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Abstract. We describe an experiment on the interaction of a dipo-
lar magnetic field with the laser plasma flow produced inside of a 
laboratory magnetosphere. This interaction is found to exhibit 
two dynamic stages: after a prompt displacement of the dipole 
field by the laser plasma, the magnetic field is captured and car-
ried outside of the magnetosphere. The resultant data confirm the 
results of previous measurements carried out far beyond the mag-
netosphere and provide additional information about the new pro-
cess of capturing the dipolar magnetic field by the internal magne-
tospheric plasma flow.

Keywords: laser-produced plasma, magnetic field, magnetosphere.

1. Introduction

Despite the rapid development of methods for numerical sim-
ulation of cosmic plasmas, laboratory experiments and exper-
imental confirmation of their models are still the basis for 
studying plasma physics. One of the areas in which the results 
of laboratory experiments were used to construct theories and 
numerical models is the interaction of counterpropagating 
plasma flows in the presence of a magnetic field. The 
1970s – 1980s saw the execution of several experiments with 
laser-produced plasmas expanding into a magnetised back-
ground plasma at a super-Alfven velocity [1 – 4] with the pur-
pose of modelling artificial chemical ejections into the terres-
trial magnetosphere. Proceeding from the resultant data, a 
new dynamic interaction model was developed: the magnetic 
laminar mechanism [5] or the interaction in the finite-Lar-
mor-radius mode [6]. This model complemented the earlier 
kinematic model of electron substitution [7, 8]. Our recent 
experiments [9, 10] provided comprehensive data bearing out 
both models. 

The study of the magnetosphere is also one of the areas 
in which laboratory modelling has been extensively used. 
The theoretical basis was laid in Refs [11 – 13], and a review 
of experimental works is given in Ref. [14]. This research 
was carried out on the KI-1 facility using two pulsed plasma 

generators: an induction Q-pinch plasma and the plasma 
generated by a CO2 laser, whose plasma fluxes interact with 
compact magnetic dipoles [15, 16]. The combination of these 
two plasma sources, whose plasmas have very different 
energy and spatio-temporal characteristics, made it possible 
to model ejections in the circumterrestrial space and the 
effects of solar plasma ejections [17 – 19]. The longitudinal 
currents connecting the boundary layer of the magneto-
sphere with the polar ionosphere were studied on the basis 
of model experiments [20, 21]. Also modelled was the pulse 
of solar wind plasma with a frozen-in transverse magnetic 
field interacting with the magnetosphere [22]. The flow with 
the transverse frozen-in field was produced in the expansion 
of the laser plasma across the magnetic field into the back-
ground plasma, which filled the vacuum chamber along the 
lines of the external magnetic field prior to interaction. The 
object like a mini-magnetosphere, which can potentially 
exist around magnetised asteroids and which was discovered 
above lunar magnetic anomalies [23], is also studied on the 
KI-1 facility. It was laboratory experiments that provided 
the necessary data for the formulation and verification of 
the Hall model [24 – 26], which explains the unusual features 
of the mini-magnetosphere observed in earlier numerical 
simulations [27, 28]. Recorded in one of the latest laboratory 
experiments were the fluxes of magnetically reflected ions, 
which were qualitatively similar to those observed above 
lunar magnetic anomalies [29].

