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= Gravitational confinement is clearly
very effective but what can we do on
Earth?

= Magnetic confinement has been
studied since around 1950
= Currently the flagship projectis ITER
" |nertial confinement has been

associated with lasers for over 50 years
= The flagship facility is the NIF

= We have made steady progress in both
MCF and ICF over the last half-century




Magnetic confinement fusion utilizes magnetic ) B
fields hold a plasma while fusion reactions occur
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Density 1x 10" cm3
Duration 300-500 s
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Inertial confinement fusion relies on sufficient ) B

fusion reactions occurring prior to falling apart
NIF hohlraum
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Density 1x 10" cm3 2-20 x 10%° cm-3
Duration 300-500 s 5-10x 10" s

Magneticfield 0k ok |,




Magneto-inertial fusion sits in the space s,

between magnetic and inertial confinement fusion
MIF concept NIF hohlraum
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Density 1x 10" cm3 1x 102 cm3 2-20 x 10%° cm-3
Duration 300-500 s 1-2x109s 5-10x 10" s

Magneticfield 0k o0& .




We have demonstrated key aspects of -
magneto-inertial fusion on Sandia’s Z facility
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We have demonstrated key aspects of s,
magneto-inertial fusion on Sandia’s Z facility
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We have demonstrated key aspects of s,
magneto-inertial fusion on Sandia’s Z facility

Well-behaved Relevant
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We have demonstrated key aspects of s,
magneto-inertial fusion on Sandia’s Z facility
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Sandia National Laboratories’ history dates -
back t Orld War 2 Exceptional service in the national interest

= July 1945: Los Alamos
creates Z Division
= Nonnuclear component
engineering
= November 1, 1949: Sandia |
Laboratory established |
= 1949-1993: AT&T
= 1995-2017: Lockheed
Martin Corporation
= 2017-Beyond: Honeywell f
Corporation

llllllllll

I am inforwed that the Atomic Energy Commission intends
to ask that tho Bell Telephone Laborataries pt under contract
the directien of the Sandia Laboratory at Albuquerqus, New Mexi
This operation, which is a vital segment of the atomic
weapons progra=, is of extreme importance and urgency in the na-
tional defense, and should have the best possible technical direc—
tdon.

I hope that after you have heard more in detail from the
Atomic Energy Commission, your organization will find it possible
to undertaks this task. In my opinion you have here an opportunity
to render an exceptional service in the natienal interest.
I am writing a similar note direct to Dr. O. E. Buckley.

“"2: {
¥r. Leroy A. Wilsen,
President

American 'i‘o].mhem and Telegraph Company,
195 Broadway,
New York 7, N. Y.




Sandia has sites across the United States, but g
the majority of its employees are located in NM

Albuquerque, New Mexico Livermore, California

Pantex Plant,

Kauai, Hawaii .
! Amarillo, Texas

Waste Isolation Pilot Plant,
Carlsbad, New Mexico




Sandia has “Research Foundations” that span e
a wide range of suence and englneerlng
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Matter in the High Energy Density state has an e
energy density equivalent to at least 1 Mbar

= High energy density matter is in a state well outside of what
we hormally experience

= 1 Mbar > 10° atmospheres

= 1 Mbar =100 kJ/cm3

13




Matter in the High Energy Density state has an e
energy density equivalent to at least 1 Mbar

1 Mbar =100 kJ/cm?
= A Toyota 4runner weighs about
4600 Ibs

= Traveling at 70 MPH it has a kinetic
energy of ~ 1 MJ

= [ts volume is ~ 10 million cm?3

* Energy density ~ 0.1 J/cm?3




Matter in the High Energy Density state has an e
energy density equivalent to at least 1 Mbar

1 Mbar = 100 kdJ/cm?3

= A baseball weighs 0.145 kg

= Traveling at 100 mph it has a kinetic
energy of ~ 150 J

= |ts volume is ~ 200 cm?3

= Energy density ~1J/cm3
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Matter in the High Energy Density state has an e
energy density equivalent to at least 1 Mbar

1 Mbar = 100 kJ/cm?3

= Burning a match releases about 1 kJ
of energy
* The volume of a match is ~ 0.33 cm?

