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Abstract

Negative hydrogen ion (H™) sources employed in neutral beam injection (NBI) systems are
subject to extraction efficiency issues due to the considerable volumetric losses of negative
hydrogen ions. Here, we propose to improve the H™ extraction by activating an alternative
sheath mode, the electronegative inverse sheath, in front of the H™ production surface, which
features zero sheath acceleration for H~ with a negative sheath potential opposite to the classic
sheath. With the inverse sheath activated, the produced H™ exhibits smaller gyration, a shorter
transport path, less destructive collisions, and therefore higher extraction probability than the
commonly believed space-charge-limited (SCL) sheath. Formation of the proposed
electronegative inverse sheath and the SCL sheath near the H™-emitting surface is investigated
by the continuum kinetic simulation. Dedicated theoretical analyses are also performed to
characterize the electronegative inverse sheath properties, which qualitatively agree with the
simulation results. We further propose that the transition between the two sheath modes can be
realized by tuning the cold ion generation near the emissive boundary. The electronegative
inverse sheath is always coupled with a plasma consisting of only hydrogen ions with
approximately zero electron concentration, which is reminiscent of the ion—ion plasma reported
in previous NBI experiments.
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1. Introduction

Neutral beam injection (NBI) is crucial to provide sufficient
heating and current drive for the operation of fusion devices
[1-3]. An ion source is indispensable for the NBI system,
and both positive and negative hydrogen ion sources have
been developed for the NBI systems. Positive-ion-based NBI
is commonly employed in most present-day fusion devices
[4-6]. A negative ion source has been tested for NBI in JT-
60U, JT-60SA, LHD [7-10], and a prototype of a negative
ion source for ITER-NBI is being developed [11, 12]. For
future fusion reactors requiring higher power levels, positive
ions can become difficult to neutralize compared with negat-
ive ions, where the use of a negative ion source in the NBI sys-
tem becomes more favorable. In the negative-ion-based source
for NBI, the maximum delivered current density of surface-
produced H™ is however limited by the space charge effect,
where a space-charge-limited (SCL) sheath is assumed to be
formed in front of the H™-emitting surface and reflects most
of the generated H™ back to the surface [13, 14]. H™ passing
the minimum potential well of the SCL sheath are strongly
accelerated by the SCL sheath, and their extraction probabil-
ity is reduced due to a larger gyroradius and longer transport
path [15, 16]. The present work is thus motivated and aims to
address this issue with an alternative sheath structure in the
extraction region of a negative ion source.

In the negative hydrogen ion source, H™ are commonly
produced on the plasma grid (PG) made of molybdenum or
molybdenum-coated copper with a cesium deposit. Incoming
positive hydrogen ions (H') and hydrogen atoms are conver-
ted to H™ at the PG surface. Generated H™ beams are then
accelerated by the extraction voltage and neutralized before
entering the fusion device. The surface-emitted H™, however,
undergo persistent collisions and can be destroyed by, e.g.
two-body recombination, mutual neutralization, collision with
electrons or hydrogen atoms, photodetachment, etc, before
being extracted [17, 18]. Mitigating the H™ destruction is cru-
cial to improve the negative ion source production rate.

The initial state of H™ when injected into plasma is essen-
tial to the H™ transport in the extraction region, which is reg-
ulated by the sheath near the PG. Sheath physics near the
PG surface shares some similarities with those near the solid
boundary emitting electron flux due to, e.g. secondary elec-
tron emission (SEE), thermionic emission, photoemission, etc.
A local potential minimum near the emissive surface, called a
virtual cathode (VC), was observed in numerous previous sim-
ulations for surfaces emitting both electrons and H™ [19-22].
The VC is always accompanied by an SCL sheath near the
emissive surface, featuring a nonmonotonic sheath potential
profile. Potential distribution between the potential minimum
of the VC and the plasma is the same as in a classic Debye
sheath coupled with a Bohm presheath. Recent theories and
experiments questioned the stability of the SCL sheath if the
sheath is collisional: positive ion charge-exchange collision in
the VC should create cold ions that are trapped by local poten-
tial dip and gradually fill up the VC [23-26]. This eventually
yields the so-called inverse sheath, where the wall potential
floats above the plasma potential and the presheath potential

profile is flat. Both the SCL sheath and inverse sheath have
been observed experimentally for a range of plasma conditions
[27-29]. When a sheath is inverted, negative particles (either
electron or H™) injected into plasma should contain zero drift
velocity without sheath acceleration, as opposed to the SCL
sheath. This inspires us to tailor the inverse sheath formation
near the PG to improve the H™ extraction.

The paper is structured as follows. Section 2 introduces
the employed simulation model. Section 3.1 illustrates and
compares the inverse and SCL sheath near the PG with the
adopted simulation model and expatiates their main differ-
ences. Section 3.2 develops the self-consistent electronegative
inverse sheath theory, allowing for the estimation of inverse
sheath parameters. Section 3.1 compares the theory and sim-
ulation results, and highlights the benefit of using inverse
sheath mode to improve H™ extraction. Section 4 revisits pre-
vious NBI experiments which support the existence of the pro-
posed inverse sheath, and provides instructions to measure the
inverse sheath in practical NBI devices.

