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Modified treatment chamber for treating cells

The present invention relates to a treatment unit for a device
for medical, environmental, food applications, and bio-based in-
dustries (including yeast, lactobacilli, algae, and cell tissue
production systems, in particular including targeted inactiva-
tion, the extraction of bioactive compounds, and the stimulation

of cell growth and/or cellular compounds.

It is known that prokaryotic and eukaryotic cells are influenced
by the action of electric fields. Stimulation of cell growth, as
well as cell death, inactivation of microorganisms, or specific
extraction of cell constituents can occur, depending on the ap-
plied electric field strength (e.g. Buchmann L and Mathys A
(2019), Perspective on Pulsed Electric Field Treatment in the
Bio-based Industry, Front. Bioeng. Biotechnol. 7:265, doi:
10.3389/fbioe.2019.00265).

EP-2 308 969 Bl describes a PEF (pulsed electric field) method
where a cell material suspended in an electrically conductive
liquid, the cell material being positioned between two elec-
trodes, by exposure of 1 to 100 electric field strength pulses,
such that a voltage increase takes place between the two elec-
trodes of 10% to 90% of a target voltage of the electric field
strength pulses within a period of 0.1 to 100 ns, the electric
field strength pulses have a pulse duration of 5 ns to 5000 ns,
and the electric field strength pulses, upon reaching the target
voltage, have an electric field strength of 0.5 kV/cm to 50
kV/cm, showed an accelerated cell proliferation and/or increased

cell constituents.

In the device for treating cell material used in EP 2 308 969

Bl, an electroporation cuvette having the suspension of cell ma-
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terial described above was continuously pumped through an ar-
rangement of two electrodes and exposed to an electric field in
an electrically conductive liquid (paragraph [0020] of EP-2 308
969 B1).

Under these conditions, a flow profile is formed between the
wall and the center of the vessel, which may result in devia-
tions with respect to the process conditions over the vessel di-
ameter. This is a problem since influencing the cell prolifera-
tion as described above depends on the accurate maintenance of
the process conditions. With the device of EP-2 308 969 B1l, it
is not possible to obtain homogeneous process conditions in the
entire reaction vessel and therefore also no homogeneously in-

fluenced cell material.

It was the object of the present invention to overcome the above
problems of the prior art and to provide a device that overcomes
difficulties involved with currently available PEF equipment in
order to obtain homogenous and controllable flow and electric

field profiles.

The above object is achieved by the present invention as defined

in the claims.

In detail, the present invention relates to a treatment unit
having an inlet and an outlet, and a treatment space being
formed inside the treatment unit such that it can be penetrated
by electric pulses and an electric field resulting therefrom,
sald treatment space being fluidly connected with the inlet and
the outlet, characterized in that at least a portion of an inner
side face of the treatment space is non-planar, preferably

curved, and wherein the inlet is formed in a top face of the
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treatment unit, and the outlet is formed in a bottom face of the

treatment unit.

The present invention is also related to a device comprising a
unit for generating and emitting electric pulses, wherein said
device furthermore comprises a treatment unit according to the

present invention.

According to the present invention, it has been found that a
more homogeneous treatment is possible in a treatment space that
has an inner side face with at least a portion thereof being
non-planar. For example, said portion of said inner side face
may be curved, triangular, buffled or may have a saw-tooth
shape. A curved portion of said inner side face is preferred.
The flow of a fluid protruding through said treatment space is
thereby significantly homogenized in a zone where the electric
field is applied, and as a result treatment of a material flow-
ing through said treatment space, by means of electric pulses,
is significantly more homogenous than in a treatment space hav-

ing plain (i.e. not curved) side faces.

According to the present invention, the inner portion of the
treatment space, i.e. not the portions thereof which are in di-
rect vicinity to the non-planar portion(s) of said inner side
face(s), are subjected to electric pulses and to an electric

field generated therefrom.

According to the present invention, the device is suitable for
medical, environmental, food applications, and bio-based indus-
tries (including yeast, lactobacilli, algae, and cell tissue
production systems, in particular including targeted inactiva-
tion, the extraction of bioactive compounds, and the stimulation

of cell growth and/or cellular compounds. These applications are
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described in Buchmann L and Mathys A (2019), Perspective on
Pulsed Electric Field Treatment in the Bio-based Industry,
Front. Bioeng. Biotechnol. 7:265, doi: 10.3389/fbioe.2019.00265.
According to the present invention, electric pulses are applied
to a cell material located in the treatment space of a treatment
unit while it passes through the treatment space. As a result,
the cell material is subjected to the electric pulses and treat-

ed.

