
THE NEXT GENERATION OF 
HELIOPHYSICS CUBESAT EXPLORERS

Lauren Blum
L. Kepko, D. Turner, C. Gabrielse, A. Jaynes, S. Kanekal, J. Lucas, R. Roder, L. Santos, 

GTOSat, CSSWE, CeREs, and Van Allen Probes teams



Discuss your work on CubeSat missions and how the field of 
spacecraft observation is being affected by these new instrument 

vehicles



CUBESAT COMMERCIALIZATION 
AND SCIENCE APPLICATIONS

Planet Labs Inc. Dove Constellation: 189 in 14 
“Flocks,” Including single launch of 88 (Feb. 2017)

Villela et al. 2018



RADIATION BELT CUBESAT MISSIONS

• Fantastic past/current/upcoming fleet of radiation belt CubeSat missions:

• Past/Current: CSSWE (X. Li), FIREBIRD (H. Spence), AC6 (Aerospace), ELFIN (V. Angelopoulos), Aalto-1 
(Finland)

• Coming soon: CIRBE (X. Li), REAL (R. Millan), SNIPE (KASI), …



RADIATION BELT CUBESAT SCIENCE RESULTS

• Spatial, temporal scales of precipitation via multipoint measurements (e.g. 
Blum et al. 2013; Blake and O’Brien et al. 2016; Anderson et al. 2017; Shumko
et al. 2018,2020)

• CubeSat pairs (FIREBIRD, AC6, ELFIN), and CubeSats combined with 
balloons/other observatories

• Conjugate wave-precipitation observations (e.g. Blum et al. 2015; Breneman 
et al. 2017; Mozer et al. 2018; Capanollo et al. 2019) 

• With RBSP decommissioned, what’s next?

conjugate point in the southern hemisphere by NOAA18. The satellite foot
point separations from AC6 of these three spacecraft varied from 500 to
5,000 km. This shows that the precipitation was wide spread (Agapitov
et al., 2017), which adds further support to the conclusion that the
observed equatorial chorus wave produced the microburst.

An expanded example of the AC6-B electron counting rate and the Van
Allen Probe-B chorus wave is given in Figure 2. Both parameters showed
fast (~0.2 s) large-amplitude fluctuations that were similar in their tem-
poral variations but that did not correlate in detail. These rapid fluctuations
qualify this event as being a long duration microburst. It is noted that the
AC6-B flux varied by as much as a factor of 4 in less than 0.2 s.

A 20 ms snapshot of the unfiltered chorus electric and magnetic field
waveforms, as obtained from the raw time series, is given in Figure 3.
Along with Figure 1, this demonstrates that the chorus magnetic field
was sometimes >1 nT, an extremely large value. As indicated by this data
and Figure 2c, chorus was the only wave present during the entire event.
Its central frequency was about 1,800 Hz, which is about 35% of the
electron gyrofrequency, while its frequency width was about 500 Hz.

Figure 4 (left) gives a scatter plot of the 1 s averaged, normalized electron
flux and the similarly normalized perpendicular magnetic field in the
chorus wave. The dashed curve is a polynomial least squares fit to the
scatterplot data. The colored curves come from the quasi-linear calculation
of the precipitation expected from the equatorial data that is
discussed below.

Figure 4 (right) gives the correlation between the equatorial wave and the ionospheric electrons as a
function of lag time. For a lag near zero, the correlation is greater than 0.8, a very high value for two such
independent measurements. Although the precipitation should occur a fraction of a second after the
chorus wave, the sign of the maximum lag suggests that the precipitation occurred before the chorus
waves. This just indicates that the Van Allen Probes entered the equatorial region occupied by the chorus
waves about 1 s after the AC6 measurements of the electrons scattered out of this region. In summary,
these data provide convincing evidence that the chorus waves produced equatorial electron scattering
that resulted in a large electron microburst precipitating into the upper atmosphere.

