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ABSTRACT
The Cusp Plasma Imaging Detector (CuPID) CubeSat observatory is a 6U CubeSat designed to observe solar wind charge exchange in mag-
netospheric cusps to test competing theories of magnetic reconnection at the Earth’s magnetopause. The CuPID is equipped with three
instruments, namely, a wide field-of-view (4.6○ × 4.6○) soft x-ray telescope, a micro-dosimeter suite, and an engineering magnetometer opti-
mized for the science operation. The instrument suite has been tested and calibrated in relevant environments, demonstrating successful
design. The testing and calibration of these instruments produced metrics and coefficients that will be used to create the CuPID mission’s
data product.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085534

I. INTRODUCTION

Magnetic reconnection, a significant term in the magne-
tospheric energy budget, enables energy to be extracted from
the shocked solar wind and deposited it into the Earth’s
magnetosphere.1,2 Once input, this energy drives magnetospheric
and ionospheric dynamics.

Despite the importance of reconnection, its macro-scale spatial
and temporal properties remain largely unknown. An experimental
study of this phenomenon at the magnetopause has predominantly
been conducted by in situ measurements of magnetic fields, particle
populations, and plasma velocities in regions of discontinuity. The
instruments on the Cusp Plasma Imaging Detector (CuPID) Cube-
Sat Observatory will be the first to study magnetopause reconnection
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with a wide field-of-view (FOV) x-ray telescope in orbit (4.6○ × 4.6○,
27.5 cm optic to detector).3

A. Science background
Magnetic reconnection at the Earth’s magnetopause is an

energy transfer process in which magnetic fields with magneti-
cally trapped plasma break down and reform in a different ori-
entation to transform magnetic energy into kinetic energy. At the
Earth’s magnetopause, the boundary between the magnetosphere
and magnetosheath, the shocked Interplanetary Magnetic Field
(IMF) of solar wind, and the Earth’s magnetospheric magnetic field
frequently reconnect. When reconnection occurs, magnetic topol-
ogy changes, permitting charged particles from the magnetosheath
to travel into the magnetospheric cusps. The opened magnetic field
line also gives magnetospheric plasma access to the magnetosheath.
The spatial and temporal properties of charged particles in the cusps
can therefore provide a proxy for how reconnection occurs at the
magnetopause.

Studies of reconnection have long reported conflicting results
regarding global conditions of reconnection at the magnetopause.
Spatially, reconnection could be occurring in localized patches [frac-
tions of or a few Earth radii (e.g., Refs. 4–7) or extended separators
>10 Earth radii (e.g., Refs. 8–10)]. Temporally, observations and
modeling have reported that reconnection may be occurring in
intermittent bursts (a few minutes) (e.g., 11), continuously (e.g., 12),
or continuously at variable rates. Each of these spatial and temporal
properties of reconnection will have different particle manifestations
in the cusps.

Observations of these precipitating particles in the cusp provide
a window to remote sense the processes occurring at the magne-
topause. As these particles enter the cusp and upper atmosphere,
they interact with neutrals through solar wind charge exchange
(SWXC). Soft x rays (0.1–2.0 keV) are released in the process.13

Charged particles generating soft x rays can be mapped to the mag-
netopause where reconnection had initiated.14 Although other mis-
sions, such as Chandra, have observed auroral bremsstrahlung x-ray
emissions,15 the CuPID is a dedicated observatory to monitor SWCX
line emissions. Ground-based measurements of the cusp aurora have
also been used to study the morphology16 but are generally limited
to a short time period during the year when the cusp footprint is not
sun-illuminated. Since soft x rays are not able to penetrate the atmo-
sphere, such a space-based observer is necessary. Spatially, the cusp
is typically 2○ in latitude17,18 and can contain ion dispersions that
may or may not have spatial (̃0.5○) gaps, which are indicators for
how magnetopause reconnection occurs [reviewed in the study by
Walsh et al. (2021) and Pitout and Bogdanova (2021)].3,19 This spa-
tial size and the size of the gaps drive the size of the FOV of the x-ray
telescope and the angular resolution. Imaging of the x rays created
by ion dispersions from inside the cusps with a wide FOV instru-
ment would provide the largest view of magnetopause variations
to date.

B. CuPID CubeSat observatory
The CuPID will investigate the properties of Earth’s magne-

topause magnetic reconnection and provide a major advancement
to open questions regarding the spatial and temporal properties of
reconnection.

FIG. 1. Telescope optics and detector are enclosed in a light tight portion of the
spacecraft (bottom). The x-ray board stack (left: high voltage supply, middle: low
voltage supply, and right: Field Programmable Gate Array, FPGA), magnetometer,
dosimeter, and avionics occupy the other half of the CubeSat. The FOV of the
dosimeter and x-ray telescope are aligned on the same axes.

The CuPID is equipped with three instruments, namely, a
wide field-of-view (4.6○ × 4.6○) soft x-ray imager, a collimated
micro-dosimeter suite, and a body mounted magnetometer. The
x-ray telescope will image photon emission from SWCX, while the
dosimeter measures precipitating energetic particles. The design of
these instruments is unique and leverages the full platform of the
CubeSat design with integrated structures to minimize the weight
and size. The design allows the telescope to operate in a 6U CubeSat
structure (Fig. 1). The telescope occupies approximately one-half of
the chassis, and the x-ray electronic boards, magnetometer, dosime-
ter, and avionics occupy the other. Due to the optical nature of the
mission, the spacecraft is three axis stabilized to provide accurate
pointing in regions of magnetic reconnection interest. The CuPID
was launched on September 27, 2021, from Vandenberg Space Force
Base into a near sun synchronous orbit at 550 km with an inclina-
tion of 97.6○ and a right angle of the ascending node (RAAN) of
338○, putting the sun-side of the CuPID’s orbit plane just before local
noon. Since the cusp is fixed near local noon, a RAAN, which allows
for the spacecraft to pass near this region for some dipole tilts, is
important for observations.

During science operation, the CuPID will point the co-aligned
x-ray telescope and dosimeter zenith (radially outward from the
surface of the Earth) to image along the cusp field lines. The high
inclination orbit of the CuPID will frequently track the spacecraft
directly through the cusps depending on the position of the con-
stantly moving cusps. Zenith pointing is necessary to limit emissions
from lower altitudes.

II. CUPID SCIENCE INSTRUMENTATION
CuPID’s instrument requirements are driven by the mission

science goals. The goal for the x-ray instrument is to identify gaps in
ion dispersions in the cusp. The spacecraft bus has a pointing con-
trol and knowledge requirement of 0.25○ due to the optical nature
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of the mission. The FOV of the x-ray telescope must be greater than
4 circular to capture the cusp from low Earth orbit. A resolution of
0.25○ is necessary to define the spatial features of soft x-ray emis-
sions in the cusp. The structure of the x-ray telescope requires a
three-bounce “light tight” assembly such that stray external light
cannot directly excite the detector. The dosimeter must measure
precipitating particles that can contaminate x-ray images; therefore,
it is co-aligned with the x-ray telescope. To measure the low pitch
angle, precipitating particles when pointing zenith, the FOV of the
dosimeter less than 45○ is required. The magnetometer, initially only
required for attitude determination, was characterized to enable the
science team to identify the dynamics of low altitude auroral current
sheets through magnetic field reversals, which are often greater than
100 nT.

Sections II A–II C separately describe each of the instruments in
detail and include experiments conducted to calibrate and quantify
their performance.

