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Abstract
A summary of negative ion development work being presently undertaken at the CulhamCentre for
Fusion Energy is given. The small negative ion facility has anRF driven volume ion sourcewith beam
extraction at energies up to 30 keV. The extracted beamofH− ions has an associated co-extracted
electron beamwith an electron to ion ratio of<1 over thewhole range of operating parameters. In
order to understand this performance spectroscopic investigations have been undertaken using the
Balmer series line to determine the electron temperature. In addition a 1D fluidmodel of an RF driven
ion source is also under development. Thismodel is based on a successfulmodel for both arc discharge
positive and negative ion sources. Additional system studies of neutral beam injection systems for
future fusionmachines beyond ITER are being carried out. This is required to understand the limits of
various neutralisation and energy recovery systems in order tomaximise overall electrical efficiency.

1. Introduction andhistorical perspective of negative ion development at CulhamCentre
for Fusion Energy (CCFE)

Work on the development of negative ion sources and accelerators began at CulhamLaboratory, the home of the
UKmagnetic confinement fusion programme and the Joint EuropeanTorus (JET), in the early 1980s.With the
construction of JET, whichwould use neutral beam injectors based on positive ion sources, underway at
Culham, attention around theworld began to turn to the requirements for future fusionmachines. These would
require higher injection energies for the neutral beams and to obtain good neutralisation efficiency negative ion
beamsmust be used.

The initial work at CulhamLaboratory focussed on negative ion sources and beams. Initially the application
was formagnetically confined fusionmachines but expanded to encompass applications in particle accelerators,
defence and industry such as injectors of cyclotrons formedical isotope production. The first sources ofH− ions
such as the Penning ormagnetron sources relied on the use of caesium as a catalyst andwere small in physical
size, somaking themof little use for large area beams such as neutral beamheatingwhich requiresmany
extraction apertures in parallel. At the start of the 1980s the development ofH− plasma sources that did not
require caesium [1–3] beganwhere theH− ionwas formed by a two step process where thefirst stagewas the
formation of highly vibrationally excited hydrogenmolecules via fast electron impact and the second stagewas a
dissociative attachment collisionwith thismolecule to form anH− ion and atomic hydrogen. This process
requires that the electron temperature is less than∼2 eV. This low electron temperature also reduces the
destruction of this ion by subsequent electron detachment collisions.

It was quickly realized that the earlier development of sources with amagnetic filter for proton fraction
enhancementwas the idealmethod of realizing a large area practical source for beamheating in thermonuclear
fusion type plasmas. The onlymajor difference was the strength of themagnetic filter which is easily adjustable
in any given source. The strongerfilters reduce the electron temperature near the extraction apertures to slightly
below 1 eVwhich is ideal forH− formation.Workwas carried out to understand the role of the filter in
controlling plasma transport in the ion source and its effect on electron temperature [4, 5]. However the source
plasma still contains a significant electron population and thismust be handled by the accelerator attached to the
source in away that would permitmultiple apertures if required [6–9].
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Amajor programof experimentation followed, beginningwith understanding how to formhighly
collimatedH− beamswith current densities up to 220 Am−2 and a low ion emittance [10, 11] as this is essential
in the development of neutral beam injectors. In parallel with this was understanding and suppressing the co-
extracted electron current in the accelerator as these electrons represent a significant heat load in the accelerator,
severe x-ray emission and reduce overall accelerator efficiency [12, 13]. Another issue that affects future neutral
beam injectors is the isotope effect between hydrogen and deuterium. This was examined for non-caesiated
operation [14]where it was observed that deuteriumnegative ion beams have only approximately half of the
current density of hydrogen sources.

This type of work ended at CulhamLaboratory in the 1990s. Nowwith ITERunder construction and design
work underway forDEMO (whichwill come after ITER), development work on negative ion sources,
accelerators and systems began again. This work has concentrated onmodelling of ITER ion sources and
components relating to both ITER andDEMO. Examples of this are understanding virtual cathode formation
[15] due to the negative ion space charge at the caesiatedwall of the ion source affecting the amount of negative
ionswhich could be extracted, gas heating and target depletion due to plasma formation in the ITERneutraliser
[16], the effect of plasma formation in the ITER beamline Residual IonDump [17] and space charge effects in the
ITER ion beams [18].

The use of neutral beamheating and current drive requires a large amount of recirculating power in a fusion
reactor for electricity generationwhich can affect the economic viability of such devices.Work at CCFE has
investigatedmethods to improve the overall efficiency through increasing the neutralisation efficiency through
the use of photo-detachment [19] and a beamdriven plasma neutraliser [20] togetherwith a novel concept
whichwould allow energy recovery from the residual positive ions from the neutralisation process [21]. Overall
systems studies of the injector systems for future fusion power generation have led to the understanding of how
the design choices (and challenges) can lead to improvements in overall efficiency [21, 22].

This paperwill concentrate on this recent development work. In terms of negative ion source and accelerator
physics a newnegative ion facility using anRF ion source has been built and this is described in section 2. In
section 3 the development of a 1Dfluidmodel of RF driven ion sources is described and the results are compared
to themeasurements from the small negative ion facility (SNIF). New system study results are then presented in
section 4.