According to the present invention, basically any material com-
posed of at least one cell, that is, both eukaryotic and prokar-
yotic cells, can be used as the cell material to be treated. The
cell material can be unicellular or multicellular organisms. Ex-
amples would be bacteria, yeasts, microalgae, plant cells, and
fungal cells or their spores, mycelia, seeds or seedlings and
somatic animal cells. Furthermore, multicellular tissues such as
meristems in plants and epithelial or connective tissue in hu-

mans or animals can be treated.

The cell material is usually (but not necessarily) isolated, pu-
rified and/or sterilized in a known manner before being treated
according to the invention. Preferably, the cell material can
already be propagated in a known manner in suitable and known
culture media to a desired degree before the treatment according

to the invention.

The cell material is preferably suspended in an electrically
conductive liquid prior to the treatment according to the inven-
tion. Electrically conductive liquids are well known. According
to the invention, it is necessary to use electrically conductive
liquids which have no adverse effects on cell viability, that
is, in particular, are non-toxic. According to the invention,

water is preferably used as the electrically conductive liquid,
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wherein the water can be adjusted to a desired pH value by means
of suitable and known additives. According to the invention, a
pH value in the range of 6.0 to 14.0, preferably 7 to 12 is pre-

ferred.

According to the present invention, the suspensions described
above can be prepared in a conventional manner and stored until
treatment. However, the suspensions can also be provided immedi-

ately before the treatment according to the invention.

The cell material or a suspension containing the cell material
is passed through the inlet of a treatment unit into a treatment

space which is located inside the treatment unit.

The inlet of the treatment unit is preferably connected to a de-
vice in which the cell material or a suspension containing the
cell material is located. For example, conventional pipelines

can be provided for this connection.

Preferably, a shut-off unit such as a valve or a lock is provid-
ed in or at the inlet or alternatively in the connection de-

scribed above in order to be able to control the introduction of
the cell material or the suspension containing the cell material

into the treatment unit.

According to a preferred embodiment of the present invention,
the inlet comprises a nozzle or the inlet constitutes a nozzle.
It is possible to use nozzles which can conventionally be used
for introducing a medium into a container or defined space. Such

nozzles are known.

With this embodiment, the speed at which the cell material or a

suspension containing the cell material is introduced into the
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treatment unit can be adjusted in a targeted manner. The resi-
dence time of the cell material in the electric field applied to
the treatment space of the treatment unit can thereby be adjust-

ed.

The treatment unit into which the cell material to be treated is
introduced through the inlet described above, is limited with
respect to its shape, structure and dimensions only in that ap-
plied electric pulses and an electric field resulting therefrom
field can sufficiently penetrate the treatment unit to achieve
the desired treatment of the cell material in the treatment
unit. According to the invention, the treatment unit is prefera-
bly a container made of a metallic material or a plastic materi-

al (such as polyethylene terephthalate).

The treatment unit can have any geometric shape. Preferably, the

treatment unit is a cuboid or cylindrical body.

A treatment space is provided within the treatment unit, through
which treatment space the cell material passes and is thereby

treated with electric pulses.

The treatment space can have any geometric shape, but preferably
has a cuboid shape. According to a very preferred embodiment of
the present invention, said treatment space is positioned in the
centre of the treatment unit. Especially preferred the treat-
ment unit is a solid body, and the treatment space is a cavity
within said treatment unit, preferably in the centre of the

treatment unit.

As described above, the treatment unit comprises an inlet and an
outlet. The treatment space within the treatment unit is fluidly

connected with the inlet and the outlet of the treatment unit.
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According to the present invention, the inlet is formed in a top
face of the treatment unit, and the outlet is formed in a bottom
face of the treatment unit. Thus, the material flows downwardly
through the device of the invention, by means of the gravita-

tional force.

The fluid connection of inlet, treatment space and outlet can be
realized by providing conduits such as pipes that protrude from
the inlet to the treatment space, and from the treatment space
to the outlet. According to a preferred embodiment of the pre-
sent invention where the treatment unit is a solid body, and the
treatment space is a cavity within the treatment unit, the fluid
connection of inlet, treatment space and outlet is realized by
respective cavities in the treatment unit that protrude from the
inlet to the treatment space, and from the treatment space to

the outlet.

