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Key Points:
●  The first direct dayside observations of penetrating hydrogen energetic neutral atoms (H-ENAs) at Mars have been obtained using

Tianwen-1's MINPA (Mars Ion and Neutral Particle Analyzer) instrument.
●  The estimated oxygen sputtered escape rate (5.5 × 1023 s−1 to 5.2 × 1024 s−1) is comparable to or exceeds ion-driven escape rates

observed by MAVEN (Mars Atmosphere and Volatile EvolutioN).
●  The findings underscore the importance of low-altitude (approximately hundreds of kilometers) H-ENA observations to better

constrain nonthermal escape processes and upper atmospheric interactions.
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Abstract: Atmospheric escape plays a critical role in shaping the long-term climate evolution of Mars. Among the various escape
mechanisms, energetic neutral atoms (ENAs) generated through charge exchange between solar wind ions and exospheric neutrals serve
as an important diagnostic for ion–neutral interactions and upper atmospheric loss. This study presents direct observations of hydrogen
ENAs (H-ENAs) on the dayside of Mars by using the Mars Ion and Neutral Particle Analyzer (MINPA) onboard China’s Tianwen-1 orbiter. By
analyzing H-ENA data during a coronal mass ejection and a stream interaction region from December 29, 2021, to January 1, 2022, and
comparing these data with MAVEN/SWIA (Mars Atmosphere and Volatile EvolutioN/Solar Wind Ion Analyzer) solar wind measurements,
we examine the temporal evolution of H-ENA flux and the associated sputtered escape of atmospheric constituents. The observed H-ENA
velocity is consistent with upstream solar wind ions, and the H-ENA-to-ion intensity ratio is used to infer variations in exospheric density,
revealing a delayed response to enhanced solar wind activity. Penetrating H-ENA intensities reach up to 5.3 × 106 s−1 cm−2, with energy
fluxes on the order of (0.5–8.1) × 10−3 mW/m2. The estimated oxygen sputtered escape rate driven by penetrating H-ENAs ranges from
5.5 × 1023 s−1 to 5.2 × 1024 s−1, comparable to or exceeding previous estimates based on penetrating ions. The findings highlight the need
for low-altitude H-ENA observations to better quantify their atmospheric interactions and refine our understanding of nonthermal escape
processes at Mars.

Keywords: penetrating energetic neutral atoms; sputtered escape; Mars atmosphere loss; Tianwen-1; future energetic neutral atom
observations

 
 1.  Introduction
Mars, the red planet, possesses lower gravity and a thinner atmo-

sphere  than  Earth.  Geological  evidence  suggests  that  Mars  once

experienced  a  warmer  and  wetter  climate  (Carr,  1986),  implying
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that the planet has undergone substantial atmospheric evolution,
with  a  substantial  fraction of  its  atmospheric  constituents  lost  to
space (Catling, 2009; Lammer et al., 2013; Lillis et al., 2015). Conse-
quently, atmospheric escape processes are a key focus in Martian
studies,  offering  critical  insights  into  the  planet’s  climatic  and
atmospheric evolution.

6 × 1025 s−1(3.5–7) × 1025 s−1(1.8–5) × 1024s−1

1 × 1024 s−1

Multiple  mechanisms  contribute  to  atmospheric  loss,  including
thermal  (Jeans)  escape,  photochemical  escape,  and  atmospheric
sputtering  for  neutral  particles,  as  well  as  ion  outflows  through
the magnetotail, the ion plume, and pick-up processes for ionized
particles (Lillis et al.,  2015). The Mars Express (Schmidt, 2003) and
the  Mars  Atmosphere  and  Volatile  EvolutioN  (MAVEN)  missions
(Jakosky  et  al.,  2015)  have  provided  extensive  studies  of  these
escape processes. For oxygen (O), a key factor in Mars’ water loss,
the total escape rate is given as  (Jakosky et al.,  2018),
with photochemical escape contributing  (Lillis et

al.,  2017),  ion  escape  contributing  (Brain  et  al.,

2015),  and  sputtering  by  penetrating  ions  contributing
 (Leblanc et al., 2015, 2018).

Because  of  the  absence  of  a  global  magnetic  field  (Acuña  et  al.,
1998), Mars undergoes direct interaction between its atmosphere
and the solar wind. This intense ion–neutral coupling gives rise to
a  highly  dynamic  and  complex  space  environment,  profoundly
shaping the structure of the induced magnetosphere and enhanc-
ing  the  efficiency  of  atmospheric  escape.  A  key  outcome  of  this
interaction  is  the  generation  of  energetic  neutral  atoms  (ENAs;
Futaana  et  al.,  2011)  through  charge  exchange  (CEX)  between
energetic  ions  and  neutral  exospheric  particles.  Consequently,
ENAs serve as a vital diagnostic tool for investigating the interac-
tions  between  neutral  and  charged  particle  populations  and  the
driven escape process.

