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Diamond-like carbon (DLC) is one of the promising materials with biocompatibility. Applications for
medical coating, biochip, and so on, have been widely expected in this decade. Fabrication process of
biochips such as etching and removing requires patterning of the DLC to give surface of the chips functions
for medical diagnostics. The present study reports etching characteristics of the DLC in fluorocarbon
plasmas, comparing with those of Si and SiO». In the plasmas, F radical was found to be an etchant for the
DLC, the same as etching of Si and SiO,. The O radical is well known to be so reactive on the DLC. The
0O,-addition to the plasmas was obviously effective in the DLC etching, and making balance of the radicals
of F and O, resulting in changing etch rate of the DLC and morphology of surface. The etch rate could be
controlled in changing gas flow rate of CF4 to O, with Ar dilution. The morphology, which is indispensable
to determine the characteristics on the surface of the biochip and so on, showed that fluorine-content
plasmas suppressed roughness compared with pure-O, plasmas.

Key words: Diamond-like carbon, plasma etching, fluorocarbon, plasma.
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1 Introduction

Diamond-like carbon (DLC) has been focused
attention on in many technological fields. The
properties of electron emission, low friction, wear
resistance, high hardness, chemical stability, and
biocompatibility make it useful for applications of
hard coating, semiconductor process, micro-electro-
mechanical system, microfluidic channel, surgical
implant, food, beverage, and so on [1-4]. Transparent
glass and plastics have been commonly used as
substrate materials of chemical/biochemical analysis
chips since light is used for detection and observation
of samples [5]. The DLC is one of the promising
materials for the chips since it gives its excellent
properties to surfaces of the glass and plastics
substrates [6, 7]. In use of the DLC for the chips,
patterning and removal processes are required to
fabricate highly functional bio-analysis systems.
Plasma etching can be widely used for the processes
[8]. The DLC and its related materials are usually
etched in oxygen- and hydrogen-content plasmas [9-
11]. This paper presents results of the etching of DLC

thin films on Si substrates in inductively coupled
fluorocarbon plasmas. Then we discuss performance
of fluorocarbon plasmas in etching of the DLC, and
try to understand etching mechanism by comparing
with those of Si and SiO, well known in previous
works [12-15].

2 Experimental

Samples for etching were 1000-nm-thick DLC
films on Si substrates prepared by chemical vapor
deposition (CVD), SiO, films formed by thermal
oxidation, and bare Si. The samples were cleaved into
2 cm’® pieces and attached on 2-inch-diameter Si
wafer, which was then clamped on to a wafer stage.
Etching experiments were performed in a low-
pressure inductively coupled plasma (ICP) reactor
supplied with 13.56-MHz powers [16, 17]. An rf
power supply was coupled to plasmas via three-turn
planar rf induction coil of 15 cm in outer diameter,
positioned on the quartz window located at the top of
the reactor. The distance from the bottom edge of the
rf coupling window to a wafer stage was 5 cm. Gas-
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mixtures of CF4, O, and Ar were introduced into the
reactor evacuated to a base pressure < 4x107* Pa, and
gas pressure was typically maintained at 3 Pa. The
total gas flow rate was 40 sccm (sccm denotes cubic
centimeter per minute at the standard conditions).
The discharge was established at a nominal rf power
of 300 W, corresponding to net powers to the z-type
matching circuit driving the induction coil. The wafer
stage was capacitively coupled to another 13.56-
MHz rf power supply for additional biasing; the rf
bias power was varied between 0 and 20 W (net
power), resulting in a dc self-bias voltage on the stage
down to -100 V. In etching, the samples were partly
covered with thin glass plates as masks and exposed
to the plasmas for several minutes. A step appeared
on a boundary between a part etched by the plasmas
and the other covered with the plate. Etch depth was
determined to be height of the step measured by
stylus profilometry. The chemical composition of
carbon, fluorine and oxygen was analyzed by x-ray
photoelectron spectroscopy (XPS) using Mg Ko x-
ray radiation with a pass energy of 50 eV at a takeo[
angle of 90°. The contents of carbon, fluorine, and
oxygen were detected with assigning peaks of Cis,
Fi, and Ou,, respectively. The atomic force
microscopy (AFM) was employed with a tapping
mode to observe surfaces of the samples and record
their morphologies.

3 Results and Discussion

Figure 1 shows etch rates of the DLC, Si, and
SiO, as functions of the gas-mixture ratio,
[CF4])/([CF4]+[Ar]) with self-bias voltage constant at
-100 V in CF4/Ar plasmas. In fluorocarbon plasmas,
F radical is a dominant etchant for Si and SiO,.[12]
Furthermore, CF, radicals work effectively in etching
of SiO; [13-15]. In Figure 1, the etch rate of Si has
the same tendency as that of SiO,. Therefore, the F
radical is a main product in the CF4/Ar plasmas. The
etch rate of the DLC has the same tendency as those
of Si and SiO», and is lower than other samples. This
means that the F radical indeed etches the DLC, but
it is not so effective as for Si and SiO».

XPS spectra of Cys, Fis and Oy signals on surfaces
of the DLC samples are shown in Figure 2. The
contents of C and F were increased on the surfaces
with  increasing the gas-mixture ratio of
[CF4])/([CF4]+[Ar)). In the regime of the ratio greater
than 0.2 where the etch rate of the DLC decreased
monotonically, chemical bond components of C—CF,
and CF were detected at 287.3 and 289.5 eV and
intensity of those signals increased with increasing

the ratio [18]. This indicated that the surfaces of the
DLC were fluorinated, i.e., terminated by fluorine in
the plasmas. Conversely, the pre-etched sample and
surface of sputter-etched by a pure-Ar plasma were
oxidized. Dangling bonds produced in CVD and
sputter-etching combined with ambient oxygen. In
the CF4/Ar plasmas, the F radical works as an etchant
of the DLC and terminates the dangling bonds
produced in etching on the surface.
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Figure 1 — Etch rate of the DLC in the CF4/Ar plasmas plotted
with those of Si and SiO; as a function of the gas-mixture ratio
of [CF4])/([CF4]+[Ar]). The self-bias voltage was constant at —
100 V. Error bars indicate variability in reproducing the
experiments of etching and measuring the steps on the samples
by stylus profilometry

Figure 3 shows etch rates of the DLC in CF4/O;
plasmas with self-bias voltage constant at -100 V.
The rates increased drastically with increasing O,
content from 0 to 0.125 of the gas-mixture ratio. Then
the rates decreased drastically with the ratio varied to
0.875. In a pure-O; plasma, the sample of the DLC
was etched at the highest rate of 120 nm/min. In the
regime of small content of O, less than 0.2, the
samples of Si and SiO, were etched by F radical
produced in possible reaction, CFs + O — 4F +
CO..[19] Here the F radical also contributed to etch
the sample of the DLC.

In Figure 4, the XPS spectra on surfaces of the
DLC etched in the plasmas are shown. Increasing the
gas-mixture ratio of [O.]/([CF4]+[0:]), intensity of
the Fis peak decreased and that of the O, peak was
enhanced. Adding O, much more than 0.2 in the
CF4/O; plasmas, etching reaction on surfaces was
suppressed, although fluorine content reached the
surfaces. On the surfaces, C—O bond tends to be
formed and stable rather than C-F, since energy of
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the C-O, 1076 kJ/mole is much higher than that of

the C-F, 547 kJ/mole [20]. Moreover oxygen added
to the plasmas did not result in etching of the DLC.

This means that O radical is scavenged in a reaction
before reaching surfaces, CF4 + O, — COF; + 2F +
0.[21]
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Figure 2 — XPS spectra of Cis, Fis and O1s on surfaces of the DLC samples etched in the CF4/Ar plasmas,
and on that of a pre-etched one. The experimental conditions were the same as in Figure 1.
Arrows show signals from chemical bond components of C—CF. at 287.3 and CF at 289.5 eV

The surfaces etched in pure-CFs, Ar and O;
plasmas were observed by AFM (Figure 5). Values
of root mean square (RMS) indicating roughnesses
on the surfaces was calculated from morphologies in
the AFM images. The RMSs in the pure-CF4, Ar and
O, were 0.084, 0.094 and 1.7 nm, respectively.
Conversely, the etch rates of the plasmas were 29, 30
and 120 nm/min. The higher etch rate gets the
rougher surface. For fabrication and removing
processes of the DLC, it is expected to get
appropriate etch rate and roughness on the surface.
The results mentioned above implies that processes
require etching to use gas- mixture of CF4, O, and Ar
in order to control the morphologies on the surfaces
as well as the etch rates. Samples of the DLC were
etched in changing gas-mixture ratio of [CF4]/[Oz]
with Ar dilution of 30 sccm (Figure 6). The total flow
rate was constant at 40 sccm. Etch rates of Si and
SiO, decreased with decreasing the flow rate of CF4
i.e., increasing that of O,. Etch rate of the DLC was
enhanced with increasing the flow rate of O,. The
more content of O, gets the more reactive etching on
surface of the DLC samples. It notes that roughness
on the surface is expected to be also enhanced with

increasing the content of O, according to the AFM
images (Figure 5).
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Figure 3 — Etch rate of the DLC in the CF4/O2 plasmas plotted
with those of Si and SiO: as a function of the gas-mixture ratio
of [O2]/([CF4]+[O2]). The self-bias voltage was constant at
100V. The error bars are treated as in Figure 1
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Figure 5 — AFM images on surfaces of the DLC samples etched in the (a) pure-CF4, (b) Ar and (c) Oz plasmas.
The RMSs indicating roughness on the surfaces in the pure-CFs, Ar and Oz plasmas were 0.084, 0.094 and 1.7 nm, respectively
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Figure 4 — XPS spectra of Cis, Fis and O1s on surfaces of the DLC samples etched in the CF4/Oz plasmas,
and on that of a pre-etched one. The experimental conditions were the same as in Figure 3
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Figure 6 — Etch rate of the DLC in the CF4/02/Ar plasmas plotted with those
of Si and SiO2 as a function of the gas flow rates of CF4 or O2. Etching was performed
in changing gas-mixture ratio of [CF4]/[02] with Ar dilution of 30 sccm.
The total flow rate was constant at 40 sccm. The error bars are treated as in Figure 1
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4 Conclusions

The DLC was etched in the CF4/Ar, CF4/O; and
CF4/Oy/Ar plasmas. In the plasmas, F radical worked
as an etchant of the DLC in addition to O radical well-
known as the etchant in other works. Adding O- to
the plasmas enhanced etch rates of the DLC.
Furthermore, the pure-O, plasma had the etch rate
highest in all the plasmas. However, it made surface
of the DLC rough, implying that highly reactive
etching with high etch rates tended to have marked
roughness. Conversely, the Ar plasmas could be a
candidate of process for etching the DLC with a
smooth surface. Its sputter-etching produced
abundant dangling bonds on the surface after
treatment. The dangling bonds combining with

ambient oxygen led the surface of the DLC oxidized.
In the fluorine-content plasmas, the dangling bonds
were terminated by fluorine atoms, and oxidation on
the surface was suppressed by the atoms. In practical
processes for fabrication and removing of the DLC,
etch rate, its depth, roughness and chemical
composition on the surface are required to be
controlled well. The present study gives a way to
control the etch rate and depth by changing the gas-
mixture ratio of CF4, O; and Ar, which also modifies
the roughness and suppresses oxidation on the
surface preferable to devices of the DLC.
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Motivated by experiments on the generation of streaming plasmas in high energy density facilities,
industrial setups, and fundamental dusty plasma research, the plasma polarization around a test charge in
streaming plasmas is considered in this work. The induced charge density distribution of the plasma
constituents is discussed for the subsonic, sonic, and supersonic regime taking into account the non-
Maxwellian distribution of the flowing ions. It is shown that the plasma polarization (the plasma
wakefield) in the vicinity of the test charge shows different scaling in the subsonic and supersonic
regimes, where Mach number is defined as the ratio of the ion streaming velocity and the ion sound
speed. In contrast to the wake potential, the density decays strongly monotonically in the plasma wake
and does not exhibit an oscillatory pattern or trailing maxima. Therefore, the picture of an ion focusing
effect creating a separated ion region downstream was not confirmed.

Key words: complex plasmas, plasma wakefield, plasma polarization, screening, streaming plasmas.

PACS numbers: 52.27 Lw, 52.30.-q, 52.40-w

1. Introduction

Screening of a test charge is one of the
fundamental issues of plasma physics. While
screening is very well understood in the equilibrium
case [1, 2], there is no consistent physical picture of
this effect in streaming plasmas. Often, however, a
plasma in an experiment is far from the
thermodynamically equilibrium state. Therefore, the
field of non-equilibrium streaming plasmas attracts
broad interest. Examples of mnon-equilibrium
plasmas with a stream of particles include complex
plasmas [3, 4], dense plasmas [5, 6], so-called warm
dense matter [7], and ultrarelativistic plasmas [8].
Recent experiments have been performed on the
generation of streaming plasmas in high energy
density facilities [9, 10, 11] as well as industrial
setups [12, 13, 14]. Another very active
consideration of the streaming induced phenomena
such as plasma wakefields is in the field of complex
plasmas, which allows for studying collective
physical properties of charged many-particle
systems on the kinetic level [15].

A complex (dusty) plasma is a partially ionized
plasma containing additional micron or submicron

10

sized "dust" particles that become highly charged
and actively involved in various multi-component
plasma processes [15]. For recent results on the
dynamically screened charge potential in streaming
plasmas see e.g. Refs. [4, 16, 17, 18, 19] and
references therein. A main observation is that
streaming leads to a significant deviation from the
Yukawa-type screening. In particular, a wakefield
around the test charge is formed, giving rise to an
attractive force on other like-charged particles
downstream. The characteristics of the wakefield
potential strongly depend on the type of the energy
(velocity) distribution of the plasma particles [17,
20] and on the configuration of external electric as
well as magnetic fields [21].

While the potential around a test charge has
been explored in detail [16, 22], an appropriate
analysis of the induced charge density is still
missing. To this end, in this paper, we present
preliminary results of the induced charge density
and analyse the relevant plasma polarization
effects. The results are obtained from high
resolution linear response calculations [21, 23]
which have been validated against PIC
simulations [20].
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2. Linear response approach

In experimental complex plasmas, the non-
Maxwellian distribution of the flowing ions
significantly  differs from shifted-Maxwellian
distribution often considered in theoretical works [22,
24, 25]. Compared to a shifted-Maxwellian case, the
most prominent feature of the ion wake in the non-
Maxwellian case is that the screened potential has a

~ 1 1

single main maximum in the trailing wake instead of
an oscillatory wakefield [18]. In contrast, the much
lighter electrons can be well described by an
equilibrium Maxwellian distribution.

As an ansatz, we use the dielectric function
based on the non-Maxwellian distribution of the
ions to calculate the induced charge density around
the test charge. The dielectric function obtained in
the relaxation time approximation reads [24, 26].

1+H{E®) Z(E (X))

g(k,0)=l+ .

where <> = J....exp(—x)dx is the average
0
involving the following functions:

v, —Mlgzx
\/2(122 +lVthhI€z) ,

s(x)=

Z(z) = rw@) ,

_?
(z) = e Erfc(—1z) = ijf ©

T

dr.

©z—t

In Eq. (1), =T7,/T, is the electron-neutral

temperature ratio, k is the wave vector in units of

v, /@, (where v, is the thermal velocity of atoms

and @, is the plasma frequency of ions), and v; is
the the ion-neutral collision frequency in units of ion
plasma frequency. Additionally, the Mach number
M =v,/c, is defined as the ratio of the ion

streaming velocity v, and the ion sound speed

c, =+lk;T, /' m, .

In k-space, the charge density induced by a test
charge Qs can be expressed in terms of the dielectric
function (1) [6]:

i (kR)=%| L _
O PRI

+— = )
Ktk +ivMk, 1+(E(0) Z(£(0)))

(1

This expression is favorable for numerical
evaluation. The induced charge density is then
computed in real space based on a numerical three-
dimensional Discrete Fourier Transformation (3D
DFT) on a large grid with resolutions
4096x4096x16384. In order to handle 3D grids of
this size efficently, our high performance linear
response program Kielstream is used [27].

Without loss of generality, we consider a grain
charge of Qs = 10%. Specific parameters are the
fixed temperature ratio r = 100, and the ion-neutral
collision frequency v; = 0.01, which is close to the
collisionless case. The Mach number is varied in the
range M = 0.1 ... 2.8. We note that for very small
ion streaming velocities the linear response
approach may not be applicable due to strong dust-
plasma interactions. Also justification of the
consideration of very large values of M can be
problematic due to a possible manifestation of
instabilities [18, 26].

3. Results for the induced charge density
distribution

As a representative example, in Figure 1, we
show contour plots of the dynamically screened test
charge potential and of the corresponding induced
charge density distribution in the sonic case, M = 1.
In contrast to the well-known wakefield potential,
where a pronounced trailing peak is present, here we
find that the pattern of the induced charge density
has a completely different topological structure. The
induced charge density is purely monotonic.
Notably, this observation contradicts the widely
used picture of an ion cloud focused at some

11
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distance from the test charge. Instead the density
wake resembles a candle flame. Accordingly, this
results in weaker screening at z < 0, and appearance
of an area, at z > 0, where another like charged test
particle is attracted [16].

The dependence of the induced charge density in
the cases of subsonic and supersonic regimes are
presented in Figure 2. The main feature to be
noticed, is that the characteristic flame type shape is
retained for all values of M. With increase of the
Mach number it becomes more extended in the
direction of the streaming.

2
z2/Ap,

In Figure 3, the induced charge density profile
along z axis at » = 0, i.e., parallel to the streaming
direction passing the test particles location, is given.
Indeed, for all considered Mach numbers, there are
no oscillations in the density wake field. With
increase of the ion flow velocity, the induced charge
density decreases in the upstream direction of the
test charge, z > 0, while gradually increasing
downstream, z < 0. Again, from Figure 3, one can
clearly see that there are no oscillations (no
maximum) in the density distribution as seen in the
wake potential.

-10 04 02

2
z2/Ap,

Figure 1 — Electric potential (left) and induced charge density (right) around the test charge for M= 1.
We use cylindrical coordinates with ions streaming in positive z-direction,
where the test charge is located at the origin

2
z/AD,

2
z/Ap,

Figure 2 — Induced charge density in units of 10° ¢cm> for subsonic (M = 0.3, M = 0.6) and
supersonic (M = 1.4, M = 2.8) regimes. For the sonic case we refer to Figure 1

12
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Figure 3 — Induced charge density around the test charge along streaming direction (r = 0)
revealing a strictly monotonic behavior

4. Characteristics of the plasma polarization

The plasma quasineutrality condition ensures
that the test particle charge Q. is compensated by
the charge of the induced density distribution 7.

(screening cloud), ie., Q,, = J.enmd dV=-0,.

This also holds in the case of streaming plasmas,
where the ion streaming cannot change the charge
balance.

In case of statical screening, n;,q is given by the
Yukawa density distribution,

Qs % exp(-k,n) 3)
e r

n;”ld (r) = 4

where kZ=1/27+1/ A, and

Aeii =,/k37;(i)/4irezn. In turn, in the case of

dynamical  screening, from the  plasma
quasineutrality condition, we deduce that the
volume integrated deviation of 7;,; from the Yukawa

. o . o Y . .
density distribution, n,, =n,, —n,,,, is zero, i.e.

0., = '[ en,,dV =0. Comparison with the static

Y
case, n,,,

yields that the charge depletion O, ,
(described by n; . <0) is equal to the charge

enhancement Q. , (given by n, , > 0). That means,

the ionic Debye screening cloud around the dust
particle is shifted and deformed by streaming ions
but keeps its volume. The latter has been validated
by direct volume integration.

In Figure 4 the value of the accommodated
charge due to streaming is presented for different
values of ¢ = T, / T, (100, 30, and 10). A large
amount of the induced charge is displaced from the

direct vicinity of the test particle downstream in the
wake of the test particle. Additionally, the amount
of the accommodated charge in the wakefield does
not exceed the absolute value of the test particle
charge. While there is a rapid increase of the

accommodated charge 7, , at small M, for larger
Mach numbers the wake charge slowly approaches

Qa.

