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What is the interest in studying keV electrons  
in the inner magnetosphere? 

 
•  The distribution of low energy electrons population (1 to few hundreds of keV) 

constitutes the seed population further accelerated to MeV energies, critically important 
for radiation belt dynamics 
  Energetic charged particles trapped in the radiation belts are a major source of 

 damaging space weather  effects on space- and ground-based assets. 
 
 
•  Surface charging by electrons with < 100 keV 
     can cause significant  damage and  
     spacecraft anomalies 

 electrostatic discharges causing EM  
                interferences or local degradations,  
  sustained arcs and system or mission  
                destruction in the worst cases.  

Source: European Space Agency, Space  
Environment and Effects Analysis Section 



Boundary conditions in the plasma sheet for 
modeling of keV electrons 

Near-Earth plasma sheet is the source for keV electrons in the inner magnetosphere. 
In the near-Earth plasma sheet, continuous measurements of plasma sheet electrons are not  
available, in contrast to geostationary orbit. 
 
The electron flux at the keV energies is largely determined by convective and  
substorm-associated electric fields and varies significantly with geomagnetic activity  
driven by the solar wind [Mauk and Meng, 1983; Kerns et al., 1994; Liemohn et al., 1998;  
Ganushkina et al., 2013, 2014].  
 
Studies on keV electrons: Korth et al. [1999], Denton et al. [2005], Sicard-Piet et al. [2008],  
Denton et al. [2015] (LANL MPA and SOPA electron data),  Friedel et al. [2001]  
(Polar Hydra instrument), Kurita et al. [2011] (THEMIS spacecraft), 
Asnes et al., [2008], Burin des Roziers et al. [2009] (GEOTAIL and CLUSTER data) 
 
No solar wind driven empirical relations for electron fluxes or moments of electron  
distribution function which can be used easily for radiation belt modeling. 
 
Solar wind driven empirical relations for moments of electron distribution function  
which can be used easily for radiation belt modeling: Dubyagin et al. [2016] (THEMIS) 



Usage of THEMIS data

THEMIS plasma moments for ions and electrons used: 
ESA  electrons:  30eV -  30 keV;     
                  ions:  30eV -  25 keV  
SST ions and electrons   ~25 keV   -   300 keV 
 
Data selection:   
- THEMIS  A, D, E probes 
- Probes are in the central part  of the plasma sheet  |Bz| > |Br| 
- Storm-time intervals 2007-2013,  
  SYM-H<-50 , 1 day before, 1 day after 
 
Ni = Ne  test: 
 
Plasma moments computed using last calibration  
procedures. After synchronization of the solar wind data  
with THEMIS plasma moments we got ~45,000 datapoints  
 at 1.6 min resoluton.  
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Solar wind driven  
variations of electron 
plasma sheet  
temperature and  
density  
during storm times 

Driving parameters: 
NSW, VSW, IMF BS, IMF BN 

THEMIS ESA and SST data Dubyagin et al. [2016] 



GOES-13MAGED data  
during Jan 2011 – Dec 2015  
for 40, 75, and 150 keV  
electrons analyzed in terms  
of dependencies on  
SW and IMF parameters.  
 
Empirical model developed  
in Sillanpää et al. [2017] 
 
Driving parameters: 
IMF BZ and VSW 

Solar wind driven  
variations of  
keV electron fluxes  
at GEO 



Inner Magnetosphere Particle Transport  
and Acceleration Model (IMPTAM) for  

low energy electrons 
(Ganushkina et al., 2013, 2014, 2015) 

♦  traces electrons with arbitrary pitch angles from the plasma sheet to the inner L-shell  
    regions with energies up to 300 keV in time-dependent magnetic and electric fields 
 
♦  traces a distribution of particles in the drift approximation under the conservation  
    of the 1st and 2nd adiabatic invariants. Liouville theorem is used to gain information  
    of the entire distribution function 
 
♦ for the obtained distribution function, we apply radial diffusion by solving the 
    radial diffusion equation  
 
♦  electron losses: convection outflow and pitch angle diffusion by the electron lifetimes 

♦  advantage of IMPTAM: can utilize any magnetic or electric field model, including  
    self-consistent magnetic field and substorm-associated electromagnetic fields. 



Electron losses occur on the time scales of minutes or hours which is much shorter than 
those times for ions.  

In the inner magnetosphere, the dominating loss process is pitch-angle scattering due to 
wave-particle interactions.  

Chorus waves contribute significantly to the scattering processes of keV electrons 
outside the plasmapause.  
Electron pitch angle scattering occurs due to interactions with the plasmaspheric hiss 
waves inside the plasmasphere.  

