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High gain fusion burning in inertial 

confinement fusion plasma
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1* Institute of Laser Engineering, OSAKA, 2* Hiroshima university

Yasunobu Arikawa, Institute of Laser Engineering, The University of Osaka

Ignited!

Burn ratio 

45%

Avalanche fusion



Summary 

1. A high gain fusion scheme ”avalanche fusion” is proposed. 

2. When two conditions are satisfied, (1) Nα:Ne>0.02:1 and (2)ND>1026cm3, 

α collides to D,  generates D* (100keV), then the D* +T fusion occurs at max cross section.

α increases exponentially in much shorter time than inertial confinement time.

3. 1D-PIC simulation shows the avalanche fusion is ignited with  >45 % burn ratio.

4. The avalanche fusion is independent to the Generalized Lawson criterion,

it can be a new path-way to the high gain fusion.

ILE Osaka



Laser 100 KW

Electricity 1MW Fusion 

10 MW

Electricity 4 MW

・Electric-Laser efficiency 10％
・Gain＝100

・Power generation efficiency 40％
・3 MW is supplied to public.

・1 MW is re-used in laser.

1MW

Re-used in laser

Energy output 

3MW

Laser - fusion

Gain 100

IFE reactor essentially requires gain of 100.
ILE Osaka



NIF has achieved gain of 4
ILE Osaka

「How can we increase the gain to 100 ?」
We need to improve laser to plasma coupling, 

（by Improving laser, Fast ignition, Direct-drive, improving target design, etc）

Todays talk ; A new fusion approach with “Avalanche fusion”

Laser energy input 2MJ →Fusion energy out put 8MJ, 
burn ratio of ~7%



D+T→α(3.5 MeV)+n(14.1 MeV)
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Ti=10keV Maxwell distribution 

Thermal fusion and burn wave
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1.  α→e collision creates many electrons (e’) with Ee<10keV. 

2.  e’ → D/T collision creates many D’/T’ s with ED’<10 keV. ED’ spectrum becomes Maxwell-dist. 

3.  D’+T’ cross section is increased.

4.  When Ti and ρR exceed Lawson Creation threshold, the fusion ignites. 

5. Fusion burn wave propagates with V~Cs. BW propagation time is τburn~
𝑹

𝑪𝒔 .

6. Plasma confinement time is  τconfine~
𝑹

𝟒𝑪𝒔
. 

7. Burn ratio is BR = ρR/(ρR+B) ~0.1ρR.

ILE Osaka

Fusion cross section is 

~10-3 barn at TI~10 keV

Te=Ti=10keV
𝐵𝑅 =

𝜌𝑅

𝜌𝑅 + 𝐵Generalized Lawson criterion

NIF

VExpand=4Cs

VBurn=Cs
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BR ~7%[1]

[1]O. A. Hurricane, PRL, 132, 065103 (2024), and presentations
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D+T→α+n

α+D→α+εD*

D*+T→α+n

D*+T→α+n

α+D→α+εD*

D*+T→α+n

D*+T→α+n         

D*+T→α+n
D*+T→α+n

D 1mb

Avalanche fusion*

ρ>800g/cm3 and

Nα/Ne >0.02

D*→T

D*→T

D*→T

DT fusion 

cross section

D energy 

spectrum

【number of D* =  ε=~20】

【ε=~20】

New concept: Avalanche fusion

ρ>800g/cm3

*Number of α increases exponentially

D* (>100keV) is created by

direct collision.

ILE Osaka

Cross section at ED=100keV

becomes maximum (5 barn).



𝝂𝟏−𝟐 =
𝟖𝝅𝒏𝟐(𝒒𝟏𝒒𝟐)

𝟐𝒍𝒏𝚲

𝒎𝟐𝝁 𝒗𝟏−𝒗𝟐
𝟑

𝟏

𝟒𝝅𝜺𝟎
𝟐 

α
(3.5MeV)

Key physics 1: Collision frequency changes

Coulomb collision frequency

e

e

D

T
α

In DT plasma (Te=10keV)

να-e : να-D = 107:1

If Ee exceeds > 30 keV, vα < ve, thenνα-e decreases. 

When vα <<  veνα-e becomes  → 0 .

Next, α→D and T occurs.

The dominant reaction is changed from α-e to α-D.

NαEα needs to be larger than NeEe, 

thus  NαEα(3.5 MeV)  > Ne Ee (30 keV)

Nα:Ne =>0.0085:1.  

We defined as Nα:Ne=>0.02:1.

Condition 1;  Nα/Ne >0.02

e

e

D

T

1 =α, 2= e, D,T 
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𝝂𝟏−𝟐 =
𝟖𝝅𝒏𝟐(𝒒𝟏𝒒𝟐)

𝟐𝒍𝒏𝚲

𝒎𝟐𝝁 𝒗𝟏−𝒗𝟐
𝟑

𝟏

𝟒𝝅𝜺𝟎
𝟐 

α
(3.5MeV)

D

Large angle scattering  (10-3)

Small angle scattering (~0.999)

D’ ~10keV

D* (>100keV)

Jakson, Classical Electrodynamics,

In ultra high-density,  ND=1026 /cm3, 

α(3.5MeV) → D*(100keV): Collision frequency becomes ~1012 /s (t=1ps)

which is faster than confinement time and thermalization time.  

