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11.0 FIELDS: ELECTRIC DOUBLE PROBES (EDP)

11.1 EDP OVERVIEW

The Spin-plane Double Probe (SDP) and the Axial Double Probe (ADP) instruments are part of
the FIELDS instrument suite of the MMS. The combination of SDP and ADP is referred to as the
Electric field Double Probe (EDP) instrument. EDP measures the 3-D electric field with an

accuracy of 0.5mV/m over the frequency range from DC to 100kHz. SDP consists of 4 biased

spherical probes extended on 60m long wire booms 90 degrees apart in the spin plane, giving a
120m baseline for each of the two spin-plane electric field components. ADP consists of 2 biased

This document is continually updated as new information becomes available. Downlink 11-2
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cylindrical probes extended on 12m long stiff booms along the spacecraft axis, giving a 29.2m
baseline for the axial electric field component. SDP and ADP should measure the spin-plane
electric field with accuracy 0.5 mV/m (with a goal of 0.3 mV/m), and the axial electric field with
accuracy of 1 mV/m (with a goal of 0.5 mV/m). The time resolution is 1 ms with a goal of 0.1 ms.
Double-probe electric field experiments have been flown on a number of spacecraft (see review
by Pedersen et al., 1998) including Cluster (Gustafsson et al., 1997, Gustafsson et al., 2001). The
EFW instrument on Cluster has been operating since 2000. MMS data analysis will leverage the
work done for Cluster (Khotyaintsev et al., 2010).

The detector of the SDP instrument consists of four orthogonal spherical sensors deployed from
60m cables in the spin plane of the spacecraft, four mechanical deployment units, each containing
3 boom electronic boards (BEBs). The detector of ADP consists of two cylindrical sensors
deployed on 12m long stiff booms along the spacecraft axis, each containing 2 BEBs. The analog
to digital conversion of the signals is done by the DSP (Digital Signal Processor) located in the
FIELDS CEB (Central Electronic Box). The potential drop between two opposing spherical or
cylindrical sensors is measured to provide an electric field measurement. The average value of
SDP probe to spacecraft potential provides information on the spacecraft potential. The
instrument can also perform current sweeps to provide the current-voltage curve and, thus, the
electron temperature and density. The potentials of each spherical and cylindrical sensor and
nearby conductors are controlled in order to minimize errors associated with photoemission from
the spheres and impact of plasma electrons and ions on the spheres. For more details on SDP,
ADP and DSP refer to the instrument descriptions in Lindqvist et al., (2016) and Ergun et al.,
(2016).

The SDP has four probes configured in two orthogonal probe pairs in the spin plane on each
spacecraft and ADP has two probes approximately along the spacecraft spin axis as shown in
Figure 11-1. The angle between the probe pair 12 and Xsc is approximately 30 degrees.

The instrument sends a negative bias current to the probes. The total of the plasma and
photoelectron currents must then equal the bias current, so the probe potential adjusts to the
operating point shown in Figure 11-2 (assuming a bias current of 140 nA). This has the advantage
of putting the instrument on the steep part of the curve (i.e. the low resistance part), even in low
density environments. Small fluctuations in the currents (whether caused by actual changes in
the plasma or simply stray currents) then do not significantly affect the probe voltage. The probe
pairs remain stably grounded (with a small offset) to their local plasma environment. Stray
currents and plasma density fluctuations do not show up as an electric potential drop between
the probes.

This document is continually updated as new information becomes available. Downlink 11-3
the latest version before use: http://doi.org/10.48322/VSHD-SV21.
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Figure 11-1 Schematic of SDP and ADP Probes
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Figure 11-2 Idealized Current-Voltage Curve of a Biased Probe in a Low Density (1 cc) Plasma
[The total current to the probe is sum of electron current (red), ion current (green) and

The optimal value of the bias current is determined to large extent by the photoelectron current,
which in turn depends on the solar UV flux as well as on the photo-emissive properties of the
probe surfaces. Therefore, the bias current needs to be adjusted over the course of the mission
to account for changing solar UV flux and probe surface characteristics. The bias currents used

photoelectron current (purple)]

during the mission are given in Appendix C.
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Figure 11-3 Electric Field Mode (biased probes)

Since the current biasing grounds each probe to the local plasma potential, the difference
between the probe potentials divided by the length between the probes gives the electric field as
shown in Figure 11-3. Normally, the full spin plane electric field is computed using the orthogonal
signals P12 and P34 and axial electric field using P56 (see Figure 11-1). The average value of
the probe to spacecraft potentials provides the spacecraft potential.

The instrument can also be switched to the sweep mode and perform current sweeps to provide
the current-voltage (IV) curves, like the ones shown in Figure 11-4. This curve contains
information about the density, the ion and electron temperatures and the maximum photocurrent.
In principle, all of these parameters can be found by fitting a curve to the data, but in practice, it
is difficult to find the ion temperature. The code used to analyze sweeps and derive photocurrent,
along with the latest updates, are made publicly available: https://github.com/irfu/irfu-
matlab/blob/master/mission/mms/mms_edp_Sweep.m
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Figure 11-4 Current-voltage curves obtained in the sweep mode can be compared to theoretical
curves to determine plasma density, electron temperature and the maximum photocurrent.

11.1.1 Status of EDP Probes

Probe 2 on MMS2 and Probe 4 on MMS4 are out of commission and they are no longer being
used for electric field measurements. In each case, a micro-meteoroid severed a wire in the thick
cable (between spacecraft and pre-amplifier). Probe 2 on MMS3 was recently hit by a micro-
meteoroid and this probe is also out of commission.

This document is continually updated as new information becomes available. Downlink 11-5
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Probe 4 on MMS4 can be used for AC High Frequency Electric field measurements, but has zero
bias current, so it is not useable for DC measurements. The Pre-amplifier on MMS2, Probe 2, has
no supply voltage on one side, so it cannot be used. MMS2, MMS3 and MMS4 are producing AC
and DC fields using 3 Spin-plane probes and the two unaffected axial probes. All probes on
MMS1 are healthy and functioning.

Full 3D electric field measurements continue within specifications for all spacecraft. In June 2016,
a micrometeoroid severed a single bias wire of MMS4 Probe 4 (SDP4) adversely affecting the
frequency range DC-~600 Hz. For this range, the FIELDS team successfully reconfigured the
electric field instrument and implemented a post-processing routine using the 3 healthy probes to
determine the E-field components in the spin plane. The results are shown in section 1.4.2.

A second micrometeoroid impact occurred in Sept 2018 to Probe2 (SDP2) on MMS2 which
severed its 12V power. A flight software mod in early Oct 2018 reconfigured signals from the three
remaining SDP probes to continue MMS2 spacecraft potential calculations, several burst trigger
quantities, and the 1% duty cycled AC E-field, keeping MMS2 within specifications. More recently,
on May 8, 2022, a micrometeoroid impacted MMS3 on probe 2, resulting in loss of function of that
probe. Once again, the remaining 3 probes were configured so that full L1 performance continues.
Thus, all four spacecraft are still returning the full science performance requirement.

Impacted probe Time of impact [TT2000]

MMS4 SDP4 2016-06-12T05:28:48.200Z
MMS2 SDP2 2018-09-21T06:04:45.810Z
MMS3 SDP2 2022-05-08T23:18:44.300Z

Table 11-1 Impacted probes

11.2 EDP MEASUREMENTS AND TIMING

The basic EDP sample rates are 8 samples/second in slow survey, 32 samples/seconds in fast
survey, and 8192 samples/seconds in burst mode. During the tail season (phase 1X), 21 April -
26 July 2016, the burst mode sample rate was increased to 16384 samples/second. During the
dusk season (phase 1X-1B), 5 August - 13 October 2016, the slow survey sample rate was
increased to 32 samples/second.

The sampling of the DC raw data signals (individual probe potentials and probe potential

differences) are done by a single analog to digital converter (ADC) running at 218 = 262144 5.
This means that the data are not sampled simultaneously, but in the following order, with a delta
time of 27'® s or about 3.815 us between each sample:

Sequence Signal Sample Delay with respect to first
Number sample [us]
0 Vi 0
1 V2(*¥) 3.815
2 V3 7.629
This document is continually updated as new information becomes available. Downlink 11-6
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3 V4(*) 11.444
4 V5 15.259
5 V6(*) 19.073
6 - 22.888
7 E12 26.703
8 E34 30.518
9 E56 34.332

Table 11-2 Sampling Sequence and Delays of EDP DC Raw Data

The data in the EDP CDF files have been time tagged to the sampling of V1, neglecting the time
difference between the sampling of the different channels. For slow and fast survey data, with a
time resolution of 31.25 ms, the sample time delay of up to 34 us can be neglected. For detailed
high time resolution studies using burst data, with a time resolution of 122 us, the sample time
delay of up to 34 us may be significant. Users wishing to do, e.g., cross spectral analysis of burst
data, are advised to correct the timing themselves, using the individual probe data in the Level 2
Spacecraft potential file (brst_I2_scpot). Information on how to do this is given in Appendix D.