= Energy density ~ 3 kJ/cm?3

16




Matter in the High Energy Density state has an e
energy density equivalent to at least 1 Mbar
1 Mbar = 100 kJ/cm?

= A stick of dynamite has a stored
energy of about 1-2 MJ

= A stick of dynamite is 20 cm long
and 3.2 cm in diameter

= \Volume =161cm3

= Energy density ~10 kJ/cm3

17




The HED regime is beyond what we normally e
experience, but common in the universe

HED regime
Internal Metallic H Z Machine
Energy of in Jupiter’s magnetic Center of  Burning ICF
Baseball Dynamite H atom core pressure Sun plasma
: lectron
/% e D Net:)n
4 7 @)
g 2

10> Mbar 0.1 Mbar 1 Mbar 30 Mbar 100 Mbar 250,000 800,000

‘ Mbar Mbar

Z can access the HED regime 5




We use pulsed power to create high energy s,
density matter

= What is pulsed power?

= Store energy over relatively long period
of time (seconds to minutes)

= Discharging over a relatively short period
of time (ns to us)

= Compression in time of ~10°

= 7 stores about 20 MJ of energy over
about 3 minutes
= Average power ~ 100 kW

= 7 delivers around 3 MJ of energy in a
100 ns risetime pulse to the
experiment

= Peak power ~80 TW

19




The energy of the Z machine is compressed in &
space as well as time

Energy storage
" volume is ~100 m?

Target volume is
~0.1 cm?

Compression in
space is ~109°

N

L




In addition to our pulsed power machine, s,
we have a multi-kJ, TW-class laser

Z- Beamlet ngh Bay

Z-Beamlet laser

Z Ma_chine

Originally a prototype
beamline for the NIF

Upto4.5klJat1TW of 527 nm

Up to 3 shots per day
(4 hour cool down)

With the Z machine or in
separate experiments




The enormous current of the Z Machine is s,

used to accelerate matter to extreme velocities
Cylindrical geometry

Radiation sources and ICF

« Current flows through a conducting cylinder

Current
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The enormous current is used to accelerate -

matter to extreme velocities
Cylindrical geometry

Radiation sources and ICF

« Current flows through a conducting cylinder

* Produces a self-magnetic field

Magnetic Field

Current
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The enormous current is used to accelerate -

matter to extreme velocities
Cylindrical geometry

Radiation sources and ICF

Force

« Current flows through a conducting cylinder
* Produces a self-magnetic field

Magnetic Field « Generates a radially-inward force

Current

24




The enormous current is used to accelerate -
matter to extreme velocities

Cylindrical geometry Planar geometry
Radiation sources and ICF Dynamic materials properties
Force

ﬁ

Magnetic Field

Current
Impact sample

Current
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The enormous current is used to accelerate -
matter to extreme velocities

Cylindrical geometry Planar geometry
Radiation sources and ICF Dynamic materials properties
Force

ﬁ

&
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Magnetic
Field

Magnetic Field

Current
Impact sample

Current
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The enormous current is used to accelerate -
matter to extreme velocities

Cylindrical geometry Planar geometry
Radiation sources and ICF Dynamic materials properties
Force
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The enormous current is used to accelerate -
matter to extreme velocities

Cylindrical geometry Planar geometry
Radiation sources and ICF Dynamic materials properties

Force
ﬁ
.
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cl i E
® o
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€ — H
Magnetic Field o = T
= — g
R -
Magnetic
Current Field
100-1000 km/s range 10-100 km/s range 28




All of this energy completely destroys the
nearby components i

Before

Debris impacts laser
optics and diagnostics

Clean up and reload
limits us to 1 shot/day

Diagnostic housings
are 2.5 cm thick
tungsten 79




We use the Z machine to investigate a variety e

of high energy density areas
Dynamic Material Properties
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We use the Z machine to investigate a variety e
of high energy density areas

Dynamic Material Properties
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This talk is focused on Sandia’s inertial s,
confinement fusion efforts




But first, a quick review of traditional ICF () ..

