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Nonlocal electron kinetics in a planar inductive helium discharge
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A measurement of the electron energy distribution functiBEDF) using the ac superposition method is
done over a helium pressure range of 10100 mTorr in a planar inductive plasma, and the electron energy
diffusion coefficient which describes the electron heating is calculated based on the same discharge conditions
using a two-dimensional simulation. It is found that the measured EEDF shows a bi-Maxwellian distribution
with a low-energy electron group at low pressures below 20 mTorr even in the inductive discharge using
helium of the non-Ramsauer gas. The major factors which can affect the EEDF formation are investigated. In
particular, the concept of the total electron bounce frequency, i.e., the electron residence time, is introduced as
an indicator of how the electron-electron collision affects the EEDF shape. As a result, it is shown that the
observed bi-Maxwellian distribution at low pressures is attributed to the combined effects of the formation of
low-energy electrons through the cooling mechanism of energetic electrons enhanced by the capacitive field,
the low heating rate of the low-energy electrons, the confinement of low-energy electrons by the ambipolar
space potential, and the low electron-electron collision frequency which can be estimated from the total
electron bounce frequency presented in this paper.

PACS numbgs): 52.40.Db, 52.50.Gj, 52.65y, 52.80~s

I. INTRODUCTION larger than the angular frequency of the rf field\ <6 and
v>w). On the other hand, collisionless heating is widely
As feature size dimensions have shrunk in recent plasmaccepted as the primary heating mechanism in sustaining
etching processes, high-density plasmas operating at loWw-pressure inductive rf discharge 6 andv<w). Elec-
pressureg1-100 mTory have been required to obtain good tron heating is a statistical process in which the energy ac-
anisotropic patterns and high etching throughput. Amongyuired from the field by electrons is converted to randomized
several plasma sources such as electron cyclotron resonanggectron thermal energy. Thus a phase-breakipbase-
helicon plasma, and inductively coupled plasi@P, in-  randomization mechanism that transfers electron momen-
cluding planar-type ICP and cylindrical-type ICRCP has  {ym is needed22]. While at high pressures, electron colli-

been the focus of keen interest as a new and efficient sourcgons with neutral species are responsible for this conversion
for semiconductor manufacturing, because Iow-pressurgﬁ

s h . n heir simpl rocess, at low pressures, the phase-breaking is caused by
ICP's have many attractive aspects such as their simple agg 1harmal motion of electrons through the skin layer of rf
paratus due to a lack of an external magnetic field, relativel

efficient plasma generaticfiie., a relatively high density of ¥ields. Turner 1] suggested the existence of the collisionless

101°_102¢m-3), good spatial uniformity, low and indepen- heating mechan_lsm by ca}lculgtlng the surface |mpedan(_:e of

: S a planar slab using a particle-in-cell Monte Carlo simulation,
dently controllable ion energy, and scalability to large-area nd th thors of Relf2] found it by m fing the external
(for 12-in. wafe) plasma sources. Because low-pressure op‘-”1 € authors o ou y measuring the externa

eration for plasma generation is desirable in modern plasm Iectrical characteristics a}nd the eIectron.ener.gy dis.tribution
processing applications, much research on the dischargdnction (EEDP), respectively. The spatial dispersion of
mechanism itself1—16] as well as on the plasma processing plasma conductivity by this the_rmal electron r_nonon un_der-
[17-21 in inductive discharge operating in this regime have!ies the anomalous skin effect in the penetration of rf fields
been pursued. and leads to nonmonotonical distribution of rf field and cur-
Although ICP’s have been under development for more'e€nt density{ 23]. Phenomena such as the nonmonotonic dis-
than a century since the first report about an electrodeledgibution of the rf field and the current density and the local
ring discharge by Hittorf in 188417], studies on the ICP negative power absorptig@4] were recently proved through
discharge mechanism operating at low pressure have ntite measurements of the rf field with magnetic probe.
been extensive until recently. Recently, an ICP heating Heating in low-pressure ICP is a combined effect of col-
mechanism in this regime was suggested in Hdfkand[2],  lisionless power dissipation with the phase-breaking due to
theoretically and experimentally, respectively. Ohmic heatthe thermal motion of electrons and an anomalous skin effect
ing (collisional heating randomized by collisions, espe- of an incident rf field 22]. In a weakly ionized low-pressure
cially electron-neutral collisions, is dominant at high pres-discharge, electron collisions with neutral species are more
sure, where the electron mean free path for the momenturitequent than collisions between charged particles. However,
transferk is smaller than the skin depthof the rf field, and  since the electron energy relaxation length= VAN* (X is
the mean electron momentum transfer frequendg much  the electron transport mean free path, arfidthe mean free
path for inelastic collisionsis comparable to or larger than
the whole plasma dimensidn in this regime, the nonlocal
*Electronic address: seosh@cais.kaist.ac.kr property in the electron kinetics is predominant. The rf elec-
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tric field induced by the oscillating rf magnetic field rapidly sented experimental evidence of nonlocality in electron ki-
vanishes with increasing distance from the coil due to thenetics [3]. Also, the results of EEDF measurements with
diamagnetic property of the plasma, as well as to the geovarious rare gasg#r, Kr, Xe, Ne, a He:Ar mixture, @ and
metric effect. The electron heating is therefore spatially in-N,) in the GEC Reference Cell, proposed by Milletal.,
homogeneous, and occurs mainly near the plasma boundawere published in Ref.30]. Although Ar is a fundamental

in the vicinity of the coil. On the other hand, although the gas in plasma applications, other gases, such as He, Ne, N
heating occurs in the region of a high rf field near the coil,etc., have frequently been us¢8l]. However, measure-
maximum ionization is produced near the maximum of thements of the electron energy distribution in experiments us-
plasma potential where the rf field is abs¢bt25. As a  ing gases other than arg¢B0] seem to be erroneous, and
result, there is a discrepancy in space between the place detailed structures of the EEDFs could not be identified be-
the electron heating and the place where the electron energause the energy resolution which can be defined as the en-
relaxation occurs. This spatial discrepancy is a major featurergy gap(A) between the peak and the zero crossing of the
of the nonlocal electron kinetics. Sinke>L in the nonlocal second derivative of the probe characteristic; this is an indi-
regime, and since the spatial displacement of electrons o@ator that the quality of the experime&2] is not so good
curs faster than their energy relaxation, the electron energfA~6 eV).

