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ABSTRACT

Probes are becoming widely used in fusion devices to measure edge
plasma parameters. Both electrical probes and surface collector
probes can provide useful data and the two techniques are largely
complementary. Energy analysers are included among the electrical
probes and long term probes placed on the walls for extended
periods are included in the surface probes. Methods of measuring
erosion and redeposition are also outlined. Some of the problems
inherent in probes such as disturbance of the plasma and practical
problems of construction are discussed.
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1. INTRODUCTION

The use of solid probes to measure plasma parameters has a
history going back at least to LangmuirT. Their use in tokamaks
however has been limited until relatively recently, partly because
of the difficulty involved in their proper deployment, and partly
due to uncertainty in the interpretation of probe data. - There is
no doubt that probes affect the plasma and the plasma flux affects
the probes. Each of these complex interactions has to be under-
stood if a reliable interpretation of what is happening at the
boundary is to be obtained. The presence of surfaces in the plasma
boundary as limiters, walls or as divertor neutralizer plates is
inevitable. One can make probes large so that they simulate such
components or one can make probes small so that they cause the
least disturbance possible to the plasma. In either case modelling



is necessary in order to interpret the results in terms of the
plasma surface interaction.

Probes can be broadly divided into two categories, electrical
probes (e.g. Langmuir probe) and surface collector probes. A list
of some examples of the two types of probes and the parameters they
may potentially measure is given in Table 1. We define electrical
probes to include any probe which uses an electrical measurement
technique, so the term encompasses gridded energy analysers, ExB
probes, heat flux probes, etc. They can, in principle, measure the
saturation ion flux, the power deposited, electron and ion tempera-
tures and hence can be used to evaluate the plasma density. At
present no electrical probe has been developed which can measure
impurities directly, although mass spectrometer technigues are
possible. Collector probes, on the other hand are able to detect
impurities directly. They rely on exposing a clean, well-
characterized surface to the plasma for a known length of time and
then removing the sample for analysis using one or more of the wide
range of the surface analytical techniques. From the collected
number of a given species of atom and the exposure time, the
average incident flux can be obtained. The technique is also of
value in distinguishing between different hydrogen isotopes. In
this case it has been shown that the energy of the ions at the
surface can be inferred by measuring the depth distribution of the
implanted species. This approach also has considerable potential
for determining both the flux and energy distribution of escaping
a particles in DT burning plasmas. In order to fully interpret
measurements with surface probes it is necessary to have indepen=-
dent measurements of the edge plasma parameters as well. So in
most respects the two techniques, electrical measurement and
surface analyses, should be locked on as complementary rather than
as alternative methods of measuring plasma edge properties.

2. EFFECT OF THE PLASMA ON THE FROBES

One of the first considerations is the type of plasma which
may be safely accessed by the probe. It is clearly necessary to
avoid excessive heat loads on the surface of a collector in order
to avoid evaporation of the collected species or diffusion of it
into the bulk of the material. This requirement is most severe
when attempting to determine the incident hydrogen flux and energy
in collector probes, since the trapped hydrogen can be thermally
released. The tolerable heat load on an electrical probe will be -
higher than for a collector probe, as it is normally only necessary
to prevent evaporation or thermionic emission from occurring. The
temperature rise of a surface is determined mainly by heat con-
duction into the bulk since radiation is often negligible for the
conditions of interest. The temperature rise can be calculated by
solution of the heat conduction equation. The solution for the



Table 1. Type of Probes and FRarameters Measured

Electrical Probes Parameter Surface Collector Parameter
Probes
Langmuir Probes Surface analysis
single n, Ty Vg Impurity mass and
flux T
I
double e Ta Plasma flux and PH'FD'PT'Ti
energy
triple ng To V¢
Larmor radius T. Thermal desorption | S L T
i H'" D" T'"1
probes probe
Energy analysers Alpha particle flux Fa'
Gridded Ng (E)
Ni(E) Metal surface N_(E)
a
collectors
ExB N; (E)
Erosion

In situ mass spectrometers
Thin film or implant

Impurity flux PI marker
Thin film activation
Hydrogen flux TH'FD'PT Weight loss
Collectors
Heat flux probe Macroscopic measurement
Fower By
Partial pressure
probes FH'FD'PT
Carbon resistance
probe FH’ Ty
ng electron density
Ve floating potential
Ter Ty electron and ion temperature
Py deposited power
N (E), Ni(E} electron and ion energy distributions
PI' PH' Fa flux of impurities, hydrogen, a particles.



surface of a semi=infinite solid at a time t after the start of a
constant power flux P is

AT = 2P Yt/(nKCp) (1)

where K is the thermal conductivity, C the specific heat and p the
density of the solid. The condition that a solid has a thickness,
d, large enough to behave like a semi-infinite solid is

a2 pc

<
t 4K

. (2)

(The parameter D = K/pC is known as the thermal diffusivity and,
for heat diffusion, is the direct analog of the diffusion coef-
ficient in kinetic theory). Materials with good thermal constants
are C, Cu, Mo, W. Values of the thermal constants are shown in
Table 2. It is seen that carbon, molybdenum and tungsten are
comparable. A heat flux of < 500 watts cm-2 for 1 sec is tolerable
if a surface temperature rise of 300°C is not to be exceeded. As
discussed later in sections 4.2 and 4.3, other criteria favour
carbon as a collector surface. It is seen that pyrolytic carbon
has good thermal properties in the direction parallel to the basal
plane, although it is very anisotropic. 1Its thermal conductivity
is particularly good at low temperature and it is therefore ideal
for collector probes where it is desirable to keep the surface as
cool as possible cf. chapter by Smith and Whitely. Copper is an
undesirable material close to the plasma because of its high
sputter yield and relatively high atomic number.

Table 2. Tolerable Heat Fluxes for Probes

Material YTKCp D AT,* Tolerable Heat Flux for 1 sec

em2s~1 x kW am™2 kW cam~2 Heat capa=-
at 300 at 300 for AT, AT=300K city for21mm
-1000K =1000K J cm

W 3.3 0.72 2400 4.0 0.5 700
Mo 3.3 0.56 1800 3.0 0.5 560
C(ATJ) 2.9 1.1 1730 2.7 0.43 740
C(Pyrolytic)l 10.4 12.3 1730 9.7 1.5 740
C(Pyrolytic)l 0.7 0.059 1730 0.65 0.1 740
ss 1.0 0.043 1000 0.5 0.15 430

* Temperature rise to that temperature at which the vapour pressure
is 107 torr.



For reactor relevant plasmas the pulse length will be much in
excess of 1 sec and therefore it is clear that if the critical
temperature is not to be exceeded only much lower power levels can
be tolerated. There are two approaches to this problem. One is to
design a collector which is actively cocled. It can be shown> that
active cooling, rather than inertial cooling, is appropriate for
pulse lengths > 10 sec. Clearly if limiters are going to withstand
heat loads in reactors then collectors can also be made to do so.
However, active cooling of probes will cause significant technical
problems. The other approach is to use moving collectors for short
times. Either the collector surface can be exposed for a short

time and then withdrawn from the plasma or else used as a time-
resolved collector rotating behind an aperture. 1In either case

exposure times of 0.1 sec can be easily obtained, increasing the
tolerable heat flux by a factor of 3.

We must now consider the plasma conditions accessible to such
collectors. The heat flux to a surface is discussed in detail in
section 3. It depends strongly on the potential of the surface

with respect to the plasma, and is nearly a minimum for the float-
ing potential. The incident power flux P is given in this case by

P=6 1" kT . (3)
S e

where § is the sheath energy transmission factor, Is is the ion

saturation current given by I, ~ 0.5 n,C4A, n, is the plasma
density, A is the probe area and Cg is the ion sound speed given

by

cs = /k ('re + Ti)/mi (4)

and T; and T, are the ion and electron temperatures respec-
tively. The sheath transmission factor is a complex function
which depends on the ratio of T;/Tes on secondary electron
emission coefficients y, and on the probe potential with respect
to the plasma. For a floating probe, with Ti/Te = 1, and

Yy = 0.6, & is typically ~ 8 for hydrogen. This is made up of 2
kTe each from ions and electrons, ~ 3 kTe due to the sheath
potential and ~ 0.5 kTe from the presheath. This subject is
discussed in more detail elsewhere (see chapters by Stangeby and
Chodura). From (3) using the values for I, and Cg we obtain

3/2 1/2 2

P=1.1868 n, '1‘e (1 + Ti/Te) watts cm (5)

for n, in units of 10" em™3 ana T and T; in eV. Normally we
have a limitation on the maximum power P, a material may intercept
for a given length of exposure time, e.g. as in Table 2. We thus
can rewrite (5) in the form

3/2

/2. =1
n_ < Pc(1-1 o) Te ) . (6)

1
(1 + Ti/TeJ
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Fig. 1 Maximum plasma density for probe operation as a function
of plasma temperature for power fluxes of 0.5, 1.0 or 2.0
kW cm™2 (Tg = T; is assumed).

We can then calculate the critical density n, which should not be
exceeded for a given value of T,. Results are shown in Fig. 1.

As the edge temperature increases the tolerable density

decreases. Fortunately in practice as the edge density rises the
temperature tends to drop thus allowing a reasonably wide range of
plasmas to be investigated. A further factor that has to be taken
into account is that at low incident ion energies there is a
significant fraction of the ion energy backscattered rather than
deposited in the solid, see Behrisch (these proceedings). This
reduces the heating of the solid. In the case of tungsten at low
ion energies the effect can reduce the deposited heat flux by 50%,
but in low Z materials such as carbon the correction is much
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smaller. This effect has to be taken into account when comparing
measured heat flux with plasma parameters.

3. ELECTRICAL FROBES

3.1 Single Langmuir Probe

A Langmuir probe is a conductor immersed in a plasma which
may be biased relative to a second conductor {counter electrode,
wall, limiter, etc.) in contact with the plasma. The theory of
the development of the sheath and presheath is developed fully by
Stangeby and Chodura (these proceedings). We recall a few
essential results in this section. The theory of Rrgbgs in
general is discussed in a number of standard texts™’-?

In the simple theory of a Langmuir sheath the high velocity
of electrons compared to ions causes an electrically isolated
surface to charge negatively with respect to the plasma. The
sheath potential Vg is set up when the probe is floating, that is,
when it may draw no net current, forcing the electron and ion
fluxes to the surface to be equal. For Ty = 0 this result can be

written as

kTe m,
Ve =@ M (ane]' (73

where e and m, are the electron charge and mass and m; is the
positive ion mass. For a hydrogen plasma Vg ~ 3k T,/e. The
presence of a sheath acts as a thermal barrier by reducing the
electron conduction and hence the heat flow, by as much as a
factor of 10. It also accelerates the ions into the wall with
energies exceeding their thermal energy. In the case of multiply
charged ions this can result in a considerable increase in the
sputtering rate. As T, increases the ions and electrons arriving
at the surface can produce secondary electrons which will tend to
reduce the potential. A model taking into account secondary

electron emission but with T;{ = 0 has been discussed by Hobbs and
Wesson’. A fuller treatment of the problem has been discussed by

Harbour and Harrisone.

