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Abstract. The interaction of fast and slow speed solar wind streams leads to the formation of so-called corotating interaction
regions (CIRs) in the heliosphere. These CIRs are often associated with shock waves, at which electrons are accelerated as
observed by the Ulysses spacecraft. A correlation between the ratio of energetic electron fluxes at the crossing of CIR related
shocks to those in the far upstream region of these shocks and the magnetic field compression of the associated shocks has
been revealed by analysing the data of the HISCALE instrument aboard Ulysses. This result can be explained by a model of
electron acceleration at shock waves, where the electrons gain energy due to multiple reflections at large amplitude magnetic
field fluctuations occurring in the vicinity of the shock transition.
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1. Introduction

The Sun is a source of a permanent stream of charged parti-
cles (e.g. electrons, protons and heavy ions) penetrating into
the interplanetary space. It is the so-called solar wind form-
ing the heliosphere due to its interaction with the interstel-
lar wind (Parker 1958). The solar wind was originally discov-
ered by in-situ measurements of the Mariner 2 spacecraft in
1962 (Neugebauer 1966). It is temporally and spatially struc-
tured (see Schwenn 1990 as a review). There are high and
slow speed solar wind streams. The coronal holes with open
magnetic field structures are the sources of the high speed
streams, whereas the slow solar wind is coming from regions
with closed magnetic field structures located around the equa-
torial plane (Schwenn 1990). Due to the rotation of the Sun the
fast and slow solar wind streams interact with each other, lead-
ing to the formation of a so-called corotating interaction region
(CIR) (Pizzo 1978). An interface is located within the CIR. It
is a contact discontinuity dividing the fast solar wind plasma
from that of the slow solar wind stream. In many cases a pair
of forward and reverse shocks forms the boundaries of CIRs.
The forward shocks are propagating into the slow solar wind
towards the equatorial plane whereas the reverse shocks are
travelling pole-ward into the fast solar wind stream (Gosling
& Pizzo 1999). The formation of CIRs mainly takes place at
distances beyond 1 AU. Since the Ulysses spacecraft was ex-
ploring the three-dimensional heliosphere between 1 and 5 AU
during the declining period of solar activity (Marsden et al.
1996), the Ulysses mission is highly appropriate to study all
phenomena related to CIRs.
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The shock waves associated with CIRs are able to gener-
ate energetic electrons, protons and heavy ions, as well-known
from the observations of the Pioneer and Voyager spacecraft
(McDonald et al. 1976; Barnes & Simpson 1976). The basic
features of energetic particles associated with CIRs have been
summarized by Mason & Sanderson (1999). As an example,
Fig. 1 offers the energetic particle and plasma data recorded by
the Ulysses spacecraft during its passage through the CIR No. 5
occurring during the days 282–286 in 1992. (The numbering of
CIRs observed by Ulysses was originally introduced by Bame
et al. 1993.) The plasma and magnetic field data were provided
by the solar wind plasma instrument (SWOOPS) (Bame et al.
1992) and the VHM/FGM magnetometer (Balogh et al. 1992)
aboard Ulysses, respectively. The location of CIR is evidently
identified in the data of the solar wind speed and magnitude
of the magnetic field as indicated by the dashed vertical lines
in Fig. 1. The forward and reverse shocks have Alfvén-Mach
numbers MA = 1.42 and MA = 3.0 as well as jumps of the
magnetic field B2/B1 = 1.40 and B2/B1 = 2.30 (Balogh et al.
1995; Classen et al. 1998), respectively. Here, B1 and B2 de-
note the up- and downstream magnetic field of the shock, re-
spectively. The two panels at the top of Fig. 1 present the pro-
ton and electron fluxes in different channels covering the range
0.61−19 MeV and 38−315 keV, respectively, as measured by
the HISCALE (Lanzerotti et al. 1992) and the COSPIN in-
strument (Simpson et al. 1992) aboard Ulysses. Whereas the
flux of energetic protons increases at few orders of magni-
tudes at both the forward and reverse shock, the flux of en-
ergetic electrons is essentially more enhanced at the reverse
shock (see Fig. 1). The evolution of energetic electrons and
ions has been discussed by Simnett & Roelof (1995)

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20020866

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20020866


750 G. Mann et al.: On electron acceleration at CIR related shock waves

                           
 10-1

 

 101

 

 103

 
 105

E
le

ct
ro

ns
 (

/c
m

2 /s
/s

r/
M

ev
)

                           

                           

 
 