= Start with a sphere containing DT

33




But first, a quick review of traditional ICF () ..

7

N

= Start with a sphere containing DT
= |mplode the sphere

= Compress radius by 30 (volume by
27,000)

= Series of shocks heat the center
(hot spot)




But first, a quick review of traditional ICF () ..

= Start with a sphere containing DT

Zooming in = Implode the sphere
= Compress radius by 30 (volume by
AIpha1 27,000)
artlc /\ = Series of shocks heat the center
‘ (hot spot)
¥ = Fuel in hot spot undergoes fusion
/ = Fusion products heat surrounding
N — dense fuel
= With a favorable power balance, a
Cooler, chain reaction occurs

dense shell

35




ICF has requirements on fuel temperature and s
areal density for gains to exceed losses

507 = There is a minimum
fuel temperature of
% 40+ about 4.5 keV
X = This is where fusion
g 30 hea-tin.g outpaces
© radiation losses
L = The minimum fuel
E 20 areal density is around
5 0.2 g/cm?
L 10} 0 MG-cm = Traditional ICF
concepts attempt to
0 VY operate in this
10™ 107 107 10" 10° minimum
R [g/cm?] 36




Magneto-inertial fusion utilizes magnetic fields g g,
to relax the stagnation requirements of ICF

0T = Applying a magnetic

field opens up a

> 401 larger region of

=. parameter space

% 30 = This is sufficient field

% to neglect electron

3 20 thermal conduction

2 loss

2 10l = Note the minimum
temperature does
not change because

oR [g/cm?] radiation losses )




Magneto-inertial fusion utilizes magnetic fields g g,
to relax the stagnation requirements of ICF
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fusion alphas is
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Magneto-inertial fusion utilizes magnetic fields g g,
to relax the stagnation requirements of ICF

>0 _— = There are dramatic
E gains for small
> 40 (;’ g changes in the field
X, S/ of when the Larmor
o 2 S/ radius is slightly less
32 30r  0.33MG-cm °f =/ SILY !
© than the fuel radius
S
£ 20(
= = Substantial increase
§ 1ol in the fusion energy
Y =L trapped in the fuel
O-4 II H”HI-S | IHHHI-Z | IH””I-'] II H”“IO
10 10 10 10 10
2
PR [g/cm”] 39




Magneto-inertial fusion utilizes magnetic fields g g,
to relax the stagnation requirements of ICF

0 = As field increases,
confinement of the

— £ :
=401 F S/ _ charged fusion-
O O O . :
=3 S ég products is achieved
530F 033 Moo S Y, t!ﬁrough the magnetic
g field rather than the
2. areal density
g 20+
|_
£
w 10+

O-4 MI3 | IHHHI-Z | -----'-'_1 II H”“IO

10 10 10 10 10

2
pR [g/cm”] 40




Magneto-inertial fusion utilizes magnetic fields g g,
to relax the stagnation requirements of ICF

>0 = When the Larmor
radius is about half of
> 40 the fuel radius, the
GJ .
= effect begins to
% 30 saturate
©
S
% 20 = This means there is
i an optimal field for a
qJ .
T 10 glvefr.l fuelt.
0.6 MG-cm configuration
O - o
10 10 10 10 10
PR [g/cm?] .




