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Editorial 
This Issue of AMPERE Newsletter reports on 
the main summer-2016 conferences related to 
microwave-and-RF heating, and presents several 
articles which reflect various aspects of the 
research and development (R&D) in the field. 

The 3rd Global Congress on Microwave 
Energy Applications (3GCMEA, held in 
Cartagena, Spain) is reported by its co-chairmen, 
Juan Monzó-Cabrera and José Fayos-Fernández. 
The 50th anniversary meeting of the International 
Microwave Power Institute (IMPI) is reported 
by Molly Poisant, IMPI’s director. A third 
article, by Koen Van Reusel, introduces the 
HES-16 conference (Padua, Italy) in the broader 
scope of heating and processing by electro-
magnetic sources in general.  

These well-organized international meetings 
offered excellent platforms for the exposure of 
new ideas, studies, discoveries, technologies and 
applications related to heating and processing. 
However, the actual number of attendees (~120) 
in each of these meetings seems significantly 
smaller than the potential attendance worldwide.  
This gap shall be filled to some extent by the 
AMPERE Newsletter, as a means for rapid and 
easy dissemination of R&D news.    

The other six articles included in this Issue 
present various aspects of microwave and RF 
heating. The paper by Vladimir Bilik presents a 
method for impedance matching of magnetrons. 
This paper also reflects our editorial line to 
emphasize new developments in magnetron-
based technology, aside the emerging solid-state 
technology (as reported in Issue 89 and here on 
Page 43). The magnetron technology is a 
valuable asset in this field, and shall be further 
developed in order to extract its potential. 

The papers by Juming Tang and Jose Catala-
Civera present overviews, each of his own R&D 
group, in USA and Spain, respectively. These 
two laboratories successfully combine scientific 
studies with valuable applicative developments 
in the fields of food and material processing, 
respectively. Their success in commercialization 
of their developments, and their consistent 
approach towards their respective markets, can 
be regarded as a model of technology transfer 
for other academic laboratories.  

In a larger environmental scale, the paper by 
Claudia Fernández-Martín introduces an 
ambitious idea of microwave application for 
carbon capture and storage, and presents her 
laboratory studies towards this mission. 

The importance and potential of RF heating 
(namely in the MHz range) are reviewed in the 
paper by Ulf Roland. His overview on the R&D 
activities of his research group presents various 
new studies related to RF applications, including 
drying masonry, soil remediation, building and 
art restoration, zeolite regeneration, as well as 
RF-plasma effects (“burning water”).  

The multi-disciplinary nature of microwave 
applications, and the difficulties encountered in 
the gap-of-knowledge between experts in the 
different disciplines involved (e.g. chemistry and 
microwave engineering) are discussed by 
Marilena Radoiu, who also presents her own 
experience and vision in this regard.   

This Issue crystalizes the recently evolved 
form and role of the AMPERE Newsletter. 
Aimed at serving the entire microwave-and-RF 
heating community worldwide, the Newsletter 
has no pretention to become a strict scientific 
Journal but rather to form a less formal technical 
magazine. This shall satisfy the need for a rapid 
open-access publication of new ideas, ongoing 
R&D activities and new results, as well as 
overview presentations of laboratories and 
individual researchers.  

The Newsletter, as such, is not included in 
the publication metrics system. This frees us 
from any bias oriented by Impact-Factor or 
citation-index consideration. Our main criterion 
is purely the interest of the information for our 
readers. Therefore, we hope that the citable 
Newsletter articles effectively serve the interest 
of our readership community, though they are 
not formally counted as scientific publications.  

         
  

Eli Jerby 
AMPERE-Newsletter Editor 
Tel Aviv University 
E-mail: jerby@eng.tau.ac.il 
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3rd Global Congress on Microwave Energy Applications 
 Juan Monzó-Cabrera and José Fayos-Fernández 

Universidad Politécnica de Cartagena, Cartagena, Spain 
 

The 3rd Global Congress on Microwave Energy 
Applications (3rd GCMEA) was held at the 
Facultad de Ciencias de la Empresa (School of 
Business, Fig. 1) at the Universidad Politécnica 
de Cartagena (UPCT) during 25-29th July, in the 
Spanish city of Cartagena. The 3rd GCMEA was 
organized by the Grupo de investigación 
Electromagnetismo y Materia (Electromagnet-
ism and Matter Research Group, GEM)1 on 
behalf of AMPERE2.  The main researchers of 
this group are with the Departamento de Tecno-
logías de la Información y las Comunicaciones 
and affiliated to the Escuela Técnica Superior de 
Ingeniería de Telecomunicación (School of 
Telecommunication Engineering) at UPCT. 
 

 
Figure 1. View from the Business School of Universidad 
Politécnica de Cartagena 

Along with AMPERE, all five MAJIC 
confederation members (Fig. 2), namely the 
Int’l Microwave Power Institute (IMPI), the 
Microwave Working Group (MWG), the 
Japanese Society of Electromagnetic Wave 
Energy Applications (JEMEA), and the Chinese 
Microwave Association, provided an 
irreplaceable help in order to enjoy high-quality 
plenary lectures. They also cooperated with the 
local organisers by supporting Scientific Comm-
ittee and monitoring the Congress organization. 
Our greatest thanks to all these organizations.  

Sponsors coming from industry, academic, 
administrative and research fields supported the 
Congress. We specially thank all of the 23 
sponsors3. Due to their support, an interesting 
Social Program was successfully organized, a 

conference bag was handed out, and several 
students received grants to attend the meeting.  

 

 
Figure 2.  Leaders of the five associations incorporated in 
MAJIC, during the 3rd GCMEA Gala Dinner. 

The 114 attendants came from 23 countries 
and five continents. Spain was the country 
providing the highest number of attendants, 29 
(25% from the total), but lecturers also came 
from far countries such as USA, Japan, China, 
Australia, Ecuador, Iceland, Indonesia, Israel, 
and other countries, confirming, thus, the global 
nature of this conference.  

The Congress began on Monday 25th of July 
with an impressive touristic visit to the City 
Hall (Fig. 3) and the ancient Roman Theatre 
(Page 42). After that, the Welcome Event took 
place at the Batel Auditorium (Fig. 4), where 
the presidents of the MAJIC confederation 
associations and the 3GCMEA chairmen had 
the courtesy of addressing a few welcoming 
words to the audience, followed by an 
outstanding modern flamenco performance. 

After the show, the Congress guests had the 
chance to enjoy a nice cocktail on the 
Auditorium’s terrace facing the harbour. The 
Rector of UPCT, Prof. Alejandro Díaz-Morcillo 
also gave an informal speech during the visit to 
the Batel Auditorium, explaining the main 
features of the hosting University, and blessing 
the attendants and lecturers.  

The scientific program included 90 contri-
butions divided into 14 plenary lectures, 24 pos-
ters and 52 oral presentations. 
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Figure 3. Cartagena City Hall welcome 

The contributions were classified into 13 
different topics covering: Devices, Dielectric 
and Magnetic Measurements, Energy and 
Environment, Enhanced Chemical Reactions, 
Equipment, Industrial Applications, Material 
Synthesis, Microwave Assisted Extraction, 
Microwaves in Everyday Life, Modelling and 
Numerical Techniques, Nanotechnology, 
Process Control, Radiation Safety, and 
Standards. 
 

 
Figure 4. Attendants in the Batel Auditorium 

The poster sessions were carried out in an 
innovative way taking benefit of the available 
technologies: the posters were displayed on a set 
of ten 55” LED portrait monitors per session. 
This arrangement allowed authors to send their 
contributions in digital format, avoiding printing 
costs and transportation inconveniences, with 
the advantage of having the chance to correct 
mistakes until the very last moment.  

The social program of the Congress 
included two days of Tapas’ Route at the 
evening, where the local organizers offered to 
the attendants a guided touristic walk through 

the downtown and the harbour stopping at the 
main pubs and bars of Cartagena (Fig. 5), where 
they had the opportunity to taste wines and 
other drinks together with tapas (small amounts 
of food to accompany drinks). It was an interest-
ing opportunity to play networking while 
enjoying the good Spanish gastronomy. 
 

 
Figure 5. Attendants enjoying the Tapas’ Route 

The journey to the Mining Park in La Unión 
was dedicated to the accompanying persons 
under the Congress Social Program. Visitors 
were able to visit a pyrite underground mine and 
know how Spanish workers extracted minerals 
some decades ago. La “minera” is a Flamenco 
style linked to the mining vicissitudes, and this 
place holds its international flamenco festival. 

The Gala Dinner was held in the Príncipe 
Felipe 5* Hotel on Thursday 28th of July. 
During this Gala, Dr. Metaxas presented the 
third Ricky Metaxas Pioneer Award to Mr. John 
Gerling, of John Gerling Inc. (Fig. 6). Later on, 
Dr. Marilena Radoiu (Page 34) received the 
Rustom Roy Innovator Award for her work in 
the dielectric heating industry.  
 

 
 
Figure 6. The 3rd Ricky Metaxas Pioneer Award is 
presented to Mr. John Gerling. 
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The first prize poster award was presented to 
Mr. Jose D. Gutierrez-Cano from Universidad 
Politécnica de Valencia (Spain) for the work 
entitled “Study of thermal processes through in-
situ Raman and dielectric spectroscopy”. The 
2nd and 3rd Prizes were given to Mr. Matthew 
Thomas Porter from Birmingham University 
and Ms. Ana Álvarez from Universidad de 
Valladolid, respectively. The Gala Dinner ended 
with an astonishing show (Fig. 7), and speeches 
of the leaders of the different associations. 

 

 
Figure 7.  The Gala Dinner show. 

Finally, on 29th July, the Closing session 
was held at Congress venue and included two 
round tables sponsored by the Microwave 
Working Group and the IMPI regarding the 
Microwave Summit 2017 (MWS), and the 
presence and future of microwave applications 
in the food industry (Fig. 8), respectively.  
 

 
Figure 8. Round table about the presence and future of 
microwave applications in the food industry. 

After the speeches of all the representatives 
from IMPI, Microwave Working Group, 

JEMEA, Chinese Microwave Association and 
AMPERE, the 3rd GCMEA was closed and the 
next location for the 4th GCMEA was 
announced.  
All the plenary lectures were video recorded and 
they will be soon available online for free, as 
well as the Book of Abstracts. The scientific 
sessions were also recorded, but the choice of 
their publication remains on each presenter who 
keep their own recording privately. Also the 
Welcome Event and the Gala Dinner were 
recorded and they will be given to the attendees 
as a nice souvenir from the 3rd GCMEA 
organization. Dr. Vladimir Bilik (from S-
TEAM, Slovakia) is acknowledged for his 
contribution of photographs to this article and to 
the website. 

Attendants had an agreement on qualifying 
the 3rd GCMEA to be a unique successful 
congress, where all the scientific, professional 
and social aspects where handled with so much 
care and high quality. The local organizers are 
very honoured in having hosted the 3rd GCMEA 
and we are excited to meet again in 2020 in 
China, during the next promising GCMEA! 

 
Prof. Juan Monzó-Cabrera  
3GCMEA Chairman 
General Director of 
Universities & Research 
Regional Government of the 
Región de Murcia (Spain) 
 
Dr. José Fayos-Fernández  
3GCMEA Co-Chairman 
Departamento de Tecnologías  
de la Información y las  
Comunicaciones, ETSI de Telecomunicación 
Universidad Politécnica de Cartagena 
Cartagena (Spain) 

 
Further Information: 

1. http://www.upct.es/gem/en/index.html   
2. http://www.ampereeurope.org/ 
3. http://cpcd.upct.es/3gcmea/index.php/sponsors  

 
 

http://www.upct.es/gem/en/index.html
http://www.ampereeurope.org/
http://cpcd.upct.es/3gcmea/index.php/sponsors
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IMPI-50 Symposium Recap 
Molly Poisant 

Executive Director, the International Microwave Power Institute (IMPI) 
E-mail: molly.poisant@impi.org 

 
Over 100 attendees from 16 countries took part 
in the 50th Annual Microwave Power Symp-
osium (IMPI 50). The Int’l Microwave Power 
Institute (IMPI) hosted this milestone event 
from June 21-23, 2016 at the Caribe Royale 
All-Suite Hotel and Convention Center in 
Orlando, Florida, USA. The three-day event 
featured 50 presentations on a wide area of 
topics including: Solid-State Applications, 
Dielectric Properties, Medical Applications, 
Food Safety and Standards, Agriculture, 
Industrial Applications, Microwave Equipment, 
Plasma and Magnetrons, Food Science and 
Technology. The Technical Program Comm-
ittee (TPC) Co-chairs were Dr. Ulrich Erle of 
Nestle and Dr. Kadir Aslan of Morgan State 
University; IMPI President, Bob Schiffmann, 
chaired the Food Science and Technology 
Program Committee. 

The conference kicked off with a special 
“Spotlight Session” featuring talks by the heads 
of four of the major international microwave 
associations and other pioneers in our field. 
Spotlight session speakers included Dr. Cristina 
Leonelli (AMPERE), Dr. Tian Ren Ji (Chinese 
Microwave Association), Dr. Satoshi Horikoshi 
(Japan Society of Electromagnetic Wave 
Energy Applications), Ms. Jennipher Marshall-
Jenkinson (MTA-UK), Dr. Ricky Metaxas (AC 
Metaxas Associates), and Prof. Stuart Nelson 
(USDA/ARS).  

IMPI 50 featured two keynote present-
ations: “The Use of Microwave Power for 
Treatment of Cancer” by Dr. Augustine 
Cheung of Medifocus (Fig. 1), and “Evolution 
and Revolution of Microwave Technology in the 
Commercial Kitchen” by Dr. James Pool, 
President of TurboChef Technologies Inc. (Fig. 
2). Nine Invited Speakers were selected to share 
their work during the Symposium. Dozens of 
papers were presented, via oral and poster 
presentation, over the course of the 3 days.  

Two short courses were offered just prior to 
the start of the Symposium: “Microwaves 101, 
The Fundamentals of Microwave Heating” 

which was taught by Mr. Bob Schiffmann, and 
“Introduction to Multiphysics Modeling in 
Microwave Power Engineering,” which was 
instructed by Dr. Vadim Yakovlev.   