 

 

 

 
 

 
 

 

 

 

 
 

HISCALE DE1 (30-50 keV)
HISCALE DE2 (50-90 keV)
HISCALE DE3 (90-165 keV)
HISCALE DE4 (165-300 keV)

ESA ULYSSES DATA SYSTEM                                                                                                                    CIR  5

                           
10-4
10-3

10-2

10-1

100

101

102

103

104
105

P
ro

to
ns

 (
/c

m
2 /s

/s
r/

M
ev

)

                           

                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
HISCALE P|1 (61-77 keV)
HISCALE P|4 (207-336 keV)
HISCALE W1 (0.48-0.97 MeV)
COSPIN/LET L3 (1.2-2.0 MeV)
COSPIN/LET L21 (8-19 MeV)

                           
-10

  0

 10

∆C
/C

 %

                           

                           

 

 

 

 

 

 
MODULATION DETRENDED KET P190 (250 MeV - 2 GeV)

                           
 10-3
 10-2

 10-1

 100
 101

D
en

si
ty

 (
/c

m
3 )

                           

                           

 
 

 

 
 

 
 

 

 
 

                           
 103

 104

 105

 106

T
 (

K
)

                           

                           

 

 

 

 

 

 

 

 

                           
300

650

1000

V
R
 (

km
/s

)

                           

                           

 

 

 

 

 

 

                           
 -90

   0

  90

θ 
(d

eg
)

                           

                           

 

 

 

 

 

 

                           
-180

0

180

φ 
(d

eg
)

                           

                           

 

 

 

 

 

 

                           
Day of Year 1992

   0

   5

  10

B
 (

nT
)

                           

                           

 

 

 

 

 

 

276  278  280  282  284  286  288  290  292  294  296  298  300  302

R F F R F

5.23  5.23  5.22  5.22  5.22  5.21  5.21  5.21  5.20  5.20  5.20  5.19  5.19  5.19R (AU)

-17.87  -17.98  -18.08  -18.19  -18.29  -18.39  -18.50  -18.60  -18.71  -18.81  -18.92  -19.03  -19.13  -19.24
Latitude (0)

1992 Oct  2

Fig. 1. HISCALE data of energetic protons (top panel) and electrons (2nd panel from top) as well as the behaviour of the proton number density
N (4th panel), the proton temperature T (5th panel), the solar wind velocity vsw (6th panel) and the magnetic field in polar coordinates (three
panels at the bottom) during the passage of the CIR No. 5 by the ULYSSES spacecraft.

and Roelof et al. (1996) for the period of the first southbound
journey of the Ulysses spacecraft. At low heliospheric lati-
tudes both energetic electrons and ions were simultaneously
seen with the occurrence of the forward (FS) and reverse (RS)
shocks (Keppler et al. 1996). The last shock pair (CIR No. 15)
was observed at a distance of 4.58 AU and a latitude of −33.7◦,
while the reverse shocks were directly seen by Ulysses for sev-
eral more solar rotations (Gosling et al. 1993). The relationship
between particle acceleration at CIR-related shocks and their

magnetohydrodynamic (MHD) parameters was studied by
Desai et al. (1998) and Classen et al. (1998). Classen et al.
(1998) analysed a sample of 18 CIRs associated with 33
shocks. They found that shocks accelerate predominantly elec-
trons and protons if the Alfvén-Mach number MA and the an-
gle θB,n between the upstream magnetic field and the shock
normal simultaneously fulfilled the conditions MA > 2.5 and
50◦ ≤ θB,n ≤ 75◦.
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The aim of the present paper is to investigate the effi-
ciency of electron acceleration at CIR related shocks (see
Mann 1999 for a preliminary study). Note that the genera-
tion of energetic electrons has also been observed at shocks
in the solar corona (Wild & McCready 1950; Cane et al. 1981;
Cairns & Robinson 1987), at travelling interplanetary shocks
(Tsurutani & Lin 1985; Lopate 1989), and at the Earth’s bow
shock (Anderson et al. 1969; Scarf et al. 1971). The elec-
tron fluxes used in the present paper has been provided by
the HISCALE instrument (Lanzerotti et al. 1992) in the range
30−50 keV aboard the Ulysses spacecraft. The electron fluxes
jshock at the shock crossing are compared with those j0 mea-
sured during quiet solar wind periods before and after the CIR
(see Sect. 2). Furthermore, the ratios jshock/ j0 are related to
the magnetic field compression B2/B1 of the associated shock.
Mann & Classen (1995) proposed a mechanism of generation
of energetic electrons at collisionless shocks. It is well-known
that super-critical shocks are accompanied with large ampli-
tude magnetic field fluctuations in the vicinity of the shock
transition (Kennel et al. 1985). Electrons can be reflected and
subsequently accelerated at these fluctuations. Due to multiple
encounters of electrons with these fluctuations they receive a
considerable acceleration (Mann & Classen 1995). This spe-
cial acceleration mechanism will be introduced in a quantita-
tive manner in Sect. 3, and subsequently adopted to explain
the relations between the flux ratios jshock/ j0 and jumps of the
magnetic field B2/B1 of the associated shocks in Sect. 4.

