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Abstract

A cross section set for CFY ions in CF, gas has been assembled from the available experimental
and theoretical data using a swarm method. Elastic cross section consistent with the available

experimental mobility data has been denived and the set also includes the reactive cross sections,
Reactive rates are deduced for collision energies of up to 500 ¢V, The transport properties of

CF7 ions in CF, gas in DC (direct current) electric field fields at a gas temperamre of 7 = 300K
were calculated as a function of the reduced electric field EAV (£ is electric field and N is gas
number density) by using a Monte Carlo simulation. The non-conservative collisions are also

taken into account in the definition of transport coefficients,

Supplementary material for this article is available online

Keywords: kinetic and transport theory of gases, atomic, molecular, ion and heavy-particle
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1. Introduction

A major effort has been undertaken worldwide to study ion
transport processes and, in particular, dissociation of CF,
molecules by means of several forms of excitation. Some
representative examples are given in [1-10]. The most notable
goal was to establish the kinetics of reactive plasmas in
applications related to integrated circuit manufacturing, A
significant reactivity of these plasmas is based on both neutral
and ionic forms of the CFy radicals (F, Fs, C, CF. CF: and
CF;). Of all the reactive products of dissociation, ions are the
most prominent constituents of either pure CFy plasmas or its
mixtures with other processing gases (Ar, No, On, ete) [8-11]
since their flux and energy may control the kinetics of surface
processes, reactive ion etching in particular. The density and
polarity of charge carriers make such plasmas more or less
electronegative [8—10] depending on various plasma proper-
ties in the bulk and at the electrode boundaries. One must
admit that in spite of numerous studies, the specific properties
of either radicals or reactions necessary to model plasma
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applications are still poorly known. As a consequence,
transport properties of radicals, either neatral or charged, are
highly desirable in the regimes where plasmas are collision-
ally dominated, either as a test for plasma models or in any
attempt to predict plasma properties for specific applications.

CF; radicals formed in plasma chemical processes [3] are
present in plasma mixtures with high abundances of CF,,. The
density of CF; radicals in processing plasmas at room
temperature depends mainly on the electron density [12].

The CF3 ion is the most abundant positive ion in pure
CF. plasmas and also in most gas mixture plasmas containing
CFas [8-10]. It is known that CF3 ions in their electronic
ground or excited states are mainly produced by dissociative
ionization (in a low pressure plasma, mostly by electrons), It
is also possible that CF; may be produced in different ion-
malecule reactions, The main product of CF™ and CF; col-
lisions with CF, is the CF7 ion [13]. Thus one definitely finds
the need for a collision cross section set for CFy 1ons in CFy
over a wide energy range. These data are indispensable for the
madeling of technologically relevant plasmas.

© 2019 10P Publishing Lid
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Georgieva ef al [14, 15] assembled cross section sets for
charged radicals in low pressure Ar/ CEFy mixtures mainly by
using Denpoh-Nanbu theory (DNT) [16, 17], and taking into
account the long-range effects of an jon-induced dipole
interaction, Although based on a simple theory, a very wide
range of possible reactions of radical ions with CF, targets
were considered in a consistent way.

In this paper we present our compiled total cross section
for CFy ions scattering from CFy, transport and rate coeffi-
cients of these ions in pure CF, obtained for a gas temperature
7= 300K and gas pressure of 1Torr (3.3 = 10" em ™).
This study presents a necessary effort to include the relatively
recent mobility measurements [18] in the analysis of the cross
sections. In this study we will select only the most important
processes ohserved in the experiments and try to assemble, as
precisely as possible, a cross section set that can be used
directly in simulations of plasmas containing CFy ions,

We do not model plasmas here; we do a swarm study
which 1s the model of an ionized gas in the limit of low
ionization. We actually model the Drift tube-mass spectro-
meter experiment of de Urquijo and coworkers [18]. In doing
50, we start from an initial set of cross sections. Swarm stu-
dies always suffer from non-uniqueness and of a limited
energy range, so it is optimal to augment the initial data with
some input that would not be subject to modification. In this
case we use the measured inelastic /reactive cross section [4]
extended towards the threshold by using the so called DNT.
The theory in its original form has been included into a
plasma modeling code whereby collision probabilitics (rates)
were transferred to the Monte Carlo collision section of the
code, However, it is possible also to convert these rates into
the cross sections and DNT data for CF7 ions have been used
through the use of cross sections in most cases when Kinetic
plasma modeling has been attempted [14, 15, 19, 20]. These
sets of cross sections have not been normalized to any
transport data. In other words, a swarm normalization has not
been made, mainly because the transport data were not pub-
lished at that time. We, on the other hand, take advantage of
the recent measurements [ 18] and renormalize the data o fit
the mobilities. All extrapolations to higher energies are the
same as in previous siudies except that we add the measured
cross sections due o Peko er af [4] extrapolated to the
threshold by using DNT. When calculated transport data
agree well with measured transport data, then one can claim
that over the energy range covered by swarms in the given E/
N range, the balances of momentum, energy and number are
met and thus the distribution functions are well calculated.
Without such verification it is possible that some of these
balances may not be calculated accurately. The DNT is used
as an initial set to extrapolate the cross sections, and the final
outcome should not depend on the initial set but the speed of
achieving a good it does.

A preliminary presentation of a subset of the present data
has been made in conference proceedings published as a
contributed conference paper [21].
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Figure 1. Cross section set for CF7 ions in CFy as a function of
collision energy in the centre of mass reference frame,

2. Cross section set

We have combined several techniques in order 1o obtain a
cross section set (see figure 1) that would fit the available
experimental data [18]).

First, we have tried to fit the low energy part of the
measured mobility data. The most recent value for the dipole
polarizability of CF, of 3.86 x 107" m*, was recommended
in [22], rather than the value selected by Denpoh and Nanbu
of 29 = 107" m?, originally given by Smirnov [23, 24], and
used in [14]. The former value decreases the zero-field
mobility from 1.308 em®V 's™' to 113375 em®V 's ',
that is, closer to the measured low-field mobility of this ion of
0.96 + 0.04 em® V" s ' [18]. The differences in the limit of
mobility and in the low EN behavior of the mobility are
shown in figure 2. Arrows are calculated by using Langevin—
Hasse formula [25] and two different published experi-
mentaly determined polarizabilities. The zero-field mobilities
were obtained from the cross sections by calculating the
mobilities with a Monte Carlo code at low EAY and then
extrapolating the values to zero field,

Our primary goal was to model the EAV dependence of
the measured maobility data. To do repeated fits we have used
very quick calculations by simple, semi-analvtic momentum
transfer theory (MTT) [26-28] to obtain the momentum
transfer integral cross section. We did so bearing in mind the
difference between the approximate MTT results and exact
MC simulations.

MTT consists of a simplification of the energy distribu-
tion function that allows semi-analytic solutions of the
Boltzmann equation [26-28], gquickly and with rather limited
accuracy (typically up o 10% bul, when reaclive processes
are important, the discrepancy could be somewhat larger).
Thus it is easy 1o make adjustments of the cross sections 1o
improve the agreement with the measured transport data by
using MTT and quickly converge close to the final set of cross
sections, Typically, we adjust the value of the zero energy
limit of the cross section to fit the zero-field mobility. It may
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Figure 2. Reduced mobility of CF3-+ ions in CF4 as a function of E/
N. MC—data obtained by MCS in this work; exp—the measure-
ments of [18] and predictions based on cross sections used in [14].
The arraws show the values of the zero-field mobility caleolated by
the Lungevin—Hasse formula, using the polarizabilities from [[4]
and [22].

be expected that this limit is about 10% different from the
data that can be obtained using what has been stated before,
the polarizability of the molecule from the literature in the
Langevin-Hasse theory., We try to maintain the standard
energy dependence of the cross section up to a point where
the peak in the mobility requires the cross section to drop
down faster. We adjust the cross section point by point. Then,
starting from the limit of the energy range where the mea-
sured mobility data are sensitive to the cross section towards
higher energies, we use extrapolations that follow standard
energy dependences and have the addition of the contribution
of the reactive collisions as caleulated by the DNT. Once our
fitting procedure produces results sufficiently close 1w the
experimental data, we make final adjustments of the cross
sections and calculations by using a Monte Carlo code o
provide more accurate values. For all practical purposes we
may claim to have used the Momte Carlo code to calculate the
transport data, to fit the available experimental data and to
establish the cross section set.

The final values (see figure 2) were thus obtained by
using MC simulations after further albeit minor adjustments
of the cross section in the final stage of calculations.

Most importantly, the experimental data have a mobility
peak which is the result of the descending part of the elastic
momentum transfer cross section (having assumed isotropic
scattering). As can be seen from the same figure, the pre-
dictions based on the cross sections of Georgieva er al [14]
and Denpoh and Nanbu [16] cannot reproduce the depend-
ence with the peak in the experimental mobility data and also
in the low energy limit [18]. [14, 16] did not have the
advantage of the new experimental data, so our primary
mativation was (o update the cross section set.

Regarding the high energy in which both inglastic and
reactive collisions take place, we have combined the available

Table 1. Products and endothermic reaction paths for the

CFy 4 CF, reaction as considered in the model used in this paper
and specified by this table, and the corresponding thermodynamic
threshold energies reported in [4). Endothermicities, A, are given in
eV: the underlined products have roughly the same laboratory
velocity as the reactant ion,

Mumber Reaction produocts M (eVy
RI CFy + F + CE: (DCTY -57
R2 CFi +F; + CE; (DCT) ~10.3
R3 CF* = F+F, + CF,(DCT)  —13.1
R4 C* + 2F; + CF; (DCT) —19.2
RS CFi + F + CFy (CID) —6.2
R6 CF' + F, +CF, (CI) 74
R7 F 4 CF. + CF4 (CID) ~123
RS C+F+E+CF WD -151

experimental data of Peko er al [4] and DNT. The DNT
values of the inelastic cross sections were scaled o the
experimental values of the inelastic cross sections at the
lowest experimental energy (30 eV) and then the theory was
used o extrapolate the measured cross sections to the
thresholds. A wide range of ion-molecule reactions were
included in the cross section set presenied in [14], covering
endothermic reaction paths established in order to study sin-
gle and dual radiofrequency capacitively coupled discharges
in pure CFy and mixtures including CFy [14, 15]. The whole
scheme for CFi scattering in CF; was represented by 42
reaction paths in [14], as suggested by [16]. Instead of using
all processes listed in [14], we have selected only the pro-
cesses experimentally established as the most probable [4].
The reactions considered in this paper include collision-
induced dissociation (CID) and dissociative charge transfer
collisions (DCT). All representative endothermic reaction
paths based on existing thermochemical data [29] are listed in
table 1, together with the comesponding thermodynamic
threshold energies.

Finally, in order to calculate transport parameters at high
EAN, all cross sections were extrapolated up to 500 eV, fol-
lowing judiciously the trends of the measurements.

The complete set of cross sections is shown in figure 1,

3. Monte Carlo technique

Detailed explanations and tests of our MC technique have
been covered in our earlier studies [30, 31]. therefore we will
give only a brief overview here.

The Monte Carlo simulation (MCS) code was applied to
perform calculations of transport parameters as well as rate
coefficients in DC electric fields. In this paper we have used a
code that properly takes into account thermal collisions [30]
which has also passed all benchmarks and provided new
benchmark results to test other codes, The effect of the non-
conservative collisions on the drift velocity and diffusion
coefficients (see figures 4 and 5) can be seen through the
difference between bulk (the real space) and flux (the velocity
space) transport coefficients [32].
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4. Transport properties. Results and discussion

MC calculations were made for a room temperature of
T =300K, a pressure of 1 Torr and electric field-to-gas
density ratios (£/V) ranging from 1 to 2000 Td.

In figure 2 we show the reduced mobility of CF3 ions in
CF,4 as a function of E/NV. The reduced mobility data, related
1o the calculated drift velocity, W, by

W
NolE/N)

where Ny = 269 = 10" em * is gas density at standard
temperature and pressure, were obtained from a Monte Carlo
simulation and are shown by a solid line, whereas the data
obtained on the basis of the cross section set of Georgieva
et al [14] are shown by a broken line. When transport cocf-
ficients based on the cross section data from [14] are com-
pared o the experimental results of Basurto and de Urquijo
[18], a significant discrepancy is found over the entire ENV
region, both in the domain of the polarization limit (<40 Td)
[25] and near the peak of the mobility at around 300 Td.

Note in figure 2 that even the experimental points around
the peak overlap with the calculated curve within the error
limits that may be estimated for that type of experiment
(£3%=5%). The mobility curve (shown as a solid line in
figure 2) of CFy in CF, shows a well defined maximum for
200 < E/N < 300 Td. then followed by a decrease, due to
the predominance of the repulsive part of the interaction
potential. The predominance of the repulsive part of the
interaction potential is taken to mean that, under this energy
range, capture into orbiting  trajectories  cannot  occur,
although scattering occurs through deflection from the initial
orbit into any angle, and yet it is still elastic. In the inter-
mediate region, the cross section may be affected by both
repulsive and attractive force and may change Tast enough o
produce a peak in the mobility curve [33]. One can thus see
that the choice of the cross section in the intermediate energy
range (around 1 eV) is critical in describing the maximum in
the mobility curve, which, if abserved experimentally needs
to be represented by the cross section fit,

The calculated mean energy of CF5 in CFy as a function
of EAN is given in figure 3. At low energies the present results
are in agreement with those using the cross section set in [14]
since mean energies converge towards the thermal energy if
collision frequencies and collisional energy losses are prop-
erly accounted for. As a matter of fact, the convergence of the
mean energies at the lowest E/N may be regarded as a test of
the quality of the Monte Carlo code [30]. At high EWN the
differences are considerable, and the mean energies calculated
from the cross sections in [14] are higher.

Bulk and flux wvalues for the drift velocities and the
longiudinal and transverse component of the density-nor-
malized diffusion tensor, NDp and NDyp are shown as a
function of EAV in figures 4 and 5, respectively. The drift
velocities and diffusion coefficients are almost unaffected by
the influence of reactive collisions, A similar behavior is
observed when using the cross section set of Georgieva er al
[14]. The first mention of non-conservative effects in ion
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Figure 3, Calculated mean encrgy of CFy in CF; as a function of £
N. The data of Georgieva er al [14] are shown for comparison.
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Figure 4. Bulk and flux values of drift velocity for CFy ions in CFy
as a function of BN,

1000

transport was given in [34-36]. In both cases the threshold
energies for reactive processes are high enough (starting from
5.7 eV) so that transport data up to 1000 Td are only slightly
affected. Only for E/N = 1000Td a significant number of
reactive processes included in the calculation of the cross
sections [14] split the drift velocity curve into two (figure 4),
and also the Aux and bulk components of the longitudinal
diffusion coefficient (figure 5) in our caleulations. The small
difference between flux and bulk drift velocity and long-
itudinal diffusion tensor suggests a small effect of non-con-
servalive processes of CF{ transport in CF,.

The caleulated rate coefficients for the processes pre-
sented in table 1 and their corresponding cross sections in
figure 1 are shown in figure 6, and may be used directly in
fluid models. The rate coefficient for conversion of CF, to
CF; radical is the largest with a similar production rate for
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Figure 5. The longitudinal (D;) and wansverse (Dy) components of
the diffusion tensor for CF7 ions in CFy as a function of BN,
calculated for bulk (B) and flux (F) conditions.
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Figure 6. Calculated rate coefficients for CFY in CF, as a function of
E/N an a temperature T = 300 K,

CF', CF and CF7 ions. The magnitudes of the reaction rates
decrease substantially as the endothermicity of the reaction
InCreases.

The rate coeflicient for elastic scatiering is about two
orders of magnitude larger than the reactive rate coefficients
even at the highest E/N covered here. This is a consequence off
the later having high endothermic thresholds, higher than the
mean energy achieved at the highest EANV.

5. Conclusion
In this paper we have presented a cross section set for CFy in

CF,, originally assembled from experimental and theoretical
data, and by fitting mobilities from a mass spectrometric

swarm experiment. With this cross section set we have shown
that there is a very good agreement with the experimental 1on
mobility data of CFy in CFy and have given predictions for
other transport coefficients, The MTT was used only as the
initial step 1o establish the cross section for elastic scattering
up to 200eV and also to make further adjusiments, thereby
saving significant amounts of computational time, All the
final calculations were performed by Monte Carlo simula-
tions. The transport parameters for DC electric fields were
calculated for the CFy gas temperature of T = 300 K.

In the relevant E/N region the dominant process is that of
elastic collisions that determines both the momentum and
energy balances. Thus, as has been shown in the literature on
charged particle swarms, one may expect unique results from
a single set of transport data. Of course, the uncertainties
depend on the expenmental uncertainties.

Outside the energy range covered by experiment, we rely
on extrapolation based on behavior ol the mobility based on
standard potentials, close to constant al the lowest EAV (below
30°Td) and decreasing according to the standard cross section
dependencies determined by the repulsive potentials with the
added experimental and DNT normalized cross sections for
reactive collisions at the highest EAV, The extrapolation of
cross sections at the higher energies is provided for com-
pleteness but it should be regarded an educated’ compilation
of the best available and recommended data and not as data
with foundation in the present measured mobilities except
perhaps for the normalization in the connecting energy range.

The fitting procedure proceeded by scaling cross sections
with expected E/V dependences (in the low and in the high E/
N limit) and patching them to results defined by fitting of the
mobility curve that proceeded by adjusting points in a broad
range around the mean energy of EN where discrepancy was
observed.

The quality of iit was verified by adhering to the
expected experimenial uncertainties that were somewhat
relaxed at the points at the beginning and the end of the E/V
range.

