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Fusion Target and Detector Assembly Data from First Beam Period Plans for the Upcoming Beam Period

We are preparing now for a our next beam period, scheduled for October 2022 at PSI.  
This run will use a high-density deuterium target.

To prepare for this beam period a range of hardware and software improvements are 
planned, including:

• Gas loading and temperature control of the diamond anvil cell.
• Improved tooling to load/empty the liquid scintillation detectors.
• Multiaxis positioning stage for cell relative to beam
• Improved muon entrance / event veto setup
• Cryostat with faster cooling time
• In-situ intensity calibration
• Secondary conventional muCF target
• On-line analysis software

We are using the data from our last beam period, in conjunction with simulations, to 
plan and implement these engineering changes.

Muon Sources

We are using the piE1 muon beam at the Paul Scherer Institute (PSI) in Switzerland for our initial 
measurements with deuterium.  The cyclotron (shown above) produces a beam of 590 MeV pro-
tons.  These protons pass through a carbon target to produce muons, which are directed by a series 
of magnetic lenses to several target stations.

Our detector array surrounds the target chamber.  It uses EJ-309 liquid scintillator, 
an array of photomultiplier tubes, and a high-speed waveform digitizer.  During the 
first beam period, we validated that it can identify and count the individual neu-
trons and electrons produced by muons stopping in a millimeter-scale target.  The 
plot above shows the excellent pulse-shape discrimination between neutrons and 
electrons.

When a negatively-charged muon comes to rest in hydrogen, it displaces the weakly-bound molecu-
lar electrons.  The larger mass of the muon in comparison to the electron reduces the molecular size, 
increasing the Coulomb screening between the nuclei and hence enhancing the nuclear wave func-
tion overlap and inducing a fusion event.  The catalyzed fusion processes have cross sections many 
orders of magnitude larger, and input temperature requirements (COM energy) many orders of 
magnitude lower, than the corresponding thermonuclear fusion cross sections. Muon-catalyzed fu-
sion was first observed in bubble chamber photographs by L. Alvarez in the 1950’s [Alvarez57].  

Introduction to Muon-Catalyzed Fusion Project Goals

The relationship between fusion gain, the number of fusions per muon, and the energy cost per 
muon is shown above.  

Our ARPA-E BETHE project aims to:

• Measure key rate and efficiency parameters at higher temperatures and pressures than have been
explored previously

• Create high-fidelity physics process models for GEANT4, to enable reactor design innovation
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The experimental setup is designed to carry out deuterium-tritium muon catalyzed fusion at temperatures and 
densities many times higher than has been done before,  using a diamond anvil cell for confinement, and pulsed 
heating.  The muon cycling rate increases with higher temperature and density, and the final sticking fraction de-
creases.  Both of these factors lead to higher numbers of fusions per muon and thus higher fusion gain.

Using this unique setup, we expect to experimentally demonstrate a record high muon cycling rate and a record 
low sticking fraction.  It is also possible that the data we gather will help resolve the longstanding open problem 
of the discrepancy between the theoretical and measured sticking rate in muon-catalyzed D-T fusion, and the 
anomalous dependence of the sticking fraction on temperature.  It is plausible that we may discover greatly in-
creased fusion gain under simultaneous conditions of high temperature and density, far outside the range that has 
so far been explored experimentally.

For more information, contact 
Ara Knaian,ara@nklabs.com

A view from the overhead catwalk of our experiment installed in piE1 area at PSI.  The muons    
travel through a series of magnetic lenses, then emerge from the last quadrapole (which is painted 
red) and are focused onto our microscale ultra-high-density deuterium target.  

The linear accelerator (LINAC) at Fermilab produces high-intensity pulses of 590 MeV protons.  Our 
collaborators at Fermilab are building a new high-intensity low-energy muon beamline which termi-
nates in the underground irradiation test area. (ITA)  We will use this beamline to conduct measure-
ments with ultra-high-density deuterium-tritium in 2023, and subsequently to demonstrate active 
sticking fraction reduction by injection of RF power.

We measured the muon-to-electron time spectrum for muons identified as stopping in the diamond 
anvils that will be used to compress the deuterium.  The measured decay time constant is 1.95us, 
within 4% of expected value in carbon of 2.04 us.  The validates that we are able to collimate the mu-
ons and detect when they have been delivered to the microscale target, and that we are able to iden-
tify the muon decay electrons. 

We tested the diamond anvil cell by compressing a droplet of mineral oil between two diamond 
anvils.  We measured the pressure by measuring the shift in the fluorescence wavelength of ruby 
dust on the inside surface of one of the diamonds.  The pressure inside the cell reached 4500 MPa 
(653,000 PSI) which will be sufficient for the experimental aims once we are able to load the cell 
with deuterium/tritium.

In a DT catalyzed fusion event, the daughter nuclei carry significant kinetic energy, as the reaction 
liberates 17.6 MeV.  Since the muon is not consumed in this reaction, it can go on to catalyze ad-
ditional fusion events before it sticks to a helium nucleus or decays into an electron and neutrinos.   
The reciprocal of the average time between fusions is called the muon cycling rate.   The probability 
of a muon sticking to a helium nucleus is called the sticking fraction.

Muon-catalyzed fusion is both a chemical and a nuclear process.  The muon cycling rate increases 
with temperature and with density.

We are using a diamond anvil cell to heat and compress a millimeter-scale deuterium-tritium target 
to carry out muon-catalyzed fusion at higher temperatures and pressures than has been achieved 
previously.  We will measure the muon sticking fraction and muon cycling rate at these conditions, 
and use the results to update our models for the fusion gain of our power reactor.  We will publish 
the results of the experiment in the scientific literature.
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Together with our academic collaborators, we have been developing GEANT4 process models for muon catalyzed 
fusion and other muonic atom processes, such as muon stripping and muonic atom ionization.  The basis for these 
models is theory and data from the archival literature. We plan to refine these models, incorporate relevant new 
data, and contribute these models to the GEANT4 collaboration for physics review and open-source release.
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