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Abstract

The Juno spacecraft completed 35 successful orbits around Jupiter from orbit insertion in
2016 through the end of its prime mission phase in 2021. The Advanced Stellar Compass
(ASC) and associated Camera Head Units (CHUs) comprise a dedicated attitude sensing
system of the Magnetic Field Investigation (MAG), one of Juno’s scientific payloads. The
CHU is a CCD-based camera and is inherently susceptible to ionizing radiation. An en-
ergetic charged particle penetrating the camera head electronics shielding will deposit its
energy and liberate charges in the charge wells. These events will register as isolated bright
pixels in the integrated star tracker source images, and are distinguishable from optical
sources that illuminate a number of collocated pixels spanning the imager’s point spread
function. By simply counting the number of such isolated bright pixels, an estimate of the
number of charged particles penetrating the CCD can be established, eventually constraining
the local external omnidirectional radiation flux (omniflux). The ASC performs the bright
pixel count onboard and includes this count rate with the attitude telemetry, providing an
energetic particle omniflux measurement at high time resolution. We describe here this ad-
ditional functional capability of the ASC, including the filtering required to isolate the un-
biased attitude cycles, the calibration required to circumvent count statistics effects, and the
calibration of the sensor sensitivity, as well as the attenuation efficacy of the sensor shielding
mass. Finally, we discuss the potential of the omniflux product for radiation field mapping
as well as a proxy for investigating physical phenomena otherwise unattainable.
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1 Principles of the Measurements

The Juno spacecraft (Bolton et al. 2018) was inserted into a highly elliptical, near polar orbit
about Jupiter on July 4th, 2016. During its primary mission, 35 successful orbits around
Jupiter were recorded (orbital duration of 53.4 days and perijove altitude of roughly 0.1 Rj).
The orbit period was chosen with regard to the rotation period of Jupiter, to eventually
envelope Jupiter in a grid-like set of observations near periapsis separated in longitude by
roughly 11°. Since the magnetic field trapping the main radiation belt of trapped electrons is
tilted roughly 10° from the spin axis, this trajectory ensures that a broad swath of Jupiter’s
high radiation region is scanned during each orbit.

Juno avoided the most severe radiation regions during the prime mission phase by taking
advantage of the gap between the radiation belt region and the planet itself. As the line of
apsides evolves due to the oblateness of Jupiter, the Juno trajectory passes through electron
radiation belt regions with increasingly higher fluxes of ultra-relativistic electrons during
the mission. The Juno magnetic field experiment (Connerney et al. 2017) sensors are posi-
tioned on the magnetometer boom at the end of one of Juno’s three solar arrays, 8 and 10
meters from electromagnetic disturbances from the spacecraft body (see Fig. 1). The sen-
sor packages consist of two identical magneto-optical benches (MOB), each with one Flux
Gate Magnetometer (FGM) and two Advanced Stellar Compass (ASC) star tracker optical
Camera Head Units (CHU). Each CHU is equipped with optics and a charge coupled de-
vice (CCD) image sensor with support electronics in a protective enclosure (Fig. 1). The
dedicated radiation shielding of the CCD and support electronics, along with the standard
CHU enclosure and proximate spacecraft mass, containing a combination of Al, Ti, Cu, Au,
W, quartz, ceramics, and other materials, efficiently protects the sensitive electronics from
different kinds of radiation encountered in the space environment. The shielding mass sub-
stantially reduces the number of electrons and protons reaching the sensitive semiconductor
components. However, in harsh radiation regions, penetrating radiation will reach the CCD
sensor die and liberate secondary electrons along the ionizing track. If this happens within
the sensitive volume, the radiation-induced electrons will be trapped, held, and read, in the
same way as the photoelectrons. The CCD registers these charges as bright pixels that ap-
pear sporadically in individual images, disappearing in the next ones. CCD imagers may also
develop pixels that are persistently bright, failed pixel elements that are routinely identified
and excluded.

As a radiation particle counter, the ASC registers interactions between the CCD Si die
and the ionizing particle (typically electron or proton), though it can’t discern whether the
particle is positively or negatively charged. The count rate is recorded per image frame
during the entire mission. The data thus acquired have a high time resolution (4 Hz), but
contain only ionizing particle impact events, with no direct information in regard to the
particle species or its energy.

