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Abstract 

This article presents a two-decade perspective of 
localized microwave-heating (LMH) research and 
related studies conducted at Tel-Aviv University 
(TAU). These contributions included conceptual, 
experimental and theoretical studies of thermal-
runaway instabilities and hotspot formation effects, 
microwave drilling and cutting, basalt melting, LMH 
of metal powders for 3D printing, thermite ignition, 
and dusty plasma ejection in forms of fire-columns 
and fireballs. Recently we have discovered the effect 
of DC-LMH synergy in metals, which enables deep 
cutting of iron bars. 
 
The TAU-LMH lab 

Since established in 1991, our research laboratory at 
TAU has been devoted to microwave-energy studies, 
in both aspects of power generation and microwave 
impact phenomena.  

The first years were mostly dedicated to 
research and development (R&D) of high-power 
microwave (HPM) generators. These mainly 
included novel versions of fast-wave devices, 
oscillators and amplifiers, such as cyclotron-
resonance masers (CRM’s or gyrotrons) [1] and free-
electron masers (FEM’s or ubitrons, also known as 
long-wavelength free-electron lasers, FEL’s) [2]. 
Our main paradigmatic idea then was to incorporate 
slow-wave features (as in traveling-wave tubes, 
TWT’s) into the operating mechanisms of fast-wave 
CRM and FEM devices [3, 4]. These conceptual 
combinations resulted in compact hybrid schemes of 
microwave tubes with potentially improved HPM 
capabilities. Following our early studies on novel 
microwave generators, the main challenge facing our 
work has been naturally shifted toward finding new 
applications for the generated microwave power. 

Consequently, we started to work on more 
applicative industrial projects, such as microwave 
drying of rapid ink-jet printing processes, microwave 
greenhouses for agricultural purposes [5], and 
microwave drilling [6]. These application-oriented 
R&D projects have led us into more fundamental 
studies on localized microwave-heating (LMH) 
effects, thermal-runaway instabilities, and hotspot 
formation [7]. These were later embodied in various 
LMH phenomena and applications, such as the 
microwave drill [6, 8], plasma ejection in fireball and 
fire-column forms [9, 10], additive solidification of 
metal powders toward 3D-printing (3DP) by LMH 
[11-13], thermite ignition [14, 15], basalt melting 
[16-18], and microwave-induced breakdown 
spectroscopy (MIBS) [19]. More recently, our 
discovery of the DC and LMH synergy has yielded a 
capability of iron melting and cutting by DC-LMH, 
as described below. 

 
Microwave drills and solid-state LMH 

The high energy-density obtained in the various 
LMH processes enables HPM-like effects at 
relatively low levels of microwave input power 
(even under ~100 W). Therefore, we adopted solid-
state generators for LMH applications already in the 
early 2000’s years (mostly LDMOS transistors, used 
then in cellular base-stations) [20-22].  

The solid-state technology opened new 
possibilities for LMH devices, which seemed to 
provide compact, low-cost substitutes for laser-based 
techniques for some applications. The microwave 
drill, for instance, intentionally utilizes the LMH 
effect by purposely exciting a thermal-runaway 
instability [6, 8, 22, 23]. As shown in Figure 1, it 
generates a small hotspot (in the order of 1 mm in 
diameter, ~102 times shorter than the microwave 
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wavelength), which increases the local temperature 
up to >1,000ºC, in heating rates of >100ºC/s. LMH 
effects have been demonstrated by microwave 
drilling and cutting into concrete, as well as melting 
and drilling effects in ceramics, basalts, glass, 
polymers, bones [24], silicon, and other materials 
[25]. Likewise, an LMH doping effect in silicon was 
demonstrated [26]. It was also shown that LMH may 
generate dusty plasmas in forms of fire-columns and 
fireballs, directly from solid substrates to air 
atmosphere [9, 10], and to produce nano-particles 
from the substrate materials [27-29].  

A theoretical, coupled thermal-electromagnetic 
model of the sub-wavelength LMH interaction 

confirmed the hotspot evolution in front of the open-
end applicator due to the intentional thermal-
runaway instability [23].  

