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Variety of fusion energy concepts fuels innovation to power
the next phase of humanity

 Global pursuit of magnetic confinement fusion energy

o Research launched in 1950s pursued several concepts, large
publicly funded investments in tokamaks

» Achieving physics breakeven led to pivot from creating
the fusion conditions to application of fusion energy

o Fusion energy more than electricity: process heat, district
heating, space propulsion, desalination, hydrogen production

o Variety of concepts explore tradeoffs in physics, engineering
challenges - application may favor particular concepts

* Technological, computational advancements coupled
with private investments pave way for emergence of
vibrant alternative magnetic confinement approaches

Artwork by Ana Kova for U.S. Fusion Outreach

* As we push the limits of these devices, expect more

challenges to come!
@ Department of
Nuclear Engineering
& Engineering Physics
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» Reaching ignition requires threshold for:n - T - 15
simultaneously
o External heating required to reach temperature for ignition

o Clever confinement techniques required to contain high
pressure plasmas

n-T- 15 >5x%10*1m™3keVs

—
s
Most magnetic approaches use DT fuel cycle
awson, Tech. Report No. Department of
D Lawson, Proo. Phys. So6. B 70,6 (1957) @ Nuclar Engnecring
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Long history of different approaches pursued in MFE

-
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nkT  fusion output (p)
~ e

"~ B2/2u, economiccost B2

n ~ 2-3x1029 ions/m3
T ~100-200 million K

T ~ 1-2 seconds




Long history of different approaches pursued in MFE

» Reaching ignition requires threshold for:n - T - 15 ‘
simultaneously
o External heating required to reach temperature for ignition

o Clever confinement techniques required to contain high
pressure plasmas

 Many magnetic confinement concepts are long
pulse/steady state

o Need to keep the plasma hot, dense, and confined - leads t
to lots of large gradients that can drive instabilities

» Given our present-day understanding of core plasma B = nkT N fusion output - {p)
physics, no magnetic confinement device has been
built capable of achieving ignition... yet

B?/2u, economic cost B?

n ~ 2-3x1020 jons/m3
Most magnetic approaches use DT fuel cycle T ~ 100-200 million K

T ~ 1-2 seconds
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J.D. Lawson, Tech. Report No. GP/R 1807 (1955) @ Department of

J.D. Lawson, Proc. Phys. Soc. B 70, 6 (1957) E%ﬂg?ge?ﬂrg]esgg%cs
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Many concepts being explored for fusion energy

Magnetic Fusion Energy
(MFE)

Magneto-Inertial Fusion
(MIF)

Continuous Operation
No Compression

<

Tokamak, Stellarator,
Reversed-Field Pinch
(RFP), Mirror, Spherical
Tokamak (ST), Spheromak

Adapted from D. Sutherland

Inertial Fusion Energy
(IFE)

%z] Pulsed Operation @

Liquid, Solid,
Magnetic or
Plasma
Compression

U

Field-Reversed
configuration (FRC),
Z-pinch, Plasma Jet

N

Projectile or Laser
Compression

Increasing enerqy confinement time
Increasing densit




A brief history, of a brief history that started in secret

Fusion declassified in 1958 at 2" Conference on Peaceful Uses of Atomic Energy
— all devices reported strong collective instabilities

Pinch Magnetic Mirror Tokamak Stellarator

R

Lawrence Livermore'’s T-1 Tokamak 1957 Model A Stellarator
ZETA, 1957 (UK) Q-cumber device, (Soviet Union) 1953 (US)

