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The paper studies integral and one-dimensional distribution of RF electromagnetic field absorption in a helicon
plasma with external magnetic field directed at an angle to a plasma plane. A simplified model of a helicon plasma
plane layer is used here. Calculation results are used to explain power absorption in a compact helicon ion source
with nonuniform external magnetic field. An ion source is a part of a nuclear scanning microprobe (NSMP) injector
at the Institute of Applied Physics NAS of Ukraine. Calculations for ion source parameters of the NSMP injector
show a resonant behaviour of integral RF power absorption as a function of a magnetic field inclination angle.
A model (planar) geometry is verified here for solution of this problem.

PACS: 52.50.Dg, 52.50.Qt, 41.47.Ak
INTRODUCTION

Among various inductively coupled low pressure
sources RF plasma sources are widely used because
they meet economic requirements and have sufficiently
long service life. They can operate in different modes;
RF sources operating in a helicon mode generate plasma
more effectively [1 - 4].

In helicon ion sources, input power may be concen-
trated at a periphery under an antenna, may be uniform-
ly absorbed by volume or be concentrated in a paraxial
region of a discharge chamber. The latter case is more
suitable for the NSMP ion source, since a precision ion
beam is formed out the paraxial plasma region where
the plasma density is supposed to be maximal. Increase
of plasma density in an ion source is important question
as it is one of ways to obtain high brightness ion beams
[5].

In articles [6, 7] power absorption resonances are
shown to be not equivalent as to their power distribution
by volume of the discharge chamber in the case of uni-
form external magnetic field, generator frequencies of
27.12 MHz, definite geometry of the discharge cham-
bers and with neutral gas pressure and electron tempera-
ture considered. Ranges of magnetic field where input
power is paraxially absorbed are also recommended.
Numerical estimates were compared to experimental
data and were found in a good agreement.

In the article [8] increase of plasma was experimen-
tally found for the first time in a helicon source with a
nonuniform magnetic field. Later various hypotheses
were suggested for explanation of the plasma density
increase in a nonuniform magnetic field like reduction
of helicon wave phase velocity, formation of a neutral
gas barrier, reflection of helicons from a surface behind
the antenna [9 - 12].

The above mentioned hypotheses were refuted by
the experiments described in works [13, 14]. Hot elec-
trons layer was experimentally found. The electron layer
expands into plasma along magnetic field lines. The
experiments have shown the absence of standing elec-
tromagnetic modes in plasma. A small scale wave struc-
ture was identified inside the hot electrons layer. To
explain the experiments with the cylinder discharge
chambers over 7 cm in radius, and over 20 cm in length,
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a theoretical model was used: semi-infinite plasma in
plain geometry in a uniform magnetic field directed at
the @ angle. Input power of some kW into plasma is
meant here. For numerical evaluations to be verified,
penetration of 80% power flux into plasma was suggest-
ed to be defined with a model of semi-infinite plasma. If
the penetration was less than a plasma radius, the nu-
merical evaluations were considered proper.

1. PHYSICAL MODEL

A problem of power absorbed in the cylinder dis-
charge chamber with external nonuniform magnetic
field from an assembly of annular permanent magnets is
a very complicated since it requires satisfaction with
boundary conditions at the edges of the discharge
chamber for the electromagnetic field components in
plasma. If unbounded in z-direction plasma cylinder in
nonaxial magnetic field as a physical model is consid-
ered, that analytical solutions for electromagnetic field
components inside plasma can not be obtained.

This article the following model is considered: a
plasma layer is restricted along a vertical x-axis and
unbounded along the y and z axes. Uniform magnetic
flux density B, is directed at an angle & to the plasma
plane (Fig. 1). This model was chosen to be used for
consideration absorption of electromagnetic waves in
compact helicon ion sources (length of a discharge
chamber is up to 12 cm, radius is up to 2 cm) with non-
uniform distribution of external magnetic field from the
annular permanent magnets assemblies (Fig. 2).
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Fig. 1. Plasma layer in nonaxial magnetic field
All numerical estimates were taken here for standard
experimental conditions: symmetrical electromagnetic
modes excitation, operating frequency is 27.12 MHz,

electron temperature of 5 eV, ion temperature of 0.1 eV.
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Accuracy of the numerical estimates was verified as
in works [13, 14] based on definition of 80% power flux
penetration into plasma.

To excite symmetrical electromagnetic waves in
plasma a system of straight current-carrying conductors
was used as an antenna. Such current system is an ana-
logue of a turns (m=0) antenna in a cylindrical geome-
try. There are three current-carrying conductors on an
upper and bottom layer boundary that corresponds to a
three-turn (m=0) antenna for a cylindrical geometry.
The plane plasma layer is 2L,=2.6 cm in width along
the x-axis and is unbounded along the y and the z-axis.

