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Key Points:
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BECs are more likely observed on the nightside and near strong crustal magnetic anomalies●

19–55 eV BECs are formed due to day-to-night transport along cross-terminator magnetic field lines●
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Abstract: Electron pitch angle distributions similar to bidirectional electron conics (BECs) have been reported at Mars in previous studies
based on analyses of Mars Global Surveyor measurements. BEC distribution, also termed “butterfly” distribution, presents a local
minimum flux at 90° and a maximum flux before reaching the local loss cone. Previous studies have focused on 115 eV electrons that
were produced mainly via solar wind electron impact ionization. Here using Solar Wind Electron Analyzer measurements made onboard
the Mars Atmosphere and Volatile Evolution spacecraft, we identify 513 BEC events for 19–55 eV photoelectrons that were generated via
photoionization only. Therefore, we are investigating electrons observed in regions well away from their source regions, to be
distinguished from 115 eV electrons observed and produced in the same regions. We investigate the spatial distribution of the 19–55 eV
BECs, revealing that they are more likely observed on the nightside as well as near strong crustal magnetic anomalies. We propose that
the 19–55 eV photoelectron BECs are formed due to day-to-night transport and the magnetic mirror effect of photoelectrons moving
along cross-terminator closed magnetic field lines.
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1.  Introduction
Unlike Earth, Mars does not have a global dynamo magnetic field;
thus,  the  solar  wind,  carrying  the  interplanetary  magnetic  field
(IMF),  can  interact  with  the  Martian  upper  atmosphere  directly
and even reach the Martian ionosphere (Nagy et al., 2004). Supra-
thermal electrons in the ionosphere are typically magnetized with
guiding  center  motions  following  the  ambient  magnetic  field
lines.  The IMF that  extends to  the Martian ionosphere,  therefore,
affects the  pitch  angle  distribution  (PAD)  of  ambient  supra-
thermal  electrons.  Pitch  angle,  which  is  the  angle  between  the
electron  velocity  and  the  magnetic  field  direction,  indicates  the
direction of electron propagation along the magnetic field line. In
practice, the guiding center motion and the PAD of suprathermal
electrons in the vicinity of Mars is critically controlled by the ambi-
ent magnetic field configuration, which is characterized by either

open  field  lines  in  regions  with  weak  crustal  magnetic  fields  or
closed field lines near strong crustal  magnetic anomalies (e.g. Xu
SS et al., 2017a, b, 2019; Weber et al., 2017). Several types of supra-
thermal  electron  PAD  were  identified  first  by Brain  et  al.  (2007)
based  on  electron  spectral  data  from  the  Electron  Reflectometer
(ER) onboard the Mars Global Surveyor (MGS) (Acuña et al.,  1992;
Mitchell  et  al.,  2001).  More recently,  several  studies have focused
on the suprathermal electron PAD with the aid of energetic elec-
tron  measurements  made  by  the  Solar  Wind  Electron  Analyzer
(SWEA)  onboard  the  Mars  Atmosphere  and  Volatile  Evolution
(MAVEN) spacecraft and have characterized the Martian magnetic
topology (e.g. Weber et al., 2017; Xu SS et al., 2019).

Among  the  types  of  energetic  electron  PAD,  the  bidirectional
electron  conic  (BEC)  distribution  or  “butterfly”  distribution
presents a local minimum flux at 90° and a maximum flux before
reaching the local  loss  cone (Brain  et  al.,  2007). Such an interest-
ing PAD has been observed and well-studied in the radiation belts
of  the Earth (e.g. Lundin et  al.,  1987; Menietti  and Weimer,  1998;
Gu XD et al., 2011; Chen Y et al., 2014; Ni BB et al., 2016; Yang C et
al.,  2017) and Jupiter (e.g. Ma Q et al.,  2017; Allegrini et al.,  2017).
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BECs  in  the  Martian  atmosphere  were  studied  by Ulusen  et  al.

(2011) but only for the 115 eV electrons. Ulusen et al. (2011) repor-

ted  that  these  butterfly-distributed  electrons  were  observed

mainly  in  darkness,  and  that  upstream  conditions,  including  the

draped IMF  direction,  the  solar  wind  pressure,  and  the  solar  Ex-

treme  Ultraviolet  (EUV)  flux,  did  not  affect  observation  of  the

events.

