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Beam Induced Effects in the ITER Electrostatic
Residual Ion Dump

E Surrey®, AJT Holmes" and TTC Jones®

¢ EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxfordshire, OX14 3DB,
UK.
" Marcham Scientific, Sarum House, 10 Salisbury Road, Hungerford, Berkshire, RG17 OLG, U.K.

Abstract: The effect of beam generated plasma in the channels of the ITER electrostatic residual
ion dump (ERID) is investigated. The space charge due to the plasma and the separating
positive and negative ion beams could cause the ERID to fail if the plasma density is sufficiently
high. The gas density at which this occurs is derived for both the heating and diagnostic beam
systems. For the heating beam system this critical density is a factor of 75 higher than the
normal operational gas density, so no problems are anticipated. For the diagnostic beam, the
critical density is only a factor of 3 higher and under certain circumstances could be exceeded.

Keywords: neutral beam, beam induced plasma, space charge
PACS 29.27Eg, 52.20Hv, 52.40Kh, 52.80Tn

INTRODUCTION

The ITER neutral beam injection system is comprised of two 1MeV injectors for
heating and current drive (HNB) and a single 100keV injector for charge exchange
recombination spectroscopy (DNB). Each HNB injector generates 16.7MW of neutral
deuterium beam and the DNB generates 2.5MW of neutral hydrogen beam from
negative ion precursor beams via the stripping reaction:

D +D, >D"+e+D,
which occurs in the gas filled neutraliser. An additional reaction:

D’ +D, > D*+e+D,
also occurs in the neutraliser, so that the beam is a three component system. The
optimum gas density in the neutraliser gives rise to 58% neutralisation and equal
quantities of residual negative and positive ions, which must be removed in a
controlled manner in the residual ion dump. In the ITER design [1], it is proposed that
the residual ions be removed by an electrostatic field transverse to the beam axis and
collected on suitably designed panels. This electrostatic residual ion dump (ERID) is
formed from five panels, giving four beam channels in accordance with the
subdivision of the neutralizer as shown in Figl.

The beam, comprised of neutral, positive and negative charged particles, enters
from below. The electric field across the channel deflects the positive and negative
ions in opposite directions. Secondary electrons will be suppressed by the electric
field at the grounded panels but accelerated by the field at the negative panel. The
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dimensions of the ERID for both the HNB and DNB are given in Table 1 together
with other parameters of relevance to the model. Gas from the source and the
neutraliser contribute to the background pressure in the ERID and a fraction of this gas
will be ionised by the beam, creating a plasma between the ERID panels, which will
also be affected by the applied potential. A plasma sheath will form at the cathodic
side of the RID, across which most of the applied voltage will fall. The width of this
sheath depends upon the plasma density, the degree of separation of the positive and
negative residual ion beams and the space charge due to ion formation in the sheath.
If the sheath width is equal to or greater than the ERID channel width then the
deflecting potential will be dropped across the whole of the channel. However, if this
condition is not fulfilled, then the potential will be dropped across a fraction of the
channel and part of the beam will see no deflecting electric field.
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FIGURE 1 Schematic of the ERID. All four channels are shown with the panel biasing arrangement.
The grey blocks represent the neutral beam; the dashed lines indicate the extreme trajectories of the
positive ions and the dotted lines of the negative ions

TABLE 1 Dimensions of the HNB and DNB ERID and Model Parameters

HNB DNB
Length (mm) 1800 1000
Channel Height (mm) 1745 1500
Channel width entrance/exit (mm) 103.8/91.5 104/96
Deflection voltage (kV) 20 4
Gas density (m™) 4x10'® 2x10™®
Current per channel (A) 10 15
Beam energy (keV) 1000 100
Species (%): DD D/H"H“H  D:20:60:20 H: 20:60:20

This study investigates the conditions for which the ERID sheath will be
sufficiently large to allow full deflection of the residual ion beams and predicts
conditions for which the ERID may fail.

