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Abstract

A sensor has been developed for low frequency and DC electric fields E. The device is capable of measuring fields with
AE = 4 (1) V/cm resolution. It is based on a Y-cut Z-propagation lithium niobate electro-optic crystal. For a particular com-
mercially available bare crystal, we achieved an in air time constant 7_(air) = 6.4(1.8) h for the decay of the electro-optic
signal. This enables field monitoring for several hours. As an application, we demonstrated that a constant electric field
E®*' = 640 V/cm applied via external electrodes to a particular spherical glass container holding an Xe/He gas mixture decays
inside this cell with a time constant 75> = 2.5(5) h. This is sufficient for the needs of experiments searching for a permanent

E
electric dipole moment in '>’Xe. An integrated electric field sensor has been constructed which is coupled to a light source

and light detectors via optical fibers. The sensor head does not contain any electrically conducting material.

1 Introduction

The observation of permanent electric dipole moments
(EDMs) in elementary particles, atoms, and molecules could
provide hints towards physics beyond the Standard Model
of particle physics [1, 2]. A considerable number of experi-
ments to search for EDMs are currently underway in several
independent experiments, which employ different sample
materials. They have in common that in each case, the sam-
ple is exposed to electric fields.

For all these modern precision experiments [3-6],
knowledge of the strength of a static electric field inside the
respective fiducial volume is, therefore, pivotal, because the
final achievable accuracy and the reliability of the meas-
ured results depend linearly on the electric field and on the
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degree to which this field can be controlled and monitored.
Typical methods employed in experiments to date include
measurement and monitoring of a voltage difference applied
between two conductive plates. Such a setup generates una-
voidably a small current that flows between the electrodes
which causes a small inhomogeneous magnetic field, i.e.,
magnetic field gradients which spoil the required magnetic
field homogeneity in the fiducial volume. Alternately, in
some cases, spectroscopic measurements of, e.g., stark shifts
of spectral lines, can be observed to obtain the electric field
strength inside a fiducial volume [7]. Such methods are dif-
ficult or even impossible to apply in several of the EDM
experiments, which are presently underway. We report here
on the measurement of static electric fields inside a closed
glass measurement cell placed inside the field of an exter-
nal electrode system as well as on the development of an
electro-optic field sensor based on a LiNbOj; crystal in the
context of an EDM search on '??Xe atoms [8, 9]. The sensor
provides for reliably measuring and continuously monitoring
a static electric field during periods of several hours. This
time scale significantly exceeds the range of operation for
commercially available devices' as well as that of laboratory
setups which have been reported to date (see, e.g., [10-12]).

' A sensor for high-frequency electric fields working at 250 MHz to
7 GHz is available, e.g., from Agiltron, Woburn, MA 01801, USA.
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2 Electro-optic crystal properties

The polarization of light, which passes through an electro-
optic crystal, is modified depending on the applied electric
field and the orientation of the principal axes of this crystal
[13]. For electric field monitoring over rather long periods,
also the temperature dependence of crystal parameters [14]
is of crucial importance. We have specifically chosen a Y-cut
Z-propagation LiNbOj; crystal (obtained from VM-TIM
GmbH, Jena, Germany) to keep the temperature dependence
[15] of its electro-optic performance minimal.

In such a crystal, an externally applied electric field will
eventually be compensated inside the material on slow time
scale by the build-up of an internal crystal electric field, which
results in a decrease of the induced electro-optic birefringence.
The build-up of a polarization slowly balances the external
electric field, and the internal electric field vanishes eventually.
The associated time constant 7, is proportional to the crystal
material’s specific conductivity G [14]. We have

cox =t (1)

where €, and ¢, are the vacuum and relative material permit-
tivities, respectively. With an external electric field applied
as an instantaneous step function at r = 0, the internal elec-
tric field exhibits exponential behaviour thereafter, that is

ECryStﬂl(t) = Ecryslal (O)e_t/r‘: > )

where E,1(0) is the internal electric field induced atz = 0.

DC-field measurements require, therefore, a material with
a rather long-time constant 7. Among the electro-optic crys-
tals which are most suitable for DC measurements are lithium
niobate (LiNbO;) and bismuth germanate (Bi,Ge;0,,), for
which the charge relaxation constants have been estimated to
be 7 x 107 s and 248 s, respectively [16].