distribution at a specific position in chamber is governed by In this work, an accurate measurement of the EEDF in the
the discharge properties in the whole volume. Thus the totalf inductive discharge, using helium as the working gas, is
electron energy=s—e\,, wheree andeV, are kinetic ~done with the ac superposition method, and notable features
energy and potential energy of an electron, respectively, is appearing at low pressures are presented. Also, the electron
constant motion of the equation, and can be used as an indenergy diffusion coefficient, which can describe electron
pendent variable in the treatment of an electron kinetic equaheating by the inductive field, is calculated using a two-
tion. In particular, the electron energy distribution can bedimensional2D) simulation. We suggest a parameter of the
classified by two energy ranges. In the elastic energy rangelectron residence time or the electron total bounce fre-
e<e*, wheree* is the first excitation energy, the electrons quency which can indicate whether the electrons experience
experience almost elastic collisions with neutrals, i.e., quasian electron-electron collision or not during their residence
elastic collisions. The energy loss in elastic collisions, whichtime, and we explain this EEDF feature with these param-
is characterized by the average fraction of the enefgy eters. After introducing our experimental methods, including
=2m,/M<1 lost in a single collision with the atomic gas, the discharge configuration, the EEDF measurement method,
the electron-electron Coulomb collisions, and the gas propand the rf filtering technique in Sec. Il, a calculation of the
erty, and the only mechanisms for electron energy relaxatiorglectron energy diffusion coefficient is presented in Sec. Ill.
Furthermore, since the energy relaxation length of electronghe experimental results and a discussion on the EEDF fea-
in this energy range exceeds the plasma dimension undéure is given in Sec. IV. Our conclusions are summarized in
nonlocal conditions, and the spatial displacement of elecSec. V.

trons occurs rapidly compared to the total energy change due

to collisions and heating, the electrons are trapped, and ex-

ecute a bounce motion in the potential well. In the inelastic Il. EXPERIMENTAL METHODS

energy range ok=¢*, inelastic collisions(excitation and
ionization with neutrals are probable, and rapid depletions
in electron energy distribution occur around each threshold The experiments employ an inductively coupled plasma
energy. Also, since the plasma potential energge,, is  (ICP) chamber with an octagonal cross section with a diam-
larger than the lowest excitation potential of the atoims eter of 36 cm and a length of 30 drhl]. So as to accurately
the ionization potential, if direct ionization prevaildue to  define the discharge dimension, a plate of adjustable height
the faster electron spatial diffusion, there are free electrons supplied and located at 15 cm below the quartz window
with ¢>—e¢,, as well as trapped electrons with< throughout the experiment. A schematic diagram of the ex-
—eq,, . Itis observed that the electron energy distribution isperimental setup is shown in Fig. 1. To simplify the coil
also depleted at the energy of free electrons that can ovegeometry, i.e., the field structure, a single-turn coil 20 cm in
come the plasma potential barrier and escape to the chambdiameter is placed on a quartz window 30 cm in diameter
wall [26,12,27. and 2 cm in thickness. This coil is madepin. copper tube,

As previously mentioned, extensive experimental and theand coated with silver to prevent surface oxidation. An alu-
oretical studies on the electron heating in low-pressure ICP'sninum kettle covered the coil to protect the measurement
have been made. These studies focused in particular on tlparatus from rf noise. The rf power system consists of a rf
characteristics of the EEDF for an analysis of electron kinetsignal generator and a power amplifier. The rf signals are
ics under nonlocal conditions. In the theoretical modeling,supplied by a synthesized rf signal generag@iga-tronics,
the so-called nonlocal approach, first suggested by Bernste®062A) and amplified by an rf power amplifi€ENI, Model
and Holstein28] and Tsendir{29] was used, resulting in a A1000 with a frequency range from 0.3 to 35 MHz and a
considerable simplification in solving the spatially inhomo- maximum power of 1000 W. The amplified rf power is ap-
geneous Boltzmann equation. In this approach, the total ele@lied to an induction coil through the standard type of a
tron energy is used as an independent variable in the Boltznatching network. The forward and reflected powers are
mann equation. The existence of collisionless electronrmonitored with a rf power mete(Bird electronics Co.
heating was recently revealed by Godyak and Kolofi8]. placed between the rf power amplifier and the matching net-
Kortshagen measured the spatially resolved EEDF, and prevork.

A. Experimental apparatus
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Matching network

cr | L L :
I | —— RF power in

RF high voltage probe
[

1-turn antenna —1——> \_ _q window_ 2
! I FIG. 1. Schematic diagram of
== the planar ICP chamber.
B-field probe compensated Langmuir probe
Region I
Region II variable height plate
B. rf noise filtering behind the probe holder, a stray capacitata®ut 30 pF in

A probe is introduced from the side wall of the chamber.0Ur probe systeibetween the probe tip and the probe
To reduce the rf distortion of the probe characteristics, d10lder might reduce the rf impedance of the probe system.
probe system consisting of a small measurement probe andldus, an additional LC series filter is constructed between
floating-loop reference probe with a self-resonant filteringthe probe and the probe circuit in parallel with the self-
technique(a tuned probkgis used, as shown in Fig.[22,32.  resonant filter. These resonant filters are tuned to maximize
The measurement probe tip is made of a tungsten wire 4 mithe floating potential. Subsequently, a fine tuning for obtain-
in length and 10Qum in diameter, which is small compared ing a better energy resolutidne., smallA) by further reduc-
to the electron mean free path for all pressures, and is supag rf noise, proceeds by monitoring the second derivative
ported by a capillary sleeve of ceramic tumm in diam-  signal of the probe current.
etey in order to prevent electrical contacts between the probe Besides rf noise suppression, an additional problem,
tip and any material sputtered on the probe tip holder. Theaused by the finite probe circuit resistance, must be consid-
reference probe, constructed of a tungsten wire A0iIn  ered in the probe diagnostics of high-density rf plasma. Since
diameter and 50 mm in loop diameter, is capacitively conthe probe sheath differential resistanBg=(dl,/dV,)*
pe(;ted to the measurement probe with a small film capacitor (Te/€)/1, becomes small as the collected probe current
inside the probe holder. The plasma-to-probe sheath capaghcreases, this may lead to a distortion in the low-energy part

tance established by the reference probe is connected in Paft \he EEPF if the probe circuit resistanBe is larger than
allel with that by the measurement probe, and thus increases comparable toR,, whose minimum valueR,
p p min

the tota}I sheath capacitance. This decreases the rf input T,/e)ll . becomes less than about &0in our experimen-
sheath impedance across the probe sheath. As a result, theté conditions. To solve this problem, a probe current-to-

sheath impedance becomes small enough to minimize t oltage converter as a gyrator with negative input impedance

plasma rf potential and rf distortions across the probe sheatIE33] was designed and, thus, the measurement probe was
A large rf fluctqatm_n of the plasma potenpal, to the extent Ofvirtually laid on ground potential for all discharge conditions
a few mV, which is much larger even in tliemode dis- resulting iNR,<R, .

