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ABSTRACT
Tokamak Plasma Interaction with Limiters
C S Pitcher - University of Toronto,
Institute for Aerospace Studies, Canada.
Present address - JET/Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK.

The importance of plasma purity is first discussed in terms of
the general requirements of controlled thermonuclear fusion. The
tokamak approach to fusion and its inherent problem of plasma
contamination are introduced. A main source of impurities is due to
the bombardment of the limiter by energetic particles and thus the
three main aspects of the plasma-limiter interaction are reviewed,
boundary plasma conditions, fuelling/recycling and impurity
production. The experiments, carried out on the DITE tokamak at
Culham Laboratory, UK, investigated these three topics and the
results are compared with predicted behaviour; new physical phenomena
are presented in all three areas.
Simple one-dimensional fluid equations are found to adequately
describe the SOL plasma, except in regard to the pre-sheath electric
field and ambipolarity; thac is, the electric field adjacent to the
limiter surface appears to be weak and the associated plasma flow can
be non-ambipolar. Recycling of fuel particles from Che limiter is
observed to be near unity at all times. The break-up behaviour of
recycled and gas puffed D 2 molecules is dependent on the electron
temperature, as expected. Impurity production at the limiter is
dominated by fuel species physical sputtering, with deuterium
chemical erosion of graphite being negligible. Deposition of limiter
and wall-produced impurities is found on the limiter. The spatial
distributions of impurities released from the limiter are observed
and are in good agreement with a sputtered atom transport code.
Finally, preliminary experiments on the transport of impurity ions
along field lines away from the limiter have been performed and
compared with simple analytic theory. The results suggest that the
pre-sheath electric field in the SOL is much weaker than the simple
fluid model would predict.
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1.

INTRODUCTION

Energy is one of the most basic commodities required by mankind.
All aspects of man's material existence depend in some way on a ready
supply of controllable energy.

It is, in fact, the rapid growth of

energy resources over the last two centuries that has made possible
the present high standard of living enjoyed in most industrialised
countries.

The continued growth of energy supplies is essential if

the quality of life is to be further improved.

Moreover, it is often

the shortage of a particular resource that is the cause of conflicts
and thus continued energy supplies are essential if political
stability is to be maintained.

Unfortunately, all of the presently

developed energy sources have disadvantages associated with their
use; for example, oil and gas reserves are relatively small, solar
power is restricted to cloudless regions, etc.

In the future, some

alternative to the present sources needs to be found.

The energy produced in nuclear fusion reactions involving light
elements offers one of the most promising long term source of energy
for mankind.

It is potentially safe and essentially unlimited.

Unfortunately, controlled fusion is extremely difficult to achieve
and, at the present, experiments world-wide have not yet shown that a
commercial reactor is feasible, although great strides have been made
in recent years.

The problem basically lies in heating the reactants

to extremely high temperature (> 10 8 K) and confining them so that a
significant number of energy releasing reactions take place.

The

most favoured type of fusion reactor is the "tokamak", which uses an
electric current to heat the fuel and a magnetic field to confine it.
Unfortunately, the confinement is not perfect and energetic particles
and photons are released from the hot fuel (plasma) and strike the
internal structure of the tokamak, causing the release of impurities.
It is the contamination of present-day tokamak plasmas by these
impurities that represents a major obstacle in achieving thermonuclear conditions.

This thesis deals with problems of plasma interaction with the
material surfaces of the tokamak.

Plasma contact is localised at the

structure that defines the boundary, eg, the limiter, and thus the

- 1-

important aspects of the limiter/plasma interaction are discussed.
After reviewing the basic principles of thermonuclear fusion and
tokaraak operation (Chapters 2 and 3 ) , three chapters (Chapters 4, 5
and 6) discuss what is presently known of the three main areas of the
limiter/plasma interaction.

First, in Chapter 4, simple models of

the plasma that is in contact with the limiter (eg, the boundary
plasma) are reviewed.

Second, in Chapter 5 the "recycling" behaviour

of fuel particles that return to the plasma after striking the
surface is summarised.

Third, in Chapter 6, we review the mechanisms

by which impurities are released by the interaction.

In Chapter 7

details of the experimental programme carried out on the DITE tokamak
at Culham Laboratory, UK, are given.

The next three chapters

(Chapters 8, 9 and 10) discuss experiments that attempt to
investigate the topics reviewed in Chapters 4, 5 and 6, respectively;
these are, Boundary Plasma Conditions (Chapter 8 ) , Recycling and
Fuelling Experiments (Chapter 9) and Impurity Production, Transport
and Redeposition (Chapter 10). Where possible, experimental
observations are compared against expected behaviour; however, in
many cases, new phenomena have been discovered.

In these cases new

models have been suggested and then tested against observation.

- 2 -

2.

THERMONUCLEAR FUSION

Nuclear fusion reactions involving light elements result in the
formation of heavier nuclei and the release of considerable energy.
The most favoured reaction, because of its high cross-section and
energy released, is the fusion of deuterium (D) and tritium (T)
nuclei to form energetic alpha particles and neutrons, eg,

D +• T -» '•He (3.5 MeV) + n (14.1 MeV)

Because of the Coulomb repulsion between similarly charged nuclei the
reaction cross-section increases sharply with the relative velocities
of the reactants and becomes appreciable (a ~ 1O~ 2 7 m 2 ) only at
velocities ~ 3 x 10^ ra/s; with a stationary T target this corresponds
J

to a D impact energy of ~ 100 keV-

.

An efficient way of

achieving a high density of reactions is to heat equal quantities of
D and T in a high temperature plasma, hence the name thermonuclear
fusion.

If temperature is measured in keV (1 keV » 107 K ) , then the

reaction rate averaged over a Maxwellian distribution of velocities
<ov>

becomes appreciable at ~ 20 keV, significantly less than the

peak cross-section energy.

This is due to contributions from ions in

!

the high-energy ta; .l of the Maxwellian distribution.

Thus, of order

100 keV energy is invested and this produces ~ 18 MeV in return.

2.1

Lawson Criterion

In any form of steady state thermonuclear fusion reactor the
power losses (P.) must be at least equal to the input power (P_) and
Li

J_

the fusion self-heating power (P ) .

The power balance per unit

volume is then
P

L =

P

I

+

P

(2a
a

"L>

The power losses can be split into two terms, due to particles and
radiation, eg,

- 3 -

P

- K(n kT +
e e
^

=

y
5

n kT ;)
z z
+R

(2.1-2)

where the first term represents power losses other than radiation
(conduction, convection, etc), characterized by an energy confinement
time T „ .

For a pure DT plasma the radiation losses R

are dominated

by bremmstrahlung

R
r

= y, n n. (kT )
'b e l
e

3

(2.1-3)

where y

is a constant and n = 2n = 2n . Since a 14.1 MeV neutron
b
i
D
T
will escape unhindered from the plasma, the fusion self-heating power
P consists of only the alpha power
a
P a = n D n T <av> D T ^

(2.1-4)

where e is the alpha product energy (3.5 MeV).
a
If the power leaving the plasma is converted into useful power
with an efficiency E, then the condition for energy break-even is
?,? !

P
T

-

Substitution of equations 1, 2, 3 and 4 into this

condition gives

m >

(2.1-5)

where n = n.= n

and T - T. = T . The right-hand side of this
e
I
e
condition is a function of temperature only. If we choose E, = 1/3,
I

[2.2l
J

as Lawson didL

, then the right-hand side has a minimum value of

6 x 1 0 1 9 tn~3s at temperatures of 20-30 keV.

The Lawson criterion for

energy break-even is thus

n-t

>_ 6 x 1 0 1 9 m" 3 s

- 4 -

(2.1-6)

2.2

Ignition Criterion

If sufficient alpha power is produced then the external power
input to the plasma is not necessary and the heat losses are balanced

r 2. ii
by fusion power, the plasma is said to "ignite"1condition is P
P

>_ P .

'J .

The ignition

Substituting the above expressions for

P

and

yields
L

nx

>_

5M

(2.2-1)

Again, the right-hand side is only a function of temperature with a
minimum value at T = 20-30 keV giving the ignition criterion

nx

for a pure D-T plasma.

>_ 1.5 x 1 0 2 0 m-3 s

(2.2-2)

Note that the ignition criterion is a factor

of 2.5 more stringent than the Lawson criterion.

2.3

Effect of Impurities on the Ignition Criterion

As discussed in the next chapter, it is virtually impossible to
keep impurities out of magnetic fusion plasmas.

Impurities have a

number of deleterious effects, the most obvious of which is the
effect on the ignition criterion.

In the presence of impurities the radiation term R

must be

rewritten to include impurity radiation,

R = Y n n L + n n L
r ^z e z z e i D T
where L

and L

are the impurity and hydrogenlc power emission rates

per free electron.
already given.

(2.3-1)

L

is essentially the bremmstrahlung power

In the case of impurities a number of other forms of

radiation must be taken into account, making L

many orders of

magnitude larger than L . L has been calculated by Jensen et
z
[9.3]
al
for a number of common impurities in fusion plasmas assuming
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\0
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^

1

i

1

10

100

Te (keV)
Fig.

2.3-L

Comparison of power emission rates per free electron L
for a number of impurities showing the increase with

coronal equilibrium and an "average-ion" model (fig- 2.3-1).
Comparing these curves with the value L

(20 keV) ~ 3 x 1 0 ~ 3 6 Wm3

one can see that even a very small impurity fraction drastically
increases the radiation.

The situation gets much worse for

impurities of higher Z-

Fo..• simplicity, if we assume that there is no conduction/
convection Losses (x

= °°) then an upper limit on the permissible

level of contamination for ignition can be calculated.

The fusion

self-heating power must be greater than the radiated power, eg,

- 6-

— <av> _ e > n n L
,
D T a - e z z

+ n n . L
e i D T

(2.3-2)

where
n

= Z n + n.

e

z

(2.3-3)

l

and Z is the average charge state of the impurity, a function of
temperature.

Impurities not only increase the radiated power but

they also decrease the D-T fuel density n. by dilution (eq.(2.3-3))
and therefore the fusion power, making ignition yet more difficult.
Equations (2) and (3) may be rearranged to give the ignition
criterion with Impurities

f

=

< f
(T)
— max

z

(2.3-4)

This has been plotted in fig. 2.3-2 for a number of impuritiesThe maximum permitted concentration increases with temperature and
decreases with atomic number Z.

10
12
Te = T, (keV)

Fig.

14

16

18

20

2.3-2 Maximum allowed impurity concentration for ignition as a
function of plasma temperature, assuming zero
\-> 4 ]
non-radiative losses'-" J .

- 7- \

-.

3.

TOKAMAK APPROACH TO FUSION

Of the various approaches to controlled fusion, both magnetic
and inertial confinement, it is the tokamak that has come closest to
thermonuclear conditions.
chamber magnetic".

Tokamak. is a Russian acronym for "toroidal

After the initial success with the Russian

tokamak T-3 in the mid-1960s a large number of tokamaks were built
around the world.

Research has continued worldwide with machines

becoming bigger and performance improving until the present time
where there are now four large tokamaks:

JET in Europe, TFTR in the

United States, T-15 in the Soviet Union and JT-60 in Japan.

These

tokamaks are on the brink of achieving thermonuclear conditions.

3.1

Basic Tokamak Operation

The basic features of the tokamak are best illustrated with
fig. 3.1-1 with an appropriate coordinate system shown in fig. 3.1-2.
The plasma "column" is toroidal with its dimensions determined by a
set of discrete solenoidal magnets-

The resulting toroidal magnetic

field (B ) is not by itself sufficient to give stability and a
smaller poloidal magnetic field (B ) must be applied. This is
P
produced by a toroidal current that is induced in the plasma by
transformer action.

The primary winding, which is typically wound on

an iron core, changes the magnetic flux that links with the toroidal
plasma.

The resulting toroidal electric field drives the plasma

current, thus producing the poloidal magnetic field.
also serves to resistively heat the plasma.

The current

Since the magnetic flux

through the core cannot increase indefinitely the tokamak is
inherently a pulsed device.

On the DITE machine the pulse length is

~ 0.6 s whilst on JET ~ 20 s has been achieved.

The addition of the toroidal and poloidal fields produces a
helically shaped field structure.

Without the poloidal field, the

1/R dependence of the toroidal field (R is the major radius) would
cause a B

x vB

charge separation between the top and bottom of the

plasma (see fig. 3.1-3).

The resulting electric field would cause an
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Coils wound around torus to
produce toroidal magnetic f\eid

Transformer
• winding

primary circuit)

Plasma current
(secondary circuit)

iron transformer core
Plasma panicles
contained by
magnetic field

Fig.

E

x 3

3.1-1

Schematic diagram of a Cokamak1.[3.1]

drift, driving the plasma in the direction of increasing R.

The helical structure gives stability by shorting out charge
imbalances.

The amount of twist is specified by the safety factor q,

the number of toroidal circuits a field line must take before it
makes one poloidal circuit.

For circular cross-section plasmas q is

approximately only a function of the plasma minor radius r

B
q ~= r t
R B

(3.1-1)

Normally q is greater than 1 for stable tokamak operation, except for
short times on the discharge axis.

In addition to the strong

toroidal and weaker poloidal fields a yet smaller vertical field is
applied using external toroidal windings to counteract the tendency
of the (toroidal) current ring to expand horizontally.
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TOROIDAL
SURFACE

Fig.

Fig.

3.1-2

3.1-3

MAGNETIC
AXIS

The toroidal geometry and coordinace system.

Vertical particle drift motion and electric field (E )
in a purely toroidal magnetic field.
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Since plasma resistivity decreases as T ~ 2 / 3 , "Ohmic" heating
becomes inefficient at temperatures required for thermonuclear
conditions, thus many machines have additional heating systems such
as neutral beam and radio-frequency injection.

3.2

Torus Design

Future commercial tokamak reactors will be very complicated
machines requiring superconducting coils, breeding blankets (to
produce tritium), neutron shielding, etc.

The basic tokamak of

today's experiments is very much simpler requiring mainly a metal
vacuum chamber (torus) and suitable windings.

Since the elimination

of impurities is of critical importance in torus design ultra-high
vacuum techniques are employed; the chamber walls are normally made
from non-magnetic stainless steel and turbo-molecular pumping is
used.

Since particle confinement is not perfect, plasma ions diffuse

across field lines and strike the torus.

To control the point of

contact, limiters or divertors are used.

Since experiments reported

in this thesis were performed in limiter discharges in the DITE
tokamak, divertors will not be considered.
DITE-like torus appears in fig. 3.1-4.

A schematic diagram of a

In this case the plasma is

separated from the torus wall so that the point of first contact is
STAINLESS STEEL
TORUS

GRAPHITE
FULL
POLOIDAL
RING

LIMITER

SOL

Fig.

3.1.4

Schematic diagram of a s i m p l e , DITE-like c o r u s .
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the complete poloidal ring liraiter.

The interaction results in

limiter erosion and subsequent plasma contamination.

To minimize the

effect of the impurities on the plasma low-Z materials, especially
graphite, are in common use for limiters in today's tokamaks.
Limiters are designed to be robust in terms of thermal inertia and
shock resistance since they must bear the plasma heat load as well as
protect the wall from intense localised heating from plasma
disruptions and high energy electrons.

Although charged particle

contact with the wall is minimal, the wall is bombarded by energetic
neutrals and photons.

These also release impurities.

In addition to the harmful effects already mentioned, eg,
radiation cooling and dilution, impurities also play a role in the
maximum attainable plasma density.

Again the effect is due to

radiation cooling but in this case the cooling takes place in the
F 3 «21
plasma periphery rather than in the core " . This cooling shrinks
the plasma current channel, making the discharge unstable, causing
the plasma to "disrupt".

During a density-limit disruption the

entire energy content of the plasma is deposited onto a small area on
the limiter in a period of < 100 is.

4.

SIMPLE BOUNDARY PLASMA MODELS

In the global balance of power and particles in tokamaks the
limiter plays an important role.

Of the power that is added to the

discharge centre by Ohmic, neutral beam, and RF heating, that
fraction that is not radiated is conducted or convected across field
lines to the limiter.

The power is deposited mainly in the form of

energetic ions and electrons with the ions being neutralised upon
impact and the electrons absorbed.

The limiter thus acts as a sink

for both power and charged particles.

The radiated power, which by

convention normally includes both photons and charge exchange
neutrals (CXN's), is spread more or less uniformly on the torus
walls.

Fuel particles, that are re-emitted from the limiter and

wall, return to the plasma, become ionised and thus refuel the
discharge; fuel recycling is considered in the next chapter.

A general feature present whenever a plasma is in contact with
an electrically isolated body, is the development of the plasma
sheath at the plasma-material interface.
flux s n c

Since the electron random

is very much greater than the ion flux, charge

conservation requires a negative potential (with respect to the
plasma potential) on the body to repel electrons.

This voltage $

typically several kT /e and occurs across the sheath.

is

The sheath

thickness is of the order of the Debye length

kT ii
(4-1)

which is normally very small, tens of microns for typical tokamak
edge conditions.

In contrast with plasmas, the sheath region is not

quasi-neutral, but has a net positive charge that shields the plasma
from the negative charge on the body.

Since particle confinement in tokamaks is imperfect plasma
"diffuses" from the confined plasma region (closed field lines)
across field lines into the scrape-off layer (SOL).

The SOL is

defined as that region of the plasma that exists on open field lines,
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eg, field lines Chat intersect the limiter (see fig. 4-1).

Within

the SOL the transport along field lines Co the sink (neutralisation
at the liraiter) is very fast compared to the cross-field source
(confined plasma), thus the radial extent of the plasma in the SOL
(\ ) is very much less than the toroidal connection length (2L).
DITE \

In

is typically 1-3 cm while 2L is approximately the major

circumference 2TC R

~ 7 m.

Energy transport is likewise slow across

field lines and fast along them, typically giving values of \ , the
radial decay length of the temperature, slightly larger than \ .

\
\
/ /J
V ' ; / A
\

\

\

\

x

UMITERJ"

WALL

\

\ \

\

SOL

1

CONFINED

PLASMA

MAGNETIC
AXIS

Fig.

4-1

Schematic diagram showing the scrape-off layer and its
relation to the confined plasma.

4.1

Simple Toroidal Model

The large difference in transport rates allows separation into
two one-dimensional problems.

The parallel transport is only

affected by the magnetic field in that the field determines the
source strength (S(x) ion pairs/m 3 /s) in the SOL due to cross-field
transport from the confined plasma.
tubes are assumed.

Constant area magnetic flux

The simple 1-D parallel plasma model outlined

[ 4.11
J

here follows Stangeby1

, where ion fluid equations have been used

to determine the flow velocity v, density n, potential $, etc, in the
SOL.

The fluid equations are valid when the ion mean free path for

self collisions X... is much less than 2L, the connection length.
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In

DITE this condition is satisfied in only some cases but more
generally, the flow is transitional, \.. ~ 2L.
case

L

"

J

But as often is the

in flow problems a collisional approach gives reasonable

accuracy even when collisionless theory may be more appropriate.

If we assume steady state conditions then particle continuity
gives

whert we have taken n = n

V.(nv) = S

(4.1-1)

— (nv) = S
dx

(4.1-2)

= Zn , a pure plasma with ion charge Z.

J
• is
• L [2.1]
The ion momentum equation

m. n.

(V.T")

^
v = Ze n. (E + v x B) - 7 p.

m. S v
(4.1-3)

where E, the electric field, and v, the plasma flow velocity, are
both parallel to B; p. is the ion pressure tensor, here assumed to be
scalar.

The last term in eq.(3) accounts for the loss of momentum in

the flow due to the addition of new ions by the source term S.
Assuming one-dimensional geometry, this becomes
dp
dv

m. n. v — = Zen.E
1
X
x
dx

i

dx

m

i

S

v

(4.1-4)
Z

The electron momentum equation would be identical to eq.(4),
replacing the subscript i with e, but in this case one can neglect
the left-hand side and the last term on the right-hand side owing to
the smallness of m , thus giving
dp

enE =•

e

dx
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(4.1-5)

We assume Chat T

is constant along the magnetic field line (we will

come back to justify this in Chapter 8 ) , and given that p

=» nkT

and

E * - d$/dx then eq.(5) becomes with some rearrangement

Boltzmann relation:

n = n e
o

e$/kT

e

(4.1-6)

where n

is the density at the reference point ($ = 0 ) , taken to be
o
the symmetry point (x = 0 in fig. 4-1). Since the electrons are

confined at both ends of the SOL by a repelling limiter, we can think
of the electrons as sitting in a potential well with their density
(and therefore the ion density) given by the potential $ through the
Boltzraann relation.
Returning to the ion momentum equation, if we replace E using
the Boltzmann relation and assume that the ion flow is also
isothermal, T. = constant with p. = n.kT., then eq.(4) becomes

dv
v — =

c

v

, . , ,,,
(4.1-7)

= (k(T. + ZT )/m ) *

(4.1-8)

dx
where c

2

s

dn

S

n

dx

n

is the ion acoustic speed,
c

If we replace —

in eq.(7) using the particle continuity equation

(eq.(2)) then the momentum equation becomes
dM

S

1 + M2

dx

nc

1 - M2

(4.1-9)

s
where M is the flow Mach number, M = v/c . Assuming that the flow in
the SOL is subsonic (|M| < 1) then from symmetry arguments M(0) = 0,
and -T— > 0 since S/nc

is inherently positive.
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4.1.1

Bohm Criterion
Something peculiar happens as M * ± 1 (from M = 0 ) ; eq.(9)

"blows up" to dM/dx + + ».

This in fact corresponds to the formation

of the sheath at the plasma-limiter interface1 * J . Thus the ions
are accelerated throughout the SOL, the fluid velocity rises from
zero at the symmetry point towards the ion acoustic speed at the
sheath edge.

At the sheath the acceleration becomes very large as

the ions experience the strong electric field in the sheath
(E s,
, ~ $ s/\ D ) and the K
plasma
quasi-neutrality
heath
M
J condition breaks
down.

These results using a plasma approach place a limit on velocity
of the ions entering the sheath,

vie
s
Bohm in

U.3l
1949

in an analysis of the sheath reasoned that the ions

should enter with at least the ion acoustic speed,

v > c

s

From these we can conclude that the velocity of the ions entering the
sheath is identically the ion acoustic speed c ; this has been termed
the Bohm criterion.

The Bohm criterion has been generalised by a number of authors
to include such things as collisions, arbitrary ion velocity
distributions, etc (see review by Stangeby'- * *).

The condition on

the distribution f.(v ) of ion velocities entering the sheath
1.

X

becomes
• f. (v ) dv
m.
/ -^-*
*~=^
o
v2
ZkT
x
e

(4.1-10)

In the case of monoenergetic ions (ie, T. = 0) eq.(10) reduces to
v = c , the result obtained above by the simple Bohm criterion.
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4.1.2

Conditions at the Sheath Edge

To determine the dependencies of M, n and $ on x requires S(x)
to be specified so that eq.(9) can be integrated.

This has been done

in Chapter 8 (8.6.2) for two different assumed source functions.
However, simple manipulation of eqs.(2)-(9) can give n and <J> as
functions of the fluid Mach number without assuming a source
function, eg,

1 + M2

n
o

+ M

2)

(4.1-12)

kT
e
Since the Bohm criterion requires M = 1 at the sheath edge, eqs.(ll)
and (12) give the following simple results:

n* = | n

(4.1-13)
o

kT
<5* = - Zn2 — - »

kT
- 0.69 — -

(4.1-14)

where "*", as in gas dynamics, denotes the sonic conditions at the
sheath edge.

The approximate shape of M(x), n(x) and $(x) are

sketched in fig. 4.1-1.

Within the plasma region, also known as the

pre-sheath, the flow accelerates from stationary at the symmetry
point (x = 0) to sonic at the sheath, the density drops by a factor
of 2, and the ions fall through the (pre-sheath) potential drop
kT
» - 0-69 — - .
e
4.1.3

Sheath Particle Transmission

The ions that enter the sheath fall through the (sheath)
potential $

and are neutralised on the surface, while the electrons

in the sheath find themselves within a retarding potential field.

By

equating the ion and electron fluxes it is possible to determine <£ .
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2L
PLASMA

LLJ

" P R E - SHEATH"
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o
c

a*

Fig.

4.1-1

Sketch of the spatial variation of the Mach number (M),
density (n), and potential (*) within the SOL.
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f4.llJ ,

Although the ion distribution function is far from MaxwellianL

the electron distribution within the sheath, at least towards the
surface, is to a good approximation, Maxwellian.

Thus the primary

electron flux density to the surface using the Boltzmann relation
(eq.(6)) is

r

= 7- n* c exp (e $ /kT )
4
e
s
e

e

and the net electron flux F

ne t

(4.1-15)

is simply (1 - y ) F , where y (T )

takes into account secondary electron emission due to primary impact
and includes both reflection y
emission y

and electron-induced secondary

; electron emission due to ion impact and other processes
se

r 4.11

have been neglected1

J

.

The ion flux density is simply

F. = n* c
i

i

=
s

1 n
2

c

(4.1-16)

s

z

CIS C

Equating T

ith ZF. and solving for the sheath potential yields

_
kT

e

2

m.

I

T

For example, in a deuterium plasma with y
have the result 5

s

}

e
= 0 and T./T

=1

then we

~ - 2.8 kT /e, close to the value - 3 kT /e which
e '
e

is often used in plasma edge modelling.
where T.is larger than T

Note, however, in cases

or where secondary electron emission is

significant |e $ /kT | can be significantly less than 3.

This can

strongly affect the rate of impurity production (sputtering and
arcing), as well as, the power incident on the surface.
4.1.4

Sheath Power Transmission

Despite being "trapped" in a potential well between limiter
faces, considerable power is removed from the electron gas by the
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sheath.

At the sheath edge, as noted earlier, the electron

distribution function is Maxwellian and thus the average energy per
electron carried across the sheath edge is 2 kT .

In addition to

this energy, each electron absorbed by the surface drains an energy
of - e $

+ ln(2) kT from the electron distribution. Neglecting the
s
e
pre-sheath contribution, the power density removed from the electrons
is thus

Q

e

= (2 M

e

- e$ )r + e$ y
s

e

s

se

r

(4.1-18)

e

- (2 kT R
- e $ y )F
e eE
s 'r
e
where the second and third terras are the powers injected back into
the electrons by electron-induced secondary electron emission and
electron reflection, respectively.

In the case of electron—induced

secondary emission, the energy of the emitted electrons (~ few eV) is
neglected, while the average energy of reflected electrons is reduced
by R p (T ) , the electron energy reflection coefficient.
sheath transmission factor 6

is defined as 6
e

The electron

= 0 /kT ZT. and thus
e
e
e
l

eq.(18) reduces to
2 (1 - R
6

=
e

)

e$

—
1 - Y
'e

(4.1-19)
kT

e

where v = Y + Y •
'e
se
r
The form of the ion distribution function at the sheath edge is
much less certain than for the electrons.

The fluid model used in

the foregoing would suggest the distribution to be a drifting
Maxwellian at temperature T. and drift speed c . This is obviously
unphysical since no ions should have velocities moving away from the
body with the sheath collisionless and the surface a perfect
neutraliser for ions.

In fact, in the collisional case the

distribution changes from approximately a Maxwellian distribution a
few mean free paths \.. away from the sheath to a peaked distribution
with no ions moving away from the surface and with an average speed
~ c

at the sheath edge.

For the case where the ions are
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collisionless throughout the SOL Emmert et aV- ' * have shown that
the distribution is approximately a half Maxwellian (towards the
surface) with a temperature equal to that at which they were born (in
the SOL) •

StangebyL

* -I has therefore argued that the power removed

from the ions is approximately

Q± = 2 kl\ r t

(4.1-20)

and thus the ion sheath power transmission factor is
Q.
6

=
kT

e

2
= Z T.
Z

T.
—
T
e

I

The total sheath transmission factor is simply 6 = 6

(4.1-21)

+6..

The electron and ion transmission factors give power densities
for electrons and ions at the sheath edge.

These are modified by the

sheath so that the power incident on the surface has a higher
proportion incident in the form of ions.

The ions, already having

their thermal energy 2 kT., acquire, at the expense of the electrons,
an energy of |Z e $ | by falling through the sheath potential. -Of
s
the incident ion power on the surface only a fraction 1-R._
deposited.

is

The power densities (P , P.) actually absorbed by the

surface thus become

P
Q

= 2 kT

r
6

( 1 - R
6

)

(4.1-22)

CCJ

P i = (2 kT i - Z e * s ) I\ (1 - R i E )

The ion energy reflection coefficient R

(4.1-23)

accounts for the energy
X 111

carried away from the surface by ions reflected as atoms.

In

addition, a number of further refinements can be made; these include,
the energies associated with the recombination of ions and atoms (to
form molecules), energetic photon and atom bombardment, etc.

All of

these represent second-order corrections to eqs.(22) and (23), except
in very low temperature plasmas (T

< 5 e V ) , and are therefore not

normally considered.
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4.1.5

Comparison with Collisionless Theory and Experiment

The foregoing fluid analysis assumes that the ion flow in the
SOL is collisional, \.. << 2L, while the situation in the DITE SOL is
normally borderline, eg, X.. ~ 2L.

An estimate of the error involved

in using these simple fluid results can be obtained by comparing with
Emmert et al'- ' \

who have done a full kinetic solution for the

collisionless, finite T. case.

Stangeby'-

" •" has made such a

comparison and concludes that to first order the fluid expressions
given in this section agree with the collisionless results in all but
the spatial variation of the pre-sheath potential drop.

However,

this discrepancy is related, not to collisionality, but to the
assumed nature of the particle source in the SOL.

If particles are

assumed to be "born" in the flow with zero initial velocity, as in
our simple fluid model, then a very high electric field near the
surface is required to raise their velocity at the sheath edge to the
ion acoustic speed.

In the Emmert et al case, the "birth" velocities

are directed towards the surface and thus a slowly varying potential
over the entire pre-sheath is predicted; that is, E ~
~ k.T /eL.

constant

In contrast, the simple fluid model predicts that E

becomes very large on approaching the sheath, eg, as M •*• 1 then
E + <*>.

The presence of a strong electric field within the pre-sheath

may influence the transport of impurities near the limiter.

In

Chapter 10 (10.6) we present experimental results that suggest that
the simple fluid model fails us on the question of the pre-sheath
electric field and that the situation is probably better described by
the results of Emmert et al.

Other predictions of the fluid model,

for example, the Mach number and density variation, are in much
better agreement with experiment as demonstrated in Chapter 8 (8.6).

4.2

Simple Radial Model

Since the transport of particles and energy along field lines is
very much faster than across, we can make the simplification that at
a given radius the plasma conditions n, T, etc. are approximately
constant.

This is well justified in the cases of T
e
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and T..
l

The

density on the other hand varies by a factor of 2 along the field
lines from the symmetry point to the sheath edge; however, as will be
shown in Chapter 8 (8.6.2) the density variation mainly takes place
close to the limiter and throughout most of the pre-sheath n ~ n ,
the density at the symmetry point.

4.2.1

Density e-folding Distance \

We consider an elemental plasma flux tube in the SOL which is
terminated at each end by a limiter.

Neglecting ionisation sources,

the flux tube is supplied with particles by an ambipolar cross-field
flux

r

= - D

—
dr

(4.2-1)

where D. is the anomalous cross-field diffusion coefficient'- * * .
The particle balance equates the divergence of the cross-field flux
with the loss to the sheath

— [D, — ] = ^ n
l

dr

dr

(4.2-2)

2L

It is normally found in the SOL that T

and T. fall more slowly than

n with minor radius, thus, without incurring large error we
approximate <c (r) ~ constant.
then we have S

If we assume that D. is also constant
X

^T=^-n
dr 2
X 2
n

(4-2-3)

2D L k

Xn = [——]
c
n = n(a) e
where \

n

(4.2-4)

s

V

"

n

(4.2-5)

is the density e-folding distance, and n(a) is the density
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ac the separatrix (or the limiter leading edge radius r = a ) .
Generally, probe measurements give exponential density decays in the
SOL, thus justifying the assumption of a constant value for D .

4.2.2

Temperature e-folding Distances K

The temperature e-folding distance X

for electrons and ions can

be calculated by considering the power balance within the elemental
flux tube.

Power is supplied by cross-field heat conduction and

energy convection.

We neglect inelastic energy losses such as

radiation and CXN's, as well as energy transfer between ions and
electrons.

In the case of electrons the cross-field power flux

density is thus

Q, e = - K
1

L

— (kT ) - i (kT ) D —
e
L
dr
2
dr

(4.2-6)

where K , the cross-field heat conductivity, equals n%. and -v
anomalous cross-field electron heat conduction coefficient.
5/2 kT

is the

The

coefficient for the convection term represents the enthalpy

per diffusing electron; eg, the thermal energy (3/2 kT ) plus the
pressure energy (kT ) . The power loss rate through the sheath is
given by eq.(4.1-19).

Thus the electron power balance is
d QQ

D
l
le
l
— = - 6 (kT ) n - ± e
e
dr
\Q2

.

(4.2-7)

which becomes
d2T
- —
x

D
dT
(1 + - —) —
1 %L
dr

D
(6
^

e
Xj

- -) T
e
2

=0

(4.2-8)

where we have replaced density terms (or their derivatives) using
eq.(5) and assumed ^. J-s constant.

Since 6

is normally a weak

function of T , eq.(8) has the solution

T g = T (a) e~ ( r "
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a)/X

T

(4.2-9)

where X_ is given by

(4.2-10)

I + —
5/2

Using eq.(10), \^/\

has been plotted against X,/ D ,

in

fi

S ' 4.2-1

for

different values of the electron sheath power transmission factor 6 .
Since Stangeby [4.5]has used 2 kT

for the convected cross-field

energy per electron his expression differs only in the 5/2 term which
if replaced with 2 gives the same result.

Experimental profiles of

T

in the SOL generally give an exponential decay with minor radius,
e
thus justifying the assumption x, ~ constant and typically, \ T ~ (1
to 3) \ • For reasonable values of 5 ~ 10 the anomalous transport
n
e
coefficients are thus found to vary by X./Di ~ (2 to 1 5 ) .
e

5
U

_\?_

- A

=5

3
2
= 15
i

0

Fig.

4.2-1

10

15

20

The racio of electron temperature e-folding distance X,.
to density e-folding distrance \

as a function of the

ratio of the anomalous cross-field coefficients for
electron heat conduction x.

diffusion D

different values of the electron sheath power
transmission factor 5 •

- 28 -

for

In the case of ions an equation similar to eq.(6) can be written
for the cross-field power flux. Neglecting ion thermal
I" 4 J5]
conduction1
, the ion power balance in the flux tube equates the
divergence of the cross-field convected power flux with the parallel
convection to the sheath given by the ion sheath transmission factor

4- [^ (kT.) D. ^ ] = 2 (kT.) D. - 2 x
dr2
-""dr
X. 2
n
d (kT.)
kT.
— = —dr
5\
n

giving

(4.2-11)

(4.2-12)

and the startling result that T. increases with r in the SOL. This
is simply due to the assumptions that ions cross field lines carrying
5/2 kT. per particle and exhaust only 2 kT. per particle at the
sheath.

Actually, the rate of increase of T. with r is very small

(e-folding distance = 5 \ ) and since the SOL decays away over a
distance ~ \

we can approximate \

~ »; that is, the ion temperature

is approximately constant in the SOL. In the few attempts to measure
the ion temperature in the SOL'- "

"

•* the general finding is that

T. is nearly flat or decreases slightly with minor radius r.

5.

FUEL RECYCLING
In present-day tokainaks the discharge duration is typically much

longer than the global or average particle confinement time T •

The

average fuel particle must then leave (to the limiter and walls) and
re-enter the plasma many times over the course of one discharge; this
process is termed "recycling".

Recycling plays a crucial role in the

operation of tokamaks since it determines the boundary conditions for
fuel in the discharge centre.

In addition, the recycling of

particles off limiters and walls determines the rate of impurity
production.

The flux density of fuel ions striking the limiter is typically
~ 10*9 ions/cm^ s, assuming the limiter surface is normal to B,
an energy of ~ 100 eV.

at

The limiter (leading edge) to wall separation

in DITE, as in most tokamaks, is several density e-folding distances
(X. ) and thus effectively screens the wall from ion impact.
n

On

impacting the limiter surface the ion can either be backscattered
(reflected with probability R ) or trapped in the surface at a depth
~ 20 A.

The vast majority of backscattered particles (~ 9 5 % ) , on

leaving the surface, pick up an electron to become neutral with a
significant fraction of the incident kinetic energy being retained.

/\
\
\
H

H,H,

H
— -

Fig-

5-L

ENERGETIC
BACKSCATTERED
DESORBED

Recycling of hydrogenic fuel from limiter and walls.
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Trapped atoms migrate to the liraiter surface where, in the case of
hydrogenic bombardment, they recorabine to form molecules and
thermally desorb-

Molecules, as well as atoms, can also be desorbed

by incident ions, atoms, electrons and photons'- ' •* .

The plasma is

thus fuelled with neutrals due to recycling on the limiter.

Other

sources of neutrals include gas puffing and neutral beam injection.
The situation is sketched in fig. 5-1.

Neutral atoms and molecules can undergo a variety of reactions
within the plasma, ionisation, dissociation, etc.

Hydrogenic

molecules entering the edge plasma typically travel ~ 1 cm before
being dissociated.

The resulting break-up atoms are born with a

spectrum of energies ranging from 0.3 to 10 eV1- ' J .

These either

return to the limiter (or wall) or penetrate across field lines into
the discharge where they can undergo resonant charge exchange with
hotter ions, eg,

i& + H° * H° + H+
Repeated charge exchange can carry atoms throughout the entire
plasma, producing energetic atoms with energies ranging from T. ~
10 eV in the SOL to T. > 1 keV in the discharge centre.

As a result,

limiters and walls are bombarded with atoms from break-up produces
and CXN's with energies covering the entire range between 0.3 to
> 1000 eV.

Neutrals incident on the wall, as in the case with ions

on the limiter, may be reflected or trapped and thus will also
recycle back to the plasma.

In the further sections of this chapter we shall review the
current understanding of the various processes involved in fuel
recycling.

Since DITE is a machine with graphite limiters and

stainless steel walls we shall restrict the discussion to these two
materials.

Also, since the exper.ments reported here were carried

out with either D2 or He fuel we shall restrict the interaction to
these two species.

In the case of He the situation is somewhat

simplified since molecular effects need not be considered.
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5.1

Backscattering

On approaching a conducting surface an ion, having an initial
energy E

and angle of incidence a (see fig.

5.1-1), experiences a

slight acceleration due to an image charge induced on the
surface*-

'

•".

Just before entering the surface at a distance

~ 5 A an electron (or two electrons in the case of He"*"1") leaves the
surface and neutralises the impacting ion, thus halting the
acceleration.

Typically, an energy of ~ 1 eV is gained due to the

image charge acceleration.

On entering the surface the atom is

accelerated by the surface (chemical) binding potential E

(~ 1 e V ) .
s

In the case of energetic ions, both the image charge and binding
potential accelerations can be neglected.

In the case of low energy

atoms (< 5 eV) the binding potential can not be neglected.
incident ion
kinetic energy Eo

Fig.

5.1-L

backscatterea particle
kinetic energy E

Backscattering of an ion with i n i t i a l energy E ana
o
angle of incidence a: definition of angles.

Once within the solid the particle undergoes a series of
collisions that transfer energy to the lattice atoms and alters
the flight path.

In addition, the particle loses energy due to

inelastic collisions with the electrons of the solid.

If the path is

sufficiently altered to bring the particle back to the surface then
it will be "reflected" or backscattered at an angle 3 and an
azirauthal rotation $>, depending on the flight history within the
-
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solid.

The average number of particles backscattered per incident

particle is the particle reflection coefficient K^ (E , a ) . For a
given E

and a, a range of backscattered energies E, and angles (3 ,<S>)
O

result.

DS

The R

values of E

value represents an integration over all possible

, S> and <{>. Similarly, the energy reflection
DS

coefficient K- (E , a) gives the average kinetic energy reflected per
c*

O

incident particle as a fraction of E .

Ii: the case of atom

bombardment the average energy deposited E,

is simply (1 - IL,) E ,

but in the case of ions account must be taken of the energy of
neutralisation, eg,
E

where x. i-s

tne

de P =

(1

o+ *i"We

(5a

ionisation potential of the ion and w

electron work function.

"1)

is the surface

For ions impacting the limiter, E

normally :> 50 eV, while x. and w
neglected.

E

" V

is

are < 10 eV, and can thus be

The mean kinetic energy of the back-scattered particles E

may be calculated using,

W
E(E

5.1.1

a) = - * —

E

(5.1-2)

Energy Scaling

Light ion backscattering data in the literature'-

'

^

is

normally given as a function of the reduced energy z = E /E__, where
O Tr
the Thomas-Fermi interaction energy is given in eV by
m*

+

E T F = 30.72

j

ni«

Zj_ Z 2 (Z^/3

+

^2/3)*

(5.1-3)

and nij, m 2 , Z^, Z 2 are the masses and nuclear charges of the incident
particle and target atoms, respectively.

Provided ^

>> m1 , both

experiments and theory indicate that particle and energy reflection
coefficients approximately follow universal curves that are a
function of e only.

This criterion is well satisfied in the cases of

H, D, T or He on stainless steel but is not satisfied for these
particles incident on carbon.
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5.1.2

Backscattering Models

Two types of calculations have been used for backscattering.
higher energies E

At

> 10 eV, Monte Carlo simulations using codes such

as "TRIM", "MARLOWE", etc.^
with beam experiments.

'

* have been used and agree well

Unfortunately, experiments at energies below

50 eV are not possible owing to the difficulties of producing beams
at low energy.

For energies within the range 0.1 - 100 eV, a

classical dynamic approach, the Embedded Atom Method, used by
Baskes*- * '

'

J has produced results that agree with TRIM within

the overlap region.

Recently Eckstein and Biersack"-

"

-* have

extended the TRIM calculations below 10 eV by incorporating a surface
binding energy E and taking into account simultaneous collisions with
s
atoms in the solid.

Reasonable agreement between Baskes and the

modified TRIM code has been obtained down to ~ 0.3 eV.
The TRIM simulation follows an individual particle as it falls
through the surface binding potential, assumed to be perpendicular to
the surface, and enters an amorphous "gas-like" solid of density n^.
At energies above 10 eV only discrete binary collisions need to be

INGOENTi PARTICLES

SURFACE

j-4

CL
LU
Q

O.IkeV H — Ni

REFLECTED PARTICLES
J

2

100 INCIDENT PART
I

O

1

2

j

3

LATERAL SPREAD (NANOMETER)

Fig.

5.1-2

Trajectories of reflected hydrogen within a Ni surface
for normal incidence at E » 100 eV. The t r a j e c t o r i e s
have been calculated with TRIM and are projected in a
plane normal to the surface1•! .
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Particle and energy reflection coefficients,
and the mean relative energy ot reflected
E/E , versus the reduced energy e .

Data points are TRIM

results for H, D, T and He on Ni and Fe.
fitting

Co the data for t ,

and
I 5• j

formulae and the solid lines'-

considered.
n

R ani R^,

particles,

Analytic

R_ are indicated bv the
-.

These collisions cake place at a frequency determined by

and according to an assumed atomic potential.

The trajectory

is

followed until the particle either returns to the surface or comes to
rest within the solid.

An example showing the path taken by 100 test

H atoms impacting Mi at normal incidence at 100 eV is given in
fig.

5.1-2; only the reflected

atoms are shown.

Due to i t s similar

mass and charge the results for stainless steel would be very
similar.

TRIM results^

coefficients

* ^ for the particle and energy

reflection

for H, D, T and He on Fe and Ni at normal incidence

appear in fig.

5.1-3 as a function of the reduced energy z .

As noted

earlier, in these cases n^
same universal curve.
in fig. 5.1-3) R

>:>

m^ and thus the data points fall on the

In the case of D on Ni (see upper energy scale

and R

decrease monotically from 0.7 and 0.5 at

10 eV to 0.3 and 0.15 at 1000 eV, respectively.
behaviour, for R

and R

iN

This general

to decrease with energy, is typical for all

ill

backscattering combinations.

Data below e = 4 x 10~ 3 are not shown

in fig. 5.1-3 because only discrete binary collisions were considered
in these particular calculations.
TRIM results for H incident on C at normal incidence appear in
fig.

5.1-4.

In this case the results are valid below 10 eV since

simultaneous collisions and a surface binding energy (E
been taken into account.

= 1 eV) have

At low energies (E < 2 eV) the surface
o ~

binding potential starts to reduce the amount of H reflection.

This

contrasts with the case of incident He (not shown), where because the
binding energy is very small the reflection coefficient approaches
unity at low energies rather than decreasing.

CC

10'

1
Eo

Fig.

5.1-4

10
102
I N C I D E N T ENERGY (eV)

Particle reflection coefficient R
energy E

10J

versus the incident

for H on C at normal incidence (a » 0 ) ,

assuming a surface binding energy E
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» 1 eV"- *

* .

5.1.3

Effect of Varying the Angle of Incidence a

As the angle of incidence a increases for a given E

the energy

directed normal to the surface decreases as E

cos^ a and one might
o
expect the reflection coefficients R_, and R to scalp with this
F5.121
adjusted energy1 * J . This is in fact the case at values of E i"
the keV range, but in the important range E
goes more like E

< 500 eV the scaling

cos a, where n varies between 3 and 4.

effect however is the same, as a increases both R

and R

The general
increase.

TRIM results for D on Ni and C appear in figs. 5.1-5 and 5.1-6.
to an angle of a ~ 45° the effect on R

Up

and R^ is small, while at

larger angles they rise steeply to values of unity at a = 90°.

Since

the average energy of a reflected particle E is given by (R^/R ) E ,
E values increase more slowly for small a and approach E

as a ~ 90°,

giving specular reflection.

5.1.4

Angular Distributions of Backscattered Particles

At normal incidence the angular distributions of backscattered
particles is close to a cosine distribution (eg, = cos B ) for both
stainless steel and graphite over the energy range of interest
(1 - 1000 eV)'- '

.

At non-normal incidence the angular distribution

remains close to cosine up to an angle of a ~ 45° bjt becomes forward

30°

60°

90*

a, ANGLE OF INCIDENCE
Fig.

5.1-5

TRIM results for

and R

for 30 eV D Incident on Ni as

functions of the angle of incidence <x *- ' ' .
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5.1-6

TRIM results for ^

for D incident on C at various

energies as functions of Che angle of incidence

peaked at greater angles, approaching specular reflection at
a ~ 90°.

The effect is less important in the case of graphite, eg,

the distribution is approximately a cosine up to large values of a.
This is to be expected when R^, (or R_) values are low, since these
imply deep penetration of the surface and multiple random collisions
before re-emission.

5.1.5

Energy Distributions of Backscattered Particles

Similar general conclusions can be made with energy
distributions of backscattered particles.

When R

(or I O

values are

large, eg, in the case of stainless or at low energies, surface
penetration is small and the particle is reflected retaining most of
its energy.

This is because few collisions take place in the solid

to broaden the energy distribution.

As a consequence, particles

backscatter from stainless steel with energies peaked near E , while
in the case of carbon the energy distribution is broad and centred
about E.

The effect of increasing the angle of incidence a is
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equivalent to decreasing the incident energy; with stainless steel
this causes the energy distribution to become more peaked and for
carbon the distribution starts to shift and peak towards higher
energies.

In both cases the average energy of the reflected particle

increases only slightly with a.

5.1.6

Effects of Surface Roughness and Impurities

Surfaces used in backscattering experiments are either polished
or assume some convoluted structure produced by prolonged sputtering.
Eckstein and Verbeek'- "

-•, studying the reflection of H from

tungsten, have reported a significant reduction in R

coinciding with

the formation of dendrite structures from an originally polished
surface.

However, in general, experiments with stainless steel and

carbon produce consistent results that agree with calculations
regardless of the sputtering history of the surface.

This has been

shown in recent Monte Carlo simulations which have investigated the
effect of surface roughness on R

and R
Li

for H on Cu'- *

'

•• .

Ct

1.0
LU

• H*-»Cu (Computer Simulation)

O
LL
LL
LU
O

b

b = 1000 A
1X1
LL,
UJ

LU

D*-*Fe(TRIM)
- flat surface
E o = 50 eV

30*

60*

90'

ANGLE OF INCIDENCE a
Fig.

5.1-7

Particle reflection coefficient R

versus angle of

incidence a. for a triangular surface structure with
different peak to valley heights b for 50 eV tT1" incident
on Cu.

For comparison, TRIM results for 50 eV D +

incident on a flat Fe surface are included'- 3' J .
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These calculations assumed a "triangular" surface with a peak to
valley distance b (see fig. 5.1-7).

Also included for comparison are

TRIM results for D on Fe where a smooth surface has been assumed.
One can see that at a given angle of incidence tx the effect of
surface roughness makes little difference to the particle reflection
coefficient R^.

The surface roughness tends to weaken the already

weak dependence of R on the angle of incidence a, at least up to
N
a ~ 45°, and make the near-cosine angular distribution of reflected
particles more cosine-like.

The energy distributions are only

slightly affected by the surface roughness, they tend to shift to
higher energies and become more peaked.
Little work has been done to investigate the effect of surface
contaminants on backscattering.