2. Simulation model

A IDI1V continuum kinetic simulation model is construc-
ted to simulate the H™ extraction region in the negative ion
source for NBI heating. A schematic of the considered extrac-
tion region and its location in a type of negative ion source
are shown in figure 1. The left boundary of the simulation
model is the PG surface in the direction facing the expansion
region. Plasmas in the expansion region penetrate the filter
magnetic field and arrive at the PG surface. The right boundary
in figure 1(a) represents the wall of the ion source. The present
work only focuses on the sheath formation in front of the PG
facing the expansion region. This simulation model was also
employed in a range of previous works investigating the sheath
formation near the PG [13, 14, 24, 30, 31]. H™ generated at
the PG surface move toward the bulk plasma, where no large
electric field is present. They collide with the plasma particles
and turn back toward the PG, until some of them reach the
apertures and pass through the meniscus, entering the region
where they are accelerated by the electric field. Note that the
deflecting field is generated by permanent magnets to deflect
electrons after H™ enter the meniscus, which should be located
in the left of the PG in figure 1(b) (not shown in figure 1(b) for
simplicity but can be found in, e.g. [15]). H™ are subject to
Lorentz force and volumetric losses in the above processes,
but these processes are not simulated by the present model. In
reality, expansion-region plasmas come from the inductively
coupled plasmas generated by the RF coils in the driver region
in figure 1(b). Simulation in the present work is however not
restricted to the RF-driven negative ion source and is applied
to a variety of sources with similar extraction regions, e.g. H™
sources based on the filament-driven DC-arc discharge [32].
On the left boundary, H™ are emitted from the PG, which
is usually made of molybdenum or molybdenum-coated cop-
per. The PG is usually covered with cesium to increase the H™
production yield. The cesium-enhanced surface H™ emission
process is simplified by setting a constant H™ flux density on
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Figure 1. A schematic of (a) the simulated region and () the location of the simulated region in a type of negative ion source for NBI
heating. The length of the plasma fueling region Ly is marked out. Note that the deflecting field lines in the left of the PG are not shown in
(b) for simplicity. Here, (a) is a zoom-in of the region marked by the dashed circle in (b).

the left boundary, and the cesium species is neglected as the
cesium concentration is usually more than one order of mag-
nitude lower than the hydrogen [33]. The constant emission
flux is commonly adopted for the sheath modeling near the
PG surface [14, 24], corresponding to the surface H™ produc-
tion due to incoming hydrogen atoms. This assumption will be
further justified in section 3.2. A volumetric H™ source is not
considered in the present simulation as the volumetric H™ pro-
duction rate is shown to be significantly lower than the surface
production [34].

The plasmafueling region, covering sixty percent of the
entire simulation domain, represents the plasmas coming from
the expansion region (shaded area in figure 1(a)), which gen-
erates electron-H™ pairs with constant temperatures accord-
ing to the boundary H™ loss. The plasma fueling region here
is specially designed to maintain the bulk plasma density at a
desired level, in order to facilitate the comparison with the-
ory and simulation parameter scans. In each time step, the
H* flux toward both left and right boundaries (I'yy ;. and
'+ r) are summed up, and the plasma fueling term is calcu-
lated as Scharge = %fso- Here, ng is the desired bulk
plasma density level, Ly is the length of the plasma fuel-
ing region, and fi is the electron or H velocity distribution
function (VDF) in equilibrium (to be given later). Because
H™ are not intrinsically generated in bulk plasma but are
supplied by the PG surface emission, the boundary loss of
H™ is not compensated by the plasma fueling term. This
choice of fueling region is widely used in pertinent sheath
modeling [21, 23].

The code simulates the evolution of the following kin-
etic equations for the three plasma species H™, H*, and
electrons [35]

Ofu—(evu-) - Ofn-(vn-)  gu-E() Ofin (x,vn—)
ot - e Ox my Ovh_
)

fu+ (X, vuy)

~ e, Y (ovny) g E(Y) Ofiny (4 vm)
= vy

ot ox my vyt
I
e o] + SH+,cx (2)
noL¢ of
Ofe (x,ve) Y Afe (x,ve)  qeE(x) fe (x,ve) n FHJr’mtf
o ox Me Ove noLg 70 of
+ See—n- (3)

Here, f; is the VDF of the species, with the subscript ‘s’
representing ‘H™’, ‘H*t’, and ‘¢’. Meanwhile, vs is the species
velocity, gs is the species charge, ‘pf’ represents the plasma
fueling region, E is the electric field, and 'y o is the total
H™ flux at both boundaries to calculate the electron and H™
fueling rate. Note that the present simulation does not con-
sider the molecular hydrogen ion species (H}, H;’ ), which can
contribute to the H™ volumetric losses. The H™ volumetric
losses are not crucial for the sheath formation near the PG sur-
face, but significantly affect the H™ transport to the extraction
grid (not simulated). Therefore, in previous works studying
PG sheath physics, the molecular ions are usually not con-
sidered for simplicity [24, 30]. The salient characteristics of
the involved sheath physics in the present work are not expec-
ted to be strongly affected by the molecular ions. The effects of
molecular ions will be studied with the planned 2D particle-in-
cell (PIC) simulation code of the entire extraction region and
are not further discussed in the following sections. The kinetic
equations contain the time derivative, two advections, and the
collision terms. The electric field is solved from the following
Poisson equation:

2
‘ZTf:—;;O(nH—nH,—ne,). 4)

Here, ¢ is the space potential, ¢ is the vacuum permittiv-

ity, and ns are densities of species. Note that both left and right
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Table 1. Boundary conditions for VDFs of three plasma species.

Boundary HT H™

Electron

Left (x=0)
Right (x=1L)

fH+ ‘X:O,Vl.H, >0 — 0

St =Ly <0 =0

mj
Jr-lr=0y_>0 = 7 - Th-exp { — 575

S le=Lyy_<0=0

mHvIZ_I7

fe |x:0,ve>0 =0

ﬁ> |X:L,Vc<0 =0

boundaries have zero potential. In reality, the PG can be biased
to help improve the H™ extraction. The bias voltage should
affect the size and potential of the sheath, which regulate the
flux balance and plasma density profiles. At the moment, the
influence of bias voltage is not considered, but it will be invest-
igated in our future works.

