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Abstract

The goal of the experiments on “Module A-5” and S-300 machines for some 15 years was to study the “liner-converter”
inertial confinement fusiofICF) scheme. A new class of fast instabilitieszgfinches was studied both in experiments

and in analytical theory. Stabilization of the light liner has been achieved by means of an extrinsic magnetic field.
Formation of thin overheated current-carrying shells has been predicted analytically and seems to be really observed.
Both theory and simulations predict growifigand heat flux onto the converter by using heterogenepirsches with

spatially separated regions of efficient energy exchange and of efficient heat conductivity. In our first experiments of this
kind, impurities were inserted by means of placing thin glass fibers into a He jet. Growing intensity of the spectral lines
of He-like chlorine from the cathode surface confirms the growth of heat flux. Theoretical investigations and 2.5-D
simulations were devoted to some basic points of this program.

1. INTRODUCTION tivity with temperatureq o« T2, Then, this energy
will be radiated by the converter in the X-ray range.
The last decade has seen enormous progress in pulse-power
techniques to produce X rays by means of the hot, dens8uch a scheme, because of the effective separation of the
z pinches. The multiwire array approach to creating highenergy accumulator and radiator, allows one to vary the
atomic number plasmas offers a highly efficient conversionoutput spectrum of the X rays, depending upon the material
of magnetic energy into soft X-ra\6XR) blackbody radia- of the converter, from several hundred electron vORb,
tion. Nowadays, Sandia National Laboratories’ Z acceleraW) up to several dozen kiloelectron volt&r, Mo). Thus,
tor achieves a peak power of X-ray emission as high as 2880t only the soft X-ray radiation but also the hard X-ray
TW from a macroscopically stable 2-cm-long tungsten-radiation(HXR) range(10—30 ke\j becomes available. From
plasmapinch resulting in 1.8 MJ blackbody radiati@@uin-  this standpoint, the liner-converter scheme may compete
tenzet al,, 2000. with the “linerliner impact” schemgrudakowet al., 1997).
Some other experimental programs were based on slightlyow-density plasma fill$H, He) may be heated efficiently
different ideas. In particular, a “liner-converter” program due to low radiation heat losses, whereas fast heat transport
was developed at the Russian Research Center’s “Kumnto the converter is conducive to the efficient subsequent
chatov InstituteRudakovet al,, 1991). The basic ideas of radiation ofK lines of the converter material.
this approach are the following: One of the main problems of the liner-converter scheme
comes from its multistage organization; another turns out to
1. The transformation of a significant fraction of the ki- be the straightforward consequence of the nonlinearity men-
netic energy of a light liner, via an implosion, while tioned above. As a result, the radiation output from the
providing an efficient thermal isolation of the liner converter should obey essentially nonlinear dependence on
“walls,” into the heat of relatively dilute plasmafill.  the current. It becomes noticeal§fd the scenario may be
2. The transport of this heat onto an edge converigr realized only if | > 10 MA. We cannot operate with such a
electron heat conductivity. Sharpening the pulse has teurrent value at the present generation of our machines;
be brought about by the “thermal gate” conditioned bytherefore we concentrated our efforts on solving some im-
the nonlinear dependence of the electron heat condugeortant particular problems of the liner-converter approach:

) . 1. Instabilities of light liners and their stabilization.
Address correspondence and reprint requests to: Yu. Kalinin, Russian 2 Enh d effici fi lect h
Research Center, “Kurchatov Institute” 123182, Moscow, Russia. E-mail: - EN ] an?e € '_C|ency orion—electron energy exchange
vikhrev@nfi.kiae.ru during implosion.
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3. Experimental realization of the whole scenario at theprinciples (eight modules and consists of a capacitive-
current level of power engineering and comparison ofenergy storage system, two water stages of pulse-forming,
its results with simulations. water transmission lines, and a vacuum chamber with en-

ergy concentrator inside it. The output pulse-forming stages,

the transmission lines, and the vacuum chamber were situ-

ated within the common tanffig. 1).

