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6.0 ENERGETIC PARTICLE DETECTOR (EPD)
6.1 EPD OVERVIEW

FEEPS: Flys Eye Energetic
Particles Sensor
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FEEPS-1

EIS

Figure 6-1 Summary of the Capabilities and Spacecraft Mounting of the EPD Instruments: EIS and
FEEPS. [Note that the energy ranges of measurements have varied somewhat over the course of the
mission] (from Mauk et al., 2016)

The science objectives and an overview of the Energetic Particle Detector (EPD) investigation are
provided in Mauk et al. (2016). EPD comprises two different instrument types: the Energetic Ion
Spectrometer (EIS; with a detailed description provided by Mauk et al., 2016) and the Fly’s Eye Energetic
Particle Spectrometer (FEEPS; Blake et al., 2016). There are two FEEPS instruments and one EIS
instrument on each spacecraft (Figure 6-1). They are intended to yield an instantaneous all-sky view for
electrons (Figure 6-2) and fast all-sky sampling for ions. This set of sensors (two FEEPS instruments plus
one EIS instrument) is identical on each of the four MMS spacecraft. To obtain true “allsky” electron
sampling from the FEEPS sensors, it was necessary to mount one of the instruments on the instrument
deck and the other onto the spacecraft subsystem deck (Figure 6-1). The two instruments are identical to
each other, and they are designed such that when one of them is turned upside down with respect to the
other, the fields of view complement each other (Figure 6-2). Also, the orientation of the ion sensors
provides two fan-shaped fields of spaced 120° apart, with EIS providing the 3rd fan, resulting in EPD ion
3 sensors each located 120° apart (Figure 6-2).
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Figure 6-2 The EPD fields-of-view are Configured to Provide Maximum Sky Coverage of Energetic
Particles. [The two FEEPS sensors provide nearly simultaneous full-sky electron coverage, whereas
the two FEEPS sensors complement the EIS fan-shaped FOV to provide ion coverage in
approximately 1/3 of a spin.] (from Mauk et al. [2016])

The Energetic Particle Detector suite of sensors supports the study of the fundamental physics of
magnetic reconnection by:

1. Remotely sensing the positions and speeds of boundaries and other structures near
reconnection sites using energetic ions.

2. Sensing the magnetic topology of near reconnection sites using energetic electrons.

3. Remotely sensing reconnection acceleration sites using both electrons and ions.

4. Determining the cause of energization of energetic electrons and ions by reconnection.

6.1.1 Energetic Ion Spectrometer (EIS)

Each EIS instrument (Figure 6-1) combines multi-directional viewing into a single compact sensor head
using: 1) a time-of-flight (TOF) system that uses a microchannel plate (MCP) detector and thin foils that
generate secondary electrons, to measure particle TOF and pulse height (PH); and 2) six solid-state
detectors (SSDs) that measure particle energy (E). The MCP has start and stop anodes. Measuring the
time difference between start and stop signals determines the particle’s TOF. The anodes are divided into
six angular segments; these provide a measure of the particle’s direction of travel. EIS measures ion
energy, directional, and compositional distributions using “Energy by Time-of-Flight” (ExXTOF) for the
higher-energy ions and “MCP-Pulse- Height by Time-of-Flight” (PHxTOF) for the lower-energy ions.
EIS also measures electron energy and directional distributions using collimated SSD energy
measurements (from designated “electron SSDs” that have 2 um of aluminum flashing deposited on them
to keep out protons with energies less than about 250 keV).

This document is continually updated as new information becomes available. Downlink 6-4
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Figure 6-3 Schematics Detailing How the EIS Sensor Works

6.1.2 Fly’s Eye Energetic Particle Sensor (FEEPS)

The second EPD instrument, is the Fly’s Eye Energetic Particle Spectrometer (FEEPS). These
sensors (Figure 6-2) measure:

1) the energy-angle distribution and composition of ions (20-500 keV, with a goal of 10-
1000 keV) at a time resolution of <30 seconds;

2) the energy-angle distribution of total ions (45-500 keV, with a goal of 40-1000 keV) at a
time resolution of <10 seconds; and

3) the coarse and fine energy-angle distribution of energetic electrons (25-500 keV, with a
goal of 20-1000 keV) at time resolutions of <0.5 and <10 seconds, respectively.

FEEPS provides an instantaneous all-sky view of electrons (with coarse angular resolution),
then turns coarse into more refined angular resolution by means of rotation. The two FEEPS ion
“fans”, in conjunction with the one EIS ion fan, provide all-sky total-ion coverage every Vs of a
spin. Each of the two FEEPS instruments on each spacecraft comprises 12 individual fields of
view; 9 electron views (Figure 6-4a) and 3 ion views (Figure 6-4b). Eight of the nine electron
views are grouped into pairs resulting in four “heads” comprising two “eyes” each. Each electron
eye comprises a shaped pinhole, a 1.8-micron aluminum foil that blocks protons with energy
>200, and a shaped, 1-mm SSD measures the energy of the incoming electron. The
combination of the pinhole and of the SSD shapes yield a trapezoidal shape for the field of view
for each eye (Figure 6-4a).
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Figure 6-4 The FOVs of the FEEPS (a) Electron and (b) Ion Sensors, or “Eyes”, while (c) Each Pair
of Eyes is Combined into One of Twelve “Heads” on Each FEEPS Sensor (from Blake et al. [2016])

Two of the ion sensors (i.e., “eyes”) on each FEEPS instrument are combined into a single “head” (Figure
6-4c). Each ion eye comprises a slot-shaped pinhole followed by a rectangular-shaped, 9-micron thick
SSD which measures the energy of the ions. The response of these detectors to electrons is minimized by
the thinness of the SSD’s; electrons tend to pass right through leaving a signal below the detection
threshold, and ions are stopped, resulting in the detection of above-threshold energies. There will be
residual electron contamination in the ion responses that needs to be managed. The two “equatorial” ion
sensors each have a sunshade (Figure 6-4c) to keep the sun from illuminating the entrance slot (the ion
sensors are very sensitive to the sun, whereas nominally, the electron sensors are not because of the thin
foils placed over the telescope apertures). The slot shape of the pinhole and the rectangular shape of the
SSD together yield a fan-like field-of-view of about 20° x 60° (Figure 6-4a-b).

A final set of electron and ion views is held by a 3" type of head, the Electron-lon Head (e.g.,
Head 3 in Figure 6-4c). This head contains one electron eye and one ion eye. Ideally, the field-
of-view of the third ion head should be carefully aligned with the views of the other two ion
heads to effectively yield a broad, 280° fan-shaped field of view. However, to keep the third ion
sensor from viewing the axial electric field sensors, the third view had to be tilted somewhat
away from the ideal configuration (Figure 6-4b).

This document is continually updated as new information becomes available. Downlink 6-6
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6.1.3 Status of EPD Sensors

On MMSH1, the solid-state detector (SSD) utilized in telescope T4 (for both ExXTOF ion and
electron data), is responding anomalously, and should not be used at this point in time. It acts
like it is under-biased, but the true cause is unknown.

For the MMS1 spacecraft, the HV system experienced micro-discharge anomalies that caused
the HV to be shut down by the onboard software on 30 January 2016, with some anomalous
behavior seen for the first time on 21 January 2016, about 6 months after HV turn on. Because
only 3 EIS units were required, the HV on EIS1 was disabled for the rest of the prime mission.
Beginning on 18 April 2016, EIS1 was put into high-resolution electron mode with
“electronenergy” burst data enabled. On 31 January 2018, HV (and ion species data) on MMS1
was re-enabled and no further anomalies have been reported to-date. EIS1 data prior to 21
January 2016 are assumed to be unaffected by these anomalies.

The efficiency of ion detection for making EXTOF and PHxTOF ion measurements evolves over
time because of variations of the gain of the microchannel plate in each of the EIS units. To-
date a nominal efficiency multiplier is utilized with the Level 2 data, but slow evolutions of those
efficiencies have not been folded into the data processing. The multiplicative error is up to about
+30%.

Many of the FEEPS eyes suffer from light contamination, likely due to direct sunlight and glint
coming through foils that were damaged during launch. This and other issues have been
substantially, though not completely, corrected via a series of CIDP updates implemented
between October 2016 and August 2017.

The first energy channels (i.e., lowest energy channel, with index 0) from FEEPS ion and
electron sensors have their threshold set very near to or within the noise threshold. These

channels from most (but not all) eyes are often measuring noise and should not be used for
scientific data analysis. See section 6.4.3 for additional details.

6.2 EPD MEASUREMENTS STANDARDS, VOLUME, AND TIMING

6.2.1 EIS Viewing

TOF x PH TOF x E and lons Electrons
Degrees | Unit-X Unit-Y Unit-Z | Degrees | Unit-X Unit-Y Unit-Z | Degrees | Unit-X Unit-Y Unit-Z
TO 72.18 0.306 | -0.952 | 0.000 | 72.18 | 0.306 |-0.952 | 0.000 | 61.12 | 0.483 | -0.876 | 0.000
T1 45.56 0.700 | -0.714 | 0.000 | 45.56 ( 0.700 | -0.714 | 0.000 345 0.824 | -0.566 | 0.000
T2 20 0.940 | -0.342 | 0.000 20 0.940 | -0.342 | 0.000 9 0.988 | -0.156 | 0.000
T3 -9 0.988 | 0.156 | 0.000 -9 0.988 | 0.156 | 0.000 -20 0.940 | 0.342 | 0.000
T4 -34.5 0.824 | 0.566 | 0.000 | -34.5 | 0.824 | 0.566 | 0.000 | -45.56 | 0.700 | 0.714 | 0.000
T5 -61.12 0.483 | 0.876 | 0.000 | -61.12 | 0.483 | 0.876 | 0.000 | -72.18 | 0.306 | 0.952 | 0.000

Figure 6-5 The Unit Vectors of the Look Directions of the EIS Telescopes. [Care should be
exercised when considering the telescopes highlighted in the differently-shaded rows as these look
directions are substantially blocked.] (from Mauk et al. [2016])

The quantitative centroids of the view directions for all six look directions, within the EIS
coordinate system, for each of the EIS data products, are shown in Figure 6-5. The central
directions of the center of each PHXTOF, EXTOF, lon-SSD (the same as ExTOF), and Electron-
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SSD pixel are given as the angle from the X-axis within the XY-plane, with positive angles
towards the —Y-axis (also toward the direction that has been designated the “T0” direction; we
realize that it is unusual to have positive angles towards the —Y-axis rather than the +Y-axis). To
the right of each angle in Figure 6-5 is the unit vector of the view direction in the instrument
coordinate system. Views T2 for electrons and T3 for ions have substantial obstruction from the
shielding needed to keep the sun out (see Figure 10 in Mauk et al. [2016]). The off-color rows
are the views that are substantially obstructed. Nonetheless these views corrected to the best of
our ability and are represented in our data products. Care should be exercised for these
particular views.

The transformation matrix that transforms a vector (e.g., a unit view direction such as those
provided in Figure 6-5) into the MMS Spacecraft Frame is provided here. vs. = Tgs - V15, Where
Viis is the vector in the EIS frame of reference, Ty is the 3 x 3 transformation matrix, and v, =
Tg;s is the vector in the spacecraft frame. For this expression:

-1 0 1
V2 V2

Tgis = 1 0 1
V2 V2

0 1 0

NOTE: The version of this transformation matrix reported in Mauk et al. (2016) is incorrect and this one
should be used instead.

Weighted
ID# Head Orientation  Species Azimuth Elevation Elevation Unit-X Unit-Y Unit-Z
1 1 Up Electons -67.5 30 25 0.347 -0.837 0.423
2 1 Down Electons -67.5 -30 -25 0.347 -0.837 -0.423
3 2 Up Electons -22.5 30 25 0.837 -0.347 0.423
4 2 Down Electons -22.5 -30 -25 0.837 -0.347 -0.423
5 3 Top Electons 0 90 95 -0.087 0.000 0.996
6 3 Top lons 60 78 78 0.104 0.180 0.978
7 4 Up lons -30 41 41 0.654 -0.377 0.656
8 4 Down lons -30 -41 -41 0.654 -0.377 -0.656
9 5 Up Electrons 225 30 25 0.837 0.347 0.423
10 5 Down Electrons 225 -30 -25 0.837 0.347 -0.423
1 6 Up Electrons 67.5 30 25 0.347 0.837 0.423
12 6 Down Electrons 67.5 -30 -25 0.347 0.837 -0.423

Figure 6-6 The Look Direction Unit Vector (v) of Each FFEPS Eye in the FEEPS Coordinate
System (FCS) (from Mauk et al. [2016])

6.2.2 FEEPS Viewing

Figure 6-6 shows the unit vectors for each of the 12 FEEPS eyes in the FEEPS Coordinate
System (FCS). The “elevation” angle is the angle made by unit vectors out of the XY-plane. The
“weighted elevation” adjusts the elevation to account for the non-symmetric shape of the
electron fields of view with respect to their centers. Note that the transformation of vectors (v)
from the FEEPS, (FEEPS-payload-deck or the “up” direction) or FEEPS-2 (FEEPS-bottom-
deck) to the spacecraft coordinate system (BCS) is achieved using veggps = T1,2pggps, , -

Vrgeps, Where

1 -1 -1 -1
w0 z w0
Tlpgeps, = L L o and  T2pggps, =| 2L L
V2 V2 V2 V2
0 0 1 0 0 -1
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These are rotation matrices which convert the FEEPS telescope look direction vectors (Vrggps), from the
FEEPS coordinate frame (FCS) to BCS. These vectors are defined looking out to space along the center
line for each telescope’s field-of-view and are the same for both the top and bottom units. Vpggps in FCS
is given in Figure 6-6 for each sensor.

6.2.3 EPD Ephemeris and Magnetic Field Information Requirements

Because EPD is spin-based and the spin phase relative to the Sun is known onboard, the EPD
team will estimate the L1B transformation matrix between the SC coordinate system and GSE
by assuming that the following is roughly true: SC; ese = (sin 2.5° , 0, cos 2.5°). While this
estimate suffices for Level 1b where ephemeris data is not available on the correct timescale, it
IS NOT SUFFICIENT for Level 2. In the estimated transformation matrix, there is a +30°
uncertainty in the angle that the SC; axis makes with respect to the XZgse-plane. This is due to
the substantial variability in that angle which is allowed by mission standards.

