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Key Points:
●  The centroids of the Ca and Fe line features during a flare in the soft X-ray (SXR) spectra observed by the Macau Science Satellite-1

exhibit blue shifts.
●  Temperature and the blue-shifted velocity during the flare are derived by comparing the centroids with the synthesized line features

from the latest CHIANTI atomic database.
●  The peak velocity significantly exceeds the values previously reported, implying the entire shift of the SXR lines.
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Abstract: Using the new soft X-ray data from the Macau Science Satellite-1, we studied a solar flare that occurred on 22 June 2023. We
found that the centroids of the Ca (around 3.9 keV) and Fe (around 6.7 keV) line features exhibit a rapid shift toward higher energy
channels during the flare's rising phase, followed by a gradual decrease during the decay phase. Through precise energy calibration, the
centroids are determined with high accuracy. Temperature and velocity are then self-consistently derived by comparing the centroids
with those calculated from the synthesized line features using the latest CHIANTI atomic database (ver. 10.1). The calculated maximum
velocity reaches up to 710 ± 60 km s−1, which significantly exceeds the previously reported values. Our results suggest that the entire shift
of soft X-ray lines may occur during the process of chromospheric evaporation.
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1.  Introduction
In the impulsive phase of solar flares, vast amounts of energy are
transferred to the chromosphere through accelerated non-thermal
electrons or thermal conduction fronts.  In response,  the chromo-
spheric  plasma  is  rapidly  heated  to  temperatures  higher  than
10 MK and subsequently  evaporates  upward to fill  the flare  loop
and  emits  in  soft  X-rays  (SXRs).  This  process,  known  as  chromo-
spheric  evaporation,  plays  a  key  role  in  the  dynamics  of  flare
energy release (Fisher, 1987).

Despite  the  high  temperature  of  the  heated  plasma,  the  most
distinctive  feature  of  chromospheric  evaporation  is  the  upward
flow  of  plasma  from  chromosphere  into  corona.  Plenty  works
have been done using the high spectral resolution of SXR emission
lines  to  derive  the  chromospheric  evaporation  velocity  in  the

Solar  Maximum  Mission  (SMM)  and  Yohkoh  era.  The  X-ray  reso-
nance  line  of  Ca  XIX  and  Fe  XXV  usually  show  a  blue-shifted
component  in  the  rising  phase  of  disk  flares,  in  addition  to  a
nearly  stationary  core  (Antonucci  et  al.,  1982; Fludra  et  al.,  1989;
Doschek et  al.,  1996; Gan WQ and Watanabe,  1997).  The velocity
derived from the blue-shifted component relative to the stationary
one reaches up to ~400 km s−1.  The blueshift  is  also observed in
EUV  spectral  lines,  which  are  formed  at  lower  temperatures  and
exhibit  lower  velocities  (Li  Y  and  Ding  MD,  2011; Young  et  al.,
2013; Sellers  et  al.,  2022).  Some EUV spectral  lines were found to
be entirely blue shifted in a specific episode (Tian H and Chen NH,
2018).  It  seems  that  the  velocity  has  a  scaling  relationship  with
temperature (Milligan and Dennis, 2009; Li D et al., 2022).

In  simulations,  chromospheric  evaporation  is  investigated  by
modelling the hydrodynamic response of the solar atmosphere to
a source of  energetic electrons or thermal conduction (Somov et
al.,  1981; Longcope,  2014).  In  these  models,  the  velocity  signifi-
cantly  exceeds  those  derived  from  the  observed  line  profiles.
Fisher  et  al.  (1984) showed  that  the  upper  limit  to  the  chromo-
spheric  velocities  is  approximately  2.35  times  coronal  sound
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speed.  The maximum observed velocities for  most flares seemed
to  be  <25%  of  this  limiting  velocity.  A  crystal  spectrometer
achieves  high  wavelength  resolution;  however,  absolute  wave-
length  calibration  is  lost  because  the  position  of  the  rest  wave-
length on the detector depends on the angle between the emitting
source and the instrument’s optical axis (Bornmann, 1999). There-
fore,  it  remains  uncertain  whether  the “stationary  component”
observed  previously  truly  stays  stationary.  Consequently,  the
maximum  chromospheric  evaporation  velocities  are  also  unre-
solved, which is crucial for understanding the heating mechanisms
of solar flares.

Ec

With  the  launch  of  Macau  Science  Satellite-1  (MSS-1)  (Zhang  K,
2023), new SXR data are being recorded by silicon drift detectors
(SDDs) with high energy resolution and efficiency, providing new
insights into the dynamic process of chromospheric evaporation.
This paper presents an analysis of the solar flare that occurred on
June 22, 2023, using the SXR spectrum. We propose a method to
derive the temperature and velocity from the centroids ( ) of the
Ca and Fe line features. 

