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Obituary
Professor Vladimir Semenov
1952 – 2017
field, propagation of ionization fronts towards the
incident microwave radiation. His theoretical
predictions were confirmed in many experiments.
Vladimir Semenov had a remarkably broad
range of scientific interests. He is an author of more
than 300 scientific publications in plasma physics,
electrodynamics, hydrodynamics, continuous
media mechanics, nonlinear dynamics, and
materials science. He had collaborated with more
than 30 research groups providing valuable advice,
theoretical analysis and interpretation of
experimental findings of very different nature. In
particular, especially fruitful was his long-lasting
collaboration with an international consortium
Chalmers University of Technology (Sweden) –
CNES (Centre National d’Études Spatiales,
France) – Universitat Politècnica de València
(Spain).
Listed below are some of the subjects and
most important results of his publications:
• general study of non-linear waves: derivation of
generalized adiabatic invariants and discovery of
stable auto-solitons in systems with global
nonlinearity;
• electromagnetic wave propagation in nonstationary media: a theory of frequency upconversion of the electromagnetic wave
propagating through an ionizing medium;
• plasma confinement and electron-cyclotron
resonance (ECR) heating in magnetic mirror
traps:
• development of a hydrodynamic approach to the
plasma confinement problem which is used to
optimize operation of ECR sources of highly
charged ions;
• plasma expansion into vacuum: derivation of an
analytical solution describing expansion of
localized plasma bunch having arbitrary
distribution functions of electrons and ions;
• gas breakdown phenomena in terahertz electromagnetic waves: a theory of the breakdown delay

Vladimir Evgenievich Semenov,
leading research scientist of the
Institute of Applied Physics of
Russian Academy of Sciences,
passed away on October 13,
2017 at an age of 64, after many
years of struggling with cancer.
He was a truly remarkable person and an outstanding scientist, one of the most brilliant
representatives of the Nizhny Novgorod scientific
school of radiophysics. He was committed to
science to the very end, and continued research
activity until his last days.
Vladimir Semenov was born on December
11, 1952 in the city of Gorky (now Nizhny
Novgorod), Russia. He obtained his diploma in
radiophysics with honors from Gorky State
University in 1975. Upon graduation, he took his
first research position at the Radiophysics research
institute. Since 1977 he worked at the Institute of
Applied Physics of Russian Academy of Sciences.
At this institute he obtained his PhD (1983) and
Doctor of Science (1997) degrees in plasma
physics and chemistry. Since 2000 he had held the
position of Head of the Plasma Physics Department
at the institute.
Since his first scientific publications, V. E.
Semenov was recognized as a highly qualified and
ingenious researcher in the field of electrodynamics and plasma physics. His earlier studies
focused on the dynamics and structures of gas
discharge ignited by focused beams of high power
microwave radiation in free space. The interest in
this subject was associated with the ongoing
development of high power microwave sources,
gyrotrons, at the Institute of Applied Physics. Dr.
Semenov developed theoretical models for a
number of microwave discharge related phenomena in rarefied and dense gases, including
ionization instabilities, stationary structures,
breakdown threshold in non-uniform microwave
2
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and an explanation of the experimentally
observed discharge structures depending on the
field frequency and air pressure;
nonlinear phenomena in optics: significant
contribution into a development of the theory of
propagation of partially incoherent light in
nonlinear media;
microwave
breakdown
in
space-borne
communication systems: theory of corona and
multipactor discharge in non-uniform microwave
fields which is used to predict the breakdown
threshold in different microwave components.

December 18, 2017

Many colleagues recall their informal
discussions with Vladimir who always aimed at
obtaining in-depth understanding of the physics
underlying the observed effects. He contributed to
a number of comprehensive reviews of the physical
aspects of microwave processing of materials.
Professor Semenov invested a vast amount of
his talent, knowledge and passion into teaching.
For over thirty years he had been teaching a number
of theoretical physics courses to the students of the
Advanced School of General and Applied Physics,
a university department run by the Institute of
Applied Physics. He developed original courses in
thermodynamics and statistical physics, theoretical
mechanics, continuous media mechanics, and
physics of the gas discharge. He constantly strived
to foster deep understanding and intelligent
application of knowledge by his students. Many of
his former students have built strong careers in
science and technology, and they remember him as
a teacher who gave them the most important skills
in their professional life.
Vladimir's willingness to offer help, advice
and encouragement not only in professional
activity but also in everyday life was appreciated
by all who knew him. A man of the highest moral
principles, he possessed a keen sense of fairness
and remained objective in any discussion. His
encyclopedic knowledge combined with an
unusually broad range of interests and an amazing
sense of humor made him an excellent companion.
He passionately loved nature, enjoyed walks in the
autumn forest, skiing, canoeing, and summer
fishing on the Volga.
Vladimir Semenov’s sad demise is an
irreparable loss for his friends, colleagues, and
relatives. He will be missed by all who knew him.

The microwave heating community was
lucky to have Vladimir Semenov participate for
more than 25 years in the study of the
electromagnetic field effects on high-temperature
mass transport in solids and other fundamental
aspects of microwave processing of materials. His
most important seminal contributions into
understanding microwave–material interactions
include:
• theory of non-linear interaction of microwave
electromagnetic field with charged defects in
ionic crystalline solids;
• analysis of the influence of microwave-induced
non-uniform temperature distribution on
sintering within a framework of a viscoelastic
model;
• models of effective dielectric and magnetic
properties of consolidated dielectric and metal
powder materials;
• advanced modeling of electromagnetic field
distribution in multimode cavities;
• analysis of the global and local regimes of the
superheating instability (thermal runaway) under
microwave heating.
In the field of microwave processing of
materials Vladimir Semenov collaborated intensely
with a number of research teams, including those
of the Institute of General Physics (Moscow,
Russia), Institute for Problems in Materials Science
(Kiev, Ukraine), Kyrgyz-Russian Slavic University
(Bishkek, Kyrgyz Republic), Karlsruhe Institute of
Technology and Universität Bayreuth (Germany),
University of Nottingham (U.K.), University of
Maryland and University of Wisconsin – Madison
(U.S.A.).

Kirill Rybakov and Yury Bykov
The Institute of Applied Physics
Russian Academy of Sciences
Nizhny Novgorod 603950, Russia
E-mail: rybakov@appl.sci-nnov.ru
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Online Measurement of Magnetron Rieke Reflection Coefficient
Vladimir Bilik
Faculty of Electrical Engineering and Information Technology, Slovak University of Technology
Ilkovicova 3, 81219 Bratislava, Slovak Republic
E-mail: vladimir.bilik@s-team.sk

Introduction

Using a reference launcher in a real
installation may be inconvenient due to its
uncommon waveguide dimensions. Practical
installations employ standard waveguide types and
prefer customized launchers based on the same
waveguides.
Aside
from
the
reference
arrangement, ΓR may not be directly observable.
However, we still need to refer to ΓR to predict the
magnetron behavior in arbitrary arrangements.
This does not pose a principal problem in lowpower experiments, such as in experiment-assisted
applicator design, because in this case, an antenna
probe can be utilized, enabling standard vector
network analyzers to measure ΓR even on a swept
basis2.

The frequency fg generated by a magnetron and net
power PL delivered to its load depend on the load
reflection coefficient as perceived by the
magnetron. By convention, this quantity,
henceforth termed the Rieke reflection coefficient,
is defined as the reflection coefficient
Γ R = Γ R exp ( jϕ R ) observed looking toward the
load in a specific rectangular waveguide
arrangement called the reference launcher (Fig. 1),
the dimensions of which are provided in magnetron
datasheets. The reference launcher specified by
essentially all manufacturers of 2.45-GHz
magnetrons with powers up to about 2 kW uses a
waveguide with unusual inner dimensions ar = 95.3
mm (not shown in Fig. 1), br = 54.6 mm. The
reference plane for ΓR measurement is the plane R
of the magnetron antenna axis.

2M244

f0 = 2460 MHz

Magnetron

Load

R

Reference
Launcher

0

PL

ΓR

jIm ΓR
j1

R

ΓR

|ΓR|

ϕ

br

fg

Re ΓR

Figure 1: Magnetron in a reference launcher. A definition of
the Rieke reflection coefficient Γ R .

The dependence of fg and PL on ΓR is
visualized in the form of a Rieke diagram1, which
is a rotated polar chart in the complex plane of ΓR
displaying a family of contours of constant fg and
of constant PL (Fig. 2). An applicator design goal is
to restrict ΓR to be within the range where the
magnetron behaves properly (the area covered by
the contours).

1

Figure 2: Rieke diagram of 2M244 magnetron. For the
indicated ΓR = 0.638 ∠ 104.4°, the generated frequency fg is
2,450 MHz (note the 2,460 MHz reference frequency), and
the delivered power PL is 760 W.
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Theory

Difficulties arise when we seek to measure ΓR
online (Fig. 3), i.e. in the course of real operation
of an installation powered by the magnetron. There
exist high-power vector reflectometers (HPVR)
based on standard waveguide types, that are
capable of measuring the applicator reflection
coefficient ΓA at a certain plane A under full
magnetron power. However, because the
arrangement in Fig. 3 differs from the reference
arrangement of Fig. 1, the measured ΓA differs from
the Rieke reflection coefficient ΓR. One possible
way to resolve this problem is to establish a relation
between ΓA and ΓR, enabling ΓR to be computed
from a measured ΓA. In this paper, we develop a
procedure to arrive at such a relation and present
some experimental results for its verification.

M

ag

The method for finding a relation between the
magnetron Rieke reflection coefficient ΓR and an
arbitrarily measured load reflection coefficient ΓA
in a user arrangement is based on a comparison of
the two scenarios depicted in Fig. 4.
Case (a) shows the reference arrangement
where a magnetron antenna probe associated with
a given magnetron type is used in conjunction with
the reference launcher. The probe input reflection
coefficient Γp at a reference plane B is measured by
a vector network analyzer (VNA). The load
reflection coefficient ΓR at plane R is, by definition,
the Rieke reflection coefficient. The scattering
matrix of the two-port circuit between planes B and
R is SR (Fig. 4c). The circuit is assumed to be linear
and reciprocal.
Case (b) shows the same antenna probe installed in
Reflectometer A
(HPVR)
a customized user launcher in an arrangement that
also
incorporates
a
high-power
vector
ΓA
Applicator
Γ R?
reflectometer (HPVR). The load (applicator)
User Launcher
User Waveguide
reflection coefficient ΓA, defined at plane A, is
regarded as known because in full-power operation
it will be measured directly by HPVR. The
Figure 3. Installation with a customized launcher and a highscattering matrix of the circuit between planes B
power vector reflectometer (HPVR).
and A is SA (Fig. 4d).
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Figure 4. Measurement setups using a magnetron probe in the reference and user arrangements.
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Determining the Scattering Parameters

For case (a), the relation between Γp and ΓR is
given by3
−D Γ + S
Γ p = R R R11 ,
(1)
− S R 22 Γ R + 1

The parameters SR11, SR22, DR can be obtained by
standard VNA one-port calibration methods4,
using, for instance, three offset reference launcher
waveguide shorts for calibration standards, as
indicated in Fig. 4a. More details about the optimal
lengths of these shorts are available in our previous
paper2. At plane R, the short reflection coefficients
are

where SRij are the elements of matrix SR, and DR =
SR11SR22 – SR12SR21 is its determinant. Due to circuit
reciprocity, S12 = S21. The setup (b) is topologically
very similar to (a). Therefore, a relation similar to
(1) must exist between Γp and ΓA, only with the set
of parameters SA11, SA22, DA. Consequently,
− D Γ + S A11
Γp = A A
,
− S A22 Γ A + 1

 4π ( Li + d R ) 
Γ Si ( f =) exp j π −

λgr ( f ) 


(2)

S R11 + S R 22ΓSi Γpi − DR ΓSi = Γpi

(3)

Solving for ΓR, we obtain

aΓ + b
ΓR = A ,
cΓ A + 1
S R11 S A 22 − DA
,
S A11 S R 22 − DR

b=

S A11 − S R11
,
S A11 S R 22 − DR

c=

i = 1, 2, 3

The equations can be readily solved for the
unknowns SR11, SR22, and DR. More than three
standards can be in principle used, yielding an
overdetermined equation set, which can contribute
to the accuracy of determining the unknowns.
The parameters SA11, SA22, DA of the working
installation according to Fig. 4b can be obtained by
exactly the same procedure, except that the
calibration standards must be based on the user
waveguide. Normally, the standards are connected
at the output flange of the user launcher while the
calibration plane (C in Fig. 4b) may be located at a
distance dC inside it. Let the parameters thus
obtained be SC11, SC22, DC. If the ΓA definition plane
is spaced by distance dA from the launcher output
plane, then
S A11 = SC11 , S A 22 = SC 22 exp(− 2 jθ ) ,

(4)

where
a=

=i 1, 2, 3

where f is frequency, Li are physical lengths of the
shorts, dR is the distance of plane R from the
launcher output plane, and λgr is the reference
launcher guide wavelength. The calibration
consists of connecting in turn the three shorts,
measuring for each short the probe input reflection
coefficient Γpi (i = 1, 2, 3) in a frequency range of
interest, and inserting Γpi into (1) along with the
known ΓR = ΓSi of the shorts. After simple
manipulation, we thus obtain for each frequency a
set of three complex linear equations

where DA = SA11SA22 – SA12SA21 is the determinant of
scattering matrix SA.
Suppose that in both cases (a) and (b), the
same reflection coefficient Γp is measured.
Consequently, the magnetron in place of the
antenna probe would also perceive the same load in
both arrangements. Eliminating Γp by relating the
right-hand sides of (1) and (2) will therefore yield
the wanted link between ΓA and ΓR:
− DR Γ R + S R11 − DA Γ A + S A11
=
.
− S R 22 Γ R + 1
− S A22 Γ A + 1

December 18, 2017

( 5a, b, c )

DR S A22 − DA S R 22
.
S A11 S R 22 − DR

Note that all the quantities are complex and
frequency-dependent. Equation (4) represents the
sought relation, linking the full-power, online
measurable applicator reflection coefficient ΓA
with the magnetron Rieke reflection coefficient ΓR.