Because ENAs are electrically neutral, they are unaffected by elec-
tromagnetic  fields  and  can  pass  through  plasma  boundaries—
such as the bow shock and the magnetic pileup boundary—with-
out  deflection.  As  a  result,  they  can  penetrate  into  the  Martian
atmosphere while  retaining the velocity  and directional  informa-
tion  of  their  parent  ions.  These  particles,  known  as  penetrating
ENAs (Kallio and Barabash, 2001), provide an additional channel of
energy  and  mass  input  into  the  dayside  Martian  atmosphere,
contributing to  processes  such as  the  proton aurora  (Deighan et
al.,  2018; Chaffin  et  al.,  2022)  and  sputtered  escape  (Lillis  et  al.,
2015) resulting from collisions with atmospheric constituents.

Research on penetrating ENAs began with simulation-based stud-
ies.  A  pioneering  three-dimensional  Monte  Carlo  model  (Kallio
and  Barabash,  2001)  provided  the  first  analysis  of  the  altitude
profiles of penetrating hydrogen ENAs (H-ENAs) and their interac-
tions  with  the  Martian  atmosphere  under  varying  solar  zenith
angles  (SZAs).  Subsequent  work  by Kallio  et  al.  (2006) predicted
the H-ENA albedo on the Martian dayside and introduced a novel
technique  for  extracting  information  on  the  properties  of  the
planetary  exosphere  and  atmosphere  through  observations  of
these penetrating particles.

Mars  Express,  equipped  with  the  Analyzer  of  Space  Plasmas  and
Energetic  Atoms  (ASPERA-3)  instrument  (Barabash  et  al.,  2006),
provided the first ENA observations around Mars and considerably

advanced  our  understandings  of  ENAs  on  the  nightside  of  Mars
(Galli et al., 2006, 2008), which include identification of the ENA jet
(Futaana  et  al.,  2006b)  and  confirmation  of  the  presence  of  the
H-ENA  albedo  (Futaana  et  al.,  2006a).  However,  because  of  the
interference by solar extreme ultraviolet (EUV) radiation along the
Sun–Mars  direction,  Mars  Express  did not  provide a  direct  obser-
vation of penetrating H-ENAs.

Indirect  observations of  penetrating H-ENAs have been provided
by  the  Solar  Wind  Ion  Analyzer  (SWIA)  onboard  MAVEN  (Halekas
et  al.,  2015b).  The  SWIA  is  primarily  designed  to  measure  solar
wind ions and is capable of detecting secondary ionized penetrat-
ing H-ENAs at low altitudes (Halekas et al.,  2015a). The intensities
and  speeds  of  the  penetrating  H-ENAs  can  be  estimated  by
assuming the dynamic equilibrium between the CEX and electron
stripping  process  at  low  altitudes  in  the  Mars  atmosphere
(Halekas, 2017). However, because of the absence of direct obser-
vations,  such  analyses  rely  on  several  assumptions,  resulting  in
significant  uncertainties  and  limiting  deeper  investigation  into
their atmospheric interactions, such as sputtered escape driven by
penetrating H-ENAs.

360° × 9.7°

Tianwen-1  (Yan  G  et  al.,  2018),  China’s  first  Mars  exploration
mission, comprises an orbiter, a lander, and the Zhurong rover (Ye
P  et  al.,  2017).  The  mission  was  launched  on  July  23,  2020,  and
successfully  entered  a  Martian  orbit  on  February  10,  2021.  The
orbiter  carries  three  payloads  dedicated  to  the  Martian  space
environment:  the Mars  Ion and Neutral  Particle  Analyzer  (MINPA;
Kong  LG  et  al.,  2020),  the  Mars  Orbiter  Magnetometer  (MOMAG;
Liu K et al., 2020), and the Mars Energetic Particle Analyzer (MEPA;
Tang  SW  et  al.,  2020).  The  MINPA  provides  both  ion  and  ENA
measurements.  The  ENA  unit  of  the  MINPA  covers  an  energy
range  from  45.5  eV  to  4.3  keV,  with  a  field  of  view  of .
Leveraging advanced EUV absorption techniques (Wang LM et al.,
2023),  the  MINPA  is  capable  of  observing  ENAs  originating  from
the Sun direction,  thereby enabling the detection of  penetrating
H-ENAs.

In this study,  we investigate a coronal mass ejection (CME) event
with  a  stream  interaction  region  (SIR)  event  observed  by
Tianwen-1 from December 28, 2021, to January 1, 2022 (Chi YT et
al.,  2023),  with  the  aim  of  assessing  variations  in  penetrating  H-
ENA intensity under dynamic solar wind conditions and the asso-
ciated  atmospheric  sputtering  escape.  The  analysis  integrates
MINPA H-ENA observations with MAVEN/SWIA ion measurements,
magnetic field (B) observations from the MOMAG and the MAVEN
magnetic  field  investigation  (Connerney  et  al.,  2015),  and  a  test
particle Monte Carlo model (Gu H et al., 2019).

