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Abstract

A multiwire screw pinch, a variant of az-pinch load, is proposed as a means for further improvement of load
performance for high-current 100-ns pulsed-power generators used for terawatt X-ray radiation. Wires twisted along a
curved load surface are suggested to be an effective way to create an axial magnetic field and to generate and to maintain
rotation of the subsequently formed plasma shell due to conservation of angular momentum. A multiwire screw pinch is
predicted to mitigate the growth of the magneto-Rayleigh–Taylor instabilities, to provide a higher pinch compression
ratio and more effective X-ray generation compared to classicalz-pinch loads. A model based on the self-consistent
simulation of the dynamics of a twisted plasma shell and the development of Rayleigh–Taylor~R-T! perturbations on a
plasma surface is proposed to quantitatively study the effect of various physical factors on the generation of X rays. The
model provides us with a tool for the analysis of processes that occur during the implosion of the plasma-shell–wire-core
system. We plan for the R-T perturbations to break through the plasma shell at the moment when the internal radius of
a shell becomes zero, where the greatest possible values of kinetic energy and X-ray radiation power ought to be
obtained. The results of numerical simulations for the Sandia National Laboratories’ Z generator are presented and
discussed.

1. INTRODUCTION

Experiments and simulations~Davis et al., 1997; Deeney
et al., 1998; Spielmanet al., 1998! have shown thatzpinches,
formed by multiwire arrays and nested multiwire arrays, are
effective sources of terawatt levels of X-ray radiation. For
small numbers of wires, the plasma coronas of individual
wires are not overlapped for most of the implosion, and the
instabilities developed in each wire do not exhibit mutual
influence. The case of a wire array having a large number of
wires is of particular interest, as Sandia National Laborato-
ries’ ~SNL! experiments~Spielmanet al., 1998! demon-
strated a significant improvement in the uniformity of plasma
parameters over the load length and optimized the genera-
tion of X-ray radiation when the number of wiresN5 200–
300. In this case, the plasma coronas of separate wires are
overlapped and merge into a shell~Gus’kov et al., 1998;
Shelkovenkoet al., 1998; Spielmanet al., 1998; Pikuzet al.,
1999! which then implodes. The total current of the load
flows through the shell. The amount of evaporated material
depends on the electrical conductivity and the equation of

state of the wire material~Gus’kov et al., 1998; Shel-
kovenkoet al., 1998; Pikuzet al., 1999!. In Cornell Univer-
sity’s experiments~Shelkovenkoet al., 1998; Pikuzet al.,
1999! with exploding tungsten wires, about 20% of the ini-
tial wire mass forms a plasma shell while the diameter of the
dense wire core is 4–10 times the initial diameter of the
wire. In SNL experiments~Spielmanet al., 1998! the mag-
nitude of current flowing through each tungsten wire in the
array is comparable with that in Cornell University’s exper-
iments where the wire diameter varies from 7.5mm to 15mm,
the initial wire-array diameter is 4 cm, and the final diameter
of a wire-array pinch plasma is 1.6 mm. Simple calculations
for a lower estimate of the core diameter show that the cores
of N5240 wires, 7.5mm in diameter, are overlapped only at
the stagnation stage.

Marder and Desjarlais~1998! provided a physical expla-
nation for the improvement in X-ray radiation as the number
of wires increases to greater than 100. In that case, the kink
instability in each wire goes away and the instability in the
array reduces to the classical R-T and in this limit, thez-pinch
plasma appears more stable. But the problem still remains:
R-T instabilities develop as the plasma shell is formed and
implodes and limit the X-ray radiation power. This problem
becomes more severe for the long-pulsez-pinch implosions
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~.150 ns! that are being investigated at the present time
~Deeneyet al., 1999!.

While it has been shown experimentally~Spielmanet al.,
1998! that an increase in wire number improves uniformity
along the load axis, time-resolved X-ray images of azpinch
at the stagnation stage in the X-ray range 1–3 keV demon-
strate existence of bright spatially ordered structures along
the pinch axis~Spielmanet al., 1998!, which clearly show
the pinch nonuniformities. Experiments~Branitskii et al.,
1999! aimed at studying of the cold-start effects on plasma
liner implosions at “Angara 5-1” revealed a similar picture.
Branitskii et al. ~1999! demonstrated that cold-start effects
promote the development of instabilities and magnetohydro-
dynamic~MHD! turbulence in az-pinch plasma and they sug-
gest that record values of X-ray radiation achieved in
experiments~Spielmanet al., 1998! are likely caused by these
instabilities and strong turbulent mixing. The plasma in these
“bright” spots has the highest temperature, so the plasma tem-
perature distribution follows the same structural pattern. Ear-
lier studies of laminar-turbulent transition in plasma-like
media~Volkov & Zubarev, 1995; Iskoldskyet al., 1996!
showed that creation of ordered spatial structures is caused
by the formation and the development of nonlinear dynam-
ics of large-scale vortices. Therefore, one can speculate that
the experiments~Spielmanet al., 1998! demonstrate the ex-
istence of developed, macroscopic turbulence in multiwire
z-pinch plasmas at stagnation. Using a phenomenological ap-
proach, Thornhillet al.~1994! showed that turbulence is an
important factor for achieving higher X-ray radiation power
of plasma in the kiloelectron volt region. A similar idea was
proposed by Rudakov and Sudan~1997!, where a simplified
model of MHD turbulence in radiatingz pinches was pre-
sented. We suggest that pinch designs that promote large-
scale space turbulence, resulting in strong turbulent flow and
more effective conversion of kinetic energy into thermal en-
ergy and an increase in X-ray radiation, would be one way to
further improvez-pinch load performance~Volkov et al.,
1999a!. The main obstacle here is the Raleigh–Taylor insta-
bilities that could destroy both metallic and plasma liners
during the implosion. However, if the beginning of the plasma
shell destruction is synchronized in time to the beginning of
the stagnation, then the R-T instabilities could increase the
efficiency of conversion of the liner kinetic energy into the
thermal energy and the X-ray radiation energy by a mani-
festation of turbulence in the plasma at the stagnation stage.