Previous studies  on  energetic  electron  PAD  in  the  Martian  iono-

sphere  usually  have  focused  on  electrons  at  energies  above  100

eV,  which  are  produced  via  either  photoionization  or  solar  wind

electron  impact  ionization  (e.g. Brain  et  al.,  2007; Ulusen  et  al.,

2011; Xu SS et al., 2016; 2017a, b, 2019; Weber et al., 2017). In this

work,  we  identify  BECs  for  photoelectrons  at  lower  energies,

which are  generated  through  photoionization  only.  The  discrep-

ancy  between  the  original  sources  of  electrons  in  these  events

may  lead  to  different  BEC  characteristics  and  different  formation

mechanisms.

2.  Dataset and Methodology
The identification of  BECs  is  based on differential  energetic  elec-

tron intensity  measurements  made  by  the  MAVEN  SWEA  instru-

ment (Mitchell et al., 2016). The SWEA is a symmetric hemispheric

electrostatic analyzer that measures the suprathermal electron in-

tensity  at  different  energies,  covering  the  range  of  3eV–4.6keV

with a resolution of 17% (∆E/E). It can also measure the arrival dir-

ection  of  electrons  within  a  field  of  view  (FOV)  of  360°  ×  120°  of

which  8%  is  blocked  by  the  spacecraft  body.  The  photoelectron

pitch angle is determined by combining SWEA data and magnet-

ic field data measured by the MAVEN Magnetometer (MAG) (Con-

nerney et al.,  2015). The data used here include the SWEA level 2

differential  electron  intensities  accumulated  from  18  October

2014 to 14 December 2017, spanning over one and a half Martian

years.

To identify BEC photoelectrons, we first determine the integrated

number  fluxes  of  electrons  over  the  energy  range  of  19–55  eV.

The integrated fluxes at different pitch angles are calculated sep-

arately  and  are  normalized  by  the  averaged  integrated  flux.  BEC
events  are  identified  based  on  these  normalized  fluxes  with  the

following  criteria:  If  the  maximum  normalized  flux  at  moderate

pitch angle (between 36° and 72° and between 108° and 144°)  is

at  least  2σ (two  standard  deviations)  greater  than  the  minimum

parallel flux (at pitch angle < 36°) and greater than the minimum

antiparallel flux (at pitch angle >144°), as well as greater than the

minimum perpendicular flux (pitch angle between 72° and 108°),

the observed SWEA spectrum is classified as a BEC. An additional

requirement for this category is that the minimum fluxes at mod-

erate pitch angles defined above should be greater than the max-

imum fluxes of  parallel,  antiparallel,  and perpendicular  electrons.

Our experience with SWEA data manipulation has found that this

requirement is necessary for excluding undesired cases with fluc-

tuating fluxes at moderate pitch angles.

We  apply  the  above  method  to  the  entire  SWEA  dataset  below

700  km,  the  location  of  the  averaged  Martian  photoelectron

boundary  (e.g. Garnier  et  al.,  2017; Han  QQ  et  al.,  2019),  which

leads  to  the  identification  of  513  cases  of  BEC  observations,  on

both the dayside and nightside of Mars. One typical example of a
BEC detected during MAVEN orbit #4494 at 04: 45: 34 UT (univer-
sal  time) on 22 January 2017 is  shown in Figure 1.  The top panel
shows  the  normalized  electron  flux  integrated  over  the  energy
range of 19–55 eV as a function of electron pitch angle,  showing
that  clear  enhancements  at  oblique  angles  peaked  at  60°  and
130°.  The displayed event occurred at 420 km with a solar zenith
angle (SZA) of 137° in the deep nightside Martian ionosphere. It is
well  known  that  photoelectrons  produced  on  the  dayside  are
characterized by discrete energy peaks near 22 and 27 eV due to
the  strong  solar  HeII  emission  feature  at  30.4  nm  (Frahm  et  al.,
2006, Wu XS et al.,  2019a). The bottom panel  presents the differ-
ential energy flux of electrons with a pitch angle of 59°, displaying
such  distinctive  photoelectron  energy  peaks.  This  observation  of
photoelectrons in the deep nightside is indicative of day-to-night
transport (Xu SS et al., 2016, Cao YT et al., 2020). Indeed, it is well
known  that  day-to-night  transport  is  an  important  source  of
plasma  in  the  nightside  Martian  ionosphere,  especially  near  the
terminator  (e.g. Zhang et  al.,  1990; Withers  et  al.,  2012),  and that
such a process occurs mainly within a time duration of 5000 s after
terminator  crossing  (Cui  J  et  al.,  2015)  causes  a  clear  dawn-dusk
asymmetry  in  ion  distribution  (Girazian  et  al.  2017),  and  appears
to  be  substantially  suppressed  by  the  presence  of  strong  crustal
magnetic  anomalies  (Cao  YT  et  al.,  2019).  This  study  further
demonstrates  that  day-to-night  transport  also  affects  the  PAD of
suprathermal electrons.