 2.  H-ENA Observations
As of November 2021, the Tianwen-1 spacecraft entered its scien-
tific  observation  phase,  following  an  elliptical  orbit  of  243  ×
10,760 km with an orbital period of approximately 7.1 hours. The
MINPA  operates  in  three  modes—the  default  mode,  the  magne-
totail  mode,  and  the  ionosphere  mode—which  are  designed  to
detect ions and ENAs in different regions. The default mode, used
for  most  of  the  orbit,  and  the  magnetotail  mode,  activated  near
apoapsis,  provide  both  ion  and  ENA  measurements.  The  iono-
sphere mode, utilized near periapsis, enables only ion detection.

Figure 1 presents the orbits of the Tianwen-1 and MAVEN space-
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craft  from  December  28,  2021,  to  January  1,  2022.  During  this
period,  Tianwen-1’s  apoapsis  was  located  in  the  southern  hemi-
sphere, with an SZA of 100°. This orbital configuration allowed the
MINPA  to  observe  H-ENAs  both  upstream  of  the  bow  shock  and
within  the  magnetospheric  flanks.  However,  during  periapsis
observations on the Martian dayside, the MINPA was operated in
the ionosphere mode, without ENA observations. The absence of
low-altitude,  low-SZA  ENA  data  limits  direct  observations  of
dayside penetrating H-ENAs. Here, we use the high-altitude, large-
SZA  H-ENA  measurements  and  an  exosphere  model  to  estimate
the dayside penetrating H-ENA intensity.

The complexity and multiple origins of plasma downstream of the
bow shock, along with its interactions with the neutral exosphere,
result  in  a  similarly  complex  and  multi-origin  composition  of
H-ENAs  within  the  magnetosheath.  These  include  H-ENAs  origi-
nating  from  planetary  H+ (Lichtenegger  et  al.,  2002)  as  well  as
from  pristine  and  shocked  solar  wind  ions  (Holmström  et  al.,
2002). Distinguishing these various ENA populations and isolating
the  penetrating  H-ENAs  are  highly  challenging.  Therefore,  this
study focuses on observations upstream of the bow shock, where
the H-ENA sources are more clearly identifiable. These H-ENAs are
capable  of  travel  through  the  bow  shock  and  magnetic  pile-up
boundary  before  penetrating  the  Martian  atmosphere.  The  red
segments  in Figure  1 indicate  locations  where  Tianwen-1  was
upstream  of  the  bow  shock,  providing  H-ENA  observations.  The
MINPA provides ion measurements,  and its  solar  wind ion obser-
vations  during  the  Earth–Mars  transfer  phase  show  consistency
with  data  from  MAVEN,  Mars  Express,  and  the  near-Earth  OMNI
dataset  (Fan  K  et  al.,  2022; Zhang  AB  et  al.,  2022).  However,
because of the instrument’s 2π field of view and attitude limitations
during  orbital  operations,  the  MINPA  may  miss  part  of  the  solar
wind  ion  distribution.  Thus,  we  adopt  the  solar  wind  conditions
from the MAVEN/SWIA data. The trajectories of MAVEN during the
period  investigated  are  also  depicted  in Figure  1,  with  the  blue
segments  marking  intervals  when  the  spacecraft  was  located
upstream  of  the  bow  shock.  The  nominal  positions  of  the  bow
shock  and  magnetic  pile-up  boundary  under  average  solar  wind
conditions (Edberg et al., 2008) are also shown in Figure 1.

Figure  2 presents  the  H-ENA,  solar  wind  ion,  and  interplanetary
magnetic  field  observations  from  MAVEN  (Figures  2a–2d)  and
Tianwen-1 (Figures 2e–2h). Based on the interplanetary magnetic
field data (Figures 2d and 2e) and the solar wind ion data (Figures
2a–2c), a CME impact on Mars is identified from 00:00 UTC (coordi-
nated  universal  time)  on  December  29,  2021,  to  20:00  UTC  on
December  30,  2021.  This  event  is  characterized  by  enhanced
magnetic  field  strength,  smooth  rotation  of  the  magnetic  field
vector,  a  gradual  decrease  in  solar  wind  velocity,  a  low  proton
temperature, and reduced plasma beta, as detailed in Chi YT et al.
(2023).

1.7 × 108 s−1 cm−2

5.7 × 108 s−1 cm−2

1.9 × 108 s−1 cm−2

Prior  to  the CME,  the average solar  wind ion speed was  approxi-
mately  385  km/s.  During  the  early  phase  of  the  CME,  the  speed
slightly  decreased,  ranging  from  282  to  331  km/s,  before  an  SIR
impact  at  05:00  UTC  on  December  30,  2021  (Chi  YT  et  al.,  2023),
suggesting  that  Mars  was  initially  situated  within  a  low-speed
solar wind region. Concurrently, the solar wind intensity gradually
increased  from  at  02:10  UTC  on  December  30,
2021,  to  at  16:00  UTC  on  December  30,  2021,
and  remained  at  this  level  until  approximately  03:00  UTC  on
December 31,  2021. Following this period, Mars transitioned into
a high-speed solar wind region, with the ion bulk speed increasing
to approximately 430 km/s. This was accompanied by a decline in
solar wind intensity to approximately .