Magnetized Liner Inertial Fusion relies on -
three stages to produce fusion relevant conditions

Laser

Amplified
B-field

Applied
B-field

Applied
B-field

Current

Current-
generated
B-field

Compress the heated

Apply axial magnetic field Laser-heat the magnetized fuel and magnetized fuel

42



An axial magnetic field is applied to limit s,
radial charged particle transport

Applied
B-field

= Metal cylinder contains ~10%°/cm?3 of
deuterium gas

= 1 cm tall, 0.5 cm diameter, 0.05 cm thick

= Helmholtz-like coils apply 100-300 kG

= 3 ms risetime to allow field to diffuse through
conductors

Apply axial magnetic field
43




A laser is used to heat the fuel at the start s,
of the implosion

Laser

= 527 nm, 2 ns, 2 ki laser used to heat the fuel

= Fuel has n,~ 5% of n
= |ntensity is ~5e14 W/cm? (above many LPI thresholds)

Applied
B-field

crit

= Laser must pass through ~1 um thick plastic
window

= Fuelis heated to ~100 eV

= Recall the axial magnetic field limits thermal

conduction in the radial direction

Laser-heat the magnetized fuel
44




The current from the Z machine is used to o,

implode the target
= Axial currentis ~17 MA, risetime is 100 ns
Amplified _ ,
B-field = Generates ~30 MG azimuthal B-field
= Metal cylinder implodes at ~70 km/s
AIAA Current
= Fuel is nearly adiabatically compressed, which
Current-
generated heats the fuel to keV temperatures
B-field
= Axial magnetic field is increased > 10 MG
— through flux compression

Compress the heated
and magnetized fuel i




This is a relatively new concept (2008) with a st
lot of unknowns

= Things we worried/worry about

= Will instabilities shred the liner before it can compress the fuel?

= How to magnetize a several cm? volume with surrounding conductors to ~100 kG?
= Can we effectively heat the fuel with a laser?

= \We devoted some time to each of these issues

= 2009-2012: heavy focus on liner stability experiments
= 2011-2013: B-field coil development and testing
= 2013-present: Laser heating studies




We use a monochromatic x-ray backlighter s,
to check the stability of the implosions

\

1 kJ, 1 ns, 527 nm laser is focused on a manganese foil

The resultant plasma radiates x-rays
47



We use a monochromatic x-ray backlighter s,
to check the stability of the implosions

Some of the x-rays pass through our imploding target,

which attenuates the signal
48



We use a monochromatic x-ray backlighter s,
to check the stability of the implosions

A spherically bent crystal reflects manganese He-a x-rays (6.1 keV)
The signal is recorded on a time integrated detector

49



We use a monochromatic x-ray backlighter s,
to check the stability of the implosions

Transmission (%)
0 50 100 * Image up to 4 mm of the

height of the target

E 31, . Approximately 15 micron
= 15 spatial resolution

w - m

0 213

c P .. .

8 1  Transmission in the tens
% 1 _';“ of percent range at this
= {= photon energy with

3 0 N beryllium

Radial distance [mm]
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Radiographs throughout the implosion were s,
collected on a series of experiments

1 ircisen [ ] : : e
O-g;M;; CR18 = Magneto-Rayleigh-Taylor instabilities
0_;1;%% Fcr23 develop and grow

0 1149.2ns_ g

1 58 : = Azimuthal correlation of instabilities
0.5 Jz2106 | Il CR2.6

0 ot : = = Use thick liners to limit feedthrough to
0.5mwe - - CR 3.2 inner surface

: : + : = Massive liners implode on a relatively slow

- T | || CR3.8 time scale compared to traditional ICF

Th =1 . . . .-
£ o, o = Relatively happy with liner stability
@ .. ' 9
§° : : : : = Inner surface is relatively straight at a
D 2 . | CR5.0 convergence ratio of 5
-2 o = 82% of implosion distance to CR 40

0 [1599ns . LI

2 0 2 c1

-Radial distance [mm]




We developed a set of single use coils to
magnetize the fuel -

Helmholtz like coils magnetize a
5 cm diameter, 10 cm tall region

T e — Pt

T

F.ﬁ
;

AR

|

Magnetic field
risetime is slow to
allow diffusion
through conductors

~1 MJ capacitor bank to drive the coils




The axial B-field converted the azimuthal MRT e
structure into helical; stabilized the implosion?