2.  Observations and Data Reduction
The MSS-1 was successfully launched on May 21, 2023. It includes
two  subsatellites,  MSS-1A  and  MSS-1B.  The  main  objective  of
MSS-1A is to accurately measure the Earth’s vector magnetic field,
while MSS-1B is designed to monitor the solar activities and their
impact  on  the  Earth’s  space  plasma.  On  22  June  2023,  MSS-1B
successfully  observed  a  solar  flare  in  the  National  Oceanic  and
Atmospheric Administration (NOAA) active region (AR) 13341. It is
an M4.9-class  flare,  starting at  23:29 UT and peaking at  23:44 UT,
according  to  Geostationary  Operational  Environmental  Satellites
(GOES)  soft  X-ray  flux. Figure  1a shows  a  full-disk  Atmospheric
Imaging  Assembly  (AIA)  171  Å  image  from  the  Solar  Dynamics
Observatory (SDO) mission taken at the peak time of the flare. The
flare is located at the southeast region, highlighted by a red box.
Figure  1b provides  a  close-up  view  of  the  boxed  region,  which
shows brightening features of the flare, such as a solar jet, saturated
flare  loops  and  ribbons.  In  this  study,  we  will  focus  on  the  disk-

integrated  SXR  spectroscopy  analysis  of  the  flare.  Therefore,  the
morphology evolution of the flare will not be emphasized.

The SXR detection unit (SXDU) onboard the MSS-1B was designed
to  measure  the  SXR  spectrum  of  the  Sun  in  the  energy  range  of
1–20 keV (Shi YQ et al., 2023). Two X-ray SDDs with different effec-
tive areas are used in the SXDU to expand the observation ability
for  solar  flares  of  different  intensities.  Each  detector  uses  2048
evenly spaced energy channels to record SXR spectrum data. Cali-
bration with  characteristic  X-rays  on the ground reveals  a  strong
linear  relationship  between  energy  and  channel  (Zuo  FC  et  al.,
2024). The time cadence is as high as ~1 s and the energy resolution
is approximately 150 eV at 5.9 keV. The MSS-1 circles the Earth in
an near-circular orbit of 450 km altitude with a period of 96 min, in
which about 36 min is occulted by the Earth. Thus, the observing
time of the Sun is about 60 min in every period.

Figure 2 shows an overview of the SXR observations for this event.
Several  spectral  lines  are  distinctly  visible  as  apparently  thick
straight lines in the SXR spectrogram (see panel (a)). The recorded
counts increase and extend to higher energy channels as the flare
progresses.  In  panel  (b),  the  total  counts  from  all  2048  channels
are integrated to show the time evolution of the SXR flux, which is
consistent with the GOES SXR 0.5–4 Å flux. Based on the peak time
of the GOES time derivative flux, we divided the flare process into
two phases:  the rising phase,  occurring before the peak,  and the
decay phase, occurring after the peak. Panel (c) presents the inte-
grated SXR spectrum over the full flare duration, revealing individ-
ual spectral  lines.  The most prominent lines,  indicated by arrows,
are from highly ionized Ca and Fe elements.  We refer to them as
the  Ca  and  Fe  line  features,  following Phillips  (2004),  as  each  is
blended with a group of closely spaced lines. The L X-ray emission
lines from 241Am appear at higher channels (>1000, see Figure 2).

To analyze the Ca and Fe features in this event, we integrated the
SXR spectra at 60-second intervals, balancing adequate line inten-
sities  with  relatively  high  time  resolution. Figure  3 and Figure  4
show  the  background-subtracted  profiles  of  the  Ca  and  Fe  line
features  extracted  from  SXR  spectra  during  the  flare.  A  Gaussian
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Figure 1.   (a) Full-disk SDO/AIA 171 Å image, showing the location of the studied flare. (b) Close-up view of the flare highlighted by the red box in

panel (a), showing detailed features of the event.
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function  is  used  for  fitting  each  line  feature  to  determine  their

centroids,  which  show  a  clear  shift  toward  higher  energies  with

time,  indicating  a  progressive  blue  shift.  This  shift  increases

rapidly  during  the  flare's  rising  phase  and  decreases  gradually

during the decay phase, compared to their initial positions.

1 σThe  time  profiles  of  the  line  centroids  with  uncertainties  for

the  Ca  and  Fe  features  are  shown  in Figure  5.  The  blue  shifts  of

two spectral  lines  follow a  similar  evolutionary  pattern,  i.e.,  rapid

increasing during the rising phase followed by a gradual decrease

in the decay phase. The maximum blue shift of the Ca line feature

is approximately 2.2 channels, while the Fe line feature exhibits a

much larger blue shift, exceeding 6 channels. Uncertainties in the

fitted line  centroids  are  closely  related to  their  intensities.  At  the
early stage of the flare, when the intensities are very weak, uncer-
tainties  are  significantly  larger.  However,  as  the  line  intensities
increase, uncertainties decrease to just a few percent of a channel. 

