N

N

EXPERIMENTAL STUDY OF THE INTERACTION
OF A LASER PLASMA FLOW WITH A
TRANSVERSE MAGNETIC FIELD
A. A Soloviev, K. F Burdonov, A. V Kotov, S. E Perevalov, R. S Zemskov,
V.N. N Ginzburg, A. A Kochetkov, A. A Kuzmin, A. A Shaikin, I. A Shaikin,

et al.

» To cite this version:

A. A Soloviev, K. F Burdonov, A. V Kotov, S. E Perevalov, R. S Zemskov, et al.. EXPERIMEN-
TAL STUDY OF THE INTERACTION OF A LASER PLASMA FLOW WITH A TRANSVERSE
MAGNETIC FIELD. Radiophysics and Quantum Electronics, 2021, 63, pp.876-886. 10.1007/s11141-
021-10101-y . hal-03394201

HAL Id: hal-03394201
https://hal.science/hal-03394201v1

Submitted on 28 Nov 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03394201v1
https://hal.archives-ouvertes.fr

EXPERIMENTAL STUDY OF THE INTERACTION OF A LASER PLASMA FLOW WITH A
TRANSVERSE MAGNETIC FIELD

A. A. Soloviev!, K. F. Burdonov?, A. V. Kotov?, S. E. Perevalov?, R. S. Zemskov?, V. N. Ginzburg?, A. A.
Kochetkov?, A. A. Kuzmin?, A. A. Shaikin, I. A. Shaikin?, E. A. Khazanov?, I. V. Yakovlev?, A. G. Luchinin?!, M.
V. Morozkin?, M. D. Proyavin', M. Yu. Glyavin?, J. Fuchs?, and M. V. Starodubtsev?

Abstract

We present the results of studying experimentally the expansion of laser plasma in a strong external
magnetic field (with a magnetic flux density of 13.5 T) at various sizes of the region of plasma formation
on the surface of a solid-state target. It is shown that when the size of the plasma formation region is
smaller than the classical plasma braking radius, a nearly identical topology of plasma flows is observed,
which is characterized by the formation of a thin plasma sheet directed along the external magnetic
field. If the width of the plasma formation region is comparable with the classical plasma braking radius,
an additional plasma sheet starts to be formed.

Introduction

Studies of the interaction of laser plasma with external magnetic fields opens up ample opportunities in
the context of various magnetohydrodynamic and wave processes, as well as their application to
solution of many fundamental and applied problems. Interest in such works is largely related to the
problems of laser-plasma acceleration of charged particles and control of their characteristics [1-4],
development of new schemes for generation of secondary emissions [5-10], etc. At the same time,
strong external magnetic fields are actively used in physics of high energy densities. Here, the processes
of interaction of laser plasma with magnetic fields open up broad options of studying experimentally a
wide spectrum of problems, from improving the efficiency of target heating during controlled fusion
using a strong external magnetic field [11- 16] to modeling astrophysical phenomena in the laboratory
[17-24]. For example, when accretion of matter to young stars is modeled, one can successfully employ
laboratory experiments with the use of high-speed flows of the laser plasma produced by nanosecond
laser pulses that impact solid-state targets located in an external magnetic field [20—-24].

Laboratory modeling allows one to solve a number of important astrophysical problems. In particular,
the methods of modeling numerically the process of matter fall from the accretion disk onto a young star
cannot provide a comprehensive answer to the question about the structure of the transition zone
between the inner edge of the accretion disk and the magnetosphere of the star. As a result, there exist
several, noticeably different models that describe this process, including the models of accretion along
magnetic field lines [25—28] and accretion in the equatorial plane of the star [29—-30], which is due to the
development of the Rayleigh—Taylor instability. In this case, laboratory experiments make it possible to
reveal, which physical processes play the determining role in the transition zone, develop the
corresponding numerical model of interaction of the moving plasma with the ambient magnetic field,
and use it as a basis for estimating the main parameters of both the plasmas in the accretion disk at the
magnetosphere boundary and the flows inside the accretion column.