c p min -

charges, can be picked up in the probe circuit. However,
while the harmonic components of the rf fluctuation of the
plasma potential, especially the second-harmonic compo-
nent, are significant in symmetrically excited or asymmetric A low-pressure discharge often has an electron energy
CCP, it can be found, from an investigation of the rf plasmadistribution that departs significantly from the Maxwellian.
potential spectra, that the magnitude of the second-harmonieor example, the electron energy distributions of a low-
component is much smallér-20 dB) than that of the fun- pressure argon CCR32] and an argon ICH12] in the E
damental component in the present discharge system. Beaode are given, which can be approximately by a two-
cause this seriously distorts the EEDF in spite of small rftemperature Maxwellian. For a non-Maxwellian and isotro-
noises, rf resonant filters, which can present a large inpypic distribution, the Druyvesteyn analysis for the EEDF mea-
impedance of the probe circuit to the rf fluctuations, are emsurements is popular and very reliadl&7]. The second
ployed to compensate for the rf fluctuation of the plasmaderivative with respect to the probe potential is proportional
potential, as shown in Fig. 2. Since the rf self-resonant filteto the EEPFf(e¢), and related to the EEDFg(¢)
cannot be adjusted near the probe tip and is connected closes*f (¢), by the Druyvesteyn formulpld]:

C. EEDF measurement
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Cz2 (2 pF ~ 120 pF)

Compensated Langmuir probe |
Co 2}
g Lz (~5 pH)
L1 (~5 pH)

— I-V and 2nd derivative

[ measurement circuit
C1 (2 pF ~ 120 pF)

(a)
FIG. 2. (a) The cross-sectional

To Langmuir probe LC resonance view of a compensated Langmuir
filters probe and the circuit diagram of a
rf resonant filter.(b) The simpli-

fied diagram of the EEDF mea-
surement circuit.

Isolation transformer Lock-in Amp.

(SRS, SR830)

Kepco biploar
operational
Power supply

|!solation ampliﬁeﬂ D'g'fal storage
oscilloscope

(HP, 54520A)

NIC

(b)

1/2 . small amplitudevy and a specific frequenay, is superim-
I5(V), eV=e, (1) posed on the slowly varying probe bidg. Using the Taylor
series expansion becausg<V,, the amplitude of the

second-harmonic componehyt, can be written as
wheree and m, are the electron charge and mass, respec- 0

2mg <2eV

g(S): eZAp me

tively, I',; is the second derivative with respect to the probe 2 4 6
potential,V=V,—V, is the probe potential referenced tothe | = @y' V) + @|(4) V) + vo 16 ...
plasma dc space potential, aAd is the surface area of the 200(Vo) = 7 1(Vo) * 28 1p (Vo) 7535

probe tip. 2

The EEDF measurements are done at midplane of the . ) ) ) )
chamber and 5 cm below the dielectric quartz window, and>iNCe€v, is small and the distortion parameter, defined as the
the ac superposition technig[@4], which has the advantage r;amo of the signal amphtudes between the ;econd—harmomc
of low output noise, is used for the acquisition of the second=2 aﬂd the fourth-harmonic componeris,, is very small
derivative of the probe characteristic which is proportional to(=4/52=0.0834), the contribution of the fourth-
the EEPF from Eq(1). This technique is the method of harmonic component is negligible. Thus
superimposing an ac signaj. on the probe and detecting a
harmonic component corresponding to the derivative, and L. (V )mﬁl”(v ) 3)
several types of ac signal combinations are available fgr 209 YBIT g TPt Vb
and the detection frequency component. To simplify the
measurement circuit and to reduce the distortion owing to The probe is biased by a Kepco bipolar operational am-
other harmonic component$34] the second-harmonic plifier activated with a triangular wave from a function gen-
method was adopted. The measuring circuit is shown in Figerator. A lock-in amplifieSRS, SR830 DSP Lock-in Am-
2. In this case, a sinusoidal signal (=vySinwgt) with a  plifier) supplies an ac sinusoidal signal of small amplitude

2
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After the fine tuning of two rf filters, a sample of the
[15(V)| measured at a discharge condition w#20 mTorr
andP=525W is presented in Fig. 3. The difference of this
second derivative curve from the previous typical curves is
shown in the high-voltage region above the plasma potential,
and there is no zero-crossing point. Thus the plasma poten-
tial is determined from the minimum point of this curve, as
presented in Fig. 3. Also, it is found from this figure that the
compensation of rf noise is well achieved and the energy
resolution of our EEDF measurement system is very good
pm (A=<1leV).

Measured |Ip'|

-------- conventional Ip

N W A N
T

e — ==

[LCV, )l Carb. unit )
>

IIl. NUMERICAL APPROACHES

A. Kinetic equations for the EEDF and electron energy
diffusion coefficient

The kinetic equation for the electron distribution function
20 10 0 10 20 30 40 (EDF) F(r,v,t) is

vV, (V)

oF e
i TV (WA= Ve [(EXVXB)FI=S(F),  (6)
FIG. 3. Second derivative of aRV probe characteristic in the e
helium ICP =20 mTorr, P,=525W). ) o
where £ and B are the electric and magnetic field, respec-

less than 0.5 zero-to-peak value and a modulation frequendjvely, andS(F) is the collisional integral. _
of 10 kHz, and detects the absolute valuel gf . This ac In we_akly ionized Iow—pressure d|schgrges, electron colli-
signal is introduced to the probe via an isolation transformep'oNS with ngutrals dominate over co_II|S|on_s_between the
which is calibrated for the frequency of the input signal, andcila_rged particles, and the total inelastic collision frequency
has a small internal resistance ofb The signals detected * IS small compared to the elect_ron moment_um transfer
with the lock-in amplifier are ensemble averaged, and re9OIIISIOn f_requen_cyu. Furthermore, since the s_pat|al scale of
corded with a digital storage oscilloscofiéP, 54520. Each the electric heating pe_comes small in comparison to the elec-
averaged;; is usually based on 64 probe sweeps to improvetr;c;ln rﬂ?i?%ggg]c(;lIIstlaogemaeg;;éeiitcp)aitvt\;ctyhea?tlsecmc and
the signal-to-noise ratio. Although this method has the dis- g P P
advantage of a slow sweep speed, due to the response of the - -
lock-in amplifier, this can be overcome because the insensi- E=Eo+E, B=By+B, (7)
tivity to noise in the lock-in detection makes possible a
smaller number of averages, so the measurement can behere E; and B, are the dc space electric and magnetic
completed within a short time. fields, which have large spatial scales compared, tvhile

