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Abstract: Consumable-free electron emitters are presently not feasible for autonomous tether-based
deorbit devices such as E.T.PACK due to their power requirement. The bare-photovoltaic-tether (BPT)
concept combines the bare tether electron collection with a tether segment, coated with thin film
Copper Indium Gallium Selenide solar cells to harvest additional power for the cathodic contact,
potentially enabling propellant-less operation. This thesis presents the first prototype of the photo-
voltaic tether segment, its architecture, its electrical characteristics, major challenges of the system and
possible solutions. Photovoltaic tether segments of up to 3 m in length were manufactured, consisting
of parallelized submodules of 25 cm in length. Due to space limitations, only the I-V-characteristics of
these submodules were measured under a self-built Class BCA LED Solar-Simulator inside a vacuum
chamber and at varying temperatures between —100 °C and 100 °C. In addition, the suitability of the
concept for a low Earth orbit environment was assessed by performing atomic oxygen exposure tests
using a microwave-based low pressure plasma atomic oxygen source. Based on the experimental data,
a model is provided for predicting the performance of the photovoltaic segment in orbit, highlighting
the main problems of the BPT: temperature, orientation and partial shading.

Keywords: electrodynamic tether; orbital debris; propellant-less CubeSat propulsion; thin film solar
cells; CIGS

1. Introduction

Electrodynamic tethers (EDTs) are a promising technology for future space debris
avoidance due to potentially propellant-free thrust generation. Therefore, Sanchez-Arriaga
et al. proposed the development of a fully passive, fully autonomous and consumable-
free tether-based deorbit device [1] capable of deorbiting spacecraft at their end of life.
This would combine the propellant-less and passive nature of drag augmentation devices
while still providing generally lower deorbit times due to high thrust of EDTs. In terms of
autonomy, this is particularly interesting for objects, which do not have their own power
source, such as rocket stages or defective satellites.

Using the generator principle, EDTs create an electrical potential difference between
the two ends of a long electrical conductor by moving through a planet’s magnetic field. In
a plasma environment, such as in low Earth orbit (LEO), this potential difference can be
used to create a unidirectional current flow in the conductor by closing a circuit between
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external power supply: hollow cathode plasma contactors, thermionic electron emitters
and field emission electron emitters. The former are usually feasible for high currents, and
require low amounts of power and additional expellant [3]. The latter two technologies
are available as completely consumable-less devices for low currents, which require high
amounts of power due to space charge effects. This power requirement would reduce the
compactness of autonomous EDT-based deorbit devices, requiring additional assembly and
storage space for dedicated solar panels and thus reducing competitiveness in comparison
with other propellant-less deorbit devices such as electrostatic plasma brakes [4].

A cathodic contact for propellant-less EDTs has also been discussed in the frame of
low work function tethers, which are envisaged to passively emit electrons under solar
irradiation via thermionic [5] and photoelectric [6] effects but are not yet feasible.

In 2021, Tajmar and Sanchez-Arriaga proposed the bare-photovoltaic-tether (BPT)
concept), which aims to take advantage of the progress in thin film solar cell technologies to
use the surface area of the electrodynamic tether for solar energy harvesting, thus enabling
the use of active electron emitters without a propellant [7]. Modern EDTs use tapes instead
of wires, due to better performance and higher impact survival probabilities [8], thus
providing a suitable flexible substrate for thin film solar cells. Due to the thin film nature of
the solar cells, the increase in available power would only come at the cost of additional
mass, but without decreasing the compactness of the EDT system.

The original BPT proposed to couple the electrical circuit of both the EDT and the
photovoltaic cells in order to increase the performance of the EDT by increasing the electrical
potential difference between its two ends. However, this coupling carries a high risk of
total system failure, as a malfunctioning of the photovoltaic circuit also impairs the current
flow in the EDT; therefore, decoupling the two circuits was proposed [9]. By decoupling
both circuits, the BPT would then include an additional photovoltaic tether segment (PTS),
which would act as a tether-shaped solar panel, harvesting additional power to increase
the autonomy of an EDT-system, while the current of the EDT would flow through the
electrically conductive substrate of the solar cells. In the event of failure of the photovoltaic
circuit, the current flow in the tether would remain guaranteed. No additional support
structure would be required; therefore, the theoretically achievable specific power (power
per mass) would be high compared to conventional solar panels. Assuming an EDT with a
total length of 1 km, a PTS length of 500 m and a width of 2 cm, a surface area of 10 m? could
be used for power harvesting. Record module efficiencies of mature thin-film technologies
such as Copper-Indium-Gallium-Selenide (CIGS) reach values of up to 19.2% at 25 °C [10].
Hence, in an unrealistic best-case scenario, a promising 2.6 kW of power could be achieved
with a PTS. In the usual scenario, however, the PTS will never be optimally oriented
towards the sun due to twisting, and the module efficiency will be highly reduced not
only due to much higher temperatures in space but also due to the unconventional tether-
shape, which limits the available installation space for proper busbar systems and thus
detrimentally influences the current-voltage characteristic of the PTS due to unfavorable
ohmic resistances.

This study presents a design of the PTS that combines the CIGS thin-film solar cell
technology with a bare aluminum tether that is compatible with partial shading result-
ing from suboptimal tether orientation and torsional twisting. Its fabrication based on
monolithic module integration is outlined. In addition, the three major negative effects
on the PTS performance, high temperatures, atomic oxygen and torsional twisting, are
experimentally evaluated to realistically discuss the in-orbit performance and the feasibility
of a PTS.