 

 
Figure 1. Dr. Augustine Cheung of Medifocus during 
Keynote Address at IMPI 50. 

 
Figure 2. Keynote presenter Dr. James Pool, President of 
TurboChef Technologies. 

Dr. Ricky Metaxas was presented with an 
Honorary IMPI Fellow Award. Ms. Deepali 
Jain of Washington State University (Fig. 3) 
won the Student Competition for best oral 
presentation for her work, “A Computer 
Simulation Model for Microwave Assisted 
Thermal Pasteurization Systems.” Ms. Brittney 
Gordon of Morgan State University (Fig. 4) 
was the winner of the Student Competition for 
best poster presentation for her paper “Crystal-
lization of Lysozyme on Nanoparticle Surfaces 
using Monomode Microwave Heating.”  
 

mailto:molly.poisant@impi.org
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Figure 3. Ms. Deepali Jain, the winner of the best oral 
presentation student competition, and Dr. Ulrich Erle, 
IMPI-50 TPC Chairman. 
 

         
Figure 4. Ms. Brittney Gordon, the winner of the best 
poster student competition. 
 

IMPI 50 boasted the highest number of 
exhibitors the conference has seen in many 
years. Exhibitors included: Ampleon, Ferrite 
Microwave Technologies, Graphic Packaging 
International, L3 Electron Devices, MKS, 
Muegge, PSC, Richardson Electronics, Taylor 
and Francis Publishing and the RF Energy 
Alliance.  

The Symposium offered a variety of formal 
and informal networking opportunities, 
including a Welcome Reception on the first 
evening and a popular Group dinner at a local 
restaurant on the second evening. The Caribe 
Royale resort proved to be a wonderful 
backdrop for this milestone event (Fig. 5). 

Sponsors of the event included the Gold 
Sponsor: Muegge GmbH; Silver Sponsors: 
Richardson Electronics and Ampleon; Bronze 
Sponsors: Ferrite Microwave Technologies, 
Liverpool John Moore’s University and BEST 
Research. Over a dozen “Friends of IMPI” also 
made financial contributions to make the 
Symposium a success. 

 
Figure 5. Attendees before the Group Dinner (photo by 
Ulrich Erle) 

Printed and electronic copies of the 
Proceedings from the IMPI-50 Symposium are 
available for purchase at www.impi.org. 

The 51st Annual Microwave Power Symp-
osium (IMPI 51) will be held June 20-22, 2017 
at the Sonesta Hotel - Coconut Grove in Miami, 
FL, USA. Additional details on this event, as 
well as our Webinar Series and Fall Short 
Course can be found at http://www.impi.org/ 

 
About the Author 
 

Molly Poisant has served as the 
Executive Director of the Int’l 
Microwave Power Institute (IMPI) 
since 2010. In this role, she 
oversees member services, 
program planning, and business 
development as well as the day-to-
day operation of the Institute. She 

has over 20 years of experience in event operations, 
business development, legislative affairs and 
sponsorship sales having worked for two former 
Governors and several U.S. and international technology 
conferences. She received her Bachelor’s degree in 
Political Science from Longwood University. 
 
 
 
 
 
 
 
 
 
 

http://www.impi.org/
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Heating by Electromagnetic Sources (HES-16) Int’l Conference 
Koen Van Reusel 

Visiting Professor, Katholieke Universiteit Leuven, Department of Electrical Engineering 
Kasteelpark Arenberg 10, B-3001 Heverlee, Belgium 

E-mail: koen.vanreusel@kuleuven.be 
 
The international conference on heating by 
electromagnetic sources (HES) is dedicated to 
electromagnetic processing of materials by 
induction, conduction, microwaves, and 
dielectric mechanisms. The recent HES-16 
meeting was held in Padua in May 24-26, 
2016. 

At the HES-16 edition, 140 participants 
were registered, and 85 papers were presented 
by authors coming from 18 different 
countries. A number of selected papers will 
be published in the Int’l Journal of Applied 
Electromagnetics and Mechanics (IJAEM) 
and in the COMPEL Journal.  

 
HES in Padua 

Since 1998, every three years the Laboratory 
for Electroheat of the Department of 
Industrial Engineering at the University of 
Padua (Italy) organizes the int’l HES 
conference in Padua. This year it was already 
the 7th edition of this scientific event. 

The Laboratory for Electroheat of Padua 
University (LEP) researches about electroheat 
and electromagnetic processing. LEP was 
founded about 40 years ago by Prof. Di Pieri, 
it was led for many years by Prof. Lupi, and 
now it is directed by Prof. Dughiero. The 
emphasis of this laboratory initially was on 
conduction and induction heating. The scope 
has been gradually enlarged, and currently the 
laboratory is running research projects in the 
full area of electromagnetic processing. In 
this enlarged context, also dielectric and 
microwave heating has a substantial part in 
the research portfolio of the laboratory. 

The evolution of the laboratory from 
conduction and induction heating to the much 
wider horizon of electromagnetic processing 
is also reflected in the parallel evolution of 
the successive HES conferences. This HES-
16 conference devoted special sessions not 
only to induction heating, but also to 

microwave heating and biomedical 
applications (Fig. 1).  

 

 
Figure 1. An oral session at HES-16. 

Academics, attracted by the high 
scientific level of the conference, together 
with people from industry (engineers as well 
as entrepreneurs) belong to the regular 
audience coming back to Padua, edition after 
edition. This mixed audience has proven to be 
very inspirational for industry as well as for 
academe. People from industry get aware of 
the newest state of the art of advanced 
technologies, and people from academe get 
more sensitive to the vital importance of an 
openness of mind that keeps them broadly 
oriented towards interdisciplinary knowledge 
(Fig. 2). 
 

 
Figure 2. Social gathering of the HES-16 attendants. 

The sponsorship of research projects is 
hardly interested in induction or microwave 
heating as such. The genuine research 
question is more often than not oriented to the 
creation of industrial added value or full 
problem-solving. To reach this target an 

mailto:koen.vanreusel@kuleuven.be
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interdisciplinary and multi-physics approach 
is necessary.  

For this mixed industry-academe 
audience, high scientific level papers were 
presented at the HES-16 conference, showing 
how the final research targets can only be 
reached by a multi-disciplinary approach 
including electro-magnetism, heat transfer, 
thermodynamics, magneto-fluid dynamics, 
phase transitions, residual stresses, power 
electronics, control algorithms, etc.  

Consequent to the prestigious Electro-
magnetic Processing of Materials Conference 
in Cannes (October 2015), the HES-16 
conference gave a great deal of prominence to 
this field of research. Induction as well as 
dielectric heating (to mention just those two 
electroheat techniques) are part of a much 
broader field of study which can more 
adequately be defined as “Electromagnetic 
Processing of Materials” (EPM). In EPM the 
interaction is investigated between an 
electromagnetic field (of all frequencies) on 
one side, and materials (of all kind) on the 
other side. This EPM field of study is 
becoming more and more important, and it 
can be expected that the EU Research and 
Innovation programme Horizon 2020 will pay 
big attention to this field of research as well. 
At the HES-16 conference, various 
stakeholders were given another opportunity 
to follow the rapid evolutions in this field. 

Concerning the session on induction 
heating, it was interesting to notice how a 
multi-physics knowledge and simulation of a 
hardening process (to give just one 
illustration) is helpful to fine-tune the 
parameters in a hardening process, so that it 
leads to far more advantages (quality of the 
final product, process time, energy and 
pollution savings, etc.) than the more 
conventional carburizing treatment. 

A full session was devoted to special 
applications covering biomedical 
applications, household applications, special 
devices and processes, and chemical reactors. 
By spreading knowledge to these fields, quite 
other than usual areas of applications can be 
reached as there are: medicine, biology, food 
industry, and semiconductor industry. 

In the session on microwaves, a low 
reflection reactor for chemical synthesis was 
presented. Some developments on metal-
ceramic composite castings by microwave 
energy were discussed. Also a model for 
microwave heating of thin laminate 
composite parts was proposed. The safety 
issue by using microwave technology was 
also addressed by an investigation of the 
influence on the human body when using a 
2.45 GHz choke. 
 
The HES course for research students 

A particular event at the occasion of the HES-
16 conference was the intensive PhD course 
preliminary to the conference (Fig. 3). There 
were 15 PhD students coming from all over 
Europe who participated in this meeting.  

 

 
Figure 3. HES course for research students. 

The recurrent (biennial to annual) 
organization of such an intensive PhD course 
is an initiative of UIE, the International Union 
for Electricity applications. It is a tradition to 
organize such a course just before a 
conference dealing with proper topics, like 
HES (Heating by Electromagnetic Sources - 
University of Padua), MMP (Modelling for 
Material Processing - University of Latvia), 
MEP (Modelling for Electromagnetic 
Processing - University of Hanover) and the 
four-yearly UIE conference. 

The aim of this PhD course is to establish 
a scientific cooperation among PhD students 
and researchers from different institutions 
operating in the fields of electroheat, 
electromagnetic processing of materials, 
microwave and biomedical applications of 
electromagnetism. The students participate in 
lectures and they discuss their own scientific 
topics and existing problems under the 
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guidance of well-experienced supervisors in 
order to take profit for their research studies. 
As a result of this process, they have to carry 
out in separate working groups small projects 
and to present the received results finally. 

The course has a typical duration of 5 
days. In the course, specific topics are 
presented in the form of full immersion 
lectures with the help of some laboratory 
tutorials. For the HES-16 edition of the UIE-
PhD intensive course three main specific 
subjects have been chosen: 
(a) Numerical modelling of induction heating 

(Prof. Francois Bay, Mines Paristech, 
France). 

(b) Models for food processing (Prof. Ashim 
K. Datta, Cornell University, USA). 

(c) Medical and biological applications of 
electroheat (Prof. Robert Ivkov, John 
Hopkins Medical University, USA). 
At the end of the course, the participating 

PhD students have presented a summary of 
the laboratory activities and discussed the 
results of the short projects. 

The high level event of an intensive PhD 
course fully complies with the educational 
mission of AMPERE. Therefore, some 
members of the AMPERE Management 
Committee are thinking of contributing to the 
organization of a next PhD course in a joint 
UIE-AMPERE support. The students that 
participate in a PhD intensive course get free 
access to the subsequent conference. 
 
Social and cultural activities  

On the last evening the conference boat was 
moored at the isle of Torcello, near to Venice. 
After a guided visit of the ancient cathedral, 
an exquisite gala dinner was offered in open 
air to the HES-16 participants. On a 
glamorous boat trip, returning to the 
Terraferma, the reflecting moonlight on the 
waters of the lagoon raised scientific and 
other thoughts to higher levels of beauty and 
inspiration...  
 

About the Author 
Koen Van Reusel received the 
degree of Master of Electrical 
Engineering from the KU Leuven 
(Belgium) in 1985, and the 
degree of Doctor of Engineering 
from the KU Leuven in 2010. 
Since 1992 he is at LABORELEC 
(Belgium), a technical compet-
ence center in energy processes 
and energy use. As senior expert 
he is member of the Power 

Quality and Electromagnetic Compatibility (EMC) 
Department. He is currently involved in industrial 
projects on the mitigation of wind turbine interaction 
with radar systems, EMC in power stations, the 
aggregation of harmonics produced by wind turbines 
and photovoltaics, health effects of the exposure to 
electromagnetic fields, and the mitigation of lightning 
incidents on wind turbines. He is visiting professor at 
the KU Leuven, where he teaches “Electromagnetic 
Processing of Materials” and “Power Quality”.  

Koen Van Reusel is Member of the Management 
Committee of AMPERE, the Association for Microwave 
Power in Europe for Research and Education; General 
Secretary to UIE, the International Union for Electricity 
applications; Member of the Board of Directors of 
FISUEL, the Int’l Federation for the Safety of the 
Electricity Users; and member of the Int’l Electro-
technical Commission (IEC) Electro-technical 
Committee n° 27 “Industrial Electroheating and 
Electromagnetic Processing of Materials”. 
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Demystifying the Magnetron Antenna Probe 
 

Vladimir Bilik 

Slovak University of Technology in Bratislava, and S-TEAM Lab, Bratislava, Slovakia 
E-mail: vladimir.bilik@s-team.sk 

 
Abstract 

We review basics of the magnetron antenna probes, recapitulate the conventional method of their 
use, and introduce an improved procedure, based on a vector reflectometer calibration. A probe 
properly calibrated can be used in an arbitrary installation for accurate, direct, real-time, swept 
observation of the magnetron Rieke diagram-related load reflection coefficient.  
 
Keywords — Magnetron antenna probe, Rieke diagram, vector reflectometer calibration. 

Introduction 

Magnetron antenna probes are devices used for 
evaluation of magnetron loads with standard 
low-power laboratory equipment. This 
knowledge is important when designing 
applications without circulators. Antenna probes 
are accompanied by characterizing data tables 
and instructions for their use. The instructions 
are often obscure and the data unreliable, 
making the operators uncertain if the probe is 
being used correctly, and hence if they can trust 
the results obtained. The procedure is awkward 
to employ, extremely slow, prone to human 
errors, and the results are biased by an 
irremovable systematic error. Availability and 
proper use of modern vector network analyzers 
(VNA) allows eliminating of all of the 
mentioned drawbacks. 

This article summarizes the basics of the 
antenna probes, elucidates the conventional 
method of their use, and presents an improved 
procedure, which is essentially a standard vector 
reflectometer calibration using a simple specific 
equipment, consisting of a reference magnetron 
launcher and a set of three waveguide 
calibration shorts. A probe thus calibrated can 
be used in an arbitrary installation for accurate, 
direct, real-time, swept observation of the 
reflection coefficient related to Rieke diagram. 
We illustrate this case on a measurement 
example and compare the two methods. More 
details can be found in the original publication1. 

Rieke Reflection Coefficient 

A magnetron generated frequency fg  and the net 
delivered power PL depend on the reflection 
coefficient  exp| | ( )R R RjϕΓ = Γ  from the 
magnetron’s load. By convention, ΓR (hence-
forth termed Rieke reflection coefficient) is 
defined as the reflection coefficient observed 
looking toward the load in a rectangular 
waveguide arrangement called reference 
launcher (Fig. 1). The launcher dimensions are 
stipulated in magnetron datasheets.  
 