2. The small negative ion facility

2.1. Ion source performance
AnewH−negative ion source facility has recently been built at CCFE; namely SNIF. SNIFwas built to increase
the number of smaller negative ion facilities within Europe. It operates at low extracted ion beam energy and
current. This allows the facility to be used for developing and testing the physics and engineering of negative ion
sources and beams in a very straightforwardmanner comparedwithmuch larger facilities. Changes to the
facility and experiments can be turned around quickly giving a high degree offlexibility.

SNIF has been described previously by Zacks et al [23] and only a brief description is given here. Figure 1
shows a schematic of the ion source and accelerator. The ion source is cylindrical and is 30 cm in diameter and
20 cmdeep.Multipole confinementmagnets are arranged around the source body in rings in a chequerboard
configuration. The ring ofmagnets closest to the plasma grid is arranged to give a dipole filterfield across the
source for negative ion production. The source back plate has a quartzwindow of 15 cmdiameter. A planar RF
antenna is located at this window and the plasma is generated presently with anRF system at 13.56 MHz at
powers up to 5 kW.An automatic tuning network using two variable capacitors in an ‘L’network is used to
match the output power from theRF generator to the load presented by the antenna and the plasma.

A triode accelerator is used to extract the negative ions from a single aperture of 1.4 cmdiameter (1.54 cm2

area) at energies up to 30 keV. The arrangement is very similar to those used for negative ion accelerators
previously at CCFE [8, 11]. The intermediate extraction electrode has a voltage of up to 6 kV relative to the
plasma electrode. The area around the extraction aperture is insulated from themain plasma electrode and can
be biased relative to it with a voltage of up to 40 V. This biased insert has a diameter of∼ 6 cm.This arrangement
allows control over the co-extracted electrons.Magnets are arranged in the plasma electrode in a quadrupole
configurationwhere thefield adds to thefilter field in the source.Magnets are also located in the extraction
electrode and in the earth electrode. Thesemagnets alongwith those in the plasma grid produce fields which
deflect co-extracted electrons into a recess in the extraction electrode, thus dumping them at low energy, and
assist in re-steering the residual negative ion beamonto the central axis. The extracted beamdrifts∼2 m to a
beam stop instrumentedwith 109 thermocouples to allow beamprofilemeasurements. This diagnostic is also
presently used to provide a beam currentmeasurement at the beam stop. A 3Dmodel of the beam stop has been
used in the ANSYS system. Themeasured thermocouple time traces aremodelled by inputting a beamprofile on
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the calorimeter front surface. The profile and input beampower are adjusted tofit the thermocouple traces
hence giving a value for the beam current.

AMcPherson 209 1.33 m spectrometer is presently used to carry out spectroscopicmeasurements of the
source plasmawith a line of sight diagonally across the source through the extraction region at a distance of
∼0.8 cm from the plasma grid. The opticalfibre used formeasuring the electron temperature by spectroscopy
has a diameter of 200 μmand is placed behind a 4.91 mmdiameter lenswith a focal length of 15.15 mm.This
systemhas a full divergence angle of 0.0132 rad.

Infigure 2 the beam currents derived from theANSYSmodelling are shown for a 25 keV beamat two
different bias voltages of the insert in the plasma grid and a gasflow rate to the source of 10 sccm (∼0.6 Pafilling
pressure in the ion source). The case of zero bias voltagemeans that the power supply is connected between the
plasma grid and the insert but no voltage is applied i.e. the insert is effectively floatingwith respect to the plasma

Figure 1. Schematic of the SNIF source and accelerator.

Figure 2.Beam currents at 25 kVwith 0 and 20 V bias insert bias voltage and a gasflow rate of 10 sccm.
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grid. TheH− current is lower at the higher bias voltage and reaches amaximumof 6 mA (∼39 Am−2) at 3.5 kW
of RF power.

The effect of insert bias voltage can also be clearly observed in the co-extracted electron current asmeasured
by the extraction power supply as shown infigure 3. In this figure the co-extracted electron current is plotted
against insert bias voltage for a 25 keVbeam energy and a source gas flowof 10 sccm i.e. the same conditions as in
figure 2.

The co-extracted electrons fall rapidly as the bias voltage is increased to a point where at insert voltages
higher than approximately 10 V the current is zero. In all cases, comparing the data infigures 3with 2, the ratio
of co-extracted electron current to negative ion currentmuch less than unity. This is a significant feature of
operation of SNIF compared to operation of previous ion sources [14, 24]. This very low electron to ion ratio is
very important in negative ion sources and accelerators where the loading of electrodes from extracted electrons
can cause damage and reduce the efficiency of the accelerator system.