3. Quasi-Linear Estimates

A first-order estimate of the flux within the loss cone expected from
scattering of the equatorial electrons by the equatorial chorus can be
obtained using quasi-linear theory. To compute the flux within the loss
cone, one needs estimates of the electron flux near the loss cone and
the bounce-averaged pitch angle scattering rate driven by the chorus
waves at the loss cone boundary (e.g., Kennel, 1969). The electron fluxes
near the loss cone j(E, αLC) are estimated using Van Allen Probe measure-
ments near the equator, as shown in Figure 5b, although the loss cone is
not resolved. The total flux of electrons with energies E > Eth within the
loss cone is

Φ Ethð Þ ¼ π∫∞Ethx Eð Þ j E; αLCð ÞdE (1)

where x Eð Þ ¼ 2 I$1
0 z0ð Þ∫10I0 z0τð Þ τ dτ , z0 Eð Þ ¼ DSD=Dααjα¼αLC

! "1=2
and I0 is

the modified Bessel function. The parameter, x(E), takes into account the
fact that the electron flux within the loss cone generally differed from
the flux at the loss cone boundary, and it depends on the ratio between

Figure 2. Example of the rapid flux variations observed (a) in the precipitat-
ing electrons and (b) in the chorus wave amplitude at the equator. (c) The
wavelet spectrum of the chorus magnetic field.

Figure 1. The top panel gives the 0.1 s averaged >35 keV precipitating
electron counting rate observed on the AC6-B satellite in the ionosphere,
while the bottom panel gives the amplitude of the perpendicular magnetic
field observed at the equator on a field line that maps to the vicinity of the
AC6-B satellite.

Geophysical Research Letters 10.1002/2017GL076120
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GTOSAT

• ~$4.3M 6U CubeSat under development, targeting a launch ~late 2021 into 
geosynchronous transfer orbit (GTO)

• Team of engineers and scientists from NASA/Goddard, The Aerospace 
Corporation, University of Iowa, and JHU/APL

• 3 primary mission objectives:
• Science - study energetic particle dynamics in Earth’s outer radiation belt

• Space weather - provide low-latency monitoring of the outer radiation belt

• Technology advancement - demonstrate the ability and utility of smallsats beyond low 
Earth orbit (LEO)

LEO

GTO

Blum et al. (2020)



GTOSAT SCIENCE

Primary Science Objective:  

Quantitatively understand the energy and pitch angle dependent dynamics of electrons in 
the outer radiation belt

Observational Goals

1. Measure pitch angle distributions (PADs) in differential energies throughout 
the outer radiation belt 

2. Measure electron phase space density profiles through the outer radiation 
belt

3. Measure energetic electron injections in to the inner magnetosphere (within 
GEO)



Jaynes et al. (2015)

termed “high-intensity, long-duration, continuous AE activity” (HILDCAA) intervals [Tsurutani et al., 1995]. As
noted in recent studies [Miyoshi and Kataoka, 2008; Hajra et al., 2015], HILDCAA events can often be quite
effective at producing high-energy electrons at geostationary orbit. This is well borne out by examination
of the GOES 13 data in Figure 2 and by comparing those data with the AE and IMF records in Figure 3.
Additionally, in Figure 4, the 27 August event appears to be a particularly well-behaved acceleration
event, with source energy electrons appearing prior to seed and MeV populations, and sustaining high
fluxes well into the buildup of the MeV belt.

A broader view of energetic electron properties throughout the outer radiation belt is shown in Figure 4
based on Van Allen Probes measurements. This multipanel plot shows color-coded intensities of electrons
in various selected energy ranges from ~5 keV (top) to 5.6MeV (bottom) for the period 25 August through
4 October 2014, from the Van Allen Probes Radiation Belt Storm Probes Energetic Particle, Composition,
and Thermal Plasma (RBSP-ECT) instrument suite [Spence et al., 2013]. The top plot is from the Helium,
Oxygen, Proton, and Electron (HOPE) experiment [Funsten et al., 2013], the next three panels are from the
MagEIS experiment [Blake et al., 2013], and the lower three panels are from the REPT experiment [Baker
et al., 2013]. The data are portrayed as a function of [McIlwain, 1966] L parameter (vertical axis) and time
(horizontal axis) for each energy range. During this period, the apogee of the Van Allen Probes was located
near 5.5 magnetic local time (MLT), and the local time coverage above L = 4.0 encompassed the dawn
sector covering ~1.5–8.5 MLT.

As is evident from Figure 4, electrons from a few keV to several MeV were all concurrently depleted early
on 27 August at the beginning of the Dst and AE enhancement on that date (see Figure 3). Thereafter,
progressively higher and higher energy particles built up in flux throughout the days of 27 August and
28 August. This enhancement of electron intensity occurred from L~ 3.5 out to the edge of the radiation
belt sampled by Van Allen Probes (L≳ 6.5). High-energy electron flux enhancement persisted until
13 September. As was noted above, the electron enhancement seen throughout most of the outer zone
from 27 August to ~7 September was closely associated with the HILDCAA-like period identified in the
simultaneous AE and IMF data (Figure 3).

