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Compact potential sensor for spacecraft
based on a silicon photonic waveguide
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Satellites charge up due to incoming electrons and ions, resulting in an electrical potential difference
(AV) between the satellite and outer space. This can cause electrostatic discharge (ESD) events,
damaging electronic devices. To reduce failures due to ESD, sensors monitoring the AV can be helpful.
Due to spacecraft’s restrictions, the sensors should be as small as possible. While small potential
sensors in terrestrial applications are often based on electrical conduction in semiconductors, such
sensors are not suitable for space application due to a weak resistance to cosmic radiation and ESD.
Here, we report a compact sensor based on another sensing method: the utilization of light absorption
in a silicon photonic waveguide. We performed experiments in a vacuum chamber simulating the
space plasma environment to demonstrate that the light attenuation in the waveguide depends on the

AV. Our results further indicate that our sensor exhibits a high resistance to ESD.

Over the past decade, the global coverage of services provided by satellites in
low Earth orbit (LEO), like high-speed internet and environmental mon-
itoring has rapidly advanced'™. Currently, these services are provided by
approximately 10,000 small satellites, and this number is expected to
increase further. The development of methods that allow us to reduce
failures of satellites is crucial for sustainable space development, as this helps
to suppress the increase of space debris and lowers the cost of satellite-based
services’™'’. One of the main causes of failures of satellites is the malfunction
of on-board electronic devices. In particular, electronic-device malfunctions
triggered by electrostatic discharge (ESD) have been widely reported''™",
and it has been estimated in 2001 that approximately half of the failures were
ESD failures'®. In today’s space industry, which is dominated by commercial
satellites, it is difficult to estimate the number of ESD-related incidents, but
ESD is still considered the main cause of spacecraft failures.

The primary cause of ESD events in spacecraft is the potential differ-
ence that arises between the spacecraft and the surrounding plasma (Fig. 1a).
As shown in Fig. 1b, the Earth’s plasmasphere contains electrons and ions
with densities in the range of approximately 10*~—10%cm”. This plasma as
well as cosmic radiation consisting of high-energy electromagnetic waves
and high-energy particles from the Sun can electrify spacecraft''™'. As a
result, the electrical potential of a satellite (or the floating potential) differs
from that of the outer space (the plasma potential), and we denote this
electrical potential difference by AV. Typically, most of the metallic parts of a
spacecraft are electrically connected to the negative terminal of the solar

panels, making AV negative in general. The density of the plasma in LEO
(and also the intensity of the cosmic radiation) can vary by more than an
order of magnitude, and accordingly AV can also vary significantly. If |AV]
becomes large (e.g., AV < —100V), the risk of an ESD failure will increase
since usually not all parts of the satellite charge up to the same voltage™.
However, only a few measurements of such AV-fluctuations experienced by
spacecraft have so far been reported”™, and thus the details of the
mechanisms of ESD failures are still unclear, making quantitative risk
assessment difficult™®. To reduce ESD failures, sensors capable of mon-
itoring AV can be helpful, and due to the size and weight restrictions of
spacecraft, they should be as small as possible.

Unfortunately, achieving accurate measurements of electrical potential
differences experienced by spacecraft using so-called potential probes
remains challenging due to disturbances from the surrounding plasma and
self-electrification”. Moreover, they are typically relatively large, which
makes it difficult to install them on small spacecraft”. While certain types of
surface potential meters (which are widely used in terrestrial applications)
have the advantage that they are compact, highly sensitive, and do not
consume much power, their sensing mechanism (which is based on eval-
uating changes in the electrical conduction) lacks radiation resistance, which
limits the lifespan in space™. Furthermore, the surface potential meter itself
can suffer damage in the case of an ESD event. A small AV-sensor for
spacecraft that uses another phenomenon than electrical conduction would
be therefore advantageous.
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Fig. 1 | Principle of measuring AV using a silicon photonic waveguide.