With no external electric field applied and in the absence of
external or internal stress, lithium niobate is a uniaxial crystal.

The index ellipsoid in the principal coordinate system is [13]

qo5 N
Sttt =l ©)
nyon

where n; = n, =n,, n; = n, are the ordinary and extraor-
dinary indices of refraction, and x;, x, and x; are the opti-
cal axes. In an external electric field E, the index ellipsoid
transforms into
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Fig.1 Two principal axes of an electro-optic lithium niobate
(LiNbOj) crystal for the case of an electric field E, applied along the
axis x,. Light is in our case propagating along axis x3

where r;; are material dependent electro-optic coefficients.
Polarized light propagating along the crystal axis x;
with an applied external electric field E, parallel to axis

x, experiences the refractive indices in the principal coor-

dinate system (see Fig. 1):
- .

n = , , nh= >

&)
Here, n/, n, are the refractive indices in the principal coor-
dinate system x/, x;, which is rotated by an angle 8 with
respect to the principal coordinate system in zero external
applied electric field (crystal axes x;, x,). The rotation angle

0 in the x,x, plane is

T/2—¢
7

0= ©6)
where ¢ accounts for an angle of the externally applied elec-
tric field with the axis to x; in the x,x, plane. The birefrin-
gence as a function of the applied electric field is

An = —ng"zzElz’ )

with E |, the magnitude of the electric field in the x,x, plane,
i.e., the birefringence depends in the chosen geometry only
on the crystal-dependent electro-optic coefficient r,, and the
external electric field.

The phase retardation in an electric field E|, is given by

_ 2mAnL _ _Z”LngrzzElz

8
A A ’ ®

r

where L is the path length of light through the crystal and 4
the light’s wavelength.
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Fig.2 Elliptically polarized light beam is created by laser light pass-
ing through a linear polarizer and a quarter-wave plate (4/4). It travels
through the electro-optic crystal (Y-cut Z-propagation LiNbO;). The
electric field between two large electrodes is applied along the crystal
axis x,. The beam exiting the crystal is decomposed into two orthogo-
nal linearly polarized components with a polarizing beam splitter
cube, the polarization axis of which is rotated by 45° with respect to
the crystal axis x,. Their intensities /; and I, are measured with the
photo-diodes PD, and PD,

3 Electro-optic electric field measurement
3.1 Experimental setup

We employed a LiNbO; crystal for measuring DC electric
fields. In our setup, this crystal was mounted in the center
between two parallel 12 cm X 40 cm metal plates which had
12 cm spacing and where the fringe field was shielded by
11 equidistant 5 mm diameter metal rods held at equidistant
potentials by means of a resistive voltage divider. While one
plate P,,q was kept at ground potential, voltages in the range
—10kV < Uyy < +10kV could be applied to the second plate
Pyy from a computer controlled high voltage power supply.

The LiNbO; crystal in our experiments had dimensions
x; =5mm Xx, = 10 mm X x; = 25 mm, where x, was ori-
ented along the external electric field. All six surfaces of the
crystal were cleaned with ethanol and with acetone prior to
our experiments. A light beam from a diode laser at wave-
length 650 nm had diameter 2 mm and passed through a lin-
ear polarizer and a quarter-wave plate, the slow axis of which
had an angle @ with the polarizer axis. The laser light beam
thereafter passed through the crystal along its axis x; and the
O was adjusted to produce circular polarized light exiting the
crystal. In our measurements, the laser light had intensity up
to I, < 50 pW/cm?. The exiting light was decomposed into
two orthogonal linear polarized components using a polarizing
beam splitter cube under 45° with respect to the crystal axis x,.
The intensities /, and 7, of the two components yield a measure
for an applied electric field E parallel x, (see Fig. 2).

Neglecting light losses due to spurious absorption and sur-
face reflections, we have

2z 1 2z
- 7n3r22E> and [, = E(l + 7n3r22E>,
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Fig.3 Response to an external electric field change for a LiNbO;
crystal (Y-cut Z-propagation). The electric field is ramped between
— 1 and + 1 kV/cm in square steps of 50 V/cm every 6 s. The
obtained resolution for electric field measurements is 6E > 4(1) V/cm
(the insert shows an example of a data point at an enlarged scale)

withl; +1, =1.