Where the singly charged ions have a finite temperature it is
still possible to get a simple form for the sheath potential if it
is assumed that the electron energy distribution remains
Maxwellian®. The electron and ion current densities to the

surface are given by

= _ 1 _ _ ev

j = 2 necee(1 Te) exp ( Eir] (8)
yF n e °

e



Yo ™ secondary electron emission coefficient
_ 1/2
ce = (8 kTe/ﬂ me)
= 1/2
cs = (k ('1‘e + Ti)/mi))
V = potential between the plasma and the surface,
and n, is the density of the electrons (or ions) at the sheath

boundary. It can be shown that ng at the boundary is approxi-
mately equal to 1/2 of its value in the unperturbed plasma at a
large distance (say 100 debye lengths) from the probe surface.

At the floating potential the electron and ion currents must
be equal and we thus obtain

-V
1/4 nc e (1 = Ye)exp (kTef) =nce
or
kTe 2nme 2
Vpm=3= 2n m (1 + T/T /(1 - Yal (92)

where we have only included the electron impact secondary electron
emission coefficient. The complete calculation has been made by
Harbour taking into account the correct electron energy distribu-
tion10, However, the calculation is much more complex and the
result obtained in the simplified treatment is very similar.

Up to now we have been considering the floating potential of
a passive surface. We must remember that the pPlasma is normally
electrically connected to earth via the limiter (or wall). It
will therefore float at some potential with respect to this
surface. This potential cannot be precisely defined because the
limiter potential is an average of a complicated spatial variation
of sheath potential since it is exposed to the profile variation
of n, and T,. We also note that the floating potential of an
object in a strong magnetic field depends upon its size (see
Stangeby these proceedings). This results from the fact that
electrons and ions have greatly different gyroradii. The
different gyro radii affect the ratio of parallel and perpendicu-
lar mobility of the species and also change the apparent probe
collection area for ions and electrons. So although a floating
probe will take a value for its potential which is mainly
determined by its local Ter it will not in general be the same as
the limiter potential. It is frequently found that in scrape-off
plasmas the floating %otential of probes relative to the limiter
is less than 10 volts'1,



A probe in the plasma may have potential applied, say with
respect to the limiter. It can therefore be driven up or down
with respect to the plasma potential from its floating
potential. When driven sufficiently negative it will repel all
electrons and the current density arriving will just be the ion
saturation current density

Jgat = Me® Cg- (10)
The general expression for the net current density to the probe
j = 37 + 37, hence

N T _ - .
j=3 +3 =nec, - 1Vanec, (1-v)) exp(—), (11

where V is the difference between the potential of the plasma and
the probe. In Fig. 2, we show a representative single Langmuir
probe characteristic. The zones of behaviour may be described
heuristically as follows:

Region C: V << O0:

In this region all of the electrons are repelled and all of
the ions are collected. The ions are accelerated in the presheath
by the applied voltage and the sheath thickness itself is affected
slightly by the applied voltage. Thus there is only a weak depen-
dence on voltage and the formula for "ion saturation" applies.

#84X0901

- V¢ Vs Vp —

Fig. 2 Schematic of Langmuir probe characteristic illustrating
the floating potential Vg, space potential Vg.
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Fig. 3 Langmuir probe characteristic taken in the DITE tokamak
with plasma current = 120 kA, toroidal field = 2T and the
probe 35 mm behind the limiter.

Region B: Vg ~ V < Vg:

As the voltage increases some of the electron distribution is
admitted to the probe. The floating potential, Ver is then
achieved and the net current is zero. As V continues to rise an
exponential increase in the electron current is observed, as
governed by the second term of Eg. (11). It is from this zone
that T, may be computed from the slope of ln(j-jsat) vs V.

Vg: BAs V rises further the probe reaches the potential of
the plasma, also called the "space potential®™ and designated Vg,
the exponential term vanishes and the entire random electron
current is admitted.

Region A: V > Vg:

Above Vg one again sees only a slow dependence of current
density on applied voltage as the presheath attraction slowly
reaches further into the bulk plasma. This is the "electron
saturation" regime. In a strong magnetic field the electron
saturation current can be significantly reduced compared to the
zero field case. This is due to depletion of electrons in the
flux tube connected to the probe and the low cross field diffusion
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rate of electrons. It is discussed in more detail in section 5.1
and by Stangeby and Chodura (these proceedings).

An experimental Langmuir probe characteristic taken on a
tokamak with the torus as the reference potential is shown in fig.
3. It is seen that the ion saturation current is very flat to at
least - 100 volts. The floating potential is negative with
respect to the torus. The noise in the electron saturation
current is due to fluctuations; this is typical of behaviour in
tokamak boundaries as is the rather low ratio of electron to ion
saturation current. It should be noted that a probe can only be
driven to electron saturation when it is some distance outside the
limiter radius otherwise the current drawn and the power deposited
will be excessive.

Lan%muir probes have now been used in large numbers of
tokamaks 12=18 apng increasing use is being made of large arrays of
50 or 60 probes to_investigate poloidal variations of plasma edge
characteristics 19/

3.2 Double Langmuir Probe

There are times when a single probe may be difficult to use.
For example, there may be no well=defined counter=-electrode
(ground) plane as in the case of an electrodeless rf induced
Plasma in a dielectric container. There may be prohibitively
large fluctuations in V, induced by waves or turbulence in the
plasma. These lead to noise in the current which result in large
uncertainties in T.. There are also cases where the plasma is
dilute or otherwise easily perturbed and drawing large electron
saturation currents is undesirable. 1In these instances one may
employ a double Langmuir probe21/22 a5 ghown schematically in

Fig. 4a.

The double probe uses a small counter electrode as the
reference for the return current and the entire system floats at a
potential dictated by Vg and T,. This is shown schematically in
Fig. 4b for the case of V4 = Vy > 0.

The current voltage characteristic equation may be developed
by treating each electrode as a single probe, adding the con
straint that the system floats, i.e.,

jg+ da=0 (12)
and

Vo =V =V (13)

Thus one arrives at the expression relating the applied
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Fig. 4a Schematic of Langmuir double probe.

Vs

Fig. 4b Potential diagram for the above probe when Vq 2> Ve

#084x0905
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Fig. 4c Representative double probe characteristic.



potential, V, and the actual electrode potential Vq:

2exp (evf/kTe)

T T ¥ exp (-ev/RT) (14)

exp (eV, /KT )

This may be substituted into the expression for the current on
electrode 1 and electrode 2 to develop the general characteristic:

g+3," A
'+_ = i exp (eV/kTe) {15)

\¥]

where J 1s the current in the external circuit, (34 or = 35).
31 32 are the ion saturation currents for electrodes 1
and 2 respectively, i.e., the current observed when V4 <<
Vo and vice versa.

and Ay and A, are the collection areas of electrode 1 and 2
respectively.

A representative double probe characteristic is shown in Fig. 4c.
Differentiating (15) we find

.+ . +
ar e (31 )(:l2 "
[dv] T kT ¥ (16)
3, )

V=0 e (j1+ i
We note that in the commonly employed special case of A1
(therefore j1+ = j2+) the characteristic may be written

[l
»
[ X]

(17)

31 =, 2kT

and differentiating yields
kT j
e +

e 2(a3/av)_, : (18

T, is extracted quite easily from the slope of J vs V at V = 0.
As for the single probe, n, is derived from the ion saturation
value, the calculated Ter and the assumed, or independently

measured, T -

The principal disadvantage of the double probe is that
because both electrodes are floating it only samples the tail of
the electron energy distribution. For egual area electrodes it
samples ~ 14% of the distribution, thus if the distribution is
non-Maxwellian erroneous temperatures can be derived. For an
asymmetric probe a larger fraction of the distribution is sampled,
depending on the ratio of the areas and the ratio of the ion to

- 13 =



electron saturation current. Asymmetric double probes have been
used routinely on DITE23. A further drawback of the double probe

is that the floating potential is not measured. However this is
easily overcome by using the triple probe.

3.3 Triple Probe

A further modification of Langmuir probes involves adding a
third electrode in close proximity to a double probe. This
electrode is used to independently measure the floating gotential
and the entire configuration is called a triple probe2 125,
Taking the double probe analysis above, we have the result of
equation (14)

2 exp (evf/kTe)

BEP (BN RL) = e - eV/KT_)1

(19)

where V = V4 - V,. Suppose we set the applied potential so that
V >> kT, then from above we obtain

ev ev

1 £
— — N2 (20)
kTe kTe
or
kTe 1
e ~Inz (V1 Vgl ke

Fig. 5 A simple circuit for measuring the ion probe current and
the electron temperature using a combination of a double
probe and floating probezs.
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A measurement of the voltage between the positive double probe
electrode and the floating electrode yields T, directly. This can
be done by means of a simple electrical circuit2® as shown in

fig. 5. Fig. 6 shows a comparison of T, derived from the triple
probe analysis teo that derived from double probe analysis on

FDX. The agreement is quite good. A detailed comparison of
double and triple probes in magnetic fields has been given by
Budny and Manos16.

T T T T T : 250 T T T B T T T T T

T S |

T(mA)

PEEPENLY )

1 L L 'l 1 1 _250 L L 1 L L L 1 1 1
l-l T T L l_.l T T |-5 Ll 1 T T L ¥ 1 T T d
off PN M WM amk s
Tsof 1o .
E S A :
= e :
i O S S B : 1
i . :
~150 F ¥ ¥ Y u U v o

200 T l_ T L} T T 1 L L) 20 T B T T T T T T T
: :4-" ;\ }‘ !A\' 'n‘ ‘F“. :' : o] ‘Vl'VZ.) fits :
AN LA L A [
= L % FY gL od1 14 sl
Sop Py Py 4 St
AT IS
> F ..: '1‘ 1 b F ]
1 4 ' . s i i
i S : i
LA A A VA VA ¥
-200 ! L L L " L 1 L 1 0 i L 1 i 1 1 L L L
400 450 500 400 450 500
TIME (msec) TIME (msec)

Fig. 6 A comparison of double and triple probe behaviour. The
applied voltage (lower left) is measured relatively to the
vacuum vessel wall and resolved into two components Vis
Vp. The electron current j, (upper right) and
independently measured floating potential on the third
wire (middle right) are also shown. At lower right is
shown the directly read T, from the triple probe
superimposed on Ty, (0) calculated from the double probe
characteristics.



