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Abstract

A multiwire screw pinch, a variant of a-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 clasgipaich loads. A model based on the self-consistent
simulation of the dynamics of a twisted plasma shell and the development of Rayleigh-(Ryfloperturbations 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 state of the wire materialGus’kov et al, 1998; Shel-

. . . . kovenkoet al., 1998; Pikuzt al,, 1999. In Cornell Univer-
Experiments and simulation®avis et al, 1997; Deeney sity’s experimentgShelkovenkecet aI? 1998; Pikuzet al.

etal, 1998; Spielmast al, 1998 have shown thatpinches, 1999 with exploding tungsten wires, about 20% of the ini-

formed by multiwire arrays and nested multiwire arrays, are; =~ 7. : .
. o ial wire mass forms a plasma shell while the diameter of the
effective sources of terawatt levels of X-ray radiation. For . . : S
pense wire core is 4-10 times the initial diameter of the

small numbers of wires, the plasma coronas of individua . :
wires are not overlapped for most of the implosion, and the' e In SNL experiment¢Spielmaret al, 1998 the mag-

) - . . o hitude of current flowing through each tungsten wire in the
instabilities developed in each wire do not exhibit mutual . . . X o
: . : rray is comparable with that in Cornell University’s exper-
influence. The case of a wire array having a large number o; Co s

L . . . . iments where the wire diameter varies from grd to 15um,
wires is of particular interest, as Sandia National Laborato—the initial wire-array diameter is 4 cm, and the final diameter
ries’ (SNL) experiments(Spielmanet al., 1998 demon- y '

o . . . . of awire-array pinch plasma is 1.6 mm. Simple calculations
strated a significantimprovement in the uniformity of plasma . .
e for a lower estimate of the core diameter show that the cores
parameters over the load length and optimized the genera-

tion of X-ray radiation when the number of wirbls= 200— OfN =240 WIres, 7-fumin diameter, are overlapped only at
) . the stagnation stage.
300. In this case, the plasma coronas of separate wires are S . .
. , ) Marder and Desjarlai€l998 provided a physical expla-
overlapped and merge into a shéBus’kov et al, 1998; : . . L
nation for the improvementin X-ray radiation as the number

Shelkovenket al., 1998; Spielmaet al., 1998; Pikuzt al,, o )

. . of wires increases to greater than 100. In that case, the kink
1999 which then implodes. The total current of the load instability in each wire goes away and the instability in the
flows through the shell. The amount of evaporated materia) y g y Y

depends on the electrical conductivity and the equation of 1y reduces to the classical R-Tand in this I|m|t,zt.|u ch .
plasma appears more stable. But the problem still remains:

