = 0
is the coil plane, as shown in Fig. 10, and N_,; is the number of toroidal field
coils. We may model the variation of the toroidal field within the coils to bel?
By ~ (1 — 6cos Neoit ) and use V- B = 0 to calculate the radial field component
B,. Then the maximum value of the ripple angle is given by!®

tan s ~ 0.256 N.on(a/Ro) - (51)

Here we have also assumed that the radial profile of the ripple can be modeled as
6(r) ~ (r/a)*. This form for the radial dependence of the ripple is also observed
from the magnetic field calculations of the Tore Supra coil configuration.!®

The resulting field from the ripple B, will cause a radial displacement of the
magnetic field line, which may be estimated from the field line equation:

¥
b7 :/O di R(B./By) .

As shown in Fig. 10, the value of this ér displacement when the ripple angle becomes

maximum (where ¢ = 7/2N_.;) is given by!®
or(max) = 67max = 6(r)a/6 . (52)

In order to further study the effects of ripple on the pump limiter, we may
assume, for simplicity, that the SOL boundary is displayed about ér from the module
surface, as shown in Fig. 11. The field ripple simply allows the particles to flow in
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Fig. 11. Effects of field ripple on the module. The flow direction changes, and
the leading edge is positioned further into the SOL.
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a direction closer to the normal of the limiter surface than that for which it was
modeled. We now compare the heat fluxes with and without ripple.
Due to the radial displacement, we have for the SOL heat flux

Qf = Qoexp|—(z +67)/A,], (53)

and the resulting module surface heat flux is
QS = Qﬁ sin{a + 05) . (54)

Now, by comparing Eq. (54) to the case with no ripple, @, = Qoexp(—z/Aq)sina,
we find

Q% /Q, = exp(—6r/Ay)sin(a + 85)/sina . (55)

Similarly, the SOL particle flux is given by
I‘ﬁ = I'gexp[—{z + ér)/Ar] ,

which implies that the particle collection of the module is affected by ér displace-
5

ment. Therefore, the collection efficiency of the pump limiter with ripple €],

) is
reduced, and
€ 1/ €cont = exp(—6r/Ar) . (56)

We should also note that since the field lines come to the neutralizer plate of the
module with an angle due to the ripple, the particle removal efficiency ¢g is also
expected to be somewhat reduced.

One alternative to minimize the effect of ripple on particle collection is to shape
the module surface to the local magnetic field line.

For the Tore Supra tokamak, N.o = 18, Ro/a =~ 3, and the magnetic field
ripple!? is 6 ~ 2.7% at the vertical pump limiter location, @ ~ 0.75 m. We find the
ripple angle, from Eq. (51), to be 85 ~ 2.3°, and this occurs where 1) ~ 5° or y =~
21 cm, that is, at the leading edge of the module, since its toroidal extent is Ly =
40 cm. The surface angle o of the circular cooling channel at the leading edge is
much larger than 85 as shown in Fig. 12(b), and using the radial field displacement
estimated from Eq. (52), 67max =~ 0.34 cm in Eq. (55), we find Q2 /Q,, ~ 0.82. Sim-
ilarly, fgou [€con = 0.87. These estimates indicate that the field ripple in Tore Supra
will not greatly affect the results for the vertical modules that we have discussed

earlier.
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VI. DISCUSSIONS

In this work, we have investigated a pump limiter system that consists of a
number of modules for large tokamaks. We have developed a model for estimating
the system exhaust efficiency in terms of the parameters of an actively cooled module
leading edge and the power load that must be removed. The choice of locations for
the modules was also discussed, and the effects of shadowing between modules on
particle and power removal were examined. The results were then applied to Tore
Supra and the conceptual design paraineters of the limiter system were estimated.

In our model calculations, we have assumed a cylindrical geometry, and, for the
sake of simplicity, the toroidal effects were ignored. A more realistic approach to
the geometry has been left for future study.

We have ignored ionization of the particles in the SOL. This process may affect
the profiles and lead to flux amplification?® for ions hitting the limiter; this may
eventually alter the exhaust efficiency of the system.