70 kG
1 - 3 30
3_
_ I 60 2.57 {25
: 2% =
E - E 2- !
c 2 60 5 | 20
= 1 = 1 54
S 151 8 15
T ! 40 5 11
z 11 z 10
1 0.5-
0.5- 20 - :
- U_
0 0
1 0 1 1 0 1 CR 4.7

Radial position [mm]

Radial position [mm]



We obtained a very stable high convergence s,
image with axial magnetic field

22772,1t=3092 ns

4 4 10 :
| Relatively
3.5 8 straightinner
' surface at CR 20
3_
'g‘ 4
£.251 97% of
C T . .
g, implosion
‘» 1 100 )
o distance
< 1.51 80
2
< 1 60
14 Move on to
] 40 .
experiments
0.54 . .
| 2 including laser
0 0 heating

2-15 -1_ 05 0 05 1 15
Radial position [mm] 54




The primary neutron yield is highly dependent ;e
on effective magnetization and laser heating

_ = Experiments without the magnetic
10" __ field and laser produce yields at
o : j the typical background level
o
> |
C
% 1011; = Adding just the magnetic field had
2 f 3 a marginal change in yield
> i
g 10"} _ .
S ' ; = |n experiments where the
Bl j magnetic field was applied and the
10° | | | | _: laser heated the fuel, the yield
| increased by about 2 orders of
Implosion Implosion + B-field + laser

magnitude
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X-ray diodes and time-resolved x-ray pinhole e
images show the fuel radiating at stagnation

Neut B Ti . . .
..... eutron Zang |Err3e ———— = Heavily-filtered diodes detect a 2 ns

1_
g 08| FWHM burst of x-rays
S o6l
< i
£ 041 . .
2 ol = Coincides with the neutron bang

0 b~ r— time measurement to within timing

3091 3093 309_5 3097 3099 3101 . .
Time [ns] | B uncertainties

£ WK
E L
2 > = Filtered pinhole images during the
o ~  X-ray burst show a narrow emission
< . column

-1 0 1 1 0 1 1 0 1 1 0 1 0
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Transverse Distance [mm]

M. R. Gomez, et al., Phys. Rev. Lett. 113, 155003 (2014).



Our spherical crystal imaging system was -

0

N

Axial Position [mm]
[6)]
7.5 mm
Axial Position [mm]

o
B
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-0.2 0 0.2
Transverse Position [mm]

Laboratories

repurposed to record x-ray emission from the fuel
3 1

Hot fuel emission at stagnation gives
information about the CR and uniformity of
the plasma

Hot fuel radius is CR ~45

Helical structure to the emission column

Intensity fluctuations a combination of
emission and opacity variations

57

M. R. Gomez, et al., Phys. Rev. Lett. 113, 155003 (2014).



The primary neutron increases as the ion St
temperature increases

-26

10 = Yield and ion temperature are
— related by the fusion reaction
n
og rate
>
\ .
= = Experimental values roughly
N~ ] 2591 .
= o %%%8 follow the trajectory of the
Z . L)

S O 28] fusion reaction rate
>~ 107 o 22758
o\ O z2584

§ il

m 227071 ™ Thisis expected for a

3 thermonuclear plasma
Ion Temperature [keV]|

o~

58




The fuel in these experiments is deuterium s,

gas: one branch produces a neutron...

Primary Reactions

He-3
Deuteron

\ /
e ™~

Deuteron

2.45 MeV

59




Sandia

...and the other branch produces a triton...