. _R-T instabilities develop as the plasma shell is formed and
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(>150 ng that are being investigated at the present timedal return current cage was suggested as one source of an
(Deeneyet al., 1999. axial field (Sorokin & Chaikovsky, 1993; Golulet al,
While it has been shown experimentalBpielmaret al,, 1997a). Obviously, the effect of this source of axial mag-
1998 that an increase in wire number improves uniformity netic field decreases rapidly as the liner moves away from
along the load axis, time-resolved X-ray images npinch  the return current cage during implosion. Therefore, it is
at the stagnation stage in the X-ray range 1-3 keV demondesirable to find more efficient alternatives for creating an
strate existence of bright spatially ordered structures alongxial magnetic field. One of the possible ways is to use a
the pinch axigSpielmanet al., 1998, which clearly show specially designed load with wires placed under some angle
the pinch nonuniformities. ExperimentBranitskii et al,  to the generatrix of a cylindrical surface with either zero or
1999 aimed at studying of the cold-start effects on plasmaa finite curvature. We refer to such a configuration as a
liner implosions at “Angara 5-1" revealed a similar picture. multiwire screw pinciS pinch; Volkovet al., 199%). One
Branitskii et al. (1999 demonstrated that cold-start effects advantage of the S pinch is the fact that the wires creating
promote the development of instabilities and magnetohydrothe axial magnetic field collapse to the load axis with high
dynamicMHD) turbulence in a-pinch plasma and they sug- radial velocity and, due to the curvature of the load surface
gest that record values of X-ray radiation achieved inalong which wires are placed, an azimuthal component of
experiment$Spielmaretal, 1999 are likely caused by these the Lorentz force appears and load rotation occurs. The
instabilities and strong turbulent mixing. The plasma in theseventual formation of a plasma shell removes the azimuthal
“bright” spots has the highesttemperature, so the plasmatenfierce promoting rotation. However, the plasmarotation does
perature distribution follows the same structural pattern. Earnot stop instantly. Moreover in low dissipation media with
lier studies of laminar-turbulent transition in plasma-like low viscosity, the angular velocity increases with the de-
media(Volkov & Zubarev, 1995; Iskoldsket al., 1996 crease of load radius due to the conservation of angular
showed that creation of ordered spatial structures is causedomentum. The increasing angular velocity results in a
by the formation and the development of nonlinear dynam-decrease of the R-T growth rate of large wavelength insta-
ics of large-scale vortices. Therefore, one can speculate thatlities (Thornhill et al,, 1994 and it increases the rate of
the experimentéSpielmaret al,, 1998 demonstrate the ex- plasma turbulent flow. Therefore, conversion of kinetic en-
istence of developed, macroscopic turbulence in multiwireergy into thermal radiation energy at the stagnation stage is
z-pinch plasmas at stagnation. Using a phenomenological apredicted to become more efficient. It is impossible to ob-
proach, Thornhilet al. (1994 showed that turbulence is an tain such favorable conditions with classiegbinch loads.
important factor for achieving higher X-ray radiation power The idea of using an axial magnetic field for stabilization
of plasma in the kiloelectron volt region. A similar idea was of the R-T instabilities was implemented earlier in various
proposed by Rudakov and Suddm®97), where a simplified experimentgWesselet al, 1986, 1986@; Sorokinet al,
model of MHD turbulence in radiating pinches was pre- 1991; Oreshkin, 1995; Gasqeeal., 1998. Various effects
sented. We suggest that pinch designs that promote largef the injected, in a gas-pufzpinch are described in detail
scale space turbulence, resulting in strong turbulent flow andWesselket al., 1986, 1986; Sorokinet al., 1991, includ-
more effective conversion of kinetic energy into thermal en-ing the increase in the final emitting radius of the pinch, the
ergy and anincrease in X-ray radiation, would be one way talecrease in the X-ray intensity at pinching and stabilization
further improvez-pinch load performancéVolkov et al, of the plasma column. Stabilization was noticeable by in-
199%). The main obstacle here is the Raleigh—Taylor instajecting even a small amount of axial fielHy = 1 kG.
bilities that could destroy both metallic and plasma liners The stabilizing effect of the axial magnetic field on gas-
during the implosion. However, if the beginning of the plasmapuff z pinch was also reported by Gasqeeal. (1999.
shell destruction is synchronized in time to the beginning ofHowever, measured soft X-ray yield in the range of 90
the stagnation, then the R-T instabilities could increase théw < 288 eV in experimentWessekt al,, 1986) was only
efficiency of conversion of the liner kinetic energy into the half of that for the implosion without axial magnetic field
thermal energy and the X-ray radiation energy by a manidue to the fact that the energy of the compressed axial mag-
festation of turbulence in the plasma at the stagnation stageetic field constituted a significant portion of the load energy.
Itis well known(Chandrasekhar, 198that an axial mag- In experiments with a helium plasma liné@reshkin,
netic field, plasma rotation, and velocity shear each reduc&995 a stable implosion was observed in the presence of a
the growth rate of the classical R-T instability. This is the relatively weak axial magnetic fiel@.15-0.3 7.
reason why various techniques to generate an axial mag- A solenoidal-current return can was used in experiments
netic field and rotation of plasmas generated by multiwire(Sorokin & Chaikovsky, 1998along with constantly ap-
loads are being seriously considered. The nonzero curvatugdied axial magnetic field for stabilization of krypton-filled
of a load along with an axial magnetic field promotes anz-pinch load. It was shown that a smaller valueByfis
increase in the rotation velocityfGolub et al, 1997). In  sufficient for the stabilization of large-scale R-T instabili-
addition, it has been showi@Golub et al., 1997) that an  ties in the initial stage of compression whBpis applied
axially curved surface ofapinch load decreases the growth along with solenoidal current return can. The combination
rate of the R-T instability through velocity shear. A solenoi- of two stabilization technique enables Sorokin and Chai-
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kovsky (1993 to achieve the higher final compression ratio formation; the stage of compression of the current shell
of the z-pinch plasma ~50). No increase in X-ray power pushing ahead of the wire cores and rotation of the shell with
was demonstrated in this configuration. The puff-on-puffwire cores, maintained by the radial compression; and the
configuration was applied in order to increase the efficiencystagnation stage of plasma with developed macroscopic tur-
of energy coupling between the pulse-power generator andulence when kinetic energy is converted into radiation
the inner liner. The 1-D RMHD calculatiori&ersteret al,, energy.