11.2.1 Pre-Flight / On-Ground Calibration

A description of the design of EDP and its pre-flight and ground calibration can be found in
these publications. The combination of the spin plane probes and axial probes provides a 3D
electric field on each spacecraft which is necessary for the science goals of the MMS mission.
The details of the probe configurations and operations are explained in the EDP overview
section 11.1.1 and these publications.

Ergun, R. E., et al. The Axial Double Probe and Fields Signal Processing for
the MMS Mission. Space Sci Rev 199, (2016). https://doi.org/10.1007/s11214-
014-0115-xhttps://doi.org/10.1007/s11214-014-0115-x

Lindqvist, P.-A., et al. The Spin-Plane Double Probe Electric Field Instrument
for MMS. Space Sci Rev 199, (2016). https://doi.org/10.1007/s11214-014-0116-9

11.3 EDP CALIBRATION AND VALIDATION

There is no on-board processing performed on SDP/ADP data which will be included in the
science products. Ground processing includes decommutation and calibration into physical units
of raw data. An example of SDP raw data is shown in Figure 11-5. Further scientific processing
includes spin fitting of probe-probe difference signals, determination of offsets in the raw data,
determination of DC offsets in the despun data (sunward and duskward offsets), amplitude
correction, and despinning the full resolution data. The Axial Double Probe (ADP) instrument
measures the DC to ~ 100kHz electric field along the spin axis of the MMS spacecraft,
completing the vector electric field when combined with the SDP.

This document is continually updated as new information becomes available. Downlink 11-7
the latest version before use: http://doi.org/10.48322/VSHD-SV21.



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

We produce 3 levels of data, L2pre DCE2D, L2pre DCE and L2 DCE during calibration
processes. Next section describes the algorithms used to process and calibrate the raw electric
field data.
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Figure 11-5 Time-series of raw data of the electric field (E12, E34) and of the probe-to-spacecraft
potential (P1, P2, P3, P4). These sample data are from Cluster with a spin period of 4 sec: MMS has
a 20 sec spin period.

11.4 EDP ALGORITHM DESCRIPTIONS

11.4.1 Theoretical Basics

This section gives descriptions of the processing and calibration of SDP, ADP and EPSD raw
data to obtain the final electric field data. The EDP raw probe potential data is saved in L1b
level. There are six probes on each spacecraft that calculate the potential (V1 to V6). The
potential data goes through the following steps as explained in this section to calculate the 3
dimensional electric field (2 components in spinning plane and one component in axial
direction).

11.4.2 SDP Algorithm

As the first stage of calibration it is necessary to perform initial cleaning of the data at which we
remove intervals with: bad data due to issues with electronics, probe saturations due to low
plasma density in the magnetospheric lobes (when ASPOC is not operating), and saturations
due to non- optimal bias current settings occurring in dense plasmas such as magnetosheath. If

This document is continually updated as new information becomes available. Downlink 11-8
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the spacecraft is in the solar wind we apply a correction for the wakes usually present in the raw
data. All the possible problems with the data are recorded in the bitmask supplied with the data.

ADP shadowing of SDP. Due to the fact that the ADP booms casts a shade which SDP cross,
the photo emission current contribution to the SDP bias current is drastically changed once per
probe and spin revolution (twice per spin for the electric field measurement between two
probes). This manifests itself as a change in measured electric field and probe potential, see
Figure 11-6. The impact of this change in photo emission is slowly varying during the orbit as
the plasma environment around the spacecraft changes, but as it is fairly consistent between
consecutive spins its impact can be modeled and mostly removed in the data.

In order to detect and correct for the ADP shadow on the SDP probe measurements the following
general algorithm is used:

1. Determine the spacecraft spin phase for each measurement timestamp (using the
ancillary definite attitude files if these are available at the time of processing, or the lower
temporal resolution housekeeping file with sun pulse timestamps).

2. Determine the phase(-s) when to expect shadow based on which data is processed
(individual probes for spacecraft potential product, or the two differential probes for e-
field products or alternatively the reconstructed differential probe pairs).

3. For each expected shadow linearly detrend the data in a window of +/- 2 degrees of spin
phase from the expected shadow phase.

4. Compute a moving median, of the neighboring 31 spins, using a window of +/- 0.9
degrees from the expected shadow phase of each spin.

5. Subtract the modelled ADP shadow from the measured data.

m moved
. (src: mms1_edp_fast_l1b_dce_20200202_v1.4.3.cdf with spin phase from DEFATT)
T T T T T T T T

LU | | I I
22:50:00 22:50:10
2020-02-02 UTC

Figure 11-6 Example of removed ADP shadow from the SDP e-field measurements (el12 and e34).
Data taken from mms1_edp_fast 11b_dce 20200202_v1.4.3.cdf and just after the ADP shadow was
removed, thus it is still in instrument frame.

The actual code implementing this described algorithm, along with the latest updates, are made
publicly available: https://github.com/irfu/irfu-
matlab/blob/master/mission/mms/mms_sdp_model_adp_shadow.m.

This document is continually updated as new information becomes available. Downlink 11-9
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Solar wind wakes. Whenever the spacecraft is in the solar wind an extra set of cleanups is
performed to remove wakes caused by the presence of the spacecraft itself which may be present
in the electric field data. The algorithm used for detecting and removing wakes is similar to the
one for dealing with ADP shadows and takes some heritage from algorithm and code used to
process EFW data from ESA’s Cluster mission. One example of the solar wind wake is shown in
Figure 11-7. In general, it consists of the following steps:

1.

Determine which, if any, measurement timestamp being processed is during a period
when the spacecraft was in solar wind conditions. This is done based on the latest
version calibration file available during processing (created and updated separately).
These calibration files have names in the format of “mms[1-

4]_edp_sdp_regions_ YYYYMMDD_vX.Y.Z.txt”, and are publicly available
https://github.com/irfu/irfu-matlab/tree/master/mission/mms/cal

Determine the spacecraft spin phase for each measurement (that is to say, re-use the
phase computed for ADP shadow removal).

Determine the phase(-s) when to expect wakes, based on which data is processed
(differential probes or reconstructed differential probes).

Wakes are identified by max derivative, with some basic validation criteria of the wakes
(such as; non-monotone signal, local secondary maximum not too large compared with
global maximum).

First we find a narrow proxy wake, correct for it and find a proxy DC field (ground tone).
Then we subtract the ground tone from the original data and find a final fit for the wake.
The procedure is performed on five spins, with the resulting fit being applied to the spin
in the middle.

The actual code implementing this described algorithm, along with the latest updates, are made
publicly available: https://github.com/irfu/irfu-
matlab/blob/master/mission/mms/mms_sdp _swwake new.m.

This document is continually updated as new information becomes available. Downlink 11-10
the latest version before use: http://doi.org/10.48322/VSHD-SV21.
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Figure 11-7 Example of Solar wind wake identified and removed in the SDP data (E-field e12 in the
lowest panel showing measurement before in black and after s/w wake was removed in blue). In the
top panel multiple spins are overlapped showing a clear common pattern at the phases where a wake
is expected (red vertical lines). The second panel show the second derivative of the spin being
processed, and the third panel shows the modelled wake (along with horizontal lines indicating
parameters used to verify that the modelled wake is as expected; for instance, the global maximum
and the second maximum).

Spin fits. After initial cleaning of the data a spin fitting procedure is performed; the output of this
procedure provides basic parameters, which are used later in the calibration procedure. In the
presence of a constant ambient electric field, the raw data signal (probe potential difference) is a
sine wave where the amplitude and phase give the electric field magnitude and direction. A least-
squares fit to the raw data of the form

y=A+ Bcos (wt) + Csin (wf) + D cos (2wt) + E sin (2wt) + ... (1)

is done on 20 seconds of data once every 5 seconds (the spacecraft spin period is about 20
seconds). The fit is done individually on E12 and E34 to obtain a set of terms for each of the raw
data signals.

The standard deviation of the raw data from the fitted sine wave can be used as indication of high
frequency variations in the data. Higher order terms, D, E, ..., may be used for diagnostics of data
quality: normally the higher order terms are much smaller than B and C, and the opposite situation
would indicate problems with the measurements.

Offsets. The sine and cosine terms, B and C after correction for DSL offsets provide the 5-sec
resolution electric field in DSL:

EXSS = GB = AEX 5 (2)

This document is continually updated as new information becomes available. Downlink 11-11
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Ey5s = CYC - AEy y (3)

where a is the amplitude correction factor due to the ambient electric field is “short-circuited” by
the presence of the spacecraft and wire booms, and AE, and AE, are the DSL offsets, which are
determined from cross-calibration with EDI and particle instruments, as well as from the inter-
spacecraft calibration.

As the spin fitting procedure would typically yield different values for the electric field from the two
different probe pairs, it is useful to introduce additional offset which describes the difference
between the two measurements, Ap12,34, Which we call the Delta offset:

Dy pr2p3a = Exss(E12) — Exss(Eza) , (4)
Ayp12p3s = Eyss(E12) — Eyss(Eaa) . (5)

The delta offset is expected to vary relatively slowly, on a typical time-scale of several months
and is therefore determined from statistical comparison of electric fields from the two probe pairs.