Our experiments were based on “Module A{Bol'shakov The capacitive-energy storage system consists of eight,

etal, 1982 and S-300Bakshaeet al,, 1997 machines; a vertically-arranged Marx generators placed around the cen-

fraction of the experiments were carried out on the Frenchral tank within the 9-m-diameter area and situated in sepa-
generator “AMBIORIX” (Gasqueet al,, 1998. rate tanks filled with transformer oil. They charge the first
The generator Module A-BV =2 MV, | ~ 0.8 MA, 7 ~  water stage of the pulse-forming system. The Marx hous-

140 ns, output impedanae= 2.2 ) was constructed as a ings are made of epoxy compounds strengthened with fiber-

high-current accelerator. To couple it to the linezgginch ~ glass material. Each Marx generator stores 115 kJ and

load, a special pulse transformer was constructed based @onsists of 20 stages charged up#85 kV and switched

48, water-insulated transmission linggaranchikovet al., by three-electrode triggered gas switciegrogen up to

1978. It provided a transformation coefficiekt = 6 with 0.4 MP4. In addition, the first four switches are mounted in

an output impedancg = 0.04Q. As a result, peak currents a unibody case with ultraviolet spark gap light illumination

up to 2.2 MAin a liner were achieved. We will not describe for switch triggering improvement.

Module A-5 in detail since this installation was mentioned The first stage of water pulse-forming consists of eight,

and described many times; hereafter we will dwell on thewater-filled intermediate stora@kS) capacitors and it serves

brief description of the S-300 machine. to rapidly charge the output pulse-forming stage. The IS
The S-300 generatg¥ =1.3 MV, P=10TW,7 =45n9 system itself may be charged up to 3.5 MV for 8. Each
was constructed on the basis of well-known multimodulelS is a cylindrical, water-insulated 15-nF capacitor that is

2. EXPERIMENTAL SETUP AND DIAGNOSTICS

16 waler
switches

MITL
System

8 Caas switches

waler infermediate waler | ) "
storage system forming lines [ triplet
85 KJx 8, 3.5MY 375 kIvle translormation
IMV, 2.4 Ohgn|  Waler lines
system
JOOk, LIMY

Fig. 1. S-300 generator.
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mounted vertically on the corresponding Marx generatottotal inductance of the vacuum chamber together with that
and is switched by an actively triggered four-electrode ga®fthe energy concentratoris 10 nH. In the operating regime,
(SFs) switch installed in the upper part of the IS. The Marx S-300 provides a current of 4.2 MA into a short circuit and
(oil) and IS(watep volumes are separated by an insulatorup to 3.6 MA into a liner load.
made of an epoxy-polyurethane compound. In combination with diagnostics that recorded the electri-
The output pulse-forming stage is a system of pulse formeal parameters of the power pulse, we used the following ba-
ing lines(PFL9 consisting of 16 planar water lines with a sic diagnostics(i) photographs in visible light region, both
wave impedance of 4.8 each and electric length of 30 ns, with streak and with framing image-converter cameras;
charged up to 3.2 MV for 180 ns and switched by a system ofii) photographs in the region of soft X rays and VUV radi-
self-breaking multichannel water switches. Each water lineation with framing image-converter camerés; recording
has seven pairs of switch pins. A special feature of the PFLsfthe radiation pulses by a set of vacuum and semiconductor
is that the switching occurs in the middle of each line. TheX-ray diodes shielded with various filters; afig) convex-
technique decreases by a factor of two its wave impedanceica crystal X-ray spectrograph with atwo-dimensional spa-
and the forming pulse length. The total output wave imped4ial resolution. In addition, a series of laser diagnostics was
ance of the PFL system &= 0.15Q. used in our experiments. The first method included three-
Thus formed, the electromagnetic pulse in the planarframe shadow or Schlieren photography of light liners and
tri-plate water lines is transmitted into a high-voltage vac-z pinches using the second harmonic of Nd:YAG laser radi-
uum chamber. The latter is assembled out of four insulatoation. The second method was intended to determine the ini-
rings with an inner diameter of 100 cm and 20-cm high,tial density distribution in the gaseous liner. There exists a
made of an epoxy-polyurethane compound and vacuurproblem of measuring the initial density of various gas jets in
sealed to the electrodes. The dielectric insulator ring’'dight (20—200ug/cm for a diameter of several centimeters
geometry and that of the surrounding electrodes was segas puffs. This problem was solved by photographing the
lected according to the calculated electric field value onradiation beam of the XeCl laser in the Rayleigh-scattered
the dielectric-vacuum surface. The tangential electric fieldight. A typical experimental setup is presented in Figure 2.
strength,E,, for the highest operation voltage is less than
70 kV/cm and near the “triple point” it does not exceed
50 kV/cm. The energy concentration in the liner load is
accomplished by means of a three-dimensional vacuum con-
centrator made of 16 parallel tri-plate magnetically insu-A vast series of experiments with imploding gas-puff liners
lated transmission lines which are united in a liner unit. Thewas carried out on both Module A-5 and S-300 machines