The  H-ENA  observations  (Figures  2f–2h)  provide  an  additional
perspective  on  the  influence  of  the  CME  and  subsequent  SIR  on
solar wind–Mars interactions. The H-ENA data obtained upstream
of  the  bow  shock  (Figure  1)  are  used  to  trace  CEX  processes
between  the  solar  wind  and  the  Martian  exosphere  and  to  infer
exospheric  variations  in  conjunction  with  upstream  solar  condi-
tions. Figure  2f presents  the  energy-resolved  H-ENA  count  rate
spectrogram  observed  by  the  MINPA.  Because  of  the  low  count
rates  of  this  H-ENA  event,  a  10-minute  averaging  window  is
applied  to  improve  statistical  reliability  for  subsequent  analysis.
The  corresponding  H-ENA  intensity  and  speed,  derived  from  the
averaged spectra, are shown in Figures 2g and 2h, respectively.

Prior  to  the  CME  and  during  its  initial  phase  (before  15:10  UTC),
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2.7 × 105 s−1 cm−2

7.1 × 105 s−1 cm−2

the H-ENA intensity (Figure 4g) remained relatively low, averaging
,  with  particle  velocities  (Figure  4h)  decreasing

from  400  to  280  km/s—closely  aligning  with  the  solar  wind  ion
speeds.  At  the  onset  of  the  CME  (00:00  UTC  on  December  29),  a
distinct  H-ENA  intensity  peak  of  was  recorded.
However,  because  of  the  absence  of  concurrent  solar  wind  data
and the lack of continuous H-ENA coverage during this period,  it
remains  challenging  to  discern  whether  this  enhancement
resulted  from  an  intensified  solar  wind  ion  flux  or  an  increased
exospheric density.

2.1 × 106 s−1 cm−2

Following  the  arrival  of  the  SIR,  both  the  intensity  and  speed  of
H-ENAs  increased,  closely  following  the  rise  in  solar  wind  bulk
speed and ion flux. Notably, the H-ENA intensity peaked later than
the  solar  wind  ion  intensity,  reaching  at  03:00
UTC on December 31—coinciding with the onset of the decline in

ion  flux.  Thereafter,  the  H-ENA  intensity  remained  elevated
through  January  1,  2022.  The  simultaneous  increase  in  H-ENA
intensity  and decrease  in  solar  wind ion  flux  (Figures  2g and 2b)
suggests an enhancement in exospheric density during this inter-
val.

To  further  investigate  the  effects  of  the  CME  and  SIR  on  Mars,
including  their  influence  on  the  penetrating  flux,  energy,  and
sputtered  escape,  H-ENA  and  ion  observation  data  from  three
characteristic  intervals  are  analyzed:  the  post-onset  of  the  CME
(15:10 to 15:40 UTC, T1), the peak ion intensity (19:40 to 20:55 UTC,
T2), and the post-CME phase (16:50 to 18:10 UTC, T3). These intervals
are  marked  by  yellow  shading  in Figure  2. Figure  3 presents  the
time-averaged distribution of  H-ENA differential  particle flux as  a
function of energy and azimuthal angle during the three selected
intervals.  The  circumferential  direction  denotes  the  azimuthal
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angle of H-ENAs from 0° to 360° in the X–Z plane of the MSO coor-
dinate system. The radial  axis corresponds to the MINPA’s H-ENA
energy  bins,  with  energies  centered  at  46  eV,  97  eV,  168  eV,
269  eV,  421  eV,  859  eV,  1.9  keV,  and  4.3  keV.  The  colored  pixels
indicate  the  calculated  differential  particle  flux  at  each
energy–azimuth combination.

3.8 × 105 s−1 cm−2

1.4 × 108 s−1 cm−2

Figure  3a presents  the  H-ENA  energy–angle  distribution  at  the
post-onset  of  the  CME  (T1).  During  this  interval,  the  distribution
exhibits  a  low-energy  peak  at  the  energy  bin  centered  around
421 eV, corresponding well with the solar wind ion bulk speed of
280 km/s  (equivalent  to  415 eV).  By  integrating  the  H-ENA  differ-
ential particle flux over both the energy and azimuthal angle, the
total H-ENA intensity is derived, as shown in Figure 2g. The average
H-ENA  intensity  during  T1 is ,  with  particles
predominantly  propagating  along  the −XMSO direction.  The  aver-
age  intensity  of  solar  wind  ions  during  the  same  interval  is

,  yielding  a  ratio  of  H-ENA  to  solar  wind  ion
intensity of approximately 0.27%.

