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A Laminated Energetic Electrostatic Analyzer for 0-5 keV Charged Particles

C. A. Maldonado,*? Z. Eyler,? B. Pierce,? L. Matson,? P. Neal,? H. Richards,? R. L.
Balthazor,?J. Harley? and M. G. McHarg?

Space Science and Applications Group, Los Alamos National Laboratory, New Mexico, 87545, USA

2Department of Physics, United States Air Force Academy, Colorado, 80840, USA

A compact electrostatic energy bandpass filter based on a laminated analyzer design has been developed to measure charged
particle fluxes at energies ranging from 0 to 5 keV. The sensor head has been successfully tested against a low energy
magnetically filtered plasma source and an ion beam source capable of producing energetic ions in the range of 100 to 1250
eV. Additionally, the instrument has demonstrated the ability to accurately measure negative spacecraft frame charging using
a low Earth orbit plasma simulator. The effects of the spacecraft frame charging on the measured energy distribution

measurements and the impact regarding the derived charged particle density and temperature parameters are also examined.

I. INTRODUCTION

As the space physics community has developed a growing interest in the benefits of cubesatellite missions, with their
ability to provide spatial and temporal measurements at a much reduced cost, there has been an increased focus in the
development of miniaturized instruments capable of providing salient data with minimal mass, volume, and power consumption
requirements. It would be extremely advantageous to provide charged particle distribution measurements to obtain energy,
temperature, density, and resulting spacecraft-environment interaction effects in a multitude of environments. The benefits of
such measurements include an increased understanding of the physical phenomena and processes concerning heliophysics,
solar wind flux, local space weather forecasting, spacecraft anomaly resolution, lunar surface plasma, and auroral regions where
the complex interaction between the magnetic field lines, precipitating electrons, and upwelling ions create a dynamic charged
particle environment.

The natural space environment and its effects on space systems present a host of challenges concerning the design,
development, and operation of satellites and spacecraft. Of particular interest to the aerospace community are the interactions
between space systems operating in plasma environments, which can lead to potentially hazardous levels of differential
charging and cause interference for GPS and communication signals. The Energetic Electrostatic Analyzer (EESA) has been
developed at the Space Physics and Atmospheric Research Center (SPARC) in the Department of Physics at the United States
Air Force Academy (USAFA) to act as a miniaturized, rugged, and low-cost instrument capable of providing in-situ

measurements of ion or electron energy, density, temperature, and subsequent spacecraft charge.
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I1. Instrument Description

The sensor is based on a laminated analyzer design and uses geometry coupled with a transverse electric field to act as a
band pass filter, allowing only particles with a narrow range of energies around a specified energy, where that range is
determined by the geometry of the device, to be recorded as signal current by the sensor [1, 2]. The sensor head is composed
of three stacked conducting electrode layers with patterns of holes and slots machined in each layer to create a number of
analyzer elements that consist of an entrance aperture, EESA cavity, and exit aperture. A schematic of the laminated
electrostatic analyzer is shown in FIG. 1 (a). The entrance and exit apertures are 455 x 305 micron slots that have been laser
etched in stainless steel plates and the EESA cavities are created using an electro-discharge machining technique to create the
700 micron tall channels in a 2300 micron thick aluminum plate. The ESA cavity is created using interlacing aluminum
“fingers” such that the two segments biased to V1 and V- are isolated and 550 microns in distance from each other. The stacked
electrode plates are isolated using thin insulating Teflon spacers and the anode is mounted downstream of the exit aperture,
both of which are not shown for clarity. A photograph of the laminated electrostatic analyzer is shown in FIG. 1 (b), illustrating
the layout of the entrance aperture slots where a total of 2025 individual analyzer elements were created in approximately 38
cm? of detector surface using the laminated analyzer technique. The front face of the detector was segmented into three sections

to allow for sufficient compression of the analyzer layers.

Entrance Aperture

ESA Cavity

V, o

Exit Aperture

@) (b)

FIG. 1. (a) Schematic of the laminated electrostatic analyzer design depicting the entrance aperture, ESA cavity, and exit aperture layers.
(b) Photograph of the front face of the EESA.

