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ABSTRACT

Movable electrical probes were used to diagnose the beam flux profile and potential of ion beams since the early 1960s. Experimental measure-
ments of beam plasmas can provide essential data related to the space charge neutralization, but the current-voltage characteristics obtained
from such electrical probes are dominated by beam ion impact and ion-induced secondary emission. In this work, we present an analysis of
the Langmuir characteristics obtained in a negative ion beam. We identify and discuss separately the contributions to the collected current
given by secondary plasma ions and electrons, stripped electrons, beam ions, and ion-induced secondary electron emission. We present the
beam plasma parameters obtained at different beam energies in NIO1.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128669

. INTRODUCTION

Neutral beam injectors are one of the most applied techniques
for fusion plasma heating. Fast neutrals are obtained through charge
exchange and neutralization of the precursor ion beams colliding
with background gas. The precursor beam is usually made of H" or
H ions' chosen according to the target energy of the neutral beam,
as the neutralization efficiency for H" beams at 100 kV drops below
20%. As charged particles are subject to Coulomb forces, self-field
effects affect the transport of the ion beams, in the absence of exter-
nal electromagnetic fields, so that the beam space charge produces
a defocusing effect. The equation for the beam radius r,,(z) in drift
space z is commonly written” in the form ), = f/r,,, showing the
effect of the generalized perveance f3 on the divergence growth of a
beamlet. The generalized perveance 3 includes the beamlet current I
and the beam ion velocity v and mass m,

/3 _ qI (1 _fe )

2megmv3
with & being the vacuum permittivity and g the ion charge. As the
propagating beam causes collisional ionization of the low-density

background gas, secondary charges with opposite sign are trapped in

the beam, thus partially neutralizing the beam space charge. In the
previous equation, the charge-compensation factor f. (ratio between
the charge density of particles of opposite polarity and the charge
density of the beam ions) is used to account for this effect. Experi-
mental and theoretical studies on ion beam plasma were performed
since the early 1960s,” ° also focusing on minimizing the divergence
growth in the low-energy transport region by space charge com-
pensation in the presence of background gas. Some studies were
performed specifically on H™ beams.”* Experimental data about the
space charge compensation are lacking in the case of multi-beamlet
negative ion beams for fusion. In this paper, we present the anal-
ysis of the current-voltage (CV) characteristics obtained from a
Langmuir probe immersed in a negative ion beam. The purpose
of this analysis is to attempt an estimation of the properties of the
secondary plasma produced by a charge-neutralized negative ion
beam.

Il. METHOD TO EXTRACT BEAM PLASMA
PARAMETERS

In this paper, a dataset consisting of 11 CV characteristics is
used. The data are obtained in the NIO1 experiment’ (Negative Ion
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Optimization phase 1) using a cylindrical probe inserted in the H™
beam approximately 0.5 m downstream with respect to the accel-
erator. The probe tip has a diameter d of 2.4 mm and a length [ of
15 mm. Different acceleration voltages were tested. The ion source is
operated in pure volume production. The analytical model describes
the contribution to the CV characteristics, allowing the determina-
tion of the parameters of the secondary plasma. The total current as
a function of the probe voltage V is

I(V) =L(V) + Li(V) + Le(V) + Lee (V) + L (V), (1)

where Iy, Ipi, Ipe, Ise, and Is. are the currents due to beam ions,
plasma ions, plasma electrons, stripped electrons, and secondary
emission electrons, respectively. The formula describing each con-
tribution changes depending on the probe potential being larger or
smaller than the plasma potential, V.

The collected beam ion current depends on the charge state
of the beam particles, which evolves along the drift space z. It can
be defined as the integral over the collection surface Ay, of the
negative and positive ion current densities jy— and jp+,

o= [ G- = ju)dE. @

beam

For the beam ions, we assume that Ay, is not affected by orbital
effects, and thus, Ay, = 2al depends only on the probe radius a and
on the exposed length of the probe I Both jy_ and jy+ are defined
as positive quantities, and if the contribution to the collected current
expected for positive ions is very small, the latter can be neglected
for our application.

For V <V, positive plasma ions reads

Ipi = —ng;cnpi,sME, (3)

where #; s is the positive ion density at the sheath edge, s, whereas
ug is a modified Bohm velocity and the probe collection surface ngif
is defined as in the Appendix (see also the discussion in Sec. III).
If V > V,, the collection area for positive plasma ions is equal
to the geometrical surface of the probe A, = 2mal + na®, and
thus,

V-V, ), @

IPi = 7qur0benP1‘»5u; exp(f )
1

with the Boltzmann factor including the ion temperature T; (in eV).

