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ABSTRACT
A module of a wireless high voltage generator was tested immersed in both gaseous and liquid environments providing electrical insulation.
The overall performance of the module as well as a detailed performance of the key components are reported, and a comparison between the
results in gas and liquid is given. The tests performed on the liquid dielectric show that it is a valid alternative to high pressure gas electrical
insulation.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0009519., s

I. INTRODUCTION
Electrical insulation of any high voltage equipment can be

assured by its immersion either in a gas or in an apolar liquid when
solid dielectrics are not usable. Gas insulation is generally preferred
in very high voltage generators, where electric/electronic or even
mechanical (like in van de Graaff generators) components are used.

The main advantage favoring the use of a liquid is the possibility
to avoid the use of high pressure gases, thus operating the generator
at atmospheric pressure with an obvious reduction in safety risks.
The setup of parasitic conduction leakage currents,is the main draw-
back in case a liquid is used. These currents are absent in gas and, In
standard high voltage equipment, prevent from the control of the
output voltage.

We developed a wireless high voltage generator1,2 consisting of
several modules connected in series and that are remotely control-
lable. Electric power is supplied to each module by the conversion
of continuous wave laser light, transported through quartz fibers, on
photovoltaic cells.

Wireless high voltage generation is interesting since it is the
only technology that allows series connection of modules, natu-
rally forming a series of increasing high voltage gaps, thus, mak-
ing an instrument easy to be upgraded and maintained: upgrading

can be done by increasing the number of generators and mainte-
nance and repair can be performed on the bench while keeping
the machine working by just replacing the defective module. Fur-
thermore, it enables the independent control of any single module,
thus obtaining better voltage stabilization. The wireless feature can
be obtained either by light, as in our device, or by magnetic induc-
tion.3–5 The series connection and the use of light as the main power
source allows both gases and liquids to be used as insulators, while
the use of liquids is forbidden in induction generators, except for
single gap ones like transformers, where a combination of solid and
liquid insulation is used.6

Considering the advantages on the safety risk reduction and the
easiness of operation brought by the use of a liquid insulator with
respect to a gaseous one, we deeply investigated the pros and cons of
both choices in order to base our decision on solid ground.

We have already presented a study7 on a carefully chosen
dielectric liquid that is suitable for the use in this generator.
The present paper reports on measurements performed on a fully
equipped module operated while immersed in the aforementioned
liquid and gas. Details of the global performance as well as of
the performance of key components in both environments are
given.
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II. PERFORMANCE STUDIES
A simplified sketch of the module, highlighting the main com-

ponents, is shown in Fig. 1: a series of GaAs solar concentration
cells provide the power to a control board, which operates as the
driver stage of a Cockcroft–Walton voltage multiplier; the multiplier
output is stabilized by the control board via a 40 GΩ feedback resis-
tive network that includes filter capacitors. A complete and detailed
description of the module can be found in Ref. 2.

The purpose of our high voltage device is the generation of
a uniform electrostatic field between two electrodes suitable for
ion acceleration. The high voltage module of Fig. 1 is then packed
between two aluminum electrodes of 20 cm radius, separated by
a distance of 9 cm, and connected, respectively, to the lower and
higher voltage potential terminals. Several such modules are then
connected in series to form acceleration gaps.

Standard high voltage generators use high pressure gases as
insulators, with liquid insulation used in some cases.8 It is evident
that liquid insulation cannot be used if there are moving parts, like
in a van de Graaff electrostatic machine, but also, in particular, liquid
insulation can be envisaged only if the generator is serving a single
gap. Otherwise, like in a multi-gap Cockcroft–Walton machine, the
high voltage is distributed through the various gaps by a series of
resistors and, therefore, any parasitic and undetected current inside
the liquid prevents, by unpredictably modifying the voltage drop on
the resistors, from an accurate voltage distribution.

We tried different options as insulating gases: N2/CO2
(80/20%) mixture, pure SF6, and pure CO2, operated at 0.2 MPa
pressure. The liquid was inexpensive paraffin (Renoclean KU by
Fuchs) which, from a chemical analysis shown in Fig. 2, composed
mainly of tetradecane and decane with traces of other hydrocar-
bons. Preliminary studies were performed in order to determine the
dielectric strength and resistivity of the liquid: the first was mea-
sured to be 11.2 kV/mm (according to IEC60156:1995 standard), to
be compared with an average operation field of the device around
1.1 kV/mm, while the latter was non-ohmic, as shown in Fig. 3, but
suitable for our needs.

