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ABSTRACT

The dissipation of heat in the electrodes
of multi-aperture ion sources is a major factor
in limiting the power output and beam pulse

-duration. The results of a series of tests on
multi—éperture and single aperture arrays are
used as the basis for the derivation of formulae
which define the limits of the practical opera-

ting regime for a single edge cooled electrode

element.
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1. INTRODUCTION

Ion sources with multi-aperture elect-
rodes are now working with pulsed hydrogen
ion beam currents of a few amps and at power

(1,4)

levels in the 100 kW regime Intense

beams of neutral hydrogen atoms, formed when
the ion beam is passed through a hydrogen

gas neutralizer, are proposed as a means of
heating plasma in controlled fusion experi-
ments. In the near future we will require
for this purpose ion sources operating in
the megawatt regime. We investigate below,
for electrodes with multiple circular aper-
tures, the limitations which are placed on
the extracted power density by electrode

heating problems. The extraction geometry
is shown in Figure 1. The analysis is form-
ulated around the following basic points

which have emerged from experimental work at

Culham Laboratory(l’z).

(a) Our tests show that for multiple
circular aperture systems ~1% of the
beam power is dissipated in each elec-
trode.

(b) As a result of this heating the
electrodes expand. To prevent buckling
and consequent increased interception
of the beam we curve the electrodes
slightly towards.the plasma source.

The effect of the heating is now to
increase the degree of curvature.

(c) We take as a maximum acceptable
curvature the level at which the angle
subtended by the curved electrodes has
risen to the order of the natural beam
divergence (~3°) of the individual
beams. Experimental observations with
different curvature electrodes confirm
this as a sensible choice.

(d) These restrictions limit the per-
mitted temperature rise to ~100 K. We

calculate the change in temperature

with time of a uniformly heated, edge
cooled, multi-aperture disk electrode.
Two time regimes are identified. For
pulse durations (7) less than the ther-
mal diffusion time (tcr)' thermal
inertia prevents cooling of the centre
of the electrode, the temperature rises
linearly with time and for a given beam
power we must then limit the pulse dur-
ation. For =< > t,, Wwe are limited by
the conduction of power to the edges to

a power level at which we are in equil-

ibrium at the maximum permitted temper-

ature rise.

The purpose of this calculation is to
establish the safe operating conditions for
simple edge cooled extraction electrodes
and for combinations of them, on the basis
of what is currently achievable. If a source
requirement clearly falls well outside the
safe region then this indicates that either
we must go to a different electrode design,

e.g. rectangular slits formed from cooling

pipes,
or we must use some clever electrode mount

or multiple acceleration stage systems,

that compensates for the expansion; or we
must take more than average precautions to
reduce the interception of the beam. As to
whether our limits are realistic, we can only
say that in situations where we have clearly
exceeded these limits we have destroyed the

electrodes.

2. POWER DISSIPATION IN THE ELECTRODES

Power is dissipated in the electrodes
as a result of positive ions hitting the
negative and earth electrodes. These ions
release secondary electrons which in the
case of the negative electrode are acceler-
ated back towards the plasma source. Some

of these secondaries hit the positive elec-
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Fig.1 Exftraction geometry

trode, and in addition this electrode is
heated by the plasma source.

Negative Electrode

The current flowing in the negative

electrode circuit is typically € 3% of the

ion beam current (IB). The fraction

o
of this current represents positive i:msY

which hit this electrode at the full accel-
eration potential (Va + |VN[), (see Figure
1), v

Now typically

is the secondary electron coefficient
vy ~ 2, and therefore the
power dissipated in this negative electrode

(WN) is given by

Wy, < 1072 Wy )

where W_ = is the total ion beam

B IBVA
power (we take ]VN]<< VA).