3. EXPERIMENTS WITH THE
GAS-PUFF LINERS
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(Bogolyubskyet al, 1988; Chernenket al, 1996. For a 130 ns after the current front, a striation-like modulation of
load, a supersonic gas jet was used, created with a ring-likdne brightness appeatsee Fig. 3 with a spatial period
nozzle with typical Mach number of 3—-5 combined with the ~0.8—2.0 mm depending on the chemical composition of
fast-operating pulse valv@xplosive or electromagnejic the jet. A forerunner on the axis appears simultaneously; its
In various experiments we were using,Ne, D,, SF;, Ar, radiation is a soft onéhr < 100 eV). ltis interesting to note
and Ne and their mixtures. The initial gas density could bethat at this moment of time, the outer boundary usually
varied over a wide range of values by varying the time delaypasses the way at less than the initial thickness of the gas jet.
between the opening of the valve and the application of higtAt first glance, this excludes, priori, the Rayleigh—Taylor
voltage. instability. As our experiments show, the whole scenario of
One of the most important features of the implosion ofthe current-carrying shell evolution turns out to be too com-
efficiently radiating gaseous shellse., Z > 2) was the plicated to use such primitive estimates.
delay time of the implosion compared to both 0-D and 1-D Let us discuss the results of the laser probing with simul-
simulations. In addition, their final velocity and kinetic en- taneous taking shadow and Schlieren pictures in the light of
ergy turned out to be less than those following from thesecond harmonics of the Nd:YAG lager= 0.532um) (see
electrical measurements and conservation laws. Some doz&ig. 4). The laser pulse duration was 7 ns, the energy radi-
nanoseconds before the inner boundary of holioginch  ated in the second harmonic is 20 mJ. The aperture of the
reached the axis, a luminous forerunriarthin z pinch) recording system was as large as possible for our conditions,
appears near the axis. It is important to note that in mosto wit, 0.25. The smallest gradient of electron density that
cases, this boundary is moving with almost constant velocmight be resolved owing to the refraction in the shadow
ity. Normally, VUV and SXR radiation appear 50—-100 ns channel had to satisfy the following conditiofilN, > 2 X
earlier with respect to the inner boundary convergencd0?*cm™4;in our case, it correspondsiia > 2x10?°cm3,
(Fig. 3). All these facts taken together are seen as the marfor an N initial gas jet, withT, ~ 10 eV, the minimal ion
ifestation ofz-pinch instability. Such an idea is supported by density should be about 55710 cm™3,
the photographs of the imploding liner in visible light and In the Schlieren channel, the filament was placed in the
SXR with framing image-converter cameras as well as byfocus of the lens, parallel to trepinch axis; thereby only
the laser shadow photographs. To wit, starting from 80-the components of electron density gradients normal to the
axis were recorded. In Figure 5, results of laser probing at a
time 80 ns after the start of current are presented. It is
obvious from the Schlieren photograph, that the outer bound-
ary of the liner has moved only 3—4 mm at this moment, and