The fluid connection of inlet, treatment space and outlet can
have a uniform shape, such as a cylindrical pipe or cavity with
a uniform diameter. It is also possible that the shape of the
fluid connection of inlet, treatment space and outlet varies
over its length. For example, at least a part of the fluid con-
nection may have a funnel-shaped form. For example, the fluid
connection from the inlet to the treatment space may partially
have a funnel-shaped form with an opening size decreasing from
the inlet to the treatment space, so that the material may be
advantageously guided into the treatment space. Likewise, the
fluid connection from the treatment space to the outlet may par-
tially have a funnel-shaped form with an opening size increasing
from the treatment space to the outlet, so that the material may

be advantageously guided to the outlet.
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It is the important feature of the present invention that at
least a portion of an inner side face of the treatment space is
curved. In other words, the treatment space does not exhibit ex-
clusively fully planar inner side faces, but rather at least
partially side faces that influence the flow characteristics of

the material protruding through the treatment space.

It is preferred that said at least a portion of an inner side
face of the treatment space has a regular surface shape. Espe-
cially preferred, said inner side face of the treatment space

has a sinusoidal shape, at least over a portion thereof.

According to the present invention, a preferred design of the
treatment space is such that two side surfaces of the treatment
space which lie opposite to each other are curved, and prefera-
bly have a sinusoidal shape, over at least 50%, preferably at
least 75% and most preferably 100% of their respective heights.
Especially preferable is a sinusoidal shape with an amplitude in
the range from 5 to 20 %, preferably 10 to 15%, of the width of
the treatment space, and a wavelength in the range from 50 to
80%, preferably 60 to 70% of the height of the treatment space.
So, for example, for a treatment space having a dimension of
24x5x5 mm, a preferred curvature would have a wavelength of 13
mm (i.e. about 66.67% of the height of the treatment space) and
an amplitude of 0.67 mm (i.e. about 13.4% of the width of the

treatment space).

According to another preferred embodiment of the present inven-
tion, there are provided two side surfaces of the treatment
space which lie opposite to each other and have a sinusoidal
shape such that there is a phase shift of 180°C between the two

side surfaces.
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According to an especially preferred embodiment of the present
invention, at least one, preferably two side faces of a cuboid
treatment space have a curved, preferably sinusoidal shape over
the entire height. Especially preferred, these two side faces of

the cuboid treatment space lie opposite to each other.

With the above described design of the treatment space, the flow
of a material through the treatment space becomes more homoge-
nous due to flow modifications outside the region of the treat-
ment zone where electric pulses are applied. Accordingly, there
is less difference between the flow (residence time) of the ma-
terial in the middle of the treatment space and the flow of the
material in vicinity of the side surfaces of the treatment
space. Accordingly, electric pulses emitted through the treat-
ment space, and an electric field resulting therefrom, contact a
material with more homogeneous characteristics and thus result

in a more homogeneous treatment of said material.

The electric pulses to penetrate the treatment space are gener-
ated and emitted by electrodes, preferably two electrodes, which
are positioned at the treatment unit such that the electric
pulses emitted by said electrodes, and thus the electric field
resulting therefrom, may sufficiently penetrate the treatment
space and thus enable adequate treatment of the material in the
treatment space. Alternatively, two plates of a capacitor may be

used for this purpose.

According to a preferred embodiment of the present invention, in
the region of the treatment space there are provided means for
positioning electrodes, or plates of a capacitor, for providing
said electric pulses to the treatment space. Those means may be
any known component enabling adequate and secure fixation of the

electrodes or plates at the treatment unit. For example, fixa-
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tion tools such as clamping tools may be provided at side faces,
preferably opposite side faces, of the treatment unit, so that
the electrodes or plates may be securely fixed at the side sur-

faces of the treatment unit.

According to a very preferred embodiment of the present inven-
tion, the means for positioning electrodes are openings in the
side faces preferably opposite side faces, of the treatment unit
into which electrodes may be inserted. These openings have a
size allowing insertion of conventional electrodes and securing
the inserted electrodes at place. These openings preferably are
located in the vicinity of the treatment space in the treatment

unit.