=
DA DC exp ( −2 jθ ) ,

(6)

where θ = 4π (dC + dA)/λg is the (frequencydependent) electrical distance between calibration
6
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plane C and measurement plane A, and λg is the and outputting immediately the Rieke reflection
user guide wavelength.
coefficient ΓR. This enables real-time display of the
magnetron load in the Rieke diagram during fullpower
operation of any equipment into which such
Equivalent Two-Port
HPVR can be installed.
As an alternative to (4), the ΓA→ΓR transform can
be expressed in terms of scattering parameters Sij of
Experiments
a fictitious equivalent two-port circuit connected
between reference planes R (port 1) and A (port 2). To verify the developed approach, two
experimental setups (Fig. 5) were assembled, using
Then,
a 2M244 magnetron. The setups extend those in
− DΓ A + S11
S S Γ
Γ R = S11 + 12 21 A =
,
(7) Fig. 4 with the ability to realize any desired ΓA by
1 − S22 Γ A − S22 Γ A + 1
means of a 3-stub tuner. A WR340-based S-Team
where D = S11S22 – S12S21 is the determinant. autotuner STHT 1.5 terminated in a waterload and
Comparing (4) and (7), the equivalent S-parameters controlled from a PC was used for this purpose. A
are
well-matched (|S11| < –30 dB) linear taper section
S11 = b , S 22 = −c
with net taper length 86.5 mm has been inserted
between the reference launcher and the autotuner.
S12 ==−
S21 a bc exp ( − jnπ ) ,
(8)
In high-power experiments, the autotuner
where a, b, c are given by (5) and n is an measures reflection coefficient ΓA referred to plane
undetermined integer. Because the transform A of stub S1, which is dh = 132.3 mm apart from
involves only the product S12S21, we can safely the autotuner input plane. In addition to ΓA, the
assume n = 0.
autotuner is capable of measuring frequency fg
The usefulness of expressing the ΓA→ΓR generated by the magnetron and net power PL
conversion in terms of the S-parameters of an absorbed in the load. These data are sufficient for
equivalent two-port lies in the fact that some determining or verifying a magnetron’s Rieke
HPVRs are capable of loading a file of such S- diagram.
parameters, performing the mapping (7) internally,
(a)
2M244

Power
Supply

ΓR

STHT Autotuner
Taper to
WR340

ΓA

dR=149.7

ϕT21(f)

dh=132.3

R

PC

S1

Reference
Launcher

A

Waterload

(b)
STHT Autotuner

2M244

Power
Supply

C

PC

S1

WR340
Launcher

WR340
Waveguide

ΓA

dC=102.5

dg=174

dh=132.3

A

Waterload

Figure 5. Two experimental arrangements.

To establish the scattering parameters of the
equivalent transforming circuit, the launchers were
detached from the waveguides and the magnetron
was in turn replaced by a 2M244 antenna probe. A

calibration was performed on either setup using a
set of corresponding waveguide shorts. Reference
plane B (Fig. 4) was defined by the coaxial short
accessory to the antenna probe. Both calibrations
7
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Li = (i – 1) × 20.5 mm, i = 1…4,

were performed in the range 2200 – 2700 MHz
with step 1 MHz (501 points). The reference
calibration setup (Fig. 4a) was exactly the same as
described before2, including the calibration shorts.
The calibration yielded scattering matrix SR,
expressed in the form of a tabulated frequency
dependence of parameters SR11, SR22, DR.
The test arrangement (Fig. 5b) involved a
WR340-based magnetron launcher made by IBF
Electronic, a 174-mm long section of standard
WR340 waveguide, the autotuner and a waterload.
The calibration used an overdetermined set of four
WR340 shorts with physical lengths

connected in turn to the launcher output flange and
electrically extended by 102.5 mm to the antenna
axis plane C. The calibration yielded the frequency
dependence of SC11, SC22, DC. The parameters SA11,
SA22, DA were then obtained using (6) with dC =
102.5 mm and dA = dg + dh = 306.3 mm.
Following the two calibrations, the Sparameters of the ΓA→ΓR transformation circuit
were computed using (5) and (8). Their frequency
dependence is plotted in Fig. 6 (note that S12 = S21
and that only the product S12S21 is employed in the
transform equations).

0.25

1.05 180

0.20

1.00

135

S21

45
0.95

0.15

Mean

-45
0.90

S22
0.05
2200

0

S11

0.10

2300

2400
2500
f (MHz)

S12S21

S22

90

S11

-90
-135

2600

0.85 -180
2200
2700

(a)

2300

2400

2500
f (MHz)

2600

2700

(b)

Figure 6. S-parameter magnitudes (a) and phases in degrees (b) of the transformation circuit. Phase of S12S21 product is
plotted in (b).

actually measured ΓA would deviate, most
markedly in the Rieke diagram’s sink area.
To arrive at ΓR using the test setup according
to Fig. 5b, the obtained file of the S-parameters
visualized in Fig. 6 was loaded to the PC control
program, which then automatically performed the
needed ΓA→ΓR conversion (7).
For comparison purposes, the reference setup
in Fig. 5a was used for direct measurement of ΓR
because with the well matched taper, the ΓA→ΓR
transform is merely a rotation (phase shift) of ΓA by
an angle proportional to the electric distance
between planes R and A. Such a shift can also be
represented by a transforming S-matrix, this time
with parameters of the real circuit between planes
R and A, i.e.

The accuracy of the determined ΓR can be
probably enhanced by using the mean value
(|S11| + |S22|)/2 instead of both |S11| and |S22| (the
gray line in Fig. 6a) and setting |S21| to the
theoretical unity. We have nevertheless used the
original data because the deviations from the ideal
are only on the order of ±0.01 in the ISM sub-band.
In high-power experiments, the same 2M244
magnetron was used in turn in both setups. The
magnetron was powered by a one-phase half-wave
rectified high voltage power supply as stipulated in
the 2M244 datasheet for the Rieke diagram
definition.
For the measurement, the autotuner was set to
the manual stubs control mode, and an assortment
of as much as 150 loads with |ΓA| ≤ 0.75 was
synthesized by suitable tuning stubs insertions. At
2,460 MHz, the values of ΓA would have created a
regular rectangular grid. However, since the
magnetron frequency is load-dependent, the

S11 = 0 , S 22 = 0 , S12 = S 21 = exp( jϕ 21 ) ,
ϕ 21 = − 2π d R λgr + ϕT 21 − 2π d h λg
8
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where the distances dR, dh are defined in Fig. 5a, λgr
is the launcher guide wavelength, λg is the WR340
guide wavelength, and ϕT21 is the phase of the taper
transmission coefficient S21. The phase ϕT21 was
determined
by
both
measurement
and
electromagnetic simulation; the difference was less
than 1° in 2,400 – 2,500 MHz range.
Results in condensed form are presented in
Fig. 7, which shows (in a normally oriented polar
chart) the Rieke reflection coefficients obtained for
both the reference arrangement of Fig. 5a (yellow
circles) and the test arrangement of Fig. 5b (black
squares). Also drawn (green solid lines) are the
contours of constant fg and of constant PL copied
from the 2M244 datasheet.
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Figure 8. Deviations of generated frequency (∆fg) and of
delivered power (∆PL) from the reference setup
measurements. Solid lines: test setup vs. reference setup.
Dashed lines: datasheet vs. reference setup.
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to generate the same frequency fg and deliver the
same power PL. Their differences, shown as solid
lines in Fig. 8, can therefore serve as a validity
check of the proposed method. Figure 8a reveals
that the frequency difference is within ±2 MHz.
The RMS deviation is less than 1 MHz, which is
about 5% of the magnetron frequency span. Figure
8b shows that the power difference is within ±100
W. The RMS deviation is about 30 W, which is 3%
of the magnetron nominal power.
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0.8

Figure 7. Rieke reflection coefficients obtained by direct
method (circles) and by the proposed method (squares).
Numbered points in shaded circles and ellipses were used for
comparison.

As a consistency check, dashed lines in Fig. 8
show differences between the values obtained from
the magnetron datasheet and the reference setup
measurements. While the frequency deviation is
essentially the same, the RMS power deviation is
slightly worse (50 W).
Given the combination of rather poor
repeatability of installing the antenna probe to both
of the launchers discussed before2, which also
applies to the magnetron, the deviations are
sufficiently small to prove the validity of the
proposed method. Further experiments are needed,
with more sophisticated and automated data
evaluation.

While the collection of tuning stub insertions
is the same in both setups, different sets of ΓR are
generated because the transforming circuits differ.
For comparison purposes, we chose 14 cases for
which ΓR obtained from both setups well coincide.
In Fig. 7, these points are numbered 1 to 14 and
surrounded by shaded circles. Added are two cases
(15 and 16) enabling a simple interpolation. The
same ΓR should in both setups cause the magnetron
9
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Conclusions

For Further Reading:

We have developed a method enabling real-time
observation of a magnetron’s Rieke-diagram
related load reflection coefficient during full-power
operation of any installation into which a highpower vector reflectometer (HPVR) can be
integrated. To arrive at the Rieke reflection
coefficient, the HPVR-measured reflection
coefficient must be transformed by an appropriate
equivalent linear two-port circuit. To obtain the
circuit’s scattering parameters, the following
equipment must be available:
• Magnetron antenna probe associated with the
given magnetron type
• Reference magnetron launcher (specified in
magnetron datasheets)
• Launcher used in the installation (user launcher)
• Standard vector network analyzer (VNA)
• VNA calibration kit based on the reference
launcher waveguide type
• VNA calibration kit based on the user launcher
waveguide type
Two VNA calibrations must be performed,
one with the probe installed in the reference
launcher, the other with the probe installed in the
user launcher. The two obtained scattering
parameter sets can then be combined to arrive at the
desired scattering parameters of the transforming
equivalent two-port.
We have carried out verification experiments
using a 2M244 magnetron, a customized WR340
waveguide launcher, and a WR340 waveguidebased HPVR. The comparison with direct
measurement using the reference launcher as well
as with the published Rieke diagram confirmed,
within the experimental error, the validity of the
devised method.
The proposed approach is useful for online
monitoring of magnetron working conditions in
installations where the magnetrons are not isolated
from loads. This might prove beneficial when
developing domestic or commercial microwave
ovens or other circulator-less applications.

1. Meredith, R. J., Engineers' Handbook of Industrial
Microwave Heating, London: The IEE, 1998, 250–270.
2. Bilik, V., On Proper Use of Magnetron Antenna Probes,
Proc. 3GCMEA, Cartagena 2016, 116–121.
3. Engen, G., Microwave Circuit Theory and Foundations of
Microwave Metrology, London: P. Peregrinus, 1992, 15–
39.
4. Hackborn, R. A., An Automatic Network Analyzer
System, Microwave Journal, 1968, 11, No. 5, 45–52.
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Can a Semiconductor Generator Be Used at Microwave Heating or
Energy Applications?
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Department of Materials and Life Sciences, Faculty of Science and Technology, and Microwave Science Research Center
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1. Introduction

2. Microwave oven

Recently, RF power semiconductor devices have
been attracting attention for use in microwave
heating and energy applications, as alternative
sources for the magnetron generator, and basic
research on their usage has also been actively
carried out. Various new ideas have already been
reported in the fields of automobiles, plasma,
medical care, environmental conservation, energy,
chemicals, materials and biotechnology, hence this
field is currently gaining increasing attention.
This paper presents applications of solid-state
generators for intelligent microwave ovens and
microwave plant cultivation, which I have studied
with my colleague. In 2005, when I began using
semiconductor devices for microwave heating and
energy applications, the semiconductor source was
said to be "expensive, and have low output as well
as low power conversion efficiency, so it will not
be a substitute for the magnetron" in domestic
applications. However, these problems have been
improved over the past few years, and fewer people
express such comments. At present, a 1.2 kW
output microwave semiconductor generator
(including power supply and water cooler as well)
is sold for less than $5000, and it can be purchased
at a lower price than some industrial magnetron
sources. Prototypes exceeding a conversion
efficiency to microwave of over 70% have also
been released by using GaN. Surprisingly, in
Japanese, there is the word "Ten years can bring a
lot of changes", but technological innovation is
progressing as if the word "One year can bring a
lot of changes" matches better. Also, chemical
reactions that can only be made by semiconductor
generators1, biological related substance reactions2,
etc., have also been reported, which is a field where
further attention will be paid in the future.