The plasma fueling terms of H™ and electrons are only
given in the plasma fueling region, where 'ty (o is the sum
of total ion flux at both boundaries, ny is the desired plasma
density, Ly is the length of the plasma fueling region, and f; is
the Maxwellian distribution of species as follows:

2
Mg MgV
271' Ts exp ( 2T5 ) ' (5)

‘fSO ('x7 VS) =no

Here, Ts is the species temperature. The terms Sy cx and
Se.e—n characterize the H' charge-exchange collision and elec-
tron thermalization due to electron—neutral collisions. Both
collision operators remove a portion of the VDF at a rate that
is inversely proportional to the collision mean free path. Here,
Su+ cx replaces the ion VDF with a cold ion of temperature
Tyo of the neutral hydrogen, and Sc._, replaces the electron
VDF with an electron of temperature T.. The expressions of
the two Bhatnagar—Gross—Krook (BGK) collision operators
are shown below [36]:

*VH+, lim
SHt,cx = — |VH+|fH+ + inO/ Vet | fir (v ) dviy
Acx nOACX J v
(6)
Se,efn = Ven [nenE)X)feo *fe (X, Ve):| . (7)

Here, A\cx is the H" charge-exchange collision mean free
paths, vu uim is the velocity limit of the simulation, and ve, is
the electron thermalization rate that characterizes the electron—
neutral collision. The treatment of electron—neutral collision is
simplified. Equation (7) only aims to thermalize electrons such
that the electron VDF approaches Maxwellian at a given rate.
The present simulation results with an inverse sheath formed
in front of the PG are shown not to be sensitive to the electron—
neutral collision rate, when an ion—ion plasma is achieved with
very low plasma electron concentration. H™ collision barely
affects the simulation results. Also, its collision mean free path
is large compared with the gap distance; hence, H™ collisions
are neglected. H™ collisions are more obvious when being
transported to the extraction grid (not simulated), where the
gyration under the filter magnetic field makes their trajector-
ies significantly longer. The same treatment was adopted in a
PIC simulation model of similar plasma conditions [24].

The initial plasma conditions are a uniform Maxwellian dis-
tribution, as shown in equation (5) in the plasma fueling region

for H" and electrons, and without H™ everywhere. The bound-
ary conditions for H" and electrons are to set the plasma-
facing side of the VDF at the wall as zero, since the particle
reflection and surface electron emission are not considered.
The H™ surface emission flux I'y_ is implemented in the left
wall H~ VDF and the right boundary is perfectly absorbing for
H™. The I'y_ can be set as a given constant or can be determ-
ined by the background neutral pressure. All the VDF bound-
ary conditions are listed in table 1.

The detailed simulation parameters are as follows: hydro-
gen ions, neutral and electron temperatures are Tyt = 0.8 eV,
Ty— =0.8eV, Ty =0.026 eV (300 K), T =2 eV. The plasma
density is np = 10""m 3. The choices of plasma density and
temperature are based on previous simulation of the extrac-
tion region [30]. Note that the neutral hydrogen temperature
can be higher for practical sources and is as high as 2000—
3000 K. The simulation results are however not very sens-
itive to Tyo and a discrepancy of 5% for the sheath poten-
tial is observed when increasing the Tyo from 300 K up to
3481 K. The electron thermalization rate ven = kvern/L, Where
k is an adjustable factor and v, 1, is the electron thermal velo-
city. The simulation results are not sensitive to k and a value of
1 is chosen. The mean free path for the ion charge-exchange
collision \cx is varied to achieve the sheath mode transition
(to be discussed later in section 3.3.) Here, A\cx =0.02m is
chosen if not specified, corresponding to a background neut-
ral pressure of approximately 0.3 Pa, which is the typical
working pressure in the extraction region. Surface H™ flux
can be a given constant or can be proportional to the back-
ground pressure with a given production yield, to be dis-
cussed in section 3.2. By default, a constant H~ emission flux
of 2 x 10! m~2s~! is provided, corresponding to an emis-
sion current of approximately 320 Am~2. The simulation gap
L =2 mm, and the plasma fueling region length L; = 1.2mm,
located between 0.4 mm < x < 1.6 mm. The choice of gap dis-
tance is the same as in [37]. The spatial resolution is Ax=
5% 107%m, and the time step Ar=5 x 10~ s, The velocity
range is eight times the electron thermal velocity for electrons,
and 40 times the ion thermal velocity for all ions, divided into
400 points. The choices of phase space and time resolution are
dictated by the Courant—Friedrichs—Lewy conditions, and the
selected velocity range must be sufficiently wide to avoid not
covering the high-velocity tails of the VDFs. Convergence is
achieved when key plasma parameters, including the sheath
potential, boundary plasma flux, and mean plasma density,
all have variations below 0.1% for a duration of 10*Ar. The
above choices of simulation parameters are based on pre-
vious modeling and measurement of the extraction region
in the negative ion source of similar working conditions
[14, 24, 30, 38].
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Figure 2. Space potential evolution in the formation of an electronegative (a) inverse sheath and (b) SCL sheath. All the simulation
conditions are the same, except that the HT charge-exchange collision mean free path is 0.02 m for (@) and 0.1 m for (b). For the converged
potential curves (black), the presheath potential drop A pr is marked out, the sheath-edge locations are marked by the dash—dotted lines,

and the sheath and presheath regions are indicated.

3. Simulation results and theoretical model

3.1. Simulation of the electronegative inverse sheath and
SCL sheath

The characteristics of the electronegative inverse sheath are
compared with the SCL sheath using the simulation model
presented in section 2. The two simulation cases have the same
input parameters, except that the H' charge-exchange colli-
sion mean free path is different. The inverse sheath case uses
the default mean free path of 0.02 m, as shown in section 2,
derived from the nominal working pressure of 0.3 Pa. The
SCL sheath case uses 0.1 m as the mean free path, which cor-
responds to a lower working pressure to reproduce the SCL
sheath in front of the PG. The following analyses will show
that under the given plasma conditions, it should be the elec-
tronegative inverse sheath that will be formed in reality. The
time evolution of space potential distribution during the form-
ation of an inverse/SCL sheath is shown in figure 2. The poten-
tial dip near the left emissive boundary is only visible in the
beginning of the inverse sheath run, which is then destroyed
by cold H" generated by the charge-exchange collision, even-
tually leaving a negative bulk plasma potential relative to the
boundary. A flat potential profile is found in the entire space,
except near the two boundaries, indicating no presheath struc-
ture predicted by the Bohm criterion. Here, the H* ions should
satisfy the Maxwellian distribution with no significant temper-
ature gradient. For the SCL sheath case, a stable potential dip
(VCO) is maintained, and the sheath remains a classic Debye
sheath between the bottom of the potential dip and the bulk
plasma, accompanied by a clear Bohm presheath potential
drop, marked in figure 2(b). The obtained SCL sheath struc-
ture in front of the PG surface is consistent with previous sim-
ulation works [13, 30]. Note that both the H™ density in bulk
plasma and the H™ surface emission affect the Bohm presheath
potential drop according to previous theories, which deviates
the HT energy at the sheath edge away from 0.57. [14].

