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Abstract— Ultraviolet (UV) lasers are proposed as a replace-
ment for low-energy electron beams in touchless spacecraft
potential sensing. Theoretical considerations support their use
as photoelectron sources due to their insensitivity to the elec-
trostatic environment, which leads to more robust and con-
trollable systems. The feasibility of this approach is verified
in a representative scenario of application, and its relevance
for spacecraft charge control and material identification is
discussed. A simplified photoemission framework is presented
and validated with vacuum chamber experiments by means of
particle tracing simulations, showing that such a framework can
be used to determine the spatial distribution of photoelectrons
emanating from a target surface and an informed estimate of
its magnitude. The possibility of combining this method with
high-energy electron beams is also discussed as a way to enhance
the robustness and accuracy of the sensing process. Ultimately,
the analysis supports the use of UV lasers in a wide range of
spacecraft charging technologies in geosynchronous orbit and
deep space.

Index Terms— Particle tracing, photoelectric effect, spacecraft
charging, space weather.

I. INTRODUCTION

HE sustainable long-term exploration, development, and
utilization of the cislunar space is one of NASA’s strategic
goals and a necessary preliminary step for Mars missions [1].
Spacecraft charging represents a major challenge in these
environments, where low-density high-temperature plasma can
lead to significant charging events [2]. The problem shares
some characteristics with previous experiences at the geosyn-
chronous equatorial orbit (GEO), where spacecraft have been
shown to charge up to tens of kilovolts depending on local
space weather conditions [3].
To compensate for and, eventually, exploit spacecraft charg-
ing beyond low-earth orbit (LEO), novel active sensing meth-
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ods are currently under development to touchlessly sense the
electrostatic potential of non-cooperative objects in GEO and
deep space. Such approaches make use of a positively charged
servicing craft that directs an electron beam at the object
of interest 10-30 m from the servicer so that low-energy
secondary electrons [4], [5] and X-rays [6], [7] are emitted
from its surface. The positively charged servicer attracts elec-
tron emissions that are detectable compared with the ambient
environment [8], [9], characterizes the incoming fluxes, and,
knowing its own potential, infers that of the target. This
information can be used to compensate for electrostatic per-
turbations in close-proximity multi-spacecraft operations [10],
[11], minimize the risk of electrostatic discharge during ren-
dezvous, control spacecraft formations [12], and detumble [13]
or reorbit [14], [15], [16], [17], [18] space debris by means of
electrostatic forces, among others.

Moderate electron beam energies are preferred in the sec-
ondary electron method to maximize the secondary electron
yield, which generally decays for energetic impacts [2]. How-
ever, that makes particle dynamics particularly susceptible to
the inhomogeneous electrostatic environment generated by the
servicer—target system, increasing the uncertainty of the prob-
lem [5], [19]. Modeling is also undermined by the degradation
of surface materials, which occurs after a prolonged exposition
to the GEO environment [20]. Even the slightest change in
surface conditions can alter surface properties [21], [22], [23],
[24], [25], which are usually obtained in a controlled labora-
tory environment. This adds a layer of complexity that must
be accounted for while sensing. From a technical perspective,
it would be convenient to develop a sensing method that over-
comes these challenges. Analytical and experimental studies
have also shown that the combined measurement of secondary
electrons and X-rays enhances the robustness and accuracy of
the target potential sensing process [19], [26]. However, the
physics of each problem is not favorable to the simultaneous
generation of both the signals because the generation of X-rays
is favored by energetic electron beams [6], [27]. Uncoupling
both the mechanisms to optimize the generation and control
of secondary electrons and X-rays is, therefore, desirable.

The use of ultraviolet (UV) lasers is proposed in this work
to excite the emission of photoelectrons in non-cooperative
GEO objects as conceptualized in Fig. 1. From a more general
perspective, high-energy electron beams could also be used
to simultaneously induce X-ray generation. Major sources
of uncertainty are eliminated with this approach due to:
1) the independence of UV photons from the complex electro-
static environment; 2) the high directivity of quasi-relativistic
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Fig. 1. Conceptual representation of the photoelectron generation process.

electron beams; and 3) the relative stability of surface prop-
erties with surface contamination for energetic photon and
electron impacts. The successful development of spaceborne
UV lasers could therefore overcome previous sensing methods,
but this approach remains largely unexplored.

The main goals of this work are to assess the feasibility of
using UV lasers for touchless potential sensing and identify
the main challenges of this approach. A third goal is to
unveil applications where UV sources, either alone or in
combination with electron beams, can have a positive impact.
The theoretical, numerical, and experimental methods used in
this work are discussed in Section II. The results are derived
in Section III and used in Section IV to discuss the prospects,
challenges, and feasibility of several UV touchless potential
control and sensing applications.

II. MATERIALS AND METHODS

The numerical and experimental tools adopted in this article
complement those introduced in [5], where a detailed discus-
sion of the secondary electron processes and related particle
tracing simulations is provided. For the sake of compactness,
only aspects of direct relevance to this article are subsequently
discussed.

A. Photoelectron Emission

In addition to fundamental spacecraft charging processes,
an excellent review of which can be found in [2], the touchless
spacecraft potential sensing methods discussed in this work
rely on the emission of secondary and backscattered electrons,
photoelectrons, and X-rays. An overview of the secondary
electron [5], [28], [29], backscattered electron [5], [30], and
X-rays [6], [31], [32], [33] emission processes may be found in
previous works and are complemented with the photoelectron
emissions analysis provided in this section.

