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Abstract

The ratio value – known as plasma parameter “beta” (β) - of the interplanetary-plasma pressure (thermal pressure) to the 
magnetic field’s (magnetic pressure) or of their energy densities, is critical for the space plasmas and has important conse-
quences to their properties. Although in the scientific literature the contribution of the supra-thermal particles to the plasma 
pressure is generally assumed negligible, we deduced, by analyzing energetic particles and magnetic field measurements 
recorded by the Ulysses spacecraft, that in a series of events, the energy density contained in the supra-thermal tail of the 
particle distribution is comparable to or even higher than the energy density of the magnetic field, creating conditions of 
high-beta plasma. In particular, in this paper we analyze Ulysses measurements of the energy density ratio (parameter βep) of 
the supra-thermal (20 keV to ~5 MeV) ions’ (by the HI-SCALE instrument) to the magnetic field’s (by the VHM/FGM in-
strument) in order to find occurrences of high-beta (βep >1) supra-thermal plasma conditions in the vicinity of interplanetary 
shock-waves. These high-beta ion events are associated with energetic particle intensity enhancements which have been 
produced by reacceleration at the shock fronts.
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The plasma parameter “beta” (β), which is the ratio value of the 
interplanetary-plasma pressure (thermal pressure) to the magnetic 
field’s (magnetic pressure) or the ratio of their energy densities, is 
one of the most important and critical parameters of space plas-
mas, and has important consequences to their properties (e.g. the 
interaction of the solar wind with planetary magnetospheres).  

In the interplanetary space, the value of beta is usually in 
the range of 0.1-1.0 [1] and the contribution of the supra-thermal 
particles to the plasma pressure is generally assumed negligible. 
However, the analysis of energetic particles and magnetic field 
measurements by the Voyager, Ulysses and ACE Spacecraft (s/c) 
has shown that in a series of ion events the energy density con-
tained in the supra-thermal tail of the particle distribution is com-
parable to or even exceeding that of the magnetic field, creating 
conditions of high-beta plasma [2], [3], [4], [5], [6]. In this work 
which is in progress, although some topics have been presented 
in the conference hosted at Halkidiki in June 2009 [5], we exten-
sively survey and analyze measurements of the energy density ra-
tio of energetic ions to the magnetic field’s (parameter βep) for the 
entire Ulysses mission (years 1990-2009), in order to determine 
periods in the interplanetary space with high values βep (>1.0). 
Distinct periods of events with very high parameter βep were iden-

tified within regions which correspond mainly to unusually large 
magnetic field depressions (“magnetic holes”) or within regions of 
intense shock acceleration.  

The energetic (supra-thermal) particles provide a portion 
of the total plasma pressure, so the parameter βep constitutes an 
energetic-particle “beta” (or a “partial beta”) with the feature that 
when βep >1, certainly the total “beta” (β) would be greater than 
1.0 as well. 

In this paper we analyze Ulysses measurements of the energy 
density ratio (parameter βep) of the supra-thermal (20 keV to ~5 
MeV) ions’ (by the HI-SCALE instrument) to the magnetic field 
(by the VHM/FGM instrument) in order to find occurrences of 
high-beta (βep>1) supra-thermal plasma conditions in the vicinity 
of interplanetary shock-wave fronts.

2. ULYSSES instrumentation

The Heliosphere Instrument for Spectra, Composition, and 
Anisotropy at Low Energies (HI-SCALE) onboard the ULYSSES 
spacecraft [7] consists of five apertures in two telescope assem-
blies mounted in a unit that contains the instrument electronics. To 
attain the lowest energy of response over a wide variety of particle 
species with appropriate geometrical factors and angular resolu-
tion, HI-SCALE utilizes three distinct silicon solid-state detec- * E-mail address: marhavil@ee.duth.gr
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tor systems. These are Low-Energy Magnetic/Foil Spectrometers 
(LEMS/LEFS) and Composition Aperture (CA). HI-SCALE is 
designed to obtain measurements of ions and electrons. The ions 
(Ei > 50 KeV) and electrons (Ee > 30 KeV) are detected by five sep-
arate solid-state detector telescopes, oriented to give essentially 
complete pitch-angle coverage from the spinning spacecraft. 