For V < V,, negative charges are repelled from the probe and

the plasma electron (PE) current is given via Boltzmann relation,

1 _ V-V
Ipe = anPe»‘AprobeveXp( ¢ )’ 5)
e
with average speed v = \/8qT./nm,. For V > Vp, Ipe becomes
e
Ipe = anpevsvseff’ (6)

where Sf;;( = 27mbpel + anpez is the effective collection area and by,

is the impact parameter obtained from the OML (Orbital Motion
Limited) theory."’

ARTICLE scitation.orgljournal/rsi

The secondary electron emission (SEE) current depends on

the effective coefficient for fast atom impact, defined as yﬁfﬁ(@)
= sec(6)ysee, with 0 being the incidence angle of beam ions over the
cylindrical surface of the probe. For V < V), the SEE current is seen
by the probe as an apparent positive ion current,

Vi m
Isee~ = _(E)’:eeIHO + (EYsee + 1)IH—)> (7)

where 77/2 results from the integration over 6 and the extra electron
is assumed to be lost by the negative ion during the impact and to be
emitted from the surface. Iy— and Iy are positive quantities, respec-
tively, corresponding to the negative ion and to the fast atom beam
currents intercepted by the probe (I is expressed as an equivalent
current). If V' > V,, the probe holds back the secondary electrons;
for simplicity, we assumed a Maxwellian distribution for the energy
of secondary electrons at a temperature T, (in eV),

V-V V-V
Isee = Im,_exp(— T P) A1+ T 2 (8)
see see

The contribution from single and double electron stripping
processes is proportional to the negative ion beam current at the
probe, which we indicate by a proportionality coefficient as.,

s

)

Le = asely-
beam

The effective collecting area for stripped electrons is defined as
of = 2bsel, with impact parameter b given by OML theory. The

initial stripped electron velocity is Vs = \/2Epeam/Me-

The density of negative and positive beam ions at s reads

I, MH+

Nie = U,V (10)

B qAbeam 2e

The density of the secondary emission electrons at s reads

1. _
o Vo U+ V)™, (11)
eam

where Usee = Tsee/2 is the secondary emission initial energy and Vi
is the potential drop at s. The stripped electron density at s is

Nsee,s =

g%
Nse,s = %IH &
q

me -1/2
_ — (Use + V. , 12
Abeam 2e ( se s) ( )

where U, = Upme/mp— is the energy of the stripped electrons,
assuming that they are generated with the same velocity as the beam
particles. The electron density at the sheath edge is correlated with
the total beam density by the overcompensation fraction,

Npe,s

K= (13)

Mpeam ’

In electronegative plasmas, the negative ion fraction is com-
monly indicated as « = #ui,s/Mpe,s, where ny;s is the negative ion
density. In our description, the overcompensation degree K is
qualitatively similar to the inverse of «, even though it directly
relates to space charge compensation. In fact, for our experimental
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FIG. 1. Example of CV characteristics composed by summing up the contribu-
tions from beam ions, secondary plasma ions and electrons, secondary emission
electrons, and stripped electrons.

results, complete space charge compensation was assumed. Conse-
quently, the positive ion density will be equal to or greater than the
total density of negative charges (beam ions and secondary elec-
trons) with the possibility of overcompensation (producing a slightly
focusing effect on the beam). Quasi-neutrality is assumed at the
plasma sheath edge so that the density of positive plasma ions at s
can be obtained as

Npi,s = Npes + Nses + Nsee,s + (nH— - nH+)- (14)

The fit function for the CV characteristics, composed of all
aforementioned contributions, has, therefore, the following inde-
pendent parameters: overcompensation degree K, plasma potential
Vp, electron temperature T., secondary emission electron temper-
ature Ty, secondary emission coefficient s, and stripping coeffi-
cient ag. A qualitative example of the five current contributions is
presented in Fig. 1, also indicating the resulting CV characteristic
curve.

Ill. RESULTS AND DISCUSSION

The experimental CV characteristics obtained in NIO1 for dif-
ferent beam energies are shown in Fig. 2 for vessel pressures of
30 mPa and 375 mPa; the evolution of the beam species for these
conditions was estimated earlier.'” An effective mass of 2 amu is
assumed for the positive ions'’ (compensated by H," ions).

