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• Updates on 𝛼 clustering analysis of 2019 GSI data
• Geant4 simulation of Section 1 of the Emulsion Cloud Chamber (ECC)
• Comparisons between DATA, FLUKA and Geant4 (200 MeV/n 16𝑂 on carbon and 

polyethyelene)
• Estimates of 8𝐵𝑒𝑔.𝑠. production cross section

• Comparisons with existing 12𝐶 measurements in the literature 

• Conclusions

Outline
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• Relative angles between pairs of 𝐻𝑒 tracks are evaluated and the background is estimated via combinations of 
uncorrelated tracks from different events

• To take into account the uncertainty from the measurement of the charge, a minimum probability 𝑝(𝑍=2)=5% 
was used 

Correlated Helium Pairs in 2019 GSI Data

Vincenzo Boccia - DAMON Meeting, 27 January 2026 1

𝑪𝒐𝒓𝒓𝒆𝒍𝒂𝒕𝒆𝒅 𝒑𝒂𝒊𝒓𝒔 = 54 ± 11𝑪𝒐𝒓𝒓𝒆𝒍𝒂𝒕𝒆𝒅 𝒑𝒂𝒊𝒓𝒔 = 51 ± 12



• The fit results were used to evaluate the production cross section: 𝜎
𝟖𝑩𝒆𝒈.𝒔. =

𝑁 8𝐵𝑒𝑔.𝑠.

ഥ𝑁𝐵⋅𝜌⋅𝑑⋅
𝑁𝐴
𝐴
⋅𝜀𝑟𝑒𝑐𝑜

, 𝑁𝐵 = 𝑁𝐵 − 𝑁𝐵
𝐸𝑀𝑈

Carbon Target Polyethylene Target

𝜀𝑟𝑒𝑐𝑜 =
𝑁8𝐵𝑒𝑔.𝑠.

𝑅𝑀𝐶

𝑁8𝐵𝑒𝑔.𝑠.
𝑀𝐶𝑇𝑟𝑢𝑒 = 60%± 2%

𝜎 𝟖𝑩𝒆𝒈.𝒔.
𝐶2𝐻4 = 48 ± 11 ± 4 𝑚𝑏

𝜀𝑟𝑒𝑐𝑜 =
𝑁8𝐵𝑒𝑔.𝑠.

𝑅𝑀𝐶

𝑁8𝐵𝑒𝑔.𝑠.
𝑀𝐶𝑇𝑟𝑢𝑒 = 52%± 2%

𝜎 𝟖𝑩𝒆𝒈.𝒔.
𝐶𝑛𝑎𝑡 = 22 ± 6 ± 2 𝑚𝑏

MC Tool Physics List Result (mb) Data / MC

FLUKA / 40 ± 1 53 % ± 15 %

Geant4 INCL++ 59 ± 3 37 % ± 12 %

Geant4 BIC 52 ± 3 41 % ± 13 %

Geant4 QMD 64 ± 3 34 % ± 11 %

MC Tool Physics List Result (mb) Data / MC

FLUKA / 122 ± 2 39 % ± 10 %

Geant4 INCL++ 192 ± 9 25 % ± 7%

Geant4 BIC 192 ± 8 25 % ± 7%

Geant4 QMD 186 ± 8 26 % ± 8%

8𝐵𝑒𝑔.𝑠. production cross sections (2019 GSI)
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• The geometry of the Geant4 simulation was updated from a single target layer to the full first section of the 
emulsion detectors (to reflect that in FLUKA)

• A total of 400k oxygen ions were simulated at 200 MeV/n for both the carbon targets and polyethylene targets

Updated Geant4 Simulation

3Vincenzo Boccia - DAMON Meeting, 27 January 2026 

New Selection Cuts
1. Only using true alpha particles (used to 

be helium particles)
2. No cut on reaching Section 2
3. Minimal cut on momentum (greater

than 100 MeV/c)
4. Cut on the maximum angle w.r.t. beam

axis (𝜃 < 1)  



