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ABSTRACT

This paper presents simple estimates of some aspects of the
behaviour of plasma in a tokamak with a Bundle Divertor. The effect
of the divertor on charged particle orbits, and the consequent changes
in cross-field diffusion, are calculated using simple models. The
factors determining plasma flow into the divertor are discussed, and
a model of the divertor scrape-off layer is used to calculate the
exhaust and screening efficiencies. Finally the problems of trapping

and pumping the diverted plasma are considered.
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1a INTRODUCTION

The Bundle Divertor [1,2] is a device whose purpose is to improve
the purity of a tokamak plasma by reducing the interaction between the
plasma and the torus wall. Two divertor coils locally distort the
toroidal component of the magnetic field, and divert a bundle of field
lines from the outer layer of the plasma into a separate divertor chamber.
The magnetic configuration was discussed in detail in an earlier paper [23,
and a schematic is shown in figure 1. Whilst it is topologically impossible
for the diverted field lines to form perfect magnetic surfaces [3], we
have established by numerical computation that the departures of individual
field lines from simple surfaces do not seriously impair the effectiveness
of the divertor.

An improvement in the plasma purity is expected to result from
three specific divertor effects:

(i) Magnetic Limiter The divertor defines a magnetic separatrix,

with minor radius g which controls the plasma size without introducing
a source of impurities as would a material limiter.

(ii) Plasma Exhaust Charged particles diffusing across the

separatrix can flow along the diverted field lines into the divertor
chamber, where they are neutralized on a target plate and pumpeﬁ away .
Thus impurities are removed directly along with the exhaust plasma, and
the removal of the cold neutral recycling also reduces the influx of
impurities from charge-exchange sputtering of the torus wall.

(iii) BScreening Layer If the plasma 'scrape-off' layer outside

the separatrix is sufficiently thick and dense, any impurity atoms
released from the wall, will have a high probability of being ionized
in the scrape-off layer and swept into the divertor before they can

penetrate deep into the discharge.



In this paper we will discuss the plasma properties of the bundle
divertor, and in terms of a simplified model of plasma flow in the
scrape-off layer, we will calculate the divertor efficiency. First
we consider the orbifs of ?articles following diverted field lines, and
in particular those which are reflected by the magnetic mirror region at
the entrance of the divertor. 1In extremely collisionless plasmas, these
orbit effects would lead to enhanced cross-field diffusion, and we give
some approximate calculations of neoclassical diffusion in section 3.
The magnetic mirror also limits the free flow of plasma into the divertor.
Tn section 4 we calculate the exhaust efficiency and in section 5 the
screening efficiency of the bundle divertor. Finally we discuss the
technological problems of neutralizing and pumping the diverted plasma.

2. PARTICLE ORBITS ON DIVERTED FIELD LINES

The magnetic field strength |Bl along a typical diverted field
line, is plotted in figure 2a. There are two magnetic mirrors; the
familiar toroidal mirror on the inside of the torus, with a relatively
weak mirror ratio equal to the inverse aspect ratio € = a/R; and a much
stronger mirror with ratio M of the order 2 or 3, on field lines which
enter the divertor. An individual field line passes through the toroidal
mirror once in every q = 2M/¢ transits of the torus, and through the
divertor once in every q; = 2W/XD transits, where XD(r) is the acceptance
angle of the divertor and ¢ is the rotational transform. Typically
q # 3 and ap ~ 5_ 10, and the radial dependence is plotted in figure 3.

These two magnetic mirrors divide the‘velocity space of particles
which are following diverted field lines, into three distinct regions
as shown in figure 2b.

(1) Diverted particles, v"/vL3> (M - 1)%, have sufficient

parallel velocity to penetrate the strong magnetic mirror at the



entrance to the divertor, and these particles hit the target plate,
where they will be neutralized. The fraction of diverted particles in
an isotropic velocity distribution is Yy = 1 & (4= 1/M)%-% 1/2M.

- (2) Reflected particles, (M - 1)%3> v”/%l > E%, are reflected by
the divertor mirror, but otherwise pass freely around the torus. In an
axisymmetric torus, these would be passing particles, and their drift
surfaces are displaced from the corresponding magnetic surface by the
order of epe, where pe is the Larmor radius of the particle in the
poloidal field BG' This displacement changes sign, when the direction
of the particle motion around the torus is reversed, following reflec-
tion at the divertor mirror. The projection of a computed particle
trajectory onto a radial plane, is shown in figure 4b. This resembles
an 'inverted' banana, with turning points at thé bundle divertor mirror
which is encounted once on every A transits of the torus.