It is assumed that a partially ionized electron-ion
plasma with a uniform distribution of electron and ion
density nge=ngi=ny have already been created in the
plasma layer. Neutral atoms density of the considered
gas is given by the gas pressure.

We study the case when operating frequency o is
higher than lower hybrid frequency a y in plasma. Here
plasma ions may be considered immovable.
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Fig. 2. Helicon ion source layout

The solution is sought for a set of longitudinal wave
numbers k,=(/12; 710; 27) cm™ only. This corre-
sponds to longitudinal wave numbers that are excited in
the cylinder discharge chamber of L,=(12; 10; 7) cm in
length. The solution is sought as traveling waves. For
annular permanent magnets assemblies are very im-
portant to know local power absorption which they cre-
ate. For this reason integral power absorption is calcu-
lated through a part of the layer of 1=0.1 cm in width
along the z-axis and sides 2L, 2L, along the x and the y
axes, correspondingly, where L,=1.3 cm, L,=L,. Value
S=2L,x2L, is about a cross section of the discharge
chamber of 1.5 cm in radius.

2. DIELECTRIC PERMEABILITY TENSOR,
ANTENNA CURRENT AND BOUNDARY
CONDITIONS

For a nonaxial magnetic field, a tensor of dielectric
permeability of cold magnetoactive plasma has a form
[14]:

g, +&lsin®0  igeosd  glsind cosd
—igcosd £, igsind
gsindcosd  —igsing &, — gsin’e

(1)

& (@) =

where @ is a inclination angle of a magnetic field to the
z-axis and £,=g -¢&,.
For solution of this problem, electromagnetic fields

in plasma and vacuum are found as traveling waves:
E=[6E, (0+&E, (+&E,(x)] exp[i(k,z-at)], @
H =[&H,00+8H,09+&H, (0] exp[i(k,z-t)].
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Current density of the antenna is as follows:

Ja =€y Jy (Wexpli(k,z - at)]. 3)
Amplitude of the antenna current density is:
jy(x):(la/Lz)'g(X_Xa)' (4)

where 1, is amplitude of current equal to 2 A that is
typical for experimental conditions; x, is a coordinate
position of a current — carrying conductor along the x-
axis, it is assumed as L.

Components of dielectric permeability tensor (1) are
in form [3]. Since a condition @ > a4 is true, then only
electron plasma component in dielectric permeability
tensor is retained. In dielectric permeability tensor com-
ponents &), &, g the items describing Landau damping
of waves are kept. Landau damping is not observed for
considered k, and plasma parameters at f=27.12 MHz
[6, 7], but it is very crucial for f=13.56 MHz [2].

Anti-Hermitian part of dielectric permeability tensor
that defines the electromagnetic waves absorption by an
electron subsystem due to a mechanism of binary colli-
sions is characterized by effective electron collision
frequency with neutral atoms and gas ions formed:

Vet = Ven + Vei - (5)

For helium plasma at electron temperature of 5eV
and neutral gas pressure of 1 mTorr, ve,=2.7 MHz. Cou-
lomb electron-ion collisions were considered with aver-
aging over Maxwellian function of electron velocity
distribution.

Electric and magnetic field strength (2) in plasma
satisfy the Maxwell’s equations with dielectric permea-
bility tensor (1). Substitution (2) to the Maxwell’s equa-
tions gives differential equations system with constant
coefficients for Fourier amplitudes of the field compo-
nents.

dEa)Ex) =iAH, (x)+AE, (x)-IAE,(x),
dEé)EX):iAaHZ(X),
dH, (x) (6)
© = AH, (X)+IAE, (X) - AE, (x),
deyX(X) :_iA3Hy(X)—AsEy(X)+iA,EZ (x)

Explicit analytical form of electromagnetic field
components for equations (6) is cumbersome, expressed
in terms of A;...A;, therefore only A;...A; gives here:

k? gk,cos@ ko
— z 1 s — z B — 273 s
A wﬂo[kzal ] A, a A o
k? g%cos’d
A, = oy, A :a)go[“ﬂ_kz_ g ]:
o,
) )
A = gwgo[%cos +sin6’}
1

az
A = a)g{3 + (5” - si)sinzé’— 5//}
a

1

where a, = &, + &}sin’0, a, = £sin6 coso.
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For areas outside the plasma layer electromagnetic
field components represent as a superposition TE and
TM waves.