2. Observations

The HISCALE instrument (Lanzerotti et al. 1992) aboard
Ulysses is able to measure the fluxes of energetic electrons in
four different channels, i.e. DE1: 30−50 keV, DE2: 50−90 keV,
DE3: 90−165 keV, and DE4: 165−300 keV. The data recorded
in the channel DE1 are employed to compare the electron fluxes
jshock at the shock crossing with those j0, which are determined
during quiet conditions of the solar wind stream related with
the corresponding shock. It should be recalled, that the forward
and reverse shocks are travelling into the slow and fast speed
solar wind (Pizzo 1978), respectively.

The data analysis can be demonstrated for example in
Fig. 1. The energetic electron fluxes j0 of quiet solar wind con-
ditions are chosen to be at day 281 and 293 for the forward and
reverse shock in this particular case, respectively. These days
have been chosen because the particle, plasma and magnetic
field data show no strong and rapid changes, i.e. there were
really quiet solar wind conditions.

The results of the whole data analysis are summarized in
Table 1. CIRs Nos. 1–18 (Bame et al. 1993) have been em-
ployed for this study. But only a sub-sample of 15 CIR related
shocks could be used for investigating the efficiency of elec-
tron acceleration, since the energetic electron fluxes jshock and
j0 can reliably determined only at these shocks presented in
Table 1. The parameters of the associated shocks were given
by Balogh et al. (1995) and Classen et al. (1998). N1, T1, N2,
and T2 are the particle number densities and temperatures in
the up- and downstream region, respectively. The upstream
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Fig. 2. Correlation between the ratios lg( jshock/ j0) and the jump of the
magnetic field B2/B1 for 15 CIR related shocks (Table 1). The full
line represents the theoretical result obtained by means of Eq. (22).
The dashed-dotted line shows the line of linear regression.

regions of the CIR related shocks (Classen et al. 1998) have
the mean values of the following plasma parameters:

upstream magnetic field B1 = 0.9 nT
upstream density N1 = 0.25 cm−3

upstream temperature T1 = 0.9 × 105 K
upstream plasma beta β1 = 0.8.

These values will be used as typical upstream parameters
of CIR related shocks in Sect. 4. The angle θB,n between
the upstream magnetic field and the shock normal varies be-
tween 19◦−82◦ with a mean value of 54◦ for these shocks
(Classen et al. 1998), i.e. CIR related shocks are mainly quasi-
perpendicular, (θB,n > 45◦). The correlation between the ratios
lg ( jshock/ j0) and the jump of the magnetic field B2/B1 is de-
picted for all 15 CIR related shocks (Table 1) in Fig. 2. The
dashed dotted line represents the linear regression with a cor-
relation coefficient of 0.649 and a standard deviation of 0.594.
Therefore, the efficiency of electron acceleration expressed by
the ratios lg ( jshock/ j0) is increasing for shocks with a stronger
jump of the magnetic field B2/B1 (Fig. 2). This result can be
explained by a model of electron acceleration at collisionless
shocks as described in Sect. 3.

3. Mirror acceleration

As already mentioned the CIR related shocks are usually quasi-
perpendicular, i.e. θB,n > 45◦. For a plasma-beta β ≈ 0.8
such shocks are super-critical, if their Alfvén-Mach number is
greater than 2.0 (Kennel et al. 1985). That is mostly the case
of the shocks considered in this paper (see Table 1). Figure 3
shows the behaviour of the magnitude of the magnetic field dur-
ing the crossing of the CIR related shock No. 7F as measured



752 G. Mann et al.: On electron acceleration at CIR related shock waves

Table 1. Energetic electron fluxes (30−50 keV) at the shock crossing and at quiet solar wind conditions as well as the corresponding parameters
of the CIR related shocks.