The plasma density distributions of the converged runs
for the electronegative inverse and SCL sheath are shown in
figure 3. With an inverse sheath formed, the electron dens-
ity drops to a very low level (~10'> m—>) and the entire
plasma is formed only by H* and H™. The H™ density peaks
at the emissive boundary due to the sum of emitted H™
and H™ reflected by the inverse sheath, with the H* density
quickly decaying in the inverse sheath toward the left bound-
ary. The H fluxes at the left boundary and right boundary are
8.4 x 10” m™? s~! and 8.5 x 10" m~? s~!, which are not
very different due to near-symmetrical sheath potential distri-
bution. The H flux at the left boundary is 2.1 x 10* m=2s~',
which is much larger than the right boundary H™ flux of
8.5 x 10" m~2 s~! due to the contribution of H™ reflected
by the inverse sheath. Electron fluxes at both boundaries are
more than four orders of magnitudes lower than the H* fluxes
and are negligible. Although an inverse-like sheath potential
is also formed on the right grounded boundary (figure 2(a)),
both the H" and H™ densities decrease when approaching the
boundary, and the H™ density drops slower than H* to keep
the current balance. When an SCL sheath is formed at the
left emissive boundary, the electron density is above the H™
density in bulk plasma. The net space charge density is neg-
ative near the PG surface, and becomes positive when cross-
ing the minimum potential of the VC toward the bulk plasma,
consistent with previous SCL theories and simulations. This
transition from net negative to net positive space charge in the
SCL sheath is also called a double layer, which is shown in
figure 3(b) [13, 30]. The density distribution in bulk plasma
and the presheath is similar to that of classic electronegative
plasma.

The H™ behavior when entering the plasma from the sheath,
which is critical for their extraction, is fundamentally differ-
ent in the electronegative inverse sheath and SCL sheath. In
the SCL sheath, negative ions that penetrate the VC sheath
barrier are strongly accelerated and carry energy of several
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Figure 3. Plasma density distribution for converged simulations of an electronegative (a) inverse sheath and (b) an SCL sheath. All the
simulation conditions are the same, except that the H" charge-exchange collision mean free path is 0.02 m for (@) and 0.1m for (b).

times the electron temperature, whereas H™ should have zero
drift velocity when entering plasma from the inverse sheath,
whose mean velocity is comparable with the ion thermal velo-
city. A comparison of the normalized H~ VDF at the sheath
edge for the two types of sheath is shown in figure 4. The VDF
of the inverse sheath is concentrated near vy— =0, and the
VDF in the SCL sheath features a high velocity peak around
3 x 10* ms~! due to sheath acceleration of H~ from the sur-
face, corresponding to an energy of approximately 4.6 eV,
which is consistent with figure 2(). The lower part of the H™
VDF in the SCL sheath consists of H™ reflected by the sheath
barrier (vu— < 0), H™ penetrating the inverse sheath barrier
(va— > 0), and the H™ coming from bulk plasma (vg— < 0).
The starting energy or entering energy of H™ at the sheath
entrance in the SCL sheath is hence much larger than that in
the inverse sheath. Detailed quantitative analyses will be given
combined with dedicated theoretical analyses in section 3.2.
The sheath entrance, or sheath edge, is the interface connect-
ing the presheath and sheath region. In the present simulation,
the sheath edge is defined as the closest position to the mid-
plane with net charge greater than 1% of the H" density for
the SCL sheath. This definition is easier to implement in the
simulation than the Bohm criterion, and similar approaches
are adopted in a range of related simulations [39—41]. For the
inverse sheath, the edge is simply defined as the outmost posi-
tion with a zero potential gradient, since the inverse sheath has
a flat potential in the presheath region. It can also be stated that
the inverse sheath is not coupled to a presheath. The sheath-
edge locations, sheath, and presheath regions are marked out
in figure 2.

3.2. Theoretical ground

In this section, the theoretical ground of the electronegative
inverse sheath will be established to compare with the simu-
lation results. The plasma flow in the electronegative inverse
sheath is shown in figure 5, including H" flux from plasma
(indexed ‘i’), H" flux reflected by the inverse sheath (indexed
‘i, ref’), surface-emitted H™ flux (indexed negative ion beam,

1.0 T T T T
Inverse sheath
Y B SCL sheath |
S
>
= 06f i
el
s
=
E 04r .
S
Z
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0'0 1 /¥I 1 1
-6 -4 -2 0 2 4 6
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Figure 4. A comparison of the H™ VDF at the sheath edge for the
electronegative inverse sheath and SCL sheath. H™ are strongly
accelerated by the SCL sheath, while the inverse sheath has no
sheath acceleration.

‘nb’), H™ flux reflected by the inverse sheath (indexed as ‘nb,
ref”), and H™ flux from plasma (indexed as ‘np’). The potential
at the sheath entrance is zero, and the inverse sheath potential
is equal to the wall potential ¢..

The sheath potential will be solved by combining the charge
neutrality at the sheath edge, the flux balance at the wall, and
the expression of the surface H~ emission flux. At the sheath
edge, H' density consisting of H™ from plasma and those
reflected by the sheath, is equal to the total H™ density:

se se se se
1+ Nigef = Nyp + Nyp- (8)

Here, the subscript ‘se’ represents the sheath edge.
Note that njj .. =0 at the sheath edge. Reflected HT
density is obtained by integrating a truncated HT VDF,

nj‘ref:n?eerf(q/w% and the surface-emitted beam
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Figure 5. A schematic of the plasma flow and sheath potential
profile in an electronegative inverse sheath.