So far, our consideration did not include the
shape of the screening cloud (the plasma
polarization) and it change during the transition
from the subsonic to supersonic regime. To point
this out, we consider the dipole moment due to the
deformation of the induced charge density

d:J‘renmd(r)dV. Due to symmetry of the

induced charge density, d is directed along z
axis. In Figure 5, the absolute value of d in units
of |Q, |4, is shown as the function of the Mach

number on a logarithmic scale. From this figure,
one can see that the slope of dependence of
d =|d| on M increases during the crossover from

the subsonic to the supersonic regime. Therefore,
the transition is well characterized by the ratio of
the dipole moment to the ion flow speed, that is to
say by the effective "polarizability" of the
screening cloud. This quantity is presented in the
inset of Figure 5. At M <0.5, one finds that
d*~0.25 x M, and at M >1.5, d*~M?. Therefore,
the subsonic case can be characterized as linear
polarization regime, whereas the supersonic case
corresponds to the regime with nonlinear plasma
polarization. In the subsonic regime, the linear

growth of d” with increase in the Mach number is
mainly due to fast increase of the charge

', on M in

in

enhancement (see dependence of

13
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Figure 4. In the supersonic regime, where the
charge enhancement changes slowly with increase
in M, the dominant mechanism responsible for the

quadratic growth of d" is the displacement of the
ionic screening cloud to larger distances (see
Figures 2 and 3).
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Figure 4 — Charge enhancement as function of the ion flow velocity
for different electron-neutral temperature ratios
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Figure 5 — Dipole moment d = d /(| Q, | 4,) of the induced charge density

as a function of the Mach number. The transition from the linear to non-linear polarization regime
is illustrated in the inset plotting the ratio of d* to M on a linear scale. Red lines are a guide to the eye

5. Conclusions

Considering a streaming plasma, the calculation
of the induced density distribution around a test
charge, taking into account the non-Maxwellian
distribution of the flowing ions, reveals first results
for the actual plasma polarization. In particular, it
has been revealed that the density profile is stricly
monotonic so there are no oscillations and
maximums in the wake density at all. The shape of
the induced charge possesses the topology of a
"candle flame". The picture of an ion focusing effect
creating a separated ion region downstream is

14

therefore  questionable. At the considered
parameters, the characteristic length scale of the

wake density is / > A, . It remains an open question

whether the field can be described at large distances
r > [ using the dipole approximation.
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Dust grain in streaming ions with temperature variation
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This work presents improved numerical observations to demonstrate influence of the ion-to-electron
temperature ratio on the dust grain in streaming non-Maxwellian ions for a range of ion speeds. Increase
in electron-to-ion temperature ratio influences the ion-grain dynamics substantially and manifests itself as
an enhancement in the wake amplitude. The interplay of streaming ion speed with temperature and their
synergistic impact on the wake potential and density of the grain is discussed in detail. Physical properties
like peak potential and peak position and its dependence on temperature, collision, and streaming speeds
is presented. A comparison of the results obtained using 3D-6V particle-in-cell simulation with that of the
linear response approach is delineated systematically. At lower temperature, peak potential and peak
position exhibit monotonic increase with collision. However, at higher temperature the behavior becomes
non-monotonic and initially exhibits an increase in the peak potential with collision and then a decreasing
trend. For moderate streaming speeds at lower temperatures, splitting of ion focus behind grain is
observed from the density contours as well as three-dimensional potential plots. Our results are
reasonably consistent with that of the earlier results reported using Linear Response formalism,

nevertheless, in certain regimes it endows us with richer physics.

Key words: complex plasmas, plasma wakefield, plasma polarization, streaming plasmas.

PACS numbers: 52.27 Lw, 52.30.-q, 52.40-w

1. Introduction

Presence of dust is ubiquitous in universe and so
is its importance from the fundamental and practical
application aspect. It has been one amongst the
widely investigated research area due to its relevance
to physical phenomena like Saturn rings [1], lunar
wakes [2], Fusion devices [3], dust charging and
collective effects [4] as well as wakes in laboratory
plasmas, space plasmas [5] etc. Strong coupling is
known to influence the low frequency collective
modes in dusty plasmas [6, 7] and the nonlinear
propagation of these very low-frequency waves has
been presented using generalized hydrodynamic
model [7]. Collisional instabilities in a dusty plasma
with recombination and ion-drift effects of dust
acoustic waves has also been noted [8].

Charged lunar dust has been reported to be a
major concern [9] for exploration activities due to
its strong adhesive property. A wake forms
downstream of the Moon when it is present in the
Solar window. Moon is known to spend almost a
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quarter of its orbit time in the magneto-sheath where
the temperature is higher than that in the solar
window. Influence of temperature on electrostatic
nonlinear ion waves has been reported utilizing
numerical schemes [10]. The temperature variation
affects charging and other associated attributes
significantly and makes it pertinent to advance our
theoretical understanding of the Physics of dust
grain. To understand the impact of temperature on
dust grain, herein we model a system with single
grain in the presence of streaming ions.

For a system of an isolated dust grain in
stationary  plasma, the electrons bombard
continuously on the grain owing to its
comparatively higher mobility eventually making
the dust grain negatively charged. Due to the local
charge imbalance, the negatively charged dust grain
is shielded mostly by ions added with electrons.
Now the grain is surrounded by ions symmetrically
from all sides by positive charged ions. This way we
have the charge of the grain shielded by the ions
which in turn is shielded by the electrons.
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But many a times it has been observed that the
sheath region has an electric field which give ions a
flow or directionality. This breaks the symmetrical
ion shielding around the grain and introduces
asymmetry. In the presence of the ambient electric
field in the sheath region, ions flow towards the
grain and accumulate behind it eventually giving
rise to an ion focusing. This ion focus, in turn,
attracts electrons, which attracts ions and so on. This
way we have a streamlined negative charge
followed by positive and negative charges. Such a
juxtaposition manifests itself in the form of potential
oscillations and has often been called “wake' behind
the grain. This laboratory wake behind grain has a
strong analogy with the lunar wake of Moon in solar
wind flow. In order to understand the underlying
Physics, we mimic such a system numerically and
explore the effect of temperature variation coupled
with varying ion streaming speeds using particle-in-
cell simulation.

The wake behind grain is known to be
susceptible to external electric and magnetic fields,
grain size versus Debye length a / Ape, collision
frequency ratio, vi, / Ape, ion streaming speeds or
Mach number M as well as electron-ion temperature
ratio, 7. / T; where a is the grain radius, Ap. is the
electron Debye length, T. (7;) is the electron (ion)
temperature, and v;, denotes the ion-neutral charge
exchange collisions frequency and w. is the electron
plasma oscillation frequency. Among the collisions
affecting the wake features, the most dominant is
the ion-neutral charge exchange collision [11] and is
considered in most of the numerical experiments.
However, the aim of the present work is to explore
the dependence of wake physics on electron-to-ion
temperature, 7./ T;.

It has been reported in the previous works that
the wake behind grain exhibits a monotonic
dependence on the 7. / T; [12], however, the work
has mostly been done keeping the distribution of
ions to be Maxwellian or shifted-Maxwellian. Note
that the presence of electric field and/or collision
impart the ions a directionality and the distribution
is no longer Maxwellian rather it has long tail along
the streaming direction eventually giving rise to a
non-Maxwellian distribution [11, 13-15]. Recently,
in one of the works, effect of temperature on wake
for non-Maxwellian streaming ions is presented in
brief [13]. Here, we explore the influence on wake
behind grain due to interplay of temperature and
streaming speed variation.

The outline of the present work is as follows. In
section 2, we first introduce the simulation scheme

utilized followed by the description of methodology.
In section 3, we present the systematic results
regarding the impact of temperature and ion flow
variation on the grain in streaming ions. Finally, we
present a summary and conclusion in section 4
followed by acknowledgments in section 5.

2. Linear response approach

Our simulations have been performed with the
state-of-the-art three-dimensional Cartesian mesh,
oblique boundary, particles and thermals in cell
COPTIC code [16]. We are exploring the dynamics
at ion time scale and have safely assumed the
electron to obey the Boltzmann distribution,

n,=n, exp(ep/ k,T), (1)

where Boltzmann constant is taken to be unity. The
equation to delineate the ion dynamics in six-
dimensional phase space in the presence of the self-
consistent electric field —V ¢, an optional external

force D [17] is given by

mi%:e[—v¢]+D. (2)

When the ion distribution is non-Maxwellian
[11], the external force D is non-zero and is
responsible for the ion drift while neutrals are
stationary. We have performed simulations on a
32 x 32 x 96 cell grid with more than 15 million
ions in the domain. To retrieve the dynamics near
grain, we have performed few simulations with even
higher resolutions and number of particles. Most of
the simulation runs were evolved for 1000 time
steps. A list of parameters employed during
simulation is presented in Table 1. The
normalization scheme and further simulation details
could be followed from the recent work [11].

Table 1- Detailed list of the simulation parameters

Temperature ratio, 7./ T; 10 - 100
Mach Number, M 0.1-1.0
Collision frequency, vin / we 0.002 -1.5
Electron Debye length, Ape 5

Grid size, 64 x 64 x 128
Number of particles, 60 x 109
Total number of time steps, 1000
Grain potential, @, 0.05-0.2
Time-step, dt 0.1
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3. Results

Temperature has been to known affect the grain
dynamics and wake oscillations besides role in
Landau damping. Here, we investigate the explicit
role played by temperature on wake oscillations and
its interplay with ion streaming speeds and collision
frequency. At higher temperature shielding is
reduced and wake effects become prominent. Wake
features are best observed at a temperature ratio of
100 and weakens as one lowers the temperature. A
contour plot of the wake potential for two different

temperature ratios (50 and 100) is shown in Figure
1. Subplots (a)-(b) correspond to M = 0.5 and (c)-
(d) to M = 1. As reported earlier [11], here also, we
observe that there are no multiple wake oscillations
behind grain rather a single ion focus region. lon
focusing is stronger at as one increases the electron
temperature and also at higher ion flows eventually
leading to higher first peak potentials. Contrary to
some previous research reports [13], at very low
temperature ratios i.e. 7. / 7; = 10, we didn't observe
any ion focusing or positive potential peak
downstream grain.

¢—contours (0.00010T, spaced) ¢—contours (0.0002T, spac
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Figure 1 — Wake potential contours e/ kT , averaged over the azimuthal angle for (a)
M=05,T./Ti=50,(b) M= 0.5, T./ T: = 100, (¢) M = 0.8, T / T = 50, and (d) M = 0.8, T/ T: = 100.

Here, the grain is at the origin and the normalized grain charge is 0, = 0.1
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A. Interplay of ion flow speed and
collisionality with electron-ion temperature ratio on
wakefield potential

We have seen that increase in temperature ratio
increases the wake peak height. Similar effect is
exhibited by increase in the ion flow speed.
However, presence of collision in the system
complicates the dynamics further and the change is
no longer monotonic. In Figure 2, the wake first
peak position (top) and peak amplitude (bottom) in
normalized units as a function of Mach number is
illustrated for two different temperature ratios 50
and 100. In agreement with previous research
reports [11, 13] for temperature ratio 100, here also,
the wake first peak potential has a bell shape curve
with ion flow speed and is non-monotonic clearly
exhibiting a maxima around M = (.5. Exploring the
wake features at lower temperatures leads us to the
outcome that at lower temperature the variation in
wake peak height with ion streaming speed is very
small and is almost constant over the whole range.
The wake amplitude decreases substantially with
decrease in temperature ratio (i.e. at 50) and
becomes negligible as one decreases the temperature
ratio further below 10. The wake peak position is
nearer to the grain at higher temperature and moves
farther as we decrease the temperature. Effect of
collisionality on wake peak height coupled with
variation in temperature is shown in Figure 3. At
higher temperature ratio (i.e. at 100), the wake peak
exhibits enhancement with increase in collision

frequency which further decreases at very high
collisionality. However, at lower temperature
ratios (i.e. at 50), the wake peak height versus
collision is monotonically increasing with
collisionality. Nevertheless, the wake peak
amplitude at temperature ratio 50 is substantially
smaller compared to that at higher temperature ratio
100. Wake peak position at temperature ratio 50 is
almost constant for the whole range of collisionality.
On the other hand, for temperature ratio 100, it is

constant till v, /@, =0.6 and exhibits an increase

at higher collisionality. Note that the location of the
wake peak is farther from the grain for temperature
ratio 50 at lower collisonality and is closer to the
grain at higher collisionality when compared with
higher temperature ratio 100.

B. Impact of temperature on the ion density
distribution

Wake effects are inherently related to the
density and has profound effect on the density
distribution. For the two different temperature
ratios, the spatial profiles of the density is shown in
Figure 4. The single ion focus behind grain can be
traced from the density profiles. One peculiar
observation we have here is for M = 0.8 with 7./ T;
= 50. In this case, the ion focus is not streamlined
behind the grain but is splitted in two ion bunched
behind grain. In 3D potential plots also, we were
able to observed splitting of the positive peak
potential behind grain.
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Figure 2 — Peak position (top) and peak amplitude (bottom)
of the wake potential in normalized units as a function of Mach number,
M, for T. / T; = 100 (solid) and Te / T: = 50 (dashed) drift-driven distribution,

for the collision frequency v=10.1 and Q, = 0.1
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Figure 4 — Spatial profiles of the ion density (normalized to the distant unperturbed ion density),
averaged over the azimuthal angle, for (a) M = 0.5, T. / T: = 50, (b) M = 0.
5, Te / Ti =100, (c)
M=08,T./Ti=50,and (d) M = 0.8, T./ T: = 100

4. Conclusions

The present numerical work demonstrates the
influence of temperature variation on the wake
feature and facilitates understanding of wake
formation for grain in non-maxwellian streaming

20

ions. We have explored the role played by electron-
ion-temperature ratio on the wake formed behind
grain due to ion focusing. The wake peak is
observed to exhibit monotonic increase with
increase in electron-to-ion temperature ratio. The
variation in wake peak gets further complicated by
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the inclusion of varying ion flow speeds and
collisionality. The density distribution presented
validates the potential profile observations and puts
the result on firm footing. Thorough understanding
of parametric dependence of wake peak has wider
implications which includes space physics, lunar
wakes, laboratory experiments. Physical insights
gleaned from the temperature variation effect has
the potential provide an improved physical basis for
thermo-phoretic force close to walls in dusty plasma
experiments [19-25] eventually leading to better
perspective for levitation experiments. One of the
NASA research report suggests the presence of
unwanted dust in space suit as well as in the lunar
atmosphere [2] which could have toxic effects and

calls for further research. The dust in space mission
has adhesive properties which is susceptible to
thermal effects. In that direction, the present work
can prove to be fruitful in further exploration.
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This paper is devoted to the synthesis of solid silicon carbide (SiCy) films on the surface of single-crystal
silicon (c-Si) with a thin interlayer of amorphous silicon (a-Si) by magnetron sputtering as well as to
establish new regularities in the influence of heat treatment on composition, crystallization processes and
structure of layers. A principal difference between the method of synthesis and the traditionally used
magnetron sputtering is the 13.56 MHz high-frequency magnetron sputtering of a silicon target and a
graphite target. An amorphous SiCy 7 film with a density of 3.179 g/cm? and 165 nm thick was obtained
under the deposition regime: rf = 150 W, 13.56 MHz; Ar — 2.4 I/h, 0.4 Pa; 100°C, 2400 s; containing SiC
nanocrystals after annealing (1100°C, 30 min, Ar). Synthesis of an amorphous SiCy film with a density of
3.204 g/cm® at a long sputtering of Si and C targets — 14400 s, containing nanoclusters with a

predominance of truncated SiC bonds, was carried out.

Key words: silicon, semiconductors, silicon carbide, crystallization, magnetron sputtering
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1 Introduction

Important physical and chemical properties of
silicon carbide for semiconductor electronics, such
as wide bandgap (Eg = 2.3-3.5 eV), high melting
point (2830°C), high chemical resistance and
thermal conductivity, high carrier mobility and
hardness (33400 Mn/m?) caused its wide application
in radiation-resistant electronics, high-temperature
electronics, high-frequency electronics,
optoelectronics [1-3]. Silicon carbide is also widely
used as heat-resistant materials in the manufacture
of rifled discs and drills, in the design of
thermonuclear reactors, in composition heat-
resistant materials, in coatings of the hull of
spacecrafts [4]. Electronic devices based on SiC
have a high speed and the ability to work at
temperatures up to 600 °C [5, 6].

Unfortunately, since it is still difficult to grow
SiC material of crystalline quality to meet
requirements for a large scale industrial application,
small-size and high-cost SiC wafers severely limit
their applications at present [7]. The difference in
the lattice parameters of the silicon carbide and

monocrystalline silicon is ~20%, and the difference
in their thermal expansion coefficients is ~8%.
Therefore, the growth of epitaxial SiC layers on a Si
substrate is a nontrivial problem [8, 9]. For example,
by means of ion implantation [2, 5-8, 11, 12], ion-
beam sputtering [13-15] or plasma enhanced
chemical vapor deposition [8, 16] it is possible to
obtain amorphous SiC films with subsequent
crystallization during annealing (900-1300°C).
Successes were achieved in the synthesis of thin
epitaxial SiC films on Si by the substitution of
atoms [9, 10, 17-19]. The method of magnetron
sputtering has become widespread due to relatively
high growth rates, good adhesion of SiC films and
sufficiently low cost of the technological process
[20-23]. In [20] magnetron sputtering of a two-
component target, which is composed of separate
parts of C and Si, is proposed. In general, at
temperatures below 500 °C, the structure of SiC
films is amorphous. In magnetron sputtering with
direct current, polycrystalline fused targets of
silicon and carbon are commonly used [21]. An
alternative to using a fused target is sputtering a
pure silicon target in a mixture of argon and
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methane [22]. The resulting SiC films had a
polycrystalline  structure with nanometer-sized
columnar grains. In [23], a method was proposed for
depositing amorphous a-Si;.«Cx by means of radio-
frequency magnetron sputtering of two or more
targets.

In this work, the silicon carbide films on the
surface of a thin layer of amorphous silicon grown
on the surface of a single-crystal silicon substrate
were synthesized by means of magnetron sputtering.

2 Materials and methods

The deposition of SiC films was carried out on
the MAGNA TM-200-01 unit with the simultaneous
sputtering of the silicon target and the graphite
target in the high-frequency regime of 13.56 MHz at
a power of 150 W. The gas Ar flow rate was 2.4 I/h,
the chamber pressure — 0.4 Pa, the substrate
temperature — 100°C, deposition time 2400 and
14400 s. Single-crystal silicon wafers of (100)
orientation with dimensions 7x7x0.3 mm and
resistivity 4-5 Q-cm as substrates were used
[11,12,13].

The composition and structure of the film after
deposition and annealing at the temperature of
1100°C were investigated using IR spectrometer
Nicolet iS-50 (Thermo Scientific, USA) [12,13].

Phase composition of the films was determined by
highly sensitive X-ray diffraction using narrowly
collimated (0.05 x 1.5 mm?) CuK, X-ray beam [11-13].

The density and thickness of the films had
determined by X-ray reflectometry through
registration of the angular dependence of the
reflection coefficient using two spectral lines CuK,
(0.154 nm) and CuKg (0.139 nm) on the installation
Complexray C6 [12, 13, 24].

3 Results and discussion

The deposited films were investigated by X-ray
reflectometry using two spectral lines CuK, and
CuKjg. According to the value of the critical angle of
the total external reflection 20, = 0.51994° (Table 1,
Figure 1b), the SiC film density was determined
using the Henke program [25], which was 3.179
g/em® and corresponds to the density of SiCoor
layer. The composition of the SiCy layers can be
determined approximately from the expression [12]:

x=x1+ (px— p1)*(x2 —x1)/( p2—p1), (1

where x; = 1, x; = 0, p» = 3.21 g/crn3, p1 = 2.33
g/em’®, pr = 3.179 g/em?®, x = No/Nsi = 0.965 and the
density of the SiC, layer is an intermediate value
between the density of SiC (or Si;C;) and Si (or
Si;Co). According to the formula SiC, = Siiya +
»Cxi1 +x), the density corresponds to the composition
SiCo.965s = Sis1Cso. The film thickness was about 166
nm (Table 2, Figure 1a).

Table 1 — Determination of the layer density p using the Henke program

Film Imax, 7! Imax/2, s 20c, degree Oc, degree 0c, mrad p, g/cm?
SiCx 708339 354170 0,51994 0,25997 4,537 3,179
Table 2 — Determination of the layer thickness d by the formula 2d-sin® = A, or d = /20
- , (20);, . 20=[(20); - (20)1/(G - D], A, d,
Film (20);, degree Degree J71 degree nm nm
SiCx 1,806 0,740 20 0,0533 0,15420 165,8
SiCx 1,666 0,704 20 0,0481 0,13923 165,8

After annealing at the temperature of 1100°C for
30 minutes in Ar atmosphere, the density decreases
up to 2.792 g/cm® (Table 3) and the layer thickness
increases up to 174 nm (Table 4). The change in the
film density and its composition to SiCos2s = SiscCs4
after annealing assumes that under the action of a

24

high-frequency plasma of 13.56 MHz a structural
phase of high density was precipitated, which
decays after annealing.