The role of the temperature-dependent material 
properties on the confined heating process was 
identified, and the consequent variation in the load 
impedance was quantified, due to the spatiotemporal 
temperature evolution and the varying geometry. 
The theoretical analysis provided both, an insight to 
the physical principles of the LMH mechanism, and 
a valid model for LMH-applicator design and its 
operational monitoring. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. The microwave-drill [6, 22]: (a) A simplified illustration of a basic microwave-drill applicator, consisting of a coaxial 
waveguide and a moveable center electrode. (b) A simulation of the spatial temperature and electric-field distributions at the 
hotspot in front of an LDMOS-based microwave-drill. (c) A hotspot created in a glass plate by a 1-mmØ electrode microwave-drill. 
(d) A ~1.6-mmØ hole made by a microwave drill in glass.

  
Advanced microwave-drill schemes enable 

wider operating ranges, including hole diameters 
from ~0.5 mm in glass up to 12 mm in concrete (the 
latter in >20 cm hole depths) [30], as well as cutting 
of concrete and iron rebars [31, 32]. Microwave 
drilling has also been demonstrated on various 
ceramics (e.g., low-purity alumina, mullite-
cordierite, glass-ceramics and thermal-barrier 
coating) [33, 34]. 

 

LMH in cavities, hotspot excitation, basalt melting, 
and miniature volcano’s 

LMH intensification due to temperature-dependent 
material properties has also been demonstrated by 
irradiating basalts in a microwave cavity [16-18, 35]. 

The LMH effect is clearly seen as the basalt 
brick is melted inside, while its outer surface remains 
solid, as shown in Figure 2. The molten core ejects 
lava outside the brick, which leaves a void inside 
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(whereas the outer surface of the brick remains 
solid). A numerical simulation agreed well with the 
temperature profiles measured on the basalt-brick 
faces. Similar demonstrations were also conducted 
with naturally shaped basalt stones, to mimic various 
volcanic phenomena in a laboratory scale. This LMH 
effect can be further used in order to intensify 
processes of mineral extraction from rocks.  
 

 
 
 
 
 
 
 
Figure 2. A basalt brick irradiated in a microwave cavity [17]: 
(a) The intensified LMH melts only the core, as observed 
through the porous surface, which remains solid. The lava flow 
ejected from the core tilts the brick in the cavity. (b) The 
hollow brick with the lava solidified to volcanic glass 
(obsidian). 

Metal powder LMH, additive manufacturing (AM), 
and thermite ignition 

In metal powders, the LMH effect is also associated 
with internal micro-plasma breakdowns between the 
particles, which expedite the local melting and 
solidification of the metal powder. This effect 
enabled LMH-based techniques for stepwise or 
continuous 3DP and AM of metal parts from various 
powders [11-13], as shown in Figure 3. 
 
 
 
 
 

 

 

 

 

 
Figure 3. LMH-AM experimental [13]: (a) A conceptual scheme 
of the experimental 1D scanning-LMH-AM process. The 
powder is applied in layers, each is scanned and solidified by 
the LMH applicator, and bonded to the underlying, previously 
solidified layers. (b) An L-shape metal rod fabricated by two 
straight rods, each produced by scanning LMH-AM and joined 
together by a powder-batch LMH. 

Powder mixtures, as made of pure aluminum 
and magnetite (or hematite), may generate energetic 
thermite reactions, as shown in Figure 4. These 
effects could be useful for a variety of combustion 
and material processing applications. However, their 
usage was limited by the difficult ignition of these 
reactions. We found that ignition of thermite 
reactions could be feasible by intensified LMH in air 
[14] as well as underwater [15].  

In our LMH-ignition experiments, the power 
required for thermite ignition, ~0.1-kW for a ~3-s 
period, was provided by a solid-state microwave 
generator. Our experiments also demonstrated the 
feasibility of cutting and welding by relatively low-
power LMH.  

The initiation of the intense exothermic 
reaction in thermites also demonstrated an example 
for LMH ignition of other self-propagating high-
temperature syntheses (SHS). Due to their zero-
oxygen balance, exothermic thermite reactions also 
occur underwater. This feature was also impeded by 
the hydrophobic properties of the thermite powder 
and its tendency to agglomerate on the water surface, 
rather than to sink into the water. However, we 
discovered a bubble-marble (BM) effect that enabled 
the insertion and confinement of a thermite-powder 
batch into water by a static magnetic field, and its 
ignition by LMH underwater [15]. Potential 
applications of this underwater combustion effect 
may include wet welding, thermal drilling, 
detonation, thrust generation, material processing, 
and composite material production. All these could 
be implemented as well in other oxygen-free 
environments, such as the outer space. Chemical 
reactions applied by LMH for surface treatments also 
include thermite reactions for the conversion of rust, 
to iron and alumina [14]. 