The despun full resolution electric field is obtained as follows:

Ex = Re[&12] — Axp12p3s + Re[€z4] , (6)
Ey = Im[&12] = Ay p12p3a + IM[&a4] , (7)

where &12 = (E12- Draw 12)€°'? | &34 = (Eza- Draw 34)€**, and @12 =34 + T1/2 is the spin phase of probe
1 with respect to the sun; Raw data DC offset, Araw = <A>, is based on parameter A of the fit (Eq.
1). Ideally, the DC level of the raw data should be zero, however small differences between the
probe surfaces and in the electronics create a DC offset in the raw data. If not corrected, it shows
up as a signal at the spin frequency in the despun electric field. The 5-s resolution values of A are
smoothed using 5 adjacent points according to the formula

<A>=01*"A2+025"A1+0.3*A+0.25* Ais1 + 0.1 * Air2 (8)
after which <A> is resampled to the full time resolution of the data using linear interpolation.

It may be noted that asymmetries due to the direction to the sun have the dominant contribution
to the offsets, so that the following inequalities are typically satisfied:

AE>> AE,, 9)
Ay p12p3s >> Ay p12p34. (10)

Reconstructed e-field data following probe failure. Up until the time of writing only the MMS2
SDP2, MMS4 SDP4 and MMS3 SDP2 probes have had failures or problems, see Table 11-1 for
detailed impact times on respective probe. As a result, the processing approach of their data for
timestamps after these dates had to be changed to recover as much as possible of the useful
data. These failures were slightly different in nature and as such they were treaded slightly
differently. The general approach is however to reconstruct the missing electric field measurement
(e12 on MMS2 and MMS3,e34 on MMS4) using the still working probe in the pair along with the
two other working probes as a stand in for the failed probe, from the following equation:

Ereconstr, A8 = Va—0.5* (VC - VD)/(L/2) (1 1)
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Where; “Ereconstr, A8” is the reconstructed electric field measurement (e.g. “€34” on MMS4 after
sdp4 failed), “Va” is the still working probe of this pair (e.g. sdp3 on MMS4 after sdp4 failed), “Vc*
and “Vp” are the two other working SDP probes (i.e. sdp1 and sdp2 on MMS4 after sdp4 failed),
and “L” is the nominal boom length (120 meter after boom deployment).

For MMS4 the probe failure on SDP4 was such that the high frequency content of the
measurement is still considered good. Therefor the processing of burst data from MMS4 after the
failure merges the high frequency content, typically signals above 600Hz, of the measured signal
e34 into the reconstructed e-field e34.

An example of the reconstructed E-field is shown in Figure 11-8, comparing reconstructed fields
to the actual measured fields shows fairly a good agreement between the two signals (the
reconstructed field was artificially reconstructed here before the probe actually failed). The
actual code use for reconstructing the e-field and merging of higher frequency content, are
made publicly available: https://github.com/irfu/irfu-
matlab/blob/master/mission/mms/mms_sdp_dmgr.m

Using comparison data from before June 2016, Figure 11-8 shows that the resulting uncertainty
remains less than the 0.5 mV/m mission success requirement with only a modest increase in the
noise floor.

E34

. Mwsa:20160026141634 [T T T T T T T T T T T

E34REC

102 103 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01:27:30 01:28:00 01:28:30 012900 012930
Frequency (Hz) 2016-01-03 UTC

Figure 11-8 Comparison of (Left) Measured (Blue) and Reconstructed (Orange) Wave Forms Using
Data Taken Prior to the Anomaly and (Right) Post-Anomaly Noise Levels of the Measured (Blue),
Reconstructed (Orange), and Combined (Yellow) Products Along the SDP3-4 Axis

This SDP calibration process will provide the L2pre DCE2D data products.

11.4.3 ADP Algorithm

The L2 pre DCE2D data is used as input to generate L2 pre DCE data and L2 data. In this stage
of calibration, we use data from FPI, FGM and EDI instruments. IF fast FPI and survey E-field
EDI data are available, they will be used for calibrations purposes. The L2 calibration code detects
the solar wind, magnetosheath, magnetopause, magnetotail and inner magnetosphere regions to
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set the gain values based on plasma parameters in each environment. If the spacecraft is in solar
wind, FPI data is not used for calibration.

Offsets. In order to remove offsets from the data, we use four baselines when the necessary
data are available:

A. E + Vi x B median-smoothed to 60 s.
B. E + V. x B median smoothed to 10s.
C. EDI E-Field mode averaged to 10 s.
D. E.B averaged to 20 s only in magnetotail.

The E.B baseline is only used in magnetotail regions. Vi and Ve are ion and electron velocities
respectively provided by FPI instrument. All the available baselines are merged together to
remove the offset from L2 data. Figure 11-9 and Figure 11-10 show the algorithm for the L2 pre

and L2 DCE data. The L2pre data can be reconstructed using L2 calibration processing data
following this procedure:

ELZpre,x = (ELZ,X + Reslduex) / 106
ELZpre,y = (EL2,y + ReSiduey) /1.06
EL2pre,z= (EL2,2+ ReSidUez) /112 — ReSidUeLZpre,z

L2pre

DCE2d Su rvey
Remove
Sweep Sweeps REMOVE
L Table SPIN

| TONE:

E.BITERATE:
All components.
) H 1
e
L2 MAG Input and Vsc. )

e Check 1
L2 SCpot L2pre
Error Restore SDP to
~——
—_— Determination DCE2d.
Phase, Bit,

& Quality

El
Calculation
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[SPIN(Roy)} [ ERROR J [LzPreE"J [LZpre DCE} [RESIDUE

Figure 11-9 L2Pre Calibration Algorithm
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Figure 11-10 L2 Calibration Algorithm

11.4.4 EPSD Algorithm

The analog electric waveforms measured by EDP are digitalized and processed inside the
digital signal processor (DSP) developed by Laboratory of Atmospheric and Space Physics
(Ergun et al., 2016). This process provides the raw data for Electric field power spectral density
(EPSD). The calibration code gets the processed on board data and applies corrections to
Hanning window and compressions performed in DSP. We also correct for DSP and Pre-
amplifier gains.

The Solitary Wave Detector (SWD) is a data product created by the FIELDS Digital Signal
Processor (DSP) board. The intent of the SWD is to make an approximate count of the number
of kinetic electric field solitary structures (e.g. phase space holes or double layers) observed per
unit time within a set of amplitude ranges. The SWD operates on 65,536 Sample/s waveform data
from any of the three antenna differential pair AC-coupled signals (E12 AC, E34 AC, E56 AC).
Nominally, and for most of the mission on most spacecraft, the SWD operates on E12 AC data.
A window width (32, 64, 128 or 256 points) is specified, as are five threshold amplitude values.
These threshold values define the upper and lower bounds on four amplitude bins. For each
window, the SWD algorithm calculates a pseudo-rms value and a peak value of the input
differential electric field waveform data. The pseudo-rms is calculated as follows: (i) the average
of the data in each window is subtracted, (ii) the average-subtracted data within the window are
summed, (ii) the summed value is divided by the number of points within the window. The ratio is
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then calculated of the peak amplitude (maximum absolute value of the average-subtracted data
within the window) to the pseudo-rms. If this ratio exceeds 4, the algorithm adds one count to one
SWD amplitude bin. This bin is determined by the peak amplitude value and the used-defined
bounds on the four amplitude bins.

The SWD is always active when FIELDS DSP is in Fast Survey, and it returns counts in each of
the four defined amplitude bins at a reporting period of 0.5 * (N +1) seconds, where N can be set
from 0 to 63. Internal to the SWD, counts are recorded as a 12-bit number. This number is
compressed to eight bits using a lossy pseudo-log compression scheme (3 exponent, 5 mantissa
bits) before being returned to the ground.

The SWD data product is successful at identifying regions where the peak/rms value of AC-
coupled electric fields is often large (e.g. Hansel et al. 2021,
https://doi.org/10.1029/2021JA029389).