The following are the data provided in FEEPS data products which are essential to data
analysis:

* For Each Detector Look Direction (within each spin sector)
1. Pitch Angle (using available magnetic field vector in SC coordinates)
2. Unit Vector in GSE of Look Directions.

These data are included for convenience:

* One set for each spin sector

. BX, BY, BZ in SC coordinates*

. SC position (X, Y, Z) in GSE*

. SC latitude and longitude in GSM*

. Moon position in GSE*

. SC to GSE Transformation Matrix* (9 numbers)

. GSE to GSM Transformation Matrix* (9 numbers)

. Spin Rate*

*These required parameters are provided for users in the L1b and L2 EIS or FEEPS data files.

O©OoONOOLA~W

The possibility of earthshine contamination of the FEEPS ion detectors can be computed using
the negative of the SC position in GSE (#4 above) and the detector look direction in SC
coordinates. In addition, the possibility of sunshine contamination is derived using the detector
look direction in GSE with respect to the Xese-axis. At Level 1B, earthshine estimations will have
an uncertainty of +30°, while sunshine contamination will be fairly accurate because the primary
uncertainty in the spacecraft orientation resides in the roll angle about the spacecraft-Sun line.

6.2.4 EIS File Versioning

To optimize scientific return, the instrument team may infrequently alter the onboard lookup
tables (LUT), which define the spectral “channels” (see instrument description below) in a given
EIS data product over the course of the mission. Each such change defines a new “LUT period”
with each LUT period containing its own unique set of spectral channels. This means that over
the course of the mission, a given data variable may change in structure (i.e., number or
species specification of energy channels). To highlight and record these changes, the LUT
period of a given spectral variable is indicated by a “ P<n>_" in the names of affected variables.

This document is continually updated as new information becomes available. Downlink 6-9
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Additionally, regular changes in the “Calibration Matrices” used for ground-based data
processing, which do not require the introduction of a new LUT, such as adjusting high voltage
states to address MCP gain levels or data optimization (i.e., changing decimation factors).
These changes will affect the nature of the data within data files, but not the variable names.

Changes to both the onboard LUTs and ground-based “Cal Matrices” define specific data
“regimes”, which are indicated using a unique EIS file versioning paradigm where the version

indices “*

« Xx: the LUT period and associated “P<n>” in CDF variable names
« y: the specific iteration of the Cal Matrix used for data processing

X.y.z.cdf” correspond to:

z: processing iteration of specific file

Each “vX.Y” combination corresponds to a given data “regime”, summarized in Table 6-1 below.

Regime (New | Regime (Old) Period Start Period End Changes
2021)
v1.0 v1.0 3/12/2015 2015-07- Initial LUT &
(Launch) 29/00:00:00 processing state
v2.0 v2.0 2015-07- 2015-08- Changes to extof &
29/00:00:00 29/00:00:00 electronenergy
channels
v2.1 v2.1 2015-08- 2015-09- phxtof decimation
29/00:00:00 24/00:00:00 changed
v3.0 v3.0 2015-09- 2015-11- Changes to phxtof
24/00:00:00 20/00:00:00 channelization
v3.1 v3.1 2015-11- 2016-01- Changes to post-
20/00:00:00 30/00:00:00 processing
calibration factors
v3.2 v3.1 2016-01- 2016-08- HV raised to
30/00:00:00 04/00:00:00 improve MCP gain
on MMS4
v3.3 v3.2 2016-08- 2016-08- phxtof decimation
04/00:00:00 06/00:00:00 changed
v3.4 v3.3 2016-08- 2016-09- HV raised to
06/00:00:00 26/00:00:00 improve MCP gain
on MMS3
v4.0 v4.0 2016-09- 2016-11- Changes to extof,
26/00:00:00 01/00:00:00 phxtof, &
electronenergy
channels
v4 .1 2016-11- 2017-04- Changes to post-
v4.1 01/00:00:00 30/00:00:00 processing
calibration factors
v4.2 2017-04- 2017-11- Changes to post-
v4.l 30/00:00:00 17/00:00:00 processing
calibration factors
v4.3 v4.2 2017-11- 2018-04- Changes to phxtof
17/00:00:00 30/00:00:00 and extof
This document is continually updated as new information becomes available. Downlink 6-10
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efficiencies/specitra,
etc.
v4.4 v4.2 2018-04- 2018-11- Changes to post-
30/00:00:00 30/00:00:00 processing
calibration factors
v4.5 v4.2 2018-11- 2019-05- Changes to post-
30/00:00:00 01/00:00:00 processing
calibration factors
v4.6 v4.2 2019-05- 2019-12- Changes to post-
01/00:00:00 05/00:00:00 processing
calibration factors
V5.0 V5.0 2019-12- Present Changes to
05/00:00:00 electronenergy
channels on MMS4

Table 6-1 Summary of the EIS Versioning Scheme

6.3 EPD CALIBRATION AND VALIDATION

6.3.1 EIS Pre-Flight / On-Ground Calibration

A full description of the design of EIS and its pre-flight and ground calibration results can be
found in the following publication:

Mauk B.H. et al, The Energetic Particle Detector (EPD) Investigation and the
Energetic lon Spectrometer (EIS) for the Magnetospheric Multiscale (MMS)
Mission, Space Sci Rev 199, 471-514 (2016). https://doi.org/10.1007/s11214-
014-0055-5

As explained in Mauk et al. (2016), the full range of parameters (azimuth angle, elevation angle,
particle input position, energy, species) could not be exercised within calibration facilities.
Instead, a combination of theory, empirical expressions, and spot validation were used to
construction the calibration matrix. Initial estimates of the particle energies throughout the
sensor, scattering efficiencies, and detection efficiencies was developed with a Mathematica
routine that utilized various available empirical relationships (energy losses in materials,
scattering characterizations, efficiency of secondary electron generation, solid-state-detector
pulse-height-defect, etc., etc.). That routine created numerous 6-order polynomials for the
functional relationships between the various parameters. Those polynomials were then tweaked
according to beams calibration runs, cross-checks with similar instruments that had gone
through cross-calibration activities (RBSPICE on Van Allen Probes), and then, flight cross-
calibration on MMS as described in the section 6.3.2.

Understanding of the EIS instrument response is based on a coordinated array of approaches,
specifically: (i) bench testing of channel gains and other characteristics based on calibrated
pulse inputs, (ii) calibrations using particle accelerator beams, (iii) calibrations using radiation
sources, (iv) simulations of particle interactions with matter using such tools as GEANT4, and
(v) geometric calculations. Two particle accelerators were used for calibrating EIS: (1) the APL
ion particle accelerator that generates narrow ion beams of H, He, O (N often used as proxy),
Ar, and other ions species from energies as low as about 12 keV up to 170 keV; and (2) the
GSFC Van de Graff, accelerator that generates electron and ion species beams from ~100 keV
to > 1MeV. Two different radiation sources were used: a Ba133 source and a degraded Am241
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radiation source (the source is degraded by placing a thin mylar foil between the source and the
sensor, which yields a very broad spectrum of alpha particle energies). To perform the
calibrations, sources were procured in a configuration to completely fill the instrument field-of-
view and thus calibrate all six (6) look directions simultaneously.

Details of the EIS calibration matrices are provided in section 6.4.4. The EIS calibration matrix
carries parameters that correct for different responses of the six different telescopes within each
unit. Flat-fielding has been carried out by examining the relative responses of the six different
telescopes in each EIS unit to environments that are roughly isotropic.

6.3.2 EIS In-Flight Calibration

L 11 Nov 2016 20:00 UT b 11 Nov 2016 20:00 UT
1E+06 T
HPCA = HPCA
EIS Data EIS Data
16405 P Uncorrected 16405 i'ii ,,,,, T | | Corrected |
_?; < lowest FEEPS energy f:‘ EIS \ «—L_ Lowest FEEPS energy
v 1E+04 EIS channel likely v 1E+04 | channel likely
ki contaminated by ki contaminated by
g noise and/or electrons g noise and/or electrons
E 1E+03 + E‘ 1E+03
5 N FEEPS 5 A\ FEEPS
£ £

FEEPS Heavy lon

1E+02 Contributions = 1E+02
1E+01 [ v 1E+01 |

1E+00 - TE+00 -

1 10 100 1000 1 10 100 1000
E [keV] E [keV]

FEEPS Heavy lon
Contributions

Figure 6-7 Example of the Comparison of Omni-directional Proton Spectra from the EIS, FEEPS,
HPCA, and FPI/DIS Sensors on MMS 3 (a) before and (b) after the EIS Data was Corrected [L2
data was used for all sensors except HPCA (L1b), which did not have L2 data available at the time
that the cross-calibration efforts were made]

Considerable efforts were made in Spring/Summer 2017 regarding the cross-calibration of ion
(specifically proton) measurements amongst the MMS instruments: EIS, FEEPS, FPI/DIS, and
HPCA. The basic gain state of the EIS sensor for measuring protons, which is variable because
of changing microchannel plate efficiencies, is established by comparing the EIS and FEEPS
ion measurements at ~80 keV. That energy is low enough to where we have become confident
that protons dominate over heavy ions, and it is high enough to avoid energy-dependent
efficiency problems that occur at lower energies. Additional cross-calibration efforts revealed
that the EIS PHXTOF data, which bridges the energy gap between the upper energy limits of
FPI/DIS (30 keV) and HPCA (40 keV) and the lower energy limit of the ExXTOF (~50 keV) and
FEEPS (~60 keV) data, was underestimating the flux by approximately a factor of 5. Based on
the strong agreement between the plasma sensors (FPI/DIS and HPCA) and the high
confidence in the relatively “pure” ion measurement by FEEPS (due to their very thin SSDs), the
decision was made to adjust the EIS PHxTOF data by applying an energy-dependent numerical
correction of the form:

E = !
PHxTOF E-BpH ’
%*[1+aPH(tanh(—y P >+1>]
PH

where E is energy and arH, frH, pH are coefficients equal to 0.3, 45, and 1, respectively.
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Figure 6-7 shows an example comparing the proton spectra from the various instruments (a)
before and (b) after the EIS data was corrected. Minor adjustments were also made to the
lowest energy EIS EXTOF data to correct for foil efficiencies. This correction is of the form:

E T —_— !
ExTOF E_BE ’
1*[ ( t ( E ) )]
2 E 14

where E is energy and oe, f&, )t are coefficients equal to 0.3, 45, and 1, respectively.
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Figure 6-8 An Example of the Effects of Sunlight Contamination in the FEEPS Burst Data [This
data shows intensity for time versus spin sector for each spacecraft (MMS1-4 from top to bottom)
for 23 August 2015. The white and black splotched horizontal lines permeating the MMS2-4 data
on the left shows the effect of sunlight contamination on certain sectors. The panels on the right
show the same data with the affected sectors appropriately masked]

Cross calibration has also taken place for electrons between EIS and FEEPS. Pre-launch
characterization for EIS has been found to be adequate (see section 6.3.3). Efficiencies for EIS
electrons were obtained from cross-calibration activities that took place with EIS’s sister
instrument, RBSPICE, on the Van Allen Probes mission.

Further details and results of the EIS in-flight calibration can be found in the publication:

Cohen, I. J., et al., Dominance of high-energy (>150 keV) heavy ion
intensities in Earth’s middle to outer magnetosphere, J. Geophys. Res.
Space Physics (2017) https://doi.org/10.1002/2017JA024351
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6.3.3 FEEPS Pre-Flight / On-Ground Calibration

Pre-flight calibration is covered in the FEEPS instrument paper (Blake, et al., 2016). As
summarized in section 6.1.3, many of the FEEPS eyes suffer from light contamination, likely
due to sunlight and glint coming through foils (on electron eyes) that were perforated during
launch. An example of the light contamination is shown in Figure 6-8, which plots FEEPS burst
data from electron eye #9 of the bottom deck. The Y-axis is the spin sector, the X-axis is time,
and intensities are plotted in color. The horizontal lines containing discontinuities contained in
the second through fourth plots in the left column show sectors affected by sunlight
contamination, whereas the top left plot for MMS1, lacking these rows, indicates an
uncontaminated sensor. The plots in the right column, marked “Masked”, show how those
sunlight contaminated sectors can be effectively removed.

Using such FEEPS burst data sector maps, one can identify the affected sectors during any
period of the mission on all eyes of the FEEPS instruments. For example, Figure 6-9 shows the
sector masks that were produced after a survey of contamination conducted during August-
September 2015. These masks flag all sectors that were affected by contamination during the
period examined. These plots show the contaminated sectors (X-axis) from each eye (Y-axis)
for each of the spacecraft during this period. Yellow blocks identify affected eyes/sectors, while
blue blocks are good, unaffected eyes/sectors.

MMS-1 Good (blue) and Bad (yellow) Sectors MMS-2 Good (blue) and Bad (yellow) Sectors
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Figure 6-9 Mapping of those Sectors from Each Eye Affected (yellow) and Unaffected (blue) by
Sunlight Contamination on Each Spacecraft during August-September 2015
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6.3.3.1 FEEPS Lowest-Energy Channels

As previously mentioned, the first energy channels (i.e., lowest energy channel, with index 0)
from FEEPS ion and electron instruments have their threshold set very near to or within the
noise threshold. These channels from most (but not all) eyes are thus measuring noise and
should not be used for scientific data analysis. Additionally, on several of the FEEPS eyes, the
second and/or third energy channels require threshold adjustment as of 04 April 2016. An
example of the effects from this are shown in the energy distributions in Figure 6-10. Here,
energy distributions (in count rates) from a relatively isotropic angular distribution with high-
count-rates from 02 August 2015 are shown from each of the electron eyes on MMS1. Different
colors show the different eyes, as labeled, with eyes from the top deck instrument (e.g., T10)
shown with stars and those from the bottom deck instrument (e.g., B10) shown with diamonds.
These distributions show how the first few channels on several eyes are counting lower than the
other eyes. These affected eyes should not be included for science analysis.

