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ABSTRACT
The dielectric breakdown strength of supercritical He and supercritical Xe shows a steep decline near the critical point due to density fluctua-
tion caused by cluster formation. Conventional gas discharge theories are limited in explaining the drastic dielectric strength variation of He
and Xe near the critical point. In this study, a dielectric strength modeling approach that is based on the derived cross section data of clusters
is utilized to estimate the dielectric strength decline of He and Xe near the critical point. The electron scattering cross section data of He and
Xe clusters are derived from those of gaseous He and Xe. Based on the derived electron scattering cross section data, critical electric fields of
various He and Xe clusters are modeled as a function of pressure by solving the Boltzmann equation. The proposed modeling approach shows
close agreement with the experimentally measured breakdown electrical fields reported in the literature.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028601., s

I. INTRODUCTION

High temperature superconducting (HTS) technology provides
promising solutions to emerging aerospace and naval power applica-
tions that require light weight, high efficiency, and high power den-
sity. Conventionally, cryogenic conditions required by HTS appli-
cations have been achieved by using liquid nitrogen (LN2) owing
to its effective heat transfer properties and dielectric strength. In
recent years, however, research efforts have been made to replace
LN2 with gaseous cryogens to take advantage of the broader tem-
perature range of operation and the reduced risk of asphyxiation.1–4

The wide temperature range provided by gaseous cryogens enables
HTS cables and machines to carry higher current density and facili-
tates the integration of multiple cryogenic power devices into fewer
cooling loops, which is systematically more efficient. As a part of
this effort, the development of cryogenic power electronics,5–7 cryo-
genic switchgear,8 and HTS cables9 has been researched. However,
gaseous cryogens introduce two major shortcomings—(i) low heat

capacity and (ii) low dielectric strength. Studies have shown that
the low heat capacity can be partially resolved by increasing the
pressure of the gas-cooled cryogenic system.10 Moreover, the means
of improving the dielectric strength of gaseous cryogenic media have
been reported.1–4,11–13 In these studies, the authors reported that the
addition of small mole fractions of molecular gas species can sub-
stantially improve the dielectric strength of the gaseous cryogenic
media.

As a continuation of the research on the development of supe-
rior dielectric media, here, we introduce a model that predicts the
dielectric characteristics of supercritical He and Xe. Supercritical
fluids are media achieved beyond the critical point. Convention-
ally, supercritical fluids have been widely used in chemical pro-
cesses. Owing to the low polarizability and more easily achievable
critical point (Tcric = 289.7 K and Pcric = 5.8 MPa), supercritical
Xe proved itself to be a more beneficial solvent than SF6 (Tcric
= 318.51 K and Pcric = 3.749 MPa) and CO2 (Tcric = 304.13 K and Pcric
= 7.377 MPa)14 and has been used in chemical reaction processes
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and extractions of mixtures. For example, diamondoids, variants of
the carbon cage molecule, and their derivatives were proposed as
the future for nanotechnological devices and optoelectronic appli-
cations.15 In synthesizing diamondoids, dielectric barrier discharge
and pulsed laser ablation are generated in supercritical Xe as a pre-
cursor.15 The same research group proposed to integrate the advan-
tages of microreactors and microplasmas generated in supercritical
Xe to synthesize diamondoids.16 Moreover, the supercritical CO2
Brayton power cycle has been used historically in optimizing the
performance of line focusing solar power plants and reducing the
cost of renewable energy.17,18 In this context, the authors of Refs. 19
and 20 studied the alternatives of supercritical CO2 and concluded
that supercritical Xe is an important working fluid for future. The
inert nature of Xe supports the low corrosion behavior, which is a
key factor in saving the cost of power plant equipment. In a plasma
thruster, supercritical Xe is stored in a propellent system to feed the
thruster with appropriate mass flow rate and pressure because of its
compatibility to high pressure and inert nature.21–24