3.  Method and Results
Both the Ca and Fe line features consist of multiple distinct emis-
sion lines from highly ionized Ca and Fe atoms, each contributing
to the total emission with its own temperature dependent inten-
sity. As a result, the centroids of these features are highly sensitive
to plasma temperature. Additionally, each emission line produced
by moving plasma will be shifted to higher (if moving towards the
observer)  or  lower  (if  moving  away  from  the  observer)  energies
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Figure 2.   MSS-1B observations of the 2023 Jun 22 flare: (a) Spectral image of the flare at 0–20 keV. (b) Temporal evolution of the integrated SXR

count flux across all channels (black), compared with the GOES SXR 0.5–4 Å flux (magenta). The time derivative of the GOES flux is shown in blue,

with the peak time indicated in dashed lines. (c) Integrated spectra of the flare showing the Ca and Fe line features.
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Figure 3.   Line profiles of the Ca feature during the rising phase (pannel (a)) and the decay phase (pannel (b)), with centroids shifting with time.

The observed profiles at different times (indicated by the colorbar) are displayed as histograms, with Gaussian fit lines overlaid in red. The fitted

centroids are marked by green plus signs.
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due  to  the  Doppler  effect.  Thus,  plasma  motion  is  another  key

factor  influencing  the  centroids  of  the  Ca  and  Fe  line  features.

These two factors, temperature and motion, are intricately linked.

Accurate  temperature  diagnostics  based  on  line  feature  shifts

must incorporate the effects of plasma motion, and vice versa. 

3.1  Temperature and Velocity Diagnostics

T

Ec
Ec

T

To  investigate  the  influence  of  plasma  temperature  on  the

centroids  of  the  line  features,  we  utilized  the  latest  version  of

Chianti code to synthesize the SXR spectra in the energy range of

3–10  keV  for  6.5  <  log  <  7.5,  where  both  line  features  are  well

covered  (see  Appendix  A).  The  Ca  and  Fe  line  features  were

extracted from the spectra, and centroids  were determined by

fitting  the  line  profiles  with  Gaussian  functions.  The  values  of 

for  the  Ca  and  Fe  line  features  are  plotted  against  in  panel  (a)

T ≲ 10

Ec
T

Ec
T = 10 30

T

and panel (b) of Figure 6, respectively. Both line features are very
weak when  MK, though the profiles can still  be fitted with
Gaussian  function.  At  higher  temperatures,  the  values  of  for
both line features increase gradually with , but at different rates.
The  total  change  of  for  the  Ca  line  feature  is  only  about  0.01
keV over the range –  MK, much smaller than the 0.1 keV
change  observed  for  the  Fe  line  feather.  As  a  result,  the  energy
separation between the two line features also depends on  (see
panel  (c)  of Figure 6)  and closely resembles the behaviour of  the
Fe line feature.

To  accurately  extract  physical  quantities  from  the  shifts,  precise

calibration  is  necessary  to  convert  the  channels  into  their  corre-

sponding energies. The ground calibration, performed using char-

acteristic X-rays selected to evenly cover the energy range, shows

a  strong  linear  correlation.  In  orbit,  calibration  was  carried  out
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Figure 4.   Same with Figure 3, but for the Fe line feature.
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σFigure 5.   Temporal evolution of the centroids of the Ca (a) and Fe (b) line features, plotted with 1  fitting uncertainties.
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k b

k
b

using  spectral  lines  within  the  1000  to  1980  channel  range,

derived from the sole 241Am source carried with the MSS-1B satel-

lite  (see  Appendix  B).  The  calibration  parameters,  and ,  were

derived by linearly fitting the centroids of 241Am lines.  This linear

trend is expected to be extended to lower channels, especially for

the Ca and Fe line features in channels 300−600. It  is  shown that

the uncertainty associated with the value of  is 0.43%, reflecting

a very high precision in the measurement. However, the value of 

has an uncertainty of 5.89 channels, which will introduce a signifi-

cant  error  in  determining  the  line  centroids.  Thus,  Calibration

using 241Am  source  itself  is  not  enough,  we  need  other  restric-

tions.

k
Nevertheless,  the  energy  separation  between  the  Ca  and  Fe  line

features can be accurately determined, as it solely depends on . If

we assume that there is no plasma motion at a certain time, which

is  reasonable  when  chromospheric  evaporation  ceases  in  the

Ec T
T

T Ec

T T Ec

Ec
b

Ec
k

flare's  later phase,  then  is  entirely governed by .  At this time,

the temperature  can be derived from the curve of energy sepa-

ration against  (pannel (c) of Figure 6). Accordingly,  for the Ca

and  Fe  line  features  can  be  subsequently  derived  from  their

respective relationships with ,  as  is  derived.  At other times, 

can  be  derived  based  on  their  shifts  from  that  specific  time.  In

such  a  way,  is  determined  at  all  times  without  relying  on

parameter ,  whose uncertainty  is  considered unacceptable.  The

uncertainty of  at each time is given by the shift amount multi-

plied  by  the  uncertainty  of  parameter ,  which  satisfies  our

requirements assuming we select an ideal time without any mass

motion.