The voltage multiplier and the feedback chain are completely
covered by epoxy, while the control board and the solar cells are not
topped and, therefore, their behavior could be affected by the insu-
lation properties of the fluid in which they are immersed. In order
to track any behavioral difference, a detailed performance study of
the solar cells and of the control board, as well as a survey of the

FIG. 1. Sketch of the layout of a high voltage module.

FIG. 2. Paraffin chemical composition.

global operation of the module, in both liquid and gaseous insulating
environments, was carried out and will be described in the following.

It is worth noting that, having no electronics dipped in the insu-
lator, past studies, with few exceptions (e.g., Ref. 9), were devoted
more to breakdown properties of the insulating medium rather
than to the actual performance of the machine within the chosen
environment.

FIG. 3. Paraffin resistivity vs applied uniform electric field at T = 298 K.
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A. Solar cells
Since the supply power is provided by laser light through opti-

cal fibers, it depends on both the laser power and the conversion effi-
ciency of the photovoltaic cells assuming that the coupling between
fiber and cell is not spoiled by the insulating medium.

Both insulating media are transparent to the selected wave-
length (808 nm), but the liquid is nearly optically adapted to quartz,
their refraction index being 1.42 and 1.45, respectively. The relevant
consequence is that the reflection at the fiber–liquid interface is min-
imized, thus, slightly improving the fiber transport efficiency with
respect to a fiber–gas interface.

Furthermore, the spot energy is not evenly distributed and,
therefore, a certain trade-off among generated voltage, available cur-
rent, and cell efficiency is unavoidable and largely dependent on the
illumination conditions expressed by a filled area factor. The liquid
enhances this factor because it is optically adapted and, therefore,
the size of the spot on the cells is practically unchanged when exiting
the fiber, while in a gas, it is enlarged by refraction. Particular care
was taken to maintain always the same distance between the fiber
exit and the cells in order to keep this geometric factor constant.

Besides, cell efficiency depends on its temperature:10 its value,
at 808 nm laser wavelength, is about 50% and the remaining power
is transferred to the surrounding environment, and heat dissipation
plays an important role in the overall performance.

The control circuit uses the solar cells as a current generator,
hence, the supplied current being almost constant, any power loss is
detected by a drift of the electromotive force. We then investigated
the cell output power loss fixing, by an active load, the absorbed cur-
rent at 750 mA, which is a typical operating point of the system at the
maximum high voltage. The measurement was done both for the gas
and for the liquid finding a linear dependence as can be observed in
Fig. 4(a). The measured power loss is dP/dT ≃ (−0.2%) K−1, but the
heat dissipation in the liquid is much more efficient and the temper-
ature final value, obtainable from Fig. 4(b), reached after about two
hours, is three times lower in the liquid than in the gas.

FIG. 4. (a) Output power loss as a function of cell temperature and (b) cell temper-
ature as a function of time. Measurements were performed at 300 K environment
temperature at 750 mA fixed supplied current.

FIG. 5. Variation in the supplied voltage of the cells with temperature dV in/dT vs
the output voltage. The loss is evaluated for a series of four GaAs cells.

This evaluation was only partially confirmed by similar mea-
surements performed on a fully equipped high voltage module
immersed, with a resistive load, in liquid or gas during few long
period acquisitions under rather different conditions. Indeed, the
temperature asymptotic difference was around three times higher in
gas than in liquid. Likewise, the cell output power loss rate resulted
to be linear at all output voltages, but the supplied voltage variation
of cells with temperature dV in/dT is roughly exponentially depen-
dent on the output voltage (Fig. 5). The open circuit voltage decrease
rate of a single cell is dVoc/dT ≃ 1.55 mV K−1, compatible with the
value theoretically estimated for GaAs in Ref. 10.

B. Control board
The control board performance could be influenced by the use

of a liquid instead of a gas as an insulator. Indeed, parasitic cur-
rents are generated in the liquid and, since the board electronics uses

FIG. 6. Feedback voltage vs reference voltage at different set output voltages. The
figure refers to measurements done with the liquid, but no significant difference
was found in gas.
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FIG. 7. Comparison of the rms between the feedback voltage in gas and liquid.
Data were taken in the same working setup, i.e., with a 20 GΩ load on output.

very large values for feedback resistors, these currents could affect
feedback operation and, thus, precision.