1986 for the conditions of experimentSorokin & Chai- Multidimensional radiation hydrodynamic Reynolds-type
kovsky, 1993 with the axial magnetic field revealed that the equations could adequately describe the latter stagnation
energy of the compressed axial magnetic field makes up tetage (Volkov, 1999. In this review, we consider zero-
80% of the total energy delivered to the gas-puff load, whiledimensiona(0-D) models to study the dynamics of a twisted
over 50% delivered to the puff-on-puff load is convertedz-pinch load during the first stage prior to stagnation. A
into thermal energy. The series of intense shock waves pagero-dimensional model for the dynamics of a twisted plasma
through the inner liner while only one weak shock waveshell and the Rayleigh-Taylor perturbations on a plasma
passes through the outer liner, and the conversion of theurface are developed for the simulation of the second stage.
kinetic energy into the thermal energy is more effective inThe model is applied to study the effect of initial wire twist
the puff-on-puff load. Therefore, the X-ray losses in theon the dynamics of the large wavelength R-T instability
puff-on-puff load are a factor of two higher than those lossegrowth and X-ray radiation.

for the single-puff load. Gersteat al. (1986 suggested that

the axial magnetic field dissipates in the volume betweerk MODELS FOR THE SIMULATION OE

two layers, and this results in the increase of X-ray yield.
. . TWISTED-WIRE-ARRAY DYNAMICS
Libermanet al. (1999 suggested the use of twisted back

current rods to create the hybizéd pinch on the Blackjack _ _ _
3 pulsed-power generator to achieve high stability and higi?-1. A zero-dimensional model of the first stage
compression ratio. It should be noted, it is really a contro-  of twisted-wire-array dynamics

versial task to create the necessary axial magnetic field Witlﬂ:lassical mechanicd_andau & Lifschits, 197Bis a suit-
twisted return current rods to provide stable pinch and at thedb|e approximation for the description of a wire implosion
same time to achieve efficient energy coupling between thg v, the 10ad axis before the formation of a plasma shell
pulse generator and the load. In addition, VOIK&999  ocqse the plasma coronas of separate wires have not yet
noted that, contrary to the gas-puff qr plaseminches, th? . merged into a plasma shell and the wire diameters are small
presence of an external magnetic field has a destablhzmgn experiment¢éSpielmaretal, 1998, itis about 1-1Qum].

effect on the implosion of a wire array. This conclusion wastn, 9.p equations of motion describing the implosion of a
based on the analysis on wire array implosions with a relay ;.o system can be written as

tively small number of wires, up to 48. The number of wires

in the experimentéLibermanet al., 1999 was in this range. [(Jd2R 12 dlyg
In the case of S-pinch load design, a special wire config- | 92 2m IR (1)
uration will generate an initiaB,, which, in combination O
with the load curvature, will create and maintain the rotation | d2g Q.V 12 il
of the formed plasma shell. In addition to the initial twist of Caz = R " mR 98 @

the multiwire load, we propose to use the current return can
with several slots placed at an angle to the axis of the carwhereV, R, Q,,, 8, m, |, andL . are the radial velocity, the
This would create a constantly acting azimuthal Lorentzinstantaneous radius of the load, the angular velocity of
force, promoting the initial rotation of a multiwire/S-  rotation, the twisting angle, the total line mass of wires, the
pinch load. Though the magnitude of this force on the loadotal current, and the effective inductance of a load, respec-
will decrease as the load moves away from the return currentvely. All variables are in Sl units. The dependence of the
can during implosion, this force will be present during theangular velocity and the radius on theoordinate can be
entire time of the implosion and it will contribute to the approximated by the expression$z, t) = Q.,(t)sin(7z/1)
creation of an angular momentum of the load even after thendR(z, t) = R(t) — A-cos(7z/l), respectively. In the latter
plasma shell is formed. This Lorentz force will partially formula, A is the parameter describing the curvature of the
mitigate the growth rate of the R-T instabilities and localize|oad surface antlis the length of a load.
them in the central cross section of the load. We also suggest The circuit equation can be combined with the equations
that strong turbulent mixing will result in an increase in the of motion giving
rate of magnetic field dissipation and, therefore, in an in-
crease of the X-ray yieltMolkov, 1999; Volkovet al.,, 199%). d(I (Legs + Lo))/dt + Ryl = U(t), (3)