1.0 × 106 s−1 cm−2

4.2 × 108 s−1 cm−2

The  H-ENA  energy–angle  distribution  during  the  time  interval  of
peak ion intensity (T2),  shown in Figure 3b, exhibits distinct char-
acteristics  compared  with  T1.  The  H-ENA  signal  appears  in  the
fourth and fifth energy bins, centered at 421 and 859 eV, indicating
the presence of higher energy H-ENAs than at T1.  These energies
correspond  to  a  solar  wind  speed  of  approximately  351 km/s
(equivalent  to  643 eV).  The  average  H-ENA  intensity  during  T2 is

, which is significantly higher than that observed
during  T1.  The  ratio  of  H-ENA  to  solar  wind  ion  intensity
( ) during T2 is approximately 0.24%, comparable
to the ratio during T1. This similarity suggests that the exospheric
density during T2 remains at a level similar to that during T1.

1.9 × 106 s−1 cm−2

1.9 × 108 s−1 cm−2

During T3—the post-CME phase, when Mars is situated within the
high-speed solar wind region—the H-ENAs exhibit higher energies
(Figure  3c),  consistent  with  the  solar  wind  ion  bulk  speed  of
440 km/s  (1.02 keV).  The  H-ENA  intensity  during  this  interval
increases  significantly,  reaching ,  whereas  the
solar  wind  ion  intensity  decreases  to  a  relatively  low  level  of

. This shift results in a markedly higher H-ENA-to-

solar  wind  ion  intensity  ratio  of  approximately  1%,  indicating  a

substantially  elevated  exospheric  density  during  T3 compared

with T1 and T2.

 3.  Atmospheric Sputtering Escape
From  the  H-ENA  observations  upstream  of  the  bow  shock,

combined  with  the  exosphere  model,  the  H-ENA  intensity  at  the

dayside  of  Mars  can  be  estimated.  Here,  we  use  the  classical

Chamberlain model (Chamberlain, 1963) to calculate the intensity

of  penetrating  H-ENAs.  In  the  Chamberlain  model,  the  profile  of

the exosphere is defined by

n (r) = nexo × exp (λ (r) − λexo) × ζ (λ) , (1)

λ (r) = GMm
kTexor

, λexo = λ (r = rexo) . (2)

nexo

rexo

Texo

ζ

Here, n and  represent the number densities at  the reference

altitude and the exobase, respectively; r and  are the distances

from the center of Mars to the reference altitude and the exobase,

respectively;  is the temperature at the exobase; λ is the Jeans

parameter;  and  is  the  partition  function  as  defined  in

Chamberlain (1963),  which is a function of λ.  In addition, G and k
denote  the  gravitational  constant  and  the  Boltzmann  constant,

respectively,  and M and m are the mass of  Mars and the mass of

exospheric particles, respectively.

The  relationship  between  the  intensity  of  ENAs  at  a  reference

position upstream of the bow shock and the solar wind ion inten-

sity is described by the following equation:

IH = ∫
LOS

σ (EH+ ) ⋅ n (r) ⋅ IH+dr. (3)

σHere,  is  the  CEX  cross  section  for  H–H+ interactions,  which

depends  on  the  particle  energy  and  is  provided  by Lindsay  and

Stebbings (2005). The line of sight (LOS) extends from the reference

position  to  infinity  along  the  opposite  direction  of  the  incoming

solar  wind  ions.  Assuming  that  the  solar  wind  ion  intensity

upstream  of  the  bow  shock  is  spatially  uniform,  Equation  (3)

simplifies to

 

(a)
T1: 2021-12-29 [15:10−15:40]

(b)
T2: 2021-12-30 [19:40−20:55]

(c)
T3: 2021-12-31 [16:50−18:10]

5.0 5.5 6.0 6.5 70 7.5
log10 (PFlux) [1/(s cm2 sr keV)]

ZMSO

XMSO

 
Figure 3.   H-ENA differential particle flux in the X–Z plane at (a) T1, (b) T2, and (c) T3. The radial ticks correspond to the eight energy channels at

46 eV, 97 eV, 168 eV, 269 eV, 421 eV, 859 eV, 1.9 keV, and 4.3 keV, and the circumferential ticks denote the 16 azimuth sectors of the MINPA.
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IH = IH+ ⋅ σ (EH+ ) ⋅ ∫
LOS

n (r)dr. (4)

Therefore, at a given time, the relative ENA intensities at different
reference  positions  can  be  estimated  based  on  the  integrated
exospheric density along the LOS.