THE ERID MODEL

Modelling of the ERID is complicated by the possibility that there may be no
plasma present at all, i.e. the applied potential is sufficient to drain the beam generated
plasma from the beam channel. Under these conditions the plasma sheath is equal to
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or wider than the ERID channel and free fall of all ions to the RID panel occurs. The
model therefore calculates the plasma sheath width and compares this to the channel
width in order to establish the presence of plasma. Three sources of space charge in
the sheath are considered: beam ions deflected by the electrostatic field, slow ions
created in the sheath and slow ions emerging from the neutral plasma. It is assumed
that the space charge of each of these components can be considered separately and
the potentials simply summed.

The Formation of Ions by the Beam

The plasma ions are formed by collisions between gas molecules and the fast D", D’
and D" particles in the beam. We assume that when the ion beams deflect in the RID,
they deflect collectively so that the current density of each beam ion species is
preserved. The beam currents (except for D) reduce as the beam ions are lost on the
RID. The volumetric rate of charge production by ionization in the RID, WV, is:

¥=N(,c, +J.c_+J,06+J.0,) ()

where the subscripts “+7, “0”, “-“ and “e” denote the positive ion, neutral, negative ion
and stripped electron components of the beam, J is the current density of a given beam
component and ¢ is the cross section for ionisation of the background gas by that
beam component. The gas density,N , is averaged over the axial region of interest
because the high axial mobility [2] of plasma particles along the beam axis means that
this production process should not be considered a purely local effect. Typical axial
fields of the order of a few volts per metre have been observed in beams at UKAEA
and a gas density of 4x10"*m™ leads to an ionic drift velocity of 5500 m/s per volt/m.
This is sufficiently large to average out plasma production over a significant part of
the beam axis and may even result in coupling of the ERID and neutralizer plasma
systems. Values of the average gas density for the ERID and neutralizer-RID
combination are given in Table 2 for both HNB and DNB systems.

The Potential of Ions Created in the Sheath

Ions of mass M created at a distance & from the fully neutralised beam region are
accelerated towards the cathodic panel by the potential V(€)-V(y) where y is the local
distance from the fully neutralised beam region. Using Poisson’s equation to obtain
the electric potential as a function of distance gives:

_d'v _ v y [’ dg
dy’ e ,e/M)2 b (Vig)-V(y)) "

where y =¥ —NJ o, as the stripped electrons are deflected in the same direction as

@

the negative ion beam component but by a larger angle and are removed from the RID
in the first few centimetres so do not contribute to the ionisation in the sheath. The
integral allows for the fact that the plasma ions do not have the same energy at the
same value of y because of their different points of creation. Langmuir [3] gives the
solution of equation (2):
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where U, is the potential arising from this form of space charge across the sheath of
thickness, D.

The Potential Created by Ion Flux from the Neutral Beam Plasma

The current density of plasma ions in the background gas inside the RID is:

J=(,0,+J o +J,0+].0,)x

L
Hw [Ndi=wx0.5w o)
2HL ;
where H is the RID channel height, w the width of the plasma region and L its axial
length. Here there is a contribution from the fast stripped electrons in addition to the
ionization created by the beam itself. Note that the factor of 2 arises from the fact that
the slow ion current diffuses towards both RID plates equally. For simplicity, w is
assumed to be unchanged along the RID axis, although in practice, it will reduce as the
beam is cleared from the RID. The slight enhancement of plasma production due to
negative ions deflected from the sheath volume into the plasma volume has also been
neglected. The potential, Uy, due to the planar sheath is given by the Child-Langmuir

equation:

2/3

U, = me « D3 )
4g,(2e/ M)

The Potential Formed by the Separated Beam lons

Initially the positive and negative ion beams overlap entirely, so that no potential is
generated. However, as the RID is traversed, the positive ion beam is collected on the
cathodic panel and the negative ion beam moves out of the sheath into the neutral
plasma (which remains neutral by definition). If the beam movement is s (D" into the
RID plate and D" into the neutral plasma (and eventually into the grounded plate), then
a charged zone of thickness, s, next to the negative RID plate, will exist where positive
beam ions exist alone. The analogous zone for negative ions does really not exist as
the anode sheath is very narrow and only has a potential of a few fold the electron
temperature across it.