More recently, supercritical fluids have been adopted as dielec-
tric and thermal media as they show both liquid and gas properties
simultaneously. The low viscosity comparable to that of gas pro-
vides effective heat transfer, while the high density comparable to
that of liquid provides high dielectric strength, both of which lack
in gaseous media.25,26 For this reason, there is growing interest in
researchers to use supercritical fluids in power applications.27–31 For
the applications of supercritical He and Xe in superconducting or
cryogenic power systems and solar power plants, respectively, accu-
rate dielectric strength modeling of supercritical He and Xe is inte-
gral. Accurate dielectric modeling of supercritical fluids is particu-
larly important due to the steep decline of dielectric strength that
occurs near the critical point. The drastic degradation in dielectric
strength occurring near the critical point has been confirmed by
experimental measurements.25,32–36 The authors of these works have
utilized the correlation between the density fluctuation caused by
cluster formation near the critical point and breakdown voltage to
explain the extreme degradation of dielectric strength. The reported
correlation and models proposed in these studies mainly rely on the
data of isothermal compressibility, which also vary near the criti-
cal point, retrieved from the NIST database.37 However, difficulties
may arise for modeling the dielectric strength of the fluids whose
isothermal compressibility data are not available. To overcome the
potential limitations, we model the dielectric strength variation of
supercritical fluids by developing the electron scattering cross sec-
tion data of clusters that form near the critical point.29 In Ref. 38,
the author formulated an expression to obtain electron scattering
cross section data for any cluster size with respect to electron energy.
This expression of the electron scattering cross section for a clus-
ter includes the electron scattering cross section data of the gaseous
molecule and probability of electrons to escape out from the clus-
ter when the collision occurs due to ionization. The former account
for the energy loss rate inside the cluster. The authors applied their
formulated electron scattering cross section expression to H2, N2,
and CO2 and found satisfactory agreement between experimen-
tally and numerically obtained values. In our work, we applied the
approach to develop the electron scattering cross section data of He
and Xe of various cluster sizes utilizing the electron scattering cross
section data of their gaseous phase. The developed cross section
data are subsequently incorporated into the electron kinetic analysis

process (i.e., Boltzmann analysis) that yields the density-reduced
critical electric field, which has been widely used for represent-
ing the dielectric strength of gases.39–45 Instead of relying on the
isothermal compressibility data, we develop a correlation between
the dielectric strength and cluster size of supercritical He and Xe
near the critical point. The dielectric strength is estimated based
on the electron scattering cross section data of He and Xe clusters
of various sizes. Because the electron scattering cross section data
of He and Xe clusters are not available in the literature, we model
them from the cross section data of gaseous He46 and Xe.47 Then,
the dielectric strength of supercritical He and Xe is obtained by
solving the Boltzmann equation, which is a widely used method of
obtaining electron swarm parameters such as the density reduced
ionization coefficient (α/N′) and attachment coefficient (η/N′) that
describe the rate of free electron production and absorption. Based
on the electron scattering cross section data of He and Xe derived
for various cluster sizes, the Boltzmann equations are solved with
the two-term approximation method.48 A constant rate of attach-
ment process is assumed for all cluster sizes as He and Xe inher-
ently do not have electron attachment cross sections. The den-
sity reduced ionization coefficient exceeds the attachment process
beyond the density reduced critical electric field [(E/N′)cr] that rep-
resents the dielectric strength of supercritical He and Xe of vari-
ous cluster sizes. The results of the proposed modeling approach
are compared with experimental data reported in the literature to
confirm the validity of the proposed modeling approach for He
and Xe.

II. ELECTRON SCATTERING CROSS SECTION DATA
OF CLUSTERS

For the simplicity of our electron scattering cross section data
modeling approach, we assume a sphere with radius Rc as the clus-
ter of both He and Xe near the critical point, as shown in Fig. 1. At
point A, the electron enters the cluster and traverses following the
horizontal trajectory. Collisions occur between points B and B′ dis-
tanced by dx as the electron travels along the trajectory. The electron
scattering cross section is multiplied by the cluster impact parame-
ter, h, which is the normal distance between the center of the clus-
ter and the electron trajectory. The total electron scattering cross
section, σ, for cluster size N is derived by applying the following
equation:29,38,49