Texo

Texo

Texo

According  to  the  Chamberlain  model,  the  exobase  temperature
( ) governs the rate at which the exospheric density decreases
with increasing distance from Mars. Therefore, given , the ratio
between  the  H-ENA  intensity  at  a  specific  position  and  the
observed intensity can be estimated based on the corresponding
exospheric  density  profile.  In  this  study,  we  estimate  the  by
using an empirical model from Forbes et al. (2008):

Texo = 130.7 + 1.53F10.7 − 13.5cos (Ls − 85°) , (5)

Texo

where the F10.7 denotes the solar radio flux at a wavelength of 10.7
cm, and Ls represents the solar longitude of Mars. We use the solar
parameters  provided by the OMNI database near  Earth and then
calculate  the F10.7 index  at  Mars  by  adjusting  for  the  heliocentric
distances  of  Earth  and  Mars  at  the  corresponding  times.  During
the periods  T1,  T2,  and T3,  are  estimated to  be  194,  189,  and
187 K, respectively.

d =
√
Y2 + Z2

Texo

5.3 × 106 s−1 cm−2

3.4 × 106 s−1 cm−2

1.9 × 106 s−1 cm−2

Thus,  we  estimate  the  penetrating  H-ENA  intensity  on  the X =
1.6 RM (Mars radii)  plane—corresponding to the bow shock nose,
based  on  the  empirical  model  (Edberg  et  al.,  2008)—within  a
transverse distance range  from 0 to 1 RM. This estima-

tion is  based on the observed H-ENA intensity (Figure 3)  and the
corresponding  exobase  temperature .  As  an  example,  the
resulting distribution of penetrating H-ENAs during T3, the interval
with  the  highest  observed  intensity,  is  shown  in Figure  4a.  The
penetrating  H-ENA  intensity  decreases  with d because  of  the
decreasing exosphere density with increasing distance from Mars.
The  highest  intensity  on  the  dayside  reference  surface  occurs  at
the  subsolar  point,  reaching ,  whereas  the
lowest  intensity  is  observed  near  the  edge  of  the  reference
surface,  with  a  value  of .  This  means  the  pene-
trating  intensity  is  1.8  to  2.8  times  higher  than  the  observed
H-ENA intensity ( ).

(Ek =
1
2

mV2
H)

From  the  penetrating  H-ENA  intensity,  we  further  estimate  the
penetrating  energy  flux  over  the  Mars  surface  (Figure  4b).  The
energy  flux  is  calculated  by  multiplying  the  energy  of  a  single

penetrating H-ENA particle  by the penetrating inten-

sity:

FE = Ek × IH × cos (SZA) , (6)

FE

(0.5−8.1) × 10−3 mW/m2

mW/m2

where  represents  the  penetrating  energy  flux  over  the  Mars
surface.  The  penetrating  energy  from  H-ENAs  falls  in  a  range  of

 during this time interval, which is roughly

three orders of magnitude lower than the solar ultraviolext radia-
tion  on  Mars’ surface  (~3 ).  Nevertheless,  the  H-ENAs  still

contribute nonnegligibly to the atmospheric escape processes on
Mars because of their distinct interactions with the Martian atmo-
sphere.

Figures  5a–5b show the penetrating H-ENA intensity  and energy
change with the SZA. The solid black, blue, and red curves indicate
the results during T1, T2, and T3, respectively. Both the penetrating
intensity and energy decrease with increasing SZA from 0° to 90°
for all time intervals. Additionally, the penetrating H-ENA intensity
and  energy  flux  increase  from  T1 to  T3,  indicating  an  increased
interaction between the solar wind ions, H-ENAs, and Mars’ atmo-
sphere.

With  the  penetrating  H-ENA  intensity  and  bulk  speed,  we
construct  a  test  particle  Monte  Carlo  model  to  simulate  their
energy  degradation  and  the  resulting  atmospheric  recoils  in  the
Martian  atmosphere.  The  model  is  analogous  to  previous  atmo-
spheric sputtering models on Mars (e.g., Leblanc et al., 2015, 2018)
and is  modified from our  earlier  model  of  N2 and CH4 sputtering
escape on Titan (Gu H et al., 2019). The sputtering yields of various
species,  defined as the average number of escaping atmospheric
neutrals produced per incident H-ENA, is computed following the
methodology of Gu H et al.  (2019).  The background atmosphere,
composed  of  CO2,  CO,  N2,  O,  He,  H2,  and  H  and  assumed  to  be
spherically symmetric, is taken from Gu H et al. (2025) for altitudes
between 100 and 500 km, representing dayside average conditions
under  solar  median  flux.  Below  100  km,  the  mean  free  path  for
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Figure 4.   (a) Intensity and (b) energy flux of penetrating H-ENA on the dayside of Mars at the X = 1.6 RM plane.

1152 Earth and Planetary Physics       doi: 10.26464/epp2025084

 

 
Ma JJ and Kong LG et al.: Sputtering escape on Mars by H-ENAs

 



collisions  is  sufficiently  short  that  the  energy  of  a  typical  atmo-

spheric  molecule  is  rapidly  degraded  to  the  local  thermal  level

over a length scale of less than 100 m, effectively achieving local

thermalization.  Above  500  km,  the  collision  probability  drops  to

approximately 1%, indicating that the Martian atmosphere above

this altitude has a negligible influence on the computed sputtering

yields.