Ec

T
Ec T Ec

Using  the  above  method,  the  values  for  the  Ca  and  Fe  line

features were determined at all times and are plotted as a function

of time in Figure 7. Temperatures  were then derived by interpo-

lating the values of  onto the –  curves.  Panel (a)  of Figure 8
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Figure 6.   Centroid energies as a function of  for the Ca (a) and Fe (b) line features calculated using synthesized spectra from Chianti. Panel (c)

shows the energy separation of the two line feature against .

 

23:30 23:36 23:42 23:48 23:54
Time (UT)

3.87

3.88

3.89

3.90
(a)

E c
 o

f C
a 

(k
eV

)

23:30 23:36 23:42 23:48 23:54
Time (UT)

6.55

6.60

6.65

6.70
(b)

E c
 o

f F
e 

(k
eV

)

 
Figure 7.   Time profiles of the calibrated centroid of the Ca (panel (a)) and Fe (pannel (b)) line features, showing the line shift with time.
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T

T

T

Ec T

shows  the  time  evolution  of  inferred  from  the  Ca  and  Fe  line

features,  respectively.  The plasma temperature from the two line

feathers exhibits a similar pattern, i.e., a rapid increase during the

impulsive phase followed by a gradual decline in the decay phase.

However,  the  values  derived  from  different  line  features  are

generally  not  identical,  with  the  values  from  the  Ca  line  feature

much higher than those from the Fe line feature. The temperature

difference reaches highest around the peak of the flare,  at which

time the  value from the Ca line feature becomes extraordinary

high,  exceeding  100  MK.  Such  high-temperature  plasma  seems

unlikely  to  be  produced  in  the  chromospheric  evaporation

process.  These  facts  suggest  that  mass  motions  must  play  an

important role in the shift of , in addition to .

Ec T

T

T

T v T
v

T

Mass motions along the line of sight can induce a Doppler shift in

,  reducing the contribution of  and consequently  lowering its

values.  In  panel  (b)  of Figure  8,  we show an example  at  23:45:30

UT (marked in dashed lines of panel (a)) for the changes of  as a

function  of  the  introduced  line-of-sight  velocity  (red  curve  is  for

the  Ca  line  feature,  blue  curve  is  for  the  Fe  line  feature).  It  is

evident  that  decreases  as  increasing  velocity  (positive  value

indicating upward motion) for both line features, with the decline

rate being steeper for the Ca than the Fe line feature. As a result,

the two curves of  against  intersect at the point (  = 20.4 MK,

 =  282  km  s−1).  This  means  that  a  blue-shifted  velocity  of

282  km  s−1 can  bring  the  electron  temperatures  from  the  two

line features into agreement. In this way, the chromospheric evap-

oration velocities can be inferred at all times.

T
v Ec

T v

Finally,  we  self-consistently  derived  the  temperature  and  the

line-of-sight velocity  by combining the shifts in  of the Ca and

Fe line features. Figure 9 shows the time profiles of  and  for this

event.  In  the  impulsive  phase,  the  temperature  increases  in  a

pattern similar to that derived from GOES (magenta in panel (a)),

though  it  is  slightly  faster.  At  the  peak  time,  the  temperature  is

approximately  1.5  MK  higher  than  that  from  GOES.  However,

during  the  decay  phase,  a  prominent  bulge  appears  as  the

temperature  decreases,  with  the  values  even  exceeding  that  at

the  peak  time.  Upon  closer  inspection,  the  GOES  temperature

curve  also  shows  a  bulge,  though  it  is  much  weaker.  We  are  not
sure  whether  the  temperature  during  the  decay  phase  can  truly
exceed  that  at  the  peak  time,  due  to  the  relatively  larger  uncer-
tainty  in  temperature  measurement,  which  will  be  addressed
later.  In  panel  (b),  we  can  see  that  the  line-of-sight  velocity  rises
rapidly  during  the  impulsive  phase,  then  drops  quickly  in  the
decay phase, while the temperature still remains high. This behav-
ior  is  consistent with the chromospheric  evaporation scenario,  in
which  the  evaporation  process  slows  down  as  the  evaporated
material  fills  the  flare  loop,  yet  the  temperature  remains  high.
Several  velocity  spikes  appear  during  the  decline,  which  may
correspond to small-scale events, such as jets. To our surprise, the
peak value of the velocity reaches 710 km s−1, significantly higher
than the values reported previously. 