Low-Z impurities on metals, such as

0 in the form of Cr 2 O 3 on stainless steel, will probably reduce
reflection due the better energy transfer to those atoms of smaller
mass;

this effect has been observed for 10 keV H on tungsten and its

oxide'- *

•" .

Implanted hydrogen and helium will have a similar

effect on the reflection.
20% reduction in R
as TiD2al'- "

,[5.17]
J
have

Eckstein and VerbeekL

found a

for 2.5 keV D on Ti when the surface is saturated

At very low incident energies (1 - 10 eV) Baskes et

-•, using the Embedded Atom Method, have investigated the

effect of adsorbed hydrogen.

In this energy range, while the

particle reflection coefficient R^, is unaffected, the energy
reflection coefficient R_ decreases from R

~ 0.6 with no adsorbed

hydrogen to ~ 0.2 with a coverage of ~ 1 0 " H/cm^ (one monolayer).

5.2

Trapping and Re-Emission

Those particles incident on the surface that are not
backscattered are trapped.

Hydrogen atoms with very low incident

energies < 2 eV will be trapped within the surface binding potential
well; this is not a possibility in the case of He.

At greater

energies the particle will penetrate the surface and come to rest at
a position determined by its flight history within the solid.
Figure 5.2-1 shows the paths taken for those particles trapped out of
100 incident protons on Ni at 100 eV (a = 0 ) . Similar (TRIM)
calculations have been carried out for D on carbon as a function
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5-2-1

Trajectories of implanted hydrogen within a Mi surface
for normal incidence ac E Q - 100 eV.

The trajectories

have been calculated with TRIM and are projected in a
plane normal to the surface'- "

* .
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5.2-2 Mean projected range and standard deviation of implanted
D into C for normal incidence as a function of

[5.19]
J
.

energy1-

incident energy.

In this case the mean projected range and standard

deviation has been calculated for a large number of particles (see
fig. 5.2-2),
0.2 A/eV.

A reasonable fit for the mean projected range is simply

These results have been compared with experiment at an

incident energy of 1.5 keV^ '

J and good agreement is found for the

projected range but the calculations give standard deviations which
are somewhat smaller than the experimental.

The dependence of range

and standard deviation on the angle of incidence a has also been
investigated and was found to be very weak below 500 eV incident

[5.19]
J
.

energy1-

The trapping depth gives the source function for the subsequent
transport of the particles within the solid.

The migration of the

fuel particles back to the surface or inwards into the solid is
determined mainly by the nature of the material, its temperature and
the rate of implantation (flux density).

We shall therefore first

consider the case of graphite limiters receiving high fluxes (~ 1 0 1 9
ions/cm^ s) and second, stainless steel walls receiving a lower flux
(~ 1 0 1 5 atoms/cm 2 s ) .

5.2.1

Re-Emission from Graphite Limiters

At low fluence (< 1 0 ^ ffVcm2) at room temperature implanted
hydrogen is immobile in carbon.

It is not known whether this is due

r 5.211
to low diffusivity or to deep binding traps within the lattice1

- .

As the fluence increases the hydrogen local concentration saturates
at ~ 0.4 H/C and additional implanted hydrogen is simply lost to the
surface where it is desorbed either in the form of atoms or
molecules.

Complete saturation of the surface is approached when

implanted particles can locally saturate their full range
distribution.

An example (from TRIM) showing the approach to

saturation is given in fig. 5.2-3 for monoenergetic D on C at various
energies.

Since the implant range distribution has a tail that

extends far into the material, saturation is never truly reached even
at very high fluence.

A Maxwellian velocity distribution with its

high energy tail results in a deeper distribution'-

*

-! .

The

mechanism by which the rejected hydrogen (once saturated) is returned
to the surface is not known.

One suggestion is that under
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bombardment the surface becomes highly damaged breaking up into a
network of microchannels with surface diffusion and desorption
occurring within the raicrochannels'- *

^.

At higher temperatures the saturation concentration during beam
experiments is observed to decrease.

This is not consistent with the

simple local saturation model outlined above, where thermal

effects

r 5 '2 2 I
are not included.

Brice et al L

*

J

in their Extended Local Mixing

Model (ELM) have attempted to explain the effect of temperature on
retention and re-emission.

They include the possibilities of various

trapping energies, thermal release, lattice damage and suggest the
existence of a new mechanism, "beam enhanced thermal transport". The
very good agreement they obtain between their model and experiment is
somewhat misleading since the model includes a number of adjustable
parameters.

At best it illustrates how very complicated the details

of trapping and re-emission in graphite might be.

However, in the

case of limiters we can make the following simplifying assumption
regarding re-emission.

Since the flux density at llraiters is
- 44 -

normally very high (~ 1 0 1 9 ions/cm 2 s) and carbon saturates at
< 1 0 ^ ions/cm2 for typical energies of ~ 100 eV, saturation occurs
in an exposure time < 10 ms.

This time is normally much less than

the discharge duration, thus it is reasonable to assume that during
the discharge each implanted ion is re-emitted regardless of surface
temperature.

To predict the re-emission behaviour between

discharges, of course, requires the details of the thermal release.

In the case of helium re-emission from carbon even less is
known.

In the few beam experiments performed'-

"

*" J significant

re-emission is observed even at very low fluence (< 1 0 ^ ions cm" 2 )
at room temperature.

Saturation of the surface appears to occur at a

fluence of ~ 5 x 1 0 1 7 He/cm2 for energies ~ 8 keVL
less than for hydrogen bombardment.

J, a factor 2

Again, although the details are

poorly understood, the re-emission of helium during discharges can be
simply equated to the implanted flux because of the very high
incident flux on the limiter.

With helium the time to reach

equilibrium is less than the hydrogen case.

Also, re-emission in-

between discharges is probably much quicker in the case of helium.

5.2.2

Re-Emission from Stainless Steel Walls

With limiters the surface saturation assumption greatly
simplifies the re-emission behaviour during a discharge.

A similar

assumption for walls cannot be used because fluxes are generally much
lower.

In addition, the behaviour is further complicated since CXN's

have energies that vary over three orders of magnitude (1 - 1000 eV)
while fluxes can vary between lO*1* - lO-^8 atoms/cm-- s depending on
the proximity of limiters, gas puffing ports, neutral beam injectors,
etc.

Although detailed modelling has been done for hydrogen
. ("5.21, 5.27-5.29]
u
J
re-emission1, the
number of uncertainties in the
relevant processes opens these results to a certain amount of

scepticism.

Unfortunately comparison with experimental tokamak data

has not been made in the vast majority of cases.

The models do

however indicate trends that may be expected in regard to the effect
of temperature, the difference between hydrogen and helium, etc.
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Stainless steel, although dissolving hydrogen endothermically
f 5,99]
J
(energy of solution ~ 0.1 eV) has a rather high solubility
(~ few percent)'- "
(~ 10 ^

• ' . A t fluxes normally accessible to ion beams

ions/cm^ s) implanted hydrogen diffuses from the point at

which it comes to rest.

At high fluxes or at low temperature,

diffusion is insufficient to remove the incoming hydrogen, the
concentration rises above the solubility limit and micro-structural
changes (dislocations and cracks) occur to accommodate the
I" 5 291
excess 1 * J . Hydrogen fluxes in tokamaks are probably not large
enough to cause these changes'- *

•* and are likely to be nearer to

that achieved in beam experiments.

The following model has emerged to explain the results from a

r 5.291
large number of beam studies'- "

J

.

Implanted hydrogen diffuses from

the point at which it comes to rest with an activation energy
~ 0.5 eV.

On entering the solid the energetic hydrogen creates

damage sites that can then act as trc^r for the diffusing atoms.

A

typical trap can hold several atoms with a binding energy of ~ 1 eV,
with trap densities being of the order ~ 1%.

The incident beam can

also enhance the thermal processes of diffusion and detrapping by
momentum transfer with the implanted atoms, but these are normally
not included above room temperature.

Migration occurs in both

directions, to the surface as well as further into the material.

At

the surface, hydrogen is lost due to molecular recombination and
subsequent thermal desorption, other desorption mechanisms are
normally not considered.

The hydrogen concentration profile within

the solid is determined by the relative rates of the various
processes.

The situation has been modelled with the computer code

DIFFUSE"- *

^•

The required parameters are reasonably well known

except for the surface recombination coefficient K , which varies in
the literature by several orders of magnitude probably due to varying
degrees of surface cleanliness, oxidation, roughness, etc.
values for K

Effective

can be determined by fitting DIFFUSE with beam

experimental results.
A simulation of repeated tokamak exposures was carried out with
the DIFFUSE:' *

J code.

A Maxwellian flux of deuterium CXN's was

assumed with a temperature kT = 200 eV, T
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= 2 x 10 i 6 D/cm2 s, a

particle reflection coefficient R

= 0.5 and a discharge of duration

1 s every 5 minutes, a combination that is very similar to DITE
conditions.

Figure 5.2-4 gives the re-emission as a function of time

through the discharge after steady state conditions have been
reached, which takes a few cycles.

Two wall temperatures were used.

At 35°C the code indicates that the rate determining step for the
release is the trapping and detrapping from the radiation damage
sites.

At 95°C the release is limited by molecular recombination and

the assumed value for K

becomes important.

In both cases

re-emission is less than unity throughout the discharge with the wall
"pumping" and the general effect of increasing temperature is to
lessen the pumping.

It should be repeated that these results must

not be taken quantitatively since they are sensitive to the assumed
surface conditions in which there exists considerable uncertainty.
The wall surface in actual tokamaks is likely to be far from ideal
having significant impurities, oxidation and roughness.

TOKAMAK

-

DISCHARGE

Ill
UJ
CO

0.0

TIME (seconds)
Fig.

5.2-4 DIFFUSE prediction of re-emission for an "ideal" 304LN
s t a i n l e s s s t e e l f i r s t wall during a 1 s discharge a t
35°C and 95°C. A re-emission of unity corresponds to a
release rate of 2 x 10 1 6 D cm"2 s " 1 ' - 5 " 2 7 - .

In contrast with hydroger, helium is insoluble in stainless
steel as in most metals (energy of solution > 4 eV'- '

').

helium therefore precipitates out of solution at lattice
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Implanted

defects,

such as vacancies or grain boundaries, forming clusters or bubbles.
Precipitation can even occur in a perfect lattice.

At low fluence

the resulting trapping energy is high ~ 2 eV and re-emission does not
occur until the temperature is raised above 800 K.

At a critical

fluence, corresponding to ~ 0.3 He/metal, the lattice undergoes an
irreversible deformation by microcracking.
monoenergetic bombardment (E

Under certain conditions,

> 1 keV) at low temperature, blistering

0

[5.321
J

and flaking of the surface will occur1- "

.

In reality, a

distribution of low energies arJ angles of incidence will produce a
labyrinth-type structure of cracks and pores.

Often the critical

fluence is signalled by a large "puff" of released He.

Subsequent

irradiation results in re-emission through the cracks and pores at
the implantation rate.

The situation is analogous to the case of

hydrogen in carbon in that implanted helium is retained up to a level
~ 0.3 He/metal after which re-emission approaches unity.

5.3

Atomic and Molecular Processes

Backscattering and re-emission (after implantation) supply the
edge plasma with neutral particles.

In the case of backscattering,

energetic atoms, H or He, are produced with energies comparable to
the incident energy.

H 2 or He thermally desorbed after implantation

have energies corresponding to the surface temperature, while
desorption by particles or photons may give the particles several eV
kinetic energy!- *

•• .

Depending on their energy the particles will

travel a certain distance into the plasma before reacting with the
plasma electrons or ions.

In this section we shall review the

variety of reactions that are important for H, H2 and He particles as
well as their effect on the edge plasma.

5.3.1

Hydrogen Atoms

The main reactions for H atoms in the edge plasma are summarised
below:

H + H+ -» H+ + H
1

H + KT" ->• 2 H
H + e

+

+ e

•+ H4" + 2e

(charge exchange)

(5.3-1)

(ion-impact ionisation)

(5.3-2)

(electron-impact ionisation)

(5.3-3)
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5.3-1

Race coefficients <ov> for atomic hydrogen.
are assumed to be stationary"-

The atoms

J .

Reaction rate coefficients <crv> for these reactions appear in
fig.

5.3-1'- "

J.

In these results cross-sections, which generally

vary with relative particle velocity, have been integrated over a
Maxwellian velocity distribution.

Since the charge exchange

reaction (1) is both symmetric in atomic species and resonant in
energy the corresponding rate coefficient is large even at very low
temperatures.

The reaction is important since it produces energetic

neutrals that can travel unhindered across magnetic field lines.

In

the cases of electron and ion ionisation the density is assumed to be
less than 1 0 1 9 m~ 3 (low density assumption); at higher densities
multi-step ionisation causes these rate coefficients to increase
significantly1-

"

-I .

One can see that at relevant energies charge

exchange is always the most important reaction while electron
ionisation can be important.

Ion-impact ionisation is always

negligible in the edge plasma.
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5.3.2

Hydrogen Molecules

For H 2 molecules the dominant reactions are with the plasma
electrons:

H 2 + e + 2H + e
H

2

+ e + H

+

+ H + 2 e

H 2 + e ->• H 2 + + 2e

(dissociation)

(5.3-4)

(dissociative ionisation)

(5.3-5)

(ionisation)

(5.3-6)

In both dissociation reactions the molecule is excited from its
ground electronic state to a repulsive state using the energy of the
impacting electron.

The Franck-Condon principle^

*

^ requires that

the excitation takes place at constant internuclear separation and as
a result, the electron's energy appears as potential energy between
the separating atoms or ions.

The atoms can thus be born with a

range of energies between 0.2 eV and ~ L3 eVL
product ions.

" -•, similarly with the

In the case of the ionisation reaction (6) the

Franck-Condon principle requires that the resulting molecular ion is
born in a state of vibrational excitation'-

*

-• .

The low density

rate coefficients for reactions (4) - (6) are given in fig. 5.3-2.
Below 10 eV the dissociation- reaction dominates while above 20 eV
ionisation dominates.

Dissociative ionisation is of minor importance

at all temperatures.

Molecular ions (H 2 + ) produced by reaction (6) can undergo a
number of further reactions with the plasma electrons;

the three

most important are:

H

2+

+

e

H

2+

+

H2+

+

(dissociative recombination)

(5.3-7)

e - H+ + H + 2e

(dissociation)

(5.3-8)

e + 2H+ + 2e

(dissociative ionisation)

(5.3-9)

•* 2 H

These rate coefficients are included in fig. 5.3-2.

Except at very

temperatui
low temperature
(T < 1 e V ) , molecular ions are mainly dissociated via
reaction (8).
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5.3-2

Race coefficients

<av> for hydrogen molecules Hj and

molecular-ions H^.

The molecules and molecular-ions are

assumed to be stationary*- "

5.3.3

' .

Helium
The number of possible reactions involving helium is much

reduced compared to hydrogen.

Ionisation of both He and He*1" need to

be considered; rate coefficients are given in the literature'-

" ^ •

In addition, in a helium plasma four charge exchange reactions are
possible and their relative importance depends on the composition
ratio of He"1" to He"1"1", eg,

He + H e +
1

He + He" ^"

•* He"*" +
•* 2 H e

•+ He""" +
+

He

1 1

(5.3-10)

He

+

(5.3-11)
He

(5.3-12)

1

(5.3-13)

+ He"""" -» He" ^ + He+
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5.3-3

Rate coefficients <ov> for He.

The atoms are assumed to

be stationary'-3"39-' .

Of these, only reactions (10) and (12) produce energetic neutrals
that are capable of traversing field lines carrying them into the
discharge or out to the wall; rate coefficients for these are given
in fig. 5.3-3.

As with the case of hydrogen, helium charge exchange

is significant down to low energies; however, only reaction (10) is
comparable in absolute magnitude to the hydrogen atom charge exchange
reaction (1).

Conclusions regarding the relative CXN fluxes in

hydrogen versus helium discharges are difficult since some assumption
regarding the H e + / H e + + composition is required in the helium case.
As with hydrogen, helium CXN fluxes are largest near limiters, gas
inlets, etc, where both He and H e + concentrations are large.

5.3.4

Effect on Edge Plasma

Atomic and molecular processes on fuel particles in the edge
region can have an effect on both the power bale'ice as well as the
particle balance.

The process of breaking molecules and atoms into

fully stripped ions drains energy from the plasma electrons.
Electron energy is spent before ionisation, exciting atoms and
molecules which then radiate to the walls, and each ionisation event
requires the ionisation potential energy (13.6 eV for H, 24.6 eV for
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He + and 54.4 eV for He"1"1").

A number of groups have calculated the

energy taken from the plasma electrons for excitation and ionisation
5.35, 5.40]
per atom as a function of electron temperature T
(see
fig. 5.3-4).

These results calculated for hycrogen-Uke ions at low

density scale as Z 2 . At temperatures below the ionisation-potential
the energy increases rapidly, while above, it flattens at
approximately 35 eV in the case of H and ~ 140 eV for He"1*.

Once the atom is ionised the resulting cold ion and electron
must be heated up to the background plasma temperature.

This is an

additional sink for plasma power, requiring 3 kT per ion-electron
pair.

The new ions and electrons can also affect the particle

balance;

for example, an ionisation source in the SOL comparable to

the cross-field source will significantly alter the structure of the

10

TTTT

T

ENERGY PER
IONIZATION

1OU

10'

10*

10°

10"

103

ELECTRON TEMPERATURE (eV/Z 2 )
Fig.

5.3-4 The scaled energy E/Z2 taken from the plasma electrons
for excitation and ionisation per single-electron atom
as a function of the scaled electron temperature kT 17?- ,

[5.35]

Zero density is assumed1
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6.

IMPURITY PRODUCTION MECHANISMS

The close proximity of a plasma to the torus wall and limiter
inevitably causes the release of impurities into the plasma.

Besides

production at the point of strong plasma interaction (eg, the
limiter) significant amounts of impurities may be generated at the
more protected wall, although the release mechanism(s) may differ.
In a tokamak such as DITE the dominant impurities within the plasma
are carbon and oxygen, and to a lesser extent the components of
stainless steel (Fe, Cr, N i ) . Carbon originates both from the
graphite limiter and the wall, while oxygen and, of course, stainless
steel originate at the wall.

Impurity production has been thoroughly

reviewed by a number of authors'- "

" ^ and so a comprehensive

treatment of the subject will not be given here.

Instead, the

variety of processes will be quickly summarised, of these the
dominant process at limiters (physical sputtering) will be expanded
upon and some discussion given to the processes that may dominate
wall production.

The limiter physical sputtering process is the only

process which is known to be important and which is well understood.
The importance of other processes will therefore be judged against
the expected physical sputtering level; in the DITE tokamak this
amounts to a production of order ~ 5 x LO 1 9 carbon atoms/s.

Again we

will concentrate on the interaction of hydrogen and helium with the
two materials present in DITE, graphite and stainless steel.

6.1

Review

This section reviews processes other than physical sputtering
that have been cited in the literature as being relevant to
tokamaks.

6.1.1

Thermal Evaporation and Shock

Thermal effects such as evaporation or shock (leading to
cracking) due to intense surface heating are not a problem during
normal operation in present-day tokamaks.

Power fluxes for walls are

very low normally (< 10 W/cm^) and although limiter fluxes can be as
high as ~ 1 kW/cm , proper design (glancing angles) and use of
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appropriate materials (graphite) will cope with thermal

6.1.2

Blistering

Blistering of candidate wall metals due to prolonged energetic H
and He bombardment has been studied in considerable detail for some
time (see review'- * •*).

Although the fusion products during DT

operation may cause blistering, energies are too low (< 1 keV) in
present-day machines to be of any concern.

6.1.3

Unipolar Arcing

Unipolar arcing is a phenomena unique to plasma-material
interactions1-

'

'

' J.

If the sheath voltage at the limiter is

high then electron emission from surface protrusions or at insulating
inclusions may initiate the formation of a unipolar arc.

Once a

cathode spot starts, strong electron emission causes the sheath
voltage to fall, allowing the high energy tail of the plasma electron
distribution to return over the entire limiter surface, thus
completing the circuit.

The intense local heating of the surface at

the cathode spot causes evaporation and melting (sublimation in the
case of graphite) producing a crater of width and depth ~ 1 p.m.

The

current carried by the arc (typically > 10 A) interacts with the
external magnetic field and its own field, causing the arc to travel
across the limiter surface in a poloidal direction; this accounts for
the tracks often observed in tokamaks

"

.

Arcs are normally

observed only during current ramp-up or ramp-down or in unstable
discharges and are thus not thought to be an important source of
impurities during normal tokamak operation'-

6.1.4

* J .

Chemical Reactions

Chemical reactions can of course be ignored for helium but with
hydrogen and the contaminant oxygen a number of possibilities exist.
In the case of graphite limiters chemical erosion due to both
hydrogen and oxygen can occur.

Reaction takes place on the surface

or in the near-surface region (10 A deep) resulting in volatile
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formation, C H

in the case of hydrogen and CO or C0 9 for oxygen.

Desorption then occurs either thermally or by impacting particles or
photons.

Both hydrogen and oxygen chemical erosion may significantly

contribute to the total erosion of graphite llmiters and both will be
dealt with in detail later (see Chapter 10).

A great deal of work has been reported in the literature on the
chemistry of stainless steel surfaces (see review*- *

J ) . The

distinguishing feature of stainless steel is the presence of a very
stable chromium oxide ( C ^ O j ) layer.

The other components (Fe, Mi)

also form oxides but these are much less stable.

In vacuum, even a

supposedly clean stainless steel surface will contain a variety of
impuritie:- with a range of binding energies; besides the oxides,
these include adsorbed gases (HjO, N 2 , 0 2 , CO, C0 2 ) and carbon atoms
from the bulk.

Adsorbed gases such as H 2 0 and N 2 are "physisorbed",

where the binding energy is due to relatively weak Van der Waal's
forces (binding energy ~ 0.3 e V ) . At room temperature tL,0 can
condense to many monolayers but for other gases the surface
temperature is generally too high.

Gases like 0 2 , CO and C0 2 form

pseudo-covalent bonds with the surface ("chemisorption") and are thus
tightly held with energies of ~ 3 eV.

In the case of 0., the molecule

actually dissociates upon adsorption.

When hydrogen atoms are added

to the surface (via CXN impact) they may, by virtue of their chemical
potential, reduce the Fe and Nl ox' -<JS producing tL,0 which can then
desorb, while the oxygen within the Cr o 0, is not available for
r

reaction owing to its large binding energy ~ 4.4 eV^ "

"i

•* .

The

hydrogen may also release adsorbed CO and C0 2 or chemically combine
with surface C to form CH^.

A number of studies with low energy H

atoms (E < 0.2 eV)'- *

J have observed the production of these

'

*

volatiles in stainless steel vacuum vessels where surface reaction
was followed by thermal desorption.

A general characterisation of

these results however is difficult since yields are sensitive to
surface history (eg, cleanliness), but desorption yields for
degreased and baked (at 25O°C) stainless steel are normally ~ 10"1*
molecules/H atom'- "

*.

Although small in these experiments, these

yields may be considerably enhanced in tokamaks where desorption
mechanisms more efficient than thermal release may be present (eg,
inelastic, physical desorption).
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6.1.5

Thermal Desorption

Adsorbed gases or volatiles produced by chemical reaction may be
desorbed by a number of mechanisms involving thermal release,
particles, photons, etc.

Thermal desorption is dependent only on the

surface temperature and the binding energy of the adsorbent.

At room

temperature physisorbed gases are readily desorbed while higher
temperatures are required for chemisorbed impurities.

Although the

thermal release of adsorbed gases at walls before the discharge is
negligible, chemical reactions with incident CXN's may significantly
increase the surface volatile coverage and therefore the thermal
desorption rate during the tokamak discharge.

The same may be true

of limiters, but in this case the desorption rate may be increased
further due to increased surface temperature; for example, a surface
temperature rise of 200 C° during the discharge is not uncommon.

6.1.6

Inelastic Desorption

Electrons can also desorb impurities from the limiter, however,
in this case the released species can be atomic, molecular or ionic.
The effect occurs only for chemisorbed molecules and can be explained
when consideration is taken of the covalent nature of the bond that
holds the impurity to the surface.

Impacting electrons excite the

electrons of the impurity-substrate complex into a repulsive state,
in direct analogy with the Franck-Condon dissociation in free
molecules'- "

'

'

'.

The resulting break-up fragments can thus

leave the surface with several eVs of energy and in a variety of
states depending on the nature of the original adsorbate-surface bond
and the energy of the impacting electron.

Gross-sections are large,

similar to free—molecular values ~ 10~^° cvfi to 10~l° cm^.

In the

case of limiters, however, competing processes such as physical
desorption (subsection 6.1.7) and sputtering (section 6.2) probably
dominate inelastic deso.'ptlon.
stainless steel wall.

This may not be true with the

Although the electron flux to the wall from

the plasma is low, a very broad spectrum of photons is emitted and
below a threshold wavelength (~ 2500 A) these can desorb
impurities'- "

'

-'.

The mechanism of photon-induced desor

is not fully understood but it is suspected that two different
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processes may play roles in the case of stainless steel walls in
tokamaks.

The first produces C0 2 and thus requires the presence of C

and 0 on the surface.

In the absence of photons it is postulated

these form a C07 complex on the surface"- '

•> .

Photons with energies

above the band-gap energy produce electron holes that migrate to the
surface and combine with the complex resulting in the desorption of
C0 2 ^

The process occurs only on semi-conductors (cross-sections

~ 1 0 ~ ^ cm 2 ) and thus in the case of stainless steel, the Cr^Oj layer
is probably responsible.

The second mechanism is actually

electron-induced desorption but with the electron originating from
the surface and generated by the photoelectric effect*- *

-I .

Photoelectron yields are typically ~ 0.1 at ~ 1000 A, a wavelength
where there are copious amounts of photons.

The photoelectron is

returned to the surface by the magnetic field and can impact with
~ 10 eV energy thus releasing a variety of impurities and their
fragments as in simple electron-induced desorption.

The

photodesorption (by photoelectrons) cross-section is 1 0 ~ ^ - l O " ^
cm 2 at ~ 1000 A, depending on the adsorbate and the photoelectron
energy.

Conclusions regarding the importance of photodesorption from the
stainless steel wall are difficult owing to the large uncertainties
in surface conditions, photon fluxes and energies, cross-sections,
etc.

However, some estimate can be made if we assume a monolayer

coverage ( 1 0 ^ molecules/cm 2 ), an average photon wavelength 1000A,
100 kW radiated photon power (DITE) and a desorption cross-section of
~ 1 0 ~ l a cm 2 .

Using these values the photon outflux is 5 x 1 0 2 2

photons s~* and the desorption yield is Y ~ 10~^t giving a production
rate of 5 x 1 0 ^ molecules/s.

This is comparable to the production

rate by physical sputtering at the fixed limiter quoted earlier and
suggests wall production by photodesorption may be significant.

In

2

and

the case of the DITE tokamak the wall surface area is ~ 10^ cm
at one raonolayer coverage approximately 1 0
be held before the discharge.

20

impurity molecules can

The 0.5 s pulse length is therefore

too short to significantly deplete the surface of its impurities.
addition to these stored impurities surface volatiles may be
replenished during the discharge by reactions involving surface
hydrogen.
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In

6.1.7

Physical Desorption

In contrast with electrons and photons, ions and atoms can

f5.331J .

desorb surface impurities by momentum transfer1

On entering

the near surface layers an incident ion/atom may impart sufficient
kinetic energy to the adsorbed atom or molecule to overcome its
binding energy.

This is very similar to the sputtering of substrate

atoms described in detail in the next section.

The binding energy,

however, for adsorbed impurities is in general lower than for
substrate atoms and therefore desorption yields or cross-sections are
higher; fig. 6.1-1 compares the CO desorption yield (assuming a
monolayer coverage^ 6 " 21 J) for He incident on Ni with the sputtering
yield.

Experimental data exist for a variety of adsorbate-substrate-

ion combinations and these are in reasonable agreement with analytic

4

H e - N i * CO

LU

•He-Ni
10

500

Fig.

6,1-1

1000

1500

Comparison of experimental yields for ''He (A) desorption
yield for CO with a monolayer coverage (1015 CO/cm2) on
Nil- '

'.

(B) sputtering yield for a Ni surface, from

fig. 6.2-1B.
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J

theory^ '

and computer (TRIM) calculations-

'

J

.

Cross-sections

vary in the range between 10~^ 7 cm^ to lO"*1* cm? and thus dominate,
as mentioned earlier, inelastic (electron-induced) desorption at the
limiter.

At the wall the situation is unclear.

Although physical

desorption cross-sections are larger than photon-induced desorption,
photon fluxes probably exceed neutral fluxes by several orders of
magnitude making it difficult to draw any conclusions regarding wall
production.

In the case of the limiter the surface is a very small

reservoir for adsorbed gases (~ lO^-7 molecules in DITE); physical
desorption at the limiter should therefore be thought of not as a
production mechanism but as an impurity recycling process.
Impurities incident on the limiter such as 0 are quickly desorbed
either in the atomic state or in the form of a volatile or its
fragment (eg, CO, C 0 2 ) -

This contrasts with the situation at the

wall where a nearly unlimited reservoir (> 1 0 ^ molecules) of
adsorbed gases may reside.

6.1.8

Summary

So far in the review we have not considered the source of metal
contamination.

The release of metal atoms can only be explained by

physical sputtering and this process is reviewed in the next section.
Physical sputtering at the limiter is also responsible for a major
fraction of the carbon release.

Regarding the remaining portion of

the carbon contamination and all of the oxygen, considerable
uncertainty remains as to the responsible mechanism(s).

In the case

of graphite limiters, production is by physical sputtering and
possibly chemical reaction, while desorption processes (thermal and
physical) serve only to recycle volatiles back to the plasma.

The

situation is even more unclear with the stainless steel wall.
Besides the physical sputtering of metals, impurity release of 0 and
C is due to a variety of desorption processes, thermal, inelastic
(photons) and physical.

The source for desorption from the wall

surface is either the large quantity of impurities adsorbed before
the discharge or volatiles generated during the discharge by chemical
reaction with CXN's.

These processes and their relative importance

for limiters and walls have been summarised in table [6.1-l].
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Incident

Process

Importance

Species

thermal evaporation

particles, photons

L7?

and shock

ions, atoms

unipolar arcing

ions, electrons

L??

chemical reactions

Ions, atoms

L? W?

-

L? U?

Inelastic desorption

electrons, photons

L?? W?

physical desorption

Ions, acorns

L?

physical sputtering

ions, atoms

L

thermal desorptlon

Table

-

blistering

6.1-1

Summary of impurity
denoces

production processes.

W?

W

"L"

limicer, "W" denotes wall and "?" denotes

level of uncertainty.

6.2

Physical Sputtering

As in the backscattering process, incident atoms entering the
surface lose energy due to collisions with the electrons and atoms of
the solid.

If sufficient energy is transferred to a surface atom it

may overcome the surface binding potential (U ) and will be emitted
or "sputtered".

This implies a threshold energy E , for sputtering

by the incident particle, below which sputtering is dynamically not
possible.

For particle-substrate combinations relevant here

sputtered particles are released mainly as single atoms.

Sputtering

values are normally quoted in terms of a yield Y, atoms sputtered per
incident particle.
energy E

In general, yields are functions of the incident

and angle a while sputtered particles are emitted with a

distribution of energies E

, polar angles B, and azimuthal rotations

<t>. These are the same angular coordinates defined for backscattering
in fig. 5.1-1.
defined

The differential sputtering yield F

can thus be

d3Y
• F <E . a; E

. (3 , $)

where Q is a solid angle and d 2 Q = sinp d<t> d0 .

In general, F

is

unique for a given particle-substrate pair.

If a substrate is bombarded with a number of energies and angles
of incidence, or with a number of different particles, then the total
differential yield is in most cases simply a linear superposition of
the individual yields.

6.2.1

Isotropic Cascade Regime

Heavy particle bombardment at high energy (E >> E ) produces a
o
th
large number of recoiling target atoms within the solid.

These atoms

can in turn produce more recoiling atoms until a large, nearly
isotropic collision cascade is produced.
the isotropic cascade regime'- '

'

In this situation, known as

•• , the differential sputtering

yield is given with reasonable accuracy by the analytic expression
d3Y

.
dE

sp

=
d2Q

2 U
7t

E

°Y(E>0)^_§.
°

2£

(6.2-2)

cos a v(E + U ) 3
sp
o

where Y(E , 0) is the sputtering yield at normal incidence.
Unfortunately, this expression is not generally valid for light
particles in the near-threshold regime (E

> E , ) , in which most

O *^*

C IT

fusion-relevant sputtering occurs (eg, light ions, low energies).
the near-threshold regime collision cascades are far from being
isotropic and the problem is not amenable to analytic solutions.
However, comparisons with eq.(2) are useful in many cases since
approximate agreement is sometimes obtained.
6.2.2.

Light Ion Sputtering

A semi-empirical expression for Y(E , 0) gives good agreement
with experiment for a wide range of particle-substrate combinations

• [6-23]

and energies'-

J
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In

Y(E o , 0) = Q S Q (e) g(e')
where e = E /E
e' = E /E ..

(ETP

was

(6.2-3)

defined earlier in equation (5.1-3)) and

Q is the so-called yield factor, which depends mainly

upon the incident particle mass (nij) and target mass (m 2 ) and is
constant for given ion-substrate combination.
stopping cross-section'- *

S (e) is the nuclear

-• given approximately by

S (e)
n

3.44 /s ln(e + 2.72)

(6_2_4)

1 + 6.36 /e + e(6.88 /F - 1.71)
and g(e') is a correction term, important at low energies
g(e') = (1 - £'~ 2/3 )(l - E - 1 )

2

(6.2-5)

Equation (3) has been fitted using experimental data for ion
energies up to 100 keV to obtain values for Q and E , .

For most

ion-target combinations the threshold energy is given by
U

o
2

m

Y(I

- Y)

"b

= 8 UQ

mx
(—)

Eth =

l
— <

2/S

m1
—

o.2

(6.2-6)

> 0.2

(6.2-7)

Y =

(6.2-8)
+ m2)2

where U , the binding energy, is approximately given by the thermal
sublimation energy, except in the important case of carbon.
Experiments indicate that U

must be significantly less than the

graphite sublimation energy since anomalously high yields are found
at low energy.

Roth et al'- "

J have suggested that, during

bombardment, radiation damage occurs on the surface destroying the
crystalline structure, producing an amorphous surface layer with a
reduced binding energy.

This hypothesis has since been supported by

observations of an enhanced sublimation of carbon during ion
bombardment at
at elevated
elevated temp
bombardment
temperatures'- ' •' ; this is discussed in more
detail in Chapter 10 (10.1).
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10

STAINLESS
STEEL

10

E o (eV)
Fig.

6.2-1

Semi-empirical physical sputtering yields for (A) carbon
and (B) stainless steel using eq.(6.2-3) and the
parameters given in table fj.2-l.
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Figure 6.2-1 gives physical sputtering yields for H, D and He on
carbon and stainless steel.

The curves are plotted using the

parameters summarised in table 6.2-1.

While the Q and E

values are

obtained by fitting experimental results with eq.(3), the
Thomas-Fermi interaction energy E
incident energy (eg, z = E /E

, the normalising factor for the

) , is calculated using eq.(5.1-3).

The masses and binding energies of the components of stainless steel
are enough alike that the alloy can be treated as a pure material.
Also included in fig. 6.2-1A is the carbon self-sputtering yield.

In

all the curves the yield rises very steeply from the threshold
energy, becomes flat and then decreases at higher energies.

The

decrease at higher energies is due to a reduction in the amount of
energy deposited by the incoming particle in the surface layers.

H

T

D

"He

C

graphite
•th

25

15

(eV)

44

1090

5680

0.20

0.32

1.9

i30

415
0.035

Q (atoms/Ion)

30 a
a

30

O.li

stainless steel
Z

th

0 (atoms/ion)

Table

6.2-1

40

30

2550

2600

i850

5520

0.033

0.09

0.15

0.36

50

65

(eV)

Physical sputtering parameters from reference ,_6.23J.
Errors in this reference have been corrected and are
denoted bv "a" '-

6.2.3

Total Yield Dependence on the Angle of Incidenca

At non-normal angles of incidence the amount of energy deposited
by the particle near the surface increases.

In addition, the

probability of direct collision/emission of surface atoms becomes
significant.

The (isotropic) cascade regime theory eq.(2)

approximately gives a cos - 1 a dependence for the sputtering yield,
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independent of energy E , but for light ions the yield dependence on
a varies with energy.

At low energies the yield is nearly

independent of a while at higher energies yields are enhanced above
the cos~*a dependence.

With reasonable accuracy this behaviour can

be summarised by

cos 2 a
Y(E Q ,O)

for tokamaks.

o

E

= 1

if we restrict E

E

o

> 5

E

(6.2-9)

th

< 5 E ,
th

(6.2-10)

< 3 keV and a < 60°, both reasonable assumptions

In fig. 6.2-2 we compare experimental results for

350 eV D on C with the cos~2<z dependence of eq.(9).

The discrepancy

at high angles of incidence, eg the maximum at ~ 75°, is a common
feature of all combinations and can be explained by increased

6
5

350 eV
•

O

D—C

EXPERIMENT

4

? 3
2 -

cos'2 a

20°
40°
60°
ANGLE OF INCIDENCE a
Fig-

6.2-2

80°

Comparison between experiment1- ' J and empirical
expression (cos"2a) for the variation with angle of
incidence a of the physical sputtering yield of 350 eV
D"1" on C.

-
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reflection of the incident ion at glancing angles.

Both the

magnitude and shape (including the peak) of experimental
results are
er

f

well reproduced by computer codes such as TRIM' 6 -

6.2.4

28

Angular Distribution of Sputtered Particles

Within the cascade regime a cos (3 dependence (independent of a )
is predicted by eq.(2) and borne out in experiment1-

"

K

In the

case of light ions, near-cosine behaviour is found at normal
incidence with distributions becoming over-cosine at low energies, eg
proportional to cos 3 where n > I'-

'

'

J•

At non-normal angles

of incidence, while eq.(2) still predicts a cos 3 behaviour, both
experiment and TRIM results with light ions give distributions that
are strongly peaked in the forward direction.

Figure 6.2-3 gives an

example from an experiment with 450 eV protons incident on Ni
(azimulthal rotation angle $ = constant = 0 ) . Despite varying a up
to 80° in these results the angle of maximum emission (3

remains

constant at ~ 45°; these results are typical for bombardment at
various angles a at low energy (< 1 keV), with £
decreasing

increasing with

energy [6.24]
i50 eV H*—Ni

0.5

10 10"*

ATOMS/ ION STERADIAN
Fig.

6.2-3

Measured angular distributions of sputtered Ni atoms for
different angles of incidence i'
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J.

6.2.5

Energy Distribution of Sputtered Particles

The energy distribution of the differential sputtering yield as
predicted by eq.(2) (within the cascade regime) is
d3Y

Ean
(6.2-11)

dE

sp

d2Q

(E + U ) 3
sp
o

independent of incidence angle a or emitted angle |3. This is
commonly referred to as the Thompson energy distribution1- *
This gives a

maximum at E

'

j

= U / 2 , which is typically 2 eV to 4 eV,

and a high energy dependence proportional to E ~ 2 . With heavy ions at
high energy good agreement is obtained in experiments (see reviews by
McCracken'-

'

'

-I) , however, with light ions eq.(ll) is only

roughly followed and then only at normal incidence and with a cut-off
energy applied to the high-energy tail.
corresponds to the maximum energy E
sputtered

The cut-off energy
that can be transferred to the

[6.36]
J
atoms 1
E

= E
max

Y (1 - y ) " U
o '
'
o

(6.2-12)

For example, in the case of 100 eV D incident on carbon the maximum
sputtered energy is approximately 18 eV.

For light ions at non-normal angles of incidence only TRIM

f 6 7R 1
results'- " J exist and they indicate significant deviations from the
simple behaviour described by eq.(2).

The predicted energy

distributions vary both with 8 and $ for a given a and no simple
representation appears to be possible; accurate calculations taking
into account non-normal angles of incidence would thus require the
full TRIM results.

However, as will be argued in the next section

such detailed information is not required when considering particle
sputtering of actual limiters and walls.
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6.2.6

Physical Sputtering of Limicers and Walls in Tokamaks

To determine "average" sputtering yields <Y> for limiters and
walls the distributions of energies and angles of incidence of
impinging particles must be taken into account.

If the incident

particle flux is given by the differential distribution f!(E , a)
then the average yield is
/ Y(E
<Y> =

a) f! E a ) dE da
^-2
2
/ f!(Eo,a) d E Q da

(6.2-13)

<Y> has been calculated in the special case of a Maxwellian energy
distribution of incident deuterons on carbon (see fig. 6.2-4).

For

the integration, the yield at normal incidence (eq.(3)) has been
used, along with the data in table 6.2-1, and any dependence on the
angle of incidence a neglected.
temperatures T./E

This is probably reasonable for

< 5, but at higher energies, as noted in

subsection 6.2.3, the yield increases significantly with a.

If

Y(.E , a) can be separated into an energy dependence and an angular
dependence, as*in the cascade regime, then the <Y> curve is correct
save for a constant correction factor.
the monoenergetic yield Y.

Also plotted in fig. 6.2-4 is

One can see that within the threshold

region the averaged yield <Y> is much greater than the monoenergetic
yield; this is due to particles in the high energy tail of the
Maxwellian energy distribution.

At higher temperatures (T./E
> 5).
l th

where the yield curve is flat, <Y> and Y are in reasonable agreement,
as would be expected.

Note, however, that at high energies the yield

becomes dependent on the angle of incidence (eq.(10)) and account
should be taken of the angular distribution.
(T/E

Thus at high energies

> 5) we can neglect the effect of a distribution of energies

and consider only the distribution of angles a., while at lower
energies the energy distribution is important and the angle of
incidence can be neglected.
An isotropic Maxwellian distribution of incident particles is
probably a reasonable assumption in the case of CXN bombardment of
the wall.

The angular distribution of the resulting sputtered atoms
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UJ
>-

1000

100

E 0 or T(eV)
Fig.

6.2-4

Comparison between (A) Che monoenergecic yield Y and
(B) the yield <Y> averaged over an isotropic
Maxwellian distribution of energies for D + incident
on carbon.
Y

Also shown is (C) the monoenergetic yield

at an energy 2kT. - Ze$_ where we assume T

and take into account secondary electron

.

. [6.38]
'•

emission1-
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« T

is also probably close to isotropic since even forward peaked
distributions will average-out when all incident values of E , a and
(j> are integrated.

Note that the angular distribution of incident

particles on a small element of a surface subjected to an isotropic
incident flux is cosinal.

By symmetry, the same must be true for

particles released from an element of a surface which is emitting
particles with an isotropic distribution.

In effect, the net result

of an isotropic Maxwellian distribution of impacting particles is an
isotropic collision cascade which can be characterized by eq.(2).
Using similar arguments the energy distribution of sputtered atoms is
also likely to be adequately described by the isotropic cascade
result.

Note that a sharp cut-off energy would not be expected

because of the high energy tail of the incident particles.

Ions incident on the limiter have both their thermal energy and
the energy acquired after acceleration normal to the surface through
the sheath.

On entering the sheath the ions have a distribution of

energies which are shifted upward by $ , the sheath voltage.

In

addition, the sheath causes the incident angles to be peaked about
the surface normal.

Although the average ion impact energy is given

approximately by

E Q = 2kT. - Ze $

(6.2-14)

the corresponding monoenergetic sputtering yield may underestimate
the average yield obtained when the full ion energy distribution is
taken into account.

This becomes more important when T. and T

are

low, in the threshold region, where the high energy tail of the ion
distribution may make a significant contribution.

Of course, the

effect depends on the ion distribution function at the sheath edge,
the exact form of which is uncertain (see review by Stangeby'-

" -).

In general, however, the distribution of energies entering the sheath
is characterized by a high energy tail which is reduced compared to
the distribution at the symmetry point; eg, a Maxwellian distribution
at the symmetry point is cooled by the time the ions enter the
sheath.

To demonstrate the effect that the ion distribution can have on
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sputtering we consider Che results of Chodura'- "

^ , who has

calculated the average yield for H on Fe taking into account both the
energy and angular distributions, as well as the effect of the angle
ty between the surface normal and the magnetic field.

The Monte Carlo

computer code follows individual ion orbits as they spiral around th«
magnetic field and travel along the SOL to the limiter.

It turns out

that neither the distributions of angles of incidence a nor the angle
<\i significantly affect the results.

This is due partly to the weak

dependence of the sputtering yield on a but also to the fact that,
regardless of the magnetic field, the sheath acceleration is towards
the surface.

The results confirm, however, the importance of the

energy distribution at low temperature; at T
average yield is <Y> = 10~

3

T

= 2 0 eV the

while the monoenergetic yield at the

calculated average impact energy (6.1 T
factor of 3 too small.

= T

~ 120 eV) is Y = 3 x 10"1*, a

In contrast, at higher temperatures, eg, T. =

= 200 eV, the monoenergetic yield (1200 eV) is Y = 0.015 and

agrees closely with the result from the code, <Y> = 0.013.

The distribution of ion energies does not appear to be important
for the case of deuterons incident on a carbon limiter.

In

fig. 6.2-4 we have included, for comparison, the monoenergetic yield
at the simple estimate for the impact energy (eq.(14)).

The effect

of secondary electron emission on the sheath potential <£
[(eq.(4.1-17)) for a tokamak-exposed graphite surface'- "
included and we have assumed T. = T .

- has been

At most temperatures of

interest the monoenergetic yield (curve Y T T M ) is much greater than
the Maxwellian-averaged yield <Y>.

Only at extremely low

temperatures does <Y> approach the monoenergetic results.

As noted

above, the high-energy tail is probably over-estimated by a
Maxwellian and thus it is doubtful that the distribution of ion
energies need be considered in the case of deuterons incident on a
carbon limiter.

The energy distribution of the ions may become

important if T. > T , a situation that is sometimes found in the
SOL.

Atoms sputtered from the limiter will be emitted with nearly a
cosine distribution, following previous arguments for the wall.
Owing to the sheath acceleration and the peaking of a around normal
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incidence, a slightly over-cosine distribution may result.

The same

arguments hold for the energy distribution; equation (11), with no
cut-off energy, is probably a reasonable approximation for the
energies of sputtered atoms from limiters.

Graphite and stainless steel surfaces used in tokamak
construction are far from ideal; they are normally not polished and
quickly become contaminated with impurities.

However, surface

roughness has little effect on the total sputtering yield and it
probably tends to weaken the dependence of the monoenergetic yield Y
on the angle of incidence a, as with backscattering^-

'

'

-I .

For

both limiters and walls, surface roughness will tend to make the
already cosine-like distributions of sputtered atoms more cosinelike, and the energy distributions closer to the analytic result of
eq.(ll).

Impurities on the other hand can significantly affect the

total sputtering yield-

Oxygen, in particular, can affect the

surface binding energy U , thus changing the yield of the original
substrate.

They can also, if the coverage is large, physically

"shield" the substrate from the incident particles.

In this case the

yield is reduced by a factor equal to the surface impurity fraction.

Although not discussed explicitly, physical sputtering of
liraiters by impurity ions can be important.

In qualitative terms,

most of the behaviour presented in this section applies equally to
impurity sputtering.

The importance of impurity sputtering in the

DITE tokamak is discussed in detail in Chapter 10.
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7.

EXPERIMENTAL PROGRAM

In any finite system the boundary conditions determine to a
large extent the conditions throughout the system.

This is true in

tokamaks; the boundary plasma, which includes the SOL, strongly
influences the conditions in the centre of the discharge.

The

boundary plasma is in turn strongly affected by the limiter.

The

limiter is both a sink for boundary plasma particles and power as
well as a source of recycled fuel and impurities.

The wall, to some

extent also contributes to the particle and power balance, and to
impurity reLease.

In order to investigate the role of the limiter in the
performance of tokamaks a series of experiments were performed on the
DITE tokamak using an instrumented graphite probe limiter.

The

experiments, reported in later chapters, concentrated on the
following important areas of plasma-limiter interaction:

(1)

Boundary Plasma Conditions (Chapter 8)

(2)

Fuelling/Recycling

(Chapter 9)

(3)

Impurities

(Chapter 10)

Experiments described in Chapter 8 investigated and compared the
boundary plasma conditions with accepted models and a number of new
effects were discovered.

Measurements were made of the plasma

density n , electron temperature T , etc; power fluxes were
calculated and compared with limiter heat loading.

Recycling from

the limiter in deuterium and helium discharges is compared in Chapter
9.

In addition, fuelling studies investigated the effect of

releasing gas from the tip of the limiter.

Finally in Chapter 10,

results and discussion are presented on experiments that investigated
the production, transport and redepositlon of impurities released
from the limiter.

Although not of primary concern in these

experiments, the role of the wall could be inferred from some of
these results and this is discussed.
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In the remaining sections of this chapter the probe limiter that
was designed for this programme and the DITE tokamak on which the
experiments were carried out are described along with their
respective diagnostics.

7.1

DITE Tokamak

The name "DITE" is an acronym for Divertor Injection Tokamak
Experiment and denotes the two special features of the machine, a
bundle divertor and neutral beam injection.

The divertor was not

used in these studies, but the neutral beams were used to increase
the power input above the ohmic level.