A. Soft x-ray telescope
X-ray telescope optics must use grazing incidence reflection to

focus photons as opposed to refraction in conventional visible light
optics. A comparison of x-ray instruments is detailed in Table I.
One option of x-ray optics, Wolter optics (types I, II, and III), uses
circular nested mirrors to reflect x rays toward the optical axis.20

To date, the most common x-ray optics on a satellite platform are
Wolter type I optics. Wolter type I optics are typically used for astro-
physical missions where science targets have small angular sizes in
the sky. A number of past x-ray observatories, such as Chandra,
ROSAT, Suzaku, Swift, and XMM Newton, have relied on this focus-
ing method. Instruments with Wolter optics trend toward larger
diameters and longer focal lengths to increase the collecting area and
resolution for their astrophysical missions.

Another method of x-ray imaging is with the use of a coded
aperture. Coded aperture imagers utilize the principles of single pin-
hole cameras but with a well-calibrated array of pixel apertures.21

Instead of redirecting photons to a focused point, coded apertures
restrict incident photons only to those that pass directly through
the aperture. The FOV of a coded aperture instrument is defined
by the aperture and detector size, as well as the spacing between
them. Coded aperture instruments have been utilized on celestially

targeted missions, such as INTEGRAL,22 SWIFT,23 and SuperAG-
ILE,24 observing gamma and hard x-ray photons. The Earth observ-
ing instrument, the modular x- and gamma-ray sensor on board the
International Space Station, also uses a coded aperture imager with a
FOV of 80○ × 80○.25 The CubeSat AEPEX, currently under develop-
ment, will operate a 90○ × 90○ FOV Earth observing coded aperture
instrument for auroral observations.26 Although coded aperture
instruments provide an exceptional FOV, the instruments require
large computational resources to reconstruct the image. Addition-
ally, these imagers require a significantly strong target source to
maintain a high signal to noise ratio with only a 50% open area.27,28

The third option, micro-pore optics (MPO) also known as lob-
ster eye optics, utilizes a biology mimicking technique to focus x rays
with small square channels aligned normal to a spherical surface. A
number of theoretical and experimental studies have characterized
this x-ray imaging technique.29–33 MPO based instruments permit
a much lower size and mass with a larger FOV in comparison to
Wolter I optics. MPOs are becoming more prevalent in planetary
and heliophysics missions because of the access to a larger FOV
(multiple degrees rather than fractions of a degree).34

A number of missions have flown with MPOs in recent years
or are in development to fly such optics in the near future. The
first flight of lobster-eye focusing elements was the DXL/STORM
(Diffuse X-ray emission from the Local galaxy/The Sheath Trans-
port Observer for the Redistribution of Mass) instrument that flew
on a sounding rocket from White Sands, New Mexico, in 2012.35

As the secondary instrument on the DXL mission, the STORM
instrument raised the technology readiness level of lobster eye optics
and tracked a transient feature through the sky.36 Progress has
been made rapidly since this flight. Recently, the Longxia Yan 1
lobster eye x-ray satellite has also been launched into low Earth
orbit. The planetary mission BepiColombo carries MIXS (Mer-
cury Imaging X-ray Spectrometer) instruments, which combines
two telescopes, one with MPOs and one utilizing Wolter optics
for x rays focusing at Mercury. BepiColombo’s instruments have
survived launch and endured near Earth calibrations but are await-
ing arrival at Mercury.37 Looking forward, the Lunar Environment
heliophysics X-ray Imager (LEXI) uses an array of nine MPOs and
is scheduled for deployment on the lunar surface in 2024 as part
of NASA’s Commercial Lunar Payload Services (CLPS) program.

TABLE I. Comparison of current and future x-ray instruments.

Mission/Instrument Launch Year Optic Type FOV Focal Length (cm)

CuPID 2021 MPO 4.6○ 27.5
DXL/STORM36,38 2012 MPO 6○ × 3○ 37.5
LEXI 2024a MPO 9.2○ 37.5
SMILE/SXI39 2024a MPO 15.6○ × 27.3○ 30
BepiColombo/MIXS-C40,41 2008 MPO 10.4○ 55
ROSAT42 1990 Wolter 1 0.6○ 240
Suzaku/XRT43 2005 Wolter 1 0.25○ 475
SWIFT/XRT44 2004 Wolter 1 0.4○ 350
XMM-Newton/EPIC45 1999 Wolter 1 0.5○ 750
Chandra46 1999 Wolter 1 0.267○ 1000
aScheduled launches.
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The ESA-CAS SMILE mission will also carry an array of 32 MPOs
and is planned to launch in 2024.

The CuPID soft x-ray telescope detector and signal chain elec-
tronics are refurbished hardware that flew on a sub-orbital sounding
rocket mission, the Diffuse X-ray emission from the Local Galaxy
(DXL-2) as a secondary payload.47,48 The progression from the
sounding rocket to CubeSat has been applied to small scale soft x-ray
instruments before. A notable mission is the Amptek X123-SDD soft
x-ray spectrometer flown on two solar dynamics observatory/EUV
variability experiment sounding rocket missions in 2012 and 2013.49

From these flights, the instrument was modified for successful
operation in the MinXSS CubeSat.50

The CuPID’s zenith pointing telescope targets the photons
from SWCX in the cusp. The spectrum is a series of line emissions
ranging from several hundred eV to over 1 keV (see the spectrum
in the study by Walsh et al., 20213). For the science objectives of
the CuPID, all the lines in this range will be integrated for a single
signal. The modeling of the cusp provides an expected few hundred
counts/s in the instrument during a cusp pass (<2 min). Instrument
count rates are dependent on background emissions (cosmic x rays,
near Earth extreme UV, and energetic particle contamination) and
the signal from the cusp and magnetosheath. During data process-
ing, the position of signals on the CuPID is converted to a right
ascension and declination angles that are used to create an expo-
sure map of CuPID’s observations in orbit. The cosmic soft x-ray
background has been well mapped and can be removed.51

Figure 2 presents the modeled signal from the cusp monitored
by the CuPID for both (a) single extended ion dispersion and (b)
multiple detached reconnection sites along the magnetopause, caus-
ing multiple dispersions with gaps or discontinuities in local time.
X-ray emissions generated by charge exchange are frequently mod-
eled using data from neutral and MHD models combined with
knowledge of efficiencies from atomic priorities and collisions as
described in the study by Kuntz et al. (2015),52 Sibeck et al. (2018),48

and Connor et al. (2021).53 In the current model, the neutral model
described by Bailey and Gruntman (2011)54 was combined with
an analytic model for the cusp plasma density based on the study
by Walsh et al. (2016).55 A galactic background component of
20 keV/(cm2 ⋅ s ⋅ sr) was included, which represents an average
value from the ROSAT All Sky Survey in the 1/4 keV band. The total
modeled signal is then passed through instrument efficiency and
response function to generate counts/second/pixel. Finally, Poisson
noise is added. Since all counts are telemetered to the ground, the
pixel size is user defined during post-analysis. In these plots, a pixel
size of 0.5○ was selected.