2.1. Significance of intelligent microwave development

The first Japanese domestic microwave oven
launched in Japan for business use in 1962 was
introduced as a new high-speed cooking appliance
which can be heated without using fire. Initially, it
was equipped in restaurants and Shinkansen train
dining cars, became popular, and led to the sale of
household microwave ovens (~1965). After
popularization, sales volume fell temporarily, but
in 1977 oven ranges with oven functions added to
the microwave ovens were released, and the unit
sales increased again. In 1978, a hot air circulation
type oven range was released, and it was possible
to assist the surface heating of food, which is a
disadvantage of the microwave method, by using it
in combination with hot air. In recent years the
evolution of microwave ovens continues, and
automatic cooking is progressing. The heat source
is a microwave oven equipped with hot air and high
temperature steam. In order to introduce a new
innovation into the microwave oven, I have
proposed an intelligent microwave oven in
collaboration with some companies.
Various foods and food culture are spreading
with individualization being advanced. However,
individualization with regard to heating has not
advanced. Food cannot easily be heated because
various measures are necessary to bring out
personality due to the food dependence on the heat
conductions. Also, since the temperature of food
directly affects the human sense, it is an important
factor, as well as taste. Heating with such
individuality cannot be achieved with magnetron
sources that have been used for many years in
microwave ovens. In order to do this, it is necessary
to control the microwave with high precision, and
it is meaningful to use semiconductor sources.
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Although there were attempts to utilize functions of microwave ovens by applying this
semiconductor sources for microwave ovens long phenomenon to microwave food heating.
time ago, these were not available in terms of
equipment size and price, and the idea could not be
put into practical use. However, in recent years,
many companies have tried to calculate that ultraminiaturization and price reduction have advanced
and it has now become practical to be fully used in
microwave ovens. Table 1 compares the function
and performance of the semiconductor generator
and the magnetron generator.
Table 1: Comparison of function and performance of
semiconductor and magnetron sources3
Magnetron

Semiconductor

Applied power

30W～100kW

～600W

Weight of the
power supply

6 kg
(@ 1 kW)

0.5 kg
(@ 1 kW)

Applied
voltage

4 kV
(@ 1 kW)

0.05 kV
(@ 1 kW)

electric power
efficiency

70-80 %

50-70 %

No

Yes

500－1000 hours

20 years

Cheap

Expensive

Weak in vibration

Weak at high
temp.

Frequency
control
Life time
Price
Environment

Figure 1. Spectrum comparison and phase control image of
(a) magnetron generator and (b) semiconductor generator4

2.2. Intelligent microwave-oven prototype and selective
heating of food

The microwave frequency generated from the
magnetron generator built in the existing
microwave oven is distributed at 2.45±0.02 GHz,
but the frequency of the microwave generated from
the semiconductor generator could be exactly
2.45000 GHz (Figure 1). Whereas the magnetron
generator generates irregularly broad microwave,
the semiconductor generator has a remarkably
narrow frequency range and no fluctuation thereof,
so that the microwave may oscillate continuously
with constant intensity. By utilizing this feature, it
is possible to precisely control the phase of the
microwave, so that it is possible to perform phase
synthesis in the space inside the microwave oven
and selectively heat the food. I propose new

The latest prototype of the current intelligent
microwave oven is Unit 4, shown in Figure 2. With
a sashimi lunch-box inside, this model can
selectively heat rice. Since the advantage of the
semiconductor generator unit is that it can
remarkably be made smaller than the magnetron
generator unit, four GaN semiconductor generators
are installed in this microwave oven. In addition, a
tablet type computer was embedded in the door of
the microwave oven and devised to visually control
the heating temperature and heating area. Furthermore, inside the microwave oven, several cameras
are installed for observing the shape, color and
temperature distribution, and these controls can be
observed with the door tablet. In the next prototype,
since the microwave oven can be operated and
monitored remotely, it can be linked with various
services.
2.3. Delicate heating of food

Since the semiconductor generator can oscillate
weak microwaves of about several watts, it is
suitable for thawing frozen foods. As an example,
ice cream was heated at an appropriate temperature.
The ice cream just out of the freezer does not pass
through the spoon at about -8°C. However, by
heating it for about 15 seconds in an intelligent
microwave oven, it can be thawed to about -2°C
eclipse3-4. I do not think anyone will do it, but when
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thawing the ice cream with the existing microwave
oven, weak power control cannot be done, so it will
become liquid by heating for several seconds.
Using an intelligent microwave oven allows
delicately heating of ice cream with a weak
microwave signal, to realize "Good condition for
eating".

Figure 3: Heating of delicate and partial sushi bowl with
intelligent microwave oven3.

3. Application of plants to effective breeding

Figure 2: (a) Exterior view of the intelligent microwave oven
(Unit 4), (b) Sushi (raw fish) lunch box, (c) Diagram of
thermography where only rice is warming5

2.4. Delicate and selective heating demonstration

When ordering a seafood rice bowl at a sushi shop,
one can see that the temperature of the rice is over
10ºC and that of the seafood ingredients are at
around 3ºC. Different ingredients such as Sushi
bowl are served in one place, and further heating
must be done delicately, selective heating must be
done delicately. In fact, when making a simulated
Sushi bowl and chilling it in a refrigerator for one
hour, the whole is cooled to about 1ºC (Figure 3).
So one can use an intelligent microwave oven to
get precisely 10ºC for rice and 3ºC for seafood
ingredients. It was demonstrated that rice can be
adjusted to the proper temperature without heating
the raw seafood ingredients, by selective and
delicate microwave heating.

One may ask "Why did you irradiate the
microwave energy to the plant?". Even though
vegetables (plants) are cooked in a microwave oven
(microwave), there is no example used for
cultivation. I started the experiment with the
following hypothesis. Microwaves are the same
kind of energy (electromagnetic waves) as light
necessary for photosynthesis, hence plants may
also accept microwaves. However, since the
wavelength differs from that of light, at the
molecular level in the plant body there is a different
energy effect from light. I expected the plant feels
it as a good stimulus (effective stimulation). Also,
since microwaves do not exist in nature but have to
be artificially created, they should have never been
exposed to microwaves in the process of evolution
of plants up to the present, and this is also a
reasonable effective stimulus. On the other hand,
we have been studying the use of non-thermal
microwaves in chemical reactions for many years.
Electromagnetic waves (microwaves) are the
highest quality energy, and it is useless to convert
to the lowest thermal energy quality. I imagined
giving it as an effective stimulus to plants while
maintaining high quality.
In the experiment, Arabidopsis thaliana
(Columbia) was used as a model plant. To
emphasize reproducibility in the experiment, we
proceeded to growth while adjusting the
temperature, humidity and light in the growth
chamber. Arabidopsis thaliana was irradiated with
weak microwaves for about 1 hour, then
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immediately returned to the growth chamber and
continued to grow there. A photograph of the plant
body after 38 days is shown in Figure 4. The height
of the inflorescence stems of the same plant grew
to about 16 cm by microwave effective stimulation.
This was about 2 times growth promotion
compared with no stimulation. Irradiating
microwaves for one hour in Arabidopsis thaliana
growing can be an effective stimulus and sustained
influence on later breeding and promoted growth.
There is no need to worry about gene
recombination or chemical substances remaining in
plants.

December 18, 2017

technical factor. On the other hand, microwave
effective stimulation can be continuously applied to
plants already seeded, while irradiating
microwaves with moving bodies such as drone
(Figure 5). By preliminarily setting various data
into a database, using a drone loaded with cameras,
it would be possible to apply effective microwave
stimulation to each plant with optimum conditions,
by drone made automatic by GPS or center. At this
time, the magnetron cannot load onto the drone due
to weight and vibration problems. However,
semiconductor generators can do this. Currently,
attempts to convert agriculture to the Internet of
things (IoT) are actively carried out. This method
can also provide effective stimulation with the
power of electricity, it is easy to incorporate into
IoT agriculture. And, in combination with other
technologies, further synergistic effects can be
expected.

Figure 4: Comparison of growth of Arabidopsis thaliana by
(a) no stimulation and (b) microwave effective stimulation
method6.

The advantage of this technology is that
plants irradiate buds or seeds at the early stage of
their development with weak microwaves only
once for a short time, so that the plants feel it as a
stimulus and are continuously and favorably
affected. Therefore, it is not necessary to provide
microwave effective stimulation over the lifetime
of plant development, and there is no need to install
a microwave source in the field or plant. For
example, it is possible to construct a production
process at the seedling stage by giving effective
stimulation to a large amount of plants, using a
continuous microwave effective stimulation device
combining the buds or seeds at the initial stage of
growth with a belt conveyor and a microwave
irradiation device. At this time, since stable
microwave output and frequency are required, the
semiconductor source becomes an important

Figure 5: Experiment showing the continuous effective
stimulation of microwave to plants by drone connected with
GaN semiconductor generator7.

4. Conclusions
Microwave heating has been effectively used into
the home and industrial fields over the last half
century. Currently microwave is considered as a
mature technology, and the number of engineering
researchers and engineers is decreasing year on
year. However, by controlling microwave or
capturing it as electromagnetic wave energy, it is
still a future technology with a promising potential.
Semiconductor sources are indispensable devices
as the utmost tool to extract this. Depending on the
idea, it may also be used for applications that are
unexpected. I hope this paper will become a "hint"
leading to them.
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Abstract
Multi principal element alloys (MPEAs), consisting of five or more alloying elements at near equiatomic concentrations, and
forming bcc and/or fcc solid solution phase, were recently developed. According to the research literature, the synthetic route
to produce MPEAs should guarantee short alloying time, efficient cooling and capability to operate in controlled atmosphere.
Such conditions can be achieved using high-frequency electromagnetic fields, such as microwave heating. Microwave
assisted combustion synthesis of pure metal powder mixtures as reactants has already been used during the last decade by the
authors to prepare intermetallics, functionally-graded materials, and recently to produce multi-principle alloys. Moreover, the
addition of SiC in these alloys, increases the mechanical properties and oxidation resistance at high temperature, as
demonstrated in a recent paper by the authors.
A new MPEA (Al15Mn20Fe25Co15Ni25) was prepared in this work with and without the addition of SiC, using powder
metallurgy route and exploiting microwave as way of generating heat inside the precursors and hence to start the reactive
sintering. Results show that direct microwave heating at 2,450 MHz of the powder precursors leads to the ignition conditions,
with an evident exothermal event ascribable to the mixing enthalpy, and then self-sustaining of the synthesis occurs. The
temperature and duration of the microwave-assisted process resulted much lower than other conventional powder metallurgy
routes, but at the cost of a higher residual porosity. Sample characterization confirmed that the powder metallurgy approach
is suitable to retain the shape of the load imparted during forming by uniaxial pressing.