Neutral Injection

B-Line
Neutral Injection
A-Line

Large Radius
Primary Winding

Neutral Injection
C-Line
Neutral Injection
0-Line
Bundle
Divertor
Mkll

Fig.

7.1-1

Plan view of Che DITE tokamak.
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7.1.1

Design

A plan view of DITE appears in fig. 7.1-1, showing the divertor
and four neutral beam-lines.

The toroidal field is supplied by a set

of solenoidal coils, numbered 1 through 16.

The vacuum vessel is

3

stainless steel with a volume ~ 2 tn and a surface area ~ 20 m^,
which is normally pumped by two turbomolecular pumps (500 Z/s) and
the bundle divertor cryopump (101* JL/s).

The four cryopumps

associated with the neutral beam lines are opened to the torus only
during injection and do not significantly pump the torus.

After

exposure to atmosphere, glow discharge cleaning in Hj with the torus
at 80°C for 2 days results in a base pressure after cooling of ~ 10~ 7
Torr, which is primarily composed of H2 with smaller amounts
(~ 10~ 8 Torr) of H-0 and CO.

The tokamak is normally run with the

walls at room temperature and sustained operation, which is typically
5 discharges per hour, does not significantly change the vessel
temperature.

The main limiter is a complete poloidal graphite ring

located between coils 1/16, while the movable graphite probe limiter

Main Machine Parameters
Parameter

Range

toroidal magnetic field

3

major radius

R

<

2.8

T

1.17 m
0

main limiter radius

a

plasma current

Table

P

0.26 m

280 kA

injection power

P

2.4 MW

discharge duration

T

0.6 s

current flat-top

x

7.1-1

NB

dis

0.4 s

Main machine parameters for the DITE tokamak.
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designed for these experiments entered the torus between coils 13/14.
Internal heaters on the fixed limiter are used routinely to maintain
its temperature at ~ 200°C to speed the thermal desorption of
volatile molecules.

Table 7.1-1 summarises the main machine parameters and their
typical range of values.

The plasma dimensions are determined by the

main limiter and the toroidal field configuration, which give a minor
radius of 0.26 m and a major radius of 1.17 m, respectively.

The

position of the current channel is controlled both horizontally and
vertically by active feedback controlled amplifiers and is maintained
constant within ± 5 mm throughout most of the discharge (100 to
450 m s ) .
Routine Diagnostics

Diagnostic

Parameters Measured

aagnetlcs

plasma current I , loop voles V,
P
A
plasma position, MHD activity,
pololdal beta 3

microwave interferometer

line average density r.

Thompson scattering

electron density a
T

and temperature

profile

in the fixed limiter give discharge-

thermocouples

tntegrated deposited power

electron cyclotron emission

torus residual gas analyser

electron temperature T

profiles

gives partial pressures of residual
gases between discharges

baratron

torus gas-puff rate

spectrometers

UV and extreme UV spectral lines

single channel bolometer

cross-section integrated radiated
power.

Table

7.1-2

Routine diagnostics for the DITE cokamak.
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7.1.2

Diagnostics

DITE has a set of routine diagnostics that measure and record
data from each discharge semi-automatically; these are summarised in
table 7.1-2 along with the parameters measured.

In addition to

these, DITE has a number of more sophisticated diagnostics that are
able to give spatial information on the radiated power, UV/visible
impurity radiation, and boundary region plasma conditions; these are
listed in table 7.1-3.

The bolometer camera has a pin-hole

arrangement that scans the plasma cross-section from the top of the
torus.

The spatial scan monochromator ("monospec") also scans the

plasma from the top of the torus using a rotating mirror assembly.
At two toroidal positions, arrays of Langmuir probes give radial
profiles of the boundary plasma conditions from the wall in to a
minor radius of ~ 0.22 m, a distance 0.04 m farther into the plasma
than the fixed limiter.

To avoid over-heating, the probes are

inserted and removed from the plasma very quickly (~ 200 ms) using a
pneumatic drive system.

This has the added advantage that complete

radial profiles can be taken before the plasma can change
significantly.

Probe arrays A and B are sketched in fig. 7.1-2A,

superimposed on the torus cross-section; also included are the
bolometer camera, the spatial scan monospec, and the probe limiter

Diagnostic

Position

Parameters Measured

Bolometer camera

10/11

spatial distribution of radiated
power

4/5

Spatial scan

spatial distribution of

monochromator

uv/spectral lines

Fast reciprocating

boundary plasma radial profiles of
electron density n , temperature T ,

Langmuir probe
(A) vertical

1/16

floating potential <5, and flow

(B) horizontal

10/11

Mach number M.

Table

7.1-3

Spat:- .y resolving diagnostics for Che DITE
tokamak.
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ROTATING
MIRROR
MONOSPEC

PIN HOLE
BOLOMETER
CAMERA
PROBE
LIMITER

(A)
RPB

FIXED
LIMITER
MONOSPEC

FIXED
LIMITER
RPA

(B)

PROBE
LIMITER

Fig.

7.1-2

BOLOMETER
CAMERA
RPB

(A) Poloidal and (B) toroidal positions of the
reciprocating probe arrays (RPA, RPB), the bolometer
camera, the spatial scan monospec and the probe
limiter.

Poloidal positions are projected onto a single

plane.
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which is described in the next section.

Figure 7.1-2B gives the

toroidal positions of these diagnostics measured in degrees relative
to the main limiter.

7.2

Probe Limiter Design

The main limiter in DITE is an integral part of the torus,
rigidly fixed on the wall and in general not accessible.

To carry

out these investigations it was thus decided to build a probe limiter
which would be flexible enough to allow instrumentation and removal
from the torus without requiring a vacuum opening.

The probe limiter

is designed to have a number of features and diagnostics that are
normally not possible with conventional limiters.

The probe limiter enters the torus from the top of the machine,
25° off the vertical, through a vacuum lock (see fig. 7.2-1).

The

graphite head of the probe limiter (120 mm long) is cylindrical
(diameter 72 mm) and supported by a stainless steel tube of diameter
75 mm and length ~ 1 m.

A ceramic break in the supporting tube

electrically isolates the probe limiter from the torus'wall.
Electrical leads and the gas puffing conduit connected to the probe
head are routed through the supporting tube and out through vacuum
feedthroughs at an end flange (not shown).

Beyond the flange a

reservoir of volume ~ 1 i holds the required gas species at a typical
filling pressure of ~ 740 Torr.

The reservoir and the gas puffing

conduit are separated by a piezo-electric valve with a response time
of ~ 1 ms.

A oellows drive system with position potentiometer,

remotely operated from the DITE control room, moves the supporting
tube to position the leading edge of the probe limiter from a minor
radius of 0.17 m out to the wall at ~ 0.30 m or withdraws the probe
limiter past the gate valve for removal.

The probe limiter is designed to simulate the conditions at a
limiter as close as possible and still allow the incorporation of
diagnostics, gas puffing, etc.

In addition, the investigation of

chemical reactions on the surface requires the bulk heating of the
probe limiter to ~ 900°C with an internal heater; this places still
more demands on the design.

To facilitate the uniform conduction of
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Gate valve
Probe limiter

Graphite
poloidal
limiter

Supporting
tube

R = 1.17mSpex
spectrometer
AGA [R
camera

M <Optical

//

fibre

Sapphire
window

Interference
filter

-M-<--~

Mirror

Beam
splitter

Flg.

CCD camera

7.2-1 Schematic diagram of DITE tokamak cross-section showing
the probe l i m i t e r and viewing arrangement for the SPEX
spectrometer, AGA infrared camera and CCD camera.

applied heating and to withstand the high plasma heat loading, the
probe limite.r is constructed from a cylindrical block of graphite and
the leading edges are cut at 45° with respect to the magnetic field
to reduce the power density on the surface.

In fact,

three

interchangeable probe heads were constructed of high purity graphite
of two different

grades (1 ATJ, 2 Le Carbone 1346 PT).

-
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7.2.1

Pyrolytic Graphite Heater

To reach bulk, temperatures of ~ 900°C, a power exceeding 1 kW is
required of the heater.

In addition, the heater must be compact,

produce negligible amounts of volatile impurities, and not require
either the use of high voltage or high current.

Such a heater is not

available commercially and a suitable heater had to be developed and
tested before use in the probe limiter'- " J .

The heater is constructed out of chemical vapour deposited (CVD)
pyrolytic graphite and exploits the anisotropic properties of this
material.

The resistance of the heater is maximised by cutting the

pyrolytic graphite to ensure the current path is in the high
resistive (c) direction.

Figure 7.2-2 shows the mounting of the

prototype heater during testing within a vacuum test stand.

The

resistivity in the (c) direction is typically ~ 10^ times larger than

2

3
cm

Fig.

7.2-2

The prototype graphite resistive heating element during
testing within a vacuum tank.
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in the (a) or (b) directions.

The width of the heater in the (c)

direction is restricted by the maximum thickness available from the
manufacturer.

In our case the standard CVD pyrolytic graphite

produced by Pfizer is 25 mm thick.

The graphite easily cleaves along

the a/b planes and the 4 x 5 mm resistive cross-sections used are an
optimum between maximising strength and minimising conductance. The
heater is most likely to break during construction and care must be
taken to avoid mechanical shocks.

The resistive sections can be cut

wiLh an ordinary band-saw, but a fine diamond grinding wheel produces
less failures.

In common with other semi-conductors the resistivity of graphite
decreases with temperature.

This means that the full voltage can be

instantly applied to the heater without risk of burn-out, in contrast
to tungsten.

Because of the poor thermal conductivity in the (c)

direction, points other than the resistive sections stay relatively
cool.

This simplifies the electrical connections, which can be made

with simple bolts.

These can be stainless steel even when the

resistive sections are at ~ 2600 K, although normally molybdenum is
used.

The temperature in the resistive region (shaded) is very

uniform, typically ± 30 K at 2000 K.
0.7,—
0.6
0.5
'2
'20.4
X
X

E

0.3
02
0.1

-

00
400

!
800

1200

1600

2000

2400

T(K)
Fig.

7.2-3

Resistivity (p) of Pfizer pyrolytic graphite in the c
direction:

specifications (solid line), this study

(dashed line with data points).
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2800

The power available from the heater is limited either by the
power supply or the tolerable limit for sublimation.

At 2600 K the

heater drawj 32 A at 185 V giving a power of 5.9 kW. More typically
we operate at 2000 K (13.5 A, 155 V ) . The resistivity of the
pyrolytic graphite as a function of temperature is plotted in

r 7.21
1

fig. 7.2-3 along with the specifications from Pfizer -

J

. The large

discrepancy is typical for properties in the (c) direction for
pyrolytic graphite produced by CVD.
Despite the mechanical fragility of the heater it is very
resistant to thermal shock and can be cycled many thousands of times
provided care is taken with the design of the heater supports and
leads.

The heater can be bolted rigidly at one end if the connection

at the other is flexible, with the heater supporting its own weight.
Since the heat transfer is primarily radiative, thermal expansion
does not cause problems and direct contact with the probe limiter is
not necessary.

The assembly of the heater within the probe limiter

is sketched in fig. 7.2-4.

The heater is mounted in a rectangular

hole machined in the probe limiter but insulated from it by an
LEAD
ALUMINA
SPACER
PYROLYTIC
GRAPHITE
HEATER
TUNGSTEN
FOIL SPRING

CURRENT
RETURN

PROBE
LIMITER

Fig.

7.2-4

Schematic diagram showing the assembly of the pyrolytic
graphite heater within the probe limiter.
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alumina spacer.

An electrical lead is bolted to one end of the

heater and the return contact is made by a tungsten foil spring to
the body of the probe.

The temperature of the probe is measured

using thermocouples embedded in it and by the infrared camera looking
at the outside surface.

With a current of 10 A giving a power of

1.4 kW the temperature reached the design value of 90Q°C and the
temperature uniformity was better than + 50°C.

The probe limiter was

heated over a period of 100 hours with 600 switching on and off
cycles.

7.2.2

No failures occurred.

Construction

The incident plasma flux and electron temperature at the probe
limiter during tokamak exposure are measured with four Langmuir
probes built into the body (fig. 7.2-5).

To avoid the possibility of

metal contamination of the probe limiter surface, the Langmuir probes

Pyrolytic graphite
healer

III

.-Alumina insulator

Probe
limiter body

Thermocouple
-Probe limiter
body

-Langmuir probe
Alumina insulator
Gas puffing
orifice

Gas puffing

Langmuir probes

Thermocouple

orifice
lp©

0

Fig.

1

5 cm

7.2-5

Cross-sections of the carbon probe limiter showing
arrangement of heater, thermocouples, Langmuir probes
and gas puffing orifice.
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are constructed of carbon.

The graphite rods are flush with the

surface and insulated from the main body using alumina sleeves.

Two

probes are placed either side of the probe liraiter and spaced 12 ram
apart radially.

The clearance of the 3 mm rods from the body is only

0.5 mm and thus the probes closely simulate the liraiter surface and
differ only in that they can be biased.

To facilitate the puffing of gas, the ~ 1 m long, 5 mm diameter
gas puffing conduit runs down the inside of the supporting tube and
inserts via a flexible coupling into a 5 mm diameter channel drilled
through the probe limiter.

The channel emerges on the flat bottom of

the graphite head, displaced poloidally from the probe limiter
centre.-

To reduce the heat loading on the supporting tube during use of
the heater, physical contact with the probe is limited, eg, the
graphite probe head is supported by only four 4 mm stainless steel
pins, and molybdenum foil radiation heat shields are employed.
However, the electrical and gas puffing leads (and the support pins)
penetrate the heat shields and thus conduct a certain amount of heat
up into the probe tube.

The temperature of the support is monitored

with thermocouples and remains below 400°C when the probe limiter is
at 900°C.

Following construction or modifications, the probe limiter is
subjected to a program of surface conditioning.

First, the flat

faces are polished with successively finer diamond pastes, down to
~ 10 \xm. (In one experiment the surface was actually roughened.)
Second, a series of ultrasonic baths, first in 1,1,1-trichloroethane
and then in iso-propyl alcohol, removes polishing greases and
particulates and finally a vacuum bake to 900°C removes the solvents.
In one experiment, described in detail in Chapter 10 (10.3), the
cleaning procedure was followed by implantation of erosion markers
(13C

and 7 B e ) .
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7 .3

Probe Limiter Diagnostics

7.3.1

AGA Infrared Camera

Besides the four chromel-alumel thermocouples embedded in the
probe limiter to measure the bulk temperature, surface temperatures
during the tokamak discharge are determined using an AGA infrared
camera (see fig. 7.2-1).

The liquid nitrogen cooled indium

antimonide (InSb) detector of the camera is sensitive from 2-5 \ia and
uses a pair of internal rotating prisms to give spatial information
at a framing rate of 50 Hz.

The moving internal parts limit the

magnetic field that the camera can be exposed to, requiring a
distance of at least 0.5 m separation between the camera and the
toroidal field coils, thus reducing the available field of view.

An

in situ calibration of the camera in DITE is carried out using the
internal probe limiter heater to raise the temperature to 900°C.

All

the infrared intensity data is digitised and computer analysed
between discharges to obtain surface temperature as a function of
spatial position'- " ^ .

From an analysis of the time dependence of

the surface temperature the deposited power density contours can be
derived.

7.3.2

SPEX Spectrometer

Spectral line emission from around the probe limiter are
measured with the SPEX spectrometer shown schematically in
fig. 7.2-1.

A beam splitter arrangement allows the SPEX and AGA to

be used simultaneously.

Light collected by the mirror and lens

system is focussed onto a 1 mm quartz optical fibre which carries the
light out through the shielding wall to the spectrometer, a distance
of ~ 20 m.

At the spectrometer the light leaving the fibre is

focussed onto the entrance slit which is typically set at 30 |j,m. The
SPEX spectrometer is of the Czerny-Turner type with a focal length of
0.5 m and a grating of 2400 lines per mm.

An optical multi-channel

analyser (0MA) with 1024 channels records the dispersed spectrum with
a minimum integration time of ~ 16 ms.

The elements of the 0MA

extend ~ 25 mm and with a dispersion of ~ 5 A/mm (varies with
wavelength) gives a time resolved spectrum of extent ~ 125 A and a
spectral resolution ~ 0.1 A, depending on the wavelength.
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The system

is calibrated in situ by focussing on the heated probe limiter;

at

900°C the emission from the probe limiter is sufficient to be
detected and is assumed to be black-body.

Alternatively,

the

sensitivity of the optics is determined using a calibrated opal
diffuser and tungsten lamp.

The combined sensitivities of the system

give a spectral range of 0.35 \im to 1.0 urn.

The system is described

in detail by Guilhem'- * J.

7.3.3

CCD Camera

Information on the spatial extents of the line emissions
observed with the SPEX is obtained with a TV camera based on a
charge coupled detector (CCD) array and suitable interference
filters.

The CCD camera could not be operated simultaneously with

the AGA or SPEX and required the removal of the mirror shown in
fig. 7.2-1.

The CCD detector consists of a two-dimensional array of

576 X 385 elements producing a TV raster with a picture field
frequency of 50 Hz, thus giving a time resolution of 20 ms.

The

detector and optics are packaged in a remote head separated by
several metres from the control and signal processing electronics.
This has the advantage that, since the detector itself is insensitive
to magnetic fields, the remote head can be used in the full toroidal
field close to the window giving a large field of view in contrast
with the AGA camera.

The output from the camera is compatible with

standard video equipment and the signals are recorded on videotape
using a commercial "U-matic" video recorder1- * -I. The signal is
analysed using a modified video analyser'- " -I , which enables the
intensity along any straight line in the field of view to be plotted.
Alternatively, another analysis system using a video frame
store'- * -" digitises a complete frame into a 256 X 256 array that is
then amenable to computer manipulation

The transmission filters are centred on emission lines from low
ionisation states.

The selection of suitable lines is based on their

intensity and isolation from other interfering spectra.

The SPEX is

used to ensure only the selected line is transmitted by the filter,
eg, that contributions to the signal from other lines or the
continuum are negligible.

This is particularly important in the case
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of H at 656.3 nm, where the combination of high intensity and high
a
detector sensitivity can interfere with measurements of other lines
when filter rejection is not adequate.

For most of the filters,

transmission of the central wavelength is typically ~ 10% and
bandwidth ~ 20 A, as measured by a laboratory spectrophotometer.
7.3.4

Electrical Control and Data Acquisition System

For safety reasons, 20 kV electrical isolation is required
between hard wires in the control room and the tokamak area.

This

has considerable effect on the design of the electrical control and
data acquisition system, since no continuous wires between control
room and experiment are allowed.
isolation are employed;

Three different methods of

these are given schematically in fig. 7.3-1.

First, the heater supply uses an isolation transformer, with the
primary excited by a hand operated 5 kVA variac in the control room.
Second, thermocouples and the probe position are monitored and
controlled with a plant interface unit (PIU) that converts signals
from analog-electrical to digital-optical.

The signals are carried

out of the tokamak area on optical fibres and re-converted for
reading, control or storage.

Thermocouple measurements are recorded

on a chart recorder, while the probe position measurement is fed into
the local control module (LCM) which in turn interfaces with the
LSI 11 computer and controls the probe drive system.

The third system controls and records the Langmuir probes and
operates the piezo valve.

The system uses an optical serial highway

that communicates between the system CAMAC crate which is linked to
the computer in the control room, and the remote CAMAC crate beside
the experiment.

The Langmuir probes are powered with a Kepco (BOP

100) bipolar + 100 V supply capable of delivering 1 A with a slew
rate of

1 V/^is, while the piezo valve is powered by a 3583 JM

bipolar operational amplifier giving ± 150 V at 20 mA.

Both power

supplies are controlled with a LeCroy 8601 quad complex function
generator (CFG) whose memory is loaded before the discharge using a
digital to analogue convertor (DAC).

The Langmuir probe current

measurements are taken from resistors, either 1 Q or 10 Q, and passed
through a unity gain isolation amplifier, a variable gain amplifier
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Fig.

7.3-1

CONTROL
ROOM

Schematic diagram of the probe limiter electrical
control and data acquisition system.

and finally into an analogue to digital convertor (ADC), whose
sampling rate is determined by a time sequence generator (TSG).

The

data is stored (during the discharge) in the ADC and transmitted
along the optical serial highway (after the discharge) to the
computer which stores the data on hard disc.

The probe limiter body is connected to the torus earth through a
1 kQ resistor while the rack in which the remote CAMAC crate resides
can be floated at the potential of the probe limiter body or the
torus.

In the latter case the Langmuir probe current must take a

circuitous route through the plasma returning via the main limiter
and the torus.

Although little difference exists between the probe
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limiter potential and the torus when the probe limiter is at the same
minor radius as the main limiter, when at smaller radii the probe
limiter floats negative with respect to the torus.

7.3.5

Gas Puff Calibration

Although simple gas-dynamic calculations indicated that the time
response of the long (~ 1 m) conduit would be adequate, it was
decided to perform tests both in a laboratory vacuum test stand and
on DITE.

The tests indicated that rise times were fast enough but

that the puffing depended in a complicated way on reservoir pressure,
pulse length and amplitude, gas type, etc.

It is thus necessary to

calibrate every gas puffing program in situ on DITE before use during
a discharge.

During calibration, the BDII cryopump is isolated from

the torus, leaving only the turbo pumps with an effective pumping
speed of 500 Z/s; with a volume of 2000 I the pumping time constant
is ~ 4 s, much greater than the gas pulse duration.

The torus is

thus, in effect, a closed volume and differentiation of the torus
pressure during a gas puff test gives the flow rate leaving the probe
limiter tip.

In these tests the torus RGA is used, tuned to the

appropriate mass/charge ratio and recorded by the computer.

The RGA

is calibrated for D 2 , He, and CH^ using the standard DITE gas puff
system where a known quantity of gas can be released.

The time

response of the RGA is ~ 20 ms, adequate for these experiments.
typical calibration appears in fig. 7.3-2.

300
Time (sx10~3)

200

Fig.

7.3-2

Generally, the rise time

400

Typical example of a gas puff calibration performed in
situ on DITE using CH^ gas:
to t ' 300 ms.
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A

valve open from t =• 100 ms

500

is fast, the flow rate reaches a maximum and then decays away more
slowly as the gas puff conduit is exhausted.
7.3.6

Surface Analysis
Exposure of the probe limiter to tokamak discharges inevitably

contaminates the surface with metals, oxygen, etc.

Measurements of

the amount and type of contamination are performed on the Culham MeV
accelerator with energetic beams of protons or helium ions.

The

analysis chamber of the system is large enough to accept the entire
probe limiter head and a manipulator allows the scanning of the beam
over the surface so to give spatial distributions of impurities.

The

two surface techniques, Rutherford Backscatter Spectroscopy
(RBS) and Particle-Induced X-ray Excitation (PIXE)I-7"8-> , used
together are able to give absolute areal concentrations of deposited
metal concentrations down to ~ 10* 2 atoms cm"2•

RBS and PIXE do not

give actual surface coverage or depth profiles, and for these
r7 o]
Secondary Ion Mass Spectrometry (SIMS) and Sputter/Auger- * J
analysis are used. These measurements are performed by a surface
analysis consultant group at Loughborough University, U.K.
Unfortunately, their analysis chamber is small, requiring the
cutting-up of the probe limiter.
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8.

BOUNDARY PLASMA CONDITIONS

In this chapter we first review simple Langmuir probe theory and
then use it to interpret data from the probe liraiter and the
reciprocating Langmuir probes.

Measurements with the two sets of

probes are compared and in the case of the reciprocating probes,
problems with their interpretation are discussed.

The measurements

are used to characterize the conditions in the boundary plasma and in
the SOL.

In general, the particle fluxes to the probe limiter are

found to be non-ambipolar and a simple model is suggested to explain
these observations.

Finally, measurements are made with the

reciprocating probe of the pre-sheath flow to the probe limiter and
these are compared with the simple fluid theory started in Chapter 4
and finished here.

8.1

Langmuir Probe Theory

The theory of Langmuir probes in magnetised plasmas has been

r 8 1 8 21
dealt with by a number of authors'-

' *

, most thoroughly by

r 8 31
Stangeby1- * K

Consider the situation depicted in fig. 8.1-1, a

biased square element (probe) in an infinite plasma with its surface
normal parallel to the field, and assume X. << r. << d, where r. is
the ion Larmor radius.

When floating, the flow of plasma to the

probe is described by the same set of equations developed in Chapter
4 for the SOL in contact with the limiter, where ambipolar
cross-field transport into the SOL or flux tube (in the present case)
is balanced by ambipolar "exhaust" at the surface.

With the probe,

however, the plasma is disturbed over a distance L.. , determined by
the details of the parallel and cross-field transport, while the
corresponding distance for the limiter case, L, was- defined by
geometry.

Stangeby'- " * gives the ambipolar disturbance length
c d2

L,,
=—
amb 8 D

(8.1-1)

A problem arises when we consider an element biased to collect
net current.

Classical theory says that cross-field diffusion is
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8.1-1

A square biased (probe) element with surface normal
oriented parallel to Che magnetic field.

sheath8.1-2

Qualitative appearance of the sheath and pre-sheath
potential for different probe voltages <S .
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[8.5]

always ambipolar'- * * and since particles must cross field lines to
supply the flux tube, a biased element should still draw zero
current.

The fact that probes can draw net current illustrates that

cross-field transport is not classical, but anomalous.

Stangeby^

' ••

has calculated the net current drawn by a probe arbitrarily biased
assuming an anomalous cross-field diffusion coefficient D. .

In this

discussion we will make the restriction that the probe is biased so
as to retard the collection of electrons, eg, the probe voltage <S

is

less than the plasma space potentnl, here assumed to be the
reference.

For voltages less than the floating potential $., where

$. = $ - An(2) kT /e
f
s
e

(the sum of the sheath and pre-sheath drops),

the pre-sheath plasma flow and the collection length remain unaltered
from the floating case; ie, the density at the sheath edge is half
the value far away (n* = §n ) , the ions enter the sheath at the sound
speed c , etc. The extra voltage due to biasing is taken up within
s
the sheath only.

The net electron flux is thus reduced and given by

the Boltzmann factor (eq.(4.1-6)), eg,

r

= kn c exp(e$ /kT ) fl - y A
e o e v p e J 1 ' e-

while the ion flux remains unchanged.

(8.1-2)

v

At sufficiently negative $

the electron flux becomes negligible and the current saturates at the
ion saturation current density (j )

Jg = I e n Q c g

(8.1-3)

The flow of the ions in the pre-sheath through the electron gas
has negligible effect on the ion momentum because of the discrepancy
in ion and electron masses.

This is not generally the case when

drawing net electron current (eg, $

> §f), where the collisional

drag on the flowing electrons by the ions
r g 91
drawn1- " J . The importance of the effect
e
mean free path along the field line \,. (~
II
collection length for electrons L

.

can affect the current
depends on the electron
1 e
-r \ r ) compared with the
i mtp

In the collisionless case the

situation is adequately described by equations (2) and (3), the
results for

.
[8.6]
by L J

$ P < $_, but with the electron collection length given
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c d2
—
exp(e* /kT )
P
e
16 D x

(8.1-4)

where the electron cross-field diffusion coefficient is assumed to be
the same as for ambipolar diffusion.
requires \. > L,. . When $
result e q . ( l ) , as expected.
above <£,, L

Thus the collisionless case

= $ f , eq.(4) reduces to the ambipolar
N o t e , however, that as $

increases

increases exponentially so that at some voltage the

collection length becomes larger than the electron mean free path and
a collisional approach has to be used.

In this case, (above $ _ ) the

pre-sheath flow is altered by the electric field that is required to
draw electrons against the collisional resistance of the ions.
Figure 8.1-2 illustrates the qualitative appearance of the sheath a n d
pre-sheath potential which results d u e to different probe potentials.
As <£ increases above $ f the electron flux increases rapidly causing
the potential throughout the pre-sheath to increase.

Above a certain

value of $ the potential peaks with a value $ at a distance of
H
eP
order ~ \ from the surface, with the ions being retarded up to this
II
point, depressing the plasma density, and accelerated to the surface
after it.

In this situation it can be shown that the Bohm criterion

is still satisfied, e g , the ions enter the sheath with the ion
acoustic speed c , and that the ion current density to the surface is
i en^c , where n^ is the depressed density at the crest in the
potential.

It necessarily follows that the crest to sheath edge

potential drop remains ~ 0.7 k T / e .

The electrons face a retarding

field between the crest and the surface, and their flux is thus given
by
r

= J nx c
6

e

e(*
- « )
exp (
E
S_) (j. _ y )
e
kT

It therefore remains to evaluate n, and $

(8.1-5)

taking into account the

collisional resistance of the ions to the electron flow.

It should

be noted that, on raising the probe voltage above $ , it is not until
the resistively generated potential overcomes the ambipolar
pre-sheath drop, eg,
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kT
An(2) - ^

(8.1-6)

and raises the potential above the far potential (eg, forms a crest
with $„ > 0 ) , that these expressions differ from the collisionless
results (eg, n

= ni for $„ = 0 ) . Stangebjr- * -I has calculated n,
O

x

ri

*•

and $„ (Z = 1 ) , as well as the electron (collisional) collection
length, neglecting the ambipolar pre-sheath drop and secondary
electrons and assuming anomalous cross-field mobility and diffusion
replenish electrons in the flux tube; <£„
H
kT
$ - * + — - in [r (exp
P
H
e

is related to $

by
p

eS
(—)
kT.

- i)]

(8.1-7)

[8.71
where r, the reduction factor'^, is defined in terms of the probe
size and the plasma properties, D. and x

. (the electron-ion

diffusion collision time), eg,
r

,

i

t

(

d

T
e

The depression of the density at the potential crest is given by
u

l

1

= 1 - -

(8.1-9)

e(
].

+ r

GXp

[•

kT

e

and the disturbance length for collisional electron collection by

Using equations (5), (7) and (9) we can calculate $

and n^/ng and

thus the ion flux T. and the electron flux r ; these are plotted for
a deuterium plasma in fig. 8.1-3 normalised by the ion saturation
flux 5 n Q c

as functions of the normalised probe potential for the
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8.1-3

Normalised D + ion r. and electron r

fluxes for a probe

with normalised bias potential eS /kT
the plasma.

T

with resect to

is assumed and two values of the

reduction factor r are used.

The potential when

floating is indicated.

cases r = 1 and r = °°, with T./T

1.

constant (at the saturation level) for $

For r

1, F. is nearly

< - kT /e, while r

increases only slightly slower than exponentially within this range.
Thus, provided r > 1 and <5 < - kT /e, the ion flow to the probe is
virtually unaffected by the bias and the electron flux is given with
reasonable accuracy by the simple Boltzmann equation (eq.(4.1-15)) .
Below $ p , the r = 1 results should coincide with the r = » results
but are slightly different because the ambipolar pre-sheath has been
neglected.

To calculate the reduction factor r for the probe limiter and
reciprocating Langmuir probes requires estimates of D. and x
Z
D

ff,

the effective charge state).

. (eg,

Reasonable values are probably

3

~ 1 m /s and Z ., ~ 3, which indicate reduction factors of r > 1,
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typically.

Thus to a good approximation the experimental probe ion

and electron fluxes, at least below $
r = °» results in fig. 8.1-3.

= - kT /e, are given by the

The net current density j, the

difference of these curves, can be calculated using equations
(4.1-15) and (4.1-16), eg,

_

(8.1-11)

exp

kT
where the voltage ($

- <Bf ) is experimentally more accessible than
P
This formulation has the added advantage that the secondary

$ .
P
electron emission coefficient y

is not needed.

Equation (11) is

fitted to experimental data from the probe limiter using a non-linear

-5
<
-3
e Ip / k Te
j s =1-8 A cm"2
T e =U-0 eV
Sf = -12-6 V

Fig.

8.1—A

Experimental Langmuir probe characteristic (data points)
and the fitted characteristic eq.(S.l-ll) from a
non-linear least squares fitting routine by
Matthews'- "

•".

The probe voltage*

the probe limiter body.
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is with respect to

least squares fitting routine designed by Matthews'- '

J to obtain

values of j , 5, and T . A typical experimental characteristic and
s
r
e
its fit to equation (11) appear in fig. 8.1-4.

Note that the

floating potential of the probe is given with respect to the probe
limiter body.

As expected, good agreement is obtained between the

data and equation (11). This contrasts with the measurements of
Tagle et alL '

J

on JET, where data at voltages above the floating

potential is not used because the characteristic becomes distorted
from the simple expression (eq.(ll)).

Apparently, the reduction

factor r is anomalously low in their case causing the ion and
electron fluxes to be reduced when in electron collection.
8.2

Comparison Between Probe Limiter and Reciprocating Langmuir
Probes

The reciprocating Langmuir probe arrays described in section
7.1.2 are used extensively in these experiments to give edge plasma
profiles at a given time in the discharge.

Used in conjunction with

the probe limiter Langmuir probes, that give conditions at a fixed
radius as a function of time, a coherent picture of the edge plasma
conditions can be formed.

Unfortunately, the reciprocating probe

(RP) data is not straightforward to interpret.

The problem is easily

explained when consideration is taken of the probe design (see
fig. 8.2-1).

The 0.5 mm diameter, 1.5 mm long pins are biased with

respect to the spades (2.5 x 2.5 m m ) , which effectively float, since
they are much larger.

The two sides are electrically isolated.

The

pins and spades extend beyond the end of a 9 mm diameter graphite
supporting tube (not shown).

The problem arises because the ion

Larmor radius can be of the same order or larger than the pin
diameter and thus the ion collection area is uncertain.

In electron

collection no such uncertainty exists since the Larmor radius is very
~ 10~ 2 mm) and the collection area
e
area of tWi pin (0.75 ram^).
small (r

is simply the projected

In order to see whether the finite ion Larmor radius can indeed
affect the ion saturation current measured with the reciprocating
probes (and thus the deduced density) a direct comparison with a
probe limiter Langmuir probe is performed.
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The experiment, performed

Spade

Fig.

8.2-1

Perspective diagram, drawn Co scale, of Che sensing
elements of a reciprocating probe.

in a helium discharge, uses a plasma current I =» 150 kA, and toroidal
P
field B - 2 T (both counter-clockwise) which produce a rotational
transform in the SOL such that the probe limiter connects directly
along a field line to reciprocating probe array A (see fig. 8.2-2).
The probe limiter is positioned approximately at the same radius as
the fixed limiter and comparison is made between LP4 and the pin
facing the probe limiter.

The minor radius of LP4 is ~ 26.9 cm which

places it in the SOL formed between the fixed and probe limiters.
The pin is thus equivalent (when in the SOL) to LP4 in that it sits
just in front of a large floating object (the spade and the fixed
limiter).

With the RP at r < 26.9 cm the ion saturation current as

measured by LP4 decreases by a factor of ~ 2 while no perturbation is
detected for r > 26.9 cm.

The LP4 measurements for this comparison

are thus taken with the RP at minor radii r > 26.9 cm and are
compared with RP measurements while at 26.9 cm.
composition of the edge plasma (eg, H e

+

Although the

1 1

or He" " ") may be uncertain, it

should have little effect on either the measured electron temperature
or ion saturation current.

The latter varies by at most a factor

c (He++)/c (He+) < 1.2 for T. > T .
S

S

1 6
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Probe limiter body

Reciprocating
langmuir probes

Langmuir probe

SOL

\0-26m
8 •

Plasma centre
Fig.

8.2-2

Diagram along Che field line that directly connects the
reciprocating probes of array A with the probe limiter.

.PL
,RP

10kTe
(eVI
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Urns)
Fig.

8.2-3

Comparison between reciprocating probe and probe limiter
LP4:

(A) ratio of Ion saturation "jrrents I

(B) electron temperature (RP - data points).

/I
The dotted

line in (A) is the expected ratio based on the entire
surface area of the pin.
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Figure 8.2-3 compares the plasma conditions measured by the two
probes as a function of time through the discharge.

Good agreement

is obtained for the electron temperature (5 eV ± 1 eV). This is to
be expected since electron collection is well-defined for both
probes, eg, r

<< probe dimension, and also the electron collection

length is small compared to the connection length 2L ~ 1.4 m.

The

latter condition is arrived at using equation (8.1-10) of the last
section and the electron density inferred from LP4 (n ~ 1.4 x
10^" m ~ ^ ) .
with \

In the case of LP4, electron collection is collisional

~ 0.03 m and L

~ 0.3 m.

Ion collection (for the pin) on

the other hand is not well-defined resulting in erroneously high
values for ion saturation current density j •

Plotted in
PL RP
fig. 8.2-3A is the ratio of ion saturation currents I /I
for LP4

and the RP.

If the appropriate area for ion collection by the pin is
PL RP
just its projected area then we would expect I /I
~ 9, while
5
S

values of 3 to 4 are actually found.

This is close to the ratio

based on the entire surface area ~ 2.7 (dotted line in fig. 8.2-3A).
The pin is evidently collecting ions on all sides requiring that
r. > 0.5 mm or T. > 30 eV, which is reasonable. Very similar results
1
~
i~
r g o"1
have been obtained by Stangeby et al"- * * who have compared the ion
saturation currents of a 1 ram diameter pin of length 5 mm with a
5 x 10 mm plate placed immediately behind.

As with our results,

although the ratio of projected areas was ~ 10 they obtained a ratio
of ~ 2.8 for ion saturation currents in similar plasma conditions.
Thus we conclude that, although the reciprocating probes accurately
measure T , some uncartainty exists in the ion collection area and
therefore the density deduced.
The problem of finite Larmor radius with small probes emphasizes
one of the advantages of flush probes inset in limiters.

Provided

the area of the insulating gap around the probe is negligible
compared to the biased region then the collection area is
well-defined regardless of the probe size or ion Larmor radius.

In

fact, smaller (inset) probes are preferred since they have the
advantages that they can be biased farther into electron collection
without affecting the ion flow and that smaller power supplies are
required.
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8.3

Probe Limiter Radial Profile

There was originally some uncertainty with regard to the
perturbing effect of the probe limiter on the DITE edge plasma, eg,
its large size suggests it might act not as a probe but as a limiter.
This might be expected especially with the probe limiter inserted
further in than the fixed limiter, where the magnetic field structure
would connect all field lines in the boundary to the probe limiter.
Using the simple result of section 8.1 for the ambipolar disturbance
length (eq.(8.1-l)) for the probe limiter body, the depleted flux
tube would extend ~ 10 times around the torus and would be sufficient
to limit the plasma.

However, more detailed calculations indicate

(see section 8.4) that the disturbance length of the probe limiter
body is much shorter than the simple result and is insufficient to
significantly alter the global edge plasma, although local changes
occur.

This is confirmed in an experiment in which the edge plasma

conditions are monitored as the radial position of the probe limiter
is changed.

The experiment is performed in the reference deuterium discharge
which has plasma current I

= 150 kA (anti-clockwise), a toroidal

field of 2 T (clockwise or anti-clockwise), and a line average
density of n

= 3.1 + 0.3 x 1 0 i 9 m~^ as measured by the microwave

interferometer.

In fig. 8.3-1, I

and n

have been plotted along

with the loop voltage V. and the ohmic heating power
functions of time through the discharge.

P o , as

During the current flat-top

(200-500 ms) both V. and P. are approximately constant at 2.7 V and
400 kW, respectively.

The bolometer camera shows the radiated power

to be symmetric across the plasma cross-section with peaks at the
edges; typically ~ 75% ± 25% of the ohmic power is radiated.

The

central electron temperature as measured with the ECE Michelson
interferometer is 650-750 eV.

The toroidal magnetic field is

clockwise for the profile experiment and thus, in contrast with
the probe limiter/reciprocating probe comparison in the last section,
the RP array A does not connect directly with the probe limiter.

Probe liraiter Langmuir probe data are taken during a series of
identical discharges, where between shots the probe limiter radial

- 106 -

200

400

600

TIME (ms)
Fig.

8.3-1

Main discharge parameters for the reference deuterium
discharge with B

- 2 T.

From the top:

plasma current

I , line-average density n e , loop voltage V^, ohmic
power ?„.

position is varied from 22.5 cm to 27.5 cm.
in fig. 8.2-2.

The geometry is as shown

Plotted in figs. 8.3-2 and 8.3-3 are the results for

i and T obtained by the four probes at t = 375 ms as functions of
s
e
the radial position of the particular Langmuir probe.

Note that at

minor radii less than 26 cm, eg, inside the fixed limiter, probes on
the electron drift side (1 and 2) agree with those on the ion drift
side (3 and 4 ) . In addition, the inner probes (1 and 3) agree with
the outer probes (2 and 4 ) , which are situated 12 mm apart radially
on the probe limiter body.

The latter agreement indicates that

insertion of the probe limiter into the plasma is not significantly
altering the edge conditions further out.

This is confirmed by the

reciprocating probes that detect no change in either j
the probe limiter is at radii greater than 23.0 cm.

or T g while

Inside this

radius, eg, with the probe limiter at 22.5 cm, the edge is cooled
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28
PROBE MINOR RADIUS
(m x10"2)
Fig.

8.3-2

Radial profile of ion saturation current density j
measured by the probe limiter Langmuir probes In the
reference deuterium discharge.
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as

k Te

(eV)

28
PROBE MINOR RADIUS
(mx10"2)
Fig.

8.3-3

Radial profile of electron temperature T

as measured by

the probe limiter Langrauir probes in the reference
deuterium discharge.
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(T drops) while j
6

remains constant, thus implying a density increase
S

in the edge.
8.3-3.

This explains the rogue data points in figs. 8.3-2 and

The global perturbation that occurs when the probe limiter is

deeply immersed is also noted with the bolometer camera which shows a
strongly asymmetric radiation profile peaked in the edge at smaller
major radii, a condition commonly called a MARFEL

' J.

Although the

radiation density at the MARFE position increases by ~ 50%, the total
radiation integrated across the torus cross-section shows only a
slight increase (< 10%).
e n c the data of figs. 8.3-2 and
e s
8.3-3 have been used to plot the radial dependence of the density n
Using the equation j

in fig. 8.3-4.

At probe positions > 26 cm the density profiles

measured by the ion and electron-facing probes diverge.

PROBE

Fig.

8.3-4

MINOR

This is to

RADIUS

Radial profile of the electron density n

as determined

from the data in figs. 8.3-2 and 3 for the reference
deuterium discharge.
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be expected since the connection length in toroidal degrees to the
fixed limiter on the ion side is ~ 70° while on the electron side it
is ~ 290°, a ratio of ~ 4.

Assuming that D

predicts the density e-folding distance \

is constant, eq.(4.2-4)
to be twice as large on

the electron side, which agrees approximately with the ratio
indicated in fig. 8.3-4.

A similar result is found with the

reciprocating probe when the toroidal field is reversed (eg, counter
clockwise) so that it scans through the SOL formed between the probe
and fixed limiters.

The RP measures a decrease in \

~ 2

due to the presence of the probe limiter at r

fig.

8.3-5).

The temperature e-folding distance X.

by a factor
= 25.5 cm (see
(fig. 8.3-3,

r > 26 cm) does not vary between the ion and electron sides and leads
one to speculate that, while D. might be constant (eg, independent of
connection length), x, is not.
significantly longer than
in section 4.2 that x,

> D

ne

~ 5 cm, which is

X. and thus justifies the assumption used
.

#

\

10 19

Note that \

(A)X n =07cm

(BJ\ n =16cm

5^.,^

•

I

3

(m )
^

10 18

"b
\

= (A)o PL in

0

8

^

"(B)« PL out
m17

J_SO1=—•
i

i

i

T

i

i

, i

26
28
MINOR 2, RADIUS
(mx10' )
Fig.

30

8.3-5 Density profiles as measured by Che reciprocating probes
A in (A) che SOL formed between che probe and fixed
limiters (rOJ ~ 26 cm) (B) Che SOL wich the probe
limicer completely withdrawn.
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8.4

Disturbance Length for a Large Object
Based on the measurements with the probe limiter built-in

Langmuir probes and the reciprocating probes it appears that the deep
insertion of the probe limiter does not globally perturb the boundary
plasma (provided the insertion is not too deep, eg, r > 23.0 cm).
PL —
This is at first surprising considering the large size of the probe
limiter; eg, the result of section 8.1 for the ambipolar disturbance
length (eq.(8.1-l)) is L

, ~ 10 2 m for the probe limiter which,

considering the size of DITE, would significantly alter the entire
boundary.

However, this simple estimate for L

connecting flux tube has a constant shape.

, assumes that the

While this is reasonable

for small probes where L.. . is less than ~ 2itR , for large probes
(eg, the probe limiter) the variation of the pitch angle of B (eg,
q(r)) over the face distorts the shape of the flux tube and
significantly reduces the value of L

. from that calculated using
II amD

the simple expressions (eqs.(8.1-l, 4, 10)). This is most clearly
seen with the example in fig. 8.4-1 which shows the flux tube
connected to the probe limiter on a plasma cross-section (at the
probe limiter location) as it makes several circuits in one direction
around the torus for a 150 kA, 2 T discharge with the probe limiter
position r
r

= 2 3 . 0 cm.

The safety factor q(r) varies from 3.00 at

= 23.0 cm to 3.85 at r = a = 26.0 cm and the variation is

sufficient that the originally rectangular flux tube is distorted to
a thin slab after a number of circuits.
If we consider the particle balance in the flux tube connected
to the probe limiter, then the parallel "exhaust" at the surface
equated with the cross-field diffusion gives

1
S

A. = e / " a m b
o

D. — 2 - P f (x) dx
L
D f (x) t

where A. is the cross-sectional area of the flux tube.

(8.4-1)

We assume

that q is only a function of minor radius, and not of the major
radius so that the cross-sectional area of the flux tube A. remains
constant.

This is a reasonable approximation in DITE where the
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Ip = 150kA
Bt=2T
R 0 =l-17m

cm

Fig.

8.4-L Scale diagram of the flux Cube connected to the probe
llmiter on a plasma cross-section as ic makes several
c i r c u i t s In one direction around the torus.

magnetic field strength varies by only ~ ± 20% at different

poloidal

positions; thus, magnetic flux is approximately conserved in the flux
tube and Af ~ (a - r
width.

) w , where w is the probe limiter poloidal

P f (x) is the perimeter of the flux tube and D.(x) is the

characteristic dimension for cross-field diffusion,
x, the distance away from the body.

both functions of

After a few circuits of the

torus the flux tube is flattened out and the perimeter is given
approximately by

(8.4-2)

P f (x) =

Using q(r) = (constant)

, which is valid in the boundary plasma,

eq.(2) becomes
4

P f (x)

(a

"

C

R nq
o a
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PL)

(8.4-3)

The characteristic dimension for cross-field diffusion into the
elongated flux tube is given approximately by

(8.4-4)

Thus the particle balance, eq.(l), becomes

i Af = l i - ^ /L"amb Pf(x)2 dx

(8.4-5)

Substituting eq.(3) for P f (x) and integrating we arrive at
3
3
=
—
L
lamb 3 2

c

w 2R 2
JB_-2
s
^

q

2
S-.

(8.4-6)

The disturbance length is nearly independent of the distance of
insertion into the plasma, that is, it varies weakly as ~ T */f". In
fact, L,, , is not strongly dependent on any quantity and is
approximately ~ 13 m (using D = 0-3 m 2 /s) which is significantly
less than the value obtained using eq.(8.1-l), eg,
c
L,, , - — —
lamb g ^

w 2 ~ 80 m
p

(8.4-7)

It is therefore not surprising that the deep insertion of the probe
limiter has little global effect on the boundary plasma.
8.5

Non-Ambipolar Flow
In addition to the values of j and T

taken during the profile

experiment, data for the floating potential <Sf, with respect to the
probe limiter body, are also obtained.

These are plotted for the

four probes in fig. 8.5-1 as a function of the probe limiter leading
edge radius r . For clarity only the best fit to the experimental
PL
points are shown. Also plotted is the floating potential of the
probe limiter body $

with respect to the torus. As the probe
PL
limiter is pushed in, the body floats negative with respect to the
- 114 -

f
(V)

24
26
Probe Limiter
Position (cm)

Fig.

8.5-1

The floating potential $

28

of the probe litniter Langmuir

probes with respect to Che body as a function of probe
limiter position in the reference deuterium discharge.
Also plotted is the body potential <t with respect to
PL
the torus.
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torus by as much as - 33 V at r

• 23.5 cm, while the inner probes

Pli

(1 and 3) float negative with respect to the body and the outer
probes (2 and 4) float positive.

In addition, the probes on the ion

side float positive with respect to the corresponding probes (at the
same minor radii) on the electron side, eg, $ | > <£* and $"* > $|.
With the probe limiter at r

> 26 cm the body and probes float at

IT LJ

approximately the fixed limiter potential.
The situation that is implied by this data is sketched in
fig.

8.5-2 for the case where the probe limiter is deeply immersed,

say r
(eg,

= 23.5 cm, and the Langmuir probes are individually floating
electrically isolated).

The plasma flow to each Langmuir probe

must be ambipolar and the voltage between each and the adjacent
plasma must therefore be given by eq.(4.1-17), the ambipolar sheath
potential.

At a given minor radius this potential difference is the

same on both sides of the body since the electron temperature is
measured to be the same on the ion and electron sides (fig- 8.3-3).
The fact that the ion-facing probes float positive with respect to
the electron-facing probes at the same minor radii implies that the
plasma space potential on the ion side ($.) of the probe limiter is
greater than on the electron side ($ ) . This potential difference is
the driving force behind a toroidal current that is driven through
the body.