2. Materials and Methods
2.1. The PTS Design and PTS Samples

The PTS is integrated into the EDT, using a polyimide layer as a substrate for the
thin film solar cells and as an insulating barrier to the bare aluminum tether. Typically,
flexible CIGS solar cells are grown either on stainless-steel sheets with a thin film insulating
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glass layer or directly on polyimide sheets. Stainless-steel as an electrically conductive
substrate has been discussed as a promising solution for PTS, as the EDT current could
be carried by the stainless-steel layer while the glass insulator decoupled the photovoltaic
circuit [9]. In addition, CIGS solar cells on stainless-steel generally achieve higher power
conversion efficiencies, due to higher process temperatures, thus leading to beneficial
crystal growth [11]. However, stainless-steel has more than twice the density of bare
aluminum, a significantly lower electrical conductivity, and its use in a PTS creates the
problem of joining the PTS substrate to the bare aluminum tether of the EDT. As shown
in Figure 1, the PTS of this study includes a polyimide layer as both a direct substrate for
the thin-film solar cells and an insulator to decouple the two electrical circuits. The cells
consist of a transparent conductive oxide (TCO) front contact, in this case Aluminum-doped
Zinc-Oxide (AZO), the CIGS graded absorber crystal, and a molybdenum back contact.
The front contact is supported by a silver grid to enhance electron collection and to reduce
ohmic losses.

silver contact

10 pm
- O TCO — 0.4 pm
2 pm
PN@ T (1 molybde numbackcontact i BRRNCIRS
polyimide — 30 um
adhesive — 1 um
aluminum tether — 40 um

Figure 1. PTS layering: The solar cells consist of a transparent conductive oxide (TCO) layer as a
front contact, the Copper-Indium-Gallium—Selenide (CIGS) absorber material and a molybdenum
back contact. The front contact is supported by a silver electron collecting grid. The cells are grown
on a polyimide substrate, which is applied to a bare aluminum tether, using an adhesive transfer
tape; dimensions are not to scale.

Before the silver electron collecting grid is applied and the cell stack is mounted on
the aluminum tether, the cell layers are patterned into submodules via monolithic integra-
tion [12]. These patterns can be freely adapted to meet the actual use-case requirements.
In this study, these submodules were designed in to have a maximum power point volt-
age of 28 V at 25 °C and to be connected in parallel. After monolithic integration, the
submodules are applied to the aluminum tether using adhesive transfer tape. They are
interconnected by two lateral busbars, which are applied after sealing to the gaps between
each submodule with an insulating material (see Figure 2). They also serve as electrical
contacts to the spacecraft.
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Figure 2. PTS fabrication: (a) laser-based monolithic integration of submodules; (b) application
of silver grid in an ink jet printing process; (c) application of the cells with substrate to the bare
aluminum tether using; (d) application of lateral busbars for parallelization of submodules and
contacting to the spacecraft.

The parallel connection of the submodules to the lateral busbars is not visible from the
outside and was also realized with laser structuring. The reason for this PTS architecture is
a partial shading issue, resulting from torsional twisting of the PTS along the tether line
after deployment. However, this torsional twisting is both detrimental and beneficial to the
performance of the PTS. On the one hand, it reduces the active photovoltaic area; on the
other hand, it reduces the negative effects of a sub-optimal tether orientation (e.g., when
the pv area is facing away from the sun). As a result, the twisted PTS power is lower but
more stable. Applying the solar cells on both sides of the tether is not feasible for two
reasons. First, the solar cells have a preferred bending direction and would therefore crack
if applied on both sides. Second, the electron collection capability of the bare aluminum
tether would be reduced, if not completely lost, in the region of the PTS.

However, partial shading prohibits the serial connection of submodules along the
tether line because the current voltage characteristic of a serial connection of solar cells or
entire modules is dominated by its weakest link, and thus by the least illuminated element
of the connection. If a PTS of serially connected submodules had torsional twists along the
tether line, its performance would drop to zero even if only one of the submodules was in
shadow. This could be avoided by adding bypass diodes to each submodule. However,
they would increase the thickness of the PTS, reducing its flexibility, and making it a
vulnerable but indispensable element. Instead, the PTS of this study includes submodules
connected in parallel. When submodules are shaded or inside the transition zone between
light and shadow, their performance drops to zero, while illuminated submodules still
contribute to the total power output of the PTS. The PTS power of the parallel configuration
would only decrease in proportion to the shaded photovoltaic area, instead of dropping to
zero as in a serial configuration. This is an oversimplification of the process because the
irradiance on the photovoltaic area changes with the angle of incidence; therefore, there
are further detrimental effects of twisting. These effects are discussed in the experimental
section below.

In this study, the electrical characteristics of six 25 cm long and 2.5 cm wide submodules
were evaluated under the influence of vacuum and temperature. In addition, a 1.5 m long
PTS sample, consisting of six submodules of the same type, which were connected in
parallel, was tested against the influence of twisting. Figure 3 shows one of the coiled-up
submodules on the right side and the 1.5 m PTS sample on the left side.



Aerospace 2023, 10, 386

50f22

Figure 3. PTS sample with a length of 1.5 m on the left; submodule with a length of 25 cm on the
right; the total thickness of the samples is 103 um (including lateral busbars); a submodule consists of
80 serially connected strings of four parallelized cells each.

These samples have a total thickness of 103 um, including the lateral busbars. The
busbars are made of a conductive copper tape 20 um thick and 2 mm wide. Their mass
per unit length is 6 g/m compared to 2.7 g/m for the bare 40 um aluminum tether. The
key parameters of the six submodules are shown in Table 1. First, the efficiency ng is
shown, measured with a Keithley 2420 Source Measurement Unit (SMU) under a g2voptics
Sunbrick Solar Simulator (SoSi) at 25 °C and Air-Mass 0 (AMO) spectrum (1367 W/m?).
Second, the electrical parameters, open circuit voltage V. and short circuit current I, as
well as the maximum power point voltage Vypp and current Iyipp, are presented. Third, the
fill factor (FF) is presented, which is the ratio between the product of the maximum power
point parameters Iypp X Vypp and the product of the open circuit voltage and short circuit
current Vo X I and is a measure of the quality of the photovoltaic cells. In addition, the
serial resistance Rs and parallel resistance Ry, of each submodule are indicated, since they
directly influence the FE.

Table 1. Key parameters of the six submodules, investigated in this study: efficiency ng, measured at
25 °C and AMO (1367 W/ mz), open circuit voltage Vo, short circuit current Is., maximum power
point voltage Vyipp, maximum current Iyipp. Fill factor (FF), serial resistance Rs, parallel resistance Rp,.