The behavior was monitored over the full range of the volt-
age output by comparing the feedback voltage with the reference
one, which is the value programmed in a 16 bit Digital to Analog
Converter (DAC) to control the high voltage output.11

The resulting dependence is reported in Fig. 6 showing no sig-
nificant deviation from linearity. The reference voltage at a given
set value resulted completely independent of the insulating medium
as well as its intrinsic noise (e.g., 0.06% rms at 30 kV output volt-
age), while showing a slight dependence on the temperature of about
0.09 mV K−1 on the working range of 0.3 V–2.5 V (12 kV–100 kV
nominal output voltage).

Difference in the behavior between liquid and gas as the insu-
lating medium can be instead seen in Fig. 7, where an increase in the
rms of the feedback voltage with the output voltage is observed.

The feedback voltage is strongly correlated with the output volt-
age stability and, therefore, influenced by partial discharges causing
sudden voltage drops detected by the feedback chain. Its statistical
dispersion is quite larger in liquid than in gas, suggesting that addi-
tional noise sources, i.e., the parasitic currents, appear in output if a
liquid is used as the insulating medium.

C. Overall system performance
The main difference in the use of a gas or a liquid as insulating

medium is the insurgence of a steady leakage current flowing mainly
between the two electrodes embedding the module in the latter case.
This current must be sustained by the power of the solar cells, thus,
reducing the maximum current available for the high voltage.

A straight comparison of the amount of power required in gas
and liquid is rather difficult to be obtained by direct measurements
of the overall circuit power consumption due to the temperature
dependence of the solar cells discussed in Sec. II A. Then, in order to
allow comparisons, all the recorded data were extrapolated to the

would-be power input at a reference temperature T = 303 K, by
exploiting the exponential fit shown in Fig. 5.

We analyzed the performance in gas for a few cases by changing
the resistive load connected to the module output. This load adds in
parallel to the always existing 40 GΩ resistive feedback chain, hence,
the actual loads, Rload, tried were 40 GΩ (i.e., no additional load), 20
G Ω, 10.9 GΩ, and 7.5 GΩ. Only the performance with the 20 GΩ
load was tested in liquid.

By analyzing these data, we could obtain the experimental
power transfer function of the circuit, the device efficiency figures,
and the maximum load current sustainable by the high voltage
system.

The power transfer function is shown in Fig. 8: it was obtained
in gas and shows a clear dependence on the load.

A deeper analysis showed that this dependence is actually both
on the current drawn at the output and the output voltage Vout
itself. Evidence of the two contributions is obtained by plotting the
required input power vs the actual load current iload = Vout/Rload at
several fixed output voltages. The resulting graphs, shown in Fig. 9,
show a linear dependence of the input power on the load, which is
expressed as

Pin = P0(Vout) + k(Vout)iload. (1)

The second term of the equation corresponds to the purely ohmic
contribution due to Rload corrected by an output voltage dependent
efficiency term. The fitted slope k is in fact basically the product
between the output voltage and an output voltage dependent effi-
ciency. Its value is, as a matter of fact, expressed by a step func-
tion, since it undergoes two transitions between different constant
regimes around 30 kV and 65 kV output voltages. This is due to the
fact that the transformer operating frequency changes around these
values. The term P0, i.e., the power required to operate the circuit
at null current load, shows instead a functional dependence on the
actual output voltage (Fig. 10). The figure shows three regions where
the data can be independently fitted as follows:

P0 = (Vout − V0)2

Z
+ k′, (2)

FIG. 8. Power transfer function of the control circuit for various resistive loads.
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FIG. 9. Power absorbed by the control circuit vs the load current for various resis-
tive loads at different output voltages. The lines are linear fits to the data: the step
transitions of the slope at the DAC set value greater than 20 000 and 40 000, char-
acterizing three different working regimes, are evident from the graph. The points
of each series of the DAC set value correspond to the four resistive loads decreas-
ing while going toward right on the graph. Only data corresponding to a few DAC
set values are shown for the sake of clarity.

where Z is the impedance of the control circuit, excluding Rload,
confirming that the board is working in three different regimes,
depending on the required output voltage.

Some work is in progress in order to stabilize the control cir-
cuit avoiding these transitions while maintaining minimal possible
power consumption.

FIG. 10. Power absorbed by the control circuit at the null output current vs the set
output voltage. The lines are parabolic fits of the equation (V − V0)

2
/Z + k′.