3.4 Other Langmuir-like Probes

Another variant on the Langmuir probe is the electron
emitting probe27. By operating the probe at an elevated tempera-
ture, it will emit electrons whenever the probe potential equals
or exceeds the plasma potential. The plasma potential can be
derived by comparing the current-voltage characteristics of the
probe when hot and cold. However operating at positive potential
results in high heat flux. Such probes are inherently physically
delicate and until recently have been generally of use only in
relatively quiescent low density plasmas. They can be constructed
to survive in denser plasmas“®, however, and with modifications
may be of value even in long pulse machines.

3.5 Heat Flux Probes

With simple electrical measurements it is possible to obtain
To and the ion saturation current. However without some assump-
tion about Ty it is not possible to derive the density.
Frequentlggit is assumed that T; = T, but this is not always
justified®”+ One way of obtaining information about Ti in
principle is to measure the power (By) to a probe. This can be
done quite directly by using a thermocouple and measuring the rate
of rise of temperature (dT/dt) of a thermally isoclated probe30.

_ . 4T 4 _ 4
Pb = mC ke a(T TB) + eo(T TB) (22)

where m is the mass, C the specific heat, a is the thermal conduc-—
tion drain coefficient, £ the emissivity, ¢ the Stefan-Boltzman
constant, Tp the vessel temperature and T the probe temperature.

@ can be obtained from the cooling curve after the discharge. For
short pulses heat loss by conduction and radiation can often be
neglected. By using a material with high thermal conductivity
such as tungsten or molybdenum it is quite straightforward to
obtain thermal time constants of ~ 1-10 ms. Electrical noise due
to inductive effects can be largely eliminated by careful twisting
of leads. However noise from the plasma can be a problem,
sometimes requiring integration times of » 100 ms to average out
the noise.

A heat flux probe is shown in Fig. 7a. Fig. 7b indicates the
maximum operating boundary in the power vs time plane for parti-
cular choices of thermocouple types.

The power Py arriving at a probe at floating potential is
given for singly charged ions by

-1
P = I_ kT {2(Ti/Te) 201 -y, o+ er/kTe} (23)

where we have neglected the ion neutralization energy.
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Fig. 7a The combined heat flux probe and single Langmuir probe

DS IS
0000000020 0745607220202 %% % %!
0000202020222 7070 %0 %0 %%
v"ououonououoooo%%%oﬂo?ooo S
0% &5
oo %02 %%

20000020 %%

290% 0% % %
0.0 0 0,09

20 %0%0%%%
PRHHRS

QRRELKRS
ERERRIKKANS

IR
RSRKKIX 1 SRRRRAXXXXRN
D) 00000 9.

oufaﬁeoooooll
0300202020 %0 %0 %%
2 &%%ooooab%.ll
(NN
oo¥
o .. ¢
POSIL oe m&ﬁqﬁﬁraxqill
Feletete %% 0200020 0% % %%
RO 52 oabwéwooob””
w
[aV ]

0 %%%
0% %%% %0050 %
Sotete %% 0%
A0S

90038;

00000

QXXX
SRR L RN
PORIEHHX XX = &Sﬁ%ooAmwv

.

026%% %% o%e
020%20%0 %0 %01 % %% %%,
OO 2
& >
038, 000002020 20202020 %
20000000702 %% % %%
&
! LRSS
IR
P 4 4. ¢
2070 0% %00 %2
05008%8%

r

2505

<

CRRRAKR
CCSRKL 00000000.11
é???%o:??wtwoéxPPwoh”

(,WI/MM) ¥3MOd

construction.

1.0

0.8

0.6

0.4

0.2

TIME (sec)

Fig. 7b Calculated operating boundary for a 1 mm thick Ta

In the unshaded region the probe

collector plate.

In the single shaded region a chromel

operates normally.

In the doubly shaded

alumel thermocouple will melt.

region a W/W-26% R, thermocouple calibration fails but the

device is not destroyed.
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Hence

T, e ev, i g )
T, 2kT I 2kT, 1=y,

We also have from Egq. (9) that

Ve "e Ty -2
E= - 1/2%n [Zﬂ(ﬁ)“ +E‘:) (1 "é ) 1. (25)

From Egs. (24) and (25) T; and V¢ can be obtained by successive
approximation and hence T; obtained independently of T,. However
in practice there are a number of uncertainties in this derivation
which lead to large_errors in Ty and at present it is not a very
reliable technique '. For example if the electron enerqgy distri-
bution is not Maxwellian but has an unexpected high energy compo-
nent this will give an unexpectedly high wvalue to P; and hence to
T;« Uncertainties in the secondary electron emission coefficient
or in the ion energy reflection coefficient can also produce sub-
stantial errors in the calculated value of Ty Thus the use of
the measured power to the probe to calculate Ty must be used with
caution. The technique however, is useful for measuring surface
temperature since this parameter is inherently of interest for
estimating the effects of evaporation, chemical sputtering,
thermal desorption, etc. The measured deposited power is also a
useful cross check on the power incident as calculated from
independently measured plasma parameters.

3.6 Mach Number Measurements

From a simple analysis of the scrape off layer radially
outside the limiter it is easy to show that there will be a stag-
nation point between the limiters and that the ions will acquire a
net drift velocity as they come near to the limiter, (see
Stangeby, these proceedings). There will thus be a difference
between the flux arriving at a probe placed a distance from the
stagnation point, depending on whether it is facing upstream or
downstream. The Mach number (M) of the plasma is defined as the
ratio of the drift velocity to the sound speed Cg- Under simple
conditions the Mach number will increase from zero at the
stagnation point to 1 at the sheath edge (according to the Bohm
criterion). Taking the fluid model for M < 1 we get a simple form
for the ra%io of the flux in the upstream to downstream
direction?

T 2 =M

2 + M

ale

€«g. for M = - 0.5 Pu/rd = 5/3



Thus by measuring R the Mach number can be deduced. This tech-
nique has been used by Harbour and Proudfoot 32 using 2 double
probes facing both directions simultaneously. Significant
asymmetries were observed which were interpreted as being due to
this flow and Mach numbers deduced. There are however a number of
difficulties with this interpretation. Kinetic and fluid models
give significantly different results so that the Mach number
deduced is model dependent. Both models give unrealistic
behaviour for M > 1 so that it is only possible to deduce that
flow is supersonic = not what the actual Mach number is. Finally
processes other than flow to the limiter can cause plasma drift
e.g. plasma rotation due to ion beams or rf heating. Thus at
present this technique has to be treated with considerable
caution.

3.7 Partial Pressure Probes

A completely different approach to measuring ion flux is
shown in fig. 8. An aperture defines the incident flux which
enters a small chamber and thermalizes by collisions with the
internal surfaces. The partial pressure rise in the chamber is
proportional to the incident flux. Although it is not strictly
speaking an electrical probe it is a direct reading device and so
is included in this section. If we consider the probe to be
floating and the chamber to be unpumped except for the aperture
then

r TV
AP = —ES= ——:ﬁ:;/ 2 torr

To ion gauge
or partial pressure
analyser
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L {_;."_.f'D::====J '

Fig. 8 Schematic of a pressure probe for measuring ion flux.



where I'  is the ion saturation current in amps cm™2, M is the
molecular weight of the incident ion, and we have assumed that the
aperture is thin and its conductance C is proportional to its
area. Thus a large pressure rise is predicted even for currents
at the mA cm™2 level. The pressure rise could be enhanced by
reducing the conductance using a thick aperture or decreased by
adding additional pumping. Tt is clearly possible to measure this
pressure rise using a partial pressure analyser and so to
distinguish between hydrogen isotopes and possiblg other gaseous
species. The technique has been applied to ASDEXS3. The practi=-
cal difficulties include getting a partial pressure analyzer
sufficiently close to the machine, to reduce the time constant of
the vacuum system to make real time measurements during a dis-
charge and at the same time to shield the instrument from
electrical and magnetic interference. Another problem is the
interpretation of the pressure rise as there is the possibility of
either trapping and loss of the incident species or desorption of
other gas at the internal surfaces of the chamber. The problems
are similar to those in measuring ion beam trapping mass spectro-
metrica11y34. Conditioning the surface by heating and using
repeated discharges until reproducible conditions are obtained can
enable a measure of the incident ion flux to be obtained. A
further difficulty is that the conductance of the hole for the
thermalized species may be reduced by the flux of energetic parti-
cles entering the chamber, so-called "plasma plugging". This
process is expected to be highly non-linear with little effect at
low density and a strong effect at high density. The situation is
similar to that for pumped limiters. In pumped limiter experi-
ments on ISX good agreement was obtained between the ion satura-
tion current and the pressure rise3® with Ps in the range 1 to 2
amps cm™2.

3.8 Complications in the Use of Probes

There are numerous complications that arise in the use of
probes to diagnose fusion plasmas. An obvious source of trouble
is the Qifficulty involved in the experimental design, construc-
tion, and deployment of probes. We defer this topic to the end of
this chapter.

Probes are intrinsically perturbing to the distributions they
attempt to measure. Probes collect particles in a certain portion
of phase space and reflect others thereby modifying distribu-
tions. As discussed by Stangeby3é the existence of a sheath
implies a modification of the plasma density and electric field at
its boundary. The electric field in turn seriously modifies the
ion distribution at the probe location. Simple estimates of the
degree_to which a probe intrinsically perturbs the plasma are pos-
sible”’. If the probe collector dimensions, d, become comparable
to the collisional mean free path Rmfp ’ i-e-d/hmfp ~ 1, the probe
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will seriously distort the distribution function of the collected
species. If the net probe current drawn is comparable to the
volume plasma source rate, the probe is more seriously pertur-
bing. This latter condition rarely applies to modern fusion
devices, nevertheless large probes may still seriously affect the
density of a strongly magnetized plasma over long parallel dis-
tances (see Section 5.1 of this chapter). Stangeby has given an
analysis of the various distortions which may occur for large
probesBB- Fortunately it is possible to correct scrapeoff lengths
of Ngr Tar and power extracted from measurements of radial varia-
tions rather easily. The analysis also indicates that when a
probe is operated in front of a limiter or "back stop", inter=-
pretation of the data is facilitated.

