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Abstract

A theoretical model of the effects of coulomb collisions between fast and
thermal electrons in magnetic multipole or bucket plasma sources is

described. The main effect of these collisions is to transfer energy from the
ionising fast electrons to the plasma electrons and ions. This considerably
reduces the ionisation rate in the discharge and at the same time raises the
plasma electron temperature. Experimental measurements in a hydrogen
discharge of both fhe ionisation rate and electron temperature have been made

to test the theoretical model.
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1. INTRODUCTION

It has been postulated by several authors(l’z’B) that ionisation in ion
sources based on arc discharges is due to primary electrons emitted from the
cathode and accelerated across the cathode sheath. The thermal (low energy)
electrons, arising from the slowing down of these primary electrons or from
ionisation, are assumed to play no role in the ionisation process, although
they may influence the break-up of molecular ions. However, at high densities
the thermal electrons can provide an energy loss channel from the primaries

and thereby decrease the ionisation efficiency of the source.

Here we examine the energy transfer process between primary electrons and
plasma electrons by coulomb collisions and derive from this both the change in
ﬂ source ionisation efficiency and the change in plasma electron temperature
arising from the energy transfer. The effects of beam-plasma interactions are
neglected, as it is assumed that coulomb collisions are dominant, although it
has been proposed that this process has some effect on the velocity
distribution of the primaries(a). The theoretical scaling of the ionisation

rate and electron temperature that is obhtained is compared with experiment.

2. ENERGY BALANCE OF THE PRIMARY ELECTRONS

Once the primary electron has attained its full energy by crossing the cathode
sheath which has a thickness of a few debye lengths, it begins to lose energy
via several loss processes. The dominant energy loss process is usually
inelastic collisions which produce ion-electron pairs or excited molecules.

In addition, the primary electron distribution can lose energy by coulomb
friction, and also when some of the primaries strike the anode. The energy
balance equation, representing the division of the input energy I U, into

p
components, can be written:

Uo dv Yo VAU
IU, = H(U ,n)) + fo n £, vmv (E)ch + jo en £ —— dU (1)
where N, 1s the gas density, v is the plasma volume, v is the primary velocity

and U is its energy.

The first term represents the total power required to form all secondary
particles including inelastic scattering and the initial kinetic energy given
to secondary electrons. The second term is the coulomb friction, determined

by (dv/dt). for the normalised primary electron density distribution npfp(U)-

The last term is the anode loss where A represents the effective anode area.
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The effective current of primaries to the anode, Ipa’ is hence:

1 (U0
L, = qjo enpprdU (2)
Experimental measurements of the primary electron distribution have been made
by Goede et a1(3), They have shown that npfp is essentially constant when U
is less than U , thus npfp can be removed from the integrands in equatioms 1
and 2. Each of the terms on the RHS of equation 1 can then be integrated as

shown in the following sections.

2.1 The Inelastic Energy loss

This loss can be derived from the average of all the collision rates and
associated energy losses at a given energy and then integrating over the
distribution funétion. However, during the ionisation process the secondary
electrons receive a kinetic energy, ¢, electron volts from the primary and
also we assume that the primary retains an energy, ¢, after it has been

decelerated by inelastic collisioms.

This assumption is justified as the quantum-mechanical wave functions of the
two electrons emerging from an ionisation collision are indistinguishable.
Hence the energy retained by a primary on average after it has ceased to have

inelastic collisions cannot be different from other secondary electrons.

Hence:
Ug
B(U_,n ) = Io enpfpn0 <ove> vdU + ¢ [Ip = Ipa 3 I+]
Uo
1 + -
enpfpuovfcJ <ovezdU i) (Ip Ipa + I+) (3)

where <ove> is the average energy loss rate coefficient at energy U.