Integral absorption of RF power is calculated as:

abs 0)50 IIJ P (8)

The expression under mtegral (8) defines spatial dis-
tribution of the absorbed RF power. For nonaxial mag-
netic field, taking into account the tensor (1), obtain:

P(x) :%[Im(al +&5 )|, (X)|2 +Ime, |Ey (x)|2 +

+Im(g” &S, ) (x)| Img(ImE (x)ReE, (x)-
—ImE, (x)ReE, (x))-c,+Img(ImME, (x)ReE, (x)— (9)
—ImE, (x)ReE, (x))-s, +2(ReE, (x)ReE, (x)+
+IME, (X)IME, (x))-s,c, ],

S, = 5|n¢9,c1 =C0s06.
Boundary conditions are written for Fourier ampli-
tudes of the field components and for Fourier ampli-
tudes of the antenna current density.

pl _ pvac.ppl _ pvac.
E) =EE) =E;
pl vac _ : '
H—-H," =],.
After determining the unknown constants in a plas-
ma layer and vacuum areas, the expressions for Fouri-

er amplitudes of the electromagnetic field components
in a plasma layer may be obtained.

3. WAVE DISPERSION

Eigenvalues that satisfy the system of equations (6)
are, in fact, transverse wave numbers of electromagnetic
waves excited in a plasma layer.

A problem on eigenvalues gives the equation of the
fourth degree:

aK‘4+bK'3+CK‘Z+dK'+e=0.' (10)

The coefficients a, b, ¢, d, e are cumbersome, and
they are not mentioned here.
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Fig. 3. Transparency region and dispersive characteris-
tics of waves in a plasma layer at magnetic field inclina-
tion angle #=1° ny = 3-10" cm™: k,=4/12 cm™ (a, b);
k,=10 cm™ (c, d)
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Numerical analysis of the equation (10) in a colli-
sionless limit provides the results for electromagnetic
wave dispersion as follows.

Figs. 3, 4 shows two essentially different cases of
electromagnetic wave dispersion. A TG wave
(Figs. 3,b,d) and a helicon wave (area k,>0), and local
oscillations of an electromagnetic field (area k,<0) may
exist in plasma. These oscillations are originated inside
a hot electrons layer and are transferred into depth of
plasma along the field lines [13, 14].

A helicon wave (area k, > 0) may exist in plasma
(Fig. 4,b,d), other three solutions correspond to the
above mentioned oscillations.
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Fig. 4. Transparency region and dispersive characteris-
tics of waves in a plasma layer at magnetic field inclina-
tion angle 6=59 n,=3-10"* cm™: k,=4/12 cm™ (a, b);
k=710 cm™ (c, d)

As k; increases, the oscillations become more small-
scale at the same external magnetic field inclination
angle.

As inclination angle increases, the oscillations be-
come more large-scale at the same k,.

The dispersion curves show that a magnetic flux
density range is related to a specified value of plasma
density, inclination angle of a magnetic field, and k,

value. Tables1,2 refer to plasma with density
np=3-10* cm’,
Table 1
Angle, grad Magnet field, G
1 300...823
2 368...823
3 444...823
4 526...823
5 613...823
Table 2
Angle, grad Magnet field, G
1 241...823
2 286...823
3 337...823
4 392...823
5 449...823

Table 1 is related to a case of k,=n/12 cm™; Table 2
classifies a case of k,=nt/10 cm™. From Figs. 3, 4 it fol-
ISSN 1562-6016. BAHT. 2015. Ne4(98)



lows that transparency region narrows as an inclination
angle grows.

4. RESULTS

Numerical results were obtained with Fouri-
er amplitudes of the electromagnetic field components
in a plasma layer and the expression (9). These numeri-
cal estimates are needed for local power absorption
analysis inside a plasma layer as function of a magnetic
field inclination angle, neutral gas pressure, operating
frequency.

For above volume element of the plasma layer
Figs. 5, 6 shows for plasma of density n, = 3:10"2 cm’®,
and k=12 cm™; #/10 cm™, correspondingly, an inte-
gral power absorption and absorption distribution in the
x-direction, as function of an angle between the magnet-
ic field and plasma and the magnetic field value. As
pressure grows, maxima of integral power absorption
are seen to be slightly shifted to magnetic field increase.
For pressure p=6 mTorr, maxima of integral power ab-
sorption in Fig. 5,a,c are related to the magnetic flux
density of 626 G, 742 G; for pressure of 10 mTorr they
are related to 628 G, 748 G; for pressure of 15 mTorr
they are related to 632 G, 757 G.

Fig. 6,a,c show that for pressure p=6 mTorr, maxi-
ma of integral power absorption are related to the mag-
netic flux density of 503, 578 G; for pressure of
10 mTorr, they are related to 507, 585 G; for pressure of
15 mTorr, they are related to 512, 590 G.