In addition to the toroidal current, from fig. 8.5-2, it

is apparent that current must flow radially in the body.

This is

because the plasma-body potential difference at the leading edge
(probes 1 and 3) is less than that required for ambipolar flow while
further out (probes 2 and 4) the plasma-body potential is greater.
Thus net electrons are collected at the leading edge while net ions
are collected further out.

The local values of the current flowing into the body (at the
positions of the probes) can be obtained from the Langmuir probe
data.

This is simply the curreut density drawn when the probes and

the body are at the same potential (eg, $

=0).

Substituting this

into eq.(8.1-ll) gives

j

net = js f1 ~ e X p ( " " V " ^ ) ]
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(8.5-1)

fixed (
limitert
ion

c
0)
-4—

o

CL

•W-K3)

Fig.

8.S-2

The relative potentials of the built-in Langmuir probes
when electrically isolated, wich the probe limiter
deeply immersed

*.

is the plasma space potential on

the ion/electron side

is the plasma potential in

the absence of the probe limiter.
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In effect, j

is the current density that would be drawn by the

probes if they were shorted directly to the probe limiter body rather
than biased with a power supply.

For $, > 0, j
$

is positive implying net ion collection and for

< 0 we have net electron collection; j

fig. 8.5-3 for the four probes.
r

has been plotted in

With the probe limiter pushed in to

~ 23.5 era minor radius, net electron collection at the leading

edge at current densities as high as ~ 8 A/cm2 is indicated by probes
1 and 3, while farther out on the body at r ~ 25 cm (probes 2 and 4)
net ion collection occurs with a current density ~ 2 A/cm 2 .

Current

is thus flowing through the probe limiter body in a radial direction,
entering further out and leaving at the leading edge.

Since the body

is electrically isolated from the torus the ion and electron fluxes
integrated over the entire surface must be equal and thus the portion
of the surface in ion collection must be much larger than the region
in electron collection.

This is simply due to the fact that biased

surfaces can draw no more than j

ion current density (ion

saturation) while electron current density can be many times j .
This is more clearly shown in fig. 8.5-4, where the results have been
normalised by the ion saturation current density; positive current is
limited by j

/j

< 1 while in the case of probe 1 negative currents

exceeding 2j are obtained.
s
In addition, to the currant flowing through the body in the
radial direction, net current flows through the body in the toroidal
direction.

This is indicated by the differences in j
between the
net

ion and electron sides in figs. 8.5-3 and 8.5-4.

Since the ion

saturation current density is approximately symmetric on the two
sides at a given minor radius (fig. 8.3-2) the toroidal current is
due to a greater electron flux on the electron side relative to the
ion side.

At r

= 23.5 cm, the difference between probes 1 and 3

gives a net current density of ~ 6 A/cm^ flowing through the body
(near the leading edge) in the same direction as the plasma current
I • Similarly, probes 2 and 4 give a toroidal current density of
P
~ 1 A/cm2 further back on the probe limiter body, also in the I
P
direction.
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Jnet
(A/cm 2 )

PROBE

Fig.

8.5-3

Net current density j

LIMITER
-2,
(mx10

POSITION

flowing into the probe limiter

at the positions of the built-in probes as a function of
the probe limiter position in the reference deuterium
discharge.
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PROBE LIMITER
Fig.

26

27

28

POSITION

8.5-4 Net current density j Q e t » normalised by j g , flowing into
the probe liniter at the positions of the built-in
probes as a function of the probe limiter position in
Che reference deuterium discharge: best f i t to
experimental data points (solid l i n e s ) , and
(eq.(8.5-14), dotted l i n e s ) .

Similar observations of non-atnbipolar flow to limiters have been
reported on other tokamaks.
8

Howling*-

Recent studies include those of

J on TOSCA at Culham, Fidel'man et a.V- '

-I on TV-1 at

the Institute of High Temperatures in Moscow and Vershkov et
ai L8.12,8-13J

o n T

_ 1 Qa ( .

t h e K u r c h a t o v

i n s t i t u t e also in Moscow.

The

observations of non-ambipolar flow to limiters in these machines are
a l l qualitatively similar to those of the present study; the floating
potentials are higher on the ion side compared with the electron
side, toroidal currents flow of the same order of magnitude as the
ion saturation current density, and the leading edges are in net
electron collection while at greater minor radii net ion collection
occurs.
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8.5.1

Plasma Space Potential Deduced by Built-in Probes

As noted in section 8.4 the disturbance length for the probe
limiter body is of order ~ 10 tn. This is much longer than the
collection lengths for the relatively small built-in Langmuir probes,
which typically sample the plasma immediately adjacent to the probe
limiter (distance x < 1 m ) . The fact that the floating potentials
for the probes on the ion side are greater than on the electron side
implies that a potential difference A<£ exists between the plasma
adjacent to the two sides.
we must have A* = 0.

In the absence of the probe limiter, then

Evidently, the insertion of the probe limiter

drives up the plasma potential on the ion side ($.) relative to the
electron side ($ ) . We shall assume that these shifts in potential
occur symmetrically about the plasma space potential $

that would

exist in the absence of the probe limiter, as shown in fig. 8.5-2.

When floating, the probes on the ion and electron sides sit at
potentials - $
potential.

+ Jln(2) kT /e less than the adjacent plasma

The difference in floating potential between them is a

direct measure of A<£, while their average can be used to deduce the
plasma space potential <5

in the absence of the probe limiter, eg,
kT

Je
$

A<£>

—-T —

(8.5-2)

(r) (with respect to the torus) has been calculated using the

floating potential data of fig. 8.5-1 and the T

profile of

fig. 8.3-3 and the results plotted in fig. 8.5-5.

The secondary

electron emission coefficient y (T ) , used in calculating <£
(eq.(4.1-17)) , has been taken from Woods et al^ *
exposed graphite, eg, y

» 0.013 T

(T

J for tokamak-

in eV). The experimental

points for the inner (1,3) and outer probes (2,4), as expected, fall
on the same line, except for the rogue data points that result when
the probe limiter is pushed in to minor radii < 23.0 cm.

Note that

the space potential increases monotonically with decreasing minor
radius and appears to flatten at r ~ 24 cm.

This may actually be a

potential crest which must exist somewhere in the boundary plasma
since other experiments- "

*

•• and theory'- *
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J predict a deep

•'•sp

(V)

PROBE MINOR RADIUS
(mxlCT2)
Fig.

8.5-5

Plasma space potential * s

in the absence of the probe

limicer deduced by probe limiter Langmulr probes.

potential well in the discharge centre.

Floating potential

measurements have also been made with the reciprocating probes and
qualitative agreement with the probe limiter results is obtained;
that is, the space potential deduced with the RP peaks in the
boundary, but not necessarily at the separatrix.

This, along with

the result that the inner (probe limiter) Langmuir probes (1 and 3)
agree with the outer (2 and 4 ) , suggests that the space potential is
not perturbed by the insertion of the probe limiter, at least for
insertions in to r

= 2 3 . 5 cm.

These observations are in

qualitative agreement with an earlier study on DITE'-4'8-', which also
found that the deduced plasma space potential in the boundary
increases with decreasing minor radius.

8.5.2

Incident Particle Balance to the Probe Limiter

Since the probe limiter body is electrically isolated from the
torus and the fixed limiter, the overall flux of particles to the
probe limiter must be ambipolar, eg, the flux of ions must be equal
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to the flux of electrons.

Consider the particle currents flowing

into the probe limiter when its leading edge is positioned at
r

< 26 cm.

In the case of ions, the measurements (fig. 8.3-2)

indicate that the ion saturation current density is symmetric on the
ion and electron sides.

Thus, the ion current density to the surface

at a given radius, summing the two sides, is 2j ( r ) . The electron
current density, however, is not symmetric since a toroidal current
flows.

Modifying eq.(4.1-15) to get the net electron current density

to a given side we get

il'a
e

where <£.

- $

= ^ e n c exp[- —
e
4
kT

(a
i,e

- a )] (1 - y )
PL
e

(3.5-3)

is the potential difference between the plasma and

the probe limiter body on the ion or electron side.

Using

j = \ e n c and the assumptions, Z = 1 and T. = T , eq.(3) becomes
S
S
L
S

j e * = Js [

J

ex

P[

(*ie - * pL )J (1 - Y ) (8.5-4)
kT

e

'

Assuming, as we did earlier (eq.(2)), that the plasma potential on
either side $.

lies symmetrically about the space potential that

would exist in the absence of the probe limiter $

, then
sp

•l.a • * 8 P ± f

(8 5 5)

-'

where A$ is the floating potential difference between opposite-facing
probes; this is obvious from fig. 8.5-2.

Equation (4) thus becomes

j o exp [+ —ZZ-]

where we define
m.
it m

v

kT
e

e
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(8.5-6)

The electron current to the probe limiter at a given radius
j (r), summing both sides, is

je(r) = J [exP (- 2S2-) + exP (+ 59*-)]
2kT

(8.5-8)

2kT
e

e

21 cosh [^_]

(8.5-9)

For eA<S/2kT small, this becomes
e
j e ( r ) = 2j Q [ 1 + J ( ^ - ) 2 ]

(8.5-10)

2kT
e
In these experimental results it was generally true that
eA°5/2kT

~ 0.5 and thus without incurring significant error

j (r) => 2j (r). At a given radius, in other words, it is observed
that the average of the electron currents on the two sides is
approximately j (r), which is independent of the toroidal current
flowing through the body (see eq.(7)).

Thus, in a first

approximation the radial current flowing in the body is independent
of the toroidal current and flows because the equipotential body is
in contact with a spatially varying plasma, eg, n(r), T (r), $

(r).

Although ambipolarity is not required at any given radius, net
ambipolarity ^s_ required, eg,
a
/
r

= (—H* /
71 m

e

r

j

a
dr s /
r

PL

PL

dr

(8.5-11)

PL

J exp [- -£- <*
kT

j

- * )] (1 -Y ) dr

(8.5-12)

e

where the particle flux outside the fixed limiter radius has been
neglected.

Given profiles of j (r), T (r) and $
S

c

(r), it is possible
®P

to solve this integral equation for the floating potential of the
probe limiter body <£

.

Figure 8.5-6 shows the result of such a

£ Li

calculation as a function of the probe limiter leading edge position
r

, where the best fit curves to the experimental profiles have been
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(m x 10~2)

Fig. 8.5-6 Probe limiter body potential with respect to torus
theory (solid line), experiment (data points).

used for j , T and
figs. 8.3-2, 3 and 8.5-5, respectively. The
e
sp
s
secondary electron emission coefficient y (T ) uses the approximation
made earlier from Woods et al'- "

-1 .

Also plotted for comparison are

the experimentally measured values for $
obtained except for r

.

Good agreement is

< 23.0 cm where the insertion globally

perturbs the plasma.

8.5.3

Met Current Density Calculation

Having experimental profiles for j
calculated profile for $

T

and
and the
e
sp
) , it is now possible to calculate the

(r
rL PL
net current entering the probe limiter body at different radii
including the toroidal current contribution. The net current density
i e
i e
is simply j - j ' , where j ' is given by eq.(6), eg,
s
e
e
.i.e

(8.5-13)

(
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iaat = l . i^L.)
j
J
s

exp

[- _a- ( # - $ )] (1 -Y >exp [? _]

urn

SP

kT
e

^L

2kT

e

e
(8.5-14)

Unfortunately this requires A$(r), the difference in plasma space
potential between the ion and electron sides, which can be calculated
self-consistently only with large error since it requires assumptions
regarding the cross-field transport (see subsection 8.5.5).

The

built-in probes, however, directly measure A<l> and thus the
experimental data can be used instead.
1 and 3 as a function of r

This has been done for probes

(see fig. 8.5-4).

This in reality only

JrL

represents a rearrangement of the original data but it serves to
demonstrate the use of eq.(14).

Since the inner probes were used,

these curves give the net current flowing into the body at a position
~ 2 mm from the leading edge and are to be compared with the original
data points.
A mapping of j

on the probe limiter body would be possible

provided a corresponding map of A$ were available.

Unfortunately,

the Langrauir probes do not supply sufficient spatial information on
A<£, but they do indicate variations of 5 - 25 V.

To simplify

matters so as to give at least a qualitative picture of the spatial
variation of j

on the body, a constant value of A$ is chosen.

Using eq.(14) along with experimental profiles of j , T , <£
the calculated value for $
PL

, and

, the spatial variation of j
is
net

calculated with the probe limiter at r

= 23.5 cm (see fig. 8.5-7).

Currents outside the fixed limiter radius (a = 26 cm) are neglected.
A<£ is assumed to be 16 V and is chosen to give approximate net charge
balance on the body;

this value both falls within the observed range

(5 - 25 V) and is of the same order of magnitude as the simple
estimate presented later in subsection 8.5.5 (~ 10 volts).

In

agreement with the experimental results, large negative currents are
drawn at the leading edge while further out on the body, covering a
larger area, the current is positive and at a lower value.

At all

radii the net toroidal current (eg, ion side minus electron side) is
in the direction of the plasma current.
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Jnet
A/cm 2

*PL - -35 V
(with repect to
torus)

240

leading
edge

250

26-0

MINOR RADIUS
(cm)

Fig. 8.5-7 Model calculation of the net current density j ^ ^
entering the probe limiter body on the ion (i) and
electron (e) side's as a function of minor radius. Probe
limiter position is r pL » 23.5 cm.
8.5.4

Effect on Sputtering and Power Density:

CCD and IR Cameras

Although the non-ambipolar flow to the probe limiter has l i t t l e
effect on the ion flux, i t does however influence the sheath
potential and thus the amount of sputtering and the power flux.

The

passage of toroidal current through the body requires a smaller
sheath voltage <£ on the electron side and a larger voltage on the
s
ion side, eg,

(8.5-15)
i e
|$ ' I has been plotted in fig. 8.5-8 for the example given in
fig. 8.5-7 (eg, A<£> = constant = 16 V) with the probe limiter at

PL

23.5 cm. Note that the plasma space potential <5
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and the body

potential $>

are such that the sheath voltage is approximately

constant with radius for a given side and actually decreases towards
the leading edge.

With the electron temperature rising steeply with

decreasing minor radius the sheath voltage at the leading edge is
less than that required for ambipolar flow and vice versa further out
on the body.

This, of course, gives rise to the radial current

flowing in the probe liraiter.

The ion impact energy was given earlier by eq.(6.2-14), eg,

and has also been plotted in fig. 8.5-8, assuming T
Since the electron temperature T

= T

and Z

1.

increases sharply with decreasing

minor radius, the impact energy also increases, and thus the
sputtering yield is highest at the probe limiter tip.

This combined

150-

Volts

250

leading
edge
Fig.

8.5-6

260

MINOR RADIUS
(cm)

Model calculation of the sheath voltage |<5 | and the ion
impact energy 2kT /e + |4 | as a function of minor
radius for the ion (i) and electron (e) sides.
limiter position is r p

• 23.5 cm.
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Probe

with the fact that j also increases sharply means that most of the
s
sputtering occurs close to the probe limiter leading edge.

Since the

ion impact energy is larger on the ion side we would expect more
sputtering here.

This is in fact observed with the CCD camera using

a CI interference filter, which shows an asymmetric intensity
distribution which is roughly 40% more intense on the ion side.

As

expected from the probe measurements of the ion saturation current
density, the D

distribution is symmetric on the two sides.

The 40%

increase in CI emission on the ion side is somewhat larger than
physical sputtering yield data for deuterium on carbon would predict
(see fig. 6.2-1A).

The yield is roughly linear with energy in this

region and thus an increase more like ~ 15% would be expected based
on the impact energies given in fig. 8.5-8.

Although it could not be observed in the present experiment, the
smaller sheath voltage at the leading edge relative to the ambipolar
sheath reduces the sputtering yield.

The ambipolar sheath potential

is ~ 2.2 kT /e ~ 90 V, including the effect of secondary electron
emission'- "

-I and assuming D + ions and T = T. ~ 40 eV.

be compared with ~ 50 V in fig. 8.5-8.

This is to

If we include the thermal

energies, then the impact energies for the ambipolar and
non-arabipolar cases are E

~ 170 eV and E

~ 130 eV, respectively.

The sputtering yield on carbon, from fig. 6.2-1, is thus reduced from
Y = 0.030 to Y = 0.025.

Although in this case the reduction is

small, the effect may be more important when radial currents flow at
lower values of T , where the sputtering yield is more energy
dependent.

In addition to the toroidal sputtering asymmetry, the
non-ambipolar flow causes unequal power loadings to the ion and
electron drift sides.

The electron and ion power densities derived

earlier feqs.(4.1-22, 23)) can be rewritten as
kT
P e = 2 - ^ (1 - Y e ) ~ 1
kT
P 1 = (2 - ^

- «a) j g
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je

(8.5-16)

(8.5-17)

neglecting particle energy reflection (R

eE

IE

0) and assuming

T. * T , Z = 1. As shown in fig. 8.5-8 the sheath voltage $ varies
i
e
s
only slightly between the ion and electron drift sides and thus the
ion power asymmetry is small.

The electron power flux on the other

hand can be significantly larger on the electron side due to large
electron currents.

This asymmetry should result in different

temperature rises on the two sides and was confirmed with the AGA IR
camera. The Langmuir probe-AGA comparison of the leading edge
conditions with r
23.5 cm is summarised in table 8.5-1. The
PL
electron current density j flowing into the two sides is assumed to
be j

- j

and is found to be approximately twice as large on the

electron side, giving twice the electron power density.
voltage $

The sheath

is calculated using

<31

(T , floating) - $*'

> e

S

S

(8.5-18)

t

where $ (T , floating) is the sheath voltage for a floating object
s e
F 6.381
given by eq.(4.1-17) with the Woods et al *•
* approximation for
units

ion side (LP3)

electron side (LP1)

probes (experiment)

1

2

A/cm
eV
V
A/cm2

3.7
37
-18
-2.3

3.7
37
-43
-8.1

Jnet
probes (calculated)

h

A/cm2
V
W/cm2
W/cm2
W/cm2

W/cm2

COt

Table

8.5-1

11.8
-38
1680
410
2090

IR camera (experiment;

"tot
P

6.0
-63
850
510
1360

1130

1700

Summary of plasma conditions experienced by the probe
limiter at t • 210 ms in the reference deuterium
discharge showing the asymmetry in power fluxes to
the ion and electron leading edges. Probe limiter
position r PL 23.5 cm.
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Y (T ) . The ion power density thus calculated (eq.(17)) is, as
e e
expected, only slightly larger on the ion side, while the
(calculated) total power is significantly larger on the electron side
due to the excess electron flux.

These calculations are in good

agreement with the power flux deduced with the AGA IR camera based on
surface temperature rise; power densities of 1130 W/cm2 and
1700 W/cm2 are indicated for the ion and electron sides,
respectively.

The reasonable agreement between the AGA data and the

heat flux calculated using the Langmuir probes supports the
assumption that we usually make, that T. = T .
8.5.5

Theory:

Floating Bodies Immersed in Current-Carrying
Magnetised Plasmas

There are two nearly independent causes of the net currents
flowing into the probe limiter.

First, in the radial direction

current is driven since the equipotential body is in contact with a
spatially varying plasma (n (r), T (r), $ (r)). This current is
e
e
sp
relatively easy to understand and is simply that required to maintain
overall charge balance to the body, eg, see eq.(ll).

The second

component, in the toroidal direction, is more difficult to
understand.

Up until this point we have just accepted that current

is driven because the plasma potential is larger on the ion side
compared with the electron side.

But what causes this potential

difference A<£, which would be zero in the absence of the probe
limiter?

The obvious answer is that the body interrupts a current

that would be flowing if the probe limiter were removed.

The

interruption causes the electrons to "build-up" on the electron drift
side, driving down the plasma potential and the opposite occurs on
the ion side.

In this way the body to plasma potential is "adjusted"

on the two sides to permit the passage of current through the
sheaths.

In what follows in this subsection we shall forget the

radial current, which is associated with an extended body in contact
with a spatially varying plasma, and concentrate on the toroidal
components.

In effect, we restrict the radial extent of the body so

that only the toroidal current flows.
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In tokamak boundary plasmas a number of currents flow.

First,

in the toroidal direction the ohmic heating current is driven by the
loop volts.

Second, in the parallel direction the Pfirsch-

Schliiter'- *

^ current flows to prevent charge build-up at the top

and bottom of the plasma.

Third, in the perpendicular direction, the

diamagnetic current flows to produce a Lorentz force that balances

r 8 51
1

the radial pressure gradient - * J .

Typically, the ohmic heating and

the Pfirsch-SchlUter currents can be of the same order and the
diamagnetic current can be neglected.

A number of theoretical models

invoke the Pfirsch-Schliiter current to explain non-ambipolar flow to
rft?i —ft ? & l
limiters'- "

*; however, on closer inspection it appears

unlikely that these theories can explain the observations made with
the probe limiter.

One deficiency lies in the fact that the

Pfirsch-Schliiter current should be equally shared between the ions
and electrons.

Thus, an asymmetry in the electron flux on either

side should also be reflected in the ion flux but this is clearly not
observed in the probe limiter data, where j is symmetric. In
addition, if one calculates the expected values for the ohmic heating
and Pfirsch—Schliiter currents using the measured boundary plasma
conditions, then it appears at the probe limiter position, that the
ohmic heating current is greater than the Pfirsch-SchlUter current by
a factor ~ 8. We shall thus proceed in our development assuming that
the current carried in the plasma is driven by the loop volts.
However, most of the results will be general enough to be valid
whenever the current is carried predominantly by the plasma
electrons.
The shifts of the plasma potential on opposite sides of a body,
now radially isolated to eliminate the possibility of radial
currents, is most clearly explained using the idealized situation
depicted in fig. 8.5-9.

Consider a small square element of dimension

d, immersed in an infinite plasma carrying a current density J and
split in half so that each side floats.

The element is assumed to be

large enough that the ion Larmor radius can be neglected and that the
parallel disturbance length is much larger than the electron mean
p

free path \ , but small enough that the plasma conditions are
II
constant across its face and on either side.

In case (A) in

fig. 8.5-9 the electric field E , required to drive the electrons
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B

(A)

Fig.

8.5-9

Schematic diagram of an element, with each face
insulated, immersed in a magnetised current-carrying
plasma.

The qualitative behaviour of the space

potential is sketched in (A) the conservative electric
field case (infinite plasma) (B) the non-conservative
case (toroidal plasma).
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against the plasma resistance, is assumed to be conservative.

Since

the halves are isolated the flow to the two surfaces must be
ambipolar, and is thus described by the same set of equations
developed in Chapter 4, with one difference; the potential of the
flux tubes on either side are different.

Since no current can flow

through the body, the plasma current density J (carried primarily by
the electrons), which flows in through the end of the flux tube on
the ion side, must cross field lines to flow around the body to exit
at the end of the flux tube on the electron side-

Since the flow

within the flux tube (to the surface) is arabipolar, the electrons
drift at the same velocity as the ions and thus do not generate an
electric field, giving a nearly flat potential (case A) save for the
~ 0.7 kT /e pre-sheath drop which is the same on either side (not
shown).

In addition, the sheath voltage drop on either sider must be

the same (to give charge balance) and thus the two sides float with a
potential difference given approximately by

A* f 2 2 E t L ( J

where L

(8.5-19)

is the current disturbance length.
II *J

The situation depicted in fig. 8.5-9A is not strictly correct in
a tokamak plasma; the plasma is not infinite but toroidal and the
electric field is solenoidal or non-conservative.

Thus the plasma

potential $

is defined by an equation that includes both the
sp
electric field E and the magnetic vector potential A, eg,

__!£ . _
dx

8A
at

E

rather than the usual expression that omits the last term.

(8.5-20)

The

change of the magnetic potential with time is due to the change in
the magnetic flux linking the toroidal plasma and is simply

(8.5-21)
at

2uR
o
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which is the same inside or outside of the disturbed flux tube.
Thus, in the undisturbed plasma where current flows and an electric
field exists, d<£ /dx = 0, eg, the potential is flat, while in the
sp
flux tube where no current can flow, E = 0 and d£ /dx = Vn/2itR . As
' t
sp
A
o
a result, the spatial variation of the potential in the
non—conservative case (B) differs from the conservative case (A) (see
fig. 8.5-9).

In either case, however, the expression for the

difference in floating potential between the two faces (eq.(19))
remains the same.

Likewise, the calculations that follow do not

depend on whether a conservative or non-conservative electric field
is assumed.
An estimate of the disturbance length L

can be made by
II J

equating the parallel electron current Jd2 with the anomalous crossfield current, eg,
n
Jd 2 = e D, —
1
d
giving

Lj

-

4 L. . d
"J

(8.5-22)

—
4e D.
x ne

(8.5-23)

where we have assumed that the electron cross-field (non-ambipolar)
diffusion coefficient is the same as the ambipolar cross-field
diffusion coefficient D. . The current disturbance length L..
1

can be

II hj

compared to the ambipolar disturbance length L

(eq.(8.1-l)) for
II &QID

ion flow to an element

The plasma current density J is related to the electric field by

J = -^

(8.5-25)

where the resistivity TI ~ (constant) • Z ff T~3/2'- * - . In these
experimental results we therefore estimate J ~ j , within a factor of
s
3, based on Z

~ 3.

Thus, the current disturbance length is

roughly the ambipolar disturbance length L
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.

The difference in floating potential between the sides A $ f can
be used to estimate the current disturbance length using eq.(19) and
thus obtain D. using eq.(23), eg,

E t J d2
(8.5-26)

2 e n A$,
There are, of course, a number of errors limiting the usefulness of
this expression; for example, the plasma current J can probably not
be calculated accurately to better than a factor ~ 2. In addition,
the D. that is calculated is not the ambipolar diffusion coefficient
but something related to cross-field electrical resistivity.

Now consider the situation when the two faces are shorted
together as depicted in fig. 8.5-10.

In this case, although the net

current to the entire body must be zero, either face can draw net
current J D . If we assume that the ion flux density is unaffected and
a

remains j

on either side then J

value, eg, J_ < j
a

is limited by the ion saturation

This limit corresponds to the case with only ion

S

collection on the ion side at a flux density j , eg, no electron

B

Fig.

E.

3.5-10 Schematic diagram of an element immersed in a magnetised
current-carrying plasma. The qualitative behaviour of
the space potential i s sketched in the non-conservative
electric field case.
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collection,, while on the electron side both ions (flux density = j )
and electrons (flux density = 2j ) are collected. In the general
s
case, J < j , and eq.(24) for the current disturbance length
B
s
becomes
J - JR
LM T =
IIJ

: — - L. .
j„
II amb

(8.5-27)

and is thus reduced by the passage of current through the body. The
current Jo modifies the potential in the flux tube, reducing A<£ the
B
space potential difference ($. - $ ) between the points i and e,
which are located at distances of ~ \

from the surface;
I!

JR
- 2 — EL

AS = 2 E L
II J

L

T

J
= AS- (l

L

(8.5-28)
||J

2
-)

(8.5-29)

J
We are now in a position to calculate the electron currents
entering the ion and electron sides.

Assuming T. = T

and Z = 1,

electron collection on the two sides was given earlier by
eq.(6), eg,
jg'6 = Jo

ex

P [+ ^-^—]

e A$,

exp [+

(8.5-30)

J.

2

Bi

£- (1 - — ) ]

(8.5-31)

2kT*e
Charge balance requires that

jg + jj = 2 j s

(8.5-32)

fe - il = 2J B

(8.5-33)

i e
Substituting for j ' , eqs.(32) and (33) become, with some
rearrangement,
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2

JD

_° , s e c h [

1 (!__£)]

J8

e

Jn
eA$,
J
-2-= tanh [ l— (l - —)
j
2kT
J
s
e
Given values for eA$,/2kT , j
x

Q

(8.5-34)

2

]

(8.5-35)

and J, eqs.(34) and (35) can be used
S

to solve for J_ and j . This has been done and the results plotted
13

O

in fig. 8.5-1L, normalised by j , is functions of eA$f/2kT
J/j

= 1 and 3.

The parameter eA$f/2kT

for

is a measure of the size of

the body, eg, using eqs.(19) and (23),
(8.5-36)

As eA<£f/2kT

(the element's size) increases, the amount of current

passed through the body (J_/j ) increases towards the limiting value
a

S

of 1, while j /j , which is a measure of the plasma $

to body <5,

potential (see eq.(7)), is only slightly reduced from the value 1 at
least for eA$,/kT

< 1, eg,
j
j

2

- $ . ) = - k An [
(2)
[(-2_)

(«

4-re
4re mm

1

SS.

] + A n ( 2 ) (8.5-37)

p

2

= - $

+ An(2) + (1

-)

(8.5-38)

The first two terms give the plasma to body potential for the
current-less plasma case and the (1 - j /j ) is the small correction
o s
which to first approximation can be neglected.

The floating

potential of the body is thus insensitive to the current passing
through the body because excess electron current on the electron-side
can be balanced by a decreased current on the ion-side with only a
slight change to the body potential required.

We had already come to

this conclusion in subsection 8.5.2 from the experimental probe
limiter data.
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Fig. 8.5-11 Normalised values of (J ) the current running through
the body and j Q defined by eq.(8.5-7) as functions of
eA* f /2kT e for two plasma currents J / J S - 1 and 3.
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Earlier we made the assumption that ion collection is unaffected
by the plasma current disturbance.

On the electron side this is true

provided

/
o

II amb
E dx < An(2) kT /e

(8.5-39)

where An(2) kT /e is the ambipolar presheath voltage.

This is an

equivalent statement to the one made before (eq.(8.1-6)) regarding
ion current for a Langmuir probe biased far into electron collection.
The condition limits the range of validity of the results given in
fig. 8.5-11-

An upper limit to the values of eA$f/2kT

for

unperturbed ion flow can be obtained by writing
kT
L.. . E. = £n(2) — II amb t
e

(8.!

which becomes, using eqs.(19) and (23)

(8.5-41)

Thus below this value the ion flow is symmetric on the two sides and
the results of fig. 8.5-11 valid, while above this value, as with ion
flow to a Langmuir probe biased far above the floating potential, ion
collection on the electron side is reduced.
The idealised situations depicted in figs. 8.5-9 and 8.5-10
serve to illustrate the phenomenon of current disturbance by a
material body.

In the case of the probe limiter, the situation is

more complicated since a radial current can flow as well as a
toroidal current, and both can vary radially.

In addition, the flux

tubt connected to the probe limiter body, as was demonstrated in
section 8.4, does not remain constant in shape but is flattened out
due to the shear of the field lines; our earlier estimate for the
disturbance length was L.. , ~ 13 a. We can assume that this is
II amb
roughly the current disturbance.length, as we did in the idealised
examples, eg, L.. . ~ L.. , , and calculate the expected difference in
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the floating potential A$ f between the ion and electron sides.

Using

eq«(19)i this gives

A

*f~

2 E

tL,,J

2

*

L
Ilarab

~ 10 V

This is to be compared with the observed differences in floating
potential, which are typically 5 - 25 V, in reasonable agreement with
our simple estimate.

Note that the plasma current is disturbed a

distance of ~ 13 ra away from the body, eg, about twice around the
torus in both directions, so that the difference in floating
potential amounts to — 4 times the loop voltage, ~ 10 V.

In effect,

the flux tubes can be thought of as secondary wire windings within a
transformer.

The wires link with the primary winding approximately

~ 4 times, so that, ~ 4 times the loop voltage is induced at their
terminations (eg, the opposing sheaths).

8.6

Plasma Conditions in the Probe Limiter Flux Tube

In Chapter 4 the plasma conditions (n, M, and $ ) in the SOL were
calculated in terms of the flow Mach number M, and their qualitative
dependence on x (spatial co-ordinate) given in fig. 4.1-1.
Quantitative results as a function of x were not given since the
particle source function S(x) in the flux tube was not specified (see
eq.(4.1-9)).

In this section we consider the plasma conditions in

the semi-infinite flux tube connected to the probe limiter when it is
fully immersed in the plasma (ro

= 23.0 cm). Experimental

C Lt

measurements taken with the reciprocating probe array A (subsection
8.6.1) are compared with theoretical values obtained by extending the
calculations started in Chapter 4 (subsection 8 . 6 . 2 ) .
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8.6.1

Measurements with Reciprocating Probe Array A

Measurements are made in a helium discharge, identical to that
used in the comparison between the probe limiter and reciprocating
Langmuir probes (section 8.2), with a magnetic field of 2 T, and a
plasma current of 150 kA.

The rotational transform (qfl * 3.85) is

such that the reciprocating probe (RP) array A directly connects to
the probe limiter body with a separation distance of ~ 1.4 m along
the field line, eg, x = 1.4 m.

The three probes of array A are

spaced 3 cm apart poloidally so that when moved radially one of the
probes scans through the centre of the probe limiter flux tube (eg,
"connected") while another misses and is thus "unconnected".
Figure 8.6-1 gives the radial profiles of n
connected and unconnected probes.

and T

obtained with the

These profiles are constant, that
= 3-5 - 7.0 x 101

is, independent of line average density between n

m" 3 , while below this range, densities are lower and temperatures are
higher.

J

Unconnected -10
_ !

r^

5 50
40 _ Connected
LU u u

i

i—^

<

UJ

S 20 —

\*\»

Unconnected

11 1

l-LJ

Connected^*

O

A
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UJ

-

I

* - * •

1
^

• i

J
^LjMJ.TER^^
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. 1 , 1 , 1 ' , .
i
26
22
24
MINOR RADIUS

Fig.

8.6-1

,

i

i

,

28

(mx10'2)

Plasma conditions inside ("connected") and outside
("unconnected") Che probe limiter flux tube
(r,,. • 23.0 cm) as measured by reciprocating probe A at
PL
a distance x » 1.4 tn in a standard helium discharge.
The docted line Indicates the midpoint in the flux tube
connected to the probe limiter when r
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» 23.0 cm.

Within the fixed limiter radius (26 cm) both sides of the RP
elements are exposed to plasma which may be flowing past them with
Mach number M. The calculated local values of n and M must thus
e
take into account the ion saturation current density on both the
upstream (j ) and downstream ( J d ) pins.

This contrasts with the

situation in the SOL where the close proximity of the fixed limiter
makes the pin facing it uninterpretable.
L..

The disturbance length

, calculated using eq.(8.1-l) for the 2.5 x 2.5 mm spades of the

RP is ~ 10 cm, and therefore measurements within the probe limiter
flux tube (eg, r < 26 cm) truly represent local conditions.
rft9 ft l
StangebyL •- J h a s calculated n and M for this situation, eg,

n =—J»-^L

(8.6_u

6
M = 2—
(

jd

—
+

V

where M is defined to be negative whan j
upstream pin.

The n

(8.6-2)

> j , eg, flow towards the

profiles in fig. 8.6-1 were calculated using

eq.(l), while the Mach number profiles appearing in fig. 8.6-2 used
eq.(2).

In both cases data outside 26 cm have not been shown.

As

expected, when "connected" the probe measures a flow towards the
probe limiter with little flow indicated by the "unconnected" profile
in the undisturbed or stagnant (x = «) plasma.

The density

depression from the stagnation value shown in fig. 8.6-1 is,
similarly, as expected.

The unconnected results are obtained by all

the reciprocating probes of the array when the probe limiter is
withdrawn from the torus.

As discussed in section 8.2 there is some uncertainty as to the
ion collection area of the pins of the reciprocating probes. In
these earlier results, comparison in the SOL with Langmuir probe 4
(see fig. 8.2-3) of the probe limiter indicated that the effective
collection area for the pin was just slightly smaller than the entire
surface area of the pin (effective area ~ 2 mm 2 f entire area
2.6 m m 2 ) . For the present results, inside the fixed limiter radius,
in a considerably hotter and denser plasma, the effective collection
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8.6-2

Plasma Mach number (M) inside ("connected") and outside
("unconnected") the probe limiter flux tube
(r

PL

» 23.0 cm) as measured by reciprocating probe A at

a distance x » 1.4 m.

The cross indicates the centre of

the flux tube.

area required to give agreement with the probe limiter is 1.4 mro2 ,
smaller still!

This is in fact opposite to what would be expected

based simply on the ion Larmor radius, eg, T, .
factors play a role, perhaps density.

Apparently, other

In any case, the density data

in fig. 8.6-1 is normalized using 1.4 mm^ collection area;

this

should be the same both on the upstream and downstream pins and thus
should have no effect on the derived Mach number M (fig. 8.6-2).

In the model developed in Chapter 4 it was assumed that T
constant along the magnetic field line.

was

Electron heat loss along the

probe limiter flux tube to the sheath is thus assumed to be
convective.

When the electron mean free path X.

the length of the flux tube (= L..
parallel field T
the T

. ) , which it generally is, then a

gradient may develop.

profiles in fig. 8.6-1.

is much shorter than

This is in fact indicated by

The connected results, giving the

temperature at the probe limiter end of the flux tube, are somewhat
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less than the unconnected results for the undisturbed plasma, at the
far end of the flux tube, a distance L.. . = 10 m away. We can
'
II amb
'
estimate to see whether this temperature gradient is reasonable
considering the electron power passing through the sheath.

The

parallel power flux density can be written

where <

, the parallel electron thermal conductivity is given by
e

" [8-271

Braginskii ^ * ^

o (kT )5 / 2
(4* e )2

<e||

-2
mfi2

where JlnA is the Coulomb logarithm.
the sheath Q

2

(8.6.4)

1

AnA e * Z

The power density loss through

is given by eq.(4.1-19) in Chapter 4.

If we consider

the mid-point of the flux tube, eg, r = 24.5 cm, then kT
the calculated value for the power density is Q

~ 14 eV and

~ 1 MW/m^, assuming

no electron reflection from the surface and an ambipolar sheath.

Our

estimate of A(kT ) is thus ~ 10 eV using eqs-(3) and (4), and
assuming L,,

, = 10 m, Z = 2;

iiatib

this compares favourably with the

experimentally measured value of ~ 5 eV. The assumption of constant
T
reasonable both from the
T along
along the
the probe
probe limiter
limiter flux
flux tube
tube is
is thus
thus rs
theoretical point of view and from experiment.
8.6.2

Theoretical Prediction

In this subsection we continue the calculations begun in
Chapter 4 on the plasma conditions within the probe limiter flux tube
with an aim to compare theory with the experimental results.

These

earlier calculations assumed ambipolar flow conditions are
maintained, while we showed in the last section that the toroidal
plasma current causes net currents to flow.

This however does not

affect the calculations involving ion momentum flow (eg, eqs.(4.1-l)
to (4.1-9)) provided the non-ambipolarity is due solely to asymmetric
electron current, which leaves the ions unaffected.
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To proceed, the particle source function S(x) within the flux
tube needs to be specified.

For a flux tube that may vary in shape,

T (x) P (x)
S(x) = —
A

(8.6-5)

f

where again, P f (x) is the perimeter of the flux tube, A, is the
(constant) crosscross-sectional area, F (x) is the cross-field flux given
approximately by

T

D (n - n(x))
2
=—
D f (x)

(8.6-6)

and D f is the characteristic dimension for cross-field diffusion
defined earlier (= A /P ) .
Carrying on now with eq.(4.1-9) from Chapter 4;

substitution of

S(x) yields
dM
D,
n
2
_ = _i-p2[2.1)i±i
dx
A2 c
n
1 - M2
f s

(8.6_7)

Using eq.(4.1-11) for n /n and rearranging, this becomes
1 - M2
M~

2

dM =
1 + M2

D
— P f 2 dx
A 2c
f s

(8.6-8)

which can be readily integrated when P,(x) is specified.
Two different perimeter functions are used, the first
P f = w p + 2(a - r p L )

(8.6-9)

is constant and is thus appropriate for small x < 2uR , where the
flux tube is not significantly distorted (see fig. 8.4-1).

Note that

one side of the flux tube is not included since in the first
approximation no plasma exists outside r = a.

The second perimeter

function, given by eq.(8.4-3), is valid for larger x, where the
distortion of the flux tube by the variation of q across its face
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causes the perimeter to increase as P f (x) = x.

Integrating eq.(8)

using both perimeter functions, we arrive at
DP
- 1- 2

2

- - - 2 arctan M =
x
M
A ,2c
f s

x small

16
=

D
i
3 c w 2 R 2 q2
s p
o a

(8.6-10)

X3

x

large

(8.6-11)

Once the parameters have been specified (eg, D , c , etc) these
equations can be solved to give the Mach number as a function of x,
and thus compared with the experimental results.

If we compare the

conditions at the centre of the immersed area, eg, r = 24.5 cm, then
the appropriate T
fig.
r

value needed to calculate c

8.6-1) and the other parameters are D
=» 23.0 cm, q

= 3.85, etc.

is 14 eV (from

= 0.3 nr^/s,

The dependence of the Mach number on

PL*
a
x for these set of parameters is plotted in fig. 8.6-3A for the cases
of constant and varying-shape flux tubes, eqs.(10) and ( 1 1 ) ,
respectively.

As expected, M increases in magnitude from zero far

from the probe limiter in the undisturbed plasma to near sonic close
to the surface (negative M implies flow towards the s u r f a c e ) .

Also

as expected, M is finite and the plasma is disturbed for a greater
distance in the constant-shape case, hundreds of metres compared with
tens of metres in the varying case, the latter being more realistic.
At smaller values of x, the constant-shape case is more realistic
with the switch-over point being about x » 10 a , roughly once around
the torus.
The variation of the density n and the potential <5 can also be
plotted as functions of x using eqs.(4.1-ll) and (4.1-12) once M ( x )
has been determined;

this has been done in figs. 8.6-3B and 3C. As

expected, the density drops by a factor of 2 from the undisturbed
plasma to the probe limiter and the potential drops by an amount
An(2)kT / e .

For both the density and the potential, the disturbed

plasma extends much farther for the constant-shaped flux tube.

In

the case of the potential, fig. 8.6-3C, the potential distribution
caused by net currents has not been included.
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kTo
-05

M

.-2

10

Fig.

8.6-3

The fluid prediction for the pre-sheath conditions In
the probe limiter flux tube as functions of x, the
distance from the surface:

(A) the fluid Mach number M

(B) the density n/n Q (C) the potential e*/kT e .

The

crosses indicate the conditions at the position of the
reciprocating probe A (x • 1.4 tn).
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Finally, it is possible to compare these predictions with the
measurements made with the reciprocating probe at x = 1.4 m.

In the

centre of the flux tube (r = 24.5 m) the experimentally measured
density depression given in fig. 8.6-1 is n/n
theoretical value at x = 1.4 m is n/n

= 0.55 ± .15 while the

= 0.63 and falls within this
o

error.

Reasonable agreement is also obtained for the Mach number;

while experiment gives M ~ 0.6 (fig- 8.6-2), theory gives M = 0.76.
Although we have compared experiment with theory only at a single
point it seems justified at this stage to conclude that the simple
one-dimensional fluid modelling carried out in Chapter 4, and
finished here, is valid as a first approximation, at least in most of
the pre-sheath region.

In Chapter 10 (10.6) experimental evidence is

presented that indicates that close to the surface (x < 10 cm)
reality and the simple model do not agree when it comes to the
potential, eg,the pre-sheath electric field.
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9.

RECYCLING AND FUELLING EXPERIMENTS

In this chapter we compare recycling and fuelling results with
expected behaviour based on the surface properties and the
atomic/molecular reactions discussed in Chapter 5. Observations of
line emission, either D

or He I, around the probe limiter obtained

with the CCD camera and the SPEX multi-channel spectrometer are
discussed and interpreted. In addition to the emissions due to fuel
particles

recycled

from the probe limiter surface, observations

are

made of fuel gas-puffed directly from the tip of the probe limiter.
Along with these local measurements, the global behaviour of
fuel particles is characterised in terms of fuelling efficiency and
utilisation.

9.1 Local Particle Balance - Recycling
Earlier in Chapter 5 (5.2.1) in considering particle re-emission
from graphite limiters we came to the conclusion that since incident
ion fluxes are very high, of order ~ 1 0 1 9 ions cm"2 s~*, and surface

saturation occurs with doses of < 10^ ions cm~^, particle
re-emission should be approximately equal to the implantation rate
throughout most of the discharge.
be inferred by comparing local D

Confirmation of this balance can
or Hel emission with Langmuir probe

measurements of incident ion flux.

9.1.1

Photon Efficiencies

Both reflected and re-emitted particles are predominantly
neutral and thus once they leave the surface they are excited by the
plasma electrons and emit line radiation until they are fully ionised
or they leave the plasma.

This line emission can be related to

particle flux using appropriate theoretical conversion factors. In
the cases of atoms or monatomic ions one can calculate the number of
photons released for a particular transition before ionisation takes
place.

Normally, the reciprocal of this is used in the literature

and is termed the "photon efficiency" S./XB (ionisation
events/photon), where S, and X are the rate coefficients for
ionisation and excitation, respectively, and B is the branching ratio
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The H

photon efficiency (ionisation events per photon)

as a function of electron temperature T
S

for three

F9.ll

electron densities'-

for the particular transition.
density n

and temperature T

.

In general, S. and X are functions of

but conveniently in the case of H ,

their ratio is nearly constant.
H

J

In fig. 9.1-1 we show the calculated

photon efficiency due to Johnson and Hinnov"- * ^ .

The variation

of photon efficiency with density is negligible at low densities
(n

< 1 0 ^ m~3) but becomes significant for n

multi-step ionisation increases S..

> 10^' m~^ because

However, in the boundary plasma

the conditions normally lie within the ranges lO*8' < n
and 10 < T

< 100 eV and thus the H

most between 7 and 17.

< 10 1 9 ra~3

photon efficiency varies by at

Similar calculations can be done for

r 9 ^i
prominent lines of helium and impurity atoms and ions'- ""J .

In the

case of hydrogen molecules entering the plasma, the large number of
atomic and molecular processes (see section 5.3) complicates the
interpretation of che resulting H

emission.

Certain reactions (see

5o3-5, 6, 8, 9) can lead to proton production without an intermediate
atomic hydrogen.

Thus molecular fluxes calculated using H

can be in error, giving underestimates.
fully later in the section.
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emission

This will be discussed more

9.1.2

Deuterium Recycle Balance
Local D measurements on recycled deuterium are performed with
a

both the CCD camera and the SPEX in the reference deuterium discharge
described in Chapter 8 (8.3) (2 T, 150 kA, n ~ 3 x 10 1 9 m~ 3 ) with
the probe limiter either approximately at the same minor radius as
the fixed limiter (r
= 25.5 cm) or more deeply immersed
PL
(r
= 2 3 . 5 cm). The boundary plasma profiles of temperature T and
PL
e
density n
8.3-4.

at t = 375 ms are as shown previously in figs. 8.3-3 and

Their variation with time through the discharge is shown in

fig. 9.1-2, where for clarity only the best fits to the experimental
(probe limiter) Langmuir probe data has been shown.

In the SOL only

the results for the probes facing away from the fixed limiter have
been included.

The electron temperature generally drops in the

boundary as the line average density and time increases, while the
density increases.

With the probe limiter at r
=• 25.5 cm (see
PL

fig. 8.3-2) the ion saturation current density on either side is
nearly symmetric at ~ 1 A cm~2 (flux density ~ 6 x lO^-8 D + cm" 2 s~l)
at the leading edges but decays with radius faster on the side facing
the fixed limiter, eg, the side with the shorter connection length.
This is reasonable, as discussed in section 8.3, since the ratio of
connection lengths for the two sides is ~ 4.

As a result, the total

ion flux is smaller on the side facing the fixed limiter and,
consequently, the D

emission around the probe limiter on this side,

as observed with the CCD camera, is less than on the other side.
Since the radial and vertical plasma position can vary by as much as
+ 5 mm (which is of the same order as the SOL e-folding distances),
the amount of asymmetry varies depending on the deviation of the
probe limiter position from its nominal value of r

= 25.5 cm.

In

XT 1 J

fig. 9.1-3 a D
given.

intensity contour map around the probe limiter is

The emission associated with each face can be distinguished

as two "lobes" of light.
D

In fig. 9.1-4 we present Langmuir probe and

data taken with the SPEX as a function of time through the

discharge.

The SPEX is focussed so as to collect most of the

emission from the right-hand lobe, eg, the side facing away from the
fixed limiter.

The appropriate Langmuir probe for comparison is

therefore LP1 .• The ion saturation current density in fig. 9.1-4A
rises from ~ 0.4 A/cm2 to ~ 1.2 A/cm 2 , a factor of 3, over the course
of the discharge, while the electron temperature T
- 153 -

(fig- 9.1-43)

(nrf3)x1018

28
MINOR RADIUS (mx1CT)

Fig.

9.1-2

Experimental profiles of T

and n

at different times in

the reference deuterium discharge as measured.with the
probe limiter Langmuir probes.
the experimental data are shown.
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Only the best fits co

0

cm

FIXED UMITER

B
Fig.

9.1-3

D Intensity contour nap around the probe limiter
(r,,T - 2 5 - 5 cm) In Che reference deuterium discharge
(t » 375 ms). The contours are equi-spaced and increase
monotonicly from an intensity 1 a.u. far from the probe
limiter to 8 a.u. close to the surface. See fig. 7.2-1
for details regarding the viewing geometry.

remains constant at ~ 10 eV.
given by n

Also plotted is the local density,

j fee , where as usual we have assumed T.