The Ulysses magnetometer uses two sensors, first a Vector 
Helium Magnetometer (VHM) and second a Fluxgate Magne-
tometer (FGM), which have adequate sensitivity and sufficiently 
low intrinsic noise to measure the weak interplanetary magnetic 
fields at large heliocentric distances. The operating principle of 
the VHM is based on the effect an ambient magnetic field has on 
the efficiency with which a metastable population of He gas in 
the triplet ground state can be optically pumped [8]. The triaxial 
FGM is an improved version of other instruments flown by several 
other investigators on a variety of space missions [9]. It consists 
of three identical single axis ring-core fluxgate sensors, arranged 
in an orthogonal triad. Each sensor element consists of a high per-
meability ring core, with a toroidal primary winding, a rectangular 
secondary winding with its axis in the plane of the sensor core, 
and a calibration winding. A detailed description of the instrument 
is presented by [10]. 

3. �Method of Energy Density Ratio Computation by using 
Ulysses measurements

Magnetic Pressure. The magnetic field energy density (or mag-
netic pressure) can be expressed by the equation: 

(1)

where B is the magnitude of the magnetic field and μ0 the 
permeability of vacuum ( μ0 = 4π . 10-7 Ν/Α2 ). 

Particles’ Energy Density. The energy density of the energetic 
(supra-thermal) particles can be expressed by the equation: 

(2)

where f is the distribution function, p the momentum and E 
the particle energy.

Particles’ to Magnetic Field Energy Density Ratio. The ratio βep 

of energetic particles’ to magnetic field’s energy density is pro-
duced by the combination of equations (1) and (2):

(3)

The energetic (supra-thermal) ion measurements used for the 
calculation of βep in this work, were obtained by the LEMS30 as-
sembly of the HI-SCALE instrument onboard Ulysses. The ener-
gy spectra of the omnidirectional ion intensities from the LEMS30 
head, measured in 8 consecutive energy-channels in the range of 

56-4752 keV (P1:56-78, P2:78-130, P3:130-214, P4:214-337, 
P5:337-594, P6:594-1073, P7:1073-1802, P8:1802-4752 keV), 
were computed using successive iterations and a computational 
algorithm of the energy density ratio, which has been implement-
ed by a software code in the MATLAB environment. Furthermore, 
the ion measurements were extrapolated to 20 keV in order to in-
clude the contribution of the low energy particles. On the other 
side, the measurements of the magnetic field magnitude incorpo-
rated for the calculation of the energy density of the magnetic field 
were obtained by the VHM/FGM instrument onboard the same 
spacecraft (courtesy A. Balogh). 

4. Observations and Discussion

In this section we present selected occurrences of high-beta (βep >1) 
supra-thermal plasma conditions in the vicinity of interplanetary 
shock-waves fronts, for three different Ulysses heliographic posi-
tions as: a) in high latitudes H.L. (-80o ≤ HGL < -40o, 40o < HGL ≤ 
80o), b) in median latitudes M.L. (-40o ≤ HGL < -20o, 20o < HGL ≤ 
40o), and c) in low latitudes L.L. (-20o ≤ HGL ≤ 20o ), where HGL 
is the s/c Heliographic Latitude. The shocks have been selected 
by the help of the scientific literature [10], [11], [12], [30], [31], 
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [33]. In a 
work that is in progress [23], we present a survey of high-beta (βep  
>1) periods, which are associated with energetic particle intensity 
enhancements around the times of interplanetary shock passages, 
while a specific table imprints their characteristics (FS/RS shocks 
and crossing day/time).

High-beta events at shock fronts in H.L. (-80o ≤ HGL < -40o, 40o 

< HGL ≤ 80o). Figure 1 presents the interplanetary shock-waves 
contribution to the high-beta events, observed at H.L., due to the 
increase of the energetic particles intensity by shock drift accel-
eration (SDA). The SDA is a rapid acceleration process. Accord-
ing to the SDA model, charged particles are accelerated at a MHD 
shock wave by  drifting in the presence of the induced electric 
field  , where  is the plasma velocity and   the 
magnetic field respectively [24], [25], [26], [27], [15], [16], [17]. 
One of the main predictions of SDA model is a more efficient ac-
celeration in case of quasi-perpendicular shock structures, that is 
when the characteristic angles θbn (the angle between the magnetic 
field vector and the normal to the shock front) is close to 90o [28], 
[25], [26], [27], [29].