i
| |

10

c
Fig. 4. Principle scheme of simultaneous shadow and Schlieren photogra-

Fig. 3. Dynamics of implosion of a gaseouyd,) liner. Top: scenario;  phy. 1,2: optical generator and amplifier, respectively, 3: nonlinear crystal,
bottom: (a) shadow photographb, ¢ frame pictures in soft X-ray and  4: opticalfilter, 5: telescope, 6: liner, 7: lens, 8: separating plate, 9: Schlieren
visible range, respectively. filament, 10: cameras with filters.
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Ni>5 1019 I Thus, we seem to give the first experimental demonstra-

i=d. | . p i B .

| tion of the “snow-plough” regime.

The estimated thickness of the shell turns out to be basi-
cally less than the skin deptld, = 8y = Vc27/4mo ~
0.1 cm. As a result, a breakdown on the inner boundary of
the liner may occur, resulting in the formation of precursors
on the axis. Such a scenario was first considered in Chukbar
(1993; see also belowin principle, formation of such a thin
shell may result in the small-scale Rayleigh—Taylor insta-
bility. However, just in our case, the reason for striations
seems to be different. The following conclusions were made
on the base of numerous experimefBegolyubskyet al,,
1988; Rudakov, 1989; Chernenkbal,, 1996:
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1. If we compare the dynamics of implosion of liners
with equal masses but different composition, it turns
out that the liner with lower atomic numbers is more
stable. On the other hand, more massive shells are
more stable compared to lighter ones, in particular,
with current valued ~ 2.5-3 MA, hollowz pinches
with dM/dl ~ 400-500ug/cm remain stable during
implosion.

2. Instabilities observed are being efficiently developed
even during the phase of implosion corresponding to
the constant velocity of the liner motion. Moreover,
they manifest themselves even at the earliest stage, for
example, after the displacement of the shell as small
as~ 0.1 of its initial radius.

3. The typical thickness of the shell,’2 1072 cm <
C/wypi, is so small that the conventional MHD ap-
proach resulting in the Rayleigh—Taylor instability may

Fig. 5. Results of the laser probing of a gasedidy) liner: (a) initial not be used. Instead, one must deal with electron mag-

distribution of the gas densitfsolid curve; dotted line shows a model netohydrodynamicéEMHD; Kingsepet al., 1990.

distribution of ions on the liner boundary that is necessary to provide the

Cingnostiowindow(o) shadow photograph of a iner at 80 1 afer thastart - 11 neory of the fast EMHD instability of hollow im-

of t?]e currentd) Schlieren phr())togrgphpat the same moment of time; thep|0d|ng z pinches was prgsented n RUdaI@VE.II' (1989

Schlieren filament was parallel to the liner axis. and Rudakov and Sevastland%a. One of its Important

consequences is the following: such an instability may be
suppressed by the shear of magnetic field lines that can be
provided by a respectively smal, field. This longitudinal
magnetic field is necessary also to prevent heating of the
only some 5x 10'® ions have been involved in the acceler- jiner walls instead of the edge converter. Indeed, the ratio of
ation process. On the shadow photograph, one can see tfge total heat flux onto the converter to that onto the liner
narrow (~0.01 cm transparent “striations” perpendicular yg|is is, roughly speaking(R; /)2 whereR; is the final

to the liner axis. The typ|Cal distance between them is Ofpinch radius and is its |ength In our experimentS, we

order 0.1 cm, and the contragfa./Imin ~ 5. Let us empha-  sycceeded in stabilizing the process of liner implosion by

size that the effect of a shadow by so small a mass value anghplying the longitudinal magnetic fie®, ~ 5-10 kG. As a

