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Why wire arrays?

» Wires heat, ablate into plasma
» JxB force towards axis
» On stagnation, X-ray pulse

230TW, 1.8MJ soft X-rays
@ 15% efficiency

Laboratory Astrophysics
Source of warm dense matter
EOS measurements

Huge promise as ICF driver



Why use a wire-array?

The equation of motion of a conducting shell of mass M,
per unit length and radius a(t) carrying a current I(t) is

M, d2a(t) _  ml(t)
dt? 4 pa(t)

For a given I(t) and initial a(0), M, is determined by
maximising the kinetic energy at peak current; typically
0.3 to 6mg/cm; a solid shell would be 40 to 800nm
thick; instead use, say, 300 wires of 4 micron W.




Pulsed-power accelerators with a variety of loads
provide efficient time compression and power

amplification
Target Chamber\

\

11.5 MJ stored energy

19 MA peak load current

40 TW electrical power to load
100-230 TW x-ray power
1-1.8 MJ x-ray energy



X-rays vs year for z-pinches
4

Array loads



Comparison of Z with ITER

Line-density N and current I( 20MA) are
comparable and often greater on Z

Pinch radius ~ 1mm... Number density at
stagnation can be 10’ times larger

Magnetic field ~ 4000T or 10° x ITER

Typical Z temperatures are 1KeV for T.
and T, for high N tungsten arrays with a
surface radiation temperature of 350eV



The main purposes of the research

1) Development of an efficient soft x-ray source for
Inertial confinement fusion

2) Development of a powerful K-alpha source for
X-radiography (low N, high T)

3) Equation of state and dense plasma studies.

4) Laboratory astrophysics, e.g.Mach 20 axial jets
Interacting with separate plasma.



Early history of z-pinches

1790 Martinus van Marun (Holland) ; 100 Leyden jars discharged
1KJ into 1m wire causing explosion.
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Early history of z-pinches

Pollock and Barraclough (Australia) ; implosion of copper tube
used as a lightning conductor; pinch effect proposed.

Northrupp (USA) proposes a continuous flow liquid metal z-pinch
Bennett (USA) derives the pressure balance relation for z-pinch

8N, kg (T; +ZTe) = gl 2

Thompson and Blackman (UK) patent toroidal fusion reactor.
Kruskal and Schwarzchild (USA) publish theory of MHD
instabilities in a z-pinch.

Kurchatov (Russia) gave Harwell lecture showing neutrons, but
also m=0 and m=1 instabilities consistent with theory.

Pease and Braginski predict radiative collapse.

Curzon et al (UK) show that the Rayleigh-Taylor instability
dominates the dynamic z-pinch.

Explosion of wires

Implosion of a plasma shell

Growth of RT instabilities

All Key to wire array
physics




X-rays

0

Development of wire-arrays

Single wire explosions: 1972 Mosher (NRL) radiation source; 1987 Hammel
(LANL), Sethian & Robson (NRL) D, fibre. See also1998 Lebedev (IC).

Liner implosions: 1965 Maisonnier, Linhart (Frascati); 1979 Alikhanov x-ray power
sharpening; 1991 Smirnov (Troitzk) Xe shell colliding with inner high Z liner.
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Time (ns) 200 O Time (ns) 200
Single Al wire 121m 4 Al wires x 76rm on a

diameter 5mm

0 Time (ns) 200
6 Al wires on a diameter of 7mm

Wire-arrays:
1976 Stallings array instead of
single wire for impedance match

1981 Benjamin measurements of
Implosion and precursor

1988 Aivazov measurements of
precursor column

1989 Bekhtev Measurements of
coronal streams from wires

1995 Sanford (Sandia) dramatic
sharpening of x-ray pulse with
Increase of wire number

1998 Haines (IC) heuristic model

2002 Lebedev (IC) rocket model
and snowplough



1995: High wire number leads
to greatly increased X-ray

Variation of output k-shell
power with wire number

xy-RMHC  simulations for

implosions at 86, 11, 3 and Ons
before stagnation, suggest
transition to shell below a
certain inter-wire gap

(~1.4mm)

Maximum total X-ray power
versus initial inter-wire gap.

Sanford et al, Sandia



Experiments to explore
wire array physics

X-radiography shows structure of melting wires
(Cornell) and array (Imperial College)

Fine-scale instability and inward plasma jets
(IC and Angara)
Stable precursor column formed on axis

Gaps In cores form; snowplough implosion
occurs leading to stagnated pinch and soft x-
ray pulse

Nested arrays can transfer current and reduce
Instabilities



Imperial College
MAGPIE
Pulsed Power Facllity

1.4MA, 240ns rise time
High impedance generator
Excellent diagnostic access

ANGARA-5-1 PULSE
POWER FACILITY
Pulsed Power Facility

3-5MA, 100ns rise time



In reality: 2 stage implosion

Wire cores survive for ~3/4 of the
Implosion time!

