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ABSTRACT

The MTA facility at Fermilab will host the muon catalyzed nuclear fusion experiment, requiring the production of a low energy-high intensity muon (μ-) source.  The experiment needs a dedicated secondary beamline to collect the muons from decayed pions generated by the interactions of 400 MeV proton beam on a fixed Tungsten target.  Data analysis software is used to analyze and compare simulations using different nuclear interaction models. Further studies are ongoing and experimental data will be compared with the theoretical predictions. 

INTRODUCTION

The Standard Model of particle physics is the theory describing three out of four of the fundamental forces of nature, while also classifying all known fundamental and elementary particles. Leptons are one such class of elementary particles subject to certain intrinsic properties, and the muon (µ) belongs to this class. The µ- is a charged lepton with a charge equal to that of the electron and ~207 times heavier than the electron. It has a lifetime of ~2.2 microseconds, and decays most commonly into an electron plus a muon neutrino and an electron antineutrino1. The collision between high energy protons from the sun and the atomic nuclei of molecules in the Earth’s atmosphere can naturally produce negatively charged muons. However, high energy particle accelerators, such as Fermilab’s 400 MeV linear accelerator proton beam, can also be used to produce µ- indirectly. The process of producing muons from a particle accelerator is a two-step one2; A high energy proton beam bombards a fixed target, initially producing a flux of particles – including the π-. The π- is unstable and will then almost immediately decay into a μ-.
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                                             Figure 1. From left to right, Feynman Diagrams of Pion and Muon Decay.


A low energy muon source is the aim and will be a benefit to many fields in High Energy Physics (HEP). The MuCOOL MeVTest Area (MTA) Facility at Fermilab is currently hosting the Muon Catalyzed Nuclear Fusion experiment, one of many different experiments that will be able to utilize a low-energy, high-intense µ-muon source. This method of fusion involves replacing electrons with muons. In this way, the muon acts as a catalyst by pulling the nuclei closer together due to its increased mass and enabling the process of spontaneous fusion in hydrogen isotopes3 at significantly lower temperatures. 
To selectively collect and transport the muons needed into a secondary beamline, studies of target material and design are crucial for maximum muon yield. It’s important to note that there are no other studies like this4, with a 400 MeV proton beam, so it’s safe to say we don’t yet know which model will be the best to simulate these complex interactions. The data we are collecting will help in streamlining many future experimental processes by studying the different theoretical models next to real data. 


EVENT GENERATORS

This project initially uses simulated data to act as a reference for experimental output and in guiding decisions for the geometry of the target. Simulations are done with the utilization of event generators. The event simulation is a two-step process, generation and simulation. The generation step involves modeling the interactions that occur from the proton beam hitting a fixed target. Tungsten (W) was chosen as the target material in the muon beam studies due to the material’s heat tolerance and deformation properties5. The simulation step involves tracking the secondary particles. 
In this case, simulations were done with GenieHad, an event simulator system developed for simulating the hadronic interactions between a proton beam and the nuclear matter of target systems. GenieHad interfaces different nuclear scattering generators and clusterization-evaporation models. Events being simulated under identical conditions using different nuclear interaction models makes it significantly easier for us to compare experimental results and pull conclusions from them. Primary hadronic interactions are simulated using the different nuclear interaction models, including GiBUU, INCL++, JAM, PHSD, and UrQMD, and are compared with GEANT4 using Shielding and INCL++ physics lists. Secondary particles are tracked using the GEANT4 toolkit, to study their momentum and angular distribution and to track their origin and yield. 
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Figure 2. Step by step display of proton beam on tungsten target and results.