11.5 DATA PRODUCTS

The EDP instrument runs in several modes: Fast survey (normally run in the scientific Region of
Interest, ROI), Slow survey (normally used outside the ROI), and Burst (for selected intervals
within the ROI). The EDP data products can be broadly divided in Level 1 (raw data) and Level
2 (science data). The following table lists the possible combinations and their corresponding folder
names in the hierarchical mms data file structure:

Level Mode
Fast Slow Burst Survey
Level 1 L1b L1b L1b L1b
Level 2 L2a, L2pre, L2 | L2a, L2pre, L2 L2pre, L2 L2
Quicklook ql ql ql
SITL sitl sitl

Table 11-3 EDP Operating Modes and Data Levels

As seen, there is a collective name Survey, which encompasses both Fast and Slow survey.
The designations 12a and 12pre are used for intermediate and preliminary Level 2 data. For each
of the entries in the table above, there are a number of possible available data types:

Mode_Level Data_type Access Description
Level 1 (raw data)
{fast,slow,brst} 11b dce EDP internal Raw electric field, Individual probe potentials
brst 11b ace EDP internal (Only during commissioning)
brst 11b hmfe EDP internal Raw electric field, 65536 s, 10% duty cycle
(adjustable)
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srvy 11b ace EDP internal AC electric field, 131072 s, 0.1% duty cycle
(16ms/16s)
srvy 11b dce EDP internal Raw electric field, Individual probe potentials (Do
not use)
srvy 11b sweeps EDP internal Current-voltage sweeps
Level 2
{fast,slow} 12a dce2d EDP internal Raw electric field, Spin fit results and offsets
{fast,slow,brst} 12pre dce2d EDP internal Despun electric field in DSL, Ez calculated using
E.B=0
{fast,slow,brst} 12pre dce EDP internal Despun electric field in DSL after preliminary
calibration
{fast,slow,brst} 12 dce Public Despun electric field in DSL and GSE
brst 12 hmfe Public Despun electric field in DSL, 65536 s, 10% duty
cycle
srvy 12 hfesp Public Electric Field spectra 592 - 65536 Hz
{fast,slow,brst} 12 scpot Public Spacecraft potential, Individual probe potentials
fast 12 epsd Public Power spectral density by DSP
fast_12 swd Public Impulsive Electric Field Structure Counts
Quicklook
{fast,slow,brst} gl dce2d MMS/Public Despun electric field in DSL
{fast,slow,brst} gl dce MMS/Public Despun electric field in DSL and FAC
SITL
{fast,slow} sitl dce SITL Despun electric field in DSL
{fast,slow} sitl scpot SITL Spacecraft potential

Table 11-4 EDP Data Types and Descriptions

In the table above, the third column indicates whether the data are intended for internal or public

use. The Quicklook data CDF files are for use by the MMS team, while the Quicklook plots are
for public use.
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11.5.1 Bitmasks and Quality Flags

Many of the data products include a quality indicator and a bitmask indicating specific issues
with the data. The quality indicator is a value between 0 and 3, with the meaning given in Table

11-5.
Quality indicator | Meaning
0 Very bad data or no data available
1 Bad data, use with caution
2 OK data, use with some caution
3 Good data

Table 11-5 EDP Quality Indicator

The EDP bitmask is a 16-bit unsigned integer where each bit indicates a specific issue with the

data, as listed in Table 11-6.

Bit Hex Decimal | Meaning if bit is set (1) Quality
positio | value value index
n
0 0x0001 1 Probe(-s) are disabled 0
1 0x0002 2 Probe(-s) have bad bias setting 1
2 0x0004 4 Probe(-s) are saturated 0
3 0x0008 8 Probe(-s) are saturated due to low density 1
4 0x0010 16 Probe(-s) are sweeping bias current 1
5 0x0020 32 SDP Probe(-s) are in shadow from ADP 1
Booms
6 0x0040 64 ASPOC is emitting non-zero current 2
7 0x0080 128 TBW (reserved for ADP processing) TBW
8 0x0100 256 Asymmetric probe configuration (e.g 2
MMS4 after 2016-06-12)
9 0x0200 512 Maneuver is ongoing 1
10 0x0400 1024 SDP probe(-s) have solar wind wake 2
removed
11 0x0800 2048 Spacecraft in eclipse of Earth/Moon (non- 0
nominal probe bias)

Table 11-6 EDP Bitmask Values and Corresponding Quality Indicator
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11.5.2 CDF file naming

All data are stored in CDF files according to the MMS-wide data standards. For EDP data, the
file naming convention is:

<observatory>_edp_<mode>_<level>_<datatype>_<datetime>_<version>.cdf
where

<observatory> = {mms1, mms2, mms3, mms4}

<mode> = {fast, slow, brst, srvy}

<level> = {l1b, 12a, 12pre, 12, ql, sitl}

<datatype> = {dce, ace, hmfe, hfesp, sweeps, dce2d, scpot}

<datetime> = {yyyymmdd, yyyymmddhhmmss}

<version> = vx.y.z where X, y, and z are the major version, minor version, and revision:

The major version changes when updates to productions software have been made to change
file format and/or contents. The minor version changes with new calibrations and/or correction
of errors which do not affect the file format. The revision is incremented each time a file is re-
generated using the same software, e.g., due to more data becoming available.

11.5.3 Level 1 Data Products

L1b_dce: EDP raw data (for internal use by the EDP team). It contains the 3 probe-probe
potential differences, used to calculate the vector electric field (E12, E34 and E56), and 3 of the
individual probe-spacecraft potentials (V1, V3 and V5).

L1b_hmfe: EDP raw AC electric field data (for internal use by the EDP team). It contains
AC- coupled burst data from the 3 probe-probe potential differences. Data are not sampled
continuously, but using a duty cycle.

L1b_ace: EDP raw AC E12 data (for internal use by the EDP team). It contains AC-coupled
data from the E12 probe-probe potential difference. Data are not sampled continuously, but
using a duty cycle. Spectra are produced on ground.

L1b_sweeps: EDP current-voltage sweeps (for internal use by the EDP team). It contains
current-voltage sweeps done on the probes for diagnostic purposes, normally at the start and at
the end of each ROI.

11.5.4 Level 2 Data Products

L2a_dce2d: An intermediate E-field product (for internal use by the EDP team). It contains
the electric field in the spinning frame, together with the computed spin fit coefficients, spin
phase and various offsets. The L2a fast files are used as input to both the L2pre fast processing
and the L2pre burst processing, ensuring consistency between the fast and burst data.

L2pre_dce2d: Preliminary 2D DC E-field in DSL coordinates (for internal use by the EDP
team). The spin plane E-field (Exy) is computed from the SDP probes (E12 and E34), corrected

This document is continually updated as new information becomes available. Downlink 11-19
the latest version before use: http://doi.org/10.48322/VSHD-SV21.



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

for various offsets. The spin axis E-field (Ez) is obtained using the condition E'B=0 when the
magnetic field elevation above the spin plane is more than 10 degrees.

L2pre_dce: Preliminary 3D DC E-field in DSL coordinates (for internal use by the EDP
team). The spin plane E-field (Exy) is unchanged from the preliminary 2D DC E-field, and the
spin axis E- field (Ez) is computed from the ADP probes (E56).

L2_dce: Final 3D DC E-field in DSL and GSE coordinates. Both spin plane and spin axis E-

field have been processed through elaborate calibration procedures involving comparisons with
FPI and EDI data to obtain the best possible scientific data quality. The E-field data are given in
both DSL and GSE coordinates.

L2_hmfe: EDP despun AC electric field data in DSL. It contains AC-coupled vector E-field
burst data. Data are not sampled continuously, but using a duty cycle.

L2_hfesp: EDP E12 electric field spectra. It contains power spectra of the E12 probe-probe
potential difference. Data are not sampled continuously, but using a duty cycle.

L2_scpot: Spacecraft potential. The spacecraft potential is calculated by averaging the four
SDP probe-to-spacecraft potentials and correcting for the probe-plasma potential and the short-
circuiting effect of the 60 m long booms. The product also contains the probe-spacecraft
potential for all 6 EDP probes.

L2_epsd: Electric field power spectral density. It contain the electric field waveforms
measured by DSP.

11.5.5 Quicklook Products

QL_dce2d: Quicklook 2D DC E-field in DSL coordinates (for use by the MMS team). The
spin plane E-field (Exy) is computed from the SDP probes (E12 and E34), calibrated for various
offsets. The spin axis E-field (Ez) is computed from the ADP probes (E56) with no calibrations
applied.

QL_dce: Quicklook 3D DC E-field in DSL coordinates (for use by the MMS team). The spin
plane E-field (Exy) is unchanged from the Quicklook 2D DC E-field. The spin axis E-field (Ez) is
computed from the ADP probes (E56) and calibrated as best possible without use of FPI or EDI
data.

11.5.6 SITL Products

SITL_dce: 3D DC E-field in DSL coordinates (for use by the SITL). This product is a
simplified version of QL_dce which contains the electric field (Ex,Ey,Ez) only, omitting some
error and quality indicators.

SITL_scpot: Spacecraft potential (for use by the SITL). This product is a simplified version of
L2_scpot which contains the spacecraft potential only, omitting individual probe potentials.
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All level 2 data products are listed below.