• The distribution of the opening angles between pairs of 𝛼 particles shows both a peak at small angles (due 
to 8𝐵𝑒𝑔.𝑠.) and a secondary peak at around 0.9 rad 

• The usual fit function does not perform as well, especially close to the 8𝐵𝑒𝑔.𝑠. peak (< 20 mrad)

Geant4 Predictions: a closer look
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𝑓 𝑥 = 𝐴𝑥 ⋅ CrystalBall 𝑥 ⋅ 𝑒− 𝐵𝑥2



• The distribution of the opening angles between pairs of 𝛼 particles shows both a peak at small angles (due 
to 8𝐵𝑒𝑔.𝑠.) and a secondary peak at around 0.9 rad 

• The excitation energy spectrum shows that the secondary peak corresponds to ~ 3.1 MeV (maybe due to the 
first excited state of 8𝐵𝑒.)

Geant4 Predictions: a closer look
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𝐸𝑒𝑥 = 𝐸𝑡𝑜𝑡
2 − 𝑝𝑡𝑜𝑡

2 − 2𝑚𝛼
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𝑓 𝑥 = 𝐴𝑥 ⋅ CrystalBall 𝑥 ⋅ 𝑒− 𝐵𝑥2



• Geant4 simulations were performed with three physics lists: Liège Intranuclear Cascade++ (INCLXX), Quantum 
Molecular Dynamics (QMD) and Binary Ion Cascade (BIC)

• Among them, INCLXX predicts the largest amount of helium fragments, followed by QMD and BIC

Model Dependence: Helium Fragments
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𝟐𝟎𝟎𝑴𝒆𝑽/𝒏 𝟏𝟔𝑶 𝐨𝐧 𝑪𝟐𝑯𝟒



• For each simulation, alpha particles coming from fragmentation events 
were recorded to calculate the opening angles

• The fraction of events in the secondary peak varies significantly depending 
on the interaction model 

• The predicted cross section values are significantly larger than the 
measured ones 
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𝜎
𝟖𝑩𝒆𝒈.𝒔. =

𝑁 8𝐵𝑒𝑔.𝑠.

ഥ𝑁𝐵 ⋅ 𝜌 ⋅ 𝑑 ⋅
𝑁𝐴
𝐴

= 178 ± 2 𝑚𝑏 𝜎
𝟖𝑩𝒆𝒈.𝒔. = 152 ± 2 𝑚𝑏𝜎

𝟖𝑩𝒆𝒈.𝒔. = 155 ± 2 𝑚𝑏
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Model Dependence: 8𝐵𝑒 Production



• The estimate from FLUKA has been re-calculated with more stringent selection cuts:
• Only including true 𝛼 particles and without the request that tracks reach the second section of the ECC
• At this time, an indirect cut requiring that each fragment exits the target layer is still applied

• The excitation energy distribution lacks the peak at around 3 MeV: to be understood

Updated FLUKA Predictions
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𝜎
𝟖𝑩𝒆𝒈.𝒔.(FLUKA) = 155 ± 2 𝑚𝑏
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• The fit results were used to evaluate the production cross section: 𝜎
𝟖𝑩𝒆𝒈.𝒔. =

𝑁 8𝐵𝑒𝑔.𝑠.

ഥ𝑁𝐵⋅𝜌⋅𝑑⋅
𝑁𝐴
𝐴
⋅𝜀𝑟𝑒𝑐𝑜

, 𝑁𝐵 = 𝑁𝐵 − 𝑁𝐵
𝐸𝑀𝑈

Carbon Target Polyethylene Target

𝜀𝑟𝑒𝑐𝑜 =
𝑁8𝐵𝑒𝑔.𝑠.

𝑅𝑀𝐶

𝑁8𝐵𝑒𝑔.𝑠.
𝑀𝐶𝑇𝑟𝑢𝑒 = 45%± 1%

𝜎 𝟖𝑩𝒆𝒈.𝒔.
𝐶2𝐻4 = 64 ± 15 ± 6 𝑚𝑏

𝜀𝑟𝑒𝑐𝑜 =
𝑁8𝐵𝑒𝑔.𝑠.