It is well known~Chandrasekhar, 1961! that an axial mag-
netic field, plasma rotation, and velocity shear each reduce
the growth rate of the classical R-T instability. This is the
reason why various techniques to generate an axial mag-
netic field and rotation of plasmas generated by multiwire
loads are being seriously considered. The nonzero curvature
of a load along with an axial magnetic field promotes an
increase in the rotation velocity~Golub et al., 1997a!. In
addition, it has been shown~Golub et al., 1997a! that an
axially curved surface of az-pinch load decreases the growth
rate of the R-T instability through velocity shear. A solenoi-

dal return current cage was suggested as one source of an
axial field ~Sorokin & Chaikovsky, 1993; Golubet al.,
1997a!. Obviously, the effect of this source of axial mag-
netic field decreases rapidly as the liner moves away from
the return current cage during implosion. Therefore, it is
desirable to find more efficient alternatives for creating an
axial magnetic field. One of the possible ways is to use a
specially designed load with wires placed under some angle
to the generatrix of a cylindrical surface with either zero or
a finite curvature. We refer to such a configuration as a
multiwire screw pinch~S pinch; Volkovet al., 1999b!. One
advantage of the S pinch is the fact that the wires creating
the axial magnetic field collapse to the load axis with high
radial velocity and, due to the curvature of the load surface
along which wires are placed, an azimuthal component of
the Lorentz force appears and load rotation occurs. The
eventual formation of a plasma shell removes the azimuthal
force promoting rotation. However, the plasma rotation does
not stop instantly. Moreover in low dissipation media with
low viscosity, the angular velocity increases with the de-
crease of load radius due to the conservation of angular
momentum. The increasing angular velocity results in a
decrease of the R-T growth rate of large wavelength insta-
bilities ~Thornhill et al., 1994! and it increases the rate of
plasma turbulent flow. Therefore, conversion of kinetic en-
ergy into thermal radiation energy at the stagnation stage is
predicted to become more efficient. It is impossible to ob-
tain such favorable conditions with classicalz-pinch loads.

The idea of using an axial magnetic field for stabilization
of the R-T instabilities was implemented earlier in various
experiments~Wesselet al., 1986a, 1986b; Sorokin et al.,
1991; Oreshkin, 1995; Gasqueet al., 1998!. Various effects
of the injectedBz in a gas-puffzpinch are described in detail
~Wesselet al., 1986a, 1986b; Sorokinet al., 1991!, includ-
ing the increase in the final emitting radius of the pinch, the
decrease in the X-ray intensity at pinching and stabilization
of the plasma column. Stabilization was noticeable by in-
jecting even a small amount of axial field,B0 5 1 kG.

The stabilizing effect of the axial magnetic field on gas-
puff z pinch was also reported by Gasqueet al. ~1998!.
However, measured soft X-ray yield in the range of 190,
hv, 288 eV in experiment~Wesselet al., 1986a! was only
half of that for the implosion without axial magnetic field
due to the fact that the energy of the compressed axial mag-
netic field constituted a significant portion of the load energy.

In experiments with a helium plasma liner~Oreshkin,
1995! a stable implosion was observed in the presence of a
relatively weak axial magnetic field~0.15–0.3 T!.

A solenoidal-current return can was used in experiments
~Sorokin & Chaikovsky, 1993! along with constantly ap-
plied axial magnetic field for stabilization of krypton-filled
z-pinch load. It was shown that a smaller value ofBz is
sufficient for the stabilization of large-scale R-T instabili-
ties in the initial stage of compression whenBz is applied
along with solenoidal current return can. The combination
of two stabilization technique enables Sorokin and Chai-
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kovsky~1993! to achieve the higher final compression ratio
of the z-pinch plasma~;50!. No increase in X-ray power
was demonstrated in this configuration. The puff-on-puff
configuration was applied in order to increase the efficiency
of energy coupling between the pulse-power generator and
the inner liner. The 1-D RMHD calculations~Gerstenet al.,
1986! for the conditions of experiments~Sorokin & Chai-
kovsky, 1993! with the axial magnetic field revealed that the
energy of the compressed axial magnetic field makes up to
80% of the total energy delivered to the gas-puff load, while
over 50% delivered to the puff-on-puff load is converted
into thermal energy. The series of intense shock waves pass
through the inner liner while only one weak shock wave
passes through the outer liner, and the conversion of the
kinetic energy into the thermal energy is more effective in
the puff-on-puff load. Therefore, the X-ray losses in the
puff-on-puff load are a factor of two higher than those losses
for the single-puff load. Gerstenet al.~1986! suggested that
the axial magnetic field dissipates in the volume between
two layers, and this results in the increase of X-ray yield.