One can use mixture laws [32, 37] to predict properties in
mixtures containing CF,. For typical mixtures in plasma
etching one would need mobilities of relevant ions in argon
{or other rare gas buffers), Using either transport data or cross
sections [38] for plasma modelling require a large amount of
data. We have attempted to predict the best available cross
section set for applications in plasma modelling. Further
measurements, either of cross sections or swarm parameters at
higher energies are needed in order to test the cross sections
obtained in this paper as a whole and, in particular, at higher
energies.
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Space-resolved average kinetic energy of ion swarms in a uniform electric field
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A pulse of noninteracting charged particles in an unbounded gas. exposed to a low, constant. homogeneous

clectric field, was studied in both space and time using a Monte Carlo simulation technique. The difference in
elecirical potential between the leading and trailing edges of the swarm resulis in the space-resolved average ion
Kinetic energy becoming a linearly increasing function of space. This Letter analyzes whether the average ion
Kinetic energy al the leading edge reaches a stationary value during the spatiotemporal evolution of the swarm, as
has been considered so far, When the swarm’s mean kinetic energy reaches a steady-state value, indicating that
an energy balance is established over time. the gains (from the field) and losses (due to collisions) are nonuniform
across space. The local power balance is negative at the front of the swarm and positive at the tail. Cooling the
ions b the front and heating the 1ons at the @il resulis in o decrease in the average ion Kinetic energy at the front
and an increase at the wail, Thus, it ¢an be concluded that stationary values of average ion kinetic energy do not
exist at the leading and trailing edges during the evolution. Instead. they tend to approach the swarm’s mean

kinetic energy as 1 —» 50,

DOL: 10,1103/ PhysRevE. 108 LO53202

Introduction. Today, many technologies use directional
ions as one of the basic wols for etching [1] in mi-
crodischarges [2]. nanotechnologies [3]. and biomedical
applications [4]. Tremendous resources are being invested in
the advancement and development of these technologies to
inerease their accuracy [5]. Knowledge of the space-resolved
density and average energy of charged particles during swarm
evolution is in many cases erucial for understanding a great
variety of basic mechanisms of physical and chemical pro-
cesses between charged particles and background gas.

So far, transient and steady-state spatial profiles of the
transport properties of electron swarms were investigated us-
ing a Monte Carlo simulation technique by Suvakov ef al. [6],
Raspopovic ef al. [ 7], and Dujko ef al. [8].

The physics of charged-particle swarms has always formed
the foundation for the modeling of nenequilibrium plasmas.
Swarm cxperiments and the associated transport theory of
swarm particles are often used to determine the cross sections
andfor interaction potentials. On the other hand, fluid models
of plasma discharges require swarm transport coefficients as a
function of the applied electric field.

In the work [8], it was found that full spatial relaxation
is achieved under conditions when diffusion fluxes due to
gradients in electron number density are much smaller than
the corresponding drift due to the electric field force. Only
under these conditions is the swarm fully relaxed in space, and
local velocities al the leading and trailing edges of the swarm
remiin unchanged in time.

In the context of swarm studies, the spatial variation of
the average ion kinetic energy along the swarm has played
a central role in the explanation of many phenomena, includ-
ing those associated with the implicit and explicit effects of
nonconservative collisions and the anisotropic nature of the
diffusion [9-11]. The duality of the transport coefficients, e.g.,
the existence of two families of transport coellicients, the flux

2470-00452023/T08(5VLO53202(5)
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and the bulk [12], is explained in terms of the anisotropic
distribution of the average ion Kinetic energy along the swarm
and energy dependent collision frequencies for nonconserva-
tive collisions. The present Letter contributes to this body of
research by calenlating the evolution of the average kinetic
energy along the swarm and exploring its properties.

The present study aims to (i) present the relaxation of the
spatial profiles of transport properties of ions in the uniform
electric field, and to determine their steady-state profiles. Spe-
cial attention is paid to (ii) determining whether the average
ion kinetic energy at the leading edge reaches some constant
stationary value or decreases during swarin evolution and (iii)
identifying the spatial locations where drilling ions gain and
where they lose energy during swarm evolution.

This Letter is organized as follows: First, the model used
15 presented, and then a brief deseription of the Monte Carlo
technique for simulating the spatiotemporal swarm evolution
is given. Results and discussion, the initial conditions of the
simulation are provided next. Along with a description of
the temporal relaxation. Then the relaxation of the space-
resolved properties along the field direction, including ion
number density and average ion kinetic energy, are presented,
Energy gains and losses of the drifting ions are then presented.
Finally, the results are discussed and compared with the find-
ings of prior studies, and based on that, the conclusion is
reached. Additionally, Supplemental Material is provided to
accompany the Letter.

Model approach. A swarm, i.e., a dilute gas of charged
particles that collide with background gas particles at a tem-
perature, T, moves under the influence of an external electric
field (£) in an infinite space (x, v, 7). The ensemble of ions
has sufficiently low density so that (i) mutual interactions
between ions can be neglected; (ii) the background meutral
gas remains essentially undisturbed, and (iii) space-charge
ficlds are negligible in comparison with the applied ficld.

@2023 American Physical Society
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The duration of cellisions is negligible compared to the mean
time between two collisions. This means that all quantum-
mechanical phenomena are exclusively described by collision
cross sections, and the motion of a swarm of charged particles
can be described by the laws of classical physics. Using the
language of plasma physics, this physical system is usually
referred to as the swarm of charged particles, or sometimes
the so-called test particle limit.

A swarm of lithium ions ('Li*) in krypton gas (¥Kr) was
studied. This is simply an artificial condition of basic research.
We assume that the interaction between ions and atoms takes
place under the influence of an induced dipole force, which
corresponds to the momentum transfer cross section for elastic
collisions:

onrlAT) = 29/ E(cV).

The oy includes anisotropic backward and forward scat-
terings, as well as the isotropic capture part.

Although the model describing the interaction of ions and
background gas particles has a constant collision frequency of
55.6 MHz, i.c., the mean collision time of 1, = 1.8 % 107 %5,
which means that it s very simple, in this case, it is also
completely realistic. In the range of reduced electric field
strength [E|/N, < 25 Td (1 Td = 107" V'm?, N, is the gas
number density ), computed drift velocities by Koutselos et al.
[13], Lozeille er al. [14], and Tan er @l [15], as well as
in the presented simulations, agree well (<1%) with those
experimentally measured by Ellis ef ol [16] and Takebe et al.
[17]at T =300 K.

Monte Carlo simulation. The code used in these simula-
tions was verified on benchmark tests [18]. It is based on
tracking a large number of ions that gain the energy from the
external electric field directed along the 7 axis and dissipate
this energy through collisional transfer with neutral gas parti-
cles. Collisions are instantaneous and isotropic, and the instant
of collision is determined by the null-collision method [19].

Swarm transport parameters (averaged on all of the swarm,
such as the mean Kinetic energy and drift velocity) and the
space-resolved transport properties of ions (such as the av-
crage kinetic encrgy and number density) were obscrved
through the temporal evolution for the sampling instants.
When the swarm’s mean energy £ (1) and drift velocity vy (i)
reach their steady-state values they are denoted by E, and vy,

For sampling of the one-dimensional space-resolved trans-
port properties of ions along the electric field direction,
the space of the swarm is restricted in interval z € (2, —
3., Zem, + 3o ), where 7., 15 the coordinate of the centers
of mass (c.m.) of the swarm, and . = ({z*) — {3}2)0'5 is the
standard deviation of the spatial distribution of ions along
the electric field. The mean value of magnitude A is denoted
as {A}. The observed spatial interval is divided into N, cells
whose centers have 7, coordinates and these points are used
to sample spatial profiles of the swarm, This study follows the
development of the swarm in real space as well us in space
normalized to six standard deviations (6e.). The width of the
cell in real space increases with time as Az{(r) = Ga.(r) /N, o«
"%, while in normalized space it does not increase
Aty = 6/N, = const.

In this Letter, we present the computation of one-
dimensional spatial profiles of the transport propertics of
the ions along the direction of the field. These properties of
the ions include the number density of the ions, N{z, 1); the
average ion Kinetic energy, E(z, 1) the average ion velocity,
v-(z, 1); the average electric power absorbed from the electric
field by the ions, Pg(z,1); and the average ion dissipated
power losses due to collision processes, Fr(z,1). The space-
resolved number density of the ions, Nz, ), represents the
number of ions in the spatial cell p for the instants 1, per the
width of the spatial cell, normalized to the total number of
the ions, which is the same as the distribution function of the
swarm along the 7 axis.

Results and discussion. In this section, the spatistemporal
evolution of drifting lithium ions in the background gas of
Krypton at a temperature of T = 300 K was considered in a
reduced electric field strength of [E|/N, = 20 Td, where the
gas number density was set to 3.54 = 10 Im~* Attimer = 0,
corresponding to a delta-function pulse in time, the ions are
mitially 1sotropically released from the origin according o
the Maxwellian distribution, with a mean starting energy of
Ey=0.1eV, After approximately 50 collisions per ion or
about 1 ps, the total balance of momentum and energy is
established, Le., drift velocity and swarm main Kinetic energy
have reached their steady-state values of vy = 188m/s and
E; = 0.0555 eV.

Spatiotemporal relaxation of the fon number density and
average fon kinetic enervgy. At the beginning of the initial
collision-free phase until the moment r = 0.1 ns, there were
practically no collisions between the ions and the gas parti-
cles (t /1, = 0.0056). In such a short time, the clectric field
has negligibly changed the individual ion energies in rela-
tion to their initial values at the origin, As a consequence,
the ions generally occupy simple positions corresponding to
their starting energy. For times sufficiently short after the
instant of isotropic emission, the swarm will display spherical
symmetry in three-dimensional space, with ions of the same
initial energy assuming positions on a sphere whose radius is
dependent on their energy [r = (2E /m )”--‘r .

The one-dimensional spatial profile of the N{z) has a Gaus-
sian shape while the profile of the Eiz) has the shape of a
parabola (Fig. 1). Figure | shows that the E(z) around the
c.m. is less than the mean starting energy £5. The c.m. neigh-
horhood for that instant contains only ions that have a small
velocity component along or opposite to the field, in order for
ions to remain in the central spatial cell (z < 0.5Az).

When the swarm accelerates, the maximum of the N{m)
profile moves hackwards relative to the ¢.m., shown in Fig. 2,
Afterwards, when the total balance of momentum is estab-
lished. the collisions shift the maximum back towards the c.m.
Figure 2 also shows the Gaussian function (gray symbaols),
which represents the shape to which the profile of the N{a)
approaches during its further evolution.

Figure 3 displays the Ni(z) profiles as solid lines and the
E(z) profiles as symbaols, for the instants of 0.5, 1, 1.5, and
2 ps. The swarm has not yet completely passed the origin
(situated at 7 = 0), and the swarm transport parameters have
already reached their steady-state values (1 = 1 ps).

Between + = 0.1 ns and 2 s there is a significant evolution
of the E(z), as shown in Figs. 1 and 3. It changes from a
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FIG. 1. Space-resolved ion number density and average ion ki-
netic energy, for the instant of 1 = 0.1 ns.

symmetric distribution o an asymmetric distribution with a
much lower E(z), and with the ions behind the ¢.m. having
energy close to the thermal energy of the gas. The evolution
of the shape of the E(z) profile, from a parabolic to a linearly
increasing function of space, 1s due solely to the field and
the initial conditions. However, collisions can erase the local
memory of the initial conditions.

Figure 4 shows that for the instant of ¢ = 100 ps the profile
of the N{g) coincided with the Gaussian shape. This coin-
cidence does not mean that the N(e) is spatially relaxed,
but only that the displacement of the maximum of the N(er)
profile relative to the com, is less than half the width of the
spatial cell (0.5Ae) for that instant.

After some point in the swarm evolution, the simulations
used cannot determine the behavior of the slope of the E(o)
line due to its small changes with time as shown in Fig. 4.

Although the slope of the steady-state profile of the E(=)
cannot be determined by these simulations based on profile
slope monitoring, it can be sought based on the spatial lo-
cations where the ions gain and lose energy during swarm
relaxation.
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FIG. 2. Space-resolved jon number density in the normalized
space for different instants.
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FIG. 3. Space-resolved ion number density (solid lines) and av-
erage ion Kinetic energy (symbols). for the instants when the swarm
did not leave the origin yet. Er represents the thermal energy of the
hackground gas.

Spatiotemporal relaxation of the energy pains and losses
af the drifting ions. The nature of the spatial profile of the
transport properties of ions is dependent on the interplay be-
tween the local electric and dissipated power. The work done
by an ion while moving in a constant uniform electric field is
proportional to the displacement of ions along the direction of
the field. In the absence of nonconservative collisions [12], the
local average electric energy absorbed by ions from the field
is proportional to the local average ion velocity [AE(z) o
v.(z)Ar]. The energy transmitted between an ion and a gas
particle during an elastic collision is proportional to the ion
kinetic energy. The local average dissipated energy by ions
due to collision processes is proportional to the local average
ion kinetic energy [AFE(2) o E(z)A1/1.]. Due to the different
functional forms when total energy balance is established, lo-
cal electric gains and dissipated losses of energy are generally
not in balance. In this section, the spatiotemporal relaxation
of the electric and dissipated power spatial profiles, and the
associated phenomena induced by nonlocal effects are shown,
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FIG. 4. Space-resolved ion number density (like Gaussian shape)
and average ion kinetic energy (linearly increasing fumctions of
space) for different instants in which they aspire t their steady-state
forme.
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FIG. 5. Space-resolved aversge ion power including average ion
electric power, average ion dissipative power losses, and average ion
power balance for the instant of ¢ = 57, The umis for £z and v.(z)
profiles were chosen for the curves o overlap the power profiles.

During the relaxation of the swarm’s mean kinetic energy
from its starting value of 0.1 eV 1o its steady-state value of
0.056 eV, for the instant of ¢ /1. = 5, the local average power
balance, P(z), is less than zero in the whole swarm space,
as we can see in Fig. 5. The spatial profile of the average
dissipated power due to collision processes, Fr(z), for that
instant, coincided with the shape of the E{z) profile, while
the profile of the average power deposited into ions by the
electric field, Peiz), coincided with the shape of the v.(z)
profile, according to their functional dependencies. The E(z)
and v_(z) profiles are shown as symbols in Fig. 5.

During the further swarm evolution, the Pg(z) and Pr(z)
profiles are lincarly increasing functions ol space as shown in
Fig. 6. The fact that the slope of the Fi-(z) profile is higher than
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FIG. 6. Space-resolved average ion power including average ion
electric power, average ion dissipative power losses, and average
power balance of the ions for the instant of v = 500¢,.,

that of the Pg(z) profile, leads to a conclusion that P(z) = 0 at
the: swarm front, while P{z) = 0 is at the tail.

In real space, the slopes of the £(2), v.(z), and P(z) profiles
decrease due to both the increase in swarm dimensions caused
by diffusion and the shape of the Piz) profile. However, in
normalized space, their decrease is due to the shape of the
Pier) profile. Furthermore, the behavior of local ion kinetic
energies at the leading and tail edges of the swarm is more
clearly observed in normalized space, as shown in Fig. 4.
Cooling the front and heating the tail of the swarm results in
a decrease in the slope of the F(7) and v.(e) profiles, and
less difference between Peio ) and Po(or ). This self-consistent
decrease in the slope of the E{o) and v_ (e ) profiles on the one
hand, and the decrease in the slope of the P{«) profile on the
other, causes a slower change in the slope of the E{a), v.(),
and P{o) profiles over time. When ¢ — 50, the energy gain
and loss mechanism becomes locally balanced and spatially
independent, causing the Ple ) profile to approach its steady-
state form of zero slope and constant zero value,

The Supplemental Material [20] contains a comparison of
the Piz) and P(x) profiles. Here, the x direction denotes any
direction perpendicular to the field, The Pr(x) profile follows
the shape of the E(x) profile, which, due to free diffusion,
resembles spreading parabolas. In contrast, the Pg(x) profiles
are constant, independent of x. Different forms of the F-i(x)
and Peix) result in P(x) = 0 near the c.m., and P(x) = 0 at
the periphery of the swarm.

Conclusion. During the final phase of relaxation of a swarm
of charged particles in a constant electric field, the interplay
of electrical gains and losses in the elastic collisions of ions,
leads to the shape of the Piz) profile as a lincarly decreasing
function of space, with zero in the c.m. and with a slope
approaching zero.

The E(z) changes from the initial parabolic shape, due
to the initial condition, to a linearly increasing function of
space, due to the electric field. In the final phase of relaxation
the local value of the E(z) on the leading edge decreases,
while on the trailing edge, it increases. This 15 a result of the
shape of the P(z) profile. Whent — oo, the E(z) profile tends
to its steady-state shape, and becomes spatially independent
and locally equal to the mean energy of the swarm, despite
the significant difference in clectrical potential between the
leading and trailing edges of the swarm. This is not in ac-
cordance with the conclusion of the work [8], given in the
Introduction,

The obtained steady-state spatial profiles of the transport
properties of ions for very simple so-called “closed-shell” sys-
tems, such as "Li* in *Kr, can also be generalized to systems,
in which there are different ion-neutral interactions. These are
primarily systems in which (1) the total collision frequency in-
creases with energy or (2) the ion energy losses in the collision
increase in relation to the losses in elastic collisions, Examples
for the first group are the soft sphere scattering models, for
which v(E) e E" is satisfied, where n & (0, 1), as well as
the hard spheres scattering model [oyy = const — w(E) o
E'2]. The second group includes systems, in which inelas-
tic collisions, neutral dissociation, ionization, or symmetric
charge-exchange collisions exist berween charged particles
and background gas.
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The presence of the mentioned ion-neutral interactions (1)
and (2) in the plasma results in a greater energy exchange
between ions and gas at higher ion kinetic energies com-
pared to the considered elastic interaction. As a result, these
interactions accelerate the relaxation process of the swarm and
facilitate the formation of ion spatial profiles that correspond
to those depicted in this study.
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Introduction. — Cold plasmas are frequently nsed in
new technologies where they open up the possibilities of
non-intrusive production or modification of variouns sub-
stances [1]. These plasmas have a high electron temper-
ature and low gas temperature so the non-equilibrinm
behavior of a large nmumber of species hecomes impor-
tant [2]. Current computer resonrees allow studies of com-
plex global models [3] which describe the hehavior of such
plasmas by taking into account a very large number of par-
ticles. The knowledge of ion-neutral reactions is generally
avaliable [4] although the effects of reactions on transport
parameters of particular ions are much less studied due to
non-detectability of rapidly vanishing ionic fluxes. This
especially holds for jons whose transport is affected by
fast reactions [5,G].