Finally, plotted in fig- 9.1-4D is the D
(LP1) given in arbitrary units.

V

emission normalised by j

Strictly speaking, the D

emission

should be proportional to the total ion flow, requiring the
integration of j (r) along the body of the probe limiter.

With an

5

exponential fall-off with radius (e-folding distance \ . ) , the total
ion flow is proportional to j (r ) X. .
s PL
js

It turns out, however, that

the variation of X . during the discharge introduces less error than
other approximations (discussed later) and thus the total ion flow is
approximately proportional to j (r ) ~ j (LP1).
S rL
S
Returning now to fig. 9.1-4D. In the first approximation the
D /j ratio R is constant (0.7 - 1.0) despite varying j and n by
oc s
cc
s
e
factors of 3.

Accuracy better than ~ 30% is unfortunately not

possible and this becomes apparent when the details of the
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Langmuir probe (LP1) and SPEX (D ) data as a function of
ct
time through the reference deuterium discharge:

(A) ion

saturation current density j (B) electron temperature
T g (C) local density
(D) D intensity divided by j .
Probe limiter position r
» 25.5 en.
PL
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600

re-emission, molecular break-up, excitation, charge-exchange and
ionisation are considered.
D

+

With an electron temperature of 10 eV the

ion impact energy is ~ 50 eV (eq.(6.2-14), T. = T ) ) . From

fig. 5.1-6 the corresponding deuteron reflection coefficient 1^ is
~ 0.25, meaning that ~ 25% of incident D + ions are directly
reflected, predominantly towards the centre of the discharge, while
the majority (~ 75%) are implanted and, upon surface saturation,
re-emitted in the form of sub-eV D2 molecules.

These can travel only

a short distance into the discharge (to r ~ 25.0 cm) before they
react with the plasma electrons mainly through the dissociation
reaction (5.3-4) at these electron temperatures (T ~ 10 eV). The
resulting Franck-Condon atoms are born with a spectrum of energies
extending up to ~ 10 eV, but consisting mainly of two groups centred
at ~ 0.3 eV and ~ 4 eVL ' J •

The geometry is such that, with the

probe limiter at r . < 25-5 cm, few of these low energy atoms can
either escape the plasma or leave the field of view of the SPEX or
CCD camera.

They can, however, charge exchange with the background

plasma ions thus extending their energies up to ~ T.•

These CXN

atoms, as well as the directly reflected atoms, can thus travel
significant distances into the discharge or out to the wall.

In

either case, the atoms are carried out of the field of view and do
not contribute significantly to the local D

signal.

The D

GC

signal

CE

therefore arises mainly from break-up atoms with energies < 4 eV that
are either born excited or are excited by the background electrons
until ionisation or charge-exchange.

Hence, the photon efficiency

applicable in this situation more appropriately includes charge
exchange.

The number of ionisations and CX events per photon has

been calculated (see fig. 9.1-5) using photon efficiencies from
[9.2 9.3l
J
Behringer1
'
along with the ionisation and charge-exchange
rates given in fig. 5.3-1'- " J . Here only the low density results
have been plotted, we have assumed T. = T , and the contribution by
e

r 5 21

atoms born in an excited state has been neglected1-

*J.

The

effective photon efficiency is therefore significantly greater
(factor ~ 3 to 4) than the usual Johnson and Hinnov result and can
therefore strongly affect the interpretation of H
The effective efficiency is flatter with T

photon counts.

than the Johnson and

Hinnov result, varying by only ± 20% between 10 eV and 100 eV.
variation with density, although not shown, is also reduced.
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The

Fig.

9.1-5

Effective Balmer hydrogenic photon efficiencies, eg,
ionisaeion + CX events per photon (low density
results).

To summarise, a constant ratio D /j

with time through the

discharge thus requires, besides surface saturation:

(1)

An effective D

photon efficiency that is nearly independent of

n and T in the boundary,
e
e
(2)

An integrated ion flux that is nearly proportional to j

at the

leading edge.

(3)

A small, or at least constant, reflection coefficient R,^ for
incident D + .

(4)

A small, or at least constant, rate of loss of low energy
break-up atoms from the field of view.

(5)

That the low energy break-up atoms are removed from the field of
view mainly by ionisation or charge exchange.
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In the latter

case, the majority, or at least a constant fraction, of charge
exchange neutrals are assumed to escape the field of view
without recycling off the probe limiter;

we shall return to

this point.

In light of these assumptions we estimate the error in the D /j
measurement to be ~ 30%, as stated earlier, and thus the surface
appears to be saturated within this uncertainty.

A similar experiment is performed with the probe limiter at
r
= 23.5 cm in the same reference deuterium discharge, however, in
FL
this case the CCD camera is used rather than the SPEX.

Again two

emission lobes are observed associated with either face but in
25.5 they are quite distinct, eg,
contrast with the results at r

PL

localised about either face (see the contour map in fig. 9.1-6).

0

cm

Da
rPL =23-5 cm

FIXED LIMITER

B

Fig.

9.1-6

D
(r

intensity contour map around the probe limiter
» 23.5 cm) in the reference deuterium discharge

(t » 375 m s ) .

The contours are equi-spaced and increase

monotonicly from an intensity 1 a.u. far from the probe
limiter to 9 a.u. close to the surface.

See fig. 7.2-1

for details regarding the viewing geometry.
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The

spatial extent of the D

emission is consistent with the expected

atom energies of ~ 0.3 eV and ~ 4 eV, taking into account both charge
exchange and ionisation.

In fig. 9.1-7 we have plotted j , T

and

the local electron density deduced from LP3 (on the ion drift side)
as functions of time through the discharge.

Again, as argued

earlier, the total ion flux on this side is, within the experimental
error, proportional to j

as measured by the leading edge probe, LP3.

In fig. 9.1-7D the D /j ratio has been plotted in arbitrary units,
oc s
where the D

emission signal has been integrated numerically over the

left-hand lobe (ion drift side).

Again during the discharge j

increases by a factor of ~ 3, but in contrast with the results at
25.5 cm, rather than the electron temperature remaining constant, T
decreases from ~ 30 eV at the beginning of the discharge to ~ 10 eV
near the end.

The D /j
GC

ratio is also different; while it remained

S

constant within ± 30% error when the electron temperature was
constant at r
= 25.5 cm, here it appears to rise by a factor of ~ 2
PL*
as T

decreases from 30 eV to 10 eV and the density rises from 2 to

5 x 1 0 i 8 m~ 3 •

The change in density n

and temperature T

during the

discharge is insufficient to significantly change the effective
photon efficiency for the D atoms and thus the increase in the D /j
oc s
ratio must be caused by another effect.
The change of ratio can be explained when the details of the
molecular break-up are considered.

Molecules leaving the probe

limitar surface will react quite locally (\ , ~ 1 cm) within the
mip
boundary plasma, in the region r = 23 cm to r = 26 cm.

As shown in

figs. 9.1-2 and 9.1-7, during the discharge the electron temperature
drops in this region from roughly ~ 30 eV to ~ 10 eV.
the change in the D /j

The reason for

ratio is simply due to a change in the

relative rates of reactions (5.3-4) and (5.3-6) that break down the
molecules.

Reaction (5.3-6), molecular ionisation
D 2 + e -»• D 2 + + e

dominates above T

= 20 eV, while reaction (5.3-4) dissociation

D 2 + e + 2D + e
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Langrauir probe (LP3) and CCD camera (D ) data as a
function of time through the reference deuterium
discharge:

(A) ion saturation current density j

electron temperature T g (C) local density n
intensity divided by j .
!„, - 23.5 cm.
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(D) D

Probe limiter position

(B)

600

dominates below T = 10 eV.
e
contribute to the D
leave the plasma.

The latter supplies two atoms which

signal until they ionise, charge-exchange, or

On the other hand, the molecular ionisation

reaction is quickly followed by reaction (5.3-8)
D 2 + + e •> D + + D + 2e

and the resulting deuteron D"*" is unavailable for photon emission.
Thus, earlier in the discharge, when the electron temperature in the
boundary is high (T

~ 30 eV), the number of deuterium atoms

released, and therefore the number of D

photons per Dj molecule, is

roughly half the value later in the discharge when T

~ 10 eV.

is in agreement with the experimental results in fig. 9.1-7.

This

The

number of break-up atoms born in an excited state and the variation
of the effective photon efficiency with T

or n

are both small and

can be neglected.

In the foregoing we have assumed that break-up atoms remain in
the plasma until they ionise or charge-exchange and so give off a
number of D

photons that is determined strictly by the plasma

conditions n

and T •

However, a significant fraction of the D atoms

will return to the probe limiter surface before they ionise or
charge-exchange.

The surface, being already saturated, will

completely recycle these atoms so that the molecular flux from the
surface will increase and compensate for this effect.

Atoms escaping

to the stainless steel wall, however, may not recycle or may
otherwise be lost from the field of view and thus the D
will be in error.

photon count

However, the geometry and plasma conditions are

such that the error introduced to the D

count is probably no larger

than 30%, the error associated with the D

measurements due to other

OE

factors.
Another error is associated with the CXN flux to the probe
limiter.

The effective photon efficiency includes charge exchange

and thus to be strictly accurate, charge exchange should remove the
atom from the field of view.

A certain fraction of CXNs, however,

will strike the probe limiter and return as slow atoms within the
field of view.

The appropriate D

photon efficiency should thus be
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based not just on ionisation (Johnson and Hinnov), nor ionisation
plus charge-exchange, but on some weighted average depending on the
fraction of CXN that recycle off the probe limiter.

Proper analysis

of this problem requires the running of a Monte Carlo neutralfollowing code such as DEGAS'- " •• .
the relative D /j

However, the error introduced in

count is probably less than the ~ 30% quoted

earlier, since the fraction of CXNs that strike the probe limiter is
probably small and roughly constant.

9.1.3

Helium Recycle Balance

Comparison between Hel emission due to helium recycling and ion
saturation current are performed in 150 kA, 2T, (standard) helium
discharges with a number of line average densities.

Again data is

taken both with the CCD camera (Hel 587.6 nm) and the SPEX
(Hel 388.9 nm) at two radii, r

= 25.5 cm and r

= 23.0 cm.

In

fig. 9.1-8 we have the results as a function of time through the
discharge with r

= 25-5 cm for j (LP1), T , the local density and
5

CLt

the ratio Hel (388.9 nra)/j_.

S

The SPEX is used, as before, with its

collection area centred on the side facing away from the fixed
limiter.

During the discharge j

increases by a factor of ~ 3, T

remains constant at ~ 10 eV, the local density increases like j , and
the ratio Hel/j

remains constant to within ± 20%.

One advantage in interpreting the helium data over the deuterium
case is that molecular effects need not be considered.

Charge

exchange, however, is still present and therefore a complication
(reactions 5.3-10, 11, 12). One disadvantage is that helium photon
efficiencies for most of the emission lines of interest are not
available in the literature and we can only speculate as to their
behaviour with electron density and temperature; this is expected to
be qualitatively similar to visible emissions in CII and Oil, which
are available.

The photon efficiency is expected to increase sharply

with temperature and have little dependence on density below
~ 1 0 1 9 m~ 3 .

One problem with the two Hel lines used in this study

(388.9 nm and 587.6 nm) is that they lie within the triplet system
and are therefore excited by electron impact from either the singlet
ground state or the 2s 3 S metastable state.
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9.1-8

Langouir probe (LPX) and SPEX (Hel 388.9 nm) data as a
function of time through the standard helium discharge:
(A) ion saturation current density j
temperature T
divided by j .

(C) local density n

(B) electron
(D) Hel intensity

Probe limiter position r
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PL

25.5 cm.

600

excitations have a low probability, even a small fraction of
metastables could dominate emissions in the triplet system and thus
the two lines observed-

The raetastable state, having an effective

ionisation potential of only 4.7 eV compared with 24.6 eV for the
ground state, would have a much increased ionisation rate and thus a
reduced mean free path.

However, the spatial distributions observed

with the CCD camera, both for recycled helium and gas puffed, are
consistent with ionisation and charge exchange from the ground state.
They therefore suggest that excitation within the triplet system
occurs mainly from the singlet ground state.

As with deuterium most of the incident He ions (He"1" or He"1""*")
will be implanted rather than reflected and will be re-emitted once
the surface is saturated.

As noted in Chapter 5 (5.2.1) the

saturation level for He in graphite is less than for D and thus
nearly instantaneous saturation is expected, shortly after the
beginning of the discharge.

Re-emitted helium atoms will have

energies corresponding to the surface temperature (~ 0.03 eV) and
should penetrate ~ 1 cm into the plasma before ionisation or charge
exchange.

Thus, until ionisation or charge exchange, both of which

stop the atom radiating from within the field of view, the atom emits
photons at constant electron temperature T
fig. 9.1-8.

~ 10 eV, as shown in

The effective photon efficiency is presumably constant

and thus, if the surface is saturated, the ratio Hel/j

should also
s

be constant and this is indeed found.
fluxes of H e

+

Although the ratio of incident

1

and He""*" cannot be determined from these measurements,

the fact that Hel/j

ratio remains constant suggests a constant

composition ratio.
Helium recycle measurements are also performed with the probe
liraiter deeply immersed to r

= 23.0 cm in a similar 2 T, 150 kA

discharge using the CCD camera.

The interference filter is centred

on the triplet transition at 587.6 nm.
fig. 9.1-9 as a function of time.

Results have been plotted in

The Hel emission from the ion

drift side has been spatially integrated and divided by j
Again, j

from LP3.

varies by a factor of three during the discharge, but in

contrast with the results at r

= 25.5 cm, the electron temperature

is constant only for the first 150 ms of the discharge and then
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Time (m s)
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Langmuir probe (LP3) and CCD camera (Hel 587.6 nra) data
as a function of time through the standard helium
discharge.

(A) ion saturation current density j

electron temperature T

(C) local density n

intensity divided by j _.
r^. - 23.0 cm.
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(B)

(D) Hel

Probe limiter position

600

starts to fall.

As expected, the Hel/j

ratio is constant while T
s

s

is constant, but as the temperature falls, the number of photons per
incident ion rises.

In other words the effective photon efficiency

decreases as the temperature decreases; this is also as expected.
The above interpretation assumes, as with the D, results, that
the integrated ion flux to the ion drift side remains proportional to
j (L.P3) at the leading edge.

This is true to within ~ 20% since the

j (r) profile in the boundary remains constant in shape.

In

addition, the loss of re-emitted atoms to the wall (energy
~ 0.03 eV) is assumed to be small.

9.2

Global Particle Balance

In the last section it was demonstrated that, throughout most of
the discharge, dynamic equilibrium appears to exist between the ion
flux to the limiter and the neutral flux leaving it.

This may not be

the case with the stainless steel walls where the charge exchange
outflux may exceed the flux of neutrals returning to the plasma.

In

this situation the wall "pumps" the plasma and gas puffing must be
used Lo maintain the density.

In this section we compare the plasma

particle content as measured with the microwave interferometer with
the amount of gas introduced into the torus to see what role the wall
plays in the global particle balance.

Measurements were made in both

deuterium and helium discharges.

To relate the line average density n
electrons in the plasma N

some knowledge of the density variation

with minor radius is required.

n

then N

to the total number of

If the electron density varies as

o
e

is given by

N = n V .
F
e
e plasma v

(9.2-2)
'

v

where V .
is the plasma volume, n is the density on-axis and a
plasma
e
n
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is a profile parameter.

F

is a factor defined by

1
2 / r'(l F

r1

n

) dr1

=

(9.2-3)
f
0

a
1 - r' n dr'

Although density profiles are not routinely measured with the
Thompson scattering system, generally a
and 5 and fortunately F

is found to lie between 2

is nearly constant in this range, eg,

F = 0.80 ± .06.
v
The number of electrons released to the plasma in the form of
gas-puffed fuel N f

, is accurately known (± 5") for both the torus

gas puffing or the probe limiter.

This it compared with N , the

number of electrons in the plasma, in fig. 9.2-1 for the reference
deuterium discharge as a function of time through the discharge.

The

line average density, repeated here from fig. 8.3-1, rises to
~ 3 x 1 0 ^ [n~3 near the end of the discharge.
right is H,

Plotted on the bottom

, , the number of electrons released, which includes both

the pre-fill (torus valves) and puffing from the probe limiter.

The

probe limiter radial position during the puffing is r

~ 30 cm and

thus is equivalent to puffing with the torus valves.

Plotted in the

bottom left of fig. 9.2-1 is the ratio N /Nof the fuel utilisation efficiency.

., which is a measure

In the early stages of the

discharge this actually exceeds 1, implying that particles are
released from the limiter or walls.

As the discharge progresses, the

utilisation decreases, until by the end of the discharge, the plasma
contains only 40% of the number of fuel electrons added.
the top left is the fuelling efficiency N /N,
infinite since N,
discharge.
because n

Plotted in

,, which starts off

. is initially zero and decreases during the

The fuelling efficiency becomes negative at t = 470 ms
starts to decrease despite continued gas puffing.

This

coincides with the start of the current ramp-down (fig. 8.3-1).

Similar results for a helium discharge have been plotted in
fig. 9.2-2.

Again the 2 T, 150 kA standard helium discharge is used.

The plasma current trace is exactly the same as shown in fig. 8.3-1
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The global particle balance in the reference deuterium
discharge:

the line average density n , the number of

gas-puffed electrons N f
efficiency N /N f
N /&

el<

,, the fuel utilisation

, and the fuelling efficiency

Gas puffing from the probe limiter (PL) is

indicated.
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Fig.

9.2-2

The global particle balance in the standard helium
discharge:

the line average density n , the number of

gas-puffed electrons N f

., the fuel utilisation

efficiency N / N f u e l and the fuelling efficiency
N /N.

,.

Gas puffing from the torus valves and the

probe limiter (PL) are indicated.

- 170 -

for the reference deuterium discharge but the loop voltage V
the flat-top is somewhat lower, 2.2 V instead of 2.7 V.

during

Both the

probe limiter (r

~ 30 cm) and the torus valves are used during the
PL
discharge to raise n"e to ~ 6 x 10 1 9 m~3 . Although roughly the same
number of electrons are released in both the deuterium and helium
cases (N, , ~ 10^0) the helium discharge reaches approximately twice
the density.

The fuel utilisation N /N f

- is also strikingly

different, being just under unity throughout most of the dischargeAs with the deuterium case, the fuelling efficiency N /Nf

for

helium starts off very large but quickly settles to unity wit
peculiar oscillatory behaviour.

^unie

It too becomes negative later in the

discharge.
In order to interpret the above results some consideration must
be paid to the contribution of impurities to the electron content of
the discharge.

This is difficult owing to the lack of suitable

diagnostics on the DITE tokamak but an estimate can be made by
comparing the measured plasma resistivity r\ with that calculated
assuming an effective ion charge, Z

Lf9.5l
* -1 , where

f

n
If we assume q = 1 on the magnetic axis then the current density
on-axis J(0) is simply

(9.2-5)

which is related to the toroidal electric field E

by

E
t

J(0) =

(9.2-6)

n(0)
Thus the measured resistivity on-axis is approximately
1
n(0) = — n
4TI
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A
—
B

(9.2-7)

Spitzer'- "

•• has calculated Che resisitivity for a plasma with an

effective charge Z

ff

- V Z e f f ) "H

(9 2 8

-"

where A_(Z
) is the resistance anomaly, given approximately by
R exr
A - 0.68 Z
+ 0.32
iR
err

(9.2-9)

and TI is the resistivity of a pure hydrogenic plasma
H
n

-»A

(9.2-10)

where T * is the electron temperature in keV.

Equating the measured

resistivity (eq.(7)) with the calculated (eq.(8)). assuming JlnA. = 15,
and rearranging we obtain the resistance anomaly
V
Z

V eff

) = 4 04

V3/2

'

B

(9.2-11)

t

a function of measurable quantities, where V

is in volts and B

in

Tesla.

If we consider the current flat-top period (200-500 m s ) , then
the measured electron temperature in these two discharges is the same
within experimental error (T * ~ 0.65 keV), as is the toroidal field
B

~ 2 T, while V

is 2.7 V in deuterium and 2.2 V in helium.

The

corresponding values of Z .,, using eqs.(9) and (11), are thus ~ 4
for deuterium and ~ 3 for helium.

If we assume that the main

impurity on axis is fully-stripped carbon then using eq.(4) we obtain
n^/n ~ 0.1, n /n ~ 0.4 for the deuterium discharge and
C e
D e
n /n ~ 0.04, n /n ~ 0.38 for :he helium. Thus the helium
C e
He e
discharge is considerably cleaner than the deuterium, with
approximately 7b% of the plasma electrons being supplied by the He
fuel compared with ~ 40% for the T>2 case.
although the fuel utilisation (N /N
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Returning to fig. 9.2-1,

) for deuterium appears to be

as low as 0.4 near the end of the discharge, the efficiency is actually, taking into account the dilution factor, ~ 0.4 x 0.4 ~ 0.16.
Thus, of the deuterium added to the discharge approximately 84% is
"pumped" by either the limiter or walls.

In the case of helium this

fraction is much lower, roughly ~ 30% of the helium is not accounted
for in the plasma.

The sink for the fuel particles cannot be firmly established,
but based on our earlier discussions the wall is the most likely
candidate.

In both the deuterium and helium cases the amount that

could be retained by the graphite limiter is far less than the amount
unaccounted for.

This conclusion is supported by the fact that local

recycling at the probe limiter appears to be unity.

Retention by the

wall, on the other hand, could well explain the deficit and suggests
two reasons for the different behaviours in deuterium and helium.
First, helium GXN fluxes are expected, based on rate-coefficients
F 9 6 9 7l
(see fig. 5.3-3) and other experiments'' " J to be significantly
less than in the case of deuterium.

Second, stainless steel, above a

certain saturation fluence, readily re-emits implanted helium while
with deuterium, re-emission is unlikely to be unity (see 5.2.2).

In

the case of helium the stainless steel surface will saturate at a
level of ~ 0.3 He/metal atom.

This trapped helium is immobile and is

thus retained between discharges, while any bombardment during
discharges is re-emitted.

Deuterium on the other hand is highly

soluble and diffuses, both during and after the discharge, and thus
the surface never gets to the complete re-emission state that is
achieved with helium.

Although our measurements do not indicate

whether the difference in behaviour for deuterium and helium is due
to differences in CXN fluxes or in surface retention properties it
seems likely that both are present and play roles.

9.3

Deep Fuelling Experiment

In the last section results were shown for the reference
deuterium discharge where the D2 gas puffing was supplied by the
probe limiter removed from the plasma (r

~ 30 cm). In this section
PL

we discuss both the global and local effects that result with gas
puffing from the probe limiter with it immersed in the plasma.
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9.3.1

Global Effects

With the probe limiter at r

= 28.5 cm an identical gas puff

Jr Li

program to that used in the last section is established.

The

resulting density (n ) behaviour with time is exactly the same as
given in fig. 9.2-1.

Similarly, the fuel utilisation (N /N f

fuelling efficiency (N /N-

, ) and

.) curves are repeated within

experimental error (~ 10%). Between successive discharges the probe
limiter radial position is reduced in centimetre steps to a minor
radius of r

= 23.5 cm.

None of the global discharge parameters

change as the probe limiter radius is decreased.

As noted earlier

(section 8.3), the discharge ^s_ perturbed with the probe limiter
inserted past r ~ 23 cm, but this is not due to the gas puffing,
PL
since the perturbation also results when the probe limiter gas flow
is turned off.
In addition to the reference gas puff program, the experiment is
repeated with a slightly increased flow rate to raise the plasma
density towards its disruptive limit.
be n

The density limit is found to

~ 3.4 x 1 0 l s m~ 3 , irrespective of the probe limiter position,

the same as in discharges fuelled by the regular torus gas valves.
Similar experiments performed with helium also show no dependence on
the gas puffing radial position for the main discharge parameters or
the high density disruptive limit.

The absence of any dependence on puffing position is not
surprising when the relative strengths of fuelling sources are
considered.

The plasma is fuelled both by the probe limiter gas puff

and fuel particles (and impurities) that recycle from the limiter and
wall.

Although we cannot assign a strength to the wall source, the

limiter re-fuelling source can be estimated.

In both D2 and He

discharges the ion saturation current density at the limiter radius
is approximately j ~ 1 A/cm 2 .
s

With a full poloidal ring limiter

(a = 26 cm) and an e-folding distance of order ~ 1 cm, a recycling
current of ~ 300 A is indicated, while the highest gas-puff flowrates are less than 50 A equivalent.

Thus, the limiter re-fuelling

dominates the gas-puffing, to say nothing of the wall recycling.

The

effect of deep fuelling is probably further reduced by the fact that
- 174 -

re-fuelling is likely to be enhanced by CXNs which can travel tens of
centimetres into the discharge, much further than the depth of
immersion of the probe limiter.

9.3.2

Local Effects

During the radial scan with constant gas puffing in the
reference deuterium discharge, measurements are also made with the
CCD camera (D

filter) and the reciprocating Langmuir probe array A.

The rotational transform is such that during the current flat-top the
reciprocating Langmuir probes directly connect to either the probe
limiter body or the plasma into which it puffs the D2 gas (connection
length ~ 1.4 m ) . Besides the perturbation caused by the background
plasma flow to the body (as discussed in Chapter 8 ) , no local changes
in plasma density or temperature can be detected by the reciprocating
Langmuir probes due to gas puffing.

Similarly, the built-in probes

in the probe limiter detect no changes in n

or T

aside from those

associated with the global behaviour of the boundary plasma.

This is

established for both sets of probes by running identical reference
discharges with the probe limiter gas puffing replaced by the regular
torus gas valves.

The CCD camera data show an axisymmetric glow around the gas
puffing orifice.

At the flow rates used in this study the local

emission associated with the D + recycling is small

background D

compared to that due to the gas puffing.
show the D
r

In figs. 9.3-1A and IB we

intensity contour maps at t > 375 ms for gas puffing from

* 23.5 cm and r

=• 26.5 cm.

The D2 gas leaves the orifice with

an expansion angle of ~ 45° and thus the molecules travel both
radially and transversely a distance ~ \

before breaking up.
mip
= 26.5 cm the transverse expansion is several

puffing from r

When

IT Li

centimetres and only a few millimetres in the deeply immersed case
(r

= 23.5 cm). When account is taken of the expansion and the
ir L

break-up D atom energies (~ 0.3 eV and ~ 4 eV) then the spatial
extent of the emissions are consistent with expected mean free paths
based on ionisation and charge exchange.
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Probe
Limiter

Fixed
Limiter

cm
Fig.

9.3-1

D

intensity contour plots during D 2 gas puffing from

the probe limiter into the reference deuterium discharge
at t * 375 ms:

(A) r

PL

23.5 cm and v(B) r_
' PL

26.5 cm.

The contours are equi-spaced and increase raonotonicly
from an intensity 1 a.u. far from the orifice to 7 a.u.
at the orifice.

See fig. 7.2-1 for details regarding

the viewing geometry.

As discussed earlier (7.3.5), the probe limiter gas puffing rate
is calibrated in-situ between discharges by measuring the torus
pressure rise during a gas puff test.

Simple calculations indicate

that at the orifice, the gas pressure within the tube is of order
~ 30 Pa compared with a plasma pressure that can be as high as
~ 100 Pa.

Because of this, it is necessary to confirm, that in the

presence of plasma, the same gas flow issues from the orifice.

The

earlier result that the line average density behaviour is not
affected by the radial position of the probe limiter indicates that
the plasma pressure doe? not have an effect.

In addition, a local

measurement also suggests that the plasma pressure does not affect
the flow rate; in fig. 9.^-2 we compare as a function of time the gas
flow rate, as determined during calibration, with the spatially
integrated D

signal (in arbitrary units) with r
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= 23.5 cm.

The gas

flow rises quickly to ~ 3 x 1O 20 D atoms/s, remains roughly constant
until t = 500 ms and then decreases.

At this radial position the

molecules travel to r ~ 23.0 cm before reactions with the plasma
electrons reduce them to D atoms and D + ions.

At this radius the

electron temperature, as noted in fig. 9.1-2, is approximately
constant (T

~ 40 eV) during the discharge and thus the D/D +

production ratio remains constant.
also constant, the integrated D

Since the photon efficiency is

emission is simply proportional to

the D 2 flow rate and, as expected, in fig. 9.3-2 the D

emission

within experimental error follows the gas flow calibration.

Under

these conditions (r = 23-0 cm, T g ~ 40 eV) the majority of D 2
molecules are broken down via the molecular ionisation route, eg,
reaction 5.3-6.

The resulting D 2 + ion then has a certain lifetime

before it too is broken down.

The lifetime of the molecular ion is

sufficently short that negligible "streaming" along field lines takes
place (see section 1Q.5).

This is supported by the D

contour map of

fig. 9.3-1A which shows the emission to be very localised and
symmetric.

'Da

r
PL =23-5 cm
(a. a]

s
9
X

1i
= °
°- a

600

Fig.

9.3-2

Comparison of gas flow rate determined by calibration
between discharges (solid line) with the local
spatially-integrated D
(data points).

emission around the orifice

Probe limiter position r
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» 23.5 cm.

The spatially integrated D
function of puffing position.

emission is also investigated as a
In fig. 9.3-3 the integrated signal at

t = 375 ms is plotted for radii between r p L = 22.5 cm and
r

= 2 8 . 5 cm, eg, from deeply immersed in the plasma to nearly

JrLi

withdrawn.

The signal increases as the probe limiter is pushed in

until it reaches a maximum at r1JT~ 25 cm.
the D 2 emission by a factor ~ 2.
responsible for this behaviour.

Further insertion reduces

Two separate effects are
Consider first the factor of ~ 4

increase as the probe limiter is pushed in from r
r

= 2 5 . 5 cm.

= 28.5 cm to

Molecules leaving the orifice will travel to

approximately r ~ 25 cm before reaction with the plasma electrons
regardless of the probe limiter position within this range.

At this

radius, the electron temperature is - 10 eV (see fig. 9.1-2) and thus
the molecular breakdown is primarily through the dissociation

/D

22

Fig.

9.3-3

Spatially integrated D
limiter gas puff (eg, D

emission for a constant probe
photons per gas puffed acorn,

arbitrary units) at t - 375 ms into the referencedeuterium discharge with different puffing positions
(r

).

Best fit curve to the experimental data points

is shown.
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reaction (5.3-4) producing two D atoms.

The atoms will thus emit D

photons with an efficiency that is nearly independent of radius until
they ionise, charge exchange, or leave the field of view.

With an

isotropic directional distribution, a fraction of the product atoms
will strike the probe limiter and recycle back to the plasma, while
another fraction will miss the body, leave the plasma and be lost
from the field of view.

With r
= 28.5 this latter fraction is
PL

quite large, roughly half of the atoms are thrown back out of the
plasma and strike the wall, where they may or may not recycle, but in
any case are lose from the field of view of the camera.

(In fact the

global behaviour suggests that most of these atoms jio_ recycle, eg,
fuel utilisation is independent of r .) As the probe limiter is
pushed in to r
= 25.5 cm, because of the geometry of the gas
PL*
puffing orifice, most of the product atoms heading out of the plasma
hit the probe limiter and thus locally recycle.

The ratio of D

signals between the two radial positions is therefore expected to be
a factor of ~ 2, smaller than the observed
The observed decrease from r

factor of £ 4.

= 25.5 cm to r

= 22.5 cm can be

explained by the same arguments used earlier to explain the variation
in D

emission due to changes in T

(fig- 9.1-7).

Since the mean

free path for the molecules leaving the orifice is ~ 1 cm the
break-up reactions occur at approximately constant electron
temperature, which is determined by the radial position of the probe
limiter.

As the probe limiter radius is decreased from 25.5 cm the

reaction temperature rises from T ~ 10 eV to T > 30 eV and thus the
e
e
break-down, dominated primarily by dissociation (reaction 5.3-4)
farther out, is replaced by molecular ionisation (reaction 5.3-6) and
subsequent molecular-ion dissociation (reaction 5.3-8) for r < 24 cm.
The D atom production rate is therefore cut by a factor of 2.
[no]
Similar behaviour has recently been predicted by McNeill et alL ' J
but until now experimental confirmation has not been obtained.
Proper modelling of this behaviour requires Monte Carlo neutral
following codes, such as DEGAS^ " ', but this lies outside the scope
of the present study.
As with the earlier discussion on D

emission due to recycling,

the above interpretation assumes that the effective (D atom) photon
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efficiency is constant with minor radius (eg, T ) . Thus, the number
of D

photons emitted per Dj molecule is dependent only on the

break-up behaviour of the molecule which can vary with T
minor radius.

and/or

The photon count should be the same for D2 molecules

either gas puffed or recycled off the surface; however, a discrepancy
is found if the data in figs. 9.1-7 and 9.3-3 are compared.

Although

the results are given in arbitrary units, the same normalisation has
been used in the two figures so that the D /j and D /D levels are
directly comparable, eg, in fig. 9.1-7 the data has been plotted as
D

photon (due to recycling) per incident charge while in fig. 9.3-3

the data has been plotted in the same arbitrary units as D
per gas puffed atom.
30%.

The error in the comparison is probably about

Inspection of the two figures reveals that the D /D level in

fig. 9.3-3 at r
D /j

= 25 cm is about a factor of ~ 4 larger than the

level in fig. 9.1-7 at t ~ 400 ras, where in both cases the

electron temperature is in the range 1C eV to 15 eV.
with T

photon

of the D

The variations

photon efficiency and the D2 break-up route cannot

explain the enhancement for the gas puffed molecules.

The

enhancement can be explained if we postulate that the appropriate
photon efficiency for the gas puffed atoms is the Johnson and Hinnov
value (no charge exchange), and that the recycled atoms emit at an
efficiency which must include charge exchange.

The increase in the

photon efficiency due to the inclusion of charge exchange is roughly
a factor ~ 4 (see figs. 9.1-1 and 9.1-5) and thus could explain the
discrepancy.

The reason for excluding charge exchange as a loss

mechanism for the gas puffed atoms is possibly due to the low energy
of the resulting CX neutrals.

The flow rate during gas puffing is

very high so that the local ion temperature is significantly reduced.
Charge exchange is thus predominately with the cold, freshly ionised,
injected ions which remain within the field of view, in contrast with
the energetic CXNs originating from the background ions.

The gas

injection reduces the local ion temperature while leaving the local
plasma density and electron temperature largely unaffected.

The

perturbation caused by the injection of gas will be discussed in more
detail in Chapter 10 (10.5, 10.6).

The local ion temperature perturbation also explains why the D
a
per injected D atom signal (fig. 9.3-3) increases by a large factor
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as the probe limiter is pushed in from r

= 28.5 cm to r

~ 25 cm.

Geometrical arguments predict a factor of 2 increase as the probe
limiter is moved into the plasma from far away, but an increase by a
factor larger than 4 is indicated.

Since the temperature

perturbation is negligible if the probe limiter is pulled far out of
the plasma, the D

signal will decrease as r OT is increased due to

both the change in effective photon efficiency (factor ~ A) and the
geometrical factor (factor ~ 2 ) , eg, the decrease is expected to be a
factor ~ 8.

This appears to be consistent with the results if the

curve in fig. 9.3-3 is extrapolated to greater minor radii.
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10.

IMPURITY PRODUCTION, TRANSPORT AND REDEPOSITION

The recycling of fuel particles, either from the limiter or the
wall, inevitably releases impurities into the plasma.

In addition,

photons leaving the plasma can desorb impurity gases from the wall.
The mechanisms by which particles and photons can release impurities
were reviewed in Chapter 6.

Based on these discussions the following

impurity sources, depicted in fig. 10-1, are expected in a deuterium
discharge in DITE.

At the stainless steel wall, charge exchange D

atoms will physically sputter Fe, Cr and Ni atoms, as well as
chemically react with surface impurities (C, 0) to form adsorbed
gases.

Both the newly formed volatiles and residual gases (or their

fragments) can be desorbed, physically by CXNs, inelastically by
photons, or by simple thermal desorption.

On entering the edge

plasma these impurities are quickly broken down to ions with a
distribution of charges.

As with fuel ions, the impurities will also

recycle but since charge exchange is unlikely, with the possible
1
I" 5.37"
J
exception of 0 L
, the recycling takes place only at the limiter.
Thus the originally pure carbon limiter surface is quickly
contaminated with impurities, 0, Fe, Cr and Ni being the main ones.

/

/

/

/

/

St. /St. /WALL'25°C
/

C,0 ~) DESORPTION
COn I THERMAL
C n D m f PHYSICAL

CXN D
PHOTONS

D20 J PHOTON

' _ D : ,MPURITY IONS
CXN D

SPUTTERING

C , F e , C r , N i - SPUTTERING
0 . C 0 n , C n D m i D 2 O - DESORPTION : THERMAL. PHYSICAL

Fig. 10-1

Impurity sources in a deuterium discharge.
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In the case of the limiter, energetic ion bombardment by both
fuel and impurity ions is very intense and thus physical sputtering
is a major impurity source not only for the carbon substrate but also
for its contaminants.

In addition, the incident deuterium (ions and

atoms) and oxygen are chemically reactive with the carbon resulting
in the formation of hydrocarbons and carbon oxides, respectively.
The deuterium will also react with oxygen to form D 2 0.

These will

desorb either thermally or by momentum transfer from incident ions
(physical desorption).

With the geometry shown in fig. 10-1 most of

the released impurities will be broken down and ionised within a few
centimetres of the limiter, and after a certain residence time in the
plasma will recycle back to the limiter surface.

Thus, in the case

of the limiter, a closed cycle takes place with production at the
surface, transport in the boundary, and redeposition back at the
limiter, with the wall being the original source for the 0, Fe, Cr
and Ni.

Once these impurities are released from the wall, because of

a lack of charge exchange and for geometrical reasons, they
predominantly stay in the limiter cycle.

In helium discharges the production sources are considerably
reduced.

This was noted earlier in section 9.2, where the core

dilution by impurities was found to be much lower in He discharges
compared with D2•

Although the wall still receives a CXN flux,

surface chemical reactions do not take place.

Residual volatiles,

however, may still be released by thermal, photon and physical
desorption.

Physical sputtering will still occur both at the limiter

and the wall, but as the CXN flux is expected to be less in helium
discharges, the source of metals should be reduced.

Volatiles at the

limiter should still be desorbed thermally or physically.

Between impurity production and redeposition lies the transport
in the plasma.

It is the transport that determines the level of

impurities in the discharge and thus ultimately the rate of fusion
power generated in the core plasma.

The transport characteristics in

the boundary can be all-important in determining this level and they
can vary significantly depending on the nature and location of the
production source.

Thus it is important to study, not only the

sources of impurities, but also their transport within the plasma.
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In the earlier sections of this chapter we shall present
experiments aimed at establishing the source and magnitude of
impurity release.

Concern is paid mainly to the limiter source, but

where possible information regarding the wall source is given.

In

the last sections we present results that investigate the transport
of impurities both in the boundary plasma (on closed field lines) and
in the SOL (on open field lines).

In the two cases the transport is

different and thus their relative contributions to impurities in the
discharge centre are expected to be different.
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10.1

CHEMICAL SPUTTERING EXPERIMENT

It has been shown in beam experiments using hydrogen bombardment
that enhanced erosion of carbon occurs at ~ 500°C due to the
formation of methane.
by Roth'-

These experiments have recently been reviewed

* ••. Chemical sputtering has thus been frequently

predicted to occur in tokamaks, but until now it has not been the
subject of a definitive experiment.

There are some sound reasons for

believing that the chemical sputtering of carbon limiters in a
tokamak may be considerably lower than in beam experiments.

Firstly,

the particle flux density at a limiter is some orders of magnitude
higher than in beam experiments, and the yield of methane per
incident particle is known from beam experiments to decrease with
increasing flux density.

Secondly, the incident ion energy on

limiters is low, and the chemical sputtering yield is known to
decrease at low energies.

Thirdly, the presence of metals on the

surface inhibits methane formation even when the impurity
concentration is low"-

* •", and significant metal impurities are

found on the surface of carbon limiters in tokamaks'-

* ^.

Thus, the

sputtering yield will be reduced by three independent factors in the
case of actual graphite limiters.

10.1.1

Experiment

In order to make a direct test of the rate of chemical
sputtering the carbon emission around the probe limiter over a range
of surface temperatures is observed with the SPEX spectrometer
looking vertically upwards through the window, fig. 7.2-1.

In the

mode used the SPEX scans a ~ 10 run wavelength band with a repetition
rate of 50 Hz.
the next.

The band viewed can be selected from one discharge to

Typically three wavelength bands are examined at each

surface temperature covering the emission of CII, D , D , Oil, OIII,
Fel, CrI and a CD

hydrocarbon band.

Typical examples of the spectra

observed iii the three wavelength bands are shown in fig. 10.1-1.
Table 10.1-1 lists the lines that have been identified.

The bands,

centred at 658, 432.5, 375 nm, are chosen because they contain most
of the impurity lines of interest and because they allow direct
comparisons between deuterium, carbon, oxygen and metal intensity
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Oil

654

656

658

428

(a)X=658nm

Fig. 10.1-1

430

432

434

436

370

(b)\*432-5nm

372

374

376

378 380

(c)X = 375 nm

Typical spectra from the SPEX spectrometer measured
viewing the probe limiter at r p L - 0.255 a radius.
Three spectral bands are shown centred at (A) 658 nm,
(B) 432.5 no and (C) 375 nm.

ratios in a single discharge.

In addition to the direct observation

of the probe limiter the spatially scanning monospec spectrometer is
used to survey the radial distribution of the main low Z impurity
lines including CIII and CV.

This spectrometer viewed the plasma

from the top of the torus at a position displaced ~ 180° toroidally
from the probe limiter.

Information on the spatial extent of the

various lines measured with the SPEX is obtained with the CCD camera
and suitable interference filters.

The chemical sputtering experiments are performed in a discharge
similar to the reference deuterium discharge (150 kA, 2 T,
n

~ 3 x 10^ 9 m ~ 3 ) , but with a slightly different (regular torus) gas

puff program to that used previously.
density n

The resulting line average

is approximately constant during the current flat-top

period (200 ms to 500 m s ) , and the radiated power is ~ 170 kW
compared with ~ 200 kW in the reference case (Pn ~ 400 kW in both),
b*

see fig. 10.1-2A.
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Species

Wavelength
nm

Ha
H

y
D
a
D
CII

on

OIII
Fel

CrI

656.28
434.05
656.10
433.93
426.70
426.73
657.81
658.29
371.28
372.73
374.95
431.71
431.96
435.13
436.69
375.47
375.99
371.99
373.49
373.71
374.56
427.18
427.48
428.97

CD, CH Molecular Band 429.6-431.5
(V, v") - (0,0)

Table

10.1-1

Spectral lines Identified in the chemical sputtering
study. Asterisks indicate lines that have been
plotted in figs. 10.1-4, 5, 7, 8.
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Fig. 10.1-2
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1

400

500
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Global plasma parameters during (A) ohmic and (B)
neutral beam heated discharges: plasma current (I )
_
P
line average density (n ) , total radiated power ( P . ) ,
and neutral beam power (F ) .
NB

Experiments are carried out with the probe limiter at two
different radial positions, r

25.5 cm and r

PL

local plasma conditions at r_T

a

= 23.0 cm.

The

25.5 cm, as measured by Che probe

limiter as a function of time, are shown in fig. 10.1-3A and B.

At

this radius the electron temperature is in the range 15-20 eV with an
ion saturation current density (j ) from 0.5 - 1.2 A/cm2.

The j

values are similar to that obtained in the reference deuterium
discharge (eg, fig. 9.1-4) but the electron temperature is somewhat
higher, 15 eV to 20 eV instead of 10 eV.

The increased power

conducted and convected to the limiter in the present case can be
explained by the reduced amount of radiated power.

Note the

asymmetry in the signals between the electron and ion drift sides
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Fig. 10.1-3

.

Local plasma parameters T , $ , j and n calculated
S
t
S
6
from che probe limiter Langmuir probe data (A) on Che
Ion drift side (LP3) and (B) on the electron drift side
(LP1).

Probe limiter at r

• 25.5 cm minor radius.

(probes 1 and 3, respectively); the ion saturation current density is
roughly twice as large on the electron drift side.

The asymmetry is

also seen with the CCD camera with a number of interference filters
(D , CI, CII, Oil). The asymmetry, as discussed earlier in Chapters
8 and 9, can be explained by the difference in connection lengths
between the two sides of the probe limiter and the fixed limiter.
The SPEX spectrometer is focussed so that the light collection area
(« 200 mm 2 ) is centred on the flat bottom of the probe limiter,
roughly in the central region of the emissions observed with the CCD
camera.

The spatial distributions of the CII (426.7 nm) and

Oil (441.5 nm) emissions are similar to the D ; these will be
discussed in more detail in section 10.4.

The integrated line intensities, which are proportional to the
emitted photons s"*, have been plotted in fig. 10.1-4 as a function
of time.

Only some of the lines identified in this study
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Fig. 10.1-4

Integrated spectral line intensities for Oil, CII, Fel,
CrI and D , the height of the CD molecular band and the
ion saturation current density from the Langmuir probes
LP1 and LP3 as a function of time during a discharge.
Probe limiter at r.

PL

25.5 cm.
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700

<

(table 10.1-1) have been shown since it is found that all the lines
of a given species are roughly in proportion, with the exception of
Oil 374.95 nm, which is discussed later.

The hydrocarbon band due to

the diatomic molecule CD has also been included but in this case the
signal shown is proportional to the maximum height within the band
(disregarding the superimposed lines) near the CD bandhead (~ 431 nm)
as noted in fig- 10.1-1.

The ion saturation current densities as

measured by the two probes, LP1 and LP3 are shown for comparison.
One can see that D

signal follows j , as expected, as do all the

s

oc

lines except CrI and Fel, which decrease as the discharge
progresses.
The bulk temperature of the probe limiter is raised
progressively with the pyrolytic graphite heater between successive
discharges from 25°C to 700°C.

The power flux at r

= 25.5 cm

t Li

(~ 100 W/cm^) is small enough to limit the surface temperature rise
during one discharge to 50C", a fact confirmed by the AGA infrared
camera.

Thus, during one discharge, the surface temperature is

approximately constant at the pre-discharge value.
probe data shows no dependence on temperature.

The Langmuir

The results of the

CII, Oil, D , Fel, CrI and CD band, during the steady state condition
of the discharge (t = 210 m s ) , are plotted as a function of the
initial surface temperature in fig. 10.1-5.

It is seen that there is

no change in the principal impurity fluxes CII and Oil within the
experimental error over the whole temperature range.

However, there

is a decrease in the metallic fluxes with increasing temperature.
The other noticeable change with temperature is the increase in the
hydrocarbon CD band, although the intensity distribution within the
band remains constant.

This is probably related to methane

production at the probe limiter surface;

however, the increase over

the whole temperature range is only a factor of 1.7.
A second series of experiments is carried out with the probe
limiter moved in to a radius of r_

= 23.0 cm where there is

significant power flux due to the plasma and the surface temperature
of the probe increases during the discharge.

The local values of T ,

j and n are found to be the same for both the ion and electron
s
e
drift sides of the probe limiter at this radius; however, as has been
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Fig. 10.1-5

Integrated spectral line intensities as a function of
probe llmiter temperature in successive similar
deuterium discharges at t » 210 ms.
r

Probe llmiter at

• 25.5 cm, where heating by the plasma is

insignificant.
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900

discussed in Chapter 8, the floating potential $ f on the ion side
(LP3) is ~ 25 V more positive than on the electron side (LP1),
implying non-ambipolar flow conditions.
shown in fig. 10.1-6.

The time behaviour of LP3 is

The electron temperature is in the range of

30-40 eV while the ion current density is about 3.5 A/cm 2 ,

in better

agreement with the reference discharge data in figs. 8.3-2 and 3 than
the results at r

=> 25.5 cm in the present experiment.

Evidently

the increased radiation, giving lower temperatures at r = 25.5 cm in
the reference case, occurs between r = 23.0 cm and r = 25.5 cm.

The

time behaviour of the integrated line intensities has been plotted in
fig. 10.1-7.

The initial temperature had been raised to 600°C before

the discharge using the heater.

The incident power flux is

sufficient to significantly heat the carbon surface during the
discharge.

The resulting temperature rise is greatest near the tip

of the probe limiter and decreases with increasing minor radius along
the probe limiter body.

As noted earlier (8.5.4) the temperature

rise is larger on the electron side due to the drawing of net
electron current by the body.

The incident power flux on the leading

edges is of the order 10 MWrn"2 which leads to a surface temperature
rise during the discharge of typically 500C°.
r

As with the

* 0.255 ra case, most of the spectral intensities show a time

dependence which is similar to that of the ion current density.

The

one exception is the Fel line which rises steeply near the end of the
discharge.

This is probably due to thermal sublimation of Fe caused

by the high temperatures (> 1000°C) reached at this time.

One may

note that the Oil line at 3749.49 A also rises steeply at the end of
the discharge but this may be due to the existence of a coincident
Fel line.

The initial temperature is varied in steps so as to vary

the maximum temperature reached during a series of discharges.
Again, apart from the Fel line, no relative change in the time
dependence of the signals is observed as the initial temperature is
varied between 25°C and 600°C.

The CrI line is not monitored at this

radial position.