Libermanet al. ~1999! suggested the use of twisted back
current rods to create the hybridz–u pinch on the Blackjack
3 pulsed-power generator to achieve high stability and high
compression ratio. It should be noted, it is really a contro-
versial task to create the necessary axial magnetic field with
twisted return current rods to provide stable pinch and at the
same time to achieve efficient energy coupling between the
pulse generator and the load. In addition, Volkov~1999!
noted that, contrary to the gas-puff or plasmazpinches, the
presence of an external magnetic field has a destabilizing
effect on the implosion of a wire array. This conclusion was
based on the analysis on wire array implosions with a rela-
tively small number of wires, up to 48. The number of wires
in the experiments~Libermanet al., 1999! was in this range.

In the case of S-pinch load design, a special wire config-
uration will generate an initialBz, which, in combination
with the load curvature, will create and maintain the rotation
of the formed plasma shell. In addition to the initial twist of
the multiwire load, we propose to use the current return can
with several slots placed at an angle to the axis of the can.
This would create a constantly acting azimuthal Lorentz
force, promoting the initial rotation of a multiwirez-0S-
pinch load. Though the magnitude of this force on the load
will decrease as the load moves away from the return current
can during implosion, this force will be present during the
entire time of the implosion and it will contribute to the
creation of an angular momentum of the load even after the
plasma shell is formed. This Lorentz force will partially
mitigate the growth rate of the R-T instabilities and localize
them in the central cross section of the load. We also suggest
that strong turbulent mixing will result in an increase in the
rate of magnetic field dissipation and, therefore, in an in-
crease of the X-ray yield~Volkov, 1999; Volkovet al., 1999a!.

The process of a twisted multiwire pinch implosion can
be subdivided into three stages: the stage of wire implosion
and rotation that occurs up to the moment of plasma shell

formation; the stage of compression of the current shell
pushing ahead of the wire cores and rotation of the shell with
wire cores, maintained by the radial compression; and the
stagnation stage of plasma with developed macroscopic tur-
bulence when kinetic energy is converted into radiation
energy.

Multidimensional radiation hydrodynamic Reynolds-type
equations could adequately describe the latter stagnation
stage~Volkov, 1999!. In this review, we consider zero-
dimensional~0-D! models to study the dynamics of a twisted
z-pinch load during the first stage prior to stagnation. A
zero-dimensional model for the dynamics of a twisted plasma
shell and the Rayleigh-Taylor perturbations on a plasma
surface are developed for the simulation of the second stage.
The model is applied to study the effect of initial wire twist
on the dynamics of the large wavelength R-T instability
growth and X-ray radiation.

2. MODELS FOR THE SIMULATION OF
TWISTED-WIRE-ARRAY DYNAMICS

2.1. A zero-dimensional model of the first stage
of twisted-wire-array dynamics

Classical mechanics~Landau & Lifschits, 1973! is a suit-
able approximation for the description of a wire implosion
onto the load axis before the formation of a plasma shell
because the plasma coronas of separate wires have not yet
merged into a plasma shell and the wire diameters are small
@in experiments~Spielmanet al., 1998!, it is about 1–10mm#.
The 0-D equations of motion describing the implosion of a
wire system can be written as







d2R

dt2 5
I 2

2m

]Leff

]R
, ~1!

d2b

dt2 5 2
VmV

R
1

I 2

mR

]Leff

]b
. ~2!

whereV, R, Vm, b, m, I, andLeff are the radial velocity, the
instantaneous radius of the load, the angular velocity of
rotation, the twisting angle, the total line mass of wires, the
total current, and the effective inductance of a load, respec-
tively. All variables are in SI units. The dependence of the
angular velocity and the radius on thez coordinate can be
approximated by the expressionsV~z, t ! 5 Vm~t !sin~pz0l !
andR~z, t !5R~t !2D{cos~pz0l !, respectively. In the latter
formula,D is the parameter describing the curvature of the
load surface andl is the length of a load.

The circuit equation can be combined with the equations
of motion giving

d~I ~Leff 1 L0!!0dt 1 R0 I 5 U~t !, ~3!

whereU~t ! is the given input voltage waveform, andR0, L0

are the resistance and the inductance of the external circuit.
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For the scaling of an S-pinch load during the first stage of the implosion, we use Eqs.~1!–~3!. As in the experiments
~Spielmanet al., 1998!, a higher rate of increase of the kinetic energy corresponds to a higher X-ray radiation output.
Therefore, we define a criterion for optimization asdWk0dt, whereWk is the kinetic energy of a load. Since the first stage of
compression is relatively short in duration, we can estimate the load inductance withLeff 5 cosbLw 1 sinbLz, whereLw is
the effective inductance of multiwire S pinch,

Lz 5
2pm0 RT

l 2 E
2l02

l02 ~RT 2 R~x!!dz

11 2.5
RT 2 R~z!