2.2 Coulomb Friction

Spitzer(ﬁ) has shown that the slowing—down time, t for a fast electron on an

5’
ion or electron maxwellian distribution, is:

2
t = vv [2'n G(v/v)
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These expressions show that the slowing down time is long when the primaries
are much faster than the plasma electrons or ions. However, this slowing down
time on the plasma electrons only is reduced when the primaries have lost some
of their initial energy. Thus, as the energy transfer is dominated by this

shorter timescale, we can simplify the expressions for tse and tgy to give:
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The slowing down of the primary electrons through coulomb drag is thus given

by:
(gv ) ( 1 1 ) (0 & 1 )
— = VvV \— + — )= Thn — + —=
tc tse tsi = 2v

The second term in equation (1) can now be integrated to yield:

Ug Ug
dv 0.4 1 \
nf vuov (— dU = n f mv vln — + —14dU
fo PP (dt )c PP IO e( v 2v }
e

3
x o8y /2 Ug%m

= nf vaTn_ ‘(EF} f—T;er—_— + o } (4)

2.3 Anode losses

The third term can be evaluated if the dependence of the effective anode area,
A, on primary energy is known. Recent measurements(7) on magnetic multipole

sources have shown that:

A = p_LE U!’;
v
z
where pL/Vz¥ is a coefficient based on the cusp length, L, and the anode

magnetic field.
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3. IONISATION EFFICIENCY

The total ion current, I,, produced in the discharge is given by:
Up
L = fvi npfpevno oV du

To a good approximation the energy dependence of o; can be expressed by:

2 2
oG = Y, (1 - Vi /U )

as demonstrated in Fig. 1, when a comparison is shown between this expression

and the experimental value. Hence:

H
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If U, exceeds twice Vy, then to a very good approximation:

3
Ge% 2U0/2
L, = npfp ev 1, %, ET) *T 3 (63

When equations 1, 2, 3, 4, 5 and 6 are combined, we find that:
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Hence on simplifying we have:

I Ug
P 1 3
—_ = o . < 2dU
L @0 7 AR
2U0 -diOOCZE/m)
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The electron density, ng, has been replaced by:

n,6 = {3I_l_/ocASe(kT/mi);é

where A; is the ion collection area, f is the fraction of all ions going to
this electrode and a(kT/mi)% is the ion sound speed.

This expression is equivalent to that developed by Green et 31(2’4) which is
(in their notation):

Ip <0v>IN 1

T <oV T s
+ V7 roN Ty YOW

T0N"o

The first and second terms in the above expression correspond to the first and
second terms in equation 7, but the third term containing S arising from

coulomb drag is new and will cause Ip/I,+ to increase with I.

4. ENERGY BALANCE OF PLASMA ELECTRONS

Coulomb friction transfers energy from the primary electrons to the plasma

electrons. In addition, there is the energy transfer during ionisation, ¢

Hence the total input power is:

(I - I + I,) + IUOnfvmv/i‘—r\ du
p pa '+ o pp \de/,
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The energy loss from the plasma electron distribution is the energy removed by
the escape of plasma electrons and ions from the plasma and the energy
transfer from the electrons of temperature T to the ions of temperature

Ti(Ti <« T). Harbour(g) and Emmert et 31(9) have shown that for a negatively
biased ion collector (i.e. several kT/e volts), the energy removed by the ions

is 4 = 5 kT per ion. The energy removed by electrons is 2 kT per electron.

Hence the total energy loss is:
kT
ok - + .
= [Z(IP Ipa I+) + 4.5 I+] + Wéi (9)

where W ; is the electron-ion energy transfer. Spitzer has shown that:

2 L
n  vme 2nA
W = —E——1r-———— watts
2 e (2 mkT) m,
o i

12 =3
when T 33 Ti' Substitution of appropriate values shows that if n, o~ 10 cm  in
3

3
a volume of 10 cm for example, W_; is about 2 watts, which is negligible in

ei
comparison with the other terms. However this energy is of significance in
determining the ion temperature(lo).