a Illustration of the potential difference between a spacecraft and the surrounding
plasma, AV. As the metallic components of a satellite are typically connected to the
negative terminal of the solar panels, AV is negative in general. b Illustration of
plasma in the Earth’s plasmasphere and high-energy particles from the Sun, which
can cause spacecraft electrification. ¢ Definitions of the considered potential dif-
ferences: the potential difference between the silicon layer (light blue) and the sur-
rounding plasma, AVyg;, and the potential difference between the base metal plate
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(brown) and the surrounding plasma, AV. In the case that AV (and AVy;) is negative,
positive ions in the plasma are pulled toward the metal plate and the silicon layer, and
thus positive charges are also transferred to the silicon layer. Due to the insulating
layer (gray), the transferred charges accumulate in the silicon layer, and this charging
process continues until AVg; reaches zero. d Diagram of an FCA process in a
semiconductor, where a hole absorbs a photon propagating through the semi-
conductor. e, f Light attenuation due to FCA in the silicon photonic waveguide in the
case of small and large negative AV values, respectively.

Here, we present a small AV-sensor for spacecraft that uses the phe-
nomenon of charge-induced light absorption in a silicon photonic wave-
guide. We demonstrate its operation using a vacuum chamber that
simulates a space environment and investigate the device characteristics.

Results

Measurement principle

Our device makes use of the self-electrification of the spacecraft induced by
the surrounding plasma. Fig. 1c is used to clarify the charge transfer process
from the surrounding plasma consisting of electrons (shown in black) and
positive ions (red) to a silicon layer with a photonic-crystal waveguide
structure (light blue). The metal plate (brown) represents the satellite’s outer
shell. The chip containing the silicon layer with the photonic waveguide also
has an insulating layer (gray), which suppresses the escape of the charges
transferred to the silicon layer. In the case that AV is negative (which
corresponds to the situation in Fig. 1a), positive ions are pulled toward the
silicon layer. When positive ions reach the silicon surface, they can receive
electrons, resulting in the generation of holes within the silicon layer (which
is equivalent to a transfer of positive charges to the silicon layer). Since the

hole density in the silicon layer increases with time, the potential difference
between the silicon layer and the surrounding plasma (A Vg;) starts to deviate
from AV. The transfer of positive charges to the silicon layer continues until
the potential of the silicon layer equals the plasma potential, i.e., AV5;=0 V.
Consequently, the final hole density in the silicon layer (V) is propor-
tional to AV, which can be expressed as

Npge = AAV +B 1

where the coefficient A depends on the properties of the silicon chip and
exhibits different values for positive and negative AV. The y-intercept B
should ideally be zero; however, due to the interaction of the silicon with the
plasma, it can remain finite.

As shown in Fig. 1d, the holes transferred to the silicon layer absorb a
fraction of the light propagating through the photonic-crystal waveguide
structure by free carrier absorption (FCA)* . The absorption coefficient of
FCA (agca) by the transferred holes is proportional to the Ny, according to
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Fig. 2 | Photonic charge sensor and experimental setup. a Schematic of the pho-
tonic charge sensor used in the experiment. b Enlarged view of the silicon photonic
chip shown in Fig. 2a. Integrated small aspheric lenses allow us to achieve highly
efficient coupling between the optical fibers and the waveguide, and these lenses are
fixed to the housing by metal brackets. ¢ Schematic of the experimental setup used to
demonstrate the photonic charge sensor. The vacuum chamber is equipped with an
Xe plasma emitter, and the sensor module is mounted on the side face of a 1U
CubeSat mock-up. The potential controller outside the chamber controls the voltage
of the module, Vi;0aue- The excitation light source and the light detection system (a
photodiode and a lock-in amplifier) are also located outside the chamber. OTF
optical tunable filter.

the following relation™”.

apca = NioleTrca (2)

where ogcy is the absorption cross section for FCA. The transmitted light
intensity (Ipy) decreased by FCA is then evaluated using

Iyy = Igexp (_“FCA”ng> 3)

where I, is the intensity for AV'=0V, L is the waveguide length, and 1, is
the enhancement factor based on the effective refractive index of the
waveguide”. Therefore, the value of AV in Fig. 1c can be estimated from the
attenuation I»y/I, of the light propagating through the waveguide. If |AV] is
small (for example, AV=—100V), the Ny is low, resulting in weak
attenuation (Fig. 1e). If |AV] is larger (for example AV = —250 V), the Njole

is higher, leading to stronger attenuation (Fig. 1f). Since this mechanism
does not rely on the electrical conduction in the used semiconductor
material, it should be highly resistant to ESD.