Brief description: Despun electric field in DSL

File name: mms{1,2,3,4} edp {fast,slow,brst} 12

pre_dce2d <datetime>_v<x.y.z>.cdf

Variable name

Description

mms# _edp_dce dsl_{fast,slow,brst} [2pre

Ex, Ey, Ez: Electric field in DSL using E.B=0

mms# _edp_adp_{fast,slow,brst} 12pre

Ez in DSL from ADP E56

mms# _edp_phase {fast,slow,brst} 12pre

Spacecraft spin phase

mms# _edp_adc_offset {fast,slow,brst} 12pre

Removed ADC offsets

mms# _edp_delta_offset {fast,slow,brst} 12pre

Removed delta offsets

mms# _edp_bitmask_{fast,slow,brst} [2pre

Status bitmask

mms# _edp_quality {fast,slow,brst} 12pre

Quality flag

Table 11-7 Despun Electric Field in DSL

Brief description: Despun electric field in DSL after preliminary calibration

File name: mms{1,2,3,4} edp {fast,slow,brst} 12

pre_dce <datetime> v<x.y.z>.cdf

Variable name

Description

mms# _edp_dce dsl_{fast,slow,brst} [2pre

Ex, Ey, Ez: Electric field in DSL

mms# _edp_dce par_epar_{fast,slow,brst} [2pre

Eerr, Epar: Parallel E field and its error

mms# _edp _dce dsl _res {fast,slow,brst} 12pre

Ex, Ey, Ez: Electric field residue

mms# _edp_dce_err_{fast,slow} 2pre

Ex, Ey, Ez: Electric field error

mms# _edp_adc_offset {fast,slow,brst} 12pre

Removed ADC offsets

mms# _edp_delta_offset {fast,slow,brst} 12pre

Removed delta offsets

mms# _edp_bitmask_{fast,slow,brst} [2pre

Status bitmask

mms# _edp_quality {fast,slow,brst} 12pre

Quality flag

Table 11-8 Despun Electric Field in DSL After Preli

minary Calibration

Brief description: Despun electric field in DSL a

nd GSE

File name: mms{1,2,3,4} edp {fast,slow,brst} 12

dce_<datetime>_v<x.y.z>.cdf

Variable name

Description

mms# _edp_dce gse {fast,slow,brst} 12

Ex, Ey, Ez: Electric field in GSE

mms# _edp_dce dsl {fast,slow,brst} 12

Ex, Ey, Ez: Electric field in DSL

mms# _edp_dce par_epar {fast,slow,brst} 12

Eerr, Epar: Parallel E field and its error

mms# _edp_dce dsl res {fast,slow} |2

Ex, Ey, Ez: Electric field residue

mms# _edp _dce_err_{fast,slow} 12

Ex, Ey, Ez: Electric field error

mms# _edp_bitmask {fast,slow,brst} 12

Status bitmask

mms# _edp_quality {fast,slow,brst} 12

Quality flag

mms# dsp_epsd X

Power spectral density of Ex by DSP

mms# dsp_epsd_y

Power spectral density of Ey by DSP

mms# dsp epsd z

Power spectral density of Ez by DSP

mms# dsp_epsd omni

Omni-directional power spectral density

mms(1 or 4) dsp_swd E12 Counts

Counts of waveform data on E12

mms(2 or 3)_dsp_swd_E34 Counts

Counts of waveform data on E34 (Probe 2
disabled)

Table 11-9 Despun Electric Field in DSL and GSE
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The full list of data products are available in Appendix B.
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APPENDIX B- DETAILED CONTENTS OF EDP CDF FILES

This Appendix lists the detailed contents of the EDP CDF data files. Only the most relevant
variables are listed. For complete information including all Metadata and Global and Variable
attributes, please consult the actual CDF files. Table 11-4 is repeated here for convenience.
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Table 11-4 (repeated). EDP datatypes and brief descriptions.

Mode_Level Data- Access Brief description
type

Level 1 (raw data)

{fast,slow,brst} [1b dce EDP Raw electric field, Individual probe potentials
internal

brst_I1b ace EDP (ONLY DURING COMMISSIONING)
internal

brst_[1b hmfe EDP Raw electric field, 65536 s™', 10% duty cycle
internal (adjustable)

srvy_I1b ace EDP AC electric field, 131072 s™, .1% duty cycle
internal (16ms/16s)

srvy I1b dce EDP Raw electric field, Individual probe potentials
internal (DO NOT USE)

srvy_I1b sweeps | EDP Current-voltage sweeps
internal

Level 2

{fast,slow}_I2a dce2d | EDP Raw electric field, Spin fit results and offsets
internal

{fast,slow,brst} 12pre | dce2d | EDP Despun electric field in DSL, Ez calculated
internal using E.B=0

{fast,slow,brst} [2pre | dce EDP Despun electric field in DSL after preliminary
internal calibrations

{fast,slow,brst} 12 dce Public Despun electric field in DSL and GSE

brst 12 hmfe Public Despun electric field in DSL, 65536 s, 10%

duty cycle (adjustable)
srvy 12 hfesp Public Electric field spectra 592 - 65536 Hz
{fast,slow,brst} [2 scpot Public Spacecraft potential, Individual probe
potentials

Quicklook

{fast,slow,brst} ql dce2d | MMS/Public | Despun electric field in DSL

{fast,slow,brst} gl dce MMS/Public | Despun electric field in DSL and FAC

SITL

{fast,slow} _sitl dce SITL Despun electric field in DSL

{fast,slow} sitl scpot SITL Spacecraft potential

B.1 LEVEL 1 (RAW DATA)

B.1.1 Level 1: {fast,slow,brst} 11b_dce

Brief description: Raw electric field, Individual probe potentials
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File name: mms{1,2,3,4} edp_{fast,slow,brst} [1b_dce_ <datetime>_v<x.y.z>.cdf
File contents:
Variable name Type Description

mms# _edp_dce _sensor | float(3) | E12, E34, E56: Raw electric field

mms# _edp_dcv_sensor | float(3) | V1, V3, V5: Raw probe potential
Sample rates: 8 or 32 s' (slow), 32 s (fast), 8192 or 16384 s (brst)
Timing: A raw data packet in telemetry is time stamped with the sampling time of V1. The
onboard ADC converts samples in the following order: (V1, V2, V3, V4, V5, V6, nap, E12, E34,
E56), with a time delay between each sample of 27 s = 3.8 ps. V2, V4 and V6 are not normally
transmitted in telemetry (except in commissioning). For convenience, the time tag of all
quantities in the Level 1 CDF file has been set to the V1 time tag. For detailed high time
resolution studies the user is advised to perform correct resampling of V3, V5, E12, E34 and
E56 from their actual sampling times to the sampling time of V1 before further analysis. See
also section 5.8 and Appendix D.
Predecessors: None

B.1.2 Level 1: brst_11b_ace

(Available only during commissioning)

B.1.3 Level 1: brst_I1b_hmfe

Brief description: Raw AC electric field
File name: mms{1,2,3,4} edp_brst_|1b_hmfe_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms# _edp hmfe sensor | float(3) | E12, E34, E56: Raw AC electric field
Sample rates: 65536 s
Duty cycle: 25%, 2 s data in each 8 s time interval (adjustable)
Predecessors: None

B.1.4 Level 1: srvy I1b_ace

Brief description: Raw AC electric field
File name: mms{1,2,3,4} edp_srvy |1b_ace_<datetime>_v<x.y.z>.cdf
File contents:
Variable name Type Description
mms# _edp_ace_sensor | float(1) | Raw AC electric field, one component only
Sample rates: 131072 s™
Duty cycle: 0.1%, 16 ms data every 16 s
Predecessors: None
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B.1.5 Level 1: srvy 11b_dce

Brief description: Raw electric field, Individual probe potentials (DO NOT USE)
File name: mms{1,2,3,4} edp_srvy |1b_dce_<datetime>_v<x.y.z>.cdf

File contents:

Variable name Type Description

mms# _edp_dce _sensor | float(3) | E12, E34, E56: Raw electric field

mms# _edp_dcv_sensor | float(3) | V1, V3, V5: Raw probe potential

Note: This file should normally not be used. It is only a temporary file which is later split into
the fast and slow survey files mms{1,2,3,4} edp_{fast,slow} I1b_dce_<datetime>_v<x.y.z>.cdf.
Refer to the description of these files instead.

B.1.6 Level 1: srvy I1b_sweeps

Brief description: Current-voltage sweeps

File name: mms{1,2,3,4} edp_srvy |1b_sweeps_<datetime>_v<x.y.z>.cdf

File contents:

Variable name Type Description

mms# _edp_sweeps float(6) Individual probe potentials during sweep

mms# _sweep_steps uint16(1) Number of bias steps taken during sweep

mms# sweep_start TT2000 Start time of sweep

mms# _sweep_stop TT2000 Stop time of sweep

mms#_sweep_swept uint8(1) Indicator of which probe pair was swept
(1=sdp12, 3=sdp34, 5=adp56)

mms# _sweep_bias1 float(1) Bias values of first probe sweep

mms# _sweep_bias2 float(1) Bias values of second probe sweep

Details: During sweeps a varying bias current is applied to one of the probe pairs, and the
individual probe potential response is stored in mms#_edp_sweeps.

