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   Definitions: fusion Q, target gain G 
   Burning plasmas, ignited plasmas, burn propagation 
   The Lawson criterion for ICF 
   Relation between the Lawson criterion and the ITFX 
   α-heating and burning plasma vs ITFX 
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The alpha Q 

 Alpha bootstrap heating 

 Burning plasma 



The Target Gain “G” is NOT a physics parameter 
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Driving ICF targets is a very inefficient process  

Only a small fraction of the driver energy is converted into useful kinetic 
energy of the implosion. Most of the driver energy is wasted in heating and 
accelerating (outward) the blow-off plasma (typically CH or Be plasma) 

Vi 

Expanding ablated 
(blow-off) plasma 
(CH or Be) 

Examples:  
 
NIF 1MJ Indirect Drive Point Design 
Laser energy = 1MJ 
Fuel kinetic energy = 10kJ 
Total efficiency = 1 % 
 
NIF 1.5MJ Direct Drive Point Design 
Laser energy = 1.5MJ 
Fuel kinetic energy = 90kJ 
Total efficiency = 6% 

Ablator 

DT ice DT  vapor 

Useful kinetic energy =  2
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The imploding shell has two functions: (a) heating of the central  
low-density plasma (hot spot) to ignition temperatures,  
(b) providing the “inertial” confinement 
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1 ~50% 

~50% 

Compression and heating of the central hot spot 
(equivalent to the MFE heating input energy 
 coupled to the plasma) 
Compression of the dense shell to provide the “inertial” 
 confinement (similar role to the magnetic field in MFE) 
  

Hot spot 
5-10 KeV 

Dense shell 
~ 500-1000 g/cc 

Provides the confinement 
of the hot spot (and more) 

Ignition takes place 
 in the hot spot 

COMPRESSED CORE AT STAGNATION (NIF-like, 1MJ) 

Dense 
shell 

Useful kinetic energy 
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The input energy to the hot spot is small (~several kJ).  
The thermonuclear instability (ignition) can amplify the  
input energy by a very large factor  

Hot spot 
~5kJ 

Dense 
Shell 
~5kJ 

EXAMPLE: 1MJ YIELD (G=1) 
AMPLIFICATION DUE TO IGNITION 
Consider  (for example): 
(a) 1MJ fusion (α + n) yield = Eout 
(b) Fusion-Q  Q=Eout/Einput-ext 
        Q =1MJ/5kJ=200 
(c) Alpha-heating level Qα=Eα/Einput-ext  
        Qα= Q/5=40 

Qα ≥ 2 or Q≥10 defines a “burning plasma” (typical definition used in MFE) 

A Q~100 can be used as a measure of ignition in ICF  
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In addition to the inertial confinement, the dense shell  
around the hot spot provides a reservoir of fuel that, if burned, 
leads to ultra-large amplifications of the hot-spot input energy  

Hot spot 
5-10KeV 

Propagating 
 burn 

T~50-100keV 

Entire shell 
burns 

Burn wave 

Ignition is triggered  
Burn wave propagates 
in dense fuel shell 

Shell burns till fuel expands 
and cools down (disassembly) 

Consider a 10 MJ fusion yield (G=10) 
Q=10MJ/5kJ=2000 

 Qα= Q/5=400 

Example:  
• NIF 1MJ Indirect-Drive point design 
• Total kinetic energy = 10kJ 
• 5kJ into the hot spot 
 

AMPLIFICATION DUE TO BURN PROPAGATION 
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The target Gain can be related to Qα for a fixed 
energy (to the target) coupling efficiency  

G =  Fusion Energy Output (α + n) 

Driver Energy into the Target Chamber 

Qα  =  
Alpha Particle Energy   

½ Driver Energy coupled as kinetic energy 
(½ into the hot spot, ½ into the shell) 

Alpha Q = (Fusion Q)/5: 

G ~ 0.5   Qα~ 20 Ignition (~2e17 neutrons) 

G ~5-20   Qα~ 200-800  FULL Propagating burn (~2-8e18 neutrons) 

Energy Target Gain: 

Example:  
• NIF 1MJ ID point design 
• Fuel kinetic energy = 10kJ 
• 5kJ into the hot spot 
 

G ~ 0.05   Qα~ 2 Burning plasma (~2e16 neutrons) 

G ~ 0.025   Qα~ 1  α-heating = input energy to HS (~1e16 neutrons) 
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χ=1  Qα = ∞  Ignition 
χ=2/3  Qα = 2  Burning plasmas 
χ=1/2  Qα = 1  Alpha bootstrap heating 

 Ignition parameter 

Fusion plasma energy balance 
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The ignition parameter χ from the energy balance 
determines the plasma performance 



3.5MeV fusion reactivity 

ion particle 
density 

Energy confinement 
time 

Plasma pressure 

α-particle heating rate   > energy loss rate 

The Lawson criterion for thermonuclear ignition 
requires that the alpha-particle heating exceeds 
all the energy losses  
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MCF 

Fast radial transport for ITER τE< τα 
Temperature profile is “consistent or  
resilient”0-D model is ok and includes 
the entire plasma.  

