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Abstract.  We investigate the merging mechanism for the waves 
produced by a pulsating cosmic plasma source. A model with a 
separate background/source description is used in our calculations. 
The mechanism was shown to operate both for strong and weak 
source – background interactions. We revealed the effect of merging 
of individual Alfven waves into a narrow low-frequency wave, whose 
amplitude is maximal for a plasma expansion velocity equal to 
0.5 – 1 of the Alfven Mach number. This wave is followed along the 
field by a narrow low-frequency magnetosonic wave, which contains 
the bulk of source energy. For low expansion velocities the wave 
contains background and source particles, but for high velocities 
it contains only the background particles. The wave lengths are much 
greater than their transverse dimension.

Keywords: wave merging mechanism, pulsating plasma, magnetic 
field, Alfven wave, magnetosonic wave.

The shock-wave merging mechanism (SWMM) was proposed 
and experimentally confirmed for optical pulsed discharges 
produced by repetitively pulsed laser radiation in gases [1 – 4]. 
The SWMM is efficient for the formation of low-frequency 
quasi-stationary waves (QWs), whose length depends linearly 
on the number of pulses and the energy expended for its pro-
duction. For single optical breakdowns or explosions the 
lengths of shock waves depend only slightly on the pulse 
energy (µQ1/6 ). 

The present work (like Refs [5, 6]) was performed in the 
framework of the hypothesis that the SWMM is universal in 
character and is operative in different media and for different 
sources of natural or artificial origin. This is suggested by the 
kind of SWMM criteria: the initial wave velocity is higher 
than the sound velocity in the medium (hereinafter referred to 
as the background); optimal frequencies D w (dimensionless) 
depend on the geometry of QW propagation. The high effi-
ciency of source-to-QW energy conversion is attainable when 
additional background-dependent conditions are fulfilled. 
The following conditions must be fulfilled in a rarefied plasma 
with magnetic field: the initial pressure in the source is much 
higher than the combined pressure of the magnetic field and the 
background plasma; the source plasma is completely ionised 
and, as shown in this work (see below), the initial plasma 

velocity amounts to ~0.5 – 1 of the Alfven wave velocity in 
the background. These conditions may be attained with the 
use of a laser plasma produced by repetitively pulsed laser 
radiation on the surface of a solid. Laser sources permit con-
trolling the duration of a QW and its spectrum by varying 
the  number of pulses and their repetition rate. The pulse 
duration  must be much shorter than the plasma expansion 
time (~1 ms) [2] and the pulse energy density at the surface 
must be several times higher than the optical breakdown 
threshold. 

Different types of waves are possible in cosmic plasmas 
with magnetic field [7, 8]. If the hypothesis under discussion is 
correct, one would expect the formation of the corresponding 
QWs, including magnetosonic, Alfven, and whistler waves. 
A cylindrical source parallel to the magnetic field forms a fast 
magnetosonic QW (MQW) propagating transversely to the 
field [5]. A point source produces a so-called narrow slow 
MQW, which travels along the magnetic field [6]. For a mag-
netised background, in which the thermal pressure of the 
plasma with electron and ion densities ne and ni is much lower 
than the pressure of the magnetic field of intensity B0, 

b << kBT0(ni + ne) / (B0
2/8p) << 1,

the MQW velocity is close to the ion-sound velocity [6]. The 
MQW length depends linearly on the number of pulses and its 
transverse dimension is approximately equal to the dynamic 
radius Rd of a single pulse. For a large number of pulses the 
MQW length is far greater than Rd, and this wave is therefore 
referred to as a narrow MQW. The radial MQW expansion is 
hindered by the magnetic field. In Ref. [6] we considered a 
one-fluid magnetohydrodynamic (MHD) model, which cor-
responds to the case of a short (in comparison with Rd) ion 
Larmor gyration radius RL in magnetic field and interaction 
of strong source ions with background. 

In the present work, the SWMM was investigated for the 
conditions whereby the ion plasma length Lpi as well as RL are 
much longer than Rd, which corresponds to electrodynamic, 
or weak, source plasma – background interaction. Narrow 
Alfven QWs (AQWs) and MQWs were considered. In simula-
tions on a cluster, use was made of a three-fluid MHD model 
in the two-dimensional cylindrical geometry with axial sym-
metry. The first fluid describes the background ions, the second 
fluid describes the source ions and the third one – the elec-
trons, which are common for the background and the source: 
ne = z0n0 + zq nq (z0 and zq are the ion charges). Account was 
taken of thermal pressure forces, the magnetic force and 
cohesion of the fluids via the Lorentz force in the motion of 
the plasmas (magnetic laminar mechanism). Electromagnetic 
fields were determined from Maxwell’s equation. We con-
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sidered an infinite volume of a uniform, collisionless, quasi-
neutral, fully ionised ideal plasma with a density n0, tempera-
ture T0, and uniform magnetic field B0. The ion charge and 
mass are z0 = 1 and m0 = 1; we selected b = 0.006, which is 
close to the parameters of the interplanetary medium in the 
solar system. At a point (r = 0, z = 0) there occur periodic 
ejections of a hot plasma with a repetition rate f. Each ejec-
tion is confined within a spherical volume RQ ~ 0.2Rd, has an 
energy Q and a mass M for an ion mass and charge mq and zq. 
We varied the pulse repetition rate, the number of pulses, and 
the ion expansion velocity V0, which changed in relation to 
their number. 