In IR spectra, the presence of a wide SiC peak in
the range 700-1030 cm-1 and SiO2 peak at 1100
cm’! before and after annealing (Figure 2).
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Figure 1 — X-ray reflectometry using two spectral lines of CuKq (0.154 nm)
and CuK3p (0.139 nm) of the SiC; film synthesized on the surface of Si substrate
by magnetron sputtering (150 W —rf, 2400 s, Ar— 2.4 1/h, 0.4 Pa, 100°C),
in logarithmic (a) and natural (b) scales

Table 3 — Determination of the layer density p using the Henke program

Film Imax, 57! Imax/2, 7! 20, degree 0c, degree 0., mrad p, g/cm’
SiCx 352693 176347 0,48730 0,24365 4,2525 2,792
Table 4 — Determination of the layer thickness d by the formula 2d-sinf = A, or d = A/20
- . 20), [ 20a71020), - QOG- D), % q.
Film (20);, degree Degree 7! degree nm nm
SiCx 1,834 0,820 20 0,0507 0,15420 174,3
SiCx 1,706 0,748 21 0,04562 0,13923 1749
The appearance of SiC(111) line of MHz was carried out with parameters as follows:

polycrystalline silicon carbide phase on the X-ray
diffraction pattern (Figure 3) after annealing
(1100°C, 30 min, Ar) was observed. The absence of
SiO; lines indicates the absence of thick SiO»
amorphous layer or SiO; crystallites. As a result, the
SiO, peak of IR absorption corresponds to the
natural oxide on the back surface of c-Si. Thus, the
formation of a SiC film after deposition by
magnetron sputtering in the high-frequency regime
and annealing at 1100°C for 30 minutes is reliably
shown.

Long-term deposition of SiC, thick films on the
c-Si surface using the MAGNA TM-200-01 unit
with simultaneous sputtering of targets of silicon
and graphite in the high-frequency regime of 13.56

the magnetron power was 150 W, argon gas flow
was 2.4 1/h, the pressure in the chamber was 0.4 Pa,
the substrate temperature was 100°C, the sputtering
time was 14400 s. It is shown by X-ray
reflectometry that the film density corresponding to
the critical angle of total external reflection 6. =
0.25648° was 3.204 g/cm® (Figure 4b, Table 5) and
is practically equal to the density of silicon carbide
3.21 g/em’. No intensity oscillations are observed
(Figure 4a) due to an increase in the sputtering time
by a factor of 6 and a thickness of up to 1 pm in
comparison with a duration of 2400 s and a
thickness of 165.8 nm (Table 2). X-ray
reflectometer determines the film thickness in the
range of 2-400 nm.
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Figure 2 — IR absorption spectra of a SiCx film synthesized on the surface
of a Si wafer by magnetron sputtering (150 W, 2400 sec, Ar-2.4 L / h, 0.4 Pa):
1- after deposition, 2 — after annealing at 1100°C for 30 min (Ar)

SiC(111)

Figure 3 — X-ray diffraction pattern of thin SiCx film deposited by magnetron sputtering,
after annealing at 1100°C for 30 min in an Ar atmosphere

In the IR spectrum of the film, a broad peak is
observed in the region 440-1200 cm™ with an amplitude
0f 0.220 a.u. and a half-width of 360 cm™', indicating the
amorphous nature of the SiC film (Figure 5). Indeed, as
shown in [12], for the ion-synthesized SiCi o and SiCi 4
layers, the half-width of the IR-transmission peak of the
amorphous layer was 300 cm™ with a maximum in the
region of 700-795 cm’, i.e. below the value of 795.9
cm’, characteristic of tetrahedrally oriented Si-C bonds

26

in B-SiC (or 799.5 cm™ in 2H-SiC, 797.6 cm™ in 4H-
SiC, 797.0 em™ in 6H-SiC, 797.5 cm™ in 15R-SiC). In
Figure 5, a peak of SiO; with a maximum at 1100 cm™
and an amplitude of 0.06 due to the presence of SiO,
layer on the underside of the Si substrate, is also
observed. A feature of the SiC peak is the location of
the maximum in the 860 cm™ region, suggesting the
prevalence of truncated SiC bonds absorbing in the
region above 795.9 cm™.
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Figure 4 — X-ray reflectometry of a SiCx film synthesized on the surface
of a Si wafer by magnetron sputtering (150 W-rf, 14400 s, Ar-2.4 1/h,
0.4 Pa, 100°C), in logarithmic (a) and natural (b) scales

Table 5 — Determination of the layer density p using the Henke program

Film Imax, ¢! Imax/2, ¢! 20, degree Oc, degree 0., mrad p, g/cm’
SiCx 53212 26606 0,51295 0,25648 4,476 3,204
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Figure 5 — IR absorption spectrum of a SiCi.o film deposited on the surface of a Si wafer
by magnetron sputtering (150 W, 13,56 MHz, 14400 s, Ar-2.4 1/h, 0.4 Pa)

4 Conclusions

The synthesis of silicon carbide (SiCx) films on the
surface of single-crystal silicon (c-Si) with a thin
interlayer of amorphous silicon (a-Si) by magnetron
sputtering. A principal difference between the method
of synthesis and the traditionally used magnetron
sputtering is the 13.56 MHz high-frequency magnetron
sputtering of a silicon target and a graphite target. An

amorphous SiCoe7 film with a density of 3.179 g/cm’
and 165 nm thick was obtained under the deposition
regime: rf = 150 W, 13.56 MHz; Ar — 2.4 1/h, 0.4 Pa;
100°C, 2400 s; containing SiC nanocrystals after
annealing (1100°C, 30 min, Ar). Synthesis of an
amorphous SiCy film with a density of 3.204 g/cm’ at a
long sputtering of Si and C targets — 14400 s, containing
nanoclusters with a predominance of truncated SiC
bonds, was carried out.

27



The formation of SiC films by magnetron sputtering Phys. Sci. Technol., Vol. 5 (No. 2), 2018: 23-28

References

1 F. Liao, S.L. Girshick, W.M. Mook, W.W. Gerberich, M.R. Zachariah. Superhard nanocrystalline silicon carbide films //
Appl. Phys. Lett. —2005. — Vol. 86. — P. 171913—-171915.

2 JKWN. Lindner. High-dose carbon implantations into silicon: fundamental studies for new technological tricks // Appl.
Phys. A. —2003. — Vol. 77. - P. 27 - 38.

3 A.V. Afanas’ev, V. A. II’in, A. V. Korlyakov, A. O. Lebedev, V. V. Luchinin,, Yu. M. Tairov, in Physics and Technology
of Micro- and Nanosystems, Ed. By V. V. Luchinin and V.V. Malinovskii (Russkaya Kollektsiya, St. Petersburg, 2011). P. 50.

4 United State Patent. Heat resistant material and hot structure member both space shuttle, space shuttle, and method for
producing heat resistant material for space shuttle / Oguri K., Sekigawa T. // Pub. Ne US 2004/0180242 Al.

5 H. Yan, B. Wang, X.M. Song, L.W. Tan, S.J. Zhang, G.H. Chen, S.P. Wong, R.-W.M. Kwok, W.M.L. Leo. Study on SiC
layers synthesized with carbon ion beam at low substrate temperature // Diamond and related materials. — 2000. — Vol. 9. — P.
1795-1798.

6  D. Chen, S.P. Wong, Sh. Yang, D. Mo. Composition, structure and optical properties of SiC buried layer formed by high
dose carbon implantation into Si using metal vapor vacuum arc ion source // Thin Solid Films. —2003. —-Vol. 426. — P. 1-7.

7 Y. Liangdeng, S. Intarasiri, T. Kamwanna, S. Singkarat. // In book: Ion beam applications in surface and bulk modification
of insulators. — Austria, Vienna: IAEA-TECDOC-1607. 2008. — P. 63.

8 L. Calcagno, P. Musumeci, F. Roccaforte, C. Bongiorno, G. Foti. Crystallization mechanism of amorphous silicon carbide
/I Appl. Surf. Sci.—2001. —Vol. 184. — P. 123-127.

9  S.A. Kukushkin, A.V. Osipov. Topical review. Theory and practice of SiC growth on Si and its applications to wide-gap
semiconductor films // J. Phys. D Appl. Phys. -2014. —Vol. 47. —P. 313001-313041.

10 S. A. Kukushkin, A.V. Osipov. New method for growing silicon carbide on silicon by solid-phase epitaxy: model and
experiment // Phys. Solid State. — 2008. —Vol. 50 (7). —P. 1238-1245.

11 K.XKh. Nussupov, N.B. Beisenkhanov, LV. Valitova, K.A. Mit’, D.M. Mukhamedshina, E.A. Dmitrieva. Structure
properties of carbon implanted silicon layers // J. of Materials Science: Materials in Electronics. —2008. — Vol.19. — P. 254-262.

12 K.Kh. Nussupov, N.B. Beisenkhanov, S.K. Zharikov, I.LK. Beisembetov, B.K. Kenzhaliev, T.K. Akhmetov, B.Zh. Seitov.
Structure and composition of silicon carbide films synthesized by ion implantation // Phys. Solid State. — 2014. — Vol. 56(11). — P.
2307-2321.

13 LK. Beisembetov, K.Kh. Nusupov, N.B. Beisenkhanov, S.K. Zharikov, B.K. Kenzhaliev, T.K. Akhmetov, B.Zh. Seitov.
Synthesis of SiC thin films on si substrates by ion-beam sputtering // Journal of Surface Investigation. X-ray, Synchrotron and
Neutron Techniques. —2015. — Vol. 9. -No.2. — P. 392-399.

14 A. Valentini, A. Convertino, M. Alvisi, R. Cingolani, T. Ligonzo, R. Lamendola, L. Tapfer. Synthesis of silicon carbide
thin films by ion beam sputtering // Thin Solid Films. — 1998. — Vol. 335 (1-2). — P. 80-84.

15 K. Volz, M. Kiuchi, M. Okumura, W. Ensinger. C—SiC—Si gradient films formed on silicon by ion beam assisted deposition
at room temperature. / Surface and Coatings Technology. —2000. — Vol. 128-129. — P. 274-279.

16 Y. Sun, T. Miyasato, J.K. Wigmore, N. Sonoda, Y. Watari. Characterization of 3C-SiC films grown on monocrystalline Si
by reactive hydrogen plasma sputtering. // Journal of Applied Physics. — 1997. — Vol. 82 (5). — P. 2334-2341.

17 S.A. Kukushkin, A.V. Osipov, N.A. Feoktistov. Synthesis of epitaxial silicon carbide films through the substitution of
atoms in the silicon crystal lattice: a review. // Phys. Solid State. —2014. — Vol.56 (8). — P. 1507—-1535.

18 S.A. Kukushkin, K.Kh. Nusupov, A.V. Osipov, N.B. Beisenkhanov and D.I. Bakranova. X-Ray Reflectometry and
Simulation of the parameters of SiC epitaxial films on Si(111), grown by the atomic substitution method. // Physics of the Solid
State. —2017. — Vol. 59 (5). — P. 1014-1026.

19 Kukushkin S.A., Nussupov K.Kh., Osipov A.V., Beisenkhanov N.B., Bakranova D.I. Structural properties and parameters
of epitaxial silicon carbide films, grown by atomic substitution on the high-resistance (111) oriented silicon // Superlattices and
Microstructures. —2017. — Vol. 111. — P.899-911.

20 V.1 Perekrestov, A.S. Kornyushchenko, I.V. Zahaiko. Polucheniye plenok karbida kremniya metodom magnetronnogo
raspyleniya sostavnoy uglerod-kremniyevoy misheni (Formation of silicon carbide films by magnetron sputtering of compound
carbon-silicon target) / Zhurnal nano- i elektronnof fiziki. — 2015. — Vol. 7 (2). — P. 02016 (in Russian).

21 S.M. Rajab, I.C. Oliveira, M. Massi, H.S. Maciel, S.G. dos Santos Filho, R.D. Mansano. Effect of the thermal annealing on
the electrical and physical properties of SiC thin films produced by RF magnetron sputtering. // Thin Solid Films.— 2006. — Vol. 515.
—170-175.

22 Y.M. Lei, Y.H. Yu, C.X. Ren, S.C. Zou, D.H. Chen, S.P. Wong, .LH. Wilson. Compositional and structural studies of DC
magnetron sputtered SiC films on Si(111). // Thin Solid Films.— 2000. — Vol. 365. — P. 53-57.

23 Y.-H. Joung, H.I. Kang, J.H. Kim, H.-S. Lee, J. Lee, W.S. Choi. SiC formation for a solar cell passivation layer using an
RF magnetron co-sputtering system // Nanoscale Res. Lett. — 2012. — Vol. 7(1). -P. 22.

24  A. G. Touryanski, A. V. Vinogradov, 1. V. Pirshin, X-ray reflectometer. US Patent No. 6041098 (2000).

25 B.L. Henke, E.M. Gullikson, J.C. Davis. X-ray interactions: photoabsorption, scattering, tansmission, and reflection at
E =50-30,000 eV, Z = 1-92 // Atomic Data and Nuclear Data Tables. — 1993.— Vol.54 (2). — P. 181-342.

28



Physical Sciences and Technology Vol. 5 (No. 2), 2018: 29-36

IRSTI 29.31.23

Ion-beam formation of light-emitting structures based
on silicon nitride layers on silicon

Murzalinov D.", Vlasukova L.2, Parkhomenko 1.2,
Komarov F.? and Akilbekov A}

!Saken Seifullin Kazakh Agrotechnical University, Zhenis ave., 62, Astana, 010011, Kazakhstan
’Belarus State University, Nezavisimosti ave. 4, Minsk, 220030, Belarus
'L.N. Gumilyov Eurasian National University, Satpayev str., 2, Astana, 010008, Kazakhstan
‘e-mail: dan_collaps@mail.ru

The paper shows the advantage of silicon nitride for use as a light-emitting element in integrated circuits. Along
with this, the chosen methods for obtaining the studied samples enable us to determine all possible causes
responsible for radiative recombination. The effect of irradiation with Xe" ions of 200 MeV in the dose range
10° — 10" ions/cm? on the optical properties and the structure of silicon enriched silicon nitride (SRN) films
deposited on the Si substrate by chemical vapor deposition under low pressure was studied. Based on the Raman
scattering (RS) data, it was concluded that the irradiation by 200 MeV Xe ions with a dose of 1x10"ions/cm?
leads to the dissolution of the amorphous Si phase in the nitride matrix. According to the results of transmission
electron microscopy, preliminary irradiation with swift heavy ions (SHI) enhances the phase separation process
in the nitride layer with a 22% excess of Si during the subsequent annealing at 1100°C for 60 minutes. The SHI
irradiation, followed by the heat treatment, leads to a further increase in the intensity of the photoluminescence
(PL) in the spectral range 600—-750 nm compared with that in case of annealed films without preliminary

irradiation. It is known that radiation in this spectral range is due to Si nanocrystals (Si NCs).

Key words: Si-rich SiN /Si, nanoclusters, swift heavy ions, photoluminescence, K-centers.

PACS numbers: 79.20.Rf, 78.55.—m.

1 Introduction

The physical fundamentals of the development of
new materials and technologies are currently in the
center of attention for many researchers. By control-
ling the size of the structural components of a mate-
rial, it becomes possible to produce qualitatively new
electronic devices.

The radiative properties of silicon nanoparticles
in the visible range are of the considerable interest.

Despite the advances in the study of the light-
emitting system “Si nanocrystals in a SiO, matrix”
[1-3], many authors believe that silicon dioxide is
not the best matrix to obtain luminescence. The Si,N,
matrix is more preferable for the formation of silicon
nanocrystals arrays.

Silicon nitride is one of the main dielectrics in
integrated circuits with a band gap of ~ 5.3 eV. This
material is more suitable for the development of elec-
troluminescent devices compared to SiO, (Eg=8.2eV).

Initially, the interest to the light-emitting proper-
ties of silicon nitride arose during the formation of
the system “Si nanoclusters in a dielectric matrix”
on its basis. Indeed, such a system exhibits intensive
luminescence. However, the silicon nitride matrix
luminesces itself, and the nature of this radiation is
being widely discussed in the literature.

In connection with the foregoing, in this work,
it seems appropriate to expand research in the field
of creating a light-emitting structure based on silicon
nitride enriched with silicon.

2 The structure of crystalline and amorphous
Si,N,

Silicon nitride is a refractory compound with
a predominantly covalent type of bonds. Si,N, is a
polymorphic compound that exists in three modifica-
tions. In the crystalline state, there are two hexagonal

phases: a- and B-Si,N, (Figure 1), with the structure
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of phenacite [4]. At temperatures below 1150°C, the
B-phase is stable; at higher temperatures, the a-phase
is stable. The density of these phases is almost the
same 3.1-3.2 g-em.

The cubic y-modification was obtained at
a pressure of 15 GPa and a temperature above
1700°C by the method of laser heating in a
diamond cell. In the literature, this modification

is referred to as the c-modification. It has a spinel-
type structure in which two silicon atoms have an
octahedral coordination with six nitrogen atoms,
one silicon atom is coordinated tetrahedrally with
four nitrogen atoms (Figure 2). It is theoretically
shown that this structure should have a high
hardness, similar to that of a diamond and c¢c-BN
[4-8].

Figure 1 - 0-Si,N, and B-Si,N, unit cells

Figure 2 — The main structural unit of Si,N,

In the work [ref.] Gritsenko V.A. reports
the parameters of elementary cells of a- and f-
modifications. The unit cell of a-Si,N, contains 28
atoms (12 Si and 16N) and has lattice constants a =
7.75 A and ¢ = 5.62 A. The B-Si,N, cell contains 14
atoms (6 Si and 8 N), the lattice constants, a = 7.71
A, ¢ =291 A. By the symmetry, a-Si,N, is referred
to P31c space group, B-Si3N4 — P63/m. Both phases
have a tetrahedral structure.
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Non-stoichiometric silicon nitride (SiN ) differs
from stoichiometric nitride (Si,N,) by the amount of
excess silicon in the composition (Si_ ) [9].

exc

Si _ S'lat.% _ 3 )
exc. ;
Slat.%+Nat.% 7

3 Luminescence of defects. Edge luminescence

In recent years, a number of studies have
appeared in which PL of silicon nitride is associated
with radiative transitions between the energy levels
of defects [10-15].

In this case, the K- and N- centers act as the main
centers of radiative recombination. The K-center
i1s an intrinsic defect in the silicon nitride matrix,
which is a silicon atom bound to three nitrogen atoms
(N3=Si ). The presence of K-centers in the silicon
nitride matrix can lead to luminescence in the range
of 2.540.1 eV (478-517 nm). The N-center is a two-
coordinated nitrogen atom (Si2 = N ¢).
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Figure 4 — Models of defects in silicon nitride.

Models of the centers are shown in Figure 4.

These centers are already present in the initial
silicon nitride films, but their number increases
noticeably after high-temperature annealing as a
result of the dissociation of the N-H bonds [16, 17].

The energy of electronic transitions with the
participation of K-centers is 2.1-2.6 eV; therefore,
the luminescence in the green region (470-590 nm)
is often attributed to the K-centers [18, 19].

In the model of edge luminescence, there is a
process of transition of excited carriers to neighboring
localized states with lower energy, followed by the
light emission. In amorphous materials, there is only
a short-range order. Therefore, in these materials, one
can observe new phenomena, which are explained
by the presence of localized electronic states. The
energy levels of these localized states lie near the
bands’ edges, expanding them into the region of
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the bandgap. The formation of localized states in
amorphous silicon nitride, in contrast to crystalline
states, leads to a higher photosensitivity and the
appearance of PL due to radiative recombination of
charges localized at the band edges [20-23].

This model was quite successfully applied to
explain PL and its shift with increasing concentration
of Si in SRN films, in which Si nanoclusters were
not detected by high-resolution transmission electron
microscopy (TEM). Using this model, researchers
managed to explain the position of the PL band and
the change in the PL intensity depending on the
composition of the nitride film [24-28].

The intensity and the spectral range of PL in
silicon nitride films strongly depend on the regimes
and conditions of deposition, as well as on subsequent
heat treatments.

4 Experiment

The silicon nitride film was deposited on
a Si (100) n-type substrate by chemical vapor
deposition at low pressure from a gas mixture of
dichlorosilane (SiH,Cl,) and ammonia (NH,). The
temperature of the substrate during the deposition
was 800°C. The SiH,CL/NH, ratio was changed
during the deposition process to form a nitride
film consisting of two layers with a different
stoichiometric parameter “x”. The composition
of as-deposited SiNx films was determined by
Rutherford backscattering spectrometry using
1.3 MeV He+ ions from the HVE AN-2500
accelerator. It was done to compare the effects of

N w )
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thermal annealing and swift heavy ion irradiation
on SiN_ matrix. The refractive index of the
nitride film, measured by laser ellipsometry, is
2.22. Samples of SiN /Si structure with size of
1x1 ¢cm? were cut out and irradiated on a DC-60
cyclotron (Astana, Kazakhstan) with 200 MeV
Xe ions in the dose range 10°-10'* ions/cm?. The
structural characteristics of the as-deposited and
annealed silicon nitride films were investigated by
transmission electron microscopy in the “cross-
section” geometry (XTEM) using a Hitachi H-800
microscope operated at 200 keV. Some samples
were annealed in a nitrogen atmosphere at 1100°C
for 60 min in a furnace with resistive heating.

5 Results and Discussion:

To determine the composition of the initial films,
the Rutherford backscattering method was used.

In Figure 5, which represents the dependence of
the concentrations of Si and N atoms on the layer
depth, one can see the two regions with different Si/N
ratio. The surface layer of the nitride is characterized
by “x”=0.54 (SiN, ,,). This corresponds to the silicon
excess (Si_ ) =22%. Beneath this region, there is a
layer with “x”=1.0 (SiN, ), where the level of silicon
excess is =~7%.