H~ density follows the Boltzmann distribution, ny, =
nnwbexp(wx as the electric field force is balanced by the
pressure gradient force. Here, the subscript ‘w’ represents the
wall. Equation (8) is then rewritten as follows, assuming the
plasma density at the sheath entrance ng:

n® {1 +erf( WJ)} = npp exp <7esow) +nmp=no. (9)
T; T;

In addition, the net plasma fluxes at the wall must be zero
to guarantee the current balance, which includes HY flux Ty,
surface-emitted H™ flux Ty, reflected H™ flux Ty rer, and H™
flux from plasma I'yp:

F:N - anp + anb,ref - Fxb (10)

The wall H' flux is equal to I}’ =T%® exp(—<£*), and the
wall reflected H™ flux is proportional to the surface emission
flux, 'y e = Iip[1 — exp(—<£*)]. The H™ flux from plasma is
conserved in the sheath region and is expressed by its sheath-

se 2T;
np Tm; "

2T;
Tm°

bution for the surface-emitted H™ ions. Equation (10) is then
rewritten as:

ni® exp (— eiw) = Hpp — Anb €XP <— e?‘”) .
1 1

Meanwhile, the surface-emitted H™ flux is produced by the
surface processes due to incoming H™ and neutral hydrogen
atoms, with the emission yield Y} and Yy, which gives the
following emission flux:

edge density, I'y, =n The surface-emitted H™ flux is

expressed as 'y, = ny,

assuming half-Maxwellian distri-

an

b = Y4+ I + Yo 'Fo- (12)

The wall hydrogen atom flux T'jj, is proportional to the
background neutral pressure ppo; here, an effective density

nuerr 18 introduced to facilitate the derivation. This effective

2T;
Tmj

density is defined as YuoI'}{) = nuer and is equal to:

niett = Yaopro/ vV Tro T (13)

Here, Ty is the neutral hydrogen temperature. Combining
equations (12) and (13), the following equation of wall-
emitted H™ density is derived as:

w

(14)

S e
b = Y40 exp <— g; ) + N eff.

i

Combining equations (9), (11), and (14), an equation con-
taining only the variable ¢, is obtained:

Yy exp (_eg;w) +0.5=|14erf e“;—f’)
x [O.Sexp (%) - ”Hveff] . (15)
i no

Solving equation (15) numerically provides the inverse
sheath potential as a function of the neutral pressure pyg, pro-
duction yield Y, and Yy, and the plasma density ny. The fol-
lowing discussions will further simplify the sheath potential
calculation by adding supplementary assumptions.

In the simulation presented in section 3.1, the surface-
emitted H™ flux is constant, which is based on the assumptions
that H™ production is mainly contributed by neutral hydrogen
due to a low degree of ionization, and that the neutral pres-
sure is uniform and stays at a constant level. For the paramet-
ers chosen in the simulation, the wall hydrogen neutral flux is
approximately 20 times larger than the H* flux, considering a
1% ionization degree, 0.8 eV ion temperature, and 0.026 eV
neutral temperature. Note that the production yields Y. and Yy
chosen here are based on the existing theory predictions and
measurements [42-44]. It is therefore possible to discard the
Y, I'YY term in equation (12), and equations (9), (11), and (14)
can be solved with an additional term defined as vy = ;WE
which is the ratio of surface-emitted H™ flux over the incom-
ing H™ flux from plasma at the wall. The term ~y_ resembles
the SEE coefficient from a solid boundary but characterizes
fundamentally different physics, since emitted H™ is not dir-
ectly created by incident H™, as in SEE. Solving for the inverse
sheath with y_ leads to the following equation:

. l—l—exp(—‘%w)/(l—i—erf( "‘?—”))
Pw =In(yg-)+1n

T;
! 1—exp(—e‘§iw)/(l+erf< %))
(16)
For a constant H™ emission flux I}y, the ratio vg_ is equal

to:

a7

YH- = ¢ 1— Fim)exp _eﬁpw
T e/ nor /2L T;
™m;

Equations (16) and (17) solve for the sheath potential using
the surface emission flux I}y dictated by the neutral pressure
puo and the production yield Yyo,in addition to the plasma
density no.

An analytical expression for the inverse sheath potential can
be derived if, in addition, the positive ions are ignored in the
inverse sheath. This somewhat bold assumption characterizes
a limiting condition with high inverse sheath potential, such
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that most H" are immediately reflected back to the plasma
by the inverse sheath barrier, analogous to the neglected elec-
tron density in a high-voltage Debye sheath, described by,
e.g. the Child-Langmuir law. With the above assumption,

equations (16) and (17) are rewritten as:
=G (18)
Y (19)

Hoe = ——F—-
B o,
o ™ m;

The limiting condition of equations (18) and (19) clearly
shows that the inverse sheath potential increases monoton-
ically with the surface emission flux. Note that the sheath
potential given by equations (18) and (19) is more accurate
with large surface emission fluxes, such that the H density
is sufficiently low in the inverse sheath. A scan of the surface
emission flux is performed, and the inverse sheath potential
is calculated by equations (18) and (16), and equation (15)
with a range of Yy values, shown in figure 6. The choices
of H™ emission yield are based on previous simulations and
measurements [30, 45]. The logarithmic increase of ¢ with
surface emission flux, predicted by equation (18), somewhat
underestimates ¢ compared with the other two methods con-
sidering H' in the sheath. Sheath potentials calculated by
equations (16) and (15) are identical when Y4 =0, and are
approximately the same unless Yy is more than four times
larger than Yg. Since this unphysically large Y, value can-
not be achieved in typical plasma conditions of the negative
ion source, assuming constant surface H~ emission at a given
pressure level should, in general, provide reasonably accurate
predictions. Comparison of the theory predictions and simula-
tion results will be given in section 3.3.

3.3. Theory validation and beneficial H~ starting energy for
extraction

In this section, the theoretical predictions in section 3.2 are
compared with the simulation results, for both an electronegat-
ive inverse and an SCL sheath, to highlight the benefit of using
an inverse sheath to improve the H™ extraction efficiency. A
scan of the H™ surface emission current is performed, and
the corresponding inverse sheath potential and space potential
profiles are shown in figure 7. The theory predictions slightly
overestimate the inverse sheath potential, which is more obvi-
ous at low emission-current levels. The qualitative trend of
the inverse sheath potential increasing with the emission cur-
rent is in good agreement with the simulation results, see
figure 7(a). The size of the inverse sheath remains approx-
imately unchanged based on figure 7(b). The source of dis-
crepancies mainly lies in the non-Maxwellian ion VDFs in
the simulation due to the lack of sufficient collisionality. The
assumption of zero H™ density in the sheath is also less valid
with the low emission current, which is why the discrepan-
cies decrease with a higher emission current (i.e. higher sheath
potential and lower ion density).

