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ABSTRACT:
We have started to study negative ion extraction and acceleration systems in view of designing

a 1 MeV D- accelerator. This study is being made with a two-Dimensional code that has been
specifically developed in our laboratory and validated by comparison to three sets of experimental
da'.a1. We believe that the criteria for negative ion accelerator design optimization should be: (i) to
provide the best optics; (ii) to reduce the power load on the extraction grid; (Hi) to allow operation
with low electric fields in order to reduce the problem of breakdowns. We show some results of
optics calculations performed for two systems that will be operational in the next months: the CEA-
JAERl collaboration at Cadarache and the european DRAGON experiment at Culham. Extrapolations
to higher energies of 500 to 1100 keV have also been conducted. All results indicate that the overall
accelerator length, whatever be the number of gaps, is constrained by space charge effects (Child-
Langmuir). We have combined this constraint with high-voltage hold-off empirical laws. As a result,
it appears that accelerating 10 «A/cm2 of D' at 1 MeV with good optics, as required for NET or ITER,
is close to the expected limit of high-voltage hold-off.

1- INTRODUCTION

Negative ion accelerators are under study in order to prepare the next generation of neutral
beam injectors, with energies in the 1 MeV range. For conducting this design in our laboratory, we
have developed a particle trajectory code which takes into account the negative ion extraction
p h y s i c s ' . The particularity of this code is that: (i) it describes electron collective effects in the
sheath region by diffusion across the magnetic field; (ii) the stripping of negative ions on gas atoms,
which results in a significant beam space charge reduction, is taken into account. This code has been
validated by comparing its predictions to three sets of experimental data .

Studies of negative ion accelerators are being conducted with this code:
(i) beam optics for the CEA-JAERI collaboration which will start experiments with 100 to 125

keV H' and D' beams next April at Cadarache2;
(ii) beam optics for the european DRAGON 200 keV, 4 A, D' experiment, that will start this

spring at Culham3;
(iii) extrapolation of lower energy accelerators, such as DRAGON, to higher energies, by

adding accelerating gaps up to 500 kV / 1.) MeV,
In spite of being not fully completed, these studies allow us to draw important conclusions,

that will be given after presenting some of our optics calculation results.

2- CONVENTIONS:

2-1 Accelerator grids, gaps and voltages:
Gn = r.'k grid (plasma gric = Of,
V n = potential of grid n with respect to plasma grid voltage (i.e. V j = 0;
gn.r^l = length o;~ gap between grids n anJ n T 7

2-2 Beam divergence 6:
we choose to define it as:
e = v: O / D ( i )
G being the variance of the beam profile as it would appear on a target, sei at a distance D from

the source and perpendicular to the beam axis.



3- CRITERIA FOR NEGATIVE ION ACCELERATOR DESIGN: OPTICS,
BREAKDOWNS AND EXTRACTION GRID POWER LOAD:

The design optimization of high energy negative ion accelerators should address many
problems besides pure optical beam quality. Optimization should be made with the following
cr i ter ia :

(i) to provide the best optics for good transmission and for reduction of the breakdowns that
may be caused by aberrated particles;

(ii) to reduce the power load on the extraction grid (by minimizing the extraction voltage Vj);
(iii) to allow operation with low electric fields in order to improve the voltage holding, to

decrease the stored energy and probably to accept more energy dissipated in breakdowns without
decondi t ioning.

Criterion (ii) is important, since the extraction grid will collect all the electrons extracted
from the source. If j(e) is of the order of 1 to 5 times j(D"), and V2 (Vexlracuon) is around 5 to 10 kV,
as in most of the present negative ion accelerators, power densities of the order of 100 or 200 W/cm2

would have to be sustained by some parts of the extraction grid 62- This power load is very high, in
particular if one considers that permanent magnets in the extraction grid have to be used, which
cannot tolerate temperatures above 200°C typically. For this reason, accelerator design should aim
at reducing Vj. This reduction is all the more important in the case of negative ion accelerators
with grounded neutralizers, since in this case the electrical power for beam extraction would have to
be at high voltage, as well as the cooling water.

