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Spatial distribution of RF electromagnetic field absorption by a plasma electron subsystem of ion source is studied.
An ion source operates in a helicon mode (we; < W < Wee < Wpe)-A simplified model of plasma RF source is used for
investigations. Calculations were performed for two particular geometrical dimensions of a discharge chamber with
the assumption of two symmetrical modes excitation at two different pressure values of plasma forming gas (helium,
hydrogen). The ion source injector parameters of IAP NASU nuclear scanning microprobe were taken for calculations.
The calculations show a resonant behaviour of integral RF power absorption as a function of the external magnetic
field at a fixed plasma density. Sharpness of resonances becomes smaller as plasma forming gas pressure grows. There
is a distribution topography of absorbed power in a discharge chamber for the cases under research. The possible

extracted ion current density is evaluated under Bohm criterion.

PACS: 52.50.Dg

1. INTRODUCTION

Nuclear scanning microprobe [1] has been developed,
constructed, and put into operation at the Institute
of Applied Physics of National Academy of Sciences
of Ukraine (IAP NASU). The microprobe resolution
depends on parameters of an ion beam generated by
a plasma source and on focusing ability of a probe-
forming system. High resolution of a microprobe re-
quires improved parameters (current, current density
distribution and brightness) of an ion beam injected
onto an input of a probe-forming system.

In nuclear scanning microprobes (NSMP) RF
plasma sources are widely used as ion beams genera-
tors, since they best meet economic requirements (i.e.
have a relatively small value of consumed energy) and
have a sufficient operating resource. They can func-
tion in various modes: inductive, helicon, and others
[1]. High efficiency of plasma generation in helicon
RF sources was first revealed experimentally in works
[2,3]. Still, mechanisms of high efficiency of RF power
absorption in helicon sources remained unclear for a
long time. Work [4] first proposes and studies a colli-
sional heating of plasma electrons during its interac-
tion with longitudinal Trivelpiece — Gould wave (TG
wave) for a RF helicon sources.

However, work [5] draws attention to the fact that
collisionless Cherenkov absorption of TG wave energy
by plasma electrons may be crucial for high heating
efficiency of plasma electrons for helicon sources.
Thus, as dictated by the experimental conditions (a
neutral gas pressure, geometry dimensions of a source
etc.) one or another elementary mechanism may pre-

vail in plasma formation, or both mechanisms may
play commensurable part.

The article studies spatial distribution of RF
power absorbed by a plasma electron subsystem in a
source discharge chamber. Geometry of a plasma ion
source is close to that of IAP NASU operating with
hydrogen or helium plasma. Here singly ionized ions
of hydrogen and helium are considered. Ion beams
are applied in an IAP NASU nuclear scanning micro-
probe (proton beam is for PIXE analytical technique,
helium beam is for hydrogen analysis in the samples).

Known spatial distribution of absorbed power in
a source discharge chamber allows evaluation of ab-
solute integral loss of RF power that is expended for
heating of a plasma electron subsystem; and varia-
tions of these distributions in relation to the source
parameters (plasma density, electron temperature,
value of external uniform magnetic field, geometry
of a source, exiting antenna). In work [6] the TG
wave was shown to be absorbed either at a surface
of a plasma column or in its volume. This aspect
is crucial for extraction of the beams from a plasma
surface since some conditions for TG wave volume ab-
sorption should be realized in a plasma source. The
article concerns TG wave absorption subject to spe-
cific parameters of an ion plasma source of the IAP
NASU nuclear scanning microprobe.

Let’s discuss the aims and problems of the article.
Development of a complete theory on a plasma source
operation with specified form of phase characteris-
tics of an extracted ion beam is a challenge since it is
related to non-stationary phenomena in an essentially
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inhomogeneous plasma. Therefore, a separate oper-
ating stage of a plasma source is regarded here. The
stage under consideration is the transmission process
of RF field power to a plasma electron subsystem
of an ion source and a process of plasma density in-
crease through a mechanism of electron-neutral atom
collisions at plasma-forming gas pressure of 6 mTorr,
10 mTorr. Our prime interest is in the modes where
RF power of 300 W at most is absorbed inside dis-
charge chamber. Maximum extracted density of ion
current was evaluated from Bohm criterion. Such
evaluation will be correct only for cases where almost
whole absorbed power is concentrated in a paraxial
area of the discharge chamber.