FIG. 1. Spherical electron–cluster collision model.
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σ(N,We0) =
[2π ∫Rc

0 h{1 − exp[−n0 ∫2
√(Rc

2−h2)
0 σ0(1,We(x))F(x)dx]}dh]

N
, (1)

where We0 is the initial electron energy upon impact, σ(N, We0)
is the electron scattering cross section data of the cluster, n0 is the
molecular density of the cluster, σ0(1, We(x)) is the electron scat-
tering cross section data of gaseous He and Xe, and F(x) is the
probability of secondary electrons being produced by ionization col-
lisions escaping out of the cluster. It should be noted that F(x) is
only relevant to the ionization collision process. For this reason, for
cross sections except for the ionization cross section, e.g., momen-
tum transfer and excitation, F(x) is not applicable. In our study, we
define F(x) with a three-dimensional spherical model, as shown in
Fig. 2. We have assumed that clusters are spherical in shape. To
model the probability of electrons escaping out of the cluster after
an ionization collision, we assumed a sphere at the position of the
electron on the trajectory inside the cluster. The escaping probabil-
ity of an electron asymptotes to unity as the ionization occurs closer
to the surface of the cluster. In this work, the probability of escaping
out of the cluster due to ionization is formulated as the ratio of the
spherical volume traveled by the electron to the total volume of the
spherical cluster. The following equation represents the probability
function:29

F(x) =(Vcluster − Vsphere)/Vcluster , (2)

where Vcluster is the volume of the spherical cluster and V sphere is
the volume of a sphere that evolves with radii (xmax − x)/2 with the
traversing electron, as shown in Fig. 2, and is defined as

Vsphere =
4
3
π(xmax − x

2
)

3
, (3)

where x is the distance traveled by the electron inside the cluster
along the trajectory and xmax is the maximum length an electron
can travel with a cluster impact parameter h defined as the following
equation:

xmax =2
√

(R2
c − h2), (4)

FIG. 2. Spherical model used for escape probability function F(x).

where Rc is the radius of the cluster. The radius of the cluster shows
a correlation with the cluster size N by the following equation:38

Rc =3

√
3NM
4πρ

, (5)

where M is the mass of the gas molecule and ρ is the specific mass of
the cluster. Figure 3 shows the probability function F(x) as a function
of the position of the electron along the trajectory of supercritical
He. As shown by Fig. 3, the probability increases as the ionization
collision takes place closer to the vicinity of the cluster surface.

The electron scattering cross section data of clusters in our
model include the electron energy We(x) at position x inside the
cluster. The electron energy gradually decreases from its initial
energy We0 while traversing along the trajectory inside the cluster.
At any position x on the trajectory, We(x) is modeled as

We(x) =We0 − ∫
x

0
(dWe

ds
)ds, (6)

where We0 is the electron energy at the moment of impact with the
cluster and dWe/ds is the energy loss rate of an electron traversing
in the cluster. The energy loss rate of an electron inside the cluster
shows different behaviors for different energy levels. For an electron
energy level higher than 80 eV, the behavior of the energy loss rate
is modeled by Bethe’s formula. However, when the electron energy
level falls below the mean excitation energy, Bethe’s formula does
not agree well with the experiment. That is, at a low electron energy
level, Bethe’s formula calculates the lower electron energy loss rate

FIG. 3. Escaping out probability function F(x) of supercritical He.
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than actual values, which cannot be explained. For this reason, for
an energy level lower than 80 eV, all the energy loss mechanisms,
such as ionization, excitation, and momentum transfer processes,

are taken into account in modeling the electron energy loss rate.
The electron energy loss rate we develop in our study is described
as follows:

dWe

ds
≅

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

−α1z
We

ln(α2We

z
)eV m−1, We ≥ 80 eV (7a)

