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BETHE program
Program Description: 
Breakthroughs Enabling THermonuclear-fusion 
Energy (BETHE) supports the development of 
timely, commercially viable fusion energy. Building 
on recent progress in fusion research and synergies 
with the growing private fusion industry, this 
program aims to deliver a larger number of higher 
maturity, lower cost fusion options via three 
research categories: (1) Concept Development to 
advance the performance of inherently lower cost 
but less mature fusion concepts; (2) Component 
Technology Development that could significantly 
reduce the capital cost of higher cost, more mature 
fusion concepts; and (3) Capability Teams to 
improve/adapt and apply existing capabilities (e.g., 
theory/modeling, machine learning, or engineering 
design/fabrication) to accelerate the development of 
multiple concepts. BETHE's technology-to-market 
component aims to build and smooth the path to 
fusion commercialization to include public, private, 
and philanthropic partnerships.
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Goals of the project

● Create high-fidelity physics process 
models for GEANT4, to enable reactor 
design innovation
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● Measure key rate and efficiency 
parameters at higher temperatures and 
pressures than have been explored 
previously

Diagram from Leung, W. B., March, N. H., & Motz, 
H. (1976). Primitive phase diagram for hydrogen. 
Physics Letters A, 56(6), 425–426.

Figure: B. Wang, 2009

New area 
we will 
explore



Physics motivation



Muon-catalyzed fusion

Key physical parameters:

● Cycling rate - fusions per 
second

● Sticking fraction - fraction 
of muons carried off by 
alphas



muCF is interesting because of large cross section

From J. Wallenius, P. Froelich, 
Formation of metastable dtmu 
molecules in tu(2s)-D2 collisions, 
Physical Review A, Vol 54, No. 2, 1996

From Wikimedia 
Commons

~ 10-21 m2

~ 10-27 m2



Temperature and density increase cycling rate
Cycling rates normalized to LHD

Do these trends 
continue to higher 
temperature and 
density?

(From Bom, et. al, “Experimental 
Investigation of Muon-Catalyzed D-T 
Fusion in Wide Ranges of D-T 
Mixture Conditions”, Journal of 
Experimental and Theoretical 
Physics, Vol 100, No. 4, 2005)



From H. Rafelski, Muon Reactivation in 
Muon-Catalyzed D-T Fusion

Sticking (and fusion gain!) versus density

(Density, 
normalized to LHD)

Reactivation percentage vs. starting 
atomic orbital of muon

From K. Nagamine

Data lies below theoretical expectations, 
and tantalizingly close to the commercially 
interesting value of Q=5 … how does this 
extend to higher density systems?



Temperature dependence of sticking???
 (Kawamura / Nagamine)

Figure R2: Observed anomalous dependence of 
effective sticking percentage (W)  on temperature. 
Figure from [Kawamura10]

Cycling rate

Sticking fraction

The observed temperature 
dependence of sticking at low T 
is unexpected … this suggests 
details of the sticking and 
reactivation physics are not well 
understood

X-ray to neutron 
yield ratio



Technology motivation



Design charts: Fusion gain

Includes heat from tritium 
breeding.  (after R. Kelly)

Q>1

Q>2

Q>3
Q>4

Beam-beam triton collisions, 
efficient accelerator

Beam-target proton collisions, 
less-efficient accelerator



Design charts: Fusions per muon
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>200

>300

>400
>500

From Monte Carlo 
simulation of the 
Markov chain, taking 
into account the muon 
lifetime and initial 
sticking of 0.88%



Design charts: Muon cycling rate estimate

>400
>500

>600
>700

>800
>900

>300>200

From bilinear fit of Los Alamos 
gas-phase muon cycling rate 
data and the NIST equation of 
state for deuterium.  Caution: 
This figure is an extrapolation for 
T > 600 K and density above 0.7 
LHD.

Doing this 
measurement will 
allow making an 
accurate version of 
this chart.

Area 
explored to 
date



Path to efficient muon production

Chapline, G. F., & Moir, R. W. (1988). Production of muons for fusion catalysis using a migma 
configuration. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment, 271(1), 203–206.