It is difficult to quantify globally the electron losses due to interaction with waves, since 
the rate of pitch-angle diffusion depends on the wave amplitude, wave frequency, and 
wave normal distributions, as well as the plasma density and background magnetic field.  
 
Models used: 
1. Shprits and Orlova [2014], electron lifetimes due to chorus waves at R=3-8 Re. 
Activity depedence is parameterized by Kp index.  
2. Orlova et al., [2016] electron lifetimes due to  plasmaspheric hiss waves. Empirical 
model Spasojevich et al., [2015] of hiss intensity obtained from Van Allen probe data 
were used at R=1.5-5.5 Re. Activity dependence is parameterized by Kp index.  

Electron losses in the inner magnetosphere 



The electron losses due to wave-particle  
interaction are introduced in IMPTAM  
as an electron lifetime τ given by  
Shprits and Orlova [2014] and  
Orlova et al., [2016] models  
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Electron losses in IMPTAM 



CIR-driven storm
Small, CIR-driven storm with  
Dst of 75 nT, 
IMF Bz of -5  -10 nT,  
Vsw from 350 to 650 km/s,  
Psw peak at 8 nPa,  
AE peaks of 800-1200 nT 

High	Speed	Stream	

pressure	peak		
in	front	of	HSS	

small	storm	 long	recovery	

substorm	ac9vity	

IMF	Bz	oscilla9ons	

The data:  
AMC 12 geostationary satellite,  
CEASE-II (Compact Environmental  
Anomaly Sensor) instrument with  
Electrostatic Analyzer (ESA)  
to measure low energy electron fluxes  
in 10 channels, 5 - 50 keV.  



IMPTAM output along AMC 12 satellite orbit 

Ganushkina et al. [2017], submitted to JGR, still under review 



IMPTAM output for VERB: maps in (L, MLT, pitch angle, energy) of low energy electrons 
Provided to GFZ as seed keV population for VERB for further accelerations to MeV 
energies, format explained. 

Low energy seed population to VERB radiation belts model 

4D arrays of electron flux in 1/(cm2 s sr keV) in (L, MLT, pitch angle, energy). Energy is the 
innermost index. The dimension of the array is [31][60][23][31].  
All explanations are in the headers of each .dat file, output is provided every 30 minutes 
during the simulation. 



Illustration of omnidirectional fluxes for 10keV as a function of R and MLT 



VERB code utilizes the seed population and make its own verification. Coupled VERB and  
IMPTAM are validated against observations in the heart of the outer radiation belts.  
VERB-IMPTAM will form alternative to NARMAX-VERB combination of codes. 

VERB-IMPTAM coupling results 



IMPTAM as a forecasting tool architecture 





IMPTAM is driven by the real time  
solar wind and IMF parameters,  
such as, 
Nsw, PSW, VSW, IMF BY, BZ, and B_IMF 
 
AWSoM + SWIFT Predictions 
https://warwick.ac.uk/fac/sci/physics/ 
research/cfsa/people/bennett/swift-data/ 
results3/ 
 
 
At present: 
Getting the predictions correctly in real time 
 
No long-term predictions for geomagnetic  
indices available 
 
Near future: Kp and Dst long-term predictions  
using Sheffield models 

satellite	 "Earth"	
end_date	 "2017-12-07T12:08"	
arrays	
Temperature_ion	 {…}	
Energy_electron	 {…}	
Time	 {…}	
Y_PosiCon	 {…}	
Z_PosiCon	 {…}	
Temperature_electron	 {…}	
Energy_ion	 {…}	
Unix	Cme	 {…}	
Pressure	 {…}	
Pressure_ion	 {…}	
Rho	 {…}	
Bx	 {…}	
By	 {…}	
Bz	 {…}	
Vx	 {…}	
X_PosiCon	 {…}	
Pressure_electron	 {…}	
Cs	 {…}	
Vy	 {…}	
Vz	 {…}	
co-ordinates	 "Cartesian"	
swiN_version	 "0.1.4"	
start_date	 "2017-11-23T12:04"	
output_version	 2	
magnetogram_date	 "2017-12-03T12:03"	
co-ordinate	system	 "GSM"	
swiN_run_date	 "Sat	Nov	25	05:01:17	2017"	
swiN_commit_id	 "v0.1.4-616-gdb0248c-dirty"	

Developing a trial version of forecast model for low energy electrons 



AWSoM + SWIFT predictions as compared to  
ACE and DSCOVR data 

AWSoM + SWIFT  

DSCOVR  

ACE 



IMPTAM prediction examples 

GEO 

MEO 



Dissemination activities 
(January 2015 – July 2018) 
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Invited Oral Presentations   16 
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