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This paper describes the intrinsic capability of ion systems with reversed magnetic beam focusing for impurities
mass-separation. Numerical calculation of the ion trajectory deviation with taking into account the experimental ion
energy distribution function for hydrogen-oxygen gas mixture was carried out. It is demonstrated that O+ impurities
which are present in the beam are separated and form the circle with a diameter of =6 mm. Therefore, the central
part of the spot is free of impurities due to magnetic separation. As a result, the source generates steady-state
hydrogen ion beam, which irradiates the surface with high heat and particle fluxes, which approach the upper limit

for the flux range expected in a fusion reactor.
PACS: 52.59.-f

INTRODUCTION

At present, there are two ways for experimental
simulation of plasma-surface interaction in a laboratory.
Ion beam devices [1] with a magnetic mass-separation
provide high-energy ion beam, however, their particle
flux is limited by value of 10"°...10*° m™s™. HiFIT ion
beam device is capable to provide higher particle flux
up to 3.6x10*' m™*s™ and heat flux up to 0.65 MW-m~,
while mass-separation is excluded. In contrast, plasma
devices can generate low energy particle fluxes
~10? m%*s' and heat fluxes in the range of
0.1..1 MW-m™>. Therefore, the parameter range of
particle fluxes >10”* m™s™ and heat fluxes >1 MW-m™
is currently not achievable for most existing plasma and
ion sources used in material research. In the high heat
and particle flux range new phenomena related to ion-
surface interactions can be found. These phenomena can
be extremely important for justifying the material
selection.

To fill up the gap between the parameters provided
by laboratory tools and ITER relevant conditions, our
team from KKhNU has recently developed the
FALCON ion source [2-4]. It is based on the design of
closed drift thrusters (also known as Hall thrusters),
which are typically used as space propulsions. Intrinsic
characteristics of this type of ion sources are their
simplicity (that makes them affordable) and extremely
high ion currents, both are tempting for use in material
research.

Small percentage of impurities in the beam can
distort the results of the plasma-surface interactions
experiments. That is why the beam purity is of a great
importance for fusion-relevant material research
experiments.

The aim of this paper is the numerical study of the
capability for impurities mass-separation [5] of systems
with reversed magnetic beam focusing.

EXPERIMENTAL TECHNIQUE
AND CALCULATED IMPURITIES
MASS-SEPARATION POSSIBILITY

The principal design of the FALCON ion source is
presented in Fig. 1. It is based on design of Hall
thrusters.
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Fig. 1. The high-flux FALCON ion source principal
design: 1 — anode; 2 — ballistic focusing cathodes;
3 — magnetic focusing lens; 4 — magnetic field coils;
5 — magnetic circuit; 6 — the target placed in the H"

crossover plane; 7 — Hydrogen ions beam trajectory;
8 — impurities trajectory

The biased anode (1) and cathode at the ground
potential (2) form the discharge gap designed to provide
the drift of thin (=<1 mm) electron layer in crossed ExXB
fields. Main ionizing processes and acceleration of the
ions occur within this electron drift layer. The ion
source has an ion focusing system consisted of two
parts. The first part is the ballistic focusing system,
consisted of tilted anode (1) and cathode (2); it forms
ion beam of the conical shape. The magnetic focusing
system (3) focuses the ion beam further by cancelling a
momentum, which ions gain in the magnetic field of the
discharge gap. The reversed magnetic field
configuration is powered by two magnetic coils (4); the
magnetic circuit delivers the generated magnetic fluxes
to the respective gaps.

Fig. 2 shows the distribution of the magnetic field
strength along the discharge gap and the magnetic
focusing system. It is possible to adjust beam focusing
via varying the ratio of magnetic field fluxes in gaps of
the magnetic conductors (varying the ratio of currents in
the magnetic coils (4)). This allows precise
compensating of the momentum gained by the ion in the
discharge gap and, as a result, obtaining small ion beam
spot on the target surface. Another advantage of this
configuration is the intrinsic capability for mass-
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separation of the impurities (like oxygen). lons of
hydrogen and impurities obtain different momentum in
the same magnetic field. As the result, the trajectories of
hydrogen ions (7) cross the target (6) plane primarily in
the central part of the target, while trajectories of the
impurity ions (8) are located farther from the central
part (see Fig. 1).
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Fig. 2. The distribution of the magnetic intensity (bold
solid line) that is perpendicular to the ion flux direction
obtained via numerical calculations. Dashed line shows
the ion flux. Thin lines show the lines of equal magnetic
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Fig. 3. The beam ion energy distribution function
measured by energy analyzer. The resolution of energy
analyzer is 30 eV

The energies of the beam ions are spread over the
range from =650 eV and up to accelerating voltage of
few kilo electron-volts; typical distribution of the ion
energies is shown on Fig. 3. The peak of the distribution
function is located at =40 % of the accelerating voltage.

Fig. 4 shows the calculated single particle location
of ions bombarding the target surface [3]. One can see
that heavy O and Ar’ ions are located within the
narrow circle with the diameter of 6 mm. The target is
etched primarily by hydrogen ions of average energy,
which are of highest intensity.