1. Introduction
Multi principal element alloys (MPEA) are a class
of multi-component alloys composed of five or
more principal constituent elements, none of which
is predominant, and each with a concentration
between 5 and 35 atomic %. These alloys1 have a
tendency to form simple structures, like face
centred cubic (FCC) and body centred cubic
(BCC), instead of intermetallic compounds2. The
MPEA family of alloys shows several interesting
features; in particular they tend to form simple solid
solution phases with the possible presence of
nanostructures or even amorphous structures3,4,
presenting outstanding properties5. Among several
production techniques the one most used is the arc
melting technique6, however, for elements with a
low melting point, which are easy to evaporate,
e.g., Mg, Zn and Mn, this route may not be the best
choice because of the lack of control of the exact
composition. Nevertheless, the arc melting is still
one of the most promising technologies, as it
guarantees a short alloying time, efficient cooling

and the capability to operate in a controlled
atmosphere. The same conditions can be achieved
using higher frequency electromagnetic fields, as in
microwave heating, provided the load is capable of
coupling with the incident electric and magnetic
field.
Microwave heating of powdered metals has
been known since the pioneering work of Roy et
al.7, demonstrating how metallic powder compacts
can be heated by microwaves; despite this finding,
the scientific literature regarding the use of
microwaves to prepare MPEA is limited to only
few contributions by some of the authors20-24, and a
slightly different approach using non-metallic
precursors has been proposed to achieve MPEA
production using microwave combustion synthesis,
but with subsequent generation of oxides8.
In this work, a new HEA has been designed
by the Calphad method25. Based on previous
work20-24 on the FeCoNiAlCu and FeCoNiCrAl
HEA family, the authors chose to investigate a Mnmodified
composition,
namely:
Al15Mn20Fe25Co15Ni25. The new composition is
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designed in order to increase the exothermicity,
thanks to its low melting temperature which should
increase the liquid phase formation bringing to a
single solid solution structure. The known
advantages of applying microwaves to combustion
synthesis reactions (high purity of the products,
rapid ignition of the reaction, and the possibility to
control the products microstructure) and the
cooling rate after synthesis, especially in the
presence of ferromagnetic reactants9-12, are
expected to rapidly lead to the desired MPEA, with
possible shape retention due to the formation of
limited amounts of liquid phase during synthesis.
2. Materials and methods
In this work, the Al15Mn20Fe25Co15Ni25 alloy has
been prepared, starting from metallic powders
mixtures, which include ferromagnetic elements
(Fe, Co, Ni), likely to provide a further heating
contribution when exposed to the electromagnetic
field. The elemental powders used as reactants are
listed in Table 1.
Table 1: Elemental powders used in this study
Element
Fe
Co
Ni
Al
Mn

Purity
(%)
97.0
99.8
99.7
99.0
99.9

Particle size
(µm)
< 44
<2
<5
< 75
< 44

Manufacture
Sigma-Aldrich
Alfa Aesar
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

The possibility to use the aforementioned
alloy as a matrix for insertion of partially reactive
SiC particles has also been investigated. SiC has
been selected as reinforcement due to its good
coupling with microwaves at 2,450 MHz, and
because of its instability in the presence of
transition metals30, which is expected to lead to
moderate reaction of SiC with the matrix, and
subsequent formation of silicides and/or carbides.
Hence, a further powder has been added to a second
subset of samples, namely SiC of 97.5% purity
with particle size of 37-74 µm (Sigma-Aldrich).
To prepare the Al15Mn20Fe25Co15Ni25 mixture
with and without the addition of 5% wt. of SiC, the
proper amount of powders was weighed and mixed
in planetary ball milling, BPR 1:10, for 1 hour of
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active mixing. Uniaxial pressing was used at 300
MPa to form reactive disc-shaped specimens of 20
mm as diameter and 8 g as weight. Synthesis in
rectangular TE10n single mode applicator11 has
been performed at 2.45 GHz and 3kW maximum
power. The choice of the single mode applicator
lies in its possibility to expose the load to regions
of predominant electric or magnetic field12, even if
both contributions have to be considered to heating,
due to the perturbation of the electromagnetic field
in the cavity triggered by the presence of the load
itself. In order to avoid excessive oxidation, a
constant Ar flux (20 NmL/min) was blown into the
single mode cavity during experiments. All
samples were subsequently annealed at 1,200°C for
8 hours in a tubular furnace, into a reactor
containing titanium-shavings as getters, to reduce
oxidative effects.
The crystal structure of mixed powders and
as- synthesized alloys was characterized by X-ray
diffractometer (X'Pert PRO - PANAlytical) with
Cu-Ka radiation. The microstructure of the
powders was observed using scanning electron
microscopy (SEM, ESEM - Quanta200 – FEI, and
FEG-SEM Nova NanoSEM 450 - FEI), after
cutting and polishing. Instrumented nano
indentation (CSM Instruments) was used to
perform depth-sensing nano-indentation tests on
samples. A 100-mN force with linear
loading/unloading rate of 150 mN/min was applied
for 15 seconds. The indentations were performed
using a Berkovich tip, and the elastic modulus and
equivalent Vickers hardness were calculated
according to the Oliver and Pharr method25.
3. Results
In order to try to improve the heat generation in the
metallic precursors powder compact when exposed
to microwaves, 5 wt% of SiC was added. However,
its known reactivity in the presence of transition
metals is responsible for the
possible
decomposition of this reinforcement, unless
extremely rapid heat treatments are performed. For
this reason, microwave heating allowed to preserve
part of the SiC unreacted, while the subsequent 50
hours heat treatment led to its almost complete
decomposition, as shown in the XRD patterns of
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the HEA before and after the heat treatment (Fig. 1 the heat treatment (8 hours) compared to the 50
and Fig. 2).
hours employed in our previous investigation31,
which guarantee the dissociation of SiC and the
complete transformation of the original BCC/FCC
structure into a single FCC structure.
The microstructure and the average chemical
composition after heat treatment are shown in Figs.
3 and 4 referred respectively to samples without
and with SiC. Despite the presence of peaks for a
single phase, by XRD, even at low magnification
three areas at different chemical composition are
present, as demonstrated by the BSE images of Fig.
5 before and after heat treatment.
Element Weight
(%)

Figure 1: X-ray pattern of alloy without SiC before and after
heat treatment

Al
Mn
Fe
Co
Ni

10.95
16.17
21.34
13.28
21.06

Atomic
(%)
15.93
20.66
23.93
13.52
24.53

Figure 3: BSE images after heat treatment, to detect the
average chemical composition indicated.
Element
Al
Si
Mn
Fe
Co
Ni

Figure 2: X- ray pattern of alloy with SiC before and after
heat treatment

Before the heat treatment, both SiCcontaining and SiC-free samples show the presence
of mixed BCC/FCC phases. When SiC is added,
the two characteristic peaks of hexagonal
crystallographic structures of SiC is evident, as
labelled in Fig. 2. In the SiC-free sample a
completely FCC structure is developed after the
heat treatment (Fig. 1).
As already investigated by the authors in a
previous study31, Si driving from the SiC
decomposition can enter the FeCoNiCrAl29,30, but
in the investigated Al15Mn20Fe25Co15Ni25, the SiC
is not decomposed after heat treatment, as
confirmed both by XRD pattern (Fig. 2), BSE
images (Fig. 5) and element maps distribution. This
behaviour is ascribable to the much shorter time of

Weight Atomic
(%)
(%)
8.70
15.59
8.07
13.89
19.31
16.99
22.74
19.68
16.12
13.22
25.06
20.63

Figure 4: BSE image of sample with 5% of SiC after heat
treatment, to detect the average chemical composition
indicated.

The EDS analysis shown in Table 2 and
referred to the heat treated samples allowed to
identify the different areas: the black regions are
not reacted SiC particles, the two dark grey phases
are Al-Mn-richer and Al-Mn-Fe richer, the
remaining one being Co-Ni richer. The element
distribution maps confirm the EDS observations
and the pronounced segregation of Mn.
Mechanical properties of the samples were
investigated by a nanoindentation test (Fig. 6).
Both samples before heat treatment present a
significantly lower hardness, compared to the heat-
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treated ones, in agreement with the microstructure
investigations. The presence of SiC in not affecting
the hardness, but it must be taken into account that
the nanoindentation provides a local value of
hardness, and that the indentation zone has been
selected far from the embedded SiC particles. The
young module increases after heat treatment, it is
due to the SiC reactivity31. Indeed, it goes into the
matrix leading to the formation of reinforcing
silicides and carbides, but the complete SiC
decomposition occurs to a longer treatment time.
Before HT

After HT

Figure 5: BSE images of samples before (left) and after
(right) heat treatment.

Figure 6: (a) Hardness value (VH 0.1) and (b) Young Module.

Table 2: Semiquantitive analysis
Spectra average
without SiC
1-2
4-5
6-7
with SiC
2-3-4
5-6
7-9
1

C

Al

Si

Element [%]
Mn

Fe

Co

Ni

1.35
27.40
45.14

27.08
4.23
17.51

18.82
0.46
1.49

30.58
0.36
0.94

27.82
1.37
22.24
0.26

21.31
6.01
23.54
0.29

9.35
19.23
6.70
0.11

2.14
44.93
2.02
0.09

0.00
34.73
11.10
37.91
28.46
25.13
56.80

1.48
0.00
20.37
0.00

0.00
0.00
0.00
42.46

Table 3: Semiquantitive analysis of local area in Fig. 7
Element
Al
Mn
Fe
Co
Ni
O

wt%
26.07
14.58
15.95
4.69
4.28
34.44

Spectrum 3
at%
Compound %
25.28
Al2O3
49.25
6.94
7.47
2.08
1.91
56.32
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Spectrum 1
wt%
at%
40.41
58.66
17.83
12.71
22.8
15.99
7.56
5.02
11.41
7.61

Spectrum 2
wt%
at%
4.84
9.87
3.36
3.37
15.19
14.98
21.05
19.67
55.56
52.11
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Figure 7: Cross section of heat treated sample

During the heat treatment, despite the
presence of the oxygen getters, the formation of an
Al2O3 layer was detected as shown in Table 3. A
detail of the external side of heat treated sample
cross section is shown in Fig. 8. In the inner part
the EDS analyses (Table 3) revealed the presence
of the two compositionally different phases, as
shown where one phase is rich in Al and Mn, the
other in Fe-Co-Ni ones. The possibly high
temperature oxidation protection nature of this
duplex layer will be subject of further
investigations.
4. Conclusions
A new MPEA (Al15Mn20Fe25Co15Ni25) was
successfully prepared with and without the addition
of SiC, using powder metallurgy route and
exploiting microwave heating at 2,450 MHz. The
SiC-containing as synthesized and post heat treated
alloy retained the SiC particels added as a
reinforcement, due to the extremely rapid synthesis
time and short annealing time, which prevented SiC
decomposition.
For further reading:
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Introduction

polyethylene brand polymers. The conventional
process of ethylene production is the cracking, a
controlled pyrolysis, of naphtha or refinery gases.
This is an endothermic process, which consumes
about of 5,000 kcal/kg ethylene and has 58% yield
for ethylene6. Energy is supplied by fossil fuel
combustion. Due to the historical high cost of
petroleum and high production of effluent carbon
dioxide, a greenhouse effect gas, there are efforts
to develop an alcohol-chemical process for
ethylene.
Green ethylene is the same chemical
compound, ethene, which is produced by
petrochemical route, but its raw material – the
ethanol – is a renewable one. Ethanol may be
produced from corn, sugar cane, beets, wood or any
other cellulosic material. As these sources are
renewable, the ethene was named ‘green ethylene’.
All these sources are biologically treated in a
fermentation process to produce the ethanol, or,
more precisely, bio-ethanol. This ethanol is
chemically dehydrated to ethene, through a
pyrolysis process, as shown in (1). This is a
simplified view, because there are 36 different
chemical reactions happening simultaneously in
parallel and in series7, most of them producing sub
products.

Gedye’s1 and Guiguere’s2 papers started a wave of
publications on microwave applications to
chemical reactions, creating the concept of
‘microwave chemistry’. Nowadays, this alternative
way to conduct reactions is recognized in the
literature (e. g. Smith’s book3, which includes
reactions enhanced by microwaves in its chapters,
and more than one thousand scientific papers have
been published every year reporting experiments
on microwave chemistry4). These facts show that
microwave chemistry is presently accepted as a
part of the chemistry’s world.
Chemical processing industries are paying
more attention to microwave applications in order
to enhance chemicals production, which can be
confirmed by the number of published patents
related to chemical processes enhanced by
microwaves5. Until the year 2000 only 3.6% of the
total of 531 patents in this field were related to
microwaves; there was also a boost in these
publications since 1996. It is also impressive the
fact that, since 2007, the number of publications of
microwave applications in chemical processes has
grown exponentially.
With the aim of increasing microwave
applications to industrial chemical processes a
CH3-CH2-OH  CH2=CH2 + H2O
(1)
laboratory scale experiment was carried out to
stablish the technical viability of producing green
About 278 patents for ethylene production
ethylene changing the traditional fossil fuel to from ethanol were published5 until 2016, which
microwave irradiation as the heat source in its shows a tendency towards the use of renewable
ethanol dehydration process.
materials instead of petrochemicals ones. For
example, in 2010, Braskem, started up a plant to
Green Ethylene
produce 200 thousand metric tons per year8.
Ethylene is the most globally produced Alumina is the traditional catalyst for this process;
petrochemical, with a yearly production of 75 however new catalysts have been developed,
million metric tons. It is a raw material used in the including several zeolites and metal oxides.
production of several petrochemicals including Ethylene yield is a function of catalyst structure;
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for example, it is 40% for alumina, 50% for cerium
oxide, 41% for zeolite HZSM-5, 99.8% for zeolite
HM-209-11. This process is indicated in the
flowsheet12 shown in Fig. 1.
Dehydration reaction is endothermic and its
energy source is usually fossil fuels. For this
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reason, the process for green ethylene produces
carbon dioxide in the petrochemical process. In
other words, the usual process for green ethylene is
so pollutant as any other petrochemical process.