Figure 4. Spin-averaged flux over HOPE, MagEIS and REPT energy range: 25 August to 4 October.

Journal of Geophysical Research: Space Physics 10.1002/2015JA021234
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Observations and modeling of the September 2012 storm during the first days of the Van Allen Probe
era showed a very narrow remnant belt that was present only at multi-MeV energies [Baker et al.,
2013]. Shprits et al. [2013] presented modeling of the three-zone structure. They showed that simulations
without EMIC waves could not reproduce the observed narrow remnant belts for energies between
3MeV and 6.2MeV, while simulations with EMIC waves accurately reproduced the dynamics of the belts
for the energy range from 2 to 6.2MeV. They suggested that additional loss driven by EMIC waves
operated only above approximately 3–4MeV, while the effects of EMIC waves were negligible below
approximately 2MeV. Long-term modeling also showed that while MeV energies can be successfully
modeled with the Versatile Electron Radiation Belts (VERB)-3-D code [Subbotin and Shprits, 2009],
additional loss mechanism, and most likely EMIC-induced wave scattering, was present above ~2MeV
[Drozdov et al., 2015].

Additional evidence came from observations of the unique event during the 17 January 2013 storm, where
MeV and multi-MeV belts were spatially separated which allowed us to distinguish between a number of
competing loss and acceleration mechanisms [Shprits et al., 2016]. Multi-MeV electrons showed clear telltale
signatures of the EMIC wave scattering in energy spectrum and pitch angle distributions. Observations
showed a decrease in fluxes at multi-MeV energies and an increase in MeV energies. Dynamics of the pitch
angle distributions were also very different at relativistic and ultrarelativistic energies. While relativistic
particles showed a broadening of the spectrum, electrons above 4MeV showed a narrowing of the spectrum
during the main phase of the storm. Comparison of the results of 3-D modeling at various energies, pitch
angles, and radial distances provided additional evidence that ultrarelativistic electrons can experience
additional scattering at multi-MeV energies.

In a similar manner, as radial profiles can be used to identify local acceleration, they can be also used to
identify local loss. The presence of deepening local minimums in the heart of the belts can certainly be indi-
cative of a localized loss and cannot be produced by outward radial diffusion. In this study, we focus on the
analysis of the PSD during the 17 January 2013 storm discussed in detail and modeled in Shprits et al. [2016].

Figure 1 illustrates the evolution of the electron radiation belt PSD when the existing particles are subject to
(a) gradual loss such as hiss or chorus waves; (b) loss to the magnetopause and the outward radial diffusion;
and (c) fast localized loss that can be provided by EMIC waves that are often confined to a narrow range of
L shells.

2. Evolution of the PSD During the 17 January 2013 Storm

Figure 1 illustrates three potential scenarios for PSD evolution of particle loss in the radiation belts in the
absence of acceleration. In the first (Figure 1a scenario which is usually considered in the literature), particles
are resonantly scattered by whistler mode waves and are gradually lost to the atmosphere [e.g., Thorne et al.,

Figure 1. Illustration of the three scenarios for the evolution of the PSD during the times when particles are lost from the
radiation belts. (a) The evolution of electrons subjected to gradual loss; (b) evolution during the sudden loss to the
magnetopause and the outward diffusion; and (c) fast localized loss that can be provided by EMIC waves that are often
confined to a narrow range of L shells.

Geophysical Research Letters 10.1002/2016GL072258

SHPRITS ET AL. MULTI-MEV ELECTRON LOSS 1205

Shprits et al. (2017)Green et al. (2004)

PHASE SPACE DENSITY PROFILES

• Detailed phase space density profiles can give 
insight into both acceleration and loss 
mechanisms in the outer radiation belt



Geophysical Research Letters 10.1029/2018GL077699

Figure 2. Two events with data from both THEMIS and the Van Allen Probes. In both panels, the gray dashed line marks where the data transitions from the
Van Allen Probes at low L∗ to THEMIS at high L∗. Van Allen Probes observations are for ! = 700 MeV/G and K = 0.08RE G1∕2, and THEMIS observations are
for ! = 700 MeV/G and K ≤ 0.025RE G1∕2. For both THEMIS and Van Allen Probes, inbound passes are marked with downward triangle, outbound passes with
upward triangle. The top panel shows an event from January 2013 where the Van Allen probes observe positive gradients and THEMIS data show negative
gradients indicating that there is a growing peak at L∗ = 5.2. The bottom panel shows an event from December 2014 where the Van Allen Probes data show
some indications of a growing peak at L∗ = 5, but the THEMIS data have flat or positive gradients during the entire time interval. THEMIS = Time History of Events
and Macroscale Interactions during Substorms.

just beyond the Van Allen Probes apogee but the identification could not have been confirmed by the Van
Allen Probes alone.

