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EDITORIAL

Plasma jets and and plasma bullets

Guest Editors
M G Kong, B N Ganguly and
R F Hicks

Plasma plumes, or plasma jets, belong to a large family of gas discharges whereby
the discharge plasma is extended beyond the plasma generation region into the
surrounding ambience, either by a field (e.g. electromagnetic, convective gas
flow, or shock wave) or a gradient of a directionless physical quantity (e.g.
particle density, pressure, or temperature). This physical extension of a plasma
plume gives rise to a strong interaction with its surrounding environment, and the
interaction alters the properties of both the plasma and the environment, often in a
nonlinear and dynamic fashion. The plasma is therefore not confined by defined
physical walls, thus extending opportunities for material treatment applications as
well as bringing in new challenges in science and technology associated with
complex open-boundary problems. Some of the most common examples may be
found in dense plasmas with very high dissipation of externally supplied energy
(e.g. in electrical, optical or thermal forms) and often in or close to thermal
equilibrium. For these dense plasmas, their characteristics are determined
predominantly by strong physical forces of different fields, such as electrical,
magnetic, thermal, shock wave, and their nonlinear interactions [1]. Common to
these dense plasma plumes are significant macroscopic plasma movement and
considerable decomposition of solid materials (e.g. vaporization). Their
applications are numerous and include detection of elemental traces, synthesis of
high-temperature materials and welding, laser–plasma interactions, and
relativistic jets in particle accelerators and in space [2]–[4].

Scientific challenges in the understanding of plasma jets are exciting and
multidisciplinary, involving interweaving transitions of all four states of matter,
and their technological applications are wide-ranging and growing rapidly. Using
the Web of Science database, a search for journal papers on non-fusion plasma
jets reveals that a long initial phase up to 1990 with only 31 papers per year on
average, and a total of some 1300 papers, precedes a considerable growth of some
35–50% in research activity every five years, over the last 20 years or so. As
shown in the table, the annual dissemination of the field is more than 1600 papers
and the total number of papers is in excess of 20 000. This upwards trajectory is
typical of a strong and growing subject area in physical science, with considerable
capacity in both fundamental science and applications.

Period Number of papers Papers per annum

1948–1990 1300 31
1991–1995 2279 456
1996–2000 3447 689
2001–2005 4571 914
2006–2010 6640 1328
2011 1658

0963-0252/12/030201+05$33.00 1 © 2012 IOP Publishing Ltd Printed in the UK & the USA

http://dx.doi.org/10.1088/0963-0252/21/3/030201


Plasma Sources Sci. Technol. 21 (2012) 030201 Editorial

In many of the dense plasma jets discussed above, strong physical forces
generated by the plasma are often desired and this favours plasma generation at
elevated gas pressure, including atmospheric pressure, which favours a high level
of gas ionization. Historically it has been challenging to reduce and control the
strong physical forces in high-pressure plasmas for applications where these are
unwanted, for example, surface modification of polymeric sheets [5]. Indeed,
there is a real need for a vast range of material processing applications at
temperatures below 100◦C (or below 400 K) and this favours
atmospheric-pressure plasma jets sustained far from thermal equilibrium with the
dissipated electrical energy largely used not in heat generation but in unleashing
non-equilibrium chemical reactions. The long-standing difficulty of effectively
controlling the level of gas ionization at atmospheric pressure was overcome by
the technological breakthrough of achieving atmospheric-pressure glow
discharges in the late 1980s [6]. A related challenge stemming from high
collisionality of atmospheric-pressure plasmas (v � ω0) means that large-area
plasmas sustained between parallel-plate electrodes are very susceptible to strong
plasma instabilities when molecular gases are introduced for processing
applications. This led to an effective technological solution in the early to late
1990s of confining atmospheric plasmas in a small volume of plasma generation
(i.e. with a small volume-to-surface ratio) and then extending it towards a
downstream sample [7]–[9]. These are among the first low-temperature
atmospheric plasmas aimed particularly at the exploitation of their ability to
invoke the active and rich reactive chemistry close to ambient temperature. The
main applications of these early devices are precision surface modification of
low-temperature dielectric materials, for example thin film deposition and etching
[7]–[9]. Variations of the early plasma jets include atmospheric plasma sheet jets
[10] for the treatment of largely planar objects (e.g. polymeric sheets) as well as
large arrays of many plasma jets for the treatment of complex-structured objects
(e.g. surgical tools and open human wounds) [11]. As a material processing
technology, the sub-100◦C atmospheric-pressure plasma jet has benefited over the
years from many innovations.