3.2  Uncertainty Estimation

σ
k

k

k
k

kerror = 0

Uncertainties in temperature and line-of-sight velocity are mainly
caused  by  calibration  errors  and  fitting  uncertainties.  To  demon-
strate their impacts, we examine the observation at velocity peak
time,  showing  how  these  uncertainty  sources  affect  the  derived
temperature and velocity. In energy calibration, the 1  uncertainty
of  parameter  was  found  to  be  approximately  0.4%.  Thus,  in
panel  (a)  of Figure  10,  we plotted the  derived temperature  (blue
curve) and velocity (red curve) as a function of the  error within
the range of ±0.4%. It is seen that the temperature increases with

,  while  the  velocity  decreases.  This  fact  can  be  understood  that
the increase of  amplifies the energy separation between the Ca
and Fe line features, leading to a higher temperature at the refer-
ence time. Temperature varies from 15 to 24.4 MK with a median
value  being  17.6  MK  ( ).  Consequently,  the  maximum
temperature uncertainty is 6.7 MK, which is a very high value. But
for the velocity, it varies from 701 to 712 km s−1, with the median
value  being  710  km  s−1.  The  maximum  velocity  uncertainty  is
9 km s−1, only about 1.3% of the median value.

Ec
Ec

T V

When considering the uncertainties of  due to Gaussian fitting,
the derived temperature from  also carries associated uncertain-
ties.  As a result,  the –  curves for the Ca and Fe line features in
panel (b) of Figure 8 will be replaced by two thicker curves associ-
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ated  with  the  temperature  uncertainty,  as  shown  in  panel  (b)  of

Figure  10.  Consequently,  the  intersection  of  the  two  curves  is

replaced by a region (in the black box), rather than a single point.

Panel  (c)  presents  a  detailed,  extended  view  of  the  intersection

region,  where the temperature ranges from 17.3 to 18.1 MK, and

the velocity spans from 659 to 761 km s−1. Thus, the temperature

and velocity uncertainty are estimated to be 0.5 MK and 51 km s−1,

respectively.
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EcFigure 9.   (a) Temporal evolution of the temperature derived from the  values of the Ca and Fe line features, with Doppler effect removed. For

comparison, the temperature derived from the GOES SXR flux is also shown, represented in pink. (b) Temporal evolution of the extracted

line-of-sight velocity. Dashed lines indicate the peak velocity time.
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k Ec

The temperature seems more sensitive to the calibration parameter
, while the velocity is more strongly influenced by . Combined

with the two sources of uncertainty,  we derived the temperature
at velocity peak time to be 17.6 MK with an uncertainty of 7.1 MK,
the  velocity  to  be  710  km  s−1,  with  an  uncertainty  of  60  km  s−1.
The  total  uncertainties  are  obtained  by  adding  the  individual
contributions for simplicity. 

4.  Summary and Conclusion

Ec Ec

Ec T

Ec

We have analyzed the SXR spectra of the 2023 Jun 22 flare using
new data from the MSS-1B satellite.  Precise energy calibration of
the SXR data are achieved by utilizing a set of selected lines from
the  radiative  source 241Am  carried  onboard  the  satellite,
combined  with  the  assumption  that  chromospheric  evaporation
ceases at a specific time. From the SXR spectra, the Ca and Fe line
features  are  extracted.  By  applying  Gaussian  fitting,  we  derived
the centroids  for both line features. The time profiles of  show
an  increasing  during  the  rising  phase  of  the  flare,  followed  by  a
decrease  in  the  decay  phase.  Using  the  latest  version  of  Chianti
atomic  database,  we  synthesize  the  profiles  of  Ca  and  Fe  line
features  at  different  temperatures  under  the  isothermal  assump-
tion,  establishing a relationship between  and .  To ensure the
temperatures  derived  from  individual  line  features  equal  with
each  other,  the  inclusion  of  velocity  is  necessary  to  account  for
part  of  the  shifts  in .  Finally,  we  derive  the  self-consistent
temperature and velocity for this event.