Device design and experimental setup

Figure 2a shows the fiber module used for the demonstration of this type of
sensor. The silicon photonic waveguide chip is positioned at the center of the
module and is attached to the metal plate using an adhesive. Light from a
single-mode fiber is focused on the right edge of the photonic crystal
waveguide via a lens that is fixed by a metal bracket, and the transmitted light
is coupled into another single-mode fiber (see the “Methods” section and the
Supplementary Information for details). The components shown in Fig. 2b
are enclosed in a stainless-steel housing. The metal plate, the metal brackets,
and the housing are electrically connected to the control electrode. The
photonic crystal waveguide™ (with a length of 0.8 mm) was fabricated from
a silicon-on-insulator wafer with a 225-nm-thick top silicon layer and a
3-um-thick SiO, layer. The silicon surface of the waveguide is covered by a
native oxide film of approximately 1 nm in thickness”. The waveguide is
designed with sufficient tolerance to guide C-band light (from 1530 to
1565 nm, which is most commonly used in optical communications) even
when the temperature of the silicon chip varies within a range of +100 °C
(the photonic-crystal waveguide design and the fabrication method are
described in the Supplementary Information and the “Method” section,
respectively)”’. We hereafter refer to this module as a photonic charge
Sensor.

Figure 2c shows the vacuum chamber used to simulate a space
environment using a xenon (Xe) plasma emitter (we also performed an
additional experiment using argon (Ar) as the plasma source in a separate
vacuum chamber. Selected results obtained with Ar ions are provided in the
Supplementary Information). The diameter of the chamber is approxi-
mately 1 m, and it is about 1.2 m long". The photonic charge sensor is
mounted on a side face of a 1U CubeSat*' mock-up placed on a polymer
stage inside the chamber, and the side with the sensor faces away from the
plasma emitter (see the Supplementary Information for details). The
potential of the module (Vp,odqule) is controlled by a potential controller
connected to the control electrode. To investigate the characteristics of the
photonic charge sensor, Xe plasma was generated inside the chamber and
the intensity of the transmitted light was recorded while varying V,odule-
The achieved plasma density was approximately 5.15 x 10"' m~ (which is
comparable to the median plasma density in LEO) and the plasma potential
(Vplasma) Was approximately 17 V. AV is defined as Vinodue — Vplasma- Light
from an external source was delivered to the module via the optical fiber, and
the transmitted light intensity was measured using a photodiode and a lock-
in amplifier (see the “Methods” section for details)”. In the following ana-
lysis of the data, the recorded time traces of the transmitted light intensity are
normalized to the average transmitted intensity during the first 30 seconds
of each experiment.

Confirmation of the proposed sensing mechanism

We first demonstrate the behavior of the device explained in Fig. 1c using a
Vinodule of —100 V. The upper panel of Fig. 3a shows that Vi,oque Was
switched from 0to -100 V at ¢ = 150 s and stayed at this value until t = 370 s.
The gray-shaded regions (i)-(iii) in the lower panel indicate the time range
where Xe plasma was generated, and the red curve shows the recorded
device response. In time region (i), AV=—17V and AVg; <0V, and thus
positive ions in the surrounding plasma are pulled toward the metallic
components of the sensor (the metal plate, the brackets, and the housing)
and the top silicon layer containing the waveguide structure. The trans-
mitted light intensity gradually decreases, because the holes that have been
transferred from the positive ions to the top silicon layer (to reduce AVy;)
absorb a fraction of the light in the waveguide by FCA (Fig. 3b). Att=150s,
the intensity reduction is not yet saturated, that is, AVg;# 0 (in another
measurement run, we confirmed that this reduction saturates after
approximately 30 min).
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Fig. 3 | Basic response of the photonic charge sensor to a negative AV. a The
applied voltage profile (upper panel) and the recorded device response (lower panel).
The three gray-shaded regions denoted by (i)-(iii) indicate different characteristic
time regions during plasma generation. b The values of AV and AV; during time
regions (i), where Vi,o4ule = 0. In this situation, positive ions are pulled toward the
metal plate and the top silicon layer containing the waveguide structure due to the
negative AV. ¢ The values of AV and AV; during time region (ii), where