Four examples of best-fitting characteristics are given in Fig. 3
for the low-pressure [Figs. 3(a) and 3(b)] and the high-pressure
regimes [Figs. 3(c) and 3(d)]. In Fig. 3(a), the variation of the
effective collecting area Szj'f for the collection of positive ions was
neglected, given the small dependence of the ion branch of the
characteristics on the applied probe voltage V. In Fig. 3(b), the
OML theory is applied to the ion branch also. In both cases,
an unmodified Bohm velocity was assumed, up = \/qTe/mP,».
For the high-pressure regime, the OML theory underestimates the
slope of the positive ion branch of the characteristics. A numer-
ical simulation (see the Appendix) of the sheath thickness as a
function of V' — V, was attempted, including the beam ions and
secondary electrons, but provided a slope about ten times larger
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FIG. 2. Raw experimental CV characteristics obtained for the case of (a) low
gas pressure in the drift space (cryogenic pump turned on, pyesses = 0.030
Pa) and (b) high gas pressure in the drift space (cryogenic pump turned off,
Presser = 0.375 Pa). Up and [, are the beam extraction energy and current,
respectively.

than the observed one. Therefore, in the high-pressure regime, the
function S‘;}(V) was tuned to match the experimental slope; fur-

thermore, a modified Bohm velocity uj was introduced (see the
Appendix). The y* values obtained for the fitted characteristics in
Fig. 3 are shown in the figure; the last two values decrease to y*(c)
= 0.52 and Xz(d) = 0.24 if the electron branch is neglected (i.e.,
V<Vy).

Figure 4 shows the secondary plasma densities obtained from
the fit procedures for the low-pressure regime, compared to the
total beam density npee = nH- + nHo + nH+. The ratio npi/Npegm
ranges between 1.5 and 3, while K = #1pe s/Mpeam = 0.15-0.35 depend-
ing on the beam energy. Due to the low beam energy and rela-
tively high-pressure, both conditions favorable to the stripping of
the fast negative ions, ny— is rather low and the ratio ne,s/npg— is
close to unity. SEE gives the largest contribution to the electron den-
sity at the sheath edge: in this regard, it could be argued that the
probe is strongly perturbing the beam plasma. The dashed arrow
in Fig. 4 shows that n,; would be halved if the SEE contribution to
quasi-neutrality were neglected. However, as diffusion of secondary
charges out of the beam region is dominated by the heavier positive
molecular ions rather than by electrons, the measured 7,; s might be
a better indication for the secondary plasma density unperturbed by
the probe, rather than r,s. In our estimation, the ratio of positive
ions to negative beam ion density #pi/fpeq, was found to be between
2 and 6 in this energy range and background pressure. Despite the
rather strong effect of the SEE, it was possible to provide an estimate
of the plasma electron temperature and the plasma potential Vp
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FIG. 3. Examples of fitted CV characteristics: (a) pyesser = 0.030 Pa, U, = 3200
keV; (b) pyesser = 0.030 Pa, Uy, = 7200 keV; (C) pesser = 0.375 Pa, U, = 3200 keV;
and (d) pyesser = 0.375 Pa, Up = 5600 keV. In each case, the goodness of fit (XZ) is
indicated, computed over the points of the dashed curve.

(Fig. 5). The beam dump was biased to 60 V during these measure-
ments. The plasma densities obtained in the high-pressure regime
are presented in Fig. 6. In the high-pressure regime, the charge state
of beam particles hitting the probe does not include H™ ions any
longer and the beam is mostly neutralized, with a minor presence of
H" ions. Consequently, the neutralization of the beam space charge
is almost not necessary, and the beam does not contribute to the
confinement of positive ions. However, the obtained positive ion

H 70 ¢ ¢ 0 ¢ o0
0/ ¢ R 6.0
9 AR 8 PO ¢ T, [eV]
8 Ty [eV]
7 4.0
6 ¢V, IVl l130[ & ¢ ¢ ¢ o0
00 L o]os )
04l o £ ¢ ¢ ¢
0.2 ¢ ¢
0.3 ’ ‘
¢
0.1 ¢ :
324048 647280 324048 647280
Uy [keV] Uy [keV]

FIG. 5. Plasma potential Vp, electron temperature T, secondary electron coeffi-
cients, and overcompensation degree for the low-pressure regime. Upper limits of
the average error are 0.05 for ysee, 0.2 for both ase and K, 0.5 eV for Te and Tsee,
and 0.5V for Vp.

density is similar to the low-pressure regime, as in the latter case, the
secondary plasma density is much greater than the ny_ density, and
the confinement of secondary charges is anyway determined by their
diffusion (or, possibly, by externally applied voltages at surfaces).
This applies also to the high-pressure case, where quasi-neutrality
in the beam region depends on the mobility of positive ions and
electrons.