The existence of the two layers in the studied
nitride film is proved by the data of transmission
electron microscopy. Figures 6-8 show TEM images
of (vertical) cross section of the “deposited sample”,
as well as samples after heat treatment and after Xe*
ion irradiation with subsequent annealing.
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a— RBS spectrum of SiNx film, b — calculated distribution profiles of Si (blue) and N (red).
Figure 5 — Rutherford backscattering spectrum of the SiN_film
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Figure 6 — TEM image of the silicon nitride film.
Left part of the TEM image shows the distribution
of Si excess (given in %) by depth from RBR data

On TEM image, the two layers are clearly seen:
the surface layer with thickness ~80 nm and a layer
beneath it — the second one with thickness ~290 nm
(Figure 6).

Annealing leads to the formation of inclusions
with dark contrast within the surface layer of the
nitride (Figure 7).

Taking into consideration the high level of Si
excess in this region (=22%), it can be concluded
that these inclusions are crystalline precipitates of
Si. It is known that high-temperature annealing of
Si-reach SiN_films leads to the formation of silicon
nanocrystals embedded in a nitride matrix [29, 30].

It should be noted the absence of any inclusions in
the deeply-lying second nitride layer with excessive
Si~7%.

Figure 8 shows the effects of heat treatment and
the combined processing of SHI irradiation with
subsequent annealing on the structure of the nitride
film.

It can be seen that in case of the sample irradiated
with swift heavy ions before the heat treatment,
the inclusions become darker and clearly visible
comparing to that in the sample after annealing.

In order to determine the phase state of the
studied samples before and after irradiation with
swift heavy ions the method of Raman spectroscopy
(RS) was used. Figure 9 shows the RS spectra of the
sample immediately after the nitride deposition and
the samples after irradiation with Xe" ions.

The RS spectra of the nitride films contain a few
bands with maxima at ~180 and ~ 480 cm™', as well as
weak lines in the frequency region of 300-400 cm™'.
These bands are due to the scattering on amorphous
phase of Si.
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Figure 7 — TEM image of cross section of the silicon nitride
film after annealing at 1100°C, 60 min

Figure 8 — TEM image of the nitride film after irradiation
with Xe™ (200 MeV, 10'*) with subsequent annealing
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Figure 9 — RS spectra (A, =355 nm) of initial sample
and samples irradiated with Xe* ions
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According to data in works [31, 32], spectra
of amorphous Si demonstrate intensive bands of
transverse acoustic (TA), longitudinal acoustic (LA)
and transverse optical (TO) phonons with maxima at
150, 310 and 480 cm™, respectively.

The spectra also contain weak signal from
the longitudinal optical phonon (LO) in form of a
shoulder at 370 cm™'. Thus, it can be concluded that
there are amorphous silicon clusters in the samples.

The increase of irradiation dose from 10° to 10"
ions/cm? leads to the decrease of intensity of the
bands referred to amorphous phase of silicon. The
increase of the ion dose up to 10'* ions/cm? leads to
extinction of the signal from amorphous phase of Si
in RS spectrum. It can be explained by the dissolution
of amorphous Si clusters within the nitride matrix as
a result of SHI irradiation.

Characters of luminescence of amorphous and
crystalline silicon nitride differ sufficiently. To study
the radiation properties of these samples we analyse
photoluminescence spectra (PL), excited by UV-
laser with the wavelength of 325 nm (3.8 eV).

For the sample after deposition of nitride film,
the photoluminescence spectrum was not registered.
Figure 10 shows PL spectra of initial and irradiated
samples after annealing, which were registered under
UV-laser excitation.

As it is seen in Figure 10, a wide band of a com-
plex form in the green-blue spectral region with the
maximum at 440 nm dominates in the spectrum. This
band can be connected with radiative recombination
of carriers on K- and N- radiative centers. The exis-
tence of such defects leads to the emission of photons
with energy of 3+0.1 eV (400-427 nm). Thus, the
complex form of the green-blue band is explained by
the contribution of intrinsic defects of silicon nitride
into radiative recombination.

Irradiation with swift heavy ions with doses 10"
ions/cm? and higher leads to the PL quenching. How-
ever, blue radiation can partly be recovered by the
heat treatment after irradiation.

For deeper understanding of the light-emitting
mechanism of “complex” samples, it is required to
study photoluminescence excited with lasers of the
different wavelength.

With this purpose, the PL was excited with green
laser (A =532 nm). Under this excitation energy (2.33
eV) the contribution from Si nanocrystals becomes
dominant in the luminescence (Figure 11).

It is seen that in the PL spectrum of the Si-reach
silicon nitride films there is a domination of a wide
“red” band with the maximum at ~700 nm, which
can be referred to the recombination of excitons in
Si nanoclusters.
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Figure 10 — PL spectra of initial samples and samples irradiated
with SHI Xe" and annealed (1000°C, 60 min).
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1 — initial sample; 2 — initial sample after annealing
(1100°C, 60 min); 3 — sample after irradiation with swift
Xe* ions with dose 10' ions/cm?; 4 — sample after irradiation
with swift Xe* ions with dose 10'* ions/cm? and subsequent
annealing (1100°C, 60 min)

Figure 11 — PL spectra of the Si-reach SiN /Si samples,
obtained at green excitation (532 nm).

The annealing leads to the increase of PL
intensity. This can be explained by the crystallization
of Si clusters. As it is seen from Figure 11, SHI
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irradiation leads to luminescence quenching. It agrees
with the RS data about the dissolution of amorphous
Si clusters in the nitride matrix as a result of SHI
irradiation.

However, SHI irradiation with subsequent
heat treatment leads to the stronger effect of the
PL intensity increase, compared to that in case of
annealed films without preliminary irradiation. This
additionally proves the assumption that preliminary
irradiation with heavy ions enhances the process of
phase separation in the surface layer of the nitride
with high Si excess during the heat treatment.

6 Conclusion

Using Raman spectroscopy it was shown that ir-
radiation with swift heavy Xe ions with energy 200
MeV and dose 1x10" ions/cm? leads to the dissolu-
tion of amorphous phase of Si in the silicon nitride
matrix. By TEM analysis it was revealed that prelim-
inary irradiation with swift heavy ions enhances the

process of phase separation in the nitride layer with
Si excess of 22% during the annealing at 1100°C for
60 min. It was also shown that SHI irradiation causes
the PL quenching in the visible range in the nitride
film.

Irradiation with swift heavy ions with subsequent
heat treatment leads to the stronger effect of the
increase of PL intensity in the spectral range 600-
750 nm comparing to that in case of annealed
films without preliminary irradiation. It is known
that radiation in this spectral range is caused by Si
nanocrystals. Therefore, preliminary irradiation
enhances the process of crystallization of amorphous
Si clusters within the nitride layer with high Si excess
during the heat treatment.
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Graphene produced by carbon diffusion through nickel foil
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This paper presents results of obtaining graphene and few-layer graphene nanostructures by
unconventional method consisting in the diffusion of carbon through a thin nickel foil. The production of
graphene and few-layer graphene nanostructures by the diffusion method was carried out under high
vacuum conditions, with resistive heating of nickel. The growing method presented by us makes it
possible to control the process of graphene formation by changing parameters such as: temperature, time
and thickness of nickel. Data on the time dependence of the diffusion process on the nickel thickness and
temperature are given. From the obtained experimental data was found the parameters determining the
diffusion dynamics: E, - the activation energy and concentration diffusion coefficient. The obtained
samples were investigated by optical and electron microscopy, as well as by Raman spectroscopy. The
experimental results are in good agreement with the theoretical Arrhenius relation, which confirms the

diffusion nature of the process.

Keywords: carbon, graphene, few-layer graphene, diffusion.

PACS number(s): 68.65.Pq.

1 Introduction

Graphene attracts wide attention due to its
physical and mechanical properties, and also
represents a huge potential for various scientific and
practical applications. Graphene is characterized as
a two-dimensional sheet of sp*hybridized carbon
atoms located in a hexagonal lattice [1]. Graphene
synthesis is the production of graphene of the
desired size, purity, and defect level using various
methods [2-6]. The most commonly used methods
of graphene synthesis are mechanical exfoliation;
epitaxial growth; chemical vapor deposition (CVD);
electrochemical exfoliation; chemical oxidation /
reduction of graphite [7].

To obtain graphene by mechanical exfoliation,
thin layers of highly oriented pyrolytic graphite are
placed between the adhesive tapes, and the graphite
films are separated again and again until a thin layer
is obtained [1].

Another important method is the epitaxial
growth of graphene, where graphene is grown on
single-crystal silicon carbide (SiC). In this method,
silicon carbide (SiC) is heated at a temperature of
about 1200 °C under vacuum, resulting in the

sublimation of Si atoms, forming carbon layers on
SiC, which can be bilayer, multilayer or monolayer.
In the CVD method, graphene is grown directly on
various substrates of transition metals such as Ni,
Cu, Co, Au and Ru by saturation of carbon under
the influence of various gaseous hydrocarbons such
as methane, ethylene, acetylene and benzene at high
temperature.

In the CVD method, the difference between a
cold wall and a hot wall is that the hot wall chamber
is heated by an external energy source, while the
temperature is everywhere relatively constant, and
the substrate is heated by radiation from the heated
walls of the chamber. In the reactor of the cold wall
system, the sample is heated by the following
different methods: passing current through the
sample; using the heater that contacts the substrate;
induction and the walls of the chamber are at room
temperature [8].

The next method for obtaining graphene is
electrochemical exfoliation of graphite. In this
method, such electrodes as highly oriented pyrolytic
graphite, graphite, Cu, Pt are wused. In
electrochemical separation, one of the important
processes is the choice of the electrolyte, because
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from it depends the increase of the charge transfer
and the functionalization of the obtained graphene
sheets. = Many  different  electrolytes  for
electrochemical exfoliation, including HBr, HCI,
HNO; and H»SOs, have been investigated, and the
most commonly used of them are acid electrolytes
containing H,SO4 and alkaline KOH electrolyte
diluted with distilled water, which are ideal for
exfoliation graphite [9-11]. To obtain graphene by
this method, at first, two graphite electrodes or other
types are inserted into the solution and about 10 V
are applied to them, then the intercalating ion in the
solution penetrates between the graphite layers
exfoliates into few-layer graphene sheets, after
which to separate the graphite particles from
graphene solution is subjected to centrifugation or
ultrasound is used to improve the cleavage, and then
the solution is dried at the end [10, 12].

The last common method of producing graphene
is referred to as the Hummer method [7]. In this
method the starting material is graphite. The
graphite is converted to graphene oxide by treatment
with super acids, oxidizers and heat. The graphene
oxide 1is then dispersed into water down to
predominantly single sheets. These individual sheets
of graphene oxide are then reduced with strong
reducing agents to graphene. This process has two
main problems. The first is that many defects
remain in the hexagonal lattice after reduction,
Secondly, the reduced graphene sheets have a strong
tendency to restack into nano-graphite.

Considering the disadvantages of the above
methods, we proposed a method for obtaining few-
layer graphene structures and graphene on a nickel

substrate, the essence of which was the diffusion of
carbon through a nickel foil. This method is realized
in conditions of high vacuum during resistive
heating of nickel foil with tightly pressed pyrolytic
graphite on one side.

Carbon diffusion in various materials was
published in [13-16]. The diffusion and dissolution
of carbon in nickel are considered in [17-19].

2 Experiment

In this paper, we investigated the diffusion of
carbon through a nickel foil. As the initial material,
we used highly oriented pyrolytic graphite (HOPG)
from NT-MDT, nickel foil with a purity of 99.99%.

To confirm the diffusion nature of the process
and to determine the concentration diffusion
coefficient, we considered the theoretical Arrhenius
relation.

D=Doexp(-E/KT) (1)

D - is the diffusion coefficient [m?s]; E, -
activation energy [J]; k — is the Boltzmann constant
[JJK]; T — is the temperature [K]. The average
distance that a particle travels during a time t is
estimated by the relation

L=vD=*< 2)

For example, at a temperature of about 900 °C,
the value of the concentration diffusion coefficient
is estimated at 8.23 * 1072 m?/c. Table 1 shows the
values of the process parameters.

Table 1 —The time dependence of the process (1) on the substrate thickness (L) and temperature (T)

L (um) T (°O) t(c)
40,2+4,2 903,7+5,5 182,31+22,40
60,5+3,4 900,5+6,4 431,64+7,05
80,3+3.8 902,7+4,0 736,32425,69

We have proposed a method of growing
graphene, few-layer graphene by the diffusion
method on nickel foil in a high-vacuum chamber.
The essence of this method is that in the case of
resistive heating, the tightly pressed pyrolytic

38

graphite on the nickel foil diffuses through the
nickel foil and graphene and few-layer graphene
layers are formed on the reverse side of the surface.
Figure 1 shows the scheme of obtaining graphene on
nickel by the diffusion method.
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Figure 1 — Experimental setup of graphene production method

Before obtaining graphene or few-layer graphene
by diffusion method on nickel, an experiment was
first done to obtain the graphite layer. To perform this
experiment, we took a thin nickel foil with a
thickness of about 40 um, with a size of 3.5 * 0.5 cm
and highly oriented pyrolytic graphite (HOPG).
HOPG was tightly pressed with nickel foil and under
high vacuum conditions it was heated at a high
temperature of about 900 °C until a graphite layers
was formed on the other side of the nickel foil. Figure
2 shows a SEM image of graphite layers.

This figure clearly shows the folds, wrinkles on
the surface of the graphite layers grown by the
diffusion method on nickel foil.

After diffusion growth of the graphite layers, the
surface of the nickel foil becomes defective and
folds. According to the known literature data, during
the process of growing graphene nanostructures, the
interaction between the substrate and graphene
strongly influences the formation of wrinkles, folds
and pulsations due to the opposite polarity of the
coefficients of thermal expansion of graphene
nanostructures and metals [20]. Wrinkles, folds are
more likely to occur due to the influence of thermal
stress and compression when cooling graphene,
graphene nanostructures.

The next process of our experimental part is the
production of graphene, a few-layer graphene by the
diffusion method on nickel foil. To obtain graphene
or few layer graphene, we used the same initial
materials that were used to obtain a graphite layer

by the diffusion process. In this experiment, the
thickness of the nickel foil ranged from 40 to 80 um,
the temperature of the resistive heating was 900 °C,
and the time of obtaining a certain graphene layer
depended on the size of the nickel foil and on the
temperature (Table 1). Figure 3 shows the nickel
foil before and after diffusion.

Figure 2 — SEM image of graphite layers

Figure 4 shows the optical image of the
graphene obtained by the diffusion method on
nickel at a temperature of 900 °C.
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Figure 3 — Nickel foil before and after diffusion

Figure 4 — Optical image of graphene

Optical image clearly shows graphene and few-
layer graphene sheets grown by the diffusion
method on nickel foil. This figure shows the grains
of the nickel substrate and the boundaries on which
the few-layer graphene sheets were grown, as well
as the possibility of growing the larger size of
graphene sheets, regardless of the morphology of
the substrate surface and small nucleation centers.
According to [21], the number of nucleation sites
for graphene growth is extremely small on the Ni
(111) surface, which is an important growth factor
for large single-domain graphene crystals.
According to the literature data, carbon diffusion in
Ni (111) can occur mainly through grains and their
boundaries or in other defective places in the
graphene layer [22-25].

The average grain size of nickel and few-layer
graphene was estimated in the analysis using optical
microscopy. It was 10*15 pm’> and Raman
spectroscopy analysis confirmed the presence of
few-layer graphene (FLG) on the obtained sample.

Figure 5 shows the Raman spectrum of graphene
obtained by the diffusion method on nickel. The
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main modes of Raman spectroscopy of graphene,
few-layer graphene are D, G, 2D peaks. D line
(disorder, defects) this peak corresponds to defects
inside the carbon lattice. D mode is due to the
disordered structure of the graphene and is located
in the region of 1370 cm™’. G — the peak is located in
the region of 1580 cm™ and arises due to the Eag
mode at the G point, also the G-peak arises due to
the expansion of the C-C bond of the graphite
materials and is characteristic for all sp* carbon
systems. In the Raman spectrum the 2D peak is
located in the 2730 cm™ range and the number of
graphene layers can be determined with this peak
[26, 27].

2D (2730)
1,0 -

0,8
0,6 -
G (1580)
0,4 - ‘

Intensity (a.u.)

0,2 1

D (1370)

0,0
1200 1600 2000 2400 2800 3200

Raman shift (cm™)

Figure 5 — Raman spectrum of graphene obtained by the
diffusion method at the temperature of 900 °C.

According to [28], the number of layers of
graphene is determined by the ratio of the intensities
of the Lp/lc peaks. The ratio L/l ~ 2-3 is
characteristic for monolayer graphene, for two-layer
graphene 2> Ip/lc> 1 and for multilayer Ip/Ig<l
[28, 29]. Based on the ratio of the intensity of the
Raman scattering Ip/Ig peaks, it can be concluded
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that the graphene obtained by the diffusion method
on nickel foil is a two-layer one (Figure 5).

3 Conclusions

We studied the production of graphene on nickel
by diffusion method. The following problems were
solved: the features of graphene production on
nickel by diffusion method were studied; the most
optimal process parameters for this method were
determined; the obtained samples were investigated
using optical microscopy, electron microscopy and
Raman spectroscopy.

The obtained results of this method show the
possibility of controlling the process of graphene

formation by changing parameters such as
temperature, time and thickness of nickel. During
the experiment, the main parameters of carbon
diffusion in nickel were estimated. In this case, the
theoretical limiting possible size of the formed
graphene is limited only by the size of the reaction
chamber. The experimental results are well
correlated with the theoretical Arrhenius ratio,
which confirms the diffusion nature of the process.
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Paper presents an analysis of the measurement procedure of the zenith and azimuth angles v and ¢ in the
X-ray emulsion chambers (XREC) of ADRON and PAMIR experiments. Earlier, asymmetry was
observed in distributions of azimuth angles of gamma and hadron families. A detailed analysis of
methodological errors in measuring 0, ¢ angles allowed us to establish the causes of the distortion of
azimuth angles distributions. There are two reasons: systematic errors in the measurement of zenith
angles by MBS-2 microscopes, used both in the PAMIR experiment, and in the ADRON experiment, and
the inclination of XREC based on the subsidence. Calculations showed that the total systematic error
Av=4 ° completely explains the observed azimuthal asymmetry. Formulas for correcting 6 and ¢ angles
are given. The recalculation of the angles by the indicated formulas showed that this corrects the
distribution of the azimuthal angles ¢. The REC plane should be set relative to the horizontal with an
accuracy of no worse than 1 degree in order to avoid distortion of the angular distributions.

Key words: XREC, ADRON, EAS, ionization chambers, cascades, BSM-2 microscope, Gaussian.

PACS number(s): 23.20.En, 26.90 + n, 29.87.+ g, 29.90.+r.

1 Introduction

Characteristics of cosmic rays (CR) in the
energy region above 19" eV are studied in ground-
based experiments deep in the atmosphere. The
spectrum and composition of CR is restored by
parameters of  extensive atmospheric showers
(EAS) generated by CR nuclei. Of greatest interest
1s the small area of EAS near its axis, the EAS
cores, where the most energetic hadrons are
concentrated. The most informative core detector is
the x-ray emulsion chamber (XREC) [1-8] . To
determine the primary energy is necessary to
register the entire shower, for this purpose XREC is
combined with EAS electronic detectors in the so-
called hybrid installations [9-15].

The hybrid experiment ADRON [16-19] was
started in 1985 to combine the techniques of the
EAS and the XREC. The unification of events in the
XREC with the EAS was made statistically, using

information about the location and angles of the
EAS and events in the XREC. Such a method
particularly requires obtaining reliable information
about angles in the XREC [20-24]. It is known from
practice that processing of film information always
contains operator errors. To reduce the number of
measurement errors, the angles of events in the REC
were measured twice and by different operators.
With a significant discrepancy between the values of
at least one of two angles, a control measurement
was made. This procedure reduced the number of
errors from 10% to 2% [20].

The installation of ADRON was operated at the
Tien Shan station (690 g/cm?) from 1985 to 1991. In
the experiment, two types of XRECs with an area of
162 m? were exhibited. The designs of both types of
XRECs are shown in Figure 1. In 1985-1986, two
half-years and in 1986-89 three one-year exposures
of the hadron chamber were made in 1989-1991,
two single-year exposures of a thin lead chamber.
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Figure 1 — X-ray emulsion chambers (XRECs)
of the ADRON experiment

For comparison with EAS in the XREC,
gamma-ray families with a total energy of > E, >10
TeV were selected. Statistics of such events in the
exposures of 1985-1989 (hadron chamber) was 2816
for the gamma-ray unit, and 2222 for the hadron
block. In expositions of 1989-1991 (thin lead
chamber) it was about 1004 of such events (gamma-
family).