The other types of ionizing radiation (neutrons, X-rays) are not considered in this article
though in principle a CCD would detect them. Hard X-Rays, being highly penetrating, are
less ionizing, so their input into counts would not be detectable. Soft X-Rays, primary or
secondary (e.g. from the spacecraft main body), being highly ionizing, would not penetrate
through the shielding to the CCD die (Hubbell and Seltzer 2004). As Juno is solar-powered
and does not have any decay source, neutron flux is infinitesimal compared to the Jovian
trapped radiation.
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Fig. 1 Left: Mounting position of the ASC camera head units on the Juno boom-tip. Lower right: The
magneto-optical bench including mass radiation shielding collars. Upper center: Conceptual view of the CHU
inside the mass shielding, where penetrating radiation reaches the CCD
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Fig.2 Processing flow for deriving the external omniflux from the ;£ ASC star tracker source images

The objective of this paper is to describe the processing and calibration that allow quan-
tification of the external omnidirectional flux of ionizing radiation particles (= omniflux)
from the energetic particle detections (EPD) observed in the star tracker images. The pro-
cess, as observed from the CCD sensor images and out, can be broken down as shown in
Fig. 2.

The Energetic Particle (EP) Enumeration counts the number of image objects with an
area less than or equal to 4 pixels. By design, focal objects (stars) will spread photons over a
multiple-pixel point spread function, and typically also exhibit a larger extent due to smear-
ing of the image as the spacecraft spins (2 rotations per minute) during the image integration
period (0.25 sec). This processing is performed within the star tracker flight software (FSW)
and is telemetered to ground yielding the EPD. The Trailing Compensation accounts for the
EP trails that are larger than 4 pixels. These are typically observed within the heavier ra-
diation environments. The Cluster Compensation process compensates for heavy radiation
regimes where EPs interacting with neighbor pixels in the pixel grid are counted as a sin-
gle hit. The star tracker will stop the EP enumeration when the number of stellar candidate
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objects (area >= 5 pixels) has reached a preset maximum of 200. This occurs in heavy
radiation environments from both trailing and clustering effects. The Saturation Compensa-
tion is performed to estimate the true EPD in such a saturation event. The electronic Shutter
Compensation is used in the star tracker operation to reduce the effective integration time on
the CCD. This is used to suppress saturation in severe radiation environments and expand
the dynamic range of the radiation count. Since the CCD integration layer is only sensitive to
EP during the effective integration period, the count needs Electronic Shutter Compensation
accordingly.

Following these four compensation activities, the number of EPs that have deposited
ionization traces on the CCD above detection threshold (8 DN ~= 100 electrons) per time
unit has been established. This number is referred to as Energetic Particle Countrate (EPC).

The Energetic Particle Countrate (EPC) is directly proportional to the integral omnidi-
rectional flux (F) of the primary cosmic radiation (electrons, or protons, or both) within the
detection energy range compensated for the Shield Attenuation (SA) and Sensor Sensitivity
(SS) factors.

Fei«E>Emin + FP+~E>Emin
SA, - SS.— | SA,-SS,

EPC = (1

Here F,_ g-p,,, and Fpy g p [particles/cm?/s] are the external omnidirectional flux
of electrons and protons above the detection threshold E,;, for electrons and protons re-
spectively. The energy thresholds are discussed in more detail in Sect. 3.1. The Shielding
Attenuation (SA) factor is a unitless quantity representing the mean fraction between the
external omnidirectional integral flux and the resulting penetrating integral fluxes that break
through the ASC CHU shielding. The SA is described in details in Sect. 3.1. Note that in
this context SA is > 1, such that the quantity defines a multiplyer used to compensate for the
saturation through the shielding.

For proton-dominated radiation environments (e.g. the Earth’s trapped radiation), the
first term is normally neglected, as SA._ is high even for the minimal CHU shielding in the
standard CHU configuration. Conversely, for most regions of the Juno environment, where
fluxes of relativistic electrons are a few orders of magnitude higher than those of protons at
the corresponding threshold energies (Fo— g-g,,;, > Fp+ E>E,;,» Pivine and Garrett 1983,
Jun and Garrett 2005), the last term in the equation can be dismissed.