We have also neglected a number of relevant issues in this study:

1. The finite poloidal beta g, of the core plasma causes a Shafranov shift, which
may in turn affect the SOL plasma by producing a slight elongation. If this effect
becomes significant, then the top and bottom limiters have longer characteristic
scale lengths and could be more efficient for particle removal.

2. Variations in the plasma current may affect the scale lengths and also the flux
coverage shadowing between the modules. The edge safety factor ¢(a) should
be selected so as to ensure optimum pump limiter operation.

3. Highly asymmetrical particle flow, as observed on almost all tokamaks, from the
ion-drift direction may enhance the particle collection, if particles are collected
from the ion side only. A collector slot on the electron-drift side would repre-
sent a loss term only if the two sides were connected within the pump limiter
chamber. A movable flap on the electron side is a possible solution.

4. Disruptions of the plasma current and runaway electrons must be considered in
the design of the limiter surface. For example, the limiter eddy currents should
be kept as low as possible during disruptions. Also, the amount of thermal
energy deposited on the limiter surface can be as much as 4 MJ/m? within
10 ms or less during a plasma disruption. This may lead to ablation layer
thickness in the micrometer range. This effect can be very deleterious to the
protective cladding of the cooling channel or to the limiter surface. Therefore,

more detailed analysis must be incorporated in the design of the limiter. Work
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is under way in this area for the present design of the Tore Supra pump limiter
system. Runaway electrons have very short scale lengths (A; < 1 c¢m) in the
SOL. Therefore, their energy is very concentrated when deposited on the limiter.
The cooling lines of the limiter must be protected against this localized heat

deposition by a runaway electron beam.!?

As the long-pulse operation of tokamaks with high auxiliary heating power
becomes a reality, use of some technique for particle and power removal is inevitable.
In this work, we have discussed a modular pump limiter system as one solution of
this problem. In this regard, we are hopeful that engineering technology for the
high heat removal will soon achieve the routine application phase that we would
like to have on the limiters.

Experiments scheduled to begin in late 1987 on the Tore Supra tokamak will
provide the needed database for the performance of the modular pump limiter
system. At the same time, alternatives with more efficient particle removal (>10%)

techniques should be explored.
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Appendix A: Calculation of @,(max) for a Circular Cooling Channel

We need to calculate the maximum value of the heat flux and its location for
a circular cooling channel, which is used in our model for the leading edge of the
pump limiter modules. ‘

From Fig. 12(a), we write

Qo = Qoly/a) exp(—z/Ag) ,

2

where y2 = a? — (z — a)? is the equation for a circle. By defining G(z) = aQn/Qo

and searching for the value of z = z,, that makes G(z) maximum, we find

Tm/Aq = 0.5[1+ (xg/Aq) — /14 (ze/Aq)? ,

where z; = 2a is the diameter of the cooling channel. The surface angle o is also
calculated from cos a = (1 — z,,/a) and x = 90° — « is the angle between the heat
flow @) and the surface normal.

In Fig. 12(b), we display the values of Q,(zn)/Q¢ and a for various values
of z¢/Xy, where Qy = Qpexp(—zy/2);). For example, for z;/A; =~ 1, we have
Qu(rm)/Qt = 1, a =2 65°, x = 25°, and T;m/Aq ~ 0.29.

Appendix B: Parameters of SOL Plasma

In order to carry out the calculations for the pump limiter system for a given
device, we need to know the characteristics of the SOL plasma—for instance, its
density and temperature as well as their scale lengths. In this Appendix, we discuss
estimating these parameters in terms of given device characteristics, such as Pr,
N./7p, q(a), a, and Ry.