with a fairly big radii (R~ 1.6 cm should be seen as evi- resylt, the whole physical modeling of the liner-converter

dence of the formation of a Very thin and dense shell. T%Cheme was brought about in our experiments on the Mod-
provide the absorptioviainverse Bremsstrahlung, its thick- yle A-5 (Rudakovet al, 1990, 1991 and AMBIORIX
ness cannot exceed210™? cm byN, =2Xx10%em™> If,  (Gasqueet al, 1998; Zehnteet al, 1998 machines. As an

in addition, the approximate equilibrium between radia-example, let us describe our experiment on the Module A-5.

tion and Ohmic heating takes place, which corresponds t@ts scheme is presented in Figure 6. A thin mica plate situ-

T~10¢eV, the fOIIOWing equality is satisfied inside the shell: ated near the Cathode,c’m the pinch axiS, p|ayed the role

of a converter. As basic diagnostics, we used simultaneous
BY/8m = (N, + N)T. image converter photographs in two different spectral inter-
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Fig. 6. Liner implosion with a longitudinal magnetic fieldl) scheme of
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liner thickness an®is its radius, causes MHD equilibrium

to be established rapidly in the plasma shell. As a result, the
subsequent acceleration occurs compactlgdimches, this
compactness is not essential. We assume punch(hollow

or solid) to be strongly radiating because of the ion charge
numberz; ~ 1:

P2

J
—t~ Qugt~nT, D
ag

wheret is the characteristic time of the motion,is the
electron density, antlis the electron temperature. Using the
Maxwell equatiorj ~ cB/476 wheres = Ris the thickness

the experiment(2) liner photograph in soft X-rays at the moment of Of the current-carrying shell, we can rewrit®) in the fol-
maximal current valug(3) the same at the moment of maximal compres- lowing form:

sion. One can see striations inclined®46 the axis in picture 2; in the

inverted extrinsic magnetic field they change their direction by 90

vals of SXR:(1) 150 eV=hr = 300 eV, and2) hv > 1 keV.

c? , 8mnT
- o

@

Ao

Each ICT was supplied by the double pinhole chamber witifrom which it follows immediately that eithexT = B> or

two different filters. Experimental results are presented in® = 9skin h0lds. If the former is true, the liner is a fairly
Figure 7. One readily can see both the column of hot plasm#éniform and cold shell in which the magnetic pressure is
and bright SXR flare in the region close to the converterdalanced by the inertial fordéeuch a model was constructed
where the plasma cloud is fairly cool. It is important that @2nd studied by Grigor’ev & Zakharov, 1981n the second
there is no such flare either 10 ns before the maximal comcase, the liner is a highly uniform hot heterogeneous struc-

pression or 10 ns after it.

4. CURRENT-CARRYING SHELL OF A
STRONGLY EMITTING LINER

ture, in which the magnetic pressure of the hot shell is
transferred to the cold internal laygmsith no current flow
in them through the thermal pressure. The conditibr
dskinCan hold only in the case X E=0,E + j/o = const=
j o« . Hence, in such a regime the electric field does not

The self-similar model presented in this item was first for-vanish at the current-carrying layer internal boundary, so
mulated by Chukbai1993 on the basis of a series of papers that it is very probable that some inner breakdown occurs,

by Sasoro\1991) and Neudachin and Sasor¢iQ9)). It
may be applied to both liners and sofigpinches. The pres-
ence of the small paramet&fRin the former, whera is the

3mm

{50« Ep<300eV

resulting in the formation of precursors on the pinch axis.
The resistance of the current-carrying shell should be less
than the resistance of the rest of the plasma > oA,
whereA = Ris the thickness of the cold layer. However, as
will be seen below, almost all the mass is concentrated in the
latter.