(3) Trapped particles, €%j> v”/vl, cannot pass freely around the
torus. As in an axisymmetric torus, these trapped particles follow
banana orbits, with turning points on the inside of the torus. The

a
banana width is of the order EEPB’ and the trapped fraction of an iso-

a
tropic distribution Y, = €2. The bananas themselves drift slowly around

T

the torus, due to a small component of the particle drift velocity
parallel to the toroidal field (4]. When a drifting banana encounters
the bundle divertor, the trapped particle will be reflected, and the radial
drift velocity will change sign. This will lead to a new banana orbit,
as shown in figure lLc. After a few such reflections at the bundle divertor,
a trapped orbit will intersect the torus wall.

These general predictions have been confirmed [5] by computing

the guiding centre orbits of particles with different values of v”/vl,

using a program developed from that described by Gibson and Taylor (6].



Typical projections onto a radial plane are shown in figure L,

Single-particle orbits which pass close to the stagnation point
have been computed and projections of typical orbits onto the horizontal
plane are shown in figure 5 together with contours of the magnetic field
strength |Bl. These well-behaved examples of diverted and undiverted
orbits were started in an unperturbed piane of the torus at points dis-
placed by an ion Larmor radius (in the unperturbed toroidal field) from
the separatrix field line. Orbits started closer to the separatrix are
less well-behaved and experience larger displacements in the low-field
region which may intercept the central support of the divertor coil.
These computations confirm our earlier predictions [2] that the width
of the loss-region surrounding the separatrix is of the order of an ion
Larmor radius measured on the unperturbed toroidal field. For typical
tokamak parameters this loss would not exceed 10% of the diverted plasma
flux.

Trapped particle effects play a major role in the neoclassical
theory of plasma diffusion and heat conduction, for rarefied plasmas in
axisymmetric tori. In the following section we will consider the_enhance-
ment of these transport processes by the additional particle trapping due
to the bundle divertor.

D ESTIMATES QOF BINARY COLLISIONAL TRANSPORT

In an axisymmetric torus, neoclassical transport theory is conven-
iently divided into three regimes of collision frequency; Vv <1V1,
collisionless or banana regime; V1 <v< v2’ intermediate or plateau

regime; V., < v, collisional or Pfirsch-Schluter regime. Two characteristic

2

frequencies separate these three regimes; Vs = vth/qR is the transit

frequency around the torus of passing particles with v“ = Vipo where
3

i 3
Vip = (2kT/m)? is the thermal velocity; Vi = €2v2 is the bounce frequency



of trapped particles on a banana orbit.

The familiar form of the dependence of the neoclassical transport
coefficients on collision frequency vV is shown in figure 6a. Approximate
expressions for the ambipolar diffusion coefficient in each regime are:
(1 +q); D, (plateau) = Pez vV, (1 + q°);

D, (Pfirsch-Schluter) = pe‘ Vi

D, (banana) = 6—% Peg Vai (1 + qe}, where P, = (2kTm)% e/c ﬁp is the
electron Larmor radius in the toroidal field ﬁ$, and vei is the electron-
ion collision frequency.

The bundle divertor modifies the banana orbits of the toroidally-
trapped particles and reflects the bulk of the passing particles on the
outer flux surfaces into inverse banana orbits. Only the relatively
small group of particles with v"/vl3> (M - 1}%, which we have called the
'diverted particles} can penetrate the strong divertor mirrors. These
new orbits modify the neoclassical transport coefficients in the divertor
scrape-off layer, although, as we will see below, the changes are import-
ant only for extremely low collision frequencies which are unlikely to
be encountered in the plasma boundary region.

The simplest case is that of a dense plasma, Vv >‘v2. A1l of the
particles suffer many collisions in the course of a single traqsit
around the torus, and the trapped and reflected particles cannot complete
their characteristic orbits. The influence of the bundle divertor mirrors
can be neglected and the collisional Pfirsch-Schluter transport coefficients
still apply.

As the collision freguency V is reduced below v2’ particles with
large values of v” can make collision-free transits of the torus. The
parallel transit time to the divertor for a particle with v = T is

tIl =~ ap R/vth. It is convenient to define a characteristic divertor

A} :t_
frequency, 3 "

a narrow cone in velocity space, with v

1 é x
= vth/qD R=v, q/qD. The diverted particles occupy

1
s 2 i
e vth/M , and the effective



collision frequency for scattering out of this cone is V .. = \J(vth/vl)2
~ VM, where vV is the collision frequency for 90O scattering. The
diverted particles make collisionless flight to the divertor if

< ] <
\)eff \)3‘ ie V VB/M.