Due to the fact that the transition zone between the inner edge of the accretion disk and the
magnetosphere of the star is characterized by the rough balance of the gas-dynamic plasma pressure
and the magnetic pressure, fulfillment of this condition is the main requirement in the development of
the experiment scheme. To estimate the characteristic parameters of the laser plasma under these
conditions, one can use the so-called classical plasma braking radius [31,32]



Then it is assumed that the laser plasma with the total energy Eo is produced instantly at a certain point
of space with a uniform external magnetic field Bo, after which it expands isotropically with the initial
supersonic velocity Vo. Due to its high conductivity, the laser plasma pushes the magnetic field out of its
volume and reaches the size of about Ry, till the time when it ceases to move completely. The average
plasma density inside the sphere with the radius Ry, turns to be about

E, o

N ~
) viM (DR, 4nveM

(2)

where M is the ion mass. One can see that the quantity <N> does not depend on the energy of the laser
pulse and is determined by the ratio of the magnetic flux density BO of the external magnetic field to the
initial ion velocity Vo. It should be noted that in most experiments performed to study the spread of the
laser plasma produced by irradiating solid-state targets with nanosecond laser pulses [17-24], the
characteristic values of Vo turn out to be rather close and lying in the range from 100 to 500 km/s,
despite the noticeably different parameters of the laser radiation (e.g., its intensity on the target surface
changes from | ~ 10 W/cm? [17, 18] to | ~ 103-10™ W/cm? [20-24]). Thus, the influence of the
magnetic flux density Bo of the external magnetic field on the average plasma density turns out to be
determining.

A significant part of the experiments on the interaction of laser plasma flows with an external magnetic
field is performed using large-scale experimental facilities with characteristic scales of the external
magnetic field about 1 m and a magnetic flux density of about 100-1000 G (0.01-0.10 T) [18, 19]. In this
case (for laser pulse energies of 10—100 J), the characteristic dimensions Rb turn out to be about tens of
centimeters, and the average densities <N>, of the order of 10'* cm™. It should be noted that the use of
such an approach limits the geometry of the experiments to a certain degree, so that the size of the laser
plasma source is always much smaller than Ry and the quasispherical plasma spread into the uniform
external magnetic field is studied.

A different approach to studying the processes of interaction of laser plasma with an external magnetic
field, which is realized with the PEARL facility at the Institute of Applied Physics (IAP) of the Russian
Academy of Sciences, is based on the use of much stronger magnetic fields (more than 10 T). In this case,
the characteristic dimensions Ry, prove to be about 3 mm, and the average plasma densities, about 10
cm™ for a characteristic laser pulse energy of 10 J. Let us indicate the main advantages of this approach
based on the use of stronger magnetic fields. First, it is seen that the obtained values of R, and <N>
make it possible to use optical methods of diagnostics, such as, e.g., femtosecond laser interferometry,
which allows making instantaneous two-dimensional snapshots of the electron number density
distribution in the flow of spreading laser plasma with high spatial and temporal resolution. Second, the
small size of Ry, allows one to vary the experiment geometry significantly, including the possibility to
create a laser-plasma source with dimensions of the order of or even larger than Ry, which offers an
opportunity to extend significantly the geometry of the experiments on interaction of plasma flows with
an external magnetic field.



Fig. 1. Setup of the experiment: target chamber (1), pumping laser (2), vertical and horizontal components
(3 and 4, respectively) of the diagnostic laser beam (5), delay line (6), coils (7), and CCD cameras (8).

In this work, we study the influence of the size of the laser spot on the target surface on the structure of
the plasma flow, which expands into a homogeneous external magnetic field, in the case where this size
is less than or comparable with the classical plasma braking radius Ry. In particular, the obtained
experimental data on the topology of the laser-plasma flow are presented for the first time for the laser-
spot size approximately equal to Ry.

Setup of the experiment

The experiments were performed on a laboratory facility for studies of laser-plasma interaction [33, 34]
based on the PEARL laser complex [35]. The laser plasma was produced inside the magnetic system
described in Sec. 2.2.

A schematic diagram of the experiment is shown in Fig. 1. To produce the plasma, we used the second
harmonic of the PEARL pumping laser shown in blue in Fig. 1 (Nq glass laser [36] with a pulse duration of
1 ns, a pulse energy of up to 180 J, a wavelength of 527 nm, and the beam diameter D = 10 cm). The
laser pulse was focused on a solid-state target, which was installed inside the magnetic system, by using
a lens with the focal distance F = 1 m. The diameter of the spot on the target could vary from 0.1 to 2
mm, and the radiation intensity in this case fell within the range 2 - 101'-10%* W/cm?. Under the action of
this radiation, a high-speed (100-500 km/s) plasma flow with a density of about 10'® cm™ was produced,
which was spreading in vacuum mainly in the direction perpendicular to the target surface.



b)

Fig. 2. Sectional schematic (a) and a general view (b) of the magnetic system: metal load-bearing frame
(1), composite elements of the frame (2), windings (3), nitrogen chamber (4), external shield (5), and
tapered openings for input of the laser radiation and output of the plasma flow.