The transport of Art plays a significant vole in various
etching and deposition processes [7.8], in dark matter de-
tection [9] and many more applications. Tt is known that
the transport parameters of Ar" in Ar are affected by res-
onant charge transfer reactions [10] leaving slow ions as a
result. Charge transfer reactions are the most important
collisional events in BFy gas where they introduce neu-
tralization of Art jons [11]. The large rate coefficient for
exothermic reactions (recombination energy of the ion is
higher than the ionization potential of the gas particles)
limnits the number of ions necessary to determine the ion
mobility. Boron dopant penetration in silicon is techno-
logically achieved by a DC pulsed-plasma system (PLAD)
most. widely applying BF; gas [12,13). Uniform plasma
and implantation with normal jon incidence are the main
goals in this technological process. By using Monte Carlo
simulations one may caleulate transport parameters for

the cases that are out of the reach of experimental ef-
forts provided the complete cross-section set is known,
Reduced mohility data of both flux and bulk values as
a function of E/N, are expected to be significantly af-
fected by the presence of endothermics and exothermic
reactions in the case of Avt tramsport in the Ar/BF;
mixtures.

Cross-section sets. — Complete cross-section sets for
ion transport are scarce in spite of a broad range of specific
methods relevant for quantification of particular cross-
sections. The main problem in heavv-particle scattering,
easily and precisely selecting the state of the projectile
and target before the collision, is still very complicated
for a range of conditions, so databases for ion scatter-
ing [4,13] are still devoid of such data. Phelps established
the first worldwide accessible database with cross-section
sets [14] tested for each particular case either for swarm
conditions of spatially resolved measurements of emission
or ion mobility values. Another range of cross-section sets
was established by measurements of ionic transport coef-
ficients [4] and this work is ongoing. In all cases only the
most important eross-sections may be established from
the transport data. In the following section we will es-
tablish a complete cross-section set for Ar" scattering
on Ar and BFy from 0.1 meV to 1000eV which will be
used to caleulate transport properties. Generally one may
distinguish three characteristic energy ranges: the low-
energy regime where polarization scattering is dominant,
the medium-energy regime where the polarization scatter-
ing is gradually replaced by the hard spheve repulsion, and
the high-cnergy approximation regime.
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Fig. 1: Cross-sections for Ar™ in BFs gas.

Table 1: Reaction products and thennodypamic thresholds for

Ar” + BFa.

1 EL  Art 4+ BF; (el) 0.0000
2 2 Mt 4 BF.4F 7.4373
3 R3 Art +BF +2F 12,2940
1 R4 Art+BF+F2 10,6461
] Ri Art+B+3F 20,1367
§ R6  Art +B+F+F; 184889
T R7T BF!+Ar+F 0.1544
8 R& BF* +2F + Ar 50115
0 RY9 BF* +F:+ Ar 33637
0 R10 FT4+B+F:+Ar 201488
11 R11 F"+B+2F+Ar  21.7966
12 R12 F'"+BF+F+Ar 13.9539
13 RI13 F* +BF:+ Ar 90972
14 R4 FI + BF + Ar 10,5846
15 R15 Fy; +B+F 4 Ar 18,4273
16 EXO BF] +Ar —0.2125

Extensive discussion about transport propertics of Ar®
ioms scattering in BFy gas applied to plasma physics
problems was presented by Phelps [15] and Petrovié and
Stojanovi¢ [16]. Analytical expressions were given in [11]
to express both isotropic and anisotropic components of
the cross-section set (see fig. 1). In order to focus on ef-
feets of reactive processes introduced by BF; we neglected
all but these two components of the Art + Ar cross-section
set. The complete cross-section sets used in this work are
shown in fig. 1.

In table 1 we present the reaction products and thermo-
dynamic thresholds for Art + BFy.

Therefore we have assumed in this work that exothermic
processes are non-resonant because the fast charge trans-
fer reaction for BFs+ production proved that the internal
states of the target, which are populated, are those closest
to the recombination energy of the Avt [10,17].

Transport parameters. — Monte Carlo Simulations
(MCS) have many applications in the analysis of transport
of charged particles in plasmas. MCS provide swarm data
with the only uncertainty due to statistical Huctuations
and uncertainties in the cross-sections. In addition, MCS
is the basis of hybrid models of plasmas allowing easy and
accurate representation of the end effects and of the non-
local high-energy groups of particles which are essential in
the production of plasmas and the treatment of surfaces.
The MC code used in our analvsis is based on the null col-
lisions method. We assume that our intersections give the
transport coefficients at low energies with 30% errors and
at high energies they deseribe well the order of magnitade,
Experimentally determined cross-sections or transport pa-
rameters significantly reduce the errors. Monte Carlo code
errors are below 0.1%.

Transport properties of species in gas plasmas arve of
great importance in understanding the nature of molecn-
lar and fonic interactions in gas mixtures [18,19]. These
properties include the mean energy, drift velocity, diffusion
coefficients, ionization and chemical reaction coefficients,
chemical reaction coefficients for ions and rarely gases. A
Monte Carlo simulation code appropriate for the ealeula-
tion of transport parameters [16,18] of Ar™ jons in Ar/BF;
mixtures at non-zero temperature [20] has been used. In
Monte Carlo simulations exothermie reactive collisions are
followed in a similar way as all non-conservative collisions,
i.e., the swarm particle dissappears from the ensemble af-
ter the exothermic collisions. This results in changes of
the swarm particle number in the entire energy range in-
troducing non-conservative effects in kinetic equations and
thus division of transport parameters to flux and bulk val-
ues [18].

In fig. 2 we show the results for the mean energy as
a function of E/N (F is the electric field and N the
gas density). Significant reduction and uniform control
of the mean energy of Art is obtained for argon con-
tent below 90%. For Ar content below 10% the largest
variations of mean energy are obtained for E/N = 100
Td (1Td = 107" Vm?). These variations are the conse-
quence of a reduced momentum transter cross-section for
Ar? scattering with BFy (see fig. 1) as compared to the
seattering with Ar. At a high content of Ar, charge trans-
fer collisions dominate and make the variation of mean
energy with Ar content more uniform.  Note, that lor
the transport coefficients of Ar? in pure Ar one may find
benchmark data presented in tabular form by Ristivojevié
and Petrovic [20].

In fig. 3 we show the characteristic energics (diffu-
sion cocfficient normalized to mobility eD/K in units

15001-p2



Reduced mobility of Art in Ar/BF; mixtures
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Fig. 2: Mean energy as a function £/N for Av? in Ar/BF; gas.
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Fig. 4 Characteristic energy as a function E/N for ArT in
Ar/BF; gas,

of eV) based on transversal (D) diffusion coefficients.
The difference between bulk and flux values is small.

In fig. 4 the variations of reduced mobility as a function
of /N are shown. The mobility K of a ion is a quantity
defined as the velocity attained by an ion moving through
a gas under a unitary electric field, One often exploits the
reduced or standard mobility defined as

Uy

NoE

Kﬂ — Ji\-r, fl}
where vy is the drift veloeity of the ion, N is the gas density
at elevated temperature T, Ny = 2,69- 102 m~* and E is
the electric field, The behavior of reduced mobility signifi-
cantly changed with E/N with small additions of Ar, up to
about 10%. Especially intriguing are variations of flux re-
duced mobility which points to the particle flux variations
of Art ions as a function of their mean encrgy. On the

== Compied Ko Data of ERs e ol AL Data Nucl Dala Tabies 17 {1976 177.

50+ 3¢ Unpukshed hasks of M. Foska, 1981 .
a5{ =Ta
— kA0 A= 2% BF, "
— L RN A BF, -
4091 40% A B0% BF, .
woas{ . '
=
E
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=]
o
0-5 T T T T
1 10 100 1000
Fig. 4: HReduced mobility as a [unction £/N for Artoin

Ar/BFs gas.
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Fig. 5: Longitudinal diffusion coefficients as a function E/N
for Art in Ar/BFy gas,

one side, small additions of Ar cause significant variations
of the particle flux at E/N close to 200 Td and, on the
other, in that region we obtain a significant difference of
the flux and bulk drift velocities due to the BF; reactive
processes (see also [10]) which also significantly reduce the
Art density in favour of fast Ar [11]. Control of the fast
Ar flux at the surface thus can be casily achieved by small
variations of the Ar content in the Ar/BF; mixture. Due
to reactive collisions the bulk and flux values of reduced
mability are separated.

Longitudinal diffusion coefficients for Art jons in
Ar/BF3 mixtures as a function of E/N are shown in fig. 5.
Naote that the difference between the flux and bulk values
of the diffusion coefficients, which have the same origin,
have the same initial value as the drift velocities. Due to
the large resonant charge transfer for Ar® + Ar the value

15001-p3
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of NDy, is small and is slowly changing with the increase
of the electric field. Since there are no reactions in which
Art ions disappesr, fux and bulk values are equal for all
transport parameters,

On the other side, for the seattering of Ar* on BF,
due to the increase of collision frequency with energy,
ions of large energy mostly disappear, decelerating the
spread of swarm in the field direction.  So bulk values
of NDy; become smaller than the flux values. Another
point is that the decrease of the elastic momentum trans-
fer cross-section with energy causes the increase of fux
values of drift velocity Vi = (v) as well as Dy (F) =
{zVx) — {3 (V).

There are no published experimental data for the lon-
gitudinal and transverse diffusion coefficients of Art in

Ar/BFs.

Conclusion. — Data of swarm parameters for ions are
needed for hybrid and fluid codes and the current foeus
on liguids or mixtures or liquids with rare gases dictates
the need to prodoce data compatible with those models.
In this paper we show transport parameters for Ar® in
Ar/BFy mixtures which do not exist in the literature. In
addition to presenting the data we show here the effects
of non-conservative collisions to ion transport.

The Monte Carlo technique was applied to carry out
calculations of the mean energy and characteristic energy,
reduced mobility, longitudinal diffusion coefficients as a
function of a reduced DC electric field. The results are
believed to be a good base for modeling, which will be able
to further improve when the measured values of transport
coefficients become available and then we will be able to
perform this analvsis again.

LN 3
Results obtained in the Institute of Phvsics University of

Belgrade under the auspices of the Ministry of Education,
Science and Technology, Projects OT 171037 and TIT 45016
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Rate Coefficients for H Ions in n-Butanol Gas
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Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia

Abstract:

In this work we show predictions for the low energy cross sections and transpovt
properties for the H jons in n-Butanol gas. These data are needed for modelling in numerous
applications of fechnologically importance. Appropriate gas phase enthalpies of formation

Jfor the products were wsed to calculate scattering cross section as a function of kinetic

energy. Calculated cross sections can be used to abtain rate coefficients as a function of E'N
(E -electric field strength; N-gas density) for H' in n-Butanol gas.
Keywords: Monte Carlo Simulations; Positive ions; n-Butanol gas.

1. Introduction

n-Butanol (C,;HsOH) also known as 1-butanol or bio-butanol has a 4 carbon straight-
chain structure, with the —OH at the terminal carbon. It is an important chemical feedstock
used to produce solvents (butyl acetate, butyl glycol ethers) [1,2], polymers (butyl acrylate,
butyl methacrylate) [3] and plastics. But the recent interest in n-Butanol is mostly due to its
application as a biofuel for use in engines, as an alternative to conventional gasoline and
diesel fuels [4-7). Biofuels are attracting great interest as transportation fuels because they are
renewable, can be locally produced, less polluting, more biodegradable, and reduce net
greenhouse gas emissions [8]. n-Butanol, like ethanol, can blend with gasoline very well and
could be a future option for blending with diesel. Butanol consists more oxygen content
compared with biodiesel, leading to further reduction of the soot. n-Butanol occurs naturally
as a minor product of the fermentation of sugars and other carbohydrates and is present in
many foods and beverages as well as in a wide range of consumer products, Although most
volatile organic compounds can be detected by fast methods such as ion mobility
spectroscopy, precise determination is possible only if reaction of specific ions with targeted
compound is well known,

n-Butanol is produced by alcoholic fermentation of the biomass feedstock [9-12]
which include sugar beet, sugar cane, corn, wheat, and other various plant crops containing
cellulose that could not be used for food and would otherwise go waste. Recently, the use of
generically enhanced bacteria has also increased the fermentation process productivity.

The goal of this work is to calculate transport parameters of fragment ions of n-
Butanol. Mechanical properties can also be modeled, i.e. elastic modulus [13] and mechanical
impedance [14]. We employ Denpoh-Nanbu’s theory (DNT) [15] to caleulate transport cross
section sets for H' ions scattering on n-Butanol appropriate for low energies of H' ions. By
using Monte Carlo technique that properly takes into account thermal collisions [16] we
calculated transport parameters as a function of E/V.

' Corresponding author: zeljka@ipb.ac.rs
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2. Calculation on the cross sections set

The calculation of cross sections would include the determination of the potential
energy surface of the ion-neutral interaction, followed by quantum-mechanical calculations of
ion-neutral scattering processes [17]. All these tasks can be performed only if a certain level
of approximation is introduced. There is another approach where it is possible to use some
statistical theory [18] where the specific reaction rate for a single molecular reaction can be
used to obtain the cross section for each particular process [15,19].

The scattering cross sections of H' on n-Butanol are calculated by using the DNT
[15] separating elastic from reactive collisions. The induced dipole polarizability of 8,910 ™
cm’ [20] is used for the n-Butanol target. In resemblance with our recent work [21] DNT
method is used to separate elastic from reactive endothermic collisions by accounting for the
thermodynamic threshold energy and branching ratio according to the Rice-Rampsperger-
Kassel (RRK) theory [22]. Within the RRK theory the internal energy is being distributed
among an empirical number of ¥ equivalent effective modes of the complex selected from the
total number of atoms involved in the complex.

Appropriate gas phase enthalpies of formation for the products [23] (Table 1) were
used to calculate thermodynamic thresholds. The cross-section for the exothermic reaction
(EXO) forming a molecular ion H' in n-Butanol is commonly represented by ion capture
cross-section:

G, =Po;s (1

where o 1s the orbiting cross-section [17] and £ is the probability of a specific exothermic
reaction.

In this calculation, n the absence of resonant exothermic reactions, we assumed
that the probability of exothermic reactions is zero ([§ = 0). At the low energy limit, the cross
sections are similar due to the dominant polarization of the target. At higher energies, reactive
collisions, including non-conservative collisions, become efficient for various possible
processes.

It is well known that the swarm method [24,25] can be used to modify the cross
section for the transmission of an elastic impulse if the transport parameters are known. Thus,
an elastic pulse transmission cross section can be obtained if some initial, approximate cross
section is available, Transport parameters are not available for n-Butanol transport [19]. We
have separated the endothermic and exothermic processes by using the enthalpies from Ref.
[23].

e T, —— H e H, e CF HAY
104 e e M T

P | — | p— Y T T

30

Cross Section [ 107 ']

' 1 o 10

i)
Energy [eV]

Fig. 1. Cross sections for H' ions in n-Butanol.
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In this paper there are 20 exothermic processes. Exothermic process with lowest
excess energy (H + n-butanol—C;H;0H +C:Hy +H) has 0.118 eV excess energy while
lowest  endothermic  threshold (H +n-butanol— C,H O +C,H.+2H+H) 1s 0061 eV.
Therefore we have assumed in this work that exothermic processes are non-resonant, and
neglected their effect on transport properties. With assumed product ions we have selected 47
endothermic processes with thermodynamic thresholds up to about 11 eV. In the reaction of H
" in n-Butanol the product can be observed ion and the remaining particles in the collision are
grouped in different ways. That number is indicated in parentheses next to the ion. If the
number in parentheses is greater than 1 the cross sections are summed and shown as one in
Fig. 1 next to the ion designation formed.

Tabh. 1 Heats of formation Ad1"at 208 K (kJ/mol).

Species AH{ ion AH{" neutral
H; 1488.3 0
co 1241.59 -393.51
Co, 9354 -393.51

CH.0 940.5 -108.7
H.0 975.0 -241.83
CH, 1132 -74.5

CoHy 1066 522

CiHg 1028 -84.0
CyH, 959 202

CaHg 227.5 951.5
CyHs 924 -0.4

CsHio KED -126.5
CH40 5453 -201.6
C;H:O 7754 -234.8
C;H:0 731 -254.8
C;H: 1327.9 228.0
CiH, 1186.2 186.6
CyHg 1033 162.3

C:H,0 821.1 -165.8

C;H:O 772.9 -187.4

C4H;0 742 -207.5
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3. Results and Discussion

A precise treatment for obtaining lon transport parameters of higher accuracy in the
E/N function would be to follow the solution of the generalization of the Boltzmann equation
[26]. The non-equilibrium regime in discharges can be well represented under a broad range
of conditions by using the Boltzmann kinetic equation or by following individual evolutions
of all ions with Monte Carlo technique [27,28],

The transport properiies of species in gas plasma are of greal importance for
understanding the nature of molecular and ionic interactions in gas mixtures [29.30]. These
properties include mean energy, drift velocity, diffusion coefficients, ionization and chemical
reaction coefficients, ion chemical reaction coefficients and rarely excitation coefficients, and
are very useful in the chemical industry for the design of many tvpes of transport and process
equipment. Swarm parameters, which are functions of the reduced electric field E/N (E-
electric field strength, N-gas density) in direct electric fields are usually used for plasma
modeling and simulation,

Inn this work we have used a Monte Carlo code that properly takes into account the
thermal collisions [16.19]. The code has passed all the tests and the benchmarks that were
covered in our earlier studies [19,31]. Calculations are performed for the gas pressure 1 Torr
and gas temperature of 300 K.