Thus, the omnidirectional flux of ultra-relativistic electrons along the Juno trajectory (or
more commonly, high energy electrons and protons in any orbit) above a certain sensitiv-
ity threshold (E > E,,;,) may be deduced from the star tracker source images using the
described procedure.

min

2 Sensor Hardware

The imaging sensor used for the energetic particle detection is a front illuminated, interline
transfer CCD. During normal operation, incoming photons in the 300-740 nm wavelength
range liberate electrons in the sensor die. These electrons are maintained in the charge wells
(one well for each pixel) of the integration layer. A sketch of the CCD principle is shown in
Fig. 3.

After a suitable integration period (typically 125 ms), the accumulated charges are all
flushed in parallel to a read-out “layer” and the next image (and EPD) integration starts.
During the following integration period, the read out layer is read out row-wise via first a
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vertical and then a horizontal readout. A full image is generated typically at 4 Hz, which
also determines the temporal resolution of the particle count data. Further, the image sensor
is operated interlaced using field integration, such that:

e Even image rows (0, 2,4, ...) are integrated for the first half of the effective integration
period by merging pixels in row 0 and 1, 2 and 3, 4 and 5, etc.

e Odd image rows (1, 3,5, ...) are integrated for the second half of the effective integration
period by merging pixels in row 1 and 2, 3 and 4, 5 and 6, etc.

The sensor also supports an electronics shutter. When asserted, all accumulated charges
from the integration layer are flushed to the drain channels allowing for an accurate control
of integration periods down to microseconds.

A typical Jupiter passage is shown in Fig. 4. The speckle type noise from penetrating
high energy electrons is clearly visible in the star tracker image (top right) and by count-
ing the number of speckle pixels in each image, compensating for electronic shutter usage
and applying the calibration, and estimate of the external electron environment is readily
obtained.

Several parts of the sensor image chain are sensitive to ionizing radiation. The penetrat-
ing radiation may interact in the CCD integration layer, in the CCD readout layer, and in the
operational amplifier stages. To enable an accurate absolute determination of the environ-
mental radiation conditions, the sensitivity of the various stages must be characterized.

This work focuses specifically on utilizing the heavily shielded ASC star tracker hard-
ware on-board the Juno spacecraft for radiation monitoring purposes. Any high sensitivity
camera, CCD or Active Pixel Sensor (APS) based, may in principle be used for the pur-
pose. Anyone intending to use the ASC radiation count rate observations is encouraged to
familiarize themselves with the following sections. Similarly, any reader contemplating the
design or use of a radiation monitoring system with an image sensor as the sensing ele-
ment may find in the following sections information relevant for the chosen hardware and
application.
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Fig. 4 Top left: The PJ-11 trajectory of Juno overlaid on a Jovian system magnetic equatorial projection
frame. Top right: CHU Image acquired in a heavy radiation region showing both stars and radiation-induced
speckle and in-plane tracks. Bottom: The PJ-11 time series along a trajectory showing the energetic particle
count rate as a function of time along Juno’s trajectory through the inner magnetosphere. The dark points are
an average over 30 s (one spacecraft spin period

3 Calibration

The calibration scheme covers the entire path from count rates on the CCD to the external
relativistic electron environment. The goal is to establish the omnidirectional electron flux
environment, within the sensitivity range, from the count rates. Progressing from external
omniflux to image, the following calibration scheme has been exercised:

e Radiation shield transport model (Shielding Attenuation, SA factor)

e Particle flux to count conversion (Sensor Sensitivity, SS factor)

e Electronic shutter compensation (converts count to count rate)

e Saturation compensation (premature stop of counting)

e Cluster compensation (non-linearity for high count rates)

e Trailing compensation (incorrect classification of EPD as stellar candidates)

3.1 Radiation Shield Transport Model - Shielding Attenuation (SA) Factor

The Shielding Attenuation (SA) factor is the ratio between the external omnidirectional inte-
gral electron flux and the penetrating fluxes of electrons and positrons that break through the
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shielding. It combines analysis of the instrument’s shielding efficacy (geometry and materi-
als) and knowledge of the nature and hardness of the external radiation source. Therefore,
the first step in acquiring the SA is to compute the penetrating particle fluxes that reach the
ASC CCD.

