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Z-Pinches, Pulsed Power, and Fusion

Overview

@ Introduction
What is a Sophia?
What is a Z-pinch?
Where does one meet a Z-pinch?

@ Utilizing pulsed power in pursuit of z-pinch physics
What can you do with pulsed power?

Where can you perform these studies?

© Z-pinches and fusion: Magnetized Liner Inertial Fusion
What is Magneto-Inertial Fusion (MIF)?
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LWhat is a Z-pinch?

A Z-pinch is a result of the Lorentz force
counteracted by a plasma’s pressure

Cylindrical
plasma column
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A Z-pinch is a result of the Lorentz force
counteracted by a plasma’s pressure

What does this look like?
. o IzA(r)
47m2r2m

| z-Axis (cm)
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L What is a Z-pinch?

A variety of analytic models are used to describe
Z-pinch dynamics

® Thin shell model, which we derived: % = —%
m\r)r 2
® Snow-plough model- (( )) —p(r)? = ‘ﬂrozlrz

® Radiation effects?
e \What if we consider 3D?

Effectively all models describe a cylindrical implosion that can
be described by conservation of momentum:

D
E)Ltu)zv'gjL JxB-Vp +F

M .
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L What is a Z-pinch?

The Bennett Relation is a steady state solution to a
Z-pinch plasma

Assumptions:

@ A cylindrical column of fully ionized quasineutral plasma
@ ldeal gas law P = Nkg T

Vp =J x B, again...
2Nkg(Te + T;) = %/2

N is the number of particles per unit length, kg is Boltzmann’s constant,
T.,i the temperature of the electrons and ions respectively
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Z-pinches are highly unstable in a bunch of fun,
different ways

Alphabet soup

RTI: Rayleigh-Taylor Instability

MRTI: Magneto-Rayleigh-Taylor Instability
RMI: Richtmeyer-Meshkov Instability

ETI: Electro-thermal Instability

KHI: Kelvin-Helmholtz Instability
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LWhat is a Z-pinch?

Z-pinches are highly unstable in a bunch of fun,
different ways

Alphabet soup

® RTI: Rayleigh-Taylor Instability

® MRTI: Magneto-Rayleigh-Taylor Instability
® RMI: Richtmeyer-Meshkov Instability

® ETI: Electro-thermal Instability

® KHI: Kelvin-Helmholtz Instability

You'll also hear about “modes” m = 0, 1 etc.
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LWhere does one meet a Z-pinch?

The pinch effect in the wild is observed across a
wide range of scales

2 Million Voits
1 Million Amps

CONCENTRIC CYLINDERS OF

FILAMENTARY Z-PINCH
/ STELLAR e
/ PINGH
’ POLAR
DOUBLE LAYERS

v
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Introduction Summary

Introductory Papers & Literature

® F. F. Chen. Introduction to Plasma Physics and Controlled Fusion, Springer Cham, Springer International Publishing
Switzerland (2016)

® D. D. Ryutov, M. S. Derzon, and M. K. Matzen. The physics of fast z pinches, Reviews of Modern Physics, 72 167
(2000)

® M. G. Haines. A review of the dense Z-pinch, Plasma Physics and Controlled Fusion, 53 093001 (2011)
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® F. F. Chen. Introduction to Plasma Physics and Controlled Fusion, Springer Cham, Springer International Publishing
Switzerland (2016)

® D. D. Ryutov, M. S. Derzon, and M. K. Matzen. The physics of fast z pinches, Reviews of Modern Physics, 72 167
(2000)

® M. G. Haines. A review of the dense Z-pinch, Plasma Physics and Controlled Fusion, 53 093001 (2011)

rocco6@lInl.gov [y



Z-Pinches, Pulsed Power, and Fusion

L Introduction

Introduction Summary

O Vp=JxB
® Z-pinches are cylindrical implosions that obey conservation of mass,
momentum and energy

Introductory Papers & Literature

® F. F. Chen. Introduction to Plasma Physics and Controlled Fusion, Springer Cham, Springer International Publishing
Switzerland (2016)

® D. D. Ryutov, M. S. Derzon, and M. K. Matzen. The physics of fast z pinches, Reviews of Modern Physics, 72 167
(2000)

