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Magneto-inertial fusion (MIF) or inertial confinement fusion with magnetized target implosion is considered.
Laser-driven MIF allows to compress the preseeded magnetic field to thousands of teslas. Model of high pulse en-
ergy laser target interaction is presented. Richtmyer-Meshkov (R-M) instability is investigated for MIF systems. We
have shown that there is a possibility to suppress the R-M instability by magnetic field. Modeling the impact of
magnetic field on a single plasma jet formed at the ICF laser target compression is performed. It is shown that at the
compression and heating of a plasma target by using a rapidly growing external magnetic field and laser radiation

the R-M instability can be suppressed.
PACS: 52.38.-r, 52.55.Lf, 52.57.Fg

STATEMENT OF THE PROBLEM

There is one of the promising ways to create ther-
monuclear plasma: magnetized target and lasers which
are used to heat and compress targets to ultra high pa-
rameters [1-6]. In this case, external special areas of
fusion targets vaporizes because of high-power laser
and disperses into the environment at high speed, which
provides reactive pressure and compression of the inner
layers of the laser target. Moreover, the expansion of the
outer layers of the laser target is accompanied by accel-
eration contact boundary (between the target and envi-
ronment), which in accordance with the initial condi-
tions (laminated target) density may rise suddenly. It
may be the cause of hydrodynamic instabilities, such as
Rayleigh-Taylor instability or Richtmyer-Meshkov in-
stability, in the presence of burn acceleration. They ac-
companied by turbulent mixing of inert material and
fuel, which makes difficult to achieve the optimal pa-
rameters of thermonuclear fusion. To study this prob-
lem, the following task [7] was formulated: research
single-mode and multimode disturbances of a contact
boundary (contact surface was disturbed by sinusoidal
waviness), which is a thin film that separates the two
gases (e.g. krypton-xenon with different densities). It
was founded that "mushroom" structures [7] were ob-
served in the late nonlinear stage of Richtmyer-
Meshkov instability. These structures can be interpreted
as a system of pulsed plasma jets with a toroidal vortex
behind the leading part of each pulse jet. Thus, suppres-
sion of hydrodynamic Richtmyer-Meshkov instability is
a very actual topic for laser confinement fusion.

Recall that the Richtmyer-Meshkov instability oc-
curs between two contacting continuous agents with
different densities, when the interface is accelerating,
e.g. the shock wave. Development of the instability be-
gins from the small-amplitude perturbation, and can
pass through four stages — linear ("regular”" mode) and a
non-linear, transitional and turbulent mixing ("irregular”
mode, which is accompanied by a mix of substances). In
the "regular mode" of the instability development,
which matches to the linear stage, the perturbation

. . 2z
growth rate is proportional to the wave number & = 7
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[8, 9]. Then the "irregular" regime starts, it is character-
ized by the fact that the shape of the contact surface
disturbance is different from the sinusoidal and consists
of a pulse jets "heavy" gas (plasma), which are injected
into space flooded with light ( p, > p, ) gas (plasma). It

was observed that, this system of jets at a later time
takes the "mushroom" structures form and matches to
the conversion (by mixing jets) to the stage of turbulent
mixing zone’s formation.

The question arises is it possible to suppress the
Richtmyer-Meshkov instability if p, > p, (heavy gas is

blown into the light gas) by some external influence,
e.g. by applying an external magnetic field. In order to
answer this question, we offer the model of the "irregu-
lar" regime of Richtmyer-Meshkov instability as a sepa-
rate stream (pulse capillary discharge jet) or system of
pulsed plasma jet of matter ( p, > p, ) with density p, .

This stream flows in flooded space with density p,

under the influence of the external magnetic field.

A single pulse jet is formed by capillary discharge,
which can create a discharge system. Structurally, it is
an interelectrode dielectric insert, made in the form of a
cylinder with an axial slot opening, which is a channel
of capillary discharge, electrodes and case. The elec-
trodes are in the form of flat steel plates, one of which
closed a capillary discharge channel from the one side.
Initial evaporation and subsequent breakdown of the
plasma substance was implemented with an electric
explosion inside the capillary metal conductors. Alumi-
num, copper or lead was used as the plasma-forming
substances.

Some results of numerical study of the influence of
external magnetic field on plasmodynamic processes
occurring in the jets, flowing in stationary medium (air
at atmospheric pressure), are presented below. Dynamic
parameters of the flowing out capillary discharge chan-
nel in flooded area were calculated. A new approximate
mathematical model assumes that the electrical energy
stored in a capacitor, converted into thermal energy of
plasma, which flows out with the sound velocity
through the capillary cut.
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RESULTS OF CALCULATIONS

Specific calculations were made for a single erosion
jet (the plasma-forming material is aluminum) flowing
out of the channel of the capillary discharge with an
evaporating wall (CDEW) into the cylindrical chamber
filled with air at the initial time under normal condi-
tions. This cylindrical chamber faces the flat side of the
other slice of capillary discharge is associated with entry
into the computational domain through which the ero-
sion plasma flows in the flooded space filled with air.