The probability of emission of a photoelectron per photon
collision is determined by the photoelectric yield [2]

Y[o, ¢, Rl =Y, ][l — R] (D
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where Y*[w, ¢] is the yield per absorbed photon, w is the
photon energy (related to the wavelength A through w = hc/A,
with & being Planck’s constant), ¢ is in this case the photon
incidence angle, and R(w, ¢,0) is the surface reflectance,
which depends on the photon energy, incidence angle, and
root mean square surface roughness o. The incidence angle
effect on the yield is, in first-order approximation and for
cos¢ > 0.1 [34],

X Y*[w, 0]
VVw, ¢l ———— (2)
cos ¢
but since 1 — R(w,¢,o0) also has the approximate

dependence [35], [36]
1—R(w,¢,0)~[l — R(w,0,0)]cos ¢ 3)

both cos¢ terms cancel in (1). Therefore, Y[w, R] is not,
in first-order approximation, a function of the photon incidence
angle [2]. As discussed in Section III, this assumption is not
appropriate for high incidence angles.

The total reflectance is expressed as the sum of specular
(Ry) and diffuse (R,) reflectances

R(w,0,0) = R;(w,0,0) + Ry(w, 0, o) 4)

which are defined as

&)

|:—(4710)2i|
Ri(w,0,0) = Ry(w) exp| ————

A2
(4mo)?

A2
with Rg(w) being the normal reflectance of a perfectly smooth
surface of the impacted material, A = hc/w the photon
wavelength, 4 Planck’s constant, and ¢ the speed of light [37].
The ratio of diffuse to specular reflectances is

R dro)? dro)?
% _ ¢ 7/:\;;) exp[( 7/7\27) ] 7

implying that for small wavelength and large surface rough-
ness the diffuse term is the major contributor to the total
reflectance. Reflected photons experience negligible energy
variations [36] and generate photoelectrons at different
surfaces.

The trajectory of electrons excited by photons is assumed
to resemble the propagation of secondary electrons out of
a surface material. Thus, photoelectrons’ angular emission
distribution is approximated with Lambert’s cosine law and is
nearly independent of the angle of incidence of the impinging
particle [38]. At the particle level, the polar angle can be
computed from a uniform 0—1 random variable x through [39]

Ri(w,0,0) = Ro(w) 6)

6 = %acos(l —2x) (8)

while the azimuth angle follows a uniform distribution
between 0° and 360°. The photoelectron maximum emission
energy follows the relation

Ep,max =w—-9 (9)

where ¢ is the work function of the material. The Ly-o
line (121.6 nm, 10.2 eV) is dominant in the solar spectrum,
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Fig. 2. SIMION examples of photons (white) being generated and reflected,
leading to the emission of photoelectrons (green) and secondary electrons
(blue) inside the ECLIPS vacuum chamber. (a) Immediate photon absorption.
(b) Photon reflection and absorption.

and hence the photoelectron energy will reach a theoretical
maximum of 5-6 eV after accounting for a work function of
4-5 eV. Because photoelectrons have to propagate through the
material, their emission energy distribution is usually centered
around 1-3 eV [36]. Therefore, a small positive spacecraft
potential will act as a potential well and attract photoelectrons
back to the surface [40].

B. Farticle Tracing Framework

A necessary preliminary step for the use of active photoe-
mission in potential sensing applications is the development
of suitable numerical simulation frameworks. A similar need
motivates in [5] the development and validation of a SIMION
particle tracing model for the secondary-electron-based sens-
ing problem. What follows is an extension of such model
that considers photons, photoelectrons, and secondary elec-
trons resulting from the impact of the latter on the electrode
surfaces.

1) Implementation: The particle tracing model adopts the
electrostatic framework introduced in Appendix A and the
technical approximations to photoelectron emission presented
in Section II-A. Given that the model has already been
thoroughly described in [5], what follows is a description of
the implementation of the photoelectric effect in SIMION,
achieved with user-defined LUA functions.

Photons are modeled as particles with zero charge and
arbitrary mass and speed that, follow rectilinear trajectories.
The impact of a photon on a charged surface triggers the
application of (3) to determine whether it is reflected or not.
If the photon is absorbed into the material, photoelectrons may
be generated based on the photoelectric yield in (2). A Poisson
point process is used to compute the probability of emission.
Lambert’s cosine law, described by (8), is considered for
the angular distribution of emitted photoelectrons, which are
released with fixed initial energy. Photoelectrons that impact a
second surface may generate secondary electrons following the
procedures described in [5]. The normal incidence parameters
Ro(w) and Y*(w,0) and the work function ¢ are taken as
external inputs.

Reflected photons keep flying under specular or diffuse
schemes, depending on the ratio given by (7). Specular
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reflections are trivial to implement in SIMION, while diffuse
reflections are modeled following Lambert’s cosine law in
(8). A maximum number of successive reflections can be
imposed for computational efficiency. An overview of the new
processes implemented in the model is given in Fig. 2 for a
single emitted photon and the experimental setup described in
Section II-C.

2) Effective Values: The photoelectric yield Y*(w, 0) and
maximum initial photoelectron energy E, max(w) depend on
the energy w of the incident photon. However, photons are
implemented as particles with arbitrary mass and speed,
so they do not contain any spectral information. Although
this would certainly be easy to correct in SIMION, a simpler
and more computationally efficient approach is adopted in this
work.