No. jshock[1/cm2 · s · sr ·MeV] j0[1/cm2 · s · sr ·MeV] log ( jshock/ j0) B2/B1 MA T2/T1

1R 5.06 × 102 3.13 × 102 0.208 1.73 1.9 1.4
3R1 2.26 × 103 1.00 × 102 1.354 1.62 1.8 1.7
4R 8.30 × 103 5.71 × 101 2.162 3.73 5.3 3.8
5F 2.41 × 102 1.24 × 102 0.289 1.50 1.4 1.7
5R 9.90 × 103 8.08 × 101 2.088 2.46 3.0 3.0
6F 6.47 × 103 3.05 × 101 2.327 1.88 2.4 4.0
7F 4.61 × 102 1.53 × 102 0.479 1.83 3.0 5.0
7R 2.31 × 104 1.06 × 102 2.338 3.00 − 3.3
8F 4.39 × 102 1.13 × 102 0.589 1.56 1.7 2.5
8R 1.23 × 104 1.60 × 103 0.886 2.45 2.7 4.4
9F 4.95 × 102 1.77 × 102 0.447 1.57 2.5 2.0
10R 1.15 × 103 1.53 × 102 0.876 2.73 3.0 4.4
11R 8.84 × 102 1.91 × 102 0.665 1.63 2.4 1.2
13R 8.16 × 102 5.61 × 101 1.163 2.07 3.1 1.5
15R 1.15 × 103 4.80 × 101 1.379 2.29 2.8 1.7
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Fig. 3. Behaviour of the magnitude of the magnetic field during the
crossing of the CIR related shock No. 7F as measured by the magne-
tometer aboard the ULYSSES spacecraft.

by the magnetometer (Balogh et al. 1992) aboard the Ulysses
spacecraft. As seen in Fig. 3 quasi-perpendicular, super-critical
shocks are accompanied with strong magnetic field fluctua-
tions, especially in the downstream region. Furthermore, they
show a so-called overshoot at the shock transition, i.e., the mag-
netic field compression Bmax/B1 is locally stronger than the
jump B2/B1 of the magnetic field according to the Rankine-
Hugoniot relations (Kennel et al. 1985), i.e., Bmax/B1 >
(B2/B1)RH, where Bmax denotes the maximum magnitude of
the magnetic field. These large amplitude magnetic field fluc-
tuations can be considered as nonlinear magnetohydrodynamic
waves. Such waves have the property that their velocity Vwave

is a monotonically increasing function of the magnetic field
compression Bmax/B0 (Mann 1995) where B0 denotes the mag-
nitude of the undisturbed ambient magnetic field. Thus, two
neighbouring magnetic field fluctuations with different mag-
netic field compressions have consequently a non-vanishing
relative velocity. They are establishing a system of converg-
ing magnetic mirrors, which are able to accelerate particles, as
originally proposed by Fermi (1949).

Now, the movement of an electron between two neighbour-
ing mirrors is considered in detail, following the way described
by Chen (1984) and Mann & Classen (1995). The compu-
tations are lengthy, but straightforward. Thus, only the main

Ln+1

L*

n

L n

mirror M1       mirror M2

Fig. 4. Scheme of converging magnetic mirrors M1 and M2.

line of thought will be presented. The mirrors M1 and M2
(see Fig. 4) are accompanied with magnetic field compressions
BM1 and BM2 with BM1 > BM2 and have the velocities V1 and
V2 with V1 > V2, respectively. Since energetic electrons with
an energy of about 40 keV are considered, this treatment can
be done in a nonrelativistic manner, i.e. the required relation
ε = Ekin/mec2 = 0.08 � 1 (Ekin, kinetic energy; me, elec-
tron mass; c, velocity of light) is well fulfilled. The two mir-
rors are initially separated by a distance Ln (see Fig. 4). The
electron with an initial velocity Vn parallel to the ambient mag-
netic field and a pitch angle αn starts at the mirror M1 and
moves towards the mirror M2, which is reached after a dis-
tance L∗n = Ln − (V1 − V2)∆t∗n and a time ∆t∗n = Ln/(Vn − V2)
(see Fig. 4). At the mirror M2 it is reflected and, subsequently,
it returns towards the mirror M1 with the velocity

V∗n = Vn − ∆V2 (1)

parallel to the magnetic field. The velocity gain ∆V2 = 2V2 ·
sec θ2 results from the shock drift acceleration at the mirror M2
(Toptygin 1980; Holman & Pesses 1983; Decker 1988). Here,
θ2 denotes the angle between the undisturbed ambient mag-
netic field B0 and the propagation direction of the mirror M2.
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During the reflection process at the mirror M2 the pitch angle
is changed according to