1. Mechanical and optical design
The layout of the telescope is presented in Fig. 3. The mechan-

ical components are all black anodized 6061 aluminum except for
one iridite aluminum 6061 chassis rail. Incident photons enter the
spacecraft through a 6 cm diameter aperture in a chassis compo-
nent. Photons entering from an angle outside the FOV are blocked
by the sun shade, a 6.9 cm long tapered cylindrical element designed
to shield the instrument from photons more than 35○ off axis.
Photons with incident angles such that they pass the sun shade
then encounter the optic filter. The filter, made of 30.7 nm alu-
minum on top of 217.9 nm polyimide, is designed to limit visible
and UV photons and charged particle contamination.36 The filter

FIG. 2. Modeled count rates in the cusp from solar wind charge exchange during
nominal solar wind conditions and different input ion dispersions. As the CuPID
scans through the sky, it will sweep through the cusp. (a) A single continuous
enhancement is seen corresponding to a single continuous reconnecting separator
at the dayside magnetopause. (b) Patches are observed corresponding to multiple
discontinuous reconnecting separators, leading to multiple ion dispersions in the
cusp occurring, rather than a single ion dispersion turning on and off.

is mounted on top of the convex surface of the MPO by the filter
manufacturer.

The 4 cm square MPO is 1 mm thick and composed of square
20 μm lead glass channels with 6 μm walls, resulting in a 60% open
area. The width to the length ratio (W/L) of a pore is 1

50 . The
array of pores is slumped over a sphere to align the walls normal
to the spherical curve. The optic’s radius of curvature of 550 mm
focuses photons from infinity to a point half the radius of curvature
(27.5 cm). The optic was produced by Photonis France SAS.

Photons encountering the optic plane could have several paths.
Photons that pass unaffected by the pores directly excite the detector
without focusing. Photons that undergo one reflection in the optic
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FIG. 3. Layout of the CuPID x-ray tele-
scope. The sunshade limits external light
from the instrument. The 1 mm thick
optic with 20 μm pores focuses x rays.
A magnet array behind the optic sweeps
energetic particles away from the opti-
cal axis. Light baffles prevent internal
fluorescence from exciting the detec-
tor. The 4 cm diameter micro-channel
plate (MCP) observes photon position
and timing.

form the arms of the point spread function (PSF) shown later in
Fig. 11. Photons that reflect twice off orthogonal faces in the optic
form the center spot of the point spread function.48 Focused photons
comprise 17%–25% of the PSF.

Immediately after the MPO is an array of eight neodymium
magnets, arranged two to a side of a square structure to create a
quadrupole. This geometry provides a strong local field, but the
higher order minimizes the field strength farther away from
the array. These magnets deflect charged particles that pass through
the optics away from the optical axis and could contaminate detec-
tor images. Although charged particles are deflected by the magnetic
field, photons pass unaffected. The now focused photon travels
through a set of three unique light baffles, which are used to pre-
vent any external stray photons and internal fluorescence resulting
from energetic particle interactions inside the telescope bay from
exciting the detector. If excited by incident energetic particles, the
aluminum 6061 structure of the instrument and spacecraft could
fluoresce and emit K-alpha x rays from magnesium (1.25 keV), alu-
minum (1.49 keV), and silicon (1.74 keV), as well as others above
2 keV, outside the effective quantum efficiency of the detector. The
x ray then reaches the micro-channel plate (MCP) detector.

2. Signal chain and detection system
The steps described in this section can be followed in the block

diagram (Fig. 4). The photon, now through the mechanical/optical
parts of the telescope, excites the circular MCP. The MCP, manufac-
tured by Photonis, is 4 cm in diameter, with two plates assembled in
a chevron pattern. The channels are 25 μm in diameter with a bias
angle of 8○. The MCP is coated with potassium bromide (KBr) to
improve soft x-ray sensitivity.56 Photons that impact the MCP liber-
ate electrons, which subsequently liberate more as the electron cloud
is swept through the MCP. Electrons are swept by a strong electric
field generated by a ground mesh and high voltage (HV) board on
either side of the MCP (see the mesh in front of the MCP in Fig. 3).
Behind the MCP is the anode board. The anode board is a wedge
and strip detector that produces position data.57,58 The custom-built

wedge and strip anode layout is a 4 cm square layout with four chan-
nels, two wedges, and two strips where each unit is 0.029 inches
wide.

The electron cloud from the MCP deposits charge into these
channels on the anode, and the signals are amplified by four charge
sensitive pre-amplifiers. The Amptek A111 pre-amplifiers produce
signals between 1 and 4.5 V, corresponding to the amount of charge
deposited into each channel of the wedge and strip. These voltages
are later converted to an X and Y position on the MCP. Valid sig-
nals are determined as those within 2.1 and 3.3 V. Voltages outside
this range have a non-physical meaning, such as lying outside of the
MCP area once converted to an X and Y position. Further discussion
of valid signals is in Sec. II A 3 a.

The MCP/anode detector and x-ray board stack are structurally
separated in the chassis due to space constraints. Telemetry and
power between the MCP and the board stack are routed through
a bulkhead connector in the center of the spacecraft (see Fig. 1 for
the layout and Fig. 3 for bulkhead wiring). The ProASIC3 FPGA
in the board stack reads the four channels of telemetry, applies any
user commanded thresholds, adds a mission elapsed time tag to the
data, and passes it upstream to the spacecraft flight computer. The
FPGA also produces housekeeping telemetry. This telemetry con-
tains a time tag, as well as HV setting and temperature, and event
counts.

MCP telemetry is converted to the position on the detector
using a centroid finding relationship between the charges deposited
in the four channels.59 The charge in one wedge or strip is divided by
the total charge deposited onto the pair of wedges (X) or pair of strips
(Y), as seen in Eq. (1). On-board data processing uses this equation
to cut each telemetry item from four voltages to two positions. The
origin of the data is shifted to (0, 0) by subtracting 0.5. This equation
results in a unitless number that is converted to a plate scale using
results from an experiment on the MCP,

X = [x0/(x0 + x1)] − 0.5, (1)
Y = [ y0/(y0 + y1)] − 0.5.
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FIG. 4. Block diagram of the x-ray telescope electronics. The low voltage board
(bottom right) takes supply from the spacecraft bus and powers the telescope. The
ProASIC3 FPGA on the command and data handling board (top right) manages
commands and telemetry. The HV board (bottom left), with a power supply of 3 kV,
biases the detector system. The MCP and the wedge and strip detector (top left,
example wedge and strip array) provide position sensing data of incident photons
to the FPGA.

The MCP detector does not have the ability to distinguish
photon energy. Instead, the x-ray telescope is an event counter and
records the position and timing of each photon. Images are not cre-
ated on the spacecraft. Instead, images are created on the ground,
allowing the user to define the integration period and pixel geometry
to best suit the data.

