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Abstract

In the framework of the CIEL project, allowing to improve Tore Supra heat and particle exhaust capability, a

toroidal pump limiter will be implemented in the bottom of the machine. This paper presents the study of the pumping

system associated with this limiter, in terms of pumping e�ciency and extracted ¯ux. Simulations have been performed

for di�erent con®gurations, using the EIRENE neutral transport code, and show that the pumping system should

provide e�cient density control for the scenarios contemplated for CIEL. Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Particle control is crucial for long pulse operation in

future fusion devices. The Tore Supra tokamak, the goal

of which is to achieve high performance stationary dis-

charges, is particularly well suited to study particle ex-

haust over long duration. The importance of a powerful

pumping system has already been clearly identi®ed in

Tore Supra: even though the control of long pulses has

been demonstrated with discharges as long as 120 s [1], a

density rise is often observed after 60 s or so, depending

on the wall saturation, the type of plasma±wall inter-

action, the level of input power, and the plasma density

[2]. In the frame of the CIEL project [3], allowing to

improve the heat and particle exhaust capability of Tore

Supra, particular attention has been paid to the pum-

ping system. It should provide e�cient plasma density

control over long duration (design pulse length: 1000 s)

and be able to exhaust the large particle source due to

pellet injections foreseen to feed the discharge (up to 4

Pa m3 sÿ1, roughly equivalent to 1021 D2 particles sÿ1). It

should sustain high heat ¯uxes (15 MW of conductive

power expected in the scrape o� layer (SOL)) and op-

erate for the two main scenarios contemplated for the

CIEL project:

· a standard scenario at full plasma current (Ip� 1.7

MA) and low density (hnei � 2� 1019 mÿ3), where

the current is sustained only by lower hybrid current

drive,

· an advanced scenario, at lower plasma current (Ip� 1

MA) and higher density (hnei � 4� 1019 mÿ3), where

the bootstrap current fraction is expected to be im-

portant.

In this paper, we will describe the exhaust system

designed for CIEL according to these requirements, and

give the results of the simulation of the pumping per-

formances expected for such a device in the di�erent

con®gurations mentioned above.

2. Description of the CIEL pumping system

In tokamaks, pump limiters have widely demon-

strated their ability to control the plasma density [4]. In

the framework of the CIEL project, a toroidal ¯at pump

limiter (TPL), designed to remove a conductive power of

15 MW in a steady-state regime, will be installed at the

bottom of the machine. The pumping system of the TPL
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consists of 12 discrete neutralizer sets, intercepting the

ion ¯ux in the SOL. They are located on the high ®eld

side, above each of the 12 vertical ports of Tore Supra,

out of which 10 are devoted to pumping, while two are

devoted to traversing diagnostics. The neutralizers are

uniformly distributed around the torus (every 30°), al-

though the vertical ports are not (two adjacent vertical

ports in every 60° sector of the machine, separated by

20°, leaving a gap of 40° for the next sector vertical

ports), so that the incident particle ¯ux is evenly shared

between them. Each neutralizer set is composed of four

elements, called ®ngers, using the same technology as the

elements of the TPL for heat removal (CFC tiles

bounded to Cu±Cr±Zr tubes). These ®ngers are assem-

bled in a V shape, in order to trap neutrals into a closed

geometry. They communicate with the vertical port

through an expansion box, located below the ®ngers,

and a bellow, allowing the neutralization system to fol-

low the TPL motion up and down. The pumping is

ensured by a set of ®ve cryomechanical pumps [5] (one

for every two adjacent vertical ports), located 2 m below

Tore Supra in order to avoid high magnetic ®elds. These

pumps should be able to provide a high pumping speed

over long duration (around 10±12 m3 sÿ1 per pump) and

to extract di�erent species (D2, He, Ne, Ar). Fig. 1 gives

an overview of the pumping system for two adjacent

vertical ports, with the neutralizers located below the

TPL, the expansion boxes, the vertical ports (not drawn

here) and the ducts leading to the cryomechanical pump.