As probes are deployed in hotter, denser regions of the
plasma, the plasma-surface interactions discussed earlier play a
large role in disturbing the plasma. Obviously, evaporated or
sputtered probe material may enter the plasma resulting in large
changes of n, or T, and resulting in global modification of con=
finement or even major disruption. Sputtering or evaporation may
change the probe dimensions, and thus the effective collection
areas, in unknown ways. Ion recycling on the probe itself may
change the nature of the plasma in the measured region. This is a
problem at high densities where re-ionization of ions neutralized
at the probe can increase the local density and reduce the
temperature. The effect is also likely to increase with probe
size. Similar effects occur at the limiter and divertor target
plate so the problem is really one of interpretation - relating
the results obtained from the probe to the plasma conditions
either close to or far from the limiter surface.

On a less dramatic scale, changes in the surface conditions
of an electrical probe may lead to varying secondary electron
emission, ion particle and energy reflection coefficients, or
contact potentials, rendering the analysis difficult. The
bombardment of electrical probes by impurities or metastable atoms
also complicates the analysis since the secondary electron emis-
sion coefficient can be significantly changed. Overheating of the
probe can drive it into thermionic emission where the above theory
does not apply. Lastly, inherent fluctuations of n, and/or T, or
Ty can be quite large in fusion plasmas. Such fluctuations are of
fundamental physical i gortance and have been the object of recent
studies using probes39" o, However, such fluctuations make the
simple reduction of data described above gquite uncertain. 1In
particular, accurate determination of Te can become very
difficult.



4. MEASUREMENT OF ENERGY DISTRIBUTION

For the techniques described so far it is necessary to assume
that the ion and electron energy distributions are Maxwellian.
This is by no means certain as high energy components are known to
occur under some conditions e.g. runaway electrons at low densi-
ties and high energy ions due to neutral injection. As mentioned
earlier the comparison of measured power to ion saturation current
and electron temperature, that is, a determination of the heat-
flux transmission coefficient can indicate the presence of such
fast components. In order to determine the identity of such
components it is necessary to have some sort of energy analysis.

A number of systems have been tried, including retarding field
analyzers‘“'4 *43 and the ExB analyzer44s45 but none have been
widely used in tokamaks.

A problem common to all such analyzers is the proper design
of the extraction and retarding field elements4 « The particle
trajectories, determined by the electric fields sampled on passing
through the analyzer apertures may be subjected to unwanted diver=-
gence or focussing. The measured energy distribution functions
can be distorted by defocussing effects such as field penetra-
tion47' by space charge48, or other geometric effects particular

to the analyzer. Accurate description of the behaviour of such
systems may require considerable computational modelling.

Complication alsc arises in using such devices in very strong
magnetic fields wherein the alignment is critical. A misalignment
of a few degrees to the total field may have serious consequences
in some types of energy analyzers. This can lead to problems in
mapping radial profiles in certain tokamak discharges if the
magnetic field angle changes significantly over the region of
interest.

4.1 Retarding Field Analyzers

The well known retarding field analyzer49 is shown schemati-
cally in Fig. 9a. 1Ions or electrons can be analyzed by retarda=-
tion in the field between grids. By sweeping the retarding field
an integral distribution of ions above a given energy can be
obtained. The differential spectrum can be obtained either
computationally or electronically; one technique is to use a low
amplitude high frequency sweep while simultaneously changing the
retarding voltage®%, while the retarding field analyzer is simple

to use for monoenergetic beams problems arise in magnetized
plasmas. It is first necessary to separate ions and electrons.
If slits or grid meshes of size comparable to the Debye length,

An¢ are used then a sheath is set up and the electron flow into
tge analyzer is reduced to the value of the ion flow. However

such fine grids will withstand only low incident power. A further
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Fig. 9a Schematic of retarding field analyser (R.F.A.) particle
energy analysis. By scanning grid 4 potential an integral
energy distribution is obtained. By reversing polarity
either ions or electrons can be analysed.
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Fig. 9b An integral distribution from a retarding field analyser
resulting from the voltage scan shown, Taken during an
ohmically heated discharge in the DITE tokamak4°.

Fig. 9¢ A logarithmic plot of the ion current from 9b indicating a
sheath potential of ~ 20 eV and an ion temperature of
32 ev.



problem is that when using a small grid mesh or narrow slit the
effect of finite ion larmor radius must be taken into considera-
tion. The thickness of the grid must be kept small compared with
the hole size in order to prevent the attenuation of the ions with
transverse energy. This problem can be alleviated to some extent
by calculating the transmission factors of a given geometry as a
function of energy and using this to correct experimental data.

Results43 obtained in a tokamak boundary during ohmic
discharges are shown in figs. 9b and 9¢c. Fig. 9b shows the raw
data obtained with a voltage scan from + 120 to = 5 volts. The
integral distribution drawn on a logarithmic scale in fig. 9c
indicates the acceleration due to the sheath potential and a
Maxwellian distribution with an ion temperature of 32 eV.

4.2 The ExB Analyzer

The ExB analyzer has been developed by staib®. The ions
enter the analyzer through a small hole or slit. An electric
field E is applied at right angles to the existing magnetic con-
finement field B (Fig. 10a) The ions then have a drift velocity
vp in the ExB direction independent of their charge and mass:

Vv, = Ex g/sz (26)
By having a series of collectors as shown in Fig. 10a the ions in
different energy intervals can be detected. For a given geometry
the electric field can easily be altered to look at different
ranges of energies. Similar problems exist for the ExB analyzers
as for the retarding field amalyzers with regard to power flux and
ion transmission through the defining hole. 1In addition there can
be a greater problem with space charge. When the electrons are
removed the space charge of the ions will create an electric field
which may be significant compared with the applied field. This
additional field may cause spreading of the ions which can make
the measured energy distribution appear to be broader than it

is. This effect will determine an upper limit to the plasma
density which can be measured.

Despite these problems ExB analyzers have been used
successfully in tokamak plasmas. By using a slit size of 30 pm,
plasmas with density up to 5 x 1018 -3 have been analyzed45. Ion
temperatures obtained with an ExB analyzer compared with a retard-
ing field analyzer are shown in fig. 10b. Good agreement has been
obtained. A characteristic increase in ion temperature when the
gas feed is turned off is illustrated. The almost continuous
measurement of T; obtained with the ExB analyzer is a valuable
feature of this device.



Fig.10a Schematic of an ExB analyser showing the electric field
plates at potential + V and five collectors.
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Fig.10b Comparison of results with an ExB analyser and a retarding
field analyser (R.F.A.) taken in the same discharge on the
DITE tokamak?43.
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Fig.11a Rotating bolometer (heat flux) probe. The active elements
are hidden behind an aperture in the cap. When the
detectors are at a large angle with respect to the mag-
netic field only ions with large gyroradii are admitted.

Fig.11b Effect of filtering action on fast and slow ions as the
bolometer is rotated.



4.3 Rotating Calorimeter

Another energy discriminating electrical probe is the rota-
ting calorimeter (or heat flux) probe developed for use on FELT,
DX, and TFTR'. It is based on the measurement of heat flux as
described in section 3.5. Fig. 11a shows a schematic of the
device. It consists of two calorimeter plates with thermocouples
attached which are located relatively far behind apertures in a
cylindrical carbon housing. The filtering action of the aperture
is similar to that described for the collector-aperture probes
which are discussed in section 5.2. Fig. 11b shows schematically
how the filtering action can be employed to discriminate fast ions

from slow ions or electrons.

To extract the actual velocity space distributions associated
with a fast ion component is rather complicated. At present this
is done wvia Monte Carlo calculations. Initial distributions of
ion velocities are assumed and the anticipated distributions of
heat flux vs. probe angle relative to the magnetic field are
calculated. The fundamental parameters of the problem are
aperture size relative to the ion gyroradius and the ratio of
vl/v . The resulting angular distributions have a rather
compiicated behaviour in general. However, when the gyroradius
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Fig. 12 The calculated distribution of fast ions at the outer
midplane of HE.T and DX due to prompt losses of injected
neutrals.
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is very much larger than the aperture size the resulting angular
distribution is simply that associated with a plane parallel
flux (zero_?yroradius) shifted to a position such that

Qma = tan v,/V,. Fig. 12 shows results anticipated for
dlefributions of ions which would result at the outer midplane of

FLT and PX in the event of prompt loss during neutral beam

injection. The two cases are very easily distinguished. Fig. 13
shows data taken during 4.2 MW neutral beam injection on PDX. The

peak at ~ 81° from Brn indicates the occurrence of prompt beam
particle loss.

4.4 Larmor Radius Techniques

There are a number of different methods of obtaining
information on the energy distribution from the ion larmor
radius>2/°3734s35, (e ingenious technique is the Katsumato
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Fig. 14 The Katsumato probe. A collector plate P is mounted with

its plane parallel to the magnetic field. A guard ring G
shields P from electrons. Dimensions in mm.
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probe5§ which is shown schematically in fig. 14. Because of their
small larmor radius electrons are prevented from reaching a centre
disc collector when it is aligned witq the magnetic field. Ions
with their larger radius can reach it. A retarding potential
characteristic is taken using the disc electrode and from this ion
energy distributions have been estimated. However, there has been
no treatment of the effect of space charge due to the separation
of ions and electrons and it is unlikely to work satisfactorily
except at low densities. Results have been presented for the
DIVAS® and TcaS5? tokamaks.

A versatile energy analyzer for electron distributions has
been described by Arion and Ellissz. The device is based on the
absorption of ions by small cylindrical channels as plasma
traverses their length, thus the charge separation physics differs
from retarding field in beneficial ways that allow the device to
be made quite small. Stenzel et al33 have constructed a similar
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Fig. 15 A microchannel energy analyser. Ions are separated out
because of their large larmor radius and the voltage on a
simple grid is scanned to obtain the electron energy
distribution.
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Fig. 16 Comparison of results from a microchannel energy analyser
with a conventional retarding field analyser.

device wherein the channels are provided by a commercial micro-
channel plate as shown in Fig. 15. Fig. 16 compares the results
of this analyzer to a conventional gridded analyzer immersed in a
60 eV beam generated in a double plasma device. Energetic
electron tails are also easily measured in plasmas of densities up

to 2 x 1012 cm=3,

4.5 1In Situ Mass Spectrometers

The main drawback of the electrical probes we have described
so far is that they are insensitive to the ion mass. 1In principle
the presence of the magnetic field should allow an electrical
configuration which will provide mass analysis. Of the many
configurations possible the presence of the strong magnetic field
throughout the probe appears to restrict us to three possibili=-
ties. These are shown in figs. 17, 18 and 19 and have all been
quite widely used in other mass spectrometric applications58.
Application to plasma analysis introduces many of the same
sampling problems we have discussed for the energy analysers.
However if we assume these problems can be overcome or corrected
we take a plasma sample through a small floating aperture. The
ion beam emerging from the aperture has then an electric field
applied in one of the following ways.
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Fig. 17 Schematic of the omegatron mass spectrometer. Resonance
ions are accelerated by the rf field until they strike the
collector.