For each H-ENA with a given velocity impacting the atmosphere,

its  trajectory  is  tracked  step  by  step,  with  collisions  simulated

using a random number generator. Upon collision, the post-colli-

sion  velocities  of  both  the  H-ENA  and  the  ambient  atmospheric

particles  are  determined  using  conservation  of  momentum  and

energy  while  accounting  for  inelastic  energy  loss  based  on  the

analytic  formula  of Firsov  (1959).  The  parameterization  scheme

used for  binary collisions,  including cross  sections and scattering

angle distributions,  is  adapted from Gu H et al.  (2020).  Trajectory

tracking is terminated under two conditions: (1) when the incident

H-ENA  reaches  the  lower  boundary  or  its  kinetic  energy  falls

below the local escape energy because of successive collisions, or

(2) when it reaches the upper boundary, it is considered either lost

from the atmosphere or reflected downward elastically, depending

on whether its energy exceeds the local escape energy. All recoiling

ambient  particles  generated  during  the  collision  cascade  are

treated  using  the  same  procedure  as  the  incident  H-ENA.  The

trajectories  of  both  primary  H-ENAs  and  recoils  are  fully  tracked

within  the  three-dimensional  distribution  of  the  Martian  atmo-

sphere, which is especially important for accurately evaluating the

atmospheric  column  encountered  by  particles  traveling  along

limb  paths.  For  each  independent  model  run,  10,000  energetic

hydrogen  atoms  are  simulated  to  ensure  statistically  robust

results.  We  estimate  the  atmospheric  loss  rates  driven  by  ENA-

induced  sputtering  based  on  the  sputtering  yields  derived  from

the  Monte  Carlo  simulations,  in  combination  with  the  known

H-ENA flux and bulk speed.

The distribution of total sputtered O escape intensity as a function

of  the  SZA,  driven by  penetrating H-ENAs,  is  presented in Figure

5c. The total sputtered O intensity is calculated as the sum of the

sputtered  intensity  of  atomic  oxygen  (O)  and  twice  that  of  CO2

given  from  the  model,  assuming  each  sputtered  CO2 molecule

contributes  two  oxygen  atoms.  The  solid  black,  blue,  and  red

curves represent the results for periods T1, T2, and T3, respectively.

Unlike  the  penetrating  H-ENA  intensity,  the  sputtered  escape
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Figure 5.   (a) Intensity and (b) energy flux of penetrating H-ENAs and (c) sputtered O intensity as functions of the SZA. The black, blue, and red

curves correspond to the time intervals T1, T2, and T3, marked by the yellow shading in Figure 2. (d) Intensity of sputtered total O (the sum of the

sputtered intensity of atomic oxygen [O] and twice that of carbon dioxide [CO₂], red curve), CO₂ (dashed black line), O (dashed-dotted black line),

and H (dotted line) during T3.
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intensity  increases  with  SZA  up  to  approximately  70°.  This  trend
arises  because,  at  higher  SZAs,  penetrating  H-ENAs  travel  longer
paths  through  the  upper  atmosphere  before  being  absorbed.
Furthermore, because of geometric effects, the angle between the
outward motion of sputtered particles and the incident direction
of  penetrating  H-ENAs  is  smaller  at  higher  SZAs  than  at  lower
SZAs. As a result,  sputtered neutral particles at large SZAs have a
higher probability of escaping from Mars. As a supplement, Figure
5d shows the sputtered escape intensity for different species: CO2

(dashed  black  line),  O  (dashed-dotted  black  line),  and  H  (dotted
line)  during  T3.  The  differences  in  their  SZA-dependent  distribu-
tions arise from the distinct altitude profiles of these species in the
Martian  atmosphere,  as  well  as  from  variations  in  their  collision
processes with penetrating H-ENAs.

5.5 × 1023 s−1 5.2 × 1024 s−1

By  integrating  the  sputtered  escape  intensity  at  the  escape
surface  (200  km  higher  than  Mars  surface),  the  total  sputtered
escape rate on the dayside of Mars can be calculated, as shown in
Table 1. From T1 to T3, the sputtered escape increases by an order
of  magnitude  from  to ,  reflecting  the

enhanced intensity and velocity of penetrating H-ENAs.
 
 

Table 1.   Mars atmospheric sputtering escape rates induced by
penetrating H-ENAs to the post-onset of the CME (T1), the peak ion
intensity (T2), and the post-CME phase (T3).

Time ηH  (s−1) ηO  (s−1) ηCO2
 (s−1) Total O (s−1)

T1 8.7 × 1022 3.6 × 1023 9.3 × 1022 5.5 × 1023

T2 2.4 × 1023 1.1 × 1024 4.1 × 1023 1.9 × 1024

T3 4.8 × 1023 2.5 × 1024 1.4 × 1024 5.2 × 1024

 

 4.  Conclusions and Discussion
The MINPA instrument  aboard Tianwen-1 offers  a  unique oppor-
tunity to directly observe H-ENAs from the Sun-pointing direction,
providing a method for studying penetrating H-ENAs. By analyzing
H-ENA  data  from  the  MINPA  during  a  CME  and  an  SIR  event
between  December  29,  2021,  and  January  1,  2022,  we  examine
the  temporal  sequence  of  interactions  between  the  solar  wind
and  Mars’ atmosphere,  including  the  penetrating  H-ENAs  and
driven sputtered escape, under varying solar conditions.