Additionally, observations at high L∗ can also give context to the source of observed peaks at low L∗ as for
the case for an event on 7 December 2014, which is shown in the bottom panel of Figure 2 . From 14:30 UT
to 23:35 UT on 7 December 2014, the Van Allen Probes observed a growing peak around L∗ = 5. However,

Table 1
Statistics for the Studied Enhancement Events, Where “Local Acceleration Dominant” Events Have Clear Observations of
Growing PSD Peaks Due to Local Acceleration and for the “Other” Events, the Dominant Acceleration Mechanism for the
Observed Enhancements Is Unclear

Event type Van Allen Probes only THEMIS & Van Allen Probes

Local acceleration dominant 24 (22) 70 (38)

Other 56 (20) 10 (4)

Total 80 (42) 80 (42)

Note. The columns show the statistics for (1) using only observations from the Van Allen Probes and (2) using observations
from both Van Allen Probes and THEMIS. In each column, the numbers in parenthesis show the number of moder-
ate/strong storm time events (minimum Dst < −50 nT). THEMIS = Time History of Events and Macroscale Interactions
during Substorms.

BOYD ET AL. 5256

GTOSat will measure mu=~250-1000 MeV/G across L=4-7

Boyd et al. (2018)

Geophysical Research Letters 10.1002/2014GL059626

Figure 2. Radial PSD profiles for various ! values during one inbound pass
observed by MagEIS-B. Error bars are shown at 10 min intervals. This pass
corresponds to the orange vertical line in the Dst plot in Figure 1.

to locate the transition point between
positive and negative gradients.
However, the same transition at
∼200 MeV/G is also seen during the
recovery phase of the 8–9 October
2012 storm.

As discussed in Green and Kivelson
[2004], PSD profiles tend to be peaked
in their source regions. Therefore,
since the <200 MeV/G population has
a positive PSD gradient, this suggests
that the source region is beyond the
Van Allen Probe apogee and these
particles likely come from the plasma
sheet. Conversely, the PSD profile of
larger ! particles is peaked within
(and therefore has a source within)
the radiation belt. As suggested by
Turner et al. [2012], the transition of
these gradients around 200 MeV/G
is consistent with the theory of
local acceleration by wave-particle
interaction with chorus waves. The
<200 MeV/G particles that originate
in the plasma sheet can be locally

accelerated by interactions with waves to produce the higher ! particles that have a source within the radi-
ation belt. A value of ! = 200 MeV/G corresponds to an energy of 400 keV at L* = 4 (see Figure 1f ). Horne
et al. [2005] showed that this is a critical energy for acceleration by chorus waves, where energies below
it are scattered into the loss cone faster than they are accelerated. This suggests that this ! <200 MeV/G
population could be the “seed” population for the relativistic electrons in the outer radiation belt.

Next, we explore the evolution of the PSD over the course of the 17/18 March storm. In Figure 3, we plot the
PSD from each inbound and outbound pass for six values of ! between 03:05 UT on 17 March, just before
the storm, and 6:17 UT on 18 March, during the recovery phase. This allows us to examine how the PSD
profile evolves in time over the course of the storm. All the given times correspond to the L* = 4.2 crossing
time and are marked and color coded on the Dst plot in Figure 1 for context. For this section we looked at a
higher K value (0.11 RE G1∕2) in order to have sufficient coverage in L* for the whole time period.

It is clear that, over the course of the storm, the PSD evolves very differently for different ! values. For
! = 50 MeV/G and ! = 100 MeV/G, there is a large, sudden increase in PSD near the Van Allen Probes apogee,
i.e., L* > 5.5 for the 3:05 UT orbit (outbound). This feature is likely associated with a substorm injection seen
by GOES around this time (see the supporting information) and identified by the peak in AE at 8:00 UT. In
the two subsequent inbound orbits, the peak emerges and grows inside L* = 5.5 first for Probe A, the trail-
ing spacecraft. By the time the next two outbound passes come 3.5 h later, the PSD has been enhanced at
all L*. For the ! = 100 MeV/G population, this is followed by enhancement over a wide range of L*, indicative
of acceleration by radial diffusion. Later in the event, beginning at 15:00 UT, there is another enhance-
ment seen at L* < 3.2 for ! = 50 MeV/G. This is associated with another substorm injection, coinciding with
the peak in AE and observed by GOES around the same time. This reinforces the notion that injections of
fresh lower-energy electrons from the inner magnetotail are an important initial step that precedes local
acceleration to higher energies.