Figure 1: Typical flowsheet for ethylene via ethanol dehydration12.

Applying microwaves to heat the dehydration
reactor was tried in an early work13. The idea is to
heat the catalytic bed with microwaves, dispensing
fossil fuels for this operation and consequently
eliminating carbon dioxide generation.
Microwave irradiated flow reactor
A parallelepiped cavity connected to two truncated
pyramid waveguides was constructed in aluminum,
as shown in Fig. 2. The central parallelepiped
section contains the plug flow vapor phase reactor
and a cylindrical filter which window allows
observation. One side of the cavity is connected to
a 3 kW variable-power generator – Richardson
model SM 1050D – operating at 2.45 GHz,
protected by a circulator, and two directional
couplers which allows connection to two power
sensors – Agilent models E4419B (power meters)
and 8481A (power sensors) – to measure the
microwave transmitted power and the reflected
power. The difference between measured values is
the effective power applied to reaction. At the other
side of the cavity, a moving short sets the point of
maximum power absorption.
Details of chemical aspects of this reactor are
shown in Fig. 3, where (a) is a diaphragm pump
(behind the cavity) to pump ethanol from a tank to

a vaporizer (b) behind the cavity which receives
nitrogen flow through a rotameter (c). Temperature
of ethanol vapor and nitrogen mixture is measured
by a thermocouple (d). The reactor outlet flow of
mixture gases and vapors are collected in a 1 L
sample flask (e).

Figure 2: Microwave applicator developed for plug flow
vapor phase reactor.

The reaction chamber is a quartz tube with
connections: to inlet of ethanol vapor, steam and
nitrogen mixture at its top, and to an effluent tube
at its bottom. A bed with a ZSM-5 zeolite catalyst
sensitive to microwaves is located at middle height
of the quartz tube.
The choice of the assembly consisting of the
cavity connected to the two truncated pyramid
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waveguides was based on multiphysics computer
simulation with the aim of obtaining the best
possible electromagnetic field distribution around
the reaction cavity. Fig. 4 shows a result of the
electric and magnetic fields distribution in reactor’s
cavity.

Figure 3: Some details of chemical reactor.
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Microwave assisted ethanol dehydration
Ethanol was boiled in the electrically heated
vaporized (b, Fig. 3) and its vapor was dragged
with a nitrogen flow. The ethanol used had 12% of
water in weight. This mixture was fed to the
reaction chamber filled with a mixture of zeolite
ZSM-5 pellets and silicon carbide pellets and
heated by microwave irradiation reaching 450oC.
Despite of this high value temperature, the cavity
surface did not exceed 60−70oC. The aspect of the
heated catalytic bed is shown in Fig. 5. It is a quartz
tube with 20 mm diameter and a catalytic bed with
50 mm height. It was also a limiting factor of the
whole equipment because this assembly allowed a
maximum flow of 2 g/min of ethanol. The effluent
product was exhausted from the reaction chamber
by natural flow through a discharge pipe which
serves the sampling of the produced gases, as
shown in Fig. 3.

Figure 5: Details of the reaction chamber. (Left): cavity detail
of parallel epipedal section, showing the heated catalytic
Figure 4: Electric (red) and magnetic (blue) fields simulation bed. (Right): internal view of the heated catalytic bed.
for the present cavity.

Table 1. Stoichiometric yield in ethylene (mean value of triplicate tests).
Test
1
2
3
4
5
6
7
8

Ethanol
concentration (%)
78.66
78.66
52.68
70.00
98.87
86.36
87.96
100.00

Effective power
(W)
140
120
130
130
130
113
121
112

24

Nitrogen flow
(mL/min)
220.41
220.41
220.41
138.76
165.95
129.69
172.03
205.30

Stoichiometric yield
(%)
34.7
47.6
32.9
46.1
48.2
48.4
60.8
43.7
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Process optimization for laboratory scale reactor For further reading:
The operation conditions were optimized applying
Simplex method14, for a constant ethanol flow of
1.7 g/min and studying the variables of ethanol
concentration (% weight), effective power (W),
flow of dry nitrogen (mL/min). The measured
variable was the stoichiometric yield of ethylene
(%). The tests were done in triplicate. Table 1
shows the evolution of Simplex method; the first
four lines are Simplex initial points.
The optimum operation conditions were
defined by the seventh point of Simplex, showing
the maximum yield in ethylene.
Conclusion
This exploratory experiment demonstrated that it is
possible to produce ethylene with microwaveassisted dehydration of ethanol with a yield of
60.8%, in a small-scale laboratory equipment.
The obtained yield of 60.8% is comparable
with petrochemical yield of 58%. Comparing it
with alcohol-chemical routes9-11 the obtained
ethylene yield is an intermediate result between the
minimum (41%) and maximum (99.8%) yield for
ethylene that are published. Considering that the
test equipment is a prototype under development
and that the catalyst may be also optimized, it
should be possible to increase the yield in a larger
equipment.
Microwaves allow a more rational use of the
energy applied to the reactor of dehydration,
because only the catalytic bed is heated due to the
selective
material
microwave
heating.
Consequently, there is no loss of energy in heating
unwanted parts of the equipment.
Microwave heating ecological advantage is
an important issue due to the suppression of
greenhouse gas generation, as it dispenses the burn
of fossil fuels to heat the reaction and avoid carbon
dioxide generation. These conclusions point out
that it is possible to produce a greener ethylene than
the actual green ethylene.
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Surface-Charge Mobility Theory An Explanation for Certain “Microwave Effects”
Ed Ripley
Consolidated Nuclear Security, LLC, Y-12 National Security Complex
E-mail: edward.ripley@cns.doe.gov

Microwave heating mechanisms are generally well
defined and understood. It is widely known that
many materials heat efficiently in microwave
fields. For many materials, microwaves penetrate
to a significant depth for rapid volumetric heating
of the material. However, the heating mechanisms
for heating metallic and other electrically
conductive materials is less widely understood.
The ability of finely divided metal powders to
heat from room temperature to very high
temperatures has been widely documented.1,2 Bulk
metals and other conductive materials are reflective
to microwaves at room temperature, penetration of
microwaves is limited to the surface, and these
materials resist heating from room temperature to
some elevated temperature, at which point the
metals will actually start to absorb and heat in a
microwave field.3
The question of why powdered metal heats
easily from room temperature, however resists
heating in a bulk form is not a simple question to
answer. The heating of metals has been attributed
to ohmic heating, magnetic/ferromagnetic effects,
and eddy currents. Reports indicate that the
magnetic (H field) or the electrical (E field) was
responsible for heating a material. These
observations did not provide adequate explanations
for the heating mechanism in other metals
systems.4
While each of these explanations may be
adequate to explain heating of a particular metal,
they are not adequate to explain the heating
behaviors observed in all cases. What follows is a
view of what is happening at the surface of
materials that are electrically conductive, and thus
generally reflect microwaves very efficiently. In
addition to explaining the heating behaviors
observed in metal, this theory also explains other
phenomena such as enhanced surface diffusion,
activation and passivation of surfaces, and the

drastically increased rates at which chemical
reactions occur at the surface of conductive
materials in even modest microwave fields. Many
times the reactions occur on a scale or at rates
which cannot be justified using standard chemistry
and chemical kinetic models.5-7
The Y-12 National Security Complex has
been researching these topics since the late 1990s,
and has developed their microwave melting and
casting processes, enhanced diffusion and rapid depassivation, and investigated enhanced corrosion
of aluminum in microwave fields.6,8,9
In a metal system, individual electrons are not
associated with the individual metal atoms but are
shared within the atoms in the system. Metallic
bonds are formed between atoms where the bonds
are formed as an electromagnetic interaction
between delocalized electrons called conduction
electrons and the metallic nuclei within the metal
system. This can be pictured as the sharing of
“free” electrons in a lattice of positively charged
metal ions.
Delocalized electrons are those electrons in a
molecule that are not associated with a single atom
or covalent bond. Delocalized electrons are
contained within an orbital that extends over
several adjacent atoms. The electrons in a metal
system are delocalized and contribute to the
properties of the metal. Delocalized electrons are
free to move in all directions throughout the
metallic structure and give rise to properties such
as conductivity.
This model is a good approximation for all
the atoms in the system except those at the surface.
When the delocalized electrons reach the surface of
the metal system, they cannot continue in all
directions, rather they can only remain on or near
the surface, or return to the bulk. In either case,
there are an abundance of delocalized electrons at
the surface of the metal. In essence, these electrons
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are exposed, and thus are vulnerable to influences
by outside forces.
If an electromagnetic wave, such as a
microwave, passes over the surface, it can cause a
short range, localized, disequilibrium of electrons
at the surface to occur. The electrons are swept
across the surface like sweeping water across a
tennis court with a squeegee. In the area in front of
the electromagnetic wave, the electrons pile is
pushed across the surface. In the area behind the
wave, momentarily there is a localized absence of
electrons.
This theory was called “surface charge
mobility” because the electromagnetic energy only
seemed to affect the distribution of the delocalized
electrons at the surface.8 Electromagnetic radiation
like microwaves generally only directly influence
the electrons at the exposed surface. The effects
usually do not penetrate deeply to a sufficient depth
to directly affect the bulk material. However,
phenomena such as bulk chrome diffusion in steel,
ohmic heating and the instances where metals heat
better in H fields, as well as when the E and H fields
have the same heating effect, can all be described
using surface charge mobility.
In the case of an individual particle of metal
without any microwave influence, we can visualize
it as having a number of electrons that travel from
the bulk to the surface, and once on the surface,
return to the bulk. This constant shuffling and
rebalancing of the surface electrons can be shown
in the example in Figure 1a. There is a general
equilibrium balance of electrons at the surface. It is
important to note that for these examples it can be
assumed that there is little or no change to the
electronic structure of the atoms, beyond the first
few surface atoms. The example in Figure 1b
shows a short term displacement of the surface
electrons in the presence of a microwave field
where the electrons get swept back and forth across
the surface and will at some point result in electrons
momentarily displaced at the surface.
Multiple metal particles are pictured without
the presence of a microwave field in Figure 2a
below. Where the surface electrons are being
momentarily influenced
by a
common
electromagnetic field, the resulting surface charge
is like 2b. In this case the instantaneous net positive
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charge is adjacent to a net negative charge in a
nearest neighbor particle.
(a)

(b)

Figure 1. (a) A representation of electrons (-) and open sites
(+) on a metal particle without any MW influence. (b) The
same particle as a MW passes over the surface, sweeping
surface electrons momentarily to one side of the particle.

(a)

(b)

Figure 2. Representation of metal particles without any MW
influence (a) and the same particles when a MW passes over
the surface (b), resulting in a momentary charge imbalance
giving rise for the opportunity to charge transfer between
the particles.

This phenomenon is consistent with
observation. Many researchers have reported
arcing between powder particles while microwave
sintering. When the field is reversed, the electrons
are swept to one side of the particle. The charge
imbalance results in another charge transfer
between adjoining particles. As this occurs
between particles, an intense localized heat is
generated between the particles at the point of
contact, and this heat could cause localized
melting, fusion of the particles, and eventually
necking and sintering of the materials. This is also
consistent with observation.10
If the net surface area is increased (by
decreasing the size of the particles), the net amount
of electrons which could be influenced by the
microwave field would increase as a function of
surface area. Thus, the magnitude of charge
transfer and the resulting heat generation would
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increase. This is also consistent with
observation.1,2,3 An additional factor is that the
charge field surrounding the particle is governed by
the scaling law: The particle charge field increases
as ~ 1/r3, hence, the smaller the radius, the higher
the resulting charge field. This, in combination
with the increased surface area for the smaller
particle size and the increased opportunity for MW
influence, results in behavior for small particles
that is quite different from the bulk material as a
larger solid.

Figure 3. When the charge imbalance is greater than the
breakdown potential of the junction or gap between the
particles, the electron transfer occurs resulting in localized
heating at the junction between particles.