® M. G. Haines. A review of the dense Z-pinch, Plasma Physics and Controlled Fusion, 53 093001 (2011)

rocco6@lInl.gov [11]



Z-Pinches, Pulsed Power, and Fusion

L Introduction

Introduction Summary

O Vp=JxB
® Z-pinches are cylindrical implosions that obey conservation of mass,
momentum and energy

© If a Z-pinch plasma is ionized and quasineutral, the Bennett condition
is satisfied if in a steady state

Introductory Papers & Literature

® F. F. Chen. Introduction to Plasma Physics and Controlled Fusion, Springer Cham, Springer International Publishing
Switzerland (2016)

® D. D. Ryutov, M. S. Derzon, and M. K. Matzen. The physics of fast z pinches, Reviews of Modern Physics, 72 167
(2000)

® M. G. Haines. A review of the dense Z-pinch, Plasma Physics and Controlled Fusion, 53 093001 (2011)

rocco6@lInl.gov [11]



Z-Pinches, Pulsed Power, and Fusion

L Introduction

Introduction Summary

O Vp=JxB
® Z-pinches are cylindrical implosions that obey conservation of mass,
momentum and energy
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@ Z-pinches are highly unstable
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L Introduction

Introduction Summary

O Vp=JxB

® Z-pinches are cylindrical implosions that obey conservation of mass,
momentum and energy

© If a Z-pinch plasma is ionized and quasineutral, the Bennett condition
is satisfied if in a steady state

@ Z-pinches are highly unstable

@ They can occur when nature feels like generating an electrical
discharge: lightning, solar flares, jets...

Introductory Papers & Literature

® F. F. Chen. Introduction to Plasma Physics and Controlled Fusion, Springer Cham, Springer International Publishing
Switzerland (2016)

® D. D. Ryutov, M. S. Derzon, and M. K. Matzen. The physics of fast z pinches, Reviews of Modern Physics, 72 167
(2000)

® M. G. Haines. A review of the dense Z-pinch, Plasma Physics and Controlled Fusion, 53 093001 (2011)
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How do you make Z-pinches?

—~ B 2 f - _ ol - "
\ . SERVINGS: 1 Prep Twizomm 2erO(}K TimE 100-5000 ns }'
N Z@W@ Z-Pinch Plasma &
INCREDIENTS DIRECTIONS
) Gas or solid Material to be ionized into plasma
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Z-Pinch Plasma

INCREDIENTS DIRECTIONS
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) Gas or solid Material to be ionized into plasma

Current More than just a pinch, be generous!
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How do you make Z- pmches"
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LUtilizing pulsed power in pursuit of z-pinch physics

Pulsed power technology allows for a relatively

quick discharge of electrical current into a cylindrical
cavity

® Vacuum-filled metal cavity containing a pair of electrodes (assume perfectly
conducting), therefore inductance (L) is the only thing limiting the discharge
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Pulsed power technology allows for a relatively

quick discharge of electrical current into a cylindrical
cavity

® Vacuum-filled metal cavity containing a pair of electrodes (assume perfectly
conducting), therefore inductance (L) is the only thing limiting the discharge

® Apply a large voltage V in order to drive a very fast rising, high-amplitude current
pulse I(t)

® Pulsed power devices all generally have two main characteristics: /, a peak
current, and a rise time t,

Recommended Reading

® McBride et al. Primer on Pulsed Power and LTDs for HEDP Applications, IEEE
Transactions on Plasma Science, 46 11, (2018)
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LUtilizing pulsed power in pursuit of z-pinch physics

Pulsed power technology allows for a relatively

quick discharge of electrical current into a cylindrical
cavity

® Vacuum-filled metal cavity containing a pair of electrodes (assume perfectly
conducting), therefore inductance (L) is the only thing limiting the discharge

® Apply a large voltage V in order to drive a very fast rising, high-amplitude current
pulse I(t)

® Pulsed power devices all generally have two main characteristics: /, a peak
current, and a rise time t,

Recommended Reading

® McBride et al. Primer on Pulsed Power and LTDs for HEDP Applications, IEEE
Transactions on Plasma Science, 46 11, (2018)