2. MODEL OF THE SOURCE

Fig.1 presents a scheme of an ion source model
for consideration of theoretical and numerical solu-
tion of spatial distribution of RF power absorbed by
a plasma electron subsystem inside ion source. Lat-
eral dimensions of the model are limited by a thin
cylindrical quartz discharge chamber of radius R and
length L. In addition, there are conductive metal
flanges placed on ends of the discharge chamber.

Permittivity tensor does not depend on z and 6
coordinates, the problem may be solved when field
and current of the antenna are decomposed into nor-
mal modes.

As azimuthally symmetric antenna (m=0) is con-
sidered here, the fields and current of the antenna
are decomposed into Furier series expansion only by
z coordinate.

Alternating current of w frequency is created in
the four-coil antenna by an external generator. Dis-
tance between the antenna coils is 3 mm. The sec-
ond coil is placed on the L/2 distance from discharge
chamber end.

The ion source discharge chamber and the an-
tenna is assumed to be immersed into external uni-
form magnetic field with an induction By. The ex-
ternal magnetic field is directed along the discharge
chamber axis.

generator

Fig.1. The ion source layout

Partially ionized electron plasma with uniform elec-
trons and ions distribution nge = ng; = ng is as-
sumed to be previously created inside the discharge
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chamber. Density of neutral atoms of gases under
consideration is given by the gas pressure.

We consider the case when an external exciting
frequency w is less than lower hybrid frequency wr g
in plasma. Plasma ions are immovable for this case.

3. ELECTROMAGNETIC FIELD,
ANTENNA CURRENT AND BOUNDARY
CONDITIONS. CONSIDERATION OF
POWER ABSORPTION MECHANISMS

The electric and magnetic field strength satisfy the
Maxwell equations with the permittivity tensor of
cold magnetoactive plasma [7]. Since the condition
w < wpy is satisfied, the permittivity tensor consid-
ers only a plasma electron subsystem:
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Relation between electric induction vector and vector
of electric field strength is described by constitutive

equation: . .
D=¢w)E. (2)

Anti-Hermitian part of the dielectric tensor consid-
ers two mechanisms of electromagnet wave absorbed
by the plasma electron subsystem that are collisional
and collisionless. The collision mechanism depends
on effective frequency of electron collision with neu-
tral atoms and with generated ions of gases under
consideration.

At electron temperature of 5 eV and pressure of
plasma forming gas of 1 mTorr, “electron-neutral”
collision frequency is 2,7 MHz for helium plasma and
4,7 MHz for hydrogen plasma.

“Electron—ion” Coulomb collisions are calculated
with allowance of averaging over Maxwellian distri-
bution function of electron velocity:

y Wee = y Wei =
Me€o Me



(3)
Collisionless mechanism depends on external distur-
bance frequency w, length L of a discharge chamber,
plasma density ng and temperature T, of electron
plasma component T¢.

This article discusses the cases for hydrogen and
helium at k, = w/L, f = 27,12 MHz where the ba-
sic heating mechanism of plasma electron subsystem
is collisional. Collisionless heating mechanism intro-
duces negligible corrections and we do not consider it
in our calculations.

The graphs below represent estimate corelation
of two mechanisms of power absorption in the tensor
component €. Figs.2,a and 3,a represent the data for
chamber length L = 6cm. Figs.2,b and 3,b represent
the data for chamber length L = 7cm. The ratio
€7 An/€op is is showed on the graphs in numbers.
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Fig.2. Influence of two mechanisms of power ab-
sorption. Plasma-forming gas is helium, k, = n/L,
f=2712 MHz
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where k., = nn/L, n is a longitudinal harmonic
number; L is a discharge chamber length.