FIG. 11. Efficiency of the control circuit for several resistive loads vs the measured
output voltage. The lines are drawn just to guide the eye.

The transfer function information could also be transformed
into an efficiency figure by plotting the efficiency e = Pout/Pin in
Fig. 11. The efficiency is increasing with the required output voltage
because the excess power dissipated on the cells is decreasing. The
same argument holds at fixed output voltage if a lower resistive load,
i.e., a greater load current, is sustained on output because the power
P0 required to operate the circuit at that given voltage is always the
same.

When the high voltage generator is immersed in the liquid, a
leakage current adds to the one flowing in the resistive load.

FIG. 12. Power transfer function of the control circuit when immersed in liquid with
a 40 GΩ resistive load on output.
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The leakage current was directly measured7 and found to be
described as

ileak = Vout

R0(1 + αVout) , (3)

which is measured in amperes and Vout is the output voltage in volts,
where the parameters R0 = 25.74 GΩ and α = 5.56 × 10−6 V−1 are
obtained by the fit.

The overall load current can then be computed, thus, providing
the transfer function in the measured case when the resistive load
is 20 GΩ. Its behavior, displayed in Fig. 12, clearly shows the tran-
sition of the circuit between the two operating regimes occurring
around 30 kV output voltage. The behavior is non-ohmic; thus, the
resistance is voltage dependent and can be obtained from Eq. (3).
Including this contribution, the expected range of the total resistive
load is between 16 GΩ and 20 GΩ: as expected by the comparison
with Fig. 8, the transfer function is in between the ones measured in
gas with the 10.9 GΩ and the 20 GΩ loads.

The average system performance was unchanged with respect
to the gas. Figure 13(a) reports the linearity of the measured out-
put voltage vs the value set on the DAC. The residuals of the fit
[Fig. 13(b)] to the points measured at low voltage show a deviation
from linearity compatible with the derating of the resistors of the
divider used for measurements, which can be fixed by calibration.

FIG. 13. (a) Linearity of the high voltage system when immersed in liquid; (b) resid-
uals of the line fit only to low voltage data (DAC value lower than 20 000).The
measurements were done in liquid, and no significant difference was found in gas.

FIG. 14. Volt–ampere characteristic of the series of four cells under operating
conditions. A slight dependence on the external electric field is seen: the power
supplied by the solar cells is decreasing with the field. The gray area highlights the
working range of the experimentally determined system.

The volt–ampere characteristic of the power cell series, referred
at T = 303 K using the fit of Fig. 5, determined in gas under operating
conditions, is shown in Fig. 14. The curve shows a slight dependence
on the intense electric field in which the solar cells are immersed:
the current supplied by the cells at a given voltage decreases by about
5%–6% from 0 V to 100 kV output voltage. This means that the over-
all input power available is decreasing with high voltage. The shaded
area in the figure reports the experimentally available working range
of the system. In particular, the lower limit (Vcells ≃ 4.25 V and Icells
≃ 1 A, but the figure is temperature dependent) was found at about
12 μA output current at 100 kV output voltage. This value could be
roughly considered the nominal limit of the current sustainable by
the system at 100 kV, although the control board can still work at an
input voltage as low as 3.3 V, thus, slightly extending the actual load
current range. Considering that 2.5 μA current is always absorbed
by the feedback voltage divider, the maximum load current in gas
is about 9.5 μA. Since, while operating in liquid, an additional leak-
age current of about 2.5 μA, computed using Eq. (3), appears; this
limit is reduced to about 7 μA if the insulation is ensured by liquid.
Of course, operating at lower voltage, a higher load current could be
sustained.

III. CONCLUSIONS
The tests performed on a liquid dielectric for a very high voltage

module show that it is a valid alternative to the usual high pressure
gas electrical insulation.

A detailed analysis of the system performance revealed that
the only important issue with respect to the gas is the appearance
of a relevant leakage current that must be sustained by the device.
This current causes considerable efficiency reduction and increasing
noise in the device with respect to the gas case. It is worth con-
sidering that the detection of increasing noise is an evident signal
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of the prodromes of the establishment of a discharge regime. The
control board allows a continuous monitoring of this parameter
that could be used in order to protect the system from destructive
sparks.

The detected problems should be considered against the clear
safety advantage of operating at the atmospheric pressure: the trade-
off between safety and efficiency should be carefully evaluated.
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