UKAEA 1955 (US) I

Increasing engineering challenges
while decreasing in physics challenges




Worldwide pursuit of fusion led to 100+ experiments
107
« 1960s: theory, experiments to understand
strong collective instabilities, diffusion of 51 |oner 2 NIF
particles - 15t observation of magnetic shear 107 SPARC* ITER®
stabilization o
V)
« 1968 - T-3 tokamak demonstrated significant  * 7
. o |
increase in tgand T, ~ 1 keV c
S :
— . . 5 C-2W
Article | Published: 01 November 1969 iy 17
10 Fuze
Measurement of the Electron Temperature by = :
Thomson Scattering in Tokamak T3 *
= ETA-BETA Il
N. J. PEACOCK, D. C. ROBINSON, M. J. FORREST, P. D. WILCOCK & V. V. SANNIKOV iy 1015_ ZETA
=
Nature 224, 488-490 (1969) | Cite this article < T N
/ X Laser ICF W Spheromak
/ #* Stellarator —  Mirror
1013_ ¢ETA-BETA | A MagLIF Y RFP
@ Spherical Tokamak Pinch
| ZPinch
l'maximum projected I | y :
1960 1980 2000 2020 2040
Year
Department of S.E. Wurzel & S.C. Hsu arXiv:2105.10954 [physics-plasm-ph] — projection
@ Nuclear Engineering based on peer reviewed publications
S Eneineering Py s https://aip.scitation.org/doi/10.1063/5. 0083990
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Worldwide pursuit of fusion led to 100+ experiments

23

« 1960s: theory, experiments to understand
strong collective instabilities, diffusion of
particles - 15t observation of magnetic shear
stabilization

« 1968 - T-3 tokamak demonstrated significant
increase intgand T, ~ 1 keV

« 1970s: auxiliary heating, construction of TFTR,
JET, JT-60 & T-15 before experimental results
from previous devices available

o Had not yet achieved high-T confinement, shaping
impacts, high heating, divertors

Department of
Nuclear Engineering
& Engineering Physics

n(T;),T (M3 keV s)

*
E

NioTioT

10

Large $ investments

NIF

-

Qu =1
i SPARC* ITER*
Y& MagLIF
W7-X
4C-2W
Fuze
RFX-mod
ETA-BET
ZETA
Model C @® Tokamak é FRC
X Laser ICF 1 Spheromak
# Stellarator —  Mirror
vETA-BETA | A MagLIF ¥ RFP
@ Spherical Tokamak Pinch
| ZPinch
"maximumprojected I | y :
1960 1980 2000 2020 2040
Year

S.E. Wurzel & S.C. Hsu arXiv:2105.10954 [physics-plasm-ph] — projection
based on peer reviewed publications

https://aip.scitation.org/doi/10.1063/5. 0083990

UNIVERSITY OF WISCONSIN-MADISON
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Worldwide pursuit of fusion led to 100+ experiments
107
* 1960s: theory, experiments to understand oner L 1000 = = (aTTiC -
strong collective instabilities, diffusion of 1 lomer 1 ) e I T
particles - 15t observation of magnetic shear 107 SPARC' ITER'
bili i 0 Y& MagLIF
stabilization > i
V)
« 1968 - T-3 tokamak demonstrated significant  * 7
increase in 1z and T, ~ 1 keV =
——— - . . T
=s * 1970s: auxiliary heating, construction of TFTR, ': 7 ,c2W
. — 1
JET, JT-60 & T-15 before experimental results '::, 10 fuze
. . . -mo
from previous devices available N
o Had not yet achieved high-T confinement, shaping 5 " ETA-BETA I
impacts, high heating, divertors B0 =t
o=
* 1980s: more heating reveals L-mode, H-mode , vl b y 7 |
o Plasma shaping leads to increase in B, t¢ 10" ETABETAL & e %
. @ Spherical Tokamak Pinch
* 1990s: DT experiments! S | ZPinch
1960 1980 2000 2020 2040
Now: Stellarators, advanced tokamaks ——
and Many maore Department of S.E. Wurzel & S.C. Hsu arXiv:2105.10954 [physics-plasm-ph] — projection
@Nude?r Engineering based on peer reviewed publications 10
S Eneineering Py s https://aip.scitation.org/doi/10.1063/5.0083990
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Achieving ignition conditions is a challenging journey

Fusion triple

product -——>

Plasma exhaust

Stronger ( ‘\) Challenges in
confinement < t t \
b ranspor e\](’/

required

“’\cﬂ\ systems

More heating

Increasing
gradients

Ignition!