Cold dense shell does not 
contribute to ignition.  
Only hot spot ignites. 
Shell supplies fuel 

A 0-Dimensional model of the thermonuclear instability 
(ignition) includes the entire plasma column of a tokamak 
and only the hot spot of an ICF capsule. 
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Overall ignition parameter:  
Minimum 
Pτ ~ 9 atm s 

The Lawson parameter Pτ required for ignition 
depends on the ion temperature 
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The heat flux leaving the hot spot is deposited onto the shell surface 
causing mass ablation from the shell into the hot spot. The hot spot 
mass increases in time. 

temperature 
density 

heat flux 

mass  
ablation 
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The heat leaving the hot spot 
cannot penetrate the shell 
because the shell is cold and  
its thermal conductivity is low, 
 

     κshell<< κhot spot 
 
The heat is deposited on the 
shell inner surface causing 
mass ablation off the shell 

P~ρT~const 
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Hot spot density 
Use EOS ρ=mip/2T 

Hot spot 
mass         
evolution 

      Energy        
Conservation 
(hot spot internal 
energy comes from 
shell kinetic energy) 

Hot spot      
compression time 
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temperature 
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Relation between implosion velocity, hot temperature 
and shell areal density leads to ignition parameter 
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thin shell, analytic 
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thick shell, numerical 
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Power 0.8 in better 
analytic model 



3-D Measurable Lawson Criterion (fit from simulations) 
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• NIF (current): <ρR>=1g/cm2, <T>=3.5keV, YOC=0.05-0.1  

4.08.0
/ )(8)( 2 YOCTRsatmP keVcmgρτ ≈•

7 10P atm sτ ≈ − •

• NIF (check): use directly inferred values; P≈80Gbar, 
  τburn ≈100ps P τburn ~8 atm s 

• OMEGA (current): ρR=0.24g/cm2, T=2keV, YOC=0.1  

satmP •≈ 5.1τ

The product Pτ for NIF and OMEGA 



NIF (2011) 

The Lawson plot shows the performance of fusion 
devices with respect to thermonuclear ignition  



The Lawson criterion, the ITFX, 
and the fusion and alpha Q 
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The one-dimensional no-burn neutron yield can be 
determined from hot spot and shell scaling relations 

• The Yield-Over-Clean requires the 1D Yield without burn (no-α) 
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Stagnating shell mass is about ½ of fuel mass 

The 1D compression yield depends on shell areal 
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The Lawson ignition parameter for ICF can be written 
 in terms of neutron yield, areal density and fuel mass 
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The LLNL ITFX is a approximately a power 
 of the Lawson ignition parameter 
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Current NIC experiments:  

NIC  2.4kJ in hot spot  2.8kJ fusion yield Q~1.2 Qα~0.25 

FSC 

• NIF hot spot; ~80Gbar, ~35µm-radius (3/2)PV~2.4kJ 
• NIF neutron yield ~ 1e15 ~2.8kJ 

A four fold increase in fusion yield is required 
in the NIC experiments to access the alpha 
bootstrap heating  regime 

5.015 ≈⇒≈⇒≈ χαQQAlpha heating 
7.0210 ≈⇒≈⇒≈ χαQQBurning plasma 
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An ITFX above ~0.3 is required for alpha bootstrap 
heating and above ~0.5 for accessing the burning  
state 

NIC 
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The ITFX is approximately a power law of the 
Lawson’s ignition parameter and is a good 
measure of the implosion performance  

•  The Lawson ignition parameter 
    is derived for ICF capsules 
 

• The ITFX is approximately equal to χ2 (±30%) 
 

•  α-heating requires ITFX~0.3 χ~0.5 Qα~1 
 

•  Burning plasmas require ITFX~0.5 χ~0.7Qα~2 
 

• Current NIC experiments: ITFX~0.09χ~0.2-0.3Qα~0.25 
 

Conclusions 

ignPP )/( ττχ ≡
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