2.5 I 1 T 1 1
Inverse sheath potential
20+ .
2
= .18
250 —Eq. 16 ]
51
g -+ +-Eq.15,Y,=0
= Eq. 15, Y,=0.25
<
ﬁ" 1.0 F Eq. 15,Y,=0.5 A
----- Eq. 15,Y =1
P Eq.15,Y,=2
' Higher Y, — = Eq.15,Y,=4
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Emission current density (Am™)

Figure 6. The inverse sheath potential calculated by equations

(18) and (16), and equation (15) with different Y values. Plasma
density np = 1017m3, ion temperature 7; = 0.8 eV, production yield
Yho = 0.25. Note that equation (15) with Y+ = 0 gives identical
results to equation (16).

A similar emission-current scan is also performed with
a higher H" charge-exchange collision mean free path, as
in section 3.1, where a stable electronegative SCL sheath
appears, shown in figure 8. The simulation and theory achieve
good consistency. The theoretical predictions are obtained
using the well-known classic electronegative SCL sheath
theory [14], and only the potential difference between the left
boundary and the potential minimum at the VC is calculated,
shortened to the SCL sheath barrier potential in the following
discussions. This is because the sheath barrier ¢ dictates the
maximum H™ current that can be injected into bulk plasma,
Jinj,scL, which is a key factor used to estimate the H™ extrac-
tion performance. Here, Jiyscr is calculated according to:

Jujser = wexp (~ 1), 20)

H—

Here, J.m is the surface H™ emission current. The maximum
injected current is expressed as Jiy scr. = Jojp, Where j, is a nor-
malized term, as follows [14]:

. 1 Me :|
=——2umo | [14+ 25 —1| +exp(—n.
Jb (Zm)z{ no[ o p(=7e)

Un
14 2 fexp (=) - 11} @1
r
Here, 7. is the sheath-edge potential normalized by T,
M- where the subscript ‘se’ is the location of the sheath

Vﬂ = —
Nese

edge, vr = T:—i, Jo = enese \/%(2170)2/3, vi = 1+ 2n¢jp + vu, and
0 = 50 The calculation of ¢ requires the value of
vy, Which changes with the surface H™ emission flux and
can only be determined combined with the simulation results;
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Figure 7. (a) The electronegative inverse sheath potential (positive value) given by theory and simulation, and (b) the simulated space
potential distribution for various surface H™ emission currents when simulations converge. The theory prediction curve is calculated by

equation (16).
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Figure 8. (a) The electronegative SCL sheath potential given by theory and simulation, and (b) the space potential distribution for various
surface H™ emission currents. Theory points are calculated using existing classic SCL sheath theories.

hence, the theory predictions in figure 8 are discrete points in
accordance with the simulation results. In previous theoretical
analyses, v, is usually a given constant [13, 14].

The performance of the H™ extraction is primarily evalu-
ated by the maximum amount of injected H™, characterized
by the H™ current at the sheath entrance, and the H™ extrac-
tion probability (or extraction efficiency). The following ana-
lyses will compare the pros and cons of using an electronegat-
ive inverse sheath or SCL sheath near the PG by focusing on
the above two criteria, in order to determine the optimal H™
extraction solution.

The H™ created and injected from the PG surface are sub-
ject to the sheath barrier for both the inverse sheath and the
SCL sheath. The maximum injected current at the sheath edge
18 Jinjiny = Jemexp(f%) for the inverse sheath and JiyjscL =
Jemexp(—72:¢) for the SCL sheath, where Jem is the surface
emission current. Here, Jijinv 1S given by the inverse sheath

potential formulae derived in section 3.2. Taking the simplified
solution of equations (18) and (19), the maximum injected H™
current for the inverse sheath is:

2Th—

Jinj,inv = 0.5n0 .
™My

(22)

The Jinjscw is prescribed by equations (20) and (21). Here,
the variable v, is scanned with several ~r values, while keep-
ing Ty_ and all the other parameters the same as the simula-
tion setup. The calculation results are shown in figure 9. The
maximum injected current is not very sensitive to v, (approx-
imately 0.5-0.8 in simulations), but varies remarkably with
the vr (T.). Here, vr=2.5 in the default simulation setup,
where the SCL sheath should correspond to a larger injected
current than the inverse sheath. When 7 =5 (7. = 4eV), the
inverse sheath features a larger injected current for most v,
than the SCL sheath. The observed trends are not sensitive to
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Figure 9. The maximum injected H™ current into the plasma for an
inverse sheath and SCL sheath with different v, yr values.

the plasma density (not shown). The above analyses suggest
that the maximum injected H™ currents from the SCL sheath
and the inverse sheath are not very different; hence, the two
types of sheath are equally favorable in this aspect.

The total extraction probability of an extraction system is
commonly determined by integrating the local extraction prob-
ability P, of an elementary surface area dA, over the entire
emissive converter surface [15]:

Pext = /Ploch7
A

where Pj,. is the number of extracted H™ over the total num-
ber of created H™ for the surface element dA. Such a prob-
ability can be measured experimentally or can be predicted
by numerical simulations, but direct analytical calculation is,
in general, complicated. The extraction probability is usually
calculated by performing a 3D simulation of the negative ion
source, and is shown to be affected by the converter shape,
filter magnetic field, H™ starting energy, neutral pressure, etc
[15, 46-48]. For most general applications, the H™ starting
energy was proved to significantly affect the extraction prob-
ability, shown in figure 10 [15, 46]. For ITER-NBI simulation
with both a flat and chamfered converter shape, Pex is shown
to decrease with the H™ starting energy from 1 eV and sat-
urates at approximately half the value after the H™ starting
energy surpasses 7 eV [15]. The drop is mostly obvious for a
H™ starting energy below 3 eV. A similar trend was obtained
for alower H™ starting energy at different radial positions with
respect to the central axis [46]. The referenced ITER-NBI sim-
ulation has the same electron and ion temperature setup as
the present simulation. The effect is explained by a reduced
transport path due to a lower ion gyroradius if the H™ have a
lower starting energy. Less destructive collisions (neutraliza-
tion with H™, electron stripping, detachment, etc) should occur

(23)
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Figure 10. The influence of the H™ starting energy on the
extraction probability from previous modeling works [15, 46]. The
decrease in the extraction probability with the H™ starting energy is
valid for different converter shapes (flat and chamfered) and varied
radial positions from the chamber central axis (0.3 cm, 2 cm).

with a shorter path length, which yields a higher extraction
probability.