The value of the total energy stored in the capacitor
for a single version of the CDEW is 2.7 kJ, the channel
diameter is 10 mm, the channel length of the CDEW is
50 mm, the distance between individual CDEWs is
60 mm. The timing of the peak discharge current is
t_. =25mks. The radial distance between capillary

channels varies between 2 and 10 cm, the focus point
(with coordinates Z = var,r = 0) on the line of capillary
jet torches varies between 3 and 5 cm. Focus point’s
coordinate Z is measured from the plane where capillar-
ies’ slices are situated.

Time dependence ¢[mks] on the longitudinal veloc-
ity v[m/s] (left) and temperature T[K] (right) ob-

tained for a particular version of CDEW (cross section
of the capillary), based on an approximate mathematical
model describing plasmodynamic processes inside the
channel of a capillary discharge is presented in Fig. 1.

Graphic dependences shown in Fig. 1, and set out in
the functional form, are used on the CDEW cross sec-
tion as boundary conditions in the mathematical model-
ing of the outflowing plasma jet. The computational
domain was presented as a rectangle during the two-
dimensional calculations in the coordinate system (r, z).

In the case of a rectangular computational domain
there’re CDEW off channel cross section in the lower
part of the picture on a flat surface. Through that flat
surface, erosion flux of plasma-forming substances,
which occur within the channel CDEW (4! in the calcu-
lation), flows into the estimated area.

Top of the rectangular computational domain is also
limited by the flat surface (straight line in Fig. 1), where
not disturbing "soft" conditions are set on the leaving
o’f

x2

n

computational ~domain  flux: where

:0’

fz{p,u,v,e} and x, is coordinate normal to the

boundary surface.

In the second variant computational domain in the
coordinate system (r, z) is a cylindrical chamber which
is in the upper part turns into the Laval nozzle. The ero-
sion plasma of capillary’s material flows in air-filled
space through the outlet section of the nozzle. In the
bottom of flat part of the cylindrical chamber there are
output CDEW channels. At the top of the flat part of the
calculated area variables have "soft" boundary condi-
tions.

Range of integration is limited by the axis of sym-
metry on the right side. This axis is given by the appro-
priate symmetry conditions of the plasma capillary dis-
charge.
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Fig. 1. The dependence of the velocity v[m/s] (a) and

temperature T [K] (b) of outflowing plasma on the cut
for a particular version of the CDEW on time

Figs. 2 - 4 show two-dimensional spatial distribu-
tions of temperature, which let us to check influence of
external magnetic field on the structural elements of a
single jet of CDEW.

Fig. 2,a shows a flow structure of a single CDEW jet
(without external magnetic field) [10, 11], consisting of:
* a group of hanging shock waves;

* the Mach disk, crossed the CDEW axis of symmetry.

The feature of CDEW jet structure is plasma flow in
the triple point shock wave configuration. A vortex ring
(toroidal vortex) is formed over the central Mach disk
(in later times). This track is caused by the fact that dy-
namic pressure of the stream, which underwent two-
stage compression, is much greater dynamic pressure at
the central jump [11 - 15].

Figs. 2 and 3 show the temperature distributions in
the CDEW torch with external magnetic field on the jet.
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Effect of the magnetic field B affects the high tem-
perature (close to the axis) portion of the plasma jet of a
single CDEW and wake vortex (toroidal vortex) in the
area of triple configuration.
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Fig. 2. The spatial distribution of temperature T [K]
in a pulsed plasma jet: (a) without external magnetic
field at time t=49.3 us, (b) in the presence of an
external magnetic field B=1.58 T at time t=46.6 us,
and (c) B=2.5T at t=46.9 us

The toroidal vortex does not occur, and the longitu-
dinal dimension of the jet CDEW and the maximum
temperature 7 [K] is approximately twice bigger than
the size of the jet and the temperature without external
magnetic field (see Fig. 2,a) accordingly to the spatial
temperature distribution 7' [K] and the value of the
magnetic pressure P,,, = 25 [bar], as it follows from
Fig. 3.a.