Temperature

11
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Technology breakthroughs, funding fuel fusion advancements

Advanced plasma control

J-K Park, PPPL

Additive/Advanced
manufacturing

A. Seltzman, APS-DPP

Optimization

R. Wu et al 2025 Plasma Phys. Control. Fusion 67

University innovation, workforce

10

Ro (m)

Exascale computing

A. Bhattacharjee

High temperature superconductors

i - -3000
qlEu DEMO - Built Copper
X Proposed Copper
} B Proposed LTS
: B Proposed HTS L1000
| o
. E
Q
>
-100
I (
I IgnitoriX -10
Q=01 5% Alcat CE‘ .
1
; y cator :
6 8 10 12 14
Bo (T)

A. Creely, et al, J. Plasma Phys. (2020)



Magnetic confinement fusion: a spectrum of complexities

Pulsed current creates
magnetic field, JxB

—

Increasing engineering challenges

—
|

J. Ongena, et. al, Nature Physics (2016), L. EI-Guebaly, Energies (2010), D. Meade, Nuclear Fusion (2010)



Pinch provides the simplest engineering approach
Pulsed power

* Pinch - magneto-inertial fusion concept plasma current to generate magnetic field
o Current & magnetic field perpendicular, JxB force causes a “pinch” effect, compressing plasma
o Simple system - compact, doesn’t use magnetic field coils, no external heating tech

» Several variations of linear pinches have been pursued
o Names derived from direction of current flow: Z-pinch, theta-pinch, screw-pinch

 Suffered from instabilities that significantly reduces t¢

Z-pinch j and B stronger here - B weaker here

thus pinch force is too

& = S {{@ é{{& @QQQQF/{(@C

B stronger here

Sausage Instability Kink Instability

14
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Advancements in pinch physics leads to improved
performance

« Suffered from instabilities that significantly reduces t¢

« Advancements in understanding of plasma stabilization have led to significant improvements
in Z-pinch performance

o Applying axial shear flow can significantly reduce instabilities

Sheared flow

dv,
—<£ 20
ar -

time evolution > s, vou, suLl course (2025)

Conceptual design of sheared-flow-stabilized Z-pinch fusion

g bower plant core. Fig 3. from B. Levitt PoP (2023)

~y A
el
ZAP ENERGY

15



Magnetic confinement fusion: a spectrum of complexities

Pinch Magnetic Mirror

Coils Magnetic f Id lines

Trajectory of reflected particle

Pulsed current creates Simple magnetic coil
magnetic field, JxB setup

—

Increasing engineering challenges
while decreasing in physics challenges

—
|



Mirror machines can trap particles particle
Current Magnetic field

motion
\ E

 Linear magnetic confinement achieved by varying P
magnetic field along axis
« Conservation of magnetic moment results in a >
mvi 1, .2 , 1. .2 | A |
E o q¢ + Emv” + Emvl Energy Encyclopedia (2025)

mirroring behavior
=28

* As magnetic field increases near ends, perpendicular
velocity increases - leads to particle reflection at

ends
 Early fusion devices explored many variations of the
mirror concept
o Still exhibited finite particle loss through ends
o Instabilities driven by pressure gradients led to poor

L

performance requiring complicated magnets to stabilize o ol
Chen (2016) .
From - Moynihan & Bortz

“Fusion’s Promise” (2023)

Department of
Nuclear Engineering 17

& Engineering Physics
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Recent advances in mirror research focused on reducing losing,

Improving confinement
* Exploring using mirrors for: materials test NHHM

stand (MPEX), neutron source, etc. x,

B0
* High temperature superconducting magnets
provide stronger mirror ratios to reduce en/' |
losses - B, ~ 17-20+ T

o UW-Madison, Realta Fusion, and
Commonwealth Fusion Systems collaboration ) TERRA

FUSION

@ A LT
WISCONSIN F a / a”
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@

Magnet
Center i i

» Centrifugal-mirror fusion concept uses high- conductor Plasma — Insulator
v I

voltage biasing to rotate mirror plasma to —\ _ i
stabilize, heat and confine plasma  ————) \ T
B

o U of Maryland, Baltimore County, Terra Fusion

Nuclear Engineering o
& Engineering Physics
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Magnetic confinement fusion: a spectrum of complexities