The direct effects of the injections were not seen for ! > 300 MeV/G. Instead, there are clear PSD peaks that
form at low L* and then increase with time. During the 11:29/12:20 UT passes, the 50 MeV/G population has
already been enhanced and the 100 MeV/G begins to show signs of enhancement, and the >500 MeV/G
population shows signs of a strong loss process, which was related to a flux dropout during the main phase
of this storm. On the following orbit 15:23/16:25 UT, the 100 MeV/G population continues to enhance, and

BOYD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4
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ERG Plasma, fields, particles Launch in 2015 Miyoshi 
Table 1: Missions with data that will be incorporated into this study.  Constellation missions include the number of 
spacecraft currently available, indicated in parentheses next to the mission name.  Types of observations and 
availability dates are also listed.  This proposal team consists of a group of experts versed in the use of data from these 
various missions, as indicated in the rightmost column.  *Ground-based observatories (GBOs) and balloon campaigns 
consist of many observatories and measure energetic particles indirectly via X-rays or ionospheric absorption. 

 

1.2 Background 
Energetic particle injections involve the sudden inward transport of energetic ions and electrons 

(typically 10s to 100s of keV) from the plasma sheet in Earth’s magnetotail into the inner magnetosphere, 
where the particles become quasi-stably trapped in the ring current and outer radiation belt [e.g., Reeves et 
al., 1996; Gabrielse et al., 2014 and references therein].  Particles are transported by transient electric fields 
associated with the dipolarization of Earth’s magnetic field following magnetic reconnection in the 
magnetotail [e.g., Li et al., 2003]. Injections occur regularly (many times per day) and are thought to be 
important for introducing the “seed population” of electrons into the outer electron radiation belt and the 
subsequent acceleration of these 
electrons to relativistic energies 
(up to several MeV) [e.g., Hwang 
et al., 2004; Reeves et al., 2013; 
Turner et al., 2013].  Van Allen 
Probes data are now revealing the 
unexpected amount of particle 
injections that penetrate directly 
into the heart of the outer belt 
itself. Particle injections are also 
considered important for 
introducing the populations of 
energetic ions and electrons that 
contribute to the build-up of the 
ring current, which can result in 
geomagnetic storms, and that are 
responsible for generating 
various plasma waves, which can 
then interact with outer radiation 
belt electrons and contribute to 
acceleration and loss of those 
particles [e.g., Millan and Thorne, 
2007; Turner et al., 2014].  For 
these reasons, energetic particle 
injections are particularly 
interesting from a scientific 
standpoint, since they represent 
cross-energy and –species 
processes under which 
acceleration and loss of 
relativistic electrons are affected 
by the dynamics of lower energy 
electrons and various ion species. 
However, there is currently only 
limited and/or indirect 
observational evidence in support 
of these concepts. Additionally, 
major outstanding questions 
remain as to the nature of the 
injections themselves (e.g., the 
azimuthal extent and shape of 
injection fronts), how the upper 
energy thresholds and penetration 

Figure 1: An example of multipoint observations of an isolated energetic 
particle injection from 03 Sep. 2013.  Electron fluxes from 11 different 
spacecraft are shown in order of timing of the observed injection, with the 
first spacecraft to see the injection (THEMIS-D) at the top and the last 
(LANL-97A) at the bottom.  All of these spacecraft also include ion data and 
many (THEMIS, GOES, and RBSP) can also measure fields and waves. 
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magnetotail [e.g., Li et al., 2003]. Injections occur regularly (many times per day) and are thought to be 
important for introducing the “seed population” of electrons into the outer electron radiation belt and the 
subsequent acceleration of these 
electrons to relativistic energies 
(up to several MeV) [e.g., Hwang 
et al., 2004; Reeves et al., 2013; 
Turner et al., 2013].  Van Allen 
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remain as to the nature of the 
injections themselves (e.g., the 
azimuthal extent and shape of 
injection fronts), how the upper 
energy thresholds and penetration 

Figure 1: An example of multipoint observations of an isolated energetic 
particle injection from 03 Sep. 2013.  Electron fluxes from 11 different 
spacecraft are shown in order of timing of the observed injection, with the 
first spacecraft to see the injection (THEMIS-D) at the top and the last 
(LANL-97A) at the bottom.  All of these spacecraft also include ion data and 
many (THEMIS, GOES, and RBSP) can also measure fields and waves. 