R

ΓR

Reference 
Launcher

Magnetron

fg

PL

Load

 
Figure 1. Magnetron in a reference launcher; a definition 
of the Rieke reflection coefficient ΓR. 

The dependence of fg and PL on thus defined 
ΓR is visualized in the form of the Rieke 
diagram2, which is a polar plot in the complex 
plane of ΓR (a Smith chart) also displaying a 
family of contours of constant fg and of constant 
PL (Fig. 2). An applicator design goal is to 
restrict ΓR within a range where the magnetron 
behaves properly (the area covered by the 
contours).  
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Figure 2. Rieke diagram of 2M244 magnetron. 

Except in the reference arrangement, ΓR 
may be an abstract quantity (imagine for 
instance a magnetron radiating into a free 
space). Still, we need to refer to it in order to 
predict the magnetron behavior in an arbitrary 
arrangement. This is enabled by magnetron 
antenna probes.  

Magnetron Antenna Probe 

Magnetron antenna probe (Fig. 3) mocks the 
antenna structure of the associated magnetron 
but routes the signal to an auxiliary coaxial 
connector serving for the reflection coefficient 
(Γp) measurement. For this purpose, the probe is 
installed in place of the magnetron. 
 

Γx

Γp
b) a) 

B

 
Figure 3. A magnetron antenna probe example (a), and 
the probe internal structure (b). The portion in the 
dashed frame is identical with that of the magnetron. B 
is reference plane for Γp definition. 

The equality of the antenna structures 
establishes a relation between the measurable Γp 
and the Rieke reflection coefficient ΓR for the 
associated magnetron, as follows3 

          
2
21221122

11

SSSS
S

p

p
R +−Γ

−Γ
=Γ , (1) 

where Sij are the complex scattering parameters 
of the probe and the launcher conjunction (Fig. 
4). If Sij are known, ΓR can be deduced from Γp 
regardless of the object to which the magnetron 
is installed.  

Pr
ob

eΓp

Reference 
Launcher

B

R

RS

ΓR

1

2 ΓRSij1 2Γp

RB

 a)  b) 

 
Figure 4. An antenna probe in the reference launcher (a), 
and the equivalent two-port model (b). RS is a reference 
short supplied with the probe for plane B definition. 

Since the practical application of Eq. (1) is 
quite cumbersome, antenna probes have been 
designed to be well matched (S11 ≈ 0, S22 ≈ 0). 
This reduces (1) to 

          ( )21
2

21 2exp ϕjSpR −Γ=Γ −
, (2) 

where 21 21 21| | ( exp )jS S ϕ= . Equation (2) now 
represents mere scaling and rotation of the 
measured Γp in the complex plane.  

Conventional Method 

Conventional method of applying antenna 
probes essentially consists in implementing Eq. 
(2) using the manufacturer-provided data table. 
To obtain ΓR, proceed as follows: 
1. Using a VNA calibrated at plane B (Fig. 4a), 

measure the probe input reflection coefficient 
Γp at a desired frequency or in a desired 
band. 

2. For each frequency of interest, interpolate 
from the data table the parameters 
characterizing the probe. 

3. Transform these parameters to S21–related 
values, |S21|2 and 2ϕ21. More details can be 
found in the literature1. 

4. To obtain the magnitude |ΓR|, divide the 
magnitude |Γp| by |S21|2. 
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5. To obtain the phase ϕR, rotate the vector Γp 
clockwise by 2ϕ21, i.e. subtract 2ϕ21 from the 
measured phase of Γp. 
Evidently, the procedure is still cumbersome 

and can hardly serve for efficient applicator 
design. In addition, ΓR is biased by a systematic 
error by the neglected S11 (typically, 11 0.1S ≈ ). 

VNA Calibration 

Modern VNAs, when appropriately calibrated, 
make possible direct, high-accuracy, swept 
measurement of ΓR. The procedure is actually a 
standard one-port VNA calibration4 with the 
probe installed in the reference launcher. A 
calibration setup is depicted in Fig. 5. The 
procedure consists in connecting a series of 
calibration standards, i.e. loads with known and 
distinctly differing reflection coefficients, and 
recording the corresponding measured 
reflection coefficients in a frequency range of 
interest. A preferred choice for the standards is 
a set of three waveguide shorts with lengths 

     ( ) 3,2,161 0 =−= iiL gi λ  (3) 

where λg0 is the launcher guide wavelength at 
the magnetron nominal frequency f0.  
 

Cal Kit

da
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Launcher
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Figure 5. A VNA calibration setup using three different 
shorts for Rieke reflection coefficient measurement. 

At plane R, the unity reflection coefficients 
of thus defined standards are 

    ( ) ( ) ( )[ ]fdLjf gaiSi λππ +−=Γ 4exp  (4) 

The VNA guides the operator through the 
calibration process and performs all 
mathematical operations required. After 
completion, the probe can be removed from the 
reference launcher, installed into any structure 
of interest, and the real-time swept 
measurement of ΓR can start.  

Experiments 
Experiments with a 2M244 magnetron antenna 
probe have been made to demonstrate the 
proposed approach. Figure 6 shows the 
calibration setup.  

 

Launcher

Probe
VNA Head

Short 1Short 2

Short 3

 
Figure 6. Calibration setup. 

After completing the calibration, a variety of 
loads were measured in the 2.2 – 2.7 GHz band. 
A representative case is illustrated in Fig. 7. The 
true Rieke reflection coefficient obtained by the 
VNA calibration is ΓR. The reflection 
coefficient measured at the probe input is Γp. 
The conventional procedure should ideally 
transform Γp to ΓR. However, using the original 
table, the result is Γ1. The discrepancy is mainly 
caused by the incorrect phase angle 2ϕ21 
deduced from the probe data table. This 
suggests that the data accompanying probes 
may not always be reliable. Γ1 is additionally 
subject to an error due to the probe input 
mismatch, expressed by the uncertainty circle 
with radius |S11|. 
  

R = 0.5

+j

+

Γp

Γ1

Error 40° |S11|

ΓR

f = 2.455 GHz

 
 

Figure 7. Antenna probe application comparison. 
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As an illustration of practical use, a calibrated 
probe was installed in a commercial microwave 
oven in place of the magnetron (Fig. 8).  
 

 
Figure 8. Antenna probe in a domestic microwave oven. 

Swept ΓR for this arrangement was observed 
in the 2.5 – 2.6 GHz band for various loads. An 
example is shown in Fig. 9. The magnetron 
would oscillate at a frequency for which the 
point at the measured trace touches the Rieke 
contour for the same frequency (f = 2454.6 
MHz)1. The magnetron would deliver then 
about 815 W of microwave power. 
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Figure 9. The Rieke reflection coefficient in 2.5 – 2.6 GHz 
band of a teacup with 200 ml of cold water centered in 
the oven. 

Conclusions 
Using a magnetron antenna probe with a 
properly calibrated vector network analyzer 
(VNA) provides significant advantages 
compared to the conventional usage of the 
probes. The principal benefits are (a) the direct 
display of the reflection coefficient related to 
Rieke diagram on the VNA screen, (b)  high- 
speed sweeping in arbitrary frequency range of 
interest, and (c) high measurement accuracy.  

For further reading: 
1. V. Bilik, “On proper use of magnetron antenna 

probes,” Proc. 3rd Global Congress on Microwave 
Energy Applications, Cartagena, Spain, 25-29 July 
2016, pp. (draft) 116-121. 

2. R. J. Meredith, Engineers' Handbook of Industrial 
Microwave Heating, IEE, London 1998, pp. 250-270. 

3. G. Engen, Microwave Circuit Theory and 
Foundations of Microwave Metrology, Peter 
Peregrinus, London 1992, pp. 15-39. 

4. R. A. Hackborn, “An automatic network analyzer 
system,” Microwave Journal, Vol. 11, No. 5, pp. 45-
52, 1968. 
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Background 

Many industrialists become aware of the 
advantages that microwave energy brings to 
their processes. Also, many scientists find new 
promising results when applying microwaves at 
their laboratories, even observing new reaction 
pathways not possible with conventional 
heating.  

Exploiting the potential of microwave 
processing requires a deep understanding of the 
underlying chemo-physical processes at 
molecular level. A comprehensive under-
standing of these correlations requires new and 
complex microwave instruments and advanced 
measurement capabilities. 

The Microwave Division (DiMaS)1 of the 
TIC research institute ITACA undertakes 

scientific and applied research, technological 
development and technology transfer initiatives 
in the field of microwave engineering. DiMaS 
also offers consultancy services of advice, high 
frequency measurements, and expert feasibility 
studies in projects of technological 
development, applicable to the microwave 
sector.  

The division is mainly composed by 
University staff with the assistance of 
contracted researchers, technicians and 
fellowship students. The team of researchers is 
now well established with close links to industry 
and has one of the best independent microwave 
design and test facilities (Fig. 1) in Europe. 

 

 

 
 

Figure 1. One of the microwave laboratories at DiMaS facilities. 
 

Knowing at first hand their needs, DiMaS 
researchers have been more than twenty years 
developing microwave technology within four 
main activity lines: Electromagnetic modeling 
and numerical techniques; design of microwave 
circuits; microwave metrology/sensing, and 
microwave heating processes.  

These years gave us a holistic, integral vision 
of the microwave processes, including: 
• Performing the characterization of materials 
and processes for the determination of the 
material interaction with the MW fields. As a 
result, a wide range of specific and accurate 
measurement devices can be found in our 
facilities for basic metrology. Measurement 

services are provided for power, noise, 
impedance, dielectric and magnetic material 
properties, and other basic quantities.  
• Designing and manufacturing new bench-top 
laboratory applicators, including in-situ and 
real-time control of the process parameters, 
optimizing process efficiency and product 
quality. 
• Providing complete engineering support for 
developing demo units; addressing industry 
heating processes, with more than 100 
prototypes developed (Fig. 2), and more than 20 
international patents covering the entire 
spectrum of heating applications. 
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Figure 2. A laboratory microwave system for materials 
sintering. 
 
Recent results and future trends 

Potential benefits of microwaves are not enough 
if they don’t occur in a repeatable, reliable and 
controllable process. In those cases, users which 
are commonly non-experts in microwaves do 
not trust the technology. Too many times, the 
underlying microwave-matter interaction and 
the resulting heating mechanisms are still 
unclear.  

At the same time, the application of 
microwave energy is moving towards increasing 
temperatures. At present, microwave processes 
developed at DIMAS aim at temperatures well 
above 1,000ºC (Fig. 3). The requirements of the 
materials and structures involved in such 
processes arise as a complex challenge.  
 

 
Figure 3. Examples of high temperature continuous 
microwave processes.  

 
This situation impelled us to take a step 

forward in microwave metrology. In general, 
the methodologies employed for dielectric 
measurements at room temperature (Fig. 4) 
require some modifications to overcome the 
practical limitations at high temperatures. Thus, 

more sophisticated and advanced instruments 
were demanded to address these needs.  

 

 
 
Figure 4. A portable system for the measurement of the 
dielectric properties of materials placed in standard vials. 
 

As a result, a new system was developed at 
DiMaS consisting of a new microwave cavity 
and heating system for microwave processing 
and in-situ dynamic measurements of the 
complex permittivity of dielectric materials at 
high temperatures (~1,000ºC). The method is 
based on a dual-mode cylindrical cavity where 
heating and testing are performed by two 
independent microwave sources with a cross-
coupling filter that avoids any interference 
between them (Fig. 5). 
 

 
Figure 5. Dual-mode cylindrical cavity for microwave 
processing and in-situ dynamic measurements of the 
complex permittivity of dielectric materials at high 
temperatures. 
 

This system provides the dielectric 
properties of materials as a function of 
temperature by an improved cavity perturbation 
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method during heating, with an accuracy of the 
complex permittivity within 3% in the dielectric 
constant and around 10% in the loss factor 
within the range from 10-3 to 10-1.  

The correlation of the complex permittivity 
with the heating rate, temperature, absorbed 
power, and other processing parameters can 
help to better understand the interactions that 
take place during microwave heating of 
materials compared to conventional heating. 
Furthermore, the measurement of dielectric 
properties with the temperature permits to 
determine the energy of reactions and to obtain 
kinetic parameters such as the activation energy, 
defining the concept of microwave calorimetry 
in comparison with differential calorimetry by 
conventional heating. 

For example, Fig. 6 shows the temperature 
dependence of the dielectric properties of a 
kaolin sample. During the heating process, the 
changes in the dielectric properties perfectly 
correlate with the known transformations in 
kaolin: below 200ºC the loss of water; at 500ºC 
the dehydration of kaolin; at 900ºC the 
formation of aluminium-silicon spinel; above 
1100ºC crystallization of amorphous silica 
phase. Also, the video images reveal that an 
important expansion and shrinkage of the 
sample take place at certain temperatures. These 
changes in the sample volume are quantified as 
well and considered for an accurate 
determination of the kaolin dielectric properties. 

 

                   

 
Figure 6. Dielectric properties of kaolin during microwave 
heating. The insets show the sample at 25 and 1,050οC. 
 

Modified versions of this system have 
resulted in a new generation of sophisticated 
microwave applicators and reactors. As an 
example, another version of this system allows 
performing chemical reactions in a continuous 
way, while maintaining all the control function-
alities and the dielectric characterization of the 
reactants under perfectly controlled atmosphere 
and microwave conditions.  

The functionality of the microwave 
dielectric measurement system has been 
demonstrated by heating and measuring a wide 
range of samples up to 1,200ºC. Some of these 
results have been already presented in Journals 
and conferences with the most updated state of 
the art in microwave science and technology2-7. 

  
Future plans 

In view of the significant progress presented 
above, there is still a long way to go. Beyond 
the material dielectric properties, a 
comprehensive collection of data is obtained as 
a result of each measurement: absorbed power 
at each temperature, temperatures at which not 
forced acceleration/deceleration of the heating 
rate occurs, hysteresis between heating/cooling 
cycles, etc. Thus, a multidisciplinary 
collaboration is essential to understand the new 
insights that this system is providing about the 
microwave-matter interactions. 