A (Spherical)
Pinch Magnetic Mirror Tokamak

oils Magnetic field lines

IX}P

Trajectory of reflected particle

Pulsed current creates Simple magnetic coil Use plasma to make
magnetic field, JxB setup some of its own
magnetic field

)

Increasing engineering challenges
while decreasing in physics challenges

—
|



Y | | A

Tokamaks provide easiest path to high performance

Large aspect ratio
(Standard tokamak)

 Relies on helical magnetic field to confine plasma
oCombination of external coils, plasma current

* Spherical tokamaks (STs) have aspectratio<2 & 7 "‘\ "! ’“""'\";.j\,,“"'

oResults in greater plasma elongation, more efficient use i Mfor radius
of toroidal magnetic field |

nkT  fusion output (p)
B = ~ x

* ST geometry leads to more plasma in better

Z. Gao Matt & Rad at Extremes
(2016)

Small aspect ratio
(Spherical tokamak)

B?/2u, economic cost B?

Good curvature
: Bad curvature

curvature region, higher “safety factor” ¥
« Compact size becomes challenge for inductive /
current drive, magnets, shielding, blanket, etc. /

Y.K. Peng PoP (2000)

Department of
Nuclear Engineering 20
& Engineering Physics
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Tokamaks provide easiest path to high performance

Large aspect ratio
(Standard tokamak)

 Relies on helical magnetic field to confine plasma
oCombination of external coils, plasma current

* Spherical tokamaks (STs) have aspect ratio < 2 ‘.'"“’( \"““'"‘““' -

oResults in greater plasma elongation, more efficient use o L grior radius
of toroidal magnetic field

nkT  fusion output (p)
B = x

* ST geometry leads to more plasma in better
curvature region, higher “safety factor”

Z. Gao Matt & Rad at Extremes
(2016)

B?/2u, economic cost B?

« Compact size becomes challenge for inductive
current drive, magnets, shielding, blanket, etc.

R L L5
Department of
Nuclear Engineering 21

& Engineering Phy5|cs

IIIIIIIIIIIIIIIIIIIIIIIIIIII



Y | | A

Several teams racing to design and build a ST-based fusion pilot
plant utilizing HTS

* Due to compact size, very limited space for central toroidal
field magnet and solenoid magnet used for inductive
plasma initiation

o High temperature super conducting magnets allow for
significantly increased toroidal magnetic fields in compact
geometry

o Eases space constraints needed for neutron shielding, blanket

—= " 0,0

o Public and private programs compliment development = . 3 :z
° ° . . .'.
« Additional challenges of high heat loads will also need to Tokamak Energy
be accounted for
PHILOSOPHICAL The Spherical Tokamak for

TRANSACTIONS A .
Energy Production: theme

royalsocietypublishing.org/journal/rsta | ssue intr 0 d u ctiOn

I.T. Chapman’, S. C. Cowley’ and H. R. Wilson’

S E p UK Atomic Energy Authority, Culham Campus, Abingdon, Oxfordshire OX14 308,
I Y

*Princeton Plasma Physics Laboratory, 100 Stellarator Road, Princeton, NJ 08540,
USA
*0ak Ridge National Laboratory, Oak Ridge, TN 37831, USA

L T — -

Pegasus-IlI: developing compact @Bﬁ?iﬁﬁ"ﬂ;ﬁﬁ&ﬁng .
plasma initiation technology e



Magnetic confinement fusion: a spectrum of complexities

(Spherical)
Pinch Magnetic Mirror Tokamak Stellarator

Trajectory of reflected particle

Pulsed current creates Simple magnetic coil Use plasma to make Complex magnetic coils
magnetic field, JxB setup some of its own supply entire magnetic
magnetic field field

)

Increasing engineering challenges
while decreasing in physics challenges

—
|



External twisted magnetic field coils in stellarators provide
plasma confining field

* No external current drive is required in
stellarators
o Tackling engineering challenges to ease physics
constraints
o Complicated magnetic field: twisted 3D system

 Early stellarator coil designs based on analytic
formulas for magnetic fields - oS N

o Initially, researchers constructed stellarators, then
tested how well they confined plasma 0s

o Now, stellarator design first relies on physics and

103

102

0.1

Z [m]
Le [m]

10!

