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Abstract.  For the first time to solve the problems of laboratory 
modelling of cosmophysical phenomena of an explosive nature 
(active experiments of the AMPTE type, with barium injections 
into the magnetosphere), spherical laser plasma clouds (LPCs) 
were produced and applied (in experiments at the KI-1 test facility 
of the ILP SB RAS). Use was made of the classical four-beam 
scheme of irradiation (regular tetrahedron) of a polyethylene target 
ball (Æ 1 cm) by CO2 laser radiation with an energy of up to 500 J. 
A high degree of symmetry of the expansion of a near-spherical 
LPC with a moderate velocity of ~100 km s–1 and an energy of up 
to 30 J has been achieved. The regimes of deceleration and forma-
tion of the spherical-LPC diamagnetic cavity were modelled for the 
first time, as well as the development of flute instability during the 
expansion of barium clouds across the geomagnetic field and the 
dynamics of these clouds along the field. 

Keywords: CO2 laser, four-beam scheme, ball target, spherical 
laser plasma cloud, magnetic field, laboratory simulation, active 
experiments in space, injection of barium plasma clouds, magneto-
sphere, flute-like and other plasma instabilities, Hall effects.

1. Introduction

There are well-known examples of the application of the sim-
plest scheme of symmetrical irradiation of spherical targets 
from four sides (in the geometry of a tetrahedron) at the ini-
tial stage of experiments on laser thermonuclear fusion in the 
USSR and abroad [1, 2], as well as in early model experiments 
[3, 4] in laboratory astrophysics at high-power laser facilities 
Helios and GekkoXII. However, in both cases, the sphericity 
of laser plasma clouds (LPCs) did not bring any advantages, 
and no essentially new results were obtained.

On the other hand, in many active experiments of recent 
decades on the injection of barium bunches into the iono-
sphere and magnetosphere of the Earth, primarily in the 
experiments of the AMPTE series [5], explosive methods are 

used to create close to spherical Ba vapour bunches, which 
are photoionised by the solar ultraviolet radiation in a char-
acteristic time ti » 20 s and then expand in the form of quasi-
spherical plasma clouds with a front velocity V0 » 1 km s–1. 
Specifically, for example, in the best-known AMPTE experi-
ment [5], as a result of the first injection in 1985 of a mass 
M0 » 1 kg of barium (in the geomagnetic tail, with a magnetic 
field B0 » 8 nT), the condition for the complete ionisation of 
Ba vapour up to the moment tb of their deceleration by the 
field was obviously fulfilled. Indeed, in this case, for the radius 
Rb of deceleration by the magnetic field of a spherical plasma 
cloud (with energy E0 = 0.3M0V0

2 ), according to Yu.P.  Raiser’s 
model [6], the following relationship can be written: 

Rb = (3E0/B0
2 )1/3 » 120 km;	 (1)

the corresponding deceleration time tb = Rb/V0 » 120 s >> ti. 
This made it possible to study for the first time in the course of 
AMPTE [5] the dynamics of cloud – field interaction under the 
conditions of such a ‘cosmic laboratory’, including the struc-
ture and evolution of the diamagnetic cavity on the theoretical 
scale Rb (1), as well as the development of flute-like and other 
instabilities at the plasma-field boundary, which affect the size 
of the real cavity Rc £ Rb. In particular, a lower-hybrid drift 
instability (LHDI [7]) was detected, which had previously been 
discovered in experiments with the LPCs [8, 9] in a vacuum 
magnetic field, during which the authors of Refs [10, 11] found 
for the first time the dependence of the real cavity size Rc (and 
its “lifetime” [12]) on the ion magnetisation criterion eb = RL/
Rb, where RL µ (m/z)V0 is the ‘directed’ ion Larmor radius, and 
m and z are the ion mass and charge.

However, in view of the fact that such a dependence [13] 
can also be obtained (without involving the effects of LHDI 
turbulence) on the basis of a model that takes into account 
the Hall effect [14, 15] of dissipative-free field penetration into 
the plasma, we planned the ‘Hall’ experiment with spherical 
LPCs. The main advantage of this formulation of the model 
experiment is that it is precisely in the case of a spherical LPC 
that there is a two-dimensional analogue [16] of the formation 
of magnetic Bj Hall fields in the presence of a background 
plasma in a uniform magnetic field. 