The x-ray instrument data are stored in three files on-board
CuPID. First are 10 second count rates and active x-ray file num-
bers in a combined science data and spacecraft housekeeping file.
This summary file is downloaded each pass to determine the areas of
interest. The file size is large enough to record one day. Second is a
complete data stream from the instrument, including all instrument
housekeeping data and time-tagged, four MCP output voltages.
This file, labeled as x-ray burst data, is downloaded only if needed
because it contains only 36 000 entries split between instrument
housekeeping and science data. The third file, named x-ray fast, has
57 600 processed science data points. These data are the time-tagged
X and Y positions of valid photons on the MCP. The summary file

aids an operator in determining which x-ray fast file to downlink.
Further discussion of the complete spacecraft data process is found
in the study by Walsh et al. (2021).3

3. Calibration and qualification
Calibration of the x-ray telescope involved testing of individ-

ual elements and testing of the fully integrated CubeSat instrument.
Physical experiments with the x-ray telescope require high vacuum
and were conducted under vacuum with pressures less than 5 × 10−6

torr.
a. Detector The relationship between the MCP output voltages

to a distance measurement on the detector and detector linearity
was calibrated using a thin metal mask. The grid mask with 0.1 in.
diameter holes spaced 0.3 in. apart was mounted on standoffs less
than 1

2 cm in front of the MCP. An Iron 55 (Fe55) source, pro-
ducing 5.9 keV x rays, was mounted opposite, near where the
optic would mount. The experiment layout is shown in Fig. 5(a).
The instrument collected data for over 12 hours, and the result
is plotted in Fig. 5(b). With a known size and spacing of the
mask holes, a relationship between MCP voltage and plate scale is
generated. This result showed a shift in the data, caused by elec-
trical differences in the channels. The data were reoriented using
a basis transformation with the result shown in Fig. 5(c). The size
of the MCP detector, shown with the white lines, is defined from
the distance between the dots and the edge of the grid image.
Three additional mask designs were tested, which aided in the basis
transformation and defined the instrument axes in CuPID’s space-
craft vehicle axes, which is essential for pointing knowledge on
orbit.

The detector background is highly dependent on pressure and
contaminants in the detection system. Background counts arrive at
a Poisson arrival rate, where the timing between events is random.
Background counts on the MCP produce voltages that are lower
or higher than the valid count voltage range (2.1–3.3 V). The valid
count voltage range is a configurable parameter. After environmen-
tal testing, an increase in background count rates was found to be
caused by dislodged contaminants in the instrument. The instru-
ment spent five weeks under vacuum to decrease the background
count rates by out-gassing the contaminants. The decrease in the
background is shown in Fig. 6(b). Although the raw count rate is
high, the valid count rate is low. The instrument responds with
weak signals to non-photon excitation, such as off-gassing contam-
ination on the MCP. The instrument background delivered to the
launch vehicle is shown in Fig. 6(a). Background rates will con-
tinue to decrease on orbit. The valid signal from cusp observations
is expected to be greater than a few hundred counts per second;
therefore, the signal (300–400/s) to noise (12/s at delivery) ratio is
high during cusp observations. Early on orbit commissioning will
include a flat field image of the dark night side Earth to quantify the
background counts after launch.

As described in Sec. II A 2, the detector of the x-ray instrument
uses HV to sweep electrons from the MCP to the anode board. This
HV is configurable. The HV setting was optimized experimentally
and set to 2220 V for the beginning of the mission. The experiment
used a beam line with an aluminum target to fluoresce aluminum
kα 1.49 keV x-rays toward the detector with a small grid mask simi-
lar to that shown in Fig. 5. Through operations that mimicked the
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FIG. 5. Calibration of the MCP detector using a grid mask: (a) assembly of the experiment in the flight chassis. The radiation source is not shown. (b/c) Plots of the data as
uncorrected and corrected 2D histograms. X- and Y-axes indicate the detector position in cm as determined by this experiment. Colors indicate the number of counts inside
the bins. One bin represents 0.46 mm on the detector. CuPID’s vehicle axes are shown in red.
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FIG. 6. CuPID’s x-ray MCP background
measurements: (a) background image
of the MCP as delivered to the launch
vehicle and (b) background count rates
of the MCP after environmental testing
decrease with time under vacuum.

on-orbit commissioning phase of the instrument, the HV was
stepped up and >20 minutes of counts were collected at each step.

Average count rates are plotted in Fig. 7. These count rates
include the x-rays from the beam line and background noise counts.
At the sampling of the 2240 V data point, a pressure increase in

the chamber occurred, causing the increase in the count rate. The
pressure increase did not bring the chamber pressure above 2 × 10−6

torr, so the experiment proceeded. 2220 V was selected as opera-
tional because the count rate began to linearize, and increasing the
voltage would not significantly benefit the result.
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FIG. 7. Gain curve of the CuPID’s MCP comparing commanded HV setting to the
MCP count rate. Experiment ramped up HV to 2300 V. Experiment data: averages
of 20 min of count rate at HV setting and experiment check: a ramp down of HV
and 10 min averages. The flight setting for the CuPID is 2220 V shown as the teal
star.

b. Optics The MCP responds to any incident radiation, and
energetic particle contamination can be problematic. The sweeper
magnet array of the CuPID, mounted behind the optics, creates a
strong magnetic field to redirect particles that pass the optic. The
8 neodymium bar magnets in the array are oriented to create a
quadrupole and minimize the far field to limit the impact on the
internal magnetometer of the CuPID. The impact on the magne-
tometer was determined to be 23 000 nT in magnitude. This uniform
field is easily removed for on-orbit measurements. The permanent
magnets vary on the order of 1%–2% over the course of 10 years
per the vendor characterization. Over the CuPID mission, this is
on the order of 0.1%. Figure 8(a) presents the measurements of the
magnetic field from 77 points distributed around the array, taken
in a plane perpendicular to the optical axis. The four nodes of the
quadrupole field can be seen. The orientation of the quadrupole is

shown with the vectors. Figure 8(b) shows a slice of the contour at
X = 0 and Y = 0. The magnetic field strength reaches above 0.04
Tesla.

The electron suppression of the optic system was measured
with a Nickel 63 radiation source (Ni63: β-spectrum, 67 keV max-
imum with 17 keV average). Figure 8(c) reports suppression results
from the experiment. The magnets suppress the Ni63 electrons by
a factor of 7. The optics, with the aluminum/polyimide optic filter
described in Sec. II A 3 1 and as described in the study by Collier
et al. (2015), suppress the electron flux by a factor of 100. Addition-
ally, protons at 10 keV are suppressed by a factor of 105 by the optic
and filter.36 Energetic particles in the cusp can add to the instrument
background. Electrons in the cusp are lower than a few hundred
eV and easily excluded by the optic or magnetic sweeper magnets.
The peak ion flux in the cusp is near 3 keV and thus suppressed
significantly by the optic. Above 10 keV, measurements from the
cluster mission found the ion energy flux to be typically lower than
106 eV/cm2-s-sr-eV.17 The optic area (16 cm2), solid angle (0.006 sr),
and optic transmission (10−5) of the CuPID when combined with
this energy flux result in count rates less than one count every
50 cusp crossings, effectively 0.0001/s.

The FOV of the telescope was modeled with a custom-built
MPO ray-tracing code developed by team members at Johns Hop-
kins University. The optic is modeled by assuming that each pore is
fully filled with rays incident at some angle to the optical axis. The
reflectivity is a function of energy and angle of incidence. Since the
x rays of interest have energies <2 keV, x rays striking the pore walls
at nearly normal incidence are assumed to be absorbed. For a given
incidence angle with respect to the pore axis, a ray may be reflected n
or n + 1 times in each dimension; for a perfect pore, there are exactly
four different possibilities for the output ray direction, each with a
different attenuation due to the dependence of the reflectivity on the
angle of incidence. The vignetting function, as a function of energy,
is the throughput as a function of the angle of incidence with respect
to the optical axis (Fig. 9).