A fundamentally new combination of interacting fluxes 
and a magnetic field was investigated in the experiment of 
Ref. [30]. The Q-pinch plasma filled the vacuum chamber 
and produced a magnetosphere with an estimated size of 
about 30 cm around the magnetic dipole. The special fea-
ture was that the laser plasma was generated inside this 
magnetosphere at two targets symmetrically located on the 
dipole body (Fig. 1). The laser-produced plasma moved in 
opposition to the Q-pinch plasma flow and had enough 
kinetic energy to force out the dipole magnetic field. 
Executing this experiment was motivated by the discovery 
of new astrophysical objects – hot Jupiters orbiting 
extremely close to the star and experiencing a supersonic 
outflow of the upper atmosphere [25]. The interaction of the 
expanding planetary flow with the planetary magnetic field 
results in a variety of previously unexplored phenomena 
[31,  32]. The main energy parameter of the problem is the 
position of the Alfven point (the distance at which the energy 
density of the plasma flow becomes equal to the energy den-
sity of the magnetic field), measured in units of the planet 
radius, RA/RP. The experimental modelling of plasma out-
flow in a dipole field was first carried out in Ref. [33] with 
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the use of an annular pulsed discharge. Realised in this case 
was the ratio RA/RP » 3, which corresponds to the hot 
Jupiters with a rather high magnetic field. In Ref. [30], the 
planetary flow was modelled by laser-produced plasma and 
the conditions of a relatively weak magnetic field, RA/RP » 1, 
were realised. 

In Ref. [30], the probe measurements were carried out far 
beyond the magnetosphere, and it was found that the laser-
produced plasma, which passes through the background 
plasma, partially displaces it due to Coulomb collisions and 
carries magnetic field with it, which is an order of magnitude 
stronger than that of the vacuum dipole field at these dis-
tances. The resultant data testify to a new and unexpected 
effect of the capture of the magnetospheric field by laser-pro-
duced plasma and its subsequent ‘entrainment’ over long dis-
tances. Note that in all previous experiments with relatively 
simple magnetic field geometry the laser plasma manifested 
itself as a good diamagnet. Due to the relatively high expan-
sion rate, high density and temperature at the initial stage of 
expansion, the magnetic field is efficiently forced out from the 
volume occupied by the laser plasma. Comparing the results 
of Refs [33] and [30] suggests that the detected effect can be 
reproduced using only laser-produced plasma. 

To obtain more information about the detected effect, 
detailed measurements inside the magnetosphere were carried 
out in the present experiment. The results of our measure-
ments confirm the effect of magnetospheric field capture by 
laser-produced plasma and demonstrate new details of how 
this occurs. In particular, it is found that the expected phase 
of almost complete forcing-out of the dipole field does exist at 
the front of the laser-produced plasma, which is quickly 
replaced by the phase of magnetic field capture.

2. Experimental conditions and results

Our experiments were carried out on the KI-1 facility, which 
comprises a 500-cm long chamber 120 cm in diameter operat-
ing at a residual pressure of 10–6 Torr (Fig. 2). An induction 
Q-pinch with an output aperture 20 cm in diameter ejects for 
~100 ms a completely ionised hydrogen plasma, which propa-
gates along the chamber axis. In the typical Q-pinch operat-
ing mode, the average background plasma density was 
(5 ± 2) ́  1012 cm–3 and the plasma velocity was  45 ± 15 km s–1. 
To stabilise the background plasma flow along the chamber 
axis, a weak magnetic field (5 Gs) was generated, which did 

not introduce any noticeable effects into the plasma interac-
tions under study. The magnetic dipole was located at a dis-
tance of 290 cm from the output aperture of the Q-pinch. 
The magnetic moment, which was m = 1.1 ́  106 Gs cm3, was 
perpendicular to the chamber axis. The time of maintaining 
the dipole magnetic field was 250 ms. The dipole had the 
shape of a cylinder with a diameter and height of 5 cm with 
an epoxy coating, on which a polyethylene target was fixed. 
Two beams of CO2-laser radiation with a pulse duration of 
70 ns and an energy of 150 J each were symmetrically focused 
through a system of lenses and mirrors to spots approxi-
mately 2 cm in size (Fig. 1). The arrangement of the targets 
on the dipole body and their irradiation are schematised in 
Fig. 2. The laser plasma was generated approximately 
30 ± 5 ms after the onset of background plasma production. 
The use of a laser to produce an internal magnetospheric 
plasma flow that expands outward and pulls out the mag-
netic field lines has fundamental advantages. In the first 
attempts to ‘inflate’ the dipole magnetic field, use was made 
of an electric electrode discharge in a gas jet [34]. In Ref. 
[33], the plasma was produced by a discharge along the sur-
face of a cable wound on the dipole body. In both cases, the 
energy density was relatively low, and the discharge plasma 
carried strong parasitic electric and magnetic fields and cur-
rents due to the presence of electrodes in the interaction 
region. The effect described below cannot be achieved with-
out the use of laser-produced plasma.