Sample Mo [%] Vo [V] Vwmer [V] Isc [mA] Inpp [mA] FF [%] Rs [O] Rp [kO]
Al-1 5.64 39.09 27.24 16.82 14.19 58.79 537 96.25
Al-2 5.15 40.44 26.25 16.67 13.45 52.37 655 137.68
Al-3 6.06 41.16 28.41 17.19 14.61 58.70 568 167.42
Al-4 4.70 36.22 25.59 15.78 12.59 56.34 463 89.53
Al-5 5.71 39.70 27.45 16.89 14.25 58.35 568 60.80
Al-6 6.01 39.38 2791 17.33 14.76 60.36 455 176.13
mean 5.55 39.33 27.14 16.78 13.98 57.49 541 121.30

The efficiencies of the submodules cannot compete with state-of-the-art CIGS module
efficiencies between 12% and 15% [10]. This is mainly due to a high serial resistance and
a low parallel resistance, which increase dissipation and shunt losses, respectively. The
detrimental serial resistance can be attributed to the high number of serially connected
cells, whereas the low parallel resistance may be a result of the lateral PTS busbars, which
cover the entire length pf the submodules and thus provide a high contact area for shunting.
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The average efficiency of the PTS submodules of CIGS cells on polyimide applied to a
bare aluminum tether was lower than that reported for PTS submodules of CIGS cells on
stainless-steel (7%), which serves as both the cell substrate and the electrical conductor for
the EDT over the length of the PTS [9].

When connecting these submodules in parallel in a PTS, it is important that they
have the same or at least similar current-voltage (I-V) characteristics, so that the operating
point of the overall PTS is compatible with each individual submodule. Matching the
submodules at this stage of development is time-consuming and costly due to the creation
of rejects by the non-optimized manufacturing process. For example, in a batch of twelve
submodules, seven samples had a deviation in Iyipp or Vyipp of more than 5% and up to
45% from the envisaged values. Therefore, there was no well-matched and optimized PTS
available yet. The 1.5 m PTS in this study consisted of poorly matched submodules and
was primarily fabricated for mechanical testing, which is not the focus of this work. In
addition, a dedicated solar simulator setup covering the full 1.5 m length with adequate
illumination was not available. As a result, there are no reliable data available on the
maximum performance of the 1.5 m PTS. However, the qualitative influence of torsional
twisting on PTS performance was evaluated in a dedicated twisting setup.

2.2. Material Demonstrators

The silver electron collecting grid of the PTS is not suitable for a low Earth orbit
(LEO) environment due to its susceptibility to atomic oxygen. The polyimide substrate,
which is also susceptible to atomic oxygen, is protected from both sides (aluminum
tether /photovoltaic cells), while the silver grid is directly exposed to atmospheric in-
fluences. Therefore, seven material demonstrators were provided and investigated to find
a way to increase the robustness of the front contact against atomic oxygen. The different
front contacts of the demonstrators are shown in Figure 4.

Figure 4. Material demonstrators: (a) Ag grid, AZO as front contact; (b) Ag/AZO, coated with
silicate-based Sol-gel; (c¢) Cu grid, AZO as front contact; (d) Cu/AZO, coated with a silicate-based
Sol-gel; (e) Cu/AZO, coated with CAG37; (f) no grid, ITO as front contact; (g) ITO, coated with a
silicate-based Sol-gel.

Three approaches are considered to overcome the atomic oxygen susceptibility: using
copper ink instead of silver ink for the electron collecting grid, using protective coatings, or
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not using an electron collecting grid at all. Therefore, the material demonstrators differed in
the grid material (Silver or Copper), the coating (none, Sol-gel, CAG37 by durXtreme) and
the TCO. For the latter, Aluminum-doped Zinc Oxide (AZO) and Indium Tin Oxide (ITO)
were used. Table 2 summarizes the different material combinations and shows the average
efficiency of the samples at standard test conditions (STC). The samples had a square shape
with a side length of 35 mm and did not contain a polyimide layer. The solar cells of all
material demonstrators were deposited on stainless-steel.

Table 2. Material combinations of the material demonstrators for atomic oxygen tests; Ag-Silver,
Cu-Copper, Aluminum-doped Zinc Oxide (AZO), Indium Tin Oxide (ITO).

No. Grid TCO Coating Nm [%]
1 Ag AZO - 6.05
2 Ag AZO Sol-Gel 6.62
3 Cu AZO - 7.93
4 Cu AZO Sol-Gel 6.37
5 Cu AZO CAG37 6.37
6 - ITO - 4.74
7 - ITO Sol-Gel 5.28

The highest average efficiency (7.93%) was achieved with material combination 3
(Cu/AZO, no coating). Material combinations 5 and 6 showed the lowest efficiencies (4.74%,
5.28%), indicating the positive influence of the electron collecting grid. The influence of the
coatings on the mean efficiency was not clear, as they had either a positive (no. 2 and 7) or
negative effect (no. 4 and 5).

2.3. Solar Simulator (SoSi) Setup

The self-built SoSi (Figure 5) was designed to illuminate an area of 32 cm X 8 cm on a
thermal plate at a distance of 10 cm inside a vacuum chamber, allowing temperature control
of the illuminated samples and vacuum exposure. The light source was based on light
emitting diodes (LEDs) and consisted of four LED clusters, each consisting of 22 LEDs with
16 different peak wavelengths ranging from 270 nm to 1100 nm (see Appendix A). Each
cluster was surrounded by four square-shaped SEA-UV broadband surface mirrors from
Prézisions Glas & Optik with the intention of homogenizing and guiding the light. The
design of the light source was based on the works of Mohan et al. [13] and Linden et al. [14];
however, it was less elaborate due to lower measurement uncertainty requirements. The
LEDs were soldered to aluminum printed circuit boards (PCB) mounted on liquid-cooled
aluminum heat sinks. The aluminum thermal plate was flushed with either water or liquid
nitrogen (LN2). In addition, two 10 W heating foils were applied to the back of the thermal
plate to control its equilibrium temperature, which was influenced by the liquid cooling,
the irradiance of the SoSi, and the heaters.

Figure 5. Left: SoSi in front of vacuum chamber; right: Four LED clusters and light guides; liquid
cooling system for the LEDS.
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According to the IEC standards for simulator performance requirements [15], this solar
simulator was rated Spectral Match (SM) Class B in the wavelength range 400 nm to 1000 nm
for the AMO spectrum, Spatial Uniformity (SNU) Class C in an area of 4 cm x 32 cm and a
Temporal Stability (TS) of Class A. The spectral irradiance of the SoSi was determined using
a Qmini RGB Photonics (Wide UV) spectrometer in combination with the current signal
from a calibrated FDS100-CAL photodiode from Thorlabs. The spectral irradiance E(A)
[W/m?nm] of the SoSi was calculated using Equation (1) with the measured normalized
spectrum Sn(A) [1/nm] of the SoSi, the spectral sensitivity Rpn(A) [A/W], the current output

Lon [A], and the active area Apn [m?] of the photodiode.