Figure 2 shows the spectra of the total energy of
the families Y'E, for the I'-block and Y'E," for the A-
block of the hadron XREC [21]. In the I'-block
gamma-quanta families with energies above 2-4
TeV formed during the decay of n’-mesons are
detected. Charged m* -mesons interact in the carbon
block of the XREC. In this case, the n° mesons and
gamma quanta from their decay are also registered
in the hadron block of the XREC. The energy of
these families of gamma quanta is denoted as YE,",
where E," is the part of the charged hadron energy
released into gamma quanta.

Figure 3 shows the distributions of selected
events by multiplicity. The left figure shows the
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spectra in the I'-block of the hadron XREC (upper
spectrum) and the spectrum for a thin lead chamber
(bottom). The break in the spectrum of the lead
chamber is due to the presence of gaps occupied by
ionization chambers. The right figure shows the
multiplicity spectrum for the A-block of the hadron
XREC.

Figure 4 shows the distributions of azimuth
angles measured in the G and A-blocks of the
hadron chamber (2 and 5 series, respectively)
[21]. The azimuthal distributions are noticeable,
at the level of 60, different from the uniform
ones, which contradicts the data on CR at
energies of the 10'° eV order and higher. This
means that distortions of distributions must be
linked with methodological reasons. Most likely
this can be due to an error in definition of the
vertical. It is known that due to a sharp decrease
in the intensity of cosmic rays with an angle 0,
the deviation from the vertical should lead to a
significant non-distribution of events between
different azimuthal directions.
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Figure 4 — Differential distributions of the azimuthal angles ¢ in the G- and A-blocks of the XREC.

2 Estimation of the distortion of azimuthal
distributions.

The differential CR spectrum with respect to the
number of particles NV at a depth x in the atmosphere
is written in the form [22]:

dl

B A40,x)N *"sin,
dN -do-do

(1

where k is the index of the spectrum of showers with
respect to the number of particles.

If we do not take into account the change in the
atmosphere density along shower path,

— xD ~ COS 2 0, (2)

X

A0, x) = exp(— E(

A\ cosd

where A is the range of absorption of showers with
the number of particles. Then the differential
angular spectrum can be written in the form:

m+1

d’I = I,sinfcos” 8-dO-dop, (3)

27

where Ip is the total intensity of the events, and
k
m= A P

If this expression is integrated with respect to v,
then we obtain:
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1
dl()0)=—"—cos"" 0 -dop, 4)
2m

uniform distribution by .

Methodical deviation from the wvertical is
equivalent to rotating the coordinate system around
any horizontal axis. Moreover, the redistribution of
events between different intervals ¢ depends to a
large extent on the value of the exponent m, which
in our case is m = 8.2 and 9.1 for the hadron and
gamma blocks, respectively.

We consider the transformation of the
differential function ¢’/, when the coordinate system
rotates about the X axis by an angle a. Since the
volume element dV=r’drdQ is an invariant of
orthogonal transformations, and » does not change
under rotations, then dQ also remains unchanged.
The transformation of cos™6 is more convenient to
consider in Cartesian coordinates, and then return to
spherical, but already in the rotated coordinate
system. The rotation matrix at an angle a around the
x axis has the form:

1 0 0
0 cosa -—-sina
0 sina cosa

Proceeding the corresponding transformation of
the Cartesian coordinates and taking into account
that cos 8 =z/r, we finally obtain:



S.B. Shaulov et al.

Phys. Sci. Technol., Vol. 5 (No. 2), 2018: 43-52

d2]=m+1

27

Taking into account the smallness of a and that
6 <45°, we can confine to the first two terms of the
polynomial in parentheses. Integrating this
expression with respect to 6 within 0, n/2, we obtain
the differential distribution of azimuthal angles in
the following form:

m+1
L 00,a)=5" 1 (1 asing), ()
dp
where
m(m+1) "¢
A=——r—1ga Ilnz Ocos™ ' Gdo, ()
cos”" Y

Table 1 — The asymmetry coefficients K

I, cosf@cos" a(l-sing-tga -1gd)" sin Gdbd ¢, 5)

Taking into account that m is not an integer, the
integral in the expression for the coefficient 4 must
be found by numerical methods. The values of the
integrals (6) over ¢ in the range from 0 to 7, and
from & to 2n give the expression for the asymmetry
coefficient K:

K=7z+2A

— 8
YL ®)

Table 1 shows the results of calculating the
values of 4 and K at the experimental values of m =
8.2 and m = 9.1 for the hadron and gamma XREC
blocks, respectively. The last column shows the
experimental values of K.

m o 0 A k Kex
0° 0.19 1.28 1.36+0.04
3° 20° 0.27 1.41 1.64+0.07
8.2 30° 0.35 1.57 1.78+0.11
0° 0.26 1.39 1.36+0.04
4° 20° 0.36 1.59 1.64+0.07
30° 0.46 1.84 1.78+0.11
0° 0.20 1.30 1.26+0.04
3° 20° 0.29 1.45 1.44+0.04
o1 30° 0.38 1.63 1.52+0.12
0° 0.27 1.42 1.26+0.04
4° 20° 0.38 1.65 1.44+0.04
30° 0.50 1.94 1.52+0.12

Comparison of the experimental and calculated
data shows that the deviation from the vertical by an
angle o = 3-4° explains the observed asymmetry.

3 The procedure for measuring angles in
XREC.

The RT-6M X-ray film used in the XREC has
two emulsion layers applied on both sides to a
substrate with a thickness of 200 pm. The zenith
angle 0 of the cascade passage through the film is
measured by the relative shift of the darkening spots
in the upper and lower layers. As the center of the
spot, a region with a maximum of darkening is
taken. The measurement is carried out using the

BSM-2 microscope, which has a linear scale for
determining the distance between the spots of
darkening of A, and finding tgb= A/d , where d is the
thickness of the substrate. In addition, the
microscope has an angular scale along which the
azimuth angle of the cascade ¢ is determined. The
azimuth angle is formed by the coordinate axis x
and the straight line in the plane of the film passing
through both darkening spots in the direction
"towards the source". The angle ¢ is measured from
the x-axis in a counter-clockwise direction. The
scheme for measuring the angles is shown in the
Figure 5. In each microscope, a linear scale for
determining A(0) is calibrated using an object-
micrometer. In our case, we used two microscopes
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with a fission rate of 11.4 and 13.7 um in the object
plane with 7x zoom. The measurement errors for 6
and ¢ are obtained from the geometric relationships
in the following form:

AO =K cos” 0,Ap = Kctgh, )

where K=0.058.
In the region of small angles 0 the azimuth angle
is not determined due to the overlap of the spots.

lens |
! i
X Y
’ |
Y ¥ |
i F . i
& N |
L v
L] . ]
|
D
\ +
d
T .
o 56
meas

The magnitude of this region depends on the
diameter of the spots D, i.e. from the energy of the
cascades. The spot diameter is related to the energy
by the empirical relationship D=35V(E,) um, where
E,in TeV.

The accuracy of determining the center of the
spot A1~0.2D.. Then, assuming that the overlap area
of the spots is 4/~0.5D, we obtain the estimate 0 .,
10° for E, =4 TeV.

Figure 5 — Scheme of measurement of angles

4 Correction of azimuthal asymmetry

To test the azimuthal sensitivity of the X-ray
film, it was irradiated with a radioactive source of
gamma quanta BIS-1M. To eliminate the azimuthal
inhomogeneity of the irradiation, the film was
placed on the disc of the turntable and rotated at a
speed of 45 rpm. Dimensions of the darkening were
made inside the rings for different angles ¢. As
follows from the analysis of the data, the sensitivity
of the X-ray film from the azimuth angle does not
depend.

It turned out that the asymmetry arises from the
presence of a systematic error in determining the
angle v and its azimuthal dependence. The scale for
determining the distance 4 between the darkening
spots on the upper and lower layers of the emulsion
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was always located in the right eyepiece of the
BSM-2 stereo microscope. The optical scheme of it
is arranged in such a way that each of the eyepieces
"looks" at the object table at an angle ~2°. This is
clearly seen in Figure 6, on which the laser beam
passes through the optical system, reflecting from
the mirror on the stage. As a result, the angle »
decreases for cascades coming to the right of the
microscope and increases for those coming from the
left. Since the orientation of X-ray films during
exposure and measurement always remains this
simulated azimuthal asymmetry relative to the sides
of the Light.

The magnitude of the distortion of the zenith
angle was determined by the difference method. For
each cascade, the angle v was measured at two
positions of the film corresponding to the angle
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¢@=0°and 180°. The difference between these values  because of uneven subsidence under the XREC and
is 2a .As a result of the measurements, a =2.2°+0.5°  the slope of the concrete foundation. In the Figure 7
was obtained for a. This is somewhat less than the  corrected distributions of azimuth angles are given
required value, which follows from the calculations.  taking into account the systematic errors of the
Further testing showed that the missing 2° are added  microscope and the inclination of the XREC base.

Figure 6 — Optical scheme for obtaining a stereo image
in the BSM-2 microscope.
The image is obtained by passing a beam of light from
the laser through the microscope optics

Tl 1 :q il

a) el 80 b} s 0

Figure 7 — Differential distributions of the azimuthal angles ¢ in the G-
and A-blocks of the XREC. Figures c) and d) are the same - 6 >30°, but for 6 >3°
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For each event in the XREC, the corrected angles were determined by the formulas (10):

tgb

ucnp

:(fg26u3M +tg2a+2tg9”3’" tga 'COS(DWM)E,

1

(10)

cos @, =1g'0,,, (cosp™" -1g0"™" +1ga),

where o — is the total systematic error in the zenith
angle 6.

5 Determination of random errors in

measuring the angles & and o.

To obtain measurement errors 600 cascades
were selected in the XREC HADRON and the
values of their angles v and ¢ were measured on
four different microscope BSM-2. The Figure 8

(a)

150

AN AB=-0.1%°+2.6°

50 —

. -—fr-q[ =l | | (

10 o

h e

shows the distributions of measurement errors 4 6,
Ap, obtained by  subtracting  individual
measurements from the average of four dimensions.

The distributions are practically Gaussian. The
gross measurement errors making up 6 4% and ¢
9%, were detected and eliminated during the two-
dimensional  measurement of angles. For
measurement errors, the values 4 8,= -0.1.6+£2.6 are
obtained for zenith and A =-0.1£8.6 for the
azimuth angles.

(b)

100 —

50 — Adp=-0.1"20.6"

0

Figure 8 — Distributions of measurement errors for zenith (a) and azimuth (b) angles

6 Conclusion

Summarizing the results we can conclude:

1. The method of measuring the angles € and ¢
in the XREC with the help of stereomicroscopes
BSM-2 introduces a number of distortions:

2. In the range of angles 8 = 0-10°, the method
does not work due to overlapping of the darkening
heels.

50

3. The stereo effect in BSM-2 microscopes
leads toa systematic distortion of the angles
A O=2°.

4. In order to obtain undistorted angular
distributions, the XREC plane should be exposed
with respect to the horizontal with an accuracy not
worse than 1°.
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into primary coolant of research reactors

Hai Quan Ho and E.Ishitsuka”

Sector of Fast Reactor and Advanced Reactor Research and Development,
Japan Atomic Energy Agency (JAEA), 4002 Narita-cho, Oarai-machi,
Higashi Ibaraki-gun, Ibaraki-ken, 311-1393, Japan
‘e-mail: ishitsuka.etsuo@jaea.go.jp

Increasing of tritium concentration in the primary coolant of the research and test reactors during operation
had been reported. To check the source for tritium release into the primary coolant during operation of the
JMTR and the JRR-3M, the tritium release from the driver fuels was calculated by MCNP6 and PHITS. It
is clear that the calculated values of tritium release from fuels are as about 107 and 10° Bq for the JMTR and
JRR-3M, respectively, and that calculated values are about 4 order of magnitude smaller than that of the
measured values. The JMTR is a tank type, and the JRR-3M is a pool type research reactor. The primary
coolants are light water, in which the coolant temperature is lower than 50°C. These results show that the
tritium release from fuels is negligible for both the reactors. In the calculations of tritium release rates into
the water by PHITS, a gaussian triton energy by ternary fissions of 233U,

Key words: tritium release rate, driver fuels, primary coolant, IMTR, JRR-3M.

PACS numbers: 25.85.Ec, 28.41 Er.

1 Introduction

Tritium release into the primary coolant during
operation of the JMTR (Japan Materials Testing Re-
actor) and the JRR-3M (Japan Research Reactor-3M)
had been measured. As results, the amount of tritium
release per operation cycle was reported as 1~2x10!!
Bq and 1~4x10'" for the JIMTR and JRR-3M, respec-
tively [1-5]. The sources and mechanism of the triti-
um release had been studied [6-10], and it is clear that
the beryllium components in core strongly affect the
tritium release into the primary coolant. However, to
get a scientific evidence, the other effects such as a
ternary fission by the driver fuels should be checked
[11-15]. Therefore, the calculation of tritium release
from the driver fuels was carried out in this paper.

2 Calculations of tritium release from driver
fuels

Outline of the JMTR and the JRR-3M are
summarized in Table 1. The JMTR is a tank type,

and the JRR-3M is a pool type research reactor. The
primary coolants are light water, in which the coolant
temperature is lower than 50°C. Core configurations
for both the reactors are shown in Figures 1 and 2 [1].
In this calculation, it was assumed that all fuels were
the same as standard fuel. Size of standard fuel plates
for both the reactors are shown in Table 2 [16, 17].

Table 1 — Outline of IMTR, JRR-3M

Items JMTR JRR-3M
Thermal power
(MW) 50 20
Irradiation tests, Beam
Main purposes RI productions, experiments,
Training RI productions
Main core Be, Al Be, D,0 tank
components
Operation 30d/cy, 6¢yly 25d/cy, 6¢yly
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Figure 1 — Core of IMTR Figure 2 — Core of JRR-3M

Table 2 — Size of standard fuel plate The difference in size of standard fuel plates
between both the reactors is only the length. The
Items JMTR JRR-3M cross-section of both fuel plates are the same
Fuel meat thickness (mm) 051 051 size. Calculation model of the standard fuel
Fuel meat width (mm) & & plate is shown in F_1gure 3. TrllFlum productions
by the ternary fissions and tritium release rates
Fuel meat length (mm) 760 750 into the water for one operating cycle in both
Thickness of cladding (mm) 0.38 0.38 the reactors were calculated by MCNP6 [18]
Fuel plate thickness (mm) 1.27 1.27 and PHITS [19], respectively. The calculation
Fuel plate width (mm) 71 71 results of tritium production by MCNP are

Fuel plate length (mm) 780 770 shown in Table 3.

3H recoil
S PHITS(Ver. 3.020) Unit: mm
St ‘
_ ™ 7 Water

H 1

3H production
MCNP6(Ver.1.0) |

Al cladding
Ternary fission g @
UgSiz-Al - B~
x Fuel 31 i
< 62 >
A J
80

A
v

Figure 3 — Calculation model of standard fuel plate

54



Hai Quan Ho and E.Ishitsuka

Phys. Sci. Technol., Vol. 5 (No. 2), 2018: 53-56

(1) Standard fuel plate of IMTR

Table 3 — Calculation results
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Figure 4 — Triton 2D distribution
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(2) Standard fuel plate of JRR-3M

Figure 5 — Triton 1D distribution

Items

Tritium production (Bq)

Tritium release rate

Released tritium (Bq)

Calculated value / measured value

fissions of **°U, as shown in Figure 3, was selected
[20]. The calculation results for standard fuel plates

JMTR JRR-3M by PHITS are shown in Figure 4, Figure 5, and Table
27x10°  2.4x10° 3. Tritium release from fuels is about 10" and 10° Bq
28x10°  2.8x10° for the IMTR and JRR-3M, respectively.
7.6x10° 6.5x10° 3 Discussion

~10* ~10*

In the calculations of tritium release rates into the
water by PHITS, a gaussian triton energy by ternary

From the above calculation results, the tritium

release from fuels for both the reactors is about 4 order
of magnitude smaller than that of the measured value
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(JMTR: ~10'" Bq, JRR-3M: ~10' Bq). Therefore, it
is clear that the tritium release from fuels for both the
reactors is negligible, and that it is not necessary to
consider as the source of tritium release.

4 Conclusions
To check the source for tritium release into the

primary coolant during operation of the JMTR and
the JRR-3M, the tritium release from the driver fuels

are calculated by MCNP6 and PHITS. The following
results were obtained.

- The calculated amount of tritium release from
fuels are about 107 and 10° Bq for the JMTR and
JRR-3M, respectively.

- The calculated values are about 4 order of
magnitude smaller than that of the measured value.

- The trittum release from fuels for both the
reactors is negligible. It is not necessary to consider
the fuels as the source of tritium release.
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The existence or non-existence of the negative temperature coefficient (NTC) region in cyclo-hexane
(cyCH,,) oxidation is still an open question in the literature. This paper addresses this issue by presenting
the rapid compression machine (RCM) and shock tube (ST) data and a consistent model to predict ignition
delay times in agreement with experimental data. To this end, a semi-detailed chemical kinetic mechanism
has been updated and improved to study the cyclohexane combustion at both low- and high-temperatures
including polyromantic molecule (PAH) formation. The reaction mechanism is based on the 20 reaction
classes; two of those were newly included in the model: cyclohexenyl peroxy formation and isomerization
of hydroperoxy peroxy radical. For the main reaction classes, uncertainty boundaries of the rate coefficients
have been evaluated. The NTC behavior observed in the RCM experiments was not detected in the ST
measurements and in simulations performed with the developed model. The simulations performed with
other literature models revealed that reaction models, which described the NTC region fixed in the RCM
experiments, were unable to reproduce accurately the shock tube data. It is shown, that the cyC H  , oxidation
chemistry is controlled by competition between three main reaction pathways over the full temperature
interval. The developed model describes successfully laminar flame speed data and species profiles from

burner-stabilized premixed flames.

Key words: cyclohexane, oxidation, polyaromatics, ignition, NTC.

PACS numbers: 07.20.Mc; 82.40.—g.

1 Introduction

Cycloalkanes (naphthenes) are an important
chemical class of hydrocarbons found in conventional
fuel mixtures like kerosene and diesel. They can affect
the ignition quality of the fuel and can potentially
raise soot emission levels due to their cyclic shapes.
Therefore, the kinetic investigation of cyclohexane as
the basic naphthene used in the models of commercial
fuels has a great importance.

Table S1 in Supplement-1 summarizes the main
existing numerical investigations of the cyCH,,
chemistry [1-10] accomplished with the experimental
data [11-22] details used for the model validations.
Despite of numerous investigations, up to now the
published reaction models demonstrate significant
discrepancies in the kinetic parameters and results.
Thus the ignition delay time measurements performed
in RCM [11, 17] and ST [16, 22] report contradictive

information: NTC region observed in RCM was not
detected in the ST experiments. To our knowledge,
the published models were validated mostly on the
data followed from RCM. An exception is reaction
mechanism developed by Serinyel et al. [10]
which was tested also on the ST low-temperature
data of Daley et al. [16]. The indicated significant
discrepancy between experiment and simulations
was not analyzed in the study [10].

The main objective of this study is to revise and
update the reaction pathways and rate coefficients
of important reactions in the DLR kinetic model
[23] and to establish the uncertainty quantified
reaction mechanism of the cyC H,, oxidation with
reasonable size to study the whole reactivity range.
This model will be the base for the further extension
to substituted, mono- and polycyclic napthenes. The
investigation of the difference in the low-temperature
data obtained in RCM and ST experiments is in the
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focus of the present paper. By simulations of the
experimental data with the updated mechanism and
conducting chemical kinetic analyses the controlling
reaction pathways responsible for autoignition at the
lower temperature are identified and discussed.

The kinetic model was tested on the experimental
data obtained in laminar flames. It delivers realistic
predictions for cyclohexane combustion and due
to its compactness meets the requirements of CFD
simulations for technical combustion system.

Kinetic Model

The presented cyclohexane oxidation Kkinetic
mechanism is a significant update of the model
developed earlier in DLR [23]. The new model is
based on the most recent C -C, chemistry studied by
Slavinskaya et al. [24, 25, 26] and includes the PAH
sub-model up to 5-ringed molecules.

Thermodynamic properties for several cyclic
species were newly estimated and revised based on
Benson’s additivity approach including cyclic and
bicyclic ring correction groups, reported in [27]
, Table S2. The species transport properties were
approximated using the group contribution algorithm
of Joback et al. [28]. The full reaction mechanism,
thermodynamic and transport data are provided in
supplemental files (Supplement_Mech, Supplement
therm, Supplement_trandat).

Simulation of the experimental data was
performed using the SENKIN and PREMIX packages
of CHEMKIN II [29]. To model the ignition delay
data obtained in RCM with the pressure profile, the
chemical work bench (CWB) packages [30] have
been used. For simulations of the ignition delay times
measured in RCM, it was assumed that no reaction
occurs during the compression stroke, heat losses are
negligible and the constant volume assumption can
be used. Simulations performed with the pressure
profile shown the negligible effect of the pressure
gradients on results. Constant-volume, homogeneous,
and adiabatic conditions have been used to model the
shock tube experiments.