Key physics2: Large angle scattering

Large
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small angle
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b
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Condition 2 : ND>1026 /cm3,  ρ~800g/cm3

Condition 1 Nα/ND > 0.02  also helps to accelerate D* generation time. 



+
𝒅𝑵𝜶

𝒅𝒕
𝒊𝒏𝒄𝒓𝒆𝒂𝒔𝒆 = (𝑵𝜶 𝝈𝑫∗𝑵𝑫𝑳 𝜺𝑫∗ 𝝈𝒇∗𝑵𝑻𝑳 )𝒕/𝝉𝑫∗

α

e e

e e

e e

e e

e e

e e

e e

e e

Nα/Ne>2%, 

α

α

D

D

D

D

D

D

D

D Loss 

D

D

D

D*

D*

D*

D

D

T

T

T

T

T

T

T

T

α

α
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(<10keV)

Plasma expansion loss tc
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𝒅𝒕
(𝒆𝒏𝒆𝒓𝒈𝒚 𝒍𝒐𝒔𝒔) = (𝑵𝜶 𝝈𝑫′𝑵𝑫𝐋) 𝒕/𝝉𝒔𝒄𝒂𝒕

−
𝒅𝑵𝜶

𝒅𝒕
(𝒆𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 𝒍𝒐𝒔𝒔) = 𝑵𝜶𝐞𝐱𝐩(

−𝒕

𝒕𝒄
)

If 
𝒅𝑵𝜶

𝒅𝒕 𝒕𝒐𝒕𝒂𝒍 ≫ 𝟏 Nα increases exponentially,

become avalanche fusion.

Number of D*
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Loss by 

Stopping 

Fusion reaction σf

increases x5000 time  

 increases
Large angle 

scattering 

D*(>10keV)

Ee>30keV

σ decrease

τD* ~1 ps (∝1/ND)

t confinement~ 50 ps

τscat ~3 ps (∝1/ND)

Key physics 3: Temporal evolution of Nα

𝒅𝑵𝜶

𝒅𝒕
∝ 𝑵𝑫𝑻

𝟑

Density perturbation create 

an instability,

and create an explosive ignition. 
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3rd generation

time

(estimated by sim)

+)

ND>1026/cm3



0.01 ps 1 ps 3 ps

1         10        102 103 104 1         10        102 103 104 1        10         102 103 104

D

e’

T

D

D*

T*

T D

T

e0

α
α

α

1D-PIC simulation without fusionSize R= 10 nm, cell size 2.5 nm 

Nα = 2x1025 /cm3  (10% of Ne)

ND, NT = 1x1026 /cm3

Ne=2x1026/cm3

Eα=3.5 MeV

Initial Te =Ti = 10 keV

e is heated >30 keV within 10fs α→ D collision 
generates D* (100keV- 1MeV)

Thermalized at 3ps
if without fusion  

Energy (keV) Energy (keV) Energy (keV)

Time evolution of the energy spectrum of 

particles are simulated.
D, T, e, α 

plasma
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t=0
t=0.5 ps

t=1 ps t=2 ps

ND, NT = 1x1026 /cm3

ρ 800/cm3
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1D-PIC simulation with fusion

α increased

by itself,

it is ignited!

D*
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t=0.5ps

t=1 ps
t=2 ps

1D-PIC simulation with fusion

α generated 

faster.

ND=1x1026/cm3, 

Energy (keV)
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α
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NNe=10%

t=0

Energy (keV)
0.1 1 10 102 103 104

α

e

D

T

105

α is increased,

ignited!

Larger Nα/Ne makes the fusion reaction faster and larger in burn ratio.



The avalanche fusion resulted a high burn ratio.

・Burn ratio reaches to 45% within 3 ps, at ρ=1600g/cm3 ,R=0.01µm.

・The burn ratio is dependent to ρ, but independent to R,  

it does not follow the Generalized Lawson Criterion.

e.g. R=1 µm ρ=1600g/cm3, R =0.16 g/cm2, it will ignite with BR >45% (~10 bigger than the thermal fusion) .
・A small ignition volume propagates to the entire fuel as detonation associated with an instability.

The avalanche fusion can be a new path to the high gain fusion.

ILE Osaka

PIC-1D with fusion

Lawson criterion 

ignition

α
e

e

D*
→TD+T→

T
α

T
α

e e

e

D+T→
α

D+T→
α

e
D*
→TD*

→T

D

D*
→T

D*
→T

D*
→T

ρ=1600g/cm3 R=1µm
Avalanche ignition, BR >45 %

Thermal fusion

BR~5%

Avalanche Ignition!

2% 400g/cm3

2%, 800g/cm3

2%, 1600g/cm3

Nα/Ne=10%, 800g/cm3



Summary 

1. A high gain fusion scheme ”avalanche fusion” is proposed. 

2. When two conditions are satisfied, (1) Nα:Ne>0.02:1 and (2)ND>1026cm3, 

α collides to D,  generates D* (100keV), then the D* +T fusion occurs at max cross section.

α increases exponentially in much shorter time than inertial confinement time.

3. 1D-PIC simulation shows the avalanche fusion is ignited with  >45 % burn ratio.

4. The avalanche fusion is independent to the Generalized Lawson criterion,

it can be a new path-way to the high gain fusion.
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Thank you for your attention!
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