2.2. Ion source plasma spectroscopy
The optical spectrometer has been used to carry out an initial spectroscopic investigation of the ion source
plasma in order to attempt to understand the low extracted electron to negative ion current ratio.Measurements
have beenmade of the intensities of the hydrogenBalmer series lines. Bymeasuring the ratios of the line
intensities the electron temperature of the plasma averaged along the line of sight can be deduced. In order to
obtain the electron temperature a coronalmodel has been assumed. In the coronalmodel excitation of the
hydrogen levels by electron impact is assumed to be balanced by de-excitation by photon emission [25–27].
Excitation and de-excitation by other processes in the plasma e.g. dissociative recombination,mutual
neutralisation, collisionswithmetastables etc is not accounted otherwise a collisional radiativemodel [28, 29]
would be required.

The validity of the coronalmodel requires (i) that the plasma density is<1017 m−3 depending on the excited
state and electron temperature, (ii) aMaxwellian temperature distribution for the electrons, (iii) the neutral
pressure is<500 Pa, (iv) the electron temperature ismuch higher than the ion temperature and (v) the plasma is
optically thin. These conditions are expected to be satisfied in the region between themagnetic filterfield and the
extraction planewhere the plasma is viewed by the spectrometer. The coronalmodel then gives for the ratios of
line intensities of the Balmer in hydrogen
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whereλm→2 andλn→2 are thewavelengths of the two transitions fromprincipal quantumnumberm and n to 2,
〈σv〉1m.n is the rate coefficient for electron impact excitation from the ground state 1 to the levelm or n, the As are
the Einstein coefficients and the ratios involving these are the branching ratios of the transitions andR is the
relative detection efficiency of the two lineswhich can be obtained from a spectrometer calibration (in this case
in terms of photon count rate). The Einstein coefficients are readily obtainable and the excitation rates are
known as a function of electron temperature. The electron temperature can then be obtained from the line
intensity ratio.

It is instructive to compare the calculated line ratios in the coronalmodel given by equation (1) (for the case
R=1) as shown infigure 4. The electron impact excitation rates have been obtained from theHYDKIN
collision data base [30]. For theHβ/Hγ line ratio, this is relatively insensitive to electron temperatures above
0.5–1.0 eV. Furthermore, since theHγ line has the smallest intensity of the three lines shown the ratiowill be

Figure 3.Co-extracted electron current at 25 kV and a gasflow rate of 10 sccm.
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most prone to error at lower power. For theHα/Hβ line ratio the line ratio is insensitive to electron temperatures
above∼1 eV; these lines are themost intense. TheHα/Hγ line ratio ismost sensitive to electron temperature
except above∼2 eV but involves the lower intensityHγ line.

These points are illustrated infigure 5wheremeasurements of the electron temperature using the coronal
model are shown for the three line ratios as the gasflow rate to the ion source is varied at anRF power of 2 kW
and 0 Vbias voltage. As the source pressure increases with increasing source gasflow rate, the collision frequency
increases leading to a reduction in the electron temperature. At high gasflow rates where the temperature is
lower and the line ratios aremost sensitive to the temperature, the three line ratios give good agreement. At low
gas low rateswhere the temperature is higher the temperaturesmeasured by the three line ratios are significantly
different particularly the temperature derived from theHβ/Hγ ratio.

Measurements of the electron temperature from the coronalmodel using the lines ratio are used to compare
the plasma parameters calculated from a 1Dmodel of the source in section 3.5 below.

3. 1Dmodel of anRFdriven ion source

The very low electron to ion ratiomeasured in SNIF and described in section 2.1 is extremely advantageous in
designing negative ion accelerators. Thus it is important to understand the physics behind this low ratio. In order
to do this a one-dimensionalmodel of an RFdriven negative ion source has been developed. Previously a very
successfulmodel of arc discharge sources has been developedwhich is able to describe accurately the properties
of both negative [31] and positive ion sources [32, 33]using arc discharges. In these sources ionization takes
place by primary electrons emitted by filaments according to an ionization rate which is determined by the local
electron temperature and density. This ionization is controlled by the effects of the filter fieldwhich canmodify

Figure 4.Calculated line ratios for the coronalmodel.

Figure 5.Measured electron temperatures at different source gasflow rates for anRFpower of 2 kWand 0 Vbias using the different
line ratios.
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both the density and local temperature. The plasma transport equations developed by Epperlein andHaines [34]
allow the plasma density, temperature and local potential to be determined from the flowof electrons and
electron energy through thefilter region and there is an additional pair of equations for the flowof ions and ion
energy. In the case of the ions, the energy flow equation is dropped because of the very strong coupling between
the plasma ions and the background gaswhich can be used to obtain the gas temperature after assuming that the
ions and gas have the same temperature.

In RF sources, ionization takes place throughout the source volume and there is no source of primary
electrons. The arc dischargemodel has beenmodified tomodel RF sources. This RF sourcemodelmakes
extensive use of themodel of Gudmundsson and Lieberman [35] and follows part of their approach but departs
from themby using the transport equations. The gas temperature and division of the gas into atomic and
molecular gas densities is almost identical to the theory ofDC sources [31]. That part of themodel is
incorporated here to obtain the density of negative ions and positive species fractions.

3.1. The antenna region
In RF sources, it is the thermal electron population that causes ionization, and is characterised by the energy cost
(in eV) per ionization event; εH for atomic hydrogen and εH2 formolecular hydrogen. In the case of hydrogen
this has been calculated byHjartarsen et al [36] and is shown infigure 6 for both atomic andmolecular collisions.
In the numerical code presented here, this energy cost has to be expressed as an empirical formulawhich is a
function of the electron temperature near the antenna at the rear of the source, denoted byTa.