While the distribution (see Fig. 3,b) of vorticity

function "” Ot(V)‘ shown that all necessary conditions
were created on the border of jet and environment for
the occurrence of vortex. The longitudinal size of the
CDEW jet and the maximum temperature 7 [K] is about
twice time lower than the size of the jet and the tem-
perature without external magnetic field (see Fig. 2,a).
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Fig. 3. The spatial distribution of temperature T [K] (a)
and vorticity function ”01(’7) (b) in the plasma jet with
the external magnetic field B=2.5 T at t=46.9 us
It is known [11] that characteristic modes of the jet
expiry in a gaseous medium are usually described by the
off-nominal degree n=P, /P, (P, is the pressure on

the CDEW cross section, P, is the pressure in the

flooded area). The jet is overexpanded for n <1, and
underexpanded for n <1. This complex structure of the
jet flow in the flooded area is associated with the ap-
pearance  of  the  characteristic  longitudinal

Z/r,~M,Jy,n and transverse R/l”az\l”/(%z'l)

spatial scales.
When an external magnetic field B = 2,5T or
P, .. =25 bar impact on the CDEW plasma jet the off-

nominal degree is n=P, / (Pw +P,. ) = 5,4 which had

to be accompanied with a change in the longitudinal
Z/r, and transverse R/r, dimensions of the CDEW jet
about 5 times.

But, as seen in Fig. 3,a the magnetic pressure P

mag
has no significant effect on hanging shock waves, after
which gas is not very hot (7= (3...5) kK). However, in
the peripheral zone (see Fig. 2,b), which is adjacent to
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the axis of the CDEW (7 > 10 kK) a reverse flow of
plasma occurs (approximately equal to the radial veloc-

ity u(r,z,t)~—-1,3—). This flow is directed towards
s

the axis of the capillary discharge. At the same time the

gas-dynamic pressure gradient VP >0 is in the oppo-

site direction, i.e. from the axis of the CDEW torch.
Z,cm

Pmag

2.80E+01
2.60E+01
2.40E+01
2.20E+01
2.00E+01
1.80E+01
1.60E+01
1.40E+01
1.20E+01
1.00E+01
8.00E+00
6.00E+00
4.00E+00
2.00E+00

g i"\\[
..,%/j;

1.80E+04
1.70E+04
1.60E+04
1.50E+04
1.40E+04
1.30E+04
1.20E+04
1.10E+04
1.00E+04
9.00E+03
8.00E+03
7.00E+03
6.00E+03
5.00E+03
4.00E+03
3.00E+03
2.00E+03
1.00E+03

b R,cm
Fig. 4. The spatial distribution of magnetic pressure
Pmag [atm] in the magnetic field at t=46.9 us (a) and
temperature T [K] without magnetic field at time t=62.9 us
for pressure in the flooded area P, =25 atm (b)

The magnetic pressure has the most noticeable effect
(see Fig. 4,a) on the heated part of the axial CDEW jet
(T > 20 kK), which is limited by the size of the radial
coordinate R < 1 cm. In this spatial area the Mach num-
ber is close to unity (M ~1), and gas-dynamic pressure
is P = 100 bar.

In order to evaluate the level of impact of elevated
external ~ gas-dynamic  pressure P, =25  bar
(n=P,/P,~5,6) (see Fig. 4,b) shows the temperature
distribution in the torch of CDEW without external
magnetic field. Note that in this case (P, =25 bar) in
the region of mixing of the jet and the surrounding gas
environment (in contrast to the presence of an external
magnetic field B = 2,5 T) toroidal long-lived the vortex
structure is formed, and the maximum temperature in
the CDEW jet is T, =~18kK, Mach number
M= (l...2.4), the pressure is P = 10 bar.
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CONCLUSIONS

A mathematical model of pulsed plasma jet flowing
into a flooded space is developed. This model is based
on equations of radiation plasma dynamics written in
arbitrary curvilinear coordinates. Analysis of simple
two-dimensional disturbances and composed structures,
corresponding to the "irregular" regime of Richtmyer-
Meshkov instability is presented. Time dependence of
the growth process and disturbances, are obtained. Im-
pact of the external magnetic field on them is investi-
gated. A simplified qualitative model for explanation is
offered. Main gas dynamics and radiation parameters of
the capillary discharge with an evaporating wall
(CDEW) are calculated.
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OIIEHKA T'MJIPOJIMHAMHAYECKHAX HEYCTOMYUBOCTE B MUILIEHU MTHEPLIUAJIBHOT'O
TEPMOSJEPHOI'O CUHTE3A TP HAJIMYUU MATHUTHOTI'O ITIOJISA