Knowing the normalized spectrum S(w) of the UV source,
the effective photoelectric yield

oo
Y:(0) =/ Y*(w,0)S(w)dw (10)
0
can be computed as the average number of photoelectrons
released per impinging photon. This value faithfully repro-
duces the response of the system due to the large number of
photons involved. In addition, the mean photoelectron energy
oo
E,= / wS(w)dw — ¢ (11)
¢
is adopted for each photoelectron released in SIMION assum-
ing no energy loss. This simplification is appropriate because
initial photoelectron energies are of the order of few eVs,
but since the electrostatic environment is dominated by large
spacecraft potentials, small variations in this value have a
negligible effect in the overall flux. In the space environment,
the emission energy could be reasonably approximated as
1-3 eV [36].

3) Superparticle Method: The photoelectric yield is of the
order of 107 electrons per photon for most materials and low
photon energies, as shown in Appendix B, meaning that a large
number of photons have to be simulated in SIMION to release
a single photoelectron. To overcome this computational issue,
the effective photoelectric yield computed in (10) is multiplied
by a scale factor « to accelerate the simulation, leading to the
virtual photoelectric yield

Y\Tlrl(o) =K e*ff(o)'
Each photon is thus treated as a superphoton that represents
k particles. As a consequence, the current measured by the
RPA as predicted by the simulation needs to be adjusted
accordingly. The number of photons coming out of the UV
source per second is

(12)

Pon
Nph = —= (13)
where Py, is the output power of the source and @ is the
average photon energy, computed as

E:/oowS(a))da). (14)
0
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Fig. 3. Normalized spectrum of the Hamamatsu L10706-S2D2 UV light

source [41].

If ngm photons are simulated with a scale factor « and
a number n,. 4 Of electrons enter the detector during the
simulation, then the actual measured current is

n
oh gelle-,det (15)

sim

Taet = 7Mget

with ng4e being the efficiency of the detector.

4) Configuration: The SIMION model is configured with
the material properties listed in Appendix B. The values
Enax =~ 300 eV, dpax &~ 0.97 [2], and ¢ =~ 4 eV [42]
are adopted for the aluminum targets to simulate secondary
electron emission. The reflectivity Ry of aluminum is assumed
to be 0.9, while that of the steel walls of the chamber is
limited to 0.1. In all, 200000 photons are simulated for the
computation of the numerical results presented in Section III.

The average photon energy resulting from the Hamamatsu
L10706-S2D2 UV light spectrum in Fig. 3 is E,, ~ 4 eV,
while the effective photoelectron yield becomes Yj;(0) ~
5.88 - 1072 assuming the ideal photoelectric yield shown in
Appendix B and C and Fig. 13 [43]. A scale factor « = 10 is
adopted, which returns a virtual yield Y (0) ~ 5.88 - 1071,
Private communication with the manufacturer has revealed
that the power P,, emitted by the lamp is approximately
1.2 mW, which corresponds to a 160-nm irradiance peak of
0.14 uWem™2nm~! at 50 cm from the source.

Once again, it is important to highlight that surface condi-
tions can have a very significant impact on these values [20],
[21], [22], [23], which should be taken as a rough estimate.
In the case of aluminum, used to validate the numerical
framework in Section III, the generation of a thin oxide layer
is the main source of uncertainty. Further work is necessary
to quantify how the formation of an oxide layer impacts the
efficiency of photoelectron emissions for this and other appli-
cations. However, as shown in Figs. 13 and 14, as the photon
energy increases, the photoelectron yield and reflectance con-
verge to comparable values for several materials. Similar to
other electron surface processes [44], this may be interpreted
as a consequence of the deeper penetration of photons into
the material, which makes surface-related effects less relevant
from a technical perspective. Minimizing the wavelength of
the UV laser is therefore advisable to reduce material-related
uncertainties.
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5) Calibration: The geometrical parameters of the particle
tracing model have to be adjusted to ensure an accurate
representation of the physical system. Fig. 4 shows comparison
of the experimental setup with the SIMION model for different
rotation angles. The electrode assembly is illuminated by the
UV light while the panel is covered by a sheet of paper
that eases visualization. The model and electrode assembly
depict the same illuminated area, which is indicative of a
successful calibration of the UV light. However, the UV lamp
illuminates areas outside the central bright spot and generates
a complex radial distribution. This is a source of uncertainty
that cannot be easily accounted for without dedicated charac-
terization equipment. Focused UV lasers or limited aperture
could potentially be used in future applications to mitigate this
effect. However, the purpose of the experiments is to validate
the theoretical model, as described in Section III-B, and this is
achieved without the need to compensate for this second-order
effect.

6) Space-Charge Effects: In the presence of charged space-
craft, the surrounding plasma tends to relocate under the influ-
ence of the perturbed electrostatic field following a process
known as Debye screening [45]. For a sphere with radius
Rsc and low surface potential Vsc (KkpT,./q.), the elec-
trostatic potential field is damped under the Debye-HC<ckel
approximation [46]

VscRsc _r=fsc
e S V)

V(r) = — (16)

where

E()kB Te

Ap =
neq?

a7

is a characteristic distance known as the Debye length, r is
the radial coordinate, kg is Boltzmann’s constant, 7, is the
electron temperature, n, is the electron density, and g, is
the elementary charge. The radial electric field is computed
with (33) from (16), becoming

VscRsc _r=hsc
E(r) = sczsce s (1 _,_L)‘
r )\D

The nominal value of Ap in GEO is ~200 m [46], implying
that the exponential terms in (16) and (18) have a second-order
effect on the electron detection process for distances of the
order of tens of meters. In addition, the geomagnetic field in
GEO orbit is 100 nT, resulting in gyroradii of 100-3000 m for
electron energies from 10 to 10* eV [5]. This is several times
larger than the separation distance of 30 m and is considered a
secondary effect compared with the electrostatic field for this
study. In other words, the unperturbed electrostatic potential
obtained by solving (34) offers a good approximation of
the actual electrostatic environment while minimizing the
computational costs.