RT

1
2~RT 2 R~z!!

l Sln
pRT

RT 2 R~z!
2 0.472 qS l

RT
DD

~4!

is the inductance of a one-loop solenoid with a very thin wall
in the conducting screen~Schneerson, 1992!, andq~l0RT!5
2.276 exp~21.764l0RT! is the approximation of numerical
results.

We substitute the coaxial system ofN wires and coaxial
return current can with a system ofN * N contours from
parallel wires, the same current,I0N2, passes through each
contour. Due to the axial symmetry of the system, the mag-
netic flux in each contour is

F 5 I0N2 (
j51

N

(
j '51

N

Lii ' ; jj ' 5 Lw I.

For a system of straight wires or a flat surface we use~Ney-
man & Demirchan, 1981; Golubet al., 1999a!

Lii ' ; jj ' 5
mo l

2p
ln

rij ' ri 'j

r ij r i 'j '
,

then

Leff 5
m0 l

2pN2 (
j51

N

(
j '51

N

ln
rij ' ri 'j

r ij r i 'j '
,

whererij denotes the distance between thei th andjth wires,
indexesi and j without a prime relate to load wires, and
indexes with a prime relate to virtual wires of the return
current cage. For a curved surface, the expression for effec-
tive inductance of a multiwire S pinch is

Lw 5
m0

2N2p
E

2l02

l02

(
j51

N

(
j '51

N

ln
rij ' ~z!ri 'j ~z!

rij ~z!ri 'j '
dz.

In our first consideration of the second stage of an S-pinch
dynamics, we neglect here, for simplicity, the influence of
shell thickness on the growth rate of the R-T instability,
though we emphasize that its effect on R-T instability de-
velopment is significant at this stage and should be studied
in the future for a quantitative description of an S-pinch load
prior to the stagnation stage. We use Eqs.~1!–~4! for the
approximate description of the implosion of a plasma shell
with wire cores, but the second term in the right-hand side of
Eq. ~2! should be omitted. Then the angular velocity of
rotation increases as a shell implodes. After the plasma shell

is formed, we use the following formula for the effective
inductance of a load:

Leff 5 Lw 5
m0

2p
E

2l02

l02

ln~RT 0R~z, t !! dz,

whereRT is the radius of the return current can.

2.2. A model of the plasma-wire-core implosion
and the R-T instabilities

Let us consider the average radial motion of a plasma shell
with wire cores prior to stagnation. We assume axial and
azimuthal symmetry of the load, inertia of the wire cores,
plasma incompressibility, and zero magnetic field inside of
a shell due to the skin effect. The equation of motion for the
plasma shell is~Volkov et al., 1976!

]V

]t
1

]

]r
SV 2

2
1

r 2Vm
2

2
D 5 2

]

]r
S P

r
D2

B

m0 r
S ]B

]r
1

B

r
D,

~5!

whereV, r, Vm, P, r, B, andm0 are the velocity of the shell,
the radius of the shell, the twist angle, the pressure, the
plasma shell density, the magnetic field, and the free space
permeability, respectively.

The above assumptions can be written as

Vi Ri 5 VeRe 5 Vr ~6!

s0 5 p~Re0
2 2 Ri 0

2 ! 5 p~Re
2 2 Ri

2! 5 const, ~7!

whereVi , Ri , Ve, Re, ands0 are the internal radial velocity,
the internal radius of the shell, the external radial velocity,
the external radius of the shell, and the area of the shell cross
section, respectively.

To obtain the ordinary differential equation for an average
internal velocity, we use the assumption that the magnetic
field inside the shell is equal to zero, and also we take into
account the inertia of the wire cores. Integrating Eq.~1! over
the radius, taking into account Eqs.~2! and~3!, we obtain
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dVi

dt
5

Vi
2S s0

pRi
2D2 ln~j! 2

Vm
2 s0

p
2

m0 I 2

2p2rRi
2j

RiSln~j! 1 ~!j 2 1!
r

rc
D

~8!

Re 5 Ri j, Ve 5
Vi

j
, j 5 !11

s0

pRi
2 ~9!

d2b

dt2 5 2
VmVi

Ri

, ~10!

whereI, rc, andb are the current through the load, the wire
core density, and the twist angle, respectively.

Let us represent the coordinate of a point on the load
surface as the sum of coordinates of a point on the unper-
turbed surfaceRm~z, t ! and the amplitude of a short wave-
length perturbationh~z, t !:

R~z, t ! 5 Rm~z, t ! 1 h~z, t !. ~11!

When the wire length is fixed, the twisting of an origi-
nally cylindrical wire array results in the curvature of the
load surface. This surface curvature promotes the localiza-
tion of the R-T instabilities in the central cross section of the
load. This fact is supported by 2-D MHD calculations pre-
sented by Douglaset al.~1997!. Therefore, we can take into
account the surface curvature effect by representing the
perturbation as follows:

h~z, t ! 5 FS ]Rm

]z
Dhft ~z, t ! 1 o~e!, ~12!

where the localization function

FS ]Rm

]z
D 5 exp~2b2 Nd2a2 sin~az!!,

Nd 5 kd, a 5 k0l,

is the wavepacket envelope function for the short wave-
length perturbations, so that perturbations approach zero
near the electrodes for a curved surface, andhf l ~z, t ! is the
perturbation on the flat surface. The last term in the right-
hand side of Eq.~12! takes into account the coupling of
modes withk0 5 p0l and short wavelength perturbations.
We neglect this term in our further analysis.