Modeling allows testing above and below the expected soft
x-ray spectrum the CuPID can observe. Transmission through the

FIG. 8. CuPID’s sweeper magnet array strength. (a) Contour plot of the field strength generated from point measurements. The magnet array size is shown as the red
square. (0,0) is located at the center of the magnet array. (b) Slice of the field strength along X = 0 and Y = 0. (c) Electron rejection measurements from the optic system
using an Ni63 radiation source. Background counts are “magnets, no source,” and incident radiation from the Ni63 source is “no magnets, no optics.”
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FIG. 9. (a) Vignetting function or FOV of the CuPID as modeled with varying ener-
gies. The X-axis of the plot is the angle off of the optical axis of the telescope. (b)
FWHM of the vignetting function at each energy modeled.

filter is low below 0.2 keV, and the detector efficiency decreases dra-
matically above 1 keV. The total effective area of the CuPID x-ray
telescope was determined through a combination of manufacturer
measurements and modeled values. Figure 10 reports the total effec-
tive area of the CuPID, with the targeted energy band from 0.1 to
2 keV. From the total effective area and modeled vignetting function,
the FOV of the CuPID is defined as 4.6○ × 4.6○.

The PSF of CuPID’s optic was measured at the Goddard Space
Flight Center 100 m beamline. The beam line used a soft x-ray Man-
son source powered at 10 kV and 1 mA with an aluminum target
to produce 1.49 keV x rays. At 100 m, the source size is unresolved
for MPOs. The optic was mounted at 275 mm from a CCD detec-
tor. The 26 mm by 26 mm CCD detector output counts in 0.02 mm
pixels with a 120 s exposure. Figure 11 shows the PSF with a bin
sized 0.46 mm, comparable to the bins of CuPID’s MCP in Figs. 5(b),
5(c) and 6(a). The FWHM (full width half maximum) of the PSF
was calculated by fitting a 2D-Gaussian to the data. The optic’s PSF
FWHM is 9.2 arcmin in the X-axis and 22.1 arcmin in the Y-axis,
with an average of 15.65 arcmin. The position sensing of the MCP is
finer than the PSF size; therefore, the PSF drives the angular resolu-
tion of the instrument. The double arms of the PSF are due to the

suboptimal optic and detector spacing. The optic purchased was
ordered at a radius of 55 cm for a 27.5 cm focus but would perform
better at a slightly longer distance because the actual slumped radius
does not match perfectly to the ordered one. After this discovery,
modifications to the structure that mounts the detector/optic were
not possible. Additionally, aberrations in the optic pore structure,
such as pore shear and pore bundle misalignment, can subtract from
the performance of the optic, as seen by the periodicity along the top
and bottom PSF arms.33

The percent of focused light vs total light is 8.7% with 3.2%
inside the FWHM of the PSF. These photons are focused by an
odd number of reflections off orthogonal pore walls, focusing
into the center of the PSF, or pass through the center pores not
reflected. Reflectivity decreases as photon energy increases, and the
1.49 keV photons used in the experiment are on the higher end of
CuPID’s capability. This, in addition to the focus distance and optic
aberrations, causes the lower than expected (̃20%) focused light.

CuPID mission is not significantly affected by these results. The
wider than expected PSF slightly impairs the as-built instrument’s
expected resolution. The spatial resolution of the CuPID is moti-
vated by the need to resolve gaps in cusp ion dispersions (̃0.5○),
which is still satisfied by the asymmetric imaging resolution. The
lower than expected focused light percentage decreases the through-
put of the instrument, which will only require longer exposures
during data processing.

B. Micro-dosimeter instrument
Energetic particle dosimeters are used on satellites to monitor

the radiation dose to satellite components. Dosimeter instruments
vary in size, weight, and power metrics. A notable mission that
operated a dosimeter instrument is the Van Allen Probes and its
Engineering Radiation Monitor (ERM).60 The ERM is an array of
8 dosimeters with varying shielding to measure a dose depth curve
during the duration of the mission.61 Past and present CubeSats
have also operated dosimeters, or more advanced small scale parti-
cle telescope instruments, produced significant scientific results,62–71

and advanced the community’s instrument development knowl-
edge (e.g., Ref. 72). A comparison of these instruments is shown in
Table II. These CubeSat particle instruments vary greatly in design
and capability.73–79 For efficient use from a CubeSat platform, an
instrument needs to be of low volume, power, and mass. Depend-
ing on the requirements of the science mission, dosimeters excel
in CubeSats because of their small size and power requirements
as compared to larger particle telescopes that have particle energy
resolution.

For the CuPID mission, the dosimeters are necessary to mon-
itor the energetic particles that can contaminate the x-ray telescope
images. Energetic charged particles (>50 keV) have access to the
low altitude magnetosphere in several regions including the south
Atlantic anomaly, as well as at high latitudes where magnetic field
lines converge at the foot points of the radiation belts and auro-
ral regions. Past x-ray missions have worked hard to quantify the
presence of energetic charged particles that can excite the detector
and cause a background for soft x-ray measurements.80 Since the
primary science target of the CuPID, the magnetospheric cusp, is
adjacent to a region with closed magnetic field lines that can con-
tain high fluxes of energetic particles, it is important for the mission
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FIG. 10. Elements used to calculate the
total effective area of the CuPID x-ray
telescope. From top to bottom: modeled
effective area of the optic, transmission
rates through the aluminum/polyimide fil-
ter, quantum efficiency of the MCP, and
total effective area.

to quantify time periods when fluxes are high both as a background
monitor and to help identify when the CuPID is in the cusp. Sec-
ondary science of monitoring trends in precipitation of radiation
belt particles in conjunction with other observing platforms is also
possible.

The CuPID micro-dosimeter suite is a small scale particle
instrument developed by The Aerospace Corporation to measure
energetic ions and electrons. The instrument uses detectors manu-
factured by Teledyne, modified for the CuPID science target, and is
based on similar instruments developed by The Aerospace Corpora-
tion. The instrument contains two detectors, Dosimeter A (Dos A)
and Dosimeter B (Dos B).

1. Mechanical design

The dosimeter instrument is composed of a single circuit board
mounted with 5/8 inch standoffs to a chassis component of the
spacecraft with machined apertures for each detector. The FOV of
the suite is co-aligned with the x-ray telescope, as shown in Fig. 1.
Optimized for the small form-factor of a CubeSat, the circuit board
is an “L” shape to accommodate a GPS (Global Positioning Sys-
tem) antenna that is also located on the structural face. Excluding
the chassis component and standoffs, the dosimeter suite has a
mass of 70 g. The detectors are collimated by precisely machined
holes, 0.26 in. in diameter with a 45○ chamfered backside to prevent
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FIG. 11. Optic point spread function of the CuPID and summation of counts along each axis.

energetic particles from interacting with the edge material. In addi-
tion, although the detectors are designed to be separated far enough
apart to prevent cross-contamination from particles that enter the
aperture at highly oblique angles, a metal separator was included
between the detectors to prevent this effect. Figure 12 shows how the
dosimeter is assembled with the endcap structure of the CubeSat.

Each of the two detectors contains a 1.8 mm diameter by
60 μm thick silicon wafer. Each detector also has a unique filter foil.
This foil screens out lower energy particles and photons that could
excite the detector if not blocked. Dosimeter A uses as an 18 μm thick
aluminum foil, and Dosimeter B uses a 0.2 μm nickel foil.

2. Electrical signal chain
The CuPID dosimeters behave as integral particle detectors

with a low voltage reverse bias. The start of a dosimeter count is

when an energetic particle passes the foil and enters the silicon detec-
tor. Each energetic particle that passes into or through the detector
creates an ionization track of electron–hole pairs. An analog readout
of the detector charge is generated using a low-noise charge ampli-
fier ASIC (Application Specific Integrated Circuit). As this readout
accumulates over time, the analog to digital converter digitizes the
voltage and the FPGA forms data packets for output. Using this cir-
cuit method, the instrument produces data in increasing steps of
voltage as the dosimeter accumulates charge. Each step is 0.0196 V.
Once the charge limit is reached (5.0 V, total 256 steps), the charge
is removed, and the increasing steps restart from 0 V. The dosimeter
steps are reported as a low count for each small step and a medium
count for each rollover count.