To model the processes of interaction of high-speed plasma flows with an external magnetic field, the
target chamber was equipped with a magnetic system in the form of Helmholtz coils, which made it
possible to input the pumping and test laser radiation (see Fig. 2). The maximum magnetic flux density of
the external magnetic field at the coil center can reach about 20 T.

Since laser plasma experiments are performed in a target chamber at a pressure of residual gases lower
than 107° Torr and the pulse repetition rate can be up to one pulse per several minutes, a cryostat filled
with liquid nitrogen is used to cool down the coils of the magnetic system. The magnetic system created
for experiments on the laser-plasma PEARL facility, consists of a pair of coils with a distance of about
1cm between them, which are fixed in a vacuum-tight box with double walls, between which liquid
nitrogen is poured. The design of the body, along with the mechanical strength and vacuum tightness,
makes it possible to

(1) install the target inside a coil with the possibility of fine tuning of the target position;
(2) ensure a gap at least 2 cm wide in mutually perpendicular directions for the diagnostic
radiation;

(3) input the high-power laser radiation in a wide range of angles relative to the direction of the
magnetic field.

The necessity of focusing the high-power laser radiation inside the magnetic system imposes an
additional requirement on the design of the system: structural elements should not impede the focusing
(including point beam focusing) of the laser radiation at the center of the magnetic system. The
magnetic system of the PEARL facility ensures the maximum focusing D/F < 1/5 in the direction across
the external magnetic field and D/F < 1/4, in the longitudinal direction. It also ensures uniformity of the
magnetic flux density in the gap between the coils at the level about ABo/Bo ~ 10 %, which is quite
sufficient for experiments on expansion of nanosecond laser plasma into the external magnetic field. The
requirements for the uniformity of the magnetic flux density are not very rigid, since in any case the field
is perturbed strongly by the plasma flow.



The magnetic field was produced by a discharge of the capacitor unit through a coil. The time of arrival
of the laser pulse at the target was synchronized with the peak of the discharge, when the field in the
coil was the strongest. The characteristic duration of the discharge is several milliseconds, which is much
longer than the characteristic duration of the dynamics of the studied laser plasma (less than or
approximately equal to 100 ns). Therefore, the magnetic field can be regarded constant for the duration
of the experiments on expansion of the laser plasma.

As has been noted above, the design of the magnetic system consisting of two Helmholtz coils made it
possible to install targets inside the uniformity region of the magnetic field, input high-power plasma-
generating laser pulses to this region, and examine the region occupied by the laser plasma with the
help of two mutually perpendicular collimated diagnostic femtosecond laser beams with diameters of
about 2 cm, thus providing the possibility to obtain instantaneous 2D interferometric snapshots of the
laser plasma in two direction simultaneously, namely, along and across the external magnetic field (see
Fig. 3).

Fig. 3. Scheme of the positions of the plasmagenerating nanosecond (1) and probing femtosecond (2 and
3) laser beams in the magnetic system (4 is the winding and 5 is the target).

The targets were installed approximately normally to the direction of the plasma-generating nanosecond
laser pulse. They were rectangular plates of CF; Teflon (with dimensions of about 5 x 10 x 1 mm)
connected to a glass tube fixed on a motor-driven positioning system, which was installed specially for
this series of experiments. This system allowed us to place the target in the plane, which ensured the
required intensity of the laser pulse on the target surface, and move the target to a new point after each
shot. This allowed us to run off a series of shots using one target with no need for breaking the vacuum
in the target chamber to replace the target after each shot.

The plasma was diagnosed by the method of femtosecond optical interferometry using the PEARL laser
radiation at the output of the optical compressor with a central wavelength of 910 nm, a duration of less
than 100 fs, and an energy of up to 10 mJ. Two Mach—Zehnder interferometers (horizontal and vertical,
which are shown black and brown, respectively, in Fig. 1), have been assembled in the target chamber.
They allowed us to use the delay line (see Fig. 1) to collect information about the phase distortions in the
plasma at times from 8 to 108 ns after the start of formation of the plasma cloud in two planes: along
the magnetic field (vertical interferometer) and perpendicularly to it (horizontal interferometer). Glan
prisms were used to divide a femtosecond beam in space into two polarization components, one of



which was delayed for 10 ns relative to the other, which allowed us to study two different moments of
plasma evolution during one shot. A set of instantaneous snapshots of the plasma in the process of its
interaction with an external magnetic field, which is obtained by this method, provides comprehensive
information about the studied processes.