The particular feature of the heterogeneous regime is that
the thermal instability may be stabilized only by electron
thermal conductivitySasorov, 1991; Neudachin & Sasorov,
1991); thus, we have the following system of basic equations:

BZ
nT~ —;

8
j? cB \2 1 Kel 3
o - 4o ~ Qe = 82

Using the standard values of the kinetic coefficidisa-

Fig. 7. Simultaneous X-ray image converter photographs of the plasma a{;inskii 1963 for an unmagnetized plasma with~ 1 and

the moment of maximal compression of the liner with an extrinsic longi-
tudinal magnetic field(1) 150 eV= hr = 300 eV, (2) hv > 1 keV, (3)

the simple interpolation formulZ = VT (eV), which de-

schematic picture of the compressed liner: K,A: cathode and anode, respe8Cribes the equilibrium stage of ionization for materials with

tively, B: magnetic field lines, C: mica converter.
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weeTe=1,  T=~100VB, n~2x10%°B%2, (4) boundary. In the calculations we used a sinusoidal-like per-
turbation with the amplitude of 0.5-5% from initiaipinch

Here wce is the electron cyclotron frequency, = T2  radius.
(nZe*v1oA) is the Coulomb relaxation tim&, n, andB are In Figures 8-10, the far nonlinear stage of the instability
expressed, respectively, in units of eV, cinand MG. The has been presented. These results were obtained by A.l.
very important thing is that all of the relations {#) are ~ Lobanov's group(Kingsepet al, 1997. One of the most
almost insensitive to the variation of the material. important conclusions derived just from this series
Let us take as an example the Xe liner By= 1 MG;  of simulations is the following: Even the well-developed
hencen~ 2 X 102°cm~3, T = 100 eV. Under such condi- Rayleigh—Taylor instability in its nonlinear stage does not
tions,Z ~ 10 the coronal radiation regint®ostet al, 1977 violate the efficiency of the longitudinal electron heat trans-
xenon ha®),.q ~ 10717 n¥Z (ergy/s); thus we obtain from fer, since in some vicinity of the-pinch axis the axial mag-
(3) 6 ~10 4 cm. For a Xe liner with = 2.5 MA andR = netic fieldB,continues to dominate. As awhole, simulations
0.5 cm, the mass per unit length turns out to be equal t&onfirmthe correctness of the liner-converter scheme. How-
1.5ug/cm. In particular, that means only a very small frac- €Ver, to realize it, current values more than 10 MA must be
tion of the mass is being contained in the current sheath. achieved.
For the light materials, for example, H and He, brems-
strahlung is the do_mmatmg mechanism of radiation I(_)sse EXPERIMENTS WITH
For such_a case, it may be provgd that such aregime of |\ -re-p Y GENEOUS LINERS
overheating hardly can be realized. For instance, for
hydrogen,dnydl ~ 0.3RB%*° mg/cm whereR is given in  The key point of the liner-converter scheme is the functional
centimeters. separation of the energy carrier and radiator. The electrons
Except for the inner breakdown, small-scale Rayleigh-of the weakly radiatinge.qg., hydrogenhplasma heated due
Taylor instability may join the game. As a whole, the prob-to the magnetic implosion transport their energy onto the
lem of overheating seems to be one of disadvantages of tHaghly radiating convertevia the longitudinal electron heat
gas-pufizpinch of heavy materials, compared to wire arrays.conductivity. However, contradictory requirements to the
plasma parameters necessary for the heat conductivity
scheme were implemented, preventing its realization. In
fact, at the first stage, energy of the imploding plasma is
concentrated in the kinetic energy of the shell. In the next
Our numerical study of liner implosion and compression ofphase, as a result of implosion, it becomes transformed into
plasma filling have been presenté&zlg., in Gasquet al,  the ion heat, and then, electrons become heated through
1998; Kosare\et al,, 1989; Kingsepet al, 1997. In this  Coulomb collisions and adiabatic compression. Estimations
article, we restrict ourselves to some examples of modelinghow that in lowZ plasmagH,, He) the process of the heat
Rayleigh—Taylor instability. transfer from ions to electrons is the slowest stage, limiting
The dynamics was considered on the basis of 2))  the whole efficiency.
one-fluid, 2-T MHD including the radiation transfer, with  Electron heating may be enhanced by choosing higher
taking into account some model of the small-scale EMHDvalues. This results, however, in a decrease in the heat con-
effects in a rarefied corona apinch(Kingsep & Rudakov, ductivity. As a consequence, the heat flux cannot provide the
1995. For the modeling of the effects of Rayleigh—Taylor transport of the proper energy amount during the timezthe
instability, we assign small disturbance of the form of freepinch is being compressed. Besidepijnches or liners pro-

