
Theory of Ignition and Hydro-Equivalence
for Inertial Confinement Fusion

R. Betti
Fusion Science Center and
Laboratory for Laser Energetics
University of Rochester

24th IAEA Fusion Energy 
Conference 

San Diego, CA 
8–13 October 2012

BurnCompression Hot-spot ignition

Hot spot

~4 mm

FSC



Inertial confinement fusion (ICF) ignition theory is used 
to assess National Iginition Facility (NIF) experiments 
and design ignition-scalable implosions on OMEGA
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Summary

•	 ICF	ignition	theory	is	used	to	derive	performance	parameters	that	can	
be measured in experiments

•	 The	theoretical	results	can	be	easily	related	to	the	Lawson	criterion

•	 Applications	to	NIF	indirect	drive	implosions	show	Px  up to 18 atm s, 
and pressures up to ~125 Gbar (~350 Gbar is required for ignition) 

•	 Hydrodynamic	scaling	is	used	to	design	direct-drive	similarity	
experiments	between	OMEGA	and	the	NIF

•	 OMEGA	implosions	that	scale	to	ignition	at	NIF	energies	require	 
an areal density of ~0.3 g/cm2  and a neutron yield of ~4 × 1013 
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ICF IGNITION THEORY
FROM THE LAWSON CRITERION



Like in magnetic confinement fusion (MCF),	the	Lawson	
criterion	determines	the	ICF	ignition	condition	where	
ignition occurs in the hot spot

TC10257

Alpha heating exceeds 
energy losses

 " n P
4 2

32
2vo f xa

Ignition parameter "
/T

P
P T

P
24 ig

2/|
vo f
x

x
x=

a ^ h

Ignition condition " | > 1

Hot spot

Rhs
r

Ti

t

P ~ tT ~ constant 

S
h

el
l

Dense shell

Hot
spot

FSC



ICF implosions cannot achieve ~10-keV temperatures 
through compression alone
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•	 High	T requires high implosion velocity Vi

•	 High	Vi requires thin shells

•	 Thin	shells	break	up	in	flight	because	of	
hydrodynamic instabilities
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Unlike in MCF, heat conduction losses do not reduce the
thermal energy (pressure) in the hot spot of ICF capsules

TC8536a

FSC

Hot spot

Rhs r

Ti

t

P ~ tT ~ constant 

S
h

el
l

Shell

Heat flux

Enthalpy
flux

Mass
ablation

q T T

T T0
2

heat - d

.

l

l l

=
5

]
]

g
g

Mass ablation recycles the heat 
losses back into the hot spot.

.m R
m T

0 2
/

hs
a

i 0 0
5 2l

=o

q PV2
5

heat a=

Balance	heat	flux	with
ablation	enthalpy*	flux

Mass ablation rate from 
shell into the hot spot

*R. Betti et al. Phys. Plasmas 8, 5257 (2001).



The	hot	spot	is	confined	by	a	dense	shell	with	the	
confinement time depending on the shell inertia
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•	 The	temperature	depends	mainly	on	implosion	velocity

•	 The	confinement	time	comes	from	applying	Newton’s	law	to	the	shell

•	 The	1-D	ignition	parameter*	
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One-dimensional simulations of gain = 1 targets  
confirm that the 1-D ignition condition depends  
on ion temperature and total areal density
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•	 Comparison*	of	ignition	condition	
with	simulation	of	gain	= 1 targets

•	 Ignition-relevant	parameters	inferred	
from measurable quantities 
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•	 Fusion	reactions	occur	
in the clean volume (red)



The LLNL ignition threshold factor (ITFx) from  
fitting of LASNEX	results	is	the	cubic	power	 
of	the	Lawson	parameter
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•	 Rewrite	the	Lawson	criterion	by	using	the	1-D	yield	YN in the YOC1

•	 The	ignition	criterion	can	be	written	in	terms	of	energy

•	 Compare	LLNL	performance	parameter2 ITFx 
with	cubic	power	of	| for MDT = 0.17 mg
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The	Lawson	parameter	is	used	to	estimate P and Px
for NIF indirect drive and OMEGA direct drive
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•	 The	hot-spot	pressure	is	inferred	
from Px and the burn duration xburn 
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NIF shot N120321 N120131 N110914 N111215

Px atm/s 18 12 15 15

| / Px/|Px|ig 0.48 0.37 0.45 0.44

P Gbar* 124 76 111 94

|3/ITFx 0.11/0.12 0.05/0.046 0.09/0.09 0.09/0.09

OMEGA shot 67290 67289 67288 67291

Px atm/s 3.6 3.5 3.1 3.3

| / Px/|Px|ig 0.086 0.082 0.080 0.083

P Gbar 34 33 29 31

*Similar values are inferred by C. Cerjan (LLNL), private communication.
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SCALING FROM OMEGA TO DIRECT-DRIVE NIF
(assume symmetric drive and similar laser smoothing)



OMEGA results can be scaled to NIF energies
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•	 The	shell	implodes	with	Vi	and	expands	with	Cs