The process of a twisted multiwire pinch implosion can
be subdivided into three stages: the stage of wire implosiomvhereU (1) is the given input voltage waveform, aRyg, Lo
and rotation that occurs up to the moment of plasma shelire 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 Bg&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 optimizationdg/ /dt, whereW is the kinetic energy of a load. Since the first stage of
compression is relatively short in duration, we can estimate the load inductandewithcosgL, + sinSL,, whereL , is

the effective inductance of multiwire S pinch,

_ 2mpoRy fl/z (Rr — R(x))dz @
L=
| 172 Rr—R(z2) 2(Rr—R(2) ﬂRT il
1+ 2. + | —-0.47—-
is the inductance of a one-loop solenoid with a very thin wall
in the conducting scredi®chneerson, 1992andq(l/Ry) = is formed, we use the following formula for the effective
2.276 exp—1.764/Ry) is the approximation of numerical inductance of a load:
results.
We substitute the coaxial systemNfwires and coaxial po (V2
return current can with a system bf N contours from Lot = Lo =5 In(Rr/R(z,1)) dz,
. 2 T J-y2
parallel wires, the same currehtN<, passes through each
contour. Due to the axial symmetry of the system, the mag-
netic flux in each contour is whereR; is the radius of the return current can.
3 NN 2.2. Amodel of the plasma-wire-core implosion
B § § s ' and the R-T instabilities
For a system of straight wires or a flat surface we (iey- Lgt us _consider the_ average radi_al motion of a plasma shell
man & Demirchan, 1981; Goluét al, 199%) with wire cores prior to stagnation. We assume axial and
azimuthal symmetry of the load, inertia of the wire cores,
ol Tyt plasma incompressibility, and zero magnetic field inside of
Liivyr = o In P a shell due to the skin effect. The equation of motion for the
e plasma shell i$Volkov et al,, 1976
then
av a<v2 r292m> a<P> B <8B B>
—+ ==+ =——|—- —+ =,
N N rt at  oar\ 2 2 ar \ p MLop \ Or r
L I
off =~ 27TN ; 'gl n rij ri/j'

6)
wherer; denotes the distance between itreandjth wires,
indexesi andj without a prime relate to load wires, and WhereV, r, O, P, p, B, andu, are the velocity of the shell,
indexes with a prime relate to virtual wires of the returnthe radius of the shell, the twist angle, the pressure, the
current cage. For a curved surface, the expression for effeg/asma shell density, the magnetic field, and the free space

tive inductance of a multiwire S pinch is permeability, respectively.
The above assumptions can be written as

2NN (@)
Mo ij '
L, = —— n—— VR = V.R.=V 6
¢ 2N%m —|/2,—§1 jgl i (2)ri Y e ' ©®
. . . . 2 R2) =
In our first consideration of the second stage of an S-pinch S = 7(Ré& — Rfp) = 7(RE — R?) = const @)

dynamics, we neglect here, for simplicity, the influence of

shell thickness on the growth rate of the R-T instability, whereV;, R, Ve, Re, ands, are the internal radial velocity,
though we emphasize that its effect on R-T instability de-the internal radius of the shell, the external radial velocity,
velopment is significant at this stage and should be studiethe external radius of the shell, and the area of the shell cross
in the future for a quantitative description of an S-pinch loadsection, respectively.

prior to the stagnation stage. We use E{s—(4) for the To obtain the ordinary differential equation for an average
approximate description of the implosion of a plasma shelinternal velocity, we use the assumption that the magnetic
with wire cores, but the second term in the right-hand side ofield inside the shell is equal to zero, and also we take into
Eqg. (2) should be omitted. Then the angular velocity of accountthe inertia of the wire cores. Integrating @gover
rotation increases as a shell implodes. After the plasma shethe radius, taking into account Eq8) and(3), we obtain
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o[ S 025 Mol 2 whereH (z— z) is the Heaviside function, and the poits
v Vi ey In(§) - T 2w2pR2¢ i=1,2,...,5 + 2 are the beginning and end points of the
— = (8)  spike or the bubble of the instability. The dimensionless
dt R (@) + (VE - 1) P amplitude of the spike and the bubble of the R-T instability
i _ s _ -1 - . . .
Pe aremy = kn, z=zA"*. Introducing a dimensionless height
and width of the spik&s, = knsp, X, = knp, we write the
R =R V. = Vi - 14 S0 9 equations for dynamics of the spike and the bubble. These
e — N gv e ’ ‘f - 2 ( ) . N , .
3 7R equations are similar to Baker and Freeman’s nonlinear model
for the R-T instabilities in ICF target@Baker & Freeman,
eV (10) 1980 that was later adopted by Loskutov and Luchinsky
dt? R’ (1995 for analysis of the R-T instabilities in imploding