To simplify and improve the robustness of the instrument,
the dosimeter receives no commanding from the satellite and is
designed to only take measurements and output data when powered.

TABLE II. Small particle instruments on CubeSats.

Instrument/CubeSat
Detector
Quantity

Energy
resolution

Operation
duration

Instrument
SWAP FOV

Sample
cadence

REPTile/CSSWE 1 Yes >2 years 1.25 kg, 0.68 W 52○ Event based
MeRIT/CeREs 1 Yes N/A 1.13 kg, 0.3 W 31 cm2 sr 5 ms–1s
FIRE/FIREBIRD-II 2 Yes >5 years 1/2U inst. 180○ and 45○ 18.75 ms
AC6-A and –B 3 No A-6 years, B-4 years 1/2U s/c 2 at 60○, 1 at 180○ 0.1 s
μCPT/AC10-B 1 Yes >2 years 0.27 kg, 1/4U inst., 0.37 W 48○ 2 s (variable)
EPD/ELFIN 2 Yes >2.5 years 1 kg, 1U inst., 2W 20○ and 22○ Event based
Micro-dosimeter/CuPID 2 No TBD 70 g, 0.33 W 35○ 0.1 s
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FIG. 12. (a) Micro-dosimeter suite itself
with labeled Dos A and Dos B. (b) Top
view of the structural endcap mounting
with representative apertures and FOV.
(c) Front view of the endcap on the
CuPID that the suite mounts behind.
Included are the axes used for FOV
testing. The dosimeter is aligned with the
optical axis of the x-ray telescope.

The dosimeter is supplied with 12 V power from the bus, and when
operating at room temperatures, the dosimeter consumes 0.028 A.
The dosimeter takes measurements of detector charge at 10 Hz, and
the FPGA outputs data packets at 1 Hz. Each packet contains a sync
word, time stamps of mission elapsed time, voltage monitor data,
temperature measurements, and 10 Hz data of the low and medium
counts from each detector.

3. Calibration and qualification
The testing of the micro-dosimeter instrument consisted of

three experiments to test the FOV, thermal response, and particle

discrimination abilities. The experiment methods were developed
on an engineering unit and performed on the flight unit hard-
ware. GEANT4 modeling was conducted to support the laboratory
experiments.81

a. Field-of-View The FOV of the instrument was tested using
a small structure to simulate the spacecraft and replicate the
flight mounting of the dosimeter. The structure was attached to a
rotational shaft inside a vacuum chamber. The instrument was
rotated around an axis that bisected the collimating aperture face
by a stepper motor that rotated the shaft inside the chamber.
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Two perpendicular axes of each detector FOV were tested, shown
in Fig. 12(c) where the dosimeter axes match spacecraft axes.
Placed inside the chamber with the dosimeter was a fixed radiation
source, either Americium 241 (Am241: α, 5.486 MeV) or Strontium
90 (Sr90: β-spectrum, 546 keV maximum with 196 keV average).
The instrument was manually calibrated to have its zero angle
pointed square with the radiation source. Starting from zero, the
instrument was rotated by ±35 in 1 or 1/2 steps and dwelt 12 min or
3.5 minutes at each step for the Sr90 and Am241 experiments,
respectively. The result of dosimeter B testing with Sr90 and Am241
is shown in Fig. 13(a) in comparison to GEANT4 particle simu-
lations. Since FOV testing was conducted at two axes, Fig. 13(b)
shows an interpolated polar plot of the FOV where the color map
shows normalized counts per second and the radial axes are the
angle off of concentric with the detector. From this interpolated
plot, it is apparent that the FOV is not concentric with the detec-
tor, as seen by the 3○ shift toward the upper left. This is due to
compounding tolerance build-up in the mounting scheme of the
instrument but does not affect the performance of the detector
or impact the mission science. A summary of the FOV results is
shown in Table III. Dosimeter A was only tested with the Sr90
source because the 18 μm aluminum was designed to limit proton
measurements.

These experiments determined the FOV to be a maximum of
56○ for electrons from the Sr90 source and 40○ for protons from the
Am241 source and a FWHM near 35○ for both particle types.

During nominal science operation, the CuPID will be point-
ing the dosimeters and x-ray telescope zenith while traveling over
Earth’s polar regions. In this attitude, the instrument will measure
precipitating particles in or near the loss-cone.

b. Detector performance It is well established that silicon detec-
tors perform differently with changes in temperature. To provide a
quality on-orbit data product, thermal calibration experiments were
performed on the instrument and provide a thermal dependence
curve for each detector.

The experiment was conducted inside a thermal chamber
where the temperature was stepped from −10 to 60 ○C in 10 ○C
steps. These temperatures are defined by CuPID’s requirements
for the instrument. The dosimeter was excited by a Sr90 source,
assumed as a constant excitation of the detector. The two detec-
tors were tested independently. Thermocouples were attached to
the detector and circuit board to monitor the temperature and
provide data to calibrate the temperature sensor in the dosime-
ter. Figure 14(a) shows the experimental setup before placement
inside the thermal chamber. Dosimeter A is covered with the Sr90
source. Figure 14(b) shows the thermal dependence curves. This
curve shows that the rate at which energy is deposited in silicon
decreases nearly linearly as temperature increases. A linear fit gives
an R2 value of 0.9989 for Dos A and 0.992 for Dos B. The data points
were generated by averaging a short period of dosimeter data in sta-
ble temperature steps. The count rates between the dosimeters are
different because of the different foil filters.

The thermal experiment determined the dependence of the
count rate on temperature. On-orbit data will be corrected to room
temperature, 23 ○C, with the known calibration slope. The tempera-
ture is determined from a thermal probe included in the dosimeter
board and dosimeter telemetry stream.

FIG. 13. (a) Summary of the results of dosimeter B FOV experiments with both
Sr90 (e−) and Am241 (α) radiation sources shown in comparison to GEANT4
simulations of the experiment. The dark horizontal line at y = 0.5 is the full width
half maximum. (b) Interpolated 2D polar plot of dosimeter B FOV with Am241;
radial axes are the spacecraft axes, and angular axes are the degree from the
center of the detector.

The third set of experiments conducted on the dosime-
ter instrument was to determine the detector sensitivity and the
discrimination ability of the instruments. The foil thickness was con-
firmed with a Promethium 147 (Pm147) source that showed higher
rates in Dos A (thicker foil) than in Dos B (thinner foil). GEANT4
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TABLE III. Results of experimental and modeled FOV.