More specifically, in Figure 1 we display Ulysses 1hr aver-
aged time-profiles of the energy density of energetic ions, of the 
magnetic field, and of their energy density ratio, during the period 
of days 338-357, 1999. From the top to the bottom panel we de-
pict: (a) The energy density profile of HI-SCALE P1-P8 ions (with 
energies 56-4752 keV extrapolated to 20 keV). (b) The energy 
density profile of the VHM/FGM magnetic field. (e) The energy 
density ratio variation. The major peaks of high-βep (up to ~30, 
on d.344/1999) were caused by the enhancement of the energetic 
proton intensities, due to shock-drift acceleration. We denote the 
s/c passage of the shock-surfaces with dashed-lines (FS1:1999, 
d.339, 15:47; RS1:1999, d.341, 03:30; FS2:1999, d.353, 19:37;  
RS2:1999, d.356, 06:00; FS/CME-driven:1999, d.345, 00:00),  
while its heliographic position is in the range of -41o ≤ HGL ≤ 
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-40o, and its radial distance (RD) from the Sun is in the range of  
4.19-4.28 AU. An ICME is observed on 345 by Ulysses according 
to the identifications of the work of Ebert [32]. It is worthwhile to 
mention that the other shocks of this period FS1, RS1, FS2, RS2 
are associated with Corotating Interactions Regions (CIRs) which 
are formed at a distance of >1AU when fast solar wind collides 
with slow wind. These magnetic field compression regions are 
distinctly observed in Figure 1.

Furthermore, in Figure 2 we zoom-in the period of days 340-
345/1999 of Figure 1. In particular, Figure 2 illustrates Ulysses 
10 min averaged time profiles of ion-intensities and the magnetic 
field, along with their energy densities, during the spacecraft ap-
proach of shocks RS1 and FS/CME-driven (of figure 1), including 
the times of the two shock-fronts crossings (dashed normal lines at 
03:30, d.341 and 02:00, d.345). From the top to the bottom panel 
it is graphed: (a) the time variation of HI-SCALE/LEMS30 ion 
intensities (56-4752 keV: channels P1-P8). (b) The magnetic field 

magnitude as measured by the VHM/FGM magnetometer. (c) The 
energy density profile of HI-SCALE ions (with energies 56-4752 
keV extrapolated to 20 keV). (d) The energy density of the VHM/
FGM magnetic field. (e) The energy density ratio variation. The 
major peaks of βep(max)= ~10 (on day 341) and βep(max)= ~90 (on day 
344) are associated with intensity enhancements, due to accelera-
tion at the shock fronts.
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Figure 1. Illustration of Ulysses 1hr averaged time-profiles of the energy den-
sity of HI-SCALE energetic ions, of the VHM/FGM magnetic field, and of 
their energy density ratio, during the period of days 338-357, 1999. From top 
to bottom: (a) Depiction of the energy density profile of HI-SCALE/LEMS30 
P1-P8 ions (with energies 56-4752 keV extrapolated to 20 keV). (b) The en-
ergy density profile of the VHM/FGM magnetic field. (c) The energy density 
ratio variation. The major peaks of high-βep (up to ~30 on d.344,1999) were 
caused by shock associated enhancements in the energetic particle intensities 
(FS1:1999, d.339, 15:47; RS1:1999, d.341, 03:30; FS2:1999, d.353, 19:37; 
RS2:1999, d.356, 06:00; FS/CME-driven:1999, d.345, 00:00; -41o ≤ HGL ≤ 
-40o, 4.19 ≤ RD ≤ 4.28 AU).

Figure 2. Presentation of Ulysses 10 min averaged time profiles of ion-fluxes 
and the magnetic field, along with the energy density of energetic parti-
cles and the magnetic field, and their energy density ratio for the period of 
days 340-345/1999, during the spacecraft approach of shocks RS1 and FS/
CME-driven (of figure 1), including the times of two shock-fronts crossings 
(dashed normal lines at 03:30, d.341 and 02:00, d.345). From top to bottom: 
(a) HI-SCALE/LEMS30 ion intensities (56-4752 keV: channels P1-P8). (b) 
The magnetic field magnitude as measured by the VHM/FGM magnetom-
eter. (c) The energy density time profile of HI-SCALE ions (with energies 
56-4752 keV extrapolated to 20 keV). (d) The energy density of the VHM/
FGM magnetic field. (e) The energy density ratio variation. The major peaks 
of βep(max) = ~10 (on day 341) and βep(max) = ~90 (on day 344) are associated 
with intensity enhancements, due to acceleration at the shock fronts.
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High-beta events at shock fronts in M.L. (-40o ≤ HGL < -20o, 20o 

< HGL ≤ 40o). Figure 3 presents the interplanetary shock-waves 
contribution to the high-beta events, observed at M.L. (e.g. 21o 