1 1
The reflected particles, (M - 1) > v"/vli> €2, comprise the
largest group in the distribution. The time taken to complete an
inverse banana orbit is of the order ti = ap R/v“, and as the collision

frequency is reduced below V the first complete inverse bananas are

31
those for particles with the largest values of parallel velocity,

1 4
(M - 1)2/M2, The width of an inverse banana orbit is

ie v = Vih
of the order Ax = VL tt’ where VL ~p vth/R is the transverse drift
velocity across the toroidal field and t. # qI{M%/vth M - 1)% is

the time for a reflected particle to make a single transit of the minor
circumference. Thus the width of the first, and thinnest, inverse banana
is 0x = pq (M/(M-J)f%. As v is further reduced, reflected particles
with smaller and smaller values of v" will have sufficient time

between collisions to complete their orbits. The last inverse

a el
banana appears when v = €7 Vg for particles with v"/vl ~ €2 which

are almost slow enough to be trapped by the toroidal field. This

is also the 'fattest' inverse banana, Ax = pq 8_%. These reflected
particles must be scattered through large angles before they escape through
the divertor mirrors, and thus the effective collision frequency

is of the order of v, the 90 degree collision frequency. The 4dif-

fusion coefficient corresponding to the inverse bananas is obtained

by averaging the inverse banana width over all the reflected particles

in the range (M - 1)%7> v"/ﬁi > 3, Thus D, ~ (4x") v ~ p?q°v ¢z,
The complete dependence on collision frequency is similar to that

for trapped particles in an axisymmetric torus and is plotted in

figure 6b.



When the collisicn frequency is reduced below Vi the toroidally-
trapped particles, v"/bl'< 6%, have sufficient time between collisions
to complete banana orbits. The transit time of the orbit is approxi-
mately t, ~ q R/v ~ (v, €2)"!, The typical banana width is
Ax =~ thb ~ pg € 2, Particles remain trapped following small-angle
collisions only if Av < Vin E%, and thus the effective collision
frequency is of the order v_.. =~ V(vth/ﬂv)21¥ V/€. Banana diffusion
of the trapped particles, a fraction of the order of e% of the total

number of particles, dominates the transport coefficients in the

collisionless regime. This leads to a simple estimate of the

-2
a2 2

well-known banana diffusion coefficient, D # E% (Ax)® Veps ™ € pzq2 Ve
When a trapped particle drifts into the bundle divertor mirror it is

reflected onto a new banana orbit, and successive reflections between
the toroidal and divertor mirrors lead to the class of particle orbits
shown in figure 4e which eventually escape from the containment system.
The fraction of banana orbits which intersect the divertor at any one time
is equal to q/qD, and thus the bounce frequency of bananas with the
divertor is Vs €% q/qD = V3 E%. These loss orbit effects cause

enhanced diffusion at very low collision frequencies v < Y3 6% as shown
in figure 6¢, similar to that produced by super banana diffusioﬁ in
stellarators.

4. PLASMA FLOW INTO THE DIVERTOR

We will now consider the flow of plasma into the bundle divertor,
and calculate the thickness of the scrape-off layer surrounding the
main body of the discharge and the exhaust efficiency. We have already
seen that the flow of plasma into the bundle divertor is impeded, because
individual field lines do not pass through the divertor on each transit of

the torus, and also because a large fraction of the particles following these



field lines is reflected by the strong magnetic mirrors at the
divertor entrance. Particles which are initially unable to penetrate
the divertor mirror must be contained within the scrape-off layer
long enough for collisions to scatter them into the mirror loss-cone.
The density profile in the scrape-off layer is determined by this
balance between restricted flow along field lines into the.divertor,
and radial transport across the field lines. The parameters of the
scrape-off layer plasma depend on the parameters of the contained
plasma inside the separatrix, which in turn depend on the efficiency
of the divertor in controlling recycling and impurity influx.