Such macroscopic parameters as the electron density E andB are the rf electric and magnetic fields, respectively

and the effective electron temperatufg; can be obtained \ith small scales of X/ compared to\ (i.e., kA\>1, wherek
with the measured EEDR), is calculated by integrating s the wave number of the rf fields

over the EEDF according to Assuming that the energy gained during the field period is
smaller than the characteristic energy of electrires, Ae
Ne= fgmaxg(s)ds, (4 <a|_n]-‘/as), the conventional two-term approximation is
0 applicable[35],

wheree .« IS determined by the dynamic range of the EEDF
measurement. The effective electron temperaiykgecorre-
sponding to a mean electron ener@y is also calculated
from the second derivative of the probe current as follows:

Frv,t)=fo(v,t)+F,(r,v,t), 8

wheref, is the isotropic part of the EEDF which is averaged
over a scale in the order of andf; is the perturbed EEDF

2 2e [o"™eg(s)de (f,<f,) that describes the deviations of the EEDF on scales
Teff:§<8 =3 W smaller than\. Since the rf field frequency is larger than
0 v (o>v), itis assumed thdt,(v,t)~fy(v) and the energy
diffusion coefficient is calculated with neglect of the electro-
:E s”‘axsg(s)dg_ (5)  static potential in the plasm@aectangular potential welin
3ne Jo this paper as in Ref.12], with the assumption of the inde-

pendence of electron density and temperature on the spatial
Also, the plasma potential is found from the minimum point coordinate.
of the absolute value of the second derivatiNg(V)| [12], Thus the linearized kinetic equations are written as fol-
as shown in Fig. 3. lows:
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e _ o wherek,=nm/L is the wave number of theth Fourier com-
— o Vv [(E+vXB)f,]=S(fo), (9 ponent,J; is the first-order Bessel functiom, , is themth
€ zero of J;, and the prime on the summation indicates that
P e the termn=0 is multiplied by 3. The Neumann function
_1+V.Vr”f'l_ —V, - [(E+vxB)fo]=5(f;). (10 Np[a1m(r/R)] is discarded in Eq(16) from the condition,
at Me whereE , must be finite at=0.

Averaging the left-hand side of E¢Q) over space and time, Sl.JbStitUting Eq.(16) into Eq. (10), fi and f{? can be
the quasilinear collision integral describing the interaction of°Pt@ined as

the electrons with the rf fields can be obtained as . %
f0) = e (9_f0 Emmdi(@1ml/R)

e ~ ~ " Mew Ui 2
Su(fo)=— (Vo [(E+vxBTil) e, (@ e
¢ 1 1
where the(---), ; brackets indicate the spatial and temporal % 1=k /o) +i(viw) * (1+kpw, /o) +i(viw)]
averaging. Furthermore, averaging E4l) over the velocity 17
angle space, the kinetic equation for the isotropic part of the © e fp — Emmdi(a@iml/R)
EDF is yielded[35], fr'=— mew o= 2
e (dQ, ~ ~ o~
Sfo)=— - [ GV BB, =S (1), y 1 L]
e (12) 1=k, /o) ti(viw) (1+kw,/ow)+ti(vie)

Thus, using Egs(12) and (15), and applying the Fourier
transformation to Eq(12), we can obtain the averaged qua-
silinear collision integral as follows:

wheresg|(f0) is the quasilinear collision integral averaged
over the velocity angleg](}, is the solid angle in velocity
space, and* (f) is the inelastic collision integral.

If both the equilibrium plasma density and electron tem- e Q, _ o
perature are assumed to havezdependence, the collision Sg|= — ﬁf ypm Re (V- [(E* +vXB*)f(])]
operatorS(f,) in Eq. (10) can be approximated by a Krook ¢
model, i.e.,.S(f;)=— vf,. Assuming such time dependence 2 (L (R ie2 o
asE=0E,e '“' andf,=f,e'“!, we simplify Eq.(10) to =-Reigre fo dzfo rdr 2mi’e 70 Y

. of, eEy dfg
—wal-i-vzﬁ— m m
e

= _Vfl, (13)

m=1 n=

X [ E E:m‘]l< a’l,mﬁ) cogkyz)
0

where the nonlocal behavior of the electrons about the radial

inhomogeneity of the inductive electric fields were neglected S ow aQ, .,
[10] because Xm,zzl ngo Em/n/Jl(Ofl’m/r/R) 4’7T (V' E)
Urafllﬁr U[h(?f]_/(?r ) 1 of
~ ~ =<1, (14) s ,
v 0f1/0z vpifiloz R . [1—(kn,vz/w)]+i(y/w)) 70 C0%kn Z)] !
wheredis skin depthR the radius of the plasmajhe radial (18)

coordinate with respect to the chamber center, zthe axial

coordinate in the direction of the plasma region from thewhere? and E are the unit vectors of the electron velocity
antenna. With the assumption that the anisotropic pantas  and the rf electric field, respectively. Here we have used the
e '“!, the following relation about the time average holds: following relation:

(V- [(E+vxB)F1])r =3 RE(V,-[(E* +vxB*)T1]).], J A o e 1
(19 AT [1— (K, /w)]+i(viw)

where * denotes the complex conjugation. Hefg,andE, aQ, ., 1
can be expanded by the Fourier and the Har{kelurier- ZJW(V'E) [+ (kos /o) ]+i(vw)] (19
Bessel transformation without loss of generality, respec- e
tively, as Applying the orthogonality condition

S o) SR R r r R? ,

flzz fn Coiknz)"'z fn S|n(an), ‘Jl A 1m'S \]1 XM rdI’Z—Jz(ozlm)5mm,
n=0 n=1 0 R "R 2 ’