Even though overall space charge effects can be neglected
in a first-order approximation, localized charge accumula-
tion may also influence the sensing process. For instance,
a number of works have reported the existence of elec-
trostatic barriers that prevent the detection of low-energy
particles and the release of photoelectrons from a spacecraft

(18)
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(b)

Fig. 5.

Experimental setup.

surfaces [47], [48], [49], [50]. The effect is important near the
Sun but becomes far less concerning for distances beyond
0.3 AU [49], [50]. As discussed in [5], well-focused high-
current beams may lead to localized electrostatic barriers
but, from a practical perspective, this should not significantly
influence the trajectory of secondaries.

C. Experimental Setup

To assess the validity of the particle tracing framework
presented in Section II-B, the experimental setup pictured
in Fig. 5 is installed in the ECLIPS vacuum chamber [51].

(C))

Its geometrical configuration is almost identical to the one
adopted in [5] and includes a spacecraft-like electrode assem-
bly composed of a 70 x 70 x 70 mm® cube and a 145 x
60 mm? panel. The rotation of this structure is controlled
by a stepper engine and monitored by an incremental rotary
high-vacuum Renishaw Tonic encoder. The assembly is irra-
diated by a Hamamatsu L10706-S2D2 UV light source that
excites the emission of photoelectrons, while a retarding poten-
tial analyzer (RPA) located at least 95 mm away from the tip of
the panel measures the outgoing flux of photoelectrons. Their
energy spectrum is recorded for different angles, unveiling the
spatial flux distribution.

The electrode assembly is connected to a Matsusada
AU-30R1 high-voltage power supply that imposes potentials
between —100 and —900 V. The heading of the assembly
spans from —40° to 100°, with 0° corresponding to a perfect
alignment between the electron beam of the ECLIPS facility
and the panel electrode. Although the electron beam is not
used in this experiment, this reference point is kept consistent
with the results presented in [5]. The RPA forms an angle of
~16° with the electron beam axis.

III. RESULTS

Prior to the discussion of the UV laser touchless poten-
tial sensing applications, the numerical model introduced in
Section II-B is tested and validated using the vacuum chamber
setup described in Section II-C.
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Fig. 6. Overview of photoelectron trajectories (green) generated by the UV source (white) as a function of the electrode assembly heading angle. The first
iteration of reflected photons is shown for —25° and removed for clarity in the other cases. (a) —25°. (b) 0°. (c) 25°. (d) 50°. (e) 75°. (f) 100°.

A. Particle Trajectories

The trajectories of 500 randomly sampled photons are first
propagated in Fig. 6 to characterize the flux of photoelectrons
coming out of the electrode assembly. A single consecutive
photon reflection is considered for —25° to illustrate this effect,
but it is then removed from the other cases for clarity. The
results obtained in this work are computed with an unlimited
number of reflections. A brief study of the plots indicates
that photolectrons will be detected between —25° and 0° and
between 75° and 100°. Reflected photons may also induce
photoemission, but this may be considered a second-order
effect due to the large volume of the vacuum chamber.

B. Experimental Analysis

The potential of the electrode assembly described in
Section II-C is set to —100 to —900 V with steps of —200 V
while being irradiated by the UV source. The electrodes are
rotated in steps of 2.5° while the electron signal is recorded.
When detected, photoelectrons appear in the energy spectrum
of the RPA as a prominent, isolated peak. Instead of measuring
the full energy spectrum, the RPA records the photoelectron
current 50 eV below the electrode potential and subtracts
it from the measurement taken 50 eV above. This value
represents the RPA current generated by photoelectrons with

energies in the +50-eV band around the potential of the
electrode assembly. In this way, the geometrical distribution
of the photoelectron flux is characterized with minimum time
consumption.

Fig. 7 shows comparison of the experimental results with
numerical simulations performed in SIMION with and without
diffuse photon reflections. In both the cases, the model is
able to identify the angles for which the photoelectron flux is
detected, the overall trend with the applied electrode potential,
and the order of magnitude of the signal. The most prominent
difference with the experimental results is observed in the peak
between 75° and 100°, which is overestimated by one order of
magnitude in the simulations. Fig. 6 shows that this rotation
corresponds to photon incidence angles close to 90°. Those fall
beyond the validity range of (2), which heavily overestimates
the photoelectron yield in this regime [34]. In other words, the
simplified models presented in Section II-A do not provide
a good representation of the photoelectric effect at high
incidence angles. However, this is not a critical concern for
the technical applications presented in this article, where the
UV source and the detector are located on the same spacecraft
and incidence angles close to the normal are expected.

The elimination of photon reflections results in a quali-
tatively better agreement with the experiments, particularly
around —30° and 60°. The small divergence induced by the
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Fig. 7. Comparison of the experimental and simulated currents from the electrode assembly as a function of its potential and heading angle. The currents

correspond to the electron flux entering the RPA in the +50-eV band around the electrode potential. (a) Experiment. (b) SIMION, no photon reflections.

(c) SIMION, diffuse photon reflections.

inclusion of diffuse reflections, besides unexpected, is also
indicative of small geometrical modeling errors. From a tech-
nical perspective, however, the similarity between both the
results supports the use of computationally efficient models
without particle reflections in spacecraft charging applications.