E(Y) = ELI—-EY 0
Aph [ Sn(A)Rpp(A)dA™

The spectral irradiance of the SoSi is shown in Figure 6 in comparison to the AMO
spectrum of the Sun. The measurement was made in the center of the 8 cm x 8 cm test area
at a distance of 10 cm below one of the LED clusters.

3.5 : : : : : . T .
SoSi

N
N Q1
T T

—
a1
T

E()\) [W/m’nm]

0 I L I L I 1 I
200 300 400 500 600 700 800 900 1000 1100

A [nm]

Figure 6. Spectral irradiance E(A) of the SoSi in comparison to Sun’s AMO spectral irradiance.

The spectrometer used for this measurement covers a wavelength range from 250 nm
to 1000 nm. Therefore, insufficient data were collected above 1000 nm. In Table 3, the
irradiance of the SoSi in the wavelength range 200 nm to 1100 nm is compared to the
irradiance of the Sun with an interval width of 100 nm.

Table 3. Comparison of the irradiance of the SoSi and Sun’s AMO spectrum in the range 200 nm to
1100 nm; Spectral Match SM = Eg,s; /Eamo; classification according to the IEC [15].

Interval [nm] Esosi [W/m?] Eamo [W/m?] SM Class
200-300 6.7 14.4 0.47 C
300-400 52.6 95.7 0.55 C
400-500 152.5 188.4 0.81 A
500-600 231.2 186.5 1.24 A
600-700 140.8 160.4 0.88 A
700-800 77.3 128.8 0.60 B
800-900 116.3 102.4 1.14 A

900-1000 103.5 834 1.24 A
1000-1100 27.5 66.7 0.41 C

Total: 908.2 1026.5 -
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In the range from 200 nm to 1100 nm, the SoSi therefore only achieves SM class C,
while in the 400 nm to 1000 nm range, it achieves class B with a maximum deviation of 40%
in the 700-800 nm interval. The total irradiance of the SoSi in the full wavelength range is
10% lower than the irradiance of the sun in the same range.

The spatial non-uniformity (SNU) is a measure of how uniformly the irradiance of the
SoSi is distributed in the test plane. It is calculated using Equation (2) according to IEC [15].

SNU = Cmax —Emin 1000, )
Emax + Emin

In Equation (2), Emax and Epin are the maximum and minimum irradiances measured
in the test plane, respectively. The SNU of the SoSi was determined by measuring the
photocurrent of the calibrated FDS100-CAL photodiode at 64 equidistant points in the
8 cm X 8 cm test plane below each LED cluster. This results in an 8 x 8 matrix that can
be plotted as a contour plot. Figure 7 shows a contour plot of the spatial distribution
of the irradiance in the 8 cm x 8 cm test plane under a LED Cluster. At each position,
the measured local irradiance E’ is compared to the mean irradiance Ep, in the plane as
the ratio E'/Ep. The contour lines indicate zones of similar irradiance. Each boundary
indicates its numerical threshold value. For example, the zone inside the 1.1 boundary
means that the local irradiance is higher than the mean irradiance by a factor between
1.1 and 1.15. However, this plot does not directly visualize the spatial uniformity of the
irradiance, but only provides a descriptive impression. According to Equation (2), the SNU
of the 8 cm x 8 cm plane is 15.1% and thus a failure of the SNU criterion. However, in the
zone of Figure 7 between x = 3 and x = 7 and in the entire y-range, the SNU is 9.7% which
is sufficient for class C. The spatial distribution of irradiance was nearly the same for all
four LED clusters, so that the distribution of irradiance for the full 8 cm x 32 cm test plane

can be obtained by stringing together the plot of Figure 7 four times in the y-direction.

8

Figure 7. Spatial distribution of irradiance: the local irradiance E’ is compared to the mean irradiance
Em of the 8 cm x 8 cm test plane under a representative LED cluster at 64 equidistant points;
the diagram shows a contour plot, indicating zones where the ratio R = E'/En lies between the
given limits; the axes of the plot indicate the dimensionless location of the measurement points; the
8 cm x 8 cm area was divided into 64 equidistant squares; the intensity measurements were made at
the center of each square.
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The temporal stability (TS) was determined by continuously measuring the photocur-
rent of the FDS100-CAL photodiode with a Keithley 2450 SMU. The photodiode was placed
in the center of one of the 8 cm x 8 cm test planes. After 30 min of measurement, the TS
was determined to be 0.06%, fulfilling the class A criterion.

Due to the non-optimized spectral match, the spatial non-uniformity of the irradiance
and the non-collimated light source of the self-built solar simulator, it is not suitable
for precise calibrations and measurements in the specific field of solar cell development.
However, it was suitable for a qualitative analysis of the electrical characteristics of the PTS
at different temperatures in a limited area of 4 cm x 32 cm.

2.4. Atomic Oxygen Exposure Facility

The atomic oxygen exposure facility (ATOX), shown in Figure 8, was originally built
for the development and calibration of atomic oxygen sensors [16]. It is based on a low-
pressure plasma atomic oxygen source and has a 15 x 15 x 15 cm® vacuum chamber
for the samples under investigation. Atomic oxygen, among other gaseous species, is
generated in a dedicated plasma chamber and released into the vacuum chamber through
an orifice. In the reference plane, located 45 mm from the plasma chamber outlet, an
atomic oxygen flux of (2.85 + 0.46) x 10'* Atoms/cm?s over a 10 mm x 10 mm area was
determined using Kapton® HN 200 samples. The detailed calibration procedure can be
found in the Supplementary Materials of this article. Since the atomic oxygen source is
based on a low-pressure plasma (1 mbar) and the flow between the plasma chamber and
the vacuum chamber is in the transition flow regime, the kinetic energy of the atomic
oxygen is estimated to be less than 0.5 eV.

vacuum chamber

\ plasma chamber

oxygen inlet

\ microwave resonator

sample holder atomic oxygen beam

Figure 8. Overview of the atomic oxygen exposure facility (ATOX); atomic oxygen is generated in a
microwave-based low-pressure oxygen plasma and released into a vacuum chamber, creating a flow
of atomic oxygen and other gaseous species to a sample.