6.3.3.2 FEEPS Flat Field

MMS-1 Electron Eyes
‘ T T T ‘
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100 ©
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Figure 6-10 Energy Spectra of the 24 Individual FEEPS Eyes (3 ion and 9 electrons per sensor, top
and bottom) on MMSI [The reduced count rates observed in the lowest energy channel for multiple
eyes is contributed to thresholds set near or at the sensor’s noise threshold]

A flat-fielding effort has been made to ensure that FEEPS data from all of the FEEPS
telescopes are consistent. For the electron data, the correction involves a linear shift in the
energy channels. For these, a constant energy is added or subtracted to each eye’s energy
channels’ limits. That method was deemed necessary due to the nature of the disagreement
from eye to eye, which showed a stronger disagreement at lower energies. Also, the
effectiveness of this correction was clear during injection events, in which energy dispersed
enhancements of electrons were observed by the spacecraft. To determine these energy offset
corrections, we examined a number of periods (>10) during 2016 that exhibited steady local
plasma conditions and high FEEPS count rates. During these periods, we compared the 1-spin
averaged omnidirectional distributions from all of the eyes on each spacecraft and calculated
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the correction offsets that brought each closest to the mean distribution from all eyes. That
method assumes that the correction factors are all spread around the true distribution, which is
confirmed by comparisons to the EIS average distributions from the same times. The same
method was applied for the ion eyes, though (interestingly) the corrections for the ion eyes were
best when applied using a gain (i.e., multiplicative) factor. These correction factors have been
organized into tables containing adjustments for each FEEPS channel and eye over all
instruments and spacecraft.

6.3.4 FEEPS In-Flight Calibration

Figure 6-11 presents an example of the effect of the light contamination in survey data. From
top to bottom it shows: electron omnidirectional averaged energy spectra from survey data, ion
omnidirectional averaged energy spectra from fast survey data, and the spin sector number
from a period 02 August 2015. Note that the spin-tone signatures in the electron and ion data
are the result of sunlight contamination in the survey data product. This is masked onboard via
masking tables loaded onto the spacecraft periodically since August 2016. Figure 6-3 records
the onboard masking tables used to-date to mask sunlight-contaminated raw spin sectors in the
onboard production of FEEPS fast and slow survey data. For data products prior to these
changes, please refer to the data quality flags when using any FEEPS survey data for science.
Sunlight contamination is removable from burst data products using masks identified from
sector masks as described previously in section 6.3.3.

MMS-1 FEEPS Flux-Energy Spectra and Spin Sector
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Figure 6-11 Example of the Effect of Sunlight Contamination on FEEPS Survey Data [Omni-
directionally-averaged energy spectra for electrons and ions are shown in the top and middle

panels, respectively. The bottom panel shows the spin sector]

Upload/Change MMS1 MMS2 MMS3 MMS4
Execution Execution Execution Execution

15 onboard table' | 2016-08- 2016-08- 2016-08- 2016-08-
05/20:05:00 05/21:17:40 06/02:04:13 06/03:46:46

Fix to 1% onboard | 2016-09- 2016-09- 2016-09- 2016-09-

table® 14/16:15:00 14/17:30:00 14/18:44:51 14/19:59:46

Fix to 1% onboard | 2017-02- 2017-02- 2017-02- 2017-02-

table® 16/19:30:05 14/23:29:54 17/14:20:14 17/15:50:07

2" onboard table | 2017-08- 2017-08- 2017-08- 2017-08-

(top) 16/19:40:06 16/21:45:38 16/23:41:07 17/13:34:12

2" onboard table | 2017-08- 2017-08- 2017-08- 2017-08-

(bottom) 16/19:44:03 16/21:48:55 16/23:44:24 17/13:31:15

3" onboard table 2018-01- 2018-01- 2018-01- 2018-01-
24/01:43:31 24/22:08:27 18/16:11:39 18/17:54:34

lincorrectly applied masking table for top units to the count observations on both top and bottom

units, failed to mask live-time correction (LTC), & applied the masking tables to all burst count

gbservations;

Table 6-2 History of Sunlight Contaminating Masking Tables Implemented to-date Onboard MMS
Spacecraft

6.3.5 Data Processing Pipeline
Figure 6-12 shows the plan for processing the EPD (FEEPS and EIS) data. Algorithms for generating

Levels 1a and 1b data are generated by the EPD Team at LASP (FEEPS) and APL (EIS), and are
transferred to the MMS SOC at LASP for execution. Level 2 data for FEEPS and EIS are generated by
the EPD Team at LASP (with certification by Aerospace) and APL, respectively. The Level 2 products
are then delivered to the MMS SOC. Figure 6-12 shows details of the processing, including highlighting
the need for the availability of magnetic field data and ephemeris data at various stages of the production.
Figure 6-13 shows additional details of the more complex FEEPS data production chain.
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Figure 6-13 The Four Institutions Involved in Producing the Final FEEPS Data Set [SwRI
(responsible for the CIDP onboard each spacecraft), LASP (responsible for calibration tables, data
processing, and the POC), Aerospace (responsible for data calibration factors and updates), and
APL (responsible for validation and management)]

6.3.6 Validation

Over the mission lifespan, data validation has been conducted by the EPD Investigation Team,
broader MMS Science Working Team, and the general user community. Prior to launch,
validation was conducted through a rigorous suite of testing and verification processes
summarized in Mauk et al. (2016). Since launch, validation has continued via regular ongoing
reviews of the data as well as corrections to the instruments as needed as the data continues to
progress. As detailed in section 6.3.2, cross-comparison with other MMS instruments has been
conducted. Resulting discrepancies generated an internal review and assessment that led to
several adjustments being made to efficiencies and other parameters included in the EIS
calibration matrices. Additionally, any anomalies during the processing of the data (found be
operations personnel or by the science community), have led to reprocessing of the entire data
set to correct the errors. The EPD team confirms that any missing science data correlates with
expected routine or anomalous outages.

6.4 EPD ALGORITHM DESCRIPTIONS

6.4.1 Conversion from Counts/sec to Flux (L1->L2)

The data that comes down from both EIS and FEEPS is mostly in the form of counts per
accumulation period (i.e., spin sector) per sensor. A “sensor” is a small portion of measurement
parameter space, where the parameters correspond to “look direction” (in 2 dimensions),
energy, and “species” (i.e., electrons or ions; where ions are protons, helium ions, or oxygen
ions). The prime challenge for ground processing is to turn each of these data values from a
“counts per accumulation” (C/A) to intensity [1/(cm?-s-sr-keV)] for the particular parameter state
represented by the sensor. The algorithm for doing so is documented here.

1) Because a SSD response (output rate for a given channel) tends to be roughly linear
when rates are low, but non-linear when rates are high, for high rates one must be
prepared to perform a “dead-time correction” to reconstruct the true input rates. That
correction is performed using a “live-time (LT) counter” (for FEEPS) or a “dead-time
counter” (for EIS). Depending on how this number is generated, there is a conversion
procedure to convert it into a “fractional live-time” (e.g., FLT = accumulation time / LT).
For EIS there are other factors that go into the dead-time correction (e. g., processor
speed) and the full algorithm is documented elsewhere.

2) Convert C/A to counts per second (C/S = R) using:

R—_C/A
" TAXFLT’
where TA is the channel accumulation period and FLT is the aforementioned live-time

correction.
3) If judged to be needed, subtract off a background, generally caused by cosmic rays:

RC =R — CR_BG.

This document is continually updated as new information becomes available. Downlink 6-19
the latest version before use: http://doi.org/10.48322/VSHD-SV21.



670-MMS-Proj-Plan-CMAD
MMS Overview — Revision 4

To-date, this correction remains unapplied in EPD data. This background is apparent in
instances of low counting statistics. Note that CR_BG is energy-dependent with a peak
corresponding to a minimum ionizing energy near 300 keV for FEEPS and 160 keV for EIS (with
its thinner detectors).

4) Convert R to Intensity (/) as such:
R

I e
(E,—E;) X eG’
where eG is the efficiency (e) times the geometric factor (G) and E; and E; are the lower
and upper energy bounds of the channel, respectively. Note that eG, E1, and E; are
“calibration factors” that are provided in the “Calibration Matrix” spreadsheet (see
Appendix A) to the processing software. There is one complete set of numbers for each
of the hundreds of channels.

More about these factors is provided in section 5.1.

5) When plotting the data or using it for calculations, the intensity is often identified with a
central energy, often estimated as the geometric mean (Egm = E; X EZ), an estimate

that would be exact if the spectral index (g) were equal to 2 in the expression I +
C X E79, where C is a constant and E is energy.

The result of all of this processing can be notionally thought of as filling one or more spreadsheets
with the column headings for each look direction like:

e Spacecraft * Energy (E1, E2, Egm) * Species
e Instrument * Counts per Accumulation (C/A)

e Direction (6,¢) + Counts per Second (C/S)

e Pitch Angle * Intensity (/)

The pitch angle (PA) is the angle of the look direction with respect to the magnetic field (PA =
cos'l[c_i b 5]), where d is minus the unit view direction vector in spacecraft coordinates (i.e., the
look direction in GSE coordinates) and b is the unit magnetic field vector in spacecraft

coordinates (BCS). This angle is needed immediately because ordering the particle data by the
magnetic field is central to understanding the data.

The generation of low and high-level data products from this notional spreadsheet is all about
organizing the data in different ways (e.g., choose one look direction — or average all look
directions - and one species generate an energy spectrum, etc.).

6.4.2 FEEPS Conversion from Counts to Flux (L1->L2)

Level 1b: FEEPS L2 data is organized into CDF formatted data files. The variables in these files
correspond to data derived from the counts variable contained in L1A, primarily count rate and
intensity, as well as variables containing magnetic field pitch angle data, ephemeris data and
data quality indicators. The intensity value is calculated using the following components:

Live Time (LT):
LT =C*LTC,
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where € = 8E-6 and LTC is the Live Time Counts.

Count Rate (CtRt):

CtRt =Ct/LT - CRBG =Ct/(C*LTC) - CRBG,
where Ct is the counts and CRBG is the cosmic ray background, which is currently defined in the
FEEPS calibration file as a constant (CRBG = 0.0).

Intensity (1):
I = CtRt/ ((E2-E1)*Eff*GF

where E1 and E2 are the energy step bounds, Eff is the efficiency, and GF is the geometric factor
defined in the FEEPS calibration file.

Percent Uncertainty (%o):

% o = 100% * \Ct,
where the one standard deviation measurement uncertainty of the counts is defined by the
standard Poisson counting error g, = \Ct

There are four types of FEEPS L1b data:

1. L2 electron burst
2. L2ion burst

3. L2 electron survey
4. L2 ion survey

These types are represented in the data file names. Note that the top/bottom field of the L1A file
names have been moved into the files as a component of the variable names:

e mms1_feeps_brst I1b_electron_20211019023633_v6.1.1.cdf
e mms1_feeps_srvy I1b_ion_20211019000000_v6.1.1.cdf

6.4.3 FEEPS Data Quality Flags

MMS FEEPS data quality indicators allow the scientific community access to the most
comprehensive FEEPS data set without being overwhelmed by detailed characteristics of the
instrument health. A simple system of quality indicators is advantageous for encouraging the
correct usage of the MMS FEEPS data by scientists within and outside the MMS team. The
system of data quality indicators is identical for Burst and Survey data products, although some
quality indicators will be unique to Survey data and unused for Burst data. A quality indicator is
assigned to each time step for each FEEPS eye (i.e., telescope).

The FEEPS data quality indicators combine knowledge of contamination features in the FEEPS
observations and onboard operations. FEEPS Team members have used the high resolution
FEEPS observations (burst mode) to identify sun contamination features which are dependent
on the spacecraft spin, i.e., dependency on spin sector. Onboard spin sector masking has been
implemented before the summation of high-resolution observations into low resolution Survey
sectors to avoid the irreversible contamination of Survey data. Furthermore, the FEEPS
instrument is routinely operated in an instrument calibration mode which is unsuitable for
scientific research. In summary, the quality indicators are a product of the comparison between
sun contamination tables, onboard masking tables, and onboard calibration times.
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The highest-resolution FEEPS observations are recorded in burst mode at a rate of 64 samples
per spin, which are referred to as spin sectors. In survey mode, the FEEPS observations are
recorded at an eighth of the burst-mode resolution by summing the 64 spin sectors into 8 survey
sectors per spin onboard the spacecraft. Removing sunlight contamination from the survey data
requires masking contaminated spin sectors onboard before summing into survey sectors and
transmitting to Earth. A spin sector mask table can be updated on each of the MMS spacecraft
to avoid contamination in future survey mode observations and since the burst data contains the
highest available angular resolution, onboard burst masking is not necessary.

The time-dependent contamination tables and onboard masking tables share a similar structure
where both tables for a single spacecraft consist of a 64x24 table, with the 64 rows representing
the 64 spin sectors in a spin and each column representing a FEEPS eye/sensor (top 1 — 12
and bottom 1 — 12). In a contamination table, each individual entry consists of a “0” or “1”,
representing “clean” or “contaminated”. In an onboard masking table, each individual entry
consists of 4 digits where each digit indicates if each of the following values have been masked
(=1) or not masked (=0): survey counts, survey LTC, burst counts, burst LTC. The onboard
calibration time periods are marked with the binary L1a variable “...calstate”. The corresponding
time dependent contamination table and onboard masking table is included in the FEEPS data
products for transparency in the assignment of the quality indicators. The more advanced user
does have the option to pick and choose whether to accept these quality indicators, although,
this more advanced option is highly discouraged without the guidance of a FEEPS team
member.

An overview of the quality indicators can be found below and is followed by a detailed
description of each quality indicator assignment. While the following description uses a color
scheme to indicate data quality, similar to a traffic light, the quality indicators are reported as
integers in the data products.

These are the data quality flags are included in Level 2 data products.
For BURST- and RAW-mode data, there are three possible quality indicators:

¢ Green (Quality Indicator = 0): No contaminated or masked spin sectors (best data quality);

¢ Red (Quality Indicator = 3): Contaminated spin sector is associated with BURST and RAW
data (this data is not recommended for scientific use);

e Grey (Quality Indicator = 4): FEEPS calibration data (this data is generated by the
instrument itself and is not recommended for scientific use);

For SURVEY-mode data, there are five possible quality indicators:

¢ Green (Quality Indicator = 0): No contaminated or masked spin sectors (best data quality);

e Yellow (Quality Indicator = 1): Among the spin sectors used to create a SURVEY
aggregate spin sector, onboard masking is successfully applied to a minimum of 1 and a
maximum of 7 spin sectors and there is no contamination in any of the individual spin
sectors . Note that since this indicator applies only when onboard masking is applied,
some sectors are not observed.

e Orange (Quality Indicator = 2): There is contamination of between 0 and 50% of the not-
masked sectors. Warning: this data contains contamination;
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¢ Red (Quality Indicator = 3): Same as orange except that there is contamination of 50% or
more of the not-masked sectors. IN ADDITION, this indicator applies to the case where
onboard masking is applied to all 8 spin sectors in the aggregate sector.
e Grey (Quality Indicator = 4): FEEPS calibration data (this data is generated by the
instrument itself and is not recommended for scientific use);
Burst-mode observations only use the “Green”, “Red”, and Grey” quality indicators. If a burst
spin sector is contaminated and/or masked in any way (counts or LTC), the spin sector is
recorded with the “Red” quality indicator (1) and is not recommended for scientific use. Without
contamination and masking, a burst spin sector is recorded with the “Green” quality indicator
(0), representing the best available data. The “Grey” quality indicator will be described later in
this document. Using the contamination table and onboard masking table to assign a quality
indicator is described in “pseudo code” below. Remember, the onboard masking table entry
contains four digits, with the third and fourth digit recording the burst count masking and LTC
masking.