The means of diagnostics comprised combined Langmuir 
and three-component magnetic probes, as well as an ion col-
lector. The main measurements were carried out along the 
axis of interaction with the movement of the probes from the 
dipole through the magnetosphere and further into the back-
ground plasma flow. To present the results, the so-called geo-
magnetic coordinate system is used, as shown in Fig. 1. Its x 
axis is directed in opposition to the background plasma flow 
(an analogue to the solar wind), and the z axis is directed 
oppositely to the magnetic moment of the dipole. Figure 3 
shows typical waveforms of the ion current density measured 
by the Langmuir probe and collectors placed at different dis-
tances from the dipole. Figure 3a shows the results obtained 
in the presence of only the background plasma (no laser-pro-
duced plasma, dipole off), which demonstrate the temporal 
dynamics of the flow and allow us to calculate its velocity. 
Note that the background plasma source (Q-pinch) is located 
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Figure 1. Schematic of laser irradiation of the target located on the di-
pole body.
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Figure 2. Schematic of the experiment: 
( 1 ) vacuum chamber; ( 2 ) CO2-laser radiation; ( 3 ) dipole with the tar-
get attached to it; ( 4 ) laser-produced plasma flow; ( 5 ) background 
plasma flow; ( 6 ) magnetic and electric probes; ( 7 ) coils inducing exter-
nal magnetic field along the vacuum chamber; ( 8 ) viewing window; ( B ) 
magnetic field.
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at a distance x = 290 cm, and so the further the probe is 
removed from the dipole, the closer it is to the Q-pinch. 
Figure 3b shows the results obtained in the presence of laser-
produced plasma and with the dipole switched on. The slit of 
the collector placed at a distance x = 70 cm was rotated by 
180°, so that it recorded the laser-produced plasma, but did 
not see the background one. The collector at x = 15 cm was 
still oriented to the background plasma, but was displaced 
along the y axis to a point with the coordinate y = 17 cm to be 
outside of the magnetosphere. Up to the zero point in time, at 
which the laser produces the plasma on the target, the probes 
at the points x = 140 and 15 cm record the background 
plasma flow, approximately the same as in the previous case. 
After target irradiation at the point in time t = 0, the collector 
at the point x = 70 cm demonstrates the dynamics of the 
laser-produced plasma. In this case, the collector at the point 
x = 15 cm shows a sharp decrease in the background plasma 
flow, which is due to its ‘sweeping out’ by the counterpropa-
gating laser-produced plasma flow. 

The typical parameters of the background plasma near 
the dipole were as follows: the duration of the flow ~20 ms, its 
velocity ~100 km s–1, and density ~5 ́  1012 cm–3. At a dis-
tance x = 70 cm the velocity of laser-produced plasma front is 
~250 km s–1 and the plasma density is ~2 ́  1012 cm–3. 
According to previous measurements [30], the laser plasma 

flow consists by half of protons and by half of carbon ions 
C2+, C3+, C4+.

The main results are presented in Fig. 4 in the form of 
perturbation waveforms of the three components of the mag-
netic field, ion density, and plasma potential at four distances 
from the dipole inside and at the boundary of the magneto-
sphere. The laser-produced plasma flow in the region under 
consideration has a clearly defined leading edge, which travels 
at a velocity of ~250 km s–1, and a trailing edge (velocity: 
~150 km s–1) with a total duration of 4 to 6 microseconds, 
which corresponds to the length of the bunch of ~100 cm. 
The laser produces the plasma at two targets, and the flows 
add up on the x axis. Since the angular velocity distribution 
relative to the normal is proportional to cos q for each target, 
the total density on the axis has a complex distribution and 
decreases much more slowly than the inverse-cubed distance, 
as is observed in the case of a single target. 