I, and I, are determined with two photo-diodes PD, and
PD, (see Fig. 2) yielding the voltages Upp, and Uppy,, respec-
tively. The signal S, which is defined as

_a1(Upp; — ¢) = a,(Upp, — ¢2)

~ a,(Upp; — ¢)) + ay(Uppy — €3)

E, 10)

where a, and a, are calibration constants and ¢, and ¢, are
offsets for the photo-diode voltages, is proportional to the
externally applied electric field E. Without crystal in the
setup, the constants g; and ¢; (i = 1,2) can be balanced by
adjusting the offsets and gains of the amplified photo-diode
signals to achieve ¢; = ¢, = 0 and a; = a,. The diode sig-
nals as well as the temperature near the setup were digitized
every 1 s and this data was stored for analysis.

3.2 Crystal response to DC external electric fields

When stepping the electric field E between — 1 and + 1 kV/
cm with 50 V/cm increment every 6 s, we observe a linear
dependence of S on E (see Fig. 3). We find that changes in E
can be resolved for steps 6E > 4(1) V/cm within 5 s averag-
ing. The phase retardation in the crystal extracted from our
data is 64 prad cm/V over this range of electric fields.

To study the behaviour on long-time scales, we observed
the signal S for constant voltages applied to the electrodes
as function of time. For this, we periodically switched the
high voltage Uyy on plate Py between 0 and Uy, = 7800 V
to obtain DC electric fields Ep- between 0 and 640 V/cm.
The lengths of the periods were between 5 and 14, 400 s. A
sample signal of the of the crystal response S over a period
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Fig.4 Recording of electric field sensor signals in air averaged over
1 h periods (a) and the ambient temperature (b) over a period of 45 h.
During every 1 h period, a constant electric field was applied exter-
nally to the crystal for 0.5 h, and thereafter, it was turned off for 0.5 h.
Environmental temperature changes caused a correlated variation of
the signal S. The effect has been exaggerated by allowing for rather
large temperature fluctuations

of 41 h is displayed in Fig. 4 together with the simultane-
ously measured environmental temperature 7 which has
been chosen to demonstrate the effect in absence of an
external electric field. A correlation between signal S and
temperature T is visible, and a time shift 7, between both
signals is apparent. Temperature measurement and control
is, therefore, important for long-term field measurements.
For this we passively stabilized the temperature of our setup
to better 0.2 °C.

3.3 Modeling of the signal

For precise electric field determinations, we need to con-
sider and include polarization decay in the LiNbOj; crystal
and temperature effects. The response of the electro-optic
signal from the crystal (see Eq. (10)), which is exposed to a
step function change in the external electric field, exhibits
an exponential decrease of the output signal due to a slow
buildup of polarization inside the material, which can be
described by the time constant 7, [see Eq. (1)].

The coefficient r,, has a residual dependence on tempera-
ture, which appears as a time-dependent offset in our data
(see Fig. 4). This effect can be approximated by a linear
function of time ¢ by a linear coefficient a;, for every data
set. We note that no further dependence on environmental
parameters such as atmospheric pressure, air humidity, and
exposure to ambient light could be observed. We find no
influence of the laser light intensity up to 100 pW/cm?.

The time-dependent sensor response S(¥) to a step func-
tion change in the external electric field at t = 0 can be

@ Springer

£ 001+ :J

= (a)

w  OC .
=0.01~ 7, = 8.5(3.0)h |
—-0.02— e _

05 1 15 2 25 3 35 4
Time [h]

— 225 , , : :

&

=)

— 2 %

e

= 215 [aahdokeah A e By aah s a A Aok eachd A A A A AR A kA A A

21+ 4
(b)
205¢ 4 ) 0 2 4

Time [h]

Fig.5 a Data sample (black dots) for a LiNbO; crystal in labora-
tory air recorded for 4 h with a step function electric field change at
T =0 and at 7 =2 h. The function (red line) in Eq. (11) was fitted
simultaneously to two sections (# < 2 h and > 2 h) of the data set.
The linear term (blue solid line) representing the temperature drift is
shown here separately, in addition to the full fit. b The temperature
recorded in the proximity of the setup dropped by some 0.2 °C over
the full time span from 6 h prior until the end of the actual electric
field measurement

modeled with an exponentially decaying part and the para-
metrized time behaviour of the temperature dependence of
the birefringence in the crystal as