106

s T a o T % [ & |

- r ] l i _._H+

: —e— O+
ol : —A—Ar+ |
> | | 1l
ﬁ.\ T y : ]
g P Sy R o s
5 L : i
I~ E \

o Ll o T ¢ 1 ¢ [ 4 |

-4 -2 0
lon deviation, mm

(o]
e

Fig. 4. Calculated deviation of ions from central
point in the target plane as a function of ion energy for
different ion species. Intersection of dashed lines shows

the 2 keV H' crossover region

Fig. 5 shows the spatial distribution of H+ ion beam
current in the 2 keV crossover plane. It was obtained via
numerical calculation of the ion trajectory deviation
with taking into account the experimental ion energy
distribution function. Z axis shows the ratio between the
current of ion with given energy and total beam current.

Fig 5. The spatial distribution of H+ ion beam
current in the 2 keV crossover plane

Fig. 6 shows the result of numerical calculation of
the ion trajectory deviation with taking into account the
experimental ion energy distribution function for
hydrogen-oxygen gas mixture.

The impurity is modelled by adding 5 % of oxygen
to working gas. It is shown that 5 % O" impurities being
present in the beam are separated and form the circle
with the diameter of ~6 mm. For material oriented
experiments one can use pre-filtering of the working
hydrogen gas with palladium filter to obtain best
possible purity of the ion beam. Therefore, there are all
the bases to conclude that magnetic separation provides
the purity of the central part of the beam spot in the
respect of impurities.
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MACC-CEITAPAIIMSI TIPUMECEN B MOHHO-ITYYKOBBIX CUCTEMAX
C PEBEPCUBHOM MATHUTHOM ®OKYCUPOBKOM ITYUYKA

A.H. I'upka, U.A. buziokos, A.A. Busitokos, K.H. Cepeoa, C.C. I'epawenxo

HccnenoBanbl OCOOCHHOCTH Macc-cenapanuy IpUMeceil B HOHHO-NYYKOBBIX CHCTEMax C pPEBEPCHUBHOM
MarHUTHOM (OKYyCHPOBKOM Tydka. UYMCIEHHO pacCUMTaHbl OTKJIOHEHHS TPAaeKTOpPUH HMOHOB C YYETOM
9KCIEPUMEHTAIFHO U3MEPEHHON (YHKIIMH pacTpeesieHns] SHEPTUH HOHOB /ISl BOJOPOIHO-KUCIOPOIHOM ra30Boi
cmecu. Tokasano, uto npumecu O B Myuke cemapupyroTcs ¥ (GOPMUPYIOT KOJIBIO JMaMETpoM = 6 Mm. Takum
0o0pa3oM, IEHTpaJbHas 4YacTh IydKa 4YHCTa OT IIPUMeEceil BCIEICTBME MAarHWTHON cemapanuu. B pesynbrare
UCTOYHHMK TCHEPUPYET CTALHOHAPHBIC MOIIHBIE MOTOKHM TEMJIa M HMOHOB BOJOPOAA, KOTOPBIE ONM3KKM MO CBOUM
napaMeTpaM K IOTOKaM, OXKHMIAEMbIM Ha MaTepHalbl CTEHKH TEPMOSIIEPHOTO PEaKTopa.

MAC-CENNAPALISA JOMIIIOK B IOHHO-ITYYKOBUX CUCTEMAX
3 PEBEPCUBHUM MAT'HITHUM ®OKYCYBAHHSM ITYYKA

0.1 Tipka, 1.0. bi3ioxos, O.A. Bizioxos, K.M. Cepeoa, C.C. I'epawenxo

JlociipKeHo MOXKIIMBICTh Mac-cemnapanii JOMIMIOK B iOHHO-ITyYKOBHUX CHUCTEMax 3 PEBEPCHBHUM MarHiTHUM
(hoxycyBaHHAM Iydka. YHCETBHO PO3PaxOBAaHO BIIXWICHHS TPAEKTOPIH i0HIB 3 ypaxXyBaHHSIM EKCIEPHUMEHTAIEHO
3MiHEeHOi (QYHKIIT PO3MOIiTy eHeprii i0HIB AJIs BOTHEBO-KUCHEBOI ra30Boi cymimri. [TokasaHo, mo JOMIIIKu O's
MYyYKY CenapyroThcs Ta GOpMyIOTh Kijblie AiaMeTpoM =~ 6 MM. TakuM YUHOM, EHTPAJIbHA YaCTHHA ITyYKa € YUCTOIO
BiJI IOMIIIIOK YHACIIiTOK MarHiTHOI cemapamii. B pe3ynbTati mKeperno reHepye cTamioHapHi MOTYXHi TOTOKHU TerrIa i
1OHIB BOJIHIO, sIKI OJIM3bKI 32 CBOIMH MapamMeTpaMu J0 MOTOKIB, OUiKyBaHMX Ha MaTepiajii CTIHKH TePMOSIEPHOTO
peakropa.
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