The electric field is created by applying a bias to one plate V, while holding the opposite plate V; at the host vehicle (i.e.
satellite, spacecraft, lunar rover, etc.) ground. A schematic of a single cell of the EESA is presented in FIG. 2, using a SIMION
simulation trace of charged particles passing through the entrance aperture on the left of the diagram, being deflected by the

transverse electric field in the EESA cavity, and exiting the cavity to impinge on a current collector plate (not shown). The
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polarity of the biased plate V is selected to repel the species of the charged particle under analysis, i.e. positive for ions and

negative for electrons. Note that in the schematic V, is the top plate and V; is the bottom plate.

A
v

FIG. 2. Parallel plate ESA schematic with SIMION trajectory [1].

A geometric factor called the plate factor, P, can be calculated from the physical dimensions of the EESA,
1 (L\?
p=o(3) 1)

where L is the length of the EESA, H is the center to center distance of the aperture openings, and f is the fraction of the
electrode gap that is blocked by the entrance and exit aperture masks, as shown in FIG. 2. An accurate knowledge of the sensor

plate factor allows for determination of the incident charged particle energy through the relationship,
E = P Vgsa (2

where E is the streaming charged particle energy in eV and Vesa is the bias voltage in volts on the EESA. Of equal importance
to the plate factor is the energy resolution, which is the ability of the sensor to distinguish between ions of similar energy. The

physical dimensions of the EESA design dictates the ideal energy resolution as follows,

(2 41— f) -

E)FWHM T3f2y2f -1

where (A?E) is the energy resolution at the full width at half maximum (FWHM). The specific physical dimensions of the
M

FWH.
EESA and resulting analytical coefficients are listed below in Table 1. The energy resolution and plate factor can be adjusted
to meet specific criteria through careful design of the physical parameters; however, the analytical values for these parameters
require experimental characterization against a charged particle source. Deviations in the physical sensor head due to machining

and mechanical tolerances can lead to discrepancies between the analytical design and operational instrument response.
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Table 1. EESA physical dimensions and analytic coefficients.

L H h f Ps (A_E)
(microns) (microns) (microns) E Jrwum
2400 550 150 0.786 6.06 0.278

111. DATA ANALYSIS AND INTERPRETATION

In general, electrostatic analyzer data is interpreted assuming the plasma field of interest is in thermodynamic equilibrium
and can be approximated using a drifted Maxwellian velocity distribution. The function is widely used in the fields of gas and
plasma dynamics to calculate distributions for a number of properties such as average energy, velocity, and momenta [3, 4].
Given that the EESA described in this work is designed to be mounted to the RAM-facing side of the host vehicle the velocity

distribution of merit is parallel to the velocity vector of the incoming charged particle flux and is given by,

1/2
@) = (5oz) - exp [~ gm0 = wo)?] )
where k is the Boltzmann constant, T is the species temperature, u is the thermal velocity, and uo is the charged particle flux
velocity plus any contribution to the bulk flow parallel to the EESA entrance apertures. Equation (4) may be written in terms
of the energy distribution parallel to the velocity vector, using E = mv,%/2 so that dE; = mv,dv. Using these relationships the

function is

1 \2 /1 1/2
fE) = (47rkT) (E_"> exp[—(Ey — 2\/E\Eo + Eo) /KTy ®)

where Ey is the total energy measured by the EESA. The total energy is determined as the energy value at the location of the
maximum of the measured energy distribution peak, density can be calculated as the area under the curve, and the temperature
is related to the FWHM. Standard data analysis for electrostatic analyzers involves the use of a curve fitting technique to derive
total density and temperature components from the measured drifted Maxwellian distribution [5].

The EESA has been designed to be mounted and operated on exterior surfaces of a host vehicle, as such, the EESA
effectively becomes a charged body within a plasma field and the effects of the frame charging on plasma flux must be
considered [6]. As the host vehicle charges a plasma sheath is formed around the vehicle, where charged particles outside of
the plasma sheath are unaffected by the electric potential of the biased body; however, charged particles that drift within the
plasma sheath will experience an acceleration due to the potential difference between the ambient plasma environment and the

electrically biased host vehicle. The EESA ground reference is electrically connected to the host vehicle frame and will

4
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subsequently adjust to the same potential as the spacecraft due to the charge developed by the interaction between the incident
charged particle flux and host vehicle surfaces. This potential difference relative to the ambient plasma will result in either an
increase or decrease to the total energy measured by the EESA depending on the charge polarity of the incident particle. For
example, ions impinging on negatively charged instrument surfaces will experience an addition to the total energy, while
electrons will experience a net decrease to the measured total energy as a result of the negative potential of the host vehicle.