Aiming to give a deeper understanding of 
these interactions, the system combines 
different techniques to analyze the chemo-
physical characteristics at molecular level. 
Recently, a Raman spectrometer was included 
to provide information about the materials’ 
microstructure during microwave heating, 
simultaneously to the in-situ dielectric 
characterization7. 

The results given by all these developments 
allow predicting in a reliable way the behavior 
of materials under high frequency fields, which 
is essential to design and optimize new high 
temperature microwave processes. Our main 
goal is to enable getting the most out from the 
numerous benefits that microwave energy can 
give to applications in the entire range from 
fundamental science to technology.  
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Problem Background  

The planet Earth is facing a real challenge due 
to the increased and constant emissions of 
greenhouse gases, GHGs. Carbon dioxide (CO2) 
is the GHG most emitted gas from large point 
sources such as power plants (energy 
generation) and other industrial facilities (steel 
manufacturing, cement production, etc.), and is 
responsible of the sharp Earth’s surface 
temperature raise since the industrial revolution 
started. A linear correlation between the 
concentration of the CO2 in the atmosphere and 
the temperature anomalies observed in the 
Earth’s surface has been observed1 (see Fig. 1). 
The increasing concentration of CO2 in the 
atmosphere is being carefully monitored using 
observatories placed in different locations. The 
Mauna Loa observatory monitors and publishes 
the CO2 concentration in a very regular basis, 
and at this moment the concentration of CO2 in 
the atmosphere2 is of 396 ppm. The CO2 
emissions are causing the global and so well-
known climate change problem. Governments, 
together with policy makers are putting effort 
and different type of resources to stop the 
increasing trend of CO2 emissions with the aim 
of trying to keep its concentration in the 
atmosphere constant. It should be done as soon 
as possible before it will be too late for the 
consequences of climate change to become 
irreversible.  

This situation clearly needs an imminent 
solution, as the renewables are not ready yet to 
comply with the actual demand of energy 
worldwide, therefore that we still need fossil 
fuels to produce energy. Consequently, whilst 
the energy panorama world-wide tries to 
achieve the transition towards greener energy 
production technologies, the imminent solution 
appears to be Carbon Capture and Storage 
(CCS).  

What is Carbon Capture and Storage?  

Carbon Capture and Storage (CCS) is the 
technology that captures the CO2 generated 
from the use of fossil fuels in electricity 
generation and industrial processes, and 
therefore avoids the CO2 release to atmosphere. 
It involves three steps: capture (separation), 
transport, and storage (Fig. 2).  

After being captured, CO2 is compressed 
and transported to the place where it will be 
forever stored. The most common places to 
store CO2 are saline aquifers, depleted oil and 
gas fields and coal seams. CO2 could be injected 
for Enhanced Oil Recovery (EOR) which is an 
alternative storage method that presents an 
economic profit and makes the cost of the 
technology more feasible.  

 

 
Figure 1. Global mean surface temperature increase as a 
function of cumulative global CO2 emissions1. 

From the above exposed, it can be deduced 
that climate change evidences are urgently 
requiring an engineering solution to decrease 
the CO2 emissions to atmosphere, consequence 
of the intense fossil fuel consumption needed to 
supply the world energy demand. Carbon 
capture technologies are contemplated as the 
hort to medium term solution to control such 
CO2 increasing emissions. However, the energy 
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penalty of CO2 capture from the flue gas 
(generated at power plants after the combustion 
of fossil fuels) is the major challenge of post-
combustion CO2 capture technologies. The 
reasons are the low concentration of CO2 in the 
flue gas (i.e. 15% for coal-fired and 4% for gas-
fired, dry basis), and the current energy and 
capital costs of separating CO2 and reaching 
purities of 95.5% or above needed for its 
transport and storage4, 5. A recent study6 stated 
that the electricity cost would increase by 32% 
and 65% for post-combustion carbon capture in 
gas and coal-fired plants, respectively. Thus, if 
research were able to reduce the required energy 
and monetary costs of separation in a more 
efficient way, it would significantly reduce the 
barrier to the CCS implementation.  
 

 
Figure 2. Schematic diagram illustrating the main stages 
of the Carbon Capture and Storage process3. 

Therefore, there is an unquestionable 
research need for more efficient technologies to 
capture CO2. In this line, adsorption using solid 
sorbents is considered a promising solution to 
control CO2 emissions from large-fixed sources 
such as power plants, due to the high CO2 
capture capacity and selectivity, fast adsorption 
and desorption kinetics, good mechanical 
properties and stability after repeated 
adsorption-desorption cycles4-7.  

For these reasons, the author has developed 
the laboratory-scale experimental setup called 
‘Microwave-regeneration Unit’ to study the 
potential of the innovative microwave heating 
technology to overcome the current drawbacks 
of the capture process associated with its high 
energy penalty during the regeneration. 

The practical CO2 separation at post- 
combustion conditions (after burning the fossil 
fuel) is done by a cyclic adsorption-desorption 

process (Fig. 3). The first step in the process is 
the adsorption, which consists of the interaction 
of the CO2 molecules with the surface of the 
solid sorbents, then CO2 gets trapped on the 
surface of the solid and it is captured. The next 
step is called desorption or regeneration, which 
purpose is to recover the CO2 previously 
captured to follow with the compression, 
transport and storage steps of the CCS process.  

Figure 4 shows the schematic representation 
of the adsorption-desorption process and the 
influence of temperature and pressure on the 
CO2 uptake from the adsorbent material (CO2 
capture). It can be observed that the 
regeneration of CO2 from the adsorbent’s 
surface can be done by either changing the 
temperature, the pressure, or both (TSA, PSA or 
PTSA for thermal, pressure, or pressure-and-
temperature swing adsorption, respectively).  

 
Figure 3. Schematic diagram of the adsorption-
desorption cycle configuration7. 

 

Figure 4. Separation process by changing the pressure, 
temperature or both (PSA, TSA or PTSA, respectively)8. 

The main drawbacks of TSA are the large 
amount of energy required for heating and 
cooling in each adsorption cycle, and the long 
heating/cooling times required for every cycle, 
and therefore the large equipment facilities 
needed.  
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What can microwave technology do for CCS? 

During adsorbents regeneration with convent- 
ional heating, the heat transfer depends on the 
thermal conductivity of the packed bed, thus the 
temperature gradient along the packed bed is the 
result of the high thermal inertia or the limited 
heat transfer. To avoid these drawbacks, the 
design of more efficient adsorption-desorption 
processes is needed. For that purpose, at the 
University of Aberdeen we have customized a 
bench-scale microwave-integrated experimental 
rotatory-reactor to evaluate this regeneration 
technology on a broad range of adsorbent 
materials employed for CCS. Accordingly, the 
purpose of our research project is to study the 
interaction of microwave radiation with 
adsorbents developed for carbon capture, and to 

explore both the potential and the feasibility of 
the use of microwave as a source of heat for the 
desorption step of the separation process (noted 
as MWSA from Microwave Swing Adsorption). 
Figure 5 shows the typical MWSA experimental 
steps which are part of the first cycle when the 
adsorbent is pre-conditioned to start the cyclic 
carbon capture process. It can be observed how 
the partial pressure of CO2 during the 
regeneration step assisted with microwaves 
sharply increases, and it is achieved at low to 
moderate temperature (120°C) after few minutes 
with microwave irradiation. This experimental 
example confirms our theory about the 
microwave heating potential to reduce the CCS 
penalties. 

 

 

 

Figure 5. Typical CO2 Microwave Swing Adosption (MWSA) experiment: steps involved in the first cycle (left); zoom of 
the first 10 minutes of MW-regeneration of a commercial CO2 adsorbent.  

The application of microwave heating for 
carbon capture processes is an emergent 
research technology idea that has the potential 
to overcome the costs of conventional heating 
carbon capture processes. The novelty of the 
process is based on the direct and selective 
volumetric heating of the adsorbent bed during 
the regeneration step, which is dependent on the 
adsorbent-microwaves interaction, and would 
avoid large thermal gradients (and consequently 
reduce the amount of energy applied to heat 
large columns of adsorbents). The main aim of 
using MWSA then is to minimize the overall 
capture process costs by reducing the energy 
consumption during CO2 regeneration due to the 
faster cycles and the easier and lower energy-
demanding regeneration of the adsorbents. 

Additionally, if adsorbent-adsorbate system 
couples with microwaves well, purity of 
recovered CO2 could potentially be enhanced. 
Thus the aim is to elucidate whether the 
application of microwave energy is technically 
feasible, and if microwaves are converted 
directly into heat to increase the temperature of 
the adsorbents, which lead to fast desorption of 
the CO2 will previously capture in the pore 
structure of the materials. It will have an impact 
in costs of carbon capture technologies, as the 
cycle times will potentially be reduced, as 
recently reported for amine-functionalized 
mesoporous silica9 that was found three times 
faster than conventional heating.  
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Introduction 

The potential of both microwave (MW) and 
radio-frequency (RF) heating has been known 
for decades1,2, and many applications have 
found their way into the market. The advantages 
of these dielectric heating methods in 
comparison to conventional heating (which is 
often limited by heat transfer processes or the 
relatively low heat capacity of gases) are 
obvious: Due to volumetric heat formation, 
more homogeneous temperature distributions 
and larger heating rates can be achieved when 
certain preconditions such as suitable applicator 
or electrode geometries are fulfilled. The 
varying absorption properties with respect to the 
electromagnetic waves (represented by the 
imaginary part of the dielectric constant) can 
additionally be utilized to realize different 
heating rates within one system which is not 
possible for heating methods based on thermal 
conductivity.  

The presence and the extent of non-thermal 
effects of MW and RF heating are still a 
fascinating topic of current research and matter 
of ongoing discussion in literature. Although 
some established applications of RF heating 
such as drying of textiles or timber are 
nowadays established in industrial processes, 
MW-based technologies are today by far more 
common in industry and generally, especially 
catalyzed by the triumphal success of MW 
heating in food processing. As a consequence, 
investment costs for MW devices decreased to 
such an extent that for example MW ovens have 
become a consumer product. Also, research on 
many processes in materials science led to new 
operational areas of MW technologies in 
different scales. The potentially large specific 
power input and the possibility of high local 
heating rates are only two interesting features of 
these innovative MW applications, namely when 
employing higher frequencies than the most-
common 2.45 GHz.  

However, the manifold options of RF 
heating should not be ignored and the sometimes 
already “historical” ideas for its application not 
be forgotten. The most obvious advantage of 
utilizing RF is based on generally larger 
penetration depth which allows treatment of 
volumes in the technical scale of liters or even 
cubic meters. Interference effects often 
increasing the temperature gradients for MW 
heating are less relevant for typical geometries 
of RF heating. Additionally, the heating 
principle in this frequency range (e.g. 1 to 
100 MHz) is not based on the orientation 
polarization of water molecules as for many 
MW applications. The variety of energy 
absorption effects in the MHz frequency range 
allows heating a wide spectrum of materials 
including dry ones.  

A prominent example is the option to heat 
hydrophobic and hydrophilic zeolites, a class of 
inorganic materials with an ordered Si/Al/O 
framework and a defined network of pores. 
These materials are widely used in chemical and 
environmental engineering, e.g., as ion 
exchangers, molecular sieves, catalyst supports 
or catalysts, adsorbers for non-polar organic 
pollutants or drying agents. In these materials, 
heating is usually based on relaxation processes 
related to the site exchange of structural cations 
within the zeolite framework3,4. Furthermore, 
the use of an electronic matching network is 
common for RF heating thus ensuring an 
optimal energy transfer from the generator to the 
load corresponding to relatively high energy 
efficiencies of more than 90 % in the technical 
scale.  

 
Soil remediation 

The specific advantages of RF heating for larger 
volumes were the motivation of UFZ to develop 
this technology (applying 13.56 MHz) in order 
to support soil remediation processes by 
increasing the soil temperature. The removal of 
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organic pollutants from soil can be enhanced 
due to the beneficial impact of temperature on 
vapor pressure, water solubility, mobility of 
contaminants, their reactivity with constituents 
of the soil matrix and rate of microbiological 
detoxification processes. The research was 
focused on both basic and engineering aspects. 
Namely, the influence of water and steam 
formation on the extraction of pollutants from 
soil was characterized5,6, the compatibility of RF 
application with microbial degradation of soil 
contaminants was proved7,8. While for 
biological applications with low acceptable 
temperature variations parallel plate electrodes 
were employed for an off-site treatment of the 
contaminated soil, such geometry would be very 
costly for most in-situ applications in the field. 
Therefore, rod-like electrodes with an air gap 
were used for practical remediation projects9. 
They were introduced into boreholes and 
simultaneously used as extraction wells for the 
contaminated soil vapor. Thus, the 
inhomogeneity of heating could be partially 
compensated by exploiting the heat transport by 
the air flow within the soil when directed from 
hot to cold wells. This RF-based thermally 
enhanced soil vapor extraction was successfully 
applied in real scale using an automated 
container system with up to 30 kW RF power10. 
The arrangement with the electrode/extraction 
well system covered aboveground by boxes for 
electromagnetic shielding is shown in Fig. 1 at 
an industrial site operated by the commercial 
partner Ecologia Environmental Solutions Ltd. 
in London/UK.  
 
 

 
 
Figure 1. Arrangement for RF heating and thermal 
enhancement of soil vapor extraction at an industrial site 
in London (photo:  Ecologia Environmental Solutions Ltd., 
Kent, UK). 

 

The remediation of a former petrol station 
with a ground heavily contaminated with 
mineral oil hydrocarbons is a typical example 
showing the advantages of RF heating for the 
removal of the contamination “hot spot” with a 
volume of some hundreds of cubic meters. The 
remediation time until the decontamination 
goals were achieved could be significantly 
shortened by thermal enhancement (by about 
85 %). Using a similar electrode design, various 
combinations of heating and soil vapor 
extraction were applied11. For high hydrocarbon 
contents of the soil vapor, an oxidation catalyst 
may be placed directly into the perforated 
electrode/extraction well in the respective depth 
and ventilated by air for providing oxygen. The 
oxidation heat can then be used to further heat 
the soil in the vicinity of the electrode.  

