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Model for negative-ion extraction, acceleration, and beam transport
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The results of computer simulation of negative-ion extraction, acceleration, and transport are com-

pared to experimental results. The negative ion and electron trajectories are calculated taking into ac-

count the potentials applied to the electrodes and the total space charge. The effect of negative-ion strip-

ping and of various atomic collisions are taken into account. In the transport region the space charge in-

cludes the efFect of positive ions produced by gas ionization. It is shown that the simulation of the ac-
celerator only, with the extrapolation of the results through the transport region, does not reproduce the

experimental observations. The simulation including both the accelerator and transport region correctly
reproduces the variation of the negative-ion current with acceleration voltage.

PACS number(s): 41.75.Cn, 41.85.—p, 52.20.—j, 02.70.—c

I. INTRODUCTION

Negative ion extraction, acceleration and transport are
studied with an experimental setup named INCA (Ions
Negatifs: Creation et Acceleration) at Ecole Polytech-
nique (Palaiseau). For the need of comprehension of the
observed effects, a negative-ion beam computer code has
been developed. Two negative-ion extraction computer
codes have been developed earlier. There is an early ver-

sion of Whealton's code [1] and the second one is
Pamela's code [2]. They originate from adapting a
positive-ion model, therefore, they consider only two
species in the plasma source and they calculate only one
species trajectories. We will designate them as "positive-
ion" models. In the case of negative-ion extraction, elec-
trons are also extracted and their space-charge contribu-
tion is between 1% and 4%%uo of the negative-ion space
charge. We preferred to develop another code with three
plasma species and trajectory calculations for two
species. Three plasma species have been considered be-
fore in specific negative ion models [3]. To be realistic,
more recently these three component models have been
considered in full three-dimensional (3D) geometry. The
inconvenience of running all simulations in these 3D
models, especially when the electron contribution is from
0.5% to 4%%uo, has resulted in most simulations neglecting
electrons and run in the 2D approximation [4—6].

The present code also calculates first-order effects of
the plasma dynamic in the transport region used in the
present experiments and the efFects of beam optics in the
transport region on the interpretation of the experiments.
(A zero dimensional model of positive-ion generation and
escape is presented using the actual negative-ion-beam
flow and gas densities. ) The net positive-ion density is
then computed and combined with the negative-ion den-
sity through the Poisson equation to calculate modified
negative-ion-beam optics due to the altered space charge.
However, the treatment is in first order and not self-
consistent because the secondary positive ions do not get

to sense the effects of the negative-ion space charge. So
such we11-known phenomena as positive-ion trapping are
neglected. The treatment can be expected to give an

upper bound for such a phenomenon as "ion focusing. "
Negative-ion stripping and charge exchange are con-

sidered in the present model in a similar way as in the
"positive-ion" models (e.g., Ref. [7]). Negative-ion strip-
ping was also included in Pamela's model [2].

The largest diSculty in effecting the electron extrac-
tion calculation is the determination of the density and
distribution function of the electrons in the presheath re-
gion where some electrons are even in guiding center
motion. The local transport, magnetic fields, trapping by
the plasma electrode, and highly coupled presheath elec-
tric fields are diScult subjects which delay adequate mod-
eling of this plasma. In addition, with one singular in-
stance not considered here is the problem completely in
3D with dominant forces present in the azimuthal direc-
tion.

We have chosen to present a simplified model where a
convenient model for the electron distribution function is
considered and all the aspects of the problem, with the
exception of the electron velocities, are treated in 2D.
This model neglects azimuthal space-charge forces and
the concomitant nonlinear rms emittance growth of the
beam. However, we hope that the model will be an im-

provement over the technique of simply modifying the
negative-ion space charge by approximating the mean
electron-negative ion departure distance (a single species
model). It will certainly not be accurate and reliable if
the electron space charge is high; but in the present series
of the experiments the density of the electrons is only a
few percent of the ion density.

We compare our simulation with our experimental re-
sults. Our sources operate with a positive plasma elec-
trode bias, where the H ion current is maximum [8,9].
Note that this operating range of the plasma electrode
bias is different in other sources [e.g. , Culham [10] and
Japan Atomic Energy Research Institute (JAERI) [11]
sources].

