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Why do we care about <keV O+ in the inner magnetosphere

‣ It slows down the dayside magnetic reconnection, affecting the Solar Wind – 
Magnetosphere coupling [Borovsky et al., 2013]. 

‣ Thermal O+ torus can be locally accelerated to 10s of keV (ring current) 
energies due to dipolarizations inside 6.6 RE [Nosé et al., 2011; 2014]. 

‣ Heavy ion mass loading is crucial for plasmapause and plasmasphere 
density studies. Mass loaded densities (as opposed to H+ density 
profile) are important for accurate location of the plasmapause, which, 
in turn, is necessary for meaningful calculation of the field line 
resonance radial frequency profiles of ULF waves in the plasmasphere 
[Fraser et al., 2007]. 

‣ Its existence is a manifestation of energy and mass exchange within the 
coupled inner magnetosphere - ionosphere system. 



New Capabilities, New Insights
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Inclination
10°

Perigees:

605 km

625 km

RBSP Orbit: 
EQUATORIAL ORBIT, COMPLETE MLT COVERAGE

Two Identical Observatories
    Spin Stabilized ~5 RPM
    Spin-Axis 15°-27° off Sun
    Attitude Maneuvers Every 21 days
    Expected Lifetime till 2014-15

Differing apogees allow for simultaneous measurements to be 
taken over the full range of observatory separation distances 
several times over the course of the mission. Design allows 
one observatory to lap the other every ~75 days.

Apogees:

30,410 km

30,540 km
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ISEE 1 (elliptical orbit, 22.5 RE apogee) and Dynamic Explorer 1 (apogee at 
23,300 km) missions in the past, were the first ones to explore the development of 
O+ ions < keV within the inner magnetosphere.

We did this in the 60s, 70s, 80s, etc…

Coordinated equatorial particle and fields measurements from the Van Allen 
Probes and ionospheric properties measurements, such as Field Aligned 
Currents (FAC) from AMPERE satellites, can shed light to the inner 
magnetosphere - ionosphere coupling processes that could lead to O+ outflow 
directly into the inner magnetosphere. 



How it all started…



Van Allen Probe B summary plot

June 23 2015 storm
Low energy (eV - 100s eV) bi-directional O+ 

outflow event observed by the HOPE 
instrument starting at ~ 5:20 UT:
‣ For the same energy, O+ ions of 162o pitch 

angle arrive at the s/c few minutes faster 
than those of 18o pitch angle.  

‣ There is a clear energy dispersion with 
higher (lower) energies seen at higher 
(lower) L-shells. 

‣ There are multiple bands of high intensities 
both at 18o and 162o pitch angle.   

‣ This outflow event is associated with 
fluctuations of the field aligned Poynting flux 
and field aligned heated electrons. 



Comparison between O+ and H+
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▸ Outflow is also observed for H+ ions, however not at the same intensity. 
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➡ Field aligned currents (AMPERE) : Downward, Upward 
➡ Equivalent current from ground magnetic field perturbations (SuperMag) : 

courtesy of Rob Barnes (JHU/APL)

‣ Throughout the O+ outflow event, Van Allen Probe B was at the vicinity of upward 
Field Aligned Current (FAC).  

‣ The strongest upward FAC is observed ~5:20 UT and extends equatorward of the s/c 
(between 50o and 60o). For the next 20 min the s/c is moving earthward and its 
footprint is in the region of a weaker upward FAC. 

Van Allen Probe B footprint
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▸ Launch O+ ions from northern 
and southern hemispheres at 
1000 km (guiding center 
approximation) 

▸ Energies: 6, 10, 21, 46, 98, 
211, 453, 716, 1132, and 2834 
eV 

▸ L shells: 3-4 (every 0.1) 

▸ B: Dipole field 

▸ Ey: 1 mV/m 

▸ Run time: 40 min

What Causes The Multiple Bands? 
We Employ Toy Model 

Northern hemisphere outflow Southern hemisphere outflow 

98 eV

21 eV

716 eV

Van Allen Probe B orbit
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Example trajectories for particles launching at L = 3 and L = 4



‣ Multiple bands are caused because O+ ions of different energies that exit 
the ionosphere at different L shells, encounter the spacecraft at different 
times during their bouncing motion along the magnetic field lines.  

‣ For 1mV/m electric field, outflow down to L ~ 3 is required in order to 
explain the observed enhanced intensities at 165o of O+ ions down to 6 eV.  

Launching time



Continuous outflow for 10min (5:20 - 5:30 every 1 min)
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▸ The O+ density prevails over the H+ density 
when outflows are observed, reaching ~ 5 cm-3. 

Total density from EMFISIS wave data based on UHF 
Partial O+ density (30 eV - 50 keV):  
Partial H+  density (30 eV - 50 keV) 
Partial O+ density/Partial H+  density

Nose et al. [2015]

Could such outflows directly into the magnetosphere 
be one of the sources of the O+ torus?

plasmapause (?)



Summary
‣ We have investigated a low energy (few eV - 100s eV) O+ outflow event observed by 

the HOPE instrument on board Van Allen Probe B, during main phase of a storm. 

‣ Van Allen Probe B observed bi-directional field aligned density enhancements with 
multiple bands, which can be explained by outflowing O+ ions of different energies, 
from both hemispheres and at L shells between 3 and 4, and subsequently 
encountering the spacecraft along their bouncing motion at different times.  

‣ At the time of the outflow event, enhancement of the field aligned Poynting flux was 
also observed, calculated using electric and magnetic fields from the EFW and 
EMFISIS instruments respectively, indicating energy transfer from magnetosphere to 
ionosphere. 

‣ The ionospheric footprint of Van Allen Probe B throughout the outflow interval was at 
the vicinity of a very strong upward FAC, indicating electron precipitation. 

‣ Partial density comparisons using moments of the HOPE instrument reveal that 
during such outflows the O+ density dominates over the H+ one. 

‣ Such outflow events are ubiquitous throughout the mission during active times. 

QUESTION: Could such outflows directly into the magnetosphere be one of the 
sources of the O+ torus?









E = 5 mV/m



Low energy O+ outflow in the inner magnetosphere 17

June 23 2015

PA: 18o

PA: 162o

PA: 90o



Nose et al., [2016]: Unidirectional energy-
dispersed O+ flux is observed in 80% of 
the dipolarization events and that its 
direction is parallel (antiparallel) to the 
magnetic field when the Van Allen Probes 
are located below (above) the 
geomagnetic equator. 
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Chaston et al., [2015]: Geomagnetic 
storm time measurements of large-
amplitude broadband low-frequency 
electromagnetic waves that coincide 
with field-aligned heated electron 
distributions and energetic outflowing/
bouncing or trapped ionospheric ions.



Non- Storm Event: June 10 2013
VAP - BVAP - A



Supporters Of The Ionospheric Source: Motion Along Field Line + Convective Transport 20
Hirahara et al., [1997]: Akebono Frahm et al., [1986]: DE-1



Supporters Of Equatorial Acceleration 21

Quinn and Southwood, [1982]: ATS 6 Boehm et al., [1999]: FAST, Akebono, DMSP