In Fig. 2 we show results for mean energy as a function of reduced electric field £/,
The mean energy cannot be directly measured in experiments but a map of mean energy
versus E/N may be used directly to provide the data in fluid models especially when the local
field approximation fails. The Monte Carlo code gives good results in which for all n-Butanol
gas the mean energy converges to the thermal mean energy 3/2 kT = 0.0388 eV.

10° - T ]
10 10°
E/N[Td]

Fig. 2. Mean energy as a function E/N for H ions in n-Butanol.

The flux and bulk drift velocities [28] for H' in n-Butanol gas as a function of E/N
are given in Fig. 3. The drift velocities obtained by the Monte Carlo simulation are calculated
in real space (bulk) and in velocity space (flux) values which are obtained as <v=> and d=x>/dr,
respectively, As E/N increases, the high-energy ions from the distribution function
increasingly have non-conservative collisions in which the H ions disappear, shifting the
center of mass of the swarm backward, resulting in a bulk velocity less than the fTux,

In Fig. 4 we show the results of Monte Carlo simulation for reduced mobility as a
function of £/N. The mobility X of an ion is a quantity defined as the velocity attained by an
1on moving through a gas under the unit electric field strength. One often exploits the reduced
or standard mobility defined as:
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1V
KD = d N (2}
N,E
where v, is the drift velocity of the ion, N is the gas density at elevated temperature T, Ny=
2.69-10% m~ and E is the electric field strength. Due to reactive collisions bulk and flux
values of reduced mobility are separated.

1074
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104

Drift velocity [m/s]
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Fig. 3. Bulk and flux velocity as a function EAN for H' ions in n-Butanol,
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Fig. 4. Reduced mobility as a function E/N for H' ions in n-Butanol.

In Fig. 5 we show rate coefficients for reactions of H™ ions with n-Butanol gas at T'=
300 K. Rate coefficients are important for applications of the global model to n-Butanol gas,
We present formation of H;{R], (04(4), HzO“(S), CH.;‘(.?'}. CH:O‘-“), (.'4H|n"“}1 C:H:“(:ﬂ,
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C:Hs (1), CyHg (1), CHLO™(1), C4H-O (1), The products of a) light ions, b) medium ions and
©) heavy ions are also presented in Fig. 5,

10" 110
—i, HO¥—1H,,
i —iT —— H =, /-—5? — ] ——omg,——ch, ,::—--’
= :: y = 1]
g 1t / ! E} i+
3_‘; :: ,/'f %'..v 10
wl ™ ‘_'/ 104
" W erd) | 0 1 W
'y ) )
o T T T
= ol
2—: 17
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167
i o n

10 1i)7
EN[Td]

Fig. 5. Rate coefficients of a) light ions, b) medium ions and ¢) heavy ions as a function E/N
in n-Butanol.

4. Conclusion

In this paper we show transport properties for the H' ions in n-Butanol gas. The cross
section set has been determined by extending Denpoh-Nanbu’s method,

The Monte Carlo technique was applied to carry out caleulations of the mean energy,
drift velocity, reduced mobility and specially rate coefficients as a function of reduced DC
electric field. The results are believed to be a good base for modeling, which could be further
improved when measured values of transport coefficients become available and then we could
perform this analysis again.
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Abstract. In ihis letter, we present a cross section set for Ar™ in Ar/CFy mixtures where existing exper-
imentally obtained data are selected and extrapolated. A Monte Carle simulation method is applied to
accurately caleulate transport parameters in hydrodynamic regime. We discuss new data for ArT ions in
Ar/CFy mixtures where mean energy, flux and bulk values of reduced mobility and other transport coef-
ficients are given as a function of low and moderate reduced electric fields E/N (E-electric field, N-gas

density).

1 Introduction

Cold plasmas are frequently used in new technologies
where they open up possibilities of non-intrusive produc-
tion or modification of various substances [1,2]. These
plasmas have high electron temperature and low gas
temperature so non-equilibrinm behavior of a large num-
ber of species bhecomes important [_.'i]. Current computer
resources allow studies of complex global models [4-6]
which deseribe the behavior of such plasmas by taking
into account a very large number of particles, The knowl-
edge of ion-nentral reactions is generally accessible [7]
although effects of reactions on transport parameters of
particular ions is much less studied due to inability of
instrumentation to detect rapidly vanishing ionic fiuxes.
This especially holds for ions whose transport is afTected
Ly fast reactions [3,9].

Transport of Art plays significant role in various etch-
ing and deposition processes [10], in dark matter detection
[11] and many more applications. It is known that trans-
port parameters of Ar™ in Ar are affected by resonant
charge transfer reactions [12] leaving slow ions as a result.
Charge transfer reactions are also o main collisional events
in OF, gas where they introduce neutralization of Art
ions [13]. If they are exothermic (recombination energy
of the ion is higher than the ionization potential of the
gas particles, see Tab. 1), with large rate coefficient, they
may limit mumber of Ar™ ions necessary to determine ion
maobility.,

If one focuses on Ar' scattering on CF,, the only
exothermic charge transfer reaction is the one producing

“e-mail: zeljka®ipb.ac.Ts

{.‘-1‘13 + H

Art + CFy — CF3 7 +F + Ar. (1}

By nsing techninue of Monte Carlo simulations one may
caleulate transport parameters for the cases that are out of
the reach of experimental efforts provided complete eross
section set is known. Transport parameters of Art in CFy
are shown [14] to be significantly affected by exothermic
collisions, Thus, one may expect that in Ar/CF, the gas
mixtures kinetics of Ar? ions significantly vary. Reduced
mobility data of both fAux and bulk values as a function of
E/N, are expected to be significantly affected by the pres-
ence of exothermic reactions in the case of Ar" transport
in the Ar/CF, mixtures,

2 Calculation of the cross-section set

A Complete cross section sets for ion transport are scarce
in spite of a broad range of specific methods relevant
for quantification of particular eross sections. The main
problem in heavy particle scattering, is easily and pre-
cisely selecting the state of the projectile and target before
the collision, and this remains very complicated for range
of conditions, so databases for fon scattering [15,16] are
devaid of such data. Phelps established the first worldwide
accessible database with cross section sets [17] tested for
cach particular case either for swarm conditions of spa-
tially resolved measurements of emission or ion mobility
values, Another range of cross section sels was estab-
lished by measurements of onic transport cocfficients [16]
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Table 1. Recombination/ionization energies [eV] based
on data in reference [18].
Art CF, CFs (S F
15824 15,7557 9134 912 11326 17488

" Value represents the mean of the adiabatic and vertical values
for X*T state of CFy7.

CFaz
11.4

and this work is ongoing. In all cases the most impor-
tant cross sections may be established from the transport
data. In the following section, we will establish a com-
plete cross section set for Ar" scattering on Ar and CF,
from 0.1meV to 1000eV which will be used to caleu-
late transport properties. Generally one may distinguish
three characteristic energy ranges: the low energy regime
where polarization scattering is dominant, the medinm
energy regime where polarization scattering is gradually
replaced by hard sphere repulsion, and the high energy
approximation regime.

At the lowest presented energies polarization scattering
is dominant as alse observed in guided heam experiments
[18]. Thus one may use simple scattering models [10,19]
il a reliable value of the average polarizability of CF,
is provided [20,21]. Stojanovié et al. [20] found excellent
agreement for mobility of CF3% ions in CF; by using
value of 3.86 A [21] as an acceptable value for aver-
age polarizgability of CFy. A similar value was previously
found appropriate by Jarvis et al. [22], It is also generally
accepted that dipole and quadruple moments are negligi-
ble (see for example [18]} in the analyses with CFy. Fisher
et al, [18] fast charge transfer reaction for CF3* by mea-
suring production proved that internal states of the target
which are populated, are those closest to the recombina-
tion energy of the projectile [12,22]. Accounting for all
details of Ar? scattering on CF, in reference [14] a com-
plete cross section set is presented that is also used in this
worl.

Faxtensive discussion about transport properties of Ar™
ions scartering in Arv gas applied to plasma physics prob-
lems was presented by Phelps [13] and Petrovié and
Stojanovié (23], Analytical expressions were offered in [13]
fo express apparently isotropic and anisotropic compo-
nents of the cross section set (see Fig. 1). In order to
focus on effects of reactive processes introduced by Oy,
we neglected all but these two components of the Ar™ + Ar
cross section set. Complete cross section sets used in this
work are shown in Figure 1.

3 Discussion and results

A Monte Carlo simulation code appropriate to calcu-
late transport parameters [24,25] of Ar® jons in Ar/CFy
mixtures at non-zero temperature [26] has been used. In
Monte Carlo simulations exothermic reactive collisions are
followed in a siimilar way as all non-conservative collisions
i.e. the swarm particle disappears from the ensemble after
exothermie collisions, This results in changes of the swarm
particle mumber in the entive energy range introducing
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Fig. 1. Cross section sets for Ar™ + Ar [13] and Ar™ + CFy
[14,18] as a function of collision energy.

nonconserve effects in kinetic equations and thus division
of transport parameters to Aus and bulk ones [24].

In Figure 2, we show results for mean energy as a
function of E/N { E-electrie field and N-gas density). Sig-
nificant reduction and uniform control of mean energy
of Ar" is obtained for argon content below 90%. For Ar
content below 10% largest variations of mean energy are
obtained for E/N = 100Td {1Td=10"?' Vm?). These
variations are the consequence of a reduced momentum
transfer cross section for Ar' scattering with CFy (see
Fig. 1) as compared to the scattering with Ar. At a high
content of Ar charge transfer collisions dominate and make
variation of mean energy with Ar content more uniform.
Note, that for transport coefficients of Art in pure Ar
one may find benchmark data presented in tabular form
by Ristivojevid and Petrovic [26].

The fux and bulk drift velocities [25,27] for Art in
Ar/CF, as a function of E/N are given in Figure 3. The
drift velocities obtained by the Monte Carlo simulation are
calenlated in real space (bulk) and in velocity space (flux)
values which are obtained as <v> and d<z>/dt, respec-
tively, Up to 409 CFy has no difference between bullk and
to flux values. Since the growth of the collision frequency
with the energy of the reactive processes decreases the
bulk drift velocity increases,

In Figure 4 variations of reduced mobility as a function
of E/N are shown. Behaviour of reduced mobility signifi-
cantly changed with E/N with small additions of Ar, up
to about 10%. Especially intrigning are variations of flux
reduced mobility which points to particle ux variations of
Ar” ions as a function of their mean energy. On one side,
small additions of Ar cause significant variations of parti-
cle flux at E/N close to 200Td and on the other in that
region we obtain significant difference of the flux and bulk
drift velocities due to the CFy reactive processes (see also
[12]) which also significantly reduce Ar® density in favonr
of fast Ar [13]. Control of fast Ar flux at the surface thus
can be easily achieved by small variations of Ar contents
in Ar/CF; mixture.

Longitudinal diffusion coeflicients for Art jons in
Ar/CF, as a function of E/N are shown in Figure 5.
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Fig. 2. Mean energy as a function of £/N for Ar™ in Ar/CUTy
mixtures at 300 K.
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Fig. 3. Drift velocity as a function of £/N for Avt in Ar/CF,
mixtures at 300K,

Note that the differences between the flux and bulk val-
ues of diffusion coefficients have the same initial value as
drift velocities, Due to the large resonant charge transfer
for Ar™ + Ar NDy is small and is slowly changing with
increase of electric feld. Sinee there are no reactions in
which Ar® ions disappear, flux and bulk values are equal
for all transport parameters.

From the other side, for scattering Ar™ on CFy due
to increase of collision frequency for reactions (loss of
the ions) with energy, ions of large energy disappear
mostly that are most abundant at swarm front, deceler-
ating spread of swarm in the field direction, and so bullk
values of NDL became smaller than flux values. Another
point is that the decrease of elastic momentum transfer
cross section with energy causes increase of flux values of
drift velocity Vi =< v = as well as D (F) = <aVax
<r=<Vr>. At energies over HeV (E/N > 300 Td) in case
100% CFy elastic cross sections became very small while
reactions become noticeable, and ion swarm converts to
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Fig. 4. Reduced mobility for Ar' in Ar/CFy at 300 K.
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Fig. 5. Longitudinal diffusion coeflicients for Ar™ in Ar/CFy
at 300K,

ion beam that is accelerating in electric field and slowly
disappearing, if there is no recovery in other reactions.

Consequence of that iz if, we have fast ions in the field
direction, that favors its spread in that direction, swarm is
not spreading because fastest and furthers ions disappear.
To this loss of fast ions that are at the swarm/heam front
maost sensitive transport coetlicients are NDL bulk values
which measures velocity <x2>=-<x>2 so results for bulk
NDL become non-stable.

There are no published experimental data for the lon-
gitudinal and transverse diffusion coefficients of Ar® in
Ar/CF,.

In Figure G, we show rate coefficients for reactions of
Ar® ions with Av/CFy mixtures at T = 300 K. Rate coef-
ficients are important for applications of the global model
to Ar/CFy mixtures. We present formation of a) CF5t
ions and b} CFyt ions resulting from collisions of Art
with mixtures of Ar/CFy for different percentages of Ar

and CF.
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Fig. 6. Rate coefficients for reactions of Ar ions with Ar/CF,
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Fig. 7. Characteristic energy (eDT/K) for Ar® in Ar/CF,
mixtures at 300 K,

At low E/N's (<10Td), swarm mean energy is close to
thermal, and so the energy distribution functions are sim-
ilar. That also implies that collision frequency is almost
constant, at these thermal energies, as well as its appro-
priate measuremnent — rate. In Figure 7, we show the

Eur. Phys. 10 Dv (2008) 720 168

characteristic energies (diffusion coeflicient normalized o
mobility eD/K in units ofeV) based on fransverse (Dy)
diffusion coetficients. The difference between bulk and fux
values is smaller.

4 Conclusion

Data for swarm parameters for ions are needed for hyhrid
and fluid codes and the current foeus on liquids or lig-
uids in the mixtures with rare gases dictates the need to
produce data compatible with those models.

In addition, presented data clearly show the effects
of non-conservative collisions on lon transport. Due to
exothermic cross sections that are dominant at low ener-
gies, for small abundances of Ar (<10%} exothermic
process may be larger than the elastic scattering cross
section, Thus differences between fux and bulk transport
coefficients are quite large as compared to the strongest
cases of non-conservative transport observed for electrons
[28] and even positrons [249)].

Hesults obtained in the Institute of Physics, University of
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In this paper we present a cross-section set for Ar™ in Ar/ CFy mixtures where existing experimentally obtained
data are selected and extrapolated, The Monte Carlo simulation method is applicd to accurately calculate transport

coefficients in hydrodynamic regime. We discuss new data for Ar

+ jons in Ar/CFy mixtures where mean energy,

flux and bulk velocity and rate coefficients are given as a function of E/N [(E — electric field, N — gas density),

DO 1012693 APhvsPol AL 154.11534
PACSE topies: 51,104y, 52.20.Hv, 52.65.Fp

1. Introduction

Transport of Ar™ plays significant role in various etch-
ing and deposition processes [1], in dark matter detec-
tion [2] and many more applications, Transport param-
eters in the presence of exothermic reactions (recombi-
nation energy of the ion is higher than the ionization
potential of the gas particles) are generally less studied
than the other. In our selected ecase reason is a large
rate coefficient for exothermic reactions (resonant [3])
that limits number of ions necessary for determination
of mobility. By using Monte Carlo simulations one may
caleulate transport parameters for the cases that are out
of the reach of experimental efforts provided complete
cross-section set is known., Transport parameters of Ar'
in Ar/CFy are shown |4] to be significantly affected by
exothermic collisions. Mean energy as a function of f£/N,
both flux and bulk velocity are expected to be signifi-
cantly affected by the presence of exothermic reactions
in the case of Ar™ transport in the Ar/CFy mixtures,
These processes in the study of ion molecule reactions
are of fundamental interest [5].

2. Monte Carlo simulation

Cross-section sets for ion transport are scarce in spite
of a broad range of specific methods relevant for quan-
tification of particular cross-sections. The main problem
in heavy particle scattering, precisely selecting the state
of the projectile and target before the collision, is still
very complicated so databases for ion scattering 6, 7|
are still devoid of such data. Phelps established the first
worldwide accessible database with cross-section sets 6]
tested for each particular case either for swarn condi-
tions of spatially resolved measurements of emission or
ion mobility values. Another range of cross-section sets
was established by measurements of ionie transport coef-
ficients |7| and this work is ongoing. In all cases only the
most important cross-sections may be established from

*eorrespancding author; e-mail: zel jkafipb.ac.rs

the transport data. In the following section we will es-
tablish a complete cross-section set for Ar™ scattering
on Ar and CF from 0.1 meV to 1000 €V [8] which will
be used to caleulate transport properties. Generally one
may distinguish three characteristic energy ranges: low
energy regime where polarization seattering is dominant,
medinm energy regime where polarization scattering is
gradually replaced by hard sphere repulsion, and high
energy approximation regime,

Art+ Ar
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Fig. 1. Cross-section sets for Art+ Ar [14] and Art +
CFy [4, 9] as a function of collision energy.