This paper outlines the main data on the experimental 
setup and the first results of the generation of spherical LPCs 
on the KI-1 facility by irradiating a spherical target (Æ 1 cm, 
made of polyethylene) with LUI-2m CO2 laser radiation [17] 
with an energy Q of up to 1 kJ and adjustable pulse shape. In 
this case, for comparable energies of the peak (up to 100 ns) 
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and microsecond tail (~200  J each), the target irradiation 
at  an extremely low intensity [18] q ~ 108  W  cm–2 (at 
l = 10.6 mm) formed an LPC bunch with a front velocity V0 
» 100  km  s–1, an energy E0 » 25 – 30  J, and a satisfactory 
degree of expansion symmetry. 

Previously, in model experiments on KI-1 [18], use was 
made of quasi-spherical LPCs produced by double-sided 
irradiation of thin filaments or ball targets [9, 19] made of 
caprolon. The sufficiently symmetrical expansion of such 
LPCs was provided by the effects [18, 20] that equalise the 
temperatures near the target surface due to thermal conduc-
tion and absorption of the long-wavelength laser radiation 
(10.6 mm) in the corona. However, in experiments with such 
LPCs on the KI-1 facility (with a ball target and an additional 
source of up to 9-kG magnetic fields), there showed up the 
effect of jet formation [11] across such fields and along two 
laser beams. Therefore, in order to develop the laboratory 
simulative experiments [21] in a new parameter domain (pri-
marily, at a high degree of ion magnetisation, with the crite-
rion eb £ 0.3), it became necessary to use more symmetrical 
target irradiation schemes, the simplest of which is the scheme 
based on a tetrahedron [22].

2. Setting up and results of experiments 
on the formation of spherical laser-plasma 
clouds in the four-sided irradiation of ball 
targets according to the scheme 
of an isosceles tetrahedron 

Figure 1 shows the scheme for the formation and focusing of 
four CO2 laser beams into the centre of the KI-1 vacuum 
chamber (5 m long and 1.2 m in diameter) onto a polyethylene 
ball target 10 mm in diameter to generate a spherically sym-
metric LPC. To maximise the spherical symmetry of the LPC 
in the framework of four-beam irradiation, we used the 
scheme of an isosceles tetrahedron, with the target at its cen-
tre and deflecting mirrors in each of its corners. Two radia-
tion beams were injected into the vacuum chamber and were 
focused by two lenses with a focal length of 120 cm. Copper 
plates were placed after the lenses, reflecting about half the 
beam, while the second half passed further. At the final stage, 
copper mirrors at the vertices of the tetrahedron directed the 
beams to the target. This arrangement made it possible to 
minimise the path difference for the rays after the focusing 
lenses and achieve symmetrical coverage of all irradiation 
directions. Near the target, all radiation beams were focused 
into oval spots (with a highest intensity region of size 
~10 ́  12  mm). Several versions of target suspension were 
tested, the most suitable for our task was the mounting on a 
thin ceramic tube 2 mm in diameter, which inserted into the 
ball and oriented almost along the magnetic field. The longi-
tudinal quasi-uniform and quasi-stationary magnetic field 
with strength B0 up to 400 Gs was oriented along the chamber 
axis [like the incoming beams ( 1 ) in Fig. 1]. 

Figure 2 shows typical photographs of the LPC in a vac-
uum without a magnetic field, demonstrating a high degree 
of spherical symmetry of LPC expansion. Figure 3 shows 
the location of the main elements of probe diagnostics 
(probe inputs PE and IK) near the main section [or principal 
plane (PP)] of the KI-1 chamber, which passes through the 
target perpendicular to the z axis of the chamber. Due to the 
rotation of these inputs around their axes, the probes them-

selves on ceramic tubes can be moved apart both in the PP 
and at any angle to it (up to 90 °, i.e., with their displacement 
along the z axis). Possible movements of the probes (and 
their 3D positions) were analysed using the Autocad pro-
gram, and the probe positions were chosen from the condi-
tions of not falling into the laser beams and the possibility of 
recording plasma flows from those target surface areas 
where the total radiation intensity of all four beams was 
likely to be minimal. 

2.1. LPC diagnostics and parameters in the absence 
of a magnetic field 

To monitor the degree of LPC expansion symmetry, three 
probe locations were chosen. The signals of double Langmuir 
probes were recorded using broadband circuits based on opt-
ocouplers [23]. Figure 4 shows the data on the initial symme-
try in the form of dynamics (at different points) of the plasma 
density n(t) of these probes (PE1, PE2), which is calculated 
from the general formula for the ion current collected by the 
probe on a thin cylindrical Langmuir probe in the plasma 
flow [24], Jp = Ji µ nVSpF, where Sp = 2rplp; rp = 10 mm £ 
lDe is the probe radius; lp is the probe length; F is a function 
of the probe potential; Up is under 80 V; and lDe is the Debye 
radius. Figure 5 shows similar data for collectors whose cur-
rent Jk = nVSk, where the geometric area Sk of the inlet open-
ing is known and does not depend (in the saturation regime) 
on the collector voltage Uk. As a result (taking into account 
the secondary ion – electron emission coefficient g), we calcu-
lated both the dynamics of the density n(t) of the LPC in Fig. 
4 and its total initial kinetic energy 