Gudmundsson and Lieberman [35] argue that there is an additional energy cost arising from the need for the
electrons and ions to escape the plasma. The electrons remove 2eTa each and the ions remove the plasma
potential energy, efa plus an additional eTa/2 in the pre-sheath, wherefa is the plasma potential at the antenna
aswithTa. The base of the source is at another potential,−fG, relative to the local plasma and theremay be a
power supply of voltage,VG, to further bias this electrode relative to the plasma. In the experimental data
presented in section 3.5, this power supply is absent so the plasma electrode floats. However, the actual knife
edge of the extraction aperture is biased positive to the plasma grid in order to suppress electrons, but this aspect
of the experiment is not included in themodel at present butmay be incorporated later following thework of
Haas andHolmes [12]. Thus all surfaces are negative, so the quartz plate and sidewalls are at−fa volts relative to
the plasma andfa andfG are positive numbers.However, the plasma source has a distribution of temperatures,
being highest near the antenna and lower elsewhere. This is accounted for by introducing the parameterψwhich
increases the average energy cost for a single electron–ion pair when such pairs are created far from the antenna
where the plasma is cooler. Typicallyψhas a value of 0.7±0.05.

3.2. Themain discharge
Wecan create a power balance using the RF power,Prf, supplemented by the bias power, IGVG and equating it to
the power removed by escaping ions and electrons and power removed by gas cooling on thewalls, Pgas. For a
fraction, F, of atomic gas the power balance yields the total ion current, Iion:

Figure 6.The energy cost to create a single electron–ion pair in atomic ormolecular hydrogen.
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It is assumed that the plasma is uniform in the radial direction as themagnetic cusp confinement on the
sidewalls prevents the plasma adopting a radial Bessel shaped distribution. The total ionic current, Iion, flows to
three surfaces; the quartz plate, Ia, the sidewalls, Iw, and the grid, fiIion. There is also a recombination current, Irec.
Summing the ion fluxes:

( )= + + +I I I f I I . 3ion a w i ion rec

The factor fi represents the fraction of the total ionization current, Iion, going to the plasma grid and Irec is the
recombination current.

The total ion current, Iion,must be equal to the total ionization so:

( ( ) ( )) ( )d= +I en LA N S T N S T , 4ion a G H H a H2 H2 a

where δ is the fractional depth of the source at which the ionization remains at the same level as at the antenna,
and L is the total length of the source,making the effective depth equal to δL, SH and SH2 are the ionization rates
for atomic andmolecular hydrogenwith number densitiesNH andNH2 respectively, andAG is the plasma grid
area. SH and SH2 remain at the level set in the driver region at a temperature and densityTa, na at the antenna. An
initial value for δ is 0.5 but this is improved in later numerical cycles in themodel.

3.3. Gas density and temperature and plasma transport
This part of themodel follows the approach initially developed byChan et al [37] and includes the same
processes and the solutionmethod is virtually identical to theDC transportmodel [31–33]. The gas density and
temperature depend on the interaction between the three positive ion species and electronswith the gaswith the
onlymajor difference being the fact that thermal electron ratesmust be used rather than the fast primary
electron rates used in references [31–33]. The division into atomic ormolecular gas depends on recombination
at thewall and this is assumed to be the same as in theDCmodel. The samemethodology as that of Chan et al
[37] is used to create the positive ion species (H+, +H2 and )+H3 fluxes and the positive ionic transport
coefficients depend of the relative fraction of each species.

The gas temperature is very important as it sets the gas density in conjunctionwith a known gasflow rate and
cold gasfilling pressure. As in references [31–33], it is assumed that themain source of energy is the electron
populationwhich heats the ion population byCoulomb energy transfer. This energy then equilibrates between
the ions, gas atoms andmolecules via the very highmomentum transfer cross-section existing between these
particles (∼8×10−19 m2 for ion–molecule collisions, [38]) leading to a single temperature for these three
particles [32]. Itmight be thought that the Frank–Condon energy released on electron inducedmolecular
dissociationwould distort this concept butmost of the atoms formed in the discharge are createdwhen +H3 is
formed by +H2 collisions withH2which does not require either particle to have energies above 300K [39]. This
argument is supported by the fact that all three positive ion species appear have similar beamprofiles, and hence
similar initial temperatures when extracted fromamagneticmultipole source [40]withoutmagnetic fields in the
plasma. The gas atoms andmolecules then accommodate on the sourcewalls. In this way the electron energy
transfer andwall accommodation set the ion and gas temperatures. Themodel can only converge slowly, so
these processes will be treated as perturbations that are initially very small, and the rates for the various processes
are described by empirical equations similar to those shown above to allow the numericalmodel to converge
smoothly.