3.  Observations of BEC Photoelectrons
We present in Figure 2 the occurrence rate of BECs with respect to

altitude over  the  range of  100–700 km with  a  binsize  of  100 km,

and also with respect to SZA over the range of 0°–180° with a bin-

size of 20°.  The occurrence rate is  defined as the ratio of BEC ob-

servations  to  the  total  number  of  electron  measurements  within

the  full  180°  pitch  angle  coverage.  For  photoelectrons  over  the
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Figure 1.   An example of an identified BEC pitch angle distribution of

electrons over the energy range of 19–55 eV, measured at 04:45:34 UT

(universal time) on 22 January 2017. Top: the normalized PAD of

measured electrons; bottom: the differential energy flux of electrons

with a pitch angle of 59°.

404 Earth and Planetary Physics       doi: 10.26464/epp2020037

 

 
Cao YT et al.: Bidirectional electron conic at Mars

 



energy range of 19–55 eV, BECs are rarely observed below 300 km,
as  the occurrence rate  of  BEC measurements  is  less  than 0.4% at
all SZA bins on both the dayside and nightside. At altitudes above
300 km, BEC events are more easily found over the SZA range of
80°–140°.  In  particular,  the  occurrence  rate  of  BECs  identified  in
the bin with SZA from 120° to 140° and with altitude from 500 km
to 600 km is over 1.2%. On the dayside with SZA less than 60°, BEC
event occurrence rates are less than 0.2% at all altitudes.

Because photoelectrons  are  originally  produced  by  photoioniza-

tion, isotropic  PADs  for  these  primary  photoelectrons  are  expec-

ted. The photoelectron exobase is located at ~160 km (Xu SS et al.,

2016), below which sufficient collisions result in an isotropic PAD.

Above  the  exobase,  transport  dominates  over  local  production

and energy degradation (Wu XS et al., 2019b). The low occurrence

of BEC photoelectrons on the dayside indicates that regional pho-

toelectron  transport  purely  on  the  dayside  is  not  responsible  for

the majority of BEC observations reported in this study.

Most  of  the  BEC  photoelectrons  are  found  with  SZA  above  80°,

where  the  effect  of  photoionization  is  diminished  and  day-to-

night  transport  becomes  dominant  near  the  terminator  and  on

the  nightside  (Zhang  et  al.,  1990; Fox  et  al.,  1993; Němec  et  al.,

2010; Duru et al.,  2011; Withers et al.,  2012; Cui J et al.,  2015; Cao

YT et al., 2019). Unlike the other processes, day-to-night transport

is complicated; it  may be driven by the thermospheric wind field

at  low altitudes (Bougher et  al.,  2015; Adams et  al.,  2018)  and by

the plasma pressure gradient at high altitudes (Ma YJ et al., 2014).

Besides, Wu XS et al. (2019c) argued that the momentum budget

of  the  ionospheric  plasma  on  Mars  is  likely  to  be  dominated  by

the magnetic pressure gradient (see also Hamil et al. 2019).

Here we  propose  that  the  preferred  observations  of  BECs  are  re-

lated to day-to-night photoelectron transport across the terminat-

or.  Since  such  a  transport  is  critically  controlled  by  the  ambient

magnetic field topology (Cao YT et al., 2019), we present the geo-
graphic maps of  the BEC measurements to visualize the effect  of
the planet-fixed crustal magnetic fields in Figure 3. Figure 3 shows
the statistics of BEC occurrence rate as a function of longitude and
latitude  in  30°  ×  30°  bins;  the  crustal  magnetic  field  model  of
Morschhauser et al. (2014), appropriate for the altitude of 400 km,
is superimposed for reference.

Generally  speaking,  BECs  are  more  easily  observed  over  regions

with strong  crustal  magnetic  fields.  For  instance,  the  BEC  occur-

rence rate is  greater than 0.5% in each bin near strong magnetic

fields. For  regions  located far  away from crustal  magnetic  anom-

alies,  such  as  the  northern  high  latitude  regions,  BECs  are  less

likely  to  be  observed,  with  an  averaged  occurrence  rate  of  0.2%.

The  approximate  correlation  between  the  distributions  of  BECs

and  crustal  magnetic  fields  further  supports  our  conjecture  that

the occurrence of  photoelectron BECs is  magnetically  controlled.