If equations 8 and 9 are combined we have:

2
(Ip Ipa 0.4 n, I'm KT ZIp ZIpa
o(2o22s 1) 4 B i s XOPREY
I+ I+ 2ekT n0 Gio e I+ I+

Hence simplication of the above equation yields:

" (- 22)

e

= = SBI /(6.5 + 2113/1+ - zxpa/1+) (10)

rere kTg ) ¢(Ip/I+ - Ipa/I+ + 1)
e (6.5 + 21p/I+ - 21p3/1+)

Equation 7 also contains the term S, which is a measure of the energy lost by

primary electrons through coulomb drag.



5. RESULTS

The plasma source used to make these measurements has been described
elsewhere(7). It is a magnetic multipole or bucket source which is capable of
continuous operation up to 200 mA/cmz. An outline drawing is shown in Fig.

2. This particular source operates with an apparent plasma potential which is
more negative than the anode(7). Thus the ions cannot reach the anode and
hence can only strike the hot tungsten cathode or extraction electrode, which
is biased more negatively than the cathode so that it collects only ions. As
the cathode area is much smaller than the extraction electrode, B is close to

unity and is estimated to be 0.9.

Data on the variation of BI+ with Ip in a hydrogen discharge is shown in Fig.
3 s -It can be seen that IP/BI+ increases with I Fig. 4 shows the
dependence of T on BI+. T increases from an initial low value when SI+ is
almost zero and tends to a limiting value at high values of BI+. The
variation of Ip/BI+ with hydrogen gas pressure, P, is shown in Fig. 5, where a
linear dependence with inverse pressure is observed. In this case p is

derived from measurements with a baratron gauge in the absence of a discharge.

6. COMPARISON WITH THEORY

6.1 Electron Temperature Variations

The theory indicates an increase of3T with Ip according to equation 10. To
test this dependence we plot (kT/e) /2 (kT/e - kTo/e) versus
BI, /(6.5 + ZIP/BI+). A set of straight lines in Fig. 6 are obtained whose

theoretical slope is S¢ where

35

ST = 0.27T mzmi;é/A.S a B n, o, e '

(the T suffix indicates that this value is derived from electron temperature
measurements). The abscissa is not quite the theoretical expression obtained
in equation 10 as IPa is not known. However, as this experiment has been
performed at high gas densities, when the source has nearly its ultimate
ionisation efficiency the error in neglecting Ipa/I+ is small, particularly in
comparison with the 6.5 term. The value of kTO/e is derived from Fig. 4. The

value of ST and hence ¢ and also T, are shown in Table I.



Table I

U, S o} kTo/e
5/2 1

60 V 28(eV) A 10.4 eV 2.8 eV

100 " 62 " 11.1 " 2.55 "

120 " 108 " 10.3 " 2.2 *®

6.2 Variation in Tonisation Efficiency

In Fig. 3, it can be seen that a set of straight lines

IP/BI+ is plotted as a function of BI+ over the range

slope of these lines gives the value of Sy as shown in

suffix indicates that S is obtained from ionisation efficiency data).

is obtained when

of 8 to 25 A. The
equation 7 (the I
Over

most of this range kT/e is relatively constant as shown in Fig. 4, thus we can

use this data to derive S;. Values of 81 are listed in Table II together with

appropriate values of Sq.

Table II
Uy d(Ip/BI+)/d(BI+) St St
=2 _1
50 V 6.5 10 A - -
S | 5/2 ! 5/2 -1
60 " 5.2 10 A 28(eV) A 28(eV) A
_2
80 " 3.7 10 " - -
_2
100 " 4.2 10 * 60 " 62 "
—
120 ™ 4.8 10 " 103 " 108 "
Very good agreement is obtained between the two values of S derived from
different measurement techniques. This shows that the change in ionisation
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efficiency caused by coulomb drag is directly related to the change in

electron temperature.

6.3 Electron loss to the Anode and Inelastic Losses

In Fig. 5,.the dependence is shown of IP/BI+ on the reciprocal of the gas
pressure (measured in the absence of a discharge with a baratron). A set of
straight lines is obtained in agreement with the model (equation 7) at various
arc voltages. These measurements have been made at a low value of BI as can

be seen by comparing Figs. 3 and 5.