Primary Reactions

Deuteron Triton

1.01 MeV

\
_
\
_

/\ -/

Deuteron
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...which can fuse with a deuteron to produce s,
a higher energy neutron

Primary Reactions

Secondary Reaction
Deuteron

Alpha

~ e

1.01 MeV
12-17 MeV

\
_
\
_

/\ -/
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We measure both the primary and secondary e

neutrons
Primary Reactions

~— _— Secondary Reaction
—
Sy
/
S8
— ™~
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Secondary neutrons are produced when s,
primary tritons react before exiting the fuel

No B-field = High aspect ratio stagnhation geometry

. = Height >> radius

7.5 mm

0.1 mm
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Secondary neutrons are produced when s,
primary tritons react before exiting the fuel

No B-field = High aspect ratio stagnhation geometry

. = Height >> radius

= Consider 2 cases:

= 1) Triton is created traveling radially

= Very little probability of interacting prior to
escaping

7.5 mm

Triton
escapes

v

—
0.1 mm

64
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Secondary neutrons are produced when s,
primary tritons react before exiting the fuel

No B-field = High aspect ratio stagnhation geometry
= Height >> radius

= Consider 2 cases:

= 1) Triton is created traveling radially

= Very little probability of interacting prior to

Triton escaping
reacts . i . i
= 2) Triton is created traveling axially

Triton
escapes

= High probability of fusion prior to escaping

—
0.1 mm

65




The secondary neutron energy spectra are not e

expected to be isotropic

O\

= Consider 3 detector locations:

o o
(0] (0]

©
N

Norm. Intensity

Q neutron

o
N

Triton . j
reacts

\

= Radial
= Neutrons at nominal energy

O
o

12

AV

16
Energy [MeV]

18
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The secondary neutron energy spectra are not e
expected to be isotropic

o
N

A = Consider 3 detector locations:
neutron 1 | | {\ | = Radial
0.8l = Neutrons at nominal energy
2 = Axial (triton moving towards)
< é y = Neutrons shifted to higher
) S energy
Triton I ]
reacts

o

12 14 16 18
Energy [MeV]

RN
o




The secondary neutron energy spectra are not e
expected to be isotropic

A = Consider 3 detector locations:
1 /\ = Radial
0l | = Neutrons at nominal energy

= Axial (triton moving towards)
= Neutrons shifted to higher
I = Axial (triton moving away)
= Neutrons shifted to lower
energy

Norm. Intensity

Triton

reacts 0 S
10 12 14 16 18

Energy [MeV]




The secondary neutron energy spectra are not e

expected to be isotropic
A = Consider 3 detector locations:

neutron )
1 - - = Radial

{\ /\ A _ = Neutrons at nominal energy

o
oo

= Axial (triton moving towards)
= Neutrons shifted to higher

o
o

Norm. Intensity

< neutron 0.4l
) | energy
0.2} ] n i 1 i
Triton y v Axial (triton moving away)
reacts 0 = Neutrons shifted to lower
10 12 14 16 18
Energy [MeV] energy

= Axial detectors will have
double peaked structure

69




Adding a strong enough axial magnetic field s,
allows tritons to interact for any initial direction

High B-field = Consider 2 cases:

= 1) Triton is created traveling axially
= Axial field has little impact on trajectory
= Triton has a high probability of fusion

Triton
reacts

70




Adding a strong enough axial magnetic field s,
allows tritons to interact for any initial direction

High B-field = Consider 2 cases:

= 1) Triton is created traveling axially
= Axial field has little impact on trajectory
= Triton has a high probability of fusion

= 2) Triton is created traveling radially

= Axial magnetic field traps triton within fuel

_ volume
Triton

reacts = Triton has a high probability of fusion




Adding a strong enough axial magnetic field s,
allows tritons to interact for any initial direction

High B-field = Consider 2 cases:

= 1) Triton is created traveling axially
= Axial field has little impact on trajectory
= Triton has a high probability of fusion

= 2) Triton is created traveling radially

= Axial magnetic field traps triton within fuel

_ volume
Triton

reacts = Triton has a high probability of fusion

= With a high enough magnetic field, all tritons
have equal probability of secondary fusion