S =80) -exp—t/z, + ay - (T, — T(t —1,)). an
Here, the coefficient a describes the influence of tempera-
ture 7(¢) on the birefringence of the crystal and it is propor-
tional to sin(¢) with ¢ the angle between the crystal axis x;
and the propagation direction of the light. By alignment,
a; can be minimized, and in general, its value needs to be
determined (calibrated) for every particular crystal and cho-
sen optical alignment. 7| is the temperature when the setup
was calibrated such that a - T} is known; ¢, accounts for a
time shift in the temperature measurement caused by the
temperature sensor being located slightly outside the fiducial
volume. For extracting 7, from measurements using Eq. (11),
the temperature of the crystal needs to be controlled suf-
ficiently. We typically kept temperature variation below
AT < 0.1 °C for our reported measurements.

We fitted function (11) to our recorded data and we
achieved good agreement. Figure 5 displays a data sample
obtained with the crystal between the electrodes in air. Aver-
aging the extracted values for 7, we obtain rji‘ =8.5(3.0)h
for our LiNbO; crystal in the air.

The crystal responds to a sinusoidally modulated applied
electric field at frequency w,,/(2x) with a sinusoidal opti-
cal signal S at the same frequency, the phase of which is
shifted by
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Fig.6 Sample of a phase shift measurement between a sinusoidal
electric field with a period of 3600 s applied to the LiNbO; crystal in
Xe/He gas mixture (see also Fig. 10) and the electro-optic response
S over a period of 1 h. The phase shift of 85(5) mrad between both
signals yields rf’ =1.9(1)h
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Fig.7 Modified setup from Fig. 2. The LiNbO; crystal is centered in
a spherical glass bulb which can be evacuated and filled with different
gases

Pe(w,,) = arctan (1/(wy, - 7). (12)
In independent measurements, we determined ¢ (w,,) for sev-
eral points in the range 1/100s™' > w,,,/(27) > 1/7200s7".
Figure 6 displays a sample of such data. It enables extracting
7, with an independent at T;” as 1.9(1) h. The value which we
obtained is consistent with the result from a fit to the time-
dependent function S(¢), where we find 2.0(1) h.

3.4 Electricfield inside a closed glass container

In an experiment to search for a permanent electric dipole
moment (EDM) on '?Xe atoms [8], a spherical glass con-
tainer holds spin polarized gases of 100 mbar '?°Xe and
25 mbar *He at room temperature. The glass cell is sus-
pended inside an external electric field E which is pro-
vided between two parallel conducting plates (see Fig. 7)
and inside a constant magnetic field B parallel to Ep.

1, =1.7(2)h
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Fig.8 a Data sample for a LiNbO; crystal inside a glass sphere filled
with the air, recorded for 4 h with a step function electric field change
atT = 0and at 7 = 2 h. The function in Eq. (11) was fitted simultane-
ously to both sections of the data set. The linear term (blue solid line)
is displayed separately as a solid blue line in addition to the full fit. b
Temperature recorded close to the setup was stable to 0.1 °C over the
full time span from 6 h prior until the end of the actual electric field
measurement

The direction of Ep is altered periodically to search for a
signal from a potential EDM on '*°Xe atoms. For a reliable
EDM result, one needs to know Ep in the fiducial volume,
i.e., inside the glass cell [8].

To study eventual electric field decay, we placed our
crystal inside such a spherical cell of diameter 8 cm made
from GE 180 material from Schott, Mainz, Germany. Its
surfaces have been cleaned with ethanol and acetone prior
to all measurements, and the cell remained untouched in the
6 week data collection period. We conducted measurements
(1) where the cell had been filled with air (see Fig. 8), (2)
where it had been evacuated to residual gas pressure below
3 x 1073 mbar (see Fig. 9), and (3) where it had been filled
with a Xe/He gas mixture at a similar partial pressure ratio
as was employed in a '?*Xe EDM experiment (see Fig. 10).
For all cases, the electric field was periodically switched
between 0 and 640 V/cm every 2 h. The time behaviour can
be described by Eq. (11) in all measurements.