At the lowest presented energies polarization scatter-
ing is dominant as also observed in guided beam exper-
iment [9]. Thus one may use simple scattering mod-
els [1. 10] if a veliable value of the average polarizability
of CFy is provided [11, 12|, Stojanovié et al, [11] found
excellent agreement for mobility of CF ious in CFy by
using value of 3.86 A” [12] as an acceptable value for aver-
age polarizahility of CFy. A similar value was previously
found appropriate by Jarvis et al, [13]. Tt is also generally
accepted that dipole and quadruple moments are negligi-
ble (see for example [9]) in the analyses with CF,. Fisher
et al. [9] by weasuring fast charge transfer reaction for
CFy production proved that internal states of the target
which are populated. are those closest to the recombina-

(1134)
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tion energy of the projectile |3, 13]. Accounting for all de-
tails of Ar™ seattering on CF in Ref. [4] a complete cross-
section set is presented that is also used in this work.
Extensive discussion about transport properties of Art
ions scattering in Ar gas applied to plasma physics prob-
lems was presented by Phelps [14] and Petrovi¢ and Sto-
Janovié [15]. Analytical expressions were offered in [14]
to express apparently isotropic and anisotropic compo-
nents of the cross-section set (see Fig. 1). In order to
foeus on effects of reactive processes introduced hy CFy
we neglected all but these two components of the Art+
Ar cross-section set. Complete cross-section sets used in
this work are shown in Fig. 1.

3. Transport coefficients

The Monte Carlo sinnilations (MCS) have many appli-
cations for analvsis of the transport of charged particles
in plasmas. MCS provide swarm data with the only the
uncertainty due to statistical fluctuations and uncertain-
ties in the cross-sections. In addition, MCS is the basis
of hybrid models of plasmas allowing casy and accurate
representation of the end effects and of the non-local high
energy gronps of particles which are essential in produec-
tion of plasmas and treatment of surfaces. The MC code
used in our analysis is based on the null collisions method.

Monte Carlo simulation code appropriate to caleulate
transport parameters [16. 17] of Ar* jons in Ar/CF4 mix-
tures at non-zero temperature [18] has been used. In the
Monte Carlo simulations exothermic reactive collisions
are followed in a similar way as all non-conservative colli-
sions i.e. the swarm particle dissappears from the enseimn-
ble after exothermic collisions. This results in changes of
the swarm particle number in the entire energy range in-
troaducing nonconserving effects in kinctic equations and
thus division of transport parameters to fux and bulk
ones |16].

CF,

-
(=]
i

— 0 Ar
—e— B0% Ar+ 30% CF,
— 0 ATt 20% CF,
—o— 40% Ar+ 0% CF,
o 20% Ar+ 0% CF,

5% Ar+ 45% CF,
— 0 CF,

Mean energy [eV]

e
-
L

1 10 100 1000
E/N [Td]

Fig. 2. Alean and characteristic energies of Art jons in
Ar/CFy mixtures ag a function of E/N,

— k- AT, Flux: Ar
= Bulk 0.6 Ar + 0.4 CF ,—8— Flu: 06 Ar + 04 CF

= g4 il |0 CF, —#— Flun: 1.0 CF
‘E ulk: 1. - ux: |OCF, .a""*'— CF"_
—_ Ik
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2 10°4 . &
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g i/
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]
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E/N [Td]
Fig. 3. Drift velocity as a function of £/N for Ar™ in
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Fig. 4. Rate coefficients of Ar™ in Ar/CFy mixtures.

T Fig. 2 we show results for mean energy as a function
of E/N (E — electric field and N — gas density). Sig-
nificant reduction and uniform control of mean energy
of Art is obiained for argon content below 90%. For
Ar content below 10% largest variations of mean energy
are obtained for E/N = 100 Td (1 Td= 107" V m?).
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These variations are the consequence of a reduced mo-
mentum transfer eross-section for Art scattering with
CFy (see Fig. 1) as compared to the scattering with Ar.
At a high content of Ar charge transfer collisions domi-
nate and make variation of mean energy with Ar content
more uniform. Note that for transport coefficients of Ar™
in pure Arv one may find benchmark data presented in
tabular form by Ristivojevié and Petrovié |L8].

The fux and bulk drift velocities |19] for Art in
Ar/CFy as a function of E/N are given in Fig. 3. The
drift velocities obtained by the Monte Carlo siomulation
are caleulated in real space (bulk) and in velocity space
(Hux) walues which are obtained as () and d{z) 'df, re-
spectively. Up to 40% CFy has no difference between
bulk and Aux values. Since the growth of the collision
frequency with the energy of the reactive processes de-
creases the bulk drift velocity.

In Fig. 4 we show rate coefficients for reactions of Art
ions with Ar/CF; mixtures at T = 300 K. caleulated
by the Monte Carlo simmulations. Rate coefficients are
important for applications of the global model to Ar/CFy
mixtures. We are presenting formation {a) CFY jons in
collision Art of the mixtures Ar/CF, and (b) CFJ ions in
collision Ar™ of the mixtures Ar/CF, for different percent

Ar and CF,.
4. Conclusion

In this paper we show transport parameters for the
Art in Ar,/CF, mixtures which do not exist in the litera-
ture. In addition to presenting the data we show here
the effects of non-conservative collisions to ion trans-
port. Due to exothermic eross-sections that are domi-
nant at low energies, for small abundances of Ar (< 10%)
exothermic process may be larger than the elastic scat-
tering cross-section,

The Moute Carlo technique was applied to carry out
caleulations of the mean energy, drift velocity, and rate
coefficients as a function of reduced DC electric field.
Data for swarm paramelers for ions are needed for hy-
brid and Huid codes and the current foeus on liguids or
liguids in the mixtures with rare gases dictates the need
to produce data compatible with those models,
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Abstract. In this paper, we present most probable reactions of Ar™ ion with AI;"BF:{ mixtures, Appropriate
gas phase enthalpies of ormation for the products were used to caleulate scattering cross section as a
function of kinetic energy. These data are needed for modeling in numerons applications of technologically
important BF: discharges, Results for transport parameters, specially rate coefficients as a function of
E/N (E-electric field: N-gas density) were obtained by using the Monte Carlo technigue.

1 Introduction

Cold plasma is widely used in new technologics where
they open the possibility of nnobtrusive production or
maodification of various substances [1]. Due to the high
temperature of the electrons and the low temperature
of the gases, the unbalanced behavior of a large number
of species becomes important in these plasmas [2]. Cur-
rent computational resources allow the study of com-
plex global models [3] that describe the behavior of
such plasmas taking into account a very large number
of particles. Information on ion neutral reactions is gen-
erally available [4], although the effects of reactions on
the transport parameters of individual ions have been
much less studied due to the detectability of rapidly
disappearing ion fluxes. This is especially true for ions
whose transport is affected by rapid reactions [5,6]. Ar
* transport plays a significant role in numerous etch-
ing and deposition processes [7,8], dark matter detec-
tion (9] and many other applications. It i well-known
that the transport parameters Ar™ in Ar are affected by
resonant charge transfer reactions [10], which results in
a slow ion. Charging transfer reactions are mainly the
most important collisions in BF; gas, where they intro-
duee nentralization of Ar' ions [11]. The high velocity
coeflicient for exothermic reactions (ion neutralization
energy is greater than the jonization potential of gas
particles) limits the number of ions necessary to deter-
mine ion mohility. The penetration of boron addition
into silicon is technologically achieved by means of a
pulsed direct current plasma (PLAD) system, which
most often uses BF; gas [12,13]. Uniform plasma and
implantation with normal ion incidence are the main
poals of this technological process, Using Monte Carlo
simulations (MOSs), transport parameters can be cal-
culated for cases that are beyond the reach of the exper-

*e-mail: zeljka@iph.ac.rs {(corresponding anuthor)

imental effort provided that the complete cross section
is known. It is expected that the data on reduced mobil-
ity of fiux values and volume in the /N function will
be significantly influenced by the presence of endother-
mic and exothermic reactions in the case of Ar" trans-
port in Ar/BF; mixtures,

In this work, we select the most probable reactions
of Ar™ with BFy gases for thermodynamic threshold
energies below about 15V,

2 Calculation of the cross-sections set

The cross-sections set for ion transport are rare despite
the wide range of specific methods relevant to quantifi-
cation of particular eross-sections, The main problem
in the scattering of heavy particles, easy and precise
selection of the state of the projectile and the target
before the collision, is still very complex for a number
of conditions, so the ion scattering databases [4,13] are
still without such data. Phelps established the world’s
first available database with cross-sectional sets [14]
tested on a case-by-case basis for either a swarm of
spatially resolved measurements of ion emission values
or ion maobility. The measurement of ionic fransport
coeflicients has been determined by another series of
cross-section sets [4] and this work is ongoing, In all
cages, only the most important sections can be identi-
fied from the transport data. In the next section, we
will establish a complete set of cross sections for Ar™
scattering on Ar and BF; from 0.1 meV to 1000 eV
that will be used to caleulate the transport properties.
In general, three characteristic energy ranges can be
distinguished: a low-energy regime in which polariza-
tion scattering is dominant, a medium-energy regime
where polarization scattering is gradually replaced by
hard sphere rejection, and a high-energy approsima-

@ Springer
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Fig. 1 Cross sections for Ar® in BFy gas

Table 1 Reaction products and thermodynamic thresholds
for Ar' + BF;

Reaction Reaction type Threshold [eV]
EL Art + BF; { el) 000
nz Art 4 BF; +F 74373
R4 Art 4+ BF + 2F 12,2040
R4 Art +BF +F2 10,6461
RS Art 4 B+ 3F 01367
RG At +B+F+F: 18,4889
"7 BF: + +Ar+F 1544
R& BF™ + 2F + Ar 50115
RO BF* + F; 4 Ar 33637
H10 F*+B+Fz+ Ar 201448
11 F*+ B+ 2F + Ar 21.7966
R12 F* 4+ BF £ F + Ar 13.9539
K13 F* +BF: + Ar 9.0972
14 FI + BF + Ar 10.5846
R15 FI+B+F+Ar 184273
EX0 BF; + Ar —0.2125

tion regime. Phelps [15] and Petrovié and Stojanovié
[16] presented an extensive discussion on the transport
properties of Ar' ion scattering in BFy gas applied to
problems in plasma physics. Analytical expressions are
given in [11] to express both isotrapic and anisotropic
components of a set of cross sections (see Fig. 1). To
focus on the effects of reactive processes introduced by
BF 3, we neglected all but these two components of the
set of cross sections Ar”+ Ar, The complete sets of
cross sections used in this paper are shown in Fig. 1.

Table 1 presents the reaction products and thermo-
dynamic thresholds for Art + BF.

ﬂ Springer
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Table 2 Heats of formation A¢H"at 208 K (kJ/mol)

Ion/neutral  AHe(ion) kJ/mal  AHg{neutral) kJ/mol
At fAr 1520.57 i

Arg fArs 13981 —1.01

BY/B 1363.3 562.7

BFY/BF 957 —115.8

BF} /BF; 314 ~580.9

BF]/BF; 3643 —1137.0

F*/F 1760.2 79.4

Fi/F2 1514.5 0

Therefore, in this paper, we assumed that exother-
mic processes are nol resonant because the fast charge
transfer reaction for BF:; production proved that the
internal states of the target inhabited are closest to the
Art neutralization energy [10,17].

The cross section sets used in this work are shown in
Fig. 1.

Appropriate gas phase enthalpies of formation for the
products {Table 2) were used to caleulate thermody-
namic thresholds.

3 Results and discussion

In addition, MCS is the basis of hybrid models of plas-
mas allowing easy and accurate representation of the
end effects and of the non-local high energy groups
of particles which are essential in production of plas-
mas and treatment of surfaces, The MC code used in
onr analysis is based on the null collisions method. We
assume that our intersections give the transport coefh-
cients at low energies with 30% errors and at high ener-
gies they describe well the order of magnitude. Experi-
mentally determined cross sections or transport param-
eters significantly reduce the errors. Monte Carlo code
errors are below 0.1%.

The transport properties of species in gas plasma are
of great importance for understanding the nature of
molecular and ionic interactions in gas mixtures [18,
19]. These properties include mean energy, drift rate,
diffusion coefficients, ionization and chemical reaction
coefficients, chemical reaction coefficients for ions, and
rarely gases. A Monte Carlo simulation code suitable
for ealeulating the transport parameters (16, 18] of Ar™
ions in Ar / BF3 mixtures at a nonzero temperature
was used [20]. In Monte Carlo simulations, exothermic
reactive collisions are monitored in a similar way as
all non-conservative collisions, ie. the swarm particle
disappears from the whole after exothermic collisions.
This results in changes in the mumber of swarm particles
in the entire energy range, introducing non-conserving
effects into the kinetic equations, and thus the division
of transport parameters into flux and bulk values[18,
19].

The flux and bulk drift velocities [20,21] for Ar” in
Ar/BF, as a lanction of E/N are given in Fig, 2, The
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Fig. 3 Mean and characteristic energy as a function E/N

for Ar' in Ar/BF, mixtures

drift velocities ohbtained by the Monte Carlo simula-
tion are calculated in real space (bulk) and in velocity
space (flux) values which are obtained as < v > and
d < » = fdi, respectively. Up to 60%, BF; has no dif-
ference between bulk and flux values. Bulk drift veloe-
ity is reaction corrected Hux drift velocity: W = w+ 5,
where 3 is the term representing a measure of the effect
of reactions on the drift velocity. Difference hetween
bulk and flux drift velocity a consequence of energy-
dependent reactions. Since the growth of the collision
frequency with the energy of the reactive processes
decreases the bulk drift velocity,

In Fig. 3, we show the characteristic energies (diffu-
sion coefficient normalized to mobility eD/K in units
of eV) based on transversal (D) diffusion coefficients.
The difference between the bulk and flux values is
smaller, We also show the mean energy, a parameter

Pagedof 5 118
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Fig. 4 Reduced mobility as a function £/N for ArT in
Ar/BF, mixtures

which cannot be directly measured in experiments but
a map of mean energy versus F/N may be used directly
to provide the data in fluid models especially when the
local field approximation fails. At a high content of Ar,
charge transfer collisions dominate and make variation
of mean energy with Ar eontent more uniform. Note
that for transport coefficients of Ar™ in pure Ar, one
may find benchmark data presented in tabular form by
Ristivojevié and Petrovié [22].

Figure 4 shows the variations of reduced mobility in
the E/N function. K ion mobility is a quantity defined
as the speed achieved by an jon moving through a gas
under a single electric field. Reduced or standard maobil-
ity is often nsed, defined as:

- Lo} -
= —N,
Ko NE i)

where vy is the drift velocity of the ion, N is the gas
density at elevated temperature T', Ny = 2.69-10°° m—*
and E is the electric field. Behavior of reduced mobility
significantly changed with £/N with small additions of
Ar, up to about 10%, On one side, small additions of
Ar cause significant variations of particle flux at E/N
close to 250 Td, and on the other in that region. we
obtain significant difference of the flux and bulk drift
velocities due to the BF, reactive processes [10] which
also significantly reduce Ar" density in favor of fast Ar
[11]. Due to reactive collisions bulk and fux values of
reduced mobility are separated.

In Fig. 5, we show the rate coefficients of Ar™
jons with Ar/BF, mixtures at T = 300 K, caleu-
lated by Monte Carlo simulations. Rate coefficients are
important for the applications of the global model to
Ar [/ BF, mixtures. Introducing reaction products and
thermodynamic thresholds for Ar™ 4+ BF; [8] formation
a) total attachment and b} attachment to endothermic
anel exolhermic reaction products,

@ Springer



118 Page 4 of &

1.6

1.4

Total attachment I

AN/MNAL[10%s™"]

1.2

1.0

10°g

10° 4

AN/NAE [57]

0.0
(b}
Fig. 5 Rate coefficients for Ar' i Ar/BF, mixtures at
00K

4 Conclusions

In this paper, we show transport parameters for the Ar’
in Ar/BF, mixtures which do not exist in the litera-
ture. In addition to present the data, we show here the
effects of non-conservative collisions to ion transport.
Due to exothermie cross sections that are dominant
at low energies, for small abundances of Ar (< 10%)
exothermic process may be larger than the elastic scat-
tering cross section.

The Monte Carlo technigue was applied for the caleu-
lation of drift velocity, mean and characteristic energy,
reduced mohility, rate coefficients as a function of
reduced direct electric held E/N [23]. The results are
considered to be a good basis for modeling, which conld
be further improved when the measured values of the
transport coefficients become available, and then we
conld perform this analysis again.
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Transport coefficients for He™ ions in mixtures
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Abstract, A complete set of cross sections for helivm ions in a mixture of
helium and carbon tetraflucride is recommended. The transport properties for
He ioms in He/CFy mixtures required to model the discharge containing the
mentioned ions were calculated by the Monte Carlo method at a temperature
of T = 300 K. In this paper we give the drift velocity, characteristic energy,
reduced mobility and specially rate coefficients for low and moderately reduced
electric fields E /N (E-electric field, N-gas density) and accounting for non-
conservative collisions, This paper is dedicated to the presentation of the set
for Hetions scattering cross-sections in CF 4 which is estimated using available
experimental data for exothermic charge transfer eross-sections producing CF|
and Cf";iuus and endothermic charge transfer cross-section producing CF7T,
C* and FFions, The aim of this paper is to determine how the addition of a
percentage for He in He/CFy mixtures affects the separation of bulk and fux
transport parameters for Heions,

Key words: He™ — He/CF; mixtures — Monte Carlo simulations — cross see-
tioms ~ transport coefficients

1. Introduction

He-CFy mixtures are used in gaseous electronic multipliers for various imaging
purposes (X-rayvs, charged particles, thermal neutrons and dark matter detec-
tion) (Fraga et al., 2003; Kaboth et al., 2008). After hydrogen, which makes up
about 90% of the cosmos, helinm is the second most abundant element {about
9%).