For example, the means may be blind bores in side faces of the
treatment unit, which is preferably a solid body. In a preferred
embodiment, blind bores are provided in two side faces of the
treatment unit opposite to each other. Preferably, these blind
bores are located in the vicinity of the treatment space in the
treatment unit. It is very preferred that the blind bores have
such a depth that their proximal face with respect to the treat-
ment space lies close to a side face of the treatment space. Es-
pecially preferred, a side face of the treatment space forms the

end face of a blind bore.

According to a preferred embodiment, the blind bores may be ta-

pered from the outside to the inside end, i.e. the opening size

of the blind bore decreases from the outside to the inside. This
allows secure fixation of an electrode inserted into said blind

bore.

In order to not disturb the penetration of electric pulses gen-

erated and emitted by said electrodes, preferably the inner face

of the blind bores comprises a slit, which preferably is ar-
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ranged in the centre of the inner face of the blind bore. At the
position of the slit, the separating wall between the blind bore
and the treatment space is thus thinner. The exact extension of
the slit is to be chosen by a skilled person that the remaining
side face of the treatment space withstands the flow conditions

during the treatment period.

According to a further preferred embodiment, the blind bores (or
more generally the means for positioning the electrodes) project
towards plain side faces of the treatment space. In other words,
according to this embodiment side faces of the treatment space
that have a curved inner portion do not lie in vicinity of the

electrodes generating and emitting electric pulses.

The outlet of the treatment unit is preferably connected to a
device in which the cell material or a suspension containing the
cell material can be stored. For example, conventional pipelines

can be provided for this connection.

Preferably, a shut-off unit such as a valve or a lock is provid-
ed in or at the outlet or alternatively in the connection de-

scribed above in order to be able to control the outflow of the
cell material or the suspension containing the cell material out

of the treatment unit.

The treatment process of the present invention may be performed
continuously or batch-wise. In the latter case, the treatment
unit may be emptied before another treatment cycle is started,
Optionally, a sterilization/sanitization step may be performed
prior to the start of another treatment cycle. Known steriliza-
tion/ sanitization processes such as steam-based processes can

be used in accordance with the present invention.
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The present invention is also related to a device, comprising a
unit for generating and emitting electric pulses and a treatment

unit as described above.

Units for generating and emitting electric pulses are well
known. According to the present invention, devices which can
generate electrical impulses as described below are preferred.
Such devices are known. By way of example, cable pulse genera-
tors, semiconductor-based pulse generators, or relaxation oscil-

lators can be mentioned.

The generated electric pulses are emitted into the treatment
space. This is preferably done by two or more electrodes or
plates of a capacitor arranged parallel to each other, which are
arranged opposite each another having a distance suitable for
the generation of electric pulses. Such arrangements are well

known and need not be explained in detail here.

According to a preferred embodiment of the present invention,
two electrodes or plates of a capacitor are arranged perpendicu-
larly to the direction of movement of the material through the

treatment space.

The electric field to be applied to the treatment space must be
characterized such that it provides for the desired effect, e.qg.
that it stimulates the growth of the treated cells. Correspond-
ing electric fields are known from the prior art, for example
from EP-2 308 969 Bl. According to the present invention, an
electric field generated from such electric pulses can be used,
such that a voltage increase takes place between the two elec-
trodes or plates of a capacitor of the device of 10% to 90% of a
target voltage of the electric pulses within a period of 0.1 to

1000 ns, the electric pulses have a pulse duration of 5 ns to
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50000 ns, and the electric pulses, upon reaching the target
voltage, have an electric field strength of 0.5 kV/cm to 100
kv/cm.

The present invention is also related to a method for treating

cells for targeted inactivation, the extraction of biocactive

compounds, and the stimulation of cell growth and/or cellular

compounds, performed in a device as described herein, comprising

the steps

a) applying electric pulses to a treatment space in a treatment
unit,

b) introducing cell material through an inlet of the treatment
unit into the treatment space,

c) passing of the cell material through the treatment space and
the electric pulses penetrating the treatment space to an

outlet of the treatment unit.

The method can be performed as already described above.

As stated above, it is preferred that the cell material is pro-

vided as a suspension in an electrically conductive liquid.