IF (Contamination EQ 1) OR (Onboard[3] EQ 1) OR (Onboard[4] EQ 1) THEN Quality = 1
All five quality indicators ("Green”, “Yellow”, “Orange”, “Red”, “Grey”) can be assigned to the
survey observations. In survey mode, eight spin sectors are accumulated onboard into a single
survey sector and thus, onboard masking is used to remove contamination, although, not
always successfully. If a survey sector does not contain any contaminated or masked spin
sectors, then the survey sector is recorded with the “Green” quality indicator (0) and represents
the best available data. If a survey sector does not contain any contamination and includes a
total of 1 to 7 masked spin sectors, then the survey sector is recorded with the “Yellow” quality
indicator (2). The “Yellow” quality indicator shows the user that not all spin sectors have been
observed within the survey sector and thus the data will not represent the full angular coverage
of the survey sector. Both “Green” and “Yellow” quality indicators do not contain any
contamination and are encouraged for scientific use.

Since the onboard masking began in August 2016 and the contamination identification has
evolved over time, not all contamination has been masked onboard before summing into survey
sectors. The “Orange” quality indicator (3) is recorded when a survey sector contains less than
50% contaminated spin sectors. The user should exercise caution when using “Orange” quality
data and is encouraged to contact FEEPS team members for guidance when publishing
scientific results. Lastly, data recorded with the “Red” quality indicator (1) is not recommended
for scientific use. The “Red” quality indicator applies to any survey sector which contains more
than 50%. The “Grey” quality indicator will be described later in this document.

As a reminder, an onboard masking table entry contains four digits, with the first and second
digit recording the survey count masking and LTC masking. The onboard masking must include
counts and LTC to be considered completely masked and a partially masked spin sector is
considered the same as a contaminated spin sector. Partially masked spin sectors are primarily
a concern during the initial implementation of onboard masking between July 2016 and
February 2017. Assigning a quality indicator to a survey sector requires examining the
contamination and masking status of each of the eight summed spin sectors and comparing the
total masked and contaminated spin sectors with the above quality indicator criteria. Again,
“pseudo code” for the survey quality indicator is below.

Clean = 0 ;Initialize clean spin sector counter at 0
Bad = 0 ;Initialize bad spin sector counter at 0
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Masked = 0 ;Initialize masked spin sector counter at 0
FOR spinSect = 1, 8 DO BEGIN
Onboard = the 4-digit Onboard masking table entry for current spin sector
Contamination = the sun contamination table entry for the current spin sector
IF (Onboard[1] NE Onboard[2]) THEN BEGIN
Bad = Bad + 1 ; Increment bad counter bc current spin sector is not completely masked
STOP
ENDIF ELSE IF (Contamination EQ 1 ) AND ( Onboard[1] EQ 0 ) THEN BEGIN
Bad = Bad + 1 ; Increment bad counter bc current contaminated spin sector isn’t masked
STOP
ENDIF ELSE IF (Onboard[1] EQ 1 ) THEN BEGIN
Masked = Masked + 1 ; Increment masked counter
STOP
ENDIF ELSE Clean = Clean + 1 ; Increment clean counter
ENDFOR
IF (Clean EQ 8 ) THEN BEGIN
Quality = 0 ; All 8 spin sectors are clean, assign “Green” quality indicator
ENDIF ELSE IF (Masked EQ 8 ) THEN BEGIN
Quality = 1 ; All 8 spin sectors are masked, assign “Red” quality indicator
ENDIF ELSE IF ( (Bad EQ 0) & (Masked > 0) ) THEN BEGIN
Quality = 2 ; Masked sectors total between 1 and 7, assign “Yellow” quality indicator
ENDIF ELSE IF (Bad/(Bad+Clean) < 0.5 ) THEN BEGIN
Quality = 3 ; Less than 50% spin sectors are bad, assign “Orange” quality indicator
ENDIF ELSE Quality = 1 ; 50% or greater spin sectors are bad, assign “Red” quality indicator

The final input into the assignment of data quality indicators is the timing of onboard calibration
testing. The time intervals when the FEEPS instrument is in the onboard calibration mode are
marked with the binary L1a variable “...calstate” and the data is not suitable for scientific
research. If a burst or survey sector contains calibration testing data, the sector is assigned the
“Grey” quality indicator (4).

IF (calstate EQ 1) THEN Quality = 4

These data quality indicators allow for quick sorting of the FEEPS data for scientific use,
although the more advanced user does have the option to pick and choose whether to accept
these quality indicators. This more advanced option is highly discouraged, but is provided to
show transparency in the assignment of the quality indicators. The FEEPS data sets contain
variables for the sun contamination tables, onboard masking tables, and calibration mode, such
that the data quality indicators can be reproduced by others.

6.4.4 EIS Calibration Matrix Overview

The response of the EIS sensors is complicated, and our understanding is based on a
coordinated array of approaches, specifically:

i) bench testing of channel gains and other characteristics based on calibrated pulse
inputs;

ii) calibrations using particle accelerator beams;

iii) calibrations using radiation sources;

iv) simulations of particle interactions with matter using such tools as GEANT4; and

v) geometric calculations.
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All of this information can be captured within an Excel Spreadsheet, with one sheet per sensor
head. This spreadsheet captures various functional relationships with polynomial fits up to the
6™ order. We will be referencing various portions of such a spreadsheet and will often do so by
specifying the cell that is in the upper left had corner of the referenced region of the
spreadsheet. All the information described below, plus an additional hard-wired geometric factor
and flat field function for the six electron and six ion telescopes (look directions) per sensor (not
shown), is sufficient to determine the efficiency of detection of particles within an EIS sensor.

An example of such a calibration matrix is shown in Figure 6-14 and specifically captures:

—_—

) Rows 5-12: The coefficients of the 6th-order polynomial fit expressing the SSD-measured
energy in keV as a function of the internal sensor SSD data numbers (E-DN) for the six large

2) electron (columns B-G) and six large ion (columns I-N) SSD pixels.

3) Rows 20-26: The coefficients of the 6th-order polynomial fit expressing the SSD-measured

4) energy in keV as a function of the internal sensor SSD data numbers (E-DN) for the six small

5) electron (columns A-G) and six small ion (columns H-N) SSD pixels.

6) Cells B31-37: The coefficients of the 6th-order polynomial fit expressing the ion TOF in
nanoseconds (ns) as a function of the internal TOF data number (TOF-DN).

7) Cells D35-H41: The coefficients of the 6th-order polynomial fit expressing the TOF in ns

(TOF[ns]) as a function of the ion energy in keV coming into the sensor for different species
(H, He, and O), taking into account the amount of materials in the form of foils that the ion
must pass through to get the time-of-flight section.

8) Cells J35-N41: The inverse of the cells in 4) for each species, i.e. the coefficients of the 6™-
order polynomial fit expressing the ion energy coming into the sensor in keV as a function of
the TOF(ns) in ns.

9) Cells B45-F52: The coefficients of the 6™-order polynomial fit expressing the SSD deposited
energy in keV as a function of the measured energy in keV, taking into account the pulse
height defect associated with SSD measurements.

10) Cells 145-M52: The coefficients of the 6™-order polynomial fit expressing the energy input to
the sensor in keV as a function of the energy deposited within the sensitive volume of the
SSD, accounting for all of the materials that an ion must pass through before getting to the
sensitive area of the SSD, including the SSD dead-layer.

11) Cells B57-J63: The coefficients of the 6™-order polynomial fit expressing the scattering
efficiency of the sensor (efficiency between 0 and 1) as a function of the incoming energy in
keV for different particle species (e-, H, He, O, and S), taking into account the scattering within
the collimator foil and the start foil and considering two possible software constraints on the
valid time-of-flight (designated “P-1 sec” and “P-3 sec”). For electrons, this information
includes scattering within the 2 ym of Al flashing that is deposited on the front surface of the
SSD to keep out energetic protons.

12) Cells L61-0O66: The coefficients of the 6th-order polynomial fit expressing the dE/dX
(electronic) in keV/um as a function of the ion TOF in ns, based on the laboratory-validated
finding that the efficiency of emission of secondary electrons from the start and stop foils
scales according to the dE/dX (electronic) within the emitting surfaces of the foil. Cells L58-
059 provide the laboratory-determined number of secondary electrons emitted for a “standard
candle” of ~4.5 MeV alpha particles from a slightly degraded Am241 radiation source (with
dE/dX of approximately 160 keV/um within carbon).

In Figure 6-14, the information described above is used to determine the energy and efficiency
characteristics for the various channels comprising the EIS onboard data products (the channels
shown are notional, not comprehensive). Four different kinds of channels are defined: 1)
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electron energy channels (rows 74-77); 2) ion energy channels (derived strictly from SSD
measurements; rows 81-84); 3) TOFxE channels (rows 88-98); and 4) TOFxPH channels (rows
102-108). The user of this spreadsheet fills out the information in Columns A through H (which
includes the data numbers for the range of energy or TOF, depending on the channel type), and
the spreadsheet automatically calculates all of the other columns, including incoming energy
ranges (“Ein1”, “Ein2”) and various contributions to the detection efficiency. The final intensity of
a channel is derived by normalizing the channel count-rate by a geometric factor (not shown), a
flat-fielding function (now shown), and by the “Eff-2” shown in the right-most column of each
row. This energy assigned to each channel is the geometric mean of the energy range, called
“mean Ein” in column O.

A B [ ¢ ] b E F G H J K L M N ) P Q
1 _[Note: All Energies are in keV

2

3 [Linear-Linear: SSD Measured-Energy = P6[SSD Energy-Channel]

4 |Large Pixel Electrons Large Pixel lons

5 Sec 0 Sec1 Sec 2 Sec 3 Sec 4 Sec 5 Sec 0 Sec1 Sec 2 Sec 3 Sec 4 Sec 5

6 a0 -4.22E+00 [ -4.22E+00 [ -4.22E+00 | -4.22E+00 | -4.22E+00 | -4.22E+00 a0 -4.2741 -4.2741 -4.2741 -4.2741 -4.2741 -4.2741

7 al 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 al 9.73E-01 | 9.73E-01 | 9.73E-01 | 9.73E-01 | 9.73E-01 | 9.73E-01

8 a2 -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 a2 -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04

9 a3 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 a3 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06

10 a4 -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 a4 -7.02E-10| -7.02E-10| -7.02E-10| -7.02E-10 | -7.02E-10 | -7.02E-10

11 a5 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 a5 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13

12 a6 -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 E -3.14E-17| -3.14E-17| -3.14E-17| -3.14E-17 | -3.14E-17 | -3.14E-17

13 Transition] 1707 1707 1707 1707 1707 1707

14 a0 -50205.45 | -50205.45 | -50205.45 | -50205.45 | -50205.45 | -50205.45

15 al 29.41155 | 29.41155 | 29.41155 | 29.41155 | 29.41155 | 29.41155

16 a2 0 0 0 0 0 0

17

18 |Small Pixel Electrons Small Pixel lons

19 Sec 0 Sec 1 Sec 2 Sec 3 Sec 4 Sec § Sec 0 Sec 1 Sec 2 Sec 3 Sec 4 Sec 5

20 a0 -4.22E+00 [ -4.22E+00 [ -4.22E+00 | -4.22E+00 | -4.22E+00 | -4.22E+00 a0 -4.2741 -4.2741 -4.2741 -4.2741 -4.2741 -4.2741

21 al 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 | 9.85E-01 al 9.73E-01 | 9.73E-01 [ 9.73E-01 | 9.73E-01 | 9.73E-01 | 9.73E-01

22 a2 -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 | -8.48E-04 a2 -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04 | -8.53E-04

23 a3 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 | 1.00E-06 a3 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06 | 1.07E-06

24 a4 -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 | -5.89E-10 a4 -7.02E-10| -7.02E-10| -7.02E-10| -7.02E-10 | -7.02E-10 | -7.02E-10

25 a5 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 | 1.62E-13 a5 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13 | 2.35E-13

26 a6 -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 | -1.56E-17 a6 -3.14E-17| -3.14E-17| -3.14E-17| -3.14E-17 | -3.14E-17 | -3.14E-17

27 Transition] 1707 1707 1707 1707 1707 1707

28 |Time of Flight: Linear-Linear a0 -50205.4 |-50205.45|-50205.45|-50205.45 | -50205.45 | -50205.45

29 |TOF(ns) = P6[TOF-channel] al 29.41155 | 29.41155 [ 29.41155 | 29.41155 | 29.41155 | 29.41155

30 [ [ [ a2 0 0 0 0 0 0

31 a0 0 [ [ [

32 al 0.25 Time-of-Flight Time-of-Flight

33 a2 0 Log10(TOF(ns)) = P6[Log10(Energy-into-sensor)] Log10(Energy-into-Sensor) = P6[Log10(TOF(ns

34 a3 0 H He o S H He o S

35 a4 0 a0 4.07022 | 6.67771 30.4431 | 22.8091 a0 4.27224 | 4.85607 | 5.20187 | 5.21416

36 a5 0 al -4.44458 | -9.48197 | -53.3389 | -36.9054 al -2.00664 | -1.82712 | -0.27687 | 1.0163

37 a6 0 a2 3.57637 | 8.05253 | 41.8469 | 27.7864 a2 0.168871|-0.502946 | -4.28586 | -6.45182

38 a3 -1.76968 | -3.81436 | -17.5368 | -11.2656 a3 -0.531903 0.629342 | 5.45036 | 7.0375

39 a4 0.49005 | 0.996382 | 4.09294 | 2.55162 a4 0.598064 |-0.338004 | -3.67144 | -4.08484