Once a preliminary estimate of the atomic andmolecular fractions and gas densities is known, the plasma
transport equations can then be solved, since the collision frequencies that control transport depend on both the
gas density and local plasma density, which are knownby this stage. As the ion temperature is the same as the gas
temperature, the ion energyflux equation is dropped, leaving just three equations with threemajor control
gradients; the plasma density gradient, the plasma electron temperature gradient and finally the potential
gradient or plasma field.

A similar approach is developed for the negative ion density based on the volume production of negative ions
via highly vibrationally excitedmolecules. The negative ions are formed by dissociative attachment collisions
between vibrationally excited hydrogenmolecules and cold electronswhose temperature is less than 2 eV [1].
Above this temperature, the rate coefficient decreases rapidly and at the same time the electron detachment rate
rises significantly, sharply reducing negative ion formation. The vibrationally excitedmolecules are formed by
collisions between electrons andmolecules in the lowest vibrational state (υ=0). These excitedmolecules are
destroyed bywall collisions and electronic excitation or ionization thus allowing a rate balance to be established:
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The term, tH, is the transit time of an atom across the source, SP is the production rate of these vibrationally
excitedmolecules andRin/Ta is the loss rate for thesemolecules via inelastic collisions [41].

Only vibrational levels in excess of 8 are included as the lower levels have a dissociative attachment rate that is
roughly a factor of 5 lower for each level below 8. This is reflected in the value of SP, the rate coefficient for
production from levels withυ� 8. A similar rate balance equation can bewritten for the negative ions. The
production rate, SDA, by dissociative attachmentwith vibrationally excitedmolecules above υ=8 is balanced by
losses by ion–ion recombinationwith a rate, SII, electron detachment with a rate, SEV, and also loss by atomic gas
collisions with a rate, SH.Wall losses are neglected as it is assumed that there is a dense plasma and hence small
mean free path. This gives a balance equation:

( )( ) = + +n - - - +N n S n n S n N S n n S . 68 e DA e EV H H II

Replacing the negative ion density, n−, by the fractional negative ion density, q=n−/n+, and assuming local
plasma neutrality, gives a quadratic equation in q:

( ( ) ) ( )( ) ( ) = - + + + + -n nn S q q n S S N S N S N S0 . 7e EV
2

e EV II H H 8 DA 8 DA

The transport coefficients for negative particles (electrons or ions) depends on this parameter, q so if q=1, the
plasma is a negative ion/positive ion plasma and if q=0, it is a normal plasma. The former is insensitive to
magnetic fields while the latter depends strongly on thesefields, and at the same time thefilterfield induces
strong cooling of the electron temperature. This can only be solved by slownumerical convergence with strong
under-relaxation.

3.4. The extraction region
The plasma grid creates some boundary conditionswhere the electrode current, IG, is:

( ) ( )= -I I f f 1 . 8G ion i e

At present all the experimental data is with an IG value of zero (floating) so fe (the electron fraction to the
grid) is unity in the code. The code loops until the ion current and negative charge current to this grid are equal.
The code is quite ‘ stiff ’ as only very small changes near the antenna lead to large changes near the grid. Therefore
many cycles are needed aswell as very slow stepping through themagnetic filter, particularly if themagnetic field
is high. A typical solution brings the twofluxes to equality within∼1% in about 1000major cycles and about
∼1000 steps through themagnetic filter.

3.5. Comparison of results fromSNIF
The SNIF source has beenmodelled using theRF ion sourcemodel described in the previous section and the
output from themodel has been comparedwith existing SNIF data. An important aspect of this was to apply the
correctmagnetic filterfield to themodel. Fromprevious fieldmeasurements inside the source, it has been found
that the field sharply increases as the plasma grid is approached, and this is due to a residualfield from the
acceleratormagnets. Figure 7 shows themeasured SNIF source fieldwith an appropriate fit whichwas
incorporated into themodel in order to best represent the SNIF field. In reality thefilter, confinement,
suppressor and acceleratormagnets form a complex 3Dmagnetic field structure whichwill affect plasma
transport. However thisfield structure cannot be implemented in a 1Dmodel andmay represent a deficiency of
themodel.

Themodel is able to calculate various source parameters along the length of the source from the transport
equations by Epperlein andHaines [34], and at different RF powers and source gas pressures. From the transport
equationswe are able to calculate the plasma density, temperature and potential as themodel steps through the
source; these results for a source gas pressure of 0.6 Pa (which is equivalent to a gasflowof 10 sccmon SNIF) and
various RF power settings are shown in the figures 8–10.

It can be deduced from figures 8 and 9 that the largefieldmagnitude causes a sharp drop in density and
temperature close to the plasma grid. A drop in potential is also seen from figure 10 but it ismuch smaller. In all
three cases it is evident that a higher RF power increases the value at the antenna end as well as that at the grid.

The code is currently capable ofmodelling the SNIF negative ion current (H− ions) data and the electron
temperature data at the optical fibre line of sight. Themodel was run at a variety of different RF powers and gas
flows in order to gather an appropriate range of results to comparewith SNIF data. The bias insert plate voltage
has not beenmodelled as it is currently out of the scope of thismodel, due to the fact that the transport equations
[31] follow a classical approach and in the region 2 mm from the plasma grid and the bias insert, this theory no
longer applies and requires furthermodelling, whichwill be done following thework ofHaas andHolmes [12].
Therefore only data takenwith a bias voltage of 0 Vhas been used for the comparison. The negative ion current
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Figure 7. SNIFmagnetic field present in the sourcemeasured along the central beam axis with a doubleGaussian fit.