The plasma potential at short distances from the target 
(x = 9 and 13 cm) is positive prior to the arrival of the laser-
produced plasma (i.e., during the flow of the background 
plasma around the dipole) and negative after its arrival. The 
positive floating potential is caused by background plasma 
ions penetrating in small amounts into the magnetosphere, 
and the highest potential reflects the highest energy of the 
oncoming flow ions (~100 eV). In a dense plasma, the poten-
tial is induced by electrons and is reflective of their tempera-
ture. One can see from Fig. 4 that the potential is negative at 
a distance x = 26 cm prior to the arrival of the laser-produced 
plasma, which indicates the presence of the flow of the back-
ground plasma at this point. Namely, the density calculated 
from the measured current density is ~ 6 ́  1012 cm–3 prior to 
the arrival of the laser-produced plasma, while at shorter dis-
tances the Langmuir probe signal from the background 
plasma is absent, because it does not penetrate into the mag-
netosphere (except for a small number of ions). At a distance 
x = 18 cm, the potential is close to zero prior to the arrival of 
the laser-produced plasma. These data therefore suggest that 
the background plasma flow produces a magnetosphere of 
size Rm » 20 cm. The background-plasma temperature is esti-
mated at ~10 eV and that of the laser-produced plasma at 
~50 eV. 

We consider the perturbation of the main magnetic com-
ponent dBz. On the axis, the dipole field has only a positive 
component, equal at the corresponding points to about 
1500 Gs (x = 9 cm), 470 Gs (x = 13 cm), 190 Gs (x = 18 cm), 
60 Gs (x = 23 cm). At all four distances, the recorded pertur-
bation has a negative phase at first, which is quickly replaced 
by a positive one. A negative signal corresponds to the forc-
ing-out of the existing field. It is precisely the forcing-out of 
the external magnetic field that is the well-known result of its 
interaction with laser-produced plasma, which was observed 
in previous experiments for a simpler magnetic field geome-
try. Note that the greatest value of the negative signal corre-
sponds well to the total forcing-out of the initial field at dis-
tances of 13 and 18 cm. At a distance of 9 cm, the forcing-out 
is not complete, but rather significant. At a distance of 26 cm, 
the negative phase of the perturbation is absent during the 
passage of the laser-produced plasma, and there is only the 
forcing-out of the field by the background plasma. Forcing 
out the dipole field by the background plasma is an additional 
indication that the magnetosphere under production has a 
size of less than 26 cm. 

One can see that the forcing-out phase at the front of 
laser-produced plasma lasts for only a short time (<1 ms). A 
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Figure 3. Typical waveforms of the ion density current J in the plasma 
measured with the Langmuir probe at a distance x =140 cm as well as 
with collectors at distances x = 70 and 15 cm (a, b). In Fig. 3b, the col-
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new fact observed in the present experiment is a prompt 
occurrence of the positive field perturbation phase, which 
testifies to an enhancement of the external magnetic field. 
The change of polarity is clearly seen at distances of 9, 13, 
and 18 cm, i.e. inside the magnetosphere. It is clearly seen 
that the positive phase has pronounced maxima that coin-
cide with the local maxima of the laser-produced plasma 
flow. At a distance of 26 cm, the negative phase associated 
with the laser-produced plasma is absent. Instead, a positive 
phase already occurs with the arrival of the laser-produced 
plasma front, i.e. the field enhancement. This is supposedly 
due to the fact that this point is located outside the magne-
tosphere. The amplitude of the field in the positive phase of 
its enhancement decreases with distance and is approxi-
mately 300, 200, 150 and 100 Gs for x = 9, 13, 18 and 26 cm, 
respectively. The dependence is quite close to the depen-
dence of the form dBz µ 1/x. 