Positive Electrode

Some of the secondary electrons will
hit the acceleration electrode. From the
potential profiles plotted in Figure 2 we
see that the number will be very small if
the plasma-vacuum boundary has a good extra-
ction shape. In practice it is difficult to
guarantee perfect plasma illumination of
this electrode and the distorted potential

profiles in the presence of an undesirably

shaped plasma boundary will increase the

interception of secondaries. The precise

level is hard to assess and for the moment

we point out that the intercepted current

of secondaries will be <£2%of the beam current.

We will arbitrarily assume O.5% interception.
The extraction electrode is also heated

by the source. The source current which

hits the electrode is I . I where

s 7 Nmr; B’
(a) is the surface area of the electrode, we
assume that this is uniformly illuminated.
The total metal area under optimum extrac-
tion conditions when the plasma boundary is

right through the electrode is

A = Tma® - Nﬂrf + N2nrlzl. w129

There are (N) apertures of radius (rl)
the electrode has a thickness (21)’ the
The packing frac-

is p = N&°
(transparency) is P = =5 =

electrode radius is (a).
tion, It is
the level of plasma dissipation on the sides
of the aperture that causes us to limit the
thickness of the electrode. The maximum
possible potential available to drive this
source plasma current is somewhere betwesn
the source voltage Vs and the sheath pot-
ential ~ 3Te .

In total for the positive acceleration

electrode, we have approximately

r(l-P) 2z=Vs -
W 2 TR Y = = W g e ()
Ll et e r v, " (3)
| T T T T T T T
| Idealised
| V=I-0 Accel. electrode plasma
L | boundary |
. |
- : V=-0-1 Decel. electrode
1
: V=0 Earth electrode
| L ) . s . ! 4

B
Fig.2 Potential profiles for a single aperture extraction system
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Typically P ~ 0.5 fl ~ 1 and for example
1
VS ~ 100 v, 3Te ~ 20V, V

A~ 2 x 10*V there-

fore at a minimum.

r(l-—P)+ 2z~ 3Te

T 3 -2
v i) v, 0.3 x 10
1

and with our assumed interception of 0.05%

of the beam

W_ < -2
1072 W, .. (4)

P

One final comment, we have neglected the
dissipation of radiation from the filament,
and we must design the plasma source so that

this does not present a problem.

Earth Electrode

The earth electrode and support structure
(2)

draw a small positive current . It is con-
sidered that the current comes partly from
slow positive ions and electrons from the
neutralisation region, with an excess of

the former, and partly from interception

of some fast beam ions for which we must in-
clude a secondary electron contribution. The
current of the latter contribution increases
as the aperture diameter decreases and is
typically 0.5 mA in a 15 mA beam. The fast
ions have the energy VA and the heat dis-

sipation is therefore

1 0.5

S e - i ~ 2
(1+y) 15 Wﬁ We again take vy
and obtain
W_ < 107 w i)
E B- '
From (1), (4) and (5) we see that similar

fractions of the beam power are dissipated
in each electrode and we set the power
dissipation

wD = FWB .. (6)

where typically F < 107%.

3. PEAK ELECTRODE TEMPERATURE

The temperature of a given electrode
increases with time as power is dissipated
in it until an equilibrium is reached with
the conduction of power away from it. We
will consider the case of a thin edge cooled
disk of radius (a). Clearly most types of
electrode structure can be approximated by

a group of such disks, where (a) then

represents the maximum distance from any
part of the electrode to a cooled region.
The temperature profile in a uniformly

heated thin disk is given by Carslaw and

Jaeger(3) as
= _ H(@® -r®)_ 2u
A= Iy = 4K aK
J_ (o x)

= “Raft~ - o

exp[-T 0w ] i rmay oD

r=l = HEEERE T "0y
where heat is dissipated at the rate of
H calories cm—®sec™ for t > 0, and
(Qn) are the positive roots of Jo(aa) = 0,

is the radial position.

(x)

The thermal conductivity is K

(ag,) = 2.4 etc,

cals cm™*

sec™K~' . The density is (p)gm em—2, the
specific heat is C_ cal gm~1k~*.