The slope of I /BI+ is theoretically proportional to U % as shown in equation
7. This slope is plotted against U, % in Fig. 7 and a straight line is
obtained in agreement with the theory. The slope of this line has the
theoretical value of pL/SVZ% BvcioK where K relates the gas density to the

pressure. This slope determines the electron loss to the anode.

In Fig. 8 the intercept of Ip/BI+ when 1/p is zero is plotted as a function of
U, where a straight line is obtained. This suggests that:

2 3/2 (23)% [ Uo ]-l 1 -
? UO BO’io III_ . IO <ovez dU = -5— (EV)
and ¢ = 13.5 eV

The value of ¢ is in good agreement with the value derived in section 4.1 and
the constancy of the integral equation above suggests that <oc?» is not a

function of U where:
<oe>/Bcio = 59 v

7. DISCUSSION

The analysis of the experimental data above shows that the coefficients for
the rate of change of temperature and ionisation (ST and S7) are identical and
also the detailed scaling laws predicted by the model are in agreement with
experiment. This agreement indicates that coulomb drag is the process which
removes energy from the primary electrons, thereby reducing the ionisation
rate, and hence heats the plasma electrons (and ions), which increases the
electron temperature. The detailed fit to the experimental data requires that
around 10 eV is transferred to an electron produced in an ionisation event, in
agreement with calculations by Massey and Burhop(ll), and a substantial

fraction of this energy is lost from the plasma when the ions are accelerated



across the sheath of ion reflecting electrodes.

However, when the values of the constants incorporated in the value S are used
to derive a theoretical value, we find that this value is between 4 and 16
times smaller than those values in Table II. This discrepancy may have two

causes:

(2) The calculation depends on the distribution function of the primary
electrons. If fp is other than uniform (as observed by Goede and

563/

Green) and had, for example, a dependence of then the

coulomb drag would be enhanced by a factor of the order of 1/6 .

(b) The value of S varies inversely as the gas density n, . At high
discharge currents, Holmes and Green(lz) have shown that the power
loadings in the ion extraction system attached to this plasma source
require that the neutral gas density is lower by a factor of around

10 at high discharge currents.

We note that the variation of the electron temperature with discharge currents
(Figs. 4 and 6) indicates that initially (kT/e) 2 (kT/e - kT /e) increases
slowly and then more rapidly, thus giving an apparent intercept at a discharge
current of around 5A. This could arise if the gas density is high at low
currents, thus giving a low value of S. As the gas density diminishes,

probably through discharge heating of the gas(12=13),

S increases and gives
the steep dependence seen in Fig. 6. Further experiments to test this

assumption are being planned.
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Fig.1 Comparison of the empirical energy dependence of the ionisation cross-section for H, with
experimental measurements,
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Fig.2 Cross-section view of the magnetic multipole or “bucket” source used to create the plasma in the
experiment,
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Fig.3 Variation of the ratio I /ﬁI with ion current or plasma density at a high hydrogen gas density in
the discharge. The linear dependence is in agreement with Equation 7.
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Fig.4 Dependence of the electron temperature on the ion current. The temperature tends to a limiting
value at high discharge powers.
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Fig.5 Variation of the ratio of Ip/ﬁl+ with the reciprocal of the gas pressure. The pressure is measured
with a baratron gauge in the absence of a discharge.
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Fig.6 The dependence of the electron temperature on jon current when plotted according to the
predictions of Equation 10. The straight lines obtained indicate that this equation is obeyed.
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Fig.7 The slope of the lines in Fig.5 are plotted as a function of
Uol/2 yield a straight line which is in agreement with Equation 7.
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Fig.8 The intercepts of the lines in Fig.5 on the ijﬁl 4 axis are plotted asa function of Ug. The slope of
this line is the reciprocal of the overall energy required to create an ion in the source.
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