A final interesting feature is the photoelectric current
decrease with the applied electrode potential for a —25°
heading angle. As observed in Fig. 6, the panel of the assembly
acts in this case as an electrostatic deflector: when the potential
decreases, the flux progressively moves away from the RPA
and the signal is lost. Similar effects should be expected in
future space applications and need to be accounted for using
on-board particle tracing algorithms.

IV. DISCUSSION

The results presented in Section III show that particle
tracing simulations using simplified models can be used to
compute the detectability of a target spacecraft and an order of
magnitude estimate of the photoelectron fluxes when irradiated
with a UV source. This opens the possibility of replacing
low-energy electron beams by high-energy UV lasers for sec-
ondary electron generation. Some of the applications enabled
by this new approach are subsequently discussed.

A. Touchless Potential Sensing

Active photoelectron-based sensing makes use of UV lasers
mounted on a servicer to release low-energy photoelectrons
from a target. After being accelerated by the electrostatic envi-
ronment, photoelectrons reach the servicer with an energy that
is approximately equal to the potential difference between the
crafts. The flux is characterized by an RPA which determines
the energy of incoming electrons. Knowing the potential of
the servicer by means of, e.g., Langmuir probes, that of the
target is finally computed.

UV lasers pass a long-wavelength laser through nonlin-
ear crystals, which reduce the wavelength to the desired
value. Tunable and fixed-wavelength technologies are used
in Raman spectroscopy, photoemission spectroscopy, or pho-
toluminscence, among others [52]. Commercial-off-the-shelf

TABLE I
REPRESENTATIVE PARAMETERS OF COTS UV LASERS

Divergence A w Bon

Model (mrad)  (m) (V) (mW)
TOPTICA Photonics CW213 1 190 6.5 20
Photon Systems HeAg-224SL 4 2243 5.5 50
Opto Engine LLC MPL-N-257 1 257 4.8 15
Photon Systems NeCu 30-248 4 248 5 50

(COTS) lasers are already available for this purpose, with a
nonexhaustive sample of them being listed in Table 1. Further-
more, laser systems have been implemented and proposed for
several spacecraft applications. For example, the GRACE-FO
mission uses a laser ranging interferometer with a wavelength
of 1064 nm to consistently determine the separation distance
between the leader—follower formation [53]. In addition, high
output power (several kW) space-based lasers have been pro-
posed to ablate and induce a kinetic impulse on target debris,
altering its trajectory such that it deorbits [54], [55], [56].
The background work on these systems will likely ease the
implementation of UV lasers for touchless potential sensing.
The photoelectron current must be stronger than the back-
ground plasma environment to ensure that its signal is detected
by the RPA. The spacecraft charging scenario studied in [19] is
subsequently adopted to assess the feasibility of this process.
Two generic spacecraft representing a servicer (GOESR, 0 V)
and a target (SSL1300, —2.5 kV) are simulated in MATLAB
with 30 m of separation. Photoelectrons are then generated
from a point on the target solar panel with energies of 1 eV
and a Lambertian emission distribution, and their trajectories
are propagated as they approach the target under the influ-
ence of the electrostatic environment approximated with the
multi-spheres method (MSM) [19], [57], [58].
Photoelectrons are displayed in Fig. 8 as they get closer
to the target. The area covered by the photoelectron flux at
the servicer, Agpa, is estimated from the average radius of the
cross section in the xy plane, resulting in 2.42 m?. Such a large
area indicates that the system will be robust to small pointing
errors of the UV laser or an imperfect characterization of
the electrostatic environment. Furthermore, the MSM does not
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Fig. 8. Photoelectron trajectories (blue) from a target (SSL1300, —2.5 kV)
as they approach the servicer (GOESR, 0 V). The charge distribution and
photoelectron trajectories are determined using the MSM [19].

include space charge effects, or expansion of the photoelectron
trajectories due to repulsion between the electrons. As a result,
the final area may be larger, improving the robustness of the
system to errors. For an initial emission current Iyv g, the
sensed current is found as follows:

Adet

Aﬁnal

IUV,sensed = IUV,() (19)
where Ay is the area of the detector. For an initial current of
250 nA, or approximately equal to the current induced by the
TOPTICA Photonics CW213 laser listed in Table I, and a 2-cm
radius RPA, the measured current is 0.13 nA. The incident
electron current flux to an uncharged spherical spacecraft as a
function of the electron velocity distribution in a Maxwellian
plasma can be found as [2]:

qeneA

HE) = I = G Pk, T)

Ey
/ e /bl pdE
E,
(20)

where A is the area of the sensor, m, is the mass of an
electron, and E is the electron energy, or E = (1/2)m,v2,
assuming nonrelativistic particles. The current is modeled for
the worst case GEO environment with the parameters listed
in Table II. RPAs can filter between particles of different
energies, allowing the electron spectrum to be captured. The
energy resolution AE/E characterizes the detector and is
chosen to be 8% for this study based on [8] and [59].
The current measured as a function of energy is shown
in Fig. 9. The bin that contains the photoelectron current
emitted from the target (2.5 kV) is approximately an order
of magnitude larger than the neighboring bins, indicating
that photoelectron-based touchless potential sensing is feasible
even in worst case GEO space weather conditions. In addition,
the UV laser is not susceptible to perturbations due to the
electrostatic environment, so photoelectron emissions may be
excited at larger distances than possible with an electron gun
even though the detected current decreases with increasing
separation distance [8]. The magnetic field orientation may
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TABLE 1T
GEO ENVIRONMENT PARAMETERS ADOPTED IN THE INVESTIGATION
Parameter Kp=0 Kp=6 Worst Case
Electron number 75E5 10ES  30ES
density (m™°)
Ton number
density (m—3) 7.5E5  8ES 30ES
?elsgtron Temperature 300 2200 12000
Ton Temperature (eV) 7600 8500 30000

107 ¢

=100

Current (A

10-11

10-12
1 2 3 4 5
Energy (keV)
Fig. 9. Model of RPA signal for touchless potential sensing using

UV-laser-induced photoelectrons assuming an instrument resolution of 8%.

also be taken advantage of to guide emissions over distances
comparable to the electron gyroradius, as it has been shown
that aligning the servicer and the target along the same field
line may allow electron emission measurements as far as 1 km
away [29]. If needed, an instrument with higher resolution or
a collimator may be used to enhance the signal-to-noise ratio
of the detector [60].

