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Current artificial muon beam sources require conventional radiofrequency (RF) accelerators that
can be 100s-1000s of meters in size. Laser wakefield acceleration, instead, can achieve
acceleration gradients up to 100 GeV/m, 1000 times greater than RF accelerators. Therefore, by
using a meter-scale long plasma and combining it with next-generation laser driver technology
the system could potentially be shrunk down to portable sizes. The Intense and Compact Muon
Sources for Science and Security (ICMuS2) project aims at the production of a high-intensity
high-energy muon beam using PW-class lasers to accelerate electrons. Muons will then be
generated in a high-Z target via pion decay and Bethe-Heitler process. The ICMuS2 project is
presented including the design and development of multi-GeV electron laser-driven accelerator.
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1. Introduction

High-energy muons are used to probe the manmade and natural structures that cannot be
probed by other forms of radiation. This technique is known as muography. For example, muons
have been used to scan the great pyramid of Giza revealing a previously unknown interior
chamber [1], the Fukushima Daiichi nuclear reactor [2] as well as cargo containers [3]. This
application relies on cosmic ray generated muons. However, the low flux of cosmic ray muons
(~ 1/cm*/min at sea level) and their low directionality limit their use in many practical scientific
and security applications. On the other hand, artificial sources of muons presently require GeV-
TeV particle accelerators that are 100s-1000s meters in size, ruling out the possibility of
bringing them to a subject or location of interest. In contrast, laser wakefield acceleration
(LWFA) can accelerate electrons to multi-GeV energies with up to 100 GV/m gradients that
require only meter-scale plasmas, and in combination with next generation efficient short pulse
laser concepts, could potentially be made to fit on a trailer or truck. The Intense and Compact
Muon Sources for Science and Security (ICMuS2) project aims at delivering a transportable
high-intensity high-energy (10-100 GeV) muon beam based on LWFA and a portable muon-
detection system. ICMus2 is funded by the Defense Advanced Research Projects Agency’s
Muons for Science and Security Program [4].
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Figure 1: Laser-driven muon source concept.

Laser wakefield acceleration (LWFA), first proposed in 1979 [5], can achieve acceleration
gradients up to 100 GeV/m which is 1000 times greater than radio frequency accelerators. The
combination of LWFA with next generation laser driver technology (Fig. 1) provides a
promising path to realizing a high energy, high flux, mobile muon source for multidisciplinary
applications. Currently the preferred method often proposed for the production of 100s GeV
electrons uses a linear to quasilinear LWFA scheme that requires many acceleration stages,
excellent beam quality, and multiple laser drivers. The new insight, proposed in ICMuS2, is
to achieve highly directional muons at the 10-100 GeV level with a single (or minimal
number of) stage(s) leveraging plasma acceleration regimes (e.g. blowout [6]) normally
unusable in the many stage approach. When combined with new, energy efficient ultrafast
lasers architectures, such as ones pioneered by our team (Tm:YLF [7,8] and cryogenic
Yb:YAG [9]), the potential exists for a high-intensity and high-energy muon source. The
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University of Maryland (UMD) and Colorado State University (CSU) have already
successfully demonstrated >10 GeV/m acceleration gradients using LWFA technology [10],
and simple scaling studies (Fig. 2) for the transition regime between quasilinear and
blowout [6] predict that another tenfold increase may be possible, potentially leading to a
transportable 100 GeV system.
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Figure 2: LWFA analytical scaling with normalized intensity, a0=1.75. Single stage bunch
charge and energy gain are plotted as a function laser energy for 1 and 2um laser drive
wavelengths.

2. Goals and Impacts
The project has 6 ambitious and clearly defined scientific goals:

1. Unambiguously demonstrate laser-produced muons (Phase 1). Subsequently,
demonstrate the production high-intensity and high-energy muon beams (up to 100
GeV) using powerful (PW and 10 PW class lasers) short-pulsed lasers (Phase 2).

2. Demonstrate a robust single-stage blowout regime LWFA platform to reach
unprecedented LWFA electron energies and use this data for the system design.

3. Understand and validate the parameter space of LWFA in the blowout regime with
analytical and advanced numerical models to inform transportable muon system
design

4. Use simulations to optimize the design of electron-muon conversion targets and
guide the construction of muon detectors. Perform a relevant muon imaging
demonstration.

5. Mature next generation laser driver technology to support a high flux,
transportable muon source.

6. Integrating and in iteration with the above, complete the design of the mobile
muon source delivering 10°-10® muons/s with peak energies up to 100GeV.
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The successful completion of this project will have great scientific and societal impacts.
By demonstrating that mobile high-intensity muon sources are possible it will pave the path
forward for national security applications such as radiography of heavily shielded and even
building scale objects. The realization of such source can also impact economically important
venues such as mining. Moreover, the work will have significant impact on the fields of laser
driven compact particle accelerators, high repetition rate, high peak power lasers, and related
technologies, with spin-off applications ranging from laser driven ion to neutron cancer therapy
to efficient, next generation laser drivers for extreme ultraviolet lithography.

3. Work Plan and Current Status
The ICMuS2 project has an overall duration of 4 years. Its work plan is articulated in two
phases, each with a duration of 2 years. A schematic summary of the work plan is given in Tab.

1.

Table 1: Schematic overview of the workplan.

Task

Objectives for Phase 1

Objectives for Phase 2

1: Experimental
Demonstration of Laser-
Produced Muons

Demonstrate 10 GeV-class
muon generation using a 1 PW-
class laser.

Demonstrate 100 GeV-class
muons using a 10 PW-class
laser.

2: Laser wakefield
acceleration theoretical
study.

Plasma-based 10 GeV electron
accelerator design and
optimization.

Plasma-based electron
accelerator design and scaling
to 100GeV.

3: Muon generation,
imaging simulations,
and detector
construction

Design and construct optimized
1-10 GeV muon generation
targets and muon detectors.

Design and construct optimized
10-100 GeV muon generation
targets and compact imaging
muon detectors.

4: Transportable Muon
System Design Study

Develop a model of a
transportable, directional 10-
100GeV muon source
producing up to 10® muons/sec.

Completed and reviewed
design of the muon source.
This design will include an
optimized laser driver and
imaging muons detector.

5: Laser driver
Exploratory Research

Demonstrate Joule-level, 1kHz
repetition rate amplification in
Tm:YLF and develop thermal
management scheme for > 100 J
ultrashort pulse laser amplifier.
Simulate laser system
performance of Yb-based
drivers for this pulse energy,
including thermal management,
using benchmarked models.
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At the time of writing, the project is in the final year of its first phase. Task 1 — 4 for Phase
1 were completed or partially completed with success. Three experimental campaigns were
performed at the Laboratory for Advanced Laser for Extreme Photonics (ALEPH) of Colorado
State University and a fourth is scheduled for spring 2025. Data analysis is being completed
while the first publications are being prepared. The latest experimental campaign, in September
2024, saw significant progress in Tasks 3 and 4 with 10 GeV electron beams and a demonstrator
of a transportable muon imaging system.

4. Conclusions

ICMuS?2 is an ambitious project within the framework of DARPA’s Muons for Science and
Security. It aims at creating a compact and portable source of muons for a variety of scientific,
commercial, and defense applications. The project was briefly presented in order to raise
awareness of its objectives, structure, and results.
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