Table 1 compiles the results of all our measure-
ments. For the crystal exposed to the air in the labora-
tory between electric field plates, we find a time constant
TCT(air) = 8.5(3.0) h from fits to the exponential decay and
rg’ (air) = 5.0(2.0) h from a phase shift analysis. These val-
ues average to 7.(air) = 6.4(1.8) h. Inside a glass bulb con-
taining Xe/He gas mixture, we have ‘L'CT(XC/HG) =2.0(1)h
and Tf(Xe/He) = 1.9(1) h, respectively (see Table 1). A
conservative estimate of the influence of the glass cell on
the electric field inside the glass bulb yields an electric
field decay time constant:

@ Springer
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Fig. 9 a Data sample for a LiNbOj; crystal inside an evacuated glass
sphere recorded for 4 h with a step function electric field change at
T =0and at T =2 h. The function in Eq. (11) was fitted simultane-
ously to both sections of the data set. The linear term (blue solid line)
is displayed separately as a solid blue line in addition to the full fit. b
The temperature recorded close to the setup was stable to 0.1 °C over
the full time span from 6 h prior until the end of the actual electric
field measurement
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Fig. 10 a Data sample (black dots) for a LINbO; crystal inside a glass
sphere filled with 25 mbar He and 100 mbar Xe gas, recorded for 4 h
with a step function electric field change at 7 = 0 and at T = 2 h. The
function in Eq. (11) was fitted simultaneously to both sections of the
data set. (red line). The linear term (blue solid line) representing the
temperature drift is displayed separately as a solid blue line in addi-
tion to the full fit. b The temperature recorded close to the setup was
stable to 0.1 °C over the full time span from 6 h prior until the end of
the actual electric field measurement

72 = [1/7,(Xe/He) — 1/7,(ain)]™' = 2.8(4)h, (13)

@ Springer

For constant E*' applied externally to a glass bulb atz = 0,
we have the time-dependent field E™(¢) inside the glass
envelope that acts on the crystal:

EinS(t) — Eext . eXp(_t/l_glass ) (14)

From this, we estimate conservatively a lower bound on
the average of the electric field inside a glass cell E™ in a
2 h period of larger than 65% (at 90 % confidence level) of
the applied external constant electric field E* at the begin-
ning of the period.

In a separate and independent measurement series, we
modified the setup, such that each of the two parallel electric
field producing electrodes were touching the glass sphere
on opposite sides. Mechanical contact was made over an
area of & 5 cm? for each of them. This could provide for
a current path for eventual surface charges on the outside
surface of the glass. We find within our uncertainty limits
no significantly different time constants TCT and Tj’ for both
vacuum and a gas mixture of 25 mbar He and 100 mbar Xe
gas in the cell .

We note that long-term monitoring of an electric field
inside a glass cell for times t > 10h is possible through
exploiting the birefringence of LiNbO;, provided the field
strength at start (¢ = 0) exceeds 600 V/cm. The time con-
stants for a bare crystal in air enables monitoring such fields
for periods up to 1 day.

4 Integration into a compact sensor
4.1 Design of integrated compact sensor

Based on the laboratory measurements, a compact optical
electric field measurement sensor system was designed [17].
It consists of a sensor head which receives light from either
a laser or alternatively an LED light source through a single
mode optical fiber (Thorlabs SM2000-custom) with 11(1) pm
diameter core. To prevent environmental influences on the
fiber changing the light’s polarization, the circular polariza-
tion optics and the polarization decomposition optics are put
next to the electro-optic crystal.

The light from the two orthogonal linearly polarized
components exiting the crystal is focused onto one of two
large bore optical fibers (Thorlabs FT1000EMT-custom)
with 1000 pm diameter core, each. The light is transported
via these fibers to two photo-detectors. By fixing all optical
components after optimized alignment, the sensor’s sensitiv-
ity to temperature can be minimized.

Apart from the optical components, the device is con-
structed from Macor material. All components are low
magnetic noise. Figures 11 and 12 give a schematic and a
photographic view on the integrated electro-optic sensor.
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Table 1 Results from DC

electric field determinations LINbO; crystal in Exp. decay TCT ® Phase shift 'rf’ (h) Average = (h)
with a LiNbO; crystal Laboratory air glass cell 8.5 (3.0) 5.0 (2.0) 6.4 (1.8)
Filled with air 172) 1.7 (1) 1.7(1)
Under vacuum 2.2(1) 1.9 (2) 2.1(D)
Filled with Xe/He 2.0 (1) 1.9 (1) 2.0 (1)