[2 / /( ) ] ( / ) ,dE R m z eF J t t1 2
p p0
4 G Hp g= + y 	 (2)

where integration is performed from t0 = Rp/V0 to ¥; Rp is the 
distance from the probe to the target; and e is the electron 
charge. 
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Figure 1.  Schematic optical diagram of four-sided irradiation of ball 
targets (according to the isosceles tetrahedron scheme) on the KI-1 fa-
cility at the ILP SB RAS:	
( 1 ) incoming beams; ( 2 ) focusing lenses (NaCl) in the chamber with a 
total length of 5 m (diameter: 1.2 m); ( 3 ) copper mirrors; ( 4 ) copper 
beam splitters; (  5 ) target (C2H4).
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Figure 5 shows the collector data on the LPC density 
dynamics in the direction along the field [similar data on the 
LPC energy in this direction were obtained from expression 
(2) for F = 1]. The initial data of probes PE1, PE2 on the den-
sity in Fig. 4 [the arrival time and magnitude of signals at 
25 cm in regime 3 (plasma production regime)] are in good 
agreement with the data of collectors in other directions in 
Fig. 5 (at distances z = ± 68 cm). As a result, the preliminary 
average data (and single-shot data) on the initial energy E0 
and on the total number of particles N are quite close: for 
probes PE1, PE2 and IK1, IK2 – 23 J for 0.9 ́  1018; and for 
collectors, 21 and 27 J for 1.25 ́  1018. Note that before the 
main experiments, all of these probe diagnostics were mutu-

ally calibrated under conditions of a hydrogen background 
plasma from a theta-pinch type source with a density n

*
 ~ 

1013 cm–3 (at their close location).

a b c

Figure 2.  (Colour online) (a) Time-integrated photo of the LPC taken from the end of the chamber, as well as (b, c) photos made with an electro-
optical converter from (b) the end and (c) side of the chamber, which were taken at the same point in time 1.5 ms (in different shots, with exposures 
Dt = 0.5 and 0.25 ms). The scales in Figs 2b and 2c are somewhat different. In Fig. 2b, at the top and bottom left, probe tubes are visible, the distance 
between the ends of which is 50 cm. 
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Figure 3.  (Colour online) Location of the main elements of probe di-
agnostics, PE and IK inputs, in the area of the principal plane (PP) of 
the KI-1 camera in relation to the target (at the centre) and to the ele-
ments of the optical system (most of which are outside the PP). Each 
of the probes PE1, PE2 and IK1, IK2 represents two pairs of combi-
nations (Langmuir probe + three-component magnetic probe) mov-
able along the radius (by common rods: diagonal straight lines), and 
the mechanisms of the rods themselves can be rotated. At the ends of 
the rods inside the chamber there are holders of ceramic tubes, with 
probe pairs placed at their ends; the ends themselves can approach 
each other almost to the contact. KB is an ion collector, which moves 
along the radius R(x) and measures the ion fluxes along z (at z = ± 
68 cm, KB1 and KB2). 
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Figure 4.  (Colour online) LPC density dynamics in the absence of a 
magnetic field at a distance R = 25 cm from the target (in various direc-
tions), including such shift from the Z axis (in the plasma generation 
regime n3); N is the total number of particles. 

5 10 15 20 25 300

5.0´1010

1.0´1011

1.5´1011

2.0´1011

2.5´1011

KB1 KB2

n/cm-3

t/ms

Figure 5.  (Colour online) Density dynamics obtained for collectors 
KB1 and KB2 (in the regime of saturation of the ion current Jk to their 
flat receiving electrodes) in the absence of a magnetic field, at distances 
along the z axis = ± 68 cm from the target (near the chamber axis, at 
R £ 1 cm). 
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2.2. LPC parameters based on the characteristics 
of a diamagnetic cavity and plasma dynamics 
in a uniform magnetic field