2.1 High Temperature Sub-Mechanism

After sensitivity and rate of production analysis
only 6 main reaction classes marked in Figure 1 were
found to be important for high-temperature:

1. Unimolecular fuel decomposition,
opening;

2. H-atom abstraction by O, H, OH, CH,, CH,O,
CH,, C,H,, O, leading to cycloalkyl radical, cyCH ;

3. Isomerization of cyCH,, ring opening/f-
scission of cyclic radicals;

ring

1
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4. Decomposition  of  unsaturated
molecules;

5. Cascading dehydrogenation of cyCH
abstraction) leading to benzene (A1,C.H,);

6. cyC H, reactions to form, benzene

The kinetic rate parameters for reactions of type
1, as well as the further sequential unimolecular
decompositions and [B-scission reactions follow
from the published literature reaction models [1, 3,
5, 6, 31, 32] . For cascading dehydrogenation steps,
cyCH, —cyCH —cyCH,—...—Al, due to the
lack and high uncertainty level of data, the reaction
coefficients were estimated, applying empirical rules
proposed in [33] to evaluate the activation energy
for H-abstraction reactions, Supplement-2. The pre-
exponential factors were estimated based on the
collision theory [34] using the numerical algorithm
proposed in Cherny et al. [35].

cyclic

(H-

11

2.2 Low Temperature Sub-Mechanism

Generally, cyclohexane exhibits low-temperature
chemistry very similar to that of normal alkanes [36]
with some cyclohexane specific reaction pathways
like cyclohexanone and bicyclic ether formation. It
was found [8, 9, 37] that the presence of the cyclic
ring contributes to the activation energy barriers for
some low-temperature reactions. It was considered at
the rate coefficients evaluations, which were adopted
mostly from investigations [4, 8, 9, 10, 32, 38, 39,
40] after the uncertainty analysis.

The main 14 reaction types were finally included
in the scheme, Figure 2:

1. The O, addition to alkyl radical;

2. Isomerization of cyclic peroxy to hydroperoxy
radical;

3. Decomposition cyC.H, OOH-
cyclohexene and HO,;

4. Decomposition cyC,H, OOHe radicals via
ring opening to smaller species and OH radical;

5. Decomposition  of  ¢cyCH, OOHs and
formation of cyclohexanone (cyCH, Od) and 3
bicyclic ethers (cyC H, Oa,b,c);

6. O, addition to cyC.H OOHe« with formation
of O,QOO0H:- type radicals;

7. Isomerization  of

radicals to

cyOOCH,OOH to

cyC H,(OOH),

8. Decomposition of cyOOCH, OOH and
cyCH/(OOH), to cyclic ketohydroperoxides
(cyOCH,00H) and OH;

9. H-atom  abstraction-cyclic  ethers &
cyclohexanone;

10. Decomposition of cyC H,O;
11. Decomposition of cyOCH,O0H via ring
opening;



M. Abbasi and N.A. Slavinskaya Phys. Sci. Technol., Vol. 5 (No. 2), 2018: 57-77

CIH2+i-C4HS5

OO0~

C4H6+C2IH4

G-
~0 - QO
AP L

3.C2H4 Smaller species

2.C3H6

C4HS8+C2H4

Figure 1 — Principal scheme of the high temperature oxidation of cyCH,,

*o 18
+HO2
OH +
; N
1;\
C5H9 + CHO 000
2-C2H4 + CH2CHO O/ 9
20
C2H3+ C2H4 + CH2CHO 8

-HO2

OOH 12 HOO
Smaller CH3CO + nC4H7+0OH
species 10

CH20 + CSH8+0OH

llll
GJCI0]0

Glelolo

Figure 2 — Principal scheme of the low-temperature oxidation of cyC H ,
with their new extensions (grey)

Lumped

16

Smaller species
cyC6H90O

59



Investigation of the low-temperature cyclohexane oxidation

Phys. Sci. Technol., Vol. 5 (No. 2), 2018: 57-77

12. Formation of cyCH, O+ from cyCH, OO
and cyCH  ;

13. Decomposition of c¢cyCH, O via ring
opening;

14. The O, addition to cyC H,.

The low-temperature reaction pathways earlier
studied in [23] were revised and extended with the
cyclohexenyl peroxy formation and isomerization
of hydroperoxy peroxy radical, cyOOCH, OOH,
through the internal hydrogen transfer yielding
more stable cyC H,(OOH), (type 13, Figure 2). The
possible isomers of cyC H,(OOH), were grouped
in a single lumped component, which dissociates
into cyclic ketohydroperoxide and OH. This step
was included in the scheme to multiply the chain
propagation steps, and to increase the concentrations
of less reactive HO, and cyclohexanone radicals
(through the cyOCH,O0H decomposition) in the
intermediate temperature zone.

Cyclohexene is mostly produced at the cascading
cyclohexane dehydrogenation and at the HO,
elimination from cyclohexylperoxy radical. Further
that decomposes to cyclohexenyl, cyCH,, which
in turn after oxygen addition prolongs the low-
temperature cyclohexene oxidation path competitive
with the low-temperature hexyl oxidation. These two
new added pathways, globally represented in the
scheme in Figure 2, were not previously considered
in detail in current understanding of low-temperature

chemistry of cyclohexane. The related rate constants
were evaluated as analogous to those for peroxy
radicals, ROO and OOQOOH, applying cyclo-
specific rate modification rules studied intensively by
[8,9, 37] (Supplement_mech).

2.3 Uncertainty Analysis

The upper f and lower f, uncertainty boundaries
of reaction rate coefficients have been evaluated
through the statistical analysis of the literature data
applying the non-linear weighted least squares
method and its numeric realization FUMILI [41].

£u(T) = log“ezzer D
kol(T)
. (1)
ke, (T

f(T) = log -]

here, k, is the nominal rate value, k,,, and &, pper AT€
lower and upper rate values from the dataset under
consideration. This statistical assessment has been
carried out, if a number of data sources exceeded 3.
Table 1 summarises the clculated uncertainties. De-
tailed explanations about the applied method are pro-
vided in Supplement-2. These evaluated uncertainty
intervals have been considered in the model improve-
ment procedure. Table S3 reports parameters of the
rate coefficients before and after modifications, and
estimated uncertainty margins.

Table 1 — The lower and upper uncertainty factors of the rate coefficients of main reaction types

Reaction” Type £(T) £(T)
cyCH,— 3CH, DE (1) 2.33-3.78 0.92-2.37
cyCH, < aCH,, RN (1) 5.88-6.20 4.85-5.17
cyCH +0, < cyCH, +HO, HABS,INT (2) 2.47-2.65 2.44-2.62
cyCH, = CH,, RN (3) 2.82-2.92 2.71-2.80
cyCH, < cyCH +H DE (5) 3.38-3.57 3.07-3.26
cyCH, +0,< cyCH, +HO, HABS (5) 1.68-1.79 1.66-1.77
cyCH,, < cyCH, +H DE (5) 3.11-3.21 2.82-2.92
cyCH, +0, < cyC H, 00 ADD (7) 6.40-6.83 6.1-6.58
cyCH, 00 « cyC H OOH ISM (8) 3.34-3.85 3.31-3.82
cyC,H OOH — CH,0 + C.H,+ OH BSC, RN (10) 4.28-4.73 3.33-3.78
cyC,H,,O0H & OH+cyC,H, Oa DE-OH (11) 3.00-3.14 2.84-2.99
cyOOC H, OOH &5 OH+ cyOC,H,00H DE-OH (14) 2.87-2.92 2.77-2.82
¢yCH, Oa+OH « cyC H,0+H,0 HABS (15) 0.89-0.93 0.88-0.93
cyC,H, 0 — CH,CHO + 2C,H, DE,RN (19) 2.65-286 2.56-2.75

Abbreviations:
DE: Decomposition INT: Initiation HABS: H atom Abstraction RN: Ring-opening BSC: - Scission ADD: Addition ISM:
Isomerization DE-OH: Decomposition to release OH
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3 Results and discussion

The performance of the current cyclohexane
model was validated and optimized based on various
types of experimental data [10-22], Table S4.

3.1 Ignition delay time

Rapid compression machine

The simulations of experimental data obtained
in RCMs of [11, 17] revealed that unlike the
mechanisms developed by Silke etal. [8] and Serinyel
et al. [10], the studied model did not reproduce two
stage ignition with NTC behavior.

The additive channels did not improve
significantly trends in the ignition simulations,
Figure 3, but made faster the ignition at T<800K: the
additive O—OH bonds increase the number of OH
radicals.

Generally, occurrence of NTC behavior in the
hydrocarbon ignition is mainly controlled by the
equilibrium of cyCH +0O, = cyCH, 00. The

shift in the reaction equilibrium to the cyC H, OO
production favors the transition of the overall
oxidation chemistry to the low-temperature kinetics.
According to the wused thermochemistry, the
cyclohexyl peroxide production dominates on the
whole investigated temperatures interval supporting
the low-temperature mechanism of the small radical
production. The temperature increase favors the
reaction types 1-6 and reduces the peroxy radical
concentration. That decreases the role of low-
temperature reactions, but does not make it negligible.
As a consequence, the region of gradient change
(RGC) in the cyclohexane ignition behavior can be
occurred as a response of the competition between
low-and high-temperature reaction pathways. Instead
the NTC regime, the smoothed conversion of the
high-temperature oxidation to the low-temperature
(an increase of reactivity with temperature decrease)
is formed. The simulations of ignition delay data
obtained in shock tubes support this conclusion.

100 T T T T T T T T 100 T T T T T T T T
$=10/ p=8 bar » O Exp. Vranckx 2012
o cyCH,, /air < - — - Silke 2006
g . E |- serinyel 2013
=N ] 107~ DLR-2016 ]
> g [—pw
o [}
2 o2t ] 2 10 ]
c = O Exp. Lemaire 2008 g ]
2 ~ - -Silke 2006 S
= - - - - Serinyel 2013 = ]
m = -—
= 403L —-—-DLR-2016 i o 10°F ¢=1.0/p 20bar:
—pw cyCH,,/O,/N,/Ar ]
1.1 1.2 1.3 14 15 1.1 1.2 1.3 1.4 1.5
1000/T, 1/K 1000/T, 1/K
(a) (b)
Figure 3 — Cyclohexane ignition delay time from RCM experiments: a) p=8bar [11] b) p=20bar [17],
versus simulations [8, 10], present work (pw)

Shock tube delay time gradient is caused by the three main

The shock tube experiments performed by Daley
et al. [16] and recently by Naumann et al. [22], Fig.4
and 5, do notdemonstrate the NTC region, but the clear
increase in reactivity with the temperature decrease,
an indication of RGC, at T<900K, Fig. 4b and 5b. At
higher pressure, a change in gradient reactivity is more
pronounced, Fig.4b. This “slowdown” in ignition

competitive reaction pathways: the high-temperature
formation of olefins and P-scission products; the
chain branching peroxy- and hydroperoxy-radical
reactions; and the cyclohexanone and bicyclic ethers
(cyCH,Oab,c,d) production. The reaction flux
diagrams, Figure 6, indicate quite clearly these three
pathways.
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Figure 4 — Comparison of ST autoignition data [16] with simulations [6, 8, 10],
pw at: a) 9=0.25 , p=12bar; b) ¢=1.0, p=50bar
At the low-temperature oxidation regime, 12, see Figure 2) dominates and competes with the
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branching reaction path (starts with reaction type

with reaction type 11, Figure 2).
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Figure 5 — Comparison of ST autoignition data [22] with simulations [6, 8, 10],
pw at: a)T=800-1010K b)T=1030-1420K

The new added reaction pathway, starting
with cyCH,00 formation (type 20, Figure2),
influences the overall reaction for both temperature
regimes, Fig.6a,b. It was pointed out that with the
temperature increase the equilibrium constant of
reaction cyC,H, OOH < ¢yCH, + HO, is shifted
to the left side. It leads to the chain-propagation of
cyclohexanone and bicyclic ethers, but not olefins
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and HO, radicals. As a consequence, cyclohexene
starts two typical low-temperature scenarios, which
prohibit the olefin accumulation and lead to the
smoothed gradient change in the cyC H , self-ignition
behavior at 800 <T<1100K.

In both regimes, Fig.4 and 5, the experimental tar-
gets were perfectly regenerated by the current model.
The models [8, 10] and of Sirjean et al. [6] overpre-
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dict the ST ignition delay times and do not keep a
trend. At higher temperature, T>900 K, models [6,
8, 10] are more successful by simulations, but tend
to show a lower reactivity [6, 10]. It can be related to

( cycBH11 jumpp{ cycEH1100 |

A A

a) possible problems in thermodynamical properties;
b) heightened concentrations of olefins, which should
be produced in these models in large amount to re-
produce the RCM experimental data [11, 17], Fig.3.

( eyceH11 }—{ cyceH1100 ]

[ cyCeH10 el cyC6H1000H }={ 0ocyceH1000H |

( cyceH10 j=—>{ cyCSH1000H ]

| cyceH900 Ja=—f cyceHs ]

cyC6H100a b,cd |

| OcyCGHQOOH I

( cyC6H900 Ja—{ cyceHs | | cyC6H100abcd ]

((cyC6H8OOH Je-- { cyC6H8 ) chGHSOOH J—{_cycehs | [cv06H90]
cyCGHSO Smaller '
Species Smaller
c C6H7 Smaller C6H7 !
Small_er Y Smaller Species Species
Species | Species
(a) (b)

Figure 6 — Rate of production analysis in p = 16 atm and
a) T=808 K and b) T=1389K

Laminar flame speed

The current mechanism has been also validated
on the flame speed data from [10, 14, 15, 21]. The
model demonstrates a good facilities to reflect
the heat release in the system, describes datasets
at atmospheric pressure and different preheated
temperatures with a good agreement, Figure 7.

Flame structure

Figures 8 and 9 show simulations of the stabilized
flames studied by Law et al. [13] and Ciajolo et
al. [20]. In both cases the concentration profiles of
important precursors of the PAH were successfully
predicted with the present model.

The sensitivity and rate of production analysis
have been carried out at three different temperatures
along the given temperature profiles. It can be pointed
out, that for T<1600K, the cascading dehydrogenation
is the main reaction path to the benzene formation.
The secondary ways lead to the substituted mono-
aromatics after fuel decomposition to allene and
acetylene. At the temperatures > 1600K, at the end
of main reaction zone, the propargyl recombination
controls the process of benzene formation, Figure 10.
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Figure 7 — Laminar flame speed data [10, 14, 15]
compared with simulations [10],pw
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— 4.0E-02 T T T T T T 2000 5.0E-03 T T T T T T
] _ Exp. pw _ Exp pw
£ ) C4H6 O —— J1800 S, eoslA e S—
e ST C2H4 .OE-03} .
3.0E-02 - .Y = cyC5H6
% R R 41600 = Y
S T 41400 € 30e-03] i
S ol c
§ 208021 |© o cyC,H,JO,N
- 41200 B 20E-03L 6 112! 22 V2 |
< N\ cyC,H,/ON, © 2 p=1atm , $=2.33
© 1.0E-02 | p=1atm , $=2.33 41000 u:; Exp. Ciajolo et al. 2009
= %) Exp. Ciajolo et al. 2009 | 50 5 1-0E-03
<)o) =
0.0E+00 PL t . . ; ; 600 0.0E+00 f ] T T T : .
0 4 6 8 10 12 0 2 4 6 8 10 12 14
Distance from Burner. mm Distance from Burner, mm
(@) (b)
4.0E-03 : : . . . . 8.0E-02 T EX RS T T
- - p. D
S catiz EXD- pw CYC4H,,/O,/N, S cH4 o cyC,H,,/O,N,
£ p=1atm , ¢=2.33 £ CoH2 p=1 atm , $=2.33
© 3.0E-03 | C4H4 x5 i O 6.0E-02} A
£ E
- . c
c Exp. Ciajolo et al. 2009 o
-% 2.0E-03} ] £ 40021 % ]
®
£ o %H%
o
© 2 2.0E-02f {> <} {2
3 1.0E-03 8 § &
E I
T Exp. Ciajolo et al. 2009
0-0E+00 T T T T T T
0.0E+00 T T T T T T 0 2 4 6 8 10 12
0 2 4 6 8 10 12 .
Distance from Burner. mm Distance from Burner, mm
(© (d)

Figure 9 — Species concentration profiles reported by [20]
and the simulation results [pw]
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Figure 10 — Schematics of reaction path analysis performed for studied flames at
a) temperature flame <1600K and b) temperature flame >1600K

4. Conclusions

This paper presents an updated semi-detailed
kinetic mechanism for the cyclohexane oxidation at
low, intermediate and high temperature. Two low-
temperature reaction paths were newly included
in the model: cyclohexenyl peroxy formation and
isomerization of hydroperoxy peroxy radical. Special
care has been taken to revise of rate parameters specific
to cyclic alkanes and to evaluation of uncertainty
intervals for the rate coefficients of most important
reactions. The developed model satisfactorily
reproduces the experimental data for ignition delay
times, laminar flame speeds and concentration
profiles measured in laminar flames. That makes it
the particularly valuable for an explanation of the
cyclohexane kinetics.

The equilibrium in the reaction of oxygen
addition to cyC H, | is shifted to cyclohexyl peroxide
production on the whole investigated temperatures
interval, where three main competitive reaction
pathways permanently control the ignition:
the high-temperature formation of olefins and
B-scission products; the chain branching peroxy-

and hydroperoxy-radical reactions; and the
cyclohexanone and bicyclic ethers production. The
ignition simulations, thermochemistry, flow-rate and
sensitivity analyses shown, that the competition of
these three paths leads to the smoothed conversion
of the high-temperature oxidation to the low-
temperature. As the result, instead two stage ignition
regime, the region of the gradient change (RGC) in
the ignition behavior is occurred at 800<T<1100 K as
aresponse to an increase of overall reactivity initiated
by dominance of the chain branching peroxy- and
hydroperoxy-radical reactions. Our numerical
simulations are in accordance with the shock tube
observations and support this conclusion. Further
investigation of this matter would be very useful for
the development of kinetic mechanisms for larger
substituted naphthenes.