−nστ((Vi + Ws0)αi +∑
m,n

V∗m,nam,n + 2
me

M
Weαd)eV m−1, We ≤ 80 eV, (7b)

where in the first equation α1 = k1q2n/(8πε0), We is the electron
energy, n is the density of the cluster, k1 is the empirical factor of
correction, z is the atomic number, and q is the elementary charge.
For both He and Xe, we use 0.5 for k1. In the second equation, στ
is the total collision cross section, αiστ is the ionization cross sec-
tion, Ws0 is the mean initial energy of an electron ejected by an
ionization collision, αm ,nστ is the excitation cross section, αdστ is
the momentum transfer cross section, V i is the ionization poten-
tial, Vm ,n is the excitation potential, me is the mass of an electron,
and M is the mass of a neutral. To show the effect of electron energy
level on the rate of electron energy loss, the reduction of the electron
energy inside the He cluster is represented in Fig. 4. It is observed
from Fig. 4 that the electron loses energy as it travels along the tra-
jectory. It decreases rapidly when the energy level is high, and after
a certain distance when the energy falls below 80 eV, the energy loss
rate reduces. For Xe, the electron energy inside the cluster shows a
similar trend—if the energy is higher than 80 eV, the loss rate fol-
lows Bethe’s formula, and when it falls below 80 eV, all energy loss
mechanisms are used to calculate the energy loss rate. However, the

FIG. 4. Electron energy loss inside a cluster. Note that this is a generalized curve
that applies to both He and Xe.

loss rate of electron inside the Xe cluster is different from that of
the He cluster because of the dependence of the loss rate on their
physical properties, as shown in Eq. (7). The number density n0 of
a cluster is higher than that of gas. Since the ideal gas law becomes
less applicable as it gets closer to the critical point, we modified the
equation of state to account for the particle number density near the
critical point. For this purpose, in our cross section data modeling,
we introduce a density correction factor ρf . The ideal gas density
is multiplied by the density correction factor, and the cross section
data of a cluster containing a single particle are obtained. When
the ideal gas density is multiplied by ρf , ionization coefficient val-
ues obtained from the cross section data of the one-particle cluster
should agree with those obtained from the cross section data of the
gas. For this reason, in our model, the value of ρf is different for dif-
ferent species. The following equation is used to define the number
density:

n0 =
ρf Pc
kTc

, (8)

where Tc is the critical temperature, Pc is the critical pressure, k is
the Boltzmann constant, and ρf is the density correction factor. The
ionization coefficient for a cluster containing one particle (i.e., clus-
ter size 1) should be identical to that of the gaseous molecule of the
same species. For this reason, a density correction factor ρf is deter-
mined for each species such that when the ideal gas density of the
cluster with one particle is multiplied by ρf , it results in the same
ionization coefficient as that of the gaseous molecule. Based on our
modeling, ρf is 2 for He and 6 for Xe.

III. DENSITY REDUCED CRITICAL ELECTRIC FIELD
The Boltzmann analysis performed based on the electron scat-

tering cross section data is a widely used method for obtaining the
ionization coefficient and attachment coefficient.1–4 For any occur-
rence of collisions by electrons in the molecule, the Boltzmann anal-
ysis determines the rate coefficients and the transport coefficients by
solving the following Boltzmann equation:48

∂f
∂t

+ ϑ ⋅Δf − e
m
E ⋅ ∇vf =C[f ], (9)
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FIG. 5. Density reduced ionization coefficient for various cluster sizes, (a) supercritical He and (b) supercritical Xe.