Path to reactivation enhancement

H. Daniel, “Concept of a Novel Muon-Catalyzed Fusion Reactor”, 
Fusion Technology, Volume 20, Issue 2, 1991 



Path to high rate AND high reactivation

T. Tajima, S. Eliezer, R.M. Kulsrud, “A new concept for a muon catalyzed 
Fusion Reactor”, AIP Conference Proceedings, 181, 423, 1988



Separation of scales

● At LHD, particle energies and ranges for D-T:
○ 3 keV muon: ~ 0.001 mm
○ 10 eV hot muonic atom: ~ 0.001 mm
○ 3.5 Mev alpha: ~ 0.1 mm
○ 3.5 MeV muonic alpha: ~ 1 mm  

● If there is a thin layer, filament, or droplet of fuel, when a muon stops there, 
the next N fusions will happen near the same spot.



Microencapsulated fuel

D-T gas, 800 MPa 800K

Multilayer graphene structural layer
800 nm ~= 2200 atoms thick
During fusion, 20 GPa hoop stress

40 μm

Figure from X. Li, M. Chi, S.M. Mahurin, R. Liu, Y.-J. Chuang, S. Dai, Z. Pan, Graphitized
hollow carbon spheres and yolk-structured carbon spheres fabricated by 
metal-catalyst-free chemical vapor deposition, Carbon (2016)



60 MPa gas pressure Argon was stored  
a single-atom-thick carbon nanotube

Equivalent to 73 GPa hoop stress!



Reactor sketch: Internal muon production

Initial path of 
tritons

Area of muon 
production from 
triton-triton 
collisons

B
E

Tritons enter the reactor 
and are guided by the 
magnetic field.  Triton-triton 
collisions in the central 
area produce muons.

3m overall dia @ 10T



Reactor sketch: Enhanced reactivation

μα+
μ-

μ-
Fuel microcapsules are 
shown enlarged for clarity.  
Muonic alpha particles 
(from sticking) are confined 
by the magnetic field 
accelerated by the rotating 
electric field until the muon 
is ionized by collisions.  



Proposed Experiment for First Beam Period



Diamond anvil cell

Shimizu, E. M. Brody, H. K. Mao, and P. M. Bell, Phys.
Rev. Lett. 47, 128 (1981).

Φ=3

Diamond anvil cell can be used to achieve up to 
770 GPa / 7000 K.  We need only 5 GPa / 1500 K.

(D-T)

From diamond anvil 
measurements on 
H2 at 300K  by 
Shimizu, 1981 

Fluid/Solid 
Transition



Temperature and pressure range



Detector layout



π

π

Block diagram



Muon detector, collimator, and target cell

1 cm



GEANT4 trajectories of primary (mu-) from events 
passing selection criteria



Sample loading, compression and heating



Cryostat integration with detectors



X-ray spectrometer inside cryostat



End-to-end simulations with GEANT4





Diamond Anvil cell

Spherical full 
absorption 
neutron detector

Muon stop in DT

14 MeV muon 
from accelerator

Muon trajectory

Muon stop in fuel



Elastic scattering of fusion neutron in detector volume

Location of elastic scattering 
and proton production



Typical DT fusion event   (1 LHD, 300K)



Typical DD fusion event (1 LHD, 300K)



Typical non-selected event: μ- stop in diamond



Typical non-selected event: μ- stop in collimator



Neutron time spectra for GEANT4 simulation of 100,000 μ-

Corresponds to 2 
minutes of real time; 
simulation time is 
similar.



● 4 minutes / cycling rate measurement
○ +/- 1% statistical uncertainty
○ 1,134 T/ conditions / 2 weeks

● 3 hours / sticking fraction measurement
○ +/- 1% statistical uncertainty
○ 60 T/ conditions / 2 weeks

Rates and statistical uncertainty

(From PSI πE1 web page)



Sources of systematic uncertainty

● Mixture purity and condition
○ Palladium membrane purification
○ Mass spec at start and end
○ Real time raman
○ Chemical reaction with wall material

● Wall interaction
○ Both from geometry and from geometric uncertainty / misalignment
○ Can monitor frequency by decay electron time spectrum

● Spatial displacement by multiple reactivations per muon
● Multiple neutron scattering events inside detector
● (for cycling rate) Neutron detector calibration
● Pressure measurement  (+/- 0.1 GPa)
● Temperature measurement (+/- 2 K)



Preliminary Design

Detail Design

8/2020 8/20213/202112/2020

First Beam Period, DD

Improve apparatus

Second Beam Period, DT

Publish

GEANT4 Muonic Atoms Package Development

Bench Testing / Dry Run

8/2022

Publish

Schedule