Experimental results

Figure 4 shows interferograms of the laser plasma spreading into the external magnetic field Bo=13.5T.
The characteristic time of the spread of the plasma cloud up to the size Ry, when it should be stopped
under the pressure of the external magnetic field, is about th ~ Ry/Vo ~ 8 ns. Several characteristic
stages are discerned in the dynamics of the interaction of the plasma flow with the magnetic field. At the
initial stage (at times much shorter than 1), the external magnetic field does not affect the plasma
spread. In this case, the plasma flow is characterized by a greater ratio 2popoVo/Bo> ~ 103 of the gas-
dynamic pressure into the magnetic pressure (here, W is the magnetic constant and po is the plasma
density). At times of the order of t, the plasma reaches the size of the order of Ry, and its spread is
stopped by the magnetic pressure (see Fig. 4a). In this case, the magnetic lines are distorted, and a
sufficiently sharp boundary is formed between the plasma cloud and the magnetic field. The Rayleigh—
Taylor magnetic instability (flute instability; see the inset in Fig. 4a and also the detailed description of
this process in [20]) starts developing at this boundary. At longer times, the plasma flow as a whole is
directed to the upper part of the plasma cloud, where a thin plasma sheet is formed, which is strongly
compressed in the direction across the external magnetic field (see Fig. 4b) and stretched along the
magnetic field (this geometry of the flow is confirmed by interferograms, which are measured across By,
but not presented here; thus, the fine structure observed in the top part of Figs. 4b—4d is a projection of
the plasma sheet oriented perpendicularly to the observation plane). Further, the plasma cloud is
compressed by the pressure of the magnetic field and the plasma is predominantly displaced along this
plasma sheet (see Figs. 4c—4e). The experimental data show that the characteristic scale of the flute
instability increases as the plasma cloud expands (cf. insets in Figs 4a and 4b, as well as the structure of
the side lobes in Figs. 4c—4e).



Fig. 4. Dynamics of the spread of laboratory plasma into an external magnetic field with a magnetic flux
density of 13.5 T for time instants 8 ns~ 1, (a), 18 ns (b), 28 ns (c), 38 ns (d), and 48 ns (e). The rectangle
at the bottom of panel a denotes the target.

The above-described process of the interaction of a laser plasma with a magnetic field was studied
comprehensively in [22], and its initial stage (corresponding to Fig. 3a) was also studied well in
experiments on large-scale facilities [18, 19]. However, the experimental data presented in [18, 19, 22]
were obtained for the laser plasma source, whose dimensions were much smaller than the radius Rb of
plasma braking by the magnetic field. In this work, we present the first experimental data using a source
of laser plasma with a size approximately equal to Ry.



Figure 5 shows interferograms of the laser plasma spreading in the direction across the external magnetic
field with a magnetic flux density of 13.5 T for several diameters of the laser spot on the surface of a solid-
state target. They are measured in the direction along the magnetic field and allow one to gain
understanding of the difference in the regimes of spreading of the laser plasma, as the size of its source
varies.

For the sake of comparison, Fig. 5a shows an interferogram of the laser plasma cloud in 28 ns after the
end of the plasma-generating laser pulse in the absence of an external magnetic field. One can see that
the plasma spreading regime is almost isotropic, which leads to fast spreading of the cloud and the
absence of an observable signal already at a distance of several millimeters from the target. Figures 5b—
5f show interferograms of the plasma flows in 28 ns after the end of the plasma-generating pulse in the
magnetic field with a magnetic flux density of 13.5 T. The time 28 ns is greater than t, ~ Rp/Vo ~ 8 and
corresponds to the phase of compression of the plasma cloud under the pressure of the magnetic field
and displacement of the plasma in the form of a sheet in the direction perpendicular to the target
surface. The interferograms in Figs. 5b—5f correspond to different diameters D of laser spots on the
target surface for identical energies of the laser pulse (about 18 J): the value of D increased from about
0.1 mm (Fig. 5b) to 1.8 mm (Fig. 5f). It should be noted that the coefficient of absorption of the laser
radiation decreases as the radiation intensity on the target surface increases, but for the data shown in
Fig. 4, this coefficient lies in the range from 90% (Fig. 5f) to 70% (Fig. 5b) [37]. Thus, it can be assumed to
be almost identical for all the presented interferograms.