Graphs of absorption distribution along the x-axis
(Figs. 5,b,d; 6,b,d) are plotted for the above mentioned
values of the magnet field. Here magnetic field is seen
to be 100 G less than that of case where k, = 712 cm™.
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Fig. 5. Integral power absorption and absorption along
the x-axis for k, = 7712 cm™: a), b) © =3¢
c),d) =35°

Numerical estimates show that further increase of k,
would not allow paraxial power absorption for plasma
density ny>3-10" cm™. The above mentioned simula-
tion logics considered, for plasma of density
no=4-10" cm and k,=2/12 cm™, k=710 cm?, the fol-
lowing results were obtained (Fig. 7). Fig. 7,a,c,e show
that for pressure p=6 mTorr maxima of integral absorp-
tion are related to magnetic flux density of 771, 619,

ISSN 1562-6016. BAHT. 2015. Ne4(98)

~-p=10mTorr ------p=15 mTorr

713 G; for pressure of 10 mTorr, they are related to val-
ues of 774, 624, 718 G, and to 780, 632, 728 G for pres-
sure of 15 mTorr.

Graphs of absorption distribution along the x-axis
(Fig. 7,b,d,f) are plotted for the above mentioned values
of magnet field.
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Fig. 6. Integral power absorption and absorption along
the x-axis for k, = 7710 cm™: @ =3.5°(a, h);
6 =4°(c,d)

Numerical results for penetration of 80% power flux
into plasma are provided. A value dQ, = (Ex H)X dz
was preliminary calculated the condition (11) was veri-
fied.

Q. (x=%)=0,2Q,(x=0). (11)
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Fig. 7. Integral power absorption and absorption along
the x-axis for: k, = 7112 cm™, 6=3°(a, b);
k,= 710 cm™, 6=3,5°(c, d);
k,= 710 cm™, 6 = 4° (e, f)
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At Fig.5,a pressure p=6 mTorr corresponds to
o%=0.95 cm, p=10 mTorr corresponds to 6x=0.96 cm,
p=15 mTorr corresponds to sx=1 cm.

At Fig.6,a pressure p=6 mTorr corresponds to
&=0.9 cm; p=10 mTorr corresponds to ox=0.91 cm,
p=15 mTorr corresponds to 6x=1.05 cm.

At Fig. 7,a pressure p=6 mTorr corresponds to
%=0.97 cm, p=10 mTorr corresponds to 6x=0.99 cm,
p=15 mTorr corresponds to 6x=1.03 cm.

At Fig.7,c pressure p=6 mTorr corresponds to
&=0,9 cm, p=10 mTorr corresponds to =0.91 cm,
p=15 mTorr corresponds to 6x=1.07 cm.

All the above mentioned values of x are less than L,
thus this simplified physical model may be applied for
numerical estimates of power absorption inside cylinder
discharge chambers compact ion sources.

5. DISCUSSION
Articles [6, 7] show for a uniform magnetic field and
discharge ~ chambers  with  length  L,=12cm

(k=712 cm™) and L,=7 cm (k,=4/7 cm™) that power
input into a paraxial region of discharge chamber is pos-
sible at p=6 mTorr up to density n,=1.8-10'2 cm™, at
p=10 mTorr to density ny=1.2:10 cm™. Figs. 5-7 for
power distributions over the x-direction show that the
distributions are paraxial even at pressure increase up to
15 mTorr, that is impossible for uniform magnetic field
[6, 7].

Figs. 3, 4 for the transparency regions show that in-
crease of plasma density is accompanied by increase of
magnetic field values for given plasma density. Increase
of a magnetic field value is known to degrade emittance
characteristics of the extracted beam. Increased plasma
density also modifies plasma boundary in an extraction
system and necessitates higher voltage applied onto
plasma electrodes of the extraction system. In these cir-
cumstances possibility of paraxial power absorption is
considered for plasma density n,=3-10"cm*;
410" cm®. Numerical estimates were performed for
k,=12; 10; 7 cm™, that allows us to consider the
creation of the same plasma density at various ranges of
the magnetic field values.

For considered k, values, paraxial power absorption
is possible only in a small range of magnetic field incli-
nation angle (up to =4°). Other angles provide periph-
eral power absorption.

As integral estimation is done for local power ab-
sorption not every calculation result may be suggested
for a real experiment. In Fig. 5 only mode 5,a may be
recommended, since power of about 10 W would be
absorbed due to binary collisions on a 1 cm interval and
taking into account applied power [15] of about 160 W.