The Juno ASC design encompasses a mass- and volume- efficient approach to radiation
shielding, meeting operational and performance requirements of the Juno mission and pro-
longing its lifetime in a challenging radiation environment. The ASC design employs several
materials to meet radiation shielding and functional requirements, e.g., gold (especially effi-
cient shielding efficacy against relativistic electrons), titanium, quartz, aluminum, amongst
others. This approach limits the applicability of widely-used modelling techniques such as
Ray Tracing, as divergences would be noticeable for electrons with energies >20 MeV.
Although computationally efficient, the Ray Tracing technique is an approximation as it ig-
nores angular scattering of particles (particularly important for electrons), and the true angu-
lar distribution of secondary radiation is not explicitly treated. In addition, the technique in-
volves treating all materials as being the equivalent of one material type and therefore is not
suitable for quantifying graded shielding or dose-enhancement effects (ECSS 2010). There-
fore, we employed the more detailed Monte Carlo radiation modelling approach, which
considers the actual particle interactions that occur within the specific materials that make
up the CHU and its immediate surroundings, as detailed in an accurate solid model of the
CHU and its environment.

A set of Geant4 simulations with the Forward Monte Carlo method was performed to
determine the shielding efficacy of the ASC CHU against high-energy electrons. In each
of the simulations we directed a source of monoenergetic electrons onto the solid model
geometry and computed the number of electrons and positrons that hit the ASC CCD. The
simulated external source is characterized by:

e A spherical monoenergetic electron source (primaries) with omnidirectional fluxes by
means of a cosine-law;

e An energy range of 3 MeV to 1 GeV, with 1 simulation performed for each energy incre-
ment. The energies simulated are [3, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 150, 200,
400, 600, 800, 1000] MeV;

e A total of 1E+09 primaries per simulation to ensure high-quality statistics.

A high-fidelity mass model of the entire instrument suite illustrated in Fig. 5 was used,
including the ASC CHUs with baffles, optical bench, and flux gate magnetometer. All the
materials and respective cross-sections are based on the National Institute of Standards and
Technology (NIST) comprehensive database information (Berger et al. 2017) and imple-
mented via the G4NistManager class from Geant4. The particle interactions and processes
use the default Physics List provided by Geant4, FTFP_BERT (Allison et al. 2016), with
the addition of the most precise Electromagnetic Physics package, EM Opt4 (_EMZ exten-
sion). The final Physics List implemented is FTFP_BERT_EMZ (Ivanchenko et al. 2019).
The target of the simulations was defined as the active region of the ASC CCD (752 x 580
pixels), with an overall area of 31.13 mm?.

The simulation output consists of the number of electrons (both primary and secondary)
and positrons impacting the target. The simulations were configured for counting only inci-
dent electrons and positrons that reach the surface of the CCD, disregarding any secondaries
that are eventually produced inside the CCD volume, as these are already considered in the
Sensor Sensitivity (SS) factor presented in Sect. 3.2.

Figure 6 presents the normalized shielding efficiencies as function of the initial energy
of the external primary electrons for the ASC CHU, consisting of the ratio of particle fluxes
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Fig.5 Geant4 mass model of the ASC star tracker and fluxgate magnetometer instrument suites

Fig. 6 Efficiencies for the ASC
CHU, with energies ranging from
3 MeV to 1 GeV. The efficiencies
include contributions of both
electrons and positrons. Each
point consists of an independent
simulation with monoenergetic
and omnidirectional electron
sources
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reaching the CCD and the external primary fluxes. The individual contributions from elec-
trons and positrons to the total penetrating fluxes is shown in detail. Each point in the graph
represents an independent simulation. The positron contributions become appreciable for
> 20 MeV, energy beyond which pair production clearly becomes the dominant process,
reaching ~36% of the total counts at 1 GeV.

It is worth noting that the results presented herein are largely comparable to those of
Becker et al. (2017), with relatively minor disagreements between them originating from
small differences in the solid models employed in the analyses.

The Shielding Attenuation (SA) factor is finally computed by taking the fraction be-
tween the energy integral of the external differential electron fluence predictions, and the
corresponding ASC CHU penetrating fluences. The latter are computed by multiplying the
external differential electron fluences with the shielding efficiency curve presented in Fig. 6,
and integrating over energy within a given range of interest.

The following relation is used for computing the Shielding Attenuation (SA) factor:

1 GeV
Em (bExternale_ dE

SA,- = ()
1 GeV
Em ¢ q)Penetratingei dE

where @pyernar and P penerraring are the external and penetrating differential electron fluxes
respectively, Ey, the energy threshold, and d E the energy step.