The active photoemission approach can be used alone or in
combination with high-energy electron beams. However, the
standalone implementation risks increasing the target potential
by releasing photoelectrons, eventually preventing their emis-
sion [61], [62] and inducing measurement errors. If the surface
material is a dielectric or near a dielectric, it is possible for a
potential barrier to form in which the more negative dielectric
areas repel the photoelectrons back toward the more positive
portion of the spacecraft being impacted by the UV laser [2].
To account for this, control algorithms may be implemented
such that the servicer can aim the UV laser at portions of the
spacecraft in which electron emissions are detectable. Because
it is generally recommended that the use of dielectrics is mini-
mized and surfaces are electrically connected in GEO space to
avoid dangerous arc discharges [63], blocking of photoelectron
emissions due to dielectrics should be minimal in GEO space.
In addition, a concentrated laser beam may locally charge the
target and shift its potential. A tradeoff study between laser
power (i.e., active charging) and RPA sensitivity should be
carried out in each application to identify the best operational
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regime. To shed light on this problem, the next section explores
the effect of the UV laser on the target object potential.

Photoelectron emissions may also, in theory, be used to
determine the surface material on a target. Multiple lasers with
energies between 2 and 10 eV could be used to sequentially
excite the surface. The energy of the photon must exceed
the work function of the material to excite photoemissions.
Therefore, the minimum energy that produces a peak in the
energy spectrum would become the closest approximation
of the work function of the material, providing insight into
probable surface materials. Although this application is very
speculative at the time of writing, it may be worth exploring
in future systems.

B. Charge Variation

The change in the floating potential of spherical space-
craft in eclipse GEO environments when UV lasers are used
to excite photoemissions is determined. Three GEO eclipse
environments are implemented: Kp = 0, Kp = 6, and the
worst case GEO environment from the design specifications
for natural environments (DSNEs) [64], [65]. The Kp index is
a measurement of the horizontal displacement of the magnetic
field, and as a result is a proxy of geomagnetic activity [64].
The environment parameters are presented in Table II.

The current balance equation in eclipse is [2]

L(V) = L;(V) = L(V) = L,(V) = In(V) =0 (2D)

where I, is the incident electron current, I; is the incident
ion current, I; is the secondary electron current, [, is the
backscattered electron current, and I, is UV laser photoelec-
tron current. The orbit motion limited (OML) equations for
spherical current collection are used, and the incident electron
current is [2]

1 %
le = JqencvcA exp(%), for V. <0 (22a)
L= Al1+9YY torvso (22b)
e = 7(eleVe s or >

44 ksT,

where A is the total surface area of the spacecraft, and v, is
the electron thermal velocity

2kpT,
v, = .| .
me

(23)
The incident ion current is

L= al1-9YY forv <o (24a)
i = F{qeNniV; - s or < a

44 kaT;

1 —q.V
I; = —q.n;v;iAexp q , for V >0. (24b)

4 kpT;

The photoelectron current induced by a UV laser with
photon flux np, [see (13)] is

Iph =q.Y (o, R)nph- 25)

It should be noted that for a positively charged spacecraft, the
photoelectrons may not have sufficient energy to overcome
the electrostatic barrier. The emissions will be attracted back
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Fig. 10. Photoelectron current as a function of UV laser energy wavelength
and output power. COTS UV lasers listed in Table I are scattered for
comparison.

to the spacecraft, canceling the emitted current. Therefore,
photoelectron current for a positively charged spacecraft is
—qe

Iph =q.Y (o, R)”ph exp<k T
B {ph

), for V> 0. (26)

The photoelectron current induced by UV lasers as a function
of output power and energy wavelength is shown in Fig. 10.
The COTS lasers described in Table I are scattered on the
figure as well, and their induced currents in aluminum targets
range from 17 to 261 nA.

The backscatter and secondary electron yield are described
in [5], [28], [29], and [30]. The electron incidence angle for
the secondary and backscatter electron yield is again assumed
to be 0°, and the combined secondary and backscatter yield
is set as « = n + 4. To find o in a Maxwellian plasma, the
yield is integrated over the distribution function

o0
a = [ ) + s fuk) @1
where fr(E) is the Maxwellian energy distribution function
1/2

—E
ex .
nl/z(kBTe)3/2 p(kBTe)
Using these emission yields, the final current balance equation
is

Je(E) = (28)

L(V)(A —a) = [;(V) = Ln(V) = 0. (29)