Vinodule = 100 V. Here, positive ions are strongly pulled toward the metal plate and

the top silicon layer due to the large negative AV. The positive charges transferred to
the top silicon layer absorb a fraction of the light propagating through the waveguide,
and thus reduce the transmitted light intensity. d The situation during time region
(iii), where the top silicon layer is positively charged and V,;04uie = 0; while positive
ions are pulled toward the metal plate, electrons are pulled toward the top silicon
layer, and the transmitted light intensity recovers as the electrons recombine with the
holes in the top silicon layer.

At t=150s (AV=—117V and AVg=-100V), an immediate
reduction in transmitted light intensity by approximately 12% is observed.
As shown in Fig. 3¢, positive ions are pulled toward the silicon layer and
generate holes (this process can continue until AVg; become zero). Again,
the observed reduction in the transmitted light intensity is caused by FCA.
After this initial reduction in time region (ii), the transmitted light intensity
remains nearly constant because AVy; is relatively close to zero. At t=370s
(AV=—17V and AVg; = +100 V), the transmitted light intensity starts to
recover to a level close to that observed before exposure to the Xe plasma.
This recovery in time region (iii) is caused by the reduction of the hole
density in the top silicon layer due to recombination with the attracted
electrons (Fig. 3d). We repeated this experiment 10 times in a vacuum
chamber filled with Ar ions and examined the variation in the magnitude of
transmitted light attenuation. The standard deviation at Vy,oque = —100 Vis
as low as 0.0034 (see the Supplementary Information).

The data shown in Fig. 4 clarifies that the device response for
|AV]>50V almost follows the theoretical behavior described by Egs.
(1)-(3). Here, we used a different sensor module than that used for Fig. 3, but
the device structure was the same. The upper panel in Fig. 4a shows the
applied voltage profile: V;;0que Was switched from 0V to a negative target
value and then switched back, and the target value was changed from —50 to

—200V in steps of —50 V. The lower panel shows the recorded device
response. Note that plasma generation was started well before the start of the
experiment, and thus we can consider AV =—17 Vand AV5;=0 Vatt=0s.
We find that the magnitude of the intensity reduction becomes larger as
|AV] increases. Fig. 4b plots the minimum transmitted intensity at a given
potential step as a function of AV (the experimental error estimated from the
Ar-ion experiments is described in the Supplementary Information). The
red curve using Egs. (1)-(3) shows that the attenuation closely follows the
theoretical fit when |[AV]| > 67 V (see Eq. (S4) in the Supplementary Infor-
mation for details). These results indicate that the hole density inside the top
silicon layer increases as AV becomes more negative, making the FCA rate
larger. It should be emphasized that the photonic charge sensor can measure
the potential difference of AV <—100V, where the ESD risk begins to
increase.

The spike-like responses observed for Vy,oqule = —200 V are attributed
to discharges in the vacuum chamber, which lead to a short reduction in
| Vinodule|- We confirmed this assignment using a discharge meter attached to
the chamber". Note that, although we repeatedly performed experiments
with Vipodue = —200V, the module remained undamaged. This result
suggests that the photonic charge sensor is resistant to ESD and can even
trace relatively fast fluctuations of AV under certain conditions.
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Fig. 4 | Demonstration of monitoring AV-fluctuations. a The applied voltage
profile (upper panel) and the recorded device response (lower panel). Plasma gen-
eration started at £ < —1800 s. When V/;,04u1e Was set to —200 V, discharges occurred,
resulting in spike-like increases in the transmitted light intensity, but the module
remained undamaged. b The minimum transmitted light intensity as a function of
AV to clarify the device response. The red curve is a theoretical fit to the data
corresponding to AV < —67 V. Error bars are added to the data at V,,oq4e = —67 V,
—117 V,and —167 V.