Predecessors: None

B.2 LEVEL 2 (SCIENCE DATA, INCLUDING INTERMEDIATE DATA

PRODUCTS)

B.2.1 Level 2: {fast,;slow} 12a d

ce2d

Brief description: Raw electric field, Spin fit results and offsets

File name: mms{1,2,3,4} edp_{fast,slow} |
File contents:

2a_dce2d_<datetime>_v<x.y.z>.cdf

Variable name

Type Description

mms# _edp_dce {fast,slow} 2a

float(3) E12, E34, Ez: Raw electric field

mms# edp phase_{fast,slow} |2a

float(1) | Spacecraft spin phase

mms#_edp_espin_p12_{fast,slow} [2a

float(2) | Spin fit coefficients B,C=Ex,Ey in DSL
using E12

mms# _edp_sdevfit p12 {fast,slow} [2a

float(1) Spin fit standard deviation using E12
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mms# _edp_offsfit p12_ {fast,slow} 12a | float(1) Spin fit coefficients A using E12
mms#_edp_espin_p34_{fast,slow} [2a | float(2) Spin fit coefficients B,C=Ex,Ey in DSL
using E34

mms# _edp_sdevfit p34 {fast,slow} 12a | float(1) Spin fit standard deviation using E34
mms# _edp_offsfit p34 {fast,slow} 12a | float(1) Spin fit coefficients A using E34
mms# _edp_adc_offset {fast,slow} 12a | float(2) ADC offsets to be removed
)
)

mms# _edp_delta_offset {fast,slow} |2a | float(2 Delta offset between E12 and E34
mms#_edp_sw_wake_{fast,slow} |2a float(2 Solar Wind wakes removed from E12

and E34
mms#_edp_bitmask_{fast,slow}_I2a uint16(3) | Status bitmask (see separate

description)
mms#_edp_quality {fast,slow} 12a uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 s' (slow), 32 s™ (fast), 0.2 s™ (Spin fit results)

Predecessors: Level 1 {fast,slow} I1b_dce + FIELDS hk data, ASPOC srvy data, DEFATT
Details: E12,E34 computed from I1b_dce raw data by 1) multiplying by gain 1.25 and 2)
removing ADP shadow spikes. Ez computed from raw data as -E56 to make right-handed
coordinate system: E12 = E12(I11b_dce)*1.25, E34 = E34(l1b_dce)*1.25, Ez = -E56(11b_dce).
Spin fits to E12 and E34 are done every 5 s to create A, B, C. Spin fit coefficients A are
smoothed to give ADC offsets to be removed.

B.2.2 Level 2: {fast,slow,brst} 12pre dce2d

Brief description: Despun electric field in DSL
File name: mms{1,2,3,4} edp_{fast,slow,brst} [2pre_dce2d_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms#_edp_dce_dsl_{fast,slow,brst} [2pre float(3) Ex, Ey, Ez: Electric field in
DSL using E.B=0

mms# _edp_adp_{fast,slow,brst} 12pre float(1) Ez in DSL from ADP E56

mms# _edp_phase {fast,slow,brst} 12pre float(1) Spacecraft spin phase

mms#_edp_adc_offset_{fast,slow,brst} 12pre float(3) | ADC offsets which have
been removed

mms#_edp_delta_offset_{fast,slow,brst} 12pre float(2) Delta offsets which have

been removed
mms#_edp_swwake_residue_{fast,slow,brst} |12pre | float(2) | Solar Wind wakes which has
been removed

mms#_edp_bitmask_{fast,slow,brst} [2pre uint16(1) | Status bitmask (see
separate description)
mms# _edp_quality {fast,slow,brst} 12pre uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 s' (slow), 32 s™ (fast), 8192 or 16384 s (brst)

Predecessors for {fast,slow}_|2pre_dce2d: Level 2 {fast,slow} 12a_dce2d + DFG srvy data
Predecessors for brst_I2pre_dce2d: Level 2 fast_|2a_dce2d, Level 1 brst_[1b_dce + FIELDS
hk data, ASPOC srvy data, DEFATT, DFG srvy data

Details: Ex, Ey are despun electric field in DSL from SDP E12 and E34, Ez is computed using
E.B=0. Ez from ADP (E56) is available as a separate parameter (_adp_).
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B.2.3 Level 2: {fast,slow,brst} 12pre dce

Brief description: Despun electric field in DSL after preliminary calibrations
File name: mms{1,2,3,4} edp_{fast,slow,brst} [2pre_dce_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description
mms# _edp_dce dsl_{fast,slow,brst} [2pre float(3) Ex, Ey, Ez: Electric field in DSL
mms#_edp_dce_par_epar_{fast,slow,brst} [2pre | float(2) Eerr, Epar: Electric field error,
Parallel electric field
mms#_edp_dce_dsl_res_{fast,slow,brst} 12pre | float(3) Ex, Ey, Ez: Electric field
residue
mms#_edp_dce_err_{fast,slow} [2pre float(3) Ex, Ey, Ez: Electric field error
(not in brst)
mms#_edp_phase_{fast,slow} [2pre float(1) Spacecraft spin phase (not in
brst)
mms#_edp_adc_offset_{fast,slow,brst} 12pre float(3) | ADC offsets which have been
removed
mms#_edp_delta_offset_{fast,slow,brst} 12pre float(2) Delta offsets which have been
removed
mms#_edp_bitmask_{fast,slow,brst} [2pre uint16(1) | Status bitmask (see separate
description)
mms# _edp_quality {fast,slow,brst} 12pre uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 s' (slow), 32 s (fast), 8192 or 16384 s (brst)

Predecessors for {fast,slow}_|2pre_dce: Level 2 {fast,slow} [2pre_dce2d,

{fast,slow} I1b_dce + FIELDS hk data, FIELDS sweep data, AFG srvy data

Predecessors for brst_I2pre_dce: Level 2 brst_|2pre_dce2d, fast_|2pre_dce + AFG srvy data
Details: Ex and Ey are unchanged from I2pre_dce2d. Ez has been corrected as best possible
without using FPI and/or EDI data.

B.2.4 Level 2: {fast,slow,brst} 12 dce

Brief description: Despun electric field in DSL and GSE
File name: mms{1,2,3,4} edp_{fast,slow,brst} 12_dce <datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description
mms# _edp_dce gse {fast,slow,brst} 12 float(3) Ex, Ey, Ez: Electric field in GSE
mms# _edp_dce dsl_{fast,slow,brst} 12 float(3) Ex, Ey, Ez: Electric field in DSL

mms#_edp_dce_par_epar_{fast,slow,brst} 12 | float(2) Eerr, Epar: Parallel electric field
error and value

mms#_edp_dce_dsl_res_{fast,slow} [2 float(3) Ex, Ey, Ez: Electric field residue
(not in brst)

mms#_edp_dce_err_{fast,slow} |2 float(3) | Ex, Ey, Ez: Electric field error (not
in brst)

mms#_edp_bitmask_{fast,slow,brst} [2 uint16(1) | Status bitmask (see separate
description)

mms#_edp_quality {fast,slow,brst} 12 uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 s' (slow), 32 s (fast), 8192 or 16384 s (brst)
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Predecessors for {fast,slow}_|2_dce: Level 2 {fast,slow} |2pre_dce, {fast,slow} 12_scpot +
AFG srvy data + DEFATT + DEFEPH

Predecessors for brst_I2_dce Level 2 fast_|12_dce, fast_|2pre_dce, brst_|2pre_dce + AFG srvy
data

Details: Electric field after possible correction using FPI and/or EDI data.

B.2.5 Level 2: brst_12_hmfe

Brief description: Despun AC electric field
File name: mms{1,2,3,4} edp_brst 12_hmfe_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type | Description
mms# edp hmfe dsl brst float(3) | Despun AC electric field in DSL
mms# _edp _hmfe par_epar_brst | float(1) | Parallel electric field

Sample rates: 65536 s
Duty cycle: 2 s data in each 8 s time interval (adjustable)
Predecessors: Level 1 brst_|1b_hmfe + AFG srvy data

B.2.6 Level 2: srvy 12 hfesp

Brief description: Electric field spectra 592 - 65536 Hz
File name: mms{1,2,3,4} edp_srvy |2 _hfesp_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms# _edp_hfesp _srvy 12 | float(322) | Electric field spectra 592-65536 Hz
Sample rates: 1 spectrum every 16 s, based on 131072 s™ raw data
Predecessors: Level 1 srvy [1b_ace
Details: The spectra are based on raw data from one component of the electric field, E12, only.