The EESA analyzer measures the total energy, E, of incident charged particles

1
E=K+U=§mv2+U5C (6)

where K and U are the kinetic and potential energy, m is the mass of the incident ion, v is the relative velocity between the
incident ion and spacecraft surface (in this case the sensor entrance aperture), and Usc is the spacecraft frame potential energy.
Note, that the spacecraft frame potential energy Usc =gAV, where q is the elementary charge and 4V is the electrostatic potential
between the ambient plasma and the charged spacecraft.

The EESA instrument will measure host vehicle charging in terms of the potential difference between the ambient plasma
and the host vehicle frame by observing the difference in the peak energy of the measured distribution and the relative kinetic
energy of the incident particle flux. An example of the expected measured energy distribution as the host vehicle of the EESA
sensor charges negatively is shown below in FIG. 3 (a). As the spacecraft frame charge shifts to a negative potential the ion
energy distribution will shift to the right due to the increase in total energy as a result of the increased electrical potential and
subsequent ion acceleration. While the spacecraft frame charge is a fairly straightforward comparison of the total ion energy
distributions directly measured by the EESA, the total density and temperature parameters require a curve fitting routine to
obtain. An example of an ideal measured distribution with a curve fit applied to the data is shown in FIG. 3. (b), where the
incident ion flux has streaming ion energy 20 eV, the temperature is 0.09 eV, and the density is 4x10'* m3, Note, that variations
in the amplitude and width of the measured distribution function due to instrument response as a function of the host vehicle
potential will convolute the measurements; however this can be alleviated through thorough characterization of the instrument

prior to launch.
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FIG. 3. (a) The expected EESA measured distribution shifting as a function of spacecraft frame charging. (b) An example of an EESA
distribution with the total energy and FWHM identified.

1V. SENSOR CHARACTERIZATION

The sensor head was initially tested against an energetic ion beam source at the Colorado State University Electric
Propulsion and Plasma Engineering (CEPP) Laboratory. The beam source is capable of producing streaming ions with energy
ranging from 100 to 1800 eV at beam densities of 10 to 200 mA. The source was operated using argon as the ionized species
and with the EESA placed approximately 0.5 m downstream of the exit plane of the source. The ion energy distribution
functions (IEDFs) were measured using a range of ion beam energies between 100 and 1250 eV and are shown in FIG. 4 (a),
note that the distributions shown are the average of five individual runs. The distributions broaden and increase in amplitude
as a function of energy, this is due to an increase in charged particle flux produced by the ion beam source.

The energy resolution is the ratio of the FWHM at each measured ion energy distribution corresponding to the incident ion
energy and is shown in FIG. 4 (b), where the analytically determined resolution is displayed as a horizontal dashed line at
0.278. The experimentally determined energy resolution of the instrument is obtained by averaging over the range of incident
ion energies and is 0.69 + 0.06. The instrument resolution is primarily dependent on the precision with which the aperture slits
and EESA cavity are machined and aligned, i.e. narrower slits increase the resolution but at the cost of open area and subsequent
particle transmission. To maximize the energy resolution it would be ideal to have the EESA cavity of significantly greater
dimension than the apertures, such that H >> h. The difference between the experimentally determined and analytical energy
resolution of the EESA can be attributed to a number of factors. In regard to machining and mechanical tolerances these factors
are: 1) the entrance and exit apertures are larger than specified, 2) the EESA cavity height is smaller than specified, and 3) a
combination of 1 and 2. Additionally, if the ion beam source produces a streaming ion population with a large angular

divergence or there is a weak charge build up inside of the analyzer, this will be reflected in the measured results.
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FIG. 4. (a) EESA measured ion energy distributions from 100 to 1250 eV. (b) Experimentally determined energy resolution as a function of
ion beam source energy setting with the analytical value displayed as dashed line at 0.278.

