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Abstract 
 

We use particle and magnetic field data from the Ion and Neutral Camera (INCA) and 

the magnetometer (MAG) onboard Cassini to detect and examine an energetic particle 

event that occurred upstream from the Saturnian bow shock during DOY 229/2007. 

The energetic (>100 keV) O+ ions are observed only when the Interplanetary 

Magnetic Field (IMF) connects the spacecraft with the planetary bow shock. We 

provide strong evidence showing the magnetospheric origin of the observed ions: (1) 

We detect singly ionized oxygen (O+) which is not resident of the solar wind, (2) the 

particle pitch angle distribution indicates that the ions travel along the field line 

connecting the spacecraft to the bow shock and (3) the ion intensity increases are 

observed only during the periods of magnetic connection to the bow shock. Our 

results show that the Saturnian dayside magnetosphere is not as sealed as thought to 

be, but can -under certain circumstances- allow high energy magnetospheric plasma to 

leak into the nearby solar wind and further in space. 

 

 

Introduction 
 

We can define an energetic ion event as a distinct enhancement (of the order of tens to 

hundreds of keV) in the energetic particle flux. Energetic particle events up to 200 Rs 

upstream and 1300 Rs downstream of Saturn (where Rs is the Saturnian radius, 

approximately 60258 Km) have been primarily observed during Voyager 1 and 2 

flybys in 1980 and 1981 respectively (Krimigis, 1992). 

The production mechanisms and the origin of such events has been suggested to be 

the local acceleration upstream of the planetary bow shock from Fermi-type processes 

or leakage of pre-accelerated ions from the magnetosphere due to dynamical events.  

Particles with high gyro-radius, when found close to the magnetopause can –under 

favorable magnetic field conditions- escape from the magnetosphere and the 

magnetosheath and eventually reach the solar wind. 

Multi spacecraft observations inside and outside Earth’s magnetosphere revealed a 

time correlation between dynamical events in the magnetosphere and the upstream 

region. As a result the origin of these events was interpreted to be the inner part of the 

magnetosphere. 

The magnetospheres of the outer planets contain tracer ions making possible to 

distinguish the source of the upstream events.  At Saturn, the distinction among solar 

wind and magnetospheric ions with energies below 200 keV became possible with the 

Magnetospheric Imaging Instrument which is capable of measuring both ion 

composition and charge state, while concurrently can collect and visualize the ion 

pitch angle distributions (Krimigis, et al., 2004). 

There are certain requirements in order to detect and undoubtedly identify an 

energetic ion event. The spacecraft must be located in the solar wind and far enough 

from the bow shock in order for escaping gyrating ions not to return back to the 

magnetosheath. Additionally, the wide field-of-view camera (INCA) must be 

operating in its ion mode and viewing at the general direction of the bow shock. 

Finally the Interplanetary Magnetic Field (IMF) vector must connect the planetary 

bow shock to the spacecraft. Day 229 of 2007 fulfils these requirements. The 
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spacecraft is located at a distance of approximately 62 Rs from the planet, 

approximately 15 Rs upstream from the bow shock at 1600 hours local time, close to 

the (rotational) equatorial plane of Saturn. 

Theoretical studies have shown that planetary magnetospheres are nearly shielded 

systems that communicate (at least on the dayside) with the nearby interplanetary 

space only through magnetic reconnection. However, due to their kinetic properties, 

heavy high energy ions occasionally manage to escape from the magnetosphere and 

the bow shock and find themselves into the nearby solar wind. As singly ionized 

oxygen (O+) is not a resident particle of the solar wind, detecting such ions from the 

direction of the bow shock while the spacecraft is connected to it, is a very strong 

indication of their magnetospheric origin 

 

 

Instrumentation 
 

The MIMI instrument (Krimigis, et al., 2004) consists of three sensors measuring 

particles in different energy ranges. The Ion and Neutral Camera (INCA) can measure 

ions and neutral species (from 3 to 200 keV/nuc), the Charge-Energy-Mass 

Spectrometer (CHEMS) measures ions and their charge (from 3 to 230 keV/e) and the 

Low Energy Magnetospheric Measurement System (LEMMS) measuring ions (from 

0.02 to 18 MeV) and electrons (from 0.015 to 1 MeV). In this project we use data 

from INCA. The INCA sensor has a wide geometric factor of 2.5 cm
2
 sr and can 

detect even very low intensity events providing also ion composition information. 

The magnetometer (MAG, Dougherty, et al., 2004) consists of a vector fluxgate sensor 

(VFG) and a helium sensor. The magnetic field data sampling has an initial resolution 

of less than 4 sec. 

The Cassini spacecraft is mostly oriented in three-axis, pointing in specific directions. 

However, it occasionally rotates about the z-axis sending data to Earth through its 

parabolic antenna. For the observations described in this project the orbiter was in the 

so-called “barbecue” mode, rotating round z-axis with a 360 degrees rotation period 

of approximately 40 minutes. 