α∗n = arctan
[
Vn · tanαn

Vn − ∆V2

]
· (2)

After this reflection at the mirror M2 the electron moves back
towards the mirror M2, which is reached after a time period of
∆t∗∗n = L∗n/(V∗n + V1). There, the electron is reflected again and
gets a final velocity

Vn+1 = V∗n + ∆V1 (3)

parallel to the magnetic field and a pitch angle

αn+1 = arctan
[
V∗n · tanα∗n
V∗n + ∆V1

]
· (4)

Here, ∆V1 is given by ∆V1 = 2V1 · sec θ1, where θ1 denotes the
angle between the undisturbed ambient field and the propaga-
tion direction of the mirror M1. Thus, the nth revolution lasts
∆tn = ∆t∗n + ∆t∗∗n whereas the distance between the two mirrors
is diminished to Ln+1 = Ln − (V1 − V2) · ∆tn (see Fig. 4).

Concerning this process it is generally assumed that the
electrons are adiabatically reflected at the magnetic field com-
pressions acting as magnetic mirrors. This assumption is jus-
tified if the gyroradius rL of the electron is essentially smaller
than the characteristic length scale of the magnetic field com-
pressions. This length scale is typically 10 ion inertial lengths
(Mann et al. 1994). Since electrons in the energy range
30−50 keV have a typical gyroradius of 1.3 ion inertial lengths
under plasma conditions near CIRs (see Sect. 2), the required
condition is well fulfilled in the case considered here.

Since the mirrors in terms of two neighbouring large ampli-
tude magnetic field compressions cannot penetrate each other,
the distance between them can be reduced only up to a min-
imum one Lf . Consequently, the acceleration process is fin-
ished either if Ln+1 < Lf or if the electron leaves the re-
gion between the mirrors, since the pitch angle αn+1 becomes
αn+1 < αf = arctan[(B0/BM2)1/2]. The movement of an elec-
tron between these two mirrors leads finally to a nonuniform
acceleration as illustrated in Fig. 5. In this special example the
particle has an initial velocity V0 = 114vA = 5vth,e (vA, Alfvén
speed; vth,e, thermal electron velocity) parallel to the ambient
magnetic field and an initial pitch angle α0 = 85◦. The dis-
tance between the two mirrors is diminished from L0 = 50di

up to Lf = 10di. The mirrors M1 and M2 are moving with
the velocities V1 = 2.4vA and V2 = 1.7vA, respectively. The
magnetic field compression at the mirror M2 is assumed to
be BM2/B0 = 2.8 resulting in a final pitch angle αf = 36.7◦.
Adopting θ1 = θ2 = 54◦ as typical values for CIR related
shocks, ∆V1 = 8.17vA and ∆V2 = 5.78vA is found. The re-
sult of the numerically evaluated Eqs. (1)–(4) is presented in
Fig. 5. Here, the temporal coordinate is normalized to the
inverse of the proton cyclotron frequencyω−1

ci leading to a nor-
malization of the velocities with respect to the Alfvén speed vA.
The particle is nonuniformly accelerated in a discrete manner
up to a final velocity Vf = 1650vA during a time of 57ωci cor-
responding to a final energy of 33 keV, where vA = 50 km s−1

and vth,e = 1150 km s−1 have been used as typical values of
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Fig. 5. Velocity-time diagram of a special example of the mirror accel-
eration. The chosen parameters are introduced in Sect. 3. The velocity
and the time are normalized to the Alfvén speed vA and the inverse
proton cyclotron frequency ω−1

ci .

the Alfvén speed and thermal electron velocity in the quiet so-
lar wind, respectively. These values correspond to the mean
plasma parameters found in the upstream region of CIR related
shocks (see Sect. 2).