Courtesy of Drew Turner, Geoff Reeves

• Geosynchronous spacecraft 
constellations (i.e. LANL and 
GOES) can track the azimuthal 
drift of energetic electron 
injections

• A GTO-type orbit is needed to 
identify how deep radially the 
particles can reach

• GTOSat, in combination with 
the HSO, will answer questions 
regarding injection and 
transport of energetic electrons 
in the inner magnetosphere

ENERGETIC PARTICLE INJECTIONS



GTOSAT SCIENCE

Primary Science Objective:  

Quantitatively understand the energy and pitch angle dependent dynamics of electrons in 
the outer radiation belt

Observational Goals

1. Measure pitch angle distributions (PADs) in differential energies throughout 
the outer radiation belt 

2. Measure electron phase space density profiles through the outer radiation 
belt

3. Measure energetic electron injections in to the inner magnetosphere (within 
GEO)

What key measurements (what subset of Van Allen Probes instrumentation) are needed to address these science goals?



REMS: RELATIVISTIC ELECTRON MAGNETIC 
SPECTROMETER

• Instrument Leads: Drew Turner, Christine Gabrielse;  The 
Aerospace Corporation

• Modified version of the MagEIS instrument onboard  Van Allen 
Probes

• Measuring <200keV to >1 MeV electrons, 
<200keV to > 8 MeV protons

• Volume: 12 x 11 x 5 cm, Mass: ~1 kg 

REMS Instrument: Major Components

 
 

 
 

REMS chamber and the materials used are nearly identical to those of the MagEIS-Medium instruments, which measured 
stray field strengths of < 1 nT at 1 m distance from the center of the instrument. The instrument is roughly 12 x 11 x 5 cm, 
with a 2 x 5 mm aperture, a 20° x 10° field of view, and total mass ~1 kg.  
 
REMS shall provide measurements of electron flux in differential energy channels with an energy resolution < 30% for 
fluxes in the range of 1 to 1e6 #/cm2-s-sr-keV. These measurements, in combination with the vector magnetic field (see 
Section 3.2) allow for the estimation of electron pitch angle distributions and phase space density.  REMS will also produce 
“Histogram” electron data in which reduced instrument raw histograms of count rates as a function of energy are collected, 
drastically increasing the energy resolution (resolution < 5%) and allowing for background correction in the lower energy 
channels24. Because magnetic spectrometers discriminate incident particles by charge and energy prior to any interactions 
with instrument materials, it is well known exactly what range of energies comprise the signal population for any detector 
in the array. With that knowledge, the signal can be effectively separated from the background counts resulting from 
shield-penetrating particles, bremsstrahlung X-rays, and secondary electrons produced within the magnetic chamber itself 
(see Figure 5). Electron flux errors can exceed several hundred percent for some energies in the slot and inner radiation 
belt, and the background removal scheme outlined here is effective in removing that error and revealing otherwise obscured 
features of the electron radiation belt spectra and structure. REMS main rate data, the primary data product from the 

Figure 5. Example of background subtraction method. PHA=pulse height analyzer. One histogram channel consists of 
multiple PHA channels, then the main rate data is compiled from multiple histogram channels surrounding the peak in the 
distribution as shown.  

Figure 4. Schematic of the REMS magnetic spectrometer. An internal magnetic field of ~1900 G will cause particles 
trajectories to bend with a gyroradius defined by their energies. Electrons (blue tracks) will land on one of 9 detectors, each 
of which comprise one of the main rate energy channels. The more massive protons (red tracks) will be deflected towards 
the proton detector array opposite to the aperture.  
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• Instrument Leads: Jared Espley, David Sheppard; NASA/GSFC

• Miniaturized version of the magnetometers on MAVEN, Juno, Parker Solar Probe

• 32Hz sampling in 2 dynamic ranges: +/- 4,096 nT at 0.125 nT resolution and 
+/- 65,536 nT at 2.0 nT

MAGNETOMETER

4 segment boom, total length ~1 meter



CONCEPT OF OPERATIONS

TDRS

Sun-Point 8 RPM

Low-latency beacon
Full telemetry 
downlink NEN

Blum et al. (2020)



SPACE WEATHER MONITORING

• Replacement/supplement to Van 
Allen Probes’s space weather 
beacon, to be used for radiation 
belt now-casting/forecasting and 
rapid spacecraft anomaly resolution