In order to evaluate the pumping capability of such a

system, simulations of neutral transport have been per-

formed for the di�erent scenarios contemplated for

CIEL.

3. Modeling

The performances of the pumping system have been

evaluated in terms of global pumping e�ciency and

exhausted ¯ux.

In order to de®ne the global pumping e�ciency of the

system, let us follow the particle ¯ux balance in the

SOL 1. Let Uout be the net plasma out¯ux at the last

closed ¯ux surface. Uout can be written as

Uout � N
sp

; �1�

where N is the total number of particles in the plasma,

and sp is the particle con®nement time.

Taking into account the sheath conditions [6], the

incident ¯ux on the TPL Uinc is given by the following

integration over the SOL

Uinc �
Z
SOL

1

2
ncs dS; �2�

where n is the unperturbed particle density far from the

limiter, and cs is the ion acoustic velocity.

The incident ¯ux Uinc can be related to the plasma

out¯ux Uout through an ampli®cation factor fA, due to

re-ionization in the SOL

Uinc � fAUout: �3�
The throat of the limiter intercepts a fraction Uinter of

the incident ¯ux Uinc. We can then de®ne the intercep-

tion e�ciency of the throat einter, depending mainly on

the position of the throat in the SOL compared to the

radial decay length of the particle ¯ux kC,

einter � Uinter

Uinc

: �4�

The pumps extract a fraction Uex of the ¯ux inter-

cepted by the throat Uinter. We can then de®ne a col-

lection e�ciency ecoll, depending mainly on the design of

the pumping system (conductance, pumping speed) and

on the local plasma characteristics in the throat,

ecoll � Uex

Uinter

: �5�

The particle ¯ux circulation described above is sket-

ched in Fig. 2.

The global pumping e�ciency epump of the system can

then be de®ned as the ¯ux extracted by the pumps Uex

divided by the net plasma out¯ux Uout, which gives ac-

cording to Eqs. (1)±(5),

epump � Uex

Uout

� fAeinterecoll: �6�

Fig. 1. Overview of the pumping system foreseen for the CIEL

project.

1 At this stage of the modeling, we will not introduce the

action of the wall on the particle ¯ux balance in the SOL,

although it has been demonstrated to play an important role as

a particle source or sink in Tore Supra [10]. For the long

discharges foreseen (1000 s), we will assume that the system is at

equilibrium, and that there is no pumping or outgassing by the

wall.
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In order to evaluate the global pumping e�ciency,

the three components of Eq. (6) are computed. The

ampli®cation factor fA is estimated from an analytical

neutral transport code [7], calculating the fraction of the

incident ¯ux re-ionized in the SOL. The interception

e�ciency einter is estimated from the integration of the

incident ¯ux over the throat, taking into account the

magnetic con®guration (Shafranov shift, ripple, shad-

owing of other objects in the chamber). The collection

e�ciency ecoll is estimated from simulations of neutral

transport from the throat to the bottom of the vertical

port, using the 3D Monte Carlo neutral transport code

EIRENE [8].

The extracted ¯ux Uex is then derived from normal-

izing the EIRENE calculations by the ¯ux entering the

throat Uinter.

The main input parameters for the modeling are the

plasma position on the limiter, the density and temper-

ature pro®les in the SOL and the e�ective pumping

speed at the bottom of the vertical port Seff , taking into

account the pumping speed of the cryomechanical

pumps and the conductance of the pumping ducts. The

plasma pro®les are supposed to be exponentially de-

caying in the radial direction, therefore they are de®ned

by giving ne(a) and Te(a) at the last closed ¯ux surface,

and the decay lengths kn and kT . Furthermore, at this

stage of modeling, the plasma is supposed to be pure

deuterium (no impurities) so ne� ni and we suppose

Te�Ti.