Concerning criterion (iii), measurements of the deconditioning energy as a function of the gap
between electrodes had been made by Bottiglioni and Bussac4. It shows that typically at least 1 Joule
per millimeter of gap can be dissipated without deconditioning (measurement made up to 50 mm
gaps). If this is true even for larger gaps, one should increase the gap size in order to allow more
stored energy to be dissipated. Of course larger gaps reduce the capacitance between grids and
thereby diminish the stored energy, making the conditions even better (unfortunately, other
components, besides the grids, contribute by their large capacitance to the overall stored energy).
Large gaps would also allow the structure of the accelerator to be simplified (flat electrode
structure for example, if the distance between electrodes could be the same in the accelerator and on
the surface of insulators!).

For these many reasons, large gaps should be aimed at. Unfortunately, one expects a
limitation to appear in our linear electrostatic accelerators, due to space charge effects ( T h e
Child-Langmuir law cannot be avoided!).

4- CALCULATION OF LOWER ENERGY ACCELERATORS (100 to 200 keV):

4-1 Optics in the JAERI-CEA experiment ( tr iode):
In the framework of the CEA-JAERI collaboration on neutral beam injection*, an experiment

with 1 A of H" and D~ ions at 100-125 keV will be performed at Cadarache, starting from April
1991. An example of calculation of beam optics for this experimeni is shown on figure 1. One shou'.d
note that the aspect ratio of the extraction system is quite large:

<JVg = 11.3 m m / 4 m m = 2.8 (2)
The original design of the optics was provided by JAER1. The engineering design and the

manufacturing of the accelerator was performed by CEA at Cadarache. The accelerator has been built
with the possibility of inserting spacers: this allows to change the gap g;3 from 40 mm to 80 mm.
The expected D" current density is of the order of 5 to 10 mA/cm :, as shown by pre l iminary
experiments performed at JAERI5 . Calculations have been performed in order to optimize the gap g;3
before starting the experiment. The negative ion code' has been used with the following parameters:
je = 25 mA/cm:, nc° = 10" cm"3, Bohm diffusion, stripping losses 30%. Some results arc presented
below.

Figure 2 shows the beam divergence 6 (at D = 6 m), as a function of the extraction voltage Vi.
for different gaps g;3 and for j(D") = 10 mA/cm-. Figure 3 shows the optimum V; (optimum meaning
best divergence) as a function of gap g;j for different current densities. Increasing the gap allows !o
reduce V; and improve 8. In the case of our experiment, a gap of 80 mm would probably be the best



choice for operation with Deuterium at 125 keV. However, the beamlet divergence would not be
better than 8 or 9 mrad,

A compilation of our results is shown on figure 4: the most adequate current density j(D') (i.e.
corresponding to the best optics) is plotted as a function of the gap g23 and the overall accelerator
length (L -f * = overall length + extraction hole diameter = g23 + 30 mm). The results of the code are
in agreement with a slightly degraded Child-Langmuir law; one finds approximately:

j(D-) = 1200 / (L+0)2 (mA/cm2) (3)
instead of a pure Child-Langmuir law, that would yield (125 keV D'):
j(D') = 1720 / (L+<I>)2 (mA/cm2) (4)
The deviation by a factor 0.7 can be understood as follows: (i) electrons are present in the

extraction gap; (ii) the extraction electrode (62) is thick and allows beam space charge expansion in
an electric field free region, (iii) the beam is compressed. In fact, the actual degradation is even
larger, probably by a factor 0.5 to 0.6, since stripping losses are taken into account in our code and
reduce the effective current density!

4-2 Optics in the DRAGON experiment (tetrode):
The european DRAGON experiment will start operation at Culham within the next few months3.