 
 
 
 
 
 

 
 
 
Figure 4. LMH of metal powders: (a) Eddy currents induced in 
copper powder by LMH. (b) A thermite flame ignited by LMH 
intensification [14]. 
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Dusty plasma and fireball ejection by LMH  

Dusty plasmas in forms of fireballs and fire-columns, 
as shown in Figure 5, were found to be ejected by 
LMH directly from hotspots evolved in solid 
substrates, as presented in [10, 18, 27-29] for various 
dielectric and metallic materials.  
 
 
 

 

 

 

 

 

 

 

 

 

Figure 5. Plasmoids ejected from an LMH hotspot in glass [29], 
including the intensified hotspot in the solid substrate, the 
fire-column ejected, and the secondary fireball evolved (all 
were captured together, but each may solely exist in its own 
operating mode). The inset shows nano-particles produced by 
LMH generated dusty plasma, as observed by SEM. 

 
The intensified LMH-plasma process begins 

with a hotspot formation as in microwave drilling. 
However, for plasma ejection, the electrode is lifted 
up (rather than pushed in) in order to detach the 
molten drop from the surface and to further inflate it 
to a form of a buoyant fireball. 

Beside their resemblance to natural ball-
lightning phenomena, fireballs and fire columns, 
may also have a practical importance, for instance as 
means to produce nano-particles directly from 
various substrate materials (silicon, glass, ceramics, 
copper, titanium, etc.) [27-29].  

Nanoparticles were observed in these 
experiments by both, in-situ synchrotron small-angle 
X-ray scattering (SAXS) of the dusty plasma, and ex-
situ SEM observations of the nano-powders 
collected after the processes. The LMH generated 
plasma-column, ejected from the hotspot induced in 
the substrate material, can also be used for atomic 
emission spectroscopy of the light emitted by the 

plasma. Hence, we proposed the microwave-induced 
breakdown spectroscopy (MIBS) technique [19], 
similar to the laser-induced (LIBS) identification 
technique (except that the plasma is excited by LMH 
rather than by laser).  

LMH of silicon-wafer experiments yielded 
heating rates of >200 K/s up to the melting point 
[29]. This enabled localized thermal processes in 
silicon, including joining, welding, drilling, and 
doping. The latter was demonstrated by local doping 
of silicon substrates by LMH, using silver and 
aluminum dopants [26]. The dopant was 
incorporated in these processes in the electrode tip, 
and locally diffused into the heated wafer to form a 
sub-micron PN junction. 

 
DC-LMH hybrids, iron melting and cutting, and 
natural lightning effects 

Following our previous LMH studies, we have 
recently discovered that adding a relatively small 
direct-current (DC) to LMH may catalyze a hotspot 
effect in bulk iron, up to a local melting (and even 
further to ablation and dusty-plasma ejection) [32].  

This combined DC-LMH effect has been 
demonstrated for instance by cutting an 8-mmØ iron 
rebar (carbon steel) without any susceptor added. 
Such a deep melting effect as shown in Figure 6 is 
not feasible otherwise in these conditions, neither by 
sole microwaves nor by sole DC.  

 
 
 
 
 
 
 
 

 
 
 

 

 

Figure 6. Iron melting and cutting by DC-LMH [32]: (a) The 
hotspot formed by the combined LMH and DC in the iron 
rebar; (b) the deeper melting obtained, and (c) the cut 
performed by DC-LMH in the iron rebar (the joint was 
intentionally remained). 
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This synergic effect is attributed to a combined 
thermal skin evolution, which jointly forms a hotspot 
by a mutually intensified DC-LMH thermal-runaway 
instability, and inherently deepens the microwave 
penetration into the bulk iron. 

The DC-LMH effect in metals is hypothesized 
in general as conceptually illustrated in Figure 7 
[32]. In this scheme, a bulk of metal, with a 
temperature-dependent electric conductivity, is 
subjected to both microwave irradiation and a DC 
flow (IDC) across it.  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The hypothesized DC-LMH combined interaction in 
metal bulks [32]. 