For determining ‘I.'CT, the electric field was periodically switched between 0 and 640 V/cm every 2 h. The
phase shifts are extracted from measurements with different periodicity. For the measurement in vacuum
and in Xe/He gas mixture, the crystal was contained inside an electrically isolated glass container

Electro-Optic
Crystal

e

Fig. 11 Schematics of the integrated electro-optic field sensor. Light
from a light source is transported via an optical fiber (not shown) and
enters the assembly from the left, is collimated in a lens and reflected
by a prism parallel to run parallel to the incoming beam. It is directed
through a linear polarizer, a 1/4 plate and a LiNbOj crystal. The light
exiting the crystal is decomposed into two orthogonal linear polarized
components which are focused into an optical fiber each

Fig. 12 Photograph of the integrated electro-optic electric field sen-
sor. The optical fibers connecting to a light source and to two photo-
diodes are not shown. Those are attached to the holes visible on the
left side of the Macor substrate

4.2 Performance test on the integrated sensor

We have performed measurements on the sensitivity of the
integrated sensor using an LED source (Thorlabs M740F2).
In our performance test experiments, the optical fibers were
20 m long. The sensor head had been mounted in the center
of a homogeneous electric field volume between square elec-
trodes of dimensions 10 cm X 8 cm which had 4 cm spacing.
In these measurements, the crystal was aligned with its x,

s
5 0.011
wn
0.0
-0.011
11:00 17:00 23:00 05:00 11:00
Time [h]

Fig. 13 Example of the response of the integrated sensor to an elec-
tric field which was externally applied in a step function. The electric
field was switched between the states 0 V/cm and 1 kV/cm every 5 h.
The signal decay time constant is 7, = 1.7(1) h

-axis (see Fig. 12) parallel to the applied electric field. The
integrated sensor has been tested in air. The signal which
was obtained by regularly toggling the electric field between
0 and 1000 V/cm is displayed in Fig. 13. During the meas-
urements, the temperature was stable within +0.2 °C. The
signal shape is consistent with the signals from bare crystals.
The extracted time constant 7, = 1.7(1) h for its decay after a
step function change of the electric field [17]. This result is
in full agreement with the value extracted for a bare crystal
(see Table 1). Figure 13 demonstrates that we can follow an
electric field on the time scale of hours.

The signal-to-noise ratio for the integrated sensor oper-
ated with an LED light source is reduced compared to meas-
urements using a bare crystal and more intense laser light.
We find the sensitivity of the integrated sensor head to exter-
nal fields to be 8(2) V/cm. Advantages of the integrated sen-
sor are its compact design and its stable performance due to
the light delivery to the sensor and the readout of the signal
light by optical fibers. Sending unpolarized light from an
LED light source to the sensor head makes the device insen-
sitive to mechanical vibrations, or even significant move-
ment of the optical fibers, as long as the sensor head remains
stable in its position. This provides for long-time stable and
vibration insensitive operation. Therefore, we have chosen
to employ unpolarized LED light rather than polarized laser
light to obtain stability of performance while operating the

@ Springer



212 Page8of8

J. 0. Grasdijk et al.

integrated sensor. The device head can be placed at locations
that are not directly accessible for free space laser beams.
The sensor head reported here displays similar performance
to a bare crystal operated with free space laser beams, and
it exceeds the sensitivity to DC electric fields (> 1 h)
achieved in earlier approaches [10, 14, 16, 18].

5 Conclusion

An optical electric field sensor for DC electric fields has
been developed. It is based on a Y-cut Z-propagation lith-
ium niobate electro-optic crystal. The material’s long-time
constant 7, enables field monitoring for several hours, pro-
vided that the environmental temperature can be sufficiently
monitored or controlled. Since the response of the crystal
to a step function external field change exhibits only expo-
nential decay, deconvolution of a recorded arbitrary signal
is straightforward and the time dependence of the external
field can be obtained from this. A bare crystal placed into
an external electric field read out with laser light propagat-
ing through free space has 4(1) V/cm resolution. We have
built on this concept an all non-metallic sensor head which
is coupled to a light source and photo-detectors by means of
optical fibers. Such a sensor head is non-conductive due to
material selection and it also has low magnetic noise. A sen-
sitivity to external electric fields of 8(2) V/cm was achieved.
The integrated sensor can be employed, where next to elec-
tric fields also magnetic fields are crucial.
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