The arcing between the particles results in
intense localized temperature increase at the point
of contact between the particles, and a small bridge
forms where the particles are welded together.
When the electrons move, all have to crowd
through a small electrical bridge, and just like a
fuse which heats up when current is passed through
a small conductor, it heats up. This heating can
result in the necking, and sintering observed after
the metal component apparently stops its initial
micro-arcing. As the temperature of the metal
increases, two new processes start having an
increasing effect. The metals themselves will start
to couple with the microwave fields at elevated
temperatures.3 In addition, the greater resistance to
electrical conduction because the metal is hot
causes increased heating in the already hottest
parts. Depending on the material, the motion of the
surface electrical fields can build up induced
currents in the bulk. To further complicate these
heating effects, the H and E fields will result in
different levels of heating in materials which have
a magnetic moment, are diamagnetic, or are
ferromagnetic.
Heating of metals in electromagnetic fields
depends on the shape and size of the metal, the
electrical conductivity/resistivity of the metal (at
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room temperature and elevated temperatures), and
the magnetic (diamagnetic, paramagnetic,
ferromagnetic) properties of the metal. The heating
can be caused by:
• Simple arcing
• Ohmic heating
• Induced eddy currents
• Resistive heating
• Direct coupling
The mechanisms and combinations of these heating
methods can be combined in a number of ways
depending on the previously mentioned
parameters.
Further complications arise from the intense
localized heating between particles, which results
in an under-reporting of the bulk temperatures of
the metal. The temperatures where the metal is
arcing, fusing, and sintering is, many times, very
high even though the bulk temperature gets under
reported. For this reason, it has been widely
reported that sintering occurs at a lower
temperature in microwave fields than by
conventional heating.2,11,12 Thus, the temperature
where the sintering and/or melting is occurring is
in fact at the sintering/melting point, even though
the bulk temperature when measured optically or
by contact methods is lower.
It might seem that these “microwave effects”
would be limited to applications where powders
and compacted parts are placed in a microwave
field. However, many other interesting phenomena
are occurring when bulk metal parts are placed in
microwave fields. The surface charge mobility
model, which describes the effect of microwaves
on the bulk of metals as a sweeping of electrons at
the surface, has a profound effect on the chemical
activity of the surface as well as the structure of the
crystalline lattice for the first few atoms at the
surface. These two processes can give rise to some
unexpected results.
The size of the atoms and the electron
configurations within the metal system determine
the inter-atomic spacing and the resulting
crystalline structure. At the surface, if all the
electrons were momentarily swept from a portion
of the surface, it could be inferred that the interatomic spacing of the lattice could be dilated or
contracted depending on the magnitude of the
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imbalance. This would, in essence, give rise to a
short duration, short order dilation of the lattice
spacing as a result of the momentary sweeping
away and piling up of mobile electrons at the
surface. This should result in a change in the
chemical reactivity or the surface as well as
properties associated with the lattice structure.
These properties are the diffusion and interdiffusion constants. The localized dilation and
constriction of the interatomic lattice spacing near
the surface can lead to reductions of the energy
required for an atom at the surface to diffuse into
the surface, as seen in the region of Figure 4
indicated by the widening of the inter-atomic lattice
spacing (+).
Fick’s law predicts the rate of diffusion of one
type of atom into another. Changes in the lattice
spacing could greatly affect the energy required for
diffusion to occur. By comparing the predicted and
actual rates of diffusion in electromagnetic fields,
it is possible to calculate an inter-diffusion constant
in electromagnetic fields and use this value to
calculate the change (dilations, and contractions) in
the inter-atomic spacing.
For active diffusion to occur, the temperature
must be sufficiently elevated to overcome the
energy barriers to atomic motion.13 Atoms are
constantly in motion with ~ 1013 vibrations per
second. Heat causes the atoms to vibrate, and the
amplitude increases with temperature until the
vibrational energy is sufficient to break the atomic
bonds and the metal melts. The energy of the atom
due to thermal excitation is on the order of kT ,
with an average energy P ( E ) ~ exp ( − E kT ) , where,
k is the Boltzmann’s constant (1.38 x 10-23 J/K or
8.62 x 10-5 eV/K), and T is the temperature in
Kelvin.
If what has been previously discussed holds
true, in addition to the vibrational energy from
thermal sources, if we were to add the vibrational
energy caused by displacing the delocalized
electronic structure of the surface atoms, then we
see that the diffusional energy required to penetrate
the first few surface atoms is decreased
significantly.
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where d is the interatomic spacing, 𝜈𝜈 is the
vibrational frequency, and Q is the activation
energy.14

Figure 4. Graphic representation of outer orbital electrons
being temporarily displaced by the presence of a MW field
passing over the surface of a metal. Notice the slight
distortion of the lattice caused by charge-induced strain at
the surface.

Increased diffusion rate of chrome into steel
was observed by Stan Morrow et al.6 The
mechanism, description of the processes involved,
and their conclusions may not be entirely accurate;
however, their results are in strong agreement with
surface charge mobility theory and the resulting
predictions. If we look at the diffusion process as
two separate steps, first the association of the
chemical species with the surface, called the
“boost” phase, and the second which is simple
Fick’s law diffusion, the rates of both of these
processes are increased in a microwave field, and
are consistent with the theory described previously.
An example of the dramatic differences
between diffusion of chrome in iron is illustrated
below, with a 20% concentration of Cr into Fe at a
depth of 0.02 cm. The time required is 70 hours.
The same concentration at the same depth and at
the same temperature requires only 1 hour in a
microwave field, hence the presence of the
microwave field increases the diffusion constant of
Cr into Fe by a factor of x70 to 2.49x10-12 m2S-1.
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(a)

(b)

Figure 5. (a) A chemical species at the surface of the metal
with no MW field present during the “boost” phase of
diffusion. 5b shows the chemical bond which results from
the presence of a MW field temporarily displacing the outer
orbital electrons, resulting in a temporary positive charge.

This new value for the diffusion coefficient
indicates a more rapid diffusion than can be
accounted for by simply taking into account the
increased reaction time for the boost reaction and
the vibrational frequency of the atoms in the unit
cells at the surface of the metal. The final part was
obtained by removing 5 of the 6 degrees of freedom
in the random walk calculations in the diffusion
reaction. This is justified because one degree of
freedom (the surface) is eliminated because the site
is occupied by the chemically bonded diffusing
species. Four more degrees of freedom are
eliminated when the first few surface interstitial
sites saturated, which occurs very quickly. Now a
high diffusivity path is established where the
random walk calculation has only one degree of
freedom, and that is to diffuse into the bulk. When
the vibrational energy and the elimination of
degrees of freedom in the random walk are
accounted for, the mathematics for the increased
rate of diffusion is satisfied. Now the larger value
of the diffusion constant not only agrees with
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experimental observation, but also makes sense
from a diffusional, chemical kinetics, and
thermodynamic perspective.
If a species which requires a net positive
charge to chemically combine with the surface is in
proximity with the surface as the electrons at the
surface are swept away, for a brief moment a strong
net positive charge exists. Chemical reaction is a
function of probability and kinetics; however, this
could strongly effect the rate of both. Conversely,
if a net negative charge is required to cause
chemical bonding between the chemical species
and the metal surface, this also occurs when the
electrons are swept across the metal surface,
resulting in a momentary excess of electrons at the
surface. In both cases the rate and probability of
reaction increase dramatically in the presence of an
electromagnetic field such as MW. This process
occurs at a high rate. For example, household
microwave frequencies (2.45 GHz) occur 2.45
million times a second. If this is factored into both
the chemical kinetics associated in the boost phase
of the process, and into the diffusion portion of the
equation, it is within an order of magnitude
agreement with observation. It also occurs at a rate
far in excess of either chemical kinetic predictions
or Fick’s law behavior.
The combination of these two effects have
significant practical benefit. If the electrons are in
fact being moved over the surface of the metal
system and creating short lived situations at the
surface, where there are an abundance or absence
of electrons, then chemical reactions that normally
do not occur or occur slowly should be accelerated
by the increased surface activity. We have
anecdotal evidence that this is happening because
reactions that occur slowly under certain
atmospheric and temperature conditions are
accelerated in even modest microwave fields.
Secondly if the inter-atomic spacing were being
momentarily affected at the surface then we would
expect that there would be a change in the amount
of energy required to overcome the potential well
and diffuse into the surface. In fact, we have seen
cases where diffusion of a second species into a
metal occurred at many times the rate that can be
explained by Fick’s law behavior. We can only
assume that when the inter-atomic lattice is dilated,
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even monetarily, that the diffusion coefficient is
lowered by some amount.
To further amplify this effect, if a species
which is bound at the surface diffuses from the
surface into the bulk, a vacancy opens up on the
surface for a new molecule to bind to that site.
When this chemical reaction at the surface occurs,
it removes one degree of freedom from the random
walk scenario and further enhances the process of
diffusion. But more importantly it influences the
direction of the diffusion by removing one of the
possible directions which diffusion can occur.
In fact, although this has never been
conclusively proven, the anecdotal evidence from
processing a metal sample in a given set of
conditions has been observed. In a given set of
thermal conditions and processing conditions, a
diffusion experiment was conducted to diffuse
chrome into iron and steels. The experiment was
repeated under the same conditions with the
addition of 2.45 GHz microwaves, and the amount
of chrome diffusion in the microwave field was
significantly improved.
The chrome diffusion using the thermal
process alone in a 72-hour heating cycle was
significantly less than the chrome diffusion under
the same thermal and atmospheric conditions for 1
hour in a microwave field. Not only was the
improvement astounding from a processes
improvement standpoint, but the resulting chrome
diffusion was greater than should be possible with
Fick’s law behavior, assuming the same constant
diffusion coefficient.
The implication is that these phenomena are
occurring as postulated. However, the dilation and
constriction of the interatomic spacing of the atoms
at the surface as a response to MW fields is very
difficult to prove. These phenomena would only
affect the surface atoms; however, the results could
certainly establish a high diffusivity path, and
affect the diffusion rate in the bulk. Assuming that
a chromium ion reacts with the surface occupying
a site on the lattice when the MW passes over the
surface and causes small dilations and contractions
of the surface atoms, the potential energy required
to diffuse into the surface would cyclically increase
and decrease at 2.45 billion cycles per second.
Giving a large number of opportunities to diffuse
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into the surface, once inside the metallic lattice,
there is a potential for the chromium to move in any
one of the six available directions. However, with
the high surface charge mobility, the probability of
a chromium reacting at the surface is high. This
removes one of the possible directions for the
diffusing species. When the chromium in the metal
lattice does move to a new position, then the
surface chromium ion has a high probability of
diffusing from the surface into the metal lattice,
which leaves an available bonding at the surface.
From a practical sense, within a few seconds
the available sites at the surface and within the first
few lattice positions become filled. This eliminates
all except one degree of freedom for the diffusion
to occur. These high diffusivity phenomena and
high diffusivity pathways have been demonstrated
and well characterized.6,7
If there is a dilation and contraction of the
inter-atomic lattice spacing of the metal surface
when exposed to a MW field, it supports the case
of high diffusivity assuming rapid boost phase and
elimination of the degrees of freedom in the
diffusion rate calculations. The combination of
surface charge mobility causing ohmic heating at
the surface and the opportunity to cause microarcing under a microwave field would explain the
heating phenomena which is observed on the
various surfaces and particle sizes of conductive
materials. Previously, these materials were
described as reflective; however, reflection from
the surface and perturbations in the electron
population are not necessarily mutually exclusive.
Surface charge mobility phenomena has not
been conclusively proven; however, if the
implications of these assumptions are applied in an
experimental setting, the predicted behaviors will
be observed.
By extending the logical implications of this
model, it is possible to design structures that can
exploit this short range surface charge mobility and
the resulting temporary charge imbalances. One
example is to use a specifically designed shape to
initiate and maintain thermal plasmas without the
need to use magnetic constraint to control the
location of the plasma.15-17 Another example is the
redesign of thermocouple shields to allow their use
in microwave fields.18
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Introduction
Nanostructured materials and nanocomposites
have specific properties thanks to their nanoscale
and are serious candidates in mechanical,
electrical,
chemical
and
environmental
applications. Among their many physical
properties, their capacity to interact with
electromagnetic waves is particularly interesting as
a potential source of new functionalities1-3.
In
this
paper,
the
simultaneous
characterization of the permittivity and the
permeability of the samples of a new nanostructured material will be presented in the
frequency band 40 MHz and 1600 MHz. First, the
Nicolson-Ross-Weir algorithm (NRW)4,5 will be
applied to the scattering parameters measured with
a vector network analyzer on a microstrip
transmission line cell on which a rectangular slab
sample is added. The effective complex
permittivity and permeability of central part
consisting of the plate on a reference planar line
will be deduced. This central part will then be
modeled as a section of multilayer planar
transmission line including the sample to be
characterized. The permittivity and permeability of
the materials will be determined by an inverse
modeling method based on the use of the full-wave
modified transverse resonance method (MTRM)6.
The weak point of the NRW algorithm lies in
the fact that the reactive electromagnetic energy in
the discontinuities regions is not taken into
account. This reactive energy contributes to
modifying the effective length of the central
section, thus introducing a potentially large source
of error. We propose an iterative procedure to
minimize the error induced by the presence of this
35