Data for more realistic voltage profiles

The upper panel of Fig. 5a shows a voltage profile that better reflects the
continuity of usual A V-variations in space: Vi, oqule i first decreased stepwise
from 0 to —250 V, and then increased back to 0 V. The device response is
shown in the lower panel (a sensor module different from the modules used
for Figs. 3 and 4 was used). The results of the first half of the experiment
resemble those shown in Fig. 4: As Vi, odule is decreased, the transmitted light
intensity reduces, since the hole density in the top silicon layer increases
(Fig. 5a; t < 700 s), and the plot of the minimum transmitted intensity as a
function of AV (Fig. 5b; solid circles) indicates that the attenuation, pro-
portional to |AV], agrees well with the theoretical fit given by Egs. (1)-(3).
For Vinodule = —250 V, we can also confirm spike-like responses caused by
discharges.

The second half of the experiment is in overall agreement with the
behavior discussed above: As V,oque iS stepwise returned to 0V, the
transmitted light intensity increases (since the hole density decreases), and
also the plot of the maximum transmitted intensity as a function of AV
(Fig. 5; open triangles) results in a trend close to that observed in the first half

of the experiment. On the other hand, the speed of the response to a change
in Viodue is much slower than that observed in the first half of the
experiment. In addition, the experimental error increases. The mechanism
for these responses are explained in Fig. 5¢, d.

Fig. 5¢ shows the situation at the time instant indicated by the vertical
arrow labeled “A” in Fig. 5a (slightly before the voltage step; Vinodule =
-200 V and AV =-217 V). In this situation, the net charge transfer from the
surrounding plasma to the top silicon layer is zero, because the transmitted
light intensity is almost stable (AVy; is close to 0 V), while positive ions are
still accelerated toward the exposed metallic components of the sensor due
to the negative AV. Figure 5d illustrates how the plasma behaves during the
time region indicated by the horizontal double-headed arrow labeled “B” in
Fig. 5a after the voltage step to Viodue = —150 V (AV=—167 V). Also in
this time region, positive ions are accelerated toward the exposed metallic
components of the sensor due to the negative AV. On the other hand, while
we would expect electrons to be strongly pulled toward the top silicon layer if
we simply consider AV; (since AV, instantly increased to 50 V due to the
increase of Vioque by 50 V), the effective potential difference between the
waveguide and the surrounding plasma including the influence of
the surrounding charge distribution (Coulomb repulsion) is relatively low
(see Fig. S1 in the Supplementary Information). Therefore, the decrease of
the holes in the top silicon layer is slow, resulting in the slow increase of the
transmitted light intensity observed in the lower panel of Fig. 5a. In contrast,
when Vioque Was changed from —50 to 0V, no Coulomb repulsion
occurred, because Viyodue =0 V. Thus, in the final voltage step, the trans-
mitted light intensity increased immediately like in Figs. 3a and 4a.
Regarding the measured transmittance of about 95% for AV =-67 V in the
second half of the experiment (Fig. 5b), this value clearly deviates from the
trend of the other values. We explain this with too early voltage-level
switching: Vi,odue Was changed from -50 to 0V before AVg; reached 0 V.
Owing to the slow response, the experimental error increases when AV is
increased.

The results in Fig. 5 demonstrate that the photonic charge sensor is
capable of detecting continuous variations in AV. Finally, we also show that
this sensor can monitor potential differences for at least an hour. Fig. 6
presents the results that we obtained when V;,0que Was set to < -100V for
about one hour (this measurement was carried out subsequent to that of
Fig. 5). During the period with V};,04ue = ~150 V (between ¢ = 60 and 1800's),
the transmitted light intensity remains nearly constant, and after the voltage
step t0 Vinodule = ~100 V at ¢ =1800 s, the transmitted light intensity gra-
dually increases and reaches a stable value at around t = 2600 s. Slightly after
the final voltage step to Vioque =0V at t=3200s, the transmitted light
intensity returns to a level close to the initial value.