Since the electrons move much faster than the mirrors, the
acceleration process might be considered as a continuous one
(see Fig. 5), i.e. the relationship

V1,V2,∆V1,∆V2 � Vn < c (5)

is well fulfilled for the cases under consideration. Then, the
acceleration defined by ∆Vn/∆tn with ∆Vn = Vn+1−Vn = ∆V1−
∆V2 = ∆VG and ∆tn = ∆t∗n + ∆t∗∗n = 2Ln/Vn may be taken as a
differential equation ∆Vn/∆tn ⇒ dV‖/dt

dV‖
dt
=

∆VG

2(L0 − ∆VSt)
· V‖ (6)

with the initial condition V‖(t = 0) = V0. Here, Ln = L0 − ∆VSt
with ∆VS = V1−V2 has been used in deriving Eq. (6). Note, that
the mirrors are initially separated at a distance L0. The solution
of Eq. (6) is found to be

Vf = V0 · ν (7)

with ν = (L0/Lf )(∆VG/2∆VS) (Chen 1984; Mann & Classen 1995).
In order to derive a differential equation for the evolution of the
pitch angle Eqs. (1)–(4) will be employed taking into account
the relationship (5). Then, ∆αn = αn+1 − αn can be calculated
to be

∆αn = arctan
[
(−1) · ∆VG

Vn
· sinαn · cosαn

]
(8)

leading to a differential equation according to ∆αn/∆tn ⇒
dα/dt, i.e.,

dα
dt
= − ∆VG

2(L0 − ∆VSt)
· sinα · cosα (9)
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Fig. 6. Scheme of the area integration of the integral (12) in the V‖-V⊥
space.

with the initial condition α(t = 0) = α0. The solution is
given by

tanαf

tanα0
=

1
ν

(10)

relating the initial pitch angle α0 and final one αf .
Thus, the solutions of Eqs. (6) and (9) describe the evo-

lution of the particle in the velocity space {V‖(t); V⊥(t) =
V‖ tanα(t)} during the acceleration between t0 = 0 and tf =
(L0 − Lf )/∆VS (see Fig. 6). Here, V‖ and V⊥ denote the parti-
cle velocity parallel and perpendicular to the ambient magnetic
field, respectively. Now, an ensemble of particles is regarded
in the velocity space. All particles initially located on the path
determined by V‖(t); V⊥(t) in the velocity space are accelerated
and receive the final velocity Vf/ cosαf and final pitch angle αf ,
i.e., all particles with pitch angles α0 ≥ α ≥ αf receive an ac-
celeration. Then, the total number of accelerated particles can
be calculated by

Nacc

N0
= 4π

∫ ∞

0
dVV2 fv(V)

∫ αf

α0

dα sinα = µ0 − µf (11)

with V = V‖/ cosα, µ0 = cosα0, and µf = cosαf . Here, fv de-
notes the distribution function in the velocity space. It is nor-
malized to unity. Now, it is intended to calculate the total num-
ber of particles Nacc(εf) accelerated up to a final (maximum)
energy εf . ε = E/mec2 = V2/2c2 (me, electron mass; c, ve-
locity of light) denotes the kinetic energy E normalized to the
rest energy mec2. Consequently, the final energy εf is given by
εf = V2

f /2c2 ·cos2 αf . In order to obtain Nacc(εf) the integral (11)
must be carried out as an area integral over the dashed region
depicted in Fig. 6. This is conveniently done not in the V‖-V⊥
space but in the ε-µ space with µ = cosα. In carrying out this
area integration

Nacc(εf )
N0

= 4πc3
∫ ε0(εf )

0
dε
√

2ε fv(ε)(µf − µ0)

+ 4πc3
∫ εf

ε0(εf )
dε
√

2ε fv(ε)(µf − µ(ε)) (12)

results for the total number Nacc(εf ) of particles accelerated up
to a final energy εf . In the ε-µ space the function µ(ε) defines
the path of an electron, which is accelerated from the initial

energy ε0(εf ) with an initial pitch angle α0 (or µ0) up to the final
one εf with the final pitch angle αf (or µf ) by the considered
mechanism. By means of Eqs. (7) and (10) the initial energy ε0
is related to the final one εf by

ε0(εf ) = εf · 1
ν2
·
(

1 + ν2 tan2 αf

1 + tan2 αf

)
(13)

resulting to ε0/εf = sin2 αf in the case ν � 1 (Chen 1984).
Furthermore, µ(ε) can be deduced to be

µ(ε) =

√
ε − ε0 sin2 α0

ε
(14)

from Eqs. (7) and (10). Finally, the particle distribution func-
tion Fε in the energy space can be found by

Fε(ε) =
d
dε

[
Nacc(ε)

N0

]
(15)

for the accelerated particles. This expression will be employed
to compute the differential fluxes of energetic electrons at CIR
related shocks as discussed in the next section. This approach
has recently been generalized for relativistic electrons by Mann
et al. (2001).

