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Abstract

measurements in water and the Pockels’ effect for
measurements in air. These techniques offer several
advantages over conventional sensors, such as high

bandwidth, miniaturisation, non-invasion and cornple

A novel and non-invasive pulsed electric field (PERmmunity to electromagnetic perturbing influencenfr the

technology for use in the food processing industryinder
development at both Loughborough University (UK dhe

University of Pau (France). The technology usesmtenna
coupled to a high-voltage pulsed generator to predshort
duration pulses of very intense electric field sgy.

In the Loughborough scheme, a Tesla transformemgelsaan
oil-filled pulse forming line to more than 500 k¥nd electric
fields are generated by a pulsed antenna witheatmise of

1 ns with a figure of merit of about 130 kV.

In the Pau scheme, a gas pressurised pulse formiity

comprising a peaking stage and a crowbar switch,
incorporated into the last stage of a ten-stagexianerator.
When a Valentine travelling wave antenna is attdchie

overall system is capable of generating electetd§ with a
rise time of 300 ps with a figure of merit of 450.k

During the common research programme, the combimatf

a Tesla transformer
technology will bring complementary improvements tire
design of intense pulsed electric field generatmd allow

high-voltage generators, which together make thetimemely
suitable for innovative electric field treatmentpégations.
However, some precautions have to be implementedgare
reliable measurements and the paper will presentnhbjor
principles involved in the design of dedicated ekpental
arrangements.

Preliminary results will be presented and evaludteth the
experimental research programmes underway at the tw
Universities.

1S | ntroduction

The first results for PEF research applied to fpoakcessing
appeared in the late 1960s [1] and more recentyalshe
technique for liquid sterilization has widely intigated.
Noteworthy results have been reported by Old Doomni

and an ultrafast Marx generatdniversity, Washington State University and Ohiocat8t

University in the USA, Kumamoto University in Japahe
Technical University of Berlin in Germany, Techdica

measurements to be made over the wide radiated figiversity of Delft in the Netherlands and the Hfiey

frequency spectrum, essential for the present relsea

The novel non-invasive PEF technology offers cosrsitlle
promise and in principle opens the possibility togess for
the first time solid foodstuff such as meat. A polssmajor
potential application also exists in the wine irtdgswith the
possibility of accelerated ageing after bottling.

The many aspects of commercial
successful development of the novel technique \u#
highlighted.

An essential requirement arising in the common aese

Institute in Russia. In the UK important resultsrevebtained
by pulsed power groups at Strathclyde University amore
recently at Loughborough University, when resultsviling
a first step towards clarifying the mechanism foz tethality
of ns-duration electric field pulses on prokariotegre
reported [2].

implications of tHa commercially available systems for PEF processin

production of the required voltage pulses uses eeith
conventional Blumlein generators or generators lanmio
those found in radar power sources [5], both wittigh pulse

programme is the measurement of intense fast @mansirate. The liquid is passed through a number oftrmeat

electric fields.
performed using D-dot probes and special purposenaae,

Field measurements are convenlipnachambers or cells, in each of which it is exposed humber

of pulses In all cases, even when generators from radar

but since these methods are unsuitable for theeptesystems are usethere is a pair of electrodes in each cell

application both Loughborough and Pau are devetpfast
electro-optic sensors based on the Kerr effect

between which the electric field is applied and ckharein

fdirect contact with the liquid. This technology is therefore



termedinvasive, and it can be used only with liquid (or
pumpable) food!

2 The nove non-invasive method compared to
conventional invasive technology

The novel non-invasive method proposed here is very simply
a technique in which the PEF is generated with the aid of
an antenna powered by a fast high-voltage generator. What
type of antenna, and consequently which frequerariedest
for this application, are both subject for futuesearch.

pulse power generator used for invasive treatm#fitth the

non-invasive PEF technology the sample conductiwil

certainly have a much reduced effect on the gemerat

vii) According to the available literature, there ian
orientation effect, and to produce a given level

decontamination in a rod-shaped bacteria by a fgdlied
radially will require pulses having a five fold ine@se in the
intensity of a field applied axiallyror non-invasive PEF, at

least in principle, in the near field of some antenna such as a

simple dipole or monopole this problem is solved inherently

as equally powerful electric fields are produced in their

of

In what follows, the most important issues regagdiimmediate vicinity (i.e., in the near-field region), along both

industrial PEF systems applied invasively to
(pumpable) food are outlined and the differencesnfrand
possible advantages over the proposed non-invaBEE
technology are highlighted.

i) Almost all successful PEF invasive machines eksetric

liquitedial and axial directions!

viii) For each bacterium there are certain optimzonditions
and most PEF machines cannot usually destroy drasel
spores! The optimum conditions for antenna treatment will
require a long research programme with an associated

fields with us-time pulses and intensities between 30 kV/céiggree of risk.