For T <1600K, the cascading dehydrogenation
is the main reaction path to the benzene formation.
The secondary ways lead to the substituted mono-
aromatics after fuel decomposition to allene
and acetylene. At the T > 1600K, the propargyl
recombination controls the process of benzene
formation.
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Supplementary Materials 1

Table S1 — Kinetic mechanisms and their experimental validations [1-20] (ST = Shock tube, RCM = Rapid Compression Machine, PFR
= Plug Flow Reactor, JSR = Jet Stirred Reactor)

Validation
Model
ST RCM PFR JSR Flame Structure
— Concentration profile
= (1]
= T=750-1100 K, t=0.5 s
° p= 10atm,
£ 9=0.5,1.0,1.5
S Mixture: 0.1% cyC H /
02/N2
— Concentration profile Flame Speed [12]
o [2] T=298K,
= T=750-1200 K, p=latm
E 1=0.07-0.5s Mixture:
E p=1, 2, 10atm, cyCH,,/ air
& ¢=0.5,1.0, 1.5
= Mixture:
0.15% cyCH /O,/N,
Concentration profile
= (3]
© T=980-1200 K
B ) p= latm, ¢=1.0,
2 1=0.07s
~ Mixture:
0.15% cyCH,,/O,/N,

Ignition delay time | Concentration profile | Concentration profile Flame Speed [12]
= [11] [19] [1,2] T=298 K, p= latm
= p=7-9 bar T=1155 K, P=latm T=800-1200 K Mixture:

s T=650-900 K, 9=1.0 | Mixture (pyrolysis): P=1-10atm, cyCH,/ air
; Mixture: cyC H /air | 0.166 %cyC H ,in N, ¢=0.5,1.0, 1.5
= T=1160 K, p= latm
g Mixture:
© 0.185% cyC.H, /1.9%
O,inN,
- Concentration profile
oS = [13]
s T= 1000 K,
<G p= 30 Torr
¢=1.0,2.0
Ignition delay time
= [6]
T T=1200-1850 K
O P=7-9 bar,
= 0=0.5,1,2
N Mixture:
0.5% cyCH ,/O,/Ar
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Ignition delay time

Concentration profile

2 (1] 2]
2 = p=7-9, 11-14 bar T=800-1200 K
'§ =] T=700-1000 K, p=1-10atm ,
) 0=1.0 ¢=0.5,1.0, 1.5
Mixture: cyC H ./ air
Ignition delay time Concentration profile
[11] (1
p=7-9, 11-14 bar T=3850-1070 K,
T="700-1000 K, P=2.0,10atm
o=1.0 ¢=0.5,1.0,1.5,
= Mixture: cyC H / air t=0.5s
= Mixture: 0
-+ 1% cyCH ,/O,/N,
é’ Concentration profile
7 12]
T=800-1100 K,
1=0.25s
p= Satm, ¢=1.0
Mixture:
0.15% cyCH /O/N,
Ignition delay time Concentration profile
= (1] [1]
= p=0.7-0.9/1.1-1.4 T=2850-1070 K ,
g MPa p= 10atm
= T="700-1000 K, ¢=0.5,1.0,15,
i ¢=1.0 7=0.5s
- Mixture : cyC H,/ air Mixture:
0.1% cyCH ,/O,/N,
Ignition delay time | Ignition delay time Concentration profile Flame Speed [10]
[5] [11] [10] T= 298,358, 398 K
T=1200-1850 K p=11-14 bar T=500-1100 K p= latm,
p= 7-9bar, T=700-1000 K, P=107bar,t=2s Mixture: cyC H ./ air
0=0.5,1,2 0=1.0 ¢=0.5,1.0,2 Flame Speed [12]
Mixture : Mixture: cyC H ./ air Mixture : T=298 K,
0.5% cyCH /O, Ignition delay time 0.667% cyCH /O, /N, p= latm
_ in Ar [18] Mixture: cyC H ./ air
g Ignition delay time T= 600-900K, Flame Speed [14]
= [17] ¢0=0.5,1,2 T=353K,
< T=950-1200 K p=12.5, 20, 40 bar p= latm
) p=13-15 bar, Mixture: Mixture:
E ¢=0.5,1.0 2.26% cyC H ,/O,/N, cyCH,/ air
g Mixture: Flame Speed [15]
cyCH,/ air T=353K,
Ignition delay time p=2.,5, 10atm
[19] Mixture: cyC H ./ air
T=950-1200 K
p=1.5,3 bar,
¢=0.5, 1.0
Mixture :
cyCH,,/4%0,/Ar
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Table S2 — Thermodynamic properties of cyclohexane relevant sub-model species

S0/ C(D /J-mol'-K")
Species AH’ [ kJ-mol! Fmol K-
0 300 400 500 600 800 1000 1500
cyCH, 54.71 314.94 108.93 | 151.45 | 187.74 | 219.29 | 269.63 | 303.40 | 351.87
cyCH,, -2.43 312.26 104.90 | 145.14 | 178.48 | 206.48 | 249.21 | 278.78 | 322.94
cyCH, O -68.23 331.55 119.54 | 165.33 | 204.39 | 238.41 | 292.65 | 327.12 | 377.29
cyCH, 00 -83.07 365.14 128.43 | 175.69 | 216.32 | 251.33 | 305.45 | 341.77 | 401.12
cyCH, ,00H -37.22 398.44 146.93 | 196.34 | 236.73 | 271.05 | 325.60 | 361.62 | 413.25
cyOOCH, OOH -179.92 441.33 162.45 | 214.36 | 256.87 | 292.58 | 347.54 | 382.68 | 443.32
cyOOHC H,O0H -136.14 472.73 168.99 | 218.78 | 260.29 | 295.34 | 349.00 | 393.86 | 430.91
cyOC,H,00H -332.26 410.57 150.61 | 197.32 | 233.21 | 263.51 | 314.66 | 346.45 | 404.90
cyC,H,00 35.52 373.69 122.98 | 165.82 | 201.03 | 230.15 | 273.21 | 302.46 | 352.99
cyC,H,O0H 26.75 376.78 136.64 | 180.67 | 214.31 | 241.36 | 282.46 | 308.52 | 348.41
a-cyCH, O -125.81 284.42 118.94 | 163.80 | 201.43 | 232.90 | 279.48 | 311.26 | 369.62
b-cyC,H, O -140.38 258.55 115.32 | 158.71 | 197.13 | 229.69 | 276.23 | 308.84 | 368.45
c-cyC,H, O -220.08 227.65 111.26 | 155.67 | 194.99 | 228.12 | 274.82 | 307.84 | 367.71
d-cyCH, O -235.41 334.39 116.59 | 158.66 | 192.67 | 222.26 | 272.58 | 305.52 | 362.85
cyCH, 131.45 313.62 97.80 | 132.26 | 163.44 | 190.17 | 228.81 | 257.17 | 298.06
cyC H 134.28 274.10 7533 | 102.35 | 126.05 | 145.68 | 172.49 | 191.92 | 219.07
cyCH, 200.56 305.77 97.56 | 129.46 | 156.63 | 178.98 | 210.14 | 232.58 | 263.86
Table S4 — Experimental data used for validations
Validation
Exp.
ST RCM Flame Structure
Concentration profile
T= 1000 K, p= 30 Torr, ¢=1.0
Laﬁ 3"]‘ al. Mixture: cyC,H, /O, in 32.5% Ar
MFR=0.00214 g.cm?.s’
UNC: £20 -50%
Ignition delay time
Vranckx et al. T=600-900 K, ¢ = 1.0, p= 20 bar
[17] Mixture: 2.26% cyCH ,/O,/N,
UNC: £50% -70%
Ignition delay time
. p= 8 bar,
Lem“}'lrle] CLEE T=650-900 K , ¢p=1.0
Mixture: cyC H ,/ air
UNC: £40% — 60%
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Ignition delay time
T=1230-1840 K,
Sirjean et P=8atm, ¢=0.5, 2.0

al.[6] Mixture:
0.5% cyCH ,/O,/Ar
UNC: £30 —40%

Concentration profile
. . T=700 K, p=1 atm, ¢=2.33
C'al‘[’;‘(’)]et al. Mixture: cyC,H, /0,/39.4% N,
MFR=0.00283 g.cm™.s!
UNC: 20 - 50%

Flame Speed
Richter et al. T=473 K, p=1 atm
[21] Mixture: cyCH ./ air
UNC: £10%

Ignition delay time
T=800-1400 K,
Naumann et p= 16atm, ¢=1.0
al. [22] Mixture:
cyCH /O,/ 89% N,
UNC: £30 - 60%

Ignition delay time
T=950-1200 K

Dal‘[’fét al | 13-15 bar, =025, 0.5, 1.0
Mixture : cyC H, / air
UNC: £20 — 40%
Flame Speed
T=353 K, p=1.0, 10 atm
Gl (251 Mixture: cyCH,,/ air
UNC: £10% , +20
Flame Speed
- T=353 K, p=1.0 atm
Jietal [14] Mixture: cyCH, / air
UNC: £10%
Flame Speed
Serinyel et al. T=358 K, p= latm,
[10] Mixture: cyC H,/ air
UNC: £10%
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Figure S1 — Comparison of ST autoignition data [6,16] with simulations [6,8,10,23,pw]
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Figure S2 — Laminar flame speed data [12, 21] compared with simulations [10,23,pw].
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Figure S3 — Concentration profiles of species measured in burned stabilized flame of [13]
and the simulation results [pw].
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Figure S4 — Concentration profiles of species measured in burned stabilized flame of [20]
and the simulation results [pw]
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Empirical rules for estimation of Kinetic
parameters of bi-molecular reactions:

The activation energy of a bi-molecular reaction
can be approximated using the Polanyi-Semenov
equations:

E, =48.1 - 0.25|AH°| exothermic reactions Eq.(S1)

E,=48.1+0.75|AH°| endothermic reactions
where AH? is standard enthalpy of reaction. For
reactions with two radicals as reactants, where the
Polanyi-Semenov [1] equation results in negative
values, the activation energy was assumed to be zero.
The pre-exponential factors were estimated
based on the collision theory [2] using the numerical
algorithm proposed in Cherny et al. [3].

Uncertainty analysis of the model rate parameters

Uncertainty of reaction model caused by mainly
uncertainty of the chemical kinetics data (reaction
rate coefficients, thermodynamic data, transport co-
efficients data, etc.) and experimental data which will
be used for validation and optimization. In the case
of the kinetic data, it is not simple to realize using of
accurate first principle calculations for each reaction
encountered in the kinetical model. The uncertainties
for the published reaction rates are often not availa-
ble or rarely reported [4]. The optimisation of kinetic
model follows the reduction of model uncertainty.
This could be achieved via minimizing the feasi-
ble area of parameters of reaction rate rule, in Ar-
rhenius equation. The error margin for each reaction
Ak(T) included in the model is determined through
the standard deviations of the rate coefficients 4, n,
E . The uncertainty factor f{7) identifies the level of
uncertainty of reactions. For lower and upper error
boundaries, it will be defined as below [4]:

E(T)

Rupper{T}
g Kiow(T)

ko(T)

£u(T) = log , f(D) =1 Eq.(S2)

5y [Zpa ey (177 - fG.30) L2

Supplementary Materials 2

where k is the optimised rate value, known as nomi-
nal rate, k, and k, e A€ lower and upper rate
boundaries. However, the statistical assessment of
the rate is limited due to number of available data. If
adequate sets of data are in access, the simple analy-
sis of k uncertainty can be performed based on the
least-squares regression. In this work the non-linear
least squares method and its numeric realisation FU-
MILI [5]. Tt linearizes model f(¥, %) and approxi-
mates the goal function with modified parameters,
which fits the data of m observations with a model of
n unknown parameters (m > n).

The evaluation of parameters can be obtained
through minimisation of objective function @(¥y,x)
and linearization by a first-order Taylor series expan-
sion about parameters:

©G.3) = _y» 1@}[ yoxP ( G+ 30 1af(:x]axk)]2
Eq.(S3)

The y is the vector of “coordinates”, describing a
physical property, such as temperature, pressure, etc.
; ¥ is the vector of parameters to be modified, i.e.
Arrhenius parameters 4, n, and £ in this case; w; is
the weight of each set of observation, which directly
correlates with experimental uncertainty and the ¥
represents experimental set of data. Various sets of
rate coefficients including experimental data, or lit-
erature data, by quantum chemistry or reaction mod-
els are assumed as statistical samplings (};.exp). The
weight coefficients are normally taken as claimed by
the available literature sources. Otherwise an initial
error equal to 50% will be prescribed to rate coeffi-
cients, which could be reduced or increased depend-
ing on the treatment process circumstances [4].

The vector of the parameter corrections Ax,, is
obtained from n (from 1 to n,) differential equations
(for each parameter) following from minimisation of

OF, %) :

o) _ ar; 3f;
ax, w; L= 1ax aidxk Eq.(S4)
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If we assign the derivative on the right side of the
equation as Y,¢, and on the left side of the equation as
¥, as it comes in following (a.B: /,..,n)):

ar, or;
—ym , 99
Yap =19 o 0k,

¥ = Do (7 - 5, 2)) L2 Eq(S9)

X
Therefore, the vector Ax, can be concluded as
following:
ﬂxk = ?zl(}f_l )kilp[' Eq.(S6)
The Y1 term is assigned as error (co-variance)
matrix. This gives us information about parameters
such as errorss(x), and deviations of calculated
functions (mean values of coefficients k), Af(¥, X).
These two are defined as following:

s(a) = [22 D] ",

m—in

1/2

— e | eyn yn (O7)(OL
f=ts m-n ~a=1 2'8:1 (6‘xa)(axg)cov(xa'x'8)

reduced standard deviation for the observations (ex-
perimental data); t, is the coefficient of proportional-
ity for Af/s(f) with a certain confidence probability
[4].

The obtained Arrhenius parameters give the
mean (nominal) values of the rate constant k. There-
fore, with the approximated values of the errors vec-
tor s(x,) from Eq.(S7), and the uncertainty degree of
rate coefficient parameters, the lower and upper rate

boundaries can be described as following:
kiow(T) =(A- S(A))T{n_S{n]}exp(_ (Eq +s(E))/T)
Eq.(S8)

kupper(T) = (A + S(A))T(n+s(n))exp(_ (Ea - S(Ea))/T)
The overall coefficients which characterize cor-

relation of one parameter with others can be obtained

via the co-variance matrix A as:

Qq = (1 - 1/Ra)1'z25 R, = A(xaa) 'A(xaa)_l Eq(S9)

Also the pair correlation which characterizes the

Eq.(S7)  connection of parameters with each other is defined
as below:
where ¢ is the sum of reduced deviations squares; A(xgp)
cov(xq xg) are the elements of th~ co-variance ma- Gap = S ] Y — Eq.(S10)
. e 14/2 . [A[xaa].ﬂ(xgg)]lfz
trix A D(x,) = A(xqy);the term [ﬂ] estimates the
Table S3 — Reaction rate and estimated lower and upper uncertainty factors for modified reactions
Reaction” AT, K AImtlal r[:lte 161 Ref. 7 Modlﬁeg rate = Ref. f.af,
cyCH,+0 4 .
cyCG le L OH 500-3000 | 2.60E+06 | 2.0 2553 [7] | 4.34E+09 | 1.33 | 3427.5 | generic * | 4.07-4.25
yCH,+0, 5 700-3000 | 1.50E+12 | 0.0 | 4251.2 [8] | L.17E+13 | 0.0 | 7479.7 EM"® | 1.68-1.77
eyC.H. +HO, . . . . . . . .
cyCH +H«s
cyE ﬁ TH 500-3000 | 3.97E+13 | 0.0 6562 EM | 6.00E+12 | 0.0 4445 [9] 2.25-2.56
+
c};S"CH'}‘i f;loé;__’ 600-3000 | 1.14E+13 | 0.0 | 10709.5 | EM | 4.49E+10 | 0.6 | 15828 | generic | 2.39-2.61
69 272
cyCH, 00 < . d
cyCH OOH 800-3000 | 1.50E+12 | 0.0 | 24076 | [10]¢| 2.00E+12 | 0.0 | 24045 [11] 3.34-3.82
610
%]I(;ﬁil}l;’g%H(;_’; 700-3000 | 1.00E+12 | 0.0 | 10400 | [12] | 9.31E+09 | 0.6 |8437.08 | generic | 2.84-3.14
gl({jiil}‘]‘g?l}lo(_’; 600-3000 | 1.50E+12 | 0.0 | 23400 | [12] | 1.25E+10 | 0.8 |21662.2 | generic | 3.51-3.86
a6 10
gﬁilj;fg%HC;_: 800-3000 | 1.90E+12 | 0.0 | 20700 | [12] | 1.08E+12 | 0.6 |23692.3 | generic | 2.78-2.97
6 10
Notes: * Reaction rate constants in cm?, mol, cal units, k = ATPexp(E/RT)
a) Estimated average rate coefficients by uncertainty analysis (REAC-UQ) b) Estimated using the empirical method [1-3]
¢) Analogous with C, d) The factor A multiplied by 2/3
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Boltzmann kinetic equations governing energy spectra distribution of fast particles in nuclear induced
plasma are defined and presented for continuous fissionable plasma interacting with neutrons.

The formation of electrons energy distribution crucially depends on energy distribution of fission
fragments and cannot be treated separately and their distributions self consistently affect on electrons
energy spectra time evolution and their degradation in space. So the self-consistent system of Boltzmann
kinetic equations for both electrons and fission fragments are proposed and discussed for helium-3
plasma. Primary electrons spectra analytical expressions are derived and the first order approximation
presented on the assumption that energy spectra of protons and tritium nuclei have monochromatic energy
spectra created by helium-3 fissioning in neutron flux. Any gas irradiated by highly energetic particles
demonstrates its modified chemical abilities as well as a great variety of energy transformation channels
including the selection of some definite chemical reactions leading to innovative transformation in

technology [1-5]

Key words: fissioning plasma, Boltzmann equation, helium-3.

1. Introduction

Any gas irradiated by highly energetic particles
demonstrates its modified chemical abilities as well
as a great variety of energy transformation channels
including the selection of some definite chemical
reactions leading to innovative transformation in
technology [1-5]. In some cases when the testing
gas contains fissionable component interacting with
neutrons like helium-3 or uranium-235 the plasma
creates specific physical conditions owing to fission
fragments and presents by itself a unique physical
object, which in general makes it possible to realize
direct transformation their nuclear energy into
electromagnetic radiation. In [6] the kinetic
Boltzmann equation governing electron energy
distribution in plasmas generated by fission
fragments is developed. It should be pointed out that
the requirements to self-consistency of external
electric field are taken into consideration and
presented by means of am bipolar diffusion.
Recombination processes are also partially included
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in system of kinetic equation governing electrons
energy distribution and confined by boundary
conditions [7].

Definition of highly energetic fission fragments
energy distribution spectra including primary
electrons is the key and not yet solved problem,
which reveals how and in what way their
transformation might be realized [6,7]. Well-known
famous Boltzmann equation was applied to solution
of a plenty of physical problems, and was used even
in description of gravitational interactions,
gravitational redshift and dilation. So, the profound
meaning of Boltzmann equation reveals the
problems and presents clear understanding of them
not only in physics of non uniform gases but
practically in all branches of physics and continues
to penetrate its applications further on. Plasma
generated by fission fragments also might be
described by Boltzmann equation which certainly
should be mathematically adjusted to that physical
conditions for gaseous mixtures containing
fissionable components and which set into the
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neutron flux, like, for instance, ampulla with
helium-3 gas tested in the center on nuclear reactor
core.

Since the appearance of outstanding in its
importance Theory of Non — Uniform Gases
developed by S. Chapman and T. Cowling [8]
sufficient number publications devoted to this
problem were released. Most of them were focused
to modify Boltzmann kinetic equation in different
fields of applications. One of the most cited is [9] in
which the high frequency gas discharges for slightly
ionized plasma are studied within which the
following limited conditions assumed. The densities
of electrons, ions, and excited molecules are very
small compared to the density of molecules of
buffer gas, elastic collisions prevail over the
inelastic ones, gas has the density when the
hydrodynamic approach is reasonable and the
frequencies of external electric field is higher the
plasma frequencies. The major of [9] devoted to the
development of methods for calculating the energy
distributions in a gas of low ion density influenced
by high frequency a. c. field. Taken assumption that
initial and final velocities are very close to each
other leads to sufficient number of limitations for
definite applications. As it was noted in [10]
incident electrons interact with field particles not in
the way like rigid spheres, but act with a complex
dynamical system of charged particles moving in
the state of dynamical equilibrium and actually
interact initially with cycling electrons moving on
the upper orbits. How the primary electrons were
originated also were not discussed and identified in
[9]. Further detailed expansions of the function of
energy distribution into the series and correspondent
results are losing their applicability even in
neighboring physical conditions. Electrons energy
distribution at high values of external electric field
in nitrogen gas from 100 Td up to 3000 Td obtained
and discussed in [11] .The ionization coefficients,
drift velocity and mean energies in steady state
conditions are calculated using simplified secondary
electron energy distribution taken from experiments.
Rotational excitation and momentum transfer
differential cross section for low energy electrons
are obtained from mobility and diffusion
coefficients by calculating electron energy
distribution functions in hydrogen and nitrogen
plasma by the authors in [12]. Here Boltzmann
equation for electrons was regarded in the way like
in [9] without any discussion of primary electrons
spectra formation. Calculations of the steady state
electron swarm parameters in rare gases and

mixtures are reported in [13]. The presence of
electron density gradient implies the external
electric field to be self-consistent and secondary
electrons spectra also is also the subject of
Townsend ionization processes which should be
initially included in Boltzmann kinetic equation, but
not taken as a priori by analytical expression which
should be taken into consideration in initial
equations. Electrons beam impact nitrogen gas and
further electrons degradation spectra taken in energy
scale were also studied in [14, 15]. Green’s function
method was used to obtain ionization coefficients,
which made possible to evaluate external electric
field breakdown level [15, 16]. Only in [14] the
source of ionization by electron beam, which was
included reasonably and solved. In [17] the
Townsend ionization coefficient and the electron
drift velocity were calculated in the cold cathode
discharge gap and are in good agreement with
experimental data.

Following to [18] in fully ionized plasma in a
sufficiently strong electric field so-called runaway
electrons are created and the main part of them on
the mean free path, receives more energy from the
electric field than it loses in elastic and inelastic
collisions, and the electrons are continuously should
be accelerated. This was declared also in [19, 20]
and steady state Boltzmann equation was taken in
use without no information about how this processes
(bremsstrahlung as a force of friction) were
originated.

In weakly ionized plasma the formation of
runaway electrons seems to be practically
impossible due to very detailed analysis made in
[21]. On the contrary the authors [19,21] are sure
that for arbitrarily small values of the electric field
strength the majority of electrons might be
accelerated to the level of energy possible to ionize
neutrals forming secondary electrons and the
number of ionization events will exponentially rise
as well as their average velocity and energy does not
depend on the distance from cathode [19]. The
equation for mean energy electrons balance is not
sufficient to make such strong deductions about
formation runaway electrons by some definite
reasons. The force of friction also was taken as a
key point in formation of run away electrons [19,
21] .It does not give clear answer because of the
following reasons.