S, r L L
E,)= > > Emwdil a1m=]|cogk,2), (16) f cogk,z)cog Kk, z)dz= = 8, , (20)
m=1 n=0 "R 0 2
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Eq. (18) can be simplified as follows: B,(r,z,+0)=IlimB(r,z,+¢),
e—0
< o, 1907 o, 26)
qlz_f 4 R Am?2 2020 Ed B,(r,z,—0)=IimB,(r,z,—&)=—B,(r,z,+0) for ¢=0.
e—0
00 s} E 2J2
x| D> [Enm Z(al’r_”) To The boundary conditions are
m=1n=0 [1=(Kyv,/w)]+i(viw)
EyR,2)=0, E,r,L)=0,
e g dQ, - @7
- _ _ i dE,(r,z)
4mezv2w v ( A mE Z B,(r,00=By=— 907—2 ,
z=0

<v/w><0-E>2|Emn|2J§(a1,m)> afo

() 2+ (1= (Koo, 0) ]2 (21 where k=w/c is the vacuum wave number. Using the

Fourier-Bessel transformation for the rf electric field and the
rf plasma current and boundary conditi@@v), the Fourier-
Here the averaged quasilinear collision integral can be reBessel component of the inductive fietg,, is given by[15]

written as[35]

Emn= (29)

19 of
Sh=—=—(D,)——, (22
v de de ) )
where \gg=v/Jw?+1? is an effective mean free

path glm_ll(szO)_FE;;ll/Dmnv &om=1/(2D o)

wheree=3 m ,andD is the energy diffusion coefficient,
£= 5 M 9y $*_(~1)"Dpn, and

which describes the electron heating by inductive electric”

field. Equating Eqs(21) and (22), and definingd, as the A

angle between the electric field and the electron velocity in h2+ — for n=0

the velocity angle spacd, takes the following form: D — " 29
mn

A
), hﬁﬁqﬁ——zp(i) (otherwise.
On "\ 0n

D,= E J2(“1m)|Emn|2®

), (23

e Zme Z ’ ( )
Here hn=BmNetis Bm=V alm/R) dn=KnNeff, S
=(w+i 1/)/ Jw?+ 2 is the coII|S|onaI|ty of the systenz,, is

the plasma dispersion functid®6], and A is a measure of

“the system nonlocalit}6] and is written by

where the function® (k,v/w,v/w), which represents the
phase correlations in the interactions between an electro
with thermal velocityv and the electric field,, is defined

as Vw2
A=( "e) [1+ (v 0)?] %= (Nert/ 5p)°,
1 T 2m Cow (30)
®(an"8)_mfo ), A% c ( Vz) 1
Sp=— | 1+ = | —7=,
Bsing, cos 6, 24 P wpe ?/ cog 0/2)
2 21
'8 +(1=ansing, cosd,) where 6=tan {(v/w) and wye=(ene/eome)*? is the elec-
tron plasma frequency.
with a,=kv/w and B=v/w. bom in Eg. (28), which is the Bessel component of the
radial induced magnetic field at the plasma surfiddd, has
B. Maxwell equations the form
The wave equation extended to the infinitely periodic sys- 27l oniy)
tem can be rewritten bj10] bom="c"Jem ~[SINNBils)
2 2
9By 1By Eo IBg o +(2Bm/L)cosH Brls) Sl 2, (3D
ar? r oo r? 0 972 0
where L is the distance from the plasma to the top metal
4k -
=——|J p—2iK 2 B,(r,z,+0)d6(z—z,), plate:
n=-—w
. (sh, Ls)
(25 lem —L R JZ(alm)f f Je(r,2)d1( @yl /R)

wherez,=nL, §(z) is the Diracé function, and XsinH Bn(z+Lg) Jrdrdz, (32
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been well known that the bi-Maxwellian EEPF, which can be

— 10 mTorr

. represented as a sum of two Maxwellian distributions with
el T 20 mTorr two electron temperature¥; and T,, is typical in low-
ot T 50 mTorr pressure argon CCP[82] and it has been found experimen-
NN o 100 mTorr tally [32] and theoretically{32,37,3§ that the existence of

two electron groups in the low-pressure argon discharge re-
sults from stochastic electron heating in the oscillating
sheath enhanced by the Ramsauer effect and by low electron-
electron collision frequency due to abnormally low electron
energy. In the case of low-pressure helium CCP’s, while the
authors of Ref[32] could not find the low-energy electron
groups in their experimental situation and only argued that it
is possible that it may develop in a non-Ramsauer gas like
helium, other worker$39] could measure it with a number
of low-energy electrons relatively smaller than that found in
argon.

On the other hand, this bi-Maxwellian EEDF was found

EEPF (eV>7cm”)

105 A P SR I T N
0 5 10 15 20 25 30 35 40 in the inductive argon discharge wif8] and without elec-

trostatic screefil2]. In Ref.[12], when the mode transition
from an E mode to anH mode occurs, the evolution of the
FIG. 4. The EEPF evolution with changing helium pressure atEEPF from a bi-Maxwellian distribution at low power to a

electron energy (eV )

P =525W. Maxwellian distribution at sufficiently high power was pre-
sented. With an electrostatic scrd@, a bi-Maxwellian dis-
|2(g§m_ §§m) tribution with a relatively small number of low-energy elec-
Sm= £ . trons due to the reduction of the capacitive power coupling
im was found. In the case of inductive helium discharge, theo-

Here J.(r,2) is the antenna coil current density. To deter-etical [16] and experimental30] approaches were made.

mine the antenna current magnitude from the input rf power 10Wever, the low-energy electron group was not found in

we used the relatiofl |= V2P /(Ry+ R;), wherePy is the ’[heser wo_rks dléel.to tlhé exglt:r:]smln of the capaC|t||vt9 power
input rf power,R,=R€Z,], andR. are the resistance of the fr?u%'ngo\;nm'?xot ?'ngli mg:r;O] Oen Ot\;]" ent(;rgry r:ersfj ui|non Irr]
plasma and coil, respectively. The plasma impedahgean e ne ure pias i € other hand, in ou

: - ork, the low-energy electron group, i.e., the bi-Maxwellian
:)Oemgﬁzamlned from the Poynting's theorem, and has th istribution, can be resolved through the EEDF measurement

system with high-energy resolutiom £2.5eV), even in
low-pressure and inductive helium discharge with capacitive
Sh. (33  power coupling.
For the experimental condition where the electron energy
relaxation length\ . is larger than the spatial plasma schle
Using Eqs.(28), (31), and(33), the magnitude oE,,in EQ.  the EEDF can be divided into two energy ranges: the elastic
(23) can be determined from the antenna, plasma, and reactesinge ¢ <e*, wheree* =19.8 eV is the first excitation en-

