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A novel type of electron gun is discussed which emits electrons across a broad spectrum of
energies. The motivation is to closely match the space environment with electron emission that
is capable of a custom continuous range of energies and densities. Laboratory experiments
to study spacecraft charging and space weathering are limited by the inability of conven-
tional monoenergetic electron beams to produce space-representative electron fluxes. The new
broad-spectrum electron gun enables straightforward and cost-effective simulation of the space
electron flux environment in a laboratory vacuum chamber. A prototype device is used to create
continuous spectra between 1 eV and 9 keV, with tests in progress to demonstrate continuous
spectra up to 30 keV and higher. A future prototype is discussed which allows for arbitrary
tuning of the output spectra to closely match a desired space environment. This device repre-
sents a significant advancement for the experimental spacecraft charging and space weathering
communities by allowing test samples to be studied in the same electron flux environment in
which they operate.

I. Introduction
Materials on the exterior of spacecraft are directly exposed to the extreme space environment which contains fluxes

of high energy electrons. When charged particles impact a surface, they deposit both energy and charge, degrading
the optical, mechanical, and electrical properties of the material [1–3]. As a result, spacecraft can charge to large
potentials and experience electrostatic discharges between differentially charged surfaces. The discharges or arcs can
lead to spacecraft anomalies, which are difficult to resolve, or even premature mission loss [4]. The differential charging
behavior of a space object is directly dependent on the instantaneous state of its materials at a given point during
its mission lifetime. Therefore, it is critically important to understand the interactions between the environment and
spacecraft materials to ensure safe, long-term operation of assets on-orbit.

Laboratory tests are frequently conducted in which materials are exposed to energetic electron beams to study
on-orbit spacecraft charging and material degradation (e.g. [1, 5–7]). One particular challenge in simulating the space
environment is in generating realistic electron energy distributions. Conventional electron guns only emit at a single
energy, whereas the space environment consists of electrons across a broad-spectrum of energies. It is widely known that
the material degradation and charging/discharging characteristics depend on the energy of the incident electrons [8–10].
Furthermore, it has been established that exposing a material to a combination of two or three beams with different
energies produces different charging/discharging behavior than exposing it to a single, monoenergetic beam [11, 12].
For example, high-energy particles may pass through a dielectric material without depositing any charge, but may
modify the electrical properties of the material through radiation-induced conductivity [3]. Low-energy particles do
not pass through the material and thus deposit charge into the surface. The point at which the dielectric breaks down
and experience discharge depends on the fluxes of particles at different energies. Therefore, it is critically important
to consider the full spectrum of incident electrons to accurately reproduce the charging and breakdown behavior of
dielectrics exposed to space radiation.

Reference [13] shows that materials exposed to low energy (<1 keV) electrons, which have sometimes been neglected
in orbital flux and energy deposition models in the past, exhibit optical changes which are a significant fraction of
changes induced by orbital or higher energy exposures. Therefore, it is questionable how well tests using monoenergetic
beams actually represent on-orbit behavior. It is therefore highly desirable to be able to expose materials to a broad
spectrum of electron energies in the laboratory.
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Currently, there is not a straightforward and experimentally-tractable means to generate a broad-spectrum electron
flux environment in the eV to 100 keV range in the laboratory. Reference [14] presents a concept for generating broad-
spectrum fluxes in which a high energy monoenergetic beam is passed through a series of thin foils. The monoenergetic
beam experiences energy scattering as it interacts with the thin foils, thereby creating a spectrum of energies. Preliminary
experiments with this device in the 1980s showed significant differences in the charging/discharging characteristics of
Kapton when exposed to the spectral versus monoenergetic electron flux environments [15, 16].

To the best of our knowledge, only one facility is in operation today which produces spectral beams by passing a
monoenergetic beam created via a high-power accelerator through a scattering foil [17]. However, this facility requires
the use of a Van de Graaff accelerator to generate the initial 400 keV beam, making this technique prohibitively expensive
to be widely useful. In addition, this facility models the higher energy (hundreds of keV) portion of the spectrum
well, but requires a monoenergetic beam in the tens of keV range to complete the spectrum at lower energies [18, 19].
Strontium-90 has also been identified as a potential source of spectral electron fluxes [11, 20]. However, the V-decay
from Sr-90 is also in the hundreds of keV to MeV range, and thus does not address the need for spectral fluxes in the tens
of keV range.