where f is the electron distribution function in the phase space, ϑ
is the velocity vector, e is the elementary charge, m is the mass of
an electron, E is the electric field, ∇v is the velocity gradient, and
C[f ] is the rate of change in f due to collision. In this study, we
numerically solve the Boltzmann equation with two-term approxi-
mation based on our modeled electron scattering cross section data
of supercritical He and Xe of various cluster sizes near the critical
point with the BOLSIG + solver. It has been reported that the two-
term approximation method is less reliable at high E/N′, in which
the inelastic collision process is dominant, and the electron distri-
bution is highly anisotropic. The Boltzmann analysis of the present
study involves gas species that have large elastic momentum-transfer
electron scattering cross sections and (E/N′)cr as high as 46 Td for
Xe and 17 Td for He.48 The analysis results describe the kinetic
processes of electrons that are represented by the density reduced
ionization coefficient α/N′ and density reduced attachment coeffi-
cient η/N′. The critical electric field at which the ionization process
is in equilibrium with the electron attachment process has been used
as the metric of comparing the dielectric strength of various gas
media in numerous studies. The values of α/N′ of supercritical He
clusters and supercritical Xe clusters are plotted as a function of
density reduced electric field E/N′ to describe the kinetic process
of electrons, as shown in Fig. 5. The point, where the ionization
coefficient is in equilibrium with the attachment process, defines the
density reduced critical electric field (E/N′)cr that is used for esti-
mating the dielectric strength of supercritical He and supercritical
Xe near the critical point. He and Xe are non-electronegative gases.
Hence, attachment cross section data are not available for He and Xe.
Thus, a constant attachment process is assumed for both supercriti-
cal He and Xe—the value used for He is 3.5 × 10−23 m2 and the value
used for Xe is 1 × 10−23 m2, as shown in Fig. 5. In this study, our
objective is to model the dielectric strength variation of supercriti-
cal fluids, which shows good agreement with the experimental data.
α/N′ for each cluster size are already obtained based on the elec-
tron scattering cross section data. Therefore, η/N′ is modeled such
that the resulting dielectric strength variation shows close agree-
ment with the experimental data. Figure 5(a) shows that (E/N′)cr
decreases from 17 Td to 15.84 Td with increasing cluster sizes of
supercritical He when η/N′ is modeled as 3.5 × 10−23 m2. Similarly,

in Fig. 5(b), (E/N′)cr decreases from 30.56 Td to 17.67 Td when
the cluster size of supercritical Xe increases, while η/N′ is kept at
1 × 10−23 m2.

IV. RESULTS AND DISCUSSION
A. Modeled results of cluster cross section data

The electron scattering cross section data of gaseous He
retrieved from the Phelps database46 and gaseous Xe retrieved from
the SIGLO database47 are applied to Eq. (1) to derive the electron
scattering cross section data of supercritical He and supercritical Xe
near its critical point—Tcric = 5.25 K and pcric = 0.227 MPa for He,
and Tcric = 289.733 K and pcric = 5.842 MPa for Xe. As an example,
we show the momentum transfer, excitation, and ionization cross
section data of supercritical He with cluster size N = {11, 52, 91} and
the corresponding cross section data of gaseous He in Fig. 6(a) and
the elastic, excitation, and ionization cross section data of supercrit-
ical Xe with cluster size N = {11, 50, 100} and the corresponding
cross section data of gaseous Xe in Fig. 6(b). A reduction in the
cross sections is observed with the increasing cluster size from that
of gaseous He and gaseous Xe. The phenomenon of cross section
reduction agrees well with results previously reported in the litera-
ture by experiments conducted on clustered molecules.50,51 In addi-
tion to this, the authors in their previous studies25,32,33,35,36 confirmed
the decrease in the cross sections with increasing cluster size by
forming a correlation between the breakdown voltage near the crit-
ical point and density fluctuation. In Fig. 6(a), momentum transfer,
excitation, and ionization cross sections show significant changes at
an electron energy level below 100 eV. However, at electron energy
above 100 eV, the changes in cross section values are not as drastic as
those in lower electron energy. In this model, we utilize the cross sec-
tion data of gaseous He and Xe to derive the cross section data of He
and Xe clusters. The electron energy corresponds to each cross sec-
tion value of gaseous He46 and Xe.47 In this study, we determine the
electron energy at each position in the cluster by utilizing Eq. (6) and
define the cross section value closest to each electron energy in the
PHELPS database46 as σ0(1, We(x)). Consequently, at a high electron
energy level, the cross sections maintain constant values over certain
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FIG. 6. (a) Momentum transfer, excitation, and ionization cross section data of the He cluster with respect to initial electron impact energy and (b) elastic, excitation, and
ionization cross section data of the Xe cluster with respect to initial electron impact energy.

electron energy ranges and reduce at the subsequent electron energy
ranges. For this reason, the staircase characteristics of the cross sec-
tion data are shown in Fig. 6(a). The derived electron scattering cross
sections of He and Xe clusters are used in the Boltzmann analysis to
obtain α/N′ and η/N′.