A schematic for the model is shown in Fig 2 for the condition where plasma and the
plasma sheath are sustained in the beam channel. The beam is taken to have a uniform
core with a half-gaussian profile, of gaussian radius, p, over a distance sy next to the
RID plate. The grey solid line represents the boundary of the plasma which is formed
to the right of this plane between it and the grounded panel. The sheath lies to the left
of this plane and is of width D (so that the plasma occupies a width (W-D) where W is
the RID channel width). The dotted curve indicates the trajectory of the edge of the
core negative ion component deflected by the field across the sheath. There is no
curve corresponding to the other core edge as this falls within the plasma where the
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electric field, E, is zero. The dashed curves indicate the trajectories of the two
extremes of the positive ion component that experience the deflecting field. Part of
the positive ion current lies in the plasma region and is not deflected.
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FIGURE 2 Schematic of the ERID model showing plasma and sheath. The solid black lines —
represent limits of the uniform beam core of width 2R, the grey solid line

represents the edge of the
plasma sheath, the dashed line the extreme trajectories of positive ions and the dotted line the extreme
trajectory of the negative ions.

There are two parts to the calculation; firstly the beam displacement is derived
assuming a uniform electric field across the sheath and the collected beam current is
also derived at the same time. Secondly, from this displacement the net excess width
of positive beam space charge is found as the difference between the exposed positive
and negative charges. A new sheath width is calculated from Poisson’s equation and

is used in the next step of the beam displacement. The positive beam deflection is
derived in a step-wise way from the expressions:

E=U/D ©)
Av, =eEAz/mv, @)
As=v, Az]v,

@®)

where v, is the ion velocity perpendicular to the RID axis, vy, is the beam velocity and

Az is the incremental axial step. This deflection applies to all beam ions outside the
beam plasma, whether positive or negatively charged.
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In each zone the charge per unit length outside the plasma region is calculated
(allowing for current collected on the RID panels) for both the positively and
negatively charged beam components. The total net charge is simply the difference of
these two quantities and Gauss’s Law gives the electric field due to this charge. By
integrating over the total distance that this field applies, the resulting potential, Us, is
found to have the form

U; =——Fs.50.p) ©)
oV
where the function F(s,so,p) varies along the RID length.
The full potential U is given by the sum of the potentials due to the three
components of space charge:

2/3 2/3
U= L”z l)2 + L"V”z XD4/3 +U3 (10)
4e,(2e/ M) 4e,(2e/ M)

Equation (10) is solved in a stepwise manner moving along the RID to give the sheath

width when U is equal to the applied potential. At each step the new value of s is
evaluated from equations (6-8) and this allows a new value of D to be calculated.

Effect of Electrons

Electrons Created by Beam lonization

The form of Poisson’s equation given in equation (2) ignores the effect of the
electrons produced by ionization of the background gas by the beam. These electrons
will obviously be accelerated in the opposite direction to the ions. Including the flux
of electrons results in an equation that is intractable analytically. However, Langmuir
[3] has considered just this case and concludes that unless the linear production rate
exceeds that defined by the limiting current the effect of the electron space charge is
minimal. In the presence of a source of ions distributed between the plates of a diode,
the Child-Langmuir equation is modified [3] so that the limiting current is given by:

4g, [2¢ A
Ie =yydd =—2 "0 =5 V" (1n
where Vj is the potential between diode plates of area A and separation d. If the
actual volumetric production rate, y; given by equation (1) is less than i/ then the
maximum in the parabolic potential described by equation (3) occurs at the cathode
and the electrons flow to the anode under free fall conditions. For equal ionic and
electronic currents it follows that the respective densities are in the ratio