Currently, the best practice for recreating on-orbit damage in the laboratory is to expose test samples to a sequence
of monoenergetic electron beams which approximate the dose-depth curve experienced on-orbit [21, 22]. However,
this process requires tests at numerous energies to accurately model the on-orbit environment, which is both costly
and time-consuming. Further, it is known that materials experience recovery post-irradiation, even if they are kept
in vacuum, so there may be competing processes of recovery and degradation during the time required to expose the
sample to many different beams [10]. Therefore, there is a clear need for a broad energy spectrum electron source which
can accurately reproduce the electron spectra observed on-orbit.

This paper presents a concept for a broad-spectrum electron gun which enables accurate laboratory simulation of
on-orbit energetic electron fluxes. The novel source presented herein provides a cost-effective, robust, and experimentally-
tractable means to generate spectral fluxes in the eV to tens of keV range. The remainder of the paper is organized
as follows. Section II describes the theory and concept of the electron gun, and Section III provides results from a
prototype model which demonstrate the ability of the device to generate broadband energetic electron spectra. This
electron gun design enables future experiments which will be critically important for understanding, modeling, and
predicting spacecraft charging and material degradation.

II. Theory and Design

A. Principle of Operation
Figure 1 shows a schematic of the electron gun design. Ultraviolet light is used to stimulate photoelectron emission

from inside a hollow tube, which consists of a series of = individual circular stages. The stages are each held at different
potentials and are stacked together with thin insulators in between each stage for electrical isolation. The circular shape
of each ring acts like an Einzel lens to focus the electrons toward the center of the device and into a beam. Each stage
being held at a different potential sets up an electric field along the length of the device that accelerates the electrons
toward the aperture. The forward most stage is at zero potential, which contains the electric fields within the device.
The rearward most stage has a grid placed over the aperture which allows the UV light to shine in while also containing
the electric fields. Each electron is generated on a stage at a given negative voltage, then accelerated toward the front of
the device which is grounded. Therefore, the final energy of each electron is equal to the (negative) voltage of the stage
on which it was generated. This design enables the device to emit an electron beam with a total number of energies
equal to the number of stages.

In theory, the maximum energy electron capable of being produced by the broad-spectrum source is limited only
by the maximum voltage which a power supply can provide. Commercially-available power supplies are available
which output voltages up to the hundreds of kV range. Linacs, cyclotrons or other types of accelerators that do not
rely on static electric fields to accelerate charged particles are generally required to generate particle fluxes in the MeV
range [23]. Therefore, it is expected that the broad-spectrum gun design would be capable of producing electrons in the
range from eV to hundreds of keV. This range is highly relevant for spacecraft surface charging, material degradation,
and instrument calibration purposes.
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Fig. 1 Schematic of the broad-spectrum electron gun design and operation. The side view shows how the
voltage gradient is applied to the stages and how the UV light is used to stimulate photoelectron emission from
each stage. The rear view shows the shape of each stage with a grid (on the rearmost stage only) to contain the
electric fields.

Fig. 2 Electric field streamlines (blue) and electric field (orange arrows) imposed on the electron gun CAD
model with 54 discrete stages.

B. Device Prototype
A prototype has been constructed which consists of 54 aluminum stages with thin Delrin insulators in between each

stage, yielding a near-continuous approximation of a spectrum. A CAD model of the broad-spectrum source is shown in
Figure 2, with orange arrows indicating electric field vectors and blue lines indicating electric field streamlines. Pictures
of the device are shown in Figure 3 and 4. 10 MΩ space-rated resistors are used in the voltage divider circuit. The
large resistances were selected to keep the current draw from the power supplies low. A Hamamatsu L10706 vacuum
ultraviolet light (not pictured) is used to stimulate photoemission inside the tube. This source emits across a distribution
from 115 to 400 nm, with a primary peak at 161 nm (equivalent to 7.70 eV) [24].

An interesting trade space exists related to the number of stages used in a given design. First, the broad-spectrum
gun outputs a quasi-continuous spectrum, and using more stages leads to a better approximation of a fully-continuous
spectrum. Using more stages also reduces the voltage step in between each stage, therefore reducing the likelihood
of arcing between stages. For example, if a maximum voltage of 30 kV is applied to the rearmost stage and only 10
stages are used, there is a 3 kV potential difference between adjacent stages (assuming all resistors are sized equally).
However, if 100 stages are used, the potential difference between stages is only 300 V, which significantly reduces the
risk of arcing between stages. The downside to adding more stages is that it increases the physical size of the device and
adds complexity (though compared to many scientific sources and detectors, the broad-spectrum electron gun is still a
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relatively straightforward device). The 54 stage prototype is approximately 33 cm long with a 6×6 cm cross section. In
its current form, the entire device must fit inside the vacuum chamber. Future iterations will be flange-mountable so that
the gun can be installed on the outside of a vacuum chamber.