The shielding will effectively block external electrons <10 MeV as shown in Fig. 6. Any
particle penetrating to the CCD with sufficient energy will generate an EPD. To derive an
effective threshold for energy sensitivity, the shape of the external flux spectrum is needed.
The D&G83 (Divine and Garrett 1983) and GIRE (Galileo Interim Radiation Environment,
Garrett et al. 2003) models were used as the reference external electron trapped radiation
sources. The GIRE model was used for energies up to 30 MeV, while the D&G83 model
was applied for the]30 MeV, 1 GeV] range. The following environment was used as input to
Spenvis using the above models to derive the electron fluence:

e The Juno flight trajectories for orbit 1-35
e Limited to +/—5.5 h from closest approach to Jupiter
e | data point per 30 s (only the spectrum shape is relevant)

Figures 7 and 8 present the differential and integral forms, respectively, for the external
and penetrating fluences. It is important to note that:

e The penetrating fluence curves (in red) represent the total counts of electrons or positrons
produced from the respective external electron energy. It does not represent the energy of
the penetrating particles.

e At higher energies the penetrating fluences become higher than the respective external
ones. The higher the incoming electron energy, the more it will produce secondaries
throughout the camera shielding. Such secondaries also reach the CCD and are added
to the total count, as long as the energy is equal or higher than the Silicon ionization
energy, ~8 eV.

e The vertical axis represents the reduced trajectory dataset including both 30 s decima-
tion and reduction to +/—5.5 h from closest approach. The magnitude is therefore not
representative for the total mission fluence.

From Fig. 8 it is observed that the integral penetrating fluence is flat up to 20 MeV,
indicating that electrons with primary energy about 20 MeV give the major input to the
EPDs in the images.
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The SA factor is computed using equation (2) with an energy threshold E;, =20 MeV
for the fluence model leading to a shielding attenuation SA,_ = 3.00.

3.2 Particle to Count Conversion — Sensor Sensitivity (SS) Factor

For the task of using the ASC with its CCD detector as a particle (electron) counter, we could
limit the problem to ionizing defects in Si within the “detection volume”. Each electron from
the environment that passes through the shielding and travels inside the silicon CCD die,
gradually loses its kinetic energy (~0.3-3 keV/um for a wide range of the incident electrons
energies) via soft and hard collisions, creating ionizing defects (electron-hole pairs) along
its track in the semiconductor. The stopping of fast electrons in substance leads not only to
ionization losses of energy but also to scattering. Electrons frequently are deflected at large
angles due to their small relative mass, and the smaller the energy of an incident electron,
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Fig.9 Side (XZ) view of
electron tracks produced in a Incident
silicon CCD die, inclined (80°) 0
incident, 220 electrons with

0.04 MeV primary energy are
tracked. Backscattered electrons
are shown in red. The vertical
lines indicate pixel boundaries,
while the horizontal dashed lines
indicate depth

CCD Depth [pm]
&

CCD X-Coordinate [pixels]

ConJ2024.008

the larger is its mean angular deflection from the initial direction. Due to multiple scattering,
the trajectory of electrons has a complex shape, and its total traversed length ranges from
~1.5 to ~4 times the thickness of the layer in question, had it not deviated from its initial
direction (Vavilov and Ukhin 1977). The liberated electrons can then migrate both in and out
of the “detection volume”, as well as recombine. The “detection volume” in the XY plane
is approximately the pixel physical area (8.6 x 8.3 um?) times its depth of ~10 um (which
in principle varies with temperature). Most of the generated electrons have low energy and
will be trapped within 1 pum; electrons generated further from the detection volume have
a higher probability of recombining and thus not being collected. Therefore, the detection
volume can be equated to that of a single pixel.

If the read radiation noise signal in one and only one CCD pixel during one imaging cycle
is sufficiently higher than the dark noise, this will be counted as an EPD event. However,
if one incident particle creates this sufficiently high radiation noise signal in more than one
CCD pixel, they could be detected (but not counted) as separate EPD events.

The amount of the incident electrons required to produce one counted “event” would
thus depend on a number of factors: The probability of the ionizations to occur inside or in
the vicinity of the pixel/active region, the number and placement of pixels with radiation-
liberated electrons, the dark noise level, the number and placement of pixels illuminated, as
well as the method of counting the events, including the algorithm suppressing the multiple-
pixels events.