• Measurements from GTO provide 
critical information about the 
dynamic radiation environment 
below GEO, complementing GOES 
observations at GEO (Baker et al. 
2019, Pinto et al. 2019)
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NOAA/SWPC >2 MeV electron flux monitoring, using combined GOES and Van Allen 
Probe (RBSP) measurements:

>2 MeV electron flux

https://www.swpc.noaa.gov/products/van-allen-probes-radiation-belt-plots

GOES – GEO flux

RBSP/MagEIS flux

GEO



Dellingr 6U CubeSat (PI Larry Kepko) deployed from 
the ISS Fall 2017

• A Dellingr follow-on to a high radiation environment

GTOSAT SPACECRAFT BUS



CUBESAT BUSSES

• Different approaches to building/buying CubeSats:

• All in-house

• Commercial components then assembled in-house

• Commercial full busses (+ I&T, mission ops…)



OBSERVATORY OVERVIEW

Vulcan S-band Radio + 
Patch Antennas (x2) CubeSpace Reaction Wheels (x3)

CubeSpace Torquers (x3)
Sensonar IMU
SolarMEMS Sun Sensors (x7)

Mag Boom

Release Mechanism

Ibeos 90 Wh
Batteries (x2)

REMS MAG

Avionics Stack:
Ibeos EPS
In-house C&DH
In-house special services card



CUBESAT CHALLENGES:

• Mass

• Volume 

• Power



GTO CHALLENGES:

• Orbit!
• Variable eclipse times – power and thermal design

• Variable altitude – attitude control system design

• Radiation environment – mechanical and electrical design GTO

In shadow = 2hh-15mm In shadow = 23mm
Sun Sun



• Radiation environment

• Total dose: 

• Current design reduces the total dose under 30 kRads assuming 0.150” aluminum shielding, NASA/LaRC z-shielding

• Single events:

• Critical system components (e.g. C&DH) are designed for harsh radiation environment, SEE tolerant

• Watchdogs exist for critical components

• EPS will reset entire spacecraft if watchdog is not petted by C&DH after a predetermined amount of time

• C&DH will reset radio through a discrete line if radio is unresponsive

• Radio can reset EPS (entire spacecraft) or C&DH from a ground command if radio is receiving power through discrete IO 
line

• Periodic system (EPS) reset will occur to clear potential SEUs that are not easily detected

• Radiation on a budget

• Attempt to meet requirements with least amount of components (no GPS, star tracker or propulsion)

RADIATION CONCERNS



GTOSAT TIMELINE

2019 2020 2021 20222018

Mission selected 
for funding!

Mission 
Requirements 
Review

Design Review Pre-Environmental 
Review

Pre-Ship 
Review

Nominal launch 1-year primary 
mission

Today



WHY DO YOU FEEL CUBESATS ARE 
IMPORTANT TO THE FUTURE OF OUR FIELD?

• Always looking for:

• New things to measure 

• New ways of measuring 

• New places to measure from

• Higher risk, lower cost CubeSats can allow us to:

• Probe regions we wouldn't normally 

• Utilize multipoint measurements we couldn't otherwise

• Test out new technologies



WHAT’S NEXT? 

KickSats 1	+	2

ThinSats
PocketQubes



WHAT’S NEXT? 

JPL’s MarCO CubeSats

PAYLOAD SPECIFICATION FOR 3U, 6U, 12U AND 27U 

2002367E 4-Aug-2017  planetarysys.com 1 / 23 

This is a standalone specification intended for payload designers. Planetary Systems Corporation does not 
design or manufacture payloads.

1. FEATURES AND BENEFITS 
x Preloaded Payload Tabs create a modelable load path to the payload 

so strength at critical locations like reaction wheel bearings can be 
accurately calculated. Preload means the payload can’t jiggle and 
damage itself. 

x Separation Electrical Connector allows communication and charging 
between payload and launch vehicle prior to and during launch.  It also 
grounds the payload to the CSD 

x Dispenser Constrained Deployables greatly reduce the costs and 
complexity of payload deployables like solar panels and antennas. 

x Largest Volume versus existing designs accommodates larger 
payloads. Payloads have 15% more volume and can be 1 inch longer 
than standard CubeSats. 

x Unrestricted External Shape eliminates need for four corner rails. 
x Safe/Arm Access on Front ensures payload access at all times via 

CSD door. 
x Flight Validated in 2013. 
x Fully Documented mechanical and electrical interfaces and CAD 

models available on request allowing rapid and low cost design. 
x Parametric Design commonality allows users easy understanding of 

electro-mechanical interface for 3U, 6U, 12U and 27U sizes. 
x Cross Compatible with existing CubeSat standards via tab 

attachment. 