4. Simulation of the pumping system

4.1. Sensitivity to plasma conditions at the last closed ¯ux

surface

The performances of the pumping system have been

evaluated for a wide range of plasma density

[ne(a)� 1018±1.5 ´ 1019 mÿ3] and temperature

[Te(a)� 30±200 eV], going from a typical ohmic dis-

charge to the full power scenario contemplated for

CIEL, with 15 MW of conductive power in the SOL. It

has to be noted that Tore Supra is expected to operate at

medium densities for the CIEL long pulse scenarios, in

order to keep an e�ective non-inductive current gener-

ation. This explains the relatively low densities and high

temperatures chosen for the plasma parameters scan.

The decay lengths of the density and temperature pro-

®les in the SOL are chosen amongst typical values for

Tore Supra discharges, as deduced from Langmuir

probe measurements or thermal analysis of plasma fac-

ing components [9], kn� 3.3 cm and kT � 3.7 cm, giving

for the particle ¯ux kC� 2.3 cm and for the heat ¯ux

kq� 1.4 cm 2. The throat plasma parameters, used to

de®ne the background plasma in the EIRENE input, are

deduced from the above values at the last closed ¯ux

surface and decay lengths, assuming a radial exponential

pro®le. The e�ective pumping speed at the bottom of the

vertical port is taken to be 4 m3 sÿ1.

Fig. 3(a) gives the global calculated pumping e�-

ciency epump as a function of the density and the tem-

perature at the last closed ¯ux surface. The pumping

e�ciency is seen to increase from 4% in the low density

and temperature case, up to 12% in the high density and

temperature case. According to the experience gained on

Tore Supra, these values should be su�cient for plasma

density control [10], and moreover, they belong to the

relevant range to ful®ll the helium exhaust requirements

in a future reactor [11].

Fig. 3(b) gives the corresponding extracted ¯ux Uex,

expressed in Pa m3 sÿ1 for an equivalent D2 molecule

¯ux at 300 K. Indeed, as discussed in [12], the temper-

ature of the neutral molecules and atoms plays an im-

portant role in the extracted ¯ux given in Pa m3 sÿ1, the

pressure being directly proportional to the species tem-

perature. The molecules are rapidly at the wall temper-

ature (a few hundreds of K), while the atoms, starting at

a few tens of eV in the throat plasma (average between

the Franck±Condon population around 4 eV and the

more energetic charge exchange neutrals) are still at a

few eV when they reach the bottom of the vertical port.

This explains why neutral atoms, even though their

density at the bottom of the vertical port is roughly a

factor 1000 lower than the molecules density, still con-

tribute signi®cantly to the pressure (from a few percent

in the low density and temperature case up to more than

25% in the high density and temperature case, where the

atomic population reaches higher energies due to en-

hanced charge exchange with the plasma). However, it

has been chosen here to express the extracted ¯ux as

Fig. 2. De®nition of the pumping e�ciency.

2 The interception e�ciency einter is of course strongly

dependent on the ion ¯ux decay length kC, varying from 2 to

9% for kC going from 1.5 cm to 4 cm. However, on Tore Supra,

kC is generally found to range between 2 and 3 cm (roughly 2

kq) in most experimental conditions, and a reference value of

2.3 cm has been chosen for this study.
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molecules at 300 K, since this is a usual unit for particle

injection 3. For the 10 vertical ports devoted to pum-

ping, the extracted ¯ux goes from 0.5 up to 6.5 Pa m3

sÿ1, which should allow the exhaust of the large particle

source due to pellet injection foreseen to feed the central

plasma in CIEL scenarios (4 Pa m3 sÿ1 being the upper

limit of the Tore Supra pellet injection system).