liners. Itis assume@_oskutov & Luchinsky, 1995that the
wherel, p., andg are the current through the load, the wire bubble and the spike of the R-T instabilities grow indepen-
core density, and the twist angle, respectively. dently. This assumption is not valid forincompressible fluid,
Let us represent the coordinate of a point on the loado we use the bubble-spike growth equations as follows:
surface as the sum of coordinates of a point on the unper-
turbed surfacéi ,(z, t) and the amplitude of a short wave- dv.
length perturbatiom(z,t): — =

_ f(Xsp— Xo) , 21V kf(Xsp) ( Vi’s )
i ,

dt 1+Xp)? 1 RE £ 7R3¢
N(z,t) = Rz, t) + n(z,t). (11
(14
When the wire length is fixed, the twisting of an origi-
nally cylindrical wire array results in the curvature of the whereV; is the growth rate of the spike amplitude,
load surface. This surface curvature promotes the localiza-
tion of the R-T instabilities in the central cross section of the dx.
load. This fact is supported by 2-D MHD calculations pre- d—p =V, (15
sented by Douglast al.(1997). Therefore, we can take into t
account the surface curvature effect by representing the
perturbation as follows: wheref (x) = 1 — exp(—x) andg; = d\i/dt,
M hoVh + Xe\o)? [ X
n(zt) = F( = m(z 1) +ole), (12 av,  (Vi+XpVe)® (X)) 2WV,
z dt Xsph? hy Ri&
where the localization function
kh, Vi?s Xsp
+ G+ —3 [ hef| — | —T(Xsp)
6§Rm - . Xspf 77-Ri é: I"lb
F el exp(—B252%a? sin(az)),
_ hoV2 f(Xg,— X 2V, (hyVy + XV
5=k, a=k 4 oV 10 ;’)— At XaVo) g
Xsp (1 + xsp) Xsphb
is the wavepacket envelope function for the short wave-
length perturbations, so that perturbations approach zerghereV, is the growth rate of the spike width,
near the electrodes for a curved surface, aiz, t) is the
perturbation on the flat surface. The last term in the right- dhy,
hand side of Eq(12) takes into account the coupling of el Va. (17
modes withky = 7r/I and short wavelength perturbations.
We neglect this term in our further analysis. _ _
Using a piece-wise approximation as was done by Fermf he amplitudeX,, and the widthhy, of a bubble are
(1972, we represent the perturbation component for the flat
surface as XspNsp
Xb = y hb =1- hsp' (18)
1-hg,

n+1
N0 (Z,1) = Xgp(t) 2 (H(z—25-1) —H(z—2y))
e The initial values for Eqs(14)—(18) are given by

n+1

i=1 o sp 0 2 sp 0 0-
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2.3. Amodel of the implosion of a twisted wire andL 3 is the inductance related to the radial magnetic field:
array pinch with the current return can
having inclined slots

<6R(z,t)>2
R(z,t)?(R% + R(z,1)?) dz
1/2 z

We limit our consideration with the 0-D model of the load

dynamics which was described in the previous subsection. ek (R% — R(z,1)?)*

We present in this section the inductance expressions mod- L3 = 27 2 dz 2

ified for the load with current return can with the inclined j -
12 R — R(z,1)?

slots(Golubet al,, 199%). -

We substitute the coaxial system Mfwires and coaxial
return current can with a system ldft Ng; contours fronN
wires of the array and\g filaments which represent the
stripes of can material between slots. The same curren
I/(N % Ng), passes through each contour. Using the axia
symmetry of the system and an expression for inductance ot
each contou(Golubet al., 199%) we can write inductance
for a system of straight wires or a flat surface as

whereRs is the solenoid radius or return current radRis
andR(z,t) is the radius of the pinch load depending on the
% coordinate. The factor s{a) is introduced to take into
Ficcountthe difference of the return current can with inclined
lots 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