® https : //hrhasson.github.io/ McBride_LTD_Writeup.pdf
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There are two main types of driver

Linear Transformer Driver

Marx Bank Generator
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LUt| izing pulsed power in pursuit of z-pinch physics

Marx Bank Generators

U, —

e —

(a) Bipolar charging version Trigger

of a Marx generator \J Ly
(like the charging system +U, O-JJ, +U, O_Ju.

used on the Z machine)

Marx banks: tanks ar 1. Stage 2. Stage
housing capacilors
Switch
(b) Configration while +U, Inductance 2V, 3U, U,
discharging OO

rocco6@lInl.gov [15] .



Z-Pinches, Pulsed Power, and Fusion

LUtilizing pulsed power in pursuit of z-pinch physics

Marx Bank Generators
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LUtilizing pulsed power in pursuit of z-pinch physics

Linear Transformer Drivers

Top capacitor Output gap
\
Gas switch \ |

Bottom capacitor

(b) -Vt

}7

(r=10) Cap

e o Vo
}7
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Linear Transformer Drivers

Central hardware/electrodes
not connected here

rocco6@lInl.gov



Z-Pinches, Pulsed Power, and Fusion
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Linear Transformer Drivers
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LUtilizing pulsed power in pursuit of z-pinch physics

Pulsed power: it's how we make the current

Lots of energy + short time = high instantaneous power &
high energy density plasma.

(1
Capacitors
charge
slowly

Marx Generator = Cantat
(22 M1 Stored) i

Section
80 T T
—NMarx generators

= 60 | —pulse-forming lines
E ~—insulator stack
5 40
2
& 20

0

0 05 1 15 2 25
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LUtilizing pulsed power in pursuit of z-pinch physics

Pulsed power: it's how we make the current

Lots of energy + short time = high instantaneous power &
high energy density plasma.

Capacitors
charge
slowly
® Current is
com- F
Marx Generator = Cantat
pressed (22 M Stored) Section
80 . :
—NMarx generators
= 60 | —pulse-forming lines
E —insulator stack
5 40
2
a 20
0
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LUtilizing pulsed power in pursuit of z-pinch physics

Pulsed power: it's how we make the current

(1
Capacitors
charge
slowly

® Current is
com-
pressed

© Energy
dis-
charged
rapidly

rocco6@lInl.gov

Lots of energy + short time = high instantaneous power &
high energy density plasma.

Marx Generator 2 Canitat
(22 M1 Stored) i

Section
80 T T
—NMarx generators

= 60 | —pulse-forming lines
E ~—insulator stack
5 40
2
& 20

0

0 0.5 1 15 2 25
time (us)
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LUtilizing pulsed power in pursuit of z-pinch physics

LWhat can you do with pulsed power?

Pulsed power science is a rich field with a variety of
applications
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LUtilizing pulsed power in pursuit of z-pinch physics
LWhat can you do with pulsed power?

Pulsed power science is a rich field with a variety of
applications

® | aboratory astrophysics: jets

Galactic jets omage HST Image of a Gas and Dust Disk Jets from young stars

|
. .
1000 AU {
E o e HH30 [[— HH34
b J i
F \ ‘

vv-.c pEe. J

— HHa7

Jets from Young Stars } I ﬁéT - WFPC2

C. Burrows (ST Sc), J. Hester (AZ State Uy), J. Morse (ST Scf), NASA

88000 Lyr 7 A PRC95-24a - ST Scl OPO - June 6, 1995
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LUtilizing pulsed power in pursuit of z-pinch physics

LWhat can you do with pulsed power?

Pulsed power science is a rich field with a variety of
applications

® | aboratory astrophysics: jets
® Material properties and equation of state

cathode anode / flyer
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LUtilizing pulsed power in pursuit of z-pinch physics

LWhat can you do with pulsed power?

Pulsed power science is a rich field with a variety of
applications

Laboratory astrophysics: jets

Material properties and equation of state

Solar physics

Stockpile stewardship

Radiation sources: x-rays, UV, neutrons...
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What configurations of Z-pinches are there?




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics

LWhere can you perform these studies?