For the discharge with an initial temperature of 600°C a significant area of the limiter exceeds 1100°C, and at this temperature
one might expect significant radiation-enhanced sublimation of
carbon'-

* ••. However, no change in the CII line is detected.
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Local plasma paramecers T , $ , j , and n

calculated

from the probe llmicer Langmulr probe data on the ion
drift side (LP3).

Probe limlter at r
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Integrated spectral line intensities, j

and tip surface

temperature (T ) as a function of time during an
ohmically heated discharge.
r

Limiter position

» 23.0 cm minor radius, and initial temperature

600°C.

The surface temperature T, increases during the

discharge as illustrated, due to plasma heating.
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700

Fel signals, on the other hand, do vary considerably depending on the
initial temperature of the limiter.

These have been plotted in

fig. 10.1-8 as a function of time for a number of initial temperatures.

As one would expect, the intensity near the end of the

discharge increases as the initial temperature is raised.

A third series of experiments is carried out using 1.1 MW
neutral beam injection as additional heating.

Three beam lines are

used, each pulse lasting 100 ms, but with starting times staggered by
20 ms.

The probe limiter is kept at a radius of r

= 25.5 cm, and

the initial temperature varied between discharges with the heater.
Measurements are made with the initial temperature at 20°C, 500°C and
700°C.

Again, the power flux is small at this radius and the surface

temperature rise during the discharge is negligible.

At each

'Or

590°C

'c
310°C

c

10'

a

in

50°C

I
100

Fig. 10.1-8
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Fel Integrated spectral liae intensity during a
discharge for various limiter starting temperatures.
Probe limiter position r

PL

- 198 -

23.0 cm.

temperature different impurities are monitored in successive
discharges by looking at the same three wavelength bands in turn with
the SPEX spectrometer.
fig. 10.1-2B.

The main plasma conditions are as shown in

The plasma current is the same as the earlier

discharges but the line average density increases by about a factor 2
when the neutral beam heating is turned on.

This is mainly due to

the particles in the beams themselves.

In these discharges the plasma conditions near the probe limiter
do not change significantly when NBI is switched on.

Although the

total input power increases by a factor of nearly 4 the total
radiation also increases by a large factor, to typically 1100 kW.
When the reduction in the ohmic heating to P Q ~ 280 kW during NEI is
taken into account, the additional heat transported to the boundary
is too small to be detected.

This conclusion, based on the global

energy balance, is confirmed by the observation that there is no
change in power to the probe limiter as measured by the Langmuir
probes and the AGA infra-red camera.

The results for the neutral

beam discharges are similar to the previous runs at r

= 25.5 cm in

if i-i

that no significant variation in the carbon impurity flux is detected
either during the discharges or as the bulk temperature is raised to
500°C and 700°C
In parallel with the experiments described, routine measurements
of the spatial distribution of CV are taken with the monospec
spectrometer.

No significant change is observed either in the

absolute value or in the shape of this profile as the probe limiter
temperature is increased.

Because it is known that metallic and other impurities on the
surface reduce the chemical sputtering yield, the probe limiter was
removed immediately after the end of the series of experiments.
Measurements were made of the areal impurity concentration using
Rutherford Backscattering Spectroscopy (RBS), and Particle Induced
X-ray analysis (PIXE), using an incident ion beam of 2.0 MeV He +
ions.

The major impurity is iron with a typical concentration of .

2

~ lO -*- atoms m~2. This concentration does not represent the actual
surface coverage, since RBS and PIXE are not surface sensitive
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techniques, but it does illustrate that metallic contaminants are
deposited as a result of the tokamak discharges.

Other impurities

observed are nickel, chromium and titanium in approximately the
correct ratios for stainless steel, which clearly come from the
vacuum vessel wall.

In addition, small amounts of calcium, chlorine,

sulphur and silicon are observed.

The RBS spectrum shows a broad

peak in which the Fe, Cr and Ni cannot be resolved.

10.1.2

Discussion

The main result of the chemical sputtering experiment is that
there is no evidence that the sputtering yield of carbon limiters
under deuteron bombardment is significantly enhanced at elevated
temperatures due to methane formation.

This is most clearly seen in

the curve of the CI1 emission as a function of surface temperature
(fig. 10.1-5).

Based on the expected mean free path, with the probe

Umiter at r_ = 25.5 cm, most methane molecules leaving the probe
PL
limiter surface will result in the production of CII ions and thus
contribute to the CII intensity; we will come back to this point.
This molecular dissociation can follow a number of routes, some of
which result in the production of a CD radical as an
intermediary'r

*

•* •

The results with the probe limiter at

= 25.5 cm where the surface temperature is essentially constant

P Lt

throughout the discharge, show no change in CII emission, within
experimental error, when the surface temperature is changed from 20°C
to 700°C in different discharges.

This is to be contrasted with a

recent beam experiment at low incident flux density (< 10"** A/cm 2 ) on
clean carbon where enhanced sputtering due to methane formation was
observed in this temperature range at similar energies'
the probe limiter at r

" •" . With

= 25.5 cm the electron temperature is

ir Li

~ 20 eV.

The approximate energy of the impinging deuterons is the

sum of their thermal energy 2kT. plus the energy gained in the plasma
sheath ~ 3kT .
~ 5kT ~ 100 eV.

If we assume T. = T
At 100 eV the D

+

the impinging deuteron energy is

•» C physical sputtering yield from

the beam result is ~ 0.02 and is assumed to be temperature
independent, while the total sputtering yield, including the
enhancement due to CD, formation, rises from 0.03 at room temperature
to 0.13 at 550"C - a factor of ~ A; by contrast, our results indicate
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no change (to within ~ 20%). The set of results with the probe
limiter position r

= 23.0 cm, where the probe limiter has different

initial temperatures, but-is also heated during the discharge by the
plasma energy, support the results at r
in the CII emission is detected.

= 25.5 cm in that no change

At the smaller radius the electron

temperature is ~ 40 eV, thus giving a deuteron energy of ~ 200 eV.
The corresponding yield enhancement at this energy from the beam
experiment is ~ 7.

The discrepancies between these beam results and

the probe limiter data can be explained when consideration is taken
of the high flux density and surface contamination that are present
in the tokamak experiment; these will be discussed later.

Up to now we have discussed only chemical sputtering, ie, the
production of methane at the graphite surface by deuterons.
Typically this has a maximum yield at 500°C in beam experiments.

At

higher temperatures a non-chemical erosion occurs due to radiation
enhanced sublimation'-

*•

In beam experiments with energies of

1 keV this starts to be significant at ~ 1000°C, and by 1200°C the
•yield, due to both deuterium and helium ions, has increased by a
factor 4 over their physical sputtering yields.
probe limiter results at r

In the case of the

= 23.0 cm minor radius the surface

IT Li

temperature reaches close to 1200°C and some radiation enhanced
sublimation might be expected.

None is observed.

This is consistent

with data from the T10 tokamak where although an enhanced emission
occurs at higher temperatures no effect is observed until the surface
temperature exceeds 1300°C'-

^.

A theoretical model of radiation

enhanced sublimation predicts that the enhancement will be less at
high fluxes and low energies'- *
experiment'-

*

^.

In addition, a recent ion beam

•" has shown that metal contaminants also reduce the

radiation enhanced yield.
The only carbon spectral emission which shows a dependence on
surface temperature is the CD band at 4296 to 4315 A•

This increases

by a factor of 1.7 when the temperature rises from 20° to 600°C.

The

fact that the CII signal does not change, to within ~ 20%, implies
that the CD, contribution to the total carbon emission observed is
negligible.

This conclusion assumes that a good fraction of the

released CD, molecules become CII ions which then radiate within the
4
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field of view of the SPEX spectrometer.

Although some methane is

expected to be redeposited on the probe limiter before it shows up
spectroscopically (as CII), the mean free path of thermal CD, is long
enough to carry most of the molecules into closed field lines before
being ionised.

Once "trapped" on a closed field line the molecular

ion has a high probability of becoming a CII ion'-

*

•" .

In

another experiment, discussed in section 10.5 and in reference
[10.11], CH, is puffed from the tip of the probe limiter into similar
plasma conditions and the spatial extents of CI and CII observed with
the CCD camera.

Both the CI and CII emissions are very localised

about the methane release point.

It is conceivable that the mean free path of the hydrocarbon
molecule leaving the probe limiter surface is significantly shorter
than that calculated for CD,; for example, the release may be in the
form of a higher hydrocarbon or the molecule may be in an excited
state.

If this is so, then carbon released in this form might have a

lower probability of showing up spectroscopically as CII and thus
might explain why a factor of ~ 2 increase in the CD signal is not
reflected in the CII signal.

However, there is no evidence in the

literature to support this conjecture and it seems likely, based on
what is known of the release process, that hydrocarbon molecules
released from the surface have a significant probability of showing
up as CII.

The conclusion that chemical sputtering contributes negligibly
to the total yield due to D

ions is based on the assumption that

sputtering by deuterons is not dominated by some other C erosion
mechanism - impurity sputtering by C or 0 ions, for instance.
Examination of the spectral fluxes indicates that oxygen (which has a
high sputtering yield ~ 1 atom/ion on carbon)!-

•• is the only

likely candidate; self-sputtering by C is not likely to dominate.
The possibility of oxygen sputtering being important has therefore
been examined in some detail.

From the spectral intensities we can

get the ratio of the photon fluxes due to deuterons, carbon and
oxygen atoms leaving the probe limiter surface.

From these the ratio

of particle fluxes can be inferred knowing the local electron
temperature from the Langmuir probe data and using theoretical

- 202 -

calculations of photon efficiencies.

The fact that the spatial

distributions of the D , CII and Oil emissions, as observed with the
CCD camera, are similar means that the ratio of fluxes determined by
Che SPEX is accurate despite its small collection area (~ 200 m m 2 ) .
In the case of D

emission, the calculation depends on the break-up

behaviour of recycled D, molecules and the contribution of CXN atoms
to the signal.

Based on the discussions in Chapter 9 it is

reasonable to assume at T ~ 20 eV that two D atoms are produced per
e
molecule and the appropriate photon efficiency should include both
ionisation and charge exchange (see fig. 9.1-5).

The CII and Oil

emissions, although probably not affected by charge exchange losses,
may be reduced by their premature removal from the plasma (to the
body of the probe limiter) before ionisation.

However, as argued

above and demonstrated later in section 10.4, most CII and Oil ions
will be trapped on closed field lines and will thus be unable to
return to the body.

The appropriate photon efficiencies for CII and

Oil ions are therefore given approximately by ionisations/photon
T 9 2 9 31
values normally used in the literature1'
* . The CII ground
state flux is calculated using the line at 657.81 nm and Its
efficiency of 5.5 ionisations/photon, while the metastable flux
(2s2p2 **P) i? estimated to contribute ~ 30% to the total.

In the

case of Oil, the populations are approximately split between the
ground state (374.95 nm, 4.8 ionisations/photon) and the 2s 2 2p 3

2

D

metastable state (435.13 nm, 4.6 ionisations/photon)j the
contribution by the 2s22p^ 2 P metastable state is estimated to be
small.

(This type of calculation will be discussed in more detail in

section 10.4.)

In this way we have calculated the ratio of fluxes

D:C:0 to be 1 : 0.02 : 0.01 when the probe limiter is at
r

T

= 25.5 cm.

Considering the uncertainty in the D

photon

efficiency (eg, Dj break-up fraction, CXN contribution) and the
optical collection area, these values are probably accurate only to
within a factor of 2; for example, if the usual Johnson and

r 9 >i i
1

Hinnov - '

J

D

photon efficiency is used instead, the flux ratios are

1 : 0.05 : 0.03.

Better accuracy is achieved in a more thorough

analysis of the spectral fluxes in section 10.4.

If we assume that

the incident D + flux equals that leaving the surface then the
contribution to the C:D ratio due solely to D + physical sputtering is
0.02, based on an ion impact energy of 5kT (100 eV) and the physical
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sputtering yield (fig- 6.2-1A).
10 1

10#14

Oxygen leaves the surface mainly in

the form of Co'- *

'

J ; therefore, the contribution by 0 to the

C:D ratio is 0.01.

Considering the errors involved we can only

conclude that D and 0 sputtering ought to be comparable.
when the probe is at r

However,

* 23.0 cm the 0 flux as indicated by the Oil

line at 371.2 nm increases by a factor of 1.6 during the "steady
state" portion of the discharge (fig. 10.1-7) with no corresponding
increase in the C flux (to within 20%). Thus, the contribution of
the 0 sputtering to the total carbon yield must be small.

This

suggests that, since the 0 flux is the same as the C flux (within a
factor ~ 2 ) , the 0 erosion yield on carbon must be significantly less
than the value ~ 1 often quoted in the literature for ion beam
experiments'-

*

.

It may be that other processes release

the 0 from the surface before reaction with the carbon substrate can
take place; for example, reaction with D to form DO/DjO which
subsequently desorbs, or another possibility, direct physical
sputtering of surface oxygen.

In any case, a significant change in

the sputtering yield of deuterons due to chemical effects should be
readily observed.

If the deuterium chemical sputtering yield were of

the same order as in low flux beam experiments on clean surfaces
(~ 0.1 CD^/ion) the contribution due to oxygen or other ion
sputtering would have to be unrealistically large to mask the
chemical sputtering.

As outlined earlier the negligible effect of chemical sputtering
could be due to one or more of three separate effects.

The first is

the effect of high current densities on the methane yield.
of beam experiments'flux range 1 0
flux density.

15

*
1 7

'
2

- 10 - ions/cm

^ have indicated that in the
s the yield decreases with increasing

In addition, a number of models^ 6 ' 2 4 '

make similar predictions.

A number

10#L6

-10'18J

The models calculate the reaction rate

between hydrogen atoms on the surface with carbon atoms.

At high

fluxes the hydrogen concentration on the surface saturates, likewise
the amount of methane produced per unit area and therefore, the
CH,/ion yield decreases.

The second reason for the low chemical sputtering yield is the
low energy of the Incident ions (~ 100 eV). It has been suggested

- 204 -

(see Roth's review'- "

*) that methane Is formed at damage sites on

the surface and since surface damage is reduced at low incident
energies the methane yield is also reduced.

This effect has clearly

been shown in a number of beam experiments'- '

•• • However, the

effect of low energy, as discussed earlier, is not by itself
sufficient to explain the low chemical sputtering yield.

The third mechanism for suppressing the chemical sputtering is
the presence of metal contamination on the surface.
shown experimentally by Roth et av-

'

It has been

•• that a surface

1

concentration of ~ lO ^ metal atoms m~^ depresses the chemical
sputtering yield for 500 eV V& by a factor of 2.

The mechanism by

which the presence of metal can suppress chemical sputtering has not
been positively identified but it could be due to a reduction in the
surface concentration of hydrogen caused by enhanced molecular (H.)
recombination.

The rate of recombination on metal surfaces is many

orders of magnitude higher than for non-metals'-

*

-I. Thus, a small

coverage of metallic impurities could reduce the amount of surface
hydrogen available for methane formation.

A recent study by Bohdansky et al
called PISCES'-

*

*

^ in a plasma device

* has attempted to simulate the interaction of

graphite with a tokamak edge plasma.

As in the present experiment,

the graphite erosion yield was measured as a function of surface
temperature at high flux density (> 10*" D+/cm^ s) and low energy
(~ 100 eV). The results, however, differ significantly from the
present results in that they obtain, through weight loss
measurements, methane yields that are reduced by only a factor ~ 2
from the low-flux beam yields, eg, Y. ~ 5 x 10~ 2 CD 4 /D + .

This is at

least a factor of ~ 5 larger than can be accounted for in this
experiment.

The difference may be due to the high level of metal

surface contamination in the tokamak experiment.

The other principal change of impurity flux with surface
temperature is that of the metals.
limiter at r

The results with the probe

= 25.5 cm show both the Fel and CrI fluxes decreasing
PL

by a factor of ~ 3 with increasing surface temperature, fig. 10.1-5.
This is probably due to diffusion into the bulk carbon between
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discharges when Che temperature is being raised with Che heater.

The

metal fluxes increase again once the probe limiter is cooled,
suggesting that the surface is recontaminated with metals in a few
discharges.

The metal fluxes with the probe limiter at r

= 25.5 cm

also decrease as time progresses through a discharge (see
fig. 10.1-4).

This is probably not a thermal effect since the

surface temperature rise is small in magnitude and short in duration.
The decrease is possibly due to slight shifts in the
quasi-equilibrium between deposition and erosion.

The metal content

in tokamak plasmas is known to decrease as n increases.
e

Since n

increases with time the rate of metal deposition decreases.

e
With a

constant erosion rate (that is, with constant local values of T

and

j ) the surface concentration of metals should decrease.
When the surface is heated to high temperature ~ 1200°C, during
the discharge with the probe limiter at a radius of r
= 23.0 cms
PL
the Fel flux increases rapidly, fig. 10.1-7.

The rapid increase

occurs at a temperature corresponding to an iron vapour pressure of
~ 10"1* Torr (or ~ 1 0 2 0 atoms m~ 2 s"1 , assuming a pure Fe surface),
and is therefore consistent with sublimation.

Between 300 and 400 ms

the surface temperature rises slowly at a constant rate ~ 0.5 C°/ms.
The Fe emission increases exponentially with time during this period,
as expected.

The calculated heat of sublimation is ~ 130 kcal/mol

which is close to the value for pure Fe (99 kcal/mol).

After 400 ms

the Fel signal flattens out and then drops despite the fact that the
temperature is continuing to rise.

This is to be expected as the

surface concentration is depleted.
10.1.3

Summary - Chemical Sputtering Experiment

Although hydrocarbon (CD) formation is observed at the probe
limiter its contribution to the total carbon erosion rate appears to
be small.

The spectroscopic measurements with the probe limiter at

r p L = 25.5 cm are consistent with deuteron physical sputtering with a
yield of Y ~ 0.02 C/D+ at an impact energy of ~ 5kT

~ 100 eV.

The

spectroscopic yield measurement is probably accurate to within a
factor ~ 2.

Since the relative error in the measurement is ~ 20% the

implied chemical sputtering yield is less than 1 x 10~ 2 CD U /D + .
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The

low chemical sputtering yield compared with that observed in ion beam
experiments is to be expected at high incident fluxes and low
particle energies, and may also be due Co the presence of metallic
impurities on the surface of the carbon after operation in the
tokamak.

Although we have demonstrated that chemical erosion due to
deuterons is not important for the probe limiter this conclusion does
not necessarily apply to other situations where the incident current
density and particle energy may be different as may the surface
contamination.

It is thus important to investigate further to

determine what exactly is the cause of the suppression.

The results obtained from a tokamak experiment emphasize the
difficulties involved in precisely simulating plasma conditions in
the laboratory.

This is primarily because of the difficulty of

reproducing the high ion fluxes at low energies and the combination
of mixed bombarding species.

The situation is further complicated by

the complex surface composition which develops on all surfaces
exposed to the plasma.
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10.2

A COMPARISON OF LIMITER-PRODUCED IMPURITIES IN DEUTERIUM
AND HELIUM DISCHARGES

In order to further investigate the impurity release
mechanism(s) at the probe limiter surface, a sequence of deuterium
and helium discharges are run and particle fluxes leaving the surface
are compared spectroscopically.

Helium has the advantage that

chemical reactions involving the primary fuel should not complicate
the interpretation.

10.2.1

Experiment

For both the deuterium and helium discharges the standard
current (150 kA) and field (2 T) are used but with a range of line
average densities during the current flat-top; in the case of
deuterium this ranged between n
ri " 3 to 7 x 10* 9 m~ 3 .

=• 2 to 4 x 1 0 ^ m~3 , and for helium,

The upper bounds for the two correspond to

the high density disruptive limit.

Note that the deuterium density

limit is somewhat larger than the value quoted earlier (9.3.1) for
the standard 150 kA, 2 T discharge, eg, n~ (limit) - 3.'4 x 10 1 9 m~3 .

During the experiment the probe limiter position is fixed at
r_

r Li

= 25.5 cm, roughly at the same radius as the main limiter.

The

SPEX is used as in the last section to survey a large number of
visible emission lines, but in this case the optics are de-focussed
to accept light over a large region of area ~ 200 cm 2 , centred on the
side facing away from the fixed limiter (electron side); this is
exactly the set-up, as well as the same discharges, used for the D
and Hel comparison with j

presented in figs. 9.1-4 and 9.1-8.

Also

shown in those figures are the local plasma conditions as measured by
LP1 (electron side).

As often found at this radius the LP3 data (not

shown), eg, facing the fixed limiter, give similar electron
temperatures but roughly half the ion saturation current density.
Although the global discharge parameters (V., P , etc) varied
significantly in different discharges depending on fuel (D or He) and
n , the time behaviour of the SOL conditions as measured with the
Langmuir probes (LP1-4, and the reciprocating probes) did not change
for different n

within the ranges quoted.
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Furthermore, the

deuterium and helium SOL plasma conditions, with some small
differences early in the discharges, are similar with the electron
temperature in both being approximately constant T ~ 10 eV and with
j

rising during the discharges to ~ 1 A cm" 2 .

As discussed already in section 9.1 and shown in figs. 9.1-4
and 9.1-8, the D

and Hel emissions due to recycling closely follow

the ion saturation current density.

The impurity emissions on the

other hand, as first noted in the last section, are not in general
proportional to j

(eg, D

or Hel) but depend both on the time in the

discharge and on the history of exposure.

An example, from a

deuterium plasma, taken from the sequence of D and He discharges is
shown in fig. 10.2-1.

Here the D photon count is plotted as a
a

function of time along with the ratio of impurity emissions to D .
The wavelengths of the lines are CII (657.81 n m ) , Oil (435.13 nm) and
CrI (427.48 nm). Note that the ratios, except for the CD case, are
not in arbitrary units but are given as ratios of emitted photons.
Although the D

photon count increases by a factor of ~ 3 during the

discharge, the CD and CII ratios remain approximately constant, while
the Oil and CrI decrease significantly.

Similar data are obtained

for helium discharges.
Following a one week period in which ~ 100 He discharges were
run, the deuterium/helium comparison was performed.

During the

sequence of 25 discharges the fuel species was switched back and
forth between deuterium and helium in no regular pattern.

In between

tokamak discharges, at a number of points, 30 RPDC pulses (rapid
pulse discharge cleaning) in helium were employed.

In order to

compare fuel and impurity emissions in the discharges at the same T
and j the intensities at t = 350 ms have been plotted as functions
s
of discharge number. Typically, the line average density at this
time is twice as large in the helium discharge compared with the
deuterium, eg, n (He) ~ 2 n (D) ~ 6 x lO^-9 m~3 .
D , Hel) appear in fig.

10.2-2.

Fuel emissions (D ,

The SPEX only partially resolves

the H and D contributions to the a and y emissions (see fig. 10.1-1)
and thus the data plotted has been spectrally integrated over both
species.

As expected, the D

signal is large in "deuterium"

discharges and small in "helium" discharges and the reverse is true
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Fig. 10.2-1

Phocon counts foe D , CD, CII, Oil and CrI emitted from
the probe limiter (side facing away from the fixed
limiter) as a function of time during a deuterium
discharge with r

PL

25.5 cm.
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Fuel (D , D , Hel 3889A) photon counts at t » 350 ms
during the sequence of 25 discharges in deuterium and
helium.

Between tokamak discharges 30 RPDC pulses In

helium are occasionally employed.
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Fig. 10.2-3

Carbon (CII 3920A, A267A, 6578A) photon counts at
t » 3S0 ms during the sequence of 25 discharges in
deuterium and helium.
Between tokamak discharges 30
RPDC pulses In helium are occasionally employed.
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Fig. 10.2-4 Oxygen (Oil 3973A, 3912A, 4351A) photon counts at
t - 350 ms during the sequence of 25 discharges In
deuterium and helium.
Between tokamak. discharges, 30
RPDC pulses in helium are occasionally employed.

- 214 -

1

'

i

i

i

• D

10--

oHe
oRPDC He

a
o

5 -

•

o
o
o
1 °

1

1

t

1

o o o o o • Qo • Q o «Qo • 0 * Q o • • • • oQ o o o * 0 o •

28170

80

90

28200

DISCHARGE NUMBER

Fig. 10.2-5

Chromium (CrI 4275A) and CD band photon counts ac
t • 350 ms during the sequence of 25 discharges in
deuterium and helium.

Between tokaoak discharges 30

RPDC pulses in helium are occasionally employed.
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for the Hel line.

Something peculiar happens to the D

signal after

discharge 28177, which coincides with the beginning of RPDC; the
intensity increases by a factor ~ 2 both in the deuterium and in the
helium discharges.

Inspection of the partially resolved spectra

indicates that the increase is due mainly to the D

contribution

rather than the H , with the two starting out approximately equal.
This contrasts with the D case where the hydrogen contribution in a
a
deuterium discharge is always small. Although D data before the
a
RPDC sequence are not taken, other experiments indicate that the D
or
intensity would not have changed as a result of the cleaning
process.
The main impurity intensities during the set of discharges has
been plotted in figs. 10.2-3 and 10.2-4.

In both the CII and Oil

cases a number of lines have been plotted corresponding to the
different wavelength bands monitored with the SPEX.

For all signals

the intensities are directly comparable in terms of photons.

Within

the scatter of the data the principal impurity fluxes, CII and Oil,
do not differ in deuterium versus helium discharges.

The chromium

Crl,° plotted in fig. 10.2-5, on the other hand, is significantly
reduced in the deuterium discharges by the RPDC but not so in helium,
eg, discharge 28193.

Also given In fig. 10.2-5 is the height of the CD band (in
arbitrary units) during the sequence.

As expected the signal is much

smaller in helium discharges compared with deuterium but
surprisingly, the helium RPDC programme significantly increases the
CD intensity.

Note that the band-head wavelength remains constant

during this increase implying that the hydrogen (CH) contribution is
constant.

Since the band-head is close to the value given in the

literature for CD, the CH contribution is probably small.

10.2.2

Time and Flux Dependence

The spectral intensities as functions of time through the
discharge (fig. 10.2-1) indicate that the CII/D ratio is constant.
This is to be expected if C erosion is dominated by deuterium
physical sputtering and the sputtering yield is constant.
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Since the

electron temperature is constant (T ~ 10 eV) the latter is true and
an impact energy of ~ 5kT ~ 50 eV is indicated giving a yield (from
fig. 6.2-1A) of Y - 5 x 10" 3 . This can be compared with the
spectroscopically measured yield; the ratio of CII(657.81 nm)/D

is

3

" 0.07 which gives a yield of ~ 2 x 10~ when the photon efficiencies
for CIll-9*2' 9 * 3 J and Da (fig. 9.1-5) at 10 eV are used.

This is a

factor of ~ 2.5 less than the sputtering value predicted above.

The

discrepancy can be partly explained by the uncertainty in the D
photon efficiency, eg, the importance of charge exchange as a loss
mechanism compared with ionisation.

In addition, better agreement

can be obtained if the CII efficiency is considered and account taken
of the penetration of sputtered carbon atoms into the discharge.

At

an electron temperature of 10 eV the carbon atoms can travel several
centimetres to higher values of T

before ionisation and subsequent

emission as CII. The photon efficiency for CII increases
significantly with electron temperature, by a factor of ~ 4 from
r Q 2 9 31
10 eV to 20 eVL
'
•*, for example, and thus account must be taken
of the variation of photon efficiency with minor radius.

The

spectroscopic yield therefore will be significantly higher than our
simple estimate.
D

Note that the same problem does not exist with the

interpretation since the efficiency is far less temperature

dependent.

In the results from the last section, the electron

temperature at the boundary was significantly higher T ~ 20 eV,
implying a short mean free path for the sputtered carbon atoms.

In

this situation it is not necessary to consider the radial
distribution and the assumption of emission at constant T ~ 20 eV is
reasonable.

In section 10.4 we will present data on the spectral

distributions of the CI and CII emissions under these plasma
conditions and take account of the range of photon efficiencies.

Also shown in fig. 10.2-1 is the spectroscopically measured
oxygen and chromium photon yields.
discharge.

Both decrease during the

The signal shown is proportional to the product of the

sputtering yield Y and the surface coverage A ,

r « Y Ag

(10.2-1.)

A constant deuteron yield for 0 and Cr (eg, constant T ) implies that
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during the discharge the surface coverages of 0 and Cr decrease.
Since the carbon (CII intensity) remains approximately constant
during the oxygen decrease, the contribution to the C erosion by CO
and C0 2 formation must be small.

Similar results were obtained

during the chemical sputtering experiment of the last section.

In addition to the CII/D signal, the CD/D ratio remains
a
a
constant during the discharge despite an increase in deuteron flux
density by a factor ~ 3.

This could indicate a flux independent

chemical sputtering yield within this range, however, during this
time the metal coverage decreases by a factor of ~ 3 and the two
changes are expected to have opposite effects on the yield.
10.2.3

Deuterium-Helium Change-Over

Inspection of the D and Hel data during the sequence of 25
a
discharges (fig. 10.2-2) indicates that the change-over from
deuterium to helium or vice versa can be accomplished very quickly,
in one discharge.

This contrasts with the behaviour normally found

rio.221
during hydrogen-deuterium exchanges in DITE1tokamaks'- *

\

"

J

and other

which generally take ~ 10 discharges.

The behaviour

can be explained, as with the discrepancy in fuel utilisation between
D and He (section 9.2), by consideration of the charge exchange
neutral fluxes to the stainless steel wall and/or the subsequent
trapping/re-emission properties. The fuel retained by the liraiter is
I 9.71
J
neglected. Recent CXN measurements by Verbeek et al L
in
(limiter) ASDEX discharges indicate that fluxes are significantly
higher (factor ~ 5) in deuterium discharges compared with helium.
addition, the energies of the CXN D-atoms are larger.

In

Both of these

observations along with the expected trapping behaviours in stainless
steel could explain the essentially instantaneous change-over from
deuterium to helium or vice versa.
Consider first the deuterium to helium change-over.

The large

reservior of deuterium stored in the wall is retained during the
running of a helium discharge since few CXNs impinge upon it.

Also,

the few helium charge exchange neutrals that do hit the wall do not
significantly interact with Che trapped D since the deuterium extends
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quite deep into the stainless steel (large range and diffusivity)
while the He, because of its lower energy, higher mass and low
diffusion, penetrates only a short distance.

The He plasma is thus

free of deuterium save for the small amount retained in the limiter.
In the reverse change-over, helium to deuterium, the large flux of
deuterium CXNs would not significantly interact with the helium
trapped in the wall and thus only a small possibility of exchange
exists.

This behaviour has recently been found in a beam experiment

by Gnaser

L

the metal.

"

J

and was attributed to the high mobility of D within

This, in addition to the fact that the trapping energy

for He in stainless steel is very high'- *
cannot displace the helium.

* , means that the D atoms

Again, as with the fuel utilisation

results, it is not possible to determine whether the observed
behaviour is due to different CXN fluxes and energies or surface
interaction properties.

10.2.4

Carbon and Oxygen Comparison

The principal impurity fluxes during the sequence, as indicated
by the CII and Oil emissions in figs. 10.2-3 and 4, are constant
within a scatter of ± 30%. This can be compared with the expected
sputtering yields for deuterons and helium ions.
+

11

ions (He and He" " ") incident on carbon.

Consider helium

The appropriate energy is

5 T ~ 50 eV in the case of He + and 8 T ~ 80 eV for He"1"1". The
e
e
sputtering yield on carbon indicated by fig. 6.2-1A increases by a
factor ~ 4 from Y = 0.005 at 50 eV to Y = 0.021 at 80 eV and thus the
amount of sputtering will vary by a factor of ~ 2 depending on the
He + /He + + composition ratio.

The deuterium yield at 50 eV, quoted

earlier, is similar to the singly charged He + , Y ~ 5 x 10~3 .
Therefore, since the measured values of j

and T

S

are approximately
6

the same in the helium and deuterium discharges the expected ratio of
carbon emission is somewhere between (He/D) = 1 to 2, while 1.0 ± 0.3
is observed.

Considering the experimental errors for the ion

energies, as well as the uncertainties in the sputtering yields at
these low energies, the agreement is reasonable.
The constancy of the Oil signal during the discharge sequence
cannot be easily explained.

It does, however, say something about
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the original source of oxygen, eg, the wall, since the flux of oxygen
leaving the limiter reflects the oxygen influx from the wall.

This,

of course, assumes that the oxygen "reservoir" on the limiter surface
is small compared to the oxygen fluence.

The amount of oxygen that

can be retained by a carbon surface has recently been investigated by
Wampler and Brice<-

*

J, who have shown that oxygen implantation

saturates at a level ~ 0.2 0/C, much in the same way as deuterium in
carbon.

At impact energies of < 1 keV, the fluence to reach

saturation is < 1 0 ^ O/cm^.

This contrasts with sputter/Auger data

presented in the next section (10.3), which place an upper limit of
~ 1 0 1 7 0/cm2 on the oxygen retention by the probe limiter,
considerably larger than the value given by Wampler and Brice.

In

either case, however, the retained amount is no larger than the
oxygen fluence incident during one discharge (fluence ~ 10* 7 0/cm 2 ).
Thus over a period of a few discharges the flux of 0 leaving the
probe limiter reflects the influx from the wall.

The conclusion from

the Oil results in fig. 10.2-4 is therefore that the wall influx of
oxygen is similar, within the scatter (+ 30%), in the deuterium and
helium discharges.

If the oxygen release mechanism at the wall is

due to photon-induced desorption then one would expect similar
influxes in deuterium and helium discharges.

This would not be true

if the release is due primarily to chemical reactions on the
stainless steel surface with fuel atoms.

Since the principal impurity influxes in deuterium and helium
discharges from the limiter are approximately the same one would
expect the impurity content of the discharge centre to be similar,
assuming the transport within the plasma is similar'average density n

"

^.

The line

in the helium discharges is typically a factor of

~ 2 larger than in the deuterium and thus the impurity fraction in
the helium discharges should be half the deuterium value.

This is

consistent with the 2 --measurements in section 9.2 which indicated
impurity fractions of n /n

~ 0.04 in helium compared with n /n

~ 0.1 in deuterium.
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10.2.5

Chromium Comparison

During the sequence, the CrI signal drops by a factor of ~ 2 in
the deuterium discharges but does not change in helium (fig. 10.2-5).
This could be due to the RPDC cleaning program.

Since the incident

plasma conditions as measured with the Langmuir probes do not change,
the surface Cr concentration in the deuterium discharges must be a
factor of ~ 2 smaller.

The constancy of the CII and Oil fluxes

during the chromium drop thus implies that the (fuel ion) yields for
carbon and oxygen are unaffected by the presence of the metal, eg,
that the metal surface coverage and the effect of metal carbide or
oxide formation must all be negligible.

From the results in fig. 10.2-5 it is unclear whether the
decrease in Cr contamination is due to the RPDC sequence or the
running in deuterium.

Results in sections 10.3 and 10.4 indicate

that the Cr content on the surface is ~ 10 i 6 Cr/cm2 and that the Cr
flux is of order ~ 10~ 5 of the fuel species.

The calculated

depletion time due to (tokamak) plasma exposure is therefore ~ 100 s
and thus cannot explain the quick reduction in the metal;•evidently,
the RPDC sequence is responsible.

The fact that a further discharge

in helium (discharge 28193) replenishes the surface with chromium
suggests that the metal influx from the walls is higher in helium
compared with deuterium.
the results from ASDEX

These observations agree qualitatively with

[9.7]
J

L

, where significantly higher iron influxes

were found in (limiter) helium discharges compared with deuterium.
Although CXN outflux and energy may be lower in helium discharges the
sputtering yield for stainless steel can be much higher (see
fig- 6.2-1B); for example, at 100 eV the helium yield exceeds the
deuterium yield by a factor of ~ 10.

Thus the lower flux and energy

of helium CXNs appears to be more than compensated for by the
increased sputtering yield.

10.2.6

CD Behaviour

Coinciding with the decrease in chromium flux is a factor of ~ 4
increase in the CD signal and a factor of ~ 2 increase for the D
Y
(fig. 10.2-2). While the D behaviour remains an anomaly, the
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Increase in CD could well be due to the factor of ~ 2 decrease in
metal surface coverage.

Beam experiments, as discussed in the last

section, have observed significant reductions in methane formation
rates due to the presence of a small amount of metal.

The molecular

D2 recombination rate is many orders of magnitude larger on metal
surfaces than on graphite'coverage can dominate.

*

•' and thus a small amount of metal

An increase in deuterium surface

concentration caused by reduced recombination/metal coverage will
therefore enhance the reaction with surface carbon atoms to form CD^,
increasing the CD signal.

In agreement with the results from the

chemical sputtering experiment, where the CD signal increased by a
factor ~ 2 on raising the surface temperature, no change in the CII
emission is observed as the CD signal increases, thus implying that
the CD contribution to the total carbon erosion is negligible.

- 222 -

10.3

EROSION AND DEPOSITION MEASUREMENTS

The amount of net erosion on the probe limiter depends on the
balance between the flux of impurities to and from the surface.
Erosion, as demonstrated In the preceding sections, can be directly
measured spectroscopically while deposition can only be inferred in
these experiments by analytical surface techniques.

In this section

we present three types of surface techniques that have been used to
characterize the net erosion and deposition of impurities on the
probe limiter surface.

In the following section (10.4) these

measurements will be correlated with the spectroscopic observations.

10.3.1

Tokamak Exposure

Before exposure in DITE one of the interchangeable graphite
(Le Carbonne 1346 PT) probe limiter heads was subjected to a
programme of surface treatments.

The side facing away from the fixed

limiter (electron side) was polished while the ioa side was left
machine-finished.

Following cleaning and bake-out the polished face

was implanted first with 3 He and then with * 3 C at two separate
facilities at Harwell Laboratory.

The ^-3C provides a marking layer

at ~ 100 nm depth while the 3 He undergoes a nuclear reaction
producing a ?Be (y-emitting) layer of thickness ~ 30 urn.

Both

implants allow net erosion measurements to be made.

After the implantations the probe limiter was exposed to a
series of 51 reference deuterium discharges at a fixed position of
r

= 25.5 cm.

The incident plasma conditions on the implanted face

C Lr

as measured by the Langmuir probes LP1 and LP2, as a function of time
through the discharge, are given in fig. 10.3-1.

As found

previously, the incident current and electron temperature is nearly
constant during the discharge at j ~ 1 A/cra^ and T ~ 15 eV; the
resulting power is negligible, heating the surface by less than 50°C.
Note also that the difference between probes 1 and 2, spaced 12 mm
apart radially, is small.

These values are only slightly different

from results taken in reference deuterium discharges on other days
(eg, figs. 8.3-2, 3, 9.1-2, 4 and 10.1-3) and the changes can be
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explained by slight differences in the radiated powers in the
respective discharges.
Following the tokamak exposure the probe limiter was removed in
air and cut into small pieces for surface analysis.

The graphite

dust that results from the cutting process (band saw) was kept to a
minimum using a vacuum extractor.

Samples were either cleaned after

cutting in a (distilled H 2 0) ultrasonic bath and air baked to 100°C
for 10 minutes or simply dusted with a flow of dry nitrogen.

The next three subsections describe the surface techniques and
their results.
10.3.2

13

C Implant Marker Technique

This technique allows direct measurements of net erosion or
deposition by measuring the depth of the ^-^C implant layer with
respect to the surface"-

*

•>. Implantation into the polished face

was performed at normal incidence with l^C ions at an energy of
40 keV and a fluence of ~ 2.5 x 1 0 1 7 ions/era2.

The beam was

rectangular in cross-section (5 mm x 50 mm) and could be swept a
distance of ~ 50 mm laterally giving a useful implant region of 50 mm
x 50 mm.

In this study the probe face was masked to give a uniform

fluence (+ 10%) over a well-defined implant region 30 mm x 30 mm
bordering the leading edge.

Since the face during the tokamak

exposure is inclined at an angle of 45° with respect to the field,
net erosion measurements can be made from the leading edge
(r

= 25.5 cm) to r = 27.6 cm, well into the SOL.

In addition to

the probe limiter, calibration samples, both polished and unpolished
(eg, machine finished), were implanted under the same conditions.
These were similarly cut up and cleaned by the two different methods
before surface analysis.

Visual inspection after implantation indicated that the surface
reflectance had been significantly altered by the incident carbon
ions.

This is expected for a fluence of ~ 2.5 x lO*7 C^/cw?, where

significant damage occurs over the implantation ranged

"

* ,

producing a nearly amorphous surface layer and a resulting change in
reflectance.

This is unlikely, however, to affect the erosion rate
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since plasma exposure itself destroys any structure in the
near-surface region.

Depth profiles were performed by Loughborough Consultants
Limited (UK) using Secondary Ion Mass Spectroscopy (SIMS) with an
incident C s + beam at 10 keV and approximately normal incidence.

The

beam was rastered to produce a 250 nm x 250 \im sputter region while
the secondary (negative) ions were electronically gated, eg,
accepted, only from the central region (60 urn x 60 |im) of the
resulting crater.
primary C s

+

The crater depth was calibrated in terms of

ion fluence using interference microscopy on a highly

polished carbon sample to obtain the erosion rate per unit time13

order to avoid confusion between

resolution was used (fig. 10.3-2).

C and

12

In

X

C H ions a very high mass

A typical calibration profile

from a polished sample appears in fig. 10.3-3.

It was first shown

with a series of control samples that the cleaning procedure had no
effect on the profiles obtained.

However, the machined-finished

calibration results differ significantly from the polished

o
_

VH

3

o
O

13

12

MASS NUMBER

Fig. 10.3-2

High resolution mass spectrum during SIMS analysis of
graphite surface implanted with
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Fig. 10.3-3

Calibration

13

C depth profile obtained with SIMS on

polished implanted graphite sample.

calibration samples, surprisingly
polished samples.

having a narrower profile than the

The depth of the peak is the same for the two

results (eg, ~ 100 nm). The concentration at the peak is ~ 15 at.Z
which is well above the natural abundance of ~ 1.1%, obtained from
both these results and literature.
slightly depleted by the implanted

The ^ C signal at the peak is
13

C.

With deuteron Impact energies of £ 100 eV the expected range
is < 2 ran (see fig. 5.2-2), very much less than the Implant depth of
~ 100 nm.

Thus little mixing or ion-induced diffusion of the

would be expected.
temperatures'-

"

13

C

Thermal diffusion is negligible up to very high
-1 (> 1600°C) and the surface temperature during

exposure never rises more than 50°C.

The depth distributions from

the exposed surfaces should therefore be identical to the calibration
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results but truncated or buried depending on the amount (and sign) of
the net erosion.

However, this is not observed.

diffusion and subsequent loss of the
surface.

13

Considerable

C is indicated deep into the

In fig. 10.3-4 we present, superimposed, the raw

profiles for a number of radial positions.

i3

C depth

Since diffusion appears

to have altered the distributions as far as ~ 50 nm from the surfaces
the profiles have been fitted using only the deep tail of the implant
which is assumed to be unaffected.

If diffusion were not present

then profile "5", for example, would follow the calibration curve
("1")

to the surface, located by the triangle, but instead, a

significant amount of ^ 3 C has been lost, apparently to the plasma.

Using the deep tails of the eroded samples to establish the
relative position of the surface, as in fig. 10.3-4, the amount of
surface erosion can be determined.

The surface erosion is plotted as

a function of minor radius in fig. 10.3-5, where the angle of the
surface with respect to the magnetic field has been taken into
account.

Net erosion is found over the entire implant region (and

the majority of the SOL) with ~ 170 nm removed from the surface at
the leading edge, decreasing to ~ 30 nm at r = 28.0 cm.

Knowing the

incident ion flux using the built-in Langmuir probes, the net
sputtering yield Y

can be determined.

At the leading edge the

time-integrated ion flux density for the 51 discharges is
~ 2.5 x 1 0 2 0 D + /cm 2 , while the net erosion is ~ 1.6 x 10 1 8 carbon
atoms/cm2 (graphite density = 1 . 9 g/cm 3 ), giving a net yield of
Y

~ 6 x 10~ 3 atoms/ion.

During the discharge the incident

electron temperature varies (see fig. 10.3-1) from 12 eV to 20 eV and
thus the expected sputtering yield varies from ~ 1 x 10~ 2 (at 60 eV)
to ~ 2 x 10~ 2 (at 200 eV) which is in approximate agreement with the
yield observed spectroscoplcally (see section 10.4).

Thus the net

yield is significantly less than the calculated and observed yield by
a factor ~ 2 to 3.

This is most probably explained by carbon

deposition at the probe limiter surface which nearly, but not quite,
balances the erosion.

Despite the deposition, the amount of net

erosion is proportional to the total fluence received at different
radii; eg, the e-folding distances for the net erosion and the
time-integrated ion flux are the same, ~ 2 cm.

This would be

expected if, the deposition varies with minor radius in proportion to
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SIMS

13

C depth profiles on the probe limiter at various

minor radii after exposure to 51 reference deuterium
discharges.

Triangles indicate the position of the

surface.
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Fig. 10.3-5

Net erosion parallel to the magnetic field on the probe
limiter as a function of minor radius after exposure to
51 reference deuterium discharges.

j , and the sputtering yield is constant.

The latter is reasonable

since the electron temperature e-folding distance is long, eg, it
varies from 3 cm to 5 cm during the discharge.

Ion-induced diffusion of

13

C in pyrolytic graphite at room
fin 7R1
J
temperature has recently been investigated by Roth et alL
with
similar

13

C implants.

It was shown that at a deuteron impact energy

of 20 keV significant diffusion occurs parallel to the basal planes
for fluences of ~ 10 1 8 U*/cm2, with negligible movement across the
planes.

To induce diffusion in the probe limiter surface at a depth

of ~ 50 nm a comparable fluence at an energy of at least ~ 1 keV
would be required.

It is difficult to explain the source of the ions

(or atoms) that would be capable of causing this but a number of
possibilities can be considered.

First, the high energy (Maxwellian)

tail of the incident ions is far too small to account for the
diffusion if T± ~ T g ~ 10 eV.

A significantly higher ion temperature

can be ruled out since this would be observed with the AGA infra-red
camera measurements and since boundary measurements in DITE *•
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J

seldom find T

more than ~ 3 T .

Second, CXN bombardment could be

e

f10.291

responsible, based on theoretical (DEGAS1-

"

J

) results, since atom

energies are high and fluxes are concentrated around limiters;
however, experimental CXN measurements are not available.

The third

possibility, on which again, no data exists, is that supra-thermal
ions or atoms are present, either during the discharge or at the
beginning/termination.

In any case, further study is required to

ascertain the source of these energetic particles.
Although the measured ion induced diffusion is primarily
parallel to the basal plane, the polycrystalline nature of the Le
Carbone graphite, with its randomly oriented crystals, makes it
probable that the diffusion is isotropic.

The situation is probably

quite complicated, with the

13

and eroded at the surface.

The flux of ^C

C being leached from a depth of ~ 50 nm

probably small, while in the case of ^C,
are likely to occur.

back to the surface is

both erosion and deposition

The net result of these processes is apparently

3

to deplete the * C implant layer to a certain depth, leaving the deep
tail unaffected.

10.3.3

Sputter-Auger Analysis

In addition to the SIMS * 3 C analysis Loughborough Consultants
also performed Auger spectroscopy on the probe limiter samples to
determine the amount of surface contamination.

The primary e.3. ctron

beam had an energy of 3 keV and was incident on the surface at a
glancing angle of ~ 60° with respect to the normal.

Depth profiles

were obtained by sputter-eroding with a 3 keV argon beam incident on
the surface with an angle ~ 30°.

The primary electron beam was not

rastered during analysis, but was defocussed, giving a beam diameter
of ~ 100 nm, aimed at the centre of the sputtered crater (~ 1 mm x
1 mm). As with the SIMS analysis, the depth calibration was obtained
using interference microscopy on a crater produced on a highly
polished carbon sample.

Calibration of the Auger electron yield was

carried out with pure materials and the results are normalised in
terms of surface atomic percent.

The profiles vary little with minor

radius in the range r = 25.5 cm to r = 28.0 cm and a typical result
appears in fig. 10.3-6 for r = 26.0 cm.

- 231 -

The dominant impurities are

100

150

"DEPTH"(nm)
Fig. 10.3-6

Sputter/Auger depth profile at r - 26 cm on the probe
llmiter for the main impurities after 51 reference
deuterium discharges.

oxygen and iron; both appear to decrease exponentially from the
surface with an e-folding distance ~ 50 nm to 75 nm.

The measured

oxygen concentration at the surface is approximately 40%, with the
components of stainless steel (Fe, Cr, Ni) making up ~ 20%.

The

Fe:Cr:Ni ratio is in approximate agreement with the wall composition,
eg, for 304/S12 stainless steel.

It is well known that pure graphite retains virtually no oxygen
on the surface on exposure to atmosphere, however, this is not the
case in the presence of metal surface contaminants.

Air exposure

probably results in the formation of oxides, which are retained and
detected during subsequent analysis.

For this reason the oxygen

results are highly suspect in that they probably do not represent the
oxygen content of the surface due to plasma exposure only.

The metal

results on the other hand confirm that significant contamination from
the stainless wall occurs, although the depth profile may also be in
error due to the surface roughness, whose scale length (£ 1 p,m) is
much larger than the implied contamination depths.