In order to calibrate the system and compute the Sensor Sensitivity factor SS, both com-
puter simulations and irradiation testing were performed.

Computer simulations utilizing Monte Carlo tracking of electrons inside a CCD die were
performed with the Casino tool (Drouin et al. 2007). Trajectories of electrons with primary
energy in the range of 0.01 to 10 MeV were simulated for a monoenergetic electron beam at
varied angles of incidence. The simulation example given in Fig. 9 illustrates the situation
when significant radiation noise is deposited in multiple pixels.

We also performed experimental testing of the radiation noise signatures for the Juno
ASC under different environmental and driving conditions using a calibrated Sr-90 (double
beta minus) radioactive source. The source provides a stable beam of electrons with energy
spectrum with means 1 MeV and up to 2.2 MeV, making it a suitable source for such tests.
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Radiation noise images were acquired in our experimental setup with different electron
fluxes, CCD temperatures, incident angels, artificial star stimulations, integration time con-
stants, electronic shutter settings, etc. The cover glass from the CCD under test was removed,
so that tilting the detector would not change the energy spectrum of the primary beam. The
acquired images were analyzed for the radiation induced noise (generating count rates) in
the same fashion as the Juno flight instrument processes source images.

The testing and analysis we performed characterized the CCD response to the known
high energy electron irradiation. For the Juno ASC instrument, Juno operation temper-
ature and Juno particle counter software, the following relation is established: SS._ =
300 + / — 50 e~ /cm?/s, or in other words, placing the CCD under an electron beam of
F =3E+05 e~ /cm?/s, one could expect to arrive at EPC = F/SS = 1000 in one image.

3.3 Electronic Shutter Compensation

The electronic shutter allows flushing the integration layer (white areas in Fig. 3) thereby
reducing the effective shutter exposure. Since both the integration layer, the read-out layer
(grayed ares in Fig. 3), and the support electronics are sensitive to ionizing radiation, the
relative sensitivity of each of these components to the electronic shutter time must be estab-
lished. For this purpose, a test setup was realized in the laboratory at the Technical University
of Denmark with which it was possible to irradiate the flight-like CHU (including chipset)
with electrons. Manipulating the electronic shutter with 5 different settings allowed an over-
determination of the relative sensitivity. It was found that without shutter usage ~70% of
the particles were interacting in the shutter dependent integration layer (accummulating EPD
over Ty,,:), while ~30% of the particles were interacting in the shutter independent readout
layer and support electronics (continuously accummulating EPD effectively over T;,, for
each image cycle). The shutter compensation is established as a constant Ky, to multiply
onto the count from the following relationship:

TInt
KShut = (3)
f'TShut+(1_f)'TInt
where Tj,, is the formal integration time used for both integration and readout, when no
electronic shutter is employed, Ty, is the actual shutter time, and f is the relative sensitivity
of the integration layer (measured to 0.70). Note that when no electronic shutter is used, i.e.
Tspur = Thue» the shutter compensation constant Ky, equals 1.

3.4 Saturation Compensation

The saturation effect occurs in heavy radiation environments where excessive trailing occurs
and ionization trails larger than 4 pixels are identified as focal (stellar candidate) objects.
The immediate consequence of the appearance of many large image objects is that the in-
struments stellar candidate count (SCC) reaches the preset count limit (200) and the limit is
reported along with the (premature) radiation count. The calibration factor for such is found
using an abundance of source images acquired from the Juno trackers in heavy radiation en-
vironments. Re-processing the source images on ground without the 200 object count limit,
the unlimited SCC (size > 4 pixels) and EPD counts (size <= 4 pixels) are established.
A model of this relationship using a 4th order polynomial fit is given in equation (4).

4.5.107“EPDC* +3.0- 107 °EPDC* + 10.5, no shutter

SCC (EPDC) = 4 4
4.2.107“EPDC* +3.3- 107 °EPDC* + 10.5, shutter

“
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Figure 10 summarizes the EPD and stellar candidate count established from the images,
the derived model and the saturation levels.
Let F denote the fit model, such that

SCC = F(EPDC) (5)

where SCC is Stellar Candidates Count and F(EPDC) is the fit function of the Energetic
Particle Detection Count (EPDC). Assuming a homogenous distribution of both stellar can-
didates and EPDs in the images, the following relation can be assumed:

EPDCMeas _ SCCMeas
EPDCTme B SCCTme

(6)

In case of saturation the measured Stellar Candidate Count (SCCpy.s) equals 200, and
using the relation SCCr,,, = F(EPDCryye), the EPDCy,,. may be found as the largest real
root in the equation:

200
F (EPDCyye) — ———EPDCrpye =0 7
( True) EPDCop it @

Once EPDCry,, is found, SCCrpy,, is derived and used as input for the trailing compen-
sation process. The compensation function is conveniently implemented as a lookup table,
employed in the conversion process from energetic particle detections to countrate.