1063-651X/94/49(6)/5688(9)/$06. 00 1994 The American Physical Society



49 MODEL FOR NEGATIVE-ION EXTRACTION, AGCELERATION, . . . 5689

II. GENERAL DESCRIPTION
OF THE COMPU1ER CODE

A. Principles of development

We developed a simulation code for an H beam, but
we can easily translate these algorithms for a deuterium
ion beam or a beam of another element. The principle of
calculation is a particle in cell code in two and a half di-
mensions: the particle positions are in two-dimension
cells, marked by two coordinates (r, z) and the particle
velocities are established in the three cylindrical direc-
tions (U„,vs, u, ). Thus all the calculation is in a cylindri-
cal revolution symmetry. The ion beam produced by our
experimental setup, INCA, is a dc beam, also all tem-
poral physical dependences in the calculation are zero.
Each trajectory represents a fictitious tube which is filled

up with negative iona. The iona are distributed in the
corresponding tube, between the beginning and the end of
the trajectory. The temporal continuity is simulated by a
spatial continuity of the particle distribution, in the
electric-field direction.

The ion and electron trajectories are calculated taking
into account the electric field produced by the electrodes,
the magnetic field created by permanent magnets, and the
electric-field correction due to the space charge. Howev-
er, the space charge is modified by difFerent collisions of
the fast beam particles on the slow background gas parti-
cles. For example, fast negative iona are transformed into
fast atoms or fast positive ions after collisions with slow
hydrogen molecules or atoms. Thus, the total negative
charge in the beam decreases and in the same time the
positive charge increases. Moreover, the background gas
can be ionized by beam particle collisions, which thus
reduce the space-charge value.

The calculation proceeds in the following two steps.
First, the code treats the ion beam formation in the ac-
celerator and in a small part of the transport region, tak-
ing into account the acceleration and pressure conditions.
Second, the simulation continues in the whole transport
region with the results obtained for the last part of the
acceleration region as initial conditions for the transport
region. Thus, a small part of the transport region is
simulated twice. This is imposed by the choice of the
iterative method (boundary potentials are fixed). The
same algorithms are used for the calculations in the
transport region as for the calculations in the accelera-
tion region.

The code can treat many accelerator types. The user
should know very precisely the electrode geometry.
Moreover, he must impose as initial conditions, the max-
imum negative-ion current density, and the thermal ener-
gies of the three plasma species: negative ions, positive
ions, and electrons.

B. Iterative computational method

The code is based on an iterative method. Figure 1

presents its organization. The user gives all geometry
data as potentials and frontiers. The plasma characteris-
tics have also to be imposed by the user. These charac-
teristics are the temperatures of the three species and the
extracted negative-ion current. Moreover, the pressures
in the source and in the transport region should also be

undary conditions

Mesh of the concerned region

minor iteration

Electric field E(iJ)
Collisions

Space charge

Resolution of the poisson equation: hu(ij) = - p(ij) / s

Convergence

FIG. 1. Schematic organization of the negative-ion-beam
simulation code.

indicated.
First of all, the mesh step dimension is calculated to

ensure a sufBcient accuracy of the calculation. We
separate clearly the calculation in two regions, because
the mesh accuracy necessary to obtain the computation
stability is much smaller near the plasma than in the
transport region. First the code treats only the accelera-
tor region including a small part of the transport region
(one or two centimeters). When all the accelerator trajec-
tories are stable, the transport region calculation can be-
gin. The results obtained for the last part of the accelera-
tion region are taken as initial conditions for the trans-
port region. Therefore, the trajectories on the first cen-
timeters of the transport region are simulated twice; this
is a good way to decrease the efFect of fixing the potential
of the acceleration region boundary.

Each mesh point has a code number which describes
the point situation: in an electrode, in the source plasma,
the accelerator or the transport region. In the electrodes
and in the source plasma the potentials are known and
fixed by the initial conditions. In the beam region, the
potentials are unknown and are determined by Poisson's
equation. At the beginning, the Poisson s equation is
linearized using the finite differences in five points. Then
we solve the linearized equation by an iterative method
based on the Gauss-Seidel method with overrelaxation.
These iteration are called minor iterations by opposition
to the major iterations. A major iteration consists of a
beam trajectory starting: the potential is calculated on
the a11 mesh points taking into account the beam space
charge. The electric field is modified everywhere, thus,
the major iteration can start.

The trajectories are launched in the considered
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configuration one by one, each one explicitly indepen-
dently of the others. To make a trajectory, we must ac-
cumulate the particle steps succeeding the ones to the
others. For each particle step, we must calculate the lo-
cal acceleration, the particle velocity, and then give a
small displacement to this particle. During each step, we
have estimated the space charge created by this group of
particles and we have dispatched this space charge on the
four mesh points of the current cell. The way to dispatch
the space charge is also called cloud in cell Co. nsequent-

ly, at each trajectory step we have to take into account
the collisions which can modify the projectile charge or
the target charge. The collisions which are considered
are the negative-ion stripping and the background gas
ionization.

III. MODELS INTRODUCED IN THE CODE

A. Plasma treatment

We consider three plasma charged particle species: the
electrons, the negative ions, and the positive ions. Two
simplifying hypothesis have been done: (a) to consider
only one positive-ion species in the plasma, namely, H3
because it is probably the majority positive species at the
pressures of interest here [12—14]; (b} to attribute a
Maxwellian velocity distribution to each plasma popula-
tion. The maximum negative-ion current density is indi-
cated by the user, it wil1 be noted J,„. Now, the code
has to determine the densities of the three plasma species
and the plasma potential.

If J,„ is known, the initial negative-ion density is
defined from the following equation, which corresponds
to the experimental findings [15]:

1/2
kT

max 0 (1)
27TPl

The two other densities are estimated from the follow-
ing two relations:

nep 10ll 0 & n 0 n 0 +nep '
+

The electron density at the center of the extraction re-
gion of the source is chosen to be approximately ten
times higher than the negative-ion density, as it was
found in the experiments [16]. Measurements made in
configurations similar to ours support this assumption.
The positive-ion density is then obtained from the
quasineutrality condition in the source center.

The plasma potential is estimated by considering the
equality of the negative and positive charge fluxes at the
source wall which is at the potential u . Therefore, we
write the following equation:

+4, ,

and

kT,4,=n, p
27T77l

e(u —u )/kT
e

%'e can neglect the negative-ion Aux with respect to
the electron fiux because of (a) comparable thermal ener-

gies, with the electron mass being much lower than the
negative-ion mass, and (b} the electron density being tak-
en ten times larger than the negative-ion density. Thus,
considering 4 +=4, and np+ =n, p, the plasma poten-

tial is:

kT,u=u+ ln
2e

m+kT,

m, kT+

j,= —eD~Vn, . (6)

Here, D~ represents the transverse diffusion coeScient in

the magnetic field. The electron density gradient is

ne1 "ep

Here, I. is the thickness of the magnetized zone, n, p is

the electron density in the plasma center ( =10no ) and

n„ is the electron density close to the plasma sheath
which has to be taken into account at the beginning of
the code calculations. Let us denote S the total area of
the biased plasma electrode and s the area of the plasma
electrode aperture. The extracted electron current is
determined as follows:

kT,I =enextr el
e

1/2

B. ES'ect of plasma electrode on the electron density

The electron current extracted from the plasma de-
pends directly on the plasma density just in front of the
plasma electrode. Both the plasma electron density in
front of the plasma electrode and the extracted electron
current decrease when the plasma electrode is biased
more positive with respect to the source walls. This is re-
lated to the fact that the plasma region in front of the
plasma electrode is magnetized. We introduced in our
code a simple mathematical model to reproduce the
inhuence of the plasma electrode bias on the particle den-
sity. This model [17]assumes a potential barrier in front
of the plasma electrode. Its results are consistent with
the experimental results [9].

The slow plasma electrons move towards the plasma
border by diffusion across the transverse magnetic field.
The following relation describes the electron current den-

sity:

with the Aux expressions:
1/2

kT+
+=no

277m

1/2
kTe =no

2Am

e(u —u )/kTl8 P
7

(4)

The electron current coBected by the plasma electrode
itself, denoted Ib, is

kT,
Ib —ene1

me

1/2

Sf(Vb —u~) . (9)

The function f ( Vb
—

uz ) describes the potential barrier
created in front of the plasma electrode when it is nega-
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tively biased with respect to the plasma potential u . We
write this function as follows:

2

f(V —u )=b p

exp
Vb

—
up

T
if Vb(u,

16

12

1 if Vb)u

kT,
I, =en, 1

27Tme

1/2
kT,

S+ene1
27TPtl e

' 1/2

Sf(V1, —u~)

The total electron current is the sum of the extracted
current and of the current collected by the plasma elec-
trode: I,=I,„„+Ib=j,(S+s). From this equality, the
electron density value n„ in front of the extraction aper-
ture is obtained:

1F
0 I « i 1 i i i s I i i i s 1» ~ s I

2 2.5 3 3.5 4

v, (v)

IJD

0.005 to 0.01

I I j ~ I I

4.5

ne1 neO
eD1 — [s+Sf(V&—u )] .

Then,

ne1=neO
kT,

1+
27Tme

1
' 1/2 (12)

s+Sf( Vb
—

uz )

Dq s+S

C. Simple and double stripping of H ioas

The two main reactions undergone by the negative-ion
beam are as follows (with their cross-section notation):
The simple electron stripping is

H +Hz (or H)=-H +Hz (or H)+e (o,0) (13a)

and the double-electron stripping is

H +H2 (or H) H++H2 (or H)+2e (o»)
(13b)

Here we underline the fast particles which are the col-
lision projectiles. As there are two kinds of the particle
targets in the background gas (hydrogen atoms and mole-
cules), we have to take into account four types of col-

The L /D1 ratio is not known exactly, it is a parameter
which can be fitted to experimental results. Figure 2
presents the variation of the calculated extracted electron
current versus the plasma electrode bias, for several
values of the parameter L/D1 and compares it to an ex-

perimentally found dependence for I,„„.

FIG. 2. Variation, versus the plasma electrode bias Vb, of the
calculated electron current extracted from the source plasma,
for several values of the parameter L/D, . The measured ex-
tracted electron current (full triangles and full line) is also
shown.

with

X= ln +lnE E
min max

Emax
ln

Emin

(14)

When a negative-ion fraction is transformed to neutrals
or positive ions, the space charge p(r, z) must be
modified. For the negative-ion orbits, we solve during
each small displacement the following equation:

lisions in the calculation.
Usually the double-electron stripping is negligible be-

fore the simple electron stripping at the considered beam
energy, because the cross section o,o is approximately
ten times larger than o 11. But positive-ion creation in
the transport region is very important for the beam
focusing [18]. As we use the same algorithm in the two
regions, we take into account everywhere the positive-ion
formation induced by the double-electron stripping.

The cross sections are calculated for all the incident
particle energies by a Chebyshev orthogonal polynomials
T, method balanced by the parameters A; adjusted for
each cross section [19]. The cross section is calculated by
the following relation:

Ao
o(E)=exp + g A, T,(X). .

i=1

n
[nH (o —10+o—11)IH +nH(o —10+&-11)IH] (15)

Since the longest jump is chosen suSciently small for the energy to be constant and for the change in reaction rate to
be always very low, we can write the density after a small displacement k, respectively, for the negative ions H, the
neutrals H, and the positive ions H+:

11k r1k —1 ( 1 —[&H ( o —10+o —11 ) I H + r1 H (o —10+o —11 ) I H ]al ),
&k =r1k —1[r1H o —10IH ++H~ —10IH]~1

1 [nH, o 11IH,+nHo»IH]&~

(16)

(17)

(18)
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D. Ionization of background gas

All the particles extracted from the source plasma acquire very soon after their extraction enough energy to ionize
the background gas. Therefore, we should consider three charge states of the beam particles and the also the fast elec-
trons. These electrons are extracted from the source and are deflected in the magnetic field produced by four per-
manent magnets contained in the extraction electrode. We have to consider four reactions occurring with two possible
target particles (hydrogen atoms and molecules), so we have eight reactions and their respective cross sections.

Ionization by electrons: e +H2 (or H) e +H2+ (or H+)+e (0;~ );
ionization by H: H +H2 (or H)~H +Hz+(or H+)+e (0;~H );
ionization by H: H +H2 (or H)~H +H2+ (or H+)+e (cr;~ 0);

ionization by H+: H++H2 (or H)=H++H2+(or H+)+e (0, ~„+) .

(19)

(20)

(21)

(22)

Since all the phenomena. taken into account in the cal-
culation are stationary, because in the experiment the
plasma production and the beam formation are dc, the
equilibrium between the production and the loss of the
slow positive ions has to be found. So we use again a sim-

ple mathematical model to account for the positive-ion
creation and loss [20].

For example, the instantaneous H2+ production due to
H collisions on the molecules H2 is described by the fol-

lowing equality:

dN(H2+ )
=N(H~)n(H )0, ~

U

dt
(23)

The H2+ ions are lost because they leave the volume

inside which they were created. They are inevitably pro-
duced in the projectile impact surface. Each orbit has its
own impact surface noted S, depending on the initial ra-
dial distance of the given orbit. The ion production
volume per unit time is V=Sv . The loss surface is
X=LU, where L is the surface S contour. Hence, the
Hz+ loss through this creation volume border and by
time unit gives the leaving ion flux:

dN(H, +)
=N(H2+ )v+

dt SU
(24)

The number of H2+ ions in this volume is determined

by equating the H2+ production and loss rates [Eqs. (22)

and (23)], and is as follows:

charge is much less important in the accelerator than in
the transport region.

We know now the positive-ion density created by H
collisions on the background gas along an H orbit in the
transport region. When the pressure in the transport re-
gion is increased, the number of collisions with the back-
ground gas increases and more fast negative ions are
transformed into neutrals H, or into positive ions H+.
Since the cross sections of these two charge-changing col-
lisions are of the same order of magnitude and the num-
ber of energetic neutrals and positive ions increases when
the number of negative ions decreases, we have to consid-
er them in the calculation of the positive-ion production.
In order to estimate the Hz+ ion density due to the col-
lisions of the energetic neutrals and positive ions, on the
particles of the background gas, we assume that the ener-
getic neutrals and positive ions continue their motion
with the same velocity and in the same direction as their
H parent ions. This approximation would be complete-
ly justified, if all the negative-ion trajectories were per-
fectly straight.

We count in the meantime and using the same method
the slow H+ ions created by the beam particle collisions
on the atoms in the transport region. We remind the
reader that the source gas flux contains around 10% of
hydrogen atoms. In this calculation, we consider four
difkrent pressure regions going from the source to the

N(Hz+)=N(H~)n(H )o,. ~
(25)

The movement of the energetic negative ions and the
slow molecular positive ions in the volume occupied by
the negative ions of the same orbit, during one second, is
represented schematically on Fig. 3. The volume length
is determined by the H velocity.

The positive-ion movement depends on their creation
place. In the transport region, their velocity is close to
the one of molecules before ionization, while the positive
ions formed in the accelerator are under the influence of
very strong potential gradients. Their energy can be ten
thousand times larger than that of H2 ions in the trans-
port region. Therefore, their contribution to the space

FIG. 3. Illustration of the movement of the energetic nega-
tive ions and slow molecular positive ions in the volume occu-
pied by the negative ions of the same orbit, during one second.
The volume length is determined by the H velocity.
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transport region, of which only the source pressure and
the transport region pressure are known [18]. The two
intermediate pressures are calculated considering the
opening conductances. For example, if the source pres-
sure is 5 m Torr and the transport region pressure is

—27X10 m Torr, the two intermediate pressures are, re-
spectively, 2.2 m Torr and 3X10 ' m Torr.

Figure 4 presents the trajectories of negative ions ob-
tained by simulation, while Fig. 5 presents the electron
trajectories.

H ions

t.C

IV. VALIDATION BY EXPERIMENT

Early so-called "positive-ion codes" gave results for
negative-ion extraction which were mostly unsuccessful
even in the prediction of the maximum accelerator per-
veance [21]. Attempts at modeling more specific to
negative-ion extraction has led to the result [5], which for
the first time made agreement with negative-ion accelera-
tor perveance. Using this same analysis, which for this
example ignores electrons, and makes no nontrivial ac-
count of the transport, gives significant disagreement
with the new data [22]. To come towards agreement,
resort had to be made to inclusion of positive ions gen-
erated in the electron trap (not included in the present
analysis). The present analysis agrees with the present
data without including the backstreaming positive ions in
the acceleration region, but including the electron effect
and the transport beam optics (which has no effect on the
perveance as will be seen in what follows).