Comparison of the interferograms shown in Figs. 5c—5e demonstrates that at small sizes of the plasma
source, one observes very similar, nearly indistinguishable topology of plasma flows, which is
characterized by a single plasma sheet, which propagates perpendicular to the target surface, and



pronounced side lobes related to the development of Rayleigh—Taylor magnetic instability. As the laser
spot on the surface of the solid-state target increases up to sizes of about 2 mm, this topology starts
distorting. In particular, it is seen that an additional plasma sheet starts to branch off the target surface,
which is well pronounced in the left bottom part of Fig. 5f. This result is evidently novel and requires
further detailed experimental and theoretical studies. Additionally, it is interesting to note that the
plasma sheet in Fig. 5b, i.e., at a very small size of the laser beam on the target surface (and,
correspondingly, at great values of the laser radiation intensity and, apparently, at high plasma
temperatures), seems to be less stable than that in Fig. 5c—5e. One can see that the sheet undergoes
transverse oscillations and disintegrates into several sheets, as the distance from the target increases.
This result also requires further studies.

Discussion and conclusions

In the reported experiments, the dynamics of interaction of the propagating plasma flow with a
transverse magnetic field has been studied in detail. The features of plasma penetration into the
magnetic field have been studied, and it is shown that even a strong magnetic field (with a magnetic flux
denisty of more than 10 T) does not stop the plasma flow in the region where the gas-dynamic and
magnetic pressures are identical. On the contrary, the experimental results presented illustrate the
complex threedimensional dynamics of the interaction of laser plasma with an external magnetic field.
This interaction results in formation of a thin plasma sheet, which is oriented along an external magnetic
field and moves away from the target to distances that exceed the dimensions of the laser spot by tens
of times. The main mechanism that determines such dynamics of the plasma flow is apparently the
Rayleigh—Taylor magnetic instability [22]. The presented experimental results show that if the initial
transverse size D of the plasma flow is sufficiently small (noticeably smaller than the braking radius Rb),
the flow topology is practically independent of D. At the same time, when the transverse size D is
comparable with Rb, the flow topology starts to change. In particular, the start of the formation of an
additional plasma layer moving away from the target surface is observed. This experimental result can be
significant for the development and testing of numerical models intended to describe the processes of
interaction of plasma flows with the magnetic field.

It should be noted that there are other spatial scales in the problem of spreading of laser plasma to the
external magnetic field, e.g., the characteristic spatial period Agr of the Rayleigh—Taylor instability, which
is equal to or less than about 1 mm for our experimental parameters [22]. The changes in the topology
of the plasma flow, which depend on the ratio between D and Agr, should be the topic for further
studies.

Along with the evident relation of the performed experiments to laboratory astrophysics [20-24], in
particular, to the problems of plasma penetration from the accretion disk to the magnetosphere of stars
[23], the observed magnetized plasma structures can be of interest in the context of other applications.
Indeed, many schemes of laser-plasma sources of accelerated charged particles and secondary emissions
require sharp boundaries between the plasma and free space. As an example, one can note the problem
of creating a terahertz using a magnetized wakefield wave [5-10], where the sharp boundary between
the plasma and free space is required for efficient generation of terahertz radiation. Another example
can be the problem of propagation of high-power femtosecond laser pulses in the near-critical plasma in
the self-trapping regime [38, 39], which is accompanied by efficient generation of high-charge electron
beams and hard betatron radiation. Experimental realization of this regime of the interaction of laser
radiation with plasmas requires that the laser pulse should be focused on the sufficiently sharp plasma
boundary.



Creation of a plasma target with a sharp boundary is a complex experimental problem. A way to create
such targets is to use the considered plasma flows in a strong transverse external magnetic field, which
makes it possible to form a sufficiently sharp boundary between the plasma and free space (see Fig. 6)
with the characteristic width of the transitional region, which does not exceed 200 um (the numerical
modeling presented in [21] also yielded a close value of the thickness of the transition layer between the
plasma and free space.)
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Fig. 6. Interferogram of the plasma cloud interacting with an external magnetic field (Bo = 13.5 T) in 8 ns
after the end of the plasma-generating pulse (a) and the profile of n.(x) = fj;o N (%,y) dy (b) which

corresponds to the dashed line in panel a, where Ne is the plasma density and the y axis is directed across
the plane of the figure in panel a.
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