Ec

Each of  the Ca and Fe line features consists  of  a  group of  closely
spaced lines that would appear as a single blended profile  when
observed with a spectrometer of insufficient resolution. The rise of

 in these profiles during flares is barely measured by broadband
spectrometer  before  the  launch of  MSS-1B.  Although the  energy
resolution  of  RHESSI  is  adequate  to  detect  such  a  rise,  an  unex-
pected gain variation with the count rate in the RHESSI detectors
prevents  this  measurement  (Phillips,  2004).  Thanks  to  the  high
energy  resolution  of  SDDs  onboard  MSS-1B,  which  is  approxi-
mately  8  times  higher  than  that  of  RHESSI,  but  not  enough  to
distinguish  individual  lines.  Such  particular  resolution,  combined
with high efficiency,  enables  MSS-1B to successfully  detect  these
shifts during flares.

According to the shifts  of  these two line features,  we self-consis-

tently  derived  the  temperature  and  velocity  of  evaporated

plasma.  The  most  surprising  finding  is  that  the  peak  velocity

reaches up to 710 ± 60 km s−1. This value significantly exceeds 400

km  s−1,  the  value  obtained  from  crystal  spectrometers  onboard

SMM and Yohkoh (e.g., Antonucci et al., 1984; Kato et al., 1998). In

these  observations,  the  resonance  lines  of  Ca  XIX  and  Fe  XXV

usually  show  a  weaker  blue-shifted  component  that  disappears

after the rising phase (Doschek, 1990).  Due to the generally poor

absolute  wavelength  calibration  of  these  instruments,  velocity  is

determined from the shift of the blue-shifted component relative

to  the  stationary  one,  rather  than  from  the  absolute  shift  of  the

line position. Our results suggest that the “stationary” component

may not be truly static, but could exhibit great entire shift.

Despite  the  multi-thermal  nature  of  the  solar  atmosphere,  an
isothermal approximation is applied in the SXR spectra synthesis.

The  lines  that  contribute  to  the  Ca  and  Fe  features  are  optically

thin  and  highly  sensitive  to  temperature.  As  a  result,  emissions

from  higher  temperatures  dominate  the  overall  intensity  contri-

bution,  while  from  lower  temperatures  contributes  little.  We

consider  this  is  a  reasonable  approximation,  as  it  effectively

reflects  the  temperature  and  velocity  of  the  hottest  evaporated

plasma.  Allowing  for  multi-thermal  plasma  would  increase  the

velocity  error.  However,  we  believe  this  error  is  likely  limited,  as

the temperature uncertainty is already quite large. The maximum

plasma velocity even with projection effect reaches 700 km−1. This

unusually  high  speed  suggests  that  the  chromospheric  evapora-

tion  process  could  be  more  explosive  than  previously  expected,

with  a  larger  fraction  of  the  energy  being  converted  into  kinetic

energy.  The  high-resolution  soft  X-ray  data,  with  better  cadence

and more precise spectral resolution recorded by MSS-1B, demon-

strates significant potential for advancing the study of solar activity

and  offering  new  insights  into  the  dramatic  energy  processes  of

solar flares. 
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Supplementary Materials 

Appendix A. Spectral Synthetic

T

The  line  feature  around  ~6.7  keV  is  made  up  of  many  individual

emission lines from highly ionized Fe atoms (Fe XIX to Fe XXV) at

electron temperatures  greater than 10 MK (Phillips, 2004). Each

of the lines has its own temperature dependence of the contribu-

tion  to  the  total  emission  of  the  Fe  line  feature.  The  energies  of

these  lines  are  so  closely  spaced  that  broadband  spectrometer

observations,  such  as  those  from  RHESSI  or  MSS-1B,  cannot

resolve  them  individually  and  instead  detect  them  as  a  single

blended broad line.  As the electron temperature increases,  emis-

sion lines from higher ionization states become more prominent,

leading  to  the  intensity  contributions  from  higher-energy  lines

dominate. As a result, the centroid of ~6.7 keV line feature shows

an  apparently  shift  to  higher  energies,  i.e.,  blue  shift,  with  the

increase  of  temperature  (Li  D  et  al.,  2024).  Using  Chianti  atomic

database and code (ver. 4.2), Phillips (2004) synthesized the spectra

in the 3.8–10 keV range at different temperatures and derived the

relationship  between  centroids  and  temperatures.  The  validity  is

checked  by  high-resolution  observations  made  with  the  SMM

Bent  Crystal  Spectrometer  and  the  Yohkoh  Bragg  Crystal  Spec-

trometer.  The  line  feature  around  ~3.9  keV  is  also  made  up  of

many individual  emission lines  from highly  ionized Ca atoms (Ca
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XVIII  to  Ca  XX),  similar  to  the  Fe  line  feature.  Therefore,  the

centroids of both Ca and Fe line features are highly dependent on

plasma temperature.