It will accelerate D" beams at 200 keV, with an expected extracted current density of 16 mA/cm2.
The aspect ratio of the extraction system is quite different from that of the JAERI design;

<U/g = 13 m m / I ! mm = 1.2 (5)
We have calculated the optics of the beam, using the DRAGON tetrode geometry provided by

A. H o i mes6. All the calculations have been made with our negative ion code1, using the following
parameters suggested by A.Holmes6: jc = 30 mA/cm2, nc° = 5xl010 to 10" cm"3, stripping loses 30&
(i.e. accelerated current density of 11 mA/cm2), magnetic field corresponding to the actual
disposition of magnets, Bohm diffusion. The best optics, obtained when varying V; , has been
obtained at V; = 9 kV. An example of beam trajectories is given on Figure 5. The ful l beam
divergence is about 5.5 mrad. But a beam halo exists: when only 85% of the beam (central part) is
considered, the divergence is better, around 3.5 mrad.

N.B.: V3 was kept at 58 kV, the design value for the DRAGON6, therefore our optimization
calculations are not fully completed and will be continued.

4-3 Discussion:
CEA-JAERI optics: the high aspect ratio extraction system allows a lower Vj operation.
DRAGON experiment: the low aspect ratio provides a better optics, but at higher V2.
Further studies have to be conducted: (i) to see if a compromise between these two types of

solutions can be found; (ii) to clarify wether a tetrode accelerator (as DRAGON) is required or not in
order to provide good optics in the preaccclerator (the good optics of the DRAGON tends to indicate
it. but does not prove it).

5- Hir!H KNERGY ACCELERATORS:

5-i Extrapolat ion of the D R A G O N :
Extrapolations of the DRAGON optics have been calculated (parameters as in section -4).
A first step was made by prolongating the DRAGON tetrode with an additionnai grid Gj, wrx

V t = 500 kV. A large gap gj_s was f irs t tried, in order to satisfy the requirements of low field
operation (see section 3). Unfortunately, the qua l i ty of opiics requires small gjs. as shown on f igure
6: the optimum (6 around 3 milliradian) is obtained with a gap around SO mm. Once again, it is found
'.r.c.; ihc j'-erzll zccelc'z'.cr '.£r.z'.'r: Z''rf:^^r.i' :."• the pred:c:'.."": of '.ke Ck'.ld-La'.mui' la^ i w - i i r
some degradation by a factor 0.7 to O.S. given the fac; tha; the accelerated current density is around
I i ";A/c.":-'..

A second step of extrapolation was performed, up to 1.1 McV. Trajectories arc shown on figure
7. The aberrated tracks arc artefacts, caused bv s ingu la r i t i e s at the plasma boundary, which can
probabl) be e l imina ted wi th a sof ter (but niuC 1 . longer) computer ca lcula t ion procedure. The
d:\er jer.ce (aberrated tracks excluded) is around 3 nirad (at D = 10 m).

I t i> quite interesting to note that for all the faps .fj; tried in our calculations, the optimal l':
wa.f unchanged: 9 k\' as in the original DR.\GOS. This, in addition to the faci thai very good opiics
w û t . be ob;;ur.cc by ^ s imple prolongaiio:: of :he accc'.craior, dcrr.ens'.ra-.es :h.c va!id::y of the
procedure chosen in the European Program, which consists in designing and exper iment ing a
negat ive lor. prc-accelcrator (DRAGON') before adding more electrodes for higl, energy (1 MeV'i



acceleration, as far as beam optics is concerned and provided space charge constraints are taken into
account in the HV accelerating stages.