The H™ starting energy is closely related to the sheath struc-
ture near the PG. For an SCL sheath, the H™ are accelerated
by the sheath, and their starting energy is dictated by the dif-
ference between the PG potential and the bulk plasma. In the
present simulation, the PG potential is zero and the H™ start-
ing energy at the sheath edge is comparable with 5 eV, which
is more than twice the electron temperature. Experimentally,
the sheath acceleration can be controlled by adjusting the PG
bias.

With an inverse sheath formed near the PG, however, no
sheath acceleration appears and all H™ passing through the
sheath barrier only have thermal energy with temperature
Ty— =0.8¢eV in the present simulation. The inverse sheath
hence features a H™ starting energy lower than that with the
SCL sheath by a factor of several times 7. /Ty, which should
correspond to significantly improved extraction probability.
Note that the present work only focuses on a short distance
from the PG surface and studies the sheath physics therein. The
present simulation does not consider the realistic filter mag-
netic field and the H™ collisions, and cannot directly describe
the exact H™ transport to the extraction grid. The descriptions
of how the H™ entering energy affects its extraction probab-
ility are based on previous works that consider the complete
extraction region, where the H™ entering energy was given as a
constant by disregarding the PG sheath region and simplifying
it as a boundary. Our future simulation involving a more com-
plete extraction region is expected to further investigate the
H™ transport in the extraction region when an inverse sheath
is formed in front of the PG surface.
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Figure 11. The transition between an electronegative SCL sheath and an inverse sheath. In (a), the simulation begins with a converged SCL
sheath achieved with a 0.1 m H' charge-exchange collision mean free path, and the mean free path is decreased to 0.02 m to trigger the
transition to the inverse sheath. In (), the simulation begins with a converged inverse sheath achieved with a 0.02 m mean free path, and the
mean free path is decreased to 0.1 m to trigger the transition to the SCL sheath. An artificial strong plasma fueling source is added in the
first 3.5 ps to provide sufficient electrons to trigger the transition, which is then replaced with the default plasma fueling rate that is
proportional to the H" boundary loss. All the other simulation parameters are kept the same.

4. Mode transition between inverse and SCL sheath

In section 3, the advantages and disadvantages of an elec-
tronegative inverse and SCL sheath in H™ extraction are dis-
cussed in detail. In reality, it is crucial to determine which
type of sheath is actually formed in front of the PG and estim-
ate the injected H™ conditions and the bulk plasma proper-
ties, considering that the inverse sheath and SCL sheath are
coupled with significantly different plasma density distribu-
tions. In this section, the transition between a classic, inverse,
and SCL sheath for the electronegative plasma is expatiated,
offering dedicated approaches to achieve the desired plasma-
sheath coupling.

The transition between the SCL sheath and inverse sheath
can be triggered by the change in the HT charge-exchange col-
lision rate near the boundary. A stable SCL sheath can only be
formed when no excessive numbers of cold H' produced by
charge-exchange collision are accumulated near the PG. For
an SCL sheath, the plasma flux balance at the PG is as fol-
lows:

I =Thp + i rer — Db + T - (24)

The difference between equations (24) and (10) is that here
an extra electron flux term toward the PG I is involved.
The wall electron flux depends on the potential difference
between the VC potential minimum and the SCL sheath edge,
Ove_se =0, with T'Y = Fe,seexp(—”}%). The wall-emitted H™
net flux is I, of — I, = — iy exp(—“5=*), where pye—w >0
is the potential difference between the VC and the PG. When
the cold H" accumulate in the VC due to charge-exchange
collision, the VC potential dip is undermined such that all
the terms on the RHS of equation (24) are perturbed and a
flux balance can no longer be maintained. This drives a trans-
ition to the inverse sheath, shown in figure 11(a). Here, a

simulation is performed, which starts with a converged SCL
sheath case achieved with a H' charge-exchange collision
mean free path of 0.Im, and then the charge-exchange col-
lision mean free path is reduced to 0.02 m in the entire sim-
ulation domain from = 0s. The SCL sheath gradually col-
lapses and eventually forms a stable inverse sheath with ion—
ion plasma and few electrons in the plasma. A transition from
the converged inverse sheath to an SCL sheath is also tested.
The converged inverse sheath was achieved with a 0.02 m
charge-exchange collision mean free path, and then the mean
free path is increased to 0.1 m to trigger the transition to the
SCL sheath. Because the plasma fueling rate of the electron—
H™ pair in the fueling region is proportional to the H" bound-
ary loss, which is low for a converged inverse sheath case, an
artificial strong fueling source is added in the first 3.5 us of
the simulation to provide enough electrons to trigger the trans-
ition to the SCL sheath. The artificial source is replaced with
the default fueling rate after 3.5 us and, eventually, a stable
inverse sheath is formed. The final converged sheath potential
is slightly different from figure 2(») due to the different plasma
density caused by the artificial fueling.

A scan of the HT charge-exchange collision mean free
path Acx is performed to further develop the above transition
between an electronegative SCL and inverse sheath, shown in
figure 12. All runs begin with the default initial conditions.
A sharp transition from the inverse sheath to the SCL sheath
occurs when Acx approaches 0.1 m, which is five times the
Acx chosen by default and corresponds to a much lower neut-
ral pressure. The plasma potential is below the PG potential
in the inverse sheath cases and is above the PG potential after
the transition to the SCL sheath when increasing the Acx. The
normalized electron density in bulk plasma also rises signific-
antly from almost zero to approximately 70% after the trans-
ition. Here, the point with the lowest Acx = 0.02m is the value
adopted for all simulations in the previous sections. The value
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Figure 12. Scans of the HT charge-exchange collision mean free path for () the mid-plane potential and (b) electron density normalized by
H™ density in the mid-plane. Note that the boundaries are grounded so that the mid-plane potential is negative if an inverse sheath is
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SCL

Figure 13. A schematic of a phase diagram representing the
transition between a classic non-emissive electronegative sheath, an
SCL sheath and an inverse sheath, due to the change in the H™
emission current at the PG and the H" charge-exchange collision
mean free path.

of the \cx is calculated to be from 0.016 m to 0.028 m, for a
H* temperature between 0.03 eV and 2 eV, using the stand-
ard source working pressure 0.3 Pa [49]. Hence, it is possible
to achieve the inverse sheath at the PG surface of the negat-
ive ion source for NBI without changing the existing plasma
conditions.

