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"IT MIGHT ACTUALLY WORK THIS TIME"  
TIME, October 2015

Is Fusion Coming?



It Worked! In an Uncontrolled Way ... 
 Test “Ivy Mike” (1952) of 

H-bomb (H for "hydrogen”)
design by E. Teller & S.Ulam
(classified)

Fusion is driven by a 
primary "standard" 
fission-based atomic bomb 

(Spoiler: research on fusion for energy 
production has no risk of nuclear 
ploriferation – besides being safer than 
nuclear fission – but there is a military 
interest in inertial fusion) 



The fusion experiment
of Dr Octopus 
in “Spiderman 2” (2004)
©Marvel, Columbia Pictures

Strip: Amazing Spider-Man, #44 
©Marvel comics

… but Controlling It Remains Difficult  



So, When It Will Be Possible? 

“For a number of years, humans were unable to create a sustained 
fusion reaction. As a result, humans used nuclear fission quite 
extensively during the 20th and 21st centuries. Humans were later  
able to create a sustained artificial fusion reaction, leading to the 
replacement of the older fission reactors. Fusion reactors became an 
everyday part of life in the United Federation of Planets. (...) On space 
vessels, nuclear fusion reactors provided power for general use, as 
well as for a ship's impulse drive.  By the 24th century, fusion reactors 
had become small enough that many homes had their own fusion 
reactors to provide power for their occupants.” 

From:

Memory Alpha / Beta, the 
wiki for Star Trek
(http://memory-alpha.wikia.com)



A Dense Hot Problem  
In order to efficiently produce energy from fusion the DT 
mixture must be:
- hot enough to let nuclei go through the “electric” barrier 
- dense enough to have high probability of fusing encounters
- lasting long enough to keep above conditions

Conditions depend on density n, temperature T, time t 
“Lawson criterion” for energy multiplication: 

n t > f(T)

minimum of f(T)≈1014 cm-3 s  at T≈108 K ≈10 keV

(alternate “triple product” form: n t T > 1028 cm-3 s K) 
WARNING: these are rough order-of-magnitude numbers



Inertial (Confinement) Fusion Concept 
Two confinement options are suitable on Earth:
- Magnetic Confinement (n≈1014 cm-3  , t≈1 s) 
- Inertial Confinement (n>1023 cm-3  , t<10-9 s) - ICF 
a D-T pellet is compressed above solid-density values and 
“confined” by inertia (no “active”confinement at all)

1 2 3 4

heating compression ignition burn

Benjamin D. Esham, Public domain, Wikimedia Commons
https://commons.wikimedia.org/wiki/File:Inertial_confinement_fusion.svg



Inertial (Confinement) Fusion Concept 
1) Radiation beams heat the surface of the target forming a 
surrounding plasma envelope.
2) Fuel is compressed by the rocket-like blowoff of the hot plasma
3) The fuel core reaches 20 times the density of lead and ignites at 
100,000,000 ˚C.
 4) Thermonuclear burn spreads through the compressed fuel,

1 2 3 4

heating compression ignition burn

Benjamin D. Esham, Public domain, Wikimedia Commons
https://commons.wikimedia.org/wiki/File:Inertial_confinement_fusion.svg

radiation blowoff inward thermal flux



Energy Constraints & the Hot Spot 
The released energy must be limited to few GJ for safety:
no more than ~ tens of mg of DT at each shot can be burnt
Exploitation of energy production requires G>100 
(with >1 HZ repetition rate) 
but usually G~10 for uniform burn of the fuel
Way out: ignite only the central region (hot spot) and then 
let burn propagate to the rest of the fuel 

Image credit: R.Betti (Univ. Rochester & Princeton Plasma Physics Laboratory) 



Energy Multiplication Condition  



Fuel Rarefaction and Optimal Temperature  



Self-Heating Condition 

fig. from S.Atzeni, J.Meyer-ter-Vehn, 
The Physics of Inertial Fusion (Oxford Science, 2004) 



Fuel Burn



Laser Heating and Ablation

fig. from P.Mulser, S.Hain, F.Cornolti, 
Nucl. Inst. Meth. Phys. Res. A 415 (1998) 165



Laser Fusion: NIF  

The National Ignition Facility (NIF): 192 beams focused on a 
DT capsule delivering up to 2 MJ at 500 TW power in few ns
Construction cost: ~1 billion $
Operation: 1 shot/day
(~1 million $/shot)
2013: backdrop for 
“Star Trek: into Darkness”

“Twin” laser in France
(Laser MegaJoule)