Using a piece-wise approximation as was done by Fermi
~1972!, we represent the perturbation component for the flat
surface as

hf l ~ Sz, t ! 5 Xsp~t ! (
i51

n11

~H~ Sz2 Sz2i21! 2 H~ Sz2 Sz2i !!

2 Xb~t ! (
i51

n11

~H~ Sz2 Sz2i ! 2 H~ Sz2 Sz2i11!!, ~13!

whereH~ Sz2 Szi ! is the Heaviside function, and the pointsSzi ,
i 5 1,2, . . . ,2n 1 2 are the beginning and end points of the
spike or the bubble of the instability. The dimensionless
amplitude of the spike and the bubble of the R-T instability
arehf l 5 kh, Sz5 zl21. Introducing a dimensionless height
and width of the spikeXsp 5 khsp, Xb 5 khb, we write the
equations for dynamics of the spike and the bubble. These
equations are similar to Baker and Freeman’s nonlinear model
for the R-T instabilities in ICF targets~Baker & Freeman,
1980! that was later adopted by Loskutov and Luchinsky
~1995! for analysis of the R-T instabilities in imploding
liners. It is assumed~Loskutov & Luchinsky, 1995! that the
bubble and the spike of the R-T instabilities grow indepen-
dently. This assumption is not valid for incompressible fluid,
so we use the bubble-spike growth equations as follows:

dV1

dt
5 2

f ~Xsp2 X0!

~11 Xsp!
2 V1

2 2
2V1Vi

Ri j
1

kf ~Xsp!

j Sgi 1
Vi

2s0

pRi
3jD,

~14!

whereV1 is the growth rate of the spike amplitude,

dXsp

dt
5 V1, ~15!

wheref ~x! 5 1 2 exp~2x! andgi 5 dVi 0dt,

dV2

dt
5 2

~hbV1 1 XspV2!2

Xsphb
2 fS Xsp

hb
D2

2V2Vi

Ri j

1
khb

Xspj Sgi 1
Vi

2s0

pRi
3jDShb fS Xsp

hb
D2 f ~Xsp!D

1
hbV1

2

Xsp

f ~Xsp2 X0!

~11 Xsp!
2 2

2V2~hbV1 1 XspV2!

Xsphb

, ~16!

whereV2 is the growth rate of the spike width,

dhsp

dt
5 V2. ~17!

The amplitude,Xb, and the width,hb, of a bubble are

Xb 5
Xsphsp

12 hsp

, hb 5 1 2 hsp. ~18!

The initial values for Eqs.~14!–~18! are given by

h0 5 hsp~t 5 t0! 5 2
12, Xsp~t 5 t0! 5 X0.
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2.3. A model of the implosion of a twisted wire
array pinch with the current return can
having inclined slots

We limit our consideration with the 0-D model of the load
dynamics which was described in the previous subsection.
We present in this section the inductance expressions mod-
ified for the load with current return can with the inclined
slots~Golubet al., 1999b!.

We substitute the coaxial system ofN wires and coaxial
return current can with a system ofN * Nsl contours fromN
wires of the array andNsl filaments which represent the
stripes of can material between slots. The same current,
I0~N * Nsl!, passes through each contour. Using the axial
symmetry of the system and an expression for inductance of
each contour~Golubet al., 1999a! we can write inductance
for a system of straight wires or a flat surface as

Leff 5
m0 l

2p

1

NNsl
(
j51

N

(
j '51

Nsl

ln
rij ' ri 'j

r ij r i 'j '
, ~19!

whererij denotes the distance between thei th andjth wires,
indexesi and j without a prime relate to load wires, and
indexes with a prime relate to filaments of the return current
can.

For a curved surface, the expression for the effective
inductance of a multiwire S pinch becomes

Lw 5
m0

2NNsl p
E

2l02

l02

(
j51

N

(
j '51

Nsl

ln
rij ' ~z!ri 'j ~z!

rij ~z!ri 'j ' ~z!
dz.

We use Eqs.~1!–~4! for the approximate description of the
implosion of a plasma shell with wire cores, but the second
term in the right-hand side of Eq.~2! should be omitted.
Then the angular velocity of rotation increases as a shell
implodes.

After the plasma shell is formed, we use the following
formula for the effective inductance of a load:Leff 5 Lp1 1
sin~a!~Lp2 1 Lp3!, whereRT is the radius of the return
current cage,a is the slot inclination angle,Lp1 is the induc-
tance related to azimuthal field of the return current sole-
noid and a plasma shell of arbitrary surfaceR~z, t ! ~Golub
et al., 1997a!:

Lp1 5
m0

2p
E

2l02

l02

ln~RT 0R~z, t !!dz;

Lp2 is the inductance related to axial magnetic field~Golub
et al., 1997a!:

Lp2 5
rp2

E
2l02

l02 dz

RT
2 2 R~z, t !2

;

andLp3 is the inductance related to the radial magnetic field:

Lp3 5 2p2

E
2l02

l02
R~z, t !2~RT

2 1 R~z, t !2!S ]R~z, t !