N,/N, =J/m/M (12)

and hence the contribution of the electrons to the space charge is tens of times smaller
than that of the ions.
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Secondary Electrons Created at the RID Panels

It has been noted that secondary electrons would be generated at the ERID panels
by the residual positive and negative ion beams. At the grounded panels, the electric
field suppresses secondary emission but at the cathodic panels the field would
accelerate the secondary electrons to energies at which they would contribute to the
ionisation. The secondary emission coefficient at off-normal incidence for most metal
surfaces is greater than one, so that the current density of secondary electrons would
be several times that of the collected ions providing a further enhancement. Estimates
of the residual magnetic field at the ERID [1] indicate a value of approximately 1mT
in the vertical direction and calculation of the trajectory of an electron emitted from
the cathodic panel shows a displacement of only a few millimeters. Thus there will be
a current flowing to the grounded grid equivalent to several times that of the residual
positive ion current.

The cross section for ionisation of the background deuterium (or hydrogen) gas by
electrons has a maximum value of ~1x10°m? for electron energy between 40eV and
100eV, above which it falls approximately linearly and is an order of magnitude lower
at 2keV[4]. This 2keV energy is attained by the secondary electrons after a distance
of 18mm in the HNB RID and 59mm in the DNB case. The average ionization cross
section over this distance can be obtained from [4] and used to estimate an average
probability of ionisation of the order 10* for both the HNB and DNB cases. This is
approximately one order of magnitude smaller than the equivalent probability of
ionisation by the beam ions and so, unless the secondary emission coefficient is of the
order of ten, secondary electron ionisation can be ignored. For clean, metallic surfaces
the secondary emission coefficient for protons of energy in the 100-500keV range is
approximately three [5] but this can vary depending on the condition of the surface. It
should be noted that [1] estimates the secondary emission coefficient to be a factor of
6 or 7, in which case ionisation by secondary electrons may be significant.

The effect of secondary electrons on the space charge is similar to that of electrons
created by beam ionization, i.e. the space charge is reduced by a factor proportional to
their current density. This will be proportional to the positive beam ion current
density incident on the panel multiplied by the secondary emission coefficient. Thus it
will act to increase the sheath width at a given deflecting potential and so aid the
operation of the ERID.

Results of the Modelling

Sheath Width and Sheath Potential

The general form of the potentials U;, U, and U; along the length of the RID are
shown in Fig 3(a) for the HNB with a gas density of 2x10*'m>, sufficient to cause the
RID to fail with a sheath width of 44mm. The contributions to the sheath space charge
arising from ions extracted from the neutral beam plasma and those created in the
sheath are approximately constant, with the former dominating by a factor of
approximately two. The contribution to the space charge potential of the separated
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positive ion beam is negligible, only a few volts. Fig 3(b) shows the sheath width, D,
beam separation, s, and the collected positive ion current, I, for the same beam
parameters. Note that when s = D, there is no further collection of ion current. In this
case only 0.88A from a possible 2A of residual positive ion current is collected by the
cathodic panel, so the RID is only 44% efficient.
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FIGURE 3 Results of modeling for HNB system with gas density 2x1021m™. (a) Contribution of the

three sources of space charge to the sheath potential: ionization in the sheath=———U1, ions from the

plasma U2 and separation of the positive and negative beam ions ======-: U3. (b) sheath
width, beam displacement and =======* collected positive ion current.
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FIGURE 4 Results of modeling for DNB system with gas density 5.6x10'®*m™. (a) Contribution of the
three sources of space charge to the sheath potential: ionization in the sheath Ul, ions from the
plasma U2 and separation of the positive and negative beam ions U3. (b) sheath

width, beam displacement and collected positive ion current.