 
The microwave is guided by a perpendicular 

electrode towards the metal plate (as in a microwave 
drill [6]). In this scenario, neither the DC alone nor 
the sole microwave irradiation (in equivalent power 
levels) may heat up the metal bulk. However, by 
combining the two, the heat energy dissipated in the 
EM skin region is diffused into the bulk beyond the 
skin depth, and further reduces its electric 
conductivity. Therefore, the initial microwave 
heating confined within the EM skin depth creates a 
deeper thermal resistive layer for the DC, due to the 
elevated resistivity of the hotter metal region. The 
deeper resistive layer, broadened beyond the EM 
skin-depth, absorbs more of the DC power and hence 
expedites the further expansion of this layer. The DC 
Joule heating is dissipated deeper than the EM skin, 
and further rises the temperature therein (which 

enables a deeper penetration of the microwave 
heating and hence a hotspot formation by a synergic 
DC-LMH thermal-runaway instability). 

This synergic DC-LMH effect may intensify 
the combined heating process in a positive-feedback 
fashion, namely by a joint thermal-runaway 
instability, and hence forming a molten hotspot 
deeper in the metal bulk. 

DC-LMH synergy is also obtained in dusty-
plasma ejection from basalt [18]. In this experiment, 
after the initial stage of LMH ignition, the plasma is 
gradually transferred to a form of a stably sustained, 
long-lived fire-pillar, solely maintained by the DC 
supply. A stepwise transitional process was applied 
in order to initiate a steady column, as shown in 
Figure 8 [18].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Thermal images of the LMH-to-DC transition in basalt 
[18]: The hotspot evolution by LMH (i, ii) is intensified by DC 
(iii). The ejected plasma column is solely sustained by DC (iv).  

 
In Figure 8, the hotspot is formed by an LMH 

thermal-runaway effect (i), and the inner basalt core 
is molten (ii). Then, the hotspot is further intensified 
by applying a DC current (by an electrode) to the 
conducting molten channel formed inside the 
isolating solid substrate (iii). Once the DC channel is 
established, a plasma column is ejected from the 
molten hotspot to the air atmosphere, and the 
electrode is lifted upwards whereas the dusty-plasma 
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section interacts with the microwave irradiation and 
closes the DC-circuit loop. Finally, the microwave is 
turned off, leaving a stable DC current in the serial 
circuit (iv). This LMH ignition process creates a self-
sustained, steady dusty-plasma column, in a form of 
a fire-pillar, solely maintained by a DC supply. 

We have studied this finding [18] with respect 
to two different themes. One refers to material-
processing aspects of rocks and minerals using 
microwave-assisted techniques. The other theme is 
related to the resemblance of microwave-excited 
fireballs to rare ball-lightning (BL) phenomena (also 
associated with volcanic eruptions).  

The known resemblance between microwave-
excited plasmoids and BL phenomena is further 
confirmed here by the LMH-to DC transition effect 
[18], since DC sources are more readily available in 
nature, as provided for instance by charged clouds 
with similar electric-field intensities (in the range 
>103 V/m), as illustrated in Figure 9 [18].  

The LMH-to-DC-transition applied here may 
provide a more comprehensive analogy between 
laboratory observations and natural phenomena 
(compared to sole RF models). It may suggest a 
merge of internal and external energy theories for BL 
(possibly with another local heat source as a starter). 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 9. Analogy to rare lightning effects [18]: A seeming 
analogy between (a) the experimental, DC-sustained dusty-
plasma column emitted from basalt, initiated by an LMH-to-DC 
transition, and (b) a natural, fire-pillar-like lightning, sustained 
between an electrically-charged cloud and a melt on the 
ground (initially caused, for instance, by a normal-lightning 
impact, which may create a ball lightning [18]). 

 

 

LMH vs. lasers, and concluding remarks 

The LMH intensification technique can be 
considered, to some extent, as a low-end substitute 
for laser-based processes, such as drilling and 
cutting, joining, surface treatment, material 
identification, and additive manufacturing.  

While LMH may provide low-cost, compact 
and efficient solutions in this regard, it requires a 
physical contact with the object (unlike the remote 
laser), and its resolution (~1 mm) is yet inferior with 
respect to lasers. Therefore, one may deduce that 
LMH applications, such as the microwave drill, are 
more relevant to operating regimes of relatively large 
volumes and rough processes, or as complementary 
means to the more accurate and expensive laser-
based systems. Nevertheless, LMH and DC-LMH 
concepts, and the research outcomes of their further 
investigations, may form new paradigms of hybrid 
thermal processing of various materials, in solid, 
powder, and plasma phases. 
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