In summary, the present paper describes the development of
a model including all contributions to the CV curve of a Langmuir
probe immersed in the beam plasma of an H™ beam. The model was
applied to the low-density beam created in the NIO1 device. A sim-
pler analysis, based on the OML theory, seems to describe, with good
agreement, the experimental results at low background gas pressure.
At higher pressures, a first attempt at describing the sheath expan-
sion as a function of the applied voltage was made, to be improved

5.0 Onpi,s * npe,s @ Ngee s ®Nge s 5.0 . npi,s ¢ npe,s §
«IT’ X NH- X Npeam A n;i s crl'x_' @ Ngee,s & Nse,s
—‘E 4.0 * npi,s:npe,s"'nse,s:"nl-[’ +nsee,s % '_‘E 40 X NP+ X Npegm § §
2 30 An;i’sznpaﬁfw’un]{" } 2 30 ¢
2 2.0 % ¢ \ £ i 2 50 t *
INEN I ¢ A
A L i ¥ TR A L % 3 X x

0.0 (3 3 ¢ ¢ ¢ 0.0 X X X

32 40 438 64 72 80 ' 32 4.0 4.8 5.6 6.4
Uy, [keV] Uy [keV]

FIG. 4. Density of secondary plasma species obtained from the fitting procedure
for the low-pressure regime.

FIG. 6. Density of secondary plasma species obtained from the fitting procedure
for the high-pressure regime.
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in the future on the basis of new measurements and by comparison
with other diagnostic techniques.
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APPENDIX: SHEATH CHARACTERISTIC DIMENSION
AND BOHM VELOCITY

The potential bias between the probe and the surrounding
plasma causes the formation of a sheath around the probe tip.
Together with the orbital effects of particle motion, this phe-
nomenon produces an increase in the effective probe collection
surface. Most of the existing theories provide a description of the
sheath formation, although they do not take into account the ener-

getic ion beams. The effective collection surface for the positive
ion contribution depends on the sheath thickness'* s(AV), with
AV = V — Vp. Similarly, to previous definitions, Sﬁ} is described

as

sﬁf"f =27l(s(AV) +a) +2n(s(AV) +a)’. (A1)

In order to obtain s(AV'), we solved the following system:

l(r&@)_ 9

r or T e Htot

Smpiu’(r) = —q- AV,

where the considered equations are the Gauss law and the energy
conservation for the positive ions (assumed to be H}). The result of
this computation provides the sheath characteristic dimension as a

function of the plasma parameters,

[AV [T —asys — aslys! — asfys!!
AV) =27 s A3
s(AV) = Ap. T, \/ 1+ as + as! + ot (A3)

with

40
321
i
S I YA
I | 1
=~ 16|}
,. — s(AV)
ol --- OML
%0 04 08 12 1.6 20 24 28
s
/lDe

FIG. 7. Comparison between the OML result and numerical simulation for the
sheath thickness as a function of the potential drop.

(A2)
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FIG. 8. Sheath thickness as a function of the potential drop for different values of
as compared with the Child—Langmuir expression in Cartesian coordinates. Both
the secondary emission and stripping electrons contributions were neglected.

ny- I Nsee,s I Nse,s
s = —,0s = —,0s = >
Ne,s Ne,s Ne,s
Te I Te 11 Te

Ym0, T 22Ut V)Y T 22Ut Vi)

(A4)

The normalization factor can be derived by imposing quasi-
neutrality at the sheath edge and also that the derivative of the
total space charge density with respect to the probe potential V'
is equal to zero at sheath edge.”” The sheath thickness s(AV) can
then be expressed as a function of the plasma parameters. In addi-
tion, a modified Bohm velocity can be introduced by considering

. > . . 15
Amemiya’s criteria,

uE:\/ﬁ\} 1+ as+ o' + gt . (A5)
Mpi 1- AsYs — asIYsI - asHYsH

Figure 7 shows the comparison between the OML theory result
and the numerical simulation for s(AV’). Furthermore, by this
model, we were able to investigate the dependence of the sheath
dimension on the energetic ion beam density. As it can be seen in
Fig. 8, s(AV) is larger for increasing values of as, i.e., when the
H"™ density prevails on the plasma electron one. In particular, for
as = 0.01, there is a nearly complete superposition with the blue
curve obtained without considering the ion beam. As a final remark,
it is worth noting that the model described herein is valid until a
virtual cathode starts to form in the immediate proximity of the
probe.
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