4. Discussion

Now, the mechanism of electron acceleration as introduced
in the previous Section is used to explain the correlation be-
tween the ratios lg ( jshock/ j0) and the jump of the magnetic field
B2/B1 as deduced for CIR related shocks from the HISCALE
data (see Fig. 2).

The differential flux j(E) is related to the distribution func-
tion fp(p) in the momentum space by j(E) = N0 · fp(p) · p2

(Landau & Lifschitz 1975). Here, the distribution function
fp(p) is normalized to unity. If fE(E) denotes the distribution
function in the energy space, the conservation of the parti-
cle number density in the phase space, i.e., N0 fp(p)d3 p =
4πN0 p2 fp(p)dp = 4π j(E)dp = N0 fE(E)dE, leads to

j(E) =
N0

4π
·
√

2E
m
· fE(E). (16)

Here N0 denotes the undisturbed particle number density. Then,
the distribution function fE in the energy space is related to that
fv in the velocity space by fE(ε) = (4πc3/mec2) · (2ε)1/2 · fv(ε).

Now the flux jshock of accelerated electrons at the shock
crossing is compared with that j0 in the undisturbed upstream
region. In order to do this a so-called kappa distribution is as-
sumed to exist for velocity distribution function fv(ε) in the
undisturbed solar wind, i.e. upstream of CIR related shock
waves. A kappa distribution is defined by

fv(E) = Cκ

[
1 +

E
κEκ

]−κ−1

(17)

with the normalization constant

Cκ =
1

2π
·
(

m
2κEκ

)3/2

· Γ(κ + 1)
Γ(3/2) · Γ(κ − 1/2)

(18)
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(Krauss-Varban & Burgess 1991). It behaves like a Maxwellian
distribution for E ≤ Eκ and a power law one for E � Eκ.
The temperature T can be defined in a kinetic manner, i.e. as
the mean energy Ē of an ensemble average with respect to the
kappa distribution, resulting in

Ē =
3
2
· Eκ · κ

(κ − 3/2)
=

3
2
· kBT (19)

(kB, Boltzmann’s constant). Thus, the kappa distribution (see
Eq. (17)) is unambiguously determined by fixing the tempera-
ture T and the parameter κ. Inserting the distribution function
(Eq. (17) into Eq. (16))

j0(E) =
N1c4

mec2
·Cκ,1 · 2ε ·

[
1 +

ε

κεκ,1

]−κ−1

(20)

results for the undisturbed flux with εκ = Eκ/mec2.
Consequently, N1 denotes again the upstream particle number
density. Here, the quantities Cκ,1 and εκ,1 are determined by
the temperature in the upstream region. In particular, the 3D
plasma instrument aboard the Wind spacecraft is able to mea-
sure the electron distribution function under quiet solar wind
conditions in the heliosphere at 1 AU. These measurements can
be fitted by kappa distributions with κ = 2.5−3.5 (Lin et al.
1996). Thus, a kappa distribution with T = 1 × 105 K (see
Sect. 2) and κ = 2.5 is assumed to be an appropriate electron
distribution in the upstream region of CIR related shock waves,
although the CIRs occur mainly at heliospheric distances of
4−5 AU.

The flux of the accelerated electrons at the shock crossing
is determined by

jshock =
N2c

4πmec2
· √2ε · Fε(ε) (21)

taking into account fE(ε) = (N2/Nacc) · (Fε(ε)/mec2). Fε(ε) is
numerically calculated by means of Eqs. (12)–(15). Then, the
kappa distribution of the downstream region must be inserted
into Eq. (12), i.e. κεκ = (κ − 3/2) · kBT2/mec2 is to be inserted.

Now the results theoretically obtained from the presented
electron acceleration mechanism are compared with the obser-
vations summarized in Fig. 2. In order to do this the plasma
parameters usually found upstream of CIR related shocks (see
Sect. 2) will be employed. The jumps of the particle number
density N2/N1, of the magnetic field B2/B1, and of the temper-
ature T2/T1 are related to the Alfven-Mach number MA by the
well-known Rankine-Hugoniot relations (Kennel et al. 1985)
as depicted in Fig. 7. Here, a plasma beta of 0.8 and an angle
θB,n = 54◦ (see Sect. 2) have been adopted. Using Eqs. (20)
and (21) the ratio jshock/ j0 can be expressed by

jshock

j0
=

1
4πc3

· N2

N1
· Fε(ε)√

2ε ·Cκ,1
·
[
1 +

ε

κεκ,1

]κ+1

· (22)