Note that saturation compensation is associated with high error bars. Firstly, the com-
pensation tables are derived from very few data samples (images). Secondly, plotting the
non-saturated and saturated data as a time series lead for some orbits to data discontinuities
at the transitions. The data points marked as saturated should therefore be used cautiously.

It is further noted that the EPD to SCC relation depends on the star field density in
the images. In rich star density regions, i.e. when the star trackers are pointed towards the
galactic plane, more true SCCs are present and saturation will occur at a lower radiation flux.
The image material used in this section is acquired over the entire primary mission and thus
represents the average star density observed, i.e. representatively weighing rich and meagre
star fields.
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3.5 Cluster Compensation

The clustering effect occurs when two (or more) interactions occur in neighbor pixels. The
calibration can be found either analytically using statistics or numerically using Monte Carlo
simulations. In this work the latter was selected. For this purpose, an engineering model
of the instrument operating the flight software algorithms was used. The instrument was
set to operate on a source image captured from Juno during calm radiation conditions. By
injecting bright pixels at arbitrary positions, the non-linearity at high count rates were easily
characterized and a lookup table providing true count rates as function of reported counts
was established. This lookup table is employed in the conversion process from energetic
particle detections to countrate.

3.6 Trailing Compensation

The trailing effect originates from particles penetrating the CCD die at grazing incidence.
When the particle interacts with five or more pixels the image analysis algorithm classifies
and counts the interaction as a stellar candidate. The effect is visible in Fig. 10, where the
“stellar candidate count” increase with increasing EPD count.

The derived relation models between the stellar candidate count (SCC) and the EPD
count (EPDC) may further be used to derive the compensation. The two relation model each
has the form:

SCC(EPDC) = ¢,EPDC* + c,EPDC? + ¢5 8)

where the coefficient c; is the average contribution of “true” stellar candidates. The remain-
ing term is thus the contribution from trailing EPD. The compensation can thus be found
from:

Fryaitcomp (EPDC) = ¢;EPDC* + ¢;EPDC* + EPDC )
3.7 Comparison Between ASC Flux and Model Flux

Figure 11 shows a comparison between calibrated ASC flux and flux modeled using GIRE2
(de Soria-Santacruz et al. 2016) from around the closest passage during orbit 11.

It is noted that the calibrated data largely follows the model for E,_ > 20 MeV but ex-
press a somewhat higher flux in the high flux regions.

4 Filtering

Since the prime objective of the instrument is star tracking, the sensor is inherently sensi-
tive to photons in the visible range. For the purpose of omniflux assessment, the photon-
generated signal is considered an unwanted noise disturbance and the effect must also be
addressed. Since the EPC rate is vastly oversampled, an effective and rather simple way
of eliminating photon contamination is to simply eliminate estimates that may suffer from
such. Hence, count cycles expressing the following characteristics are suppressed from the
final data sets:
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e A Big Bright Object (BBO) is identified in the source image. This signal is intended to
indicate when a Jovian moon intrudes upon the CHU field of view, or when the bright
Jupiter limb appears close to, or within, the source image. The appearance is signaled in
telemetry. The effect is typically that the count rate is underdetermined in BBO images,
because a large fraction of the image is photon-contaminated. At high count rates, the
effect is less significant. These count measurements are included in the data set, but the
BBO identification is signaled, so the user may determine what use to make of it.

e The flight processor keeps track of time spent processing an image in order to prevent
spillover into the subsequent image processing interval. When the prescribed processing
timeout time is reached, the reported energetic particle count is prematurely rendered
in the telemetry. These estimates cannot be meaningfully compensated and are removed
from the data.

e A background clamping change is requested by the flight software. The image background
(black) is continuously controlled to track temperature dependencies and BBO proximity.
A requested change is indicating appearance of a slight photon contamination that may
offset the particle count. These estimates are likewise removed from the data.