Here tangential components of electric field are
equal to zero at metal ends of the discharge cham-
ber. Furier amplitudes of current density in a 4— coil
antenna have a form of:
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Fig.3. Influence of two mechanisms of power ab-
sorption. Plasma-forming gas is hydrogen, k, =
w/L, f =27,12MHz

In our case a collisionless mechanism is seen to de-
velop itself significantly for chambers with L = 6em
or less. Tangential components of electric field are
continuous at the “plasma—vacuum” interface:

yac l vac
Erl = Erac | EY = Eyoc. (4)
Tangential components of magnetic field are discon-
tinuous at the “plasma—vacuum” interface because of
antenna current flow:
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(5)

The field components and antenna current are found
in the Furier series form since discharge chamber is
limited along the z axis:

j9 = ITA(S(T — TA)Sin(kznZA) ’

9)

where: I, is a current amplitude in Amperes; z4 is
a coil coordinate along the axis; r4 is a radius of the
antenna, and it is equal R.
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Explicit form of the electromagnetic field compo-
nents is obtained in the usual way [8] and is not given
here as cumbersome.

Boundary conditions and Maxwell equations in
coordinate axes projections are written for Furier

Pabs = %///Im[eL(‘ET
4

The expression under integral defines a spatial
distribution of the RF power absorption.

4. NUMERICAL CALCULATIONS AND
DISCUSSION

Numerical calculations were done for helium and hy-
drogen, and a discharge chamber of a 1,5 c¢m radius,
7 cm and 12 cm length. Other parameters were an-
tenna current of 3,5 A, plasma forming gas pressure
of 6 mTorr or 10 mTorr, electron temperature of 5 eV,
ion temperature of 0,1 eV.

The mode of the ion source with electromag-
net wave exited inside the discharge chamber with
k. = m/L is considered here.

For a wave with k., = w/L to be exited the second
coil of the antenna should be placed in the middle of
the discharge chamber length.

Before calculations the transparency diagrams are
plotted under [6] criteria for helicon waves and Triv-
elpiece — Gould waves (Figs.4,5), for two discharge
chambers under investigation. The articles [4, 5, 6, 7|
represent that the helicon wave and TG wave exists
together in the helicon plasma source with a dielec-
tric discharge chamber and cannot be separated in
the discharge chamber.

In other words, there is a hybrid TG + helicon
mode propagated in the helicon plasma source with
a dielectric discharge chamber.

In reference to the above, the regions of common
existence of helicon and TG wave are of practical
concern at the transparency diagrams. The power
absorption resonances would be searched only at
these regions. The diagram regions where only a
TG wave exists are of no interest since in real ex-
periment it is impossible to excite only TG wave in
a helicon plasma source with a dielectric chamber.
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amplitudes of field component and for Furier ampli-
tudes of antenna current density.

With known explicit expression for components
of electromagnetic field inside the discharge cham-
ber, RF power integral absorption in the discharge
chamber may be calculated:
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Fig.4. Wave transparency regions. Plasma-forming
gas is helium. a) discharge chamber with L=7 cm;
b) discharge chamber with L=12 cm
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Fig.5. Wave transparency regions. Plasma-forming
gas is hydrogen. a) discharge chamber with L=7 cm;
b) discharge chamber with L=12 c¢m

The graphs (Figs.6-9) give information on plasma
density values of resonant RF — power
put kept for helium and hydrogen plasma.

in-
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Fig.6. Power absorption for a discharge chamber
with L=7 cm at 6 mTorr pressure
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with L=7 ¢cm at 10 mTorr pressure
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with L=12 c¢cm at 6 mTorr pressure
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This information can be conveniently represented

in a tabulated form.

Gas Chamber Gas Plasma
length, cm | pressure, | density,

mTorr em ™3
hydrogen 7 6 1.2E+12
helium 7 6 2.5E+12
hydrogen 12 6 1.2E+12
helium 12 6 2.5bE+12
Gas Chamber Gas Plasma
length, cm | pressure, | density,

mTorr em ™3

hydrogen 7 10 S8E+11
helium 7 10 1.8E412

hydrogen 12 10 SE+11
helium 12 10 1.8E+12

Analysis of a 3D distribution of power ab-
sorption at resonances (Figs.6-9) shows that
these resonances are not equivalent with rela-
tion to power distribution in a discharge chamber.

a)

2R
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INRAZFAZ

SR

Fig.10. Discharge chamber with L="7 cm,
p=6 mTorr, at plasma density
no=1,2E +12 em™3. 10a) helium plasma,
By =102 Gs, 10b) hydrogen plasma, By = 104 Gs

For helium plasma, with gas pressure of 6 mTorr
and 10 mTorr at both chambers, penetration of ab-
sorbed power into the paraxial region (Figs.10-13)
is better at resonance with plasma density of
1,2E 4+ 12 em™3 than at resonance with plasma
density of 1,8E +12 cm™3..2,5E + 12 em™3.