The bias voltage V. corresponding to the peak signal current and experimental plate factor Ps as a function of ion beam
source energy setting are shown in FIG. 5 (a). The EESA plate factor is determined using equation (2), where the experimental
factor of 6.21 + 0.39 is obtained by averaging the results across a range of incident ion energies and is in close agreement with
the analytically determined coefficient of 6.06 as shown in FIG. 5 (b). As discussed previously, minor variances, potentially
due to fringing and mechanical effects cause the instrument response to deviate from an ideal response; however this can be

accounted for provided a high fidelity instrument calibration is conducted as described here.
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FIG. 5. (a) EESA bias voltage as a function of ion energy beam setting from 100 to 1200 eV. (b) Experimental plate factor as a function of
ion beam source energy setting with the analytical value displayed as dashed line at 6.06.

Since the sensor is designed to be oriented parallel to the incoming charged particle flux the field of view (FOV) becomes
a critical factor in instrument performance. In an effort to more accurately predict the instrument response, the FOV of the

EESA instrument was calculated using the SIMION software package. Streaming ions with energy of 0.5, 2, and 4 keV and a
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divergence of 10% FWHM were simulated incident to the opening aperture at angles ranging from + 10 degrees. The number
of detected counts as a function of ion energy and incident angle to the detector entrance aperture is shown in FIG. 6. Recall,
the entrance aperture of the EESA analyzer is rectangular with dimensions of 150 microns in height (elevation) by 750 microns
in width (azimuth). The elevation angle and was used to determine the minimum FOV and required pointing accuracy for the
instrument and as shown in FIG. 6 the EESA instrument requires a + 4 degree pointing accuracy in the direction of the incident
charged particle flux. The azimuthal FOV is + 20 degrees and is set by the aspect ratio of the aperture width and length of the

EESA cavity.

500

50 | = 04000 eV

a00 | 002000 eV
L D A 500 eV

350 =]

300 |

250 | © o]

Counts

200 |
150 A Q
100 o

50 | &
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FIG. 6. The EESA FOV analysis as simulated using the SIMION software package.

The EESA sensor head was additionally tested against a low energy plasma source in an effort to simulate the low Earth
orbit plasma environment where satellites and spacecraft regularly charge to negative potentials [7]. The testing was conducted
in the SPARC space simulation facility which includes a transverse magnetic filter plasma source (MFPS) capable of producing
streaming ions with energy of approximately 5 eV and a low electron temperature of 0.2 eV [8]. The density of the plasma
produced is between 1.4 x 10® and 4.4 x 107 cm® when measured at a distance of 1 meter downstream from the source [9].

IEDF measurements were conducted using the EESA sensor head biased at five different spacecraft voltages while
immersed in the plasma field produced 1 m downstream of the MFPS in the SPARC vacuum chamber. These tests were used
to experimentally determine how the spacecraft bias impacts the total energy, the amplitude of the peak current, and the FWHM.
The MFPS was operated at a flow rate of 10 sccm, with anode current and voltage of 5 A and 30 V, respectively. Based on the
results of previous research with the MFPS operating and the specified settings, the expected streaming ion energy is
approximately 3 eV [9]. An external power supply was used to bias the instrument such that the ground reference for the sensor

could be set to a negative potential, thus simulating a negative spacecraft frame charge. The measured EESA distributions as a

8
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function of the increasing negative applied bias from -10 to -50 V are shown in FIG. 7 from left to right. Note that each
distribution shown is the average of five individual runs at each spacecraft voltage bias. The total energy peaks are well defined
and increase as expected due to the additional energy imparted to the incident ions as they passed through the potential

difference between the plasma field and the EESA ground reference.

Signal Cunent (nA)

L L L -
] 20 40 60 a0 100 120 140
Measured 1on Energy (V)

FIG. 7. lon energy distributions measured using the EESA with applied ground biases from -10 to -50 V.