40 a5 -0.070962 | -0.135639 | -0.503966 | -0.305732, a5 -0.241902| 0.080924 | 1.24278 | 1.19879

41 a6 0.004173 | 0.007517 | 0.025568 | 0.015132 E 0.03666_[-0.002469-0.160795-0.136054

42

43 |Pulse-Height Defect Given SSD energy, What are the input energies coming into the sensor

44 |Log10[SSD Deposited-Energy] = P6[Log10(SSD Measured-Ener: Log10[Input Energy] = P6[Log10(SSD Deposited Energy)]

45 e H He o S e H He o S

46 a0 0 0.11867 | 0.307255 | 0.529719 | 0.550292 a0 1.05307 | 1.25705 | 1.54463 1.2593 1.26368

47 al 1 0.896368 | 0.776169 | 0.920533 | 0.958583 al 0.14046 [ 0.171718 | -0.34265 | 2.27329 | 2.42085

48 a2 0 0.02439 | 0.035927 |-0.080915 | -0.030018 a2 -0.373825| 0.087186 | 0.579905 | -2.62401 | -2.82329

49 a3 0 0.000589 | 0.005311 | -0.025027 | -0.049949 a3 0.647852 |-0.004526 |-0.187744| 1.49633 | 1.63798

50 a4 0 -0.000518 [ -0.001249 | 0.032986 | 0.028446 a4 -0.274551| 0.027604 | 0.043237 |-0.404066 | -0.456966

51 a5 0 0 0 -0.008163 | -0.00513 a5 0.049721 |-0.009543|-0.005471] 0.053539 | 0.063008

52 a6 0 0 0 0.000636 | 0.000314 a6 -0.003351 0.000892 | 0.000268 |-0.002806 | -0.003447

53

54 [Scatter Efficiency For Foil Efficiences

55 |Log10(Efficiency) = P6[Log10(incoming Energy] Log10(dE/dX (keV/mic)) = P6[Log10(E inTOF chamber)
56 e3-Sec | p1-Sec | p3-Sec | He 1-Sec | He 3-Sec| O 1-Sec | O 3-Sec | S1-Sec | S 3-Sec |Note: E-TOF is calculated from TOF(ns) and 6 cm flight path
57 a0 -21.897 | -23.1498 | -17.0693 | -35.4583 | -24.5146 | -60.122 | -30.9256 | 4.80265 | 2.77665 H He o S

58 al 46.2624 | 49.6625 | 35.5823 | 69.4742 | 45.9133 | 87.6626 | 34.7874 | -50.9711 | -39.7241 |Start nori 1.8 1.8 1.8 1.8

59 a2 -39.7908 | -43.3106 | -30.1752 | -55.6854 | -35.0682 | -49.4277 | -10.1167 | 66.6342 | 53.1123 |Stop nor 14 1.4 14 1.4

60 a3 17.8517 | 19.6744 | 13.3435 | 23.3922 | 13.9965 | 13.1316 | -2.23677 | -36.4353 | -29.3104 a0 1.498410| 1.597758| 1.788343| 1.864166
61 a4 -4.41111 | -4.91613 | -3.24984 | -5.43708 | -3.08225 | -1.48922 | 1.84537 | 10.0107 | 8.10283 al 0.558056| 0.833696| 0.154667| 0.433350)
62 a5 0.569924 | 0.641564 | 0.413957 | 0.663662 | 0.355483 | 0.011999 |-0.369034| -1.37094 | -1.11556 a2 -0.386226| -0.962019| 0.794291| 0.376468]
63 a6 -0.030119] -0.034211 | -0.021576] -0.033269 | -0.016793] 0.007043 | 0.02497 | 0.074683 | 0.061086 a3 0.544472| 0.825306 -0.689586| -0.461162
64 a4 -0.331377|-0.308763| 0.260376| 0.208833
65 a5 0.076581| 0.049080] -0.044271| -0.040284
66 a6 -0.006107] -0.002818| 0.002726| 0.002726)
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Figure 6-14 Example of Coefficients of up to the 6"™-Order Used to Define the Functional
Relationship of Multiple Parameters in the EIS Calibration Matrix

6.4.5 Known Features in the Dataset (Data Caveats)

6.4.5.1 EIS

a)

Telescopes (T3-ion, T2-electron) affected by sun shield: lon telescope T3 and electron
telescope T2 are substantially blocked by the instrument’'s sun shield. Although these
telescopes obtain valid data and are supplied in the EIS data products, care should be
exercised in using these telescopes if anomalies are seen.
EIS1 telescope (T4) SSD anomaly: On MMSH1, the solid-state detector (SSD) utilized in
telescope T4 (for both EXTOF ion and electron data), is responding anomalously and should
not be used at this point in time. It acts like it is under-biased, but the true cause is unknown.
EIS1 HV micro-discharges anomalies: For the MMS1 spacecraft, the HV system experienced
micro-discharge anomalies that caused the HV to be shut down by the onboard software on
30 January 2016, with some anomalous behavior seen for the first time on 21 January 2016,
about 6 months after HV turn on. Because only 3 EIS units were required, the HV on EIS1
was disabled for the rest of the prime mission. EIS1 data prior to 21 January 2016 are
assumed to be unaffected by these anomalies.
i. Beginning on 18 April 2016, EIS1 was put into high-resolution electron mode with
“electronenergy” burst data enabled.
ii. ii. HV (and ion species data) on MMS1 was re-enabled beginning on 31 January 2018.
No further issues have been recorded to-date.
HV turnoff in inner magnetosphere: From launch through 8 August 2016, the high voltage (ion
data) on all EIS units was turned off inside a radial distance of 7 Re. The disabling of the HV
system does not affect the collection of electron data.
i. Beginning on 8 August 2016, this turn on/off point was reduced to 6 Re on MMS2; the
change to 6 RE was implemented on all spacecraft beginning on 22 March 2017.
ii. On 1 March 2018, the HV on/off flight rule was changed from 6 RE to L=6.
ii. On 12 March 2019, the HV on/off flight rule was changed from L=6 to L=5 for MMS4;
after analysis revealed little degradation this was applied to MMS1-3 on 4 June 2019.
HV turnoffs during long eclipse seasons and campaigns: At the following times, certain or all
EIS units had the HV disabled or were entirely powered off — affecting data availability.
i. 12-30 June 2016 — Long-eclipse season
ii. 6-15 March 2019 — Turbulence campaign
iii. 17-31 August 2019 — Long-eclipse season
iv. 8-19 August 2020 — Long-eclipse season
EIS electron data availability: Because of data volume limitations, and because the FEEPS
sensors are the primary energetic electrons sensors, electrons are only measured on certain
EIS units at any given time; which units are used for electrons was switched approximately
every 14 orbits (~14 days) during MMS Phases 1, and was changed to every 3 orbits (~15
days) before the beginning of Phase 2b. Prior to the EIS1 HV anomaly detailed in item c),
electrons were measured either on EIS1/3 or EIS 2/4. The units that are not generating
electron data are instead generating what is called “event” data for diagnosing instrument
performance.
i. After the EIS1 high-resolution electron mode was enabled, the swapping was disabled
for EIS1, but remains in effect for EIS2-4.
ii. Beginning on 15 March 2017, this swapping was changed to every 5 orbits (~15 days).
Burst electron data is obtained only from EIS1 and only following the reconfiguration
of EIS1 into a high-resolution electron sensor.
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)

k)

n)

iii. EIS electron data collection beyond 6 RE was discontinued for MMS2-4 on 14
November 2017; electron data ceased on MMS1 with the re-enabling of the HV on 31
January 2018 (see item c.ii above).

iv. EIS electron data was re-enabled on MMS4 only on 5 December 2019 with new
energy channels covering from ~300 keV to >1.8 MeV

Cosmic ray background in electron data: Penetrating cosmic rays generate a low-level band

of contamination in the electron spectra (at about 1 count/s) centered between 150-200 keV.

This contamination has not been subtracted from the foreground.

Helium charge-state: Despite being labeled as “alpha” in the ExXTOF files, the charge state of

the helium (and oxygen) ions is unmeasured.

New vX.Y.100+ files of L2 EIS data, produced and made publicly available in Summer 2021

changed the names of these “alpha” variables to “helium” to more accurately represent their

content. These corrections were not applied to L1a/b data files and older data files that include
the original “alpha” variable names should not be used.

PHXxTOF species determination: While in principle the low energy PHxTOF data products

are able to discriminate between proton and oxygen, this discrimination works only when the

heavy and light ion intensities are similar. Given the reality of the relative intensities, there is
no automated procedure that can cleanly separate the light and heavy ion intensities for the

PHxTOF lower energies, and the PHXxTOF oxygen measurements are deemed unreliable

and should be used with great caution. As such, several PHXTOF oxygen channels were

reallocated to allow for better proton energy resolution beginning on 26 September 2016.

Solar proton contamination in electron measurements: Because of the technique used by

EIS to measure electrons, a simple SSD with 2 ym of aluminum flashing on top, there will be

periods of time (for solar proton events in particular) when the electron measurements are

contaminated with >250 keV protons.

Cross-calibration efforts: During the first half of 2017, a considerable effort went into cross

calibrating the EIS, FPI, HPCA, and FEEPS-ion sensors in their overlap regions. Based on

this effort, the calibration matrices for EIS were substantially modified. As of this writing the
new calibration matrices have been applied to all data following 1 November 2016. It is our
intention to apply the calibration matrices on earlier data over time. The major change is in
the efficiencies of protons at energies less than 50 keV, yielding intensities near 30 keV that
are a factor of 5 higher than originally estimated.

i. The results of these cross-calibration efforts were implemented in the reprocessing
of the complete L2 EIS dataset (new vX.Y.100+ files) that were made publicly
available in Summer 2021. These corrections were not applied to L1a/b data files.

Flat-fielding: An initial flat-fielding attempt has been made to adjust the EIS intensities. This

initial attempt is known to be imperfect and is expected to be improved over time.

Efficiency effects on flux determinations: The efficiency of ion detection for making ExXTOF

and PHxTOF ion measurements evolves over time because of variations of the gain of the

microchannel plate in each of the EIS units. To-date a nominal efficiency multiplier is utilized
with the Level 2 data, but slow evolutions of those efficiencies have not been folded into the
data processing. The multiplicative error is up to about +30%.

EIS file versioning: The full reprocessing of the L2 EIS dataset in Summer 2021 (new

vX.Y.100+ files) updated the file versioning reported in Figure 6-2.

6.4.5.2 FEEPS

a)

Sunlight contamination in survey data: Many of the FEEPS eyes suffer from light

contamination, likely due to direct sunlight and glint coming through foils that were damaged
during launch. This light contamination is identifiable in spectra specific to an individual spin
sector and, therefore, correctable in burst mode data. For survey data products, prior to the
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CIDP changes implemented in October 2016, this contamination has an uncorrectable effect
on some of the FEEPS eyes. Since the survey data products are produced by aggregating
burst resolution data onboard each spacecraft for some eyes, the sunlight-contaminated
sectors are unfortunately being combined with good sectors to produce the lower resolution
corrupted survey sectors. This and other issues have been corrected via a series of CIDP
updates implemented between October 2016 and August 2017. However, the fix is not
perfect; some sunlight contamination still manages to make its way into the data product
and should always be considered first when contamination associated with rotation are clear
in the “spin tones” of the data products. For all data before and after these changes, please
be aware of this contamination source and account for it in your studies. With burst data,
please ensure that the affected eyes/sectors have been removed for analysis, and with
survey data, be aware of the presence of this contamination in the data and proceed with
caution for any scientific studies with that portion of the dataset. Badly affected telescopes
can also be removed from studies using survey data. More details, including examples of
the sunlight contamination and examples of maps of the affected eyes and sectors from
each spacecraft are provided in section 6.3.2. NOTE: these effects change over time.
Quality flags are provided in Level 2 data products to aid in the cautious use of survey data
products. The MMS-specific IDL-based SPEDAS routines for FEEPS have been
implemented with a hardwired filtering for eliminating the bad eyes and sectors.

Sunlight contamination in burst data: For data between October 2016 and August 2017,
some burst data were also adversely affected; please refer to section 6.3.2 and contact
members of the EPD team for guidance on any data analyses using data during this period.
Spin tone: Despite flat fielding efforts (see section 6.3.2.1), the spin tone is still often visible
in FEEPS electron data binned by pitch angle or gyro-phase. This is because the flat fielding
changes the energy channel bounds for each FEEPS eye and sunlight contamination
removes sectors from some telescopes in each spin. In effect, different telescopes are
measuring slightly different energies. In a future version of the Level 2 data product, the
data will be interpolated onto a common energy grid, which should mostly remove the spin-
tone due to flat fielding. Currently, these inconsistencies can have a noticeable effect when
combined with exponentially decaying energy spectra. In addition, the maximum or minimum
values in the spin distribution might be missed if they fall in a contaminated sector.

FEEPS unit timing: Prior to the October 2016 Central Instrument Data Processor (CIDP)
changes, the FEEPS top and bottom units used independent times for the initial (i.e., 0™)
sector of each spin. This misalignment is being accounted for in the data products, and the
onboard correction was implemented on each spacecraft with the CIDP changes in October
2016. The CIDP changes will ensure that both top and bottom instruments trigger
simultaneously on the sun-pulse signal on each spacecraft and that no alignment on the
ground will be necessary. Prior to this date, the science data will contain a default fill value
indicating NAN for any sectors that were affected by the misalignment. This effect is mostly
superficial, but is documented here for completeness.