Since the laser-produced plasma flows are not perfectly 
symmetric with respect to the xy plane, other components are 
also observed in addition to the main dBz component. The 
perturbation of the second dipole component dBx  does not 
show the change of polarity of the signal and the forcing-out 
phase of the field. Figure 5 shows the signal waveforms mea-
sured above the equator at an angle j » 45° for a radial dis-
tance R » 14 cm from the dipole centre. One can see that the 
laser-produced plasma flux, as well as the temperature, is an 
order of magnitude lower at this angle than in the equatorial 
plane (Fig. 4), which corresponds to a relatively small solid 
angle of expansion of the plasma plume. The perturbation of 

the magnetic field is also relatively small. However, the forc-
ing-out phase of the dBx component is clearly observed, 
which is succeeded by the enhancement phase. The dBz com-
ponent also shows field enhancement. Therefore, the geome-
try of the perturbation of the magnetic field lines indicates the 
inflation of the dipole magnetic field and the stretching of the 
field lines.
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3. Conclusions and discussion of resultant data

Given below are the most important dimensional and 
dimensionless parameters of the Q-pinch plasma, of the 
mini-magnetosphere produced about the magnetic dipole, 
and the laser-produced plasma, which forms inside the mag-
netosphere and expands into the background plasma (where 
Cs is the sound velocity, lii is the mean free ion path, wpi is 
the ion plasma frequency, RL is the Larmor radius, we is the 
electron frequency, and tei is the electron-ion collision fre-
quency).

The resultant mini-magnetosphere is sufficiently collision-
less, and it is transitional in terms of the Hall parameter and 
magnetisation degree. The mini-microsphere properties for 
the indicated parameters were comprehensively studied in our 
previous work [25]. 

By and large the conditions differ slightly from the con-
ditions of a similar experiment [30], in which the effect of 
capturing the magnetic field of a dipole by a laser-produced 
plasma was discovered. The purpose of the present experi-
ment was to obtain additional data about this process. One 
can see that the waveforms immediately outside the magne-
tosphere (Fig.4, x = 26 cm) qualitatively correspond to the 
previously obtained results. A perturbation of the field is 
observed, which dynamically correlates with the laser 
plasma flow, which testifies to its transfer by the plasma. In 
this case, the perturbation has the same sign (direction) as 
the dipole field but far exceeds it in magnitude (dBz = 
100 – 150 Gs, Bd » 60 Gs). Clearly traced inside the magne-
tosphere is the dynamic transition from the phase of forcing 
out the dipole field to the phase of its capture. The displace-
ment phase is short and is observed only at the front of the 
laser-produced plasma stream. 

Another feature, which was also observed in the previ-
ous experiment at long distances from the dipole, is the pro-
nounced modulation of the captured magnetic field. The 
flow of laser-produced plasma consists of separate merged 
bunches. As discussed in our paper [20], the CO2 laser radia-
tion pulse has several peaks spaced at about 0.5 microsec-
onds and produces at least three consecutive streams of 
laser-produced plasma that follow each other. The velocity 

of the first flow is 1.5 – 2 times higher than the velocity of 
the second one and 2 – 3 times higher than that of the third. 
Since two laser plumes add up on the x axis, the flow mod-
ulation has a greater number of maxima and minima. The 
modulation depth of the magnetic field is much greater 
than the modulation depth of the plasma density and is 
approximately 100 %, i.e. the minimum value of the field 
lowers to almost zero. 

