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transport effects in the solar plasma that broaden the electron distribution, increasing the isotropy 
by collisional and/or non-collisional pitch-angle scattering (Kontar et al. 2014). Thus, even if the 
accelerated distribution is strongly beamed, the angular distribution of radiating electrons is 
expected to isotropise as they are transported from the corona to the chromosphere.  

 
Figure 1. Left: A cartoon showing the main flare processes of energy release and particle 
acceleration. X-rays are the prime diagnostic of flare-accelerated electrons. Their spectral 
properties and energy content can be constrained by studying the well-observed HXR spectrum 
(right), but the electron directivity remains unknown in the vast majority of observed flares to date. 

To date, we have sought to measure the HXR and electron directivity in several different ways: 

• Using albedo mirror analysis of strong solar flares (e.g. Kontar & Brown 2006; Dickson 
& Kontar 2013). Limited albedo mirror (X-ray Compton backscattering in the photosphere) 
analyses suggests that the HXR emitting electron distribution is close to isotropic especially 
below 150 keV, and not beamed as in a simple model, at least for the few events published.  

• Using statistical flare studies of centre-to-limb variations in flux or spectral index (e.g. 
Ohki 1969; Kašparová et al. 2007). Statistical studies such as Kašparová et al. (2007) studied 
398 flares but gave no clear conclusion regarding average flare directivity.  

• Using linear X-ray polarization measurements from a single flare with one satellite (e.g. 
Tindo et al. 1970; McConnell et al. 2004; Suarez-Garcia et al. 2006). There is a direct link 
between X-ray polarization and electron anisotropy (e.g. Leach & Petrosian 1983; Bai & 
Ramaty 1978; Jeffrey & Kontar 2011). Nevertheless, observations with past instruments and 
non-dedicated polarimeters, such as RHESSI, have proved inconclusive, owing to 
instrumental issues. Currently, there is no solar-dedicated X-ray polarimeter to measure 
directivity, and the minimum observational requirements are not well-constrained. 

• By simultaneously observing a single flare with two satellites at different viewing 
angles (e.g. Kane 1981; Hurley 1986; Kane et al. 1988, 1998; McTiernan & Petrosian 1990). 
Previous stereoscopic studies (e.g. Kane et al. 1998) found no clear evidence for directivity 
at large X-ray energies. However, past observations suffered greatly from calibration issues, 
making their results unreliable. Thus, it is fundamental that the two instruments have a well-
known energy cross-calibration.  

Currently, our best chance of measuring X-ray directivity comes from using two spacecraft with 
cross-calibrated detectors looking at the same source from two separate points of view (see 
Figure 2). With the successful launch of Solar Orbiter (Mueller et al. 2020) and its hard X-ray 
telescope STIX (Krucker et al. 2020) we will be able to detect flares with different viewing angles 
from the Earth-Sun line as close as 0.28 AU (at perihelion) and up to inclinations of ~ 25°.  

Solar flare X-rays and energetic electrons

X-rays are produced as bremsstrahlung (mainly e-i collisions).

X-ray spectroscopy X-ray imaging

X-ray diagnostics of electrons

X-rays are a direct diagnostic of solar flare accelerated electrons.



HXR and electron anisotropy

Isotropic 
electrons

~Beamed 
electrons

In most solar flares, the directivity of flare-accelerated electrons is an unknown.

Electron directivity is a diagnostic of the 
acceleration mechanism, e.g. stochastic 
acceleration will produce isotropic distributions 
(Melrose 1994; Miller et al. 1996; Petrosian 2012).

The X-ray albedo (photospheric Compton 
backscattering) must always be taken into account.

WHY? HXR directivity cannot be easily obtained 
from a single flare X-ray spectrum.

The X-ray energy spectrum is also dependent on the 
angular distribution (e.g. Massone et al. 2004)

Collisional and non-collisional transport effects: 
create isotropic electron and HXR distributions.



So, how can we measure HXR and hence electron anisotropy at the Sun???

1. Statistical flare studies of centre-to-limb variations in flux or spectral 
index (e.g. Ohki 1969; Kašparová et al. 2007).

2. Albedo mirror analysis of strong solar flares (e.g. Kontar & Brown 2006; 
Dickson & Kontar 2013).

3. Linear X-ray polarization from a single flare with one satellite (e.g. 
Tindo et al. 1970; McConnell et al. 2004; Suarez-Garcia et al. 2006).

4. Simultaneous observations of a flare with two satellites at different 
viewing angles (e.g. Kane et al. 1988, 1998; McTiernan & Petrosian 1990).