Energy thresholds for lowest energy channels: The first energy channels (i.e., those with the
smallest indices) from FEEPS ion and electron sensors have their threshold set very near to
or within the noise threshold. These channels from most (but not all) eyes are often
measuring noise and should not be used for scientific data analysis. When included in the
omni-directional product, these eyes result in a discrepancy at the lowest energy channel(s).
On several of the FEEPS eyes, the second energy channels also require threshold
adjustment as of 04 April 2016. The effect of this is clear when comparing energy spectra
from independent eyes during periods with high count rates and isotropic angular
distributions. The affected eyes/energy-channels will show large (factor of 5 or more)
decreases or increases in the count rates compared to the other eyes. An example of this is
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shown in Figure 6-10. The affected channels should not be included for any scientific
analysis.

f) Integral channels: The last energy channels (i.e., those with the highest energy level, with
index 15) for FEEPS ion and electron instruments are effectively integral channels,
combining counts from all energies greater than those in index 14. Thus, these data are an
independent and different dataset from the other channels and should not be included in
combined spectra or energy distributions with the other channels.

g) Solar Energetic Particle (SEP) contamination in electron channels: it is expected that there
will be some response in the electron sensors to SEPs, however, as of 04 April 2016), the
electron measurements seem to be relatively unaffected by these events.

h) lon measurement contamination by electrons: the ion measurements are largely unaffected
by energetic electron contamination. This is due to the ultra-thin detectors used in the
FEEPS ion eyes, which are less than 15 pm thick.

i) Radiation belts: As of 3 April 2020, the FEEPS data agree well with Van Allen Probes in
Earth’s outer radiation belt, however, some contamination of the electron data may be
present due to enhanced background levels during times of very hard radiation belt spectra
(i.e., high intensities of >1 MeV electrons). Caution should be taken when using these data
in the radiation belts, but they do provide a reasonably accurate measure of outer radiation
belt electrons. If the opportunity arises in the future there will be an effort to monitor the
>500 keV fluxes at GEO (using GOES13, 14, 15, 16 and 17) for cases of hard spectra and
then use the results to generate a baseline hardness at which the contamination starts to
rise. As of writing, it has been too magnetically quiet to obtain that data.

j) X-ray response: Based on tests conducted during solar X-ray flares on 04 and 09 November
2015, the FEEPS ion and electron instruments have no significant response to solar X-rays.

k) Cross-calibration efforts: Preliminary cross-calibration has been conducted between FEEPS
with EIS and FPI. Those results show good agreement between the instruments; however,
no formal cross-calibration factors have been applied to the dataset, so use caution when
combining these data products. Combined distributions are expected to be officially
produced as a Level 3 data product.

[) Quality indicators: Level 2 data products contain a data quality indicator which is described
in section 6.4.2.

m) Cosmic ray background in electron data: Penetrating cosmic rays generate a low-level band
of contamination in the electron spectra (at about 1 count/s) centered on about ~300-350
keV. This contamination has not been subtracted from the foreground.

6.5 DATA PRODUCTS

6.5.1 Data Products Overview

Three levels of data product available for scientific or engineering use referred to as L1A, L1B,
and L2. The first level, L1A, contains sensor counts represented as numerical values (as
opposed to telemetry bytes in level 0), L1B contains synthesized data such as pitch angles and
intensity. L2 data contains refinements to pitch angle and ephemeris data and is the data level
intended for use in scientific analysis. The dataset consists of a collection of timestamped files
which are formatted in accordance with the International Solar-Terrestrial Physics/Space
Physics Data Facility (ISTP/SPDF) standard Common Data Format (CDF).

Level 1b: The CDF variables in these files correspond to data derived from the counts variable
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contained in L1A (count rate and intensity) as well as variables containing magnetic field pitch
angle data, ephemeris data and data quality indicators. The algorithm for calculating intensity is
provided in section 6.4.1.

There are four types of FEEPS L1b data:
1. L1B electron burst
2. L1Bion burst
3. L1B electron survey
4. L1Bion survey

These types are represented in the data file names.

e mms1_feeps_brst I1b_electron_20211019023633_v6.1.1.cdf
e mms1_feeps_srvy I1b_ion_20211019000000_v6.1.1.cdf

Level 1b: These are observatory level data products; for each spacecraft, there would be one
set from FEEPS (the two instruments combined) and one set from EIS. At the “Record” level
there is time (UTC), a quality flag, (bad sector flag, but no quality flag in FEEPS L1b) an
accumulation time for each channel, a spin sector, perhaps a spin number, and magnetic field
and ephemeris data. At the detector or look direction level there is pitch angle, GSE look
direction (Solar Angle + Elevation), live-time (not in FEEPS L1b) or dead-time, and the E1 of the
lowest energy channel. At the channel level, there are 4-position “vectors”, specifically: {EGM,
counts-per-accumulation, counts-per-second, rough-intensity}, where EGM is the geometric
mean of E; and E, [\/E; X E,], the energy bounds of the energy channel. The deviations of E;
and E, for each channel from EGM are also reported. Here the “rough-intensity” is results from
the conversion of “counts-per-second” to “intensity” using only approximate, uncertified
calibration matrices, as are the energies, E( and E*. No live-time or dead-time correction is
applied to the counts, the counts/second, or the rough intensity. As with the Level 1a product,
for each record the UTC time (or equivalent) must be recorded and a standard for whether that
time is the beginning or the middle of an accumulation time. Quicklook data displays and any
needed SITL data products are generated at this level. Note that there are no EIS and FEEPS
data that are joined together at this point in time. The Level 1b data products are listed here,
with FEEPS in black and EIS in green (note that “top” and “bottom” FEEPS sensors are now
combined):

01. L1b-FEEPS-Electron-Burst

02. L1b-FEEPS-Electron-Survey

03. L1b-FEEPS-Ion-Burst

04. L1b-FEEPS-lon-Survey

05. L1b-EIS-PhxTOF-lon-Burst

06. L1b-EIS-EXTOF-lon-Burst

07. L1b-EIS-PhxTOF-lon-Survey

08. L1b-EIS-EXTOF-lon-Survey

09. L1b-EIS-Electron-Energy-Survey (diagnostic)*

10. L1b-EIS-Electron-Energy-Burst (diagnostic)**

11. L1b-EIS-lon-Energy-Burst (diagnostic)

12. L1b-EIS-lon-Energy-Survey (diagnostic)
*EIS Electron Energy Survey is only available on select spacecraft at any given time.
**EIS Electron Energy Burst became a standard data product for EIS1 in April 2016.
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NOTE: EIS Level 1b data is used for Quicklook Plotting and Scientist-in-the-Loop (SITL)
considerations.

Level 2: These data are identical in format and content as the Level 1b dataset. The difference
is: 1) live-time or dead-time corrections are applied to the counts per second as reported in this
product, and before the generation of intensity. 2) “rough-intensity” values are replaced with
“refined-intensity”, 3) rough values of E1 and E2 are replaced with refined values, 4) preliminary
magnetic field is replaced with updated magnetic field, 5) predict ephemeris is replaced with
updated ephemeris, and 6) the record-level quality flag is updated. The list of Level 2 data
products is nearly identical to the Level 1b products. Note that only Level 2 products 1-8 are
generally available to the scientific community, with 9 and 10 selectively available. Again,
products from FEEPS are in black and those from EIS are in blue:

01. L2-FEEPS-Electron-Burst
02. L2-FEEPS-Electron-Survey
03. L2-FEEPS-lon-Burst

04. L2-FEEPS-lon-Survey

There are several types of EIS L2 data products
05. L2-EIS-PhxTOF-lon-Burst

06. L2-EIS-ExTOF-lon-Burst

07. L2-EIS-PhxTOF-lon-Survey

08. L2-EIS-ExTOF-lon-Survey

09. L2-EIS-Electron-Energy-Survey (diagnostic)*
10. L2-EIS-Electron-Energy-Burst (diagnostic)**
11. L2-EIS-lon-Energy-Burst (diagnostic)

12. L2-EIS-lon-Energy-Survey (diagnostic)

These types are represented in data file names such as:
e mms1_epd-eis_brst _12_extof 20210822071603 v5.0.4.cdf

Level 3: Refer to section 6.5.7, “Level 3 EPD Data Products” for a detailed description of higher-
level data products.

6.5.2 File Structure L2 FEEPS Electron

The variables contained within the FEEPS Level 2 Products generated within the MMS Science
Data Center (SDC), are outlined in Table 6-3 and Table 6-4 below. All of these FEEPS variables
begin with,

<prefix> = mms<#>_epd_feeps <DATA_RATE> |2 _,
where <#> is the spacecraft number and <DATA_RATE> is the telemetry mode (srvy, brst, or

raw). <SIDE> will be “top” or “bottom” to indicate which FEEPS unit the data correspond to. The
<#> portion found in several variables represents the sensor identifier number.
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Data Parameter Description Units
Epoch UTC timestamp at sector center TT2000
<prefix> electron spinsectnum Spin sector in which the spacecraft was |
P - —SP oriented during data acquisition
Centroid of differential energy channels
<prefix>_electron_energy associated with each of 16 FEEPS keV
channels
Lower bound of differential energy
<prefix>_electron_energy_lower_bound channels associated with each of 16 keV
FEEPS channels
Upper bound of differential energy
<prefix>_electron_energy_upper_bound channels associated with each of 16 keV
FEEPS channels
<prefix>_<SIDE>_electron_count_rate_sensorid_<#> Count rate counts/s
Unidirectional differential flux per spin 1/(cm?-
<prefix>_<SIDE>_electron_intensity_sensorid_<#> persp S-Sr-
sector
keV)
<prefix>_<SIDE>_electron_sector_mask_sensorid_<#> | Array of bad sector flags for a packet | -
<prefix>_electron_spin The number of spacecraft rotations Seconds
<prefix>_electron_spin_duration Period of the spin | -
<prefix>_electron_integration_sectors Integration sectors | -
<prefix>_electron_bfield Magnetic field vector nT
" . Pitch angle with respect to local
<prefix>_electron_pitch_angle magnetic field Degrees
<prefix>_electron_scpos_ec_gse Spacecrgft position in .Earth-c.entered Km
geocentric solar ecliptic coordinates
, Spacecraft Unit Vector Z-Axis in Earth-
<prefix>_electron_scz_vec_gse centered Geophysical Coordinates | ~
, Spacecraft Unit Vector Y-Axis in Earth-
<prefix>_electron_scy_vec_gse centered Geophysical Coordinates |~
<prefix> electron Scx vec gse Spacecraft Unit Vector X-Axis in Earth- |
P - _scx_vec_g centered Geophysical Coordinates
<prefix> electron moon pos gse Position of the moon in Earth-centered Km
P - - —PosS_g Geophysical Coordinates
Re
<prefix>_electron_radius Radial distance in Earth radii (Earth
radii)
<prefix>_electron_lat_gse LatltUQe in Earth-centered Geophysical Degrees
Coordinates
<prefix>_electron_lon_gse Longltgde in Earth-centered Geophysical Degrees
Coordinates
. . " . Re
<prefix>_electron_|_shell Dlpole L shell in Earth radl! detgrmlned (Earth
using Solar Magnetospheric latitude radii)
" Latitude in Solar Magnetospheric
<prefix>_electron_lat_gsm Coordinates Degrees
. Longitude in Solar Magnetospheric
<prefix>_electron_lon_gsm Coordinates Degrees
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Table 6-3 List of the Burst Variable Included in the FEEPS Electron Data Product

Data Parameter Description Units
epoch UTC timestamp at sector center TT2000

" . spin sector in which the spacecraft was
<prefix>_electron_spinsectnum . . T

oriented during data acquisition

Centroid of differential energy channels
<prefix>_electron_energy associated with each of 16 FEEPS keV

channels

Lower bound of differential energy
<prefix>_electron_energy_lower_bound channels associated with each of 16 keV

FEEPS channels

Upper bound of differential energy
<prefix>_electron_energy_upper_bound channels associated with each of 16 keV

FEEPS channels
<prefix>_<SIDE>_electron_count_rate_sensorid_<#> Count rate counts/s

Unidirectional differential flux per spin 1/(cm?-
<prefix>_<SIDE>_electron_intensity_sensorid_<#> persp S-Sr-

sector

keV)

<prefix>_<SIDE>_electron_sector_mask_sensorid_<#> | array of bad sector flags for a packet | --—--
<prefix>_electron_spin The number of spacecraft rotations | --—--
<prefix>_electron_spin_duration period of the spin Seconds
<prefix>_electron_integration_sectors integration sectors | -
<prefix>_electron_bfield magnetic field vector nT
<prefix>_electron_pitch_angle Pitch angle wrt local magnetic field Degrees

, Spacecraft position in Earth-centered
<prefix>_electron_scpos_ec_gse geocentric solar ecliptic coordinates Km
<prefix> electron scz vec gse Spacecraft Unit Vector Z-Axis in Earth- |

P - _scz_vec_g centered Geophysical Coordinates
<prefix> electron scy vec gse Spacecraft Unit Vector Y-Axis in Earth- |
P - _scy_vec_g centered Geophysical Coordinates
<prefix> electron scx vec gse Spacecraft Unit Vector X-Axis in Earth- |
P - _scx_vec_g centered Geophysical Coordinates
<prefix> electron moon pos gse the position of the moon in Earth- Km
P - - —Pos_g centered Geophysical Coordinates
Re
<prefix>_electron_radius radial distance in Earth radii (Earth
radii)

. latitude in Earth-centered Geophysical
<prefix>_electron_lat_gse Coordinates Degrees
<prefix>_electron_lon_gse Iongltqde in Earth-centered Geophysical Degrees

Coordinates
. . " . Re

. Dipole L shell in Earth radii determined
<prefix>_electron_|_shell using Solar Magnetospheric latitude Sggi%h

" latitude in Solar Magnetospheric
<prefix>_electron_lat_gsm Coordinates Degrees

" longitude in Solar Magnetospheric
<prefix>_electron_lon_gsm Coordinates Degrees
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Table 6-4 List of the Survey Variable Included in the FEEPS Electron Data Product

6.5.3 File Structure L2 FEEPS Ion

The variables contained within the FEEPS Level 2 Products generated within the MMS Science
Data Center (SDC), are outlined in Table 6-5 and Table 6-6 below. All of these FEEPS variables

begin with,

<prefix> = mms<#>_epd_feeps <DATA_RATE> |2 _,

where <#> is the spacecraft number and <DATA_RATE> is the telemetry mode (srvy, brst, or
raw). <SIDE> will be “top” or “bottom” to indicate which FEEPS unit the data correspond to. The
<#> portion found in several variables represents the sensor identifier number.