Where can you study z-pinches?




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
LWhere can you perform these studies?

Where can you study z-pinches?




Z hes, Pulsed Power, and Fusion
LUtiIizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

"
I Y < =

Where can you study z-pinches?

gSVRA > 5t
i : 5 d

o S A B M
Vs




Z-Pinches, Pulsed Power, and Fusion

LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

Where can you study z-pinches?

- - p - T ¥ . = —




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

Where can you study z-pinches?




Z-Pinches, Pulsed Power, and Fusion

LUtilizing pulsed power in pursuit of z-pinch physics

L Where can you perform these studies?

Where can you study z-pinches?



Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

inches?

T

Where can you study z-p




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

Where can you study z-pinches?




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

Where can you study z-pinches?




Z-Pinches, Pulsed Power, and Fusion
LUtilizing pulsed power in pursuit of z-pinch physics
L Where can you perform these studies?

Where can you study z-pinches?

rocco6@lInl.gov



Z-Pinches, Pulsed Power, and Fusion
LZ-pinches and fusion: Magnetized Liner Inertial Fusion
L What is Magneto-Inertial Fusion (MIF)?
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How can we apply z-pinches to fusion objectives?

Tokamak, stellarator
R« 10 m
P « 1 bar
7>10s
ne «~ 101%/cm3
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Direct and indirect
drive
Rx~10°"m
P« 10 bar
T~ 107105
ne v 10%/ cm?
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Z-Pinches, Pulsed Power, and Fusion
LZ-pinches and fusion: Magnetized Liner Inertial Fusion
LWhat is Magneto-Inertial Fusion (MIF)?

How can we apply z-pinches to fusion objectives?

Magnetized Liner

Inertial Fusion Direct and indirect
Tokamak, stellarator (MagLIF) drive
R 10 m Rw~10"3m Rw~10"°m
P 1 bar P « 109 bar P « 10 bar
r>10s T 10775 T~ 107105
ne « 1015 /cm3 ne «~ 1020 /cm3 ne v 10%/ cm?

rocco6@lInl.gov [24] .
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Bz=10-20T

C+ 11 . 1.) Pre-magnetization

e A thin beryllium cylinder ('liner’) is
filled with deuterium gas

® A set of coils imposes an axial
magnetic field that prevents
conduction, which would cool the

4
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is Sandia’'s

current fusion platform

2.) Pre-heating the fusion fuel

® The Z-Beamlet laser heats the core
of the fuel to about 200 eV (2 million
K)

® This helps to reduce the implosion
velocity and the final radius
(convergence ratio) needed to get to
fusion conditions

rocco6@lInl.gov [26] .
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is Sandia's
current fusion platform

j=15-21 MA

3.) Compress the whole shebang!

® The Z Machine fires, and the current
runs through the liner, creating an
azimuthal magnetic field

® Qur friend the JxB force implodes
the liner and fuel

® The stagnation column produces
« 10" neutrons from
deuterium-deuterium fusion reactions

rocco60@linl.gpv [27] .
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Smaller, higher repetition-rate
machines and experiments are
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concepts.
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LZ-pinches and fusion: Magnetized Liner Inertial Fusion

LWhat is Magneto-Inertial Fusion (MIF)?

Z can fire once a day, tops.

Remember all those pulsed power
devices that do z-pinch experiments?

® Fast diagnostic development

® Quick design and testing of new
experiments/configurations
® Extra shot time to focus on

X ——— ‘ specific aspects of tough
Smaller, higher repetition-rate questions facing MagLIF
machines and experiments are ® Material mix
essential testbeds for MIF-related ® Laser plasma interactions
concepts. ® Field anisotropy
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LZ-pinches and fusion: Magnetized Liner Inertial Fusion

LWhat is Magneto-Inertial Fusion (MIF)?

Z can fire once a day, tops.

There's a ton of cool science to do in
high energy density physics.

The national labs support the
university labs and vice versa.

Smaller, higher repetition-rate Raising a large-scale MIF experiment
machines and experiments are takes a village.

essential testbeds for MIF-related _— |
concepts. We hope you'll join us!

rocco6@lInl.gov [28]
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