To assess the effects of the UV laser on a series of
spherical objects with 0.25-, 0.5-, and 0.75-m radius in eclipse,
Fig. 11 provides the potential increase as a function of the
UV laser wavelength and output power. The color scale is
different for each environment because the floating potential
achieved in the absence of the UV laser photoelectron current
is different, as indicated in the subcaptions. Higher potential
differences (black surfaces) indicate that the spacecraft has
been brought to a slightly positive potential due to the UV
laser photoelectron current. As the radius increases, the UV
laser energy and power required to bring the target spacecraft
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Fig. 11. Change in floating potential of a 0.25-, 0.5-, and 0.75-m radius spherical spacecraft in various GEO eclipse environments as a function of UV
laser energy wavelength and output power. COTS UV lasers listed in Table I are scattered for comparison. (a) 0.25-m radius, Kp = 0, Vj = —943.96 V.
(b) 0.5-m radius, Kp = 0, Vg = —943.96 V. (¢) 0.75-m radius, Kp = 0, Vg = —943.96 V. (d) 0.25-m radius, Kp = 6, Vg = —4,975.12 V. (e) 0.5-m radius,
Kp =6, Vg = —4,975.12 V. (f) 0.75-m radius, Kp = 6, Vg = —4,975.12 V. (g) 0.25-m radius, worst case, Vq = —28, 856 V. (h) 0.5-m radius, worst case,

Vi = —28,856 V. (i) 0.75-m radius, worst case, Vg = —28, 856 V.

to a positive potential increases as well. This occurs because
the current from sources other than the UV laser increase
in magnitude with increasing radius. However, the photo-
electron current induced by the UV laser remains invariant
with the target radius. The operational points of the COTS
UV lasers listed in Table I are scattered over the results
using white markers. As the environmental conditions become
more extreme and the spacecraft floats to a more negative
potential, more powerful and energetic lasers are required to
bring the spacecraft to a positive potential. However, if the
desired application of the UV laser is to excite photoelectrons
for touchless potential sensing without altering the target
spacecraft potential, more extreme conditions are favorable.
Therefore, the ambient environmental conditions and desired
application must be considered when selecting a UV laser.
In general, the laser’s output power and wavelength should
be maximized to minimize the target’s potential, and the
laser’s wavelength and output power should be minimized to
touchlessly sense the target’s potential without altering it.

C. Inclusion of Energetic Electron Beams

The operational conditions for the X-ray method, described
in [6] and [7], are the exact opposite of the secondary electron
method. The emission of X-rays is enhanced for high-energy
primary electron impacts, while the emission of secondary
electrons is (generally) minimized [6], [27]. The higher elec-
tron velocity also increases its gyroradius, leading to quasi-
rectilinear (hence, easily predictable) trajectories. Finally, the
backscattered electron yield remains relatively constant with
surface degradation, as shown in Fig. 12.

Although the X-ray sensing method is particularly robust
to target rotations [7], it is significantly less accurate than
the electron method [26], which in turn becomes highly
dependent on the electrostatic environment [5]. Both the
approaches are therefore complementary but hard to imple-
ment with the same electron beam because they operate
at different energetic regimes. It is in this context that
high-energy UV lasers become a technically attractive alter-
native to low-energy electron beams for electron generation.
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Fig. 12. Backscattered electron yield for selected materials as a function of
the impacting electron energy [44].

Photons are insensitive to the electrostatic environment and
involve additional advantages at high energies, such as stable
photoelectric yield Y[w, R] with surface contamination [43]
and reduced reflectance R(w, ¢, o) (see Fig. 14). Therefore,
the combined use of high-energy electron beams and lasers can
result in significant benefits in terms of robustness, accuracy,
and uncertainty mitigation by decoupling the photoelectron
and X-ray generation processes.

D. Neutral Charging

The decoupling of the X-ray and secondary electron gen-
eration processes and the net negative and positive current
fluxes that they, respectively, impart on the target brings the
opportunity of measuring the target potential without signifi-
cantly altering the measurement, referred to here as neutrally
charging the target. To do so, the positive and negative current
fluxes must be balanced.

The photoelectron current induced by a UV laser has been
derived in (25). Similarly, the current imparted by high-energy
electrons after neglecting secondary electron generation is [2]

le ~[1=n(Z, $)1I

where [, is the current of the electron beam. The assumption
S(E, ¢) < n(Z, E, ¢) holds for beam energies E;, of the order
of 10 s of keV and for most materials.

If follow-up interactions produced by backscattered elec-
trons and reflected photons are ignored, the condition for
neutral charging is obtained by equaling (25) and (30), result-
ing in

(30)

;e Y(w, R)
PTG —n(Z,0,9)]

which gives the electron beam current I, required to balance,
in first-order approximation, the charge induced by a laser with
power Py, and photon energy o for Ej, >>> 1 keV. If the target
material is known, good estimations of the surface properties
can be obtained using high-energy electron beams and lasers.
However, simulation frameworks like the one introduced in
Section II-B are needed to account for backscattered elec-
trons, reflected photons, and, for materials with high yields
at high impact energies (e.g., gold), secondary electrons. The

ph €29
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exact same approach could be used in combination with the
spacecraft charging model presented in Section IV-B to set the
target potential to a certain value, space weather permitting,
and determine the stability of the solution.

V. CONCLUSION

UV lasers are revealed as a feasible method for
photoelectron-based touchless spacecraft potential sensing and
control in GEO and deep space. The currents generated by this
approach on a typical servicer—target scenario are measurable
in worst case space weather conditions and can be used to
mitigate spacecraft charging in cold plasma. In more active
environments and for larger spacecraft, the photoelectric cur-
rent has a minor effect on the equilibrium potential, making
it less dependent on the sensing process. The validation of
a simplified modeling framework shows that a first-order
approximation to the problem is sufficient to determine the
detectability and order of magnitude of the photoelectron
flux. Ultimately, this computationally efficient particle tracing
model may find application in closed-loop potential sensing
strategies and on-ground studies.