reactive energy by modeling it by a lumped
reactive element, deduced from a 3D electromagnetic simulation of a simple junction. This
technique has been validated on several samples of
known dielectric materials, and will be applied to
a sample of nanostructured materials.
Material
Random composite materials combining a
ferromagnetic metal within an oxide matrix have
demonstrated their potential as double negative
materials (DNM)1-3. DNM exhibit both negative
electric permittivity and negative magnetic
permeability leading to unique properties in terms
of wave propagation with high breakthrough
potential, especially in fields such as optics (superlenses) or electromagnetic cloaking (invisibility
cloaking)7. Such composites are bulk 3D materials
with
isotropic
electromagnetic
properties
originating from their composition and
microstructure.
An Fe-Al2O3 composite powder was
prepared by a method involving the selective
reduction of an oxide solid solution. First, the
mixed oxalate (NH4)3Al0.8Fe0.2(C2O4)3,nH2O is
obtained by precipitation in alcohol. Heattreatment in air (at 400°C for 2 hours) leads to the
decomposition of the oxalate and the formation of
the amorphous (Al0.8Fe0.2)2O3 solid solution8.
Heat-treatment in H2 (1100°C, 5 hours) then
produces the reduction of the ferric ions to metallic
iron, forming the Fe-Al2O3 composite powder9.
The iron content in the composite is equal to
12.0 vol.%, well below percolation threshold
evaluated at about 30 vol.%. The specimen is thus
an insulating material. The so-obtained powder
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was consolidated by spark plasma sintering (SPS)
(1400 °C, 3 min, 50 MPa) in order to obtain pellets
8 mm and 50 mm in diameter and 1.5 mm thick
(PNF²-Toulouse, Dr. Sinter 2080, SPS Syntex Inc.,
Japan). Then, the 50 mm pellet was cut into
rectangle 28.5 x 21.5 mm for the electromagnetic
measurements. A typical FEG-SEM image
(recorded in backscattered electron chemical
composition mode to enhance contrast) of a crosssection of the Fe-Al2O3 composite reveals that the
Fe particles (appearing as white dots on the image)
are homogeneously dispersed into the Al2O3
matrix (Fig. 1). The diameter of the Fe particles
was measured on hundreds of particles on such
images and the distribution (inset in Fig 1) lies in
the range 0.2 µm to 5.7 µm in diameter, with a
median value of 0.7 µm.
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delay also exists compared to the microstrip line
without SUT. The scattering parameters will be
measured by using a vector network analyzer
between two SMA connectors (Fig. 2(b)). The use
of thru-reflect-line (TRL) calibration procedure
leads to the determination of S parameters between
the two ends of SUT loaded section.
If each part of measurement cell can be considered
as fully loaded transmission lines, NicholsonRoss-Weir (NRW) algorithm permits the
deduction of wide frequency range permittivity
and permeability of SUT4,5. This measurement
method is a non-resonant one, and as others non
resonant methods the broadband measurement will
be effectuated but the measurement results will be
less accurate compared to resonant methods,
particularly with regard to dielectric and magnetic
losses.
(a)

Fe particle diameter (µm)

(b)

Figure 1: FEG-SEM image of a cross-section of the 12 vol.%
Fe-Al2O3 composite and the corresponding Fe particle
diameter distribution.

Figure 2: The quasi-TEM measurement setup in (a) a
schematic view, and (b) an image of the real structure
with an alumina plate.

Description of measurement cell
In this paper, we have opted for the multilayer
microstrip line structure in which the sample under
test (SUT) is placed on the top of a reference
microstrip line (Fig. 2). The SUT loaded section is
inserted between two know reference microstrip
lines. Both characteristic impedance and
propagation constant are different from those of
reference microstrip line due to the different
permittivity and permeability of the SUT.
Reflection occurs at two extremities of SUT. A

Extraction method of material properties
Once the S parameters obtained by the vector
network analyzer in the microstrip cell loaded with
a thin rectangular SUT, the determination of the
complex permittivity and permeability of the
material pass through an inverse modeling
procedure. This procedure includes a comparison
36
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In most of the cases, the reference TEM line
has very low losses, hence ε1 ≅ ε 0ε r1 and µ1 ≅ µ0 .
By noting the central line as fully filled with
material to be measured,

of the measurement results and numerical
simulation with trial values of the relative complex
permittivity and permeability. An optimization
algorithm is used then to adjust the trial values in
order to minimize the deviation between the
simulated and measured S parameters.
Generally speaking, the numerical simulation
involves a 3D electromagnetic simulation
software, such as commercial HFSS or CST, or
other electro-magnetic modeling methods
developed by university researchers, such as the
multimodal variational method (MVM)10. The 3D
simulations require significant computer resources
in RAM and computing time. Here we propose an
alternative solution with the modified version of
Nicolson-Ross-Weir (NRW) algorithm, which
combines the original method and a 2D electromagnetic formulation for the determination of the
fundamental characteristics of an equivalent
transmission line.

ε 2 = ε 0 ( ε r 2 '− jε r 2 ") = ε 0ε r 2 (1 − j tan δ ε ) ,

µ2 = µ0 ( µr 2 '− j µr 2 ") = µ0 µr 2 (1 − j tan δ µ )

the unknown relative permittivity and permeability
will be given by
µ r 2 ε r1 1 + Γ
,
=
1− Γ
εr2

ε r 2 µr 2 =

2

The explicit relations between the propagation
constant, the characteristic impedance of a TEM
mode of fully-filled transmission line, and the
parameters of the constituent material, no longer
exist in the cases of multilayer planar structures. If
for the conventional lines, such as simple
microstrips or coplanar lines, the approximate
explicit formulations exist, for the others, a
numerical simulation tool is necessary, especially
for the multilayer structures6. A series of design
curves will be obtained in a given frequency range,
corresponding respectively to the effective relative
permittivity
and
permeability,
and
the
characteristic impedance, with each curve obtained
with a trial value for sample's permittivity and
permeability. Theses curves constituent a data base
for the interpolation purpose during the inverse
modeling procedure.
An example is shown here with a square
alumina plate of a 50.8-mm length and a 0.5-mm
thickness. The characteristic of the substrate of
reference microstrip line are shown in Table 1. In
our measurement system, the other parameters of
the reference microstrip line are the substrate
thickness, h = 1.524 mm, and the central conductor

1 − P2Γ2

(1 − P ) P ,
2

,

S21 =

1 − P2Γ2

where P = e −γd is the propagation exponent of the
TEM mode in the fully filled central section, and
Γ = (Z − Z 0 ) (Z + Z 0 ) is the reflection coefficient,
where Z and Z0 correspond respectively to the
characteristic impedance of the central section and
the reference line. The direct inversion of this
system of equations leads to the following
relationships,
Γ = X + s1 X 2 − 1,

P=

s1 = ±1 ,

V1 − Γ
= P e j arg ( P ) ,
1 − V1Γ

(

where V1 = S11 + S 21 and X = 1 − S 21 + S11
2

2

) (2S

11

k0 d

B. Application of the NRW formulation for multilayer
planar structures

In the case of homogeneous transmission lines with
the middle section fully filled with a different
material of length d, taking the two ends of the
central section as reference planes, the parameters
S are given by11

(1 − P ) Γ

− j ⋅ arg ( P ) − ln P

where k0 = 2πf µ0ε 0 is the propagation constant
in free space.

A. NRW algorithm for fully filled transmission line structure

S11 =
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of frequency, and of the estimated relative
permittivity in the case of alumina sample, were
simulated. The new estimated values of the sample
were compared to those derived directly from the
NRW formulations. These new values better
correspond to those expected in the range between
9 and 11 as expected (Fig. 4).
(a)

Table 1. Frequency dependent parameters of an AD255C
substrate
10 GHz

2.55

2.55

Loss tangent

0.0011

0.0014

11

2.8
2.78

10

2.76
2.74
2.72

9

2.7
2.68
2.66
0.2

(b)

1
0.8
Frequency (GHz)

1.2

1.4

1.6

0.4

0.6

0.4

0.6

1
0.8
Frequency (GHz)

1.2

1.4

1.6

0.4

0.6

1
0.8
Frequency (GHz)

1.2

1.4

1.6

3
r

C. Modification of the NRW formulation with discontinuity
effect correction

The determination of the reflection coefficients in
the preceding formulation depends only on the
relative characteristic impedances between the
reference microstrip line and the partial loading by
the alumina sample. This is true in the absence of
the higher order modes on either side of the
junction of the two lines. This is the case for
homogeneous TEM lines. However, the planar
case with introduction of the sample above the
central stripline naturally leads to the presence of
evanescent modes. This will introduce reactive
energy accumulation in the vicinity of the
discontinuities planes. In accordance with the
nature of reactive energy, the length of the central
section seen by fundamental mode will be different
from the actual length. Instead of the actual value
d, it is necessary to introduce deff as a function of
the frequency.
For each frequency, after the simulation by
one of the numerical methods10, the equivalent
length will be deduced as a function of the
geometry and the relative permittivity value
proposed for the material to be measured. The
evolution of the corrected length dl1 as a function
38

meaured effective relative permittivity ε

Relative permittivity

2.82

2.5

2

1.5
0.2

15

(c)

14
r

1 MHz

12

2.84

estimated relative permittivity ε

Property

2.86

estimated effective relative permittivity

width and thickness, w = 4.257mm and t = 35µm,
respectively. The cell has been designed to operate
between 200 MHz and 1.6 GHz, when the relative
permittivity of the material does not exceed 15.
The use of MTRM6 on this structure with trial
relative permittivity varying between 9 and 12 lead
to the effective relative permittivity as shown in
Fig. 3(a). Once the measurements carried out by a
vector network analyzer, the effective relative
permittivity of the central section were obtained by
application of the NRW algorithm. The results are
given in Fig. 3(b). Finally, the extracted relative
permittivity is shown in Fig. 3(c).
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9

8
0.2

Figure 3: Characteristics of multilayered microstrip line:
(a) Estimated effective relative permittivity by TRM, with
trial relative permittivity varying between 9 to 12.
(b) Measured effective permittivity.
(c) Extracted sample's relative permittivity.
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Figure 4: Comparison between new (+) and old (o)
estimation values.
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Several Fe-Al2O3 composite samples were
prepared. Figure 5 shows a rectangular plate cut
from the 50 mm pellet and two 8 mm pellets. All
were metallized on one side. The rectangular plate
was the subject of our research here, in order to
extract its complex permittivity and complex
permeability. The Fe-Al2O3 composite plate
dimensions are 1.47-1.50 mm thickness, 28.51 mm
width, and 21.54 mm length.
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Figure 6: Real (a) and imaginary (b) parts of the effective
relative permittivity.
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Figure 5: Fe-Al2O3 composite prepared by spark plasma
sintering (SPS).
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After applying the NRW algorithm to the
measurement performed with the rectangular FeAl2O3 composite, the raw results of the complex
effective permittivity and permeability are shown,
respectively, in Figs. 6 and 7.
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Figure 7: Real (a) and imaginary (b) parts of the effective
relative permeability.

39

AMPERE Newsletter

Issue 94

Conclusions

By using the inverse modeling method
proposed in the previous section, we have deduced
the estimated values of the complex permittivity,
as well as its complex permeability, both given in
Figs. 8 and 9. The SUT shows significant losses
and exhibits magnetic properties.
(a)

A modification of the Nicholson-Ross-Weir
formulation has been proposed for the
simultaneous extraction of the permittivity and the
permeability of a material in a multilayer planar
transmission line configuration. The new
formulation was successfully tested on a thin platelike alumina sample. The application of the
technique to a Fe-Al2O3 composite material
allowed the determination of the electrical and
magnetic properties of this material. Significant
losses have been observed due to the magnetic
nature of the sample.
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Figure 8: Real part (a) and loss factor (b) of the relative
permittivity extracted by the inverse modeling method.
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Impressions from the AMPERE-2017 Conference at TU Delft
Ed Ripley

Consolidated Nuclear Security, LLC, Y-12 National Security Complex
E-mail: edward.ripley@cns.doe.gov

Short courses were taught on Monday, before the
AMPERE conference officially kicked off. There
were 24 participants from various different
countries.
The five distinguished instructors
provided the attendees a broad technical overview
of the basic principals, which included dielectric
properties, applicator design, and modeling. They
concluded
with
practical
examples
of
electromagnetic, RF, and microwave applications.
This course is, in my view, a wonderful opportunity
for both the novice to microwaves and the
experienced practitioner, to gain valuable insights
into these fascinating material processing
techniques.
No visit to delft would be complete without a
visit to the Royal Delft factory. This company was
founded in 1653. Following the short courses, the
registration and opening reception were held in this
historic venue. “De Porceleyne Fles” most
commonly translated as “The Porcelain Jar”, this
working factory produces the iconic “Delft blue”
pottery, has become synonymous with the
Netherlands. This was a wonderful chance to
renew relationships with old friends and the
opportunity to make new ones in a beautiful setting,
surrounded by historically significant examples of
pottery from over 300 years of operation.