Figure 8.Model output of the SNIF plasma density along the central source axis at 10 sccm gasflow andRFpower 2000, 3000, 4000
and 5000 W.

Figure 9.Model output of the SNIF plasma temperature along the central source axis at 10 sccm gas flow andRF power 2000, 3000,
4000 and 5000 W.Also shown is the line of sight of the optical fibrewhere spectroscopymeasurements were taken in order to
determineTe.
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results are in good agreement, as shown infigure 11. In this case themeasured beam current fromfigure 2 has
been corrected using an esimate of the stripping losses which for this gasflow rate is∼28%based on a calculation
of the accelerator conductance. There is a small difference between themodel and the estimated beam current at
the highest RF power. Figures 8–10 show that increasing the RF power increases the plasma density rather than
electron temperature but that the effect of the B field at the suppressor results in a nonlinear increase in electron
at the extraction aperture. In addition as the discharge power is increased there could be a saturation of the
density of vibrationally excitedmolecules. Thismay be a cause of the saturation in extracted current shown in
figure 2.

The acceptance angle of the optical fibre has been accounted for in themodel by taking an average of the
temperature over thefield of view of the lens around the centre of the fibrewhich is at 208.5 mmalong the source
axis, as illustrated infigure 9. The very rapid variation ofTe and plasma density close to the grid arising from the
highmagnetic field here does cause experimental problems as aminor shift in position leads to large changes in
these variables. The results forTe, using this averaging, with RF power are shown infigure 12with the SNIF data
obtained from the coronalmethod as previously described in section 3.2.

Figure 12 shows that there is a discrepancy between themodel output and the data, despite using the
averagingmethod described above. This could be explained by small errors in the positioning of the line of sight
and themeasurement of themagnetic field since the plasma parameters are changing rapidly in this region as
shown infigures 8–10. The coronalmodel is valid at plasma densities�1017 m−3 [25–27]. Since the source
model predicts the density to be slightly above 1017 m−3 in the region of the opticalfibre line of sight it could be
that the coronalmodel is not quite valid for these conditions in the SNIF ion source. In the extraction region
which is viewed by the spectrometer there is little heating of the plasma due to the low temperature. Excitation of
the hydrogen atomsmay also take place through dissociative recombination andmutual neutralisation of the
negative ions by positive ions. In order to verify the data it will be compared to theTe output from a collisional

Figure 10.Model output of the SNIF plasma potential along the central source axis at 10 sccm gasflow andRFpower 2000, 3000, 4000
and 5000 W.

Figure 11. SNIF extracted beam current against RF power data andmodel output at 10 sccm gas flow.
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radiativemodel [28, 29] and an accurate Langmuir probemeasurement will also be required, tomeasure bothTe
and ne. If themodel output and the data still disagree at this point then themodelmay need revising. Figure 12
also shows a difference between the experimental results for the different line ratios, in particular theHβ/Hγ

ratio, due to the sensitivity and intensity of the lines as discussed in section 2.2.

4. System studies of negative ion beamlines for futuremachines

The development of tokamak designs for fusion power plants generally assumes that steady state operationwill
be desirable for which a source of non-inductive current drive is essential. NBI is one possible current drive
solution and thefirst system study of anNBI system for amachine beyond ITERwas undertaken for an early
design of the EUDEMOand concentrated on the consequences of differing geometry options for the sources
and transmission into the plasma tomaximise the current drive efficiency, γ [42]. It is well known [43] that
economic considerations dictate the performance of the heating and current drive systems and that SystemCode
studies adopt a limiting figure ofmerit, F, defined as:

( )ge=F 0.25, 9

where ε is the electrical efficiency ofHCD system, i.e. the ratio of injected power to total electrical power drawn
by the system.Maximising the electrical efficiency has become the dominant theme for the development ofHCD
systems beyond ITER and aNeutral Beam systemmodel was created to identify the aspects of performance that
yielded the greatest benefit [21, 22]. This has since been improved to include amore flexible treatment of the
stripped electrons and a plasma neutraliser option. Themodel is based on the ITER1MeVbeamline butwith
additionalflexibility in choice of beam current and energy, source extraction area, neutralisermodel andwith
energy recovery systems; details are given in table 1. The values in the table are from ITERbeamline
requirements, the references e.g. [21, 22, 43] or are determined by comparisonwith existing fusion facilities such
as JET.

4.1. Calculation of electrical efficiency
The power drawn by the accelerator is determined by the specified beam extraction area, current density, co-
extracted electron current and the beam energy. An electron suppression system and filterfield generated by
passing a current in the plasma grid are also included in the calculation. The co-extracted electron current is
assumed to be deflected onto a collector grid at 10 keV energy (i.e. they are not accelerated to full energy). All
these dc power supplies are included in the high voltage deck power calculation and in thewall plug load via the
HV transformer efficiency. The RFpower to the ion source is fed via a separate transformer and is not part of the
HVdeck calculation.