Experiment Axis Source FOVa (deg)

GEANT4 Both 100 keV e- 34
GEANT4 Both 2 MeV α 34
Dos A X Sr90 35
Dos A Y Sr90 35
Dos B X Sr90 36
Dos B Y Sr90 35
Dos B X Am241 34○

Dos B Y Am241 35
aMeasured as the FWHM of the FOV.

models varied the incident particle energy on the dosimeters and
determined the peak response region of the dosimeter. Figures 15(a)
and 15(b) show the results of the GEANT4 modeling. The low
energy response shows the discrimination accomplished by the foil
filters. The peak response, or Bragg peak, shows where a particle
is stopped by the total thickness, 60 μm, of silicon. It should be
noted that the Bragg peak comes from a combination of losses in
the foil filter and silicon. The peak results of Fig. 15(b), dosime-
ter A, agree with the experimental testing of count rate dependence
on electron energy in a beta spectrometer [Fig. 15(d)]. The beam
intensity is assumed constant at each energy (i.e., constant source
β spectrum). These experiments determined the detector energy
response as shown in Table IV. Although the detectors can respond
to particle energies below 50 keV, the deposited dose from these low
energy particles is not enough to generate counts above that from
higher energy particles that are measured at the same time. Due to
this response, the effective low energy limit of the dosimeter suite is
50 keV.

Experimental discrimination testing was conducted in a
vacuum chamber under high vacuum. The trials included exciting

both detectors with solely the Sr90 source (β-spectrum), solely the
Am241 source (α source), and both the Sr90 and Am241 sources
simultaneously. Figure 15(c) shows the results of these experi-
ments. The count rate is converted to μRads/s with a count/μRads
conversion factor that was determined as 270.7 μRads/count and
343.5 μRads/count for dosimeters A and B, respectively. These
conversion factors were found using calibrated Gadolinium-148
and Curium-244 sources. The alpha particle energy from these
sources is propagated through the foil filters, and known source
count rates are related to dosimeter count rates. On-orbit, the
mission team plans to estimate the ion population by subtract-
ing dosimeter A rates from dosimeter B rates, as shown in the
Ion Comparison column of Fig. 15(c). This is possible because
of the different foil filters. The 3.45% error between the calcu-
lated ion population and the actual ion population is because
dosimeter A also responds to the Am241 source and particles
from radioactive decay are generally a spectrum of energies and
species.

The instrument response to varying electron energies was
experimentally tested on a beta spectrometer at The Aerospace
Corporation. Figure 15(d) shows the dosimeter count rates in com-
parison to varying electron energies. The electron beam intensity is
assumed constant at varying energies (uniform shape β source). The
curves are similar when compared to the modeled electron response
[Fig. 15(b)]. Dos B shows more sensitivity to lower energies because
of the thinner foil. The electron energy of the peak response in Dos
A agrees well between the model and experiment near 0.25 MeV.

The dosimeter was also tested against an Fe55 x-ray source (5.9
and 6.5 keV) and to confirm that no counts are generated from x-ray
radiation in this energy band.

C. Magnetometer
The CuPID carries a body-mounted RM3100 magneto-

inductive magnetometer built by PNI Sensor Corporation, initially

FIG. 14. (a) Dosimeter setup before placement in the thermal chamber with dosimeter A excited by the Sr90 source. Two labeled external thermocouples are used for the
calibration. (b) Thermal response of both detectors resulting in d(Count rate)/d(Temp).
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FIG. 15. Modeling and testing of CuPID’s dosimeter dependence on particle energy. (a/b) GEANT4 simulations of dose deposited in the detector from energetic particles.
The X-axis is the incident particle energy. The RMS error of the Monte Carlo model is shown by the gray bounds. (c) Experimental particle discrimination using Sr90 (beta
spectrum, e−) and Am241 (α emitter) sources. Three experiments were conducted for each average. The ion comparison bars show the calculated ion population (green)
during the Am241 and Sr90 experiments in comparison to the actual ion population, Dos B, Am241 experiment. The calculated ion population is Dos B–Dos A and shows
only a 3.45% difference from the actual ion population. (d) Experimental count rate dependence on electron energy in a beta spectrometer.

installed only for spacecraft attitude determination. Magneto-
inductive magnetometers are commonly used for small space-
craft avionics systems as engineering magnetometers due to their
small size, low cost, and good accuracy for attitude determina-
tion systems. However, the unprocessed signal from the CuPID’s

TABLE IV. CuPID dosimeter energy.

Detector Electrons (e−) (keV) Protons (+)

A >50 >1 MeV
B >50 >50 keV

magnetometer is insufficient for science measurements for sev-
eral reasons. The CuPID’s magnetometer is mounted directly
to the chassis of the spacecraft, which causes the magnetome-
ter to pick up internally generated magnetic fields. These noise
components can negatively impact the sensitivity of the instru-
ment, especially to low amplitude signals.82 Additionally, at its
default sampling rate, the CuPID’s magnetometer is accurate to
within 50 nT as rated by PNI. This accuracy is low compared to,
for example, science grade fluxgate magnetometers that are typ-
ically used in the space environment to measure DC magnetic
fields. For instance, the fluxgate magnetometers aboard the Mag-
netospheric Multiscale (MMS) mission spacecraft are accurate to
within 0.1 nT.83
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Recently, the utility of body-mounted engineering magnetome-
ters for science applications has begun to be explored, enabled
by new robust calibration algorithms. The Active Magnetosphere
and Planetary Electrodynamics Response Experiment (AMPERE)
mission is an excellent example of this utility, as it consists of a con-
stellation of 75 satellites in the iridium communication network each
equipped with a body-mounted engineering magnetometer.84,85

Despite the fact that its engineering magnetometers have an accu-
racy of 30–48 nT and have 10–1000 nT noise contaminants from
on-board electronics, measurements from the constellation have
proven to be of great utility to those studying ionospheric field
aligned currents (FACs).86–92 This research was enabled by a series
of novel post-processing techniques developed by the AMPERE
team to improve the magnetometer data quality, partially consist-
ing of extensive noise identification, attribution, calibration, and
correction that produces magnetic field measurements with stabil-
ity better than 50 nT.82 These higher quality measurements are
then combined via another post-processing procedure to derive
the global distribution of ionospheric currents.85 The AMPERE
mission sets an excellent example of how to extract maximum
utility from engineering magnetometers that have traditionally
been considered insufficient for producing scientifically useful mea-
surements. The CuPID’s magnetometer faces similar constraints
and is therefore developed into a science instrument in a similar
manner.

A magnetometer that once was only for navigation now sup-
ports the mission with reference magnetic field measurements to
constrain the magnetic topology, and cusp regions, through which
the CuPID orbits and observes. In addition, the magnetometer is
sensitive enough to observe magnetic field reversals of low altitude
auroral current sheets. These observations have been previously con-
ducted with CubeSat engineering magnetometers at a 10 second
resolution (about 76 km).93 CuPID’s 5 s resolution will improve
on this measurement, thus providing an opportunity for additional
science like its engineering magnetometer predecessors.

1. Mechanical design
The CuPID’s magnetometer board is mounted on its avion-

ics package (see Fig. 1, yellow box, and Fig. 16). The bracket that
the board is mounted to, while not fully inside the avionics pack-
age, is still not electrically isolated from the rest of the chassis and is
close to numerous components that generate strong magnetic fields
(e.g., battery heater, x-ray board stack, and reaction wheels). This
is common for small spacecraft navigation magnetometers and is
sufficient for navigation purposes. However, as can be seen in sub-
sequent calibrations (e.g., Fig. 18), this configuration results in the
magnetometer picking up noise components generated internally
to the spacecraft that can be calibrated out or removed via signal
processing to maximize accuracy for scientific measurements. The
magnetometer mounting scheme still has some notable advantages.
The bracket is mounted as far as possible from the sweeping mag-
nets by the optics of the x-ray telescope, reducing most of the DC
field contamination the magnets may cause.