III. Results and Discussion

A. Initial Testing
The broad-spectrum electron gun prototype was tested in a vacuum chamber with a variety of maximum voltages,

ranging from 500 V to 9 kV. A computer-controllable Matsusada AU series high-voltage power supply was used to apply
voltage to the electron gun. A custom-built retarding potential analyzer (RPA) was used to measure the electron fluxes
output by the electron gun. This particular RPA has been described extensively in other publications [25, 26]. The RPA
was mounted on an in-vacuum linear motion stage to allow for characterization of the beam. Tests were conducted with
vacuum chamber pressures on the order of 10−5 torr. One significant advantage of the broad spectrum source is that it
does not rely on fragile filaments which are common in conventional electron guns. As a result, the broad-spectrum
source is more rugged and does not have as stringent cleanliness and vacuum requirements as filament-based guns.

Figure 5 compares electron gun output fluxes to electron fluxes at geosynchronous orbit (GEO) as measured by the
Los Alamos National Lab Magnetospheric Plasma Analyzer instruments [27]. Ideally, the maximum energy limit is
determined only by the maximum output of available power supplies, and the maximum energy is easily tunable. In
practice, however, the electron gun experiences arcing when voltages greater than 9 kV are applied to the rearmost stage.
Work is ongoing to identify likely arcing sites and improve the design so that operation at tens of kV can be achieved.
Tests are currently underway to demonstrate electron gun performance for a spectrum up to 30 keV and future tests are
planned up to 100 keV.

As shown in the figure, the electron gun outputs fluxes which are on the order of 1011 electrons/cm2·s, whereas
the fluxes encountered at GEO are on the order of 108 electrons/cm2·s. The equivalent fluence from one year on orbit
in GEO can be achieved in approximately 9 hours in the laboratory with the broad-spectrum source. Therefore, the
source is appropriate for accelerated laboratory testing of on-orbit material degradation. The current design, however,
uses a single, constant-intensity light source to stimulate photoemission from all of the stages, so no control over the
output flux level is possible. It would be desirable for many tests to output fluxes which are representative of the actual
GEO environment, rather than tuned for accelerated lifecycle testing. Future iterations should incorporate sources with
controllable intensities so the output fluxes can be adjusted as required for a given experiment.

An additional effect of the current design only using a single light source is that there is an uneven distribution of
VUV light falling on the interior of the device. This causes more or fewer electrons to be generated at a given energy
depending on the amount of light which falls on a given stage. Figure 6 shows an example differential flux spectrum for
when the maximum voltage applied to the gun is 950 V. Due to the alignment between the VUV light source and the
gun, most of the light falls on the rear stages, which is why there is a peak at 900 eV. The fluxes are lower in the 300-600
eV range, then there is a peak again at approximately 100 eV. This peak is caused by higher energy electrons from the
rear stages impacting the front stages and generating secondary electrons from these stages.

B. Spatial-Energy Distribution
A beam map was collected to determine the spatial flux and current distribution output from the gun. The RPA

was mounted vertically on the motion system and the broad-spectrum gun was mounted above it. The RPA was swept
across the beam and a spectrum like that shown in Figure 6 was collected at each position. Figure 7 shows a series
of photographs of the RPA inside the chamber during the data collection and being swept beneath the electron gun
aperture.

Figure 8 shows a 1D beam map taken when the electron gun was set to output a maximum energy of 500 eV. Figure 9
shows a beam map for a maximum output energy of 950 eV. Overall, both plots show a beam spot size on the order of 3-4
cm, though there is some energy-dependent focusing and spreading. Several interesting features are visible in the data.
First, hot spots are present in both plots at approximately 90% of the maximum energy. The peak in the 500 eV spectrum
is larger than that in the 950 eV. Medium energy electrons are deflected by 1-2 cm, so distributions are not centered
about the zero position. Again, this is a consequence of only using a single light source which is directed at one side of
the electron gun. This causes electrons to be emitted from the gun at an angle which depends on the electron energy.
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Fig. 3 Prototype of the broad-spectrum electron gun with 54 discrete stages.