The identification of fast electrons with energy
around Mev region (runaway electron) not discussed
or presented as well as the fact that where the
radiation (bremsstrahlung) starts and ends and how
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the formation of X-rays should be included in
kinetic equation. [19]. The X-rays [22,23] also
might be treated like electrons (the de Broglie wave
length) and the next coming question is that weather
or not the absorption of X-ray by electrons leads to
rise its kinetic energy lifting them to the MeV level
where usually neutrino oscillations connected with
presence the beta electrons are existing. [24]

3

2. Boltzmann equation for continuous plasma
irradiated by fission fragments. General case

The system of Boltzmann kinetic equation to
define the energy spectra of fission fragments and
born as a result of this irradiation primary electrons
energy distribution are as follows:

” He ' + !
0,41, =S"(n—> 55y —>ﬁfj)+Sj;f(ﬁj(g)—>bg—>bg +PE+ ff.(& s —1—&,;)
6

L (6) > bg —> bg* +PE+ ff (6, ~ 1~ )+
Sy (ff;(&) > bg — bg™ + ff (€ ; = 1)~
L (fF (&) > bg > bg™ + ff (6, 1)+
+S5 (ff,(8)+bg > bg+ ff;(s y —AE") -

—Ly (ff (8)+bg > bg+ ff (g ; —AE") -
L e 1)

@)

In equation (1) the following notations are used:
Bg-buffer gas, PE-primary electrons, S, L-
source and outflow of charged particles in definite

phase volume.
For electrons the following coupling equations
are to be used:

0,1, =Sy (f,(e)>bg—>bg" +PE+ ff,(¢ ;, — &)
+SY"(f () >bg > bg" +e+ f(s, —1-¢,)+
—L7(f.(e)>bg > bg" +e+ f.(s, —1-5,)+

LS (€)= bg = bg™ + ff (&, —17°)—
—L(ff (&) > bg > bg™ + ff, (e, —I")+ )
+SY(ff (&) +bg —>bg+ ff, (g, —AE")~
_Li (f.(e)+bg = bg+ f.(g, —AE") -
—Li(ffT (&) re—> [0 (e, ) +e

where [25]:
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1
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Due to the experimental measurements [4-5] we
take *He isotope gas in thermal neutral flux and the
value of fission fragments energy in its first
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3. Conclusion

Boltzmann kinetic equations governing energy
spectra of fast particles in nuclear induced plasma
are defined as a coupled system of fission fragments
and electrons which should be treated as self-
consistent system and presents sensible approach to
detailed description of fissionable plasma
interacting with neutrons. This type of Boltzmann
kinetic equations system applied and discussed for
helium-3 plasma. Major part of primary electrons
spectra analytical expressions derived on the
assumption that helium-3 isotope fission products
have monochromatic energy spectra.

In weakly ionized plasma the formation of
runaway electrons seems to be practically
impossible due to very detailed analysis made in
[26, 27]. On the contrary the authors [19, 21] are
sure that for arbitrarily small values of the electric
field strength the majority of electrons might be
accelerated to the level of energy possible to ionize
neutrals forming secondary electrons and the

E,
*[1+§Ln(2.7+1i‘)]

Vi

approximation equal to the delta function from its
initial energy is £0:

0
Ejx

1
[ av,x60,, -V
1

“4)

bg

number of ionization events will exponentially rise
as well as their average velocity and energy does not
depend on the distance from cathode [19]. The
equation for mean energy electrons balance is not
sufficient to make such strong deductions about
formation runaway electrons by some definite
reasons. The force of friction also was taken as a
key point in formation of run away electrons [19,
21]. It does not give clear answer because of the
following reasons.

The identification of fast electrons with energy
around Mev region (runaway electron) not discussed
or presented as well as the fact that where the
radiation (bremsstrahlung) starts and ends and how
the formation of X-rays should be included in
kinetic equation. [19]. The X-rays [21, 22] also
might be treated like electrons (the de Broglie wave
length) and the next coming question is that weather
or not the absorption of X-ray by electrons leads to
rise its kinetic energy lifting them to the MeV level
where usually neutrino oscillations connected with
presence the beta electrons are existing [24, 26].
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Certain approximations of mobility coefficients for the metal atoms’ ions in parent vapor are investigated,
a comparison between experimental data was drawn, and Monte Carlo calculations are performed. In
contrast to ions of noble gases, ions and atoms of alkali metals have a number of features that must be
considered when building a model of ion-atom collisions. Approximations for mobility coefficients for
the alkali ions in parent vapor are given, they are valid not only in the weak electric field limit, but also in
strong fields, when ion heating enacts in external electric field. On the basis of the analysis of Monte
Carlo calculations and comparing them with experimental data on the mobility of alkali metal ions in
noble gases, we obtain approximation formulas for the mobility of alkali metal ions in parent vapors. The
parameters found earlier for the approximation of the drift velocity of ions of noble gases are also given
as a reference material. The parameters obtained in this work for the approximation of the mobility of
alkali metal ions in parent vapors can be used to estimate the characteristics of a gas-discharge plasma.

Key words: gas discharge, ion mobility, alkali atom, Monte Carlo, ion-atom collision, discharge plasma.
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1. Introduction

At present experimental and theoretical data on
kinetic coefficients were obtained mainly 30-50
years ago. That time was the period when gas
discharge plasma was very popular, as there were
some technological problems in microelectronics,
medicinal applications, surface treatment issues,
tasks of obtaining plasma light sources, etc. The
detailed review of the vast amount of experimental
and theoretical results is given in a number of books
and reviews [1-5].

Modern technologies often wuse plasma
processes, in which there are metal vapors in the
core. They fall into the gas discharge zone or due to
the spraying of the structural elements of the gas-
discharge chamber, or they are intentionally
introduced.

Often the presence of impurities arising, which
appeared, for example, due to sputtering of the
cathode as a result of ion bombardment, is not taken
into consideration while analyzing the results
of the experiments. It is well-known that
sometimes even very small impurities (ppm) can

fundamentally change the discharge characteristics
[6-11].

It is necessary to know the kinetic coefficients —
mobility, diffusion, viscosity, etc. for the qualitative
estimation, for modeling the processes in gas
discharge plasma on the basis of multifluid gas flue
models. This article is devoted to closing the gap in
the part of the alkali ions mobility coefficient
characteristics in parent vapor, as the available data
are sketchy and differ greatly.

2. Ion mobility in a weak electric field

Let’s  describe different drift velocity
approximations for the case of small field gradients,
when the drift velocity is much smaller than the
thermal atom velocity and therefore the anisotropy
of the ion velocity distribution function can be
neglected. A detailed and thorough review of the
available experimental and computation data along
with different approximations is given in the book
[1] and review [2 — 5]. The ion drift velocity in the
gas under the influence of constant and uniform
electric field is determined by the expression.
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u=KFE, (1)

where K — ion mobility coefficient, £ — electric field
strength. The mobility coefficient in this equation is
a function of the density and temperature of the
atoms, as well as the field strength.

In the case of small fields, the temperature of the
atoms determines the average collision energy and
the dominant type of collisions. Consequently, it is
the temperature that determines the values of the
coefficients of mobility and diffusion of ions in the
limit of a weak field. Measurement of the
dependence of the mobility of ions on the gas
temperature allows us to determine the potential of
the interaction of an ion with an atom [1, 12].

When an ion collides with an atom of its own
gas, there is a probability of electron transition from
atom to ion without changing the internal energy of
the colliding particles. Such a process is called
resonant charge exchange and usually refers to
inelastic collisions, since it has a quantum
mechanical nature [1, 12]. Collisions with resonant
charge transfer dominate at not very low
temperatures .

Then, the solution of the Boltzmann kinetic
equation at low electric field strengths in the first
approximation of the Chapman — Enskog leads to
the following expression for the mobility of ions in
its own gas [12]:

3\/;e

K, = 12 =
l6(mT)" o, (3v,)N,

2
_1.342x10* cm’

InTo, Vs

_ mobility at standard gas density

Here K,

N, =2.686763x10" atoms in cm®, m, expressed

in proton mass units, atom temperature 7 — in

Kelvin degrees, and the cross section for resonant
: -16 2

charge exchange o, — in 107° cm™, thermal

velocity of atoms Vv, =+/T/m, . The numerical
factor in the formula (2)

Cy, = 347 /16 ~0.332 corresponds to the first

approximation of Chapman — Enskog, in the second
order approximation for it is obtained close value

C? =31J7 /168~0.327 which indicates the
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rapid convergence of the expansion of the
distribution function in a series of polynomials.

The probability of electron transfer from atom to
ion (charge exchange) drops exponentially sharply
with increasing distance between particles.
Therefore, with good accuracy, we can assume that
after the passage with the distance of the closest

approach 7. >R, the probability of electron
transfer is negligible small, where the magnitude
R, determines the reaction threshold. If an ion

<R,

then the electron orbits of the atom and ion overlap.
In this case, the electron during the collision will
make many transitions from atom to ion and after
the collision will remain with equal probability in
one of the colliding particles. The charge exchange
cross section in this approximation is determined by
the relation:

approaches an atom close enough, so that 7, ..

1
o :57er. 3)

res

As shown by theoretical and experimental data,
the resonance charge exchange cross section
logarithmically weakly depends on the relative
velocity vI2 of the colliding particles and can be
approximated by the following relationship:

O, (&) = ra’ lnz(Uo [&,)= )

=0, (&)l+aln(e, /e,)]

or
0,,(,) =0,,(&)+Bln(g,/ ¢) , (5)
where U, a,B, o, (&,) — positive approximation
constants  [1, 12]. At
&, =mv;,/2< Ry cross section &

res

collision  energies

(&,,) usually

several times greater than the gas kinetic cross
section (m is the mass of an ion, for the case of
collisions in its own gas, equal to the mass of the
atom).

At not very low collision energies, the cross
section for resonant charge exchange weakly
depends on the collision energy (relative velocity of
the colliding particles); therefore, in derivaton (2), it
was assumed that the mean free path does not
depend on the collision energy. Due to the
polarization of the atom in the ion field, an
attraction arises between them. The diffusion cross
section for scattering caused by the scattering of
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ions due to the polarization of the atom in the ion
field is [1, 12]:

o =1.1050 1. = 221z Ja e’ [ uv' . (6)
Here o, = 2z Ja, e’ | uv’ — is the capture

cross section on the spiral orbit in the polarization
potential. Accordingly, the mobility of ions in the
polarization limit is determined by the well-known
expression [1, 2]:

K, =13853(a,u) ", 7

where ¢, — polarizability in cubic angstroms, u —

reduced mass in grams per mole.

To take into account the polarization interaction,
the first Chapman — Enskog approximation for
mobility in the absence of elastic scattering was
corrected in [12] and the following expression was
obtained:

0.217e

0

The mobility of ions in their own gas, calculated
by the formula (8), in the limit of low temperatures,
does not differ much from the exact result. Having

C(mT)[R:(3v,)+a,e’ | ATR:(\J6T I m,)IN,

®)

corrected formula (8) so that in the limit of low
temperatures it gives an exact result, the following
expression for mobility was obtained in [12]:

0.217e

K

3. Ion mobility in a strong fields

When ion drift in a strong field, the drift
velocity becomes comparable or even greater than
the thermal velocity of the atoms; therefore, the
anisotropy of the ion distribution function in
velocities cannot be neglected. Note that the
criterion of a strong field depends not only on the
electric field strength, but also on the gas
temperature. Generally speaking, at any field
strength, the gas can be of such a temperature that
the thermal velocity of the atoms will be less than
the drift velocity.Therefore, in cryogenic discharges,
even at field strengths of the order of 2 V / cm,
which are typical for a gas discharge under reduced
pressure, the field can be considered as a strong [13,
14].

Numerous experimental data show that the drift
velocity of ions in their own gas is well described by
the semi-empirical Frost formula [15], which takes

u=K,Ny(1+(E/ NY/(E/ N)yg) (E/N).

(TR, + et [ 4TR(J6T /m ) +0.16\/a,e ITIN,

)

into account the dependence of the drift velocity on
the field strength:

u=a(1+bE) " E. (10)

This approximation for dependence of the drift
velocity on the electric field has two parameters: a—

mobility in the weak field limit, and b=1/E, .-
Magnitude F,

field strength, in which, due to the heating of the
ions, the mobility according to the Frost formula
decreases by a factor of two. Both of these
parameters depend only on the atomic temperature
and density, but do not depend on the electric field
intensity.

Let us rewrite Frost's formula (10) as a
dependence of the drift velocity on the reduced
electric field strength:

- this is the value of the electric

eating

(11)
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Here are two parameters (E / N)peaiing and Ko
depend only on temperature: (£ / N)pewing — 18 the
value of the reduced electric field strength, at which,
due to the heating of the ions, the mobility
according to the Frost formula decreases by a factor
of two.

4. Approximation of mobility in a weak fields

In the literature, the values of ion mobility Ko
are mainly given at room temperature 291~300K.
There is also an insignificant amount of
experimental data on the characteristics of the drift
of helium and neon ions at cryogenic temperatures
near the 77 K and 4.2 K points [3 — 5].

Experimental data on the mobility of lithium,
sodium, and cesium ions in helium in the atomic
temperature range from 20 to 500 K are given in
review [4], and data on the mobility of alkali metal
ions in inert gases at room temperature are given in
book [12]. Experimental data on the mobility of
alkali ions in their own vapors for potassium at
room temperature and rubidium, cesium at atom
temperatures from 620 to 660 K are given in book
[12].

In [9], based on the analysis of Monte Carlo
calculations of the kinetic characteristics of ion drift
in its own gas for all noble gases, an approximation
was chosen for the dependence of mobility in a
weak field on the gas temperature:

K=K, /(1+T/&)". (10)

Here K, =K,(0) is the value of polarization

mobility at the standard gas density in the limits of
weak field and low temperature. Fitting parameter
&, in (10) has the meaning of the characteristic

collision energy, upon reaching which the
polarization interaction no longer makes the main
contribution to the collision frequency and elastic
collisions and resonant charge transfer begin to play
the role. Table 1 shows the approximation
parameters (10) for all noble gases, found in [9].
Parameter (E/N)y, given in this table has the
meaning of the upper limit of the electric field
strength, at which the effects of a strong field begin
to play a role. This parameter is used in constructing
an approximation of the dependence of mobility on
field strength.

Table 1 — The value of the approximation parameters for the mobility of ions of noble gases in its own gas.

System Kporcm?/c B &, K (E/N)o, Td
He" in He 21.6 90 16
Ne* in Ne 6.8 210 34
Artin Ar 2.42 240 73
Kr* in Kr 1.36 330 106
Xe" in Xe 0.85 270 122
Hg" in Hg 0.61 58 63

In contrast to ions of noble gases, ions and
atoms of alkali metals have a number of features
that must be considered when building a model of
ion-atom collisions. The polarizability of ions of
noble gases is not very different from the
polarizability of atoms with the exception of the
hydrogen-like helium ion. Since polarizability is
directly related to some effective atomic radius, it
was assumed during the play of ion-atomic
collisions of inert gases that the gas-kinetic radius of
an ion (hard sphere) is equal to the atomic radius.
But for alkali ions, the situation is completely
different. The outer electron shell of a single-ionized
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alkali metal atom is similar to the outer electron
shell of the corresponding inert gas atom. But it is in
a stronger field than the shell of an inert atom, so its
effective size will be smaller. Measurements show
that the polarizability of an alkali metal ion is about
one and a half to two times less than the
polarizability of the atom of the corresponding inert
gas, therefore it is quite logical to assume that the
radius of the ion of the alkali atom is equal to the
radius of the corresponding atom of the noble gas
(lithium ion radius is equal to radius of a helium
atom, sodium ion radius is equal to radius of neon
atom, etc.)
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Table 2 — Polarizability of noble gases, alkali and metals and their ions, where &, — polarizability in cubic angstroms [1]

o, oy 27 o,
He 0.205 He* 0.0417 Li 24.0 Li* 0.0285
Ne 0.395 Ne* 0.21 Na 24.2 Na* 0.280
Ar 1.64 K 413 K* 1.09
Kr 2.48 Rb 43.6 Rb* 1.81
Xe 4.04 Cs 53.0 Cs* 2.73

There are very few experimental data on the
mobility of alkali metal ions in their own vapors, but
there is a lot of data on their mobility in the weak
field limit in inert gases. In the book [12],

experimental data on the mobility of alkali metal
ions in inert gases at room temperature are given. In
Tab. 3, these data are compared with the
calculations performed in this work.

Table 3 — The ratio of the mobility of alkali metal ions in inert gases at room temperature to the polarization mobility calculated by
the formula (7). The experimental data is the exp line, italicized and bold, the Monte Carlo calculations are the MC line.

Ion He Ne Ar Kr Xe
Lit exp 1.27 1.17 1.06 1.07 1.06
MC 1.05 1.06 1.05 1.08 1.07
Na* exp 1.38 1.24 1.07 1.06 1.09
MC 1.04 1.04 1.07 1.08 1.07
I exp 1.35 1.28 1.08 1.10 1.07
MC 1.01 1.05 1.06 1.05 1.06
Rb* exp 1.29 1.26 1.08 1.08 1.07
MC 0.94 1.04 1.07 1.06 1.06
Cst exp 1.19 1.18 1.07 1.08 1.07
MC 0.92 1.02 1.08 1.08 1.04

Note that for all the experimental data given in
the table there is a pronounced effect of exceeding
the ion mobility as compared with the polarization
mobility. This effect is discussed in detail in many
papers, and is wusually associated with the
competition between the attractive and repulsive
parts of the interaction potential of an ion with an
atom. A more detailed study of this effect will be
given in a separate paper.

5. Approximation of mobility in a strong
fields

To approximate the mobility of ions in a strong
field, we use the Frost formula in the form (9).
Based on the analysis of a large number of Monte
Carlo calculations, it was found that the value of the
parameter (£ / N)peaing can be very well
approximated by the dependence on the same

parameter ¢, for that obtained for approximating

the mobility in the weak field limit.
Let us find the dependence of the value of the

parameter b ' =(E/N Vhearing O1 83S temperature.

From the analysis of drift velocity calculations using
the Monte Carlo method, we assume that the
approximation formula is:

1/b=(E/N),(1+1.5T,,./&). (1)

Here (E/ N), — is the value of the heating field

at zero gas temperature. We introduce a new
parameter

<g> = %m [1.5(E/N),K,,N,/ Ny (12)

pol
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this is the average energy of the directional motion
of an ion in a field with a reduced intensity
1.5(E/N),at zero atomic temperature and
polarization mobility of ions (3). With an accuracy
of about 1%, the values of <&> , and ¢

(E/N),
independent, but can be determined from the
relation <&> = &;:

coincide, i.e. the parameter is not

1/2
(E) _ (& /2m) . 13
0

N 3K N,

pol

Slightly more complex than

approximation of the form

(11), the

1/b=(E/N)[(1+(1.5T,, /&) 1 (14)

gives a slightly better agreement with the results
obtained from the analysis of the calculations of
mobility by the Monte Carlo method. Tabl. 4 shows

the values of the parameter ¢&,, the polarization
mobility K, and cross section parameters for alkali

metal ions.

Table 4 — Parameter &, the polarization mobility Kpol and cross section parameters for alkali metal ions

g, K Kpor cM?/c B (E/N)o, Td Fgas, 108 cm Grez(e) 10710 cm? b
Li 130 1,52 205,08 1,05 230,0 0,11
Na 110 0,83 188,65 2,234 260,0 0,11
K 100 0,48 239,32 2,77 350,0 0,10
Rb 410 0,31 497,63 2,48 2470 0,024
Cs 370 0,23 533,37 2,68 295,0 0,025

Thus, we have the following approximation for the drift velocity:
12
U= KpolNO + 3I<p01]\[0 £ E (15)
- 1/2 12 :
(1 + 71 /6‘0) (6‘0 /2m) (1 +1.5T,,.., /6‘0) N N

For the drift velocity, formula (15) gives values
that almost coincide with the available experimental
data [3-6].

6. Conclusion

The available experimental data are
fragmented and cannot serve as a reliable basis for a
comprehensive analysis of a wide variety of
processes and phenomena in a gas-discharge
plasma. Previously obtained approximations for the
mobility of ions in parent vapors, given, for
example, in the book [12], have a large error due to
the fact that they are based on the assumption of the
decisive influence of collisions with charge
exchange.

In the present work, on the basis of the analysis
of Monte Carlo calculations and comparing them
with experimental data on the mobility of alkali
metal ions in noble gases, we obtain approximation
formulas for the mobility of alkali metal ions in
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parent vapors. The parameters found earlier for the
approximation of the drift velocity of ions of noble
gases are also given as a reference material. The
parameters obtained in this work for the
approximation of the mobility of alkali metal ions in
parent vapors can be used to estimate the
characteristics of a gas-discharge plasma.

The original purpose of the calculations was to
demonstrate the paramount importance of the effect
of gas temperature on the heating of ions under
conditions of a cryogenic discharge, namely, in
experiments with dusty plasma [6, 7]. But the results
of calculations are much more general in nature, and
in addition to cryogenic discharge can be used in the
analysis of processes in gas-discharge plasma in
installations of ion and plasma-chemical etching,
deposition, sputtering in magnetron installations, in
which the gas temperature can significantly exceed
room temperature.

Generally speaking, the drift of ions in a gas
discharge has a very significant effect on the
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characteristics of a gas discharge. For example, a
small fraction of mercury vapors in argon leads to a
change in the ionic composition, a significant
decrease in the electron temperature and a change in
the radiative plasma characteristics [10].

The obtained parameters of the approximation of
the drift rate of alkali metal ions in parent vapors can
be used to estimate the characteristics of a gas-

discharge plasma, when analyzing and planning
experiments with dusty plasma under cryogenic
discharge conditions, when considering discharge in
a mixture of heavy and light gases [6, 7], when
analyzing experiments with the scattering of ultracold
ions into the surrounding gas. For the drift velocity,
formula (10) gives values that almost coincide with
the available experimental data [1-5, 16-22].
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