We will now concentrate on the evolution of the

global pumping e�ciency epump as a function of plasma

parameters, by looking at the three components of

Eq. (6). The interception e�ciency einter is constant here,

since it depends only on kC and on the limiter geometry

(around 5.7% for 10 pumping vertical ports). The col-

lection e�ciency ecoll calculated by EIRENE is seen to

depend only weakly on the plasma conditions (going

from 55% to 65%). In the system modeled by EIRENE

(throat plasma and pumping system, see Fig. 4), deute-

rium ions are launched from the throat entrance along

the magnetic ®eld lines, accelerated in the sheath, and

neutralized on the ®ngers. Particles are then followed

until they are either pumped at the bottom of the vertical

port (fraction vex), or lost back to the SOL at the throat

entrance (fraction vlost), or re-ionized in the throat

plasma (fraction vion). This re-ionization leads to a local

ampli®cation factor in the throat,

floc � 1

1ÿ vion

: �7�

Using the fact that vex � vion � vlost � 1, the collection

e�ciency can be written as

ecoll � flocvex �
1

1� vlost

vex

: �8�

In the low density and temperature case, vion is low (less

than 5%), leading to quite high vex and vlost while the

situation is reversed in the high density and temperature

case, with vion as high as 88%. But in all cases, the ratio

vlost/vex is roughly constant, leading to similar collection

e�ciencies. Therefore, at low density and temperature,

particles are trapped into the closed geometry (me-

chanical trap) whereas at high density and temperature,

re-ionization in the throat plays a major role (plasma

trap).

As a consequence, the global calculated pumping

e�ciency epump depends mainly on the ampli®cation

factor in the SOL fA, varying from close to 1 in the low

density and temperature case up to 3.5 in the high

density and temperature case.

In Fig. 5, the data of Fig. 3 (a) are plotted against the

conductive power, calculated from ne and Te pro®les as

the integral of the heat ¯ux over the SOL,

Pcond � cs

Z
SOL

ncskT dS:

where cs, the total heat transmission factor through the

sheath, is taken to be 10 [6]. According to this calcula-

Fig. 4. Modeling of the pumping system for the EIRENE

simulations.

Fig. 3. Pumping e�ciency (a) and exhausted ¯ux (b) as a function of density and temperature at the last closed ¯ux surface.

3 Moreover, the atoms remaining at the vertical port bottom

still have a long way to go before they reach the cryomechanical

pumps, and their contribution to the pressure should have

become negligible by then.
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tion, the case ne(a)� 1.5 ´ 1019 mÿ3 and Te(a)� 200 eV

corresponds roughly to the nominal conductive power

of 15 MW expected in the full power scenario for CIEL.

The pumping e�ciency is seen to increase with the

conductive power as Pcond
0:2, which is compatible with

experimental trends already observed for pump limiters

in Tore Supra [13].

4.2. Sensitivity to pumping speed

Fig. 6 shows the collection e�ciency ecoll for the full

power case [ne(a)� 1.5 ´ 1019 mÿ3 and Te(a)� 200 eV],

as a function of the e�ective pumping speed at the

bottom of the vertical port. The straight line represents

what the limit of the collection e�ciency would be for an

in®nite pumping speed (corresponding to a ``sticking''

probability of one for an incident particle on the vertical

port bottom). The collection e�ciency is shown to in-

crease from 30% for Seff � 0.5 m3 sÿ1 up to 69% for

Seff � 6 m3 sÿ1 while the limit for an in®nite pumping

speed is around 71%. Therefore, it is seen that there is

not much to gain by working above the 4 m3 sÿ1 pum-

ping speed expected for CIEL (leading to a collection

e�ciency of 60%) since the pumping performances be-

come essentially limited by the conductance of the ex-

pansion box and the vertical port.

4.3. Sensitivity to the magnetic con®guration

The two main scenarios contemplated for CIEL,

operating at di�erent plasma current, lead to di�erent

magnetic con®gurations (change in the helicity of the

magnetic ®eld lines), as illustrated in Fig. 7, where a top

view of two consecutive neutralizers is shown. The

particle trajectories from one neutralizer to the next one

are represented, the 6° angle with the toroidal direction

corresponding roughly to the standard scenario (Ip� 1.7

MA), and the 4° angle to the advanced scenario (Ip� 1

MA). The consequence is that the area wetted by the

plasma will vary, going from ®ngers 1, 2, 3 in the stan-

dard scenario, to ®nger 1 alone in the advanced scenario.