B.2.7 Level 2: {fast,slow,brst} 12 scpot

Brief description: Spacecraft potential, Individual probe potentials
File name: mms{1,2,3,4} edp_{fast,slow,brst} 12_scpot_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms# _edp_scpot_{fast,slow,brst} 12 float(1) | Spacecraft potential wrt plasma

mms# _edp_psp_{fast,slow,brst} 12 float(1) | Average probe to spacecraft potential

mms# _edp_dcv_{fast,slow,brst} 12 float(6) Individual probe potantials V1,V1,...,V6

mms#_edp_bitmask_{fast,slow,brst} 12 | uint16(1) | Status bitmask (see separate
description)

mms# _edp_quality {fast,slow,brst} 12 | uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 57" (slow), 32 s (fast), 8192 or 16384 s (brst)

Timing: A raw data packet in telemetry is time stamped with the sampling time of V1. The
onboard ADC converts samples in the following order: (V1, V2, V3, V4, V5, V6, nap, E12, E34,
E56), with a time delay between each sample of 278 s = 3.8 ps. V2, V4 and V6 are not normally
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transmitted in telemetry (except in commissioning), but are computed as V2 = V1-E12*LSDP,
V4=V3-E34*LSDP, V6=V5-E56*LADP, where LSDP=120 m and LADP=29.2 m. For
convenience, the time tag of all quantities in the Level 2 CDF file has been set to the V1 time
tag. For detailed high time resolution studies the user is advised to perform correct resampling
of V3, V5, E12, E34 and E56 from their actual sampling times to the sampling time of V1 before
further analysis. This is further described in section 5.8 and Appendix D.

Predecessors: Level 1 {fast,slow,brst} |1b_dce

Details: Average probe to spacecraft potential (psp) is calculated as (v1+v2+v3+v4)/4.
Spacecraft potential wrt plasma (scpot) is calculated as shorteningFactor*(-psp)+probe2plasma,
where values of shorteningFactor and probe2plasma used during the mission are given in the
calibration files mms#_edp_sdp_scpot_<datetime>_v<x.y.z>.txt. At present (2017-03-17) values
used throughout the mission are: shorteningFactor = 1.2 and probe2plasma = {1.3, 1.5, 1.2, 0.0}
V for {mms1, mms2, mms3, mms4}. (On MMS4 after probe 4 bias failure 2016-06-12 05:28:48,
psp is instead calculated as (v1+v2)/2.)

B.3 QUICKLOOK (QUICKLOOK SCIENCE DATA)

B.3.1 Quicklook: {fast,slow,brst} ql dce2d

Brief description: Despun electric field in DSL
File name: mms{1,2,3,4} edp_{fast,slow,brst} gl _dce2d_<datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms# edp_dce xyz_dsl | float(3) Ex, Ey, Ez: Electric field in DSL

mms# _edp_bitmask uint16(1) | Status bitmask (see separate description)
mms# _edp_quality uint8(1) | Quality flag (0-4, 4=best)

Sample rates: 8 or 32 s' (slow), 32 s™ (fast), 8192 or 16384 s (brst)

Predecessors for {fast,slow}_ql_dce2d: Level 1 {fast,slow}_|1b_dce + FIELDS hk data,
ASPOC srvy data

Predecessors for brst_ql_dce2d: brst |1b_dce, fast 12a_dce2d + FIELDS hk data, ASPOC
srvy data

Details: Ex, Ey are despun electric field in DSL from SDP E12 and E34. Ez is from ADP E56.

B.3.2 Quicklook: {fast,slow,brst} ql dce

Brief description: Despun electric field in DSL and FAC
File name: mms{1,2,3,4} edp_{fast,slow,brst} gl _dce <datetime>_v<x.y.z>.cdf
File contents:

Variable name Type Description

mms# _edp_dce xyz dsl float(3) Ex, Ey, Ez: Electric field in DSL

mms# _edp_dce xyz fac float(3) Espin, Eperp, Eparr: Electric field in FAC
mms#_edp_dce_xyz_err float(2) Eerr, Epar: Electric field error, Parallel electric field

(not in brst)
mms# _edp_dce xyz res _dsl | float(3) Ex, Ey, Ez: Electric field residue (not in brst)

mms# _edp_bitmask uint16(1) | Status bitmask (see separate description)
mms#_edp_quality uint8(1) | Quality flag (0-4, 4=best)
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Sample rates: 8 or 32 s' (slow), 32 s™ (fast), 8192 or 16384 s (brst)

Predecessors: Quicklook {fast,slow,brst} ql_dce2d + FIELDS hk data + AFG srvy data
Details: Ex and Ey are unchanged from qgl_dce2d. Ez has been corrected as best possible

without using FPI and/or EDI data.

B.4 SITL (QUICKLOOK SCIENCE DATA FOR SITL USE)

B.4.1 S1

Brief description: Despun electric field in DSL

TL: {fast,slow} sitl dce

File name: mms{1,2,3,4} edp_{fast,slow}_sitl_dce <datetime>_v<x.y.z>.cdf

File contents:

Variable name

Type

Description

mms# _edp_dce dsl {fast,slow} sitl | float(3)

Ex, Ey, Ez: Electric field in DSL

Sample rates: 8 or 32 s™' (slow), 32 s (fast)
Note: This file is created for SITL purposes from the Quicklook DCE file, reducing file size by

omitting all varia

bles except one.

Predecessors: Level 2 {fast,slow}_gl_dce

B.4.2 S1

TL: {fast,slow}_sitl_scpot

Brief description: Spacecraft potential
File name: mms{1,2,3,4} edp_{fast,slow}_sitl_scpot_<datetime>_v<x.y.z>.cdf

File contents:

Variable name

Type | Description

mms#_edp_scpot_{fast,slow} 12 | float(1) | Spacecraft potential wrt plasma

Sample rates: 8

or 32 s (slow), 32 s (fast)

Note: This file is created for SITL purposes from the Level 2 SCPOT file, reducing file size by
omitting all variables except one.
Predecessors: Level 2 {fast,slow} 12_scpot
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APPENDIX C. SDP AND ADP PROBE BIAS CURRENTS

The bias current to the SDP and ADP probes are normally kept at constant values for long
periods. They have been changed a few times during the mission to accommodate for changes
in the photoemission of the probes. The bias currents used will affect the spacecraft potential,
since the spacecraft will need to go more positive to collect more ambient electrons for larger
bias currents, so any analysis of spacecraft potential versus plasma parameters will need to
take the bias current values into account. The following tables list the bias current values used
[nA] on the different probes in sunlight during the mission. During eclipses the bias currents are
set to zero.

Table 11-11 MMSI1 probe bias currents.

MMS1
Start time SDP p1 | SDP p2 | SDP p3 | SDP p4 | ADP p5 | ADP p6
150501 -160 -160 -160 -160 -100 -100
150626 20:04 -120 -120 -120 -120 -100 -100
150723 15:10:41 -110 -110 -110 -110 -100 -100
150803 16:05:48 -90 -90 -90 -90 -100 -100
160126 18:55:16 -110 -110 -110 -110 -125 -125
160203 17:24:11 -110 -110 -110 -110 -175 -175
160907 16:19:09 -90 -90 -90 -90 -175 -175
161018 14:48:08 -90 -90 -80 -90 -175 -175
170524 19:32:01 -80 -80 -70 -90 -175 -175
220204 ca22:05 -80 -80 -70 -90 -150 -150
Table 11-12 MMS?2 probe bias currents.
MMS2
Start time SDP p1 | SDP p2 | SDP p3 | SDP p4 | ADP p5 | ADP p6
150501 -160 -160 -160 -160 -100 -100
150625 01:58 -100 -100 -100 -100 -100 -100
150723 16:24:53 -90 -90 -90 -90 -100 -100
150803 20:04:29 -70 -70 -70 -70 -100 -100
160126 20:55:36 -90 -90 -90 -90 -125 -125
160203 18:39:11 -90 -90 -90 -90 -175 -175
160907 17:34:25 -90 -70 -70 -70 -175 -175
170524 22:48:09 -90 -60 -60 -60 -175 -175
180922 06:04:45(%) -90 0 -60 -60 -175 -175
210228 15:51:30 -90 0 -60 -55 -160 -160
210505 14:14:29 -90 0 -60 -55 -175 -175
210922 09:29:41 -90 0 -60 -55 -175 -150
220204 ca23:00 -90 0 -60 -55 -150 -125

(*) Failure of probe 2 due to dust impact

Table 11-13 MMS3 probe bias currents.
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MMS3

Start time SDP p1 | SDP p2 | SDP p3 | SDP p4 | ADP p5 | ADP p6
150501 -160 -160 -160 -160 -100 -100
150626 15:53 -120 -120 -120 -120 -100 -100
150724 15:09:26 -110 -110 -110 -110 -100 -100
150804 02:05:29 -90 -90 -90 -90 -100 -100
160126 14:48:17 -110 -110 -110 -110 -125 -125
160203 14:14:55 -110 -110 -110 -110 -175 -175
160907 18:51:40 -90 -110 -110 -110 -175 -175
170525 00:56:16 -80 -90 -110 -100 -175 -175
210228 16:30:07 -75 -90 -110 -100 -175 -175
220508 23:18:44 () -75 0 -110 -100 -175 -175

(*) Failure of probe 2 due to dust impact
Table 11-14 MMS4 probe bias currents.