The characteristic density scale length A, of the SOL plasma, whose boundary
is defined by the limiter, £ = 0, can be estimated by assuming a one-dimensional
model of the SOL parameters if A, <€ a. From the particle balance relation, we

have \
dne e

D o
L dz? 7|

(B.1)

where D is the particle diffusion coefficient that can be taken to be in the form
given by Bohm, D; ~ T,/B, and 7 = L /v represents the parallel flow loss time
of the particle along the field line in the SOL.
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The solution of Eq. (B.1) is found by substituting n. ~ exp(—z/A,); then

W

An = (D7) (B.2)

For an axisymmetric toroidal device the connection length Lo = Ly /2 = gqn R

and the flow velocity” v =< 0.3¢,, where

- [nn ]

is the ion sound speed and T; ~ T, is assumed for the calculations. If N limiters are
sharing the same flux tube, then L. ~ qmRo/Ng and, in turn, Aneg = An/+/Ns. For
example, if Ny = 2, then the effective density scale length becomes shorter, about
70% of that for one limiter. Therefore, if shadowing occurs between the modules,
the collection efficiency may drop because €cop ~ exp(—zp/Aesr).

In order to calculate the density scale length, we need to estimate the electron
temperature T. at the SOL, with the total particle outflux N¢/7, and the available
power Pr known. From the particle and power balance equations at the plasma
boundary, = = 0,

Ne/‘Tp = I‘”A“(ﬁux) ) (B.3)
Pr = Q”A”(power) . (B.4)

Here A) is the effective total module area perpendicular to the flow. For a limiter
system with full flux coverage, N > Ng, we have shadowing between the modules.
As shown in Fig. 6(a), if we assume, for example, Ny == 3 modules that partially

shadow each other, then
A”(ﬂux) == 2N(U)1 Al -+ 211)2,)\2) .

where Ly = wy + 2wq, A; = Ap(y), and Ay = A1/v2. Using o, = w, /Ly for the

nonshadowed poloidal extent of the module in this equation, we find
Aj(flux) = 2N LoAr (NS)[as + (1 - as)/V?] , (B.5)

where Ap(NS) is the particle flux scale length if the module is nonshadowed.

Similarly, for the power flux we have
Aj(power) = A (flux)[A;(NS)/Ap(NS)], (B.6)

where A;(NS) is the heat flux scale length for a nonshadowed module.
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From these relations, we find the SOL boundary (z = 0) fluxes to be:

1‘\ _— Ne/TP
T 2NLerpfos + (1 - as)/v2]
Qo _ Pr (A
To Ne/7p ()‘q> ’ (B.7)

where oy = wy/Lg = 2Ng /N — 1, as discussed in Section III [Eq. (47)]. Using this,

we obtain _
Ne/Tp

T 2NLgAr(Ci + C; Ng/N)
with Cy = V2~ 1,C1+Cy = 1. We also have Ng Ly = 2ma/q in these relationships.
Equation (B.7) is also related to

T'o (B.8)

Qo =TT, , (B.9)

where «y is the heat transmission coefficient, which is given by?!

_ T; 2 Me T; 2
=2 0.5ln[(27rmi) (1+ Te>/(1 4s) ] , (B.10)

with v, the secondary electron emission coefficient.

We now apply these results to Tore Supra and estimate the SOL boundary

(z == 0) parameters, such as ['g, Te, ne, and X,. We have Pr ~ 6 MW and

Ne/Tp = 2x 1022 71, a = 0.75 m, Ry = 2.4 m, ¢g(a) = 3, and N = 6 modules.

Using Ar/Aq = 7/5 and taking®! v ~ 10 for 75 =~ 0.6, from Egs. (B.7) and (B.9) we
first estimate

T, ~ 260 eV , (B.11)

and for the Bohm diffusion coefficient
D (em?/s) = (6.25 x 10%) x Te(eV)/B(T) = 3.6 x 10%m?/s (B.12)

for B~ 45T.

The connection length for a nonshadowed module L. =~ 2.2 x 10% ¢m, and from
the parallel flow loss time 7| >~ 2.8 x 10™* s for hydrogen plasmas. By combining
these results in Eq. (B.2), we obtain A,(NS) =~ 3.2 cm.

The value of the particle flux at z = 0, from Eq. (B.8), is

To~3x 10 cm™?/s .
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Here we have used Ng = 4 for Lg = 40 cm; that corresponds to as ~ 0.33 for the
fraction of the nonshadowed module poloidal extent, as we observe from Fig. 8. The
plasma density is readily obtained from I'y = nev), and we find that n.(z = 0) =
4 x 10'%2 ¢ 3,
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