The SWMM forms a QW for a certain relation between 
Q, f, and the wave velocity Ci in the background. Like in 
gases [1, 2], for an immobile source the wave formation crite-
rion is of the form 

wi = fRd /Ci .

Here Ci is the Alfven (CA) or magnetosonic (Cs) wave velocity. 
To describe the AQW, use was made of the Mach number 
MA = V0 /CA, the time was normalised to a quantity Rd /CA 
and the frequency to its inverse quantity; for the MQW, 
use was made of the Mach number Ms = V0 /Cs and the time 
was normalised to Rd /Cs. Spatial variables were normalised to 
Rd = {Q/[B0

2 /8p + kBT0(ni + ne)]}1/3. The SWMM universality 
implies that the SWMM operates in different media in the 
same frequency range Dw, which depends on the wave expan-
sion geometry. In gases there are domains bounded by fre-
quencies w1, w2, w3. For w < w1 the shock waves propagate 
independently; In the w1 < w < w2 domain their interaction 
strengthens with increasing w; for w2 < w < w3 the compres-
sion phases of the shock waves partly overlap to form a 
QW. When w > 2w2, the length of the common wave depends 
only slightly on the total energy. For a spherical expansion 
w1 ~ 0.8 and w2 ~ 5.6, while for a one-dimensional expan-
sion w1 ~ 0.1 and w2 ~ 1. 

Since Alfven and magnetosonic waves propagate one-
dimensionally [6 – 8], AQWs and MQWs would be expected 
in the frequency range w ~ 0.1 – 1. Figure 1 shows the varia-
tion of MQW structure with w and t. The source is located at 
a point z = 0, r = 0, the z MQW axis is aligned with the mag-
netic field. The number of pulses is equal to 10, following 
which the source ‘turns off’. The source produces a channel 
with a low density and a higher Cs value in comparison with 
the background. The channel lengthens and its radius remains 
constant. There forms a preferred direction for the propaga-
tion of the source plasma, the AQW, and the MQW. 

In the source plasma – background interaction the MQWs 
are generated in the following way. The plasma expands, forces 
out the magnetic field and produces a cavern. Electric current 
flows at the cavern boundary. The magnetic force J ́  B is 
directed into the cavern interior and decelerates the source 
plasma. The same force acts on the background plasma and 
sets it in motion, which may be compared with the elastic 
‘recoil’ of the background. Subsequently the background plasma 
moves to the cavern centre and compresses about the sym-
metry axis, which leads to a pressure increase and the plasma 
outflow along the magnetic field. In the periodic process there 
forms a narrow (~Rd) lengthy MQW, at the centre of which 
the magnetic field is reduced, with a circular current Jj flowing 
at its boundary. The total pressure in the MQW is equal to the 
background pressure, which leads a weak wave attenuation. 
At the initial stage the MQW velocity exceeds the ion sound 

velocity by about a factor of 1.5. Away from the source the 
MQW velocity is close to the velocity Cs. 

The source frequencies ranging from 0.1 to 1 are optimal 
for producing a lengthy MQW (see Fig. 1). At lower fre-
quencies (w = 0.03) the modulation of the MQW strengthens 
and separate waves are formed. For w > 1 the MQW length 
depends slightly on the expenditure of energy. The SWMM 
advantage reveals itself for a large number of pulses and a 
frequency in the 0.1 – 1 range, when the lengths of MQWs 
and AQWs are much greater and the attenuation is weaker 
than for waves originating from a high-energy pulse. 

Figures 2 and 3 show the influence of w on the AQW 
structure. The AQW travels ahead of the MQW at a velocity 
CA >> Cs. The optimal frequencies for the AQW production 
also lie in the 0.1 – 1 range. For w < 0.1 the SWMM operates 
poorly, and in the w > 1 range the AQW shortens. The respec-
tive AQW and MQW radii amount to ~0.5Rd and ~Rd. The 
MQW is a perturbation of the density, pressure, as well as of 
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Figure 1.  Distributions (on the MQW axis) of the pressure p for dif
ferent source frequencies w (a) and of the density n for w = 0.1, t = 80 
and 140 (b). The time is normalised to Rd /Cs and the frequency w to 
Cs /Rd. Ms = 33, MA = 3.3, Lpi = 10. 
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Figure 2.  Current distributions on the AQW axis for different w and 
t = 100. The time is normalised to Rd /CA and the frequency – to its inverse 
quantity.
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the z- and r-components of the plasma velocity and magnetic 
field. In the AQW there occur torsional rotations of the back-
ground plasma about the symmetry z axis, which lead to the 
torsion of magnetic field lines. The main components are the 
j-components of the plasma velocity, magnetic field and 
current (Jz ~ ¶Bj /¶r + Bj /r), while the perturbations of the 
density, the z- and r-components of the velocity and field are 
close to zero. The dimensionless quantities Vj and Bj are equal. 
The Alfven nature of the AQW is confirmed by Fig. 4. The 
source produces the MQW and the fast AQW. The Vz velocity 
is higher than Vj in the MQW domain and much lower in the 
AQW domain. 