“Microwave Energy Application Consult”,
discussing the activities and capabilities at his
facility. This was followed by two thought
provoking Keynote talks. In the first, Prof. Bala
Vaidhyanathan presented his research on
“Microwave and Flash Processing of 3D Printed
Ceramics”. The second Keynote talk was given by
Edward Ripley presented “Surface Charge
Mobility Theory - An Explanation for Certain
“Microwave Effects”” (see Page 26 in this issue).
Both keynote talks generated considerable interest
and discussion. On the first day, there were six
technical sessions, covering the topics of;
• Microwave and high-frequency material
interactions
• Microwave assisted chemistry and processing
• Microwave and high frequency supply design
After the presentations, many of the attendees
were able to take a boat tour of historic downtown
Delft, with insights in to the fascinating history of
this beautiful city. The boat tour ended at the city
center where there was a reception at City Hall.
Inside this wonderful venue, there were historical
surprises around every corner, including an exact
replica of Anton von Leeuwenhoek’s historical
first microscope.

After the opening of ceremony and kickoff of
AMPERE 2017, day one started with a Plenary talk
by Dr. Carlo Groffils. His talk was entitled
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intended to minimize the potential of animal
suffering.
The final day of the conference, started with
a Plenary talk by Dr. Richard van de Sanden, non
“The use Non- Equilibrium Plasma Chemistry to
Improve Kinetics and Selectivity of Chemical
Ttransformations”. This was followed by a
Keynote lecture by Prof. Yoshio Nikawa regarding
the “Study on Optical Sensors to Measure Field
Strength and Distribution in Processing
Applicator”.
During the final day there were four technical
sessions, covering the topics of;
One exciting trend in MW technology which • Modeling of Microwave and RF Applications
was highlighted in several talks was the new solid- • Materials Processing
state MW generators. These systems offer
There were notable talks on the use of MW
previously unparalleled control and flexibility for
for 3D metal printing, as well as several talks on
the researcher, academic, and experimenter.
modeling. The application of MW to novel
The second day started with a Plenary talk by
Georgios Dimitrakis, on “The Use of Dielectric materials, and novel approaches to processing
continue to keep these sessions exciting.
Spectroscopy for Process Monitoring and
Optimization”. This was followed by a Keynote
talk by Michel Delmotte on “The Influence of Heat
Properties of Metallic or Dielectric Containers on
Thermal Yield and Energy Efficiency in
Microwave Heating Applications” These Plenary
and Keynote talks, are a wonderful chance to get a
first glimpse at the work being conducted by our
colleagues throughout the field.
During the second day there were eight
technical sessions, covering the topics of;
• Dielectric Properties Measurement
In the afternoon, Dr. Thorsten Gerdes,
• Process Intensification using Electromagnetic
delivered
the Monika Willert-Porada Memorial
Energy
Lecture, entitled “Microwave Processing from
• Biomass and Waste Processing
Fundamentals to Application”. This talk is an
• Microwave and RF Plasma Applications
overview of Dr. Willert-Porada’s body of work.
• Industrial Medical and Biological Applications
Monica was a professor at the University of
There were some great talks which continued Bayreuth. Getting a chance to review her body of
on the theme started by Dr. Dimitrakis, and there work and seeing the number of students and
were a number of talks which dealt with biomedical colleagues that she influenced during her lifetime,
applications, materials and processes. Also there made it clear how much she will be missed. She
were several very interesting talks on processing of was both a gifted academic and a wonderful human
bio wastes, as well as greener approaches for being. The microwave community has been
traditional processing. There was a thought diminished by her loss. Bob Schiffmann and
provoking talk on “The use of MW stunning for Rickey Metaxas shared stories and memories of
more humane for the harvesting of livestock”, this remarkable woman.
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There was an Ordinary General Assembly
Five research student were awarded prizes for
meeting where the minutes from Krakow were their excellent presentations in various categories:
distributed, and approved. It was announced that • Elena Colombini (University of Modena, Italy)
Dr. Guido Link will be the Editor of the AMPERE • Amir Shelef (Tel Aviv University, Israel)
Newsletter for the next two years. We need to • Alice Angoy (Université d’Avignon IFTS,
thank Prof. Eli Jerby for his excellent handling of France)
this task for the past two years. A report of the • Sergio Moreno (Delft University of Technology,
The Netherlands)
management committee was given. The financial
account was given, and a budget proposal for the • Xiao Wei (Sichuan University, China)
next two years was discussed. The next AMPERE
conference will be Valencia Spain in 2019. The
history of the PhD Intensive Course was reviewed,
information about this program was shared. It is
taught cooperatively with the UIE and AMPERE.
The Management committee was elected for the
next two years. In the Closing Ceremony, the 20
countries of the 103 attendees were noted, and
gratitude was expressed to the TU Delft for
organizing this conference.

Entertainment was provided by our own, Ed
Ripley (an award winning magician, who was
recently chosen to represent North America at the
next FISM World Championships of Magic to be
held in Busan, South Korea in July 2018).
There are a lot of exciting opportunities
coming up in the future, between the PhD intensive
courses, the 4GCMEA in Chengdu, and the 2019
AMPERE meeting at Valencia. These represent
excellent opportunities for us to start encouraging
young students to discover new technologies and
techniques, to things they are passionate about. It
would be great for us to help the next generation
combine their enthusiasm and interests with our
experience, in order to keep this field vibrant and
evolving.

Gala Dinner was held at De Lindenhof. In the
early 1880’s the rustic quarter was built in Delft for
the personnel of the Gist and Spirits Industry. The
charming and historic building served as a cultural
center of the quarter. Because of the impressive
interior, the authentic Theater and the beautiful
murals the Lindenhof has been placed on the
monuments list.
The AMPERE Awards for 2017 were
announced at the Gala dinner, as follows:
th
• Prof. Jon Binner (University of Birmingham, A gallery of AMPERE 16 photographs is available at:
http://www.ampere2017.nl/content/pictures
UK) is now a Fellow of AMPERE.
• Prof. Yoshio Nikawa (Kokushikan University,
Japan) was awarded the AMPERE Medal.
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Ricky's Afterthought:

Reflections on AMPERE 16th:
Where are the industrialists?
A. C. (Ricky) Metaxas
Life Fellow, St. John’s College, Cambridge, UK
E-mail: acm33@cam.ac.uk

It was very nice to meet old friends and colleagues
at the 16 international conference at Delft last
September. As I mentioned in my opening address,
the reason why I thought of establishing this
association is that researchers in Europe could not
attend the annual IMPI conference. Little did I
anticipate though when I staged the 1st conference
in the series at St John’s in Cambridge in 1986 that
we would be here 30 years hence staging the 16th in
the series. That gives me great personal
satisfaction.
Yet again the comment has been made that
we are a scientific association and that we need to
attract more industrialists, that is, more users of RF
and Microwave equipment. This is a recurrent
theme that has been expressed in every AMPERE
conference. It is not that Management of AMPERE
shies away from encouraging more users to attend
our biennial conference, it is simply that they
choose not to attend or indeed they may not be
aware that it is taking place.
When I was working at the Electricity
Council Research Centre (ECRC now trading as
CTech Innovation) in the UK which was part of the
Electricity Supply Industry (ESI), concerted efforts
were made to inform users in industry that RF and
Microwaves may offer potential gains in their
operations. To give a specific example, an
employee in the Local Area Boards working in the
Marketing Department would identify an industrial
firm, say manufacturing textiles, and suggest that
RF could be used to speed up their overall drying
process. He would then suggest that specialists
(engineers, scientists) at ECRC could visit them on
their premises and discuss their process and explain
how RF could assist in their moisture levelling

requirement and offer the test facilities back at the
Centre for trials.
This occurred countless times in a number of
electroheat applications such as RF/MW for
heating dielectric materials, plasma jet or lasers for
cutting metals, annealing billets using induction
equipment or curing of paints on vehicle bodies
using infrared. I was constantly involved in such
call ups and by so doing I met many industrialists
some of whom were eventually persuaded to attend
our biennial AMPERE meetings in Europe.
Moreover, seminars were staged in industry
in the UK, such as the paper or rubber associations
where the attendees were exclusively from industry
and our experts from ECRC. In these seminars no
mention of Maxwell equations or Debye relaxation
were made instead after a rudimentary introduction
to how RF/MW work, a suitable applicator design
was presented followed by typical results stressing
the advantages over conventional equipment while
finishing with costs and payback.
However, following privatisation of the ESI
in the UK in 1991/2, a major restructuring of the
industry took place which gradually saw a number
of Local Electricity Boards being bought by UK or
overseas competitors and as a consequence without
exception the Local Area Boards have disappeared
from the scene leaving a vacuum as far as the
customer/ESI liaison is concerned. These days the
task of informing industrial users of the potential
gains of RF and MW, or indeed other electroheat
options, in their operations is left to specialist units
within Universities and private consultancies. As a
consequence, there isn’t the manpower to track
down and contact industrialists to inform them of
our biennial meetings. It must be stressed that this

45

AMPERE Newsletter

Issue 94

is not a unique problem to the UK, because similar
restructuring in the USA saw the involvement of
EPRI in attracting users to RF/MW considerably
scaled down.
Having said that, I do note that in every past
AMPERE conference the participation of
equipment manufacturers is steady suggesting that
it is not altruism that compels them to hire a booth
space and demonstrate their equipment but
somehow it is considered worth-while to do so.
Besides glancing though the list of participants to
the Delft Conference there were over a third from
industry.
I offer no solution as to how to attract more
users to the AMPERE conferences except to press
on our long-standing colleagues to remind their
industrial contacts that AMPERE is about to take
place and encourage them to attend. Of course
confidentiality may be an issue here because it is
often the case that an industrialist who uses
RF/MW’s in their operations may be reluctant to
advertise that fact even though everybody else
knows that they do!

December 18, 2017

What is more important, however, is to
encourage PhD students and younger researchers to
attend because they represent the next generation
of attendees at our AMPERE conferences and it is
they who will pick up the mantle so the speak and
forge ahead new ideas. Moreover, I urge the leaders
of university groups involved in this area to
encourage their students to attend.
In the final analysis, we have to accept that
apart from RF/MW plasmas for the semiconductor
industry, small scale microwave chemical
synthesis
apparatus
and
some
routine
heating/drying applications, for example, RF for
large scale drying and plastics welding and MW for
tempering, rubber curing and drying under
vacuum,
RF/MW
penetration
into
the
manufacturing sector will always remain relatively
small representing niche applications despite the
occasional hype surrounding a major new
application.

Upcoming Events
IMPI-52: The 52nd Annual Microwave Power Symposium
June 26-28, 2018, The Hilton Hotel, Long Beach, California, USA

The Int’l Microwave Power Institute (IMPI) invites scientists,
engineers, industry professionals and users to submit papers
in all areas of research, development, manufacture,
engineering, specification and use of microwave and radio
frequency energy systems for noncommunication
applications, including industrial microwave and RF, solid

state, food technology, plasma, chemical,
processing, and new emerging technologies

material

Paper submission due January 26, 2018
More information: http://impi.org/symposium-short-courses/

MD-10: Xth Int’l Workshop on Microwave Discharges: Fundamentals and Applications
September 3 – 7, 2018, Zvenigorod, Russia

The scientific program covers all modern aspects of
microwave discharges, including:
• methods of microwave plasma generation,
• high and low pressure microwave discharges,
• continuous wave and pulsed microwave discharges,
• interaction of microwaves with a plasma,
• discharge modelling, and diagnostics,

• application of microwave plasma (surface treatment,
etching, film deposition, growth of structures, ecology,
improvement of burning process, light sources, plasma
medicine, analytical chemistry, etc).
Abstract submission due March 1, 2018
More information: http://www.fpl.gpi.ru/md-10/
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About AMPERE Newsletter
AMPERE Newsletter is published by AMPERE, a European non-profit association devoted to the promotion of
microwave and RF heating techniques for research and industrial applications (http://www.AmpereEurope.org).

Call for Papers
AMPERE Newsletter welcomes submissions of articles,
briefs and news on topics of interest for the RF-andmicrowave heating community worldwide, including:
• Research briefs and discovery reports.
• Review articles on R&D trends and thematic issues.
• Technology-transfer and commercialization.
• Safety, RFI, and regulatory aspects.
• Technological and market forecasts.
• Comments, views, and visions.
• Interviews with leading innovators and experts.
• New projects, openings and hiring opportunities.
• Tutorials and technical notes.
• Social, cultural and historical aspects.
• Economical and practical considerations.
• Upcoming events, new books and papers.

AMPERE Newsletter is an ISSN registered periodical
publication hence its articles are citable as references.
However, the Newsletter's publication criteria may differ
from that of common scientific Journals by its acceptance
(and even encouragement) of news in more premature
stages of on-going efforts.
We believe that this seemingly less-rigorous editorial
approach is essential in order to accelerate the circulation
of ideas, discoveries, and contemporary studies among the
AMPERE community worldwide. It may hopefully enrich
our common knowledge and hence exciting new ideas,
findings and developments.
Please send your submission (or any question,
comment or suggestion in this regard) to the Editor in the
e-mail address below.
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