We are considering a perforated elect-
rode (see Figure 1) for which the mean
electrode density is

* -

p* = (1-P)p . -.(8)

The conduction path is also modified and we
must make a correction to the conductivity

we denote the effective conductivity by

K* = DK . .- (9)
We have computed the heat flow in a disk
perforatedwith circular apertures in a
triangular array and the computed values oi
D are shown in Figure 3.

The normalized temperature rise at the

centre of the disk ATC is plotted as a
-0 T T T T
08| .
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Fig.3 Thermal conductivity correction factor for a triangular
array of circular apertures,
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Fig.4 Time dependence of the normalised temperature at the centre
of an edge cooled, uniformly heated disk.

function of the normalized time in Fig.4.
It can be seen that the centre temperature

is essentially unaffected by conduction for

short times 7 such that
T<t = 0-20%e,% 10}
cr K* e
This guantity is plotted for P = 0.5 for

copper and molybdenum electrodes in Fig.5:
Many ion sources work in this regime where
the centre is not cooled during beam
extraction and

W_T

D
= S o
c 4.27agz(1-P)p*Cv Q1)

AT

z is the thickness of the electrod.

Melybdenum

I'!:f “ile

Copper
=0-30?

terls)

ter

[ 2 3

alem)

ﬁmﬁTMMMNNMMMMMHSnwmmMﬂnmumﬁu

For T > tcr with perfect edge

cooling
A a”® W
AT = oa - D _ WDtcr
"Tc 4K* 4z (1-P)4.2K* O.Bp*CV4.2nazz

.« 12}

4. ELECTRODE CURVATURE

The heat dissipation leads to a differ-
ential expansion of the electrode. If the
electrode is flat and rigidly held at the
edge it will buckle because this is an un-
stable situation. This will lead to an
increased interception of the beam and the
electrode will be destroyed. For this
reason and also because it helps to focus

(1)

the beam we curve the electrodes convex

to the plasma source. Now as the electrode
is heated the curvature increases. Let (x)
be the deflection of the centre of the

the radius of the

electodes (see Fig.6),

curvature is

sl 3y

Fig.6 The change of radius of curvature of a disk with deflection
of the cenfre.



Let (S) be the half circumferential distance..
We change this by heating to S + dS, where
for the temperature distribution of eguation

(7)

as _ 2

AT
S 3 A.A -

.. (14)

‘and (1) is the linear coefficient of expan-
sion.

If we start with very small initial
deflection of the electrode centre,

% = a(MTC)‘lj .. (15)

Now the half angle subtended by the electrode

is 0 = %f’ and if we limit this to the
natural ‘beam divergence of the individual
beams (g'é 3.2°) then we find a maximum

allowed temperature of

2
A =
M = .. (16)
For copper X = 1.5x107% AT o = 60K .
For molybdenum ) = 0.6x107° AT . = 140K.

This limit is consistent with the results

of tests on the effect of curvature on the
undertaken in reference (1).

3.5 cm

beam properties

A deflection of ¥ = 0.1 cm, for a =

(8 = 3.2°) gave a well collimated beam.
While overconvergence was obtained with
¥ = 0.25 cm (8 = 8°).

5. THE LIMITATIONS ON THE PERFORMANCE OF

A MULTI-APERTURE SOURCE

(a) We are now in a position to determine
the maximum permissible beam power Wm' for
a given pulse duration 7 In section (3)
we estimated that the percentage of the
beam power which was dissipated in each
electrode was WD ~ lO_QWé. We will con-
sider the case of the positive electrode to
estimate the limitations imposed by heat
dissipation.

T < tcr' with the aid of eguations (6) and

(11)
4.2 zq(1-P)p*C_AT
1
< ¥ e Watts cm™

FT
e:e (17)

ma®

z is the electrode thickness.