Maximum  density of extracted ion cur-
rent at plasma density of 1,2E+12cm™3
for helium plasma is Jy = 120 mA/em?.
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Fig.11. Discharge chamber with L = T7cm,
p = 10mTorr, at plasma density
no = 1,2E +12em=3. 11a) helium plasma at

no=1,2E 4+ 12em™3, By = 107Gs, 11b) hydrogen

plasma at ng = 8E + 11em™3, By = 92Gs

Fig.12. Discharge chamber with L = 12 cm,
p=6mTorr,at plasma density
no=1,2E +12em=3. 12a) helium plasma,
By =179Gs, 12b) hydrogen plasma, By = 182G's



For hydrogen plasma, with gas pressure of
6 mTorr at both chambers, penetration of absorbed
power into the paraxial region (Figs.10-13) is better
at resonance with plasma density of 1,2F + 12 em™3;
Jy =238mA/em? than at resonance with plasma
density of 1,8E 412 cm™3..2,5F + 12cm™3; with

gas pressure of 10mTorr, penetration of ab-

sorbed power is better at resonance with plasma
8E + 11 em™3;

density of Jy =159 mA/cm?.

a)

Fig.13. Discharge chamber with L = 12 cm,

p = 10mTorr, at plasma density
no=1,2E + 12em™3. 13a) helium plasma at
no=1,2E +12em™3, By = 184 Gs, 13b) hydrogen
plasma at ng = 8E + 11em ™3, By = 158 G's

5. CONCLUSIONS

Experimental results from [9] are compared with
theoretic calculations obtained here.

According to the experiment [9], density of helium
plasma ng = 9E + 11cm ™3 is achieved at 225 W in
plasma of a helicon source. The extracted ion current
has a value 90mA/cm? here.

Balance of power may be theoretically estimated
with the technique described in [10].

For plasma parameters ng=9E + 1lcm™3,
p=10mTorr, and discharge chamber parameters
R=1,5cm, L=12cm the results are obtained as fol-
lows:

1) power carried out by electrons onto the dis-
charge chamber walls is defined by expression:

Pe:no-uB~S-66,

where:
ng is a plasma density;

up is a Bohm velocity of the ions;
S is a lateral surface area of the discharge cham-
ber;

€c is the energy carried by single electron out of
the discharge;

€ = 2T,
P, =201 W ;

2) power carried out by ions onto the discharge
chamber walls is defined by expression:

.PZ':’fL()"LLB'S'Ei7

where ¢; is the energy carried by a single ion out of
the discharge;

M, 1/2
€ =0,5T, +T, ln(i)
2-T-Me

P, =28,6W;

3) power, consumed for heating of electron plasma
component by pair collisions, may be defined on Fig.9
as 33 W (first resonance).

Therefore, as to theoretical data, minimum power
required for RF discharge maintenance is 263 .
Density of maximum extracted ion current is theo-
retically esteemed to be 89,5mA/cm? according to
Bohm criterion.

Theoretical data are seen to be in a good agree-
ment with experimental data witnessing reasonable
adequacy of the plasma source model used.
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HHUTHBIC BOJIHBI B ILIa3MeE, HaXO,HHH.[efICH B Mar-