T

T
I(λ)

Followed  by  the  method  of Phillips  (2004),  we  use  the  latest

version of Chianti atomic database (ver. 10.1) (Zanna et al., 2021),

to sythesize the spectra in energy range of 3–10 keV for 6.5 < log

< 7.5, where the two line features are well covered. An isothermal

approximation  is  assumed,  which  means  that  all  plasma  is  at  a

single  temperature .  Under  such  an  assumption,  the  intensity

, of an optically thin spectral line is:

I(λ) = C(T, λ, Ne)Ab(X)EM, (A1)

C(T, λ, Ne)
Ne Ab(X)

EM

Ab(X) EM

EM 1030 −5 Ne 109 −3

where,  is the contribution function, containing the rele-

vant  atomic  parameters,  is  the  electron  density,  is  the

elemental abundance of X relative to Hydrogen,  is the column

emission measure.  It  is  found that the line shape is mainly deter-

mined  by  the  contribution  function,  while  and  only

affect the line intensity. Additionally, Ca and Fe lines are not sensi-

tive  to  electron  density.  Thus,  we  arbitrarily  set  the  emission

measure  to  cm  and  electron  density  to  cm .

The  spectra  were  synthesized  for  only  Ca  and  Fe  ions  without

continuum contributions. A bin size of 11.7 eV and an instrumental

full width at half maxima (FWHM) of 150 eV were set to match the

spectral resolution of MSS-1B.

T T

T T

Pannel  (a)  in Figure  A1 shows  an  example  of  the  synthesized

intensity-normalized Ca line feature at  log  = 7.0 and log  = 7.4,

respectively.  The five most  intense lines contributing to the total

profile at each temperature are indicated by vertical  lines.  As the

temperature  increases  from log  = 7.0  to  log  = 7.4,  the  relative

intensities  of  these  lines  change,  with  higher-energy  lines  domi-

nating, and some lines even dropping out of the top five intense

lines.  As  a  result,  the  centroid  of  the  Ca  profile  shifts  to  higher

energy.  For  the  Fe  line  feature,  the  shift  in  the  centroid  is  even

more  pronounced  (see  panel  (b)),  where  the  original  five  most

intense  lines  are  entirely  replaced  by  other  higher-energy  lines.

Therefore,  the centroids of  the Ca and Fe line features are highly

dependent on temperature. 

Appendix B. Calibration for the Energy
Precise  calibration  of  energy  (or  wavelength)  is  crucial  to  derive
reliable  and  meaningful  physical  quantities  from  solar  spectra,
especially  in  high-energy  ranges  or  short  wavelengths,  such  as
those  encountered  in  SXRs.  Fortunately,  the  MSS-1  is  equipped
with a radioactive source of americium-241 (241Am), which can be
used  for  calibration  purpose.  The  radionuclide 241Am  undergoes
alpha decay to 237Np with a half-life of 432.6 years, during which a
series  of  L  X-ray emission lines in the energy range of  10–20 keV
are emitted steadily. Thus, the 241Am source has ever been exten-
sively  used  for  the  efficiency  calibration  of  semiconductor  X-ray
detectors (Campbell and McNelles, 1974).

In  this  paper,  we  utilize 241Am  spectra  to  calibrate  the  energy
response  of  the  detector,  i.e.,  establishing  the  relationship
between  channel  numbers  and  their  corresponding  energy
values. The entire day's observation of 2023 June 22 was selected
to accumulate sufficient SXR photon counts. Panel (a) of Figure B1
shows  the  time  evolution  of  total  flux  accumulated  from  all  the
2048 energy channels. It is clearly shown that the flux undergoes a
dramatic  decrease,  dropping  to  below  20  counts  whenever  the
satellite enters the Earth's shadow. During these periods, most of
the SXR counts from the Sun are blocked by Earth,  while  the left
counts  are  purely  emitted  from  the 241Am  source  carried  by
MSS-1B. This occurs every 96 minutes, with the satellite spending
around 36 minutes in the shadow in each orbit. Therefore, we use
a 20-count threshold (blue dashed line in panel (a) of Figure B1) to
identify  the  periods  of  the  satellite  being  in  the  Earth's  shadow
and then integrate the spectra from these intervals. This approach
ensures  that  we  could  obtain  a  pure 241Am  spectrum,  free  from
the influence of the Sun's radiation.  Panel (b)  of Figure B1 shows
the pure 241Am spectrum integrated by 7 orbits' time intervals, in
which  multi-peaks  between  1000–1980  channels  (red  dashed
lines)  are  clearly  displayed.  Among  these  peaks,  the  two  most
intense ones are at 11.87 and 13.94 keV, respectively.

