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Surface Production of Negative Ions by Positive
Ions and Atoms in the Electron Suppressor
Region

R McAdams and E Surrey

Tokamak Operations Department, EURATOM/UKAEA Fusion Association, Culham Science Centre,
Abingdon, Oxfordshire, OX14 3DB, U.K.

Abstract. A simple model of the production of negative ions by positive ions and atoms from
the source plasma striking a caesiated surface is presented. The model combines calculated flux
rates for the ions and atoms at a surface with negative ion yields to determine the surface
production rates. The model takes into account the relative potential between the plasma and the
electron suppressor in calculating the surface production rates. By making the assumption that
the surface production rates can be directly compared with the extracted beam current then the
model is compared with data where the beam current has been measured as a function of
electron suppressor bias and knowledge of the plasma parameters of the source also exists. At
high bias voltages relative to the plasma potential only volume produced negative ions can be
extracted as negative ions created on the surface cannot cross the sheath. The model reproduces
features of the ion current dependence on electron suppressor bias. At high bias voltages where
negative ions cannot leave the surface there is still an enhancement of the non-caesiated
performance which may be attributed to volume production enhancement due to the presence of
caesium in the plasma. This has implications for the replacement of caesium with other low
work function materials.

Keywords: Fusion, negative ion beam, negative ion source, surface production.
PACS: 52.50.Dg, 52.20.Hv, 52.27.Cm

INTRODUCTION

Conventional volume negative ion sources represent a straightforward method of
producing modest current densities of H and D™ of 5-20 mA/cm’ (see [1,2] for
example). However the heating and diagnostics beams for ITER require current
densities of 30 mA/cm® of D™ and 35 mA/cm® of H. In order to meet these
requirements, the performance of the volume source is enhanced by the introduction of
caesium into the source. Use of caesium can enhance the volume source performance
by increasing the extracted current densities by a factor of ~2-10 [1,2]. The use of
caesium also has the advantage of reducing the co-extracted electron flux to a level
where it is approximately equal to the negative ion flux. The enhancement due to
caesium is generally attributed to the surface production of negative ions on the low
work function caesiated surfaces close to the extraction apertures.
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Figure 1 shows the extracted ion current as a function of bias potential on the
plasma grid for both non-caesiated and caesiated operation of the [PP BATMAN RF
negative ion source [3,4]. Biasing the plasma grid is used to suppress the co-extracted
electrons. The source operating conditions are approximately the same in each case
with RF powers of 80-85 kW with source pressures of 0.4-0.45 Pa. The negative ion
enhancement is clearly seen. Other examples [5,6,7] show similar behaviour of the ion
current as the bias potential is changed.
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FIGURE 1. H’ current from the IPP BATMAN RF ion source for non-caesiated and caesiated
operation as a function of the electron suppressor (plasma grid) bias. The RF powers are 80-85 kW and
source pressures are 0.4-0.45 Pa.

SURFACE PRODUCTION OF NEGATIVE IONS

Figure 2 shows a simple schematic of the production of negative ions by atom and
positive ions on a surface (for a detailed description, see reference [8] and references
therein) with Fermi level &r and work function ¢. lons are rapidly neutralised by Auger
interaction with the surface and then are treated as atoms. Molecules are dissociated
into atoms. The atoms have an electron affinity level of energy, E,, into which
electrons from the surface will be captured to form the negative ion. The figure shows
that as the atom approaches the surface, this affinity level moves to higher energies
and broadens due to the proximity of the metal. Close to the surface the affinity level
then overlaps with the metal electronic states. Electrons from the metal can tunnel into
the affinity level to form the negative ion. As the ion leaves the surface there is also
the possibility of the additional electron tunneling back into the metal. The lower the
work function the greater the overlap of the atomic levels with the metal states and the
greater the probability of negative ion formation. The process has a threshold energy
of Egyr = ¢ — E4. For caesium this work function can be as low as 1.5 eV [8].
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FIGURE 2. Schematic of surface production of negative ions by atoms and ions.
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FIGURE 3. Production of negative ions by proton impact on caesiated surfaces

The probability, P, of negative ion production on a metal surface has been
calculated by Rasser et al. [9,10] as

P 2 exp[_ n(¢—EA)}
T

(M

2av
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where v is the atom velocity and a is a screening constant. In Figure 3 data for the
yield of negative ions for hydrogen atom or proton impact from various caesiated
surfaces are shown [11]. Also shown in the figure is the calculation by Rasser (eqn 1
above) and a quantum mechanical calculation by Cui [12] taken from Seidl et al. [11]
where it has been adapted to include the energy reflection coefficient and the fraction
of particles reflected together with a cosine angular scattering distribution.