 

 

Analysis and Results 
 

Figure 1 shows the trajectory of the spacecraft from outbound to inbound bow shock 

crossings and the location of the event in the Saturn Equatorial System (SZS) 

coordinate system. The event occurs in the afternoon sector at around 1600 hours 

local time. The distance of the orbiter is approximately 62 Rs from the planet and 15 

Rs upstream from the average bow shock position (Achilleos et al., 2006, Arridge et 

al., 2006). On the SZS system, z-axis is parallel to Saturn’s spin axis, y-axis is the 

cross product of z vector with the Saturn-Sun direction and x-axis is directed towards 

the sun. The closest bow shock outbound (DOY 205/2007) and inbound (DOY 

232/2007) crossings were identified by their magnetic field signature. 

The same diagram shows the x-y plane projection of the model Saturnian bow shock 

(Masters et al., 2008) corresponding to an (average) nose distance of 25 Rs. Phi (φ) is 

the azimuthal angle, measured from the x-axis (0 to 180 degrees). 

The necessary condition for upstream ion events to occur is the connection of the bow 

shock to the spacecraft through the interplanetary magnetic field. Given the relative 

position of Cassini and the bow shock, this condition is fulfilled when the vector lies 

in the grey shaded areas corresponding to the phi value range shown in Figure 1. 
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As we confine our study in the two dimensional x–y plane (i.e. we adopt the x-y cross 

section of the bow shock), we must take into account that the z–component (expressed 

by theta (θ) angle, between the field vector and the equatorial plane) of the 

interplanetary magnetic field could at times take high positive or negative values, 

causing the disconnection of the magnetic field vector from the bow shock, 

terminating any upstream event. 

 

 

 
 

Figure 1.  The geometry of the DOY 227/2009 ion event and the average position of the Saturnian bow 

shock in the SZS coordinate system. Phi (φ) is the azimuthal angle of the magnetic field vector, 

measured from the x-axis (0 to 180 degrees). Spacecraft – bow shock connection occurs when the 

magnetic field vector is in the grey shaded area. The theoretically expected IMF orientation 

(corresponding to a solar wind radial velocity of 450 km/s) at the distance of Saturn is approximately 

85 degrees (Parker spiral).  

 

 

On Table 1 we list the estimated ranges for the azimuthal angle phi for which the 

spacecraft should in principle be connected to the bow shock, allowing energetic ions 

to travel upstream resulting to a detectable ion upstream event. 
 

φ (degrees) Cassini – BS magnetic connection 

0 - 70 

70 - 150 

150 - 180 

180 - 250 

250 - 330 

330 - 360  

    

Table 1. The estimated IMF phi angles range that would permit Cassini to be in principle magnetically 

connected to the bow shock, allowing energetic ions to travel upstream resulting to the observed ion 

upstream event. Values are based on the average (modeled) bow shock (Masters et al., 2008). 
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The INCA sensor can provide us with a sequel of images showing the oxygen ion 

angular distribution (32-544 keV) as measured during the event under study (Figure 

2). Data are presented in the form of images with overlaid pitch angle contours.   

The event starts at ~07:45 and ends at ~10:15, followed by a quiet post event 

behavior. It appears to have an energy extent up to approximately 350 keV. As Cassini 

rotates around its z–axis, the INCA sensor points alternately towards and away of the 

bow shock. The upstream of O+ particles arrive at the INCA sensor from the bow 

shock direction, as clearly indicated by their pitch angle distribution ranging between 

0 and 90 degrees. When Cassini points away from the bow shock (90-180 degrees 

pitch angle range) the particle intensity drops to background. The corresponding 

proton measurements are also available but not useful for identifying the 

magnetospheric origin of such energetic ion events since protons exists vastly in the 

solar wind and can be in-situ accelerated.   
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Figure 2. Oxygen ion angular distribution (32 – 544 keV) as measured by INCA during the 229/2007 

event. The sequence starts at 06:55. The ion event begins at around 7:45 and ends at approximately 

10:15 followed by a quiet post event behavior. Each frame shows color coded O+ intensities (cm-2 sr-1 s-

1 keV-1) and denoted 0, 30, 60 and 90 degrees pitch angle isocontours. Spacecraft rotation imposes a 

periodic pattern as the INCA sensor points alternately towards and away from the bow shock. The pitch 

angle of the upstream O+ particles lies between 0 and 90 degrees, the bow shock direction. 

 

 

Figure 3 is an overview of the INCA intensity profile and the spacecraft orientation 

during the event detection. The first panel shows the intensity for O+ ions of different 

energy, as obtained by INCA. The second panel provides information on the 

instrument’s operating mode. The instrument can record the event only during its ion 

mode, corresponding to zero collimator voltage. A new energetic ion event appears to 

start right after 14:00, but INCA cannot fully record, as it switches to its neutral mode. 

The third panel shows the orientation of the spacecraft. Cassini is rotating (“barbecue” 

mode) during the event revealing more clearly the anisotropic nature of the upstream 

ion event. 