≤ HGL ≤ 22o), while the s/c radial distance from the Sun is ~ 4.6 
AU. More specifically, this figure illustrates Ulysses 10 min aver-
aged time-profiles of the energy density of HI-SCALE energetic 
ions, of the VHM/FGM magnetic field, and of their energy density 
ratio, during the period of days 324-332, 1996. From top to bot-
tom: (a) Depiction of the energy density profile of HI-SCALE/
LEMS30 P1-P8 ions (with energies 56-4752 keV extrapolated to 
20 keV). (b) The energy density profile of the VHM/FGM mag-
netic field. (c) The energy density ratio variation. The major peaks 
of high-βep (up to ~15, on d.329, 1996) were caused by shock as-
sociated enhancements in the energetic particle intensities. We 
denote the shock-surfaces crossings with dashed-lines (FS:1996, 
d.326, 21:00; RS:1996, d.329, 02:36). 

High-beta events at shock fronts in L.L. (-20o ≤ HGL ≤ 20o). 
Figure 4 presents the interplanetary shock-waves contribution to 
the high-beta events, observed at L.L. (e.g. -11o ≤ HGL ≤ -9o), 
while the s/c radial distance from the Sun is ~5.39 AU. We present 
Ulysses 1hr averaged time-profiles of the energy density of HI-
SCALE energetic ions, of the VHM/FGM magnetic field, and of 

their energy density ratio, during the passage of the FS and RS 
fronts of the CIR, of the period d.102-d.121, 1992. From top to 
bottom: (a) Depiction of the energy density profile of HI-SCALE/
LEMS30 P1-P8 ions (with energies 56-4752 keV extrapolated to 
20 keV). (b) The energy density profile of the VHM/FGM mag-
netic field. (c) The energy density ratio variation. The major peaks 
of high-βep (up to ~35, on d.109, 1992) were caused by shock asso-
ciated enhancements in the energetic particle intensities (FS:1992, 
d.109, 15:09; RS:1992, d.115, 02:45;).

 
5. Conclusions

The non-thermal tail of the plasma population is an important 
constituent of the magneto-plasma in the shock environment and 
makes a substantial contribution to the pressure balance between 
the upstream and downstream regimes, which must be taken into 
account in the shock jump conditions. Under the observed high-
beta plasma conditions, the energetic particles cannot be consid-
ered as tracers but as one of the dominant factors in controlling: a) 
the shock structure, b) the shock strength, and c) the properties of 
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Figure 3. Depiction of Ulysses 10 min averaged time-profiles of the energy 
density of HI-SCALE energetic ions, of the VHM/FGM magnetic field, and 
of their energy density ratio, during the period of days 324-332, 1996. From 
top to bottom: (a) Depiction of the energy density profile of HI-SCALE/
LEMS30 P1-P8 ions (with energies 56-4752 keV extrapolated to 20 keV). 
(b) The energy density profile of the VHM/FGM magnetic field. (c) The 
energy density ratio variation. The major peaks of high-βep (up to ~15, on 
d.329, 1996) were caused by shock associated enhancements in the ener-
getic particle intensities (FS:1996, d.326, 21:00; RS:1996, d.329, 02:36; 21o 
≤ HGL ≤ 22o, RD ≅ 4.6 AU).

Figure 4. Display of Ulysses 1hr averaged time-profiles of the energy density 
of HI-SCALE energetic ions, of the VHM/FGM magnetic field, and of their 
energy density ratio, during the period of days 102-121, 1992. From top to 
bottom: (a) Depiction of the energy density profile of HI-SCALE/LEMS30 
P1-P8 ions (with energies 56-4752 keV extrapolated to 20 keV). (b) The en-
ergy density profile of the VHM/FGM magnetic field. (e) The energy density 
ratio variation. The major peaks of high-βep (up to ~35, on d.109, 1992) were 
caused by shock associated enhancements in the energetic particle intensi-
ties (FS:1992, d.109, 15:09; RS:1992, d.115, 02:45; -11o ≤ HGL ≤ -9o, RD 
≅ 5.39 AU).



161

the nearby upstream and downstream interplanetary regions.
As a general conclusion, depending on the local conditions 

of the interplanetary plasma and magnetic field, the contribution 
of the energy density carried by the energetic particles can oc-
casionally become an important component of the total density 
of the magnetoplasma. The occurrence of supra-thermal high-beta 

plasmas in the interplanetary space has important implications for 
the structure and strength of interplanetary shocks, as well as the 
properties of the nearby upstream and downstream regions. 

In a future work we will present a survey of high-beta (βep 
>1) periods, which are associated with energetic particle intensity 
enhancements around the times of interplanetary shock passages.
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