In the case of production of negative ions by atoms from a plasma the yield must be
averaged over a thermal (Maxwellian) distribution. The yield from [12], plotted as the
reciprocal of the atomic thermal temperature, is shown in Figure 4 together with some
experimental data [11].
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FIGURE 4. Production of negative ions by a thermal atom distribution on caesiated surfaces

SIMPLE PICTURE OF SURFACE PRODUCTION IN THE
ELECTRON SUPPRESSOR REGION

An idealised schematic of the caesiated ion source is shown in Figure 5. The
plasma has a potential V,, relative to the source body and the plasma grid is biased at a
positive voltage Vs with respect to the source. Caesium covers the plasma grid on
which negative ions are formed by ions and atoms. The ions return to the plasma
before being extracted. Caesium may be found on other surfaces but the destruction
rates for negative ions by mutual neutralisation with positive ions and electron
detachment by electrons indicate that only negative ions formed within a few
centimeters of the extraction aperture can be extracted. Thus only negative ions
formed on the plasma grid are considered. Magnetic field effects due to the filter field
are ignored.
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FIGURE 5. Idealised schematic of the ion source
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FIGURE 6. Production of negative ions as the electron suppressor bias changes

The behaviour of the production rates of negative ions by ions and atoms, as the
bias voltage is changed, is shown in Figure 6. In the case of positive ions, if Vi, is
less than the plasma potential then ions are accelerated across the sheath to the
caesium surface with energy V,-Vpis. As the bias voltage increases the ion energy
decreases and the production of negative ions decreases in accordance with the
production probability shown in Figure 3. When the ion energy is less than the
threshold energy the production is zero. The surface production rate of negative ions
due to positive ions, I}, can be written

I = Y(EN, @)
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where Y(E) is the yield of negative ions at an energy E for an incident flux I'.
Negative ions formed by ions can return to the plasma due to the potential difference.

Atoms cross from the plasma to the plasma grid irrespective of the potential
difference. At Vpias < V,, negative ions formed on the grid can return to the plasma. At
Viias > Vp and Vyias — V,, < Egy all the negative ions can return to the plasma since they
are created with a minimum energy of Ey, (neglecting energy loss on reflection) but
for values of Vpias-Vp > Eir only negative ions with energy greater than this can return
and this decreases as the potential difference increases.. Thus the yield of negative
jons produced on the surface that can return to the plasma, Iy, can be written

I’ = Y(T,),K 3)

where Y(Ty) is the yield for hydrogen atoms at a temperature Ty as shown in Figure
4, T'y is the flux of atoms and K is the fraction returning to the plasma and is given by

2
13
”ZTHZ Enin

K =

wj E? exp(—Ti)dE 4)

where Enin = Etnr for Viias < Vp, + Egr and Emin = Viias — V) for Vipigs > Vi, + Egr. The
integral for K is over a standard Maxwellian energy distribution of the negative ions
due to the distribution of the incident atoms. The lower integration limit defines only
those ions with sufficient kinetic energy to cross back to the plasma as described
above, as discussed in relation to the yield and as shown in Figure 6.

The positive ion and neutral fluxes to the wall are given by the standard equations

T, 8eT,
r+ = 0.6]14r e € and FH = lnH & (5)
m 4

+

where n; is the positive ion density, T, the electron temperature, m, the proton mass,
ny the atomic hydrogen density, Ty the atomic hydrogen temperature and my the mass
of atomic hydrogen. Thus the surface production rates of negative ions can be
calculated using the yields and plasma parameters.

APPLICATION TO SOURCE AND BEAM DATA

This simple model can now be applied to ion source and beam data such as that
shown in Figure 1. Unfortunately it was not possible to identify a consistent set of
beam and source data i.e. measurements of both beam (caesiated and non-caesiated)
and plasma data as a function of V. Instead, representative source data [2,13] in the
extraction region has been used and is shown in Table 1. The yield values from Cui
[11,12] have also been used as they give values over a wide ion energy and atom
temperature albeit for caesium on tungsten. Thus at this stage the model can only be
expected to show qualitative agreement until consistent data is available.
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TABLE 1. Plasma source data for the [IPP BATMAN facility

Parameter Value
Electron temperature (eV) 2.0

Positive ion density (m™) 5.0x10"7
Atomic hydrogen density (m™) 1.0x 10"
Floating potential (V) 8.55

Plasma potential (V) 15.25

Atomic hydrogen temperature (eV) Left as free parameter

The floating potential, Vy, has been taken directly from the IPP data and the plasma
potential, V,, has been calculated from the equation

2mm
v, =V, -1, ln{0.6 ‘} (6)

m,

where m. is the electron mass. The electron affinity of hydrogen is 0.75V and a work
function of 1.5eV for caesium has been used giving a threshold energy of 0.75¢V.