2. DESCRIPTION 
These payloads are fully contained within a Canisterized Satellite 
Dispenser (CSD, canister or dispenser) during launch. A CSD 
encapsulates the payload during launch and dispenses it on orbit. CSDs 
reduce risk to the primary payload and therefore maximize potential 
launch opportunity. They also ease restrictions on payload materials and 
components. This specification currently encompasses four payload 
sizes, 3U, 6U, 12U and 27U. 
 
The payloads incorporate two tabs running the length of the ejection axis. 
The CSD will grip these tabs, providing a secure, modelable, preloaded 
junction. This is essential to accurately predict loads on critical 
components and instrumentation and prevent jiggling. 
 
The payload may use the CSD to restrain deployables. The allowable 
contact zones are defined. 
 
A payload can be built to this specification without knowledge of the 
specific dispenser within it will fly. Similarly, dispenser manufacturers will 
be ensured of compatibility with payloads that conform to this 
specification. 

Figure 2-1: Payload deploying from CSD 

 

 
Figure 2-2: Payload sizes 
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WHAT’S NEXT? 

public private partnership between the commercial space
industry, university researchers, and NSF (government).
A more recent study used magnetometers on the Planet
Labs Inc. CubeSat constellation (Parham et al., 2019). Pro-
viding a different view, the recently launched GOLD mis-
sion makes measurements of the upper atmosphere from
geosynchronous orbit. GOLD uses a science instrument –
a UV spectrograph – that is hosted on SES-14, a commer-
cial communications satellite built by Airbus for SES
Government Solutions.

International collaboration is another means to achieve
an ambitious vision such as a magnetospheric constella-
tion. In fact, the QB50 project discussed in Section 1.1
included plasma instruments (Langmuir probes) on some
of the spacecraft. Although the project had goals other
than scientific research, it can serve as a model of interna-
tional collaboration that enabled a large number of small
satellites to be built and launched in a coordinated way
(see also Section 3.5).

2.1.3. Conclusions and findings
SmallSats enable new science, applications and commer-

cial developments at all levels (upstream, downstream,
national, international) especially via constellations and
convoys of multiple satellites combined with readily avail-
able platforms and short R&D update cycles. However,
development in Earth sciences cannot be done cheaper, fas-
ter, better using SmallSats alone, and these SmallSats
should be considered elements of a larger measurement
ecosystem.

Nevertheless, this new generation of satellites offers
opportunities worth exploring and developing to support
a better understanding of Earth as a system, including

addressing observational gaps and providing more fre-
quent measurements. In order to be beneficial for the
science community, one should ensure that key issues
linked to a free, full, and open data policy, generation of
useful and well-calibrated data, and ensuring a long-term
and sustainable stream of data, are taken into account
when considering the development of this promising new
domain.

Finding 2.1 – An opportunity exists for transformational
advancements in Earth and space sciences using large con-
stellations of satellites. This vision may be achieved with
stand-alone science missions or through partnerships with
industry that make use of the increasing number of small
satellites in orbit The scientific community would benefit
tremendously from the data acquired by this large number
of satellites assuming these are governed by a free, full,
and open data policy for research purposes.

2.2. Swarm exploration of a solar system body

This section elaborates on one high-impact planetary
science concept, then provides a couple of additional exam-
ples of science applications that would benefit from large
constellations (networked or not) of CubeSats or
SmallSats.

2.2.1. Exploration of ‘‘Once in a Lifetime” planetary bodies
This concept targets planetary objects with very long

periods (referred to as LPOs), i.e., bodies that cross our
solar system and approach Earth only once in a person’s

Fig. 2.2. The Magnetospheric Constellation (MagCon) mission concept from a NASA mission definition study showing 36 spacecraft superimposed on a
magnetohydrodynamic (MHD) simulation of Earth’s magnetosphere. Figure reproduced from Spence et al. (2004).

20 R.M. Millan et al. / Advances in Space Research xxx (2019) xxx–xxx

Please cite this article as: R. M. Millan, R. von Steiger, M. Ariel et al., Small satellites for space science, Advances in Space Research, https://doi.
org/10.1016/j.asr.2019.07.035

Spence et al. (2004) 

Decadal Survey 2013



• These paths not mutually exclusive

• Can continue to have CubeSats that are:

• Fast, cheap

• High risk, high reward

• More reliable, capable

• Must then realize that these each mean different things in terms of cost,
schedule, application

WHAT’S NEXT? 
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CUBESAT SUCCESS RATES

Villela et al. 2018