𝑅𝑀𝐶

𝑁8𝐵𝑒𝑔.𝑠.
𝑀𝐶𝑇𝑟𝑢𝑒 = 44%± 1%

𝜎 𝟖𝑩𝒆𝒈.𝒔.
𝐶𝑛𝑎𝑡 = 25 ± 6 ± 2 𝑚𝑏

MC Tool Physics List Result (mb) Data / MC

FLUKA / 155 ± 2 41 % ± 10 %

Geant4 INCL++ 178 ± 2
36 % ± 10 %

Geant4 BIC
156 ± 2 41 % ± 11 %

Geant4 QMD
152 ± 2 42 % ± 11 %

8𝐵𝑒𝑔.𝑠. production cross sections (2019 GSI)
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MC Tool Physics List Result (mb) Data / MC

FLUKA / 47 ± 1 53 % ± 15 %

Geant4 INCL++ 48 ± 1
52 % ± 14 %

Geant4 BIC
43 ± 1 57 % ± 16 %

Geant4 QMD
48 ± 1 53 % ± 14 %



• The ratio between the measured cross sections and the MC predictions ranges around ~40% to ~50%

• At least one other paper studying the formation of 8𝐵𝑒 from 16𝑂 has been published (Eur. Phys. J. A 11, 285–296 

(2001)); however, an explicit value of the production cross section has not been reported (moreover the energy 
of the primary oxygen ions was equal to 3.25 GeV/n)

• Unlike 16𝑂, there are works that published the 8𝐵𝑒 production cross section from 12𝐶 at energies similar to ours
(roughly 200 to 400 MeV/n) 

• Therefore, the following papers were considered:

Comparisons with Available Literature
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Previous Alpha Clustering Measurement with ECC (1)
• The previous alpha clustering measurement by our 

group was performed in 2011

• The ECC consisted of 73 units containing three 
emulsions interleaved with lexan plates 
• Two different thermal treatments were applied (R1, R2)

• The detector was exposed to 400 MeV/n Carbon ions 
with an estimated flux of 1.000 ions/cm2

• A total of 2394 carbon interactions were reconstructed

• These interactions were used to measure the charge-
changing cross section (Δ𝑧 = 1 up to Δ𝑧 = 4)

• The 8Be production cross section was also measured 

11XV FOOT Collaboration Meeting

From 
XV FOOT Collaboration Meeting



Previous Alpha Clustering Measurement with ECC (2)
• The study of the opening angles between pairs of Helium tracks enabled to find a correlation peak below 20 mrad

• By subtracting the background estimated with the opening angle distribution of H-Helium pairs, an excess of 
25 ± 5 events was recorded

12XV FOOT Collaboration Meeting

Opening angle 
between He-He pairs

Opening angle 
between H-He pairs

From 
XV FOOT Collaboration 

Meeting



• 3 × 106 primary carbon ions at the average energy of 313 ± 29 MeV/n were simulated impinging on a single 1 
mm thick lexan target (G4_POLYCARBONATE)

• Both the total and partial charge changing cross sections were evaluated using the following selection cuts:
• At least one carbon ion fragment with 𝑝 ≥ 100 𝑀𝑒𝑉/𝑐 and 𝜃 < 1

• 𝜎 Δ𝑍 = 𝑛 → partial charge changing cross section considering all the events where the maximum fragment
charge is equal to 𝑍𝑀𝐴𝑋 = 6 − Δ𝑍

12𝐶 on Lexan: Geant4 predictions
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𝜎𝐶𝐶
12𝐶 → Lexan = 18700 ± 160 mb

𝜎 Δ𝑍 = 1 = 1780 ± 50 mb

𝜎 Δ𝑍 = 2 = 650 ± 30 mb

𝜎 Δ𝑍 = 3 = