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Abstract To compute this potential, we present in this paper two dif-

. . ferent models : one is based on a hydrodynamic description
Two axisymmetric, transverse models of space-chargﬁ$

X . nd the other uses kinetic equations. These are transverse
compensation are proposed in order to compute the sell- ) S .
: : models, where we assume that the beam is an infinite cylin-
consistent potential of a proton beam and of the plas

m . . . .
generated by the beam when it evolves in a residual ggs?r of radius: confined in a tube of radiu.

and ionises its molecules. The first model consists in a sta-
tionary hydrodynamic description. The limitation of this The case of SLHI

model is shown in an experimental case where electror§j_H| is the ECR High Intensity Light lon Source stud-
are not thermalized. A kinetic model which computes theeq in CEA-Saclay, France. It delivers a 95 keV, 100 mA
build up of space-charge compensation towards a statioBroton beam which is transported in a Low Energy Beam
ary state is presented. Its numerical resolution is based qfiansport line (LEBT), where the residual g, is at a
an eXpIiCit PIC method. Tests of this model on the same E)b'ressure of arounsl x ]_0*5 hPa. The models presented in
perimental case are shown and compared to measuremefi§s paper are used in the situation of SILHI's beam.
Within the frame of a collaboration between SEA at
1 INTRODUCTION CEA-Saclay, SP2A at CEA-Breyés and the Institutuf”
Angewandte Physik in Frankfurt, time-resolved measure-
Space charge compensation occurs in the low energy paents of space-charge compensation, related in [1], have
of ions accelerators, where some residual gas remainsggen made at the end of the LEBT thanks to a residual gas
a density which can be much higher than the beam defyn analyser. The potential decreases with respect to
sity. Electrons and residual gas ions are produced frofaside the beam, this enables the residual gas ions to es-
collisions between the beam ions and the residual gagpe. The ions produced on the axis are then collected with
molecules. When the beam pulse is continuous, the prg- maximum kinetic energ¥, ..., while the ions coming
duction rate of electrons and residual gas ions is constafibm the edge of the beam have a minimum endtgy;,,.

and writes : From the measurements, one can get the potential drop in
% = oingnyvy = -2 (1) the beam and the total potential drop :
Ti
wherea = e or a = 4, n. andn; denoting respectively edp(a) := e(¢(0) — #(a)) = Emaz — Emin , (2)
electrons and residual gas ions density,is the residual edd(R) :=e(¢(0) — ¢(R)) = Emas - 3

gas densityp,;, is the beam ions density;, is the velocity of
beam ionsg; is the cross section of the ionisation processin a situation of a 92 keV, 61 mA beam, with radius= 10
andr; is a characteristic time defined by this relation. ~ mm, whith R = 135 mm, and for a gas pressuré =

At the beginning of the process of particle produc3.8 x 107" hPa, the measurements gavga) ~ 16 V, and
tion, the self-consistant electric potential of the medium ig®(12) ~ 48 V [1]. In the sequel, we take advantage of
mainly due to the beam space charge, therefore the resiéese values to fit and to test the models.
ual gas ions are expelled radially out of the beam while the

electrons oscillate inside. If we assume that this dynamic 2 HYDRODYNAMIC MODEL

goes on as long as ionization lasts, there will be as much . ) ]
electrons as beam ions within the beam aftewhichthen ~ We describe the residual gas ions as a cold transverse beam,

represents the characteristic time of the phenomenon. i.e. we neglect their velocity dispersion. Tr_lis dispersion is
For long-pulsed, positive ion beams, time-resolved mea/ery small compared to the average velocity of ions when

surements have shown in different situations that spac#1e potential is flat inside the beam. The densityand

charge compensation evolves towards a stationary stdf¥ velocityu; of ions are then solution of the system of

where the beam is partially compensated [1], [2]. conservation laws:
To be able to describe the.transport ofa con_tinuous com- 19rnau;
pensated beam, one need first to have a precise knowledge r or 7
of the transverse self-consistent electric field, or equiva- ' (4)
lently, of the electric potential, that we denatér) (r is 1 0rn;u? e 0¢
the radial coordinate), once a stationary state is reached. . or _E”ig J
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with the symmetry conditiom;(0) = 0.

: . Potential (V
We assume that the electrons are at thermodynamic equi- otential (V)

librium in the potential well, their density is then given by 0
the Maxwell-Boltzmann distribution :
< al
ep <
e — Ne ) 5 g
n noexp<kTe> (5) 2_27
for a given electron density on axis.g, and a given tem-
pergturek]}. o ) ] ) 20 10 20 %0 a0 50
Finally, the potential is solution of Poisson equation : r (mm)
10 P e . ) ) ) .
o \ar ) T o (np +ni —ne) - (6)  Figure 1: Potential solution of the hydrodynamic moifel

the case studied in [4].
with the condition%(O) = 0, which comes from the

fact that we look for bounded particle densities, and with S < pr A
¢(R) = 0, which means that the tube is equipotential.
In the theoretical case where the beam is a slab evolv- »
ing between two infinite grounded plates, one can derive a fg 5
similar model where the different quantities depends on a >
cartesian transverse coordinate A numerical method to ﬁ;g \\
compute the solution of this model has been proposed in ; 5
[3]. This method can also be used to solve the axisymmet- : N

ric model (4) — (6).
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neD/nhU

2.1 An example of the potential of a space-
charge compensated beam Figure 2: Set of parametets .o, kT,) for which the po-

The model derived hereabove approaches another mo&@pt'al checks (2) or (3).

used to describe space-charge compensation, for instance

in [4], where the dispersion of the residual gas ions velocdomain of investigation was.5n;(0) < neo < 1.515(0),

ity is not neglected. The simplification that we have made ¢ < k7. < 24 ¢V. The beam profile was considered as
here, by treating ions as a cold transverse beam, allowgiform. Although the error margins choosen are large (the
easier Computations, since no iteration method is require%quired tolerance i30 % for each Constraint) no Coup|e of

Nevertheless, the assumption made restricts the field of agarameters could fulfill the two constraints simultaneously.
plication of this model, and before using it, we had to check

that it could give reasonable results in cases tested with the tact the assumption of thermodynamical equilibrium

model used in [4]. is questionable in the case of SILHI. Let us precise this
In this latter article, the authors present several diagno}%-oint_ Firstly, using the ionization cross section value,

tics performed on a 10 keV, 143\ H  beam, evolving in 0; = 2.4 x 10720 ;2 one can get; ~ 10 us. Secondly,
Helium at a pressure 6£9 x 10~ hPa; the beam radius is \yhen they are produced by ionisation, electrons have an
a = 5mm and the radius of the tube }s = 50 mm. The  ayerage initial kinetic energy df ¢V, and most of them
two parameters., andkT, have been estimated in such age trapped in the potential well whose depth is about .

way that the numerical solution fits to the results of the diHence, the electron temperature amounts roughly te’
agnostics. In this case, itwas found thag = 1.3 x7,(0)  and could not be lower thaneV’, despite the lost of highly
and kT, = 0.1 ¢V give a good fitting. Here, we have gnergetic electrons. The time of thermalization for such
solved numerically the hydrodynamic model (4) — (6) withg|ectrons is longer that00 us [3], and thus could not be

these parameters. The result is presented on Figure 1 a&%pared to the time scale of compensatign
approximates correctly the potential computed in [4]

2.2 Applicationto SLHI 3 KINETIC MODEL

We present here an attempt to use the hydrodynamic modethe model used in this section was presented in [5]. Elec-
in order to compute the potential in the experimental situatrons and ions are described with their distribution function
tion described in Section 1. We used the results of measurie-phase spacé. (¢, r, v) andf;(t,r, v), wherer is the 2D
ments (2) and (3) as two constraints to determine the p#&ansverse position in the tube amnds the 2D transverse
rameters:.o andkT,. Two plots of the set of parameters al-velocity. The evolution of the distribution functions can
lowing to fit each constraint are presented on Figure 2. Thige described with Vlasov equation, using a source term to
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modelize ionisation [3] :

energetic spectra of residual gas ions
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Se and S; are the probablllty densities of the initial veloc- residual gas ions energy (eV)
ities of electrons and ions (once they have just been pro-

duced). As a matter of facg; is the velocity distribution

of gas molecules.
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Figure 3: The steady state is nearly reached at 3 7;,

time after which the evolution is neglectible.
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Figure 4: Electron density and temperature at equilibrium.

This model shows a varying temperature profile.

It was proven (see [3]), in both plane symmetric and ax-
isymmetric case, that this model does not admit any station-

Figure 5: Comparison between a computed and an experi-
mental spectrum at the wall. The spread in ions enérgy
reproduced by the model, but the shape of the experimental
spectrum indicates that the potential profile is different.

not exist in reality, since the real distributicf, is max-
imum atv = 0. Nevertheless, this description allows to
reproduce the evolution of space-charge compensation to-
wards a stationary state. We have simulated this process,
by solving this model with an explicit PIC method, using

a Boris algorithm to integrate the particles motion in cylin-
drical geometry. The results of the simulation are presented
on Figure 3, 4, 5, at = 5 7;, when a stationary state has
been reached. The energy, is a free parameter which has
to be fixed asE, = edp(R). Indeed, the system stops its
evolution once all the emitted electrons have enough energy
to overcome the potential barrier towards the tube wall.

4 CONCLUSION

A kinetic model of space-charge compensation based on
Vlasov-Poisson system allows to compute the density and
the temperature of electrons trapped in the potential well,
which neutralise the beam space-charge. It requires the
estimation of the total potential drop, which can be di-
rectly measured. It can replace a classical stationary model
when the electrons cannot be described with the Maxwell-
Boltzmann distribution.
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