N N.
leOI 1 's| rl , rl ’: ; i .
Lewt = o NIL S Sin——, (19)  current return can with the inclined slots.
7 NN /23 720 i

wherer;; denotes the distance betweenittieandjth wires, 3. NUMERICAL SIMULATION

indexesi andj without a prime relate to load wires, and The dynamics of various configurations of S-pinch loads
indexes with a prime relate to filaments of the return curreniyith curved surfaces and twisted wires was simulated nu-

can. _ ~ merically and compared with the performance of a classical
~ For a curved surface, the expression for the effectivez pinch. In all calculations, we used t@ecircuit (Spielman
inductance of a multiwire S pinch becomes et al, 1998 with Lo = 11.28 nH,R, = 0.120Q, given input

voltage waveform, 4-mg mass of the load 2 cm long, 3cmiin
diameter. We estimated 122 ns as the moment in time when
2 the coronas of 100 separate tungsten wires overlap and merge
vz =1 -1 T2y (2) into a plasma shell, using a 1-D MHD code for simulation of
the “cold start” problem{Golubet al, 199). The param-
We use Egs(1)—(4) for the approximate description of the eterA denotes the initial difference between the maximum
implosion of a plasma shell with wire cores, but the secondoad radius on the electrodes and the minimum load radius
term in the right-hand side of E¢2) should be omitted. inthe central cross secti¢fig. 1). The initial load radius on
Then the angular velocity of rotation increases as a shelihe electrode was fixed at 1.5 cm in all calculations, and we
implodes. controlled the initial load curvature by varying the param-
After the plasma shell is formed, we use the following eter A. Thus,A = 0.0 corresponds to a flat surface,=
formula for the effective inductance of a lodd = L, + 0.1 cm means that load radius in the central cross section is
sin(a)(Lp2 + Lps), whereRy is the radius of the return 1.4 cm, thatis, the surface is curved just a little bit, an
current cagey is the slot inclination angld,,; is the induc- 0.7 cm relates to a highly curved surface when the radius
tance related to azimuthal field of the return current sole-of the central cross section of the load is almost a half value
noid and a plasma shell of arbitrary surfaRez, t) (Golub  of the load radius on the electrodes. The paramgtde-

po [ o, Ni(@ri(2
L, = o2~ In -
2NN, 7 )

etal, 199%): scribes the load twist angl@=ig. 1). The initial valueBq
determines the angle of the initial placement of the wires
wo (V2 along the load surface. Thus, f8p = 0.0, we have wires
Lo = ;I In(Ry/R(z,1))dz stacked straight which in combination with= 0.0 relates

vz to a classicak pinch. The casgs, = 0.05 relates to the

configuration of the load with wires initially placed in a 4.3
angle to the cylindrical surface generatrix. The derivative of
the parameteB is an angular velocity.

Numerical simulations with 0-D implosion dynamics

Ly is the inductance related to axial magnetic figBblub
etal, 199%):

2

Lo = —3 rm ; model were performed for a classiegbinch load and for an
f ! dz S-pinch load with initial twist ranging from 0.02 to 0.15 and
12 R& = R(z,1)? initial curvature ranging from 0.05 cm to 0.7 cm. Figure 2
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Fig. 1. Schematic design of an S-pinch load. Parameter of twisinig,an % -1 0.8 LE
angle of rotation of the load relative to the fixed central cross section of the = 100 F . 9
load. Parameter of load curvaturg, is defined by the displacement of s ] D
outer load surface from flat surface. -1 0.4 =
50 | 1 M
0 0.0
shows the dynamics of a classicapinch and Figure 3 80 15 150 185 220
dem%ngtrates the performance of an S pinchfer0.2 and Time (ns)
BOZ . 5