2.5. Twisting Setup

The PTS is expected to twist arbitrarily along the tether line in space due to the EDT-
deployment. Since the tether can be thought of as a torsion spring, this twisting will vary
with time (number of twists per length).The irradiance on a surface depends on the angle
of light incidence. If the surface of the PTS is assumed to be uniformly twisted along its
length, the irradiance on that surface is reduced by a factor of 1/7 (0.32) compared to the
case, in which the entire PTS surface is orthogonal to the incident light over the entire
length. In addition, the reflection behavior also depends on the angle of light incidence.
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The submodules of the PTS will therefore experience suboptimal and constantly changing
illumination conditions, which will affect the overall I-V characteristic of the PTS.

A setup was constructed to qualitatively evaluate the influence of torsional twists on
the performance of the PTS. The setup is shown in Figure 9. It features two mechanical
fixings for the 1.5 m PTS. One of the fixings can be freely rotated to simulate the twisting.
The other has an electrical connection to a Keithley 2450 SMU.

Figure 9. Twisting setup: (a) 1.5 m PTS without twisting; (b) 1.5 m PTS with 0.67 twists/m; (c) rotat-
able mechanical fixing; (d) mechanical fixing with electrical connection; (e) full setup with twisted
PTS placed under an LED strip inside a black box to avoid external light incidence.

The PTS was clamped between these two fixings and placed under a light source
inside a cardboard box that was completely painted black to reduce light reflections and
external light incidence. The light source consisted of a cool white LED strip with a radiant
power of 550 Lumen/m which equals around 4.4 W/m. As a rough estimate, the irradiance
on the PTS at a distance of 3 cm from the light source was determined to be 42 W/ m2,
considering an LED aperture half angle of 60°. The light source was not collimated.

The normalized irradiance E’(L) along the twisted PTS with a length Ly of 1.5 m can
be described as in Equation (3) for this experimental setup.

E'(L) = == = cos(2rm—) 3)

Ey is the undisturbed irradiance of the light source on an orthogonal surface and n is
the number of twists over the entire length. The cosine relation results from the fact that the
PTS is fixed on one side so that the PTS surface is always orthogonal to the light sourceat
this point of fixation. Equation (3) can be used to plot the irradiance on the photovoltaic
surface of the PTS against the longitudinal coordinate Las, a function of the number of
twists n. Integrating E/Eq over the entire length of the PTS for different n and considering
only the positive share of the graph gives the percentage of radiant power received by
the twisted PTS compared to a PTS without any twists (n = 0). This would lead, e.g., to
a percentage of 63.71% for n = 0.25, 31.93% for n = 1 or 38.25% for n = 1.25. This model
was used to evaluate the experimental results presented below and to assess whether the
power output of an evenly twisted PTS can be simply described with a loss factor of 1/7 or
whether additional considerations need to be made.

3. Results
3.1. Influence of Temperature on the PTS Submodules

The PTS submodules of Table 1 were placed on the thermal plate of the SoSi setup.
Thermal contact between a sample and the thermal plate was established using Arctic
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Silver Céramique 2 thermal paste. The temperature of the samples was measured using
a type K thermocouple in combination with an MC USB Temp data acquisition device.
The thermocouple was applied to the aluminum substrate of the submodules using a 3M
Scotchweld 2216 two-component epoxy resin adhesive for direct thermal coupling (see
Figure 10).

Figure 10. Sample preparation: (a) PTS submodule mounted on the thermal plate of the SoSi setup;
(b) application of thermal paste; (c) curing joint between thermocouple and sample; (d) LN, Dewar
container connected to vacuum chamber.

After the thermal plate was installed under the SoSi inside the vacuum chamber and
the vacuum was generated, the thermal plate was flushed with liquid nitrogen (LN;) until
the sample temperature had cooled to —105 °C. With the SoSi switched on, the sample
temperature increased to the point where it could be manually controlled with the flow of
LN, through a valve. The temperature measurement uncertainty was +1.5 K, while the
temperature offset of the true solar cell temperature was estimated to be +5 K, due to the
thin film nature of the PTS layering and the mediocre thermal conductivity of the epoxy
resin adhesive.

This offset was investigated by measuring the steady-state temperature difference
between two thermocouples attached to the photovoltaic area and the aluminum tether.
These measurements were performed under irradiation of the SoSi and in vacuum. While
the thermocouple on the aluminum side was attached using the epoxy adhesive as de-
scribed above, the thermocouple on the top side was attached to the photovoltaic area using
235—3M Black adhesive tape. For both the hot and cold cases, a temperature difference
of +2 K was measured between the PV side and the aluminum side. However, since the
CIGS layer (oe/e = 3 [17]) has a higher «/ ¢ ratio than the 235—3M Black Adhesive Tape
(/e =1.05[18]), it was concluded that the true temperature of the cells, and thus the
temperature difference between the measurement point on the aluminum tether and the pv
area, must be even higher. Following this conclusion, the measurement offset was multi-
plied by a factor of 2.5 (ATpggser = +5 K) and not further evaluated. In the main experiment,
the sample temperature was raised from —100 °C to 100 °C, supported by the additional
heating foils. Every 20 K, the I-V characteristic of the tested submodule was measured
using the sweep function of the Keithley 2450 SMU. Six different submodules were tested.
The exemplary I-V characteristics of the Al6 sample at temperatures between —100 °C and
100 °C are shown in Figure 11.
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Figure 11. I-V characteristic of sample Al 6 at different temperatures in the fourth quadrant; measure-
ment with Keithley 2450 SMU’s sweep function under Class BCA Solar Simulator with irradiance
908.2 W/m? in wavelength range 200 nm to 1100 nm.

As expected, the results indicate that the performance of the PTS submodules de-
creases with increasing temperature. Table 4 shows the normalized temperature coefficients
for several parameters of the submodules. The normalization followed the method of
Theleen et al. [19], where the temperature coefficient of the quantities, as the efficiency, was
related to the quantity at 25 °C. In the case of the present study, the reference values at
20 °C were used.