Discussion

The results shown in Figs. 3-6 indicate that the developed photonic charge
sensor is capable of monitoring the AV between a spacecraft and the sur-
rounding plasma. The sensing mechanism is based on three facts: (1)
through the interaction with the surrounding plasma, free carriers are
generated in the silicon layer with the photonic-crystal waveguide structure,
(2) the number of free carriers is proportional to |AV], and (3) the intensity
of the light propagating through the waveguide is reduced by FCA. The
main advantage of this type of sensor is that only light absorption by free
carriers is used to determine A V. It does not rely on evaluating changes in the
electrical conduction, and as a result, the sensor should exhibit good resis-
tance to discharges, as indicated in Figs. 4a and 5a.

The density of holes in the silicon waveguide induced by AV is esti-
mated from the attenuation of the transmitted light”. The hole density in
time domain (ii) of Fig. 3a is 2.97 x 10”cm™ (see the Supplementary
Information for details). The 25% attenuation observed at V,que = 200 V
in Fig, 4a is caused by holes with a density of 5.58 x 10"” cm™ (see Fig. S8 for
the carrier density for each Vioque)- Silicon crystals can maintain their
structural integrity up to the carrier density of 1.0 x 10* cm™>. Therefore, the
silicon waveguide for the photonic charge sensor will not be deteriorated by
carriers induced by a AV of several hundred V.
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Fig. 5 | Demonstration of monitoring continuous AV-variations. a The applied
voltage profile (upper panel) and the device response (lower panel). In the first half of
the experiment, Vi,,oqule is stepwise decreased from 0 to —250 V, and in the second
half of the experiment, it is increased back to 0 V. b The plot of the minimum
transmitted light intensity as a function of AV for the first half of the experiment
(solid circles) and that for the second half of the experiment (open triangles). The red
curve represents a theoretical fit to the data of the solid circles for AV < —67 V. Error
bars are added to the solid circles at AV=—117V, and —167 V, and the open
triangles at AV=—17V, —67 V, and —117 V. ¢ The values of AV and AVy; at the

C
Positive ion Viiasma (17 V)
o e — Electron
l_ Silicon waveguide
d .
. Coulomb repulsion A

time instant “A” in (a). Positive ions are accelerated toward the exposed metallic
components, while no charges are accelerated toward the top silicon layer. d The
values of AV and AV§; during time region “B” in (a). Positive ions are accelerated
toward the exposed metallic components due to the negative AV, and electrons are
pulled toward the top silicon layer due to the positive AVs;. The Coulomb repulsion
from the charges in the metallic components near the silicon photonic waveguide
chip slow down the flow of electrons to the waveguide, causing a relatively slow
increase in the transmitted light intensity.

While the basic capability of monitoring AV was confirmed, the fol-
lowing issues should be considered for further improvements: Firstly, there
are differences between the sensitivities of different sensor modules, as
revealed by the differences between the base levels of the transmitted light
intensity at Vioque = —100 V in Fig. 3a, 4a, and 5a. Secondly, although
Vinodule Was kept at a constant negative value in each of the experiments
shown in Figs. 3a, 4a, and 5a, the light intensity did not completely stabilize.
Based on the results in Fig. 6a, it takes more than 10 min to reach a stable
value. Furthermore, the response speed in the case of voltage steps to more
positive voltages is also slow. A gradual decrease was also observed in the
latter half of the time region (iii) in Fig. 3a (similar response was observed in
Fig. 6). Thirdly, during the recovery process when V,,,oqule is returned from a
negative potential to 0 V, overshoots are randomly observed, as can be seen
in Fig. 4a.

