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Advantages of proton-boron fusion

1p + 11B + 0.6MeV 3 4He + 8.7MeV 

11B + 4He → 14N + n + 157 keVside reaction (1/1000):

◼ Both reactants and products are not radioactive

◼ Much less neutron to damage the container

◼ Boron is abundant on earth

◼ The products are charged particles, easy to stop 

and convert to heat.



Converting directly to electric energy?

positive electrode charged 

up by fast alpha particles

negative electrode heated up 

by slow alpha particles

Problems:

◼ stopping range of alpha particle

◼ short circuit by electrons 



◼ The required collisional energy is ten times larger than 

D-T fusion

◼ The cross section is four times smaller than D-T fusion

◼ Bound electrons of boron dissipate most of the proton 

energy

Disadvantages of proton-boron fusion

1p + 11B + 0.6MeV 3 4He + 8.7MeV 

Not suitable for the Tokamak reactor!



Disadvantages of proton-boron fusion



Can we accelerate proton to induce p-B fusion?

◼ Accelerating proton to 0.6 MeV is not difficult, but 

electrons must be expelled before the protons can get 

through effectively.

◼ It is difficult to expel electrons because the Coulomb 

force is very strong, and the expelled electrons return 

quickly.

◼ Protons will be scattered by the boron nucleus and 

leave the path of laser beam. Strong magnetic field is 

needed for confinement.



The problem of stopping range 

vs. mean free path

L = 1/(n) = 7 cm 

density of solid boron

p-B fusion cross section 

at 0.6 MeV

electronic stopping range for 0.6-MeV proton = 6 m

https://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html

mean free path 

for fusion



1p + 11B + 0.6MeV 3 4He + 8.7MeV 

Assisting proton-boron fusion



◼ Accelerating protons in ultrashort pulse mode

◼ Ionizing boron atoms and expel electrons synchronously

◼ Generating strong magnetic field synchronously for 

proton confinement

How pulsed laser can help

1p + 11B + 0.6MeV 3 4He + 8.7MeV 



A scheme of laser-driven proton accelerator

nanometer film of 90% carbon 

and 10% hydrogen

hydrogen
Ti:sapphire

laser pulse

protons
electron cloud

reflected pulse

returned electron 

cloud

protons

ion cloud

transmitted pulse

exploding ion cloud

acceleration field: MeV/m



100-TW final stage amplifier at Nat’l Central Univ.



Appl. Phys. B 117, 1189 (2014)

autocorrelation trace camera lineout

Compressed and focused pulse

If adaptive mirrors are used, it is 

possible to focus down to 1-m 

diameter.

corresponding to a pulse 

duration of 30 fs



◼ peak intensity: 1020 W/cm2  (sunshine at noon = 0.1 W/cm2 )

◼ electric field: 3.21013 V/m (50 Coulomb field in hydrogen)

◼ magnetic field: 1.1105 T (2B earth surface magnetic field)

◼ optical pressure: 6.71010 bar (1/4 center of the Sun)

◼ plasma temperature: 107 K (center of the Sun)

◼ energy density: 109 J/cm3 (B83 H-bomb, 1.2 MT of TNT)

100-TW laser focused to 10-m diameter



A scheme of laser-driven proton accelerator

gas jet of 90% nitrogen and 

10% hydrogen

hydrogen
CO2

laser pulse

protons
electron cloud

reflected pulse

returned electron 

cloud

protons

ion cloud

transmitted pulse

exploding ion cloud

acceleration field: MeV/m



Ponderomotive force for free electrons

nonrelativistic, ignoring

electron displacement

ponderomotive force

dipole moment

An intense laser pulse expels electrons with a ponderomotive

force of ~GeV/cm.



Accelerating electrons in a nonlinear wake

evolution of laser pulse

evolution of electron density

After nonlinear propagation, the laser pulse becomes spatially self-

focused and temporally compressed.

The ponderomotive force expels electrons, resulting in a positively 

charged cavity following laser pulse.

The electric field at the rear edge of the cavity is ~31011 V/m.



Generating kilotesla magnetic field?

Scientific Reports 3,1170 (2013)

high intensity laser pulse

large currents

metal plates

metal wires

magnetic field



Transferring angular momentum from laser to plasma

circularly polarized beam or 

Laguerre-Gaussian beam

rotating plasma

magnetic field

104 T is required to limit the Larmor radius to 10 m for 0.6-MeV protons.



Energy balance sheet

energy gain from p-B fusion = 8.7/0.6 = 14.5

total energy gain  0.0015

without including the energy cost for magnetic field generation. 

efficiency of CO2 laser  0.01

efficiency of laser proton accelerator  0.01

key problem



The NSTC energy strategic project



Peak intensity of >5 GW/cm2 can be achieved by focusing the beam to 60-μm 

diameter (FWHM).

Seeder System

The proposed TW CO2 laser system



The CO2 laser seed pulse

∼2 mm (1/e2)

Wavelength (m)

central wavelength: 10.17 m

spectral bandwidth: 70 nm (FWHM)

pulse duration: < 3 ps

pulse energy: 60 J

energy stability: 3% rms



The CO2 laser amplifier (under construction)

6-stage Marx generator

6-stage pulse-forming 
network

Purplish light from N2

ionized by electrons 
emitted from a cold 
cathode.



Enhancing pulse contrast by nonlinear optics



A high-contrast ring regenerative amplifier (1.2 mJ, 1.5% fluctuation) has

been constructed, which will be incorporated into the 100-TW laser

system.

Seed

Pump

Pump

Output

Ti:sapphire

A ring regenerative amplifier built for double CPA



Experimental setup for laser proton acceleration



Proton beam diagnosis

Thomson parabola

Thomson parabola is for measuring proton energy spectrum. Absolute proton

number can be measured by using CR-39 plate and integrating current

transformer (ICT).

ICT

P-43 phosphor or

CR-39 screen

magnet



◼ p-B fusion products: proton, α particle, neutron

◼ Diagnosis: track analysis of etched CR-39

charged particle (proton, αparticle) detection neutron detection

Diagnosis of p-B fusion products

before etching

after etching

charged particle track incident neutron

polymer /w B

before etching

after etching

Boron

α particle
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