B.B. Ky3zenos, C.B. Poiockos

Paborta mocBsmeHa TPHUHIMIIAM MarHUTHO-WHEpIIHANBHOTO TepMmosaepHoro cuHTeda (MUTC) m mazepHo-
TUIA3MEHHBIM METOAaM TEHEPALMH METarayCCHOTO MOJs MPU MMIUIO3MH 3aMarHWYEHHON MUIIEHH, YTO OTKPBIBAET
BO3MOKHOCTH CO3/1aHHS HOBBIX IIJIA3MEHHBIX HCTOYHHKOB BBICOKOHM IUIOTHOCTH I NPHMMEHEHUs] X B MaTepuano-
BEJUECKUX IKCIIEPHUMEHTaxX M Ui MEePCHeKTUBHBIX HampasieHuil sHepretukn. MUTC ¢ na3epHBIM IpaiiBepoM Io-
3BOJISIET CXKaTh IEPBOHAYAIBHOE MAarHUTHOE I10JI€ JO HECKOJIBKUX COTEH M Jlake ThICSIY Tecya. Takue ria3MeHHbIE
CHCTEMBI MOT'YT HCIIOJIb30BAThCS AJISl JUArHOCTHKHM W MCIBITAHUN pa3iIM4HbIX MaTepuanoB. HeycroiiunBocts Pux-
t™aiiepa-MemkoBa (PMH) nccnenosana st yciaosuit MUTC B UMITYJIBCHBIX CHCTEMaX ¢ MHEPLUAIBHBIM yepxKa-
HueM vactull. IIpencraBieHa Mozens B3aUMOACHUCTBHS Jla3epa BBICOKOM 3HEPIHM MMITYJbca C IUIa3MEHHOW MHUIle-
HBIO, HaXosIIeiicss B 3aTpaBOYHOM MarHUTHOM 1oje. [IpoBeieHo MopennpoBaHne BO3JEHCTBHUS MarHUTHOTO ITOJIS
Ha OTAEJIBHYIO IJIa3MEHHYIO CTPYI0, 00pa3yIoIIyrocs P KOMIPECCHU MUILIEHHU Jla3epHbIM JrydoM. [TokazaHo, 4To
NIPU CXKaTHH M HarpeBe IUIa3Mbl C IIOMOIIBIO OBICTPOHAPACTAIONIETO BHEITHETO MarHUTHOTO TIOJIS | JIA3EPHOTO H3-
Jy4yeHus1 BO3MOKHO nojasnenne PMH.

OLIHKA I'/IPOJUHAMIYHUX HECTIMKOCTEM B MIIIEHI IHEPIIAJIBHOT'O
TEPMOAIEPHOI'O CUHTE3Y 3A HAABHICTIO MATHITHOTI'O ITOJIA

B.B. Ky3zenos, C.B. Pusckos

Pobora mpucBsiueHa NpPUHOMIAM MarHiTHO-iHepuiankHOro TepMmosiaepHoro cunredy (MITC) 1 nazepHo-
TUIA3MOBUM METO/IaM I'eHepallil MerarayccHOro ImoJist pH iMIUIo3ii 3aMarHiueHoi MillleHi, 0 BiAKpUBA€E MOXKIMBOC-
Ti CTBOPEHHSI HOBUX IUIa3MOBUX JDKEPEN BUCOKOI IIUIBHOCTI JUIsl 3aCTOCYBaHHS X B MaTepiallo3HaBYMX €KCIIepUMe-
HTax 1 JUIsl MEepCHeKTUBHUX HanpsMkiB eHepretukd. MITC 3 nazepHuM 1paiiBepoM J103BOJISIE CTHUCHYTH IT0YaTKOBE
MarHiTHe I10Jie 10 JeKUIbKOX COTEHb 1 HaBiTh THCAY Tecsa. Taki MiIa3MOBI CHCTEMH MOXKYTh BUKOPHCTOBYBATHCS
JUIsl TIarHOCTUKY Ta BUNpPOOyBaHb pi3HUX MarepianiB. Hecriiikicte PixTMaiiepa-Memkosa (PMH) nocmimxena ams
ymoB MITC B iMmynbCHUX cHCTEMax 3 iHepIiaTbHUM YTPUMaHHAM 4acToK. IIpencraBieHa Mozens B3aemMoii jase-
pa BHCOKOI €Heprii iMITyJIbCy 3 TUIa3MOBOIO MIMICHHIO, IO 3HAXOIUTHCS Y 3aTPaBOYHOMY MarHiTHOMY modi. [Ipose-
JCHO MOJICTIOBaHHS BIUIMBY MAarHiTHOTO ITOJIsL HA OKPEMHH IUIA3MOBHH CTPYMiHb, IO YTBOPIOETHCS MPH KOMIIpEcii
MillIeHi J1a3epHuM rpoMeHeM. [Tokas3ano, 1o mpu CTUCHEHHI 1 HarpiBaHHI TUTa3MH 33 JOTIOMOTOI0 OMCTPOHAPOCTAFO-
YOT0 30BHIMIHBOIO MarHiTHOTO IOJIS Ta JIA3EPHOT0 BUIIPOMIHIOBaHHSA MOJINBO roxasieHHs PMH.
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