These phenomena may be related to the native oxide layer and loca-
lized energy states on the silicon waveguide surface. Charges trapped in the
oxide or surface states do not contribute to FCA and therefore do not reduce
the transmitted light intensity. On the other hand, they contribute to
matching the silicon waveguide potential with the Vjjaima (i€, bringing AVg;
closer to 0V). To improve the overall performance, it is important to

elucidate the relationship between the silicon surface and the sensor
responses. Surface passivation with SiN may be an effective approach.
Furthermore, the development of a module design that improves the
interaction between the plasma and the top silicon layer is required. For
example, the amount of metallic parts near the silicon photonic waveguide
chip can be reduced by directly bonding the fiber to the waveguide. Using a
highly conductive adhesive to attach the silicon photonic waveguide chip to
the metal plate may also be effective. A silicon chip with a longer waveguide
can provide higher sensitivity by yielding greater optical attenuation at
smaller AV, as expressed by Eq. (2).

Finally, since the AV experienced by satellites is negative in most cases,
we investigated the response to negative Vi, oqule values. We confirmed that
transmitted light decreases even under positive AV in a separate experiment
with Ar-ion atmosphere instead of Xe ion, where FCA is caused by electrons
instead of holes (see Supplementary Information). It could also be useful to
add a function that allows us to distinguish whether AV is positive or
negative.

The advantages of the presented photonic charge sensor for use in
space are that it is sufficiently compact to be mounted on small satellites, that
it is resistant to the vibrations experienced during rocket launches (we
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Fig. 6 | Demonstration of monitoring negative AV values over a longer period
of time. The applied voltage profile (upper panel) and the recorded device response
(lower panel).

confirmed this in a separate experiment), and that a high radiation resis-
tance can be expected since the device does not contain a p—n junction (the
radiation hardness will be reported in a separate paper). Furthermore, due to
the used sensing mechanism, alow energy consumption and a high SN-ratio
are expected. The total power requirement of the sensor system, including
the light source, photodetectors, and signal processing unit, is estimated to
be about 0.1 W. By employing quasi-continuous wave light (i.e., duty-cycled
operation), the power consumption can be reduced even further.

Here, we provide an overview of previous approaches for measuring
spacecraft potential. Direct potential measurements using the Floating
Potential Measurement Unit (FPMU)*, double-probe techniques®, and
surface electrometers™ have successfully monitored the potential difference
of large spacecraft with an accuracy of better than 1 V. This level of accuracy
is superior to that of the photonic charge sensor, even with anticipated
improvements in the latter. However, these instruments are inherently large:
the FPMU employs four separate probes and the overall system exceeds 1 m
in size, while the double-probe method requires wire booms extending more
than 10 m from the spacecraft. Surface electrometers are smaller, typically
several tens of centimeters, but ensuring radiation hardness is challenging
and increases their cost. As a result, the use of these instruments has been
limited to large-scale missions.

Indirect approaches combined with numerical simulations have also
been explored, for example using particle detectors™, electron guns®, and
Langmuir probe**”. Particle detectors are typically several tens of cen-
timeters in size and relatively expensive, making them impractical for
CubeSat-class missions. The electron-gun approach enables touchless
estimation of spacecraft potential and has the advantage of measuring
charging levels exceeding 1 kV. However, it requires a dedicated servicing
spacecraft equipped with an electron gun. Langmuir probes, which can be
reduced to several tens of centimeters, are relatively low-cost and therefore
remain a practical option for CubeSat-class spacecraft. However, their
accuracy sometimes deteriorates significantly as a consequence of minia-
turization, with errors that can reach tens to more than 100%". In summary,
compared with conventional techniques, the photonic charge sensor offers
advantages in terms of size, cost, power consumption, and radiation
resistance.

Monitoring potential differences experienced by spacecraft can help to
advance our understanding of ESD failures, and this facilitates the

development of effective countermeasures. It is particularly important to
measure the potential differences between two distinct locations in the
satellite by placing one sensor on the metallic outer shell and another on an
insulating material, such as a solar panel. Equipping more satellites with
sensors like the presented photonic charge sensor should thus help to reduce
ESD failures and also provides more data about space environments*.