When unsaturated and saturated (ground-
water) soil compartments are contaminated, a 
combination of low-frequency (50 or 60 Hz) and 
RF heating (13.56 MHz) can be used to reduce 
the temperature gradients between the two 
layers and to avoid re-condensation of the 
pollutants mobilized into the gas phase be 
heating12. The field tests showed that RF heating 
can compete with other thermal methods 
(thermal wells, power line frequency heating, 
steam injection) appropriate for contamination 
source removal.  

 
Building restoration 

Some principles of soil remediation can be 
transferred to tackle challenges in construction 
engineering and especially restoration. Due to 
acute damaging events such as flooding, as a 
result of constructional defects or simply due to 
their considerable age, building structures can be 
imbued or contaminated by fuel oil or other 
hydrocarbons. In this context, RF heating is also 
a suitable tool to initiate or accelerate restoration 
processes13,14. Whereas for drying, temperatures 
up to 100°C are sufficient, the boiling points of 
most relevant hydrocarbons are markedly 
higher. Although heating to such high 
temperatures is feasible by RF, economic 
reasons and risks for the structural integrity 
usually prevent realizing such temperatures. 
However, due to effects of steam distillation 
(stripping) as shown for soil remediation6, the 
content of semi-volatile hydrocarbons can be 
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significantly reduced already at 100°C when the 
initial water content is high enough13,15.  

RF heating could be demonstrated for a 
variety of materials such as sandstone, clay 
brick, concrete and aerated concrete, gypsum 
(very temperature-sensible), lime sandstone and 
timber. By controlling the heating rate, the 
internal mechanical stress can be reduced and 
the formation of frictions avoided. Whereas the 
application of parallel plate or grid electrodes as 
favorable design in terms of temperature 
homogeneity can be easily realized for walls 
accessible from both sides, adequate RF heating 
is more demanding for building structures 
accessible from only one side (basement ground 
and walls). For this purpose, another 
engineering option representing a series 
connection of two capacitors (capacitive 
coupling) was developed and successfully 
tested. Here, the “hot electrode” connected with 
the RF voltage output and the grounded 
“shielding electrode” surrounding the “hot” 
electrode are placed on the accessible side of the 
wall as schematically shown in Fig. 2. On the 
other side, a “coupling electrode” with a size in 
the range of the “shielding electrode” is 
positioned. This “coupling electrode” may be 
either a massive metal electrode similar to the 
“shielding electrode” or it can also be composed 
of a natural structure exhibiting a sufficient RF 
conductivity (e.g. a moist soil, see also Fig. 2). 
 

 
 
Figure 2. Schematic representation of the working 
principle of RF heating using capacitive coupling with a 
massive coupling electrode (left) and a natural soil 
compartment (right) acting as coupling electrode. 

 
Usually, the overlapping area of the “hot” 

and the “coupling” electrodes is small in 
comparison to that of the “shielding” and 
“coupling” electrodes (25 % or less). Depending 

on the ratio of these two areas, the heating is 
focused on the volume between “hot” and 
“coupling” electrodes. This layout is especially 
favorable for historical buildings where non-
invasive treatment methods are mandatory and 
for successive heating of larger masonry parts 
by shifting the “hot” electrode. This electrode 
design with capacitive coupling was 
demonstrated in a cellar of an inhabited house 
and, as a main result, the mean moisture content 
of the walls could be reduced from above 10 to 
about 1 wt.-%, which is below the equilibrium 
value corresponding to the usual humidity of the 
ambient air.  

The applied RF arrangement and the infrared 
image of the masonry surface after heating to 
about 100°C are represented in Fig. 3.  
Besides drying and decontamination, thermal 
pest control avoiding the use of hazardous 
chemicals is a promising application option of 
RF heating. Taking into account the stricter 
requirements for the indoor air quality, the use 
of wood preservatives is seen more and more 
critical, and thermal alternatives have a good 
chance to be established on the market.  

 

 
 
Figure 3. RF heating system using the design with 
capacitive coupling for masonry drying and infrared 
image obtained after removal of the electrode from the 
wall at the end of the heating process. 
 

The idea of employing MW or RF is rather 
old16; however, a technical breakthrough is still 
missing. Detailed experiments on the mortality 
of various pests (e.g. common furniture beetle 
and house longhorn beetle) have shown that a 
temperature of 55°C is sufficient for elimination 
of the pest larvae. The low temperature in-
homogeneities achievable by RF heating (in 
comparison to infrared or MW heating) enable 
pest control with acceptable maximum 
temperatures. This opens in situ as well as ex 
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situ application areas not only for construction 
wood but also for objects of art such as picture 
frames or sculptures. For the applied field 
strengths (up to some kV/m), no indications 
were found for non-thermal effects of RF 
treatment15,17. Although some experiments and 
simulations showed certain potential of slightly 
overheating the pest or the matrix in their 
vicinity under specific conditions (e.g. the 
orientation of cylindrical larvae with respect to 
the local electrical field), the chances for 
practical exploitation of this selectivity seem to 
be quite limited.  

In principle, the shift to higher frequencies 
and larger heating rates should be advantageous 
for selective overheating. The relationship of the 
dielectric parameters of pest organisms and 
typical matrix materials are however optimal in 
the RF range, and therefore the selectivity 
phenomenon is less probable in the GHz range. 
Nevertheless, even when only relying on 
thermal effects of RF heating, this method has 
large potential for minimal-invasive elimination 
of pests from timber in many contexts including 
historical artwork.  

The potential of an exact temperature 
adjustment by controlled RF heating can also be 
exploited for optimizing the performance of 
building materials during their production. One 
example is the controlled heat treatment of fresh 
concrete in order to enhance the early age 
strength values and to support the hydration 
process in a well-designed manner. This allows 
a fast re-use of the formwork in the production 
of precast concrete elements. In contrast to 
conventional heating (heat tunnels) where 
thermal conduction is the main mechanism for 
internal temperature increase, RF heating 
provides the option to realize pre-defined 
temperature curves by compensating the 
hydration heat formation by adequately reducing 
the RF input power18.  

Another example is the preheating of 
recycled asphalt before introducing it into the 
production process for the new asphalt material. 
This allows avoiding thermal damage of the 
sensitive bitumen phase when in the 
conventional production process the cold 
recycled asphalt is mixed with an overheated 
fraction of stone and bitumen. Consequently, the 
recycling content for asphalt can be enhanced by 
pre-heating.  

Zeolite regeneration 

The treatment of gas streams for removing 
undesired components has great importance in 
chemical technology. A prominent example is 
the removal of volatile organic compounds in 
gas cleaning where hydrophobic zeolites or 
activated carbon are presently used. While 
adsorption on activated carbon and thermal or 
thermo-catalytic combustion work efficiently for 
low and high hydrocarbon concentrations, a 
technological gap exists for medium or 
fluctuating contents of hazardous substances. 
Here, processes consisting of adsorption and 
thermal regeneration steps represent adequate 
solutions.  

For efficient regeneration of the packed bed 
reactors, RF heating is a suitable tool applicable 
for a wide range of adsorbing materials 
including a variety of zeolites. The temperature 
increase during RF regeneration independent of 
the gas flow as heat carrier can be used to 
initiate desorption of the collected substances 
without undesired dilution in the effluent. The 
dielectric properties of zeolites cover a wide 
range thus representing very different loads for 
dielectric heating. Due to the fact that aluminum 
atoms in the zeolite framework have to be 
charge-compensated by structural cations, the 
Si/Al ratio of zeolites is most relevant for both 
polarity and dielectric heating.  

The adsorption behavior of zeolites 
corresponds to the polarity leading to a 
preference of hydrophobic zeolites with high 
Si/Al ratio for the removal of non-polar 
hydrocarbons from the gas phase. In contrast, 
hydrophilic zeolites are very favorable for 
drying various gas streams. Therefore, fine 
drying of natural gas, biogas or hydrogen by 
zeolites and thermal regeneration by RF heating 
are promising options in the energy sector, 
especially when renewable energy sources are 
considered. In contrast to MW heating, RF 
heating is also applicable for high Si/Al 
molecular sieves such as dealuminated Y 
zeolites19.  

The relaxation processes leading to the 
absorption of RF energy are rather complex and 
mainly correspond to the mobility of structural 
cations in the zeolite framework. The dielectric 
loss factor is strongly influenced by the presence 
of water since the positions of the cations and 
their relaxation behavior are modified with 
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varying moisture content. The result for some 
zeolites (namely of Y type) is a maximum RF 
energy absorption for mean water contents4. 
This is the origin of a very fascinating 
phenomenon of RF heating using these zeolites. 

When water is injected to a granular packed 
bed purged by a gas flow, a steep temperature 
increase by 150 to 200 K, depending on the 
electrical field and the purge flow, is 
established. The enhanced temperature leads to 
desorption of water into the gas phase, migration 
of water vapor within the packed bed to a zone 
with lower temperature and re-adsorption. Then, 
the cycle starts again which results in the 
formation of a coupled temperature-water pulse, 
a so-called thermo-chromatographic pulse 
(TCP), continuously moving through the zeolite 
bed20. An example for zeolite Y is shown in 
Fig. 4.  

 
Figure 4. Thermo-chromatographic pulse as an example 
of selective RF heating in a zeolite Y packed bed with the 
direction of the purge gas flow marked by a white arrow. 

 
The TCP phenomenon can be described by a 

model including the cation relaxation leading to 
the dielectric loss in the RF range, the 
interference with water, and the migration of 
water molecules within the zeolite framework21. 
Since the energy absorption in such systems is 
largest for medium water content, the TCP can 
be used to efficiently regenerate a partially 
loaded bed of a drying agent, because the TCP 
automatically starts at the loading boundary. For 
this purpose, an operation in the counter flow 
mode is most appropriate.  

For off-gas cleaning, two special features of 
selective RF heating can be utilized to create 
more efficient regeneration processes after 
adsorption on a preferentially hydrophobic 
adsorber phase. First, a hydrophobic component 

can be mixed with a catalyst phase (e.g. a metal 
cluster) supported on a more hydrophilic 
component with higher RF absorbance. When 
starting regeneration by RF, the temperature of 
the catalyst rapidly increases to its operation 
temperature whereas the adsorber phase is 
heated with a lower rate. Thus, the contaminants 
are slowly released from the adsorber 
component, transferred to the catalyst and in- 
situ oxidized. Secondly, the thermal regenera-
tion incorporating desorption as well as thermal 
activation of the catalyst and catalytic oxidation 
can be initiated by a TCP, i.e. by the injection of 
a small amount of water at the inlet of the 
packed-bed reactor22.  
 
Burning water 

While all the applications of RF heating 
described above are more or less based on the 
advantageous use of dielectric energy input for 
appropriate heating, the “burning water” 
phenomenon which was first described by 
Kanzius23 in 2008 was initially interpreted by 
direct interaction of water with RF radiation. 
The results are the formation of a H2/O2 gas 
mixture, and the emission of light depending on 
the salt ions in the electrolyte solution, e.g. 
yellow in the case of NaCl. In our own studies, 
the phenomenon was reproduced with a 
different experimental setup exhibiting a 
restriction in a glass tube. However, the two 
main features H2/O2 formation and light 
emission were also observed24 (Fig. 5).  

 

 
Figure 5. “Burning water” phenomenon as an RF-initiated 
plasma formed in the restriction of a glass tube reactor 
for different electrolyte solutions. 

A detailed analysis using various 
experimental arrangements and electrolyte 
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compositions, and supplemented by modelling 
calculations, resulted in a plausible model 
consisting of three main steps for the 
interpretation of “burning water”. At first, 
selective heating of the solution within the 
restriction, caused by the occurring high current 
densities, was observed. Subsequently, when 
local temperatures within the heated volume of 
the restriction reached the boiling point of the 
solution, water vapour bubbles were formed 
periodically with increasing frequency. Finally, 
after establishing a quasi-stationary vapour 
bubble positioned in the tube restriction, a 
continuous discharge accompanied by gas 
formation of molecular hydrogen and oxygen, 
and emission of light occurred. The phenomen-
on can be explained by a strong field 
enhancement at the boundary between thin 
water film at the wall of the restriction and the 
gas bubble leading to a plasma discharge. The 
stable gas molecules are formed from radicals in 
the discharge24,25.  

Interestingly, the oxyhydrogen gas is not 
ignited by plasma, and therefore this method can 
be considered as an “electrodeless” water 
scission. Despite the advantages of using salt 
water or seawater without prior treatment and of 
eliminating direct contact of the electrodes with 
the electrolyte, the chances of practical 
application as alternative to conventional 
electrolysis have to be stated as not very high. 
This is, at least for the present state of 
realization, mainly due to the low energy 
efficiency (electrical energy to chemical energy 
stored in hydrogen).  

The presence of both oxidizing and reducing 
active species, especially radicals, can be 
utilized for converting undesired components of 
the electrolyte, especially water pollutants25. 
Nevertheless, this special RF effect (MW would 
be absorbed by the water) is another example of 
the unique opportunities of electromagnetic 
waves in the MHz frequency range.  
 
Outlook 

After a couple of years of research on RF 
applications, many options for practical use in 
chemical engineering, environmental techno-
logy, construction engineering and in the energy 
sector could be identified and developed to 
larger scales. Besides the classical operational 
areas for drying materials, other promising 

specific options taking benefit from direct 
energy transfer into the treated media were 
found or “rediscovered”. The actual tendency of 
increasing use of regenerative energy sources, 
namely wind or sun energy, changed the role of 
electrical energy. Under the new conditions, a 
flexible electrical method that can be quickly 
switched on and off benefits from the cost 
development on the electricity market. Thus, RF 
heating in addition to MW heating can be 
expected to have an auspicious future in many 
application fields. 
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At the 3GMEA Conference in Cartagena, Spain, 
the Editor asked me to contribute an article to 
Ampere Newsletter.  I decided to use this 
opportunity to provide a brief overview of our 
research and technology-transfer program 
related to microwave and radio frequency (RF) 
heating in food and agricultural post-harvest 
operations.  