. .
i wR? 2

— 2
Zy=— > 2 e

Bom
I

parameters. ergy of helium gap and the inelastic energy range (
>¢*). From Fig. 4, it can be seen that as the gas pressure
IV. RESULTS AND DISCUSSION increases, the measured EEPF within the elastic energy range
gradually evolves from a bi-Maxwellian distribution into a
A. EEDF measurement results Maxwellian distribution, and it has an almost Maxwellian

The EEDF measurement was carried out at a rf frequencdlistribution with Te~Tes Where the distribution tempera-
of 13 MHz and a rf power of 525 W over a helium pressureture Ty is defined asT.4=[d(In f(¢))/de] ! at pressures
range of 10—100 mTorr and the results are given in Fig. 4 irmbove 50 mTorr. On the other hand, in>¢* the EEDF
terms of the EEPF which is proportional to the second deexperiences depletion due to the inelastic collisions between
rivative of the probe current-voltagé-{/) curve. In general, high-energy electrons and neutral gases as in the case of
since the threshold energy of the helium gas for ionizatiorargon plasma[12]. Since the electron energy relaxation
(&;,) is much higher than that of the benchmark argon (@as length typically exceeds the length of a bounded plasma at
£,=15.8 and 24.6 eV for argon and helium, respectiyely low pressures, the nonlocal property in the electron kinetics
the discharge breakdown in the helium discharge is difficulpredominates, thus the electron energy distribution is af-
compared to the case of the argon discharge, and much mofected by the discharge properties in the whole plasma area.
rf power is required as the gas pressure decreases. In o@ne of these featurel26] can be seen in the EEDF tail
discharge system, the minimum pressure where dischargiepletion of Fig. 4. At the minimal maintainable gas pressure
breakdown is possible with a rf power of 525 W is 10 mTorr. p,n,=10 mTorr, the first change of EEPF slope is clearly

As can be seen from Fig. 4, it is remarkable that thefound ate~¢*, and the second change is showreate;,
low-energy electron groups can develop at low pressures bes in the case of argon plasifie2]. In particular, the addi-
low 20 mTorr even in a non-Ramsauer gas like helium. It hasional steep decrease of the EEPF tai ateV,,,, caused by
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FIG. 6. The trends ofi¢, T, andV,,, against helium pressure.

FIG. 5. The trends of the electron temperaturég( T,, and  Sojid rectangular symbols arg ; open diamondT . ; open circle,
T,) and the plasma potential¥/(,, V, ¢, andV,) against helium Vom-

pressure. Solid circle symbols afgg; solid rectangle,T,; solid

triangle, T ; open diamondy,,,; open rectangley,; open circle, . L .
V. ! e 2 V, are obtained as presented in Fig. 5. As presented in Ref.

[12], when the EEDF becomes a bi-Maxwellian EEDF, the
the escape of the energetic electrons to the wall, can also Iséscrepancy between the measured plasma poténgiand
observed ap=pmin- the calculated plasma potentidly is observed due to the

On the other hand, as the gas pressure increases, the déxistence of a high-energy electron tail and the generation of
tribution temperature of the EEPF gradually decreases, anthe low-energy electron group in the bi-Maxwellian EEDF is
the EEPF depletion becomes more and more steep. Also, ahhanced by the capacitive power coupling in ICP. As can be
the highest pressure of this experiméf@00 mTory, only  shown in Fig. 5, at low pressures, where the EEDF becomes
EEPF depletion neas~¢* can be observed. This is due to a bi-Maxwellian EEDF, the plasma potential is primarily
the increase in collision frequency between the electrons angoverned by the temperature of the high-energy electron tail.
helium atoms associated with the increase in the number of The electron density, the effective electron temperature,
helium atom and the decrease in plasma potential due to thghqg the plasma potential derived from the measured EEPF
decrease in electron temperature. Even at 100 mTorr, thgre shown in Fig. 6. Although the electron density rapidly
plasma potential becomes similar to the excitation energy,creases with increasing gas pressure, the effective electron
level (see Fig. . , temperature and the plasma potential gradually decrease.

These bi-Maxwellian EEDF's can be represented by temgijnce the discharge chamber is not equipped with an electro-
peraturesT, and T, as[12,14 static screen, the capacitive field as well as the inductive field

_ _ —&lT —&lT can participate in the electron heating, especially at low pres-

f(e)=Al(1=p)e =2+ pe 7z, 39 sures, and this contribution will be very significant at low

where8=n,/n, is the ratio of densities of the two electron Pressures due to the_ low electron density. Because_ the elec-
groups, andA is obtained from the EEDF normalizatiof, tron densn_y. rapu_jly increases as the_ gas pressure increases,
andT,, obtained as the distribution temperatures in Fig. 4th€ capacitive field is more effectively shielded by the
are about 4.0 and 7.7 eV at 10 mTorr and 3.2 and 6.2 eV £Ia§ma and localized near.the antenna region, and its contri-
20 mTorr. In a plasma with a Maxwellian EEDF, where the but!on to the electron heating becomes gradually v_veaker. A
collisionless sheath is applicable, a simple relation betweef'2J0r reason that no low-energy electrons appear in the the-
the plasma potential and the electron temperature can be ofretical result of Ref{16] may result from the exclusion of

tained using the balance of the electrons and ion fluxes eri® generation of low-energy electrons by the capacitive
tering the sheatfl7,17, power coupling. Also, it can be found that the plasma poten-

tial approaches the first excitation energy due to the decrease

kT, in the electron temperature as the gas pressure incrgzijes
AVWZEH’I

M
27mg

kTe

whereAV,, is the plasma potential with respect to the float- B Numerical results for the energy diffusion coefficient

ing wall, andM the helium ion mass. Substitutifigs and T, From Eq.(22), the electron heating and the shape of the
for T in Eq. (35), and using the measured floating potential, EEDF are determined bf, . Since the energy fluk', can
the effective plasma potentid.; and the plasma potential be written as
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d? o 1020 T T T T
1"8= —nelea, = (36)

f
ne
and the electron heating power density is

V2w (= d
Penea= 3z | f(e)—[VeD,Jde,  (37)
e 0 €

D, contains all the information about the electron heating
process, and the EEDF formation is determined®, [5].