By  integrating  H-ENA  observations  from  the  MINPA  with  solar
wind ion data from MAVEN/SWIA, we find that the bulk velocity of
the  H-ENAs  closely  aligns  with  that  of  the  solar  wind  ions.  The
ratio  of  H-ENAs  to  solar  wind  ion  intensity  serves  as  a  proxy  for
variations  in  exospheric  density.  During  the  CME  and  SIR  events,
the  exospheric  density  does  not  immediately  increase  following
the  CME  impact,  nor  does  it  rise  concurrently  with  the  surge  in
solar wind intensity. This delayed response suggests a possible lag
in  the  reaction  of  the  Martian  exosphere  to  changing  solar  wind
conditions.

5.3 × 106 s−1 cm−2

The  penetrating  H-ENA  intensity  and  energy  flux  on  the  dayside
of  Mars  are  estimated  by  combining  H-ENA  observations
upstream of the bow shock with the classical Chamberlain model.
During  the  study  period,  the  highest  intensity  of  penetrating
H-ENAs  reaches ,  and  the  range  of  the  corre-

(0.5−8.1) × 10−3 mW

m2
,sponding penetrating energy flux is  approxi-

mately three orders of magnitude lower than the solar ultraviolet
radiation measured by MAVEN. Nevertheless, penetrating H-ENAs
interact  with  the  atmosphere  at  different  altitudes  and  through
different  mechanisms  compared  with  photons  (Kallio  and
Janhunen,  2001),  thereby  making  a  distinct  and  nonnegligible
contribution to the dynamics of the dayside Martian atmosphere.

It  is  important to note that both the penetrating H-ENA intensity
and energy flux consider only H-ENAs originating from upstream
of  the X =  1.6 RM plane.  The  H-ENAs  produced  by  CEX  processes
occurring in the flanks and downstream of the bow shock are not
accounted for in this study. Therefore,  the estimated penetrating
H-ENA  intensity  and  energy  flux  should  be  regarded  as  lower
limits for the dayside Mars atmosphere.

5.5 × 1023 s−1 5.2 × 1024 s−1

For the sputtered escape, the estimated penetrating H-ENA inten-
sity and energy flux are used as inputs for the sputtered simulation
model.  During  the  study  period,  the  total  sputtered  oxygen
escape  rate  caused  by  penetrating  H-ENAs  ranges  from

 to ,  influenced  by  the  intensity  and
speed of  the penetrating H-ENAs.  Because of  underestimation of
the penetrating H-ENA intensity, the sputtered escape rate calcu-
lated in this study represents a lower limit.

1 × 1024 s−1

Considering that Mars was near aphelion during the study period
and  primarily  in  a  low-speed  solar  wind  region,  the  penetrating
H-ENA flux, energy, and driven sputtered escape rate observed in
this  study  should  be  regarded  as  the  minimum  levels  for  the
Martian  year.  Despite  this,  the  sputtered  escape  rate  driven  by
penetrating  H-ENAs  is  slightly  higher  than  that  caused  by  pene-
trating ions observed by MAVEN over the course of a year, which
is  (Leblanc et al.,  2015, 2018).  A more comprehensive
analysis of penetrating H-ENAs and the resulting sputtered escape
rate over the course of a Martian year will provide a more system-
atic  evaluation  of  the  contribution  of  sputtered  escape  by  pene-
trating H-ENAs to the total oxygen loss.

Because of the complexity of magnetosheath plasma and its inter-
action  with  the  neutral  exosphere,  accurately  estimating  the
contribution  of  H-ENAs  originating  from  the  magnetosheath  to
the  total  dayside  penetrating  H-ENA  flux  based  on  high-altitude
observations  is  challenging.  Therefore,  H-ENA  observations  at
lower  altitudes  on  the  dayside  of  Mars  are  crucial  for  accurately
estimating the penetrating H-ENA flux and the resulting sputtered
escape.  Moreover,  current  H-ENA  observations  primarily  serve  as
boundary  inputs  for  simulations  and  do  not  constrain  the  colli-
sional  interactions  between penetrating H-ENAs and the Martian
atmosphere.  As  a  result,  the  interaction  process  remains  poorly
defined  in  the  absence  of  direct  observational  evidence.  There-
fore, a more detailed investigation into the dynamics of penetrat-
ing  H-ENAs  and  the  associated  sputtering  mechanisms  require
H-ENA observations at low altitudes—on the order of hundreds of
kilometers.
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