Figure 5 shows the effect of the initial velocity MA = V0 /CA 
of source plasma expansion on the amplitude of the longi
tudinal current on the AQW axis and the source-to-MQW 
energy conversion efficiency E. The current Jz and other 
AQW parameters are maximal for MA » 0.5. The total effi-
ciency E = Es + Ef is equal to the ratio between the MQW 
energy (the thermal and kinetic energy of background and 
source particles) and the total energy of source pulses (Es 

and Ef are the source and background plasma energy frac-
tions). For MA < 1 the MQW contains the background and 
source particles, while for MA > 1 only the background par-
ticles. In our simulations the ion plasma length far exceeded 
the dynamic radius (Lpi = 10Rd). That is why, with the excep-
tion of the MA £ 0.1 domain, the Larmor radius RL = MALpi 
of source ions also exceeded Rd.

There are two source –background interaction modes – the 
sub- and super-Alfvenian ones. For MA < 1, the background 
plasma mass in a volume of radius Rd is small and has no 
effect on the source plasma at the initial stage of its expansion. 
The plasma expands to a radius ~Rd, produces a magnetic 
cavern of the same size, is decelerated by the magnetic field, 
and subsequently spreads along the field with a velocity ~V0. 
In the periodic process the source plasma fills the magnetic 
field tube. The density becomes equal to the background 
plasma density in a length l ~ Rd /MA

2. The background den-
sity will therefore exceed the source plasma density in the 
MQW provided the pulse repetition frequency is not too high: 
w < (Rd /CA)V0 /l = MA

3. When the Larmor radius is comparable 
with (or shorter than) the dynamic radius (RL = MALpi < Rd), 
the source and background plasmas are ‘coupled’ due to mag-
netic laminar mechanism and travel as a whole transversely to 
the magnetic field. The background plasma is ‘raked up’ and 
compressed beyond the cavern and spreads along the mag-
netic field lines, leading to MQW generation. As a result, the 
source plasma travels jointly with the MQW, which provides 
a high energy conversion efficiency. 

For MA > 1 the source ions are not magnetised (Lpi >> Rd) 
and are slowly decelerated by the field. The magnetic cavern 
scale length is equal to the distance at which the source plasma 
density becomes equal to the background density [9]: RB ~ 
Rd /MA

2/3 and RB << Rd << RL. Within the cavern (r £ RB) the 
magnetic force J ́  B accelerates the background ions to the 
centre (towards the z axis), resulting in the generation of a 
lengthy MQW, as discussed in the foregoing. The efficiency of 
MQW generation depends on the length Lpi and velocity MA. 

In gases the SWMM forms a QW for V0 > C0. For a 
magnetised plasma this requirement is not rigorous. MQW 
simulations for expansion velocities MA < 0.1 correspond to 
the subsonic case (Ms < 1). Each next pulse catches up with 
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Figure 3.  Radial profiles of the current Jz for frequencies w = 0.2 and 
0.4 (a) and of the pressure in a MQW for frequencies w =0.03 and 0.1 (b); 
t = 100 and z = 100. 
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Figure 4.  Bj-component of the field (solid line) as well as the Vj- (dot-
ted line) and Vz- (dashed line) components of the background plasma 
velocity at a distance r = 0.4 from the z axis plotted along the z axis for 
t = 100 and w = 0.2. 
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Figure 5.  Longitudinal AQW current Jz and total source-to-MQW 
conversion efficiency E = Es + Ef as functions of source plasma expan-
sion velocity MA. 
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the MQW due to the high sound velocity in the channel. A steep 
leading MQW edge is formed at a distance of ~ (20 – 30)Rd 
from the source. 

In summary we note that the wave merging mechanism 
operates for all wave types both for a weak and for strong 
interaction of a pulsating plasma source with the background. 
The source generates two narrow waves propagating along 
the magnetic field – the Alfven wave and the slow magneto-
sonic one, which contains a substantial fraction of the energy 
source. The wave radius depends on the energy of individual 
pulses; the lengths of the waves are proportional to the number 
of pulses and may far exceed the radius. The attenuation of the 
waves is weak; their structure may be controlled by varying 
the pulse repetition frequency and the number of pulses. 
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