Fig. 4 Front view of the broad-spectrum electron gun.
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Fig. 5 Example output spectrum from the broad-spectrum electron gun up to 8 keV compared to data from
GEO [27].
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Fig. 6 Differential electron flux spectrum taken with a maximum energy of 950 eV applied to the gun and the
RPA located at the gun exit plane.

Fig. 7 Series of photographs showing the RPA mounted on the linear translation stage inside the vacuum
chamber. The RPA is translated beneath the aperture of the broad-spectrum source to measure the spatial
distribution of the electron beam. The aperture of the electron source is visible at the top of each photograph.
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Fig. 8 Beam map for maximum energy of 500 eV.
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Fig. 9 Beam map for maximum energy of 950 eV.
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Fig. 10 Possible future improvements to the broad-spectrum electron gun.

IV. Future Improvements
Several future improvements are possible which will enable the broad-spectrum source to better serve the needs of

the spacecraft charging community. The existing prototype uses only a single light source which outputs at a constant
intensity. As a result, the shape of the output spectrum is fixed. Future iterations may incorporate multiple light sources
along the axis of the electron gun. By adjusting the intensity of each of these sources, the number of electrons produced
at a given energy can be varied and the resultant spectrum can be tuned arbitrarily. One challenge here is that the
light source currently in use outputs at 161 nm (7.70 eV), whereas smaller light sources, such as UV diodes which
are small, dimmable, and cost-effective, are limited to wavelengths in the 250 nm (4.96 eV) and above range. Though
aluminum has a work function of 4.08 eV [28], the formation of oxide layers on the aluminum surface increases the
work function to approximately 6 eV [29]. As a result, the light from the diode sources is not sufficiently energetic
to excite photoemission from the surface. To solve this problem, either light sources with shorter wavelengths must
be used to exite photoelectrons in spite of the oxide layers or the emitting surfaces must be treated to lower the work
function. The aluminum surfaces could be atomically cleaned to remove the oxide layers (necessitating that they be kept
in vacuum in between cleaning and use), or treated with a low work function coating. Work is ongoing to determine the
best solution within this trade space.

Another advantage to using multiple light sources is the ability to achieve even light distribution on the inside of
the hollow tube. In the current configuration, the light only falls on one side of hollow tube, and the beam spot is
non-uniform (hence the crescent shape in Figures 8 and 9). Distributing the light sources such that the light distribution
is uniform would help create a circular beam spot with uniform energy distribution. Another consideration is that some
applications may require a larger beam spot than the approximately 3 cm beam achieved with the existing prototype.
Future studies should consider the effect of scaling the hollow tube diameter on the energy distribution of the beam. It
would also be possible to stack several individual sources into an array to create a large beam spot size.

The implementation of multiple, adjustable-intensity light sources is one mechanism by which the output spectrum
can be tuned arbitrarily. An additional mechanism is varying the voltage gradient applied to the device. The resistors in
between stages could be replaced with digital potentiometers to allow for arbitrary adjustment of the voltage gradient
applied to the device. Future tests will consider both of these techniques to determine how best to achieve full control
over the output spectrum.

Finally, there is risk of charge deposition into the insulating Delrin sheets within the current design. Buildup of
charge over extended periods of operation could affect the electric fields within the device and adversely affect the
quality of the output fluxes. To mitigate this issue, the insulating Delrin sheets are to be replaced with small ruby or
sapphire precision spheres. The spheres will fit into divots in each stage, providing consistent mechanical separation
and electric insulation between stages while minimizing the presence of dielectrics within the device.
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V. Conclusion
A new type of broad-spectrum electron gun has designed and developed. A prototype has been used to demonstrate

the output of continuous spectra from 1 eV up to 9 keV with fluxes that are relevant for simulating a GEO environment.
Work is ongoing to create spectra from 1 eV up to 100 keV and to allow for arbitrary adjustment of the spectra. Several
avenues for future improvement of the device have been identified with the goal of creating a fully tunable spectrum
of electron fluxes over 5 orders of magnitude in energy. The novel broad-spectrum electron gun is a capability that
allows for significantly improved accuracy in laboratory studies of spacecraft-space environment interactions. Efforts
are underway to make this device available to the experimental space weather communities.
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