Table 4. Arithmetic means of the normalized temperature coefficients dX/dT for different quantities:
power conversion efficiency 1, fill factor FF, open circuit voltage V. and short circuit current Igc;
six PTS submodules were investigated; normalization refers to the quantities at 20 °C; standard
deviation o.

Quantity X dX/dT [%/K] o [%/K]
Efficiency n —0.448 0.021
Fill Factor FF —0.026 0.027
Open Circuit Ve —0.456 0.024
Short Circuit I +0.027 0.004

Except for the FF, these results were in agreement with the overview of the electrical
parameters of CIGS solar cells at different temperatures given in [19]. The small decrease
in FF (literature: —0.08%/K to —0.45%/K) with a high standard deviation seems to be
anomalous and may be attributed to the uncommon elongated shape of the PTS submodules
as well as contact resistances at the connection to the SMU.

Due to the low heat capacity of the PTS with a thickness of around 100 um, suboptimal
thermo-optical properties and no active cooling available, its illuminated in-orbit operation
temperature is expected to be above 120 °C, reducing its power conversion efficiency by at
least 45% when compared to room temperature conditions. In addition, the PTS is expected
to be at cryogenic temperatures at the moment of leaving the eclipse and will therefore
deliver significantly higher voltages for a short period of time, potentially stressing the
electrical power system of the spacecraft.

The influence of vacuum on the I-V characteristic of the PTS submodules was evaluated
by exposing the samples to a vacuum at a pressure of 1 x 10~° mbar at 100 °C for 72 h. The
before and after comparison of the exemplary I-V characteristic of sample Al 3 is provided
in Figure 12.
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Figure 12. I-V characteristic of sample Al 3 in the fourth quadrant at 20 °C before and after the
exposure to vacuum (1 x 1075 mbar) at 100 °C for 72 h.

A significant increase in the short circuit current of the submodules of 5.1% was
observed on average, while the open circuit voltage remained almost unchanged (—0.1%).
As a consequence, the vacuum exposure had a positive influence on the efficiency of the
submodules, which increased by an average of 5.1%. This is indicated in Table 5, which
summarizes the arithmetic mean of the relative change in efficiency, fill factor, open circuit
voltage and short circuit current.

Table 5. Arithmetic means of the relative change 6X in different quantities X after vacuum exposure:
power conversion efficiency 1, fill factor FF, open circuit voltage V. and short circuit current Is; Six
PTS submodules were investigated; quantities measured at 20 °C; standard deviation o.

Quantity X 85X [%] o [%]
Efficiency n +5.139 0.958
Fill Factor FF +0.134 0.299
Open Circuit Ve —0.133 0.273
Short Circuit I +5.167 0.931

The results indicate that vacuum exposure at elevated temperatures has no detrimental
effect on the power output of the PTS submodules but a positive influence on their current
generation, leading to a slight improvement in efficiency. However, this is not a real
improvement, but a regeneration and curing effect of the CIGS solar cells, which suffer from
the diffusion of atmospheric species and humidity into the different photovoltaic layers,
such as the molybdenum back contact [20]. Storage of the PTS under inert atmosphere or
vacuum is therefore recommended but not mandatory.

3.2. Atomic Oxygen Robustness

Using our in-house ATOX facility, two samples of each of the different material
demonstrators were exposed to an atomic oxygen beam for 20 h, resulting in a total atomic
oxygen fluence of (2.05 £ 0.31) x 10! Atoms/cm?. This value is similar to the fluence of
the planned 100 day in-orbit demonstration mission of E.T.PACK [21], which was calculated
using BETsMA v2.0 [22] to be up to 1.45 x 10" Atoms/cm?. The vacuum pressure was
(1.1 £0.1) x 1072 mbar, while the samplE’s temperature was (303 £ 10) K. For each sample,
the I-V characteristic was measured before and after atomic oxygen exposure.

A significant change in appearance was observed only for the samples with an un-
protected silver grid (Table 2, no. 1), whereas the other material combinations proved
to be robust against the atomic oxygen. The degradation of a sample of the material
combination 1 is shown in Figure 13.
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Figure 13. Degradation of a sample of material combination 1 (Table 2): (a) before the atomic oxygen
test; (b) after the test, the sample was exposed to an atomic oxygen beam, restricted to a central
10 mm x 10 mm area; (c) undisturbed silver grid before the test; (d) degraded silver grid after the
test; (e) partially degraded silver contact; (f) fully degraded silver contact.

The silver grid of the unprotected sample showed clear signs of oxidation. Examination
of the degraded silver grid under a Hitachi TM3030 Plus electron scanning microscope
(SEM) showed that the crystal grains of the silver were deformed after the test, and appeared
less voluminous (see Figure 14). Despite the obvious external degradation, the samples
of material combination 1 did not show any significant change in the I-V characteristic
outside the range of the measurement uncertainty. This indicates that the silver was only
superficially degraded during this experiment so that its electrical conductivity was not
highly reduced. The I-V characteristic of the sample in Figure 13 before and after exposure
to atomic oxygen is shown in Figure 15.

AgAZOmI80007 2022-12-02 14:17 NMMD4.3  x20i 3.0 um

AgAZOmI80001 2022-12-02 14:05 NMMD4.3 x60

¥ 15
;\‘gAZOmISOOOS 2022-12-02 1420 NMMD4.5 x20k 3.0 um

ATgAZOmIBOOOZ 2022-12-02 14:.07 NMMD4.3 x60 1mm

Figure 14. 15 kV secondary electron SEM image of a silver contact before and after the exposure
to atomic oxygen: (a) overview of silver contact before; (b) overview of silver contact after atomic
oxygen exposure; violet square shows the region of the picture sections for (c) the non-degraded
silver crystal grains; and (d) the degraded silver crystal grains.
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Figure 15. I-V characteristic of a material demonstrator of material combination 1 (see Figure 13)
before and after atomic oxygen exposure.

The uncertainty of the current measurement was £0.78 mA due the impossibility
to perfectly repositioning the sample at the same location again under the SoSi with its
suboptimal spatial homogeneity of irradiance.