In  order  to  derive  the centroids  of  the  multiple  peaks,  the 241Am
spectra were processed with the software Colegram (Ménesguen
and  Lépy,  2021)  in  a  region  of  interest  (ROI)  between  1000  and
1980  channels.  Colegram  is  a  freely  available  spectrometry  soft-
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T TFigure A1.   (a) Synthesized Ca line feature at log  = 7.0 (blue) and log  = 7.4 (red), with the five most intense lines (indicated by vertical lines) at

each temperature. (b) Same as panel (a), but for the synthesized Fe line feature.
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ware  with  a  user-friendly  interface  developed  at  the  Laboratoire

National  Henri  Becquerel.  Users  can manually  insert  peaks  in  the

ROI window and choose from various fitting functions depending

on  the  spectrum  type,  utilizing  a  non-linear  least-squares  fitting

method.  We  use  a  Voigt  function,  which  is  the  convolution  of  a

Lorentzian  and  a  Gaussian  function,  for  fitting  each  peak.  The

Lorentzian component accounts for the natural line width due to

the finite  lifetime of  the  atom's  excited state,  while  the  Gaussian

function reflects the contribution from the detector's energy reso-

lution,  which  is  much  broader  than  the  line  natural  width.  The

detector's  energy  resolution  is  influenced  by  several  factors,

including the Fano factor, readout electronic noise, and tempera-

ture  fluctuations.  The  Lorentzian  natural  widths  are  fixed  to  1

channel, approximately 12 eV, same as the value used by Lépy et

 

00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time (UT)

105

104

103

102

101

100

Co
un

ts

(a)

0 500 1000 1500 2000
Channel

1

10

100

1000

Co
un

ts

(b)

 
Figure B1.   (a) SXR fluxes (integrated by all channels) for the whole day of 2023 Jun 22. The blue dashed line represents a 20-count threshold,

below which the satellite is in the Earth's shadow. (b) SXR spectrum integrated by all the times with fluxes lower than 20 counts per second, as

indicated by the blue dashed line in panel (a). Multi-peaks of 241Am are clearly shown between red dashed lines.
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Figure B2.   241Am profiles showing multi-peaks, fitted by Voigt functions (red lines) in 10–20 keV energy range.
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al.  (1994).  Other  parameters  of  the  Voigt  function  are  set  to  be

free. Based on Figures 3 and 4 in Lépy et al. (2008) which illustrate

the  fitting  of  an 241Am  spectrum,  we  insert  15  peaks  at  corre-

sponding positions. The fitting results are presented in Figure B2,

with each peak marked. The exact energy values of the peaks are

taken from Table 3 in Rodrigues et al.  (2023).  Note that the spec-

trum is not intensity-calibrated. However, it is expected to have a

negligible  impact  on  determining  the  centroids  of  the  peaks,  as

each peak has a very narrow width. Uncertainties of the centroids

are obtained simultaneously with the software. It is clear that the

position uncertainties for lines with stronger intensity (e.g., peaks

at  13.95  and  17.75  keV)  or  a  distinguishable  peak  (e.g.,  peak  at

11.87  keV)  are  smaller,  while  for  those  with  weaker  intensity  or

overlapped with others are larger.

To  further  assess  the  stability  of  the  derived  centroids  for  each

line,  we fit  the 241Am spectra over 30 consecutive days using the

same  method. Figure  B3 displays  the  variance  of  each  line  (indi-

cated  by  different  color)  across  the  30-day  period.  It  is  worth

noting  that  the  daily  variance  for  weak  or  overlapping  peaks  is

significantly larger (around 5 channels), even when the uncertain-

ties  themselves  are  small.  These fluctuations  are  likely  caused by

instrumental  effects,  particularly  in  cases  where  the  observed

photon counts are very low.

For  accurate  energy  calibration,  peaks  as  many  as  possible  are

desirable.  However,  those with large uncertainties and daily  vari-
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Figure B3.   Variation in line center positions for different 241Am lines over a 30-day period, with each line represented by a distinct color to

highlight individual trends and fluctuations.
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Figure B4.   Linear fit of the peaks using 8 lines (dark green circles). The left 7 line peaks (red circles) are excluded from the fit due to their larger

uncertainties. y = k(x − b) is linear fit equation. k is slope. σk is relative uncertainty of slope k. σb is uncertainty of offset b.
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ances  do  not  contribute  to  improving  the  accuracy.  Therefore,
peaks with a daily variance greater than 1 channel were excluded
from the fitting process. Ultimately, 8 from the 15 identified peaks
were selected for fitting.

x-axis y-axis
Figure B4 illustrates a linear relationship between the positions in
channel ( ) and the corresponding energies in keV ( ) for
the 15 peaks. A linear fit is applied to the selected eight peaks. The
linear function follows the equation:

y = k(x − b), (B1)

k b
x-axis

k b

where  denotes the slope of the straight line and  is  the offset
where  it  intersects  the  (the  point  where  energy  is  0  keV).
The  uncertainties  associated  with  and  are  0.43%  and  5.89,
respectively.
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