]z
D2

dz

~RT
2 2 R~z, t !2!3

SE
2l02

l02 dz

RT
2 2 R~z, t !2D2

,

whereRs is the solenoid radius or return current radiusRT

andR~z, t ! is the radius of the pinch load depending on the
z coordinate. The factor sin~a! is introduced to take into
account the difference of the return current can with inclined
slots from the return current solenoid.

A model based on a self-consistent simulation of the dy-
namics of a twisted plasma shell and the development of the
Rayleigh-Taylor perturbations on a plasma surface is de-
scribed in detail in Section 2.1 and was used in our simula-
tions to scale the shell dynamics in the presence of the
current return can with the inclined slots.

3. NUMERICAL SIMULATION

The dynamics of various configurations of S-pinch loads
with curved surfaces and twisted wires was simulated nu-
merically and compared with the performance of a classical
z pinch. In all calculations, we used theZ circuit ~Spielman
et al., 1998! with L0 5 11.28 nH,R0 5 0.12V, given input
voltage waveform, 4-mg mass of the load 2 cm long, 3 cm in
diameter. We estimated 122 ns as the moment in time when
the coronas of 100 separate tungsten wires overlap and merge
into a plasma shell, using a 1-D MHD code for simulation of
the “cold start” problem~Golubet al., 1997b!. The param-
eterD denotes the initial difference between the maximum
load radius on the electrodes and the minimum load radius
in the central cross section~Fig. 1!. The initial load radius on
the electrode was fixed at 1.5 cm in all calculations, and we
controlled the initial load curvature by varying the param-
eter D. Thus,D 5 0.0 corresponds to a flat surface,D 5
0.1 cm means that load radius in the central cross section is
1.4 cm, that is, the surface is curved just a little bit, andD 5
0.7 cm relates to a highly curved surface when the radius
of the central cross section of the load is almost a half value
of the load radius on the electrodes. The parameterb de-
scribes the load twist angle~Fig. 1!. The initial valueb0

determines the angle of the initial placement of the wires
along the load surface. Thus, forb0 5 0.0, we have wires
stacked straight which in combination withD 5 0.0 relates
to a classicalz pinch. The caseb0 5 0.05 relates to the
configuration of the load with wires initially placed in a 4.38
angle to the cylindrical surface generatrix. The derivative of
the parameterb is an angular velocity.

Numerical simulations with 0-D implosion dynamics
model were performed for a classicalz-pinch load and for an
S-pinch load with initial twist ranging from 0.02 to 0.15 and
initial curvature ranging from 0.05 cm to 0.7 cm. Figure 2
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shows the dynamics of a classicalz pinch and Figure 3
demonstrates the performance of an S pinch forD 5 0.2 and
b0 5 0.05.

The results of numerical 0-D simulations prove the con-
cept that an S-pinch design could provide a dramatic effect
on load performance. The higher rate of rise of load induc-
tance for an S pinch determines the more effective conver-
sion of electrical energy of the driver into the kinetic energy
of the load. Both the peak kinetic energyWk and the rate of
rise of the kinetic energydWk0dt increase significantly com-
pared to classicalz-pinch load~Figs. 2 and 3!. Quantitative
estimations do not reflect the real scenario in energy con-
version as our simulations did not account for radiative
losses.

Simulations revealed that the effect of parameterD dom-
inates the influence of the initial twist angle. Therefore, the
initial curvature of the load is suggested as the principal
control parameter. If we choose the highest peak and the rate
of rise of the kinetic energy, as an optimum criterion, then
we find D 5 0.2 andb0 5 0.05 as the optimum.

Equations~8!–~18! were used for self-consistent simula-
tions of the dynamics of the plasma shell and the develop-
ment of the R-T instabilities on a plasma surface. Various
configurations of twisted loads were simulated numerically
and compared with the performance of a classicalz pinch
with straight cylindrical wires. The initial shell thickness
was set at 0.9 mm, and the initial amplitude of spike and
bubble at 0.02 mm. The 2-D MHD calculations for uniform-

fill loads ~Douglaset al., 1997! show that the curved load
surface promotes the mitigation of the short-wavelength
R-T instabilities, the large wavelength instabilities domi-
nate, and the larger the surface curvature, the smaller the
range of wavelengths for the R-T instabilities developed
during implosion. Thus, we used wave numbersk5 2pn0l,
n 5 5, 7, 9, 11 in our simulations. Constant values of 0.01
g0cm3 for plasma density and 1 g0cm3 for wire core density
were used in the calculations. These values are comparable
with estimates based on experimental measurements~Shel-
kovenkoet al., 1998; Pikuzet al., 1999!, where the value of
current flowing through the 7.5-mm diameter tungsten wire
is the same as that in the Z experiments.

Time histories of the current through the load and the wire
array radius near the electrodes along with the amplitudes of
a spike and a bubble are shown in Figure 4. The calculations
showed that linear theory gives too high an estimate for the
growth rate of the R-T instability amplitude compared to
simulations using nonlinear models@Eqs.~14!–~18!# .

Fig. 1. Schematic design of an S-pinch load. Parameter of twisting,b, is an
angle of rotation of the load relative to the fixed central cross section of the
load. Parameter of load curvature,D, is defined by the displacement of
outer load surface from flat surface.