Moreover, several tens of photonic charge sensor modules can be
installed on large spacecraft such as the ISS. Each sensor requires less than
0.1 mW of excitation light, and therefore, by using a fiber splitter, the output
from a single light source can be distributed to several tens of sensors.
Moreover, this sensor is expected to function not only in LEO but also in
other environments where ambient plasma is present. Based on the oper-
ating principle and the present experimental results, we anticipate that the
sensor could also operate in GEO and possibly on the lunar surface.

In the actual LEO environment, the dominant plasma species are H
and O, with minor contributions from N and He. The results obtained with
Xe plasma showed good agreement with those obtained using Ar ions, as
presented in the Supplementary Information. Furthermore, we performed
additional experiments in which the position and orientation of the sensor
were varied inside the chamber to change the plasma density around the
module, and no significant differences in the transmitted light attenuation
were observed. In these experiments, the plasma density is expected to have
differed by more than one order of magnitude. These results suggest that the
photonic charge sensor will reproduce the present experimental behavior in
LEO with an agreement of roughly 70%.

To accurately measure the spacecraft potential in space, it is necessary
to take into account the influence of temperature. The temperature variation
of the silicon photonic chip affects both the refractive index (r,,,) and the
0rca in Egs. (2) and (3). The former shifts the guided wavelength band of the
waveguide, while the latter changes the apca. When the chip temperature
increases by 100°C, n,, increases by only about 0.5%, whereas opca
increases by approximately 40% (correspondingly, agca in Eq. (2) increases
by 40%)". Therefore, the transmitted light attenuation (I5y/I) should
depend on the temperature. Monitoring the module temperature is thus
necessary to compensate for errors in estimating AV.

Methods

Module design

The module illustrated in Fig. 2a was produced by Optoquest Co., Ltd, a
photonics foundry specializing in the fabrication and development of
advanced optical components. The optical insertion loss of the module was
measured to be approximately 15 dB. To ensure no outgassing within the
vacuum chamber, a bare single-mode fiber was employed. The silicon chip
was mounted onto a metal plate using an adhesive. To prevent con-
tamination of the silicon chip surface, a protective cover was installed on the
module. For the experiments depicted in Fig. 2c, this cover was removed.

Photonic chip fabrication

The silicon photonic crystal chip was fabricated on a 300-mm wide silicon-
on-insulator wafer by a CMOS-compatible process*’. The 225-nm-thick top
silicon layer is naturally doped with P-type boron at a low concentration of
about 1.0 x 10" cm™. The photonic crystal patterns were defined using a
193-nm ArF excimer laser immersion scanner and were transferred onto the
top silicon layer by dry-etching procedure. The wafer was diced into
800 x 2000 pm chips by stealth dicing. After cleaning of the surface, the BOX
layer was selectively removed using 48% hydrofluoric acid to form an air-
bridge structure (see Fig. S2b).

Experimental method

The excitation light shown in Fig. 2¢ is a broad light with a center wavelength
of 1550 nm and a full width at half maximum of 41 nm. A superluminescent
diode (SLD, Thorlabs SLD1550PA40) was used as the excitation light
source. The light from the SLD was spectrally shaped using an optical
tunable filter (OTF, Optoquest WTFA-1580-3-P/F). The excitation light
was modulated at 1 kHz using a mechanical chopper and passed through a
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polarizer to obtain transverse electric (TE) polarization. This light was
transmitted to the module in the vacuum chamber via a fiber feedthrough
(Cosmotec). The emitted light from the module was transmitted to the
photodiode (Newport model 2011) outside the chamber and the intensity
was measured with a lock-in amplifier system (NF LI5630). The background
pressure in the chamber was approximately 7 x 10~* Pa without Xe plasma,
and the pressure during the plasma generation was about 2.5 x 10~ Pa. The
experiments were performed at room temperature, 295 K. The temperature
increases of the module and the CubeSat was approximately 2 K after 1 h of
plasma generation. This gradual temperature rise caused a slight variation in
the transmitted light intensity due to the shift in the optical insertion loss of
the module.

Data availability

The experimental data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
request.
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