The e�ect of the magnetic con®guration on the pumping

performances has been investigated with EIRENE by

varying the direction of the magnetic ®eld 4 so that the

deuterium ions launched at the throat entrance reach the

correct ®ngers, and by de®ning some shadowed zones in

the throat where the plasma is turned o�. Simulations

have been performed for the low density and tempera-

ture case [ne(a)� 1018 mÿ3 and Te(a)� 30 eV] and for the

high density and temperature case [ne(a)� 1.5 ´ 1019

mÿ3 and Te(a)� 200 eV]. In both cases, the magnetic

®eld direction is shown to have no in¯uence on the

collection e�ciency of the pumping system, probably

because the neutral particles travel for a su�ciently long

time in the throat to forget their birth place on a par-

ticular ®nger of the neutralizer. The introduction of a

shadowed zone does not make any signi®cant di�erence

either. Therefore, the pumping performances of the

neutralization system should be robust to any magnetic

con®guration contemplated for the CIEL scenarios.

4.4. Comparison with an open geometry

The closed con®guration of the V shaped neutralizer

allows to e�ciently trap the neutrals, but the price to

pay for such a geometry is the presence of a secondary

leading edge on the tip of ®nger 1, quasi perpendicular

to the heat ¯ux. Therefore, the advantage in terms of

Fig. 6. Collection e�ciency calculated as a function of the ef-

fective pumping speed at the bottom of the vertical port for the

full power case ne(a)� 1.5 ´ 1019 mÿ3 and Te(a)� 200 eV.

4 A user supplied routine has been added to the code in

order to vary the angle between the toroidal direction and the

magnetic ®eld direction, followed by the ions launched as test

particles from the throat entrance.

Fig. 5. Pumping e�ciency calculated as a function of the con-

ductive power in the SOL.
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pumping e�ciency should be quanti®ed. Simulations of

an open geometry, with a purely toroidal neutralizer,

allowing to avoid any leading edge, have been per-

formed with EIRENE by keeping only ®ngers 3 and 4 in

the modeling (see Fig. 7). Calculations have been done

for the low density and temperature case and for the

high density and temperature case, with Seff � 4 m3 sÿ1.

For the open con®guration, particles are considered as

lost for the system when they pass the TPL leading edge.

In both cases, the collection e�ciency is seen to decrease

drastically, roughly from 60% for the closed geometry to

10% for the open geometry. The ionized fraction vion is

about the same in both con®gurations, but the ratio vlost/

vex is much more favorable for the closed con®guration.

5. Summary

In the frame of the CIEL project, a new toroidal

pump limiter will be implemented in Tore Supra, in

order to improve the heat and particle exhaust capability

of the machine. The neutralization system of the TPL

has been modeled in order to estimate the pumping

performances of the device for the scenarios contem-

plated for CIEL. According to the calculations, the

global pumping e�ciency, de®ned as the ratio between

the extracted ¯ux and the net plasma out¯ux, should

increase from 4% (low density and temperature ohmic

discharge) up to 12% (high density and temperature full

power discharge), which should allow for an e�cient

density control. It also has to be noted that this range of

e�ciency is relevant for helium exhaust requirements in

a future reactor. The pumping speed foreseen for the

cryomechanical pumps of CIEL (around 10 m3 sÿ1)

seems well adapted to the pumping system, the perfor-

mances of the device being limited by conductance. The

system is robust to changes in the magnetic con®gura-

tion, keeping the same pumping e�ciency for standard

scenarios at full plasma current and for advanced sce-

narios at lower plasma current. Finally, the loss of

pumping performances for an open con®guration, al-

lowing to avoid any secondary leading edge, has been

estimated: the pumping e�ciency drops roughly by a

factor 6, justifying the closed V shape geometry of the

neutralizers.

In further work, the pumping system modeling

should be re®ned, by performing some plasma±neutral

coupled simulations, using the B2-EIRENE code pack-

age, in particular for highly radiating scenarios with very

low plasma temperature, also contemplated for CIEL.
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