5. NUMERICAL SIMULATION OF THE
PLASMA COMPRESSION BY A LIGHT LINER

Density

“ot,dat”
1.7 —
1,42
1,11
0,796
0,483

2.ore

Fig. 8. The calculated density distribution at 92.6 ns.
One readily can see mushroom-like structures in the
nonlinear stage of Rayleigh—Taylor instability.
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Electran temperatire

“ot.dat” —
6,05 —
4.9 —
3.76 —
2,61 —
146 —

Fig. 9. The calculated electron temperature distribu-
tion at 88.2 ns. There is an entropy layer in the vicinity
of the axisr = 0.

R e = TN IRy I« S = =
™TrTrTr T T T

duced from the higlZ plasmas form a very thin current- by the lowZ values and the large thickness of the plasma
carrying shell during implosion, which is very unstatdee  shell, respectively.
Sections 3 and)4The losses due to the soft X-ray radiation  Taking these considerations into account, we paid special
increase, too. attention to the magnetic compression of the thick He jetin
These contradictions may be overcome by creating our study of stability of liner implosiofKingsep & Ruda-
pinches with complicated structures. To wit, one has to sepkov, 1995; Bakshaeegt al., 1998. These experiments were
arate in space regions of the efficient electron—ion energetiperformed on the S-300 installation with the current through
exchange and regions with high electron heat conductivitythe liner load up to 3.5 MA. As a liner, we used cylindrical
A possible way to do that is a pinch consisting of two He jet with outer diameter-4 cm produced by using a
coaxial cylinders. The inner cylinder has to consist of thepulse-driven valve and an annular supersonic nozzle. In
substance with “intermediateZ (e.g., Ap while the outer these experiments, the maximal shell velocity ofx5
cylinder has to be produced with loi#i-gases(H,, He). 107 cm/s was achieved. For comparison, we carried out also
During implosion, the electron—ion energy exchange willsome experiments with the Ar liner having much better
occur in the Ar plasma, with the subsequent transport of theadiation ability. In a result of our experiments, two features
electron heat along the outer shell; this electron heat comef the He-liner implosion were observed, namely, the sym-
ductivity is much greater. Suchzapinch configuration has metric formation of the shell during compression and good
to be more stable due to the absence of the Hall instabilitieseproducibility of the dynamics. Both can serve as evidence
and the reduction of Rayleigh—Taylor instabilities enhancedf its stability. In some experiments, we observed an insta-

“ot.dat” —
1.06 —
0,87 —
0.682 —
0,493 —
0,304 —

Fig. 10. Dynamics of liner implosion including
EMHD effects. At 93.4 ns, the form of Rayleigh—
Taylor instability “mushrooms” was transformed,
and the liner velocity decreased.
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Fig. 11. Glass fibers at the initial positioftop) and
their explosion after the thermal wave approaches
(bottom).