As stated above, it is further preferred that an electric field
is applied with such electric pulses, so that a voltage increase
takes place between the two electrodes or plates of a capacitor
of the device of 10% to 90% of a target voltage of the electric
pulses within a period of 0.1 to 1000 ns, the electric pulses
have a pulse duration of 5 ns to 50000 ns, and the electric
pulses, upon reaching the target voltage, have an electric field
strength of 0.5 kV/cm to 100 kV/cm.

As stated above, the treatment process of the present invention
may be performed continuously or batch-wise. In the latter case,

the treatment unit may be emptied before another treatment cycle
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is started. Optionally, a sterilization/sanitization step may be
performed prior to the start of another treatment cycle. Known
sterilization/ sanitization processes such as steam-based pro-

cesses can be used in accordance with the present invention.

The present invention further relates to the use of the device
according to the present invention described here for medical,
environmental, food applications, and bio-based industries (in-
cluding vyeast, bacteria, microalgae, as well as plant or animal
cells and cell tissue production systems, in particular target-
ing inactivation, the extraction of biocactive compounds, and/or
the stimulation of cell growth and/or cellular compounds. These
applications are described in Buchmann L and Mathys A (2019),
Perspective on Pulsed Electric Field Treatment in the Bio-based
Industry, Front. Bioeng. Biotechnol. 7:265, doi: 10.3389/fbioe.
2019.00265.

The present invention is explained below by way of non-limiting

examples and figures. Shown are:

Fig. 1 a schematic representation of an embodiment of the de-
vice of the present invention

Fig. 2 a schematic representation of the treatment unit of the
embodiment of the device of the present invention ac-
cording to Fig. 1

Fig. 3a a side view of the treatment unit of the embodiment of
the device of the present invention according to Fig.

Fig. 3b another schematic representation of the treatment unit
of the embodiment of the device of the present inven-
tion according to Fig. 1

Fig. 1 shows a schematic representation of an embodiment of the

device (1) of the present invention.
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The device has a unit (2) for generating and emitting electric
pulses, for example, a pulse generator. The unit (2) is electri-
cally connected to two electrodes (2a, 2b). A treatment unit (3)
is located between the electrodes (2a, 2b). On a treatment space
(4) within said treatment unit (3) (see Fig. 2), electric pulses
generated by the unit (2) are applied. The electrodes (2a, 2b)
are arranged perpendicularly to the direction of movement of ma-
terial moving through the treatment unit (3). The material en-
ters the treatment unit (3) through an inlet (3a) in the top
face of the treatment unit (3), and leaves the treatment unit
(3) through an outlet (3b) in the bottom face of the treatment
unit (3).

In two side faces of the treatment unit (3), there are provided
openings (ba, 5b), preferably in the form of blind bores, into

which the electrodes (2a, 2b) may be inserted and secured.

Fig. 2 1s a schematic representation of the treatment unit (3)
of the embodiment of the device (1) of the present invention ac-
cording to Fig. 1. Like reference numerals designate the same

components as in Fig. 1.

In the embodiment of Fig. 2, the treatment unit (3) is a solid
body with a treatment space (4) in the form of a cavity in its
center. The inlet (3a) in the top face of the treatment unit (3)
is fluidly connected, by means of a conduit, with the treatment
space (4). In this embodiment, the fluid connection is funnel-
shaped over its lower part discharging into the treatment space
(4). The outlet (3b) in the bottom face of the treatment unit
(3) i1s also fluidly connected, by means of a conduit, with the
treatment space (4). In this embodiment, the fluid connection is
funnel-shaped over it upper part extending from the treatment

space (4).
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In two side faces of the treatment unit (3), there are provided
openings (ba, b5b) in the form of blind bores for insertion of
electrodes. These openings are tapered in a region adjacent to
the treatment space (4), i.e. they become smaller as they ap-
proach the treatment space (4). The side faces of the treatment
space (4) adjacent to the openings (5a, 5b) are plain, i.e. they

are not curved.

Fig. 3a is a side view of the treatment unit (3) of the embodi-
ment of the device (1) of the present invention according to
Fig. 1. Like reference numerals designate the same components as

in Fig. 1.

In Fig. 3a, a side face of the treatment unit (3) is shown in
which there is provided an opening (5a) in the form of a blind
bore. Said blind bore is tapered in a region adjacent to the
treatment space (4, not shown here), i.e. it becomes smaller
with increasing depth. In the inner face of the opening (b5a),
preferably in the center of the inner face, there is provided a

slit (6).

Fig. 3b 1is another schematic representation of the treatment
unit (3) of the embodiment of the device (1) of the present in-
vention according to Fig. 1. Like reference numerals designate

the same components as in Fig. 1.

As compared to Fig. 2, the treatment unit (3) is turned by 90°.
Thus, in Fig. 3b the side faces of the treatment space (4) are
shown that are not adjacent to the openings (5a, 5b). These side
faces are curved. Here, they have a sinusoidal shape over their

entire height.
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Claims

1. A treatment unit (3) having an inlet (3a) and an outlet
(3b), and a treatment space (4) being formed inside the
treatment unit (3) such that it can be penetrated by elec-
tric pulses, said treatment space (4) being fluidly con-
nected with the inlet (3a) and the outlet (3b),
characterized in that
at least a portion of an inner side face of the treatment
space (4) is non-planar, preferably curved, and wherein the
inlet (3a) is formed in a top face of the treatment unit
(3), and the outlet (3b) is formed in a bottom face of the

treatment unit (3).

2. The treatment unit (3) according to claim 1, characterized
in that said inner side face of the treatment space (4) has

a sinusoidal shape.

3. The treatment unit (3) according to any of the preceding
claims, characterized in that the treatment space (4) has a
cuboid shape, with its top face being fluidly connected
with the inlet (3a) and its bottom face being fluidly con-
nected with the outlet (3b).

4, The treatment unit (3) according to claim 3, characterized
in that at least one, preferably two side faces of the cu-
boid treatment space (4) have a curved, preferably sinusoi-

dal shape over the entire height.

5. The treatment unit (3) according to any of the preceding
claims, characterized in that in the region of the treat-
ment space (4) there are provided means (ba, bb) for posi-
tioning electrodes (2a, 2b) for providing said electric

pulses to the treatment space (4).
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The treatment unit (3) according to claim 5, characterized
in that the means (5a, 5b) are blind bores in side faces of
the treatment unit (3), preferably being tapered from the

outside to the inside end.

The treatment unit (3) according to claim 5 or 6, charac-
terized in that the inner face of the blind bores comprises
a slit (6), which preferably is arranged in the centre of

the inner face.

The treatment unit (3) according to any of claims 5 to 7,
characterized in that the blind bores project towards plain

side faces of the treatment space (4).

A device (1), comprising a unit (2) for generating and
emitting electric pulses, characterized in that said device
(1) comprises a treatment unit (3) according to any of

claims 1 to 8.

The device according to claim 9, characterized in that the
unit (2) for generating and emitting electric pulses com-
prises two or more electrodes (2a, 2b) or plates of a ca-
pacitor and can dgenerate electric field strength pulses, so
that a voltage increase take place between the two or more
electrodes (2a, 2b) of 10% to 90% of a target voltage of
the electric field strength pulses within a period of 0.1
to 1000 ns, the electric field strength pulses have a pulse
duration of 5 ns to 50000 ns, and the electric field
strength pulses, upon reaching the target voltage, have an

electric field strength of 0.5 kV/cm to 100 kV/cm.

A method for treating cells for targeted inactivation, the
extraction of bioactive compounds, and the stimulation of

cell growth and/or cellular compounds, performed in a de-
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vice (1) according to any one of claims 9 to 10, comprising

the steps

a) introducing cell material through an inlet (3a) of the
treatment unit (3) into the treatment space (4),

b) applying electric pulses to a treatment space (4) in a
treatment unit (3),

c) passing of the cell material through the treatment space
(4) and the electric pulses penetrating the treatment

space (4) to an outlet (3b) of the treatment unit (3).

The method according to claim 11, characterized in that the
cell material is provided as a suspension in an electrical-

ly conductive liquid.

The method according to any one of claims 11 to 12, charac-
terized in that an electric field is applied with such
electric field strength pulses, so that a voltage increase
takes place between the two electrodes (2a, 2b) or plates
of a capacitor of 10% to 90% of a target voltage of the
electric field strength pulses within a period of 0.1 to
1000 ns, the electric field strength pulses have a pulse
duration of 5 ns to 50000 ns, and the electric field
strength pulses, upon reaching the target voltage, have an

electric field strength of 0.5 kV/cm to 100 kV/cm.