Although the performance of the degraded sample did not decrease, the use of unpro-
tected silver in the PTS should be avoided. Both samples with a coated silver grid (material
no. 2) and a copper grid (no. 3) showed no visible degradation or loss of performance
after the exposure to atomic oxygen. This was also the case for the uncoated samples with
no grid at all and an ITO front contact (no. 6), which showed the lowest efficiencies. The
results indicate that the use of copper ink for the electron collecting grid instead of silver
is sufficient to provide robustness against atomic oxygen. However, as shown below, the
coatings, which do increase the overall complexity of the system, have a beneficial effect on
the thermal situation of the PTS, thus potentially increasing its in-orbit performance.

3.3. Improvement of the Thermo-Optical Properties of the PTS Using Coatings

Uncoated samples of material combination 3, as well as of combinations 4 and 5,
coated with the silicate-based Sol-coating or the CAG37, respectively, were placed under
the SoSi in a vacuum while their temperature curve was measured. Kapton spacers were
placed between the sample and the thermal plate of the test setup to avoid thermal coupling
(see Figure 16) so that the sample was thermally dominated by radiation.

2

Figure 16. Non-coated sample in the test plane; Kapton spacers between thermal plate and sample to

avoid thermal coupling; thermocouple type K.
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The temperature was measured using a type K thermocouple attached to the back of
the sample using 3M Scotchweld 2216 adhesive, and an MC USB Temp data acquisition
device. The experiment was repeated three times for each sample type in order to assess
the random measurement uncertainty of the system (place sample inside; generate vacuum;
start SoSi and temperature measurement; switch off SoSi after 12.5 min; allow system to
cool off-break vacuum; remove sample; repeat). The arithmetic means of the temperature
curves of the three different samples are shown in Figure 17.

150 . : . T T T T T T
100 e
9
=
50 | e
non-coated
Sol-coated
i CAG37-coated
0 ! ! ! ! L L I L L
0 2 4 6 8 10 12 14 16 18 20

t [min]

Figure 17. Heating up curves of the three tested samples; arithmetic mean values after three tests for
each sample; error bars not indicated due to measurement frequency of 10 Hz.

Each sample reached a plateau after approximately 4 min. During this plateau phase,
the standard uncertainty was +1.3 °C (uncoated), +1.6 °C (Sol-coated) and +1.2 °C
(CAG37). Considering the small number of independent measurements (n = 3), the stan-
dard uncertainty is expanded by a factor of 4.53 for a 95 % confidence level according to
the Student’s t-distribution. This leads to a measurement uncertainty of £5.9 °C, 7.2 °C
and £5.4 °C, respectively. The difference in temperature between the non-coated sample
and the coated samples is significantly higher than the measurement uncertainty. While
the uncoated samples reached a steady state temperature of 140 £ 5.9 °C after 12.5 min,
the temperature of the Sol-coated samples was 106 &+ 7.2 °C and the temperature of the
CAG37-coated sample was 85 & 5.4 °C.

Reducing the operating temperature by 55 K would increase the efficiency of the
PTS solar cells by 25% and is therefore highly desirable. Using copper grids instead of
silver should be therefore complemented by coatings that reduce the effects of the residual
atmosphere and increase the thermo-optical properties of one side of the PTS.

3.4. Influence of Twisting on the PTS Performance

Using the twisting setup discussed above, the maximum power point (MPP) of the
1.5 m PTS was tracked as a function of the number of twists n over its entire length. The
results are shown in Figure 18, which plots the P/Py ratio of the 1.5 m PTS against the
number of twists n. The P/Py ratio describes the percentage of the MPP of the twisted
PTS in comparison to the MPP of the untwisted PTS. In addition, the ratio E/E is given,
describing the percentage of the integral of irradiance (see Equation (3)) received by the
photovoltaic side of a twisted PTS compared to a untwisted one.
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Figure 18. Comparison of the normalized maximum power P/Pj of the 1.5 m PTS in comparison
to the normalized integral of irradiance E/Ey, received by the PTS, depending on the number of
torsional twists n.

The number of twists n over the entire length Lptg corresponds to one angle of rotation
(n=1 = 360°) at the test stand and can be converted to the number of twists per length n’:
/ n

"7 s @

For example, two twists (n = 2) over the entire length correspond to a rotation angle
of 720° and a number of twists per length of n’ = 1.33 twists/m. Since the investigated
1.5 m PTS was a manufacturing demonstrator and originally intended for mechanical
testing, its MPP under the 42 W/m? light source was only 2.8 uW (1.2 mW under full sun
at the zenith, on 16 February 2023; 51° N) and showed a degenerated I-V characteristic.
However, the twisting experiment clearly showed that the power to be expected from a
twisted PTS is never higher than 32% (1/7) of the power under full illumination without
twisting. Furthermore, it is not sufficient to describe these shading losses with the constant
factor 1/, as it requires additional considerations. Comparing the reduction in power with
the reduction in available irradiance shows that for n = 1.25 and n = 2.25, the prediction
of a power reduction to 32% of the undisturbed power using Equation (3) is correct. For
every other n, there is a significant difference between the experiment and theory showing
a decreasing trend with increasing number of twists n. The number of twists over the
entire length was limited to n = 3 due to the spring stiffness of the PTS, which could not be
exceeded without risking permanent damage of the sample.

The results indicate that the PTS has a preferred direction of twisting, which can
be attributed to an angle-dependent light reflection behavior and the architecture of the
submodules. Moreover, there is a best-case and worst-case scenario of PTS twisting,
depending on the number of twists per length as already discussed in [9]. Due to the serial
connection of the solar cells of the submodules, their performance decreases significantly
when partially shaded or illuminated with a low angle of incidence. In the absence of
quantitative analysis of this phenomenon yet, a worst-case power loss of 93% (n = 0.75,
n = 1.5) has to be assumed for the in-orbit power budget of an arbitrarily and uncontrollably
twisted PTS. This loss could be reduced by decreasing the length of the submodules and
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the number of serially connected cells, which, in turn, could adversely affect the resistive
characteristics of the PTS and require the I-V matching of even more submodules.

4. Discussion

Applying thin film CIGS solar cells to one side of a 2.5 cm wide and 40 um thick
aluminum-based EDT increases its mass by 3.3 g/m. Assuming a power conversion
efficiency of 5% of the PTS submodules of this study, this would result in a power gain of
1.7 W/m at 25 °C under full AMO illumination. Since the tether itself serves as a support
structure, this would translate into a specific power of ¢ = 0.515 W/g for the PTS, which
is comparable to rigid InGaP/GaAs/Ge three junction solar cells (¢ = 0.4-0.8 W/g) [23].
In addition, a correctly designed PTS can be connected directly to the electrical power
system (EPS) of the spacecraft (S/C) so that no additional mass is required as long as the
EPS already features MPP tracking for solar panels and the PTS power does not exceed the
EPS limits.