Simulations indicate the secondary neutron s,
spectra become isotropic with large B-field

Simulated Spectra
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Simulations indicate the secondary neutron s,
spectra become isotropic with large B-field

Simulated Spectra
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We’ve demonstrated interesting conditions o,
and the fundamental requirements for MIF

We have a thermonuclear plasma

with high magnetic field " Best performing experiment
produced 0.4-0.9 kJ (DT equivalent)

Simulation ‘

Axial

107° - - , 1 ‘

Experiment

) "n 08 = We are within a factor of a few of
k] hi Al our goal for each of the stagnation
= —f}’— ) 2‘2‘ conditions
3 #_/ o 3831 1 - —— ® Based on reasonable improvements
5107 / 8 i8] os Radial to the magnetic field, drive current,
* K | B 73707 | w oo - and laser we think we can get to at
r 23 | least 10 kJ
on Temperature [keV] 02} | = Simulations indicate we could

%0 12 14 16 18 exceed 100 kJ

Neutron Energy [MeV]




Increasing the axial magnetic field is straight o,
forward, but limits diagnostic access

100 kG = We currently operate at 100 kG

= We have designs that allow
200 kG with limited diagnostics
and 300 kG with no x-ray access

= We are pursuing designs that
increase the field without
reducing access

= Pushes the limit of coil technology

200 kG
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We have demonstrated increased current -
delivery with lower inductance designs

Standard Transmission Line (7 nH)

B-field New Transmission Line (4.5 nH)
coils

B-field

coils

Cathode

Cathode
Peak load current 17 MA Peak load current 20 MA
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Distance [mm]

We are developing strategies to improve laser
coupling to the fuel

Sandia
National
Laboratories

We are now testing beam We reduced laser power
smoothing with phase plates while maintaining energy
Unconditioned 0.75 mm phase plate 1
Previous
0.8r
g 06F 1\
= New
()
§ 0.4f

—
o N
I £
1

0.4 0.4
-04 -02 0 0.2 -04 -02 0 0.2
Distance [mm] Distance [mm]

Time [ns]

With these changes we reduced the intensity by an order of magnitude,

which we expect to reduce the impact of laser plasma instabilities
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We've spent some time developing a -
preliminary architecture for a new machine

Based on relatively new technology = Design for a roughly 50 MA driver
called linear transformer drivers that would fit in the footprint of
the existing facility

= 2017-2020: Demonstrate
understanding and further
improvement of concept

_— = Early 2020s: Develop a reasonable
g path forward to 1-10 MJ on next
facility

1 ——
) = — L —
i I |
J ] _ ]
{ |
| |
|

magneticaly ™ Late 2020s: Detailed design of a new
insulated .
transmission machine
vacuum- lines (MITLs) . .
insulator stack = Circa 2030: Construction of new
water-insulated radial-transmission-line machine
linear-transformer-driver ~ Impedance transformers

(LTD) modules (90 total)
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Thank you for your attention, any questions? ) 2.,
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The Z machine uses Marx banks to generate s,
high voltage electrical pulses

Each Marx bank
has 60 capacitors

Each capacitor is
charged to 85 kV

Output voltage
is>5 MV

36 Mark bank
outputs are
parallelized to
increase current

Marx bank -




We use pulse compression stages to reduce -
the risetime of the current

= Water capacitors
are used to
temporarily
store and the
output of the
Marx bank

= Electrical pulse is
discharged
through laser-
triggered high
voltage switch

Water capacitor Laser-triggered switch Electrical power reaches 80 TW |




The compressed electrical pulse is transmitted e
into vacuum through an insulator stack

transmission
lines in parallel
to reduce
inductance

: \L - N i'F “rE “‘n'“v = Several

= Allows up to 26
MA to drive the
experiment

= Electrical power
at load is ~4x
average global

| power usage
Water Insulator stack
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