Figures 3(a) and (b) represent a case of high gas density; the opposite extreme is
shown in figures 4(a) and (b) in this case for the DNB with a gas density of 5.6x10"*m™,
on the limit of operation of the RID. Now the full residual positive ion current of 3A
is collected on the cathodic panel when both the sheath width and the beam separation
are equal to the width of the RID channel. Note that in this case the space charge
contribution due to ionization in the sheath is a much larger fraction of the sheath
potential, reflecting the increase in the source term due to the entire positive ion beam
contributing to ionization. This also increases the contribution of the space charge due
to separation of the positive and negative ion beams and as a consequence, the
potential derived from the space charge contribution due to ionization and ions
flowing from the plasma decreases slightly.
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Critical Density

The code was used to investigate the evolution of sheath width as a function of the
background gas density for the HNB with parameters given in Table 1. The results are
shown in Fig 5, where it can be seen that the plasma sheath is equivalent to the RID
channel width for a gas density of 3x10”’m™, well in excess of the density of 4x10'®m
anticipated in the ITER DDD [1]. Considering the combined system of ERID and
neutraliser, which may be relevant in view of the ionic mobility, the average density is
raised to 1.5x10”’m™ and the deflection voltage would still be sufficient to clear the
ERID channel of plasma, although the margin for error is small.
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Figure 5 Sheath width and positive ion current collected on the RID panel for the HNB
with 20kV applied potential as a function of gas density. The dashed line indicates the average width of
the ERID channel.
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FIGURE 6 Sheath width and positive ion current collected on the RID panel for the
DNB with 4kV applied potential as a function of gas density. The dashed line indicates the average
width of the ERID channel

The equivalent plot for the DNB with parameters given in Table 1 is shown in Fi%
6. Again the limiting gas density of 5.6x10"*m™ is above the value of 2x10"*m"
anticipated in the ITER DDD [1], although a factor of 2.8 may not be considered
sufficient margin to ensure correct operation under all circumstances. For the
combined ERID and neutralizer system of the DNB the average gas density is
9.5x10"®m™ and is somewhat larger than the threshold value, so there may be a
problem for the DNB system if the RID and neutralizer plasmas are fully coupled.
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CONCLUSIONS

The effect of ionisation in the ERID channel leading to the formation of a plasma
sheath narrower than the RID channel has been assessed. Under these circumstances,
the deflecting potential applied across the channel would be mainly dropped across the
sheath and may result in some of the residual ions not being deflected. Despite the
dynamics of the system being complex it has been shown that in the case of the HNB,
there is considerable margin in gas density before the onset of sustained plasma. For
the DNB the situation is not so unequivocal; the threshold density is only a factor of
three above the expected density. In addition, the mobility of the plasma ions created
in the RID and neutralizer channels could result in these two components being
coupled and this, in effect, raises the average gas density. Estimates for the gas
density in these two cases are given in Table 2, together with the critical density, N, at
which a sustainable plasma is formed. The “safety factor”, S, also given in Table 2 is
defined as S=N/N if No/N>1 and S=0 if N/N<1.

Thus for the HNB the critical gas density of 3x10*°m™ is not exceeded even for the
worst case of RID and neutralizer coupling. However the safety factor is only 2 and
this might be considered marginal. For the DNB coupling of neutraliser and RID
panels, the model estimates a voltage of 7kV will be required to clear the channel of
plasma. This is almost twice the specified voltage, so it would seem prudent to
increase the specification of the DNB supply.

TABLE 2 Summary of Operating Conditions of HNB and DNB Residual lon Dumps

Condition | HNB | DNB
Critical gas density N, 3.0x10%m™ 5.6x10"°m”
ERID alone density, N 4.0x10"%m™ 2.0x10"%m?
safety factor, S 75 2.8
ERID + neutralizer density, N 1.5x10°m> 9.5x10"%m"
safety factor, S 2 0
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