As FIG. 8 (a) indicates, the peak current of the measured distribution increases as a function of applied host vehicle bias
from 8.14 to 19.13 nA. The FWHM is also observed to increase linearly from 2.07 to 5.97 eV with respect to the simulated
spacecraft charge as shown in FIG. 8 (b). The experimentally determined AE/E of the instrument is obtained by averaging over
the range of the five simulated negative spacecraft biases and is 0.82 + 0.13 indicating a decrease in energy resolution as a
function of negative spacecraft potential. This behavior has implications for sensors that use the peak current and FWHM as a
method to determine the total number density or temperature via curve fitting energy distribution measurements of a plasma
field as their results are dependent on the impact of spacecraft bias on the measured distributions. The amplitude of the signal
current is related to the derived particle density and the width of the distribution is related to the derived temperature of the
charged particle population therefore artificial increases due to instrument response as a result of spacecraft charge will
introduce error in the inferred parameters. The observed increase in peak current and FWHM is believed to be an effect of the
plasma being perturbed by the difference in potential between the ambient plasma and the negatively charged
spacecraft/instrument, which is similar to the orbit motion limited theory as described by Langmuir [10]. There is an
acceleration of the positively charged ions throughout the plasma sheath towards the negatively charged instrument at the center
of the sheath. It is believed that the effect of this is an increase in flux normal and tangential to the detector face which might
describe the behavior observed in the peak current and FWHM. The combination of normal and tangential flux would increase

the net flux increase to the detector face will result in a higher signal current and an increase in tangential flux to the detector
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face will result in an increase in the measured FWHM. This mechanism for the increase in normal and tangential flux for

negatively charged instruments measuring incident ion populations is the subject of further study by the authors.

Peak Cument (14)

n KN Ey N Bia;%ﬂ) an Gy i KN Ey N Eiiai%/) an Gy
(a) (b)
FIG. 8. (a) The peak current at the most probable energy. (b) FWHM as a function of the applied spacecraft bias.

The total ion energy measured by the EESA as a function of spacecraft potential is plotted in FIG. 9 (a). The incident ion
energy increases due to the additional potential created by the artificial vehicle bias as would be expected as a spacecraft charges
negatively. The applied potential is then subtracted from the total measured ion energy to determine the streaming ion energy
produced by the MFPS, shown in FIG. 9 (b). The EESA ion energy measurements range from 1.34 to 3.5 eV with a mean
measured energy of 2.5 eV and are confirmed by the use of a large area retarding potential analyzer (RPA). The RPA
measurements were obtained in reference to chamber ground and are shown in FIG. 9 (b) as the dashed red line at 2.6 eV. Note,

the data points and error bars are the mean and standard deviation obtained from five measurements.
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FIG. 9. (a) The most probable total energy measured at each spacecraft charge bias. (b) The corrected streaming ion energy.

V. CONCLUSIONS

The EESA instrument has been successfully tested against a low energy magnetically filtered plasma source and an
energetic ion beam source. Additionally, the instrument has demonstrated the ability to accurately measure negative spacecraft
frame charging using the MFPS. The spacecraft frame charge is readily obtained as the difference between the total incident
ion energy and the kinetic energy of the spacecraft. The peak current and FWHM are directly related to the density and
temperature of the plasma, respectively, and are shown to increase with spacecraft potential. This implies that as the spacecraft
bias is increased both the derived density and the temperature of the plasma field will be influenced by the expanding plasma
sheath and increasing electric potential relative to the ambient plasma. The density might be artificially increased due to an
increased ion flux attracted by the negative spacecraft bias. This is analogous to the perturbations seen during the active biasing
of an electrode immersed in a plasma, i.e. a traditional Langmuir probe. This does not mean that the true density and temperature
of the ambient plasma are being affected by spacecraft charge, but it does illustrate that the ability to obtain these parameters
from curve fitting the measured data may be limited. In order to minimize the impact of spacecraft charging effects on lower
energy ions, i.e. thermal, the instrument requires careful characterization within a controlled environment. It is shown here that
the EESA data does behave somewhat like a drifted Maxwellian but only in terms of the total ion energy. The peak current and
the FWHM both increase as a function of increasing spacecraft frame charge creating error in the derived density and
temperature parameters. In order to mitigate the effects of spacecraft charging on ionospheric plasma measurements the
instrument response in terms of the distribution functions must be well characterized. The data presented here do not necessarily
apply to all types of electrostatic analyzers other than the laminated designs such as the EESA.
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