The gas and the passive plasma neutralizer [20] have no direct power requirement but this is not the case for
the photoneutralizer. In the case of the photoneutralizer the power to the laser is given in [19]:

( ) ( )
l

h
s h

=
- ⎛

⎝⎜
⎞
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hc eV
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w
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Nln 1 2
, 10w
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b

b
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L

whereλ=1064 nm is the laser wavelength,σ=3.38×10−21 m2 the photodetachment cross section and
G=500 the cavity gain, η is the neutralization efficiency,Nw the number of laser cavities of widthw and ηL is the
laser power efficiency (set at 25%).

Figure 12.The electron temperature fromSNIF estimated using the coronalmethod as a function of RF power andmodel output at
10 sccm gas flow.
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The energy recovery systems are based on the circuit shown in [21] for a conventional configurationwith the
injector at high voltage. Recovery of both negative and postive residual ion beams are included but the latter is
connected by a converter to theHV supply [21, 22]. Themiscellaneous power requirement for items such as
cryogenic plant, pumping, heat rejection, etc is treated as a constant with some allowance for the reduced
cryogenic and pumping requirements for the photoneutraliser (table 1).

There are three lossmechanisms acting on the beam: (i) electron loss or stripping of the negative ion in the
accelerator, (ii) direct interception of the beamwith beamline components such as the neutralizer and residual
ion dump (if included) and (iii) re-ionization of the neutral beamdownstreamof the neutraliser.

The choice of neutralizer technology affects other aspects of the beamline operation. For example, the
photoneutraliser introduces no gas target into the beamline, so the re-ionization and stripping losses are
reduced. The size and number of injectors also influences the background gas load and in particular the re-
ionization losses which have been shown to scale with the square of the injector number [42]. These effects are
included in the code by a combination of scaling and logical operator.

The negative ion beam is subjected to stripping reactions as it passes through the accelerator and the beam
loss is scaled from the 29% estimate for ITER [44] by extraction area,Aext, to reflect the influence of the gasflow
from the source. Themodel allows a specified fraction of stripped electrons to be collected at a specified energy
to accommodate changes to accelerator pumping. A further reduction of 20% is applied if the photoneutraliser
option is selected to accommodate the reduced gas pressure in the accelerator.

The direct interception loss,T, is a function of the beam core and halo divergences and has been
parameterised from calculations of the ITER beamline using the BTR code [45] to be the functions:

( )
 q q q

q q q
q

= - +
= - + >
= =

T

T
T

with halo 0.0102 0.0496 0.0711 3 7 mrad

without halo 0.0122 0.0708 0.1029 3 mrad
0 3 mrad.
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The re-ionization loss,R, is derived from those calculated for the ITER beamline (under normal plasma
conditions i.e. excluding experimental high density plasma scenarios) by scaling for the re-ionization cross
section, the beamline length, L, and the extraction area. A further reduction of 50% ismade for the
photoneutraliser option to reflect the reduced gas load in the beamline.

The total number of injectors,Ninj, is included as each injector contributes to the background gas pressure
responsible for re-ionization losses.

The electrical efficiency is simply the ratio of the power transmitted to the plasma to the power drawn by the
beam system including all power sources.The current drawnby themainHV supply is:

( ) ( )k= - - - -I I f f F1 , 12HV ext strip strip rec

where Iext is the extracted ion current,κstrip is the fraction of the stripped electron current, fstrip, that is collected
on the intermediate grids at potentialVacc and the fraction of the residual negative ion current, F

−, collected by
the recovery system, -f ,

rec
is re-circulated through themainHV supply. ThemainHVpower is:

( )k= +P V I f I V . 13V VH b H strip strip ext acc

Thus the total wall plug power to theHVdeck through the transformer is:

( ) ( )h= +P P P , 14drain HV aux DC

where Paux is the total power drawnby auxiliary source systems such as the filterfield. Note that theDC
efficiency, ηDC, effectively appears as a squared term for the auxiliary supplies as it has been assumed that the
conversion efficiency from the transformer output toDC is equivalent to that for the transformer itself.

Table 1.Parameters for system efficiency calculation.

Ion source and beam Efficiencies and transmission Neutralisation and energy recovery

Energy (MeV) 1.0–1.5 DC efficiency 0.9 Gas neutraliser

D-current (A) 59.1 RF efficiency 0.9 Neutralisation efficiency 0.58

Electron/D-ratio 1 Stripping: no laser/laser 0.29/0.24 Plasmaneutraliser

Electron extraction voltage (kV) 10 Stripped electron fraction 50% collected at 200 kV Neutralisation efficiency 0.80

Filterfield voltage (V) 5 Photo-detachment

Filterfield current (A) 6000 Laser efficiency 0.25 Neutralisation efficiency 0.58-0.95

RF power (kW) 800 Incidentals (MW): Energy recovery

Electron suppression voltage (V) 15 Gas neutraliser 6 Negative ion recovery energy (kV) 25
Electron suppression current (A) 166 Plasmaneutraliser 5 Recovery fraction 0.8