5 Sensitivity/Dynamic Range

The CHU shielding efficiently absorbs electrons with energy ranges < 5 MeV, and in the
Jovian magnetosphere electrons with energies > 20 MeV (in the external environment)
will dominate the EPD count (Sect. 3.1). This conclusion follows from consideration of the
shielding efficacy of the CHU as a function of energy and the electron spectra in Jupiter’s
magnetosphere.

Energetic particles may be expected to penetrate in any angle to the plane of the CCD.
At high incidence angles, the particle trail may pass through one or more neighbor pixels in
the grid leaving a trailing effect. One particle hit may therefore interact with several pixels.
Thus, interactions in a neighboring pixel (using the 8 pixels around any pixel) are counted
as one incident.

Within rich radiation environments, the counts become numerous enough to interact of-
ten with neighboring pixels. Two separate particle hits may even interact with the same
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pixel. The sensor software counts pixel neighbor (8-pixel connectivity neighborhood) as
one incident. This non-linearity is calibrated, and compensated for, in the post processing.

With sensor images of roughly 436k pixels, around 20k individual interactions may be
discerned. In richer radiation environments, too large a number of interactions would ap-
pear in neighboring pixels and the ambiguity would be too great for a reasonable particle
count. This effect has been circumvented in many of Juno’s periapsis passes by applying the
electronic shutter, effectively flushing the integration layer after almost the entire integration
period, dramatically reducing the EPC.

6 Relativistic Radiation Count Data

Energetic particle data recording was initiated on ASC using the above mentioned tech-
niques prior to Jupiter orbit insertion, and EPC rates have been recorded continuously since
then. During the Juno prime mission, spanning the first 35 orbits around Jupiter, the ASC
recorded data from all perijove passages, with the exception of PJ-2, during which the space-
craft entered safe mode shortly prior to the passage. The data product from a typical perijove
passage (PJ-11) is shown in Fig. 12, and provides an overview of both data potential and the
level of details available. See e.g. Connerney et al. (2020) and Herceg et al. (2022) for a
detailed analysis of the disturbance signature observed in the leftmost zoom panel where
Juno crosses the magnetic field that passes through the Ganymede’s orbit.

I
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Fig. 12 Top: EPC time series along the PJ-11 trajectory with a full spacecraft rotation average marked in
black. The broad bulges around 04:00 and 12:00 are due to the Jovian main magnetic dipole axis being offset
from the rotation axis, causing Juno to pass in and out of radiation belt throughout the low latitude in-bound
trajectory as the planet rotates. The orange curve shows Juno distance from Jupiter in Rj. Bottom: Four
zooms of the time series showing disturbances or interactions. First (leftmost): Crossing of the magnetic field
lines that crosses Ganymede orbit close to Ganymede. Second: Disturbances passing field lines close to the
magnetic north pole. Third: Passing the southern radiation belt horn. Fourth: Sporadic interactions typically
observed outbound
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7 Conclusion

The ASC star tracker has been recording energetic particle count data from the Juno space-
craft since Jupiter orbit insertion. A calibration model for the count statistics, sensor sensi-
tivity and shielding attenuation has been derived to describe the energetic particle omniflux
from the CCD image particle count product. The ASC energetic particle count rate spans
several orders of magnitude and provides a nearly continuous record at very high temporal
resolution (4 Hz). It provides some visibility into the radiation environment at energies be-
yond the calibrated energy range of Juno’s dedicated particle instruments (Mauk et al. 2017;
McComas et al. 2017).

The potential of the omniflux product to be used for absolute mapping of the Jovian par-
ticle environment is demonstrated. Further, local signatures in the omniflux product may be
employed as proxies for studying related phenomena. For example, Connerney et al. (2020)
used the ASC particle counts to trace magnetic field lines over great distances (between the
Juno spacecraft and Galilean satellites) in the Jovian magnetosphere, providing independent
assessment of the accuracy of their magnetodisc model field.

The technique, as successfully demonstrated in Jovian orbit, is immediately scalable to
other environments. It has been successfully operated on both the NASA Magnetospheric
Multiscale Mission constellation star trackers (Shulman et al. 2018), and the ESA Swarm
constellation star trackers (Toldbo et al. 2022).
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