Figure 7 shows the ratio of atomic to ion flux at the wall calculated with these
plasma parameters as a function of the atomic hydrogen temperature. The atomic flux
is greater than the ionic flux for atomic temperatures greater than ~ 0.025eV.
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FIGURE 7. Ratio of atomic to ionic flux using the representative source parameters of Table 1

The total surface production rate is shown in Figure 8 as the bias is changed for
some values of atomic hydrogen temperature. The regions of ion and atomic
production are clearly identified. The ratio of production of negative ions by atoms
and ions can be estimated from the value of the total production rate at zero bias and
subtracting the value at the plasma potential which is the maximum surface production
rate to give the ionic production rate as shown in Figure 9. For atomic hydrogen
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temperatures greater than ~ 0.75eV the production of negative ions becomes
dominated by atomic bombardment of the caesiated surface.
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FIGURE 8. Total surface production flux of negative ions as a function of the bias voltage
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FIGURE 9. Ratio of atomic and ionic surface production rates of negative ions. The ratio is formed
from surface production rates at zero bias and at the plasma potential.

The total caesiated surface production rates can be compared to the experimental
extracted ion current data (from Figure 1) as shown in Figure 10 by the following
method. It is assumed that a constant proportion of the surface produced ions are
extracted as the bias voltage is varied. At Vyss >> V,, no negative ions can leave the
surface in this simple picture and so the extracted current from the surface is zero at
these values. The non-surface produced ions in the beam are assumed to have a
parallel linear trend to the volume produced ions in the uncaesiated case. The
difference between the measured current and the non surfaced produced ions
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represents the surface produced fraction of the beam. The data in Figure 8 is then
normalized to the surface produced ion current at the floating potential (which is the
lowest bias voltage at which measurements were made [4]). The total current can then
be easily calculated. The model gives qualitative agreement with the data.
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FIGURE 10. Calculation of the ion current from surface production for different values of atomic
hydrogen temperature

DISCUSSION AND IMPLICATIONS

Although this simple model qualitatively reproduces the dependence of ion current
on the bias voltage and shows that this may depend on atomic hydrogen temperature it
can be improved. A consistent set of data relating extracted ion current with the
plasma parameters is required together with negative ion yield data for the correct
materials. It has been assumed that the plasma potential is constant but data from the
BATMAN facility [2] shows that the plasma potential can increase as the bias voltage
increases. This will maintain production by ions out to higher bias voltages and
improve agreement with the data. In this model at Vyi,s >>V,, no negative ions can
leave the plasma grid. Thus, from Figure 10, at these values (and following the
assumed trend to low Vyys) the difference in current with the uncaesiated data cannot
originate at a surface and some other production mechanism or enhancement must be
taking place. It has been shown [14] that increasing the amount of caesium added to a
volume source at higher pressures results initially in a lowering of the electron
temperature, electron density, and plasma potential accompanied by an increase in the
negative ion density in the plasma until a minimum is reached and then the values of
these parameters begin to increase while the negative ion density which continues to
increase. There is an optimal coverage [15] of caesium when the yield of negative ions
reaches a maximum corresponding to the lowest value of the surface work function.
Thus the interpretation of this work was that as the negative ion density increases
monotonically it is not totally due to a surface production mechanism but to enhanced
volume production. This model could then support this interpretation. It is reported [2]
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that ~99% of the caesium is ionized and this raises the question as to what properties
of caesium could produce this enhancement since seeding a source with xenon, which
has a mass close to that of caesium, does not enhance the negative ion current.

One other possibility is that backstreaming ions are striking caesiated surfaces
outside the source near the extraction aperture. This would depend on the beam
current from the source but its magnitude is not known

The use of caesium is problematic. If the enhancement was due totally to surface
production then it could be replaced by an alternative low work function material. In
this simple picture this material would show ion current enhancement due to surface
production but the enhanced volume performance would not be obtained. At high bias
the ion current would approach the pure volume performance.
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