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Overview

● Particles interact with target nuclei 

causes nuclear recoils (NR).

● A small deposition of energy causes a 

phase change in superheated fluid.

● Nucleation can be observed optically, 

acoustically, or barometrically.

● Detect WIMPs, coherent neutrino.

2¶ Amole, C. et al. (2020, January 15). 

https://news.fnal.gov/2016/07/dark-matter-search-bubble-chambers/
https://news.fnal.gov/2016/07/dark-matter-search-bubble-chambers/


The Seitz Model

•Δp : Pressure between bubble and liquid.

•ρv: Density of the bubble.

•σ: Surface tension.

•ΔH: Enthalpy change.

•T: Temperature.

•Where 𝑅𝑐 = 2𝜎/Δ𝑝 , is called critical radius. 

Condition for phase transition:

• 𝑙𝑐: The critical length or track length.

• Where 𝑙𝑐 = 𝑏𝑅𝑐
𝑏 is a value obtained experimentally
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¶ Seitz (1958)

https://doi.org/10.1063/1.1724333


Experimental 
Discrepancy
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¶ Amole, C et al. (2015)

¶ Durnford, D., & Piro, M.-C. (2022).

Xe in SBC

𝐶3𝐹8 in PICO

𝐶3𝐹8 in PICO

Preliminary 

https://doi.org/10.1103/PhysRevLett.114.231302
https://doi.org/10.1088/1748-0221/17/01/c01030
https://doi.org/10.1088/1748-0221/17/01/c01030


Objectives

Goals:

● Understand why the response is not a step 

function.

● Explore why the response is delayed and what 

factors cause the efficiency curve pattern.

● Establish a theory/model that one can 

extrapolate to other recoil threshold energies 

(in the range from 1 – 200 keV).

Methods:

● Molecular dynamic.

○ Study the bubble formation and growth.

● SRIM Monte Carlo simulation.

○ Study the energy transfer.
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Molecular Dynamic (MD)
— ¶ LAMMPS
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𝑬𝒅𝒆𝒑 = 𝟐 𝒌𝒆𝑽

𝑬𝒅𝒆𝒑 = 𝟏 𝒌𝒆𝑽

Monte Carlo (MC)
— ¶¶ SRIM

𝑬𝑵𝑹 = 𝟐 𝒌𝒆𝑽

¶ Thompson A. P. et al. (2022)   ¶ ¶ Ziegler, J. et al. (2010)   

𝐸𝑡ℎ = 0.9 𝑘𝑒𝑉, 𝑇 = −43∘𝐶, 𝑃 = 25 𝑝𝑠𝑖𝑎 LXe.

https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016%2fj.nimb.2010.02.091


MD summary

Bubble nucleation depending on the linear energy density and the track length
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Energy Transfer

Fraction of electronic and nuclear (atomic) energy 
is called Lindhard factor (quenching factor):
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¶ Hitachi (2017)

https://indico.cern.ch/event/573069/sessions/230063/attachments/1439101/2214448/Hitachi_XeSAT2017_DM.pdf


Linhard factor
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Xe is used ¶NEST package to calculate the 

Linhard factor.

¶ Szydagis, M,  Et al. (2017)

https://doi.org/10.5281/zenodo.1314669


MC+MD with Linhard factor correction
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¶ Hitachi (2017)

𝐸1
𝐸2

SRIM

𝐸1,𝑒𝑙𝑒𝑐 = 𝐸1 ⋅ 𝐿(𝐸1)

Monte Carlo in SRIM:

𝐸𝑑𝑒𝑝 =෍

𝑖

(1 − 𝐿(𝐸𝑖))𝐸𝑖

Molecular dynamics in LAMMPS:

𝑙cyl = 𝑙𝑐 = bRc

6 keV carbon and fluorine 

~50% ~95%

https://indico.cern.ch/event/573069/sessions/230063/attachments/1439101/2214448/Hitachi_XeSAT2017_DM.pdf


Xenon results
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𝐸𝑡ℎ = 0.9 𝑘𝑒𝑉

Preliminary 

Preliminary 

Preliminary 
Preliminary 

Preliminary 

𝐸𝑡ℎ = 1.48 𝑘𝑒𝑉



C3F8 results
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Preliminary 

Preliminary 



Conclusion

Summary:

● Lindhard model has been used to 

model bubble nucleation efficiency 

for bubble chamber detectors.

● Xe and C3F8 results have been 

compared with experimental data.

Next:

● Compare and interpret the fit 

theoretically obtained with bubble 

forms and collapse.

● Determine Lindhard factor from the 

bubble nucleation efficiency curve.

● Present method can be used to 

estimate the exclusion limit.
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Thank you for your attention!
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Back up  
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Systematic:

● Region between bubble form and collapse.

● k-value for compound is usually between 0.1 ~ 0.2.

Statistics: 

● Fluctuation in energy transfer.
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𝐶𝐴 = Τ2 3 𝐸1c
− Τ1 2 +
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𝐸1𝑐 ≅ 𝑀1
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−2𝑍 Τ4 3𝑍1
− Τ1 3 ⋅ 500eV
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−1𝑍2 ⋅ 125eV

Where 𝑍2/3 = 𝑍1
2/3

+ 𝑍2
2/3

𝐸c = 𝛾𝐸2c and 𝛾 = 4𝐴1𝐴2/ 𝐴1+ 𝐴2
2



Backup

● In LAMMPS, the molecular or atoms are 

interacting with each other by the Lennard-

Jones potential. 
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𝑢LJ 𝑟 = 4𝜖
𝜎

𝑟
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−
𝜎

𝑟
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• 𝜎: size of the atom/molecular.

• 𝜖: minimum potential energy.

• 𝑟: distance.



Backup
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Bubble expansion can be described by the equation ¶ :

A — speed of expansion in the linear growth phase [m/s]
B — characteristic rate of expansion in the thermal growth phase [m/𝑠2]
𝜈1— Kinematic viscosity [m2/s]
γ — Surface tension [N/m]
ρ𝑙— Fluid density [kg/m3]

The initial condition is provided by the existing (MD) simulations.

d𝑅

d𝑡
= −

𝐴2 𝑡 − 𝑡s
𝐵

+
2𝜈1
𝑅

+ 𝐴2 −
2𝛾

𝜌1𝑅
+

2𝜈1
𝑅

+
𝐴2 𝑡 − 𝑡s

𝐵
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¶ T. Kozynets, S. Fallows and C. Krauss (2019)

https://link.aps.org/doi/10.1103/PhysRevD.100.052001
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