SIMULATIONS


Once simulations were generated, data analysis for my project was performed on Jas3, an AIDA (Abstract Interfaces for Data Analysis) compliant, interactive data analysis framework6. I developed a Java-based macro to plot relevant graphs for the final analysis. The Macro pulls specified data from AIDA files and creates comparable histograms and scatter plots. The data can be overlayed or set side-by-side. The momentum distribution and the origin were collected for protons, neutrons, gammas, electrons, pions, and muons, both on the walls of the production chamber and at the entrance to the secondary beamline. The Monte Carlo numbering scheme, PDG codes, were used to facilitate interfacing between the event generators and the data analysis package7.
The geometry description of the primary and secondary beamlines, the production chamber, and the target are all an essential part of the simulation studies. GDML (an XML-based geometry description language8) has been chosen for this because it is compatible both with ROOT and GEANT4. Target geometry is displayed using the ROOT data analysis software.
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Figure 3. Primary 400 MeV proton beamline, production chamber, and secondary beamline with solenoid attached. Image generated in ROOT.
 

STUDIES

In this project, we focused on the momentum distribution and yield of the muons and pions at the entrance of the secondary beamline and on the walls of the production chamber. Preliminary studies with early concepts of target geometry used three thin tungsten target slices (3.3mm) oriented towards the solenoid. Those preliminary studies garnered results that guided the decision for a different target configuration. New simulations were conducted on a tungsten target with dimensions of 8 cm in length, 1.5 cm wide, and 9 cm thick. Data Analysis is ongoing. 
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[bookmark: _Hlk79592281]Figure 4. Momentum distribution of produced π- scored on the wall of the vacuum chamber for five different models. Preliminary studies using three thin tungsten target slices (3.3mm). GEANT4 [SHIELDING] π- are produced from 4,690,630 POT, INCL++ π- are produced from 23,264,237 POT, UrQMD π- are produced from 15,623,779 POT, GIBUU π- are produced from 2,830,990 POT, and JAM π- are produced from 4,557,292 POT. Graph not normalized. 
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Figure 5. Tracked origin (top-view) of produced π- scored on the wall of the vacuum chamber for three different models. Preliminary studies using three thin tungsten target slices (3.3mm). GEANT4 [SHIELDING] π- are produced from 4,690,630 POT, GIBUU π- are produced from 2,830,990 POT, and JAM π- are produced from 4,557,292 POT. Graph not normalized. 

The remaining plots show a tungsten target with dimensions of 8 cm in length, 1.5 cm wide, and 9 cm thick.
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Figure 6. Comparable histograms created in jas3, comparing total π- production with two different physics lists. 
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Figure 7. Momentum distribution and origin of total produced π- from POT for three different models. GEANT4 π- are produced from 7,000,000 POT, INCL++ π- are produced from 8,128,044 POT, and UrQMD π- are produced from 6,358,551 POT. Histograms not Normalized.
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Figure 8. From left to right: tracked origin (top-view) of total produced π- and tracked origin (side-view) of total produced π-. Comparisons between three different models are shown. From top to bottom: GEANT4 using shielding physics, INCL++, and UrQMD. 
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Figure 9. From left to right: π- momentum distribution, tracked origin (top-view) of produced π-, and tracked origin (side-view) of produced π-, all at the entrance to the secondary beamline. Comparisons between three different models are shown: GEANT4 using shielding physics lists, INCL++, and UrQMD. Graph not normalized.
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Figure 10. (left) Total μ- Produced from proton on target (POT) for INCL++.
Figure 11. (right) Total μ- Produced from POT for UrQMD.

DISCUSSION

The muon catalyzed nuclear fusion experiment is currently in progress and will eventually be producing experimental data. Aside from being able to maximize muon yield with an optimized target geometry, being able to compare the real data with these simulations will be incredibly valuable. The studies being done at this energy level are new and narrowing down which model will most accurately describe the full picture of what’s happening will be beneficial for theorists, experimentalists, and for the future of low-energy muon experiments.
The studies done in this project will ultimately help guide the decision regarding the best target for optimized pion production and muon beamline in the MTA facility. 