The results of numerical 0-D simulations prove the Con_Fig. 2. Dynami(?s qf a cIassica!-pinch load:(a) t_he time h?stories qf the
cept that an S-pinch design couid provide a dramaiic effed? 2 = e0le e v s st ecstores o ) e
on load performance. The higher rate of rise of load inducy,owerw /dt (solid line).
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 energy and the rate of
rise of the kinetic energgW, /dtincrease significantly com- fill loads (Douglaset al., 1997 show that the curved load
pared to classicapinch load(Figs. 2 and 3 Quantitative  surface promotes the mitigation of the short-wavelength
estimations do not reflect the real scenario in energy conR-T instabilities, the large wavelength instabilities domi-
version as our simulations did not account for radiativenate, and the larger the surface curvature, the smaller the
losses. range of wavelengths for the R-T instabilities developed
Simulations revealed that the effect of parameatelom-  during implosion. Thus, we used wave numblers 27rn/I,
inates the influence of the initial twist angle. Therefore, then = 5, 7, 9, 11 in our simulations. Constant values of 0.01
initial curvature of the load is suggested as the principalg/cm?® for plasma density and 1/gm? for wire core density
control parameter. If we choose the highest peak and the rateere used in the calculations. These values are comparable
of rise of the kinetic energy, as an optimum criterion, thenwith estimates based on experimental measureniSiesl-
we find A = 0.2 andB, = 0.05 as the optimum. kovenkoet al,, 1998; Pikuzt al,, 1999, where the value of
Equationg8)—(18) were used for self-consistent simula- current flowing through the 7..:m diameter tungsten wire
tions of the dynamics of the plasma shell and the developis the same as that in the Z experiments.
ment of the R-T instabilities on a plasma surface. Various Time histories of the current through the load and the wire
configurations of twisted loads were simulated numericallyarray radius near the electrodes along with the amplitudes of
and compared with the performance of a classiqainch  a spike and a bubble are shown in Figure 4. The calculations
with straight cylindrical wires. The initial shell thickness showed that linear theory gives too high an estimate for the
was set at 0.9 mm, and the initial amplitude of spike andgrowth rate of the R-T instability amplitude compared to
bubble at 0.02 mm. The 2-D MHD calculations for uniform- simulations using nonlinear mod¢Eqs.(14)—(18)].
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(b) Fig. 4. Dynamics of awire array load and the R-T instabilities: The current
250 T 1 1.6 through the loaddashed ling the load radiugdotted ling, the bubble
i 5 i amplitude(solid line), the spike amplitudédotted-dashed lineof the R-T
200 b ] = instability for an initial amplitude 0.02 mm and a wave numker2.2 mm %,
S i 412 =
- 150 B 1 @ . . .
S i 5 o The calculations demonstrated that the shell is less disrupted
g« i 108 o by the R-T perturbations in the case of initially twisted
S 10 - ] % wires, as the instabilities are localized to the central cross
[ 104 £  section of the load.
ST 1 ~ By varying the initial twist angle and the surface curva-
i ] ture, we found that an optimum design would have the wires
5 0 0 1;5 — o . 2200-0 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
Time (ns) these loads, the greatest possible values of the kinetic en-
ergy and X-ray power are calculated. The R-T instabilities
(c) break through the plasma shell only when the internal radius
200 - . 0.5 of the shell is close to zero, that is, prior to stagnation.
ai B ] < Calculations show that an initially twisted load design
= 160 I =04 £ provides a more efficient energy transfer from the pulsed-
N’ B . = power generator to the load compared with a straight, cylin-
2 120 F 1 9% 2 drical wire array. Rough estimates predict a minimum 20%
2 - S o0 increase in the kinetic energy of a load prior to stagnation.
2 80 - 02 3 According to estimates provided by Moshetral. (1998,
= - et . e K-shell radiation yieldY, scales with the kinetic energg,,
20 40 - ot o1 T asY ~ EZ. One can extrapolate this dependence and expect
< A J . a significant increase in radiation yield, even if only 50% of
o Lt ' : ——— 0.0 the load kinetic energy can be attributed to radiation as
80 115 150 185 220 suggested by Spielmaat al. (1998.
Time (ns) The simulations also revealed that the initially twisted

Fig. 3. (a) The curren{solid line) and maximum load radiuglotted line load accelerates faster during the implosion. Comparing
fo?an S-pinch load witlh = 0.2, 8 = 0.05;(b) time histories of the radial Figure 5d and Figure 6d, one can Se.e that the inner surface
kinetic energyW (dotted ling and the mechanical pow&f/dt (solid of the plasma shell reaches the axis of symmetry a few
line); (c) the rotation velocity(solid line) and the twisting anglédotted ~ Nanoseconds earlier in the case of initially twisted wires. In
line). this case, the azimuthal velocity increases significantly dur-
ing implosion compared to the classiegdinch, which pro-
motes faster growth of the R-T instabilities. However, our
The dynamics of a plasma shell with a perturbed outesimulations of the nonlinear stage of the R-T growth show
surface is shown at four subsequent times prior to stagnatiotinat this increase in the R-T instability amplitude is not
for a straight, cylindrical wire array in Figure 5, and for severe and ceases when the inner surface of the plasma shell
wires initially twisted along the curved surface in Figure 6.reaches the axis of symmetry. This occurs earlier in case of
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Fig. 5. The calculation shows the development of the R-T perturbatiok fo2.2 mni ! on the flat surface of the imploding plasma
shell at four different times prior to the stagnation: the inner and outer surface of a plasm@aalietline) and the R-T perturbation
on the outer surfac@lotted ling.