Ablation of wire cores | Two -stage implosion dynamics
Trailing mass I

1.0
- % - “Slow” ablation of wires and
2 6%?2; Snowplow-like radial redistribution of mass
= =) . . .
> = final implosion
B 05} u'na - o |
id - Snowplough-like final implosion
- phase, stabilised by the peaked
0.0 0.5 110

time
Lebedev et al, IC



Plasma Formation in wire arrays

Wire core remains

MAGPIE 16x15mm Al 124ns .
stationary

=

Streams then flow
force free to axis

Wires form core corona pla  jag force acts o

systems just to accelerate
coronal plasma
around core

Laser probing
Radiography (3-5kV) (n, ~ 107 cm3)
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Phenomenological model

from Newton's law: array
dm n edge I mm
-1 - 0 2 '
v—=|1UB= | Cold relatively dense 40 apjates to coronal plasma
dt 4pr core ~250mm in Al

v~1.5x10°ms-!
Lebedev et al, IC Ablation axially modulated



Coronal streams form precursor
column on axis

) 12mm R

precursor Normalised time

Radial optical streak X-ray frame of Precursor

and end-on XUV in Angara array

image of MAGPIE

array, showing

formation of Precursor is

precursor on axis warm ~80eV +

dense 10'8ions/cc
appears stable —inertial confined



Gaps and Snowplough-like Implosion

Core-corona formation Gaps form in
. . A cores
 Ablation of cores axially 0.8 =
asymmetric
* Until ~80% of 0-D time 06 Implosion not like a shell —
ablation continues £ snowploughs coronal
, E oz plasma
s Gaps formincoresand ,
. . -}
implosion occurs as =
snowplough of current xr _Precursor on axis —
through ablated material 0.0 - - - —
0 20 40 60 80 100
% of implosion
Laser probing of Al array on MAGPIE W array
Gaps Snowplough Snowplough

N

Imploding debris
field

Stagnation &
X-ray pulse

Debris left
behind



No current through
gaps-trailing mass

Snowplough implosion phase

Two implosion scenarios:

Current restrike,

100% mass implodes
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Even on Z:
M. Cuneo et al,

~ PRE 2005

32 x 15um Al array on MAGPIE

Implosion measured on streak and

SRIY x-ray frames
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A Snowplough model _
[initial mass in piston -
- 0%/ v ‘\‘
T 10%— ' R
""" 60% i “
0y ! i T T = T —.
150 200 250 300 350
time (ns)

r (r) from “rocket” model

Initial piston mass is adjusted to fit
implosion trajectory

= 10% initially in piston

~50% of array mass is left behind



Implosion and stagnation phase

MAGPIE XUV images (32x10 nm Al)
/ X-ray peak

X-ray signals

Expansion of precursor during the implosion phase

Start of the main X-ray pulse at ~time of the current sheath collision with precursor
Peak occurs at maximum compression of on axis body

Fast electrons (~100keV e-beam) during the X-ray pulse

Debris field multiple implosions later

X-ray framing image of Angara array 20ns after peak emission

‘Rainstorm’ of debiris field



Record ion temperatures of
>200KeV In low N steel arrays.

Theory predicts Ion viscous
heating from dissipation of fast-
growing, short wavelength m=0

MHD instabilities, leading to a
rapid conversion of magnetic

energy to thermal energy.



Two mysteries:

Radiated energy can be up to 4
times kinetic energy of the implosion.

Electron temperature at stagnation is
too low to give pressure balance

against magnetic pressure.



Resolution of pressure
balance

« Example: Shot Z1141 on Z accelerator:

e 450 pg/cm stainless steel nested wire-array (2:1
mass ratio) has a measured electron temperature of
3 keV, and for a line density N of 3.4x10 2% (70% of

Initial) and | = 18MA;

e The Bennett relation

8 Ni(T; +ZT,) = Yol

gives (T, + ZT,) = 297 keV
with Z=26, and hence T, =
219 keV!l But how?



Other possibilities for pressure balance:

1. B, developes to balance B,,..... but no
helix forms until much later.

2.Current is left behind in trailing mass.....
however trailing mass arrives on axis
much later than the main implosion,
despite experiencing a larger B, implying
a much smaller current shunt compared to
the mass division.

Also there Is a similar problem concerning
pressure balance for gas puff z-pinches.



Energy imbalance

The only other significant source of
energy IS magnetic. Heating by resistivity
IS too slow (~8nsec). Anomalous
resistivity Is unlikely since the mean v /c,
~0.03; besides this would heat the
electrons primarily. In addition there Is no
evidence of narrow low N regions at the
time of the 5ns x-ray pulse except just
prior to a disruption, which occurs much
later.