We initiated microwave and RF based food 
technology developments in 1995, right after I 
joined Washington State University (WSU) as 
an Assistant Professor.  Over the past 21 years, 
our research and development efforts were 
mainly focused on three general themes:  
1) Microwave assisted drying (at 2,450 MHz);  
2) Radio frequency (27.12 MHz) treatment of 

dry agricultural products (including nuts and 
dry fruits) for pest and pathogen control;  

3) Microwave-assisted (915 MHz) sterilization 
(processing temperature over 120°C) and 
pasteurization (processing temperature to 
95°C) of pre-packaged ready-to-eat shelf-
stable or chilled meals.  
All these activities were multi-disciplinary 

and involved engineering design (supported by 
computer simulation), pilot-scale testing, 
scaling-up, and food safety and quality 
evaluation. The following provides a brief 
description on our activities for each of the three 
themes. 

Microwave-assisted drying  

Drying is one of the most energy intensive 
operations in the food and agriculture industries. 
Ideally, microwave internal heating of food 
particles combined with surface air drying 
should significantly reduce drying time and 
improve energy efficiency. But poor control of 
product temperature and heating uniformity are 
the two major technical issues that hinder the 
industrial application of microwave assisted 
drying processes. We studied using combination 
of a spouted bed with microwave heating to 

address these issues with a bench-scale unit1. 
Continued studies were successfully conducted 
on a pilot scale unit (10:1 from our bench top 
unit) by my former visiting professor in China 
in partnership with a food company (Haitong 
Food Group, Cixi, China)2.  However, funding 
for drying research has been very limited, not 
only in United States but in other parts of the 
world, and the poor economics of using 
complicated technologies in a relatively low-
value product industry hindered our efforts in 
promoting industrial applications.   
 
RF-technology development for pest and 
pathogen control 

This research program was originally supported 
by a $1.2M USDA grant under the Clinton 
Administration’s Initiative for Future 
Agriculture and Food Systems Program. We 
then received an additional $0.6M from 
different funding sources, including a United 
States and Israel joint program, BARD. The 
initial goal was to explore applications of RF 
energy to replace dangerous chemical 
fumigation used in industrial post-harvest insect 
control for agricultural produce.  

Our early research activities were focused in 
studying thermal inactivation kinetics for 
targeted insects at different life stages, selecting 
processing parameters, and conducting pilot-
scale testing to validate developed process 
protocols, and using computer models to 
understand factors influencing RF heating 
uniformity (Fig. 1). We successfully scaled up 
and validated (with live insects inserted into 
fruits) the treatment using a 35 kW RF system 
in a processing plant3, 4 (of the Diamond Walnut 
Company, California, USA). With new funding 
from the USDA of over $1.3M starting in 2013, 
we are expanding RF applications for the 
control of pathogens in food ingredients and dry 
bulk materials to support food companies in 
compliance with the Food Safety Modernization 
Act (FSMA), signed by President Obama in 
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2011. FSMA requires all food companies to 
develop validated pathogen control intervention 
methods by the year 2019.  

My former students, research associates, and 
visiting professors have brought the expertise to 
China and started four active research RF 
groups at various universities including the 
Northwest University of Agriculture and 
Forestry, China Agriculture University, 
Shanghai Jiao Tong University, and Shanghai 
Ocean Universities. 

 

 
 

 
 
Figure 1. Research associates and students conducting 
pilot scale testing at Washington State University (up) 
and industrial process validation in California. 
 
Microwave-assisted processes for packaged 
meals 

This is the most successful program in my 
laboratory, with the earliest supporter of our 
research being the US Army Natick Soldier 
Center of the US Department of Defense (DoD) 
in its search for new processing methods to 
produce high quality shelf-stable ready-to-eat 
meals for soldiers fighting in hostile 
environments.  Traditional canning processes 
take a long time to complete the inactivation of 
pathogenic and spoilage spores in pre-packaged 
foods which severely damages food quality.  

Starting in 2001, the US Department of 
Defense’s Duel Use Scientific and Technology 
(DUST) Program provided us a significant 
amount of funding to speed up our research and 
technology development activities.  To fulfill 
the requirements of a 50% high quality cost 
share from the food industry, we formed an 
industrial consortium consisting of seven major 
United States food and packaging companies. 
These companies not only provided partial 
funding, but actively participated in discussions 
and planning for activities in different phases of 
the technology development. 

In the United States, introduction of a new 
technology for industrial production of low-acid 
(pH>4.6) shelf-stable foods requires rigorous 
examination and acceptance from the US Food 
and Drug Administration (FDA) and the US 
Department of Agriculture Food Safety 
Inspection Services (USDA FSIS).  With 
consistent support from DoD, DoE, USDA, and 
Food Companies, totaling more than $15 M 
over the past 20 years, we were able to bring the 
technology from concept development, through 
scaling-up, to regulatory acceptance, and finally 
industrial implementation.  

Our research activities include developing 
computer simulation models to design effective 
915 MHz single-mode cavities, developing new 
chemical markers method to determine heating 
patterns for validation of computer models and 
the determination of cold locations in packaged 
foods, creating methods for in-package 
temperature measurement in moving food 
packages, and developing microbial validation 
methods for regulatory acceptance of filed 
production processes.  

To support industrial implementation, we 
used computer simulation to study stability of 
heating patterns as influenced by possible 
changes in peak frequencies of generators, and 
evaluated accuracy of model temperature 
sensors in high power microwave systems. 
During the years, 18 PhD and 2 MS students, 17 
postdoctoral fellows and visiting professors, and 
5 full time engineers in my laboratory (Fig. 2) 
were heavily involved in various stages of the 
research program.  Over 100 research scientists 
and experts from other departments (food 
science, mechanical engineering, and electrical 
engineering) of our university and from 
collaborating universities (University of 
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Tennessee and North Carolina State University), 
as well as from food companies and industrial 
associations (US National Food Productions 
Association, Seafood Product Association, and 
International Microwave Institute) also 
participated in part of the research activities. 

 Both technologies of microwave-assisted 
thermal sterilization (MATS) and pasteurization 
(MAP) are licensed to a start-up company 
named 915 Labs ( www.915labs.com ) for global 
commercialization (Fig. 3).  

 

 
 

 
 

Figure 2. Students participating in the assembly of 
the 915 MHz pilot-scale microwave assisted thermal 
sterilization (MATS) system at Washington State 
University Food Processing Pilot Plant (up), and the 
machining of parts for the system.  

Major engineering challenges and technical 
details of the technology development (as 
reflected in Figs. 4-6) have been reported5. 
Industry related MW and RF heating research, 
in particular for foods which require unique 
sanitary conditions, demands adequate 
infrastructure and substantial funding. We are 
fortunate to have received consistent supports 
from our university, federal funding agencies 
and the industry.  

 

 
      

 
 
Figure 3. The 3rd generation 915 MHz pilot scale MATS 
system (up). Two processes based on this system were 
filed and received FDA acceptance and clearance from 
USDA FSIS for shelf-stable meals. Above shows FDA 
document for a filed process. 
 
 

 
 
Figure 4. A ready-to-eat meal produced by our pilot scale 
system. 
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Figure 5. Five-day boot camps for food and packaging 
companies gaining hands-on experience in using our new 
technologies. Participants shown above were developing 
meals processed by our pilot scale systems (2015). 
 

 
 
Figure 6. US-Army soldiers participating in a sensory test 
on chilled meals processed with our MAPS system. 
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1. Introduction 

In my 20 years of using microwaves, I have 
been a chemist and researcher, and became a 
microwave chemist. My first microwave 
equipment was a domestic kitchen oven… Since 
then, I have been an end-user, an equipment 
designer and manufacturer, a teacher, and a 
business woman selling microwave equipment 
and technology to different industries around the 
world. I always get excited (and sometimes 
frustrated) when talking about microwaves, and 
especially in the context of chemistry and 
plasma applications. In this article, I would like 
to share with you my experience and vision, 
mostly as a guide for chemists entering the field. 

I always believed that for the microwaves to 
succeed in industry, the industrial microwave 
manufacturer ought to design and provide the 
researcher with good, reliable equipment, and 
equally, with all information and training to 
ensure correct usage of the equipment and the 
safety of the users. 

Since the introduction of microwaves as a 
tool for heating, a variety of successful 
industrial applications have emerged. Food 
processing, rubber heating and wood treatment 
are just a few examples. Why isn’t the chemical 
industry included yet in this success? At least 
three different reasons come to mind, namely (a) 
publications, (b) the equipment manufacturers, 
and (c) chemistry researchers and their general 
understanding of the microwave hardware. 
These factors are further elaborated below: 

1.1.  Published work 
Thirty years or so after Gedye’s first use of 
kitchen microwave-oven for enhancing chemical 
reactions, some progress has been made. 
However, yet 90% of the published papers still 
report work done in a kitchen oven, more or less 
‘dedicated to chemists’, which cannot be 
considered valid for scale-up. 

Microwave-related research is mainly 
published in scientific journals reviewed by non-
microwave reviewers. Similarly, books on 
microwave synthesis are mostly authored by 
chemists. Consequently, most publications in the 
field do not seem to focus on the microwave 
hardware as a discipline by itself. 

1.2.  Microwave equipment manufacturers  
Most dedicated microwave reactors for chemists 
are made by equipment manufacturers using 
‘cooking with microwaves’ techniques. These 
are more expensive, with fancy touch screens 
and user-friendly interfaces allowing for 
different degrees of sophistication with respect 
to process control, database capabilities, safety 
features, and different vessel designs. However, 
with no information on the most important 
microwave parameters – namely the forward 
and reflected power, and hence the absorbed 
power vs. time – these microwaves are just 
heating devices for fast reactions and high 
activation energy. Most of the dedicated 
microwave laboratory equipment are built using 
relatively high-power magnetrons. These are 
applied by researchers for processing small 
samples, and sometimes this combination leads 
to too high microwave-power densities, which 
are not scalable in industrial reactors. As there is 
no possibility to closely monitor and control the 
reaction as it proceeds, it is very often proposed 
to work in a pressurized reactor since the 
solvents and/or reagents can be heated at 
temperatures higher than their boiling point. 

Generally speaking, dedicated microwave 
laboratory equipment manufacturers are not the 
same as industrial equipment manufacturers. 
This also impedes the scaling-up feasibility. In 
addition, due to size and price considerations, 
the 2.45-GHz frequency is mainly preferred for 
dedicated laboratory equipment whereas 
industrial equipment is more likely designed to 
use 915 MHz. 
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1.3.  Chemistry researchers 
Due to high prices of dedicated microwave 
reactors, chemists still prefer using kitchen 
ovens to perform reactions. Too often, the 
chemist is not interested in what is inside this 
‘black box’, and the most monitored parameter 
is the temperature, or perhaps the pressure, 
without associating them with the absorbed 
microwave power and power density available 
from the electromagnetic (EM) field. 

Reaction scale-up encompasses several 
aspects of chemistry, chemical engineering and 
fluid mechanics. Issues arising from kinetics, 
thermodynamics and hydro-dynamics, affect the 
selection of the best type of reactor, its internal 
design, and its operating regime. Now we need 
to add EM waves, temperature-dependent 
dielectric properties, power density, arcing, etc. 
Developing safe, robust, and scalable processes, 
calls for a close interdisciplinary collaboration 
between researchers, equipment manufacturers, 
and end-users. However, ground reality and 
publications reveal that, barring a few 
exceptions, both researchers and industrial-
equipment manufacturers fail to put this 
principle into practice. 

So, what do the non-microwave chemists 
need to know in order to enable reliable and 
scalable experimentation? Apart from knowing 
the way microwaves interact with matter, as 
often discussed and published, the chemists 
must also be familiar with the basics of the 
microwave hardware. 

 
2. Microwave hardware 

A typical microwave setup (based on either 
kitchen oven, laboratory equipment or industrial 
units) consists of four main components1: the 
microwave generator, the matching or tuning 
element, transmission lines, and the applicator 
within which the product to be heated is placed. 
These three main components can be installed 
together in one metal enclosure (similar to a 
kitchen oven) or lined-up in a given order as 
illustrated in Fig. 1. 
 
2.1. Magnetron-based microwave generators 
A typical magnetron-based microwave generator 
consists of a high-voltage (HV) power supply 
(L/C transformer or switched-mode converter) 

and a magnetron. The latter is a microwave 
auto-oscillator in a vacuum tube consisting of an 
external cylindrical corrugated anode usually 
made out of copper, and a heated axial cathode, 
made out of tungsten impregnated with emissive 
material. Heating the cathode to ~ 1,750 0C 
results in the emission of electrons, which 
generate the electric field; a permanent magnet 
for power up to 6 kW, or an electromagnet for 
higher power ratings, applies a crossed magnetic 
field. Within the magnetron, the conversion of 
the electrons’ kinetic energy into useful 
microwave energy also generates heat due to the 
impact of the electrons with the anode. The 
dissipation of this heat is done by air cooling in 
the case of kitchen and low-power industrial 
magnetrons (up to 2 kW); industrial magnetrons 
above 2 kW are cooled by water and air.  
 
 
 
 
 
 
Figure 1. A general setup of microwave equipment. The 
generator may consist of a magnetron with a HV power-
supply, or a solid-state (transistor) generator. The 
transmission line could be a coaxial cable or a waveguide 
(for low and high power, respectively). The reactor is a 
single or multi-mode cavity, or a continuous-flow tunnel. 
 

The frequency of the magnetron, its 
maximum power and mains electrical efficiency 
(conversion of electrical into microwave power) 
are mainly governed by the magnetron 
geometry, distance between the anode and the 
cathode, and the anode geometry and size. The 
electrical efficiency of 2.45 GHz magnetrons 
exceeds 70 % while that of 915 MHz/896 MHz 
may reach ~ 90 %. 