Core divergence (mrad) 3–7 Photoneutraliser 4.4 Positive ion recovery energy (kV) 200
Halo divergence (mrad) 15 Conversion efficiency for positive ions 0.9
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Thewall plug efficiency is simply obtained from the ratio of the beampower injected to the plasma to the
sumof theHVdeck and non-HVdeck electrical power:

( ) [ ( )]

( )
( )e

h
= =

- - +

+ + + -- +

P

P

I V f T R N

P P P P P N

1 1
, 15

plas

elec

ext b strip inj

drain rsys L mis rec inj

where η is the neutralisation efficiency. The energy recovery systems are represented by -Prsys the power supplied

to the negative ion energy recovery system and +Prec , the power recovered, converted and recirculated from the
positive ion system.Pmis is the power supplied to variousmiscellaneous beamline systems including cryo-and
vacuumpumps. This is set at 6 MWfor the gas neutraliser, 5 MWfor the plasma neutraliser (due to the reduced
gas density) and 4.4 MW for the photoneutraliser. Note that the number of injectors,Ninj, appears to cancel but,
in factmaintains an influence through the re-ionization losses. In reality this is usually quite small so the
advantage of improved reliability with several smaller injectors does not translate into efficiency.

4.2. Electrical efficiency results
Themodel has been used to investigate the sensitivity of efficiency to various parameters. The greatest impact is,
of course, the choice of neutralizer and the results are shown infigure 13 for the three neutralizer types. As
expected, the efficiencywith a plasma neutraliser is intermediate to the gas and photoneutraliser. Typical current
drive efficiency for 1MeVNBI in aDEMOplasma is between 0.4 and 0.45 depending on the plasma profile [40],
so to satisfy thefigure ofmerit condition in equation (9) requires an electrical efficiency in the range
ε∼0.55–0.6. Raising the beam energy to 1.5 MeV increases the value of γ by∼10%once limitations due to
shinethrough are considered [46] thus dropping the required efficiency to ε∼0.5, a value thatmight be
achievable with improvements to beamdivergence. Given the relative simplicity of the passive plasma
neutralizer in comparison to the engineering complexity of the photoneutraliser this seems to be a promising
technology.

Themodel also allows the stripping fraction to be varied and the effect of this is shown infigure 14, together
with the impact of adding energy recovery systems. For the gas neutraliser it is clear that a reduction in stripping
losses brings significant dividend, as expected and that for the gas neutraliser the use of negative and positive ion
recovery in tandem can increase the efficiency to values that satisfy the condition in equation (9). Themodel also
shows that at 1 MeV amodest reduction in stripping losses in a plasma neutraliser system coupled to recovery of
the negative ion energy can reach efficiencies equivalent to the photoneutraliser.

5. Conclusion and futurework

The SNIFRF ion source shows a very favourable ratio of the co-extracted electron toH− current of<1 over the
range of operating parameters. This is achieved evenwith zero bias voltage on the insert in the plasma grid. Such
performance is normally difficult in volume ion sources and the use of caesium is needed to reduce the extracted
electrons to below the negative ion current. Thus SNIF represents an ideal test bed to advance the physics
understanding in these sources. This has begunwith the use of spectroscopy tomeasure the electron
temperature from the Balmer line ratios. A coronalmodel has been used to date to obtain the electron
temperature but a collisional-radiativemodelmay bemore appropriate. The spectroscopy can also be used to
obtain gas temperatures and the degree of dissociation in the ion source plasma. In addition it is planned to use a

Figure 13.Electrical efficiency as a function of beamdivergence for the three neutraliser options in the systemsmodel. Gas neutraliser
efficiency 58%, plasma neutraliser efficiency 80%and photo-neutraliser efficiency 90%.No energy recovery is used.
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Langmuir probe as an alternative technique tomeasure plasma temperature and density. The low electron to
negative ion ratiomay be associatedwith the relatively strongmagnetic field near the extraction plane due to the
filterfield and themagnets used in the plasma grid to suppress the extracted electrons. The 1D fluidmodel of the
dischargewill be used to understand the role of thismagnetic field on both the negative ions and co-extracted
electrons providing a predictive tool to guide changes to the ion source configuration.

If neutral beam systems are to be used in future fusionmachines for heating and current drive then it is
essential for economic viability that the electrical efficiency of these sub-systemsmust be improved significantly.
Relatively straightforward systems studies have provided a valuable insight into understandingwhat the benefits
and limitations are of various technologies, e.g. photo or plasma neutralsiers and energy recovery and
conversion of the residual negative and positive ions after the neutraliser. For instance it is clear that the passive
(beamdriven) plasma neutralisermay offer a considerable improvement over a conventional gas neutraliser.
The neutralisation efficiency of the plasma neutralisermay not reach that which is potentially available from a
photo-neutraliser but it would involvemuch less of a technological risk. Testing of the basic physics of a beam
driven plasma neutraliser could be carried out on a facility such as SNIF andwork is underway to understand the
plasma generation fromboth negative and and positive ion beams at low energy to determine the basic scaling
laws and the level of plasma generationwith the beams fromSNIF.
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