and 40 kV/cm.Due to the much shorter pulses that can be

produced by a reasonably sized antenna and taking into

account that faster pulses require more intense fields it is

anticipated that it will be necessary to generate inside the

food sample electric fields having peak values of at least

200 kV/cm and because each pulse duration can only be a few

tens of ns (or even less), a very high repetition rate will be

required.

i) All PEF invasive systems presently in use ae@ayating,
large currents through the liquid, sometimes ofuat&®0 A,

between a pair of cell electroddss no current (apart from a

very small displacement current) is passed through either

liquid and solid samples during non-invasive PEF treatment,

no temperature rise is expected, even following a very large

number of pulses. This implies a very important reduction in

the energy consumption, making the non-invasive method

apparently extremely energy effective.

iii) Inter-electrode current inherent in the inwasi PEF
technology generate unwanted side effetthen using a

non-invasive technology, none of these problems arise!

iv) The distance between a pair of electrodes é¢elhshould
be as short as possible to minimize the applietagel and
therefore the energy consumption. However, thisemes an
obstacle for any ‘chunks’ present in the liquithen using a

non-invasive technology, any difficulties related to the

electrodes are eliminated, for the obvious reason that no part

of the equipment is necessarily in contact with the food being

processed. The limitation, when using an antenna to generate

the electric field in air, is its skin penetration depth, which at

100 MHz in the worst case of brineis 2.7 cm, and is normally

about 5cm for meat and tomato juice and about 10 cm for

orange and apple juice. More importantly, the method

promises, at least in principle, that a much more generous

volume can be processed and certainly is not limited to liquid

food. The latter may turn out to be actually the most

important advantage of the non-invasive method!

v) The shape of the applied electric pulse is irtgurin the

non-invasive technique this issue can be easily solved.

vi) The conductivity of the liquid passing througte
treatment cells effectively changes the load impedaand

3 Unique possibilities offered by the proposed
non-invasive PEF method

As proposed, the non-invasive PEF method offers various
novel features, including an increased energy efficiency
combined with the possibility (at least in theoof)a larger
treatment volume and the possibility (again in gipfe) of
processing solid foods such as pre-packed fresh, maiads,
etc. If successfully proved in practice, applicatiof the
antenna-based method will allow food (both liquittl &olid)
in standard packs to be processed in a special agnfor
example, a supermarket premises, thereby incre#isinghelf
life and reducing the (accepted) traditional loss&se
reduction in wasted food would certainly providevery
significant economy. Another very important appiica of
the non-invasive PEF method could be to speed eijpdieing
process in bottled wine. The number of examplegassible
applications is large such as in outer space eafior and the
defense industry.

4 Preliminary work at Loughborough and Pau
Universities

Loughborough

Using a Tesla-driven generator technology, wellvpro at
Loughborough, a very preliminary non-invasive PEBtem

for food processing was very recently assembleshasvn in
Fig. 1. It consists of a Tesla-charged 0.5 MV PWwhijch can

be discharged at a PRF of 200 Hz and with a rigee ti
approaching 1 ns by a Sklled spark-gap into a Valentine
type antenna. A plastic tube allows the antenrizetoperated

in water. Apart from the antenna, the system weasrilged
elsewhere [3] and with the arrangement assembléckigu
from existing parts, no attempt was made to matoh t
antenna to the generator output. Simple preliminary
experiments with shrimps were very successful,ciaitig a
high rate of mortality after application of justvary few
electric field bursts. A second round of experimation,
which will be prepared with the aid of Campden and

therefore constitutes a potential source of greager to any Chorleywood Food Research Association (UK), will be
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Figure 1 Non-invasive PEF system installed in
Loughborough laboratory. Note the vertical plastice

surrounding the antenna and filled with water B T 2 3
titae (ruicroseconds)
critical in quantitatively assessing the treatmeificiency in Figure 2 Kerr-effect experiment
respect to microscopic bacteria. (upper) pulsed electric field obtained as V(t)/d
Kerr-effect experiments, with the aim of developigeliable (lower) experimental light signal compared with) I(t

tool for measuring accurately the pulsed elecietdfin the
close vicinity of a metallic structure also startedently. As device, and a travelling wave high gain antennarawgd to
the literature provides very contradictory values of the Kerr  withstand very high amplitude pulses in a largegdency
constant for water, a preliminary electro-optic arrangemenpand. According to the design specifications, tlystesn
based on a water cell is necessary to determinemdier the generates radiation in the bandwidth ranging frd@¥a BIHz
characteristic pulsed conditions of the future PHP 2.5GHz [5].
experiments. The two electrodes of the water calleha As a validation example, using airsSHnixture, voltage
Bruce-type geometry with a flat region of diameferand are pulses with an amplitude of 250 kV and having a time of
mounted parallel to each other, the distance d dmwhem 300 ps were measured at the output of the geneiterto a
being controlled very accurately. Voltage pulsesgenerated highly-efficient original UWB antenna design (FB), it was
using a TG -70 generator, a trigger generator predipy L3- proved in practice that the radiating system cathstand
Sciences, USA, capable of producing voltages up4bkV. Vvoltage pulses in excess of 250 kV without intrddgc
A typical voltage pulse V(t) generated across thaewcell significant pulse distortions. Consequently, thakgto-peak
and its corresponding light signal I(t) modulateg Kerr- figure-of-merit value of the radiated field meagiire air has
effect, are both presented in Fig. 2. The latten edso Eeeflllrzngaswed to be f<_3|05€ to 450 kV-h - .
) — 2 2 or treatment, a first option is to have thedlfonmerse
f:alculated f.rom.l(t).—lmlaxsm l’.tLB(V(t)/d) +a] Whefe hax in water. To investigate this alternative, the w#lecfield
is the maximum light intensityL. =D +n/d anda is the generated in a water sample positioned in the fiegti-
angle between the polarisers. The preliminary agioh is qgion at the end of the antenna water (i.e.,rBGfter the

that at the present level of precisidhe Kerr constant of - gyrins end, see Fig. 4), was modelled using the-timmain
water is most likely B,= 4.082-10™" m/V" at 4,= 630 nm. ThiS  g|ectromagnetic software CST Microwave Studio.
value has been calculated before the start of xperaments i

from B,= 4.410™ m/V? at A,= 589 nm [4], using Havelock — I — -
law together with the water refractive index disgien. More
precise experiments are however required for areased pulsed power source S with hv transient sensor )

confidence.

Pau

Pau’s powerful ‘all electric’ system (Fig. 3) is nsiituted L . o

from a DC/DC 60kV autonomous power supply, a| SR e e« N E

subnanosecond Marx generator, generating a fewradad = Ee—— e —
Figure 3 Repetitive high power UWB radiation source

kV output voltage and incorporating its own pulsariing



Figure 4 Modeling the Valentine antenna with a water
volume placed in the high field region
(a) schematic of the arrangement
(b) result frommodeling

Figure 6 Schematic ofhe optical part of th®au electro-optic

The first results, although interesting, are howevmt i
arrangement for the study of Kerr effect in water

encouraging: for a typical 200 kV pulse generatgdthe

Marx generator, the maximum electric field is odlkV/cm.

The result is explained by the impedance mismafcthe

antenna when water is used as dielectric mediunthat
output.

The study proved that the source, although capatile
generating very strong axial electric fields in s it was
designed for) is however not suitable for workingai water

environment and therefore further options need ® h] K.H. Schoenbach et al. (2000) Bacterial Decoritation

explored. In a second option, matching lenses asitipned | iquids with Pulsed Electric FieldEEE Trans. Dielectrics
between the water sample and the air environmemt, ;b Elec. Ins. 7 pp.637-645

significantly improve the maximum radiated electfield [2] P.R. Chalise et al.(2006) Lethality Mechanisrirs
value in the sample. This technique is not stréigiard  Eqnerichia Coli Induced by Intense  Sub-Microsecond
however and may not be the ideal arrangement. #8rd E|actrical PulsesAppl. Phys. Lett. 89, 153902

option, work will start soon on the design of a ebantenna, (31 p. sarkar et al (2006) A Combact Battery-Powertalf
papable of producing strong electric fields whildomerged Megavolt Transformer System for EMP GeneratitBEE

In water. _ Trans. Plasma Science, 34, pp. 1832-1837

Work is also ongoing at Pau for the developmentaof [4] American Ingtitute of Physics Handbook, 3¢ Edition
electro-optic arrangement for the precise moniwpwh very Ny MeGraw-Hill (1972) ' '
intense and fast rising electric field transienenerated in 5] badilhon B. Isecastaing L. Reess T.. SilvestrEateon
water. Preliminary considerations, based on aalitg8 A pignolet P., Vauchamp S., Andrieu J., Lalande Biasile
survey, have concluded that the best way forwarttirsugh ;3 p(2009) A 250kV-300ps-350Hz Marx generator as source
the use of either Pockels or Kerr effect, dependingthe ¢, 5 y\wB radiation systenroc. 17" IEEE International

dielectric. Preliminary tests are under way at @nesvith the p1sed Power Conference. Washi ngton DC.(to be published)
aim of determining the Kerr constant for water gsivoth [6] Cadilhon B. Pecas'taing L., Reess T., Giber(2008)
630 nm and 1550 nm wavelength laser sources. Twriel | oy stray inductance structure to improve the tigee of a

part of the required electro-optic arrangementresented in pj5r¢ generator, |EE/IET Electric Power Devices, 2, Issue 4,
Fig. 5 and it consists of an energetic Marx gemeraamed pp. 248-255

Leonardo [6] (right hand side in Fig. 5) which delis a 3 ns

rise-time high voltage pulse into water vesselt (fefnd side

in Fig. 5). The optical part, presented in Figis&urrently

developed separately. In particular, the 1550 nm
configuration should in principle allow obtaining GHz
bandwidth signals, leading to highly accurate tiems
electro-optic measurements.
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