B. Modeled results of the dielectric strength variation
The dielectric strength of supercritical He and supercritical Xe

is estimated by the critical electric field Ecr , derived from various
cluster sizes near the critical point. Figure 7 shows Ecr as a func-
tion of pressure for supercritical He and Xe. In Fig. 7(a), Ecr of
supercritical He is plotted over a constant temperature of 5.25 K.
It is observed from Fig. 7(a) that near the critical pressure, a steep
decline in the breakdown electric field occurs. Compared to the
experimental data in the literature,35 the modeled data of this study
show close agreement in dielectric strength near the critical pres-
sure. Similarly, experimental data of breakdown electrical fields at
temperatures 5.10 K and 5.40 K, reported in Ref. 35, are plotted as
a function of pressure in Fig. 7(a). It is observed that at temperature
below and above the critical point, a comparatively less steep decline
in dielectric strength is observed. In Fig. 7(b), Ecr of supercritical Xe
for a constant temperature of 289.73 K is plotted and a steep decline
of the breakdown electric field is observed near the critical pres-
sure. The modeled data based on the cross section data of clusters

are compared with the experimental values measured at a tempera-
ture of 292.15 K.34 It is observed that our approach of modeling the
dielectric variation of supercritical Xe near the critical point results
in very close agreement with the experimental data. Since experi-
mental data on the cluster size of supercritical fluids are not reported
in the literature, we assumed the cluster sizes near the critical point,
as shown in Fig. 7. The goal of this work is to model the substantial
degradation of the dielectric breakdown electric field that takes place
near the critical point in effect of the molecular clustering. Moreover,
our model signifies its validity when compared with the experimen-
tal data with some discrepancies. If the cluster size of supercritical
fluids near the critical point can be measured, the discrepancies can
be reduced. If we correlate our modeled data and the assumed cluster
sizes, it is observed that for supercritical He, the dielectric variation
model matches with the experimental values when the largest cluster
size is 400 with 15% discrepancies between modeled data and experi-
mental data when η/N′ is 3.5 × 10−23 m2 at a critical point. Again, for
supercritical Xe at a critical point, discrepancies between the mod-
eled data and experimental data are 22% with the largest cluster size
assumed to be 400 for η/N′ being 1 × 10−23 m2.

C. Discussion
Supercritical fluids show inhomogeneity in microscale, while in

macroscale, the structure of the fluid appears to be homogeneous.25
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FIG. 7. Dielectric strength of (a) supercritical He and (b) supercritical Xe.

For micrometer-scale discharge generated with very small elec-
trodes’ gap distance, the surface/volume ratio is high enough to
allow clearing out the heat generated in the discharge space. This, in
effect, supports to maintain the clusters’ structure. However, when
there is a substantial gap distance, the temperature of the space
caused by the discharge becomes locally higher than the critical
temperature, which in effect destroys the molecular clustering.34

Although dielectric properties and discharge characteristics vary
depending on the gap distance, our approach only applies to local
electron kinetics and thus does not account for gap-length-induced
phenomena in the estimation of dielectric strength.

V. CONCLUSIONS
In this work, we utilized a modeling approach that is based on

the cross section data of clusters to estimate the dielectric strength of
supercritical He and Xe near the critical point. We modeled the elec-
tron scattering cross sections of supercritical He and supercritical

Xe of various cluster sizes near the critical point based on which the
Boltzmann analysis was performed to obtain the breakdown electric
field. Sharp declines in the breakdown electric field were observed
near the critical point, which suggest the increase of mean free path
due to the formation of clusters and density fluctuations. The agree-
ments achieved between the modeled data using the electron scat-
tering cross sections of He and Xe clusters near the critical point and
the experimental breakdown measurements near the critical point
confirm the validity of our modeling approach.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.
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