Most industrial magnetrons use either 
transformer power-supplies or switched-mode 
converters, which are more advanced. The half-
period transformer circuit used in low-cost 
laboratory and kitchen ovens just turns the oven 
ON and OFF at full power hence the average 
power delivered to the load is determined by the 
duty cycle, as shown for instance in Fig. 2. In 
this example, the duty cycle is 40 % and the 
average power is Pavg = 0.4 x 800 = 320 W. 
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Figure 2. An example of duty-cycle control of the average 
output power of a magnetron (square pulses are shown 
for the sake of representation only; in reality the 
microwave pulses have a non-square shape) 

 
In most cases, the average power calculated 

(e.g. the 320-W above) is not entirely absorbed 
by the sample. The power absorption by the 
sample depends on many parameters, such as 
the sample size, the geometry of the vessel in 
which the sample is placed, its position inside 
the equipment, the efficiency of the multimode 
cavity, etc. The user does not have any direct 
indication from the equipment as regards to the 
power dissipated inside the sample. The 
calculation of the power dissipated in the cavity 
and absorbed by the sample is mainly given by 
the difference between the incident and reflected 
power, i.e. the power demanded by the user and 
delivered by the magnetron, the efficiency of the 
cavity and the reflected power. However, none 
of these parameters are indicated in such basic 
instruments. 

In addition, the relatively high power sent by 
the instrument at the very beginning (see Fig. 2) 
makes it impossible to monitor the reaction, 
especially when working with small samples. If 
the sample happens to be located in a high 
absorption position inside the equipment, 
blasting 800 W even for a few seconds may 
mean the reaction is finished before having the 
time to measure anything; the reaction times 
could be less than the time required by the 
measuring instruments to reach the actual value 
of any parameter. 

The magnetron is a consumable and must be 
replaced once the emission of the electrons by 
the cathode ceases or weakens. Industrial 
magnetrons differ from kitchen magnetrons; 
industrial magnetrons are designed to operate in 
harsher conditions, e.g. much higher power 

levels, longer running time than kitchen 
magnetrons, and sometimes several microwave 
On/Off cycles during a day.  The magnetron’s 
lifetime is expressed in total number of 
microwave emitting hours. For example, if a 
microwave generator operates 24 h/day, i.e. 
~8500 h/year, and taking the average lifetime of 
~7000 h, it follows that the magnetron must be 
replaced approximately three times in two years; 
however, if the microwave generator operates 
~8 h/day, the magnetron replacement will be 
only once in two years.  This calculation should 
make it easier to understand why a kitchen 
magnetron ‘never dies’… An average operating 
time of 5 to 10 minutes a day for 365 days 
means 30 to 60 hours per year, which can result 
in many years of operation. For easier 
interpretation, the emission, losses and cooling 
of magnetrons can be simplified as the 
equivalent phenomena happening in an 
incandescent light bulb. 

To auto-oscillate, the magnetron needs 
minimum voltage and current; CW magnetrons 
are known to produce an acceptable spectrum 
quality above ~10 % of their nominal (rated) 
power (e.g. a typical 1.2 kW magnetron operates 
at its best beween ~0.12 to 1.2 kW). Low power 
levels lead to instability of the magnetron’s 
emission and operation.  

While in operation, the frequency of the 
magnetron shifts due to metal dilatation 
(cathode and anode); the frequency variation 
depends highly on the temperature, and also on 
the output microwave power (see Figs. 3 a, b). 
These variations may create problems especially 
when the magnetron is used to deliver power to 
high quality-factor cavities, for example when 
the frequency shifts beyond the resonant 
frequency of the cavity in which the microwave 
treatment takes place. To insure stable 
operation, the cooling of the magnetron is very 
important. Due to environmental air temperature 
changes, air cooled magnetrons installed in most 
commercial laboratory microwave equipment 
are more prone to unreliable operation than the 
water cooled ones. In the case of water cooling, 
the water for cooling the magnetron ought to be 
provided from a closed circuit chiller with 
controlled temperature and pressure.  
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(a) P = 280 W             (b) P = 1,200 W  (c) P = 200 W (solid state) 

Figure 3 (a, b) Spectral emission of a 2.45-GHz, 1200-W magnetron (YJ1540-3, water cooled) at various power levels; 
and (c) the spectral emission of a solid-state generator for comparison. The center frequency is 2,450 MHZ in all three 
spectrograms, and the horizontal and vertical scales are 10 MHz/Div and 10 dB/Div, respectively.  
 

In addition to the environment and the type 
of the power supply and power control, the 
frequency stability and the spectrum of a 
magnetron are highly dependent on the load (i.e. 
the sample to be heated and the cavity where the 
sample is placed). Badly designed cavities and 
small, poorly absorbing (low-loss) samples can 
create high levels of reflected power, which 
affects the operation characteristics. From a 
hardware point of view, most manufacturers of 
industrial microwave generators offer built-in 
circulators or isolators to protect the magnetron 
against reflected power. Units to measure the 
reflected power are also provided. However, 
most of the manufacturers of the commercially 
available laboratory equipment do not install 
isolators or reflected-power detectors in their 
systems. Due to all above considerations, the 
user must pay special attention when testing at 
low-power settings, with small samples and low 
absorbing samples.  

The microwave absorbance of most load 
materials varies with changes in temperature, 
phase and chemical composition. This results in 
a gradual or rapid shift in the power absorbed by 
the load and therefore, for a fixed forward 
power, an increase in reflected power, risk of 
arcing, changes in the magnetron’s frequency 
and temperature, which are common problems 
in obtaining reproducible results. 

 
2.2. Solid-state microwave generators  
Recently, the solid-state microwave generator 
has become available for chemists. I consider it 
a great tool for every single microwave 
laboratory. From a view point of laboratory 
testing, there are great features available with 
this generator. Unlike magnetron-based 

generators, which are using vacuum tubes, the 
solid-state microwave generators have the 
electrons inside semiconductor materials, i.e. 
transistor. Due to the fact that solid-state 
generators act like amplifiers, they are able to 
produce an excellent frequency spectrum over 
the full range of power from the very first watts. 
Other advantages include frequency and phase 
variability and controllability, low input-voltage 
requirements, compactness, reliability, and 
better compatibility with other electronic 
circuitry. In addition, several manufacturers of 
such generators have built in isolators and 
forward/reflected power measurements making 
the setup a lot easier for the chemist. The 
possibility to continuously control and adjust the 
frequency over the S-band (particularly in the 
range 2.4–2.5 GHz) is also used by equipment 
manufacturers as an automatic tuning feature to 
minimize the reflected power as the reaction 
proceeds. The user can run the equipment from 
a few watts, in increments of 1-2 W. 

In practice, the maximum power presently 
delivered by a single transistor is ~250 W at 
2.45 GHz, and ~600 W at 915 MHz, which 
ought to be more than enough power to carry 
out basic research. Manufacturers of such 
generators2 may also merge multiple power-
transitor blocks within a single generator to 
increase its microwave power output. However, 
there are other concerns, especially when 
transmitting high power via a coaxial cable 
which has certain losses (depending on the 
dimenions and filling of the cable, and the type 
of metal connectors used at both ends). Slightly 
inferior with respect to magnetrons, practical 
solid-state microwave generators yield <60 % 
electrical efficiencies; they can be air cooled for 
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low-power laboratory usage or air-and-water 
cooled for high power uses. 
 
2.3. Microwave applicators  
Metallic enclosures into which the samples to be 
heated and launched microwave signals are 
introduced, namely microwave cavities, can be 
classified in two main categories, single mode 
and multimode. Once launched into the cavity, 
the electromagnetic wave will undergo multiple 
reflections. The superposition of the incident 
and reflected waves gives rise to a standing-
wave pattern, which is well defined in space for 
single mode cavities and more complex for 
multimode structures. 

There are two parameters of importance in 
this regard for the chemist. One is the cavity 
quality factor, determined by the amount of 
microwave power dissipated or absorbed by the 
cavity itself when operated empty. The other is 
the resonance frequency.  

Single-mode resonant cavities are structures 
with well-defined distribution of the electric 
field; their size is determined by the radiation 
wavelength. Such cavities come in a number of 
shapes and geometries, although rectangular 
cavities based on sections of waveguides and 
cylindrical cavities based on metal tubes are the 
most common. The single-mode cavity may 
establish a higher electric-field strength than a 
multimode applicator, hence it is more useful for 
treatment of low-loss dielectrics and small 
samples. As the properties of the processed 
materials change, the coupling characteristics 
(measured by the reflected power) shall be 
continuously monitored and adjusted. Poor 
coupling not only results in a low heating 
efficiency but can also lead to damage of the 
equipment (e.g. by arcing).  

Chemists are encouraged to work in such 
structures for basic research, and small or poorly 
absorbing samples. The minimum microwave 
components required for such structure are 
shown in Fig. 1. It includes a microwave 
generator (preferably a solid-state or CW 
magnetron with switch-mode power supply) 
with clear indication of the incident and 
reflected microwave power (from the generator 
and load, respectively). Means for impedance 
matching (either manual or auto-tuned) are also 
essential. These could be capacitive or inductive 
impedance elements in the form of obstacles 

inserted into the waveguide (tuning screws, 
apertures, iris, and posts).  

There is huge flexibility of operation using 
the setup presented in Fig. 1. Batch or 
continuous flow reactors can be operated with 
little modification of the setup for a huge range 
of chemical reactions, in liquid, solid or gas 
phase. Depending on the process to be carried 
out, the user may need to procure a thermometer 
(optical fiber, IR or even a thermocouple for 
measuring the temperature at the outlet of the 
continuous flow reaction), a magnetic or 
mechanical stirrer, and a computer (for 
feedback, data logging and control).  

Regarding stirrers, it has to be noted that at 
least the shaft of the mechanical stirrer must be 
made out of a material transparent to 
microwaves (such as Pyrex, PTFE, ceramic 
etc.); most PTFE stirrer shafts available in 
specialized laboratory catalogues are made out 
of metal coated with PTFE. These shafts will act 
as microwave antennas and conduct microwaves 
(leakage) outside the reactor. For magnetic 
stirring bars, their size must be chosen as such 
as they are always well immersed in the reaction 
mixture. The speed of stirring must be also 
optimized (strong vortexes may increase the 
reflected power). 
 
2.4. Batch vs. conveyor applicators 
Multimode cavities are made in at least two 
basic forms, namely oven type and conveyor 
belt, which are, by far, the most commonly used 
forms of microwave applicators. The microwave 
energy, carried by a waveguide or a 
transmission line into the cavity (see Fig. 1), is 
deposited into the lossy load placed within. The 
efficiency of such cavities is much lower than 
single-mode cavities, 30 – 80 %, and it depends 
on their design, geometry, and materials of 
construction. To minimize the non-uniformity of 
the energy distribution inside the cavity, a stirrer 
(‘wave mixer’) may be added. The most used 
mode stirrers are the turntable, carousel for 
circling samples, and fan with metallic blades. 
As mentioned above, equipment based on this 
design are available for use in the laboratory.  

Despite the sophistication (e.g. monitored 
and regulated pressure and temperature), it is 
usually limited by the crude means of power 
control, i.e. switching the microwave power 
supply On and Off in a time frame of several 



AMPERE Newsletter                             Issue 90                                           Oct. 10, 2016 

- 39 - 
 

seconds, and basically, no feedback on the 
microwave parameters. Up to present, all 
laboratory multimode microwave cavities, 
resonant or non-resonant, are fed by magnetrons 
and they are suitable for use with much larger 
volume samples than single mode cavities. 
 
2.5. Safety measures 
When using dedicated microwave laboratory 
equipment, either consumer or any other type, 
the operator must have handy a microwave leak 
detector, and must make sure that the level of 
leakage is below the one admissible by 
legislation (e.g. 5 mW/cm2 at 5 cm from the 
source). Measurements must be done every time 
when the equipment is operated, as microwave 
leakages may appear if changing reaction 
conditions, type of reactor, equipment age, etc. 
 
3. Basic approximations 

When performing microwave-heating, the 
parameters to be taken in consideration are 
related to the sample as well as the equipment.  
The sample’s parameters are related to its 
dimensions, dielectric properties and their 
temperature dependence, boiling point, 
viscosity, penetration depth, temperature 
distribution inside the sample, etc.. The 
equipment parameters are the power rating of 
the microwave components, the reactor selection 
suitable for the intended process, pulse or CW 
microwave generator, forward and reflected 
power, single or multimode applicator, 
temperature control, etc. 

To enable proper operation of the equipment 
and reliability of the results, in addition to above 
considerations, simple ‘finger rule’ calculations 
and reflexions could be done before trying out 
new ‘crazy ideas’ using microwave equipment. 
For instance, the power Pa needed to heat up a 
sample (without phase transition) can be 
approximated by: 

a pP mC T t= ∆ ∆                          (1) 

where m  is the sample’s mass, Cp is the specific 
heat capacity, ∆T  is the temperature increase, 
and ∆t is the exposure period. For example, 
heating up 250 mL of ethanol ( 0.789  g mlρ = , 

2.46  J g CpC =  ) from 15 to 61 0C in 2 minute,  
requires at least 186 W of microwave power. 

Let us suppose the microwave equipment 
available for this test is rated at 800-W fixed 
power, the time to heat the sample would be 
shortened accordingly to 28 seconds. These 
basics calculations give a very fair idea of the 
minimal microwave heating parameters when 
starting a test; losses to the environment by heat 
transfer from the sample and the efficiency of 
the microwave applicator must be also taken 
into consideration. 

It is easy to see from the above calculations 
that there is a certain flexibility in playing with 
these parameters to ensure reliable results. For 
example, if the rated power of the available 
equipment is high, choosing a higher volume of 
the sample to allow longer test time will lead to 
more accurate microwave power emission from 
the microwave generator. 

Similarly, simple calorimetric measurements 
may help the operator to estimate the power 
absborbed by the sample. For example, placing a 
given amount of water in the same applicator in 
which the reaction will be done, and meauring 
the temperature increase (either in-site by 
optical fibers or ex-situ by a themorcouple, etc.), 
may provide an estimate, using Eq. (1), for the 
available microwave power.   

An anlysis of published studies reveals a 
much higher power than rated by the 
manufacturer, which unfortunatelly is still the 
case of some commercial laboratory equipment3. 
 