Acknowledgments

I would like to give so many thanks to my mentor, Anna Mazzacane, for her endless efforts and encouragement throughout this internship. She made all the difference. I would also like to thank Carol Johnstone and the entire CCI team for making this the most valuable and enriching remote experience I could have had. Thank you so much!

 

References

1.	D. Young, H., A. Freedman, R. & Lewis Ford, A. University Physics with Modern Physics. (Pearson).
2.	How Are Muons Produced? https://muonsources.org/science-with-muons/how-are-muons-produced/.
3.	Armour, E. A. G. Muon g . uk. (2007).
4.	Johnstone, C. High-Intensity Low Energy Muon Source at Fermilab. (2021).
5.	Johnstone, C. et al. FY21 LDRD High Intensity Multi Slice Target Development. (2020).
6.	Jas3 - Java Analysis Studio. 2019-03-05 http://jas.freehep.org/jas3/.
7.	Garren, L., Knowles, I. G., Sjöstrand, T. & Trippe, T. Monte Carlo particle numbering scheme. Eur. Phys. J. C 3, 180–181 (1998).
8.	Chytracek, R., McCormick, J., Pokorski, W. & Santin, G. Geometry description markup language for physics simulation and analysis applications. IEEE Trans. Nucl. Sci. 53, 2892–2896 (2006).




image2.JPG
!T MeV Proton ﬂ ungsten q\L Pion INllPion Decay into
Beam Production| . Muons

ISecondary Beamline




image3.tmp




image4.JPG
- Momentum

= Pion- Momentum_Sphere_GISUU
700 = Pion- Momentum_Sphere_INCLXX
== Pion- Momentum_Sphere_JAM
650 = Pion- Momentum_Sphere_SHIELDINC|
600 = Pion- Momentum_Sphere_URQMD.
550
o0, GIBUU Entries: 1297
450 INCLXX Entries: 13535
400 JAM Entries: 1146
o SHIELDING Entries: 1299
URQMD Entries: 1516
300
250
200
150
100
50
o —_—

000 002 004 006 008 010 012 014 016 018 020 022 024 026 028 030 032 034 036 038 040
P (GeV//c)





image5.png
Pion- X and Z Scatter_Sphere_GIBUU

Pion- X and Z Scatter_Sphere_JAM

Pion- X and Z Scatter_Sphere_SHIELDING

XPlane (mmy Fres 1297 | x-plane (mm) Erres T T8 | x-plane (mm) Eres T 1299
" xiean 013001 |7 Xwean 093712 | Xilean | -2.6611
Xkms: 20,258 XRms: 20204 XRms ;¢ 16358
3 YMean : 0.10638 3- ‘YMean : 0.10795 3 YMean.; 0.032884
) YRms: 065505 | 5. vRms: 01707 |
L Ty g : )
o H o ] o -
4 - J a0 .
2 : 2= 2
3 - 5
” = 4 - -
B R ) G 20 0 0 40
Z-Plane (mm) 2Z-Plane (mm) 2Z-Plane (mm)
Pion- X and Z Scatter_Sphere_INCLXX Pion- X and Z Scatter_Sphere_PHSD Pion- X and Z Scatter_Sphere_URQMD
X-Plane (mmy Fres 15535 | x-plane (mm) Eriies 5] x-plane (mm) e 1516
" | ean: 00077 | X Xitean : -s.a940 | Xilean | 0.43328
< Xkms - 21226 XRms: 19728 XRms: 19893
3 + | YMean": 0.10816 3- ‘YMean : 0.72631 3 YMean : 0.12824
) 4 ossi6 | . vRms s 09888 | YRms ;052194
; s
1 1 - 1 i
01 .- 0- " o
4 | - 4
2 ) - 2
3 - 3- 3
» » —o
B R ) G 20 0 2 4

2-Plane (mm)

2-Plane (mm)

2-Plane (mm)




image6.JPG
Pi — production with Geant4 using incl++ (blue) and shielding (red) physics list
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