New approach

Fast-growing short-wavelength ~10um,
m=0 MHD modes grow and saturate.

Fine-scale fluid motion leads to viscous
heating of ions on nanosecond
timescale.

Equipartition of energy to the electrons
5ns. X-radiation pulse




Growth-rate g » c,(k/a)? pu k2, limited at high
k by either finite ion Larmor (FLR) effects or
viscous damping (resistive damping is small)
The Lundqvist number L, = 2 for maximum
growth, where

Ly, = [2r (ca® + c2) 2Tk (/3 + ny)]

I, is the parallel ion viscosity g T.>2 and n, is
the perpendicular ion viscosity p p,/(1+4W-4t 2)
Nonlinear saturation occurs when v.Nv»g,,oV.
Thenv c,/(ka)¥?~0.1c, and dB/B»1/(ka)~10-2



lon viscous heating = equipartition to
electrons leads to

2
rO ez +c2pe= €T 1)
a 2t

eq

where
1 8(m)1/2 5/2 ZZni nl—ei

[ eq 3”'(410%) | -I-e?)/2

teq—ons and is the controlling time for the x-
ray pulse




Combine Iin terms of global
parameters:

) a|3-|-e3/2A|./2
(-E B Te) :21 163623Ni5/2 nLei

Ti
a I,N,,Z,A, and T,

T.= 219 keV and a= 3.6 mm. This is a record temperature.
A summation over all unstable modes reduces the pinch
radius closer to experiment.



K-shell emission lines from stainless steel
shot Z1141. T, found from axial Doppler
broadened Fe He-d at 8.49keV and Mn He-a
at 6.18keV
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Measured 8.488 keV line (shot Z1137) and CRE calculation for T,= 300keV.
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lon temperature, plasma size (FWHM), and
radiated power show radius minimises 2ns
before radiation peak, and T, increases from
240 to 320 keV.
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Conclusions

«Short wavelength, fast growing, m=0 MHD instabilities lead nonlinearly to
viscous heating of ions to record temperatures of 200 to 300 keV.
*This represents a rapid conversion of magnetic energy to thermal via
fine-scale vortex motion in ~ 5ns.
*These ion temperatures have been measured from Doppler broadened
spectral lines that are not opacity broadened.
*Thus it appears that instabilities are excellent for z- pinches:
* providing heating of ions and, after equipartition, enhanced radiation
 reduced opacity because of enhanced broadening of lines
*The later long wavelength MHD modes increase surface area to allow
more radiation to escape.



Progress towards ICF

Short, intense, reproducible soft x-ray pulse of
~230TW In 5ns in nested 240+120 wire tungsten
arrays at 20MA on Z (at Sandia).

1.8MJ of soft x-rays from 11MJ stored energy;
efficiency from wall-plug of 15%.

Theory, modelling and detailed diagnosis of wire
to plasma formation; inward low magnetic
Reynolds’ number jets, axial precursor column
and snowplough implosion.

Hohlraum studies including capsule compression
and thermonuclear production.



Pulse shaping using nested arrays

1997 Davis (NRL) RT mitigation

1998 Deeney (Sandia) increased x-ray power

2000 Lebedev (IC) 3 modes of operation; x-ray pulse shaping

Current switching mode - No momentum transfer at “str ike”

Current from the sheath switches
Into the inner array at “strike”

Decay of snowplough emission,
plasma piston coasts to the axis

Ablation phase of the inner array after
current pulse [Cuneo et al., PRL 2005]

Lebedev et al, IC

radius (mm)

PCD (a.u.)

Trajectory and the X-ray pulse
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Hohlraums for Z pinch ICF

Dynamic
hohlraum

energy
temperature
pulse shaping
symmetry

Static-walled
hohlraum

Z-pinch driven
hohlraum

high T capsule drive
higher efficiency

separate source/capsule
higher T capsule drive

separate source/capsule
lower risk z-pinch source

combined source/capsule
instabilities/reproducibility

x-ray extraction efficiency
plasma motion

low T capsule drive
lower efficiency




Excellent Symmetry with vacuum hohlraum

14-20 convergence with asymmetry < 5%

Bennett et al, Sandia



World record neutron yield from D, capsule

Dynamic Hohlraum X-ray frames of capsule
T1 T8
——
T2 T7

3.4x1010 Capsule%'
T3

thermonuclear Foam T6
neutrons Aoert
. . erture
Ruiz etal, Sandia '+ e
T4 5

Bailey et al, Sandia



High yield and relatively cheap cost may
make |IFE feasible

C.Olson et al, Sandia

Li/Bel/F

To heat exchanger and T

1GW power station concept .
extraction
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