We will not attempt to solve this problem self consistently
but will consider a simple, one-dimensional model of the scrape-off
layer, as shown schematically in figure 7, characterised by a radial
diffusion coefficient Dls, and a particle loss time to the divertor
t - In a sufficiently dense plasma, particles will be scattered

I
by collisions into the loss-cone of velocity space in a shorter time

than their transit time along field lines into the divertor. The
isotropic velocity distribution will be maintained when v > vB/M,

and for typical divertor parameters, qD.;IB’ RA~ 120 cm, M ~ 3,

this condition is satisfied when the scrapé-off layer density ( in cm-a)
n5?> 7 x 107 T2 where T is the plasma temperature in eV. The loss

rate to the divertor is then determined by the parallel flow velocity
along diverted field lines. In order to maintain an ambipolar flow
into the divertor, a sheath will form in front of the target plate,
setting up an electrostatic field which will repel electrons and
accelerate ions into the target. We will assume that the divertor

target is electrically isolated from the torus, so that the radial



and parallel plasme fluxes are independently ambipolar. The ambipolar
flux into the divertor will have a velocity of the order of the ion

4
sound speed , L ~ (2kTe/mi)2. The particle flux into the

divertor will be of the order (2m/q.)a_n, v_ dx where n. = n/2M is
D’ s 7d s d

the fraction of particles in the divertor loss-cone. The continuity

equation for particles in the scrape-off layer is

2
d"n v
s

D =
8 ax®  umR Mgy

n,

where x = r B is the distance into the scrape-off layer from the
separatrix r = as.

Neglecting the parametric dependence of D¢ and vs,and taking
an average value for qp across the scrape-off layer, gives a solution
of the form

n(x) = n_ exp(- x/4)

where & = (DJ.SMTTRMqD/v S)% ~ (DJ_S M/\JB)% and n is the density at the
separatrix. More detailed models of the divertor scrape-off layer [7,8,9]
give different functional forms for the density profile, but the
scale length & = (dn n/dx)-l does not differ significantly from that
given by the simplified model.

In order to evaluate the expression for the density scale-length
in the scrape-off layer, we have assumed that the cross-field diffusion
coefficient follows the Pfirsch-Schluter dependence but with
D‘Ls = 100 Dps’ where the enhancement factor was determined empirically
on DITE [10]. Calculated values of &4 for densities and temperatures
typical of the scrape-off layer are plotted in figure 8. Recent measure-
ments [16] on DITE with B, = 10 kG, n_ = 4 X 10°° om™® and T_ =30 ev

give A =4.8cm which is in good agreement with the calculated value

of A = 3.8 cm.



We can define the exhaust efficiency of the bundle divertor
as gx =1 - exp(—(aL - as)/ﬂ) where a;, is the minor radius of the
torus wall or protective limiter. Values of gx are plotted on the
right hand side of figuré 8 for ap - a, = Q25 a which corresponds

approximately to the DITE values a. = 27 cm, ag = 21 cm.

L :
In a less dense or hotter plasma, v < VE/M, the diverted

particles would be collisionless, and would be captured by the divertor

faster than collisions can scatter reflected and trapped particles

into the loss cone. The particle flux to the divertor would be

determined by the rate at which collisions can fill the loss-cone.

The continuity equation becomes

D —— = Vn
Ls 2
dx

with a solution of the form n(x) = n_ exp (- x/A) where A = [DLS/%]%
and vV is the 900 collision frequency for the ions. The anisotropic
velocity distribution caused by the divertor loss-cone may be unstable
to several velocity-space modes. These instabilities, if they develop,
are unlikely to be damaging to the confinement but may scatter
particles into the loss-cone, thus usefully enhancing V.

5. SCREENING EFFICIENCY

The bundle divertor inherently produces a much thicker scrape-
off layef than is the case for a poloidal field divertor and should
provide good impurity screening. The screening process comprises two
stages; first there is the probability that an incoming, low-energy
impurity atom will be ionized in the scrape-off layer, and then there
is the probability that the ion will be swept into the divertor before
it diffuses inside the separatrix. In calculating the screening

efficiency we will consider a simplified model and assume that the

= 10



inward diffusion is sufficiently slow that all the ions are swept
into the divertor. With this simplification we set the screening

efficiency equal to the ionization probability.
av ) (ov h)

a
s e e
€s =1 - exp(1 -‘£ n 1;;—): 1 - exp(- §x Ans VI s

L

where (Ove> is the ionization rate [11,12]), and VI is the velocity
of the incident neutral impurity, which we assume to have an energy
of 1 eV. 1In figure 9 we have plotted the screening efficiencies
for typicai light impurities (oxygen) and heavy impurities (iron).
The calculated values of §S are close to unity for iron when

n > 2 x 10*2 cm™® and for oxygen when n > 1.0 x 102 om™°.
Experimental results from DITE [10, 13] indicate good screening

of carbon, oxygen, molydbenum and iron but the screening efficiency

has so far not been measured quantitatively.