In a limiting case where the nonlocality in electron kinetics
does not prevail, Eq23) approaches the well-known equa-
tion for the energy diffusion coefficient. Since electron
thermal motion is not important in a cold plasma,
ap(=kwl/w)<1, and all modes of the rf electric field
equally contribute to electron heating. Under this condition, " . .
Eq. (24) is reduced to 107, 5 0 15 20 25

nD( eViem’s )

B Electron energy (eV)
®~3(B IR (38)
FIG. 7. Space-averaged electron energy coefficientgs=at0

(solid line), 20 (dashed ling 50 (dotted ling, and 100 mTor(dash-

and Eq.(23) has an approximation form of dotted line.

eX(|E4|?)v?y

Dp~ 6(w+1°)

(39 C. Discussions

As previously mentioned, it is notable that the bi-
where Maxwellian EEDF can be observed at low pressures in a
non-Ramsauer gas like helium. In capacitive argon dis-
(IE,[2)= 2 JLdzJerrlE |2:l2’ Bay)|En 2 Charges, the decisive role of the Ramsauer effect on the
0 LR? Jo /o o o T2 TimiiEmn EEPF formation was discussed in detail in H&2]. On the
(40)  other hand, in the case of inductive argon discharges, it was
reported that the low-energy electron group can develop at
is the mean square &, averaged over the discharge vol- |ow-pressure argon discharges wii] and without an elec-
ume. The energy diffusion coefficie, in Eq. (39) corre-  trostatic screerfl12]. In Ref. [8], although an electrostatic
sponds to a spatially averaged Joule heating produced by a&green, was used, which practically eliminated the capacitive
inhomogeneous rf electric field. It should be noted that forpower coupling between the induction coil and the plasma, a
collisional (Ohmic) heating,D, is a function of the local rf  |ow-energy electron group with a distribution temperature
electric field. less than the effective electron temperature of the EEPF,
In the limit of low collision frequencies ¥  similar to that found in capacitive rf discharge was observed.
<w) O(a,,B) vanishes whenv,(=k,v/w)<1 and thus, Inferring from Refs[8], [12], [12] the formation of the low-
only highernth Fourier components of rf electric field con- energy electron group is determined by such physical phe-
tributes to the low-energy electron heating. However, sinceiomena as the capacitive power coupling between the
the nth component of the rf electric field becomes signifi- plasma and the rf induction coil, the energy dependence of
cantly weaker at highen, the heating of low-energy elec- the electron heatingwhich can be found from the energy
trons withv <wlL/7 becomes inefficient. In the other limit dependence of the electron energy diffusion coeffi¢jeamd
of v>w, 0O(a,,B)~1/B from Eq. (24), and D, has the various collision processes such as quasielastic colligions
functional dependence of i/ Thus the energy transfer is cluding those with a small energy loss compared to the elec-
strongly dependent on the variation of the momentum transtron energy{5]) and electron-electron collisions.
fer cross section with the energy in this limit. The most pro- In analogy with the cooling mechanism of energetic elec-
nounced variation of the cross section is found in the case dfons in low-pressure CCP’s, the presence of a low-energy
argon due to the Ramsauer effect, which was already reelectron group is primarily caused by the capacitive power
ported in Ref[13]. coupling between the oscillating sheath and the plasma, and
The numerical calculation of the terms in EQ3) pro- by the nonlocal electron kinetics in the discharge condition
ceeds untilD, converges ovem andn, and the calculated where \,>L [12]. It was already reported that the low-
result is presented in terms oD, in Fig. 7[see Eq(36)]. energy electron group observed in a rf argon inductive dis-
It is seen in Fig. 7 thah.D, increases monotonically as a charge, with a partially electrostatic screfeh4] or without
function ofe at all pressures, and its absolute value increasean electrostatic scredr2], did not appear when capacitive
with pressure. This is due to the energy dependence of theower coupling from a rf induction coil with a complete
momentum transfer cross section, which does not vary muchlectrostatic screefil5] was effectively eliminated. There-
and is almost constant in the low-energy region below 5 e\fore, its appearance seems to be the result of the capacitive
[17]. power coupling.
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10" T the energy dependence of the electron energy diffusion co-
: effiecient, but the collision process among electrons affects
10°L ] the EEDF formation because sufficiently high electron-

electron collisions tend to make the EDF a Maxwellian dis-
tribution. The electron-electron collision frequency depends
on such plasma parameters as electron density and electron
temperature, and can be written as

Vee=2.91X 10 ¥, In A(T,) %2 (42)

wherev,.is the electron-electron collision frequency, the
electron density per cubic centimeter, and the Coulomb loga-
rithm In A is given by

v,v_,and /1, ( sec’ )

23—In(nY?1.%%), T.<10eV

INnA=
24—In(n¥?1.1), T.>10eV.
103 1 1 " I 1 1 1 1 1 i H A
2 4 6 8 10 12 14 16 18 20 On the other hand, since*>L under the discharge condi-
T (eV) tions where the nonlocal property in electron kinetics pre-