- Past direct measurements by multiple spacecrafts suffered greatly from 
calibration issues, owing to the use of different types of detectors.

- Questionable results to date but mainly because polarimeters were not 
optimised for flares or were secondary ‘add-on’ missions.

- Suggests close to isotropic/lack of electron anisotropy below 150 keV.

Measuring HXR and electron anisotropy

Dickson & Kontar 2013



3. Linear X-ray polarization from a single flare with one satellite (e.g. 
Tindo et al. 1970; McConnell et al. 2004; Suarez-Garcia et al. 2006).

- Many polarimeters were not optimised for flares or were secondary ‘add-
on’ missions.

(54±21) %

Suarez-Garcia et al. (2006) Taken from Kontar et al. (2011)

Measuring HXR and electron anisotropy

So, how can we measure HXR and hence electron anisotropy at the Sun???



4. Simultaneous observations of a flare with two satellites at different 
viewing angles (e.g. Kane et al. 1988, 1998; McTiernan & Petrosian 1990).

- Past direct measurements by multiple spacecrafts suffered from calibration 
issues, owing to the use of different types of detectors.

Kane et al. (1998)
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Measuring HXR and electron anisotropy

Viewing angle 1

Viewing angle 2

So, how can we measure HXR and hence electron anisotropy at the Sun???



Prospective HXR stereoscopic missions

STIX (Krucker et al. 2020) onboard 
Solar Orbiter will observe solar flare 
X-rays between 4 and 150 keV.

STIX will observe out of the ecliptic up 
to 25o.

STIX will observe as close as 0.28 AU.

At the same time, we will have a new fleet of X-ray missions at LEO/L1:

ASO-S/HXI (2021/22) Aditya-HEL1OS (2021) MiSolFA

?3-200 keV
Imaging

Chinese mission Indian mission NASA CubeSat
10-150 keV
No imaging

10-100 keV
Imaging

Zhang et al. 2019 
Su et al. 2019

Casadei et al. 2017 
Lastufka et al. 2019

1st joint observations: STIX and HEL1OS will be available in the 2nd half of 2021.

😀



At the same time, we will have a new fleet of X-ray missions at LEO/L1:

MiSolFA is proposed for stereoscopy with STIX carrying identical detectors. 

At the same time, we will have a new fleet of X-ray missions at LEO/L1:

ASO-S/HXI (2021/22) Aditya-HEL1OS (2021) MiSolFA

?3-200 keV
Imaging

Chinese mission Indian mission NASA CubeSat
10-150 keV
No imaging

10-100 keV
Imaging

STIX (Krucker et al. 2020) onboard 
Solar Orbiter will observe solar flare 
X-rays between 4 and 150 keV.

STIX will observe out of the ecliptic up 
to 25o.

STIX will observe as close as 0.28 AU.

Zhang et al. 2019 
Su et al. 2019

Casadei et al. 2017 
Lastufka et al. 2019

😀

Prospective HXR stereoscopic missions



Prospective HXR polarization missions?

GRIPSPhoENiX

Sapphire

Energy range: 60-300 keV

Japanese PhoENiX mission (Physics 
of Energetic and Non-thermal plasmas 

in the X (= magnetic reconnection) 
region).

NASA Sapphire (Solar Polarimeter for 
Hard X-rays) concept aims to do 

spatially-integrated spectro-polarimetry 
of solar flares from CubeSat platforms.

Energy range: 10-100 keV

Gamma-Ray Imager/Polarimeter for 
Solar flares (GRIPS; Duncan et al. 

(2016)) 
Imaging spectro-polarimetry of 
flares in the 150 keV to 10 MeV

(20-300 keV for spectroscopy)

(proposed)

(proposed) (balloon leading to spacecraft?)

(angular resolution of ∼ 12.5”)



Electron and X-ray Simulations

probing solar flare particle acceleration with X-ray polarization 3

Equation (1) models electron-electron energy losses,
the dominant electron energy loss mechanism in the
flaring plasma, and both electron-electron and electron-
proton interactions for collisional pitch-angle scattering.
Equation (1) can be easily generalized to model any
particle-particle collisions.
Here, we also want to study how non-collisional trans-

port e↵ects such as turbulent scattering change the elec-
tron distribution and the resulting X-ray polarization.
For this we use an isotropic turbulent scattering ap-
proximation1 (e.g. Schlickeiser 1989) where the turbu-
lent scattering di↵usion coe�cient DT