The capture of the magnetic field may be interpreted as 
the field penetration into the electron liquid of laser-produced 
plasma. The problem is that the electron temperature and the 
plasma conductivity are rather high. The magnetic Reynolds 
number of the laser-produced plasma is greater than 103, and 
the magnetisation parameter wetei is no less than 102. 
Therefore, the field penetration occurs anomalously fast. We 
can assume the presence of the effect of micro-instabilities or 
Hall processes. Micro-instabilities are accompanied with 
high-frequency magnetic-field oscillations. Stochastic noise in 
the low-hybrid frequency region is usually observed inside a 
rarefied laboratory mini-magnetosphere [30], but in our 
experiments it was absent during the passage of the laser-pro-
duced plasma. As for Hall processes, they manifest them-
selves when the Hall parameter – the ratio of the characteris-
tic size to the ion plasma length – becomes approximately 
equal to or less than unity. For a laser-produced plasma den-
sity of ~1014  cm–3 and a magnetosphere size of ~25 cm, this 
parameter is ~10. 

Another mechanism of magnetic field penetration into 
the plasma involves the development of groove instability at 
the plasma – magnetic field boundary. In Ref. [35], this 
mechanism, along with other ones, was comprehensively 
studied both experimentally and using three-dimensional 
magnetohydrodynamic numerical simulations. The dimen-
sionless parameters of the present experiment and the exper-
iment conducted in Ref. [35] are generally similar, despite 
the significantly different absolute values of the magnetic 
field, the interaction scale, the plasma density and tempera-
ture. The fundamental difference lies in the geometry of the 
interaction. In Ref. [35], the magnetic field is constant in 
space and the conical laser-produced plasma flow is rapidly 
transformed into a relatively thin sheet of thickness of the 
order of ion-plasma length. Under these conditions, the 
groove instability and Hall effects, in combination with the 
anomalous diffusion, enable the field to quickly penetrate 
the plasma. In our experiments, the pressure of the magnetic 
field rapidly decreased with distance, and the kinematic 
plasma pressure exceeded it in the entire domain under con-
sideration. The structure of the plasma plume in the present 
experiment has larger dimensions than in the experiment of 
Ref. [35], and therefore the field cannot quickly penetrate 
the plasma.

Thus, the main conclusion of the work is that the effect of 
laser-produced plasma interaction with a magnetic field has 
been discovered, which is difficult to explain proceeding from 
the well-known and best-studied processes, and therefore 
additional experiments are called for.

Acknowledgements. This work was supported by the Russian 
Science Foundation (Grant No. 18-12-00080), the Russian 
Foundation for Basic Research (Grant Nos 18-29-21018 
and 19-02-00993) and was carried out as part of the State 
Assignment of the Ministry of Science and Higher 
Education of the Russian Federation (Topic No. 
AAAA-A17-117021750017-0).

                        Background plasma parameters 

Velocity V
*/km s–1 . . . . . . . . . . . . . . . . . . . . . . 100

Average density n/cm–3  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .5 ́  1012

Mach number V
*/Cs. . . . . . . . . . . . . . . . . . . . . ~3

 

                        Magnetosphere parameters 

Magnetosphere dimension Rm/cm  .  .  .  .  .  .  .  .  .  .  .  .  ~20

Relative dipole radius Rd/Rm .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .0.25

Knudsen number lii/Rm. . . . . . . . . . . . . . . . . . ~20

Reynolds number 4psRmV
* /c

2 . . . . . . . . . . . . . ~1000

Hall parameter Rm wpi/c   . . . . . . . . . . . . . . . . . . 2.5

Ion magnetisation degree Rm/RL .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  2

 

                        Parameters of laser-produced plasma 

The ratio of the laser plasma energy 

     to the magnetic energy of the dipole QLP/Qd .  .  .  .  .  . ~1

Velocity relative to the background VLP/V*
 .  .  .  .  .  .  . ~2.5

Knudsen number lii/Rm. . . . . . . . . . . . . . . . . . ~100

Reynolds number 4psRmVLP/c2  .  .  .  .  .  .  .  .  .  .  .  . >1000

Electron magnetisation degree wetei  .  .  .  .  .  .  .  .  .  .  . >100
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