We notice the importance of obtained results as atomic and molecular data
which are input parameters for modeling of various environments. Low tem-
perature can change the state of metals, gases. liguids and solids, cause dam-
age to organisms depending on length of exposure, and change the functional-
ity of mechanized processes. Electron multiplication bursts affeet the produe-
tion of various jons that can affect the time distribution of detected particles
(Bognjakovie, 2016). The experimental transport coefficients required as input
data for HeTion transport models in He are existing {Viehland et al., 2017;
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Basurto et al., 2000; Helm, 1977; Stefansson et al., 1988; Viehland & Mason,
1995). Only bulk values in CFy of transport cocfficients can be experimentally
determined (Robson, 1991). Due to significant particle losses in Het in CFy, the
experimental transport coefficients were not measured. Although some experi-
mental points for the cross sections of He'ion seattering in CF, were obtained
by (Fisher et al., 1990). A complete set of cross-sections for this system with
more details is given in the paper (Nikitovi¢ et al., 2017). Quantum-mechanical
caleulation of a certain cross-section is a required task that reguires knowledge
of the surface potential energy of ions and molecules to be constructed from the
structure of the reactants, Less intensive computational methods, such as the
Denpoh-Nanbu theory (Denpoh & Nanbu, 1993; Nikitovid et al., 2014; Petrovié
et al., 2007), require knowledge of thermodynamic formation data and are ap-
plicable to a range of molecules, Although thermodynamic formation data are
known in this case, such an approach is difficult to apply, since the reaction
does not take place via the excited (HeCF] *} complex but via the excited
CF} (CF; *) states. Tt is also more appropriate to select the limit energies for
the reaction products from the energy thresholds of the CF] state (Motohashi
et al., 2005) than from the enthalpies of formation.

lon charge transfer reactions with molecules are important elementary pro-
cesses in modeling kinetics in all types of plasma, In many cases, it is known
that the cross section for these reactions represents the most important part of
the set of cross section, From the observation of the line spectra of excited F
atoms obtained by spectrometric measurements (Motohashi et al., 2005) in CFy,
it can be conchuded that the charge transfer reaction is the dominant process in
collisions with inert gas ions. This argument seeins to be enongh to ignore other
possible reactions. The aim of this paper is to report on a topic impaortant for
both basic studies and application. We estimated the set of cross sections for
He™ in He/CF, using existing experimental data {Viehland et al., 2017; Basurto
et al., 2000; Helm. 1977: Stefansson et al., 1988: Viehland & Mason, 1995). In
the next section, we will discuss the compilation of existing data and estab-
lish one possible set of cross-sections. We will then describe the caleulation of
transport parameters and fnally discuss our results. The coefficients of velocity,
flux and bulk reduced maobilities, caleulated from flux and bulk drift velocities
by Meonte Carlo simulation are significantly different in the region of moderate

E/N.

2. Cross section sets

Our goal in this section will be to establish a set of cross seetlons because
only the set of cross sections contains relevant information for calenlating the
transport properties of the selected jon in a given gas. In our chosen case, the
general knowledge of the total cross-section indicates that at low energies they
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would be affected by attractive long-range forces, while at high energies they
would be atfected by repulsive forces,

For low encrgies. when the interaction potential is very close to the induced
dipole potential, it can be assumed that the total cross section of the moment
transfer is o, = 1.106 oy where o is the Langevin cross section (MeDaniel
et al.. 1970}, The Langevin cross section was determined using the average gas
polarizability. The average polarizability of CFy is poorly determined (Fisher
et al., 1990) and can lead to deviations in the calenlated ion mobility in CF,
(Stojanovic et al., 2014; Georgieva et al., 2003). As a consequence, this would
affect the prediction of plasma parameters in modeling, The value of 3.86 10-30
md used by Stojanovié et al, (20014 who found an excellent agreement between
the experimental and the caleulated reduced mobility of CF ions in CIFy,

From measurements of exothermic eross sections Fisher et al. (1990) for the
production of CF} and CFJ from He™ + CFy it can be concluded that the scat-
tering is appropriate to deseribe with induced polarization potential up to 0.2
eV, Thus, assuming that charge transfer reactions are the dominant interaction,
a cross section of elastic moment transmission can be obtained by deduction of
experimental reactive cross sections (Fisher et al., 1990) from the assumed total
moment transfer,

Extrapolation of the behavior of the cross section of the transmission of
elastic moment outside the Langevin point of intersection to the cross section
of the soft sphere (Fisher et al,, 1990) was done by smooth connection with
the trend 1/v* (Krstié & Schultz, 2000; Raspopovié et al., 2015) where v is the
center-velocity of mass (see Figure 1). Extrapolation is performed in the energy
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region where a repulsive interaction is expected to ocenr, which is estimated
to be above about 3 eV, Finally, all excothermic and endothermic cross-sections
of Fisher ef al. (1990). Reactive cross sections were approximated by constant
values at all kinetic energies of ions above M) eV using data for the production
ratio between the observed ions as proposed in (Parker & El-Ashhab, 1983}

104
*  Viehland ef & Tg=302K
He B=F et
——30% He+ T0% CF, B
—+—30% He+ T0% CF, F
1] — 5% Her s cF, B
+— 5% He+ 85% CF, F
—CF, B
—+—CF, F

eD, /K
T=300 K

0.14

kT

Characteristic energy [eV]

10' 10° 10°

E/N[Td]

Figure 4.: Longitudinal characteristic energy for He™ in He/CFy mixtures as a

function of E/N.

It was found that different extrapolations (short dot-dashed or dashed line
in Figure 1) of unusual low energy behavior observed by cross-sectional mea-
surement led to CFJ formation (where exothermic reaction behavior is expected
regardless of, He™ spin state) have negligible impact on mobility, In the case
of the system, Het on He, the Phelps sections taken from the database were
used for (Phelps, 20011), The section consists of two components: Isotropic and
Backscat is given in Figure 2.

3. Transport parameters

Transport properties needed for modeling CF, discharges containing He™ions
are calenlated by the Monte Carlo method. A code that properly takes into ac-
count thermal collisions was used (Ristivojevie & Petrovié, 2012). It has passed
all relevant benchmarks Fisher et al. (1990) and was tested in our work on sev-
eral types of charged particles (Petrovic et al., 2007: de Urquijo et al., 2013).
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Swarm parameters of Het in He/CF, mixinres for a temperature of T=300 K
are presentoed.

The calculated transport parameters are the mean energy, characteristic en-
ergy, drift velocity, diffusion coefficients, ionization and attachment coeflicients
and chemical reaction coefficients for ions (Petrovié et al., 2000). The excitation
coefficients are also measured but seldom used in modeling. Note that these
transport parameters are the only information present in the literature up to
now and there are no published experimental data for the transport coeflicients
of He™ in He/CF, mixtures, The transport parameters of Hetions swarm in
nentral gases He and CFy, as well as in mixtures were caleulated: (1) 5% He +
93% CFy (2) 30% He + T0% CFy and (3) T0% He + 30% CFy.

= 5% He + 95% CF4 (CF4) MT Al

3% He = 0% CF4 MT A

—_

= feMT

L sabsansdigssmannann®t”

a 10* He B

4 369 i+ O CHE D

1074
% He + 95% CF4 B
T el I'\ T
10" o 10 10t
EMN[Td]

Figure 7.: Rate coeflicients for Het in He/CF; mixtures as a function of 1/N:
momentum transfer.

The flux and bulk drift velocities (Robson et al., 20005; Ness & Robson, 1986;
Nikitovi¢ et al., 2018; Nikitovi¢ & Raspopovié, 2021) for He" in He/CF; mix-
tures as a function of E/N are given in Figure 3. The drift velocities obtained by
the Monte Carlo simulation are caleulated in real space (bulk) and in velocity
space [Hux) values which are obtained as o < = fdf and < v =, respectively.
At low energies, at £/N<200 Td due to intense formation of CF} and CF]ions
in charge transfer reactions instead of Hetions, the center of mass of the swarm
moves forward, so that the bulk velocity is greater than the fux. With further
increase E£/N=200 Td when the high-energy ions from the distribution function
increasingly have non-conservative collisions in which the CF*, C* and F* be-
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production reactions,

coming Hetions disappear, shifting the center of mass of the swarm backward,
resulting in a bulk velocity less than the fox,

In Figure 4 we present the characteristic energies (diffusion coefficient nor-
malized to mobility D/K in units of eV determined in the direction of the elec-
tric ficld. Figure 4) are shown that with increasing percentage of CF, molecules
in the mixture with He there is an increase in bulk and flux values of longitu-
dinal characteristic energy, except in the case of balk values of eDL/K at CF,
concentrations higher than 95% for E/Nz40 Td. Already 5% He'ions in a mix-
ture with CF, significantly reduces the differences between balk and fnx values
of longitudinal characteristic energy, and in a mixture with 30% He these differ-
ences are still noticeable. Figure 4} also includes the experimentally measured
values of eDL/K by Viehland et al. (2017} for the system He® + e {black
symbuols).

The transversal characteristic energy also increases with inereasing percent-
age of He/CF, mixtures {Figure 5). Smaller differences between balk and finx
values are in transversal compared to longitudinal characteristic energy, With
30% He in the mixture there is no difference between bulk and eDT/K flux.
In Figure 5) the experimentally measured values of eDT/K by Stefansson et al,
{1988} and Viehland & Mason (1995) for the system He™ + He {black symbols).

Reduced mobility for Hetions in CF; as a function of E/N (E-electric field
strength, N-gas number density) compared with bulk and flux values is shown
in Figure 6. Significant peak in the bulk reduced mobility is obtained as a
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result of difference in energy dependence of elastic and exothermic cross sections
(Nikitowic of al,, 2019} . Let ns remind the reader that the bolk drift velocity
(W = d < & = [di} is veaction corrected flux drift velocity (w =< v =):
W = w+ 5, where § is the term representing a measure of the effect of reactions
on the drift velocity. Difference between bulk and flux reduced mobilities is a
consequence of energy dependent reactions. We found that the cross section
leading to formation of CFJ {where irvespective of the He™ spin state exothermic
behavior of reaction is expected) are negligible on mobility.

Mobility of He™ + CF, depending on E/N has a pronounced maximum at
about 40 Td, while mobility of Het + He does not; has a platean at low E/N that
immediately declines as a result of pronounced backs cat interaction. At low E/N
higher values of Ko for the He™ + He system than those for Het + CF, are due
to less the reduced mass of the ion neutral pair. At low E/N balk values for Ko
are higher than finx values as a consequence of low-energy capture of He ions
by CF, molecules in an exothermic reaction in which CFJion is formed. At
large /N flux values are higher than the balk values due to higher ion capture
at high energies than at lower ones, With inereasing He concentration in the
mixture, the differences between bulk and fux values are significantly reduced.
For a mixture of 30% He + T0% CF, these differences can be clearly seen only
in the region of about 40 Td. In Figure 6 the experimentally measured values
of Ko by Viehland et al. (2017), Basurto et al. (2000) and Helm (1977) for the
system Het + He (black symbols).

In Figures 7 and & we show rate coelficients for elastic momentum transfer
and for all reactive processes as a function of E/N. The rate coefficients as final
output of our caleulations is needed as input in fuid equations for description
of ion transport in He/CF, mixtures. The rate coefficients for all reactions
presented in the cross-section sets are significantly different than one that should
be obtained with cross sections obtained from statistical theories such are those
obtained by Denpoh-Nanbn theory (Denpoh & Nanbu, 10098).

4. Conclusion

In this paper we have determined the cross section of elastic moment transport as
a function of energy for He' scattering on CF, that can be used in modeling He'!
transport in He/CF, mixtures. We used the data for a simple theoretical cross-
section of the transmission of the total moment and obtained the eross-section
of the transmission of the elastic moment by deduction of all experimentally
obtained cross-sections of the charge transfer. In deing so, we assumed that the
measured cross-sections of the charge transfer were collisions with the highest
probability. Thus, in this paper, we have estimated the set of cross sections
for Hetions in He/CF; that can be used as an independent input in modeling
He"ion transport. Thiz estimation was performed using measured cross-sections
of charge transfer,
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Since, according to our knowledge, there is no divect information in the litera-
ture on how the mobility of high recombination energy ions, such as He'ions, be-
have in He/CF; mixtures, we caleulated transport parameters using the Monte
Carlo simulation method (Nikitovié et al., 2014; Nikitovié et al., 2016, 2019).

In this work, we obtained and considered data on longitudinal and transwver-
sal characteristic energy, bulk and fiux rednced mobility and rate coeflicients.
Data on swarm coefficients for positive and negative ions are required for hybrid
and fluid codes (White et al., 2004) and the current focus on liquids or liguids in
rare gas mixtures dictates the need to produce data compatible with these mod-
els. Given the current interest in lguid and [ or liguid models in mixtures with
rare gases, data on swarm coefficients for positive and negative ions for hybrid
and fluid codes are needed, Atmospheric and near-atmospheric pressure plow
discharges generated in both pure helinm and helinm-air mixtures have heen
studied using a plasma chemistry code originally developed for simulations of
electron-heam-produced air plasmas.
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Abstract

Understanding plasma distribution, characteristics and phenomena is important for the
development and optimization of semiconductor device manufacturing plasma equipment,
such as etching and deposition tools. For this reason, plasma simulation is currently being
utilized at every stage of equipment design, development and improvement. The cross section
sets obtained by applying Denpoh-Nanbu theory to Ar" on CFy4 collisions were found to be in
general qualitative and in part quantitative agreement with data from the literature. The Monte
Carlo technique was applied to perform calculations of transport parameters. Calculated cross
sections can be used to obtain transport coefficients, specially drift velocity, characteristic
energy, reduced mobility, longitudinal diffusion and rate coefficients for low and moderate
reduced electric fields E/WV (E-electric field strength; N-gas density) and accounting for the
non-conservative collisions,
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1. Introduction

Transport of Ar plays a significant role in various etching and deposition processes
[1]. in dark matter detection [2] and in many other scientific and technological applications. In
this letter, the objective will be to study transport of Ar  in CFs Since quantitative
information about ion-molecule reactions is essential for understanding the production and
transport of ions in electrical discharges it is necessary to have the cross section set. Although
for this particular case some experimental cross sections exist, neither complete cross section
set [3] was established nor transport parameters were known. These data, although closely
related, are both needed in plasma modeling.
In certain cases, charge transfer reactions are known to represent the most significant part of a
cross section sets. Line spectra of excited atoms obtained in spectrometric measurements in
CF, [4] indicate that the charge transfer reaction is dominant process in collisions with inert
gas fons. Thus, in this work we assessed cross section set for Ar' in CF4 by using existing
experimental data [5] for charge transfer collisions producing radical ions of CF4.

Since no direct information is found in the literature on how the mobility of inert
ions, such as Ar ions, behaves in CFy, we have also calculated transport parameters using the
Monte Carlo simulation technique and complete cross sections. [ons are tracked in infinite
space, receive energy from a constant DC electric field, and dissipate it in collisions with
neutral gas particles. Collisions are instantaneous and isotropic, and the collision trajectory is
determined by the null-collision method [6]. The elastic properties of a solid were studied
using a multiphase unit cell numerical model [7] and using computer simulations, it showed a
relationship between the lattice parameter and the inversion parameter [8]. An initial set of

cross-sections for this system with more details is given in our paper [9].



2. Calculation on the cross section sets

The cross sections presented by Fisher ef al. [5] were used to determine the clastic
momentum transfer cross section assuming the total momentum transfer cross section oy, is
known. At low energies we assumed that o, is Langevin's cross section and elastic
momentum transfer cross section is determined by deducing all nonelastic and reactive cross
sections.

Average polarizability of CF, is not well established [5] and may produce discrepancy
for calculated mobility of ions in CF,4 [10] and thus affect plasma parameters prediction in
modelling. We adopted value of 3.86 A” used by Stojanovié er al. [10] who found excellent
agreement between experimental and calculated mobility of CF;™ ions in CF;. Note that
usage of this polarizability increases Langevin’s cross section above reaction cross sections of
Fisher ef af. (1990) at least in the region of validity of polarization potential approximation.

The elastic momentum transfer cross-section (indicated by the red line in Figure 1
and labeled as Elastic MT) extends as the Langevin cross-section at low energies and
transitions to the hard sphere cross-section at higher energies [5]. The cross-section, denoted
in the legend of Figure 1 as "Elastic MT (e < 1eV)," represents the transition from Langevin
behavior to the hard sphere model, achieved by smoothly connecting 1t to the 1/v"3 trend
[11], where v is the center-of-mass velocity (see Figure 1). For elastic collisions with energy
greater than 1 eV, the collisions are described by the hard sphere model (HS), as depicted in
the work of Denpoh-Nanbu [12], with an isotropic cross-section for momentum transfer
(indicated by HS black dots in Figure 1).

Further, extrapolation of elastic momentum transfers cross section trend
approximately beyond the crossing point of Langevin’s and hard sphere (HS) cross section [3]
is done by smoothly connecting to 1/ trend [11] where v is the center-of-mass velocity (see

Figure 1).



At all ion kinetic energies above 50 ¢V, experimental reactive cross sections are
extrapolated to constant values for experimental cross sections by Fisher et al. (CFy ", CF, .
and CF"). This is done with the mind of considering measurements of emission cross section
by Motohashi et al. [4], where slow oscillatory behavior of the emission cross sections was
found at high projectile energies, and an almost constant reaction probability was found over a
wide energy range.

When the collision energy increases, Langevin disappears and collisions are described as
brittle or soft sever, For this reason, we assumed for this paper that the Langevin vanishes at
about 1 eV when the Fisher rigid sphere is formed.

We added Fischer's experiment and all the others from the Denpoh-Nanbu's work to the new
momentum transfer (with a hole), excluding those that make CF;", CF;" and CF' ions. With
the added production of CF:', CF," and CF’ jons and the remaining reactions F* and C'
inelastic process [ 12] the set of sections looks like Figure 3.

The cross-section image has too many lines, so we merged related cross-sections for a clearer

view of the cross-section.