However, the results of this study show that the submodules’ efficiency of the CIGS-
based PTS has an average temperature coefficient of —0.45%, resulting in a power loss
of about 58% for an in-orbit operation temperature of 150 °C, which was determined for
an uncoated PTS with an orbit of an inclination of 51.5° and an altitude of 600 km [24].
It should be noted that, by definition, the temperature coefficient will decrease as the
efficiency of the PTS solar cells improves [19]. In addition, it has been shown that coatings
of silicate- and polysilazane-based materials on one side of the PTS can effectively reduce
its radiatively dominated equilibrium temperature while also protecting the solar cell stack
from the residual atmosphere. The coatings, used in this study were not directly intended
for the use in space; therefore, their long-term stability in a space environment has yet to
be evaluated. In this context, the study by Banik et al. is therefore worth mentioning who
investigated the radiative cooling properties of single layer silicon oxycarbonitride coatings
for CIGS solar cells [17].

In addition to the influence of temperature on the PTS performance, there is also the
influence of partial shading of its photovoltaic area. It has been shown that, in the best case,
the total power of a PTS twisted uniformly along its entire length is reduced by a factor
1/7t. In the worst-case, the loss factor is as high as 0.07, since the arbitrary twisting of the
tether in orbit and its electrical behavior cannot yet be predicted.

In the best-case scenario, this would mean that the power of the PTS would decrease by
a factor of 0.58 /7 at 150 °C operation temperature, which corresponds to drop in effective
efficiency from 1y = 5 % at room temperature and full illumination to 1. = 0.9% with a
corresponding specific power of 0.095 W /g. This decrease would be even more severe in
the worst-case scenario with 1y = 0.2% (0.021 W/g).

These considerations apply only to the performance of individual PTS submodules. To
this date, no fully integrated PTS consisting of several submodules has been manufactured
with an overall efficiency of 5% at room temperature. The I-V characteristic of the overall
PTS will be highly dependent on the matching of the individual submodules. The 1.5 m
PTS, intended for mechanical testing and investigated in the twisting setup of this study,
consisted of poorly matched submodules and therefore showed a poor I-V characteristic
with high serial and low parallel resistances, resulting in an efficiency close to zero. The
manufacturing effort and the detrimental influence of the longitudinal shape of the PTS
both increase directly proportional to the length of the PTS. The need for electrically
matched submodules will likely require a roll-to-roll manufacturing process, which is
not yet available. Power conversion losses in the spacecraft EPS will further decrease the
performance of a PTS.
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For a deorbit mission such as E.T.PACK Fly with a deorbit duration of 100 days [21],
no significant performance degradation is expected over time due to the storage of the PTS
in the S/C before operation, the high robustness of CIGS cells against particle radiation
and the availability of protective coatings against atomic oxygen. However, these coatings
are expected to lose transparency due to UV radiation in long-term EDT mission, e.g., for
station keeping or collision avoidance. As a result, the PTS performance will degrade over
time on a long time scale. This long-term degradation was not addressed in this paper and
needs to be investigated in the future.

Another aspect to consider is the general orientation of the PTS in space. Since the
EDT oscillates around the local vertical, the PTS can be assumed to lie within the orbital
plane of the spacecraft. As a consequence, the maximum angle of light incidence available
on the surface of the PTS depends on the orbital parameters of the spacecraft. This results
in periodic changes of the tether illumination with the orbital frequency as well as with the
frequency of the ]2 perturbation.

At present, application of thin film solar cells on an EDT to harvest solar energy
without the need for an additional space-consuming and heavy support structure seems
feasible but insignificant in terms of energy for a propellant-less cathodic contact, due
to both theoretical limits on the PTS power and practical implementation issues. The
latter can be overcome by optimizing the PTS solar cell efficiency, minimizing detrimental
resistances, and improving the integrity of the lateral busbars. The former, however, present
an insurmountable physical hurdle in the form of suboptimal orientation, partial shading
losses due to twisting and uncontrolled high temperatures. This is especially true for the
present prototype of the PTS, which is tied to to the geometry of the EDT of E.T.PACK. Since
the present study did not investigate PTS with different submodule geometries, future
research should investigate the influence of twisting on the worst-case partial shading
losses of the PTS while varying parameters such as submodule length or width. Different
tether geometries should be considered in addition to a dedicated control of the PTS attitude
and PTS twisting, respectively. Our results suggest that as a next step, efforts should be
made to produce a fully functional PTS with an optimized I-V characteristic, consisting of
multiple submodules, compatible with common satellite electrical power systems, robust
to the residual atmosphere and capable of mitigating radiative heating.
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Appendix A
Table Al. Radiant power Pr at max. current, max. current Inmay; operational current Ip, total number
n of LEDs used.
Name Ap [nm] AN [nm] 01 [°] Pr [mW] Imax [mA] Ip [mA] n
UVTOP270H-FW-SMD 275 11 62.5 11.5 250 250 12
DUV310-SD353EV 308 15 57.5 50 600 500 4
UVTOP340H-FW-SMD 345 10 60 40 350 350 8
UVLED-365-NC2 365 12 60 150 700 500 4
UVLED-385-NC2 385 18 75 320 700 500 4
Cree X%&S‘Z)ESO'OOOO' Cool White - 60 - 3000 800 12
APG2C1-410-r2 410 20 75 400 500 500 4
SMB1N490H 490 26 65 240 350 350 4
SMBIN-690D 690 25 64 400 600 500 4
SMB1N-740D 740 22 63 290 800 500 4
SMB1N-780D 780 24 64 500 800 500 4
SMBIN-810D 810 30 63 560 800 500 4
SMBI1N-830N 830 40 64 280 800 800 4
SMB1N-880 880 50 64 320 1000 800 4
SMBIN-940D 940 40 62 630 1000 500 4
SMBIN-980D 980 60 64 400 1000 800 4
SMB1N-1050GD 1050 50 64 700 1000 500 4
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