µµ
is related to the

turbulent scattering mean free path �s using

D
T

µµ
' v

2�s

�
1� µ

2
�
. (4)

In this simple model, �s is the turbulent scattering
mean free path. It is related to the level of turbulent
magnetic field fluctuations �B/B by

�s ⇠
✓⌧

�B
2

B2

�◆�1

. (5)

and by changing �s di↵erent levels of turbulence can
be investigated.
In simulations where we investigate the role of non-

collisional turbulent scattering, the governing Fokker-
Planck equation becomes:
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(6)

It is likely that there are other non-collisional ef-
fects which can change the electron properties, such
as beam-driven Langmuir wave turbulence (Hannah
et al. 2009), electron re-acceleration (Brown et al. 2009)
and/or beam-driven return current (Knight & Sturrock
1977; Emslie 1980; Zharkova & Gordovskyy 2006; Alaoui
& Holman 2017), but this is beyond the scope of the pa-
per.
Non-collisional turbulent scattering operates on a

timescale shorter than collisional scattering and can
produce greater isotropy, and hence trapping, amongst
higher energies electrons, than from collisional scatter-
ing. By combining X-ray imaging spectroscopy and

1 We use this model for turbulent scattering since the details of
scattering in the flaring corona are not well-constrained, i.e. there
are many models but few observations.

radio observations of the gyrosynchrotron radiation,
Musset et al. (2018) state that

�s = �s,0[cm]

✓
25[keV]

E

◆
. (7)

Importantly, in this model higher energy electrons have
a smaller turbulent mean free path than lower energy
electrons.
Following Je↵rey et al. (2014), and re-writting Equa-

tion (6) as a Kolmogorov forward equation (Kolmogorov
1931), Equation (6) can be converted to a set of time-
independent stochastic di↵erential equations (SDEs)
(e.g., Gardiner 1986; Strauss & E↵enberger 2017) that
describe the evolution of z, E, and µ in Itô calculus:

zj+1 = zj + µj �s ; (8)
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(10)

�s [cm] is the step size along the particle path, and
Wµ, WE are random numbers drawn from Gaussian dis-
tributions with zero mean and a unit variance represent-
ing the corresponding Wiener processes (e.g. Gardiner
1986). A simulation step size of �s = 105 cm is used
in all simulations, and E, µ and z are updated at each
step j. A step size of �s = 105 cm is approximately
two orders of magnitude smaller than the thermal col-
lisional length in a dense (n = 1011 cm�3) plasma with
T � 10 MK (or the collisional length of an electron with
an energy of 1 keV or greater, in a cold plasma). The
derivation of Equation (6) and the detailed description
of the simulations can be found in Je↵rey et al. (2014).
Equation (6) (and Equations (9) and (10)) diverge

as E ! 0, and as discussed in Je↵rey et al. (2014),

the deterministic equation Ej+1 =
h
E

3/2

j
+ 3�m

2
e

2
p
⇡kBT

�s

i

must be used for low energies where Ej  Elow using

Full collisional warm target model (Jeffrey et al 14., Kontar et al. 15,19).

Additional code that accounts for the X-ray albedo component.

Simple turbulent scattering component.

We want to produce outputs to match current or upcoming abilities of missions. 

To understand the new X-ray data (stereoscopic and polarization) we need 
realistic electron and X-ray transport simulations:



Isotropic turbulent scattering model 
taken from Musset et al. (2018).

Pitch-angle distribution:

Electron and X-ray Simulations

Je↵rey et al.: Probing Flare Electron Acceleration with X-ray Polarimetry Missions

Fig. 1. Left: Di↵erent injected electron anisotropy at the loop apex using S (µ) (Equation (11)). Small �µ
produces beamed distributions while large �µ produces isotropic distributions. Right: Turbulent scattering
mean free path �s versus electron energy E using Equation (7) and using �s,0 = 2 ⇥ 107, 2 ⇥ 108 and 2 ⇥ 109

cm. Turbulent scattering quickly isotropises higher energy electrons. The mean free path �s is also compared
with the collisional mean free path (using � = v4/�; grey dashed and dotted lines) for three di↵erent densities
of 1 ⇥ 1010 cm�3, 1 ⇥ 1011 cm�3 and 1 ⇥ 1012 cm�3.

Equation (1) is a time-independent equation useful for studying solar flares where the electron

transport time from the corona to the lower atmosphere is usually shorter than the observational

time (i.e. most X-ray spectral observations have integration times of tens of seconds to minutes),

but temporal information can be extracted (Je↵rey et al. 2019).