Fig. 2. Dynamics of a classicalz-pinch load:~a! the time histories of the
load current~solid line! and maximum load radius~dotted line!; ~b! time
histories of the radial kinetic energyWk ~dotted line! and the mechanical
powerWk0dt ~solid line!.
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The dynamics of a plasma shell with a perturbed outer
surface is shown at four subsequent times prior to stagnation
for a straight, cylindrical wire array in Figure 5, and for
wires initially twisted along the curved surface in Figure 6.

The calculations demonstrated that the shell is less disrupted
by the R-T perturbations in the case of initially twisted
wires, as the instabilities are localized to the central cross
section of the load.

By varying the initial twist angle and the surface curva-
ture, we found that an optimum design would have the wires
twisted initially with an angle in the range from 0.05 to 0.08
and an initial load curvature in the range from 1 to 2 mm. For
these loads, the greatest possible values of the kinetic en-
ergy and X-ray power are calculated. The R-T instabilities
break through the plasma shell only when the internal radius
of the shell is close to zero, that is, prior to stagnation.

Calculations show that an initially twisted load design
provides a more efficient energy transfer from the pulsed-
power generator to the load compared with a straight, cylin-
drical wire array. Rough estimates predict a minimum 20%
increase in the kinetic energy of a load prior to stagnation.
According to estimates provided by Mosheret al. ~1998!,
K-shell radiation yield,Y, scales with the kinetic energy,Ek,
asY; Ek

2. One can extrapolate this dependence and expect
a significant increase in radiation yield, even if only 50% of
the load kinetic energy can be attributed to radiation as
suggested by Spielmanet al. ~1998!.

The simulations also revealed that the initially twisted
load accelerates faster during the implosion. Comparing
Figure 5d and Figure 6d, one can see that the inner surface
of the plasma shell reaches the axis of symmetry a few
nanoseconds earlier in the case of initially twisted wires. In
this case, the azimuthal velocity increases significantly dur-
ing implosion compared to the classicalzpinch, which pro-
motes faster growth of the R-T instabilities. However, our
simulations of the nonlinear stage of the R-T growth show
that this increase in the R-T instability amplitude is not
severe and ceases when the inner surface of the plasma shell
reaches the axis of symmetry. This occurs earlier in case of

Fig. 3. ~a! The current~solid line! and maximum load radius~dotted line!
for an S-pinch load withD 5 0.2,b 5 0.05;~b! time histories of the radial
kinetic energyWk ~dotted line! and the mechanical powerWk0dt ~solid
line!; ~c! the rotation velocity~solid line! and the twisting angle~dotted
line!.

Fig. 4. Dynamics of a wire array load and the R-T instabilities: The current
through the load~dashed line!, the load radius~dotted line!, the bubble
amplitude~solid line!, the spike amplitude~dotted-dashed line! of the R-T
instability for an initial amplitude 0.02 mm and a wave numberk52.2 mm21.
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an initially twisted load. In addition, the increase of the
azimuthal velocity is expected to intensify the process of
turbulent mixing and, therefore, to increase the efficiency of
the conversion of kinetic energy into radiation.

Various configurations of twisted~S-pinch! loads in the
return current can with inclined slots~Fig. 7! were simu-
lated numerically. Time histories of the current through the
load and the wire array radius near the electrodes are shown
along with the amplitudes of a spike and a bubble in Fig-
ure 8a, the radial load velocity, growth rates for spike and
bubble in Figure 8b, and energy partition components in
Figure 8c. The load kinetic energy, the energy of azimuthal
magnetic field, and the energy of axial magnetic field are
denoted byEk, Emfi, andEmz, respectively. The energy of the
radial magnetic field is negligible. The dynamics of a plasma
shell with the R-T instabilities for simulations correspond-
ing to Figure 8 are shown in Figure 9.

4. DISCUSSION

It was shown that an optimum design would have the wires
twisted initially with an angle in the range from 0.05 to 0.08
and with an initial load curvature in the range from 1 to
2 mm. For these loads, the greatest possible values of the
kinetic energy and X-ray power are calculated, while the
R-T instabilities break a plasma shell only when the internal
radius of the shell is close to zero, that is prior to stagnation.
By varying the initial twist angle, surface curvature, incli-
nation angle for slots in the current return can, we observed
the simulated effect of using current return can with inclined
slots for bothz pinches and S pinches to generate the mag-
netic field for stable implosions. Obviously, the increase of
the inclination angle results in the increase of the initial
inductance of the load and the energy of the compressed
axial magnetic field constituting a significant portion of the

Fig. 5. The calculation shows the development of the R-T perturbation fork5 2.2 mm21 on the flat surface of the imploding plasma
shell at four different times prior to the stagnation: the inner and outer surface of a plasma shell~solid line! and the R-T perturbation
on the outer surface~dotted line!.
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energy delivered to a load from the pulsed power generator.
This results in the decrease in the kinetic energy of the load
~see Fig. 10!. However, azimuthal velocity increases, and
this, in our opinion, should strengthen the process of turbu-
lent mixing, and hence the dissipation of the axial magnetic
field. Unfortunately, 0-D calculations cannot provide qual-
itative estimates for this effect.