-0.1

10°

1.2 1.3 14 1.5 1.6

3
A @ Department of R[m]
. Nuclear Engineering .
Modular + planar coils & Engineering Physics KA. Garcia PPCF (2025)
UNIVERSITY OF WISCONSIN-MADISON
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e

SRt HSX T AR
HSX relied on explosive forming for vacuum
vessel (~1995), due to coil vendor bankruptcy,

coil production delayed & done by HSX team

Stellarators construction requires unique techniques

NCSX cancelled due _
to construction
costs (2008)

Credit: The NCSX Team

W?7-X: largest and highest
performing stellarator. Took
10+ years to assemble, began
physics operations in 2015

26



External twisted magnetic field coils in stellarators provide
plasma confining field "

* No external current drive is required in
stellarators

o Tackling engineering challenges to ease physics
constraints

o Complicated magnetic field: expensive 3D system

° Early Ste”arator CO” dESignS based on analytic Wendelstein 7-X. Credit: Bernhard Ludewig. Max Planck Institute of Plasma Physics
formulas for magnetic fields

o Initially, researchers constructed stellarators, then
tested how well they confined plasma

Y | | A

o Now, stellarator design first relies on physics and Stability
engineering optimization process
* |Instabilities span wide time, length scales Feasib
from collective (fluid-like) behavior to €asible
individual particle behavior o) Stellarator ygg =
o Requires large amount of computing power to Low cost Sufficient
design magnetic field structures to provide confinement
o Use proxies + optimizer code to design
@Bﬁ@fe:r"sn";s;eﬁng .
& Engineering Physics. Adapted from SULI (2024)
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Computational advances incorporate deeper physics
understanding & leads to improvements in confinement
* Modern computing technology allows (™ Proxima

numerical optimization of transport ./ Fusion
physics

» Advances in magnet technology make
stellarator designs more achievable

o HTS tape can be formed into more complex
shapes, innovations in magnet applications

* Challenge: adapting complicated _____
engineering requirements of stellarators

to a nuclear environment

o Need to incorporate blanket, divertors,
electricity generation, etc.

RENAISSANCE GAUSS
OFUSION (5 FUSION
@Bepfrtmlzent_of ) ’
" 0NEENERGY & Engineering Physics 28
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Magnetic confinement fusion: a spectrum of complexities

(Spherical)
Pinch Magnetic Mirror Tokamak Stellarator

ils Mgtt’ldl

+ F|eId reversd
configuration (FRC) and

Co

Reversed fleld pmch (RFP)

Pulsed current creates Complex magnetic coils
magnetic field, JxB setup some of |ts own supply entire magnetic
magnetic field field

—

Increasing engineering challenges
while decreasing in physics challenges

—
|



Y | | A

Field-reversed configuration is a self-organized plasma

Pulsed power

* Field-reversed configurations (FRCs): no toroidal
magnetic field, no centerstack

« Compact toroidal plasma created with theta
pinch, quickly reverse background magnetic field

 Exhibits instabilities (tilt/wobble modes) that
reduces confinement - progress with biasing

Formation

C-2W
wtae

Plasma Gun/
Electrodes

(inside)
Electrodes

(inside)
Confinement
Vessel

Equilibrium, Trim
and Saddle Coils

Theta pinch coils

\/' ~~\/‘

) <— Separatrix

Fig. 10.9 Schematic of a reversed-field pinch (RFP) From Chen (2016)

Neutral-Beam Injectors

Inner Divertor

Outer Divertor

30



Pulsed power

» Utilizes external toroidal field with poloidal field
generated by plasma current, B, ~ By, high 8

o Lower toroidal magnetic field - possible to use copper coils

o Plasma currents cause edge toroidal field to reverse
directions

» Possible to use ohmic heating to achieve ignition due to
large plasma current density