4. Why not a domestic microwave oven? 

Looking at published work, it seems that the 
microwave kitchen oven is the most used 
heating tool by chemists (I have not seen kettles 
or electric kitchen ovens used in chemistry 
laboratories). So why microwave consumer 
ovens? They are cheap and readily available in 
any supermarket, one can make holes in the 
metal walls, etc., but it also has significant 
drawbacks as follows: 
(a) Running chemical reactions in consumer 
ovens is dangerous for the operator and for the 
equipment. The use of flammable or toxic 
solvents, which can easily reach boiling and leak 
inside the oven, metal catalysts, which can 
rapidly reach very high temperatures especially 
when working with small quantities are a few 
examples leading to fire inside the microwave 
cavity, explosions, burns, etc. 
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(b) Microwave heating pattern change with the 
oven model/manufacturer, and even with the 
position of the sample4 (see Table 1). 
(c) The oven is not suitable and becomes 
dangerous especially when heating small 
samples: due to the high power sent inside the 
cavity at oven ON (as shown in Fig. 2) small 
samples can overheat very rapidly, explode, 
melt the reactors they are placed in, especially 
those made out of PTFE, polyethylene, 
polypropylene (even if these are classified as 
‘microwave transparent materials). 
(d) The microwave power delivered inside the 
oven is an average power and changes from one 
model to another. 
(e) The magnetron can stop and restart without 
much warning to the user, the light is on, the 
turntable turns. A thermal snap switch mounted 
on magnetron’s body turns off the magnetron if 
the temperature reaches 40 0C. Depending on 
the oven model the magnetron may auto restart 
once the temperature is lower than 40 0C. 
(f) The standard construction features insure the 
magnetron with certain protection, e.g. most of 
the reflected power is dissipated within, if the 
oven is operated empty or with a small/non-
absorbing load. The removal of the rotating 
plate, and holes making through the walls, result 
in microwave leakage, disturbances in the 
operation of the oven, which also change the 
heating pattern leading to random heating results 
and ultimately, to the destruction of the 
magnetron. 
 

Table 1. Temperature increase variations for a 50-g 
Canola Oil sample in different microwave ovens 

 
Oven 
Brand 

Position on 
Turntable 

Temperature (οC) 
Initial Final ∆ T (οC) 

General 
Electric 

Center 23 163 140 
Edge 23 71 48 

Sharp Center 24 76 52 
Edge 24 94 70 

Kitchenaid 
Center 26 129 103 
Edge 26 111 85 

 
5. Conclusions 

The number of laboratories around the world 
investigating the potential of using microwave 
heating to stimulate chemical reactions is 
increasing. Following up the research, seeing 
more and more contributions dedicated to 
chemistry at scientific manifestations like IMPI 

and AMPERE, but also as a chemist, I believe 
there is a microwave effect with high potential 
for the industry. I believe the microwave effect 
means all positive contributions to reaction rate 
enhancement, better process control, higher 
yield reaction products, and not at last, the 
excitement of a new technology, which can 
change the way the chemistry is done.  

The industrial plant is not a laboratory – 
once production starts, it is difficult to stop and 
change one or two parameters to make it work. 
To assure that strategic goals are achieved, 
knowledgeable and experienced chemists, 
chemical engineers and microwave equipment 
designers must work closely with the end-users 
at the outset of the project, in order to clearly 
identify the project parameters. The greatest 
opportunity to impact project costs is at the 
beginning, during master planning and 
conceptual development. As the project 
progresses, this ability diminishes. The 
consequences of the decisions made in early 
phases of the project will dictate the viability of 
the project from a financial perspective, and also 
have long term effects on operations and cost of 
ownership.  

The main drawbacks of the microwave-
assisted chemistry are very often published to be 
related to the equipment cost and the low 
penetration depth of the microwaves (mainly at 
2.45 GHz) in the reaction mixture. As for my 
part, I do not believe these are the real problems, 
and there are ways to overcome them, such as:  
(a) Good mechanical stirrers, reactors in series 
or in parallel; continuous flow reactors; 
tailoring the microwave chemistry (choice of 
solvents, catalysts, energy input, etc.). 

(b) Choice of a lower microwave frequency 
(higher penetration depth); higher power 
density (smaller reactors and potentially lower 
or no pressure); multiple microwave inlets; 
synergy with other heating methods; reactors 
made out of metal (rather than microwave 
transparent materials).  

(c) Higher cost of investment (CAPEX) should 
not be looked at as simply as that. The 
economics are far more complex; in general, 
the end user will accept a higher CAPEX if the 
new technology can assure an overall 
improvement of at least 20% over conventional 
technology. In addition, many microwave 
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assisted syntheses (especially organic 
syntheses), if carefully optimized, offer 
advantages like reduction in catalyst quantity, 
and reduction or elimination of solvents (which 
render such processes more environment-
friendly and can justify higher CAPEX); 

(d) For quicker success, the researcher must 
work closely with potential end users: they 
should address together ways to solve existent 
problems (e.g. treatment and disposal of 
chemical waste) or to develop new products, 
perhaps more in the area of specialty chemicals 
with high added value; 

(e) Lastly, the integration of the microwave 
chemistry as a field of study in academic 
curricula may find now enough justification not 
only because it is a part of industrial reality but 
also because of its research and educational 
potential. 

The introduction of 915 MHz and 2.45 GHz 
solid-state microwave generators, and all 
advantages they bring, ought to make an 
important impact in the way microwave-assisted 
chemical research is done. The possibility to 
control precisely the energy going into a 
reaction should help provide answers to still 
existing question marks and to promote the 
progress of microwave-assisted chemistry as a 
new or substituting technology for the chemical 
industry5.  
 
For further reading: 
1. R. Meredith, Engineers’ Handbook of Industrial 

Microwave Heating, IEE, London, 1998.  
2. AMPERE Newsletter, Issue 89, July 2016, on-line at 

http://ampereeurope.org/index-3.html 
3. Sturm, G.S.J., Microwave field applicator design in 

small scale chemical processing, TU Delft, Faculty of 
Mechanical, Maritime and Materials Engineering, 
Nov. 2013. http://repository.tudelft.nl/,  
doi:10.4233/uuid:0407019d-248c-4061-b349-f9ea81085da1 

4. R.F. Schiffmann, Problems heating small samples in 
domestic microwave ovens, 3rd Global Congress on 
Microwave Energy Applications (3GCMEA), 
Cartagena, Spain, July 25-29, 2016 

5. Links to relevant websites: 
www.radartutorial.eu/08.transmitters/Magnetron.en.html 
www.ampereeurope.org 
www.impi.org 
www.ampleon.com 
www.cober.com 
www.muegge.de 
www.muegge-gerling.com 
www.pueschner.com 
www.sairem.com 
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Ricky's Afterthought: 

   Cartagena, a City Steeped in History 
A. C. (Ricky) Metaxas 

AC Metaxas and Associates, Cambridge, UK,  
E-mail: acm33@cam.ac.uk 

  

We were all aware that holding the 3GCMEA at 
Cartagena was a special venue, but I never 
envisaged it held a unique place in Spanish 
history. 

Cartagena is an ancient city on the shores of 
the Mediterranean and its old name, Carthage 
Nova, derives from the old city of Carthage in 
Tunis where Scipio the African, a Roman 
general, fought and defeated in 202 BC the 
Carthaginian Hannibal at the battle of Zama 
some 130 km from Tunis despite the superior 
forces of the latter.  

An impressive theatre built during the 1st 
century BC is a mere hundred metres way from 
the modern Plaza del Ayuntamiento (the Town 
Hall Square) and approached via an attractive 
refurbished (Fig. 1) Stucco style house turned 
into a museum where priceless artifacts and 
other excavated pieces are displayed. 
Meandering through the various corridors of the 
museum one then enters the theatre which on 
first sight strikes the visitor with its geometrical 
balance and the partial restoration of the scenic 
façade and stage with the remains of a few 
imposing columns. The theatre could seat 
around 6000 spectators and it blends beautifully 
around modern buildings of the present 
Cartagena and the old St. Maria La Vieja 
church.   

Walking along Cuatro Santos and Duque 
roads one finds the Casa de la Fortuna which is a 
complete roman house of the Carthage Nova in 
the 1st century.  Its walls, various rooms and 
decorations carefully excavated and superbly 
presented gives the visitor an insight of the old 
life styles of its inhabitants.   

From The Casa de la Fortuna walking along 
calle Gisbert towards the port comes to the 

Castillo de la Concepción. This castle was built 
at the top of a hill in the 13th century over the 
remains of the Muslim fortress. The views over 
the city from different directions and the open 
sea are amazing. The site has been an important 

strategic location for centuries in defence of the 
old city. The cisterns of the castle are steeped in 
history of the medieval fortress. Walking down 
from the hill through a number of quaint alleys 
one ends up at the impressive Roman theatre. 
Accessing the castle through a robust lift at the 
top allows one to disembark at the first stop, at 
the heart of the hill, and visit an air raid shelter 
constructed during the Spanish Civil War in 
order to protect the city from the relentless 
bombardment of the Stukas supporting Franco’s 
forces. Cartagena was the last bastion of the 
Republican movement and the last city to 
surrender.  

Cartagena is an active naval port which 
houses its many ships and submarines defending 
its shores. The impressive Museo Naval forms 
the lower part of the Business School of the 

Politécnica where the 3GCMEA was staged 
while the whole building was formerly a prison. 
Suitably restored, The Museo Naval starts with 
early history of the navy through to modern 
ships, submarines, armoury and attire.   
Finally, a quick visit to the modern and the 
archaeological museums adds a unique insight 
of this magnificent city.   
 

 
 
Figure 1. 3GCMEA attendants visiting the Roman Theatre 
in Cartagena 
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New Products 

MACOM 300-W Plastic-packaged GaN Power Transistor 
The new MAGe-102425-300 delivers GaN performance and silicon cost structures at significantly 
greater power efficiency and density than LDMOS offerings 
 
MACOM Technology Solutions Inc.  
(“MACOM”), a supplier of high-performance 
analog RF, microwave, millimeter-wave and 
photonic semiconductor products, announced on 
May 18, 2016 its new MAGe-102425-300, a 
300W GaN on Silicon rugged power transistor 
in cost effective plastic packaging (see below) 
optimized for use in commercial scale solid-
state RF energy applications.  
 

 
 

Based on MACOM’s 4th Generation GaN 
technology, the new MAGe-102425-300 
delivers performance that defies the inherent 
power efficiency and density limitations of 
LDMOS at an equivalent price profile at scaled 
volume production levels.  

The intersection of GaN performance and 
silicon cost structures, exemplified by the new 
MAGe-102425-300, opens a massive 
opportunity to leverage solid-state RF energy as 
a highly efficient and precise heat and power 
source for a wide range of commercial 
applications, including microwave ovens, 
automotive ignition, and lighting systems. 

Industrial, scientific and medical (ISM) 
applications, include RF plasma lighting, 
material drying, blood and tissue heating and 
ablation, and beyond. The RF devices that 
underpin these systems must strike an optimal 
balance of performance, power efficiency, small 
size, and reliability, at a price point that 
promotes mainstream commercial adoption. 

Providing 300W output power and 70% 
efficiency at 2.45GHz, the MAGe-102425-300 
currently leads the industry in meeting the core 
technical requirements for the next generation 
power amplifiers proposed by the RF Energy 
Alliance, a non-profit technical association 
dedicated to unlocking the full potential of RF 
energy. Meanwhile the cost structure and 
volume supply-chain benefits achieved with 
MACOM’s Gen4 GaN technology position the 
MAGe-102425-300 to meet aggressive cost 
targets on a par with LDMOS.  

“Solid-state RF energy technology holds the 
promise to transform entire market segments, 
providing wide-ranging benefits from consumer 
goods to ISM systems and infrastructure,” said 
Mark Murphy, Senior Director of Marketing, 
MACOM. “The MAGe-102425-300 sets a new 
price and performance benchmark for RF power 
devices, affirms MACOM’s GaN technology 
and application expertise, and signals a clear 
inflection point in the evolution toward 
mainstream RF energy adoption.” 

“The RF Energy Alliance recently published 
the RF Power Amplifier (PA) Roadmap, which 
sets parameters for future PA module 
generations that are viable alternatives to 
magnetron-based solutions,” said Klaus Werner, 
Executive Director of the RF Energy Alliance. 
“The MAGe-102425-300’s breakthrough in 
efficiency is in step with our PA Roadmap, 
enabling new markets for residential solid-state 
RF energy applications.”  

More information about MACOM’s GaN 
solutions for RF energy applications is available 
at www.macom.com/rfenergy 

 
Fabiana Vidal 

Embedded PR, Germany 
www.embedded-pr.com  
E-mail: fv@embedded-pr.de 
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Upcoming Events 
 

 

IMPI Fall 2016 Short Course:  
"A Roadmap to Microwavable Food Success"  

October 25-27, 2016, Philadelphia, PA, USA 

http://impi.org/symposium-short-courses/ 
 

IMPI Webinar on “Solid-State Generation of RF and 
Microwave energy and its applications” 

November 29th at 11 AM -12 PM EDST 

http://impi.org/events/ 

 

19th Seminar on “Computer Modeling in Microwave 
Power Engineering” (dedicated to “Solid-State Energy 
Generation: Modeling Systems and Applications”) 

March 9-10, 2017,  Padua, Italy 

www.wpi.edu/academics/math/CIMS/IMMG/ 
 

 

51st Annual Microwave Power Symposium (IMPI 51) 

June 20-22, 2017,  Miami, FL, USA 

http://impi.org/symposium-short-courses/ 

 

18th International UIE-Congress on Electro-
technologies for Material Processing 

June 6-9, 2017, Hannover, Germany 

http://uie2017.org 
 

 

AMPERE-16 

Biennial Microwave and High Frequency Conference 
September 18-21, 2017, Delft, the Netherlands 

http://www.tudelft.nl/onderzoek/thematische-
samenwerking/onderzoeksinstituten/process-
technology/events/archive/ 

http://www.ampereeurope.org/ 
 

 

AMPERE-Newsletter Call for Papers 
AMPERE Newsletter welcomes submissions of articles, 
briefs and news on topics of interest for the RF-and-
microwave heating community. These may include: 
• 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 may accelerate the circulation of new ideas 
and discoveries among the AMPERE community, 
enrich our common knowledge, and excite new ideas, 
findings, and developments.   

Please send your submission to the Newsletter, or 
any question, comment or suggestion in this regard to 
the Editor (E-mail:  jerby@eng.tau.ac.il ). 
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