(i} The first approach fig. 17, is the omegatron. This has been
used conventionally both for residual gas analyzers and for
accurate mass determination. An rf field is applied as in a
cyclotron. The frequency of the rf is swept and when it is
resonant with the ion cyclotron frequency the ion is accelerated
in a spiral. BAn ion collector near the rf electrodes allows the
resonance peak to be detected. Relatively low potentials are
required and problems occur when used as a residual gas analyzer
with charge build up on electrodes. No application to plasma
analysis has been published.

(ii) The second approach is to use the 180° sector focussing
magnetic field. In order to increase their larmor radius the ions
are accelerated in a strong electric field at right angles to the
magnetic field, fig. 18. The ion then passes through a slit into
a region with zero electric field and describes a circular orbit
until it reaches a detector. The electric field is swept and ions
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Fig. 18 Schematic of the 180° sector field mass spectrometer.

of increasing mass are successively focussed on the collector
slit. The technique was successfullg used for impurity analysis
in the divertor of the C stellerator®? and more recently has been
used in other relatively low field plasma devices®?. No success-
ful application to a tokamak has been reported. Problems arise
with the focussing and extraction of the ions in the electric
field region. A large parallel velocity results in the ions
continuing to travel along the field while describing the circular
transverse orbit. The time to reach the collector slit in the
plane normal to B must be less than the time taken to travel the
length of the slit parallel to B. In principle this distance
should allow the parallel velocity to be measured. However the
problems which arise from the initial velocity of the ion causing
chromatic aberration are likely to cause serious degradation in
resolution. This arrangement of fields provides first order
focussing in one direction only.

(iii) The cycloidal mass spectrometer has an arrangement of
uniform crossed electric and magnetic fields which in principle
provides both directional and energy focussing, fig. 19. The
problems of ion sampling and acceleration are similar to those
described for the other devices. In addition it is important to
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Fig. 19 Schematic of the cycloidal mass spectrometer. Ions are
subjected to a uniform electric and magnetic field and
perform a cycloidal path to the collector.

have a uniform electric field. The condition for focussing is

2
m dB
- = = 27
e 2nE 125
where d is the distance between the slits, and E and B are the
electric and magnetic fields. There is no known use of this
arrangement for plasma analysis.

5. FLUX MEASUREMENTS USING SURFACE ANALYSIS
5.1 Theory

We have already discussed the flux measured by electrical
probes and how this can be interpreted to give the ion density.
However, the analysis assumes that the probe is non-perturbing.
Generally speaking collector probes are larger than electrical
probes and must therefore be considered perturbing. In a magnetic
field flow is predominantly along field lines and the presence of
a probe is therefore perturbing in the sense that it adsorbs the
incident flux. The flow to the probe in this circumstance is
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replenished by cross field diffusion. It can readily be shown61

that for a rectangular flux tube connecting with the probe, in the
absence of source terms within the flux tube,

Pl Al + FH A“ = 0, (28)

where Fl and F" are the fluxes perpendicular and parallel to the
field and A, and A are the areas of the cross section and the
side of the flux t&be. In what follows it is assumed that
ionization is negligible within the flux tube defined by the
probe. Ionization is negligible whenever the ionization rate
<0 ,,v > nn . V is small compared to the probe current, where
eii, e o e ; W ; i
o ., is the electron impact ionization cross-section, n_ 1is the
neutral density, n, is the electron density, and V is tBe volume
of the flux tube. When this condition does not apply one must add
the ionization rate as a volume source term in the conservation
equations for particles (equation 28 above) and momentum (see
chapter by Stangeby). The parallel ion and electron flux I' are

given in general for the collisional case by the equation

i dn
Pn = D|1 [dx + np“ E] (292)
where D, and W, are the diffusion coefficients and mobilities
along B. An analysis of the cross field and parallel fluxes leads
to an expression for the electron saturation flu:r:,ﬁzf63

r = 1/4 n_c( (30)

—)

N,e 1+

__ . Ma(1 + T,/T) 1)

T d d

a =D /D , d is the probe size and A is the electron mean free
path.” Equation (30) is a modified form of equation (8). For
strong magnetic fields r << 1 the electron saturation current is
reduced by a large factor compared with the value in zero field.
This reduction can affect the voltage range over which
An(I + I5 t) is proportional to V and hence the parameter range
over which T, should be calculated.

We now consider the ion flux, following the analysis pre-
sented by Cohen®l. The potential variation along the flux tube

towards the probe is shown in Fig. 20. With the probe at large

negative potential the ions get continuously accelerated and the
flux is given by the ion saturation current as discussed in

section 3.1. For a probe at a large positive potential
Vp > (Ty/T.) An((1 + r)/r] (32)

the ion random flux is reduced by a simple Boltzmann factor
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Fi = 1/4 n_ c_ exp (= eVP/kTi)- (33)

For intermediate potentials the ions see a potential hill, Vyr
between the undisturbed plasma and the probe. This hill can be
thought of as due to the resistance of the plasma to the electron
flow 1. The ions are retarded as they approach it and their
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Fig.20 Potential and density variation along a flux tube as a
function of distance from a probe surface. Fotential
distributions are shown for different applied probe
potentials A to E.



p(T)

e
T
1

o
o
o
1
]

/(E noEe)= PD

1 il | |
0 5 10 15 20

T:TIITe

Fig. 21 Ratio of ion saturation current to electron saturation
current as a function of the ratio T;/T, for the case of
collisionless flow.

density is reduced to n4 at the top of the hill

n, = n, exp (= VH/kTi). (34)
The ion current flowing to the probe becomes
2
k(Te + Ti)

The value of n, depends on the collisionality of the plasma. For
the case of collisionless ion flow it has been shown that

Fi = p(Ti/Te) 1/4 n,C, exp (= VH/kTi). (36)

p(T./T ) is a complex function which is shown graphically for pt
ions in Fig. 21 and c, is the electron random velocity defined in
section 3.1. In the ion saturation region the ion flux reduces to

Pi = p(Ti/Te) 1/4 n, cg (37)

It is seen that the ion flux is quite a strong function of the
T;/Te ratio. For p* p(T;/T,) varies from 0.02 at T; = 0 to ~ 0.1

at T; = 10 Tg. The general ?orm of p(Ti/Te) can be deduced from
the theory of Emmert et al.®%.

The question of the collisionality of the plasma has been
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considered by Cohen61- The plasma is collisional if the ion-ion
mean free path is short compared to the flux collection length,

L. The situation is complicated depending on whether impurities
are present or not. It has been concluded that in much of the
region accessible to probes the plasma is sufficiently collisional
to affect the parallel motion of HY ions and highly ionized

impurities, e.g. 06+. The flux tube length L is approximately

given by
L = 0.5 am,/p)"/? (38)
and the ion-ion collisional time is given hyss

3¢EI(kTi)3/2
Ty = il (39)
4/T n Anh e

Where &nA is the Coulomb logarithm. If we assume p* ions, inA =
10 and Dl = 2.5 x 10 /n we obtain

nd < 1.1 x 1012 Ti°'75

(T, in ev) . (40)

i = 10 eV we have ng ~ 1012 cm=3 as the upper
limit that may be regarded as collisionless. The inclusion of
other collisions (ion=neutral, ion-impurity, etc.) will further
reduce the permitted density.

Thus for d = 1 am, T,

For operation with collection probes it is most convenient to
maintain the probe at floating potential, both to simplify the
interpretation and to minimize the heat flux to its surface.

5.2 Surface Collector Probes: Hydrogen Isotopes

The hydrogen isotope flux measurement by surface collection
has been used on a number of tokmaks®®. Like other surface tech-
niques it has the advantage of allowing measurements to be made
after the discharge and away from the electrical interference
present during the discharge. It also has the advantage of allow-
ing differentiation between various isotopes present. The dis-
advantage associated with these methods is a lack of real-time
feedback to assist in tokamak operations or to guide the experi-
ment in progress. Such a disadvantage is often serious.

The interaction of energetic particles with solid surfaces is
reviewed in detail by Behrisch (these proceedings). The use of
collector probes for edge plasma analysis requires interpretation
of the implantation profiles which result from particle
bombardment. We briefly sketch the physical principles involved
in the development of the implantation profiles.



When an energetic ion or neutral atom strikes a solid it
loses energy at an energy dependent rate. At high energies the
predominant loss is wvia interaction with the lattice electrons
while at lower energy, loss of energy occurs via collisions with
the lattice nuclei, the ions undergoing scattering. The particles
of an incident beam come to rest at a distribution of depths. The
depth profiles are_accurately calculable for amorphous solids by
Monte Carlo codes®’ and are fairly well represented by gaussian
profiles modified to account for reflection loss at the front
surface®8. The 1st moment (mean) of depth profiles so constructed
is known as the "mean projected range®™ and the 2nd moment
(variance squared) is called the "depth straggling”™. A knowledge
of the depth profile can sometimes be related to the energy
distribution of the incident particles for a given target if it is
assumed that the particles are trapped at their stopping point in
the lattice and do not subsequently diffuse. Thus only materials,
such as carbon, silicon and beryllium which have very low
diffusion coefficients for hydrogen can be used. Carbon and
beryllium also have low atomic numbers and thus the fraction of
the incident hydrogen flux which is backscattered is low and the
sensitivity of the method is enhanced. The most commonly used
carbon samples for such probes are carbon ribbon (PAPYEX or FPOCO),
amorphous carbon films, and compresSion annealed pyrolytic carbon.

As the incident ions are trapped in the solid the concentra-
tion increases linearly. Eventually the concentration reaches a
saturation level, first at the peak of the range profile and then
gradually the saturation region expands, see fig. 22. The
mechanism responsible for saturation is not well understood but
the saturation level has been measured to be 0.44 hydrogen atoms/
carbon atom®? at room temperature. As the range of hydrogen ions
is roughly proporticnal to energy the areal density (atoms m~2) at
which the surface is saturated is dependant on the incident ion
energy. Thus by measuring the trapped fluence as a function of
incident fluence the incident flux can be obtained from the
initial linear part of the curve and the energy can be cbtained
from the saturation level.