Liner boundary

—

. 115 ns

Liner axis

bility of the outer surface of He pinch, before any accel- unlike the well-known “fractal” structure resulting from the
eration. Hence, this instability cannot be related to thecurrent-driven blow-up.
Rayleigh—Taylor instability and should be identified as orig- The effect of adding the impurities with highéwralue on
inating from Hall effects. While the implosion of a He liner the heating of electrons and on the heat conductivity was
is “thick,” that is,d ~ R, this instability disappears little by determined by registration of spectral lines of the He-like
little, without any effect at the final stage of compression.chlorine ions placed at the cathode end of liner gap as a thin
Unlike the He liner, the Ar liner was moving in the “thin” layer of pure NaCl. The X-ray spectra reveal a series of lines
regime,6 < R, and manifested some instabilities, starting of H- and He-like ions of the elements being components of
from the Hall instability resulting in the early stratification, the glasgAl, Si, Ca, and othepswith the excitation energies
and being completely destroyed atthe momentwRgR,/  up to 4 keV(Fig. 12. One can see here the resonant line of
Rinner ~ 1/2. the He-like chlorine looking like the 3-mm-sized bright spot
Our method of heterogeneous pinch creation is based oon the cathode. In the absence of fibers, the intensity of this
the production of intermediatéplasmas by means of evap- line is less by at least several times, which is evidence of
oration of thin fibers of proper chemical composition situ- increasing the heat conductivity in the presence of the
ated inside the initial gas jet. These fibers have to be stretchdudgherZ impurities.
parallel to the axis and form a cylindrical surface of the
radius several times less than the initial radius of the gas-
eous column. Evaporation would be brought about by thei. CONCLUSIONS
front of the heat wave, which, in turn, would be generated in
the light gas by the_ ShOCk wave resulting from the_magn(_ati(;rhe stability of the fast hollowz pinch (light liner) was
piston. Some preliminary estimates show that with takinggy,jieq on Module A-5 and S-300 installations. A new class
the fibers as thin as 11&“ one obtains a plasma EXpansion ot 55t EMHD(Hall) instabilities was observed. The stabil-
O,f abo%“ 1-2 mm during a time 10 ns. Thus, by placing the _ization of light liners by means of an external longitudinal
fibers in an array dense enough, one can produce a contif; 4 hetic field has been demonstrated in the experiment.
uous plasma cylinder with the necessagy. It is important First the “snow-plough” regime was observed in the ex-
to note that such a manner of plasma formation is free from o ients on the Module A-5 machine. Analytical theory
instabilities accompanying the current flow, as well as the, o heen developed which predicts the overheating instabil-

possible gases mixing during the heterogeneous gaseoys uf the current-carrying shell resulting in formation of a

structure creation. _ very thin, light, and hot current sheath. It may result, in turn,
Plasma, with moderately highvalue, was produced by, the inner breakdown, formation of magnetic precursors,

evaporation of thin glass fibers when they were approached, 4 snall-scale Rayleigh-Taylor instability.
bY .the temperlature Wave_from the He pIas(r_Fag. 1. On the basis of a heterogeneauginch, an enhanced
Initially these fibers were disposed along the cwcumferenc%fﬁciency of ion—electron energy exchange has been

near the liner axis. By means of Schiieren photography and .ieyed, resulting in the enhanced heat flux onto the edge
shadowgraphy we may identify the fiber explosion at theconverter.

moment of time when the thermal wave initiatedzyginch

compression reaches the radius where the fibers are situ-

ated. In principle, such an explosion could be provoked byaACKNOWLEDGMENTS

the magnetic precursors. We can differentiate, however, be-

tween the Current'driven ﬁber eXplOSion Scenal‘io a.nd tha’he work was parua”y Supported by the joint European INTAS
explosion that we could observe. The latter may be charaggrant 97-0021 and Russian Foundation for Basic Research, grant
terized by the smooth profile of the “glass plasma” surface98-02-17616.
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He] 4
| order
Si [He] 6.69A
anode
X-ray line Dimensions Energy.
along and across Joule
axis., mimm
Cl[He]. 2.8 keV 0.5x1.5 2.5
Ca|He]. 3.8 keV Tx1.2 15
Si[He]. 2 keV Tx2 20
Fig. 12. Mica spectrograplitop) and lines of H- and He-like ions observéubttom).
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