* Lower confinement times due to challenges in minimizing
tearing instability (current driven), reducing
particle/energy transport due to stoachastic magnetic
fields

RFX-mod,
Padova, Italy

Department of
Nuclear Engineering
& Engineering Physics

Image from: Consorzio RFX UNIVERSITY OF WISCONSIN-MADISON
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Reversed-field pinches rely on relatively low magnetic fields

Vacuum
Toroidal _— '4 \Vessel
Field Coils A , B
o Br o~ [’
‘\"UH /
G\
Ohmic i
y Transformer
EN.
S A
AWMU\ "\_',j*’”;'“‘
SOV B Br Reversed

Plasma

Fig. 2-4. The reversed-field pinch configuration. Image from S. Prager

FESAC Alternates Report (2008)

Madlson Symmetrlc Torus, UW- Madlson

Image credit: Noah Hurst, WiPPL

L. Marrelli Nuclear Fusion (2021) 31
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Many challenges remain for commercial fusion energy

e Sustain fusion reaction for
longer durations

* Develop materials to withstand
extreme environments

* Develop technology to create
fuel, generate electricity

NASEM, “Bringing Fusion to the U.S. Grid” (2021) @Eﬁ{:&?r Engineerin
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Tokamaks more advanced
in this area, alternate
configurations rapidly
deploying new tools,

devices to accelerate this

MMMMMMM

33



MFE devices rely on similar, transferable tech & skills
Diversity of approaches drives innovation

Pulsed power Advanced
manufacturing
Heating Magnetic fields

Y
LIL‘!“;—_‘;, W
\\k\{“

Extreme
environments

Advanced control,
Al/ML

Department of '
Nuclear Engineering 34
& Engineering Physics
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Private investments coupled with technological advancements
led to resurgence of alternates

1. TOTAL FUNDING * All of this has happened before,
will all of this happen again?
Toalthisyeor  >$900,000,000 (900m) Opportunity to advance,
understand physics regimes as
fliodae ~$7,122,435,000 (7.1bn) these devices increase inn - T - 1

Total Public "$426,000,000 (426m)

MFE approaches: 8 stellarator, 3

10. APPROACH tokamak, 3 spherical tokamak, 3 field
reversed configuration, 2 Z-pinch, 3

General approach . . _ _

® 23 Magnetic confinement magnetic mirrors, 1 levitated dipole
9 Inertial confinement :

@ 3 Hybrid magnetic/electrostatic confinement mirror
6 Magneto-intertial
1 Muon-catalyzed fusion

@ 3 Non-traditional concepts/Not stated

Graphics from - Fusion Industry Association, "The global fusion industry in 2024” report >
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Variety of fusion energy concepts fuels innovation to power

the next phase of humanity .
10 NIF\\ (NTTstag)'SThs @4 keV
oL 1o Q = ] —@10keV]
. . . . . M _| St OMEGA % G2
 Rich history in pursuing several magnetic o=  Osc =2 TR % IT[R
fusion energy devices beyond tokamaks Tio= 20 t0 27 keV - @ajﬂﬁm
Alcator C

o Pinches, mirrors, spherical tokamaks, stellarators
and more!

niOTiOTE: n<Ti)nTstag (m~3 keV s)

* Unique time: convergence of new 10"
technology, computational power and
private investments - we can design, built A
and control things we never could before 10'°]  wzET
® Tokamak Spheromak
Model C % Stellarator Pinch
RFP —  Mirror
| ZPinch ® Spherical Tokamak
 As we advance closer to breakeven, prepare 10" VEABEIAL 4 Mool X Lasrindenc i
for new discoveries! M proecins @ v
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
Year
S.E. Wurzel, S.C. Hsu, arXiv:2505.03834 (2025)
@ Department of
Nuclear Engineering 36
& Engineering Physics

UNIVERSITY OF WISCONSIN-MADISON
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