1 B
T tcr with perfect edge cooling, from (6)
and (12)
4ﬂzl(l—P)4.2K*ATcm
Wm < Watts ..(18)

F

(b) The powér density which it is possible

to extract obeys the law

[t

C_ PV
w_ g _11_2_2?‘. 'Watts cm-a
Ta dl

.- (19)

where (dlcm) is the extraction gap separa-

tion.

C is the perveance constant. ExXperiment-

(1,2)

ally for a hydrogen beam we find

c =2 x 107 Amp (Volt) ™3 . ..(20)

The maximum power, for a given gap separa-

tion is obtained at the breakdown voltage

and this is given by{l‘z}

1
Uy, = 6 x 104[d1{cm)]2 vVolts - .. (21)

In reference (2) optimum values have

(c)

been obtained for extraction parameters
1
=B ~ 0.9 . 5% (22)

¥
£ = ~ 0.5 and =
1

d;

It is informative to plot the permiss-

while

ible operating power versus VB

keeping £, B and P constant, in which

2
case z, = Qggﬁ . 2z (233
(d) To illustrate the significznce of these

o

—& vs V¥
equations (17)
(1),
£ =0.5 B=0.9 P=

are working at the maximum permitted temp-

< si
we plot (T tcr) using

B

and (21) in Figure 7, for
for the typical values

1072,

different

0.5, F = We

erature rise. Also plotted is the maximum

possible extracted power density, (19), (20)
(21),
. C_PpB*
“B — Watts em™2 . .. (24)
ma® B?

We see that for the lower extraction volt-
ages (VB ~ 10 kV) we are limited mainly by
dissipation problems, if we scale the
electrode thickness using equation (23).
This region we can gain for the longer pulse
durations by setting the gap (dl) wider than
we need for the given operating voltage, to
take advantage of the good perveance charac-—
teristics; this then allows us to use
thicker electrodes while maintaining a
desirable extraction geometry(z).
Optimum conditions are obtained by

equating equations (17) (19) and (22) and

-5 -
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Fig.7 The limitations on extracted power densities for < t¢p
as a function of the breakdown voltage (extraction geometry scaled
with vg).
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Fig.8 The limitations on extracted power for Tr< tgy as a function
of electrode thickness and breakdown voltage.



s m A ~ 3
a =} \Y
1 ~\4.2(1-P)g gp*C_aT__ * TOr "A<Vgld))
v~ cm
.. (25)
w * 3 =
m = oo %;’4.2(1-P)Eap cvchm 5 (26)
ma? m A C PF 1 w0
m
For our values for copper
W 2 5 &
_m ('0.28\3 2 CmPB
ma® N T .~ ‘A Watts/cm® = 53 . (27)
B
(e} In Fig.8 we plot W vs =z for the

1
using equation (18) with the

and P = P.3

case T
cr

same values for £, g, and F,
and 0.5. We also show the maximum possible
power for various electrode radii taken from

(24) and plotted as a function of V for

P = 0.3. Again, at the lower voltagzs we
can benefit from setting an extra large ex-
traction gap with thicker electrodes because
we are limited more by dissipation than by
perveance. These dissipation caleculations
are combined with other results and are
applied to ion source design in CIM P311.
Note

0.98 calem—3 K™ ! ,

For copper pCv
K = 0.9 cal cm~*sec™? K}
l.13calem™@ K?

0.3 cal em~!sec—? K1

For molybdenum pCv
K

n

6. PROTECTION OF ELECTRODES

We have seen that the current drain on
the negative electrode indicates the level
of positive ion interception and is there-

fore a measure of the heat dissipation which
INVa

is approximately Watts. A simple pro-
tective device can be obtained by tapping a
small percentage of this current and using
it to feed an integrator of time constant
~tcr A voltage sensing unit set at the
level corresponding to that of the maximum
permissible power dissipation could be used
to trip out the power supplies in the event

of an excessive load.
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