The region at latitudes between –30° and –60° and at longitudes

between 120° and 180° appears to be an exception, with very few

BEC  observations.  We  expect  such  an  anomaly  to  be  caused  by

small number statistics, but this needs to be verified in the future

when more SWEA data for this region have been accumulated.

4.  Discussion and Concluding Remarks
By  mapping  the  spatial  distribution  of  measured  BEC  events,  we

find that most of the BECs are observed on the nightside as well as

within regions  characterized  by  strong  crustal  magnetic  anom-

alies. These conclusions are consistent with the statistics obtained

by Ulusen et al. (2011) based on the MGS ER measurements of 115

eV electrons. Ulusen et al. (2011) proposed that the time scales of

the trapping and drift of 115 eV electrons were much shorter than

the  planet’s  rotation  period,  indicating  that  the  observed  BECs

were  generated  on  the  nightside  shortly  before  being  detected.

They also proposed two possible  mechanisms to  explain  the ob-

served BECs:  (1)  the  merging of  open field  lines  neighboring the

closed  field  lines;  (2)  the  diffusing  and/or  scattering  of  electrons

from  open  field  lines  into  closed  field  lines.  Their  analyses  were

based  on  measurements  of  energetic  electrons,  which  are  more

likely produced by solar wind electron precipitation on the night-

side.  However,  in  our  study,  we  focus  on  electrons  over  a  lower
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Figure 2.   The occurrence rate of BEC observations as a function of

altitude over the range of 100–700 km with a binsize of 100 km, and

as a function of SZA over the range of 0°–180° with a binsize of 20°.

The occurrence rate is defined as the ratio of BEC observations to the

total number of electron measurements within the full 180° pitch

angle coverage.
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Figure 3.   The occurrence rate of BEC photoelectrons as a function of

longitude and latitude in 30° × 30° bins. The crustal magnetic field

model of Morschhauser et al. (2014), appropriate for the altitude of

400 km, is superimposed for comparison.
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energy range, 19–55 eV, which are more likely produced by solar
EUV  ionization  on  the  dayside.  The  above  comparison  indicates
that  the  BECs  analyzed  by Ulusen  et  al.  (2011) were  observed  in
exactly the same regions where they were produced, whereas, in
our  case,  the  BECs  are  observed  in  regions  well  away  from  their
source regions.

We manually check the electron energy spectra of all BECs identi-
fied on the nightside of Mars and find that more than 40% show
clear photoelectron energy peaks in one or more angular spectra.
These electrons with clear  photoelectron energy peak signatures
cannot be generated on the nightside but must be produced on
the dayside by photoionization and then transported to the night-
side.  When  photoelectrons  are  generated  by  solar  EUV  radiation
at  the  feet  of  closed  field  lines,  these  photoelectrons  bounce
between the two feet of the field lines because of conservation of
the first  adiabatic  invariant  and  the  magnetic  mirror  effect.  Dur-
ing such a process, photoelectrons with pitch angles close to 0° or
180°  are  able  to  enter  the  deep  atmosphere  and  are  lost  quickly
due to their collisions with ambient neutrals (Wu XS et al., 2019b).
Electrons with pitch angles close to 90° tend to stay near the min-
imum magnetic field point and cannot go far away before mirror-
ing. We thus expect to see BECs along the field line at all positions
between  each  of  the  two  feet  and  the  minimum  magnetic  field
point. Such a scenario is more prominent on the nightside due to
the lack of local production.

With  the  aid  of  angular  differential  energetic  electron  intensity
measurements made by the SWEA onboard MAVEN, we identified
513 BEC events  for  electrons over  the energy range of  19–55 eV.
We present  the spatial  distribution of  these BECs with respect  to
altitude,  SZA,  and  geographic  latitude  and  longitude,  revealing
that  BECs  are  more  likely  to  be  observed  on  the  nightside  and
near strong  crustal  magnetic  anomalies.  These  findings  are  con-
sistent with the statistic survey of more energetic electrons at 115
eV  made  by Ulusen  et  al.  (2011). However,  due  to  different  pro-
duction  sources  of  electrons  at  different  energies,  we  propose
that the formation of 19–55 ev BEC photoelectrons is due to day-
to-night  transport  and  the  magnetic  mirror  effect  of  electrons
along cross  terminator  closed  magnetic  field  lines,  to  be  distin-
guished from the scenario proposed by Ulusen et al.,  (2011).  Our
analysis  also  illustrates  that  the  measured  photoelectron  PADs
should be different at different locations along their routes of day-
to-night transport.
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