Fig. 1
Fig. 2

Fig. 3



3. Results and discussion

The cross section sets for ion transport are rare due to a broad range of specific
methods reported in the literature relevant for quantification of particular cross sections, We
have used a Monte Carlo code that properly takes into account thermal collisions [13]. The
code has passed all the relevant benchmarks [14] and has been tested in our work on several
types of charged particles [14, 15].

Results of Monte Carlo simulations are shown in Figs. 4-8. Note that these transport
parameters are the only information present in the literature up to now there are no published
experimental data for the transport coefficients of Ar'in CF4 with complete cross section sets
in best of our knowledge. Flux and bulk drift veloeities [16, 17 and 18] as a function of E/N
are given in Figure 4. Since the total collision frequency for endothermic reactions increases
with energy at high E/N, the dominant loss of the fast ions happens at the front of the swarm.
This shifts the swarm’s centre of mass towards the lower values. The drift velocities obtained
by Monte Carlo simulation calculated in real space (bulk) and in velocity space (flux) values

which are obtained as dx/df and <v> | respectively.

Fig. 4

Reduced mobility for Ar’ ions as a function of E/N (E-electric field, N-gas density)
is shown in Figure 5. Values of the reduced mobility as a function of E/N [19-22] shown are
obtained by using bulk drift velocities, as those are measured in most experiments, though
proper quantities should be applied according to the source of experimental data [14. 15].
Significant increase of mobility at low E/N is a result of non-conservative process at low
energy. At about 300 Td another mobility peak appears, representing significant increase of

reactive collisions.



Fig. 5

In Figure 6 we show rate coefficients for reactions of Ar’ ions with CF4 gas at
T=300K. Rate coefficients are important for applications of the global model to CF; gas. The
largest production is CF;', CF,, CF', F' and C' are reduced. At E/N =300 Td, inelastic
collisions are larger than clastic ones. For E/N> 800 Td Ar ' can fonize CF:'.

The products a) total rate coefficients and b) all reactions are also presented in Figure 6.

Fig. 6

In the Figure 7 we show mean and characteristic (longitudinal L and transverse T)
energy for Ar' in CFy gas. Transversal eD/K cuts off non-conservative processes more weakly
than longitudinal eD/K. The decrease in eDy/K from 180 to 300 Td when Ar’ ions reach the
energy threshold for the production of CF;" ions, which increases sharply with increasing

energy.

Fig.7

Diffusion coefficients NDy are given in Figure 8 and one should notice the very large non-
conservative effects almost a reminder of the positron transport [23]. Similar to the results for

drift velocity, flux diffusion coefficients are significantly larger than bulk values.

Fig. 8

The bulk values of longitudinal diffusion decrease with an increase in the reduced

electric field strength from 1 Td to 60 Td because the exothermic reaction decays more slowly



than the Langevin reaction, which occurs at a constant collision frequency. The decrease in
the bulk values is attributed to the more rapid disappearance of fast Ar™ ions under increasing
electric field conditions, resulting in a compression of the swarm along the direction of the
field. When the mean energy of Ar' ions is 0.2 eV (E/N = 60 Td), ions can reach energies up
to 2 eV. In this energy range, the number of vibrations that increase the bulk and flux values
of NDy also increases (see Fig. 7). At these energies, a small number of Ar' ions reach the
threshold energics for CF,™ and CF reactions.

At 150- to 200 Td (energy is 1 eV to 1.5 eV, respectively) the flux and bulk values
of ND¢ reach their maximum values. However, as the electric field continues to increase, the
bulk value of NDy starts to decrease again. The reduction in the bulk and flux values of ND_
is attributed to the ions reaching the energy thresholds for the CF,~ and CF' reactions (8 and
10 eV respectively), which leads to the disappearance of high-energy ions and slows down the

overall effect.

4. Conclusions

In addition to presenting the data. we show here the effects of non-conservative
collisions on ion transport. Due to non-conservative cross sections that are larger than the
elastic scattering cross section, the differences between the bulk flux and transport
coefficients are quite large comparable to the strongest cases observed for electrons, even
positrons. Data for ion swarm parameters [24, 25] are required for hybrid and fluid codes, and
the current focus on liquids or liquids in rare gas mixtures dictates the need to produce data

compatible with those models.
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Figure captions:

Figure 1. Cross section set for Ar' + CF, without Langevin.

Figure 2. Cross section set for Ar’ + CF, with Denpoh-Nanbu reactions.
Figure 3. Complete cross section sets for Ar™ + CFy,

Figure 4. Bulk and flux drift velocity for Ar” in CFy at 300 K.

Figure 5. Reduced mobility for Ar’ in CF, a function of E/N.

Figure 6. Rate coefficients for Ar" in CF, a function of E/N at 300 K.
Figure 7. Mean and characteristic energy for Ar in CFy a function of E/N.

Figure 8. Longitudinal diffusion coefficients for Ar™ in CFy4 a function of E/N,
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Cadpaeaj: PazyMeparbe QucTpHOVIje TIA3Me, KAPAKTEPHCTHKA M (EHOMEHA j& BAXKHO 34
Pa3R0j M ONTHMHZAUM]Y MIa3Ma ONpeMe 33 MPOH3ROARY NMONYNpOROAHHYKHX ypehaja, kao
ITO CY 4IIdTH 34 FPABHPAkE H TAIHCHC. H3 tor paznord, CHM)(IIﬂLlHjEi [HIAa3ME CE TPEHYTHO
KOPHCTH ¥ cBakoj azn Au3ajHa, pazeoja i nobosbllaka onpeMe. YTepheHo je aa cy cKyloBu
NMONPEYHHX Mpeceka Jobujenn npumMenoM Denpoh-Nanbu Teopuje na Ar kon eymapa CFs y
OMIITEM KBAHTATHBHOM ¥ [ENHMHYHO KBAHTHTATHEHOM C/Iaramby <a ToZalnuMa |3
nuTepaType. 3a TpopauyHe TPAHCOOPTHHX TapaMerapa npuMetkena je Monte Kapno
TexHHEd. HM3pauyHaTH monpedHH npecelH ce Mory KOPHCTHTH 3a no0Hjame koelHIMjeHaTa
TpaHcnopra, nocebHo Gp3uHe JpudTa, KapakTepHCTHYHE SHEPrHje, pelykoBaHe MODHIIHOCTH,
noHruTyauHanne audysdje u koeduuMjeHara Op3HHE 33 HHCKA M YMCPCHO pelyKoBaHa
eMeKTpHuHa moska E/N (E-jaurHa eneKTpHuHOr moska; N-rycTHHA Taca) U 3a H3padyHaBamke

HEKOH3CPBATHRHIX Cyapa.

Kawyune pewu: Monme Kapao Cunnayuje, Ar joun, CFy 2ac.
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Abstract

A cross section set for scattering Ne' ions in CF4 gas is assessed by using available
experimental data for charge transfer cross sections. Calculated cross sections can be used to
obtain transport parameters, specially characteristic energy and reduced mobilty for low and
moderate reduced electric fields E/N (E-electric field strength; N-gas density) and accounting
for the non-conservative collisions. These data are needed for modelling in numerous

applications of technologically importance.

Keywords: Monte Carlo Sinudations, positive ions, CF, gas.



1. Introduction

lon charge transfer reactions with molecules are unavoidable elementary processes
in modeling kinetics in terrestrial, industrial and astrophysical plasma in the detection of dark
matter [1]. Motivational factors for this study have been identified and this paper reports on a
topic important for both basie studies and application. Tetrafluoromethane or CF4 molecule,
which is widely used in the production of aluminum and the semiconductor industry, has an
extremely long lifespan (~50,000 years) and the highest atmospheric content of all
perfluorocarbons [2]. Therefore, it is very important to develop replacement materials or
methods for efficient decomposition of CFy molecules in order to reduce man-made
greenhouse gases (GHG).

In selected cases, it is known that charge transfer reactions represent the most
significant part of the cross-sectional set. The linear spectra of the excited atoms obtained by
spectrometric measurements in CF; indicate that the charge transfer reaction is the dominant
process 1n collisions with inert gas ions. Cross-sectional data for CF, dissociative excitation
[3] are essential to assess the degree of importance of many related processes. In this paper,
we have estimated the set of cross sections for Ne™ in CF using existing experimental data [4]
for charge transfer collisions producing CF4 radical ions. Since no direct information has been
found in the literature on how the mobility of high energy recombination ions moves, such as
the behavior of Ne' ions in CF,, we also calculated transport parameters using the Monte
Carlo simulation technique [5]. Mechanical properties can also be modeled, 1. ¢. modulus on
the elastic properties was studied using multi-phase unit cell (MPUC) numerical model [6]
and functional theory (DFT) calculations [7].

2. Calculation on the cross sections set
Cross-sections presented by Fisher et al. [4] were used to determine the elastic cross

section of the torque transmission ("elastic" in Figure 1) under the assumption that the total

2



cross section of the torque transmission is known. At low energies, we assumed that o, 1s the
Langevin cross section, and the elastic cross section of the moment transmission is
determined by the deduction of all reactive cross sections. The average polarizability of CF, is
not well established [4] and may produce a discrepancy for the calculated ion mobility in CF,
[8, 9] and thus affect the prediction of plasma parameters in modeling. We adopted value of
3.86 10°" m® used by Stojanovi¢ et al. [B] who found excellent agreement between
experimental and calculated mobility of CF;" ions in CFs. Extrapolation of the trend of the
cross section of the transmission of elastic moment outside the point of intersection of the
Langevin and the cross section of the hard sphere (HS) [1] is performed by smooth connection
with the trend 14 [10] where v is the velocity of the center of mass (see Figure 1).

At all kinetic energies of ions above 50 ¢V, the reactive cross sections are
extrapolated to constant values. The effects of different extrapolations (short dot-dashed or
dashed line in Figure 1) of unusual low energy behavior, observed by cross-sectional
measurements leading to CF;  formation (where exothermic reaction behavior is expected
regardless of Ne™ spin state) are considered negligible in terms of mobility.

Fig. 1

3. Results and discussion

The Monte Carlo technique was used to calculate the transport parameters. We used
Monte Carlo code that correctly takes into account thermal collisions [11]. The code passed
all relevant criteria [12] and was tested in our work on several types of charged particles [12,
13]. The results of Monte Carlo simulations are shown in Figures 2-5. Note that these
transport parameters are the only information present in the literature so far, there are no
published experimental data for Ne transport coefficients in CF,.

The flux and volume drift velocities [14] for Ne” in CF; gas as a function of E/N

are given in Figure 2. The drift velocities obtained by the Monte Carlo simulation are
3



calculated in real space (bulk) and in velocity space (flux) values which are obtained as <=
and d=<x=/di, respectively. As F/N increases, the high-energy ions from the distribution
function increasingly have non-conservative collisions in which the Ne' ions disappear,
shifting the center of mass of the swarm backward, resulting in a bulk velocity less than the
flux.
Fig. 2

In Figure 3 we show the mean and characteristic energies (diffusion coefficient
normalized to mobility eD/K in units of eV) based on transversal (D) diffusion coefficients.
The mean energy, which cannot be directly measured in experiments but a map of mean
energy versus E/N may be used directly to provide the data in fluid models especially when
local field approximation fails. The difference between bulk and flux values of characteristic
energy is smaller.

Fig. 3

Reduced mobility for Ne' ions as a function of E/N (E-electric field strength, N-gas
density) compared with Langevin's value is shown in Figure 4. Generally, the presence of
non-conservative collisions causes the drift velocity to be more complex i.e. one may define
bulk drift velocity as a measure of center of mass displacement in time (W=d=x>/dt) [15] and
flux drift velocity w=<v> that describes ion flux. Bulk drift velocity is reaction corrected flux
drift velocity: w = W+ S, where 5 is the term representing a measure of the effect of reactions
on the drift velocity.

For E/N < 50 Td, exothermic collision frequency is approximately corresponding to
the energies below (.1 eV, This causes the equality of the bulk and flux reduced mobilities
[17-20] since the ions from the front and the tail are removed with equal rate [16]. For higher
E/N the bulk reduced mobility is decreasing with E/N because of an increasing number of ions

4



removed from the regions of higher encergy (from swarm front). That results in a shift in the
centre-of-mass position. At the same time, flux reduced mobilities increase with E/N since
number of elastic collisions decrease.
Due to exotermal collisions mobility is 10% higher than the polarisation limit predicted by
Langevin's theory.
Fig. 4

In Figure 5 we show rate coefficients for reactions of Ne' ions with CF, gas at
T=300K. Rate coefficients are important for applications of the global model to CF; gas. The
products a) CF;", CF," and CF’ ions b) momentum transfer and all reactions are also

presented in Figure 5.

Fig. 5a)

Fig. 5b)

4. Conclusions

Using the measured cross-sections of charge transfer, we estimated the complete set
of cross-sections for Ne™ ions in CF4 used as input to Monte Carlo simulations in order to
calculate the transport parameters. Focusing on the calculated data on characteristic energy
and reduced mobility as a function of E/N, in this paper we found that it is necessary to
discuss both data on reduced mobility and flux. Data on swarm coefficients for positive and
negative ions [21] are required for hybrid and fluid codes and the current focus on liquids or

liquids in rare gas mixtures dictates the need to produce data compatible with these models.
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Figure captions:

Fig.1. Cross sections for Ne ™ ions in CF; gas.

Fig.2. Bulk and flux velocity as a function E/N for Ne' ions in CF gas.

Fig. 3. Mean and characteristic energy as a function £/N for Ne' ions in CF4 gas.
Fig. 4. Reduced mobility as a function E/N for Ne' ions in CF. gas.

Fig. 5. Rate coefficients of a) CF;", CF>" and CF ions b) momentum transfer and all reactions

as a function E/N for Ne” ions in CF, gas.
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Cadpacaj: V osom pady npediaxcemo cem npecera 3a jowe Ne' v zacy CF; na Hucxum
eHepeujaMa U relMd  npuopyicere mpancnopmue napavempe. Hipauvwamiu nonpevnu
npeceyu cy kopuuthenu 3a dodujaroe nOOAMAara cREWUIATHO 3a KAPAKMEPUCRINLILY enepaufy 1
pedvkosany motwinocm Vv diviicguju EAN (E — javuna erexmpunioe nowa; N— yemuna 2aca)
z3a jone Ne' v zacy CFy. Ogu nodayut ¢y nompesnu 30 MoOeIosare ¥ GpofHut mexnoIouxt

BEAMCHIN RPHMERTM.

Kowyune pewu: Monwme Kapao Cunevrayufe, nosumusiu fonu, CF, cac.
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Marija Miladinovié
University of Nig, Faculty of Agriculture, Kosandiceva 4, Krusevac, Srbija

The growing trend of biomass utilization for energy production generates a large amount of
ash that needs to be managed in a way to reduce its disposal at landfills. Finding a new way of
biomass ash utilization in addition to its applications as building materials or fentilizer would
be a step forward. The ashes obtained by the combustion of agro-industrial solid waste have
stood out as an alternative to conventional catalysts for biodiesel production due to their
favorable elemental composition. Replacing the pure chemical compounds used as
conventional catalysts with ashes could reduce biodiesel production cosis and contribute (o
sustainability. The studies on several ashes produced by the combustion of walnut and
hazelnut shells, and plum and cherry stones aimed to provide information on their
characteristics and catalytic properties. The results revealed the similarity and difference in
the elemental and phase composition, v, and textural The dominant
elements such as potassium and caleium had a significant effect on the catalytic performance
of ashes. Considering that ash-based catalysts can be recovered and reused, there is great
potential for their application in the catalytic process of biodiesel production.

INV9
Characteristic energy of Ne' ions in CF, gas

Zeljka Nikitovi¢, Zoran Raspopovié
Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

Charge transfer reactions of ions with molecules are unavoidable elementary processes in
modeling kinetics in terrestrial, industrial and astrophysical plasmas in dark matter detection.
Motivational factors for this study are identified and this paper reports on a topic important
both for fundamemal studies and for applications. A cross section set for scattering Ne™ ions
in CFs gas is assessed by using available experimental data for charge transfer cross sections
The Monte Carlo technique was applied to perform caleulations of transpon parameters.
Calculated cross sections can be used to obtain transport coefficients, specially characteristic
energy and rate coefficients for low and moderate reduced electric fields £V (E-electric field
strength; N-gas density) and accounting for the non-conservative collisions.
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TRANSPORT COEFFICIENTS FOR Li' IN
DIMETHOXYETHANE

7. Mikitovié!, M. Gili¢', Z. Raspopovid', M, Curtic! and V. Stojanovic!

" Institute of Physics, University of Belgrade, Pregrevica [18, 11080 Belgrade,
Serbia

Ahbstract. In this paper we present most probable reactions of alkali metal ion
Li" with dimethoxyethane (DXE) molecule. Appropriate gas phase enthalpies of
formation for the products were used 1o caleulate scallering cross seclion as a
function of kinetic energy. These data are needed for modeling in numerous
applications of technologically important DXE discharges, Results for transpoit
coefficients as a function of E/ANV (E -electric field; N-gas density) were obtained
by using the Monte Carlo technigue,

1. INTRODUCTION

Cold plasmas are often used in new technologies where they offer
methods for nonintrusive production or modification of specific substances.
Main characteristics of these plasmas are their high electron temperature and
low gas temperature. Dimethoxy-containing compounds, such as dimethoxy
ethang (DXE), can be produced from dimethyl ether by using dielectric barrer
discharge (DBD) plasmas containing water vapor at atmospheric pressure [1].
As clear and colorless liguid at room temperature and atmospheric pressure,
DXE 15 used as a precursor in production of ceramics or as a sole compound to
make other chemicals such as those used in lithium batteries production,
superconductor production and nanoparticles synthesis,

In this paper we firstly selected the most probable reactions of alkali
metal ion Li" with DXE molecule {and its most probable products) for
thermodwvnamic threshold energies below about 15 eV, Appropriate gas phase
enthalpies of formation [2] for the products were used to calculate
thermodynamic thresholds,

2. CROSS SECTION SETS

The scattering cross section of alkali ion Li" on DXE are calculated by
using the Denpoh-Manbu (DN theory [3] separating elastic from reactive
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collisions, DXE is known not to have dipole moment in its ground state, The
dipole polarizability of 99410 ™ m’ [4] is used for the DXE target. Similar to
our recent papers [5] DN method is wsed to separate elastic rom reactive
endothermic collisions by accounting the thermodynamic threshold energy and
branching ratio according to the Rice-Rampsperger-Kassel (RRK) theory [3].
Within the RRK theory the internal enerzy is being distributed among an
empirical number of § equivalent effective modes of the complex selected from
the total number ol atoms involved in the complex,

L’ + ISE - —— 1, —— },—8— 4, —f— i, —0— §,—G— 1,
o 5, B 4, i [, ||, e |}l |} b i%,
N 18, —— W), —— i, —=— 11, ——11

10°

Cross Section [10%" m’]

10° 10 10" 10" w0 '
Relative collision energy [eV]

Figure 1. Cross section sets for Litin DXE

Elastic momentum transfer cross section is modified in order to fit
approximate mobility peak characteristic for presented systems. Swarm method

where for reduced mobility in the peak region {experimental [7] or theoretical
values [8]) similarity with jons of equal or siomlar reduced mass is targeted.
Appropriate gas phase enthalpies of formation for the products were used to
calculate thermodynamic thresholds [9]. Elastic momentum transfer cross
section Tor elastic collisions of Li" with DXE is presented in Figure 1,

3. DISCUSSION AND RESULTS

Swarm parameters as a function of reduced electric Held £V in DO
electric fields are generally applied to plasma modeling and simulations.