 

 



Tsimpidas Dimitrios 

 

7 

 

 
 

Figure 3.  O+ particle intensity for ions of different energy distributions as obtained by INCA. The 

instrument can record the event only when it is on Ion Mode. A new energetic event starts after 14:00 

but the instrument no longer operates at Ion Mode. The third panel shows the orientation of the 

spacecraft. Cassini is rotating (barbecue mode) during the event revealing the anisotropic nature of the 

upstream event.  

 

 

Figure 4 is a multi-panel plot with INCA and MAG data illustrating the high energy 

particle intensity and the magnetic field direction during the event of DOY 229/2007. 

Panel (a) shows the O+ ion intensity as recorded by INCA during the event. The event 

onset a little before 08:00 is clear. The particle intensity is modulated by the rotation 

of the spacecraft with an average increase of almost 2 orders of magnitude compared 

to the surrounding quiet flux periods, and the event is completed by around 10:00. 

Panels (b) and (c) describe the orientation of the local magnetic field showing phi, the 

azimuthal angle of the magnetic field vector, measured from the x-axis (0 to 180 

degrees) and theta, the angle between the field vector and the equatorial plane (-90 to 

+90 degrees), positive for BZ>0. 

The non-shaded areas correspond to the phi and theta ranges that would in principle 

permit Cassini to be magnetically connected to the Saturnian bow shock, given the 

spacecraft’s position and the average (modeled) bow shock shape and position. Due to 

the Saturnian seasonal phase (northern hemisphere winter) during 2007 solar wind 

“attack” angle to the bow shock is approximately 14 degrees off from the equatorial 
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plane, resulting to an x–z asymmetry as the bow shock is viewed from Cassini. As a 

result, the permitted range that corresponds to the IMF θ angle is not strictly 

symmetric with respect to θ=0 degrees. 

Right before 07:45 the observed INCA O+ ion flux is down to nearly background 

level, indicating that Cassini is sampling typical solar wind conditions. The IMF 

vector seems to be about 15 degrees off of its nominal (Parker) direction as measured 

in the x-y plane. Between 07:45 and 08:10 the IMF vector turns towards the general 

direction of the Saturnian bow shock. Its phi angle drops as low as 20 degrees and 

remains below 60 degrees for the whole duration of the event. At the same time, the 

theta angle of the IMF increases from around -65 to approximately -35 degrees, thus 

elevating the IMF vector and brings it closer to the equatorial plane in such a way that 

it intersects the bow shock. The favorable IMF conditions remain until about 10:15, 

when the IMF turns again to become nearly parallel to its nominal (Parker) direction, 

disconnecting Cassini from the bow shock. By 10:20 the theta angle has also settled to 

+40 degrees completing the magnetic disconnection. The energetic O+ ion intensities 

drop again to background values. 
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Figure 4. (a) INCA high energy (32-544 keV) O+ intensity profile recorded during the event. Before 

06:55 INCA was in its neutral’s, not measuring ions. (b) The azimuthal angle of the interplanetary 

magnetic field (IMF) vector, measured from the x-axis (0 to 180 degrees). (c) The angle between the 

IMF vector and the equatorial plane (-90 to +90 degrees), positive for BZ>0. The blue vertical lines 

denote the beginning and the end of the event. For bow shock-spacecraft connection both angles must 

be approximately outside of the shaded areas (estimated based on the model shock geometry and the 

position of Cassini). 
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Summary and Conclusions   
 

For DOY 229/2007 we analyze an energetic ion (O+) event upstream from the 

Saturnian bow shock. MAG and INCA instruments data show a strong correlation 

between the IMF connection of the spacecraft to the bow shock and the ion event.  

During the period of study, the orbiter rotates around its z–axis and INCA is able to 

cover a large part of the sky. The particle intensity rises when the sensor points toward 

the bow shock and drops when is facing other directions, with a peak-to-peak ration 

of around 100. Both the onset and the termination of the event are strongly correlated 

with a clear change in the orientation of the IMF vector that magnetically connects the 

spacecraft to the bow shock surface, allowing energetic, preaccelerated particles to 

travel along the field line several planetary radii upstream and be captured by INCA.  

There is strong evidence that the observed ions originate from the inner part of the 

Saturnian magnetosphere propagating upstream from the planet to the location of the 

Cassini orbiter: 1) We detect singly ionized oxygen (O+) which is not resident of the 

solar wind, 2) the ions travel along the line connecting the spacecraft to the bow shock 

and 3) the ion intensity increases are observed only during connection periods to the 

bow shock. Consequently, we conclude that the Saturnian dayside magnetosphere is 

not as sealed as thought to be, but can –under certain circumstances- allow 

magnetospheric high energy plasma to leak into the nearby solar wind and further in 

space. An interesting implication could be that at the distance of Saturn’s orbit, we 

expect the solar wind to be “contaminated” with O+ ions (normally absent from the 

solar wind) that escape the Saturnian magnetospheric cavity and eventually get swept 

by the solar wind flow. 

In the context of future study, it would be equally interesting to use the opposite 

approach. By detecting and locating the energetic ion events and assuming that 

magnetic connection is a necessary condition for particles to reach the spacecraft, we 

can reconstruct the IMF line and try to determine the position of the bow shock using 

existing models (as its shape can be reproduced from just one point). 
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