•	 The	Mach	number	C
Vi

s
 is the only dimensionless parameter

•	 Use	isentropic	implosion	condition	Pa ~ at5/3

•	 1-D	similarity	requires	equal	Mach	numbers	
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Multidimensional implosion similarity imposes
additional requirements on entropy and velocity
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•	 The	multidimensional	behavior	is	determined	primarily	 
by the Rayleigh–Taylor (RT) instability

•	 Number	of	e-foldings	of	RT	growth*	for	wave	numbers	 ,k R.
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Hydrodynamic similarity leads to geometric
and energy scaling of implosion performance 
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Hydrodynamic equivalence:
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OMEGA 26 kJ Direct-drive
NIF 1.8 MJ

3.6 mm

0.86 mm
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Ignition theory and hydro-similarity provide the energy
scaling of critical parameters
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•	 Energy	scaling*	of	areal	density,	ion	temperature,	and	fuel	
mass for hydro-equivalent implosions

•	 Energy	scaling	for	neutron	yield	without	burn	(no alphas)

•	 Energy	and	YOC	scaling	for	ignition	parameter	and	ITFx
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Hydro-equivalent ignition on OMEGA
requires | / Px/(Px)ig á 0.16
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•	 The	energy	and	YOC	scaling	is	|3-D ~ E0.37 YOC0.4

•	 Expect	YOC	improvement	of	2× on NIF versus OMEGA because 
of larger hot-spot size, more beams, and equal ice roughness 
(see back-up slides for details)

  YOCNIF ~ 2 × YOCX

•	 Apply	OMEGA-to-NIF	scaling
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Hydro-equivalent implosions are designed using
current OMEGA targets (but	with	better	performance)
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378 nm 
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1766 nm

EL kJ 26

Vi km/s 350

amin 1.5

IFAR2/3* 22

GtRHn g/cm2 0.3

YN (1-D) 1.8 × 1014

EL kJ 1800

Vi km/s 350

amin 1.5

IFAR2/3* 22

GtRHn g/cm2 1.3

YN (1-D)/gain 3.4 × 1019/52

*In-flight	aspect	ratio



The time evolution of implosion velocity
and IFAR are the same for the NIF and OMEGA
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•	 | á 0.16 is required for hydro-equivalent ignition at 26 kJ

•	 Use	tR = 0.3 g/cm2, MDT = 0.021 mg in 
.
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•	 Required	neutron	yield	at	26	kJ	is	3.7	× 1013

•	 1.8-MJ	targets	ignite	(gain = 1)  
with	44%	of	1-D	no-burn	neutron	yield	 
(use YOC model*)

•	 Required	yield	at	26	kJ	is	~22%	 
of the 1-D yield (Y1-D = 1.8 × 1014);  
i.e., required yield is 4 × 1013
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The requirements for hydro-equivalent ignition
at 26 kJ are confirmed by simulations

TC10294

FSC

Hydro-equivalent ignition parameters for OMEGA: 
tR á 0.3 g/cm2 and YN á 4 × 1013

* P. Y. Chang et al., Phys. Rev. Lett. 104, 135002 (2010).
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Summary/Conclusions

Inertial confinement fusion (ICF) ignition theory is used 
to assess National Iginition Facility (NIF) experiments 
and design ignition-scalable implosions on OMEGA

•	 ICF	ignition	theory	is	used	to	derive	performance	parameters	that	can	
be measured in experiments

•	 The	theoretical	results	can	be	easily	related	to	the	Lawson	criterion

•	 Applications	to	NIF	indirect	drive	implosions	show	Px  up to 18 atm s, 
and pressures up to ~125 Gbar (~350 Gbar is required for ignition) 

•	 Hydrodynamic	scaling	is	used	to	design	direct-drive	similarity	
experiments	between	OMEGA	and	the	NIF

•	 OMEGA	implosions	that	scale	to	ignition	at	NIF	energies	require	 
an areal density of ~0.3 g/cm2  and a neutron yield of ~4 × 1013  
(a 1.6× improvement in areal density and 3× improvement	in	yield	with	
respect to best implosion to date)

FSC



Hydrodynamic	scaling	indicates	lower	3-D	degradation	
in performance on NIF versus OMEGA

TC8660b

•	 Yield-over-clean	(YOC): the required YOC on OMEGA is difficult  
to estimate. Use simple clean volume analysis:
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A	YOC	of	30%	on	OMEGA	extrapolates	(approximately) 
to	a	60%	YOC	on	NIF

TC8661a

•	 Seeds	for	the	RT	come	from	the	ice	roughness	and	the	
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The clean volume analysis is validated by comparing 2-D  
simulations	with	inner-surface	roughness	and	1-D	simulations	 
having reduced GvoH→GvoHVclean/V1-D ≈ GvoHYOCno a
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•	 In	the	1-D	simulations,	GvoH is reduced by the YOC (or clean volume 
fraction) until the hot-spot temperature reaches 10 keV.
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Physics other than hydrodynamics 
(based on purely theoretical extrapolations) 

• Laser-energy collisional 
      absorption  
 
• Laser plasma instabilities 
     and hot electron preheat 
 
• Cross-beam energy 
     transfer 
 
• Radiation preheat 
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