In Fig. 6 only mode 6a may be recommended, since
power of about 25 W would be absorbed as a result of
binary collisions on a 1 cm interval and taking into ac-
count applied power of about 170 W. In Fig. 7 the
modes 7,a and 7,c may be used.

It is also important that the magnetic field inclina-
tion angles for which volume power distribution was
found be very close to extraction region of charged par-
ticles in an ion source.
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A model (planar) geometry is verified here to solve
this problem.
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HOI'JIOIEHUE MOIIIHOCTH B TEJIMKOHHOM IIJTA3ME BU-UCTOYHUKA HOHOB T'EJIUA
B HEAKCHAJIBHOM MAT'HUTHOM ITOJIE

O.B. Anekcenko, IBH Mupownuueukol, B.U. Bo3uwiil

HccnenyroTcss MHTErpallbHOE U OJHOMEPHOE paclpeliesieHus nornonieHnss BU-351ekTpoMarHuTHOro oI B re-
JMKOHHOMW TUIa3M€ C BHEIIHUM MAarHUTHBIM IOJEM, KOTOPOE HANpaBJIEHO MOJ YIIIOM K IMOBEPXHOCTH Iia3Mbl. Hc-
MOJIb3YETCS YNPOLIEHHAs MOJENb MIOCKOTO CJIOSI TeIMKOHHOM Iuia3Mbl. Pe3yibTaTsl pacueToB MPUMEHSIOTCS AL
OOBSICHEHUSI TTOTJIONIEHUSI MOIIIHOCTH B KOMITAKTHOM TEJIMKOHHOM MCTOYHHMKE MOHOB C HEOJHOPOAHBIM BHEUIHUM
MarHUTHBIM 11oJieM. MICTOYHMK HOHOB BXO/UT B COCTaB MH)KEKTOPA SAEPHOTO CKaHUpYIoIero Mukpo3onaa (ICM3)
Uctutyra npukiaguoit ¢usnku HAH Ykpaunsl. Pacyers! 1y mapaMeTpoB MCTOYHHMKA MOHOB MHXKekTopa SICM3
MOKa3bIBAIOT PE30HAHCHBIN XapaKTep UHTErPaJIbHOIO noriaoumenuss BU-MOIHOCTY B 3aBUCUMOCTH OT YIJIa HAKJIOHA
MarHUTHOTO M0JIs1. BhINOHEHa mpoBepka MPaBOMEPHOCTH MPUMEHEHUSI MOAEIbHOI (ITOCKON) reoMeTpuu AJs pe-
LIEHUS 3a7a4H.

MOTJIMHAHHA MOTYKHOCTI B TEJIKOHHIN IIJIA3MI BU-P)KEPEJIA IOHIB I'EJITIO
B HEAKCTAJIBHOMY MATHITHOMY HOJII

O.B. Anexkcenxo, IB.I. Mupomniltenxol, B.I. Bo3nuii

JocnimKyloTbest IHTErpalbHUKM Ta OAHOMIPHHUM PO3NOALIM NOrMHaHHA BU-enekTpoMarHiTHOTO mojist B rei-
KOHHI T1a3Mi 13 30BHIIIHIM MarHiTHUM I10JIEM, SIKE€ Ma€ HaIpsIMOK MiJl KyTOM JI0 IOBEepXHi mi1a3mu. Bukopucrano
CIPOIIEHY MOJIEJb IUIOCKOTO IIapy TeTiKOHHOI m1a3Mu. Pe3ynbTaTi po3paxyHKiB 3aCTOCOBYIOTBCS JUISl TOSICHEHHS
MOTJIMHAHHSA TIOTYKHOCTI B KOMIIAKTHOMY TeJIIKOHHOMY JDKepelli 10HIB 3 HEOAHOPIJHUM 30BHIITHIM MAarHITHUM I10-
neM. J[epeno i0HIB BXOAWUTH 10 CKIAaAy iH)KEKTopa SAepHOrO CKaHyrdoro Mikpozouaa (ICM3) IactutyTy mpuk-
nanuoi ¢izukn HAH VYkpaian. PospaxyHku ams mapaMmeTpiB pkepena ioHiB imxekTopa ICM3 neMoHCTpYIOTh pe-
30HAaHCHHUH XapaKTep iHTerpaJbHOTO NOTTHHAHHS BU-TIOTYKHOCTI B 3aJIe)KHOCTI BiJf KyTa HAXMITY MAarHiTHOTO TIOJIS.
BuxoHaHO nepeBipKy MpaBOMipHOCTI 3aCTOCYBaHHS MOJENBHOI (TTIOCKOT) TEOMETPil I BUPIMICHAS 3a1adi.
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