However, two

observations from the RBS analysis in section 10.1 suggest that the
Fe profile in fig. 10.3-6 is at least qualitatively correct.
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After

similar plasma exposure the RBS results for the metals showed a broad
Fe + Cr + Ni peak that could not be resolved, suggesting that the
metals extended ~ 0.1 \xm into the surface.
sensitive to surface roughness.

The RBS technique is less

In addition, the total metal surface

content obtained by RBS (~ 1 0 1 7 metal atoms cm" 2 ) is in good
agreement with these sputter-Auger results if the flat tail of the Fe
profile in fig. 10.3-6 extending beyond 80 nm is neglected.
is

The tail

thought to be due to shadowing effects during sputter erosion.

While thermal diffusion of the iron cannot account for the deep
penetration, the ion-induced diffusion mechanism, needed to explain
the

13

C profiles, may also be responsible for the Fe distribution.

The scale lengths are similar in that
~ 50 nm.

13

C loss is found to a depth of

Again the situation must be quite complicated with

simultaneous deposition and erosion of iron from the surface, net
erosion of the carbon substrate, and Fe diffusion into the bulk.
Further experiments with beams are being performed to investigate
„,. . . .
[10.28,10.30]
J
this behaviour1
'
.

10.3.4

Thin Layer Activation

One disadvantage«of the * 3 C marker technique is that net erosion
greater than 200 nm cannot be measured.

The thin layer activation

(TLA) method partially compliments this, allowing measurements from
~ 1 \im to ~ 50 urn, and has the advantage that in situ monitoring is
possible.

The method'-

"

* consists of producing a thin layer of a

y-emitting radioisotope, in this case 7 B e , and monitoring the
decrease in activity as the surface is eroded.

Activation was performed on the Variable Electron Cyclotron
(VEC) at Harwell Laboratory using 15.74 MeV 3 H e + + .

Both the

calibration samples and the probe limiter were irradiated in air at a
glancing angle of 20° with respect to the surface.
3

Most of the

7

resulting nuclear reactions are ^ C ( He, 2a) B e , with a small
probability of HQ

(3He, 8 Be) 7 Be.

The 7 Be decays to 7 Li by electron

capture with a half-life of 53 days.

Some 10% of such decays result

in the emission of a y-ray of energy 0.477 MeV.

The y energy

spectrum from a calibration sample appears in fig. 10.3-7.

The

0.477 MeV peak rises nearly two orders of magnitude above the low
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y-ray energy spectrum from a graphite sample activated
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Be activity remaining in calibration sample as a

function of the amount of erosion.
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60

energy contribution due to scattered gammas and background radiation.
With an activation efficiency of ~ 10 1 6 3He++/|iCi, the calibration
samples were irradiated over a spot

~ 1 cm^ to give an initial

activity of ~ 2 p.Ci, while the probe limiter received ~ 10 uCi over a
similar area.

This amount of 7 Be (~ 3 x lO*1 atoms/uCi) is harmless

both from the radiological and toxicity points of view.

In contrast with activation on metals, the depth profile of the
7

Be tracer in graphite can only be roughly predicted.

Two

complications cause this when applying the technique to carbon,
nuclear recoil and finite pore size.

Recoil is significant in

graphite because the ^He macs is of the same order as the ^C

mass.

If the graphite pores are very small compared to the thickness of the
activated layer then the activity vs depth curve can be determined by
simply extending the depth profile calculated using nuclear data for
solid carbon by the factor (solid density)/(actual density).
Unfortunately, the pore size is of the same order as the layer
thickness.

These two complications are difficult to take into

account so that calibration is required to obtain the activity vs
depth curve.

The calibration samples were first abraded, then

weighed and counted.

This was repeated until all of the activity had

been removed from the surface.

The calibration was performed by

Harwell's TLA group and a typical result appears in fig. 10.3-8.
Because of the statistical nature of radioactive decay the
sensitivity of the technique is limited to about 0.5% of the initial
activity.
0.5 um.

In fig. 10.3-8 this corresponds to a sensitivity of about
By irradiating just above the threshold energy for the

nuclear reaction (~ 10.4 MeV) and at 20° with respect to the surface
the range of the 3 H e + + (normal to the surface) is reduced making the
technique more sensitive.

Unfortunately, the effect of the 7 Be

recoil is to deplete the near surface region (~ 4 |xm) of activity,
reducing the sensitivity for erosion of this magnitude.

This appears

as a decrease in the slope near the surface in fig. 10.3-8.

Although the probe limiter surface temperature during the
erosion measurement in DITE does not rise significantly above room
temperature, the effect of diffusion at high temperature on the 7 Be
profile has been investigated to confirm the suitability of the TLA
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technique for use at elevated temperatures.

A heating test was

performed on a calibration sample in a vacuum test-stand.

The

activity within the sample was monitored in situ with a Nal detector
to detect any "desorption" of 'Be as the temperature was raised.

The

temperature was ramped from 25°C to 870°C over a period of ~ 70
minutes and then quickly cooled.

To within a counting error of

~ 0.5%, no change in the activity was detected due to the heating.
In addition, the subsequent depth profile did not differ
significantly from the unheated calibration results.

The apparent

stability of the ?Be profile is possibly due to the formation of a
stable refractory carbide, Be 2 C.

It is well known that carbide-

forming metals have low mobility in polycrystalline graphite'-

*

-• .

The leading edge of the probe limiter was irradiated to give an
active region containing ~ 10 a Curies that extended radially 5 mm
and poloidally 20 mm on the side facing away from the fixed limiter
(electron side).
autoradiograph.

This was afterwards confirmed using an
The active region was slightly visible on the

surface, probably due to reflectivity changes caused by the
implantation process.

Gamma detection in situ on DITE is performed

with a small Nal detector placed outside the vacuum, close to the
probe limiter tip (when completely withdrawn by the bellows drive
system).

The y collection efficiency is determined, not by the

attenuation of the stainless steel vacuum wall, but by how close the
detector can be placed to the active spot.

This is ~ 10 cm, giving a

count rate of ~ 160 counts/s, compared with a background level of
~ 3 counts/s.

The accuracy of the measurement is limited by the

repositioning error associated with the probe limiter drive system
and the Nal detector, which has to be removed during dischargesThis introduces an error of ~ 1%.

To wichin this accuracy, taking

into account the natural decay of the 7 B e , no change in the activity
remaining on the probe limiter was detected following the exposure to
the 51 reference deuterium discharges.

Using the calibration profile

in fig. 10.3-8 the implied net erosion is therefore less than 1 p,m,
consistent with the " C results which show a net erosion at the
leading edge of ~ 0.17 urn.
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In activating the probe limiter the surface was subjected to a
fluence of ~ 10 1 7 3 He + + /cm 2 at ~ 16 MeV.

This may considerably alter

the graphite structure in the near surface region.

There was also

the possibility that nitrogen was implanted by knock-on due to the
incident 3He'H' during the atmospheric irradiation.

Either or both

may be responsible for the observed reflectivity change.

Despite

these alterations, however, the net erosion is unaffected; this is
evidenced by the ^C

erosion profile (fig. 10.3-5) which straddles

the active region (r = 25.6 cm to r = 26.0 cm) and shows no
discontinuity in the amount of erosion.

Further, although N is

detected by the Auger analysis it shows no tendency to be
concentrated in the active region.
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10.4

SPATIAL DISTRIBUTIONS OF SPECTRAL EMISSIONS AROUND LIMITERS

In addition to the measurements of erosion resulting during the
series of 51 reference deuterium discharges, measurements are made of
the spatial distributions of deuterium, carbon, oxygen, chromium and
CD emissions around the probe and fixed limiters with both the SPEX
and the CCD camera.

The SPEX is narrowly focussed to a spot ~ 15 ram

diameter and is scanned toroidally from the centre of the probe
limiter in the ion drift direction, discharge by discharge.

Although

the CCD camera gives spatial distributions in a single discharge (for
a given line) the SPEX has the advantage that information on many
lines is obtained provided a suitable band is selected.

In this

study the SPEX is centred on 432.5 nm which includes most of the
relevant species.

The toroidal distributions appear in figs. 10.4-1,

2 and 3, for t =• 300 ms, plotted as functions of the distance z from
the centre of the probe limiter.

Where possible CCD camera data for

the same species, but not necessarily the same line, have been
superimposed and normalised to the SPEX data.

The SPEX data for

FIXED LIMITER
ELECTRON

ION

CO

cc
<

5 0.5

0.0
-10

-5

10

2 (mx10~2)
Fig. 10.4-1

The toroidal distribution of D

(CCD) and D

(SPEX)

emissions around the probe limiter at t » 300 ms in the
reference deuterium discharge (r
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PL

25.5 cm).

D
Y
CII
Oil
CrI

Table

different

10.4-1

433.9 nm

1.00

426.7 ran 2-86
435.1 nm
1.25
427.5 nm 0.78

Normalising values for the SPEX data In f i g s . 10.4-1,
2 and 3.

species are directly comparable in terms of emitted photons

when the relative values used for normalisation (table 10.4-1) are
used.

In the CII and Oil comparison, figs. 10.4-2 and 3 good agreement
i s obtained between the CCD camera and SPEX r e s u l t s .

This is not

true in the D and D comparison in fig. 10.4-1, where the D
a
Y
Y
toroidal distribution is less broad than the D . This is another
a
example of the different behaviours of the two lines, already noted
in Section 10.2.
The carbon emissions (CI, CII, CIII) show a progressive
broadening as the ionisation stage increases.
as the ions heat up and disperse along fields.

This is to be expected
The toroidal

dispersal of the ions will be discussed in more detail in the next
section (10.5).

While the Oil distribution is similar to the CI and

CII, the CrI and CD distributions are quite narrow.

Evidently, the

release <Jf oxygen and carbon are similar in nature and quite
different compared with chromium and the CD radical.

In the cases where data is taken with the SPEX, a "background"
emission level is also measured.

This is obtained by simply

withdrawing the probe limiter from the plasma (r ~ 30 cm). This
PL
level gives information on the influx from the wall and is probably a
reasonable representation of the average around the torus since the
measurement position is ~ 1.4 m (~ 70°) away from the fixed limiter.
For all species the background/wall signal is much less than the peak
height at z ~ 1.5 cm with the probe limiter inserted.
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However, at

FIXED LIMITER
ELECTRON
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0.5

CI 896-912
1

0.0
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,

,

1

,
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• SPEX CH 426.7

CD
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CH 426.7
UJ

0.0
1.0

0.5
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\

-10

-5

CCD
CHI 465

0

Z(mx10"2)
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Fig. 10.4-2 The toroidal distribution of CI, CII and CIII emissions
around the probe limiter at t > 300 ms in the reference
deuterium discharge (r PL 25.5 cm).
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Fig. 10.4-3

The toroidal distribution of Oil, CD and CrI emissions
around Che probe limiter at t a 300 ms in che reference
deuterium discharge (r

- 2 5 . 5 cm).
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distances of z > 10 cm the probe liraiter signal approaches the wall
level.

The importance of the wall compared with the limiter as a source
of both fuel and impurities can be estimated by considering the total
number of photons released from the two sources.

If we assume that

the distribution on the side facing away from the fixed limiter
(z > 0) is a reasonable approximation to the distribution about the
fixed limiter then the limiter source can be calculated by
integrating the area under the distributions in figs. 10.4-1, 2 and
3 for z > 0 and multiplying by two to account for both sides.

Here

we assume that both the fixed limiter source and the wall source are
poloidally symmetric.

The wall source is estimated by multiplying

the background levels by the torus circu;?ference (2itR ) and dividing
by two, to account for the fact that light is collected from the
boundary both at the top and the bottom of the plasma.

The ratios of

wall to limiter sources are given in table 10.4-2 for the relevant
lines.

In all cases, although the local intensities indicate

otherwise, when integrated around the torus the wall source appears
to be comparable or larger than the limiter.

Note, however, that we

have implicitly assumed that particles emitted from the wall and
limiter radiate with the same photon efficiencies, eg, at the same
radii.

This may not be the case since the radiating particles will

have different radial positions depending on their sources; for
example, sputtered particles from the limiter will likely travel
further into the plasma than desorbed molecules from the wall.

0
Y

CII

on

Table

10.4-2

433. 9 tun
426. 7 tun

2
4

435. 1 nm
430. 5 nm

7

CD
CrI

427. 5 ntn

3

1

Ratio of wall to limiter sources (spacially
Integrated) in the reference deuterium discharge at
t - 300 ms (r
» 25.5 cm).
fL
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In

the cases of CII and Oil the number of emitted photons per ionisation
decreases drastically with T

and thus deeply penetrating carbon and

oxygen atoms will radiate less-

Another possibility is that a

portion of the "wall" signal is due to particles that originate at
the fixed limiter and travel across field lines, to greater radii
(lower T ) , and then along them to radiate within view of the
spectrometer.
ionisation.

Being at lower T

they radiate more photons before

Both of these uncertainties, eg, radiating position and

source, means that the CII and Oil ratios in table 10.4-2 are
probably too large.

The CrI ratio on the other hand is more likely

to be accurate since the sputtering mechanism and energy of release
is similar at the wall and limiter, the photon efficiency is less
dependent on T , and neutral chromium need not travel along field
lines.

22

24

26

28

MINOR RADIUS (cm)

Fig. 10.4-4

The radial distribution of CI emission from the fixed
limiter viewed tangentially with the CCD camera at the
inside mid-plane (see inset).
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In addition to the CCD observations of the toroidal distributions around the probe limiter, the camera is used to tangentially
view the fixed limiter at the inside mid-plane.
radial dependence of the CI emission is given.

In fig. 10.4-4 the
While the toroidal

extent is ~ 10 cm (fig. 10.4-2) the radial penetration shown here is
~ 4 cm.

The two complimentary views are used for comparison with the

theoretical results discussed next.

10.4.1

Neutral Transport Model

The CI emissions around the probe and fixed limiters are
modelled with a neutral transport code developed by Matthews et
al'-

"

*.

The two-dimensional Monte Carlo code follows sputtered

carbon atoms as they leave the surface and travel in straight lines
until they are ionised or leave the plasma, eg, hit the wall.
geometry is as shown in fig. 10.4-5.
side of the limiter is considered.
(particles

The incident fuel ion flux F

results in the release of carbon atoms which will be

/

/WAIL''

/

/

/
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^
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en
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Only the interaction on one

SOL
1

\\
"
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>L_^

5
<

i

*

*

\

(X.

<x
o

a = 26cm

-

IONIZATION
1

1

i

i

i

TOROIDAL DISTANCE

Fig. 10.4-5

The two-dimensional geometry used in the model showing
the sputtered atom components (F^ , F 2 , F3 ) and the wall
influx component (F,,).
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(1)

Ionised in the confined plasma r < a (Fj).

(2)

Ionised in the SOL r > a ( F 2 ) .

(3)

Deposited on the wall ( F 3 ) .

A fourth flux component F^ enters the plasma from the wall.

The relative magnitudes of the three limiter-produced components
F

F

l» 2>

F

3

are

strongly dependent on the shape of the limiter and the

assumed plasma conditions.

We shall assume that the probe and fixed

limiters are subjected to the same plasma exposure, eg, that they are
positioned at the same minor radius (r = 26 cm). Measurements with
the reciprocating and probe limiter Langmuir probes give profiles of
n

and T

that are approximately exponential both in the SOL as well

as inboard of the limiter, eg,

where,
•

n - n (a) expC^- 1 -)
e
e
\n

(10.4-1)

T e (a) exp(-2-J-£)

(10.4-2)

\

L

The very flat T

» 7

cm

r < a

=3

cm

r > a

= 3.5 en

r < a

= 4.5 cm

r > a

n

profile in the SOL is approximated as \

•> «.

While

the electron temperature profile is continuous across the separatrix,
eg,

T (a) = 15 eV, a local step in the density is assumed, to account

for the pre-shsath density depression (factor = 5) just in front of
the surface, eg, n (a~) = 2 n (a + ) = 4 x 10 1 8 m~ 3 .

Although a true

density step is, of course, unphysical, it is probably a good
approximation since results presented earlier on the "shadow" of the
probe limiter (figs. 8.6-1, 2) give a sharp drop in density over a
radial distance ~ 5 mm.

Since the pre-sheath factor has been taken

into account the fuel ion flux density incident on the limiter varies
with radius as n c .
e s
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Fig. 10.4-6

Code predictions of ionisation source contours of
physically sputtered carbon atoms from (A) the probe
limiter and (B) the fixed limiter in the reference
deuterium discharge.
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14

Following the discussion in Chapter 6 (6.2.6) the fuel ions are
assumed to strike the surface at normal incidence with an energy
5kT

= 75 eV, which is constant with radius since T

is assumed to be

constant in the SOL and where we have assumed T. = T .

From

fig. 6.2-1A the sputtering yield for D on C is therefore
Y

- 1.3 x 10~ 2 . The sputtered carbon atoms, also following our

earlier discussions (section 6.2), are assumed to be emitted with a
cosine angular dependence and a Thompson energy distribution with a
binding energy of U

=• 8 eV.

This value is taken from recent

sputtering measurements by Bogen et al'-

*

.

The atoms are

followed until ionisation occurs (using rate coefficients from Bell
f 5 381
et al'- * J) and the resulting ionisation source contours are
determined.
fig. 10.4-6.

These are given for the probe and fixed limiter cases in
The density discontinuity is readily seen in the

contours at r » 26 cm, with most of the ionisation occurring inside
this radius.

In the probe limiter case, because the angled face is

larger, little sputtering occurs on the face normal to the toroidal
field and most of the carbon atoms are directed into the plasma,
while for the fixed limiter a significant amount of sputtering occurs
on the normal face.

Atoms sputtered from the latter have a higher

Probe Limiter

Fixed Limiter

0.69

0.55

0.13

0.28

1.00

1.00

Fraction ionised in confined
plasma ( F J / ^ F J , )

Fraction Ionised in Che SOL

Fraction deposited on the wall
(F 3 /Y D F n )

Table

10.4-3

Code predictions for the sputtered atom components
from the probe limiter and the fixed limiter in the
reference deuterium discharge.
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probability of leaving the plasma and being deposited on the wall at
r - 30 cm.

These features are reflected in the sputtered atom

components F^ , Fj and F^ summarised in table 10.4-3; for example,
while the fraction deposited on the wall is ~ 0.28 in the fixed
limiter case, the value for the probe limiter is only ~ 0.13. The
fact that most of the ionisation occurs inside the limiter radius is
also apparent, with the ratio of ionisation inside to ionisation
outside the separatrix being ~ 3 to 4 in the two cases. In
fig. 10.4-7 the ionisation contours have been integrated at different
radii to give the ionisation source as a function of minor radius.
In both cases the carbon atoms travel radially several centimetres
before being attenuated by ionisation.

PROBE LIMITER

20

UJ

S 10
©
X

o
0.5

4

i
1.0

FIXED LIMITER
200
> 100

0.5

^ 40
20
10

18

22

26

18

24

26

0.0

MINOR RADIUS (cm)
Fig. 10.4-7

10.4.2

Radial profiles of (A) the local electron density n
(B) the local electron temperature t (C) carbon
ionisation source prediction for the probe limiter and
(0) the fixed limiter.

Comparison with Experiment

In order to compare the code results with the spatial
distributions observed with the SPEX and CCD camera, both the line of
sight integration and the variation of photon efficiency must be
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taken into account.

The efficiency is strongly affected by the

electron temperature, with the number of ionisations per photon
(S /XB) increasing with T

(see fig. 10.4-8).

The photon production

per unit volume I(z,r) is simply related to the ionisation source
A(z,r) by

I(z,r) = A(z,r) [~]

(10.4-3)

The line of sight integrations have been performed and the results
for the toroidal and radial CI distributions for the probe and fixed
limiters given in figs. 10.4-9A and 9B, respectively.

In the

toroidal case (probe limiter) only the results from the side facing
away from the fixed limiter are given since the SOL is poorly defined
on the other side.

For the radial distribution, because the

tangential view of the fixed limiter accepts emissions from both
sides of the limiter inside the separatrix and only on the near side
in the SOL, the inboard emissions have been multiplied by 2.
results in a step in the intensity at r = a = 26 cm.

This

Very good

agreement is obtained for the toroidal case with the results being
weakly dependent on the assumed parameters, eg, U , n (r), T (r),
photon efficiency, \

• 4.5 cm or =>, etc.

In the radial case

agreement is not as good and this is because the results are
sensitive to the assumed conditions.

The toroidal distribution is

useful in that it is sensitive mainly to the geometry and, when the
mean free path is short compared with \ , the radial dependence of
n
the sputtering yield.

The radial distribution, on the other hand, is

insensitive to the geometry and the yield, and depends mainly on the
atomic physics, eg, ionisation, excitation, etc, and also on the
sputtered atom velocity distribution.

Since considerable uncertainty

exists in these it is not surprising that the agreement between the
code and experiment is not as good in the radial case.
Chromium is released from the probe limiter by physical
sputtering and it is possible to run the code assuming a partial Cr
surface.

This is justified by the sputter/Auger results which

indicate a chromium surface concentration of ~ 3 at.% which is nearly
constant at different positions, eg, different minor radii.
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Fig. 10.4-9

Comparison between code results and experiment for the
CI distributions observed (A) toroidally around the
probe llmiter (B) radially around the fixed limiter.

binding energy of U

= 5 eV for the chromium atoms on the carbon

surface is assumed.

The T

dependence of the ionisation rate

coefficient is taken from Lennon et al'-

"

J while the photon

efficiency for this particular chromium line is unavailable and a
constant value is assumed.

The latter is justified since the lower

velocity and higher ionisation rate of the chromium atoms compared
with the carbon atoms reduces their mean free paths by a factor ~ 8.
The code has been run with two different SOL temperature e-folding
distances, the observed value X. = 4.5 cm and the approximation
\ T = », and the results compared in fig. 10.4-10A with the CrI
toroidal distribution obtained with the SPEX.

As expected, the

toroidal distribution is weakly dependent on U , photon efficiency,
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etc,

but is strongly dependent on \ , eg, the radial variation of the

sputtering yield.

The \_ = <= results, eg, constant yield, give poor

agreement while the \_ = 4.5 cm results agree closely.

This

contrasts with the situation for CI where the toroidal distribution
varied little between the two cases.

The difference is due to the

short mean free path of the chromium atoms and to the different
energy dependence of the sputtering yields for carbon and chromium
A D + impact energy of E

at low energy (see fig. 6.2-1).

= 75 eV is

only slightly above the chromium threshold of 50 eV but well above
the carbon threshold of 25 eV (see table 6.2-1).

Thus, the chromium

yield decreases very quickly with minor radius and thus the
sputtering is concentrated around the leading edge of the probe
llmiter.

Since the chromium atom mean free path is small the

resulting toroidal distribution is strongly peaked at the leading
edges.

1-0-

(A) Crl
THEORY X T
EXPERIMENT

(B) CD
THEORY XT = oo

ir>a)

EXPERIMENT

•5

*10

Z (mxiO"2)
Fig. 10.4-10 Comparison of the code results with experimenc for the
toroidal distributions of (A) Crl and (B) CD.
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The experimentally observed toroidal CD distribution
(fig. 10.4-3) is significantly narrower than the CI (fig. 10.4-2).
This suggests that the mean,free path of the CD radical is shorter
than the carbon atoms and/or the (chemical sputtering) yield
variation with minor radius is significant.
Roth"-

Recent beam results by

* J appear to eliminate the second possibility since the

chemical sputtering yield below ~ 100 eV is predicted to be nearly
constant with energy.

To test to see whether a low CD energy is

responsible the code has been run for CD molecules.

The code assumes

that the CD molecules are emitted from the surface with a cosine
distribution at a monoenergetic energy of 0.03 eV, which corresponds
approximately to room temperature.

In addition, the ionisation/

dissociation rate is assumed to be the same as for carbon
atoms'-

*

*, a constant photon efficiency is used, and since the

yield is energy independent we approximate X

* »; the results appear

in fig. 10.4-10B, along with the experimental distribution.

Of

course, CD molecules are unlikely to be emitted from the surface and
the radical probably results from the break-up of a higher
hydrocarbon in the plasma.

But despite this and other sources of

error, the agreement with experiment is reasonable and seems to
confirm that the CD molecule has low energy.

10.4.3

Experimental Fluxes

Two complications arise in converting the experimental spectral
intensities around the probe limiter into influxes.

First, as

discussed earlier, the number of photons emitted per ionisation
decreases with T

so that deeply penetrating particles radiate less.

Thus the radial dependence of the photon efficiency must be taken
into account.

Second, for many species a significant tnetastable

r 9.21
1

population can exist - " J .

Since excitation and radiative decay

between different systems within a given species is unlikely, the
ground state atoms and the metastables radiate independently.
Unfortunately, it is not possible to theoretically determine what
percentage exists in the respective systems and it is necessary to
determine by experimental observation the contribution of
metastables.
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Relative influxes are determined with the SPEX using emissions
from D, CII, Oil and CrI.

Although the species CII and Oil are

singly ionised, both experiment and theory (see next section)
indicate that transport along the field lines after ionisation from
the neutral for these two species is negligible.

Thus, they are

equivalent to the D and CrI emissions in that local observation truly
gives the influx from the probe liraiter surface.

CII and Oil,

however, suffer from the two complications mentioned; the photon
efficiencies vary and metastable states are important1- " ••. In
contrast, these do not affect the D and CrI emissions.

In the CrI

case, a constant efficiency is justified since the chromium atoms
penetrate only a short distance, while in the D case, although
penetration is significant, the efficiency is nearly T

independent.

The spectral intensities in terms of emitted photons are integrated
toroidally and summarised in table 10.4-4 (column 4 ) . For a number
of lines, measurements were made only at z ~ 0 and toroidal
distributions are inferred using other lines of the same species.

1

Species

D

2

4

3

Component

Flux Leaving

Fluxes

Surface

Relative

of Systea

Photons

ground stata
-

52

52

1.00

5.4x10-*

570

570

0.59

S.SxlO"3

4060

4060

0.43

a

657.8

ground state
2

T - 15eV

1.0

7.OxlO-2

3.5

6.3

8.5xlO"3

2

3.0x10-'

514.5

2s 2p *P

l.9x!0"

4.6

8.3

374.9

ground stste

4.8xlO"3

3.1

5.6

5.2x10-"

435.1

2,2 2p3 2 D

7.4xlO"3

3.0

5.4

7.7x10"*

441.5

-

l.lxlO"2

2.1

3.8

8.1x10"*

391.2

2,2 2p3 2 P

1.2xlO-3

5.2

9.4

2.2x10-*

3.3xlO-3

2.3

4.1

2.6x10"*

1.8xlO"3

0.48

0.48

1.7xlO"5

425.4

Table

ground atMte

10.4-4

Summary

of SPEX data used to determine the relative

fluxes of particles leaving
surface.
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8
Relative Total

Lover State

397.3

CrI

7
Relative

am

Y

on

6

Line

9

CII

5

the probe litniter

1.0

1.2X1O"2

1.6K1O"3

1.7*10-5

In the CII case the contributions from the ground state and a
single metastable state need to be considered while the oxygen influx
must take into account two metastable contributions (see table
10.4-4, column 3 ) . In a number of cases more than one line of a
system is measured in order to test the consistency of the
theoretical photon efficiency values.
at T

The appropriate efficiencies

=• 15 eV are listed in column 5 and are taken from figs. 9.1-5,

10.4-8 and table 10.4-5.

Note that the deuterium efficiency includes

charge exchange, as discussed in section 9.1.

While the effective

efficiency (column 6 of table 10.4-4) remains unchanged for the D and
CrI lines the CII and Oil efficiencies are larger due to their
penetration into the discharge.

The efficiency is also increased

because of the fraction of sputtered atoms that leave the plasma and
are deposited on the wall.
Cr cases.

This correction is neglected in the D and

The effective photon efficiency is therefore
S

F, + F, + F,

[J,]

.J

XB eff

1

S

L[_i.]

F, + F,
—J—iv
V
l
2

(10 .4-4)

XB
r=a

where v± and v 2 are the enhancement factors for inside and outside
the separatrix.

With the present assumption of T

in the SOL then we have v 2 = 1.

= constant = 15 eV

Inside the limiter, v^ can be

calculated if the ionisation source function A(r) is known, that is,
with cylindrical geometry

s

Vl

a
/ A(r) r dr

-i

. [-i]
XB

C=a

2
a

(10.4-5)
S. "1

/ A(r) [-i]
o

r dr

XB

While A(r) is not known for CII (C+), the CI ionisation distribution
is calculated for the probe limiter by the neutral transport code
(see fig. 10.4-7C).

If cross-field transport for the C1" ions is

neglected then the neutral carbon ionisation distribution is also the
C*' distribution and v^ can be calculated for the CII emissions.

This

is done assuming planar geometry in eq.(5), using the exponential
electron temperature profile (eq.(2)), and the photon efficiencies
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Species

Line

Electron Temperacure

(nm)

(eV)

a

H

P

Y

10

20

50

100

200

12.8

15.2

16.8

16.7

16.1

(64)

(40)

(39)

(40)

(45)

140

171

171

154

136
(381)
840

(700)

(445)

(393)

(370)

1030

1140

1110

990

(5150) (2960)

(2550)

(2380)

(2350)

CI

909.5

7.4

16

35

56

CII

657.8

1.4

5.5

19

37

63

514.5

2.47

6.8

17.8
•

29.1

41.6

374.9

1.4

4.8

14

25

38

435.1

4.6
3.4

15
11

27

42

441.5

1.3
0.88

21

32

391.2

2.1

8.2

27

50

78

397.3

0.88

3.7

13

24

37

425.4

0.34

0.62

1.0

1.3

1.6

Oil

Crl

Table

10.4-5

Photon efficiencies S /XB at different electron
temperatures for low ionisation states.

The

bracketed values include charge-exchange loss, eg,
ionisation plus CX per photon.
Behringer<- 9>2>9#3 J
1

Pospieszczyk1-

' -I

Data Is from

except CI which is from
lonisation and charge-exchange

rates are taken from Freeman and Jones'-
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J .

given in fig. 10.4-8 and table 10.4-5.

For both CII lines, vj_ ~ 2,

which means that simply using the photon efficiency at the separatrix
will under-estimate the carbon influx by this factor.

Although

radial information is not available for the oxygen, if we assume that
the 0 + ionisation function is also given by the code results for Cl
then v^ can be calculated for the Oil lines using the appropriate
photon efficiencies.

Because the CII and Oil photon efficiencies

(fig. 10.4-8) have roughly the same temperature dependence, v^ ~ 2,
within an error of + 15% for all of the CII and Oil lines used in the
study.

Using eq.(4), the Fj and Fj values for the probe limiter

(table 10.4-3) and Vj = 2, the effective photon efficiency can be
calculated and is found to be increased by a factor ~ 1.8 (column 6,
table 10.4-4).

Multiplying these values by the relative photon

counts and renormalising we arrive at the relative component fluxes
leaving the surface (column 7 ) .

It is interesting to compare fluxes as calculated using
different lines of a single system.

In the case of deuterium poor

agreement is obtained between the a, {3 and y lines, which vary by a
factor ~ 2.

This is another example of the discrepancy often

observed between D

and the higher lines of the Balmer series and it

can be explained when account is taken of the effect of finite
density on the photon efficiency.

The efficiency increases with

increasing density, eg, the number of photons per ionisation (and
charge exchange) is reduced.

The increase in the photon efficiency

becomes more pronounced in transitions from higher n-levels for a
given density.

High n-levels have longer radiative lifetimes, and

their rate-coefficients for ionisation and charge-exchange scale as
~ a'* so that the ionisation and charge-exchange time approaches the
radiative lifetime for the higher lines of the Balmer series.

While

densities are not high enough to appreciably affect the Balmer-a line
(see fig. 9.1-1) the (3 and y lines are progressively weakened as
step-wise ionisation and charge-exchange become important.

This

explains the reduced photon counts for the (3 and y lines in table
10.4-4 relative to the Balmer alpha line.

The increased ionisation

and charge-exchange reduces the Bean free path of atoms in excited
states and this may explain the narrower D
with D

in fig.

10.4-1.
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distribution compared

The situation with the Balmer lines of deuterium contrasts with
Oil where good agreement is obtained between the 435.1 nm and
441-5 nm lines of one metastable system and the 391.2 nm and 397.3 nm
lines of another (see table 10.4-4).

The latter contribution to the

total Oil population is small, with most ions being either in the
ground state or the 2s^ 2p^ ^D metastable state.

In CII

approximately 25% of the ions are present as metastables.

Summing

the contributions from the ground and metastable systems the total
flux of D, C, 0 and Cr leaving the probe limiter surface are given in
column 8 of table 10.4-4.

The dominant impurity is carbon with a

spectroscopic yield of 1.2 x 10~2f which is very close to the
physical sputtering yield for D on C at 75 eV, Y
(fig. 6.2-1A).

= 1.3 x 10~ 2

The oxygen spectroscopic yield is significantly

smaller, ~ 1.6 x 10"^, while the chromium is two orders of magnitude
smaller still, ~ 1.7 x 10"^. Note that because of the assumptions
used in the oxygen analysis the 0 yield is probably accurate to
within a factor ~ 2 while the errors in the carbon and chromium
fluxes are estimated to be ~ 30%. The chromium yield can be compared
with that expected for deuterons incident on a partial Cr surface of
atomic fraction A .

From fig. 6.2-1B the yield on a pure surface at
1

75 eV is Y ~ 7 x lO" *, while the surface concentration of chromium as
determined by the sputter/Auger results (fig. 10.3-6) is nearly
constant with minor radius at ~ 3 at.%.

The resulting yield would

~ 2 x 10~ 5 , very close to the observed value 1.7 x
s
(table 10.4-4).

therefore be Y A
10~ 5

10.4.4

Carbon Self-Sputtering

Up until this point we have not considered the effect of
impurity sputtering on the carbon yield, eg, F^, F2 and F3 have been
calculated by the code assuming only deuteron sputtering.

If we

include carbon self-sputtering and neglect oxygen sputtering then the
carbon flux leaving the surface is

F

l + F2 + F3 = V

where Y
ions.

+ Y
D

C

(F

1 + F2 + V

dO.4-6)

and Y are the respective yields of deuterons and carbon
D
C
Note that the unknown quantity of carbon entering the plasma
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from the wall (F. ) has been included.

We assume that all released

carbon, except the component F3 , eventually hits the probe limiter
with the same radial dependence as the deuteron flux.

The net

erosion yield at the surface is

(10.4-7)
F

D

which from the ^ C measurements in the last section is known to be
= 6 x 1 0 ~ 3 ) , thus implying F3 > F^.

positive (eg, Y

Since the

neutral transport code indicates that the component Fj deposited on
the wall is small compared to the limiter source (Fj + F g ) , the wall
source F^ appears to be unimportant.

This contradicts the wall CII

emission observed with the SPEX which suggests a significant
contribution enters from the wall (table 10.4-2).

But as pointed out

earlier, uncertainties regarding the original source and radiating
position of the CII wall signal may mean that the wall carbon influx
may be less important than simple intensities would suggest.

Using eq.(7) to eliminate F 4 in eq.(6) we arrive at the
effective yield Y , f
F

Y

=

l

+

F

2

+

F

3

Y
D

= —

F
D
With Y

-

Y

Y
C

net

—

(10.4-8)

1 - Y
C

= 6 x 10~ 3 , the effective yield can vary from Y ,. = Y

1.3 x 10~2 to Y

=

= 2.9 x lO"^, depending on the energy of the

incident carbon ions (eg, Y ) .
C

If acceleration of the carbon ions by

the pre-sheath plasma flow is neglected and a charge state of three
(eg, (J1'') is assumed then the incident carbon ion energy is
~ 11 kT ~ 165 eV. From fig. 6.2-1A the sputtering yield at this
energy is Y ~ 0.17 giving an effective yield Y
~ 1.5 x 10~ 2 , which
C
err
is only slightly larger than the deuteron yield, as well as, the
observed yield.

Thus self-sputtering appears to play only a minor

role.
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The low carbon self-sputtering yield was confirmed in a separate
experiment'-

*

-" in a helium discharge in which CH^ was puffed from

the tip of the probe limiter with it deeply immersed in the plasma
thus raising the carbon flux incident on the fixed limiter.

The

puffing level was approximately the same as the fuel sputtering
components (T^ + F 2 ) on the fixed limiter, calculated using He
sputtering yields.

The SPEX, which normally viewed the probe

limiter, was focussed on the fixed limiter in this experiment to
monitor the main impurities leaving the surface, eg, CI1, Oil, CrI.
The tangential view of the inside mid-plane was the same as that used
by the CCD camera in fig. 10.4-4.

The ~ 2 cm diameter light

collection area was positioned to collect emissions from r = 24.0 cm
to r =• 26.0 cm.

During the CH^ gas puffing, while the global level

of CIII in the discharge (as seen with the monospec spatial scan)
increased significantly, as expected, the CII influx emission
observed with the SPEX at the fixed limiter remained unchanged.
CrI intensity on the other hand decreased by a factor ~ 2.

The

No other

plasma measurement, either core or boundary, registered any
difference between discharges with or without CH^ gas puffing.
Evidently, the increased flux of carbon ions to the fixed limiter
does not result in increased sputtering.

They do, however, reduce

the CrI emission probably due to a burying effect, as in the
carbonisation process'-

* ••.

The net erosion yield Y

, given by eq.(7), while measured

3

using the * C technique to be ~ 6 x 10~ 3 , can also be calculated
using the neutral transport code if the wall source F^ is neglected.
Since redeposition on the probe limiter is assumed to be dominated by
carbon originating at the fixed limiter, the mass loss out of the
limiter-plasma system is determined by the fixed limiter case, eg,
F3/Y

ffF

= 0.28 from table 10.4-3.

assuming Y

Thus the net erosion yield is,

~ 1.3 x 10~ 2 ,

» 0.28 Y g f f ~ 4 x 10~3

Yne(.
F

(10.4-9)

D

which is close to the value obtained with the ^ C marker technique.
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The reasonable agreement justifies the neglect of the wall source
however, we are still left with the apparent contradiction that
influx emissions from the wall suggest the wall source to be
important.
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10-5

PARALLEL IMPURITY TRANSPORT ON CLOSED FIELD LINES

The results from the last section indicate that impurities
leaving the limiter may be ionised within the SOL (on open field
lines) or in the confined plasma (on closed field lines) depending on
the geometry and the plasma conditions-

Once ionised the impurity

will start to be influenced by the background plasma and the nature
of this interaction will depend on the location.

In the SOL the

impurity ion may be driven back to the limiter by the frictional
force and electric field associated with the pre-sheath flow of the
background plasma.

In contrast, inboard of the limiter the ions will

be heated and disperse freely along field lines and to a lesser
extent across them.

If the impurity ion then diffuses outward past

the last closed flux surface it will likely be driven to the limiter
by the pre-sheath flow and thus removed from the plasma.

If it

diffuses inward it will continue to be ionised to successively higher
ionisation stages and contribute to the impurity content of the
discharge centre.

Clearly an understanding of this heating and

dispersal is required to predict the transport of impurities in the
boundary and thus the impurity content/fuel dilution of the confined
plasma.

The transport also strongly affects the distribution of the

radiated power and therefore can determine the gross stability of the
plasma.

In this section we investigate, both by experiment and

theory, the transport of impurities along field lines inboard of the
limiter while in the following section impurity behaviour in the SOL
is studied.

The dispersal along field lines from the limiter can be clearly
seen in the carbon emissions given in the last section.
superimposed and given in fig. 10.5-1.

These are

The CII distribution is

broadened from the CI, as is the CIII distribution from the CII.
Although some sputtered carbon atoms are ionised in the SOL, the
majority penetrate to closed field lines and thus are free to move in
either direction as the CII distribution indicates.

The CII ions are

quickly ionised to CIII which then continue to disperse along field
lines.

Unfortunately, the original source of neutral carbon (eg, the

CI distribution) is fairly broad (~ 0.10 ra) and because of this it is
difficult to determine whether the CII and CIII distributions agree
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Fig. 10.5-1

with theory.

The toroidal distributions around Che probe limiter of
Intrinsic CI, CII and CIII emissions (from sputtered
carbon) observed with the CCD camera at t - 300 ms in
Che reference deuterium discharge (r
25.5 cm).
PL

In order to simulate the production and transport of

impurities from a well defined source, known amounts of gases
(He, CHj,) are puffed from the tip of the probe limiter and then the
spatial distributions of Hel, Hell, CI, CII and CIII observed with
the CCD camera-

These distributions are in reasonable agreement with

a simple parallel transport model discussed later.

10.5.1

Experiment

Experiments are performed in standard helium discharges
(150 kA, 2T) with a line average density ti ~ 3.5-7.0 x 10 1 9 m~3 .
e
These are the same discharges previously discussed in section 8.6.
The CCD camera views the injected gas through the window directly
below the probe limiter which restricts the field of view to
z ~ ± 0.10 m, where z is as defined in the last section (see
fig. 10.5-2). In the case of Hell the field of view is restricted by
the filter size rather than the window.

In addition to the Langmuir probes in the probe limiter the
reciprocating probe array A located near the fixed litniter gives
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Probe limiter body
(ATJ Graphite)

Fast piezo valve

Reciprocating
langmuir probes

Langmuir probe

Fixed limiter

Plasma edge

\ 0.26m
z (m x10" 2 )
14m
-*- Plasma centre
CCD
Camera view

Fig. 10.5-2

Schematic diagram along the field line that connects the
probe limieer to the reciprocating probe array A,
showing Che screaming of puffed impurities in the
boundary plasma.

complete radial profiles of n , T and Mach number (M) from the wall
into a minor radius of ~ 22 cm in ~ 70 ms. The rotational transform
is always such that at least one of the reciprocating probes scans
through field lines that "connect" directly with the probe limiter or
the plasma into which it releases gas. The spatially scanning
monochromator (monospec) is also used during the gas puffing study.
Located ~ 180° away toroldally from the probe limiter, the monospec
scans UV and visible impurity lines along a major radius.
Experiments are carried out puffing He or CH^ with the probe
l i m i t e r at two radial positions (r

= 23.0 cm and r

PL)

= 25.5 cm)

PL

during the current flat top (200-500 m s ) . Both the probe limiter gas
flow rate and the line average electron density are varied during
this time. The main source of fuelling for the plasma is the regular
torus gas puff (< 10^° s"*-).

However, the plasma refuelling is

dominated by recycling on the fixed limiter (~ l O ^ s~^). In the
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case of He, because of its high fuelling efficiency (~ 1 ) , the probe
limitec gas puff significantly increases n , while the CH^ gas puff
has negligible effect, although comparable flow rates are used.

The

CH U utilisation efficiency is AN / N ™ ~ 0.03 electrons/electron
^
e IM^
added.

As previously discussed in section 8.6, the edge plasma

conditions as measured with the reciprocating probes do not vary with
n

within the range 3.5 to 7.0 x 10*' ra~^. They do, however, vary

according to whether a particular probe is directly connected to the
probe limiter, fixed limiter or both (see figs. 8.6-1 and 2 ) . In
this section only the unconnected results in these figures are
relevant since the geometry ensures that ionisation and subsequent
transport is on closed field lines.

While the electron density and

temperature in fig. 8.6-1 rise steeply from r = 26.0 cm to
r » 22.0 cm, the Mach number (fig. 8.6-2) is roughly constant,
although a definite decrease is indicated.

The flow is slightly

positive (eg, in the negative z direction) for r > 24.5 cm and
reverses at smaller radii.

For the He puffing, the Hel distribution obtained with the CCD
camera appears as a symmetric circular glow around the outlet of the
probe limiter.

The Hell appears as a band that originates at the

outlet and runs in either direction along the magnetic field lines.
The poloidal width of the Hell band (~ 0.04 m) is approximately
constant within the field of view.

The intensity distributions of

Hel and Hell have been plotted in fig. 10.5-3 as a function of z, the
distance along the field line, for puffing from r_. = 23.0 cm and
r

= 25.5 cm.

For both cases the Hell intensity falls by a factor

of 2 in 30-40 mm.
from 25.5 cm.

The Hel distribution is much broader when puffing

These distributions varied little for He flow rates

between 0.5 and 4.0 Torr A s~* and line average electron densities
between 3.5 and 7.0 x 10*' m - 3 . ^he latter feature is not surprising
since the edge plasma conditions, as measured with the probes, did
not change between these values of n .

Although the He puffing

significantly increased the line average density no local
perturbations in n

or T in the edge plasma could be detected with

either the reciprocating probes or the built-in probes.
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z(mx10"2)
Fig- 10.5-3 Experimental toroidal intensity distributions of Hel and
Hell obtained with the CCD camera, puffing from two
radial positions (A) r p L - 23.0 cm (B) r p L » 25.5 cm.
He flow rate ~ 4 Torr A/s. The lines drawn are to guide
the eye through experimental points.
In the case of the CH^ puffing, the CI distributions are also
symmetric about the outlet and are broader when the probe limiter is
at r

= 25.5 cm (see fig. 10.5-4).

The CII distributions are only

slightly different fcom the CI, with some streaming along field lines
apparent.

Very obvious streaming in the toroidal direction is

observed for CIII, with the poloidal width of the CIII band being
approximately 0.03 m and constant within the field of view.

The

results for the two positions are similar, in that the CIII intensity
falls by a factor of 2 in ~ 100 mm, however, the distribution at
r

» 25.5 cm is slightly asymmetric favouring the -z (electron

drift) direction.

As with the He, the intensity profiles are

independent of CH^ flow rate (0.3 to 2.0 Torr I s-1) and no local
changes in n

or T

can be detected.

These distributions are

qualitatively similar to the CI, CII and CIII distributions due to
carbon sputtered from the probe limiter (fig. 10.5-1) and thus
confirm the gas puffing technique as a realistic simulation for
impurity production.

- 267 -

0-23m

z
LU

a
$

cc
o

Ftg. 10.5-4

Experimental toroidal intensity distributions of CI, CII
and CIII obtained with the CCD camera, puffing from two
radial positions (A) r p L » 23.0 cm (B) r p L - 25.5 cm.
CH^ flow rate ~ 1.5 Torr Jt/s. The lines drawn are to
guide the eye through experimental points.

During the CH 4 puffing, major radial profiles of CIII (229.7 nm)
are made with the spatial scan monospec.

The CIII signal increases

significantly above the background when puffing from r
but shows little increase when puffing from r

= 25=5 cm

= 23.0 cm.

Figure 10.5-5 shows the poloidal position on the monospec crosssection where one would expect CIII to show up after being released
at point A (the probe limiter) and streaming 180° toroidally to
points B (-z/electron drift direction) and C (+z/ion drift
direction).

Apparently, streaming is more likely in the -z/electron

drift direction which is consistent with the asymmetric CIII
distribution found with the CCD camera at r
(fig. 10.5-4B).
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Fig. ?.f>.3-5

CIII major radius intensity distribution taken with the
monospec spectrometer with CH^ gas puff (upper) and
without (lower).
r

• 25.5 cm.

Probe limiter radial position
CH^ flow rate ~ 1.5 Torr i/s.

The lower

distribution gives the CIII signal from intrinsic carbon
in the plasma.
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10.5.2

Model

In section 10.4 we presented results from a neutral transport
model that gives the spatial distribution of neutral impurities
around the limiter.

In this section we consider the transport of

these impurities after ionisation.
Once trapped on a field line the impurity ion (He + or C*") will
start to be heated by the background plasma (it can be shown that the
heating of the original Hel and CI neutrals before ionisation is
negligible).

The model takes into account the dispersal of the ion

clouds (Hell, CII, CIII) along the field lines including the effects
of ionisation to higher stages, heating, and momentum loss
(diffusion) collisions with the background.

Since the field lines do

not terminate on a material surface, we have assumed the background
plasma is not flowing and no ambipoiar electric field is present.
The processes, ionisation, heating and momentum loss, are determined
by three characteristic times discussed below.
The mean lifetime x . of a given stage before further ionisation
is
(10.5-1)
n <cv>.
e
iz
where <cv>. is the ionisation rate coefficient'
iz
' -

"

'

• *

.

The thennalisation of the impurity ions at temperature T with
the background ions at T^ is governed by the differential equation
dT
Tx - T
— =
dt
x^

(10.5-2)

where the thermalisation time x , is only weakly dependent on T, eg,
T
Ti
*M, - (-+—)
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3/2

(10.5-3)

Normally for an Impurity, T/m << T,/m,, so that we can neglect the
first term and x

h

is approximately constant during the heating

process, giving an exponential rise, eg,

- T Q ) exp(- t/uth>

where T

is the initial impurity temperature.

(10.5-4)

The assumption of

constant t , is only valid in the early stages of the heating process
for the case of He + in a He"1"*" background.
is given by Spitzer'- *

The thermalisation time

•*, eg,

T ,_ - K (kT, )
th
s
*

K

=

3(27i3)* £ 2 m(kT 1 )*
2
n x m^

where K

s

(10.5-5)

Z

2

Z:

2

e

4

(10.5-6)

AnA

is given here in SI units,

The momentum loss time t

determines whether the dispersal along

the field lines is collisionless or diffusive and is given by

T

D " Ks

(kT)

where again we have assumed T/m << T^/n^ . T

(10.5-7)
is defined to be the

average time for collisions to deflect a test particle by 90" and
when thermalized this is simply x . . Thus when t_ is small, the mean
free path is small and the expansion is diffusive.