Firstly, it is seen that the jump of the density N2/N1 and
the temperature T2/T1 appear in the second factor of the ra-
tio jshock/ j0 and in the ratio of the normalization constants
Cκ,2/Cκ,1, respectively. Thus, a variation of these shock param-
eters influences immediately the ratio jshock/ j0. Furthermore,
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Fig. 7. Dependence of the jump of the temperature T2/T1, the particle
number density N2/N1, and the magnetic field B2/B1 across the shock
on the Alfven-Mach number MA according to the Rankine-Hugoniot
relationships (Kennel et al. 1985). An angle θB,n = 54◦ between the
upstream magnetic field and the shock normal, a plasma beta β = 0.8
and an adiabatic index of 5/3 has been used.

the variation of the jump of the magnetic field B2/B1 influ-
ences this ratio in another way. As already mentioned large
amplitude magnetic field fluctuations appear in the vicinity
of the shock transition. Here, the maximum of the magnetic
field compression is assumed to be Bmax/B1 = 1.4B2/B1, for
example (Kennel et al. 1985). Then, the final pitch angle is
given by αf = arcsin[(1.4B2/B1)−1/2]. Furthermore, the dis-
tance between the two mirrors is assumed to be diminished
from L0 = 50di up to Lf = 10di. The velocities V1 and V2

of the mirrors M1 and M2 are regarded to be V1 = MA · vA and
V2 = [1+ (MA − 1)/2] · vA, i.e. ∆VS = V1 −V2 = (MA − 1)vA/2,
leading to ∆VG = 2 · ∆VS · sec (54◦) (θ1 ≈ θ2 = 54◦)
and ν = (L0/Lf)(∆VG/2∆VS) = 15.46 as well as to the initial
pitch angle α0 = arctan[ν · tan(αf )] (see Eq. (10)). Because of
ν = 15.46� 1 Eq. (13) reduces to εf/ε0 = 1.4·B2/B1. All quan-
tities just described are directly or indirectly influenced by the
variation of the jump B2/B1 of the magnetic field. In Fig. 2
the full line represents the dependence of the ratio jshock/ j0
numerically calculated by Eq. (22) on the jump of the mag-
netic field B2/B1 taking into account the results of the Rankine-
Hugoniot relations (see Fig. 7). As evidently seen in Fig. 2 the
theoretically obtained results can explain the correlation de-
duced from the data provided by the HISCALE instruments
aboard the ULYSSES spacecraft.
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5. Summary

The study of the enhancements jshock/ j0 of energetic electron
fluxes in the range 30−40 keV during the crossing of CIR
related shocks reveals a relationship between the ratio jshock/ j0
and the jump B2/B1 of the magnetic field of the associated
shock as shown in Fig. 2. This relationship has been explained
by an electron acceleration mechanism, which acts as an
interaction of electrons with the large amplitude magnetic
field fluctuations in the vicinity of the shock transition.
The enhancements of the energetic electron fluxes are caused
by the heating of the electrons as a result of the shock crossing
and the subsequent acceleration due to their interaction
with the magnetic field fluctuations in the downstream region.
Since the large amplitude magnetic field fluctuations, which
are necessary for the electron acceleration, appear mainly in the
vicinity of the shock transition for quasi-perpendicular shocks,
the proposed acceleration mechanism acts very locally and fast
for electrons at spatial and temporal scales of few ion inertial
lengths and inverse proton cyclotron frequencies, respectively.
In contrast to the shock drift acceleration (Holman & Pesses
1983; Krauss-Varban & Wu 1989; Kraus-Varban et al. 1989),
where the energy gain is limited because of a single shock
encounter and only efficient at nearly perpendicular shocks,
the mechanism presented is much more efficient since the
electrons accumulate energy due to the multiple reflections at
the large amplitude magnetic field fluctuations. Furthermore,
this mechanism is a deterministic one, unlike diffuse shock ac-
celeration (Axford et al. 1977), which is a stochastical process
acting in the whole up- and downstream region of the associ-
ated shock. Recently, Classen et al. (1999) reported on a high
correlation between the fluxes of 1 MeV protons and the low
frequency magnetic field turbulence in the downstream region
of CIR related shocks, especially in the vicinity immediately
after the shock transition. This result implies that wave-particle
interactions in the downstream region even after the shock
transition play an important role for acceleration of particles at
CIR-related shock waves. This observational result confirms
additionally the acceleration mechanism proposed in this paper.
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