In order to obtain the incident flux from such measurements it
is necessary to know the form of the incident ion energy distribu-
tion since this determines the number of incident ions which are
backscattered. 1If the energy distribution form is known, e.g.
Maxwellian or monoenergetic, then there are a number of detailed
models which can be applied. Wampler et a1.70, have done a care-
ful calibration of these models with experimental data using ion
beams to implant samples. They have shown that by taking a series
of exposures of samples to different fluences whose ratio is known
but whose absolute value is not known, the value of incident flux
and the ion energy or temperature (depending on the assumption
about the energy distribution) can be derived. In principle this
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Fig.22 Experimental measurements in BT of deuterium retained in
a carbon probe as a function of incident fluence. The
insert shows schematically the depth distribution in the
solid illustrating how the retained deuterium increases at
first linearly and then saturates.

technique is quite easy to apply since samples can be exposed to
different numbers of discharges. 1In practice, there are serious
problems with the method. The integration of collected flux over
time in the discharge is highly undesirable. Time-resolved
measurements show that the flux and particle energy change
dramatically over the course of a tokamak discharge often showing
large start-up and termination flux transients.’!'r/<s These
parameters vary a great deal during auxiliary heating as well.
Thus a time averaged value may be of little value in interpreting
the physics of the edge plasma. There has been a large dis=
crepancy between the flux measured by collector probes and that
measured by Langmuir probes when these have been compared 4, This
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could be the result of such time averaging or of the collector
probes losing a large fraction of the low energy component of the
plasma flux.

A variety of methods for measuring the areal density (atoms
) %s agailab%g These methods include nuclear reactlons75
e.qg. N,ay) “C and 2!-I[ He,p] He, thermal desorpt10n76, forward
nuclear scattering and Secondary Ion Mass Spectrometry (SIMS).
Thermal desorption is relatively simple, it is sensitive and can
often be carried out "in situ". By using a mass spectrometer all
isotopic species can be detected. The nuclear techniques require
the use of an accelerator and therefore normally require the
collectors to be removed from the tokamak. The hydrogen nuclear
reactions also require high energies {(~ 5 MeV) but the
2H[3He,p]4He reaction is very simple, and has good sensitivity.
Ross and co-workers’’ have recently developed a low energy
(350 keV) helium elastic recoil apparatus for Y and/or p* depth
profiles with a resolution of ~ 5 nm and an ultimate sensitivity
of 0.1 atomic %. Energy analysis of scattered products or nuclear
resonance methods permit these species to be depth-profiled to an
accuracy of ~ 10 nm, sufficient for many probe applications e.g.
fast neutrals lost during neutral injection heating 8 or minority
ion cyclotron resonance heating79. SIMS permits more accurate
depth profile determination (< 20 &) and this is more useful for
low energy plasma implants (T, ~ 50 eV) frequently associated with
the scrape-off layer. The use of two or more of these techniques
on the same samples is often valuable. Fig. 23 shows nuclear
reaction analysis of the retained deuterium during IDX neutral
beam injection, further analyzed by SIMS to obtain depth profiles
at various times indicated on the nuclear reaction analysis, fig.
24. The deep (E ~ 47 keV) beam component is clearly evident. A
similar combination of SIMS and ERD is shown for beam-heated KT
discharges in fig. 25. In both cases the non=-quantitative SIMS
profiles were supplemented by absolute flux measurements of the

other method.

Another method for determining ion energy with surface
collector probes takes advantage of the effect of finite larmor
radius on transmission of ion through an aperture normal to the
total magnetic fiel1a® The details of the method depend on the
specific geometry of the aperture as shown in fig. 26. When the
aperture length is large enough to permit more than one full gyro-
rotation of the particle as it traverses the opening the aperture
is said to be thick. Otherwise it is said to be thin.

It is possible to use electrical collectors behind such
apertures by examining the total transmission (collected
current) . Krawec31 has given a detailed analysis of the problem

for both thick and thin apertures and has presented a complete set
of numerical calculations in terms of dimensionless parameters in
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Fig. 26 Schematic of the transmission of ions of larmor radii rp
going through an aperture of thickness L and radius R.
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the problem; examples are shown in fig. 27. On fusion devices
such work has employed only sample collector surfaces for
detection. Staudenmaier and coworkers have considered the thick
aperture case and derived an analytical expression for the trans=-
mission as a function of distance from the aperture centreline.

An example of the expected behaviour of a 0.15 cm aperture in a 4T
magnetic field is shown for the case of pt ions in fig. 28. The
extraction of an ion temperature requires the assumption of an
isotropic Maxwellian ion distribution. Such an assumption is
likely to be untenable in many instances since sheath accelera-
tion, plasma rotation, or auxiliary heating all may

I -
L_.'f kT=1000eV
= 107 = -
> f :
- D+ rg = 0.15cm .
= B =4T -
1 -2 | 1 |
0 0 0.05 0.10 0.15

r(cm)

Fig.28 Calculated spatial distribution for deuterium ions of
various temperatures between 10 eV and 1000 eV on a
collector behind a hole of radius 1.5 mm in a toroidal
field of 4 Tesla.
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DITE tokamak at a field of 2 Tesla. The Monte Carlo
calculation is the distribution expected for ions of
temperature 60 eV.

generate non-Maxwellian, anisotropic ion distributions. Zuhr et
al. have accounted for non-Maxwellian distributions in their
Monte-Carlo orbit calculations82. Their calculated results are in
quite good agreement with the data. Less satisfactory agreement
is seen in fig. 29 for p* from the DITE tokamak. Multiple ion
reflection®3 may be a complication in this case.

- 46 =



1 '77

2 e P,
e

Z 75 5
Si0, | I
Carbon film

Ay

Silicon Metal
overlayer contacts
‘ |
Smm
Y

Fig. 30 Schematic of the carbon resistance probe.

5.3 Carbon Resistance Probe

A probe technique using a carbon thin film to measure ion
energy has been developed by Wampler34'85. Since direct electri-
cal measurements can be made in situ this technique should perhaps
be included in section 3. However because it depends on surface
modification due to ion bombardment it is more logical to include
it with the other surface techniques. The active element is a
thin film of carbon with a resistance which varies in a well-
characterized manner as it is damaged by an incident particle
flux. A schematic of the probe is shown in fig. 30 and the
technique is similar to the standard 4=Point and Van der Pauw
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obtained from ions of various energies. R, is the
resistance of the undamaged probe.

resistance diagnostic methods of ion-beam dose determination8® in
the semiconductor manufacturing industry.



The method relies on a change of resistance which occurs when
a carbon layer is bombarded. The resistivity is assumed to be

given by
p(x) =p, + A ¢ £ (x)

where p is the unperturbed resistivity, ¢ is the fluence, A is a
proportgonality constant, and f(x) is the damage profile induced

by the ion or neutral flux. Integrating for total resistance and
taking the difference induced by the flux damage one arrives at

AR = 22 [ £(x)ax

270

d
where 4 is the carbon film thickness. The damage profile £(x), is
related to the incident ion energy. The average ion energy may be
determined by plotting the resistance as a function of fluence, as
shown in fig. 31. We note again that the form of the distribution
function must be assumed (Maxwellian or monoenergetic).
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Fig. 32 A comparison of experimental and theoretical estimates of
the resistance change in a carbon resistance probe with
and without a thin surface layer of silicon.
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A variation of this probe is based upon classical foil
methods of particle detection4!, A thin layer of (high
resistance) silicon is coated over the carbon as shown in fig.

32. This admits only particles whose energy exceeds a minimum
valueselected by varying the Si layer thickness. By comparing the
behaviour of two such detectors with different Si thickness (one
of which may be conveniently chosen to be zero) it is possible to
determine the average particle energy from a single exposure
rather than having to carry out multiple exposures until satura-
tion is reached. The behaviour of a 6 nm overlayer is shown in
fig. 32. Such a probe has been used on HT. We note that the
distribution function must still be assumed and further wariation
is required for bimodal or multi-modal distributions. The
detector saturates fairly quickly and must be replaced, or
possibly regenerated by annealing. The device has very modest
power handling capacity (less than a few tens of watts/cmz) and
thus is of little value for sampling the ion flux near the limiter
region. In addition the thin overlayers may erode quickly under
such a flux. Therefore its use is mostly restricted to applica-
tions where a sensitive charge exchange atom detector is required.

5.4 Surface Collectors: Impurity Fluxes

Impurity concentrations are difficult to measure in the
plasma boundary. Although emission spectroscopy can be used in
principle, it is often difficult to get optical access and inter-
pretation is difficult without a detailed knowledge of the plasma
density and temperature profiles. Another possible technique is
laser-resonance-fluorescence which has recently been developed
into an exremely sensitive and powerful tool which can measure
local impuritg densities and also, with more difficulty, velocity
distributions®’. The surface collector method is complementary to
these techniques in that it allows measurement to be made of the
total population of the parallel flux integrated over all charge
and excited states. Time resolution can be obtained by a moving
collector. The technique is usually applied with the collector
surface normal to the magnetic field so that it collects all the
flux travelling rallel to the field on the flux tube connected
to the collector38, The collector surface must itself be free
from impurities and again both carbon and silicon have been
used. There is a wide variety of methods by which the implanted
plasma and impurity species are analyzed. Table 3 taken from
McCracken and Stott®”, lists most of the more common technigques.
Complete descrigtions of these techniques are available in a
number of texts?0. A recent review by Zuhr et al. also discusses
these methods®!. Therefore we will only summarize their use for
probe analysis here.

Both SIMS and Auger spectroscopy are suitable for surface
analysis. SIMS has very high sensitivity and good depth
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Table 3.