C)

FIG. 4. Calculated negative-ion trajectories.

A. Extraction voltage experiments-1.5 R (crn) 1.5
To focus the beam in the Faraday cup, we have to

simultaneously optimize the extraction and acceleration
voltages. On Fig. 6 we show the dependence of the
negative-ion-beam current upon the extraction voltage,

At each V,„„,the acceleration voltage, V„„was
optimized to obtain the maximum negative-ion current in

Electrons
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FIG. 6. Dependence of the H -ion current to the Faraday
cup and its front plate upon the extraction voltage. The sum of
these two currents is also shown. The optimum acceleration
voltage is also presented (open circles). Plasma electrode bias:
Vb =3.2 V. P„,„,=8.6X10 m Torr. Plasma electrode open-

ing diameter: @pE=0.65 cm.FIG. 5. Calculated electron trajectories.

MODEL FOR NEGATIVE-ION EXTRACTION ACCELERATION, . . .
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FIG. 7. Simulation of potential distributions in the extrac-
tion region for two different extraction electrode voltages. (a)
represents a low extraction voltage: V,„„=1kV, V„,=8 kV,
while (b) represents a higher extraction voltage: V,„„=4kV,
V„,=15 kV. Plasma electrode bias: Vb =5 V. Plasma potential
is u~ =3.6 V. The diameter of the plasma electrode opening is

+pE =0.65 cm.

the Faraday cup (I„C). We also plot on Fig. 6 the op-
timum acceleration voltage versus V,„„.Note that the
dependence of optimum V„, on V,„„is linear and that

IFC is maximum when V,„„is in the range 1.2 —1.8 kV.
The negative current to the Faraday cup front plate FC*
(a ring with the outer diameter 10 cm) is minimum when

IFc is maximum. Thus, there is only a narrow range of
V,„„in which the negative ion beam is focused. Figure 6
shows also that the sum of the mentioned two currents,
IFC+I„, continues to increase when V,„„increases.

We can suppose that the total density of the extracted
negative ions increases with V,„„,and the negative beam
space charge increases. In conclusion, the beam becomes
too divergent to be focused in the Faraday cup when

V,„„becomes higher than the optimum extraction volt-
age.

Nightingale and Holmes reported that the negative-ion
beam can be focused on a target with any value of the ex-
traction voltage, but with a constant ratio between the
acceleration and the extraction voltages [23]. They un-

derline that this phenomenon is specific to negative-ion-
beam formation. We saw on Fig. 6, that for a given plas-
ma there is only one optimum extraction voltage. But, if
we were measuring only the total negative-ion current
(I„C+I„,), we would have also concluded that all the

extraction voltages can focus the beam. The plasma

sheath physics is not the same in the case of positive-ion-
beam extraction and negative ion-beam extraction. In
the latter case, the plasma electrons, extracted in the
meantime as the negative ions, have a considerable action
on the sheath shape when the electron space charge in
the sheath is comparable to the negative-ion space
charge.

Whealton et al. made numerical simulations of the
bending out of the plasma sheath due to the ion extrac-
tion [5]. They observed the shift of the sheath, dependent
on the applied extraction voltage.

We simulated two cases with our numerical simulation
code. The first case is for a low V,„„and the second one
is for a strong V,„„with respect to the optimum one.
Figure 7 shows the shift of the plasma-beam frontier.
The plasma sheath is materialized by the equipotential
u +1 V, it is drawn by the dotted line on the Fig. 7. We
observe that this line is displaced by the change of the ex-
traction voltage.

B. Acceleration voltage experiments

The beam particles reach the full energy at the level of
the third electrode, which we designate as the accelera-
tion electrode. In Sec. IV A we showed that there is an
optimum extraction voltage, for which an acceleration
voltage can be chosen to maximize the current to the
Faraday cup. Figure 8 presents the beam current varia-
tion versus the acceleration voltage, for two different ex-
traction openings in the plasma electrode. The extraction
voltage was constant in the two measurements shown.