Whilst a detailed account and analysis of these is clearly outside the scope of
this Editorial, it is worth stating that there are different avenues with which to
maintain a moderate electron density at the plasma core so as to keep the gas
temperature at the sample point below a ceiling level. Most of the early studies
employed excitation at radio frequencies above 10 MHz, at which electrons are
largely confined in the plasma generation region, and this limits the current flow
to and gas heating in the plume region of the plasma jet. Other techniques of
current limitation have since been shown to be effective, including the use of
dielectric barriers across a very large frequency range of 1 kHz–50 MHz,
sub-microsecond pulses sustained at kHz frequencies, pulse-modulated radio
frequencies and dual-frequency excitation [12]–[15]. These and other techniques
have considerably advanced the atmospheric-pressure plasma jet technology.

The period of some 15 years since the above-mentioned early studies has
witnessed a considerable and exciting growth in terms of new phenomena
observed, new physics and chemistry uncovered, new plasma jet sources
conceived, and new applications developed. Examples include the observations of
plasma bullets on a nanosecond scale [16], the similarity of plasma bullets to
streamers [17], arrays of plasma jets as metamaterials [18], and a rapid increase of
applications in biomedicine [19]. However the considerable growth in the
research of plasma jets has not been adequately supported, so far, by a sound
fundamental underpinning, partly resulting from a somewhat underdevelopment
of effective diagnostics and modelling tools. Recognizing the critical importance
of basic science for future growth of low-temperature plasma jet technology, this
special issue on plasma jets and bullets aims to address some of the most
important fundamental questions.
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Many of the special issue papers continue the established line of investigation to
characterize the formation of plasma bullets, using typically ultrafast imaging,
electrical detection including electric field and plasma conductivity measurement,
and optical emission spectrometry [20]–[26]. These offer strong experimental
evidence for the well-known hypothesis that a plasma jet is a form of streamer,
and that the ionization wave plays a critical role in their formation. The interaction
of two parallel plasma jets [27] and manipulation of plasma jet characteristics
[28, 29] are also reported using a similar combination of experimental techniques.
Some of the common characteristics of plasma jets are summarized in a review
paper in this special issue [30]. A somewhat different line of investigation is
employed in a detailed experimental characterization of deterministic chaos in
atmospheric plasma jets [31], one of the few non-bullet modes of plasma jets.
Although chaos in ionized gases have been observed in other types of discharge
plasmas, their applications have not so far been linked to material processing
applications, possibly because chaotic patterns of reaction chemistry could be
undesirable for sample–sample reproducibility of application efficacy.
Nevertheless, the lack of reproducibility in the presence of chaos may actually
offer an advantage in tackling drug resistance in the new field of plasma medicine.

As a material processing tool, it is important to characterize the reaction
chemistry of plasma jets at a downstream point. Four special issue papers report
measurement of argon and helium metastable atoms, ozone, oxygen atoms and
UV irradiation using a variety of diagnostic tools including laser absorption
spectroscopy, molecular beam mass spectrometry, optical emission and UV
absorption spectrometry [32]–[35]. There is, however, a gap in these
measurements of key reactive plasma species and characterization of plasma
bullet formation [20]–[26], both in this special issue and elsewhere in the
literature. Whilst atmospheric plasma modes are known to operate in bullet and
non-bullet modes, it is unclear whether electron excitation of helium and/or argon
metastables is different in the bullet mode from the non-bullet mode. Similarly, it
remains little known whether the bullet mode facilitates a particularly efficient
production of reactive plasma species [36]. An encouraging sign of our ability to
address this and other knowledge gaps is evident from three excellent modelling
investigations, looking into the behaviours of ionization waves [37], interaction of
two counter-propagating streamers [38], and the two-dimensional structure of
streamers [39]. Considerable detail unravelled from these and similar simulation
studies is likely to not only uncover the physics of plasma bullet formation, but
also link it to the design and manipulation of downstream reaction chemistry. In
fact, very recent studies have combined experimental characterization of plasma
jets with their numerical modelling [40].
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Loughborough University, Leics LE11 3TU, UK
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