Equation (1) models electron-electron energy losses, the dominant electron energy loss mech-

anism in the flaring plasma, and both electron-electron and electron-proton interactions for colli-

sional pitch-angle scattering1. Equation (1) can be easily generalized to model any particle-particle

collisions.

2.2. Non-collisional scattering

Here, we also want to study how non-collisional transport e↵ects such as turbulent scattering

change the electron distribution and the resulting X-ray polarization. For this we use an isotropic

turbulent scattering approximation2 (e.g. Schlickeiser 1989) where the turbulent scattering di↵u-

sion coe�cient DT
µµ is related to the turbulent scattering mean free path �s and electron velocity v

using

DT
µµ '

v

2�s

⇣
1 � µ2

⌘
. (4)

In this simple model, �s is related to the level of turbulent magnetic field fluctuations �B/B by

�s ⇠
 *
�B2

B2

+!�1

(5)

1 For this the pitch-angle term in Equation (1) is multiplied by 2, compared to Je↵rey et al. (2014) and Je↵rey
et al. (2019).
2 We use this model for turbulent scattering since the details of scattering in the flaring corona are not well-
constrained, i.e. there are many models but few observations.
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µ j+1 = µ j �

2
666666666664
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✓
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◆

2E2
j

µ j +
µ j

�s(E j)

3
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�s
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vuuuuuut
2
666666666664

(1 � µ2
j )�m2

e

✓
erf(u j) �G(u j)

◆

2E2
j

+

⇣
1 � µ2

j

⌘

�s(E j)

3
777777777775
�s Wµ . (10)

�s [cm] is the step size along the particle path, and Wµ, WE are random numbers drawn from

Gaussian distributions with zero mean and a unit variance representing the corresponding Wiener

processes (e.g. Gardiner 1986). A simulation step size of �s = 105 cm is used in all simulations,

and E, µ and z are updated at each step j. A step size of �s = 105 cm is approximately two orders

of magnitude smaller than the thermal collisional length in a dense (n = 1011 cm�3) plasma with

T � 10 MK (or the collisional length of an electron with an energy of 1 keV or greater, in a cold

plasma). The derivation of Equation (6) and a detailed description of the simulations can be found

in Je↵rey et al. (2014).

Equation (6) (and Equations (9) and (10)) diverge as E ! 0, and as discussed in Je↵rey et al.

(2014), the deterministic equation E j+1 =

E3/2

j +
3�m2

e

2
p
⇡kBT
�s

�2/3
must be used for low energies

where E j  Elow using Elow =


3�m2
e

2
p
⇡kBT�s

�2/3
– see Je↵rey et al. (2014), following Lemons et al.

(2009). For such low energy thermal electrons, µ j+1 can be drawn from an isotropic distribution

µ 2 [�1,+1].

Once the electron transport simulations are finished, we also include an additional background

coronal thermal component with temperature T and a chosen EM = n2V that is dominant at lower

X-ray energies between ⇡ 1 � 25 keV, and where V is the volume of this source. Although it is

possible that the thermal component can produce a small detectable polarization of a few percent

(Emslie & Brown 1980), we assume that the coronal Maxwellian source is isotropic and hence,

produces completely unpolarized X-ray emission in all the simulations shown here.

2.3. Electron input anisotropy and other injection properties

The initial electron anisotropy is chosen using

S (µ) / 1
2

exp
 
� (1 � µ)
�µ

!
+

1
2

exp
 
� (1 + µ)
�µ

!
(11)

where �µ controls the electron directivity. As �µ ! 0 the distribution is completely beamed,

with half directed along one loop leg (i.e. µ = �1) and half along the other (µ = +1), and as

�µ! 1, the electron distribution becomes isotropic (see the left panel of Figure 1).

For most of the simulations shown here, we input sensible flaring parameters: a simple power

law distribution in energy (E��) with spectral index of � = 5, a low energy cuto↵ of Ec = 20 keV

and an acceleration rate of Ṅ = 7 ⇥ 1035 e s�1 and in space, we input a Gaussian at the loop apex

with a standard deviation 100.
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Polarization example 1: anisotropy

Identical spectral and plasma 
properties 

Same high energy cutoff.

Different anisotropies

It is difficult to extract 
anisotropy information from 

the X-ray flux spectrum!