Size Matters  
Stars have the big advantage of large 
mass and radius:
- burning plasma is confined by gravity 
(the star will collapse when fuel is over)
- radiation from the hot plasma is 
re-absorbed: cooling occurs only via the 
surface
While these conditions cannot be 
reached on Earth, to chase fusion man 
has created the largest machines of 
their kind 
(biggest tokamak, biggest laser)

ITER NIF



Plasma Instabilities

en.wikipedia.org/
wiki/
Plasma_stability
#List_of_plasma_i
nstabilities

“Is plasma 
involved? It 
won’t work”
(E. Teller)



Rayleigh-Taylor Instability

ρ2

ρ1

Heavy fluid (2) over light fluid (1) 
in a gravity field g  

g
ρ2 >ρ1



ρ2

ρ1

Heavy fluid (2) over light fluid (1) 
in a gravity field g  
The “exchange” of two fluid 
elements decreases the energy 
of the system, which is unstable g

-Δz

+Δz

Rayleigh-Taylor Instability



ρ2

ρ1

Because of the “Principle of 
Equivalence” the instability gwos 
also if there is an acceleration 
field a from the  light fluid (1) 
towards the heavy fluid (2) g a

+Δz

-Δz

Francesca Ricci, “La Relatività Generale”,
www.matematicamente.it 

Rayleigh-Taylor Instability



RTI in ICF

Cylindrical implosion at NOVA laser 
facility showing the Rayleigh-Taylor 
Instability
Hsing & Hoffman, Phys. Rev. Lett. 78 (1997) 3876



Laser-Plasma Interactions & Instabilities

Raman or Brillouin backscattering reduces coupling, filamentation and 
cross-beam transfer affect irradiation uniformity, two plasmon decay 
generate plasma waves which in turn accelerate unwanted “hot” 
electrons, ... 
www.lle.rochester.edu/education/research-areas/plasma-ultrafast-
science-engineering/inertial-confinement-fusion/



Direct Vs Indirect Drive

Figure from R.Betti & O.Hurricane, Nature Physics. 12 (2016) 435



Pros & Cons of Indirect Drive

Figures from lasers.llnl.gov/science/icf

An X-ray “bath” 
is produced 
inside a gold 
cylinder 
(Hohlraum)
● isotropic 
radiation, more 
uniform heating
● penetration in 
deeper layers
● reduced 
laser-to-heating 
efficiency
● higher target 
complexity



2022: NIF Reaches Ignition*  

*whatever it means in ICF 



2022: NIF Reaches Breakeven  



December 2022  



December 2022  

source: www.fusionindustryassociation.org



Glory on Linkedin ...  



NIF and Stockpile Stewardship  

Image of a NIF experiment at the 
moment of peak implosion. This 
experiment was aimed at 
developing a high-pressure 
strength measurement capability 
for plutonium.

“NIF is the only facility 
that can create the 
conditiions that are 
relevant to 
udnerstanding of moden 
nuclear weapons [...]
 Understanding how 
materials used behave as 
they age under the 
extreme environments 
produced in a 
thermonuclear reaction is 
a key element of 
stockpile stewardship” 

lasers.llnl.gov/science/nif-and-stockpile-stewardship
lasers.llnl.gov/science/stockpile-stewardship



Alternate Approaches: Fast Ignition  

Compression is separated from ignition: a 
picosecond duration, petawatt power beam (either 
a laser pulse interaction directly with the fuel or a 
laser-driven proton beam externally generated) 
creates a “spark” to ignite the fuel and start burn 
in isochoric conditions 

Image credit: Los Alamos National Laboratory
https://www.lanl.gov/projects/dense-plasma-theory/background/dense-
laboratory-plasmas.php



Alternate Approaches: Shock Ignition  

A laser pulse with a high 
power spike generates a 
strong converging shock 
wave which collides with the 
return shock; appropriate 
timing produces high 
compression in the central 
region (hot spot) 

Image credit: R.Betti 
(Univ. Rochester & 
Princeton Plasma Physics Laboratory) 



HIPER: an EU ICF Project  

High Power Energy Research facilty: proposed in 
early 2000’s (as a fast/shock ignition facility), frozen 
in the late 2010’s, reboosted after 2022.



Open Challenges for ICF towards IFE  
Specific:
- improve single implosion performance towards 
higher gain
- improve efficiency also thinking out of indirect 
drive (direct drive? shock ignition?)
- develop high power lasers with (much) higher 
efficiency and repetition rate
Common to magnetic fusion:
- develop the Tritium breeding (neutrons on 
Lithium blanket) cycle  
- test materials in power plant conditions 
(synergy?)
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