6. TRAPPING AND PUMPING THE DIVERTED PLASMA

The diverted plasma is directed onto a target which has two

main functions.

(i) To neutralise and trap the ioms.

(ii) To absorb the plasma energy.

The divertor target should be a material with a high trapping
probability for incident hydrogen ions. Metals such as titanium,
zirconium, niobium etc have trapping probabilities as high as 90%
for hydrogen ions with energies of several keV [14]. Trapping efficiences
are lower at lower energies, but recent measurements indicate that
efficiences of 50% may be attained for 300 eV protons on zirconium
surfaces which are free from oxide contamination [15] This surface
conditioning can be achieved by baking the target in a clean, ultra-
high vacuum environment. Alternatively a freshly-deposited getter

layer of titanium may be useful for trapping low-energy ions.
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Those ions which are not trapped are assumed to be back scattered
inelastically after depositing most of their energy in the target.
In DITE, this gas is pumped away on active titanium gettered surfaces
deposited on the walls of the target chamber and in a separate divertor
pumping tank. The total pumping speed of the DITE system, is ~
5 x 10* fsec”’ at the target, and we calculate that about 15% of the
untrapped particles will return to the torus. The efficiency of the
divertor is impaired by this return of gas to the torus and it is
important to maximise the trapping efficiency of the target so as
to minimise the gas load on the pumping system.
| The trapping efficiency of metal surfaces falls off sharply
at low temperatures (eg 200 K for titanium), and at high temperatures
(600 K for titanium). It is important to maintain the surface tem-
perature of the target within these limits. We have designed a
target which can be outgassed by baking, and then pre-cooled to
~ 200 K so as to utilise the optimum temperature range for trapping.
It is particularly important that the surface température does not
rise above 600 K during the discharge, since this would cause previously
absorbed gas to be desorbed rapidly giving a large pressure rise in
the torus. This may necessitate moving thé target during the plasma
pulse to increase the effective exposed surface area. The trapping
efficiency of typical target materials also falls sharply after the
surface has absorbed a large dose, and after each experimental shot
the target should be baked in order to desorb the particles previously
trapped and to ensure a clean, activated surface for the next pulse.
7 CONCLUSIONS

We have discussed the plasma properties of the bundle divertor,

and have made calculations of these effects using simplified models.

= B



The magnetic mirror region at the entrance of the divertor introduces
new types of particle orbits which lead to enﬁanced cross-field
diffusion rates in very collisionless plasmas. These effects will be
unimportant in parameter regimes applicable to present-day experi-
ments, but may be important considerations in considering possible
extrapolations to more collisionless reactor regimes.

We have calculated the flow of plasma into the divertor and
obtained estimates for the density gradient in the scrape-off layer
which are in good agreement with preliminary experimental results
from DITE. Using these estimated values for the density gradient,
we have calculated the screening efficiencies for heavy and light
impurities, and have shown that these can be close to unity. The
good screening action of the DITE bundle divertor has been demonstrated
experimentally. Finally we have considered the technological_problems

of trapping and pumping the diverted plasma.
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Fig.1 Schematic of the bundle divertor, and a cut-away section showing the principal features of
the magnetic configuration.
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Fig.2 (a) The magnetic field strength along a diverted field line showing the divertor and toroidal magnetic
mirrors. (b) The three regions of velocity space resulting from the two magnetic mirrors.
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Fig.2 (b) The three regions of velocity space resulting from the two magnetic mirrors.
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Fig.4 Projections onto a radial plane of guiding-centre orbits for typical diverted, reflected and

trapped particles.
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Fig.5 Projections onto the horizontal plane of typical single-particle orbits which pass close to the
stagnation region. The dotted lines show contours of the magnetic field strength |B| normalised
to By=1.0TatR=1.17m.
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Fig.6 Approximate dependence of particle diffusion coefficient D|, on collision frequency 7.
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Fig.7 A one-dimensional model of the divertor scrape-off layer.
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Fig.8 Density scale length A = [d &2 n/dx] ™ in the scrape-off layer for typical densities and
temperatures.
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Fig.9 Exhaust (£y) and screening (&) efficiencies for oxygen and iron impurities as a function of the
scrape-off layer density.
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