As expected DOP 
decreases with decreasing 

anisotropy over all E.
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Fig. 2. The resulting spatially integrated DOP and flux spectra for three injected electron distributions with
either beamed, �µ = 0.5, �µ = 0.1 or isotropic pitch-angle distributions and using the following identical
electron properties of: � = 5, Ec = 20 keV (vertical grey dotted line), EH = 100 keV and Ṅ = 7 ⇥ 1035 e
s�1, and corona plasma properties of: n = 3 ⇥ 1010 cm�3 and T = 20 MK, plotted for a flare located at a
heliocentric angle of ✓ = 60�. All spectra include an albedo component and a coronal background thermal
component with EM= n2V = 0.9 ⇥ 1048 cm�3, using a chosen V = 1027 cm3. For example error calculations,
we use an e↵ective area of 5 cm2 and a time bin of 120 s.

already flown once in Antarctica in January 2016, and will be re-proposed for flight during the next

Solar Maximum. GRIPS can do imaging spectro-polarimetry of solar flares in the ⇠150 keV to ⇠10

MeV range, with a spectral resolution of a few keV, and an angular resolution of ⇠ 12.500. GRIPS’s

key technological improvements over the current solar state of the art at HXR/gamma-ray energies,

RHESSI, include 3D position-sensitive germanium detectors (3D-GeDs) and a single-grid modula-

tion collimator, the multi-pitch rotating modulator (MPRM). Focusing optics or Compton imaging

techniques are not adequate for separating magnetic loop footpoint emissions in flares over the

GRIPS energy band, and indirect imaging methods must be employed. The GRIPS MPRM covers

13 spatial scales from 12.500 to 16200. For comparison, RHESSI could only image gamma-ray emis-

sions at two spatial scales (3500 and 18300). For photons that Compton scatter, usually & 150 keV, the

energy deposition sites can be tracked, providing polarization measurements as well as enhanced

background reduction through Compton imaging. The nominal GRIPS balloon payload has a min-

imum detectable polarization (MDP) signal of ⇠3% in the 150-650 keV band for 2002-July-23

X-flare, while a spacecraft version will likely be closer to ⇠1%. While we plan to discuss the spa-

tially resolved observations of GRIPS in another study, here we will concentrate on the usefulness

of spatially integrated observations of the polarization (DOP) spectrum at lower energies.
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Polarization example 2: high energies
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the DOP spectrum
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Fig. 3. The resulting spatially integrated X-ray flux and DOP spectra for injected electron distributions with
di↵erent high energy cuto↵s of EH = 100 keV, EH = 200 keV and EH = 300 keV. Each use the following
identical electron and plasma properties of: � = 5, Ec = 20 keV (vertical grey dotted line), a beamed distri-
bution and Ṅ = 7 ⇥ 1035 e s�1, and coronal plasma properties of: n = 3 ⇥ 1010 cm�3 and T = 20 MK, plotted
for a flare located at a heliocentric angle of 60�. All DOP spectra include an albedo component and a coronal
thermal component (EM = 0.9 ⇥ 1048 cm�3). Higher EH produces a clear flattening in the DOP spectra after
the low energy cuto↵.

the resulting DOP spectra for a flare located at a heliocentric angle of 60� (the DOP should grow

as the heliocentric angle approaches the limb for the majority of flare observations).

4.2. X-ray polarization and the high energy cutoff

Another important diagnostic of the acceleration mechanism is the high energy cuto↵ (the highest

energy electrons produced by the acceleration process). Although the presence of high (MeV)

energy electrons might be determinable from microwave observations if present e.g. Melnikov

et al. (2002); Gary et al. (2018), we show that the high energy cuto↵ changes the trend in the DOP

spectra (and also the sign of the polarization angle  for MeV energies as discussed in Je↵rey &

Kontar (2011)). We show that the presence of higher energy keV electrons in the distribution can

decrease the overall DOP at all observed energies.

In Figure 3, we plot the resulting DOP spectra from three injected electron distributions with

di↵erent high energy cuto↵s of 100 keV, 200 keV and 300 keV. After 20 keV, we can see that the

gradient of the DOP spectrum decreases with an increase in the high energy cuto↵ EH , producing
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Polarization example 3: turbulence
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Summary

HXR directivity is the prime diagnostic of electron directivity.

Finding electron directivity is important for:

The best chance of constraining directivity will come from upcoming 
stereoscopic observations with SO/STIX and new missions at Earth.

Simulations show that spatially integrated polarization missions 
without imaging (CubeSat missions?) can provide constraints on 
electron anisotropy and the high energy cutoff. 

- Constraining the electron acceleration mechanism

- Helping to determine coronal transport processes
- Constraining properties from the X-ray spectrum