Note that the Faraday cup current IFC increases
abruptly starting from approximately 8 kV, attains a
maximum value, and then decreases very quickly when
the acceleration voltage is increased. The ring current
I +, which is the H -ion current reaching the Faraday

cup front plate, increases starting from a very low ac-
celeration voltage, attains a maximum before decreasing
when IFC starts going up. Then it increases again at
higher acceleration energy. These successive variations
reAect the beam focusing in the Faraday cup due to the
adjustment of the acceleration voltage ( V„,). This
demonstrates that there is only one acceleration voltage
to correctly focus the beam, when all the other source
and accelerator parameters are fixed.

The experiment of Fig. 8(a) has been simulated and is
presented on Fig. 9. Two different calculations are
shown: (1) the calculation is effected in the accelerator
only and is extrapolated through the transport region
(dotted lines); (2) a complete calculation, i.e., accelerator
and transport region, drawn with full 1ines and full sym-
bols.

Note that the complete simulation, i.e., including both
the accelerator and the transport region, corresponds
rather well to the experiment. We insist on the fact that
the simulation in the accelerator only is not sufficient. In
general, the effect of the transport region cannot be ob-
tained by simply extrapolating the accelerator region re-
sults. In the presented case, the transport region pressure
(6.5X10 m Torr) is close to the optimum pressure
(7X10 m Torr), therefore, the difference between the
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two simulation procedures is not very important yet.
This is because at optimum pressure the beam space
charge in the transport region is low, the beam being ap-
proximately neutral.

The effect of the pressure in the transport region has
also been studied experimentally. The simulation has
correctly reproduced the observed variation of the
negative-ion-beam current with the mentioned pressure
[18], the beam focusing at high pressure, and the beam
space-charge expansion, at low pressure. We have found
that there is an optimum transport pressure for improved
a beam optics and maximum negative-ion current. For
multiple applications of negative-ion beams a good beam
optics in the transport region is essential. Therefore, our
result suggests to suitably choose the pressure in the low-

energy beam transport region of particle accelerators.
This should also apply to the pressure in front of the neu-

tralizer in fusion neutral injection beam lines.
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FIG. 9. Simulation of the negative-ion current dependence
upon the acceleration voltage. The two other accelerator elec-
trode voltages are kept constant: Vb =5 V and V,„„=1.9 kV.
4 pp

=0.65 cm. Transport region pressure: P„,„,=6.5 X 10
m Torr.

V. CONCLUSION
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FIG. 8. Dependence of the measured H -ion current to the
Faraday cup and its front plate upon the acceleration voltage.
The diameter of the opening in the plasma electrode is 0.65 cm.
(a) Vb=5.0 V and V,„„=1.9 kV. P,~=6.5X10 m Torr,
plasma electrode opening is NP~=0. 65 cm; (b) V& =3.8 V and
V,„„=2.1 kV. P, =2.9X 10 m Torr, plasma electrode
opening is 4pz= 1.30 cm.

The present simulation code treats the extraction, the
acceleration, and the transport of the negative ions. At
first, the calculation is done in the acceleration region.
When the stability of this calculation is reached, the tra-
jectories are launched into the transport region. The tra-
jectories are calculated by taking into account the poten-
tial gradients imposed by the electrodes and the total
space charge.

The trajectories of the electrons extracted from the
plasma are also simulated. These electrons can have a
dominant role in the space charge near the plasma limit.

In both regions, the code takes into account the
negative-ion collisions, which lead to their (simple and
double) stripping. Furthermore, in the transport region,
the space charge includes the contribution of positive
ions formed by gas ionization.

The production of positive ions in the accelerator (by
gas ionization) can play an important role. Being ac-
celerated towards the plasma, they enter into it and cer-
tainly modify the shape of the sheath [18]. We plan to
take into account this effect in the simulation code. In
order to improve the model of the plasma produced in
the transport region, we should have simulated the move-
ment of the slow positive ions. In its present state, the
code has accounted for the beam gas focusing in the
transport region, at high pressure, and for the beam
blowup, when the pressure in the transport region is low
[22]. These efFects, demonstrated by the simulation, are
in agreement with our experiments.

We have studied numerically the effect of each of the
three electrodes of our accelerator. The conclusions, thus
obtained, corroborate our observations. In particular,
our code correctly predicts the dependence of the
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currents to the Faraday cup and its front ring, without
including the backstreaming positive ions in the accelera-
tor region, mainly by including the transport region.
Due to this initial achievements, we plan to further devel-
op this code, along the above-mentioned lines.
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