PE30HAHCHBII BBO/J BU-3JIEKTPOMATHUTHOTIO I10JISI B IIJIASMEHHOM
NMOHHOM NCTOYHUKE I'EJINMKOHHOI'O TUITA

0. B. Aaexcenxo, B. . Mupownuuwenxo, C. H. Mopdux

Uccmeayercss mpoCTpaHCTBEHHOE pacipeesienne noraonenuss BY-3/1eKTpOMarHuTHOTO OISt 3JIEKTPOHHOM
HOICHCTEMOH IIa3MBI HCTOYHUKA. VICTOYHIK HOHOB pabOTAET B TEIHKOHHOM PEXKUME (W < W < Wee < Wpe ).
st ucenenoBanmil MCTONMB3yeTCs YIPOITeHHass Moae b naa3MenHoro BY — ncrounwka. Pacduersr mposoam-
JINCD [T IBYX KOHKPETHBIX T€OMETPUIECKIX PA3MEPOB PA3PATHON KAMEPDI B IPE/ITOJIOKEHAN BO3OY K ICHU S
CHMMETPHUYHBIX MOJI DY ABYX PA3JIMIHBIX 3HAYEHUAX JaBIeHNUs pabodero rasa — reud, Bogopoga. lasa pac-
4eTOB BbIOPAHbI IAPaMETPbl HCTOYHUKA HOHOB HH2KEKTOPA 41€PHOI0 CKaHUpyoiero mukposonaa NI1® HAH
Vkpaunsbl. Pe3ybTarsl 9uc/IeHHOTO CUeTa MOKA3BIBAIOT PE3OHAHCHBIN XapaKTep WHTErPaIbHOTO TOTJIOMIEHU ST
BY wmormHOCTH B 3aBUCHMOCTH OT 3HAYEHUS] BEJIWIMHBI MATHUTHOTO TOJIsi PU (PUKCUPOBAHHON TIJIOTHOCTH
maa3mMbl. OCTpoTa PE30HAHCOB YMEHBINAETCS ¢ POCTOM JaBjeHus pabodero rasa. IIpusogurcs Tomorpadus
pacnpeiesieHns BETUIHHBI TOTJIONIAEMON MOIITHOCTH BHYTPH 00beMa Pa3PAIHON KaMephl Ajid PACCMOTPEHHBIX
caydaes. Ha ocnoBanmm kpurepus Boma nenaercs OneHKa 3HAYEHNS [IOTHOCTH BO3MOXKHOI'O M3BJIEKAEMOIO
WOHHOTO TOKA.

PE30OHAHCHUI BBO/J BUY-EJIEKTPOMATHITHOTO I10JISI B IIJTASMOBOMY
IOHHOMY J2KEPEJII TEJIIKOHHOT'O THUITY

0. B. Aaexcenxo, B. 1. Mupownivenrxo, C. M. Mopdux

HocaimkyeTbest mpocTopoBuil po3noain normuHanusa BY-e1ekTpoMaruiTHOro moad eIeKTPOHHOI MiICHCTe-
MOIO mKepena. Jzkepeso 10HIB Ipamioe B TeMKOHHOMY PEXKUMI (Wei < W < Wee < Wpe). I ZOCHIIKEHD
BUKOPHUCTAHO CIIPOIIEHY MOIesb miaa3mMoBoro BU-mxkepena. Po3paxyHku mpoBOAMINCH IJId TBOX KOHKDPET-
HUX TEOMETPUIHUX PO3MIpPIB PO3PSIIHOI KAMEPH B MPHUIYIIEHH] 30YIKEeHHI CUMETPUIHAX MO TIPK ABOX Pi3-
HUX 3HAYEHHSIX THCKY po00Yoro rasy — refid, Bomuio. Jmst po3paxyHKiB 0OpaHO mapamMerpu IKepesa ioHiB
imkeKkTOpa sgepHoro ckanyiodoro mikposzoumay 11O HAH VYkpaiuu. Pesyaprari 4nceIbHONO pO3PaxyHKy
TIOKa3yI0Th PE30HAHCHUM XapaKTep iHTerpaabHoro norauHandag BY moTy:KHOCTI B 3a/I€2KHOCTI Bifl 3HaYEHHS
BEeJIMYWHYM MarfiTHOrO mojig npu (ikcoBaHiit ryctray mia3dMu. [ocTpoTa pe30oHAHCIB 3MEHIITYEThCS 3 POCTOM
THCKY pobodoro razy. Hasemerno Tomnorpadito po3nomiay BeIMIrHE MTOTY>KHOCTI, IO MOTTHHAETHCS BCEPETIHI
06’eMy pO3pAIHOI KaMepHn, I/ PO3nIdHyThX BumaakiB. Ha migcrasi kpurepito Boma 3pobieHo ominky 3Ha-
YEHHsI IYCTUHU MOXKJIMBOI'O €KCTPAryEMOr0 i0HHOIO CTPyMYy.
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