2. Electrical design
In magneto-inductive magnetometers, an oscillating current is

applied to the inductor, and the difference between the discharge
times of the circuit for each current direction is measured. For zero

applied field, the discharge time in each direction is the same. As
a field is applied, the inductance of the inductor becomes different
depending on the direction of applied current; therefore, the dis-
charge time of the circuit in each direction will also be different.
The difference between the discharge times is directly related to the
applied magnetic field.94

The CuPID’s magnetometer in its default configuration sam-
ples the magnetic field in each axis at a rate of 4 Hz (one discharge in
each direction). This is considerably lower than the manufacturer’s
rated maximum of 534 Hz and is sufficient to provide navigation-
quality field resolution. The signal from the magnetometer is passed
through an analog to digital converter (ADC) and digitized to a
bit resolution of 32 nT. The signal is then passed to the avionics
system.

The 4 Hz sample rate of the magnetometer is out of phase with
the 4 Hz fire rate of magnetorquers. This prevents signals from the
largest source of internal magnetic noise to the magnetometer.

3. Calibration and qualification
In order to calibrate and develop a signal processing scheme for

the CuPID’s magnetometer, the spacecraft was magnetically isolated
inside a Helmholtz cage to remove the ambient DC field. Laboratory

FIG. 16. (a) PNI RM3100 magnetometer. (b) Mounting of the magnetometer inside
the CuPID and magnetometer coordinate system.
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magnetic noise was not removed. First, a reference magnetometer
was placed in the Helmholtz cage without the spacecraft, and the coil
field strength varied until the Earth’s magnetic field and the mag-
netic field of the room were completely nullified within the area of
the cage. Then, the CuPID was placed at the center of the cage,
with the reference fluxgate magnetometer placed as close as possible
to the CuPID’s magnetometer in order to serve as a reference. This
procedure ensures that the only magnetic field components mea-
sured using the CuPID’s magnetometer are generated by the CuPID
itself.

The CuPID’s magnetometer is observed to have random
noise components roughly 100 nT in amplitude when operating
inside CuPID’s chassis at its default sampling rate of 4 Hz. In
order to improve the accuracy of the measurements and mitigate
these random noise components for magnetometer science data,

higher-cadence avionics magnetometer measurements are averaged
for five seconds (20 samples at a rate of 4 Hz). This technique has
been used to boost the performance of PNI’s magneto-inductive
chips in previous studies.95 To test whether this improved CuPID’s
magnetometer accuracy and stability, a field was applied to the
CuPID using the Helmholtz cage. The field was varied from −1000
to 1000 nT in 100 nT steps (21 steps total) in each axis, with
each step being held for three minutes (36 measurements). The
field was also measured using a reference magnetometer positioned
close to the CuPID’s magnetometer. The readings of the CuPID’s
magnetometer and the reference magnetometer are shown in
Fig. 17(a).

Taking a running average of 20 samples mitigates some of the
random noise in the CuPID’s magnetometer. However, taking the
Fourier transform of the signals from each of the magnetometer

FIG. 17. (a) Readings from the CuPID’s
magnetometer using the five second
averaging technique (shown in red,
green, and blue) and readings from
the reference magnetometer next to the
CuPID’s magnetometer. Note that there
is some noise in Y and Z channels of the
CuPID that is not mitigated by the aver-
aging technique. (b) Fast Fourier Trans-
form (FFT) of the CuPID’s magnetometer
signal in each channel during the test
shown in part A. Note the strong noise
components observable at 0.028 Hz and
its second and third harmonics and at
0.062 and 0.091 Hz in the Y and Z
channels primarily.
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channels reveals strong periodic signals, particularly at 0.028 Hz
and its second and third harmonics in the Y and Z channels that
are not observed in the X channel [see Fig. 17(b)]. One likely
source of this noise is the power and data cables running to the
CuPID. The cables are oriented in the X direction of the CuPID;
therefore, any magnetic field they generate will be the strongest in
Y and Z directions of the CuPID. For an experiment with a high
requirement for sensitivity, the electrical design could be modified
to improve magnetic cleanliness. Since the configuration allows the
mission science requirements to be met, the noise is removed in
post-processing.

The noise components are periodic; therefore they can be
removed by applying filters in frequency space to the signal of
the magnetometer.82 A targeted set of band pass filters provides
adequate noise reduction without much sensitivity cost. Since the
Helmholtz cage is not in a vacuum chamber, the CuPID was unable
to have the x-ray high voltage powered on. Due to magnetic noise
generated by the high voltage power supply, the magnetic noise
environment observed here is necessarily different from the one
observed on orbit. This means that a targeted set of filters will
have to be developed on orbit as opposed to in the lab. However,
the performance gains of noise reduction can be tested using a
simple low pass filter that cuts out signals above 0.02 Hz applied
to the signals from all three magnetometer channels. This filter
would render the magnetometer insensitive to magnetic field vari-
ations (such as those generated by FACs) smaller than 400 km,
unlike several targeted band pass filters. After applying the filter,
the performance of the magnetometer is quantified by subtracting
the reference field at each step in Fig. 17 from each measurement
at that step to obtain the signed variance of each measurement,
which then makes a histogram of all the variances and fits a Gaus-
sian to the histogram. The distance of the peak from 0 is a diag-
nostic of any biases in the measurements, and the width of the
Gaussian is a measure of random variance in the measurements.
Histograms for each channel before and after the filter are shown
in Fig. 18.

FIG. 18. Histograms of measurement variances in all three magnetometer chan-
nels. Colored histograms are unfiltered data (visible in Fig. 17), and black
histograms are data with low pass filter applied. Note the strong improvement in
accuracy for all three channels after filtering.

Applying a filter to the magnetometer data results in great
improvements in measurement accuracy and stability. Prior to filter-
ing, the Y and Z channels consistently measured a −55 nT of field off
from the measured applied field and limited the accuracy to within
roughly 25 nT. After filtering, the accuracy of all channels is within
12 nT. The factory rated accuracy of this instrument running in its
default configuration is 50 nT; the data processing steps developed
here have resulted in a five-fold improvement in accuracy. Further
refinement of this process on orbit will allow for similar performance
with a reduced effect on the instrument sensitivity. As it stands, the
combination of averaging many magnetometer samples and then
filtering out noise from the resulting signal allows for additional sci-
ence to be done with the CuPID without the need to develop custom
components or add additional loads to CuPID’s power or weight
budget.

III. SUMMARY
The CuPID CubeSat observatory carries a suite of compact

instruments designed for sensitive measurements of solar wind
charge exchange and the space environment from a platform in
low Earth orbit. The soft x-ray imager utilizes lobster-eye microp-
ore optics to focus soft x rays at a position sensing micro-channel
plate detector plane. The system images over a large field of view,
4.6○ × 4.6○, capturing ion dispersions in the magnetospheric cusp
with an angular resolution of 22 arcmin. A micro-dosimeter suite
measures energetic particles greater than 50 keV. The instrument
is aligned with the FOV of the x-ray telescope and collimated to
35○ to measure precipitating particles over the poles. Data from the
body-mounted engineering magnetometer have been calibrated, and
noise from spacecraft bus signals has been filtered. Measurements
from the magnetometer are stored and telemetered to the ground
for additional science analysis. Each instrument is designed to be
compact and fit into the volume and low resources of a 6U Cube-
Sat. The characterization of the instruments demonstrates a highly
capable suite of tools to remotely study the effects of magnetopause
reconnection.
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