The main measurements were carried out in a sufficiently 
strong magnetic field B0 = 400 Gs to ensure the conditions for 
the magnetisation of LPC ions according to the criterion eb = 
RL/Rb < 1 and the formation of a cavity with a radius Rc » 
Rb. Indeed, at the determined average LPC energy E0 » 
23.5  J, the spatial scale of cloud deceleration (1) across the 
field should be Rb » 16.4 cm for the ion Larmor radius RL » 
7.5  cm (for the carbon ion charge Z = 3 [25] and the LPC 
front velocity V0 » 100 km s–1), so that the criterion for effec-
tive plasma – field interaction is realised and eb » 0.46 (<1) 
even without the inclusion of protons in the LPC. Then, 
according to the generalised experimental data [10], one could 
expect the actual cavity size Rc » 15.6 cm, while in our exper-
iments [29.04.2021 and 25.05.2021 (Fig. 6)] an experimental 
cavity with a radius of only Rce » 14 and 15 cm, which is quite 
close to what is expected at such an LPC energy and a given 
average E0 » 23.5 J. In all cases of a strong field, a significant 
plasma deceleration was observed (Figs 7, 8), and the discrep-
ancy between the cavity sizes Rc and Rce can be associated 
with the changes in the shape and transverse dimensions of 
the LPC due to its almost free expansion along the field [26], 

which is noticeable in the images of a high-speed photo-
recorder (Fig. 9) at these stages.

Late in the interaction of LPC bunches with the field (t » 
3 – 4 ms » 2Rb/V0), also possible is the influence of the rapid 
development of anomalous flute-like instability (Fig. 10) at 
finite eb ~ 1 [27, 28] (the effect of anomalous flute instability 
on the cavity dimensions was studied in detail in Ref. [11]). In 
the case of expansion of such an LPC in a weak field B0 = 
70 – 100 Gs at eb » 1.1 (³ 1), the LPC front does not slow 
down at all (Fig. 11), at least on the studied scales up to 33 cm 
(with the calculated Rb » 50 cm).
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Figure 6.  Structure of the diamagnetic cavity of a spherical LPC in a 
maximum magnetic field B0 = 400 G. The point in time is 4.2 ms, for the 
maximum cavity size Rce » 14 cm. 
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Figure 7.  (Colour online) Oscillogram (25.05.2021, probe PE1) show-
ing the deceleration of the LPC front at various distances R across a 
strong magnetic field of 400 G, according to the ion flux density in arbi-
trary density units. 
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Figure 8.  R – t diagram of the LPC front deceleration in a strong mag-
netic field B0 = 400 Gs (constructed from the data of Fig. 7). The transi-
tion from the initial velocity V0 » 100 km s–1 to a significantly reduced 
one (down to ~30 km s–1) occurs on a scale of ~14 cm (± 2 cm), close to 
the calculated stagnation radius Rb » 16 cm [6]. 

a

b

Figure 9.  Photographs of the LPC taken in the central section ‘from the 
side’ of the vacuum chamber at (a) t = 1.5 ms, Dt = 0.5 ms and (b) t = 
3.65 ms, Dt = 1 ms; magnetic field B0 = 400 Gs (28.05.2021). Figure 9b 
shows the development of flutes along the field. 
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3. Conclusions

The simplest scheme of symmetrical CO2 laser irradiation of a 
spherical target in the four-beam geometry of a regular tetra-
hedron was successfully implemented. As a result, the interac-
tion of a close to spherically symmetric LPC with a magnetic 
field was realised for the first time for the purposes of labora-
tory modelling of cosmophysical phenomena of explosive 
nature (active experiments of the AMPTE type in the magne-
tosphere). We recorded the effects of diamagnetic cavity for-
mation and the deceleration of the LPC across the field (and 
expansion along it) with the development of an anomalous 
flute-like instability (of the Rayleigh – Taylor type) at the 
front of the LPC. The achieved characteristics of the spherical 
LPC provide unique opportunities for studying the 3D effects 
of anomalously fast cavity collapse due to possible Hall non-
dissipative processes of magnetic field penetration.
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a b c

Figure 10.  LPC photographs for (a) t = 2 ms, Dt = 0.5 ms, (b) t = 2.5 ms, Dt = 0.5 ms, and (c) t = 3.5 ms, Dt = 1 ms; the magnetic field, B0 = 400 Gs. 
Approximately 20 to 24 flutes can be observed.
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Figure 11.  (Colour online) R – t diagram of the propagation of the LPC 
front in the regime of weakly magnetised ions without significant decel-
eration of the cloud for eb = RL/Rb » 1.1 ³ 1 (in a field of 70 Gs): LPC 
density front ( ), radii of the edges of the cavity under strong displace-
ment ( ), LPC density front in the absence of magnetic field ( ). The 
EOP point corresponds to the moment when the electrooptical convert-
er records the arrival of the LPC (in the form of flutes) at the metal 
mounting ring Æ 90 cm (inside the KI-1 chamber, near the PP). The 
electrooptical converter is triggered at the point in time t » 6.5 ms with 
the maximum exposure ∆t = 5 ms.