The diffusion

coefficient D is given by

D = - c

^

(10.5-8)

where the mean thermal speed is

(2£l)
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(10.5-9)

which gives a diffusion coefficient that increases rapidly with
temperature, eg,
8K
D = — — (kT) 2
3it m
10.5.3

(10.5-10)

Expansion of a Single Pulse

While it is relatively easy to follow a test particle as it is
ionised, starts to be heated and moves along the field lines, the
observed spatial distributions are actually produced by ions injected
at different times that remain within the field of view until they
move off or are ionised further.

The situation is quite complicated

and the following simplified model due to Stangeby'used.

*

•• has been

The continuous creation of cold ions is discretized in time as

a "train" of short pulses.

Each pulse is identical, so that when the

time behaviour of a single pulse has been solved it is simply a
matter of integrating over different pulse times.

In the following,

therefore, we consider the behaviour of a single pulse.

The ionisation from the preceding stage is assumed to be uniform
within a region z = ± w

and as time progresses the width of the

pulse (2w(t)) increases due to expansion along the field lines.
Cross-field transport is neglected.

The nature of the expansion, as

mentioned earlier, depends on the collisionality or, more
specifically, on the mean free path of the impurities along the field
lines X,. compared with the width w(t). If X.. »

II

w(t) then the

II

expansion is collisionless, while \.. << w(t) implies a diffusive
expansion.

Alternatively, we can say that the nature of the

expansion depends on the free-streaming speed along the field line
v

z

~(^)
m

2

compared with the diffusion speed
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(10.5-11)

The actual expansion speed is of course limited by the smaller of
these.
To calculate the ratio A.H/w(t) (or v,.cn/v ) we shall assume
n
diff z
that the half-width w(t) is given
in any situation
with reasonable
accuracy by the diffusion result"-

* •"

w(t) - W Q + 2 [An2 Dtj2

(10.5-13)

where Dt takes into account the change in the diffusion coefficient
as the ion is heated, eg,
t
Dt - J
o

D(t') dt 1

(10.5-14)

Equation (14) thus calculates the time-averaged value of Dt to be
used in the well-known diffusion result Aw ~ (Dt) . We shall come
back to justify the assumption that the diffusive width, eq.(13), is
a reasonable approximation most of the time.
The integration over time in eq.(14) can be rewritten in terms
of temperature T using eq.(2) to give
T
Dt - / D(T')

x.
— —

dT1

(10.5-15)

Substituting eq.(10) for D(T) this becomes
8K (kTx)2
Dt = — T
3* m

0
l2
/ —
d0'
0 o 1 - 0'

(10.5-16)

(10.5.17)

where 0 = T/Tj is the normalised temperature, c , is the mean thermal
speed of the impurity when thermalised and f, the integral, is given
by
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f(Q, G Q ) = - | (1 - 0 ) 2 + 2(1 - 0) - An(l - 0)

+ £ (1 - 0o ) 2 - 2(1 - 0o) + £n(l - 0o )
The diffusive width of the pulse as a function of temperature is
therefore, from eq.(13),
\

,
c

»u T-w
th th

- , -

f

This is to be compared with the mean free path \

(10.5-19)

along the field

line, which is approximately

h
^

~ Tr> v

~ ^ '

^ T n c^

0^^2

(10.5-20)

where the subscript "th" indicates thermalised conditions, so that
T c ) t n i s t h e m e a n f r e e path whe
when thermalised, eg, ^ th - The
(x
collisionality ratio thus becomes

—

= (-)

—

n J
(-)
8

(10.5-21)

©3/2
(10.5-22)

!?_+

2

X

[132]*fi
3

th

In the special case of a point source (w = 0) this reduces to

\.
—
w

3u
= [
]
32 Jln2

(10.5-23)
fJ

Equation (22) depends on the specific situation (eg, w /\ )
o th
with the w = 0 case giving an upper limit on the collisionality ratio
(A.,./w). Figure 10.5-6 shows the collisionality ratio as a function
II
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The callisionality ratio \%N

1.0

as a function of

normalised temperature T/T, for different conditions

of 9 » T/T, for 4 values of w l\ , with T = 0 .
i
o tn
o
the finite w

One can see that in

cases the expansion is initially diffusive since \

originally zero.

is

As the ions heat up the mean free path increases so

that throughout most of the heating process \~

w and the expansion

is neither collisionless nor diffusive but intermediary.

The w

= 0

case starts off in the intermediary regime and becomes diffusive, as
do all the cases, as I • I j . This is expected, since once
thermalised the mean free path remains constant wh'ile the cloud
continues to expand.
In cases where the ion is born with a finite temperature T
where w

is very small then it is possible that the expansion is
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and

hi
w

0.5

Fig. 10.5-7

1.0

The collisionality ratio \ /w as a function of
normalised temperature T/Tj for different Initial
temperatures T •

Zero Initial pulse width w

Is

assumed.

initially collisionless.

This is demonstrated in fig. 10.5-7 for

T /Ti - 0.0, 0.1, 0.3 and 0.5 with W Q = 0.

However, in all cases the

collisionality is quickly driven to border-line conditions as the
temperature increases.

In most practical situations W Q is finite and

the expansion is unlikely, even in the early stages, to be fully
collisionless.

The general result that during heating the impurity mean free
path is approximately equal to the ion cloud's toroidal extent can be
qualitatively explained by considering the effect of collisions.

If

the expansion is originally diffusive then collisions will increase
the temperature and the mean free path until \^ is comparable to the
width of the cloud.

On the other hand, if the expansion is

originally collisionless then no heating will take place, the mean
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free path remains constant, and the cloud will expand until it is
comparable to the mean free path.

Thus, from both extremes the

collisionality is driven to borderline conditions during heating.

On

approaching thermalisation, the mean free path becomes constant but
expansion is still possible by diffusion so that \ /w approaches
II
zero.

The pulse width is therefore approximately given by the

diffusive value throughout the expansion, except in special cases,
and thus justifies our earlier assumption that w(t) is given by
eq.(13).
The same conclusions can be reached approaching the problem from
the point of view of expansion speeds.

The collisionality ratio

in terms of diffusive and collisionless expansion speeds is v

f/v

,

which, when calculated using equations (10) through ( 2 0 ) , turns out
to be the same as X,./w (eq.(22)) save for a constant factor, eg,

(10.5-24)

(10.5-25)

Thus the results in figs. 10.5-6 and 7 also apply to the expansion
speeds; that .is, during the heating period the expansion speed is
reasonably .riven by either the free-streaming or diffusive value but
near thermalisation these diverge with the diffusive expansion being
more accurate.
The diffusive half-width w as a function of temperature T is
given by eq.(19).

This can be converted to a function of time t

using eq.(4), eg,

w(t)

= W Q + 2 [^-f

where,
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c th T t h

g*

(10.5-26)

g(t) = f(0, eQ) = £ - - 2 (1 - 6 o )[l - exp ( " V
th
+ - (1 - 0 Q ) 2 [l - e x p ( " 2 t / t t h ) ]

Note that 2[jln2/3]

(10.5-27)

~ 0.96 so that eq.(26) can be written as
w(t) - w
-~

,
g5

(10.5-28)

\h

This has been plotted in fig. 10.5-8 as a function of t/t
.0 = 0.0,0.2 and 1.0.
the 0 * 0
o

for

Note that in the early stages of heating for

case we have
w(t) - w
1
t3 / 2
°~ — (
)
X

n

th

(10.5-29)

~th

which has the same time dependence as a free—expansion. At later
times, eg, after thermalisation,
w(t) - w
t
-~ ( )
X

th

X

(10.5-30)

th

as expected for diffusion.
10.5.4

Integration of an Infinite Train of Pulses

Equation (28) (or fig. 10.5-8) can be used to estimate the
toroidal extent of a given ionisation stage before ionisation reduces
its intensity.

The mean lifetime T . is calculated using eq.(l) and

the appropriate value of [v(t) - w )/X

determined.

As mentioned

earlier, however, to actually calculate the shape of the emission
distributions (figs- 10.5-1, 3, 4 ) , the contributions from an
infinite train of pulses must be integrated over.

We assume that the

emission is proportional to the density of the dispersing ions and
thus neglect the finite lifetime of the excited state.

-
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The problem

10H

10

Fig. 10.5-8

The normalised expansion half-width (w-v )/X
as a
o
th
function of normalised time t/x . for three different
th
values of initial temperature T
background temperature T j ) .
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(normalised by the

therefore lies in finding the density distribution and the approach
used here follows Stangeby'-

* •".

Consider an individual pulse consisting of dN = N dt1 ions
sed into a flux tube of cr
released
cross-sectional area A f .

The density of

the pulse as time progresses is

N/2A

dn(z,t-t') -

,
— e x p (-—-)
v(t-f)

dt1

|z| < w(t-tr)

' 0

|z| > w(t-t')

where t1 is r.he time at which the pulse was emitted.

(10.5-31)

(10.5-32)

Here we have

assumed "square" pulses, where the density is constant across the
expansion width and is reduced both by rarefaction and ionisation.
The density distribution at a time t » 0, therefore, must include the
contributions from pulses starting far in the past (t' = - » ) to the
present (t' = 0 ) , eg,

n(z,0) = /

t'= 0
dn(z, -t')

(10.5-33)

t' = -a,

.
^
,-l_j
2Af —>

e x p ( ^ ) dt'
lz
w(- t1)

(10.5-34)

where z = ± w(t). Assigning t' to - t 1 , this can be given more
conveniently as
exp (——)

n(z)=—J
2Af T

—
w(t')

which appears to have no analytic solution.
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dt'

(10.5-35)

10.5.5

Background Plasma Flowing

Up until now we have assumed that the background plasma is
stationary, however, in the boundary it is quite common to have
significant flow velocities.

In fig. 8.6-2 the measured background

Mach number around the probe limiter is given.

While the flow on

closed field lines (eg, the "unconnected" curve) is small compared to
the SOL ("connected" curve) it may still have an influence on the
expansion of impurities from a localised source.

An estimate of Che

importance of the background flow can be made by comparing the
expansion speed of a single pulse with the background speed.

We

shall start by calculating the ratio of the diffusive expansion speed
and the mean thermal speed of the thermalised impurity, eg,

(10.5-36)
8kT

Assuming w
w

i

= 0 and using eqs.(10) and (23) this gives

(10.5-37)
th
which has been plotted as a function of w/\ , (eg, f ) in fig. 10.5-9
for three values of 0

=> T /Tj• In general, in the early stages of

the expansion ( w A t u small) the pulse speed is significant compared
to the mean speed of the thermalised impurity but decreases as
(w/\

tti

) ~ * later in the expansion, eg, after thermalisation.
^

background flow speed is ~ M (m^/rn)2

c

th>

The

which can have a

significant effect on the expansion when
mj i
V

diff

< M

(^

°th

(10.5-38)

or
f-2-)

< M f—)
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(10.5-39)

w

Fig. 10.5-9

Ratio of the diffusive expansion speed

to the mean

thermal speed of the thermalised impurity c ^ as a
function of the normalised expansion half-width
for different initial temperatures T
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(Tj » 0, w

W

A-Ch
» 0).

(10.5-40)

2M f-i-) (3An2)*
For example, in the case of carbon in a helium background
plasma which is flowing with a Mach number M - 0.1, the pulse must
expand to w/\ , > 6 before being influenced.

We may therefore expect

the ion cloud to be asymmetric on this scale length while on a
smaller scale (w/\ , «

6) the expansion is symmetric.

This will be

used later to explain the asymmetries seen in the CIII emission
during the CH^ puffing.

10.5.6

Discussion

The spatial distributions of the Hel, Hell, CI, CII and CIII
emissions, figs. 10.5-3 and 4, have been modelled.

The geometry of

the gas injection ensures that the ionisation and excitation occurs
on closed field lines inboard of the probe limiter tip.

The plasma

density and temperature at r = 25.5 cm (fig. 8.6-1) are too low to
produce significant local ionisation so that most of the neutrals,
Hel and CI, penetrate to approximately the same radial position
namely r •> 22.5 cm, regardless of the probe limiter location,
r
« 25.5 cm or r
=• 23.0 cm.
PL
PL

From the r
= 25.5 cm position,
PL

however, the neutrals fan out further from their injection point
which explains the greater breadth of the Hel and CI profiles.
While the initial "temperature" of the helium atoms is
approximately known (~ 0.03 eV) the same cannot be said of the carbon
atoms.

A large number of dissociation reactions between the plasma

electrons and the injected methane molecules and their products
CH

are possible, and since the birth energy of the CI is dependent

on the reaction route the initial carbon temperature is uncertain.
In the case of Hel the width of the distribution at half-intensity is
~ 12 mm when puffing from r
= 23 cm, which is consistent with the
PL
mean free path calculated using the ionisation rate coefficients
f 5 381
quoted in the literature1- * •• and the plasma conditions indicated in
fig. 8.6-i at r - 22.5 cm, eg, T

- 35 eV and n = 10 1 9 m~ 3 .

Unfortunately, the CI distribution when puffing from r « 23 cm is
PL
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only slightly larger than the orifice diameter and thus only an upper
limit can be placed on the initial temperature, eg, T < 2 eV.

In order to compare the theoretical results with the
experimentally observed distributions, eq.(35) has been used to
obtain n(z) for H e + and C1" ions in a H e + + background.

The assumed

plasma conditions are taken, as above, from fig. 8.6-1 at
r * 22.5 cm, eg, Tfi - T 1 * 35 eV, n g = 10 1 9 m~ 3 , and thus the theory
is to be compared with the gas puffing results from r

= 23.0 cm.

PL

The relevant parameters are summarised in table 10.5-1 and the
resulting (normalised) density distributions are plotted in
fig.

10.5-10.

Because of the uncertainty in the i n i t i a l C+

temperature two values have been used, T = 0 eV and T = 2 eV.

For

comparison the appropriate experimental curves have been included.
Agreement is reasonable considering no adjustable parameters have
been used, although, both experimental distributions are somewhat
narrower than expected.

T

w
Species

cm

He+
C+
C++

Table

0

0

sxlO"

6

eV

160

0.03

0.4

6.5

-

48

-

0.6

10.5-1

T

0

w
th

sxlO"
8.6X10"1*

11.1

-

33.3

-

8.3

0
6

T

cm
51
66
22

th

1.2xlO~2

14.4

3

0.2
5.8

4.7xlO~

-

Summary of Che relevant parameters used in the model
to calculate the toroidal distributions of
fig. 10.5-10. He++ background i s assumed with
35 eV, n

2n

1019 m"3, r - 22.5 cm.

The model indicates that in the case of the Hell distribution
the attenuation of the signal as |z| increases is due mainly to
expansion/rarefaction of the ion cloud as it is heated by the
background plasma.

The loss due to ionisation within the field of

view is negligible.

This fact is easily spotted from table 10.5-1,

+

which gives for He , T . /T . = 14.4, eg, the ion is thermalised long
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Hen
1.0 -

THEORY
EXPERIMENT
10
I

a

I

I

I

I

I

i

i

i

I

i

i

cn

1.0

T o =0.0eV

<

= 2.0eV

a.
0.5

Z(mx1CT2)
Fig. 10.5-10 Comparison of the model prediction (eq.(10.5-35)) with
experiment for the toroidal spatial distributions of
Hell and CII during gas puffing.

Tl... relevant

parameters are summarised in table 10.5-1.
temperatures are assumed for the CII, T
T

- 2 eV.
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Two initial

• 0 eV and

before ionisation takes place, with most of the expansion (before
tonisation) being diffusive in nature.

Using this ratio the

half-width at ionisation can be estimated using fig. 10.5-8, eg,

W(T,

iz

) - W

o

~ 3.5 \

th

~ 1.8 m

Thus, at a distance of ~ 2 m the Hell signal is further reduced due
to ionisation.

The situation is quite different in the CII case

because the x. /T , ratio is much smaller, ~ 0.20.

From fig. 10.5-8

the corresponding expansion before ionisation is W(T . ) - w

~ A cm

which is roughly the scale-length of the signal attenuation in
fig. 10.5-10.

Thus, the expansion/rarefaction due to heating, while

it influences the shape of the CII distribution, is not sufficient to
carry ions out of the field of view before ionisation to CIII.

The

CII ionisation scale (~ 4 cm) is in agreement with the scale length
for the CIII source in fig. 10.5-4, eg, the flat section on the CIII
curves between z ~ ± 4 cm.

The subsequent CIII dispersal has also

been modelled and the results indicate that the expansion is similar
in nature to that of the Hell, with negligible ionisation occurring
within the field of view.

As expected, the corresponding x. 1% ,

ratio is large ~ 5.8, which gives (using fig. 10.5-8) an expansion of
~ 0.4 m before ionisation to CIV.

During the CH^ puffing, in addition to the CCD camera pictures,
major radial profiles of CIII light are made with the spatial span
monospec which is displaced toroidally from the probe limiter by
~- 180°.

The CIII intensity in the plasma is increased significantly

above the intrinsic level but only when puffing from r
= 25.5 cm
PL
(see fig. 10.5-5).

This is explained by increased parallel transport

in this case compared with the rDT = 23.0 cm case.

When puffing from

t Li

the outer position, some carbon will be ionised at r = 25.5 cm. With
the lower values of n (6 x 1 0 1 8 m~ 3 ) and T (13 eV) at this radial
e
e
position, x /t , ~ 360 and X . ~ 5 cm, giving an expansion at
iz t n
en
ionisation of ~ 1 m from fig. 10.5-8, significantly larger than at
r = 22.5 cm.

Thus, more C1"1" ions are able to stream around the torus

at greater minor radii, increasing the CIII signal at the monspec
position.
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Both the raonospec distribution (fig- 10.5-5) and the CCD camera
measurements (fig. 10.5-4B), indicate that the CIII tends to stream
in the -z/electron drift direction when puffing from r
= 25.5 cm.
rL
The effect is very strong in the monospec observation and relatively
weak in the local CCD data.

In addition, it is normally observed

that the intrinsic CIII normally "accumulates" (fig. 10.5-5)
poloidally on the inside, with the gas-puffed carbon appearing to
follow this trend.

This behaviour can be explained by the small

drifts in the boundary plasma detected with the reciprocating probe
(fig. 8.6-2).

At the relevant radius, r = 25.5 cm, the background

plasma is drifting with a Mach number of M ~ 0.1 ("unconnected"
curve) in the -z/electron drift direction.

As discussed earlier in

subsection 10.5.5, the expansion of the CIII along the field lines
will be influenced by the flowing background depending on the scale
length in question.

In general, the effects are stronger on larger

scale lengths, which qualitatively agrees with the observations.
Quantitatively, criterion (40) gives the expansion width at which the
background flow can be expected to have an influence, eg,
w > 6 X ,
th

~ 30 cm

It is therefore expected that at the monospec position, a distance of
~ 4 m away, the expansion is strongly affected.

In the local

measurement, while the asymmetry observed in fig. 10.5-4B occurs on a
scale length of ~ 10 cm, it must be remembered that this profile is
contributed to by an infinite "train of pulses" and it is the earlier
or more expanded ones that produce the asymmetry.

The fact that the

CIII distribution when puffing from r
= 23 cm (fig. 1O.5-5A) is
PL
more symmetric can also be explained using the criterion.

In this

case, X . is a factor of ~ 4 larger and M a factor of ~ 2 larger (in
the opposite direction), thus implying that the expansion is
unaffected until w > 60 cm, a factor of 2 larger than in the
r

= 25.5 cm case.
While the theoretical results for the density profiles n(z)

presented in fig. 10.5-10 have been normalised for comparison with
experiment, the model (eg, eq.(35)) determines the absolute density.
The calculations indicate that at the high gas flow rates used
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(~ 1 Torr A s"1) the density of the dispersing ions in the region
|z| < 3 cm approaches that: of the background plasma.

Despite this,

neither the reciprocating nor the built-in Langrauir probes detected
any significant perturbation in the local values of n

or T .

In

addition, the experimental results for the toroidal distributions
showed little dependence on flow rate.

These observations suggest

that the local impurity density is less than the theoretical values.
It may be that the calculated ionisation T ,
x , times are in error.

If, for example, T

and/or thermalisation
is actually smaller

than expected and/or T , is larger, then the calculated local density
would be reduced and the perturbation less.

Either or both of these

errors would, in addition, bring the theoretical curves in
fig. 10.5-10 into better agreement with experiment.
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10.6

PARALLEL IMPURITY TRANSPORT ON OPEN FIELD LINES

In this section we investigate both by experiment and simple
theory the effect of the pre-sheath on the transport of impurities in
the SOL.

Close to the surface the flow velocity will be near-sonic,

M ~ 1, and thus impurities originating at the limiter may be swept
back to the surface by frictional drag from the background plasma.
In addition, an ambipolar electric field will be present which will
also tend to drive impurities to the surface.

While measurements

have confirmed the presence of a significant plasma flow velocity
towards limiters/divertor plates'-8"26' 1 0 - 4 0 J

(also fig. 8.6-2), no

measurements of the ambipolar electric field have yet been made.
Various theoretical approaches predict widely ranging values for the
electric field.

For example, the simple fluid model, developed

earlier (Chapter 4 ) , gives a very large value, as does a number of
other models'-10"41'10*''*2-', while the results by Emmert et alL4"4-!
predict a weak field near the surface.
unclear.

The situation is thus

If both the electric field and background friction are

present and do, in fact, sweep impurities ionised in the SOL back to
the surface, then the contribution to the impurity content of the
confined plasma will be significantly reduced.

10.6.1

Experiment

To investigate the transport of impurities in the SOL in a
controlled way the carbon emissions are observed as known flows of
CH^ are again puffed from the probe limiter, but this time from the
side of the body, so that most of the ionisation and transport is on
field lines that connect directly back to the surface (open field
lines).

To accomplish this, the gas channel within the probe limlter

body is re-routed to release the gas at the position of Langmuir
probe 2 (LP2) on the electron-drift facing side.
typical CI contour map appear in fig. 10.6-1.

The geometry and a

The CI contour map

does not include emissions due to carbon atoms sputtered from the
probe limiter body.

This contribution is removed numerically by

subtracting the video picture with no CH^ puffing from the picture
with CH^ puffing.

The gas flow actually engulfs the probe and thus
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Fig. 10.6-1

CI contour map from the CCD camera data showing the
geometry for CH,, gas puffing from the body at Langmuir
probe LP2 (see inset).
A at t - 400 ms.

Data taken in plasma conditions

The contours are equi-spaced and

increase monotonicly from an intensity 1 a.u. far from
the orifice to 10 a.u. at the orifice.

See fig. 7.2-1

for details regarding the viewing geometry.

Information on the local perturbation by the gas on the plasma can be
obtained.

Experiments are first performed in the standard 2T, 150 k.A
helium discharge with a line average density ii = 4 to 6 x 10 1 9 m~3
(plasma conditions A ) . Later, the main discharge parameters are
changed to alter the plasma conditions at the gas outlet.

In both

sets of discharges the probe limiter radial position is fixed at
r

- 23.0 cm and thus the gas puffing orifice at r = 24.4 cm is well

immersed in the boundary plasma.

In the standard helium discharges,

only at the highest flow rates (> 3 Torr 1/s) is the perturbation in
the local plasma conditions detected by Langmuir probes 1, 3 and 4.
More generally the perturbation is confined to Langmuir probe 2 and
then only to the floating potential § , and the ion saturation current
density j , with the electron temperature T

remaining unperturbed.

These are shown as a function of time through the discharge in
fig. 10.6-2, where the floating potential with respect to the probe
limiter body has been normalised to the constant electron temperature
T

= 15 eV.

In this discharge the gas flow reaches its peak value

(~ 3 Torr Jl/s) at t ~ 300 ms and decays to a value of ~ 1 Torr l/s at
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t = 400 ms.

At the time of the peak flow the floating potential is

depressed by eA$f/kT

0.4 and the ion saturation current drops by

a factor ~ 2. By t = 400 ms these perturbations nearly disappear
with the plasma conditions returning to the results with no CH^
puffing.

The unperturbed ion saturation current is ~ 0.8 A/cm2 at

t ~ 400 ins, which gives a local plasma density of n&~ 1.5 x 10 1 8 m"3 ,
if we assume T = T
(eq.(4.1-8)).

and Z = 2 in calculating the ion acoustic speed

As with the puffing from the tip of the probe limiter,

the CH^ only slightly increases the line average density n e , with a
similar utilisation efficiency of AN e /N C H

~ 0.03 electrons/added

electron.

WITH O U
WITHOUT CHA

0.5

200

300

400

500

3

TIME ( s x 10' )
Fig- 10.6-2

Langmuir probe data from LP2 taken during CHU puffing in
plasma conditions A as functions of time: (A) CR4 flow
rate (B) the normalised floating potential
(T

Sf/"*Te

» 15 eV) (C) the ion saturation current density
S

Despite the perturbations detected by LP2 the observed spatial
distributions of the CI, CII and CIII light due to the CH^ injection
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did not change appreciably.

The normalised toroidal distributions at

t * 400 ras in plasma conditions A appear in fig. 10.6-3A as functions
of x, the distance along the field line from the injection point.
The CI distribution corresponds to the contour map given in
fig. 10.6-1, where the intensity through the centre of the glow has
been plotted.

Similarly, the CII and CIII distributions are taken

along the field line giving maximum peak intensity.

In all cases the

intensities shown have had the results from an identical discharge
with no CH^ gas puff subtracted out and thus contributions due to
carbon sputtering from the body are removed.

This procedure is

especially important with CIII, where a significant background level
is present in the plasma.

The CI contour map and toroidal

distribution appear to confirm that most of the carbon is ionised on
open field lines.

The CII distribution, as with the results from the

last section, is only slightly different from the CI.

The CIII

distribution suggests that a small fraction of carbon ions end up on
closed field lines inboard of the leading edge.

Whether this is due

to penetration by the neutrals or cross-field transport by the ions,
it is difficult to determine based simply on these observations.

In

any case, it is apparent that in the SOL the CIII emission extends
~ 5 cm beyond the CII along the field lines.

Unfortunately, the

field of view is limited by the window port to x < 9 cm.

To reduce the penetration of the neutral carbon and to otherwise
vary the plasma conditions, the local electron temperature is
increased by changing the main discharge parameters.

The fuel

species is changed to deuterium, while the plasma current and line
average density are reduced to 110 kA and 1.7 x 10* 9 m~3,
respectively (plasma conditions B ) . The resulting local electron
temperature as measured by LP2 increases from 15 eV to 30 eV with the
local electron density remaining the same.

The spatial distributions

of the CI, CII and CIII emissions obtained when the local plasma is
minimally perturbed are shown in fig. 10.6-3B; again, background
contribution? have been subtracted out.

As expected, the CI and CII

distributions are very localised and extend toroidally much shorter
distances compared with plasma conditions A.

In the CIII case, while

streaming is evident on field lines connecting to the orifice, no
streaming is observed on the opposite side, confirming that carbon

- 292 -

PROBE UMITER
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V

s

(A) H e " 15eV
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0.0
1.0

f

(B) D* 30eV
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Fig. 10.6-3

Toroidal distributions of CI, CII and CIII emissions
during CH,, puffing in plasma conditions (A) He,
T e - 15 eV, t - 400 ms (B) D, T
minimally perturbed.

- 30 eV, local plasma

In both cases the local electron

density, as measured by LP2, is n ~ 1.5 x 10 1 8 m~ 3 .
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atoms (or ions) are not reaching closed field lines.

Under these

conditions the CIII light extends toroidally farther than in
conditions A, with the intensity being nearly constant within the
field of view.

10.6.2

Perturbation

The perturbations to the floating potential and the ion
saturation current during the peak flow can be explained, at least
qualitatively, by considering the effect of impurities on the sheath
potential $ and the ion acoustic speed c - The sheath potential,
s
s
given by eq.(4.1-17), increases as the mass number of the plasma
increases.

Some examples are given in table 10.6-1, where we have

neglected secondary electron emission.

While the change in sheath

potential is not large for these cases, it is sufficient to explain
the observed change in floating potential.

We first of all assume

that the plasma potential far away on the field line connected to LP2
remains unperturbed.

The fluid theory developed earlier gives a

pre-sheath voltage drop that is independent of plasma species and
thus, the drop in floating potential is due only to an increase in
the sheath potential.

Compare, for example, the change in sheath

potential caused by switching from He"1"1" to i;1 ' , with T . = T , we have
eA$ /kT ~ 0.55, which is close to the observed value of ~ 0.4 in
S

fig.

6

The C1"* temperature is likely to be less than the

10.6-2.

Species

e* /IcT
T, - 0

i"

T

(normalised)

T

e

i"

T

He+

- 3.53

- 3.19

0.58

0.82

He**-

- 3.15

- 2.98

0.82

1.00
0.47

C+
C+++

Table 10.6-1

T

c

- 4.08

- 3.73

0.33

- 3.73

- 3.53

0.47

0.58

" 3.53

- 3.39

0.58

0.67

e

Examples of calculated normalised sheath potentials
* and Ion acoustic speeds c for different plasma
ions.
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background temperature since the carbon ions are born cold and,
therefore, the appropriate sheath potential is somewhere between the
T. - 0 and T

» T

values.

Of course, the local plasma is not wholly

composed of carbon ions and thus the sheath potential will be given
by some weighted average of helium and carbon values.

In any case,

the results are consistent with a significant change in the plasma
composition incident on LP2.

The probe measurements indicate that the local electron
temperature remains constant even when the gas puff is roost intense.
If we assume that the local electron density is also unperturbed by
the carbon injection, then the drop in ion saturation current j
be explained by a decrease in the ion acoustic speed c

can

(eq.(4.1-8))

caused by the increased carbon content; eg, as the ionic mass
increases, c

decreases, thus reducing j

(eq.(8.1-3))•

Values of

the ion acoustic speed have been included in table 10.6-1 and
normalised to the He"*"*" (T. = T ) case.
++

from Re

11

to C""", c

One can see that on changing

decreases by a factor ~ 2, about the same as the

observed decrease in the ion saturation current (fig. 10.6-2).

As

with the change in floating potential, the results are consistent
with a significant level of carbon ions within the SOL when the gas
puff is most intense.

For this reason the data presented in

figs. 10.6-1 and 3 are taken when the plasma conditions are only
slightly perturbed.

Unfortunately, some perturbation is unavoidable

if the gas puffing signal is to be detected above the background
light.

Despite the local perturbations detected with Langmuir probe

2 the spatial distributions of the CI, CII and CIII lights are only
weakly dependent on the magnitude of the disturbance, eg, CH^ flow
rate.

A similar observation was made earlier for CH^ injection from

the tip of the probe limiter.
10.6.3

Neutral Energy

The CI intensities in figs. 1O.6-3A and 3B decrease with the
distance x, along the field line, with e-folding distances of ~ 25 mm
and ~ 10 mm, respectively.
CII'- *

Using rate coefficients for ionisation to

J we can estimate the energy of the carbon atoms resulting

from the molecular break-up of CH^•

The mean free path \

by
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f

is given

n

where v

e<av>i2

is the velocity of the carbon atom.
<

- 3.3 x I0"1** m 3 /s, and the

coefficient at T g * 15 eV is ov>
electron density, n

- 1.5 x 10*" m"^ ; a mean free path of 25 mm

therefore gives a carbon velocity v
~ 0.1 eV.
\ f

In case A, the rate

~ 1200 m/s or an energy of

The second result in plasma conditions B, eg,

~ 11 mm, gives a similar energy when the appropriate rate

coefficient at

T g = 30 eV is used.

A mean free path of ~ 25 mm in plasma conditions A means that a
significant number of carbon atoms penetrate to closed field lines
inboard of the leading edge and therefore the observation of CIII
light on the opposite (ion-drift) side of the body is due, at least
in part, to neutral penetration.

In conditions B the mean free path

(\ - ~ 11 mm) is less than the orifice to leading edge distance
(~ 14 mm) and thus neutral penetration to closed field lines is
reduced considerably, explaining the lack of CIII emission from the
ion-drift side.

10.6.4

Model"

To correctly model impurity ion transport in the SOL account
must be taken, as with the transport on closed field lines, of the
heating and diffusion of the carbon ions.

In contrast with the

earlier analysis, however, we must also consider the effects of the
plasma flow and the ambipolar electric field.

A Monte Carlo approach

is best suited to this problem but this is beyond the scope of the
present study.

Alternatively, we can use analytic approximations to

investigate the impurity ion behaviour from two extreme points of
view.

First, the earlier results for closed field lines can be used

to estimate the importance of heating and diffusion and second, a
single particle approach (no heating or diffusion) can be used to
determine the trajectory of the ion subject to friction and the
electric field.

- 296 -

initial pulse

o

t =0

•*— E = constant
-— v, = cs
Fig. IO.6-4

Outline of the simple model for the expansion of a pulse
due to diffusion and the movement of its centre of mass
due to a constant background flow at Vj • c

and a

constant electric field E.

The approach is best understood by considering the following
simple model, outlined in fig. 10.6-4.

Again, we follow the

expansion of a "pulse" of particles as they expand due to heating and
diffusion, but also take into account the movement of their centre of
mass caused by the background friction and electric field.

The two

movements are assumed to be decoupled, so that the centre of mass
motion can be determined using a test particle calculation with the
diffusive expansion in the centre of mass frame of reference being
unaffected.

We also assume a constant background velocity c

(Mach
s

number M = 1) and a constant electric field E.

The diffusive

expansion, at least up to the point where the impurity cloud (or
front) touches the surface/sink, has been determined in the last
section.

For simplicity, we neglect the sink action of the surface

and thus in effect, move it off to infinity in the - x direction.
As discussed in section 10.5, the observed distributions are
actually contributed to by an "infinite train" of short pulses.

Once

the behaviour of a single pulse is determined the contributions by a
train of pulses are integrated-up with respect to pulse times.

This

is necessary in order to calculate the spatial distribution, but to
simply determine the characteristic excursions along the 'field lines
and qualitative trends with T , n , etc, the single pulse approach
used here suffices.
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The momentum equation for the test particle is given by
dv
n(v, - v)
m — - ZeE +
dt
x

(10.6-2)

where v is the ion velocity and v^ = - c , the background velocity.
The "slowing-down/speeding-up" time x

is simply related

theraalisation time T,.^, given earlier (eq.(10.5-5)) , by

.

(10.6.3)

T t h
m + m^

where again it is assumed T/m << T^/m1.

Equation (2) can be easily

solved to give
Zet
-t/x
s
v(t) - (
-) E (1 - e
)
m

(10.6-4)

-t/T
- c + ( v + c ) e
so
s
where v

s

is the birth velocity of the carbon ion, eg, the neutral

velocity.

Note that the Zex /m expression, multiplying the electric

field, is just the mobility.
The displacement x(t) is also simply obtained by integrating
eq.(4), eg,
Zex
x = XQ + (
2) E [t - t
m

-t/T
S
(1 - e
)]

(10.6-5)

-t/x
c

" s

t + T

s

( v

o

+ c

s

)(1

-

e

)

The initial position x , in the case of singly ionised species, is
approximately the mean free path for ionisation of the neutral,
mfp
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To proceed, some estimate for the electric field in the vicinity
of the probe llmiter is required.

As noted earlier, however, the

models available give widely different results depending on the
approach used.

The model due to Emmert et al gives a relatively

small, nearly uniform field just in front of the surface which is
approximately given by
An2 kT
E

(10.6-6)

which is just the pre-sheath voltage drop distributed over the
disturbance length L..
order < - 1 V/m.

Typically this gives a very small field of

The fluid model, developed in Chapters 4 and 8, on

the other hand gives much larger values and probably represents an
upper limit for the electric field.

The field in this case is

obtained by differentiating the potential $(M) (eq.(4.1-12)) with
respect to x and using eq.(8.6-8) for dM/dx, eg,

(10.6-7)

Thus according to our simple fluid model, the electric field rises
without limit as M -> 1 at the surface.
result'-

"

'

*

•').

(Other models give the same

The Mach number just in front of the probe

limiter is calculated using eq.(8.6-10) for M(x) with the following
assumptions, T
cm 2 .

» T. = 15 eV, D

= 0.3 m 2 /s, P f = 13 cm and A f = 22

At x ~ 4 era, for example, we obtain M ~ - 0.95 which gives an

electric field from eq.(7) of E ~ - 10 V/m, an order of magnitude
larger than the value predicted by Emmert et al.

The field increases

as x decreases so that at x ~ 6 mm, M ~ - 0.98 and we have
E ~ - 25 V/m.

Thus, in the following calculations we will assume

that over most of the observed region (fig. 10.6-3) the electric
field predicted by the fluid model is of order ~ - 10 V/m.

If the

electric field does play a role then significant differences should
be observed depending on whether the field is given by the low or the
high field results.
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(A) C* in H e " 15eV

E = 0 V/m
E =-10 V/m

2

3

TIME (s x 10"5)
Fig. 10.6-5 Trajectories along the field line (x - x Q ) of carbon
ions injected with either 0 eV or 2 eV initial forward
energy in the presence of background friction and with
(or without) an ambipolar electric field.

The trajectories determined using eq.(10.6-5) have been plotted
in figs. 10.6-5 and 6 for the two plasma conditions obtained.

The

relevant characteristic times are summarised in table 10.6-2.

In

both conditions an arbitrary initial position x

has been used and

two values of initial velocity and electric field.
velocity is taken either as v

= 0 m/s or v

The initial

= 5.7 x 103 m/s, the

latter corresponding to a forward energy of 2 eV.

The electric field

has been varied between E = 0, corresponding to the Emmert et al
case, and E = - 10 V/m, corresponding to our simple fluid model.

A

1

doubly ionised He"*"" background has been assumed, thus giving half the
ion density for the same electron density.

In fig. 10.6-5 only the

C"1" trajectory has been shown since the ionisation time T .

(to cr1"1")

is long compared to the time scale shown (see table 10.6-2).
fig.

In

10.6-6, however, because the electron temperature is much

higher, significant ionisation of the C*~ ion occurs during the time
of interest.

This is approximately taken into account in the

trajectory calculation by increasing the carbon ion charge to Z = 2
at t =

T.

= 5 x 10~ 5 s.
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(B) D* 30eV
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Fig. 10.6-6

Trajectories along the field line (x - x ) of carbon
Ions injected with either 0 eV or 2 eV initial forward
energy in the presence of background friction and with
(or without) an amblpolar electric field.

The

ionisation stage changes from C* to C4"1" at the
ionisation time T

iz

5 x 10" 5
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|

10

\

In fig. 10.6-5 (conditions A) the electric field makes little
difference to the C + trajectory and friction dominates.

This

contrasts with the situation in fig. 10.6-6 (conditions B ) , where
significant differences are obtained between the weak and high field
cases.

The greater importance of the electric field compared with

friction in plasma conditions B is to be expected since the
"speeding-up" time x

is approximately an order of magnitude larger

than in case A (see table 10.6-2); that is, the ions in case B,
although subjected to approximately the same electric field, are not
brought up to speed by friction as fast as in case A.

Plasma

Combination

Condi d o n s

A

C+ in He++
C++ in He4"1"

B

Table

10.6-2

T
(eV)

T
iz
sxlO"*

15
15

i

sxlO"6

136
2460

s
sxlO"*

61

92

15.3

23.0

C1" in D +

30

50

490

840

cr*" i n or*

30

400

122

210

A summary of the relevant characteristic times for
carbon ions in plasma conditions (A) He"1"1" at
T

» 15

eV and (B) D + at T

6

A

- 30 eV.
S

we assume T. « T and n - 1.5 x 10
1
e
e

10.6.5

18

In both cases
m~ 3 .

Comparison with Experiment

It is evident in figs. 10.6-5 and 6 that the excursion of the
ions along the field lines from the point of birth is strongly
dependent on the assumed initial energy.

The 2 eV results extend

~ 4 cm in plasma conditions A and some tens of centimetres in case B,
while the 0 eV trajectories head directly back to the surface. The
fact that the observed CII distributions (fig. 10.6-3) are similar to
the CI strongly suggests that the C"1" ions are born with energies much
less than 2 eV. This is consistent with the initial energy
(~ 0.1 eV) determined using the neutral mean free path calculation.
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The low velocity of the carbon atoms means that, once ionised, the
average carbon ion is quickly turned around by the friction and
electric field.

The observation- that the C H I emission is observed

well beyond the CI and CII extent can only be caused by diffusion,
which is included next.

Returning to the simple model outlined in fig. 10.6-4, while the
acceleration of the centre of mass towards the surface occurs due to
the pre-sheath forces, the cloud expands in both directions due to
diffusion.

Thus the excursions given in figs. 10.6-5 and 6 represent

lower limits and the extent of the impurity cloud or front is given
by x - x

+ w, where w is the half-width of the expanding cloud given

by eq.(10.5-26) in the last section.

Figure 10.6-7 gives w(t) for

the two plasma conditions, where we have assumed the initial width w
and temperature T

of the "pulse" of ions are zero, w

= T

=0.

1

Again, in case B, the species is changed from C*" to CT "^ at t = x . =
1Z
5 x 10~ 5 s.

In case A, although the time scale is smaller than the

C* ionisation time (x
~ 1.4 x lO"4 s) some ionisation does occur to
and for this reason the C1"*" expansion curve is included. Despite
the different combinations of ions and plasma conditions the results
are similar in that the half-widths are approximately equal
throughout the time of interest.

In fig. 10.6-8 we present the position of the impurity front
x - x

+ w as a function of time for three cases.

For plasma

1

conditions A, we include only the C " result with zero electric field
(the electric field makes little difference in this case).

This

extends only a short distance from the ionisation position, in
qualitative agreement with the experimental results in fig. 10.6-3A,
which shows the CII distribution to be only slightly different from
the CI.

The 0++ extent, although not shown, would be somewhat less

than the C1" due to greater friction.

This at first appears Co

contradict the experimental results, where the CII distribution is
narrower than the C H I , but recall that in this case, a certain
amount of CI ionisation occurs on closed fields where little friction
is expected.

This is apparent from the C H I intensity distribution

(fig. 10.6-3A) which is non-zero beyond the tip of the probe limiter
in the - x direction.

If this signal is subtracted out then the
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10

TIME(sx10"5)
Ftg. 10.6-7

The half-width w of the pulse £or carbon ions In plasma
conditions A and B calculated using eq.(10.5-26) as a
function of time.
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spatial extent of the CIII is indeed narrower.

Considering the

errors involved the result that the CI, CII and CIII distributions
are all similar in case A despite significant diffusion, confirms
that friction and possibly the electric field are acting.

In the

puffing results from the tip of the probe limiter (fig. 10.5-4),
where the pre-sheath forces are absent, we find the CIII distribution
significantly broader due to diffusion.

V o =0

O
X
I
X

Q

I
Q.

>

Z>

(A)
C*in He**15eV
E = 0 V/m

Q_

-10

0

5

10

TIME (s x10"5)
Fig. 10.6-8 The position of the carbon ion impurity front as a
function of time as i t is subjected to background
friction and the ambipolar electric field In plasma
conditions A and B.
For plasma conditions B two results have been included in
fig.

10.6-8, corresponding to no electric field and the field

expected using the fluid model (E ~ - 10 V/m).
different.

4

The results are quite

The high field results predict C" excursions that are
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similar to case A in that the clouds do not extend significantly
beyond the point of CI ionisation.

The low field results, on the

other hand, are much broader in better agreement with experiment.
They thus tend to support the conclusion that the ambipolar electric
field is much weaker than predicted by the simple fluid model and is
closer to the Emmert et al value.

Thus, it appears from these

experiments that while the frictional force can significantly impede
the transport of impurities away from the surface, the ambipolar
electric field has only a minor effect.
In all cases in fig. 10.6-8, although significant excursions are
indicated, eventually the background friction overcomes the diffusive
expansion and the carbon ions are returned to the surface.

Sputtered

carbon atoms would, in contrast with atoms resulting from CH^
break-up, possess considerable initial energy and thus would extend
further along the field lines before returning to the surface.

In

both cases, however, we have neglected cross-field transport.
Depending on the geometry, eg, distance to the separatrix, ions in
the SOL may "wander" onto closed field lines by cross-field diffusion
and thus "escape" the limiter.

The cross-field movement can be

estimated during a typical parallel excursion time, which is
typically ~ lO"4 s, eg, (D± t ) * ~ [(0.3 m 2 s" 1 )(10^ s)]* ~ 5 mm.
Thus carbon atoms initially ionised within this distance of the
leading edge may wander onto closed field lines and escape the sink
action of the limiter.

The C H I signal in fig. 10.6-3A, which

evidently comes from closed field lines, while due in part to neutral
penetration, may also be due therefore to cross-field transport of
the carbon ions.
Carbon ions injected using CH 4 gas puffing, in contrast with
sputtered atoms, are ionised at a well-defined radial position, eg,
either in the SOL or in the confined plasma, depending on the orifice
location.

For this reason the technique is useful in studying the

transport characteristics of the two regions.

Unfortunately, the

transport of atoms sputtered from the probe limiter body cannot be
investigated in the present experiment since the neutral source
straddles the separatrix.

The resulting spatial distributions thus

include emissions from open, as well as, closed field lines and the
individual contributions are difficult to separate.
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11.

CONCLUSIONS

The tokamak is at present the leading candidate for a
thermonuclear fusion reactor.

Unfortunately, tokamak plasmas are

easily contaminated since material surfaces (limiters and walls) are
in close proximity to energetic particles and photons.

The

contamination in present-day tokamaks is one of the main obstacles to
achieving thermonuclear conditions.

This thesis has dealt with the three main aspects of the plasma
interaction with the limiter; these are, boundary plasma conditions,
fuelling/recycling, and impurities.

The subjects have been first

reviewed and later, experiments have been performed to verify simple
models and to investigate new phenomena.

Boundary plasma conditions were discussed in Chapters 4 and 8.
In short, conditions within the SOL are well explained using simple
one-dimensional conservation equations and assuming anomalous
cross-field coefficients (D

and x, ) for'particle and heat transport.1

In contrast with simple models, however, flow conditions are
generally non-arablpolar in nature.

This affects both the. sputtering

and the power flux to the limiter with sputtering suppressed and
power enhanced at the leading edge and on the electron side.

The

opposite occurs at greater minor radii and on the ion side.
Conditions along the field lines within the SOL are adequately
described using a simple fluid approach except, as indicated later in
Chapter 10, when it comes to the ambipolar electric field adjacent to
the limiter surface.

Fuelling and recycling were discussed in Chapters 5 and 9.

Here

we have investigated deuterium and helium fuels and their recycling
behaviours from the graphite limiter and the stainless steel wall.
In the case of limiters, for both deuterium and helium, the very high
incident flux means that recycling is near unity throughout most of
the discharge.

For the stainless steel wall, on the other hand,

while it retains most of the deuterium fuel that is gas puffed during
the discharge, it appears to completely recycle helium fuel.
may be due to less charge exchange neutrals or a lower surface
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This

capacity in the helium case, both of which are consistent with
expected behaviour.

Deuterium and helium particles recycle from the

graphite limiter by reflection and desorption.

In deuterium,

desorption of molecules occurs and their subsequent break-up
behaviour in the plasma depends on the electron temperature, with
roughly one half the number of atoms produced at high edge
temperature compared with the number at low temperature.

Impurities, the last and most important topic since the
performance of the tokamak is affected, are discussed in Chapters 6
and 10.

First, investigating production mechanisms, it was concluded

that for the limiter, fuel-species physical sputtering is dominant.
Although evidence of deuterium chemical erosion of carbon was found,
it appeared to be of minor importance.

For the wall, both

sputtering and desorption mechanisms were indicated.

Following

production, the impurity is transported within the plasma and
eventually deposited on the limiter.

Deposition of impurities on the

limiter was confirmed with surface techniques and the transport
observed with the SPEX spectrometer and the CCD camera.

The spatial

distributions of neutral impurities around the limiter were in good
agreement with a sputtered atom transport code.

Once ionised in the

boundary plasma these impurities start to move away from the limiter
and into the plasma; this was the subject of the last two sections of
Chapter 10 (10.5 and 10.6).

The parallel transport was investigated

both in the confined plasma and in the SOL and although only of a
preliminary nature, it appeared from these results that transport
away from the limiter in the SOL is hindered by frictional drag from
the background plasma, with the associated ambipolar electric field
appearing to have little effect.

What is left to establish regarding the role of the limiter as a
source of contamination in tokamaks?

As we have demonstrated the

production mechanism, eg, physical sputtering, is generally well
understood.

There are still, of course, a number of uncertainties;

for example, the reason for the low chemical sputtering of graphite
limiters, the mechanism by which oxygen recycles, etc.

However, in

light of other uncertainties, in particular how impurities are
transported into the plasma and how they degrade performance,
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research in the future should try to establish the connection between
production and contamination.

The transport links the production,

which by itself does not matter, with the eventual contamination,
which is of critical importance since it stands in the way of
achieving thermonuclear conditions.

Thus, experiments, such as those

started in sections 10.5 and 10.6, that investigate how impurities
produced at the limiter are transported into the plasma and
ultimately degrade the performance of the tokamak will be of major
concern.

Another area requiring investigation, only briefly touched upon
in this work, is the role of the wall as a source and sink of fuel
particles and impurities.

The results in section 10.4 suggest that

the wall is important but at the present time very little is known of
the quantities of release, or even the mechanism(s).

Furthermore,

the transport of wall-produced impurities into the plasma is likely
to be different from the limiter case since the release mechanism(s)
are uncertain and the entire SOL must be traversed.

Clearly, this

area of plasma interaction, although not the object of study in the
present work, warrants more attention in the future.
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