The use of UV lasers overcomes the technical challenges
of previous electron-based sensing methods by minimizing or
eliminating multiple sources of uncertainty, in particular, the
effect of the electrostatic environment on low-energy electron
beams and the degradation induced by surface contamination.
The additional consideration of energetic electron beams can
potentially enhance the robustness and accuracy of the sensing
method while enabling novel charge control strategies (i.e.,
neutral sensing).

APPENDIX A
ELECTROSTATIC FRAMEWORK

As a reference to the reader, the basic assumptions of
the electrostatic framework implemented in Section II-B are
subsequently described. Further details on this topic and the
modeling of secondary electrons can be consulted in [5].

A. Maxwell Equations

The touchless potential sensing problem is characterized in
GEO by quasi-static magnetic fields in the absence of elec-
trically polarizable media. The electromagnetic environment
is, consequently, modeled through the simplified Gauss and
Faraday equations
By
€0
VxE=0

V.-E= (32a)

(32b)

where E is the electric field, p, is the free charge density,
and €p is the permittivity of vacuum. As a consequence of
(32b), the electric field derives from the electrostatic potential
V through

E=VV. (33)

In addition, it is useful to note that the integral form of (32b)
leads to E being normal to the interface between a conductor
(for which E = 0) and free space [29].
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The free charge density p, is zero in a neutral plasma,
but the presence of a charged spacecraft disrupts this equi-
librium state and generates a charge distribution around the
body. Still, for the low-density (0.1-1 particles per cm™)
GEO environment, the effect of p, is usually negligible at
distances of tens of meters and p, &~ 0 can be safely assumed
(see Section II-B6). Under this condition, (32a) reduces to
Laplace’s equation

V2V =0 (34)

which features significant computational advantages when
solved in combination with the Dirichlet or Neumann bound-
ary conditions for V.

B. Particle Dynamics

The relativistic change in momentum of a charged particle
in a predefined electromagnetic environment is given by the
balance

d(ymv)
da
with F denoting the Lorentz force

F=qvxB+E)

F (35)

(36)

and where v, ¢, and m are the particle velocity, charge,
and mass, respectively, y = (1 — ,82)’1/2 is the Lorentz
factor, B = v/c, c is the speed of light, B is the magnetic
flux density, ¢ is the time, and an inertial time derivative is
considered. It should be noted that in accordance with the
special theory of relativity, the inertia of a particle with respect
to a reference frame depends on its speed with respect to such
frame. Consequently, the term ym defines the apparent mass
of the particle. The position x in the inertial reference frame
can be computed by integrating

dx (37
— = 0.
dt

APPENDIX B

MATERIAL PROPERTIES

The secondary electron, X-ray, and photoelectron emission
processes depend on a series of surface properties that must
be characterized in a laboratory environment. Although the
experiments performed in this work use aluminum targets, this
section presents literature values for a range of space materials
as a reference.

A. Secondary Electron Emission

The parameters 8, and Ep,.x define the shape of the
Sanders and Inouye secondary electron yield curve and its
angular dependence according to the Darlington and Cosslett
model, while the work function ¢ of the conductive material
determines the Chung—Everhart secondary electron energy dis-
tribution. The electron affinity x defines the energy separation
between the lowest possible state for any excited electron in a
dielectric material and the vacuum level, and it may be used
in place of the work function when analyzing dielectrics [66].
Table III reports these values together with the first (E£}) and
second (E,) crossover points (for which § = 1) for selected
materials [66], [67].
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TABLE III

EMISSION PARAMETERS FOR SELECTED MATERIALS [66], [67]

Material Z  pix[eV]  Smax  Pmax [eV]  E1 [eV] Es [eV]
Aluminum 13 4.20 1.0 300 300 300
Gold 79 547 14 800 150 >2000
Copper 29 5.10 1.3 600 200 1500
Tron 26 4.67 1.3 400 120 1400
Kapton 4.7 5.8 1.67 280 50 750
Teflon 3.8 4.1 24 350 50 180
10°
107"
1072
— Aluminum
-3
“5% 107 / — Gold
= 1074 Kapton
> —  Teflon
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Fig. 13.  Photoelectric yield for selected materials as a function of the

impacting photon energy [43], [68], [69].
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Fig. 14. Normal reflectance for selected materials as a function of the

impacting photon energy [67], [69], [70].

B. Backscattered Electron Yield

Fig. 12 depicts the yield values below 6 keV for clean
(ion bombarded) and unclean samples of aluminum, gold,
and copper from [44]. As expected, clean and unclean values
converge and the measurements stabilize as E grows. The
backscattered electron yield can reach up to 50%, highlighting
the importance of this effect for some materials. In the experi-
ments presented in this article, however, energetic electrons do
not impact the electrode assembly and backscattered electrons
are not considered.

C. Photoelectric Yield

The photoelectric yield Y (w, 0) is usually characterized by
means of well-controlled laboratory experiments. The results
for aluminum, gold, Kapton, and Teflon are presented in
Fig. 13 as a function of the photon impact energy. Kapton
and Teflon are backed by silver [43]. In the case of aluminum
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and gold, the yield increases with the impinging photon energy
until it reaches a plateau at 10~! and about 12 eV.

D. Normal Reflectance

Similar to the photoelectric yield, the normal reflectance
of a perfectly smooth surface should be characterized exper-
imentally. Fig. 14 shows the value of Ry(w) for selected
materials as a function of the impinging photon energy [67].
Kapton is backed by aluminum, as it would be on multilayer
insulators [69], and Teflon is backed by silver. The reflectance
decreases with the photon energy for all the materials, but
aluminum remains highly reflective until ~15 eV.
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