an initially twisted load. In addition, the increase of the 4. DISCUSSION
azimuthal velocity is expected to intensify the process of
turbulent mixing and, therefore, to increase the efficiency ofit was shown that an optimum design would have the wires
the conversion of kinetic energy into radiation. twisted initially with an angle in the range from 0.05 to 0.08
Various configurations of twisteS-pinch loads in the and with an initial load curvature in the range from 1 to
return current can with inclined slot&ig. 7) were simu- 2 mm. For these loads, the greatest possible values of the
lated numerically. Time histories of the current through thekinetic energy and X-ray power are calculated, while the
load and the wire array radius near the electrodes are showR-T instabilities break a plasma shell only when the internal
along with the amplitudes of a spike and a bubble in Fig-radius of the shell is close to zero, that is prior to stagnation.
ure 8a, the radial load velocity, growth rates for spike andBy varying the initial twist angle, surface curvature, incli-
bubble in Figure 8b, and energy partition components imation angle for slots in the current return can, we observed
Figure 8c. The load kinetic energy, the energy of azimuthathe simulated effect of using current return can with inclined
magnetic field, and the energy of axial magnetic field areslots for bothz pinches and S pinches to generate the mag-
denoted by, E.si, andE,,,, respectively. The energy of the netic field for stable implosions. Obviously, the increase of
radial magnetic field is negligible. The dynamics of a plasmathe inclination angle results in the increase of the initial
shell with the R-T instabilities for simulations correspond- inductance of the load and the energy of the compressed
ing to Figure 8 are shown in Figure 9. axial magnetic field constituting a significant portion of the
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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 plasméasshiellline) and the R-T perturbation on the outer
surface(dotted ling. The initial twist angle is 0.08 and the initial surface curvature is 2 mm.

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 experimeri&orokin &
Chaikovsky, 1993 the return current solenoid was formed
by 24 rods placed at a 4angle 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

Fig. 7. Schematic design of a twisted wire array load with a return currentSUrface of the shell hits the axis as a function of the slot

can with inclined slots.
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Fig. 8. Dynamics of a wire array load and the R-T instabilitiés: The
current through the loatdashed ling the load radiugdotted ling, the
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of the R-T instability;(b) the radial load velocitydashed lingand growth
rates for spikgdotted ling and bubble(dotted-dashed line (c) load ki-

netic energy(dotted-dashed linethe energy of azimuthal magnetic field

(dashed ling and the energy of axial magnetic figldotted line.
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Calculations show that the greater the inclination angle of
the return current slots, the greater Bevalue is. At the
same time, greatds, results in less radial kinetic energy of
the load. However, Spielmagt 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
angler/50 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 multiwirez-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 multiwire-pinch loads and initially twisted
wire arrays. The results of these calculations demonstrated
thatthe shellis 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 classicat pinch. 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
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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
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wire array, giving the potential for a significantly higher Gorus, T.A. et al.(199%). In Proc. of the 12th Int. Pulsed Power

X-ray yield. The model may also be useful for analysis of

long-pulsez-pinch implosions.

Conf.(IEEE Trans. Plasma Sc§2000, 28, 1422.
GoLug, T.A. et al. (199%). Bull. Am. Phys. Socl4, 102.

Future experiments are required for a more quantitativé3Us'kov; S.Yu. et al. (1998. Pis'ma v JET67, 531.

study of the effect of various physical factors on the gener-
ation of X rays. Analytical and computational analyses of

the laminar-turbulent transition procd&&lkov et al., 199%)

and simulations with the hydrodynamic model for plasm

with strong macroscopic turbulen¢eandau & Lifschits,

1973 would provide an insight into fundamental questions

IskorLDsky, A.M. et al. (1996. Physica D91, 182.

LANDAU, L.D. & LirscHiTs, E.M. (1973. Mechanics Moscow:
Nauka.

LIBERMAN, M.A. et al. (1999. Physics of High-Density Z-Pinch

& plasmasNew York: Springer-Verlag.

LoskuTov, VV. & LUCHINSKY, AV. (1995. Izvestiya VUZ'ov:
“Fizika” 12, 16.

on mechanisms of thermodynamic equilibrium, the role ofMarper, B. & DessarLats, M. (1998. In Abstracts of IEEE

X-ray radiation, and the conversion of kinetic energy into

X-ray radiation at the stagnation stage.
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