dominates, the bounce motion of electrons becomes impor-
FIG. 8. The total electron bounce frequenidashed ling the  tantin electron heating. If a typical loss velocity of plasma at
electron-electron collision frequencies, and the electron-neutral cothe plasma-sheath boundary is the ion Bohm velooily
lision frequency(dotted line, at 10 mTojragainst the electron tem- =/T./M, the electrons bouncey,/vs times between the
perature for each experimental conditionpf 10 (solid line), 20  sheath boundaries before they escape from the bulk plasma
(dashed ling 50 (dotted ling, and 100 mTorr(dash-dotted ling [9]. Thus the total mean free path of electrons for the elec-
tron loss\; becomes (Rvy,)/vs, and the residence time of
As previously mentioned, the energy diffusion coefficientelectrons defined byr=\,/vy, is 2L/vg. As a result, if
neD, increases monotonically as a functionsdifrespective  7v.<1, electrons rarely experience electron-electron colli-
of gas pressure. With this energy dependence of the energyon during the timer, and, thus, the electron energy ther-
diffusion coefficient, the EDF typically has a concave shapeamalization process does not occur very well. But, in the op-
at low energies, i.e., a low-energy electron group and a corposite case v,s>1) electrons collide at least one time with
vex shape at high energies that can be characterized by threach other during;, and it can be said that the EEDF ther-
distribution temperatures with no Coulomb interaction malization occurs, so that the EEDF may evolve into a Max-
among electronf7]. Thus, without the Coulomb interaction wellian distribution.
between electrons, the formation of the low-energy electron Figure 8 shows the dependences of the electron-electron
group is caused by an inefficient heating of the low-energycollision frequency and the total electron bounce frequency
electrons, produced by the ionization process and enhancée=1/7,) on the electron temperature at each electron density
by the capacitive power coupling, which can be found frommeasured in this experiment. As known from E4p), since
the energy dependence of the energy diffusion coefficienih A is insensitive to electron temperature and is almost con-
and the confinement effect by the space potential. The corstant, the electron-electron collision frequency rapidly de-
vex shape in the high-energy range=f ¢* is due to the creases with a power factor éfas the electron temperature
energy loss in the inelastic collisions and to wall loss. On théncreases. On the other hand, sincg4A/T,, the total elec-
other hand, if the electron-electron Coulomb collision is fre-tron bounce frequency steadily increases with increasing
quent enough, the electron energy thermalization proceedslectron temperature. It can be seen from Fig. 8 that the
rapidly, and the EDF within the elastic energy range appearsritical temperatures defined by the electron temperature
as a Maxwellian distribution. with which 7v.e~1 is satisfied increase with increasing
In the elastic energy range below 19.8 eV, the quasielastiglectron density. Considering the data of Fig. 5, one sees that
collisions include those with a small energy loss compared téhe electrons thermalization does not proceed well below
electron energy5]. They are characterized by the parameterpressures of 20 mTorr, because.<1. Consequently, the
¢, which is the average fraction of the energy lost in a singldow-energy electron group which is produced by inelastic
collision, and the electron-neutral collision frequency is writ-collision processes and enhanced by the capacitive power
ten by coupling is not thermalized, and remains in bulk plasma for a
long residence time and is confined by the space potential.
v=Nke(Te), 4 Thus, under these plasma conditions, the EEDF will have
nothing but a bi-Maxwellian distribution with the low-energy
where  N[=8.3212<10"p(mTorr)/Ty(eV)] cm™> is  electron group.
the number of neutral species, andk. (=20
X 10‘16\/8Te/7rm-e [40]) the proportional coefficient. Since V. CONCLUSIONS
{(=2m./M)<1 in spite of v> v (see Fig. 8 it is permis-
sible to neglect their collision process in the EEDF formation In conclusion, the exact measurement of the EEDF was
[5]. Not only is the electron heating process determined bynade with a rf-compensated Langmuir with two LC resonant
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filters and the ac superposition method in a planar inductivéow-pressure helium ICP. On the other hand, electron heat-
helium discharge. With a high signal-to-noise ratio and aing by the inductive field can be described through a calcu-
high energy resolution, it was possible to measure the EEDFRtion of the electron energy diffusion coefficient. In this
even at the low pressure of 10 mTorr. Unlike the theoreticalwork, the energy diffusion coefficient was obtained using a
result of Ref.[16], bi-Maxwellian EEDFs with low-energy 2D simulation. It was found that the energy diffusion coef-
electron groups can be observed at low pressures below Z&ient increases monotonically as a functioreafrespective
mTorr in planar inductive discharge without an electrostaticof gas pressure, and no enhanced heating in the low-energy
screen. As a result of Ref37] where the EEDF was ob- part was found, in contrast to the case of the argon discharge
tained through a particle-in-cell Monte Carlo simulation, [13]. In the modeling result of Ref.16], the EEDF in the
even though the Ramsauer effect is artificially removed, théelium discharge is a Maxwellian distribution even in the
EEDF which appeared obviously as a bi-Maxwellian distri-low electron density of ¥ 168/cm?®, without any low-energy
bution with the Ramsauer effect remains a bi-Maxwellianelectron group. This may be attributable to the exclusion of
distribution in which the equivalent temperature of the high-capacitive power coupling, so that a low-energy electron
energy electron group does not change, but the equivalergroup cannot develop.
temperature of the low-energy electron group increases The other factor which must be considered in forming the
slightly due to the enhancement of the bulk heating by theEEDF is electron-electron collision. Since the electron-
removal of the Ramsauer effect. In RE32], it was argued electron collision frequency is dependent on the electron
that although this bi-Maxwellian distribution is not observeddensity and electron temperature g, ¥ from Eq. (42),
in their experiments in low-pressure helium CCP, it is pos-the EEDF becomes a Maxwellian distribution with a single
sible that a low-energy electron group develops in the nontemperature when the electron density is sufficiently high or
Ramsauer gas with a much greaiépd than in their experi-  the electron temperature is very low. In this paper, the elec-
ments. Therefore, it can be inferred from these reportsron residence time;=X\, /vy, is suggested as a parameter to
[37,32 that the low-energy electrons can be generated witlletermine whether the electron energy thermalization
stochastic heating in the sheath and negligible bulk heatinghrough electron-electron collision can occur or not. In the
in the nonlocal regime of electron kinetics, and this situationpresent experiment, sincgr..<1 at pressures below 20
is similar to the situation of our experiment in ICP except formTorr (see Fig. 8, the electrons are not well thermalized
the effect of electron-electron collisions due to the differentduring their residence time. Therefore, it can be concluded
electron densities. that the development of the low-energy electron group at low
The factors which can affect the EEDF shape within thepressures below 20 mTorr is due to the combined effects of
elastic energy range, under discharge conditions where th@e formation of a low-energy electron group through the
nonlocal properties in electron kinetics prevail, are heatingooling mechanism of energetic electrons heated by the ca-
by the rf field, a specific electron-neutral collision cross secpacitive field, a decrease in the energy diffusion coefficient
tion like the Ramsauer minimum, a confinement effect by thewith electron energy, a confinement of low-energy electrons
ambipolar space potential, and electron thermalization byy the space potential, and a low electron-electron collision
electron-electron collision. First, because our discharge sysrequency which is estimated frompq<1.
tem does not have any electrostatic screen, the rf fields which
can participate in electron heating include the capacitive field
and the inductive field. From Refsl2,15, it can be deduced
that electron heating by the capacitive power coupling and We are grateful to Dr. S. S. Kim and Dr. N. S. Yoon for
the cooling mechanism of energetic electrons are the primarelp with their offer of the 2D antenna modeling code in the
factors in the formation of the low-energy electron group inenergy diffusion coefficient calculations.
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