Surface Analytical Techniques

Technique Primary Primary Emergent Elemants Hinisus Advantages Disadvantages
beas energy particle datected deteccable
(keV) concentracion
(mouclayers)
XP5 X-ray X-ray 1=2 Eleccron 26 107! Sensicive; gives Mot quantitative
Phato= informatrion on
electron chemical struccure
spectroscopy of surface
AES Auger Electron 2-5 Electron z2 [ 1074107 Sensicive; compact; Decects only surface
Electron quantitstive layer.
Speccroscopy Meeds calibracing
IS5 1Ion lon 1-50 lon e26 107! Sensitive; gives Requires primary
Scaccering informacion on ion beam. Has to be
Speccroscopy surface structure calibraced. Detecta
only surface layer
P1IE Procton Ion 1 MaV X-ray 26 107 Senaitive; good Has to be calibraced
Induced element resolution Requires HeV ion beam
XI-ray Mo dapth resolucion
RBS Rutherford | Iom 0.5-10 lon 136 107=107" High sensitivity; Requires MeV ion
Back MaV quancicative; dapch beam. No light
Scatteriog discribucion elemencs. Surface
Bpactroscopy must be reascaably
smooth
HRA Nuclear Ioa "~ 1 HeV loa Sslected Varies with Dapth profila H,D Limited pusber of
Reaction X-rays resccion eclemants. Raquires
Analysis MaV beanm
SIMS Sacondary- lon =5 Ion Selecced 10741072 High semsicivicy; Mot quancitative
Ion Hass compact Can ba used only for
Spectroscopy Decects H and D cercain elemencs.
Dececcs only surface
layer
SEM Scanning Electron 5.50 Eleccron = = Sutface topography -
Electran good olucion;
Hicroseopy < 100 A; good depch
of focus
FR  Forward lon > 300 lon Light 107 All light elemencs Raquires flat
Recoil de ed surfaces

simultancously
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resolution but it is difficult to make quantitative. Auger
spectroscopy, when combined with sputter erosion, has equally good
depth resolution and can be quantitative, but it is less sensitive
then SIMS. Auger techniques are most useful for the examination
of light impurities. For heavy impurities the most frequently
used method is Rutherford Backscattering spectroscopy (RBS). RBS
is both sensitive and quantitative. It also has the advantage
that its sensitivity is proportional to the square of atomic
number (Z) so that the high Z impurities which are most
deleterious to the plasma are most easily detected. When
performed using heavy ion beams (such as 14y) packground
scattering via light substrates like C can be eliminated®2,

Transfer of samples in atmosphere is possible, although
contamination by lead in the atmosphere can be a problem. Air
trarsfer is not satisfactory for low Z impurities such as carbon
and oxygen and contamination can occur even with vacuum
transfer. Great care has to be taken with the collector and with
the vacuum system to overcome this problem. Time resolved
measurements of high Z impurities are shown in fig. 33. The
impurity flux is normally large during the starting phase93. In
this case the flux of both impurities and deuterium ions increases
during neutral injection94. Results for both time resolved fluxes
and radial grofiles of impurities have been obtained for a number
of machines>>—9% In general the incident metal fluxes at the

limiter radius are in the range 1018-101° ions m™2 s~

The determination of impurity energy and charge state has not
yet been satisfactorily solved. The implantation depth profiles
are too small for their measurement to be a satisfactory tech-
nique. There have been a few attempts to measure the larmor
radius by looking at the spatial distribution behind an orifice in
a manner similar to that discussed for hydrogen ions c.f. section
5.280/83  phis is quite a simple technique in some cases.
However, knowing the larmor radius does not give the energy and
charge independently. If the impurities are in energy equilibrium
with the plasma the energy can be obtained from the plasma ions
(necessarily of charge 1) and hence the mean charge state of the
impurities can be obtained. Results for titanium impurities in
DITE are shown in fig. 34. This technique is rather time-
consuming and has not been widely used. However, since the energy
and charge state are important parameters in determining impurity
sputtering and there are few alternative techniques available,
this method must be considered.

In general the surface collector technigues are rather
slow. Nevertheless they have the attraction that they allow
measurements to be made away from the radiation from the plasma.

This may be a very significant factor in their favour during
operation with DT reacting plasmas where large fluxes of neutrons
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and gamma rays will occur. The techniques are independent of
other plasma parameters and give information about the total flux
and the enerqgy with which ions arrive at the surface, which are
difficult to obtain in any other way.

5.5 Surface Collector Probes: Alpha HRrticles

The technique for alpha particle collection is very similar
to that for hydrogen isotopes and impurities. Helium ions are
tightly bound in the lattices of most materials and their trapping
behavicur and range-energy relationship have been studied in great
detail10 . Because they are not present as impurities it is
possible to detect very low concentrations. The attraction of the
surface collection technique is the possibility of determining
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both flux and energy distribution by measuring the depth distri-
bution in the collector.

The depth distribution will give a measure of the alpha
particle confinement. The mean depth of a 3.5 MeV g=-particle
implanted in nickel is 6 um as compared to the depth of a 20 keV
ion which is 0.085 um100- Thus the fraction of the o flux which
has not thermalized and contributed to the core heating should be
easily distinguished. 1If the alphas are slowed down in the plasma
then it is to be expected that they will ultimately diffuse out
with the other plasma ions and hit the limiter. There will only
be a very small charge exchange flux to the wall as the cross
section for proton charge exchange with helium is typically three
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Fig. 35 Depth distribution of helium ions in a nickel foil
implanted at 100 keV to a fluence of 2.9 x 1011 atoms
€m~“. The measured integral and the derived differential
distribution are shown. Rp is the projected range of the
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orders lower than for hydrogen1°1. The spatial distribution of
the a's which are lost before slowing down in the plasma has been
discussed by Bauer et 31102. Their distribution 1is expected to be
very asymmetric, coming out predominantly along the mid plane.
Thus collectors placed at intervals around the torus poloidally
and toroidally can be used to confirm this asymmetry and to assess
both the energy distribution and the spatial distribution of the
alpha particles arriving at the wall.

A variety of methods can be used for getting the number and
depth distribution of the helium. One of the most sensitive is
thermal desorption which in conjunction with surface lapping hasg
been used to determine the depth distribution of 101! atoms cm”
implanted at 100 kev103. Results are shown in fig. 35. BAn
alternative is to use nuclear scattering of protons after catching
the helium in a thin £i1m194. There is a nuclear scattering
resonance for helium which significantly enhances the back-
scattering cross section above the Rutherford cross section. The
use of thin films reduces the backscattering from the substrate
and allows the helium to be clearly observed. Using 2.5 MeV
protons the depth distributions of 50, 100 and 150 kev 4He ion
implanted in thin films of copper have_been analyzed. The sensi-
tivity of this technique is low, ~ 10 atoms cm'z, and is
therefore marginally useful for early DT experiments.

The collector technique thus can be used to confirm the
overall flux of alphas (which should be consistent with the
integrated neutron flux), to determine the degree with which they
have been contained by the plasma, and by using a series of
collectors around the torus to determine any poloidal or toroidal
asymmetries.

6. FROBES FOR EROSION MEASUREMENTS

Erosion of the wall and limiter will take place as a result
of a number of different processes including sputtering, arcing
and evaporation. Arcing and melting can often be recognized by
post exposure analysis but erosion due to sputtering is less
easily recognized. It is clear that the erosion rate will vary
widely depending on the local plasma and energy fluxes. The
removal of wall or limiter material is important not only from the
point of view of plasma contamination but also due to the actual
change in mechanical strength_ of tokamak components. Very large
erosion rates ~ 10-100 cm yr- are predicted for the first wall of
reactors due to sputtering if light elements e.g. carbon or
beryllium, are used. Most eroded material it is hoped will be
redeposited105- In the steady state in a closed machine on
average the net erosion must be near zero. However because of the
non-uniformities some redistribution of material is inevitable and
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this behaviour has been commonly observed in present

tokamaks106. Let us consider the simple case where we have an
impurity flux ', arriving at a surface at the same time as a
plasma flux I' _ . Neglecting impurity-impurity sputtering and
assuming plasma sputtering to be proportional to Y.C where Y is
the sputtering yield and C is the impurity surface concentration
(assumed < monolayer) then the surface concentration will be given

by
ac

:i?:I'I - CI'PY
III
l.8e c =I‘_PS' [1 = exp (- I‘PR)]

Thus the surface concentration will build up linearly and then
reach a saturation level given by a balance between incident flux
and sputter erosion. Obviously much more complex situations can
arise but it is clear that in measuring erosion it is necessary to
distinguish as far as possible between erosion and deposition.
Making measurements as a function of incident fluence is one way
in which this can be accomplished. We now consider some tech-
niques which can be used to make sensitive measurements.

6.1 Thin Film Techniques using Surface BAnalysis

The thickness of a thin film (~ 20 nm) on a dissimilar
substrate can be quite accurately measured using Rutherford
backscattering, SIMS or sputter Auger spectroscogg. In successive
measurements changes in surface coverage of ~ 10 m? can be
detected. Using moving probes, time resolution is possible and
good spatial resolution using small analysing beams is also
straightforward. In addition because RBS detects other elements
it is easy to distinguish between erosion of the film and
deposition of different atomic species on the surface: Thus if
the film is chosen to be an element which is not normally in the
tokamak system, it is easy to distinguish between erosion and
deposition. This technique has been used with Rutherford
backscattering as a sensitive method of measuring sputtering
yie1d5107. For RBS a heavy film on a light substrate is the
simplest to analyse108. The major drawback to this technique is
that the erosion of the film on a dissimilar substrate may not be
representative of bulk material. High heat fluxes may also be
perturbing in terms of heating the thin f£film to high temperatures
and possibly causing evaporation.

6.2 Implantation of a Marker Species

This is a development of the thin film approach. Instead of
evaporating a thin film a different atomic species is implanted in
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Fig. 36 R.B.S. spectrum of a molybdenum layer on a carbon
substrate. A small oxygen impurity peak is also present.

a standard substrate. This marker can be detected by surface
analysis and RBS is again a convenient non-destructive tech=-
nique. A heavy marker in a light substrate such as carbon is easy
to see, fig. 36. In this case the position of the marker in the
surface is determined from the energy loss of the backscattered
atoms in traversing the solid to the marker on the penetrating and
backscattered paths. The erosion of the surface is measured by
the change in the peak area.

A special case of this technique is the use of an isotopic
marker. Implantation of 3¢ in12¢ has been used by Roberto et
al1?8. to demonstrate erosion of carbon in the divertor plates of
the ASDEX tokamak. The results are shown in fig. 37. The 13¢
peak was implanted at 35 keV with an incident angle of 45° to a
dose of 2 x 1017 ions em™2. oOn the control sample the 13¢ peak is
quite clearly separated from the 12¢ edge. As erosion or
deposition occurs the 13¢ peak moves either away from or towards
the 12c edge. A change of about 10 mm in thickness can be
detected. The method has again the advantage that any other
impurity deposited on the surface can be clearly identified in the
RBS spectrum. Measurements of simultaneous erosion-and deposition
as a function of time are shown in fig. 38. Carbon is clearly
eroded during the initial phase of the discharge while iron and
titanium are deposited. Later in the discharge there is some
indication of carbon deposition.
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Fig.37 The R.B.S. spectrum of 13¢ implanted in 12¢c at 35 keVv to a
dose of 3 x 1017 atoms cm™2, as implanted and after both
erosion and deposition of carbon.
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Fig.38 Erosion and deposition as a function of time on a surface
collector probe exposed to 10 superimposed discharges in
ASDEX with 2.5 MW of neutral beam heating.