Data Parameter Description Units
Epoch UTC timestamp at sector center TT2000
<prefix> ion spinsectnum Spin sector in which the spacecraft was |
P —fon_sp oriented during data acquisition
Centroid of differential energy channels
<prefix>_ion_energy associated with each of 16 FEEPS keV
channels
Lower bound of differential energy
<prefix>_ion_energy_lower_bound channels associated with each of 16 keV
FEEPS channels
Upper bound of differential energy
<prefix>_ion_energy_upper_bound channels associated with each of 16 keV
FEEPS channels
<prefix>_<SIDE>_ion_count_rate_sensorid_<#> Count rate counts/s
<prefix>_<SIDE >_ion_intensity_sensorid_<#> Unidirectional differential flux per spin 1/(cm?-s
sector sr-keV)
<prefix>_<SIDE>_ion_sector_mask_sensorid_<#> Array of bad sector flags for a packet | -----
<prefix>_ion_spin The number of spacecraft rotations | -
<prefix>_ion_spin_duration Period of the spin Seconds
<prefix>_ion_integration_sectors Integration sectors | -
<prefix>_ion_bfield Magnetic field vector nT
<prefix>_ion_pitch_angle Eétl(éh angle with respect to local magnetic Degrees
<prefix> jon SCPOS ec gse Spacecraft position in Earth-centered Km
P —fon_scpos_ec_g geocentric solar ecliptic coordinates
<prefix> jon scz vec gse Spacecraft Unit Vector Z-Axis in Earth- |
P —fon_scz_vec_g centered Geophysical Coordinates
<prefix> ion scy vec gse Spacecraft Unit Vector Y-Axis in Earth- |
P —fon_scy_vec_g centered Geophysical Coordinates
<prefix> ion scx vec gse Spacecraft Unit Vector X-Axis in Earth- |
P —fon_scx_vec_g centered Geophysical Coordinates
<prefix> ion moon pos gse Position of the moon in Earth-centered Km
P - - —pos_g Geophysical Coordinates
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Re
<prefix>_ion_radius Radial distance in Earth radii (Earth
radii)
<prefix>_ion_lat_gse LatltUQe in Earth-centered Geophysical Degrees
Coordinates
o Longitude in Earth-centered Geophysical
<prefix>_ion_lon_gse Coordinates Degrees
. . " . Re
<prefix>_ion_|_shell Dlpole L shell in Earth radl! detgrmlned (Earth
using Solar Magnetospheric latitude radii)
_ Latitude in Solar Magnetospheric
<prefix>_ion_lat_gsm Coordinates Degrees
o Longitude in Solar Magnetospheric
<prefix>_ion_lon_gsm Coordinates Degrees
Table 6-5 List of the Burst Variables Included in the FEEPS Ion Data Product
Data Parameter Description Units
Epoch UTC timestamp at sector center TT2000
<prefix>_ion_spinsectnum Spln sector in which the spggecraft was |
oriented during data acquisition
o : Centroid of differential energy channels
<prefix>_ion_energy associated with each of 16 FEEPS channels keV
o : Lower bound of differential energy channels
<prefix>_ion_energy_lower_bound associated with each of 16 FEEPS channels keV
o Upper bound of differential energy channels
<prefix>_ion_energy_upper_bound associated with each of 16 FEEPS channels keV
<prefix>_<side>_ion_count_rate_sensorid_<#> Count rate counts/s
1/(cm?-
<prefix>_<side>_ion_intensity_sensorid_<#> Unidirectional differential flux per spin sector S-Sr-
keV)
<prefix>_<side>_ion_sector_mask_sensorid_<#> | Array of bad sector flags for a packet =~ | -
<prefix>_ion_spin The number of spacecraft rotations | ———--
<prefix>_ion_spin_duration Period of the spin seconds
<prefix>_ion_integration_sectors Integration sectors | -
<prefix>_ion_bfield Magnetic field vector nT
<prefix>_ion_pitch_angle Pitch angle with respect to local magnetic field Degrees
<prefix> jon SCPOS €c gse Spacecraft position in Earth-centered Km
P —fon_scpos_ec_g geocentric solar ecliptic coordinates
<prefix> jon scz vec gse Spacecraft Unit Vector Z-Axis in Earth-centered |
P —fon_scz_vec_g Geophysical Coordinates
<prefix> ion scy vec gse Spacecraft Unit Vector Y-Axis in Earth-centered |
P —fon_scy_vec_g Geophysical Coordinates
o Spacecraft Unit Vector X-Axis in Earth-centered
<prefix>_ion_scx_vec_gse : U P
Geophysical Coordinates
<prefix> ion moon pos gse Position of the moon in Earth-centered Km
P - - —pos_g Geophysical Coordinates
Re
<prefix>_ion_radius Radial distance in Earth radii (Earth
radii)
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<prefix>_ion_lat_gse éa(l)tcl;[:]dc?ﬁ a:tnesar’[h-centered Geophysical degrees
<prefix>_ion_lon_gse éc())r:)?g;daet elg Earth-centered Geophysical degrees
. . - . . Re
_ Dipole L shell in Earth radii determined using
<prefix>_ion_I_shell Solar Magnetospheric latitude Sggi%h
<prefix>_ion_lat_gsm Latitude in Solar Magnetospheric Coordinates Degrees
P _lon_lat_g
<prefix>_ion_lon_gsm Longitude in Solar Magnetospheric Coordinates | degrees
P _lon_lon_g

Table 6-6 List of the Survey Variables Included in the FEEPS Ion Data Product

6.5.4 File Structure EIS Electronenergy

These data are identical in format and content as the Level 1b dataset. The difference is: 1) live-
time or dead-time corrections are applied to the counts per second as reported in this product,
and before the generation of intensity. 2) “rough-intensity” values are replaced with “refined-
intensity”, 3) rough values of E1 and E2 are replaced with refined values, 4) preliminary
magnetic field is replaced with updated magnetic field, 5) predict ephemeris is replaced with
updated ephemeris, and 6) the record-level quality flag is updated. The list of Level 2 data
products is nearly identical to the Level 1b products. Note that only Level 2 products 1-8 are
generally available to the scientific community, with 9 and 10 selectively.

6.5.5 File Structure L2 EIS ExTOF and PHxTOF

Level 1B (L1B) files are exactly the same format as Level 2 (L2) files, they have merely been
produced with less reliable data including some or all of the following: predicted ephemeris an
attitude information (as opposed to definitive information), lower-level FGM data, preliminary
calibration tables.

The files are International Solar-Terrestrial Physics/Space Physics Data Facility (ISTP/SPDF)
standard Common Data Format (CDF) files. There are three L2 files, one for each data type.

1. electronenergy: (note that electron data may be contaminated with (>250 keV protons).
2. extof: High-energy (ExTOF) ion spectra organized by particle species.
3. phxtof: Low-energy (PHXTOF) ion spectra organized by particle species.

All the principal variables in each file have the same “time axis” (DEPEND_O attribute), so the
file can be thought of as a simple rectangular “table” with each time value of the Epoch variable
defining a “row” and each non-constant CDF variable as a “column”. The Epoch is the midpoint
of the accumulation interval. Time_Minus and Time_Plus (DELTA_PLUS and DELTA_MINUS
attributes) give the start and stop edges of the time bin as specified by the ISTP CDF standard.

There is one spectral variable for each “species”: electron, proton, alpha, oxygen, or “dump”
(where “dump” captures every event that was not classified as one of the defined species).
Each spectral variable has a DEPEND _1 attribute that points to a (constant) variable which
gives the centers of the energy bins and that variable, in turn, has DELTA_PLUS and
DELTA_MINUSattributes that point to variables giving the bin edges (as described in the ISTP
CDF standard). Each spectrum is given in three data units (or using three “calibrations”):
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1.

2.

3.

counts: The raw number of counts collected during the current accumulation interval
(see discussion of the “Timing and Geometry Block” below). This value is
uncorrected in any way and may be used to calculate the relative uncertainty of all
three “calibrations” using standard Poisson statistics.

cps: The count rate [counts/s] in each energy bin. This quantity may be corrected for
instrument saturation effects (this procedure is still in development).

flux: The calibrated differential intensity [1/cm2-sr-s-keV] of charged particles in each
energy bin.

There are 6 spectral variables for each calibration (numbered 0-5) corresponding to the 6 look
directions (or “telescopes”) of the instrument.

The variables in each spectral file can be grouped into four conceptual “blocks”:

1.

Timing and Geometry: Describes the time period over which the measurement was
taken and low-level attitude and instrument configuration data needed to calibrate
the raw counting rates in these files.

Spectral: One CDF variable for each species and calibration.

Ephemeris, Attitude, and Pitch Angle: Spacecraft position, look direction, pitch angle,
and magnetic field.

Basic Rates: Raw total counting rates in various instrument subsystems. These give
a quick overview of the measured environment and state of the instrument.

Apart from the Epoch variables, which follow the general ISTP standard, the EIS variables all
begin with a “prefix” following the standard MMS naming scheme:

<eis_prefix> = mms<#>_epd_eis <DATA_RATE> <LEVEL> <DATA_TYPE> ,

k)

indicated in the variables below by “*”.

1) The Timing and Geometry block consists of the following variables:

epoch, time minus, time plus — Standard CDF time specifications for the measurement
window.

*starttai, *midtai, *endtai — The beginning, middle, and end of the measurement window in
International Atomic Time (TAIl) expressed as seconds since 1958 (standard MMS
spacecraft time).

*spin — A 16-bit spin counter (0-65535). This is retained in L2 data for instrument team use
in file validation.

*sector — The first sector (0-31) of the measurement that may include multiple sectors. A
full revolution of the spacecraft is divided into 32 evenly spaced sectors. Several sectors
are combined for measurements in most data products so that only 8 or 16
measurements, for example, are made in a revolution. Data products may be collected
only every nth spin. This is retained in L2 data primarily for instrument team use in
validation, but it may prove useful to other investigators as a simple way of performing
rough attitude filtering or grouping.

*quality — bit flags indicating reliability of the data, these values are still under
development.

2) The Spectral block variables are named with the form:

*<SPECIES> P<LUT PERIOD> <DATA UNITS> T<#>

3) The Ephemeris, Attitude, and Pitch Angle block consists of the following variables:
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e “*pitch_angle_t<#> - The angle between the particle flow vector and the magnetic field for
each of the 6 “telescopes”. The particle flow vector is the negative of the telescope look
direction.
*look_t<#> — The look direction of the telescope in the standard GSE coordinate frame.
*b — The magnetic field used to derive the pitch angle.
*position_gse — The spacecraft position with respect to the Earth in the GSE frame
*position_gse — The spacecraft position with respect to the Earth in the GSM frame
*moon_gse — The spacecraft position with respect to the Moon in the GSE frame
*sc_to_gse — Transformation matrix for rotating a vector from the spacecraft frame (BCS)
to the GSE frame [entries are by row: row1 = row1, row2 = 4-6, row3 = 7-9]
e *gse_to_gsm - Transformation matrix for rotating a vector from the GSE frame to the GSM
frame [entries are by row: row1 = row1, row2 = 4-6, row3 = 7-9]
e *r— Spacecraft distance from Earth in kilometers
e */— Spacecraft position L-shell for a dipole magnetic field
e *gse lat, *gse_lon, *gsm_lat, *gsm_lon, *sm_lat, *sm_lon — Spacecraft position latitude
and longitude in GSE, GSM, or SM frame.
e “orbit_num — MMS mission orbit number
4) The Basic Rates block consists of the following variables:
For all data types:
e *ssd<#> — Number of pulses detected on the solid-state energy detector for telescope
number 0-5
e *vep — Valid Events Processed — Number of events actually processed by the flight
software
For electron data:
e “*vee — Valid Energy Events — Total number of events in all SSD (Energy) detectors.
For ion data types:
e “startOanode, *stopOanode — Number of pulses on the end of the Start or Stop anode
nearest to look direction 0
e *pulseheight — Number of events above TOF pulse height threshold
e “*viofxee — Number of valid ExTOF events counted.
e *viofxphe — Number of valid PHXTOF events counted.

As of Summer 2021 (see §0.h.i), the EIS data variables listed in Exhibits 19-24 all include the
following <eis_prefix> = mms<#>_epd_eis <DATA_RATE>_|2, where <#> is the spacecraft
number and <DATA_RATE> is the sampling mode (“srvy” or “brst”).

6.5.6 File Structure L2 EIS PHxTOF

Data Parameter Description ‘ Units

Time_Minus <support data> Delta from measurement | s
window start to midpoint

Time_Plus <support data> Delta from midpoint to | s
measurement window end

<eis_prefix>_phxtof duration <support data> Total exposure time for | s
accumulation

<eis_prefix>_phxtof_deadtime <support data> Instrument deadtime S

<eis_prefix>_phxtof_largepixel <support data> Instrument large pixel in use | -----
(yes/no)

<eis_prefix>_phxtof_starttai <support data> Begin measurement | s
window, TAI since 1958
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<eis_prefix>_phxtof_midtai <support data> Nominal measurement | s
time, TAl since 1958
<eis_prefix>_phxtof endtai <support data> End measurement window, | s
TAl since 1958
<eis_prefix>_phxtof spin <support data> Spacecraft spin number | --—--
<eis_prefix>_phxtof sector <support data> Spacecraft spin sector | -——--
<eis_prefix>_phxtof_quality <support data> Quality word | -
<eis_prefix>_phxtof_proton_P<X> cou | Individual telescope (look direction) proton | counts
nts_t<#> counts for each energy channel
<eis_prefix>_phxtof_proton_P<X> cps | Individual telescope (look direction) proton | 1/s
_t<#> counts per second for each energy channel
<eis_prefix>_phxtof _proton_P<X> flux | Individual telescope (look direction) proton | 1/(cm?-s-sr-
_t<#> intensity (flux) for each energy channel keV)
<eis_prefix>_phxtof_oxygen_P<X>_cou | Individual telescope (look direction) oxygen | counts
nts_t<#> (charge state unmeasured) counts for each
energy channel
<eis_prefix>_phxtof_oxygen_P<X>_cps | Individual telescope (look direction) oxygen | 1/s
_t<#> (charge state unmeasured) counts per
second for each energy channel
<eis_prefix>_phxtof_oxygen P<X>_flux | Individual telescope (look direction) oxygen | 1/(cm?-s-sr-
_t<#> (charge state unmeasured) intensity (flux) | keV)
for each energy channel
<eis_prefix>_phxtof_dump_counts_t<# | Individual telescope (look direction) ion | counts
> counts dump bin for each energy channel
<eis_prefix>_phxtof dump_cps_t<#> Individual telescope (look direction) ion | 1/s
counts per second dump bin for each
energy channel
<eis_prefix>_phxtof dump_flux_t<#> Individual telescope (look direction) ion | -----
intensity (flux) dump bin for each energy
channel
<eis_prefix>_phxtof_pitch_angle_t<#> Pitch angle for individual telescope (look | degrees
direction)
<eis_prefix>_phxtof look t<#> Look direction vector in GSE for individual | -----
telescope
<eis_prefix>_phxtof b Magnetic field in BCS coordinates nT
<eis_prefix>_phxtof_position_gse Spacecraft position vector in GSE km
<eis_prefix>_phxtof_position_gsm Spacecraft position vector in GSM km
<eis_prefix>_phxtof_moon_gse Spacecraft-to-moon vector in GSE km
<eis_prefix>_phxtof_sc_to_gse Transformation matrix from SC to GSE | --—--
coordinates
<eis_prefix>_phxtof_gse_to_gsm Transformation matrix from GSE to GSM | --—--
coordinates
<eis_prefix>_phxtof_r Magnitude of radial distance km
<eis_prefix>_phxtof_| L-shell value (dipole approximation) | --—-
<eis_prefix>_phxtof_gse_lat Latitude in GSE frame degrees
<eis_prefix>_phxtof_gse_lon Longitude in GSE frame degrees
<eis_prefix>_phxtof_gsm_lat Latitude in GSM frame degrees
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<eis_prefix>_phxtof_gsm_lon Longitude in GSM frame degrees
<eis_prefix>_phxtof_sm_lat Latitude in SM frame degrees
<eis_prefix>_phxtof_sm_lon Longitude in SM frame degrees
<eis_prefix>_phxtof orbit num Orbit number degrees
<eis_prefix>_phxtof ssd<#> Raw count rate from individual SSD 1/s
<eis_prefix>_phxtof vep Number of electron events processed and | 1/s
binned by onboard processor per second
<eis_prefix>_phxtof_startOanode Count rate from all start anode regions 1/s
<eis_prefix>_phxtof stopOanode Count rate from all stop anode regions 1/s
<eis_prefix>_phxtof_pulseheight Count rate from all start anode regions that | 1/s
satisfy a minimum MCP pulse height
<eis_prefix>_phxtof vtofxee Number of valid energy by time-of-flight | 1/s
(EXTOF) events per second
<eis_prefix>_phxtof vtofxphe Number of valid pulse height by time-of- | 1/s
flight (PHXTOF) events per second