We have used a Monte Carlo code that properly takes into account
thermal collisions [10]. The code has passed all the relevant benchmarks and
has been tested in our work on several types of charged particles,

Flux and bulk drifi velocities for Li* in DXE as a function of BV are
given in Fig.2. The drift velocitics obtained by Monte Carlo simulation
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caleulated in real space (bulk) and in wvelocity space (flux) values which are
obtained as <v> and dv/de, respectively. The mass of Li" is smaller than the
mass of K, so as a consequence the drift velocity of LiT is bigger [9].

10°

107 -

Drift velocity [m/s]

E/N [Td]

Figure 2. Drift velocity of Li ions in DXE gas as a function of BN at 1= 300

K.

In Figure 3. we show the results of Monte Carlo simulation for reduced
maobility as a function of EN. Due to reactive collisions bulk and flux values of
reduced mobility are separated.

Ko [em® V's7]

—— Bulk \
<= Flux

E/N [Td]

Figure 3. Reduced mobility of Li” ions in DXE as a function of £ at 7=300 K.
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The mobility £ of an 1on is the quantity defined as the velooity attained
by an ion moving through a gas under the unit electric field. One often exploits
the reduced or standard mobility delined as:

K, =—i_N» i1}
N E

where v, s the drfi velocity of the jon, N s the gas density at elevated
temperature Tand £ is the electric field.

4. CONCLUSION

Calculated cross sections are used to obtain transport coefficients for
alkali metal ion Li” in DXE gas.

The cross sections and transport data for technologically very
important gas DXE have been determined by using simple theory, Peak for flux
reduced mobility values is shifted in energy and intensity with respect to peak
for bulk values. While it is a good basis for modeling it would be much better to
add a data base of measured transport coefficients and then to perform the
analysis again.
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RATE COEFFICIENTS FOR Ar" IN Ar/BF; MIXTURES

ZNIKITOVIC', M, GILIC?, J, MITRIC' and Z. RASPOPOVIC?

"nstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,

Serbia
'Izefi'fm iph.ac.rs
‘martinai@iph.ac.rs
Yimitric@iph.ac.rs
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Abstract.In this paper we present most probable reactions of Ar™ ion with Ar/BF:mixtures,
Appropriate gas phase enthalpies of formation for the products were used to calculate
scaltering cross section as a function of kinetic energy. These data are needed for modeling
in numerous applications of technologically important BF discharges. Results for transport
coefficients as a function of £/ (£ -electric field; N-gas density), specially rate coefficients
were obtained by using the Monte Carlo technigue.

L. INTRODUCTION

Cold plasmas are frequently used in new technologies where they open up the
possibilities of non-intrusive production or modification of various substances
(Makabe et al. 2006.). These plasmas have a high electron temperature and low gas
temperature so non-equilibrium behavior of a large number of species becomes
important (Robson et al. 2005.). Current computer resources allow studies of
complex global models (Murakami et al. 2013.) which describe the behavior of
such plasmas by taking into account a wvery large number of particles. The
knowledge of  ion-neutral  reactions 15 generally  available  (see
https://nl.Ixcat.net/data‘set_type.php) although the effects of reactions on transport
parameters of particular ions are much less studied due to non-detectability of
rapidly vanishing ionic fluxes. This especially holds for ions whose transport is
afTected by fast reactions (Stojanovic et al. 2014, andNikitovié et al. 2016.).
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In this paper we firstly selected the most probable reactions of Ar' with BF;
gases for thermodynamic threshold energies below about 15 eV,

2. CROSS SECTION SETS

Complete cross section sets for ion transport are scarce in spite of a broad range of
specitic methods relevant tor quantification of particular cross sections. The main
problem in heavy particle scattering, easily and precisely selecting the state of the
projectile and target before the collision, is still very complicated for a range of
conditions, so databases for ion scattering (Murakami et al. 2013, and
hitps://nl.Ixcatnet/data/set type.php) are stll devoid of such data. Phelps
established the first worldwide accessible database with cross section sets (see
hitps://nl.Ixcat net/cache/Sh33772h6 1 efW) tested for each particular case either for
swarm conditions of spatially resolved measurements of emission or ion mobility
values. In order to focus on effects of reactive processes introduced by BF; we
neglected all but these two components of the Ar™ + Ar cross section set. Complete
cross section sets used in this work are shown in Figure 1,

Appropriate gas phase enthalpies of formation for the products (Table 1) were
used to caleulate thermodynamic thresholds.

EL{BF,)
EXO(BF,)

1004 -

amis{ AT)
—_—RT Art+ Ar
10 . HS -, 4
——
R5 i AT

01 =———R1i2

Cross section [10° ]
2

100 1000

Collision energy [eV]

Figure 1: Cross section sets for Ar'in BF;.
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MIXTURES

lon‘neutral A lion) kl/mol {room AH ineutral) kl/mol
temperature) (room lemperature)
ArtiAr 1520.57 0
A A 13981 -1.01
BYB 1363.3 562.7
BF/BF 957 -115.8
BF;/BF; 314 -589.9
BF;"/BF; 3643 -1137.0
F4F 1760,2 794
F37/Fa 1514.5 0

Table 1: Heats of formation AgH" at 298 K {kJmol),

3. DISCUSSION AND RESULTS

Monte Carlo Simulations (MCS) have many applications for analysis of the
transport of charged particles in plasmas, MCS provide swarm data with the only
the uncertainty due to statistical fluctuations and uncertainties in the cross sections.
In addition, MCS is the basis of hybrid models of plasmas allowing easy and
accurate representation of the end effects and of the non-local high energy groups
of particles which are essential in production of plasmas and treatment of
surfaces. The MC code used in our analysis 1s based on the null collisions method.

In Figure 2 we show rate coefficients for reactions of Ar ions with Ar/BF;
mixtures at 7=300K, calculated by Monte Carlo simulations. Rate coefficients are
important for applications of the global model to AvBF: mixtures, We are
presenting  reaction products and thermodynamic thresholds for Ar" +
BFi(Nikitovi¢ et al. 2019.)formation a) total attachment and b) attachment for
endothermic and exothermic reaction products.

4. CONCLUSION
In addition to presenting the data we show here the effects of non-conservative
collisions to ion transport. Data for swarm parameters for ions are needed for

hybrid and fluid codes and the current focus on liquids or liguids in the mixtures
with rare gases dictates the need to produce data compatible with those models.
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Figure 2: Rate coefficients of Ar’ in Ar/BF; mixtures.
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REDUCED MOBILITY OF H" IONS IN n-BUTANOL GAS

7. NIKITOVIC and Z. RASPOPOVIC

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,
Serbia

E-mail zeljkataliph.ac.rs
E-mail zri@iph.ac.rs

Abstract. In this paper we show predictions for the low energy cross sections and transport
properties for the H™ ions in n-Butanol gas. These data are needed for modelling in
numerous applications of technologically importance. Appropriate gas phase enthalpies of
formation for the products were used to caleulate scattering cross section as a function of
kinetic energy. Calculated cross sections can be used to obtain reduced mobility as a
function of £V (£ -electric field strength; M-gas density) for H' in n-Butanol gas,

1. INTRODUCTION

n-Butanol occurs naturally as a minor product of the fermentation of sugars and
other carbohydrates and is present in many foods and beverages as well as in a
wide range of consumer products. Although most volatile organic compounds can
be detected by fast methods such as ion mobility spectroscopy, precise
determination is possible only if reaction of specific ions with targeted compound
is well known,

The goal of this work is to calculate transport parameters of fragment ions of n-
Butanol. We employ Denpoh-Nanbu's theory (DNT) see Denpoh et al. 1998 1o
calculate transport cross section sets for H' ions scattering on n-Butanol
appropriate for low energies of H™ ions. By using Monte Carlo technique that
properly takes into account thermal collisions see Ristivojevié et al. 2012 we
calculated transport parameters as a function of E/N,
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2. CROSS SECTION SETS

The scattering cross sections of H® on n-Butanol are calculated by using the
DNT see Denpoh et al. 1998, separating elastic from reactive collisions. The
induced dipole polarizability of 89210 * cm® see Ababneh et al. 2003 is used for
the n-Butanol target. In resemblance with our recent work see Stojanovic et al,
2013 DNT method is used to separate elastic from reactive endothermic collisions
by accounting for the thermodynamic threshold energy and branching ratio
according to the Rice-Rampsperger- Kassel (RRK) theory see Rice et al. 1928,
Within the RRK theory the internal energy is being distributed among an empirical
number of § equivalent effective modes of the complex selected from the total
number of atoms involved in the complex.

Appropriate gas phase enthalpies of formation for the products see Lias et al,
1988 were used to caleulate thermodynamic thresholds,
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Figure I: Cross section sets for H'in n-Butanol gas.

The cross section sets for endothermic and exothermic reactions of H™ with n-
Butanol is presented in Figure 1.

46



REDUCED MOBILITY OF H* IONS IN n-BUTAMOL GAS

2. RESULTS AND DISCUSSION

The transport properties of species in gas plasma are of great importance for
understanding the nature of molecular and ionic interactions in gas mixmures see
Todd et al. 2002, Mason et al. 1957. These properties include mean energy, drift
velocity, diffusion coefticients, ionization and chemical reaction coetficients, ion
chemical reaction coefficients and rarely excitation coefficients, and are very
useful in the chemical industry for the design of many types of transport and
process equipment. Swarm parameters, which are functions of the reduced electric
ficld E/N (E-clectric field strength, N-gas density) in direct electric fields are
usually used for plasma modeling and simulation.

The flux and bulk drift velocities for H™ in n-Butanol gas as a function of E/N
are given in Figure 2. The drift velocities obtained by the Monte Carlo simulation
are calculated in real space (bulk) and in velocity space (flux) values which are
obtained as <v> and d=x>/ds, respectively. As E/N increases, the high-energy ions
from the distribution function increasingly have non-conservative collisions in
which the H" ions disappear, shifting the center of mass of the swarm backward,
resulting in a bulk velocity less than the flux.

10

10°

10°

Crift velocity [m/s]

10

10° 10" 10° 10

E/N [Td]

Figure 2: Drift velocity of H" ions in n-Butanol gas as a function of £/ at 7= 300
K.

In Figure 3. we show the results of Monte Carlo simulation for reduced mobility as

a function of EN, Due 0 reactive collisions bulk and lux values of reduced
mobility are separated.
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Figure 3: Reduced mobility of H' ions in n-Butanol gas as a function of £/ at
=300 K.

The mobility K of an ion is the quantity defined as the velocity attained by an ion

moving through a gas under the unit electric field. One often exploits the reduced

or standard mobility defined as:

K,=—L_N» (1
N E

where v, is the drift velocity of the ion, N is the gas density at elevated

temperature T and £ is the electric field.
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Transport properties of H,” ions in H; gas

7.eljlla D. Nikitovié and Zoran M. Raspopovi¢

Institute of Phy.

University of Belgrade, Pregrevica 118, 11080 Belgrade,
Serbia

Cold plasmas are frequently used in new technologies where they open up
possibilities of non-intrusive production or modification of various substances
(Makabe and Petrovi¢, 2006). These plasmas have a high electron temperature and
low gas temperature, so the non-equilibrium behavior of a large number of species
becomes important (Robson et al., 2005),

In this work we present a complete cross sections set and transport properties of
H, in H; gas. lonic charge transfer reactions with molecules are indispensable
elementary processes in the modeling of kinetics in terrestrial, industrial and
astrophysical plasma in the detection of dark matter (Kaboth et al., 2008). A Monte
Carlo simulation method is applied to accurately calculate transport parameters in
hydrodynamic regime. We discuss new data for H,™ ions in H, gas where the mean
energy the flux and bulk values of reduced mobility and other transport coefficients
are given as a function of low and moderate reduced electric fields £/N (E-electric
field, N-gas density).
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and Application XI New Frontiers in Multifunctional Material Science and Processing, Serbian
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ISBN 978-86-905714-0-6 University of Belgrade, Institute of Chemistry, Technology and Metallurgy, Department for

Catalysis and Chemical Engineering, NjegoSeva 12, 11000 Belgrade, Republic of Serbia
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Seawater electrolysis has recently been recognized as a new hope for affordable renewable
COBISS.SR-1D 122849545 energy storage. However, its practical application is still limited due to the presence of
various electroactive ions in seawater. For example, the chloride ions compete with the
oxygen evolution reaction (OER) causing low efficiency of the OER, and corrosion of both
the anode and the cathode. To overcome these issues, the development of catalysts with high
[ activity and selectivity towarde OFR ic of nrimary imnortance Herein - Co cmnarted
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Transport coefficients of Ar* in BF; gas
Zelika D. Nikitovié, Vladimir D. Stojanovic, Zoran M. Raspopovic
Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia
Cold plasmas are fraquently used in new Is:hnnlngles where they open up possibilities of non-

intrusive prod of various Transport of Ar™ plays significant role
in various etching and deposition processes [1], in dark matter detection [2] and many more
applications. In this work we present a cross section set for Ar’ in BF; gas where existing
experimentally obtained data are selected and extrapolated. A Monte Carlo simulation method is
applied to accurately calculate transport parameters in hydrodynamic regime. We discuss new
data for Ar’ ions in BF; gas where mean energy, flux and bulk values of reduced mability and
other transport coefficients are given as a function of low and moderate reduced electric fields
E/N (E-electric field, N-gas density).

[1] Lieberman M. A. and Lichtenberg A. J., Principles of Plasma Discharges and Materials
Processing, Wiley, New York (1894).

[2] Kaboth A, Monrog J., Ahlen S., Dujmic D, Henderson S., Kahse G., Lanza R
Lewandowska M., Roccaro A., Sciolla G., Skvarodnev N., Tomita H., Vanders

Wellenstein H., Yamamoto R., Fisher P., Nucl. Instrum. and Meth. in Phys. Ftes A592 (2008)
83.

P.S.B.16.
The influence of basalt content on the properties of austenitic stainless steel 316L
Vladi D. Pavkov', Gordana M Bak\r.z, Vesna M. Maksimovié', Branko Ma|uv|r:"
Tatjana Volkov-Husovié’
‘Universi(y of Belgrade, Vinca Institute of Nuclear Sciences, Belgrade, Serbia;
“University of Belgrade, Faculty of Mechanical Engineering, Belgrade, Se
“University of Belgrade, Faculty of Technology and Metallurgy. Belgrade, Serbia

The aim of the paper is to examine the influence of basalt content on the properties of austenitic
stainless steel as well as the possibility of using this composite material for wider indusirial
application. In the experiment, powder of commercial austenitic stainless steel (SURFIT TM
316L) of the diameter from 20 to 100 pm was used. The steel powder of the spherical shape
obtained by gas atomization was mixed with the basalt from the locality "Vrelo" Kopaonik,
Serbia, with particle size below 45 pm in the content of 1, 5 and 10 wi.%. The samples were
pressed of about 500 MPa and then sintered into a vacuum fumnace at temperatures of 1100 *C
and 1200 *C. Characterization of sintered samples was performed using X-ray diffraction (XRD),
scanning electron microscope (SEM), Vickers hardness as well as cavitation resistance.
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P.SA4T.
Transport properties for Ar* in CF4 gas for technological applications

Zelika Nikitovi¢, Zoran Raspopovié

Institute of Physics, University of Belgrade, Belgrade, Serbia

Cold plasmas are often exploited in new technologies where they favorably offer non-intrusive
production or modification of various substances. The ion-molecule collision model for
endothermic reactions created by Denpoh and Nanbu theory (DNT) has been extended to
exothermic reactions, Understanding tla p asma distribution, characteristics and phenomena is
important for the devel and of plasma i for the production of
semiconductor devices, such as etching and deposition tools. For this reason, plasma simulation
is currently used in every phase of equipment design, development and improvement,

Monte Carlo simulation method is applied to accurately caleulate transport properties in hydro-
dynamic regime. These data are needed for modeling in lications of i
important, We discuss new data for Ar® ions in CFy gas where mean and characteristic energy,
flux and bulk values of reduced mobility are given as a function of reduced electric field EAV (E-
electric field, N-gas density).

The author funding provided by the Institute of Physics
Belgrade, through the grant by the Ministry of Science, Technological Development
and Innovation of the Republic of Serbia.
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