6.3 Thin Film Activation

A third method of measuring erosion is to use a nuclear acti-
vation technique. By using a nuclear reaction with a sharp energy
threshold and using a beam with an energy just above the threshold

a thin layer of the surface can be activated. When the incident
beam slows down below the threshold energy activation stops.
Many (a,n) and (p,n) reactions are suitable, Table 4, and have
threshold energies which can be reached with van de Graaff
accelerators 10 -



Table 4 Isotopic species suitable for thin film activation

Activation Activation

Half Life Energy, MeV

Days
9 Mo(p,n) 26T 4.3 7.5
4874 (p,n) 48y 16 6.8
56Fre(p,n)>6co 78.8 8.2
65cu(p,n)®5zn 244 5.2
12¢c(3ge,20)"Be 53 16.2

These reactions have been used in a wide ranqe of
applications110 including divertor plate erosion' 1. One
attraction of the technique is that real time measurements can be
made since the activated species are generally y emitters with
energies of 1 to 2 MeV and can be readily detected with a NaI
detector outside the vacuum vessel. BAnother potential advantage
is that the redistribution of the eroded material can be easily
detected from the activation of collectors some distance away.
The technique is in many ways similar to the use of neutron
"activation but because only a thin surface layer is activated it
is both more sensitive and requires much lower total activation
levels, typically 10 p C. The main drawbacks are that being a
radioactive technique safety precautions have to be taken and that
sensitivity is somewhat less than the RBS techniques. The
activated layer has a thickness of 1 = 100 um and the erosion
level which can be measured is > 0.1 pm. The technique does not
give information directly on whether deposition of other species
has occurred. There is no reason however why the two techniques
of surface analysis and thin film activation should not be
combined.

6.4 Measurement of Eroded Material

Another technique for measuring erosion which has recently
been tried'12 i ghown in fig. 39. The eroded material is
collected and subsequently analysed. In this case electron
induced X rays were used. Sputtering from a limiter like probe by
ions or from the wall by charge exchange neutrals can be measured.
The technigue could be used in conjunction with either the thin
film activation or the implanted marker techniques.

The above discussion makes it clear that there are many

useful experimental approaches to the measurement of erosion.
Much wider and more systematic use of these techniques should
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Fig. 39 Schematic of a collector for measuring erosion of the
limiter in a tokamak.

result in a better understanding of the processes involved and in
better estimates of wall lifetimes. 1In addition the measurement
of erosion rates in conjunction with measurements of incident ion
and electron fluxes and energies should give an excellent method
of cross checking the validity of various boundary layer models.

7. LONG TERM FROBES

A number of investigations have been made of the condition of
tokamak walls after a long period of operation’os. These show
that the material has been widely redistributed by a variety of
erosion and redeposition processes. In addition significant
physical damage by arcing, melting and evaporation is observed.
Careful observations can reveal large non uniformities in the
surface interactions. The analyses also indicate that changes in
the material properties (particularly surface properties) must
have occurred. Such properties including sputtering rates,
particle and energy reflection coefficients, secondary electron
emission coefficients, etc. are critical inputs to boundary
models. Direct measurements of data using samples from the wall
would allow an estimate of the error introduced by using the data
for pure materials. It is relatively simple to attach samples
which can be removed at intervals when access to the torus is
possible. Such samples yield a considerable amount of useful
data. The sample programme on JET includes:

(1) Examination of samples for physical damage using mainly
optical microscope and scanning electron microscope.
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Measurement of change of physical properties e.g. surface
hardness.

(2) Measurement of impurity deposition and erosion. Methods of
measuring erosion have been discussed in section 6.

(3) Measurement of changes in relevant surface properties such as
sputtering rate, particle and energy reflection coefficients.

(4) Measurement of the hydrogen and deuterium inventories = to
correlate this with the change in surface composition and to
try and estimate total incident fluence. This may be obtain-

able using a diffusion technique proposed by Borgesen et
a1174, The hydrogen or deuterium isotope inventory measure-

ment is particularly important as a cross check for estimates
of the tritium inventory during DT operation.

For all these investigations a range of collector materials
is desirable - in particular a low Z collector e.g. carbon which
can be used to detect the deposition of medium or high Z element
deposition; a second clean collector e.g. silicon to measure
carbon deposition, and a third probe material which represents the
wall material itself. Such probes need only be very simple so
that a large number placed in poloidal and toroidal arrays can
allow an overall picture of asymmetries. An example of the design
for the JET probes is given in fig. 40.

It must be recognized that such probes integrate over a long
period of operation and that the resulting surface conditions may
possibly depend on the number of malfunctions, e.g. disruptions,
or the discharge cleaning technique which is used, rather than on
the tokamak discharges themselves. Nevertheless since interpreta-
tion of the wall interactions depends in part on knowing the
properties of this real wall condition detailed investigations of
the type described are highly desirable.

8. CONSTRUCTION OF AND DEPLOYMENT OF FROBES

Section 2 of this chapter discussed the influence of plasma
heat flux on probe head materials. If T, and T; are known it is
possible to calculate a maximum electron density to which any
preobe material may be exposed c.f. eguation 6. In tokamaks, the
deployment of probes may be limited by other considerations.
Start-up and termination transients frequently involve very high
localized heat flux from either runaway or "epithermal”
electrons. Disruptions can deliver large amounts of power at
otherwise "safe" radii. Thus even using caution in the deployment
of probes, experiments frequently end in the incapacitation of the
collector element. This requires probes to be very robust.
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Fig. 40 Schematic of the collector probes used in JET to measure
poloidal and toroidal variation of long term deposition
erosion and damage.

Fig. 41 shows a comparison of a Langmuir probe once used
successfully in the C=-stellarator to a triple probe-calorimeter
presently in use on TFTR, where terminal disruptions can carry
large amounts of stored energy to interior wall components.

The construction of probe transport mechanisms requires the
solution of several difficult problems. One must provide a
machine vacuum of high quality; current baseline pressures are
better than 1 x 10”8 torr and must not be degraded by diagnostic
equipment. This usually requires bakeable (150 < T < 250°C),
metal-sealed systems. We note that sample exposure analysis for
light impurities places very strict requirements on vacuum. Even
at 1078 torr, monolayer coverage by background gas such as CO can
occur in as little as ~ 100 seconds.
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Fig. 41 A comparison of a Langmuir probe used in the C stellerator
(1956) with a recent probe from TFTR. The thin collector
wires of the former are scarcely visible protruding from
their long slender shields.

Probes generally require motion for positioning the head at
various locations and often require rotation of the head or motion
along a second axis. This requires a means to transmit these
motions using drive elements, bearings, and lubricants which are

compatible with the UHV requirements.

Electrical signals must be carried from the probe head to the
outside. In the case of complicated multi-detector heads (e.g.
combined ExB and retarding field analyzer) numerous independent
signal paths are required. These must terminate in a small space
at the probe head where the material temperature can become very
high. Thus special attention to proper insulation material is
required to maintain good vacuum. In some cases signals must be
transmitted many metres in vacuum and conductors must safely
compensate for large motions required by the operation. In future
work the environmental requirements are quite difficult to
fulfill. Fig. 42 shows present day requirements imposed by D=-T
operation of TFTR; those for reactor-like operation of JET are
even more stringent. One sees that these small signals (on the
order of millivolts and milliamps) are being acquired less than a
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Fig. 42 Schematic diagram showing the requirements for probe
operation in TFTR using DT fuel.

metre away from the plasma core where the electro-magnetic
interference conditions are severe. Excellent grounding and
shielding must be maintained as the probe head moves ~ 5 metres
from its rest position.

The solution to these problems cannot be given in general.
Each application has its own requirements which are sufficiently
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specific to the confinement device that descriptions of probe
drive mechanisms rarely appear in the literature. However,
summaries of the solutions for TFTR and JET 113 are available.
We treat a few practical problems in the next section.

8.1 High Heat Flux

As shown in fig. 41 one strategy for coping with high heat
flux is to make a very large probe nearly entirely from
graphite. There are instances where such large probes may be
inadmissible, however, and other strategies must be used. One
method is to place the probe on a very rapidly moving linear
drive. The probe may then be plunged quickly to the desired loca-
tion and removed quickly. It is also possible to have the probe
in place behind a very rugged cover which can be rapidly pulled
back a few cm to expose the elements and then replaced. Alterna=-
tively, the probe may quickly withdraw a few cm beyond such a
stationary shield. One very easy method, already used on KT, is
to rapidly rotate the active elements of the probe (hidden behind
apertures) into the flux for a brief period. The same probe

allows simple attenuation of the flux by changing the aperture
angle between shots.

8.2 Background Noise

There are three major sources of noise or "pick up" in the
tokamak enviromment. The first is rapid fluctuation in the space
(or floating) potential of the plasma itself. Such fluctuations
are often quite interesting; however in certain measurements they
constitute a source of noise. There is little that can be done to

reduce this source. The second, magnetic "pick up", can be
reduced by careful avoidance of uncompensated loops in the signal
path. Tightly twisted pairs of wires in devices such as thermo=-
couples, usually avoids this problem. The third source is tokamak
operation electrical systems including auxiliary heating
supplies. Avoidance of this source requires attention to proper
grounding and shielding techniques. A schematic of the cabling
used in the vacuum envelope of the TFTR probes is shown in fig.
43. The wire termination at the probe head requires a continua-
tion of the shielding. Fig. 44 shows a multiconnector coaxial
feed-through with which the TFTR probe heads mate. This feed-
through is capable of continuous operation up to 400°C.

8.3 Motion

Linear drives in many probe systems involve long distances,
for example, the JET fast transfer system, shown in fig. 45,
requires a motion of 22 metres. Such motion in this instance will
be provided by a railroad-like system of a carriage propelled
along an unlubricated track via linear induction motors.



Fig. 44 Malti-connector feed through used for probes on TFTR.

Vertical probe
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Fig. 45 The layout of the vertical probe drives and the fast
transfer system for taking probes from the plasma edge to
the surface analysis station on JET.
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Fig.46 The drive system for moving the probes on HT.

Shorter distances (5=-6 m) may be accommodated by internal
rack and pinion drives such as that used on TFTR or external
threaded=-rod/ball screw drives such as those on PFLT and DITE.
The latter drives are well-suited to bellows wvacuum spaces. A

photograph of such a probe is shown in fig. 46.

Lubrication of interior components is a difficult subject.
Most commonly, dry lubricants such as MoS,, WS,, Ag or Au are
employed on bearing balls and races and gear teeth. A combination
Ni/MoS, dry lubricant has been used successfully for high speed
probe bearings on HAT. Excellent results have also been achieved
with perfluoropolyethanes such as Bray116 or Krytox117. Whether
such lubricants may be safely employed depends on the specific
vacuum requirements, operating temperatures and proximity to the
plasma. Often it is necessary to reduce loads and speeds and run
dry dissimilar materials for bearings and gears.

Rotary motion is normally achieved via bellows sealed (wobble
drives, direct drives, etc.) feed throughs. Ferrofluidic feed-
throughs have been used for very long life and high loads. These
latter reguire shielding from the magnetic fields of the fusion
device. Unfortunately their application is limited as they cannot
be baked due to the high vapour pressure of the ferro-fluid.
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