The transition of emissive electronegative sheath modes
can be summarized by the phase diagram in figure 13. When
increasing the surface H™ emission current above the critical
value, high H" collisionality yields an inverse sheath and low
collisionality leads to an SCL sheath. Decreasing the surface
emission restores the sheath back to the classic regime if the
H* charge-exchange mean free path Acx is unchanged. An
SCL sheath can collapse and transform into the inverse sheath

when the sheath becomes more collisional, and a stable inverse
sheath can shift into an SCL sheath by increasing the Acx.

5. Experimental support

The proposed theoretical model, though supported by the con-
tinuum kinetic simulation, will be better validated if suppor-
ted by experiments in a practical NBI system. The potential
distribution near the emissive PG surface, however, is rather
difficult to be directly diagnosed by, e.g. a Langmuir probe,
due to the small size of the sheath (both an electronegative
inverse sheath and an SCL sheath). Indirect evidence is much
more convenient knowing that the properties of bulk plasma
coupled with the inverse sheath and the SCL sheath are funda-
mentally different: the inverse sheath features a plasma con-
sisting of only positive and negative hydrogen ions, whereas
an SCL sheath corresponds to a typical electronegative plasma
with considerable electron concentration and, here, the elec-
tron density is higher than the H™ density in bulk plasma,
figure 3. The bulk plasma properties can be easily measured
by the conventional probe diagnostics. It transpires that such
ion—ion plasma has been observed near the PG of a negat-
ive ion source in experiments, but the causes remain elusive
and numerous hypotheses of its formation exist. The proposed
electronegative inverse sheath model can ably reproduce the
previously observed ion—ion plasma formation.

A first observation was reported on the testbeds of a negat-
ive ion source for ITER-NBI at IPP Garching [50], where one
Langmuir probe showed a significantly lower current at a pos-
itive voltage scan range than expected. With cesium, the probe
I-V trace is nearly symmetric in positive and negative voltage
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Figure 14. Probe data showing the normal Langmuir probe /-V
trace and the trace for ion—ion plasma measured by Schiesko et al
near the PG [51]. Similar traces for ion—ion plasma were also
measured in other

experiments [50, 52].

branches, suggesting clear evidence of plasma consisting of
mainly positive and negative hydrogen ions and few elec-
trons. Such an anomalous /-V probe trace was subsequently
reproduced in several works with cesium seeding [51, 52]. An
example of the symmetrical Langmuir probe /-V trace corres-
ponding to the ion—ion plasma is shown in figure 14 [51]. It
must be pointed out that factors, such as a PG bias potential,
cesium ions, and a magnetic filter field, may also contribute to
the formation of the above plasma type [20, 22, 53, 54], which
are not included in the present simulation. Further modeling
efforts are hence anticipated to incorporate the present model
into a more realistic multi-dimensional extraction region sim-
ulation, or even coupled with simulation of the entire negative
ion source.

It should be noted that the previous probe measurements of
the ion—ion plasma formed in front of the PG surface of a neg-
ative ion source suggested a positive plasma potential relative
to the PG, instead of the negative plasma potential as predicted
by the inverse sheath theory. This paradox could be solved
by a recent comparison of the same inverse sheath formation
in front of the emissive surface using different treatments of
electron—neutral collision [25, 26]. With realistic ionizations,
positive ions generated in bulk plasma are trapped and accu-
mulate, forming a potential ‘hill’ in bulk plasma, which leads
to a non-flat presheath coupled with the inverse sheath and a
positive plasma potential relative to the surface. This is fore-
seen in front of the PG surface in the present work, but further
PIC simulation is expected to validate the hypothesis.

Another way to distinguish the electronegative inverse
sheath from the SCL sheath is from the H™ energy. The
SCL sheath features strong sheath acceleration, which leads
to H™ much faster than with the inverse sheath. But the
realistic temperature of H™ just emitted from the surface is
also not easily available; therefore, special experiment design

is needed to verify the exact sheath structure formed near
the PG.

6. Conclusions

The electronegative inverse sheath is proposed as an alternat-
ive sheath solution formed in front of the H-emitting PG in
the extraction region of the negative ion source for the NBI
system, using the continuum, kinetic simulation, and theor-
etical analyses. The electronegative inverse sheath features a
wall potential floating above the plasma and is coupled with
a plasma consisting of only positive and negative hydrogen
ions. Contrary to the commonly believed SCL sheath formed
near the PG, the inverse sheath features zero sheath acceler-
ation and therefore injects H~ with much lower energy than
the SCL sheath into the plasma. H™ injected through the
inverse sheath hence encounters less volumetric losses and
has higher extraction efficiency. Both simulation results and
theoretical analyses suggest that the inverse sheath potential
increases with the H™ emission current in a near-logarithmical
way, whereas the maximum injected current into plasma via
the inverse sheath only depends on the ion temperature. The
maximum injected currents from the inverse sheath and SCL
sheath are comparable. Transition between the two sheath
modes is possible by varying the HT charge-exchange colli-
sion rate and surface H™ emission flux, which is essentially
regulated by the cold H generation and accumulation near
the emissive boundary. The predicted ion—ion plasma coupled
with the inverse sheath was observed in previous NBI experi-
ments and can possibly justify the existence of an electroneg-
ative inverse sheath in the extraction system of a negative ion
source. The present theory and modeling results further motiv-
ate more complete numerical and experimental tests of the
inverse sheath in the negative ion hydrogen source for NBI
systems.
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