5-2 Current density limitations:
All our result indicate that, as expected with the severe optics requirements we have to meet,

the Child-Langmuir law cannot be avoided in high energy negative ion linear electrostatic
accelerators, whatever be the number of gaps. Space charge effects govern the overall behaviour of
the beam. Furthermore, there is evidence that the situation is even worse than predicted by the
Child-Langmuir law, which applies to a perfect single gap accelerator, without beam compression,
electrons etc. The overall accelerator length L is constrained by the following equation:

,-_ilo
" m - ' - ' (6)

For D- beams, K = £ 3.9 1Q-8 (Ampère, Volts3/2) (7)
£ being the degradation factor (E = 0.6 to 0.8, as mentioned in section 4).
On the other hand. High Voltage hold-off sets a severe constraint on the accelerator gaps,

usually expressed as:
V < k La (8)
For example, Bottiglioni and Bussac4 give k = 1.2 105 and a = 0.6, (Volts, cm); more recently, a

compilation of d.c. accelerator data made by Keller7 yields k = 3.3 105 and a = 2/3. Nota Bene: H .V .
conditions in pulsed accelerators are much easier, but do not apply to d.c. systems, where current
induced breakdowns are dominant. Combining equations (6) and (8) yields (this is not new: for
example, Fumclli8 had derived an equivalent expression in 1972):

J m a x = 3.9 10'5 E k2/a V3/2-2/« (mA/cm2, Volts) (9)
This equation is valid for a single gap accelerator. If a multigap accelerator is used, with n

gaps with equal V/n potential steps and gap sizes determined by Child-Langmuir, the higher stress
lies in the last (smaller) gap, whose size G should be:

=- V3/2

do)
In this case, V has to be replaced by V/n and L by G in equation (6). Provided their is no

overall voltage effect, multi-gaps could thereby result in a softer constraint on the current density:

jmax = 3.9 ICT5 e (l-((n-l)/n)3/4)2
 n2/<X k

2/« v3'2'2'» ( 1 1 )

We have plotted jma, on Figure 8, calculated with different hypotheses:
(I): single gap, Keller parameters7, k = 3.3 105, a = 2/3; E = 0.7;
(V): five gaps, hypothesis of improvement by a factor 3, following (11), parameters as in (1).
The characteristics of some existing devices are also plotted on figure 8.

A safe assumption is that comfortable operation (with respect io High Voltage breakdowns)
will be in the vicini ty of the lower (I) hypothesis. If so, the current density limitations will be
severe and accelerating 10 m A/cm2 of D' at 1 MeV appears to be close to the expected l imit . As
shown by figure 8, it could be that using multi-gaps improves the situation with respect to HV, but
experimental proof is required on large systems with a size comparable to that of the future neutral
beam injector.

Nota Bene: if a is smaller than 2/3 (e.g. Bottiglioni and Bussac'' give a = 0.6 or even 0.5), the
situation could be even worse than indicated on Figure 8.

6- CONCLUSIONS

Calculations show that optimising a preaccclerator at lower energy (e.g. DRAGON) before
extrapolating it to higher energies with additionnai stages of acceleration, as in the European
Negative Ion Integrated Program, is a valid procedure with respect to beam optics.

Negative ion high energy linear electrostatic accelerators, whatever be the number of stages,
wi l l be limited by the law of Child-Langmuir (space charge expansion'), or even more severly. High
voltage hold-off, combined with the space charge limitation, show that the expected limn for the
beamlei current density, would probably be close to 10 mA/crrr in a 1 McV D' accelerator. This
problem might be the most critical one for building a 1 MeV mult i-ampere D' accelerator with
parameters fi t t ing the requirements of NET or ITER. It should be adressed experimental ly in the



framework of the Integrated European Program on Negative Ions. The urgency and the difficulty of
the problem makes that, in a first experimental phase, all components of the test bed, besides the 1
MeV accelerator, should be treated with well-known and reliable technologies, even if considered as
not representative of the final injector. The expected, but uncertain, improvement by multi-gaps
should also be addresed in this experiment.
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FIGURE 5: example of DRAGON
beam trajectories calculation.

FIGURE 7: extrapolated DRAGON
(D-, 1.1 MeV. 50 cm overall length).
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EXTRAPOLATED DRAGON (500 keV)
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FIGURE 6: extrapolated DRAGON
(500 keV): optimization of last gap £4$.

FIGURE 8: current density limit
derived from High-Voltage hold-off and
space charge constraints.