Table 6-7 List of the Variables Included in the L2 EIS phxtof Burst Data Product

Data Parameter

Description

Time_Minus <support data> Delta from measurement s
window start to midpoint
Time_Plus <support data> Delta from midpoint to S
measurement window end
<eis_prefix>_phxtof duration <support data> Total exposure time for s
accumulation
<eis_prefix>_phxtof deadtime <support data> Instrument deadtime s
<eis_prefix>_phxtof_largepixel <support data> Instrument large pixel in | --—--
use (yes/no)
<eis_prefix>_phxtof starttai <support data> Begin measurement s
window, TAI since 1958
<eis_prefix>_phxtof_midtai <support data> Nominal measurement S
time, TAl since 1958
<eis_prefix>_phxtof endtai <support data> End measurement window, | s
TAl since 1958
<eis_prefix>_phxtof spin <support data> Spacecraft spin number | --—--
<eis_prefix>_phxtof sector <support data> Spacecraft spin sector | -——--
<eis_prefix>_phxtof_quality <support data> Quality word | -
<eis_prefix>_phxtof_proton_P<X> cou | Individual telescope (look direction) proton | counts
nts_t<#> counts for each energy channel
<eis_prefix>_phxtof_proton_P<X> cps | Individual telescope (look direction) proton | 1/s
_t<#> counts per second for each energy
channel
<eis_prefix>_phxtof_proton_P<X> flux | Individual telescope (look direction) proton | 1/(cm2-s-sr-
_t<#> intensity (flux) for each energy channel keV)
<eis_prefix>_phxtof_oxygen_P<X>_cou | Individual telescope (look direction) oxygen | counts
nts_t<#> (charge state unmeasured) counts for each
energy channel
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<eis_prefix>_phxtof_oxygen_P<X>_cps | Individual telescope (look direction) oxygen | 1/s
_t<#> (charge state unmeasured) counts per
second for each energy channel
<eis_prefix>_phxtof_oxygen_P<X> flux | Individual telescope (look direction) oxygen | 1/(cm2-s-sr-
_t<#> (charge state unmeasured) intensity (flux) | keV)
for each energy channel
<eis_prefix>_phxtof_dump_counts_t<# | Individual telescope (look direction) ion counts
> counts dump bin for each energy channel
<eis_prefix>_phxtof dump_cps_t<#> Individual telescope (look direction) ion 1/s
counts per second dump bin for each
energy channel
<eis_prefix>_phxtof dump_flux_t<#> Individual telescope (look direction) ion | -----
intensity (flux) dump bin for each energy
channel
<eis_prefix>_phxtof_pitch_angle_t<#> Pitch angle for individual telescope (look degrees
direction)
<eis_prefix>_phxtof look t<#> Look direction vector in GSE for individual | -----
telescope
<eis_prefix>_phxtof b Magnetic field in BCS coordinates nT
<eis_prefix>_phxtof_position_gse Spacecraft position vector in GSE km
<eis_prefix>_phxtof_position_gsm Spacecraft position vector in GSM km
<eis_prefix>_phxtof_moon_gse Spacecraft-to-moon vector in GSE km
<eis_prefix>_phxtof_sc_to_gse Transformation matrix from SCto GSE =~ | -—--
coordinates
<eis_prefix>_phxtof_gse_to_gsm Transformation matrix from GSE to GSM | -—--
coordinates
<eis_prefix>_phxtof_r Magnitude of radial distance km
<eis_prefix>_phxtof_| L-shell value (dipole approximation) | --—-
<eis_prefix>_phxtof_gse_lat Latitude in GSE frame degrees
<eis_prefix>_phxtof_gse_lon Longitude in GSE frame degrees
<eis_prefix>_phxtof_gsm_lat Latitude in GSM frame degrees
<eis_prefix>_phxtof_gsm_lon Longitude in GSM frame degrees
<eis_prefix>_phxtof sm_lat Latitude in SM frame degrees
<eis_prefix>_phxtof_sm_lon Longitude in SM frame degrees
<eis_prefix>_phxtof orbit_ num Orbit number degrees
<eis_prefix>_phxtof_ssd<#> Raw count rate from individual SSD 1/s
<eis_prefix>_phxtof vep Number of electron events processed and 1/s
binned by onboard processor per second
<eis_prefix>_phxtof_startOanode Count rate from all start anode regions 1/s
<eis_prefix>_phxtof stopOanode Count rate from all stop anode regions 1/s
<eis_prefix>_phxtof_pulseheight Count rate from all start anode regions that | 1/s
satisfy a minimum MCP pulse height
<eis_prefix>_phxtof vtofxee Number of valid energy by time-of-flight 1/s
(EXTOF) events per second
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<eis_prefix>_phxtof_vtofxphe

Number of valid pulse height by time-of-
flight (PHXTOF) events per second

1/s

Table 6-8 List of the Variables Included in the EIS phxtof Survey Data Product

6.5.7 Level 3 EPD Products

The variables contained within the EPD Level-3 products available from the MMS Science Data
Center (SDC), are outlined in Exhibits 37-38 below. All of these variables begin with either,

<feeps_I3_prefix> = mms<#>_epd_feeps <DATA_RATE> I3 OR
<eis_|3_prefix> = mms<#>_epd_eis_<DATA_RATE>_I3

where <#> is the spacecraft number and <DATA_RATE> is the telemetry mode (“srvy” or

“brst”).

The data files from each MMS spacecraft will include the variables below from both that
spacecraft as well as combined across all available spacecraft (“mmsx”).

specified EIS energy
channel(s)

Data Parameter Description Units
<feeps_prefix>_electron_intensity_omni Omni-directional 1/(cm2-s-

(averaged over all sr-keV)

eyes/sensors) intensity

(flux) from FEEPS
<feeps_prefix>_electron_intensity _omni_###- 3-sample smoothed omni- | 1/(cm2-s-
#i#keV_pad directional pitch angle sr-keV)

distribution for specified

FEEPS energy channel(s)
<feeps_prefix>_electron_intensity_omni_integral_g | 3-sample smoothed omni- | 1/(cm2-s-
t##kev_pad directional pitch angle sr-keV)

distribution for all FEEPS

energies above specified

value
<feeps_prefix>_electron_SCincluded Binary indicator of which | -----

S/C FEEPS data are

included in the MMS-X

products
<eis_prefix> electron_flux_omni Omni-directional 1/(cm2-s-

(averaged over all sr-keV)

telescopes) intensity (flux)

from EIS
<eis_prefix>_electron_flux_omni_###-###keV _pad | Omni-directional pitch 1/(cm2-s-

angle distribution for sr-keV)

<eis_prefix>_electron_SCincluded

Binary indicator of which
S/C EIS data are included
in the MMS-X products

Table 6-9 List of the Variables in the L3 EPD Electron Survey and Burst Data Products [the only
differences in the variables is the <DATA_RATE> in the prefix]
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Data Parameter Description Units
<feeps_prefix> ion_intensity omni Omni-directional (averaged over all 1/(cm2-s-sr-
eyes/sensors) intensity (flux) from keV)
FEEPS
<feeps_prefix> ion_intensity omni ###-###keV pad | 3-sample smoothed omni-directional 1/(cm2-s-sr-
pitch angle distribution for energy keV)
channel(s) specified by range from
FEEPS
<feeps_prefix> ion_intensity omni_integral gt##kev | 3-sample smoothed omni-directional 1/(cm2-s-sr-
pad pitch angle distribution for all keV)
energies above specified value from
FEEPS
<feeps_prefix> ion_Scincluded Binary indicator of which S/C FEEPS | -----
data are included in the MMS-X
products
<eis_prefix>_extof proton flux omni Omni-directional (averaged over all 1/(cm2-s-sr-
telescopes) intensity (flux) from EIS keV)
<eis_prefix>_extof helium flux omni Omni-directional (averaged over all 1/(cm2-s-sr-
telescopes) intensity (flux) from EIS keV)
<eis_prefix>_extof oxygen flux omni Omni-directional (averaged over all 1/(cm2-s-sr-
telescopes) intensity (flux) from EIS keV)
<eis_prefix>_ extof ###- Omni-directional pitch angle 1/(cm2-s-sr-
###keV proton_flux_omni pad distribution for energy channel(s) keV)
specified by range from EIS
<eis_prefix>_ extof ###-
###keV helium flux omni pad
<eis_prefix>_ extof ###-
##keV oxygen flux omni pad
<eis_prefix> phxtof proton flux omni Omni-directional (averaged over all 1/(cm2-s-sr-
telescopes) intensity (flux) from EIS keV)
<eis_prefix> phxtof ###- Omni-directional pitch angle 1/(cm2-s-sr-
###keV proton_flux_omni pad distribution for energy channel(s) keV)
specified by range from EIS
<eis_prefix> combined proton_flux omni Omni-directional (averaged over all 1/(cm2-s-sr-
telescopes) intensity (flux) from EIS keV)
<eis_prefix> combined ###- Omni-directional pitch angle 1/(cm2-s-sr-
###keV proton_flux_omni pad distribution for energy channel(s) keV)
specified by range from EIS
<eis_prefix> ion_SCincluded Binary indicator of which S/CEIS | -----
data are included in the MMS-X
products
Table 6-10 List of the Variables Included in the L3 EPD Ion Survey Data Product
Data Parameter Description Units
<feeps_prefix>_ion_intensity_omni Omni-directional (averaged 1/(cm2-s-
over all eyes/sensors) sr-keV)
intensity (flux) from FEEPS
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<feeps_prefix>_ion_intensity_omni_###-
##keV pad

3-sample smoothed omni-
directional pitch angle
distribution for energy
channel(s) specified by range
from FEEPS

1/(cm2-s-
sr-keV)

<feeps_prefix>_ion_intensity_omni_integral_gt#
#kev_pad

3-sample smoothed omni-
directional pitch angle
distribution for all energies
above specified value from
FEEPS

1/(cm2-s-
sr-keV)

<feeps_prefix>_ion_SCincluded

Binary indicator of which S/C
FEEPS data are included in
the MMS-X products

<eis_prefix>_extof_proton_flux_omni

Omni-directional (averaged
over all telescopes) proton
energy-by-TOF intensity (flux)
from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_extof_helium_flux_omni

Omni-directional (averaged
over all telescopes) helium
energy-by-TOF intensity (flux)
from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_extof_oxygen_flux_omni

Omni-directional (averaged
over all telescopes) oxygen
energy-by-TOF intensity (flux)
from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_extof ###-
###keV_proton_flux_omni_pad

Omni-directional proton
energy-by-TOF pitch angle
distribution for energy
channel(s) specified by range
from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_extof ###-
####keV _helium_flux_omni_pad

Omni-directional helium
energy-by-TOF pitch angle
distribution for energy
channel(s) specified by range
from EIS

<eis_prefix>_extof ###-
#i##keV_oxygen_flux_omni_pad

Omni-directional oxygen
energy-by-TOF pitch angle
distribution for energy
channel(s) specified by range
from EIS

<eis_prefix>_phxtof_proton_flux_omni

Omni-directional (averaged
over all telescopes) proton
pulse height-by-TOF intensity
(flux) from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_phxtof ###-
###keV _proton_flux_omni_pad

Omni-directional proton
pulse height-by- TOF pitch
angle distribution for energy
channel(s) specified by range
from EIS

1/(cm2-s-
sr-keV)
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<eis_prefix>_combined_proton_flux_omni

Omni-directional (averaged
over all telescopes) proton
combined pulse height-by-
TOF and energy-by-TOF
intensity (flux) from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_combined ###-
###keV _proton_flux_omni_pad

Omni-directional proton
combined pulse height-by-
TOF and energy-by-TOF
pitch angle distribution for
energy channel(s) specified
by range from EIS

1/(cm2-s-
sr-keV)

<eis_prefix>_ion_Scincluded

EIS data are included in the
MMS-X products

Binary indicator of which S/C

mms<#>_epd_brst_fast_ion_flux_omni

Omni-directional total ion

EIS (protons only) and
FEEPS

intensity (flux) combined from

1/(cm2-s-
sr-keV)

mms<#>_epd_brst fast ion ###-###keV pad

Omni-directional total ion
pitch angle distribution for
energy channel(s) specified

(protons only) and FEEPS

by range combined from EIS

1/(cm2-s-
sr-keV)

Table 6-11 List of the Variables in the L3 EPD Ion Burst Data Product
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