It is recommended to use a higher number of inclined
slots instead of a few slots, because current return can is
located only 5 mm away from the wire array and very few
slots could cause additional azimuthal nonuniformity of the
imploded plasma pinch. In the experiments~Sorokin &
Chaikovsky, 1993!, the return current solenoid was formed
by 24 rods placed at a 458 angle to the cylindrical surface
generatrix.

The use of a current return can with inclined slots causes
faster acceleration of the twisted load due to the additional
Lorentz force. Figure 11 shows the time when the inner
surface of the shell hits the axis as a function of the slot
inclination angle.

Fig. 6. The calculation shows the development of the R-T perturbation on the curved surface of the twisted plasma shell at four
different times prior to the stagnation: the inner and outer surface of a plasma shell~solid line! and the R-T perturbation on the outer
surface~dotted line!. The initial twist angle is 0.08 and the initial surface curvature is 2 mm.

Fig. 7. Schematic design of a twisted wire array load with a return current
can with inclined slots.
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Calculations show that the greater the inclination angle of
the return current slots, the greater theBz value is. At the
same time, greaterBz results in less radial kinetic energy of
the load. However, Spielmanet al. ~1998! suggested that
only 50% of the radiation energy can be directly attributed
to the conversion of kinetic energy and the remaining energy
is associated with the compression of the stagnated plasma
by the magnetic pressure force. We believe that there exist
optimum conditions in which the current return can with
inclined slots promotes stabilization of the plasma shell
formed by wires in the initial stage of implosion and at the
same time a sufficient amount of kinetic energy is delivered
to the load, which is further converted into the radiation.
The exact optimal conditions could not be found with 0-D
calculations though we could offer a range for variables for
experiments.

An optimum load design is suggested to have the wires
twisted initially with an angle in the range from 0.05 to 0.08
and with an initial load curvature in the range from 1 to
2 mm. Our analysis of calculations suggests that inclination
anglep050 and about 40–50 inclined slots could be recom-
mended for experiments.

5. CONCLUSION

In conclusion, we have found that a multi-wire screw pinch,
a variant of az-pinch load is a possible way to achieve
higher X-ray radiation. The 0-D implosion simulations show
that a moderate initial twist of the wires along the curved
surface results in the accelerated rotation of the wire ar-
rays and the plasma shell during the implosion. This rota-
tion is expected to have a doubly positive effect on the
load performance. First, it will stabilize the growth of large-
scale perturbations of the R-T instability and will improve
the uniformity of the load, and, second, it will promote
turbulent flows in az-pinch plasma prior to the stagnation
stage. Therefore, an S-pinch load design is expected to
provide the higher X-ray radiation power.

The effect of initially twisting a multiwire,z-pinch plasma
load on the large wavelength R-T instability growth and
X-ray radiation was studied. The self-consistent simulation
of the implosion of a plasma shell with wire cores and the
development of the R-T perturbations was carried out for
both classical multiwirez-pinch loads and initially twisted
wire arrays. The results of these calculations demonstrated
that the shell is less disrupted by the R-T perturbations in the
case of initially twisted wire arrays, as the instabilities are
localized to the central cross section of the load. Because the
inductance of a twisted wire array increases more quickly,
the load acceleration is higher compared to the acceleration
for a classicalzpinch. Higher acceleration causes the higher
R-T growth; however, this increase is not significant and, in
the range of parameters considered for the load, is found not
to disrupt the imploding plasma shell prior to stagnation.
The kinetic energy of the twisted load prior to stagnation
increases more than 20% compared to a straight, cylindrical

Fig. 8. Dynamics of a wire array load and the R-T instabilities:~a! The
current through the load~dashed line!, the load radius~dotted line!, the
bubble amplitude~solid line!, and the spike amplitude~dotted-dashed line!
of the R-T instability;~b! the radial load velocity~dashed line! and growth
rates for spike~dotted line! and bubble~dotted-dashed line!; ~c! load ki-
netic energy~dotted-dashed line!, the energy of azimuthal magnetic field
~dashed line!, and the energy of axial magnetic field~dotted line!.
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Fig. 9. The calculation shows the development of the R-T perturbation on the curved surface of the twisted plasma shell inside of the
return current can with 58 inclined slots at four different times prior to the stagnation: the inner and outer surface of plasma shell~solid
line! and the R-T perturbation on the outer surface~dotted line!.

Fig. 10. The dependence of the peak energy components on the slot incli-
nation angle.

Fig. 11. The dependence of an instance in time when the inner surface of
the shell hits the axis on the slot inclination angle.
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wire array, giving the potential for a significantly higher
X-ray yield. The model may also be useful for analysis of
long-pulsez-pinch implosions.

Future experiments are required for a more quantitative
study of the effect of various physical factors on the gener-
ation of X rays. Analytical and computational analyses of
the laminar-turbulent transition process~Volkov et al., 1999a!
and simulations with the hydrodynamic model for plasma
with strong macroscopic turbulence~Landau & Lifschits,
1973! would provide an insight into fundamental questions
on mechanisms of thermodynamic equilibrium, the role of
X-ray radiation, and the conversion of kinetic energy into
X-ray radiation at the stagnation stage.
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