MMS4

Start time SDP p1 | SDP p2 | SDP p3 | SDP p4 | ADP p5 | ADP p6
150501 -160 -160 -160 -160 -100 -100
150723 21:42:48 -160 -160 -160 -160 -100 -100
150803 15:07:51 -140 -140 -140 -140 -100 -100
160126 16:39:44 -160 -160 -160 -160 -125 -125
160203 15:49:27 -160 -160 -160 -160 -175 -175
160612 05:28:48 (*) -160 -160 -160 0 -175 -175
160907 20:04:56 -140 -140 -140 0 -175 -175
170525 03:00:55 -130 -130 -130 0 -175 -175

(*) Failure of bias to probe 4 due to dust impact
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APPENDIX D. HOW TO IMPROVE BURST DATA TIMING

As explained in section 1.2, the sampling of DC raw data (individual probe potentials and probe
potential differences) is not simultaneous. Users wishing to use high time resolution (burst data)
individual probe potentials as given in the Level 2 Spacecraft potential file (brst_I2_scpot) for
detailed timing analysis are advised to correct the timing in the following manner.

1. Recompute the originally sampled data (E12, E34, E56) [mV/m] from the data available in the
scpot file (V1, V2, V3, V4, V5, V6) [V]:

E12=(V1-V2)/0.120

E34 =(V3-V4)/0.120

E56 = (V5 -V6)/0.0292

2. Correct the time tags of the data:
Add 2*2'® s or approximately 7.629 ps to the time tags of V3
Add 4*2'8 s or approximately 15.259 ps to the time tags of V5
Add 7*2'® s or approximately 26.703 ps to the time tags of E12
Add 8*2'® s or approximately 30.518 ps to the time tags of E34
Add 9*2'8 s or approximately 34.332 ps to the time tags of E56

3. Resample all data to the time tags of V1.

4. Recompute the individual probe potentials (V2, V4, V6):
V2=V1-E12*0.120
V4 =V3-E34*0.120
V6 = V5 — E56 * 0.0292

Now (V1, V2, V3, V4, V5, V6) can be used for detailed timing analysis, such as cross spectral
analysis. However, be aware that the data were not originally sampled simultaneously, but that
all quantities except V1 have been interpolated in the resampling process. This might introduce
systematic differences between the probe potentials (for example, the noise level of the
resampled data will be lower due to the interpolation).

Sample MATLAB code to do the above correction is given here, using the IRFU MATLAB library
(https://sites.google.com/site/irfumatlab/) to create, manipulate, and plot data objects and time
series:

% Create data object from file

object = dataobj ('mms2 edp brst 12 scpot 20161201052448 v2.2.0.cdf');;
% Create time series containing individual probe potentials

Vorig = mms.variableZts(get variable (object, 'mms2 edp dcv brst 12"));
% Recompute original E12, E34 and E56

E12 TSeries (Vorig.time, (Vorig.data(:,1)-Vorig.data(:,2))/0.120);

E34 TSeries (Vorig.time, (Vorig.data(:,3)-Vorig.data(:,4))/0.120);

E56 TSeries (Vorig.time, (Vorig.data(:,5)-Vorig.data(:,6))/0.0292);

% Correct the time tags to create individual time series

V1l = TSeries(Vorig.time , Vorig.data(:,1));
V3 = TSeries(Vorig.time+ 7.629%e-6, Vorig.data(:,3));
V5 = TSeries(Vorig.time+15.25%9e-6, Vorig.data(:,5));
El2.time = El12.time + 26.703e-6;
E34.time = E34.time + 30.518e-6;
E56.time = E56.time + 34.332e-6;

% Resample all data to time tags of V1
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V3 = resample(V3, Vl.time);

i

% Now (V1,

s Plot new
figure;

figure;

TSeries (V2.

V5 = resample (V5, Vl.time);

E1l2 = resample (E12, V1.time);
E34 = resample (E34, Vl.time);
E56 = resample (E56, V1.time);

% Recompute individual probe potentials V2, V4, V6
V2 = V1l - E12 * 0.120;
V3 - E34 * 0.120;
V6 = V5 - E56 * 0.0292;

v2, V3, V4, V5, V6) can be further analyzed

values

irf plot({V1l,Vv2,V3,V4,V5,V6});
% Plot both old and new values

h = irf plot({TSeries(Vl.time, [Vl.data Vorig.data(:,1)]),
time, [V2.data Vorig.data

:,2)1)

( ’

TSeries (V3.time, [V3.data Vorig.data(:,3)]),
TSeries (V4.time, [V4.data Vorig.data(:,4)]),
TSeries (V5.time, [V5.data Vorig.data(:,5)]),
TSeries (V6.time, [V6.data Vorig.data(:,6)]1)},"'.=-");

title(h (1), 'mms2");

legend (h (1), 'Vlinew', 'Vliold");

legend (h(2), 'V2new', 'V201d");

legend (h(3), 'V3new', 'V3o0ld");

legend (h(4), 'Vdnew', 'V4old") ;

legend (h(5), 'Vbnew', 'V50ld") ;

legend (h(6), 'Véonew', 'V6old");

A sample plot of 4 ms of data is shown in Figure . It is clearly seen that the difference between
old and new potential values is largest for V2, V4 and V6, which are not transmitted in telemetry
but are calculated using E12, E34 and E56, which are sampled later in the sampling sequence.
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Figure 11-11 Plot of individual probe potentials before and after time correction.

APPENDIX E. PHASE AND GAIN CALIBRATIONS

The burst data are corrected using transfer functions shown in Figure 11-12 and Figure 11-13.
These are related to:

1. The DSP analog filters (5-pole low-pass Bessel filters for DC and AC, 1-pole high pass filter
for AC),

2. The ADP/SDP plasma-preamp-BEB response (20 Mohm sheath resistance assumed for
ADP, 10 Mohm for SDP).
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Figure 11-12 Gain and phase correction applied to SDP.
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Figure 11-13 Gain and phase correction applied to ADP.
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APPENDIX F. FLOW DIAGRAMS

F.1 FLOW DIAGRAM OF EDP LEVEL 2 E-FIELD PROCESSING

EDP E-field processing (L2 srvy)

L1b_dce
raw (el2,e34,e56) :;l[i)l(_)lzs hk
SIVy
Exy: 1) Multiply (el2,e34) by gain 1.25 DEFATT

and recalibrate to actual boom length
2) Remove ADP boom spikes
Set to negative of 56

L2a_dce2d
Exyz (spinning)

Ez:

Exy:

1) Remove raw DC offset

DFG srvy ]

2) Remove delta offsets
3) Despin
4) Remove DSL offsets

Compute from E.B=0 if B
otherwise set to NaN

>10 degr

elev

FIELDS hk ]

L2pre_dce2d

Exyz (DSL)
Exy: Unchanged AFG srvy J
Ez: 1) Remove ADP sweeps
2) Remove spin
3) Remove offset
4) Iteratively reduce E.B
over shorter periods to ~1s
L2pre_dce FPI
Exyz (DSL) EDI
Exy: Unchanged if E-vxB < 0.5 mV/m
otherwise correct to agree with v,xB
[ L2 dce Ez:  Use FPI and/or EDI to improve quality
Exyz (DSL) [ ) T ]
](/{ DEFATT J IRFU responsibility
A : - DEFEPH
12 dee Exyz: Rotate from DSL to GSE [ LASP responsibility ]
Exyz (GSE)

2017-03-17/PAL
Figure 11-14 Flow diagram of EDP Level 2 survey data E-field processing.
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F.2 FLOW DIAGRAM OF EDP QUICKLOOK AND SITL E-FIELD

PROCESSING
EDP E-field processing (QL, SITL)
[ L1b_dce FIELDS hk
raw (el2,e34,e56) ASPOC srvy

Exy: 1) Multiply (e12,e34) by gain 1.25
and recalibrate to actual boom length
2) Remove ADP boom spikes
3) Remove raw DC offset
4) Remove delta offsets
5) Despin
6) Remove DSL offsets (preliminary)
Ez:  Set to negative of e56

DEFATT

B (03 FIELDS hk
2 B3 AFG srvy
Exy: Unchanged
Ez:  Unchanged
QL_dce \ /
Exyz (DSL)
[ IRFU responsibility ]
Reduce file size by
removing auxiliary data to leave only Exyz [ LASP responsibility ]
:,:;:fggf) [ UNH responsibility ]

2023-03-15/NA

Figure 11-15 Flow diagram of EDP Quicklook and SITL E-field processing.
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F.3 FLOW DIAGRAM OF EDP LEVEL 2 AND SITL
SPACECRAFT POTENTIAL PROCESSING

EDP SC potential processing (L2, SITL)

L1b_dce FIELDS hk
raw (v1,v3,v5, ASPOC srvy
el2,e34,e56) DEFATT

v2=vl -0.120*¢el2
v4=v3-0.120*%e34

v6 =v5 - 0.0292*e56
psp = (v1+v2+v3+v4)/4
scpot = f*(-psp)+p2p

L2_scpot
scpot, psp, vi

Reduce file size by
removing psp and vi to leave only scpot

SITL_scpot
scpot

[ IRFU responsibility ]

[ UNH responsibility ]

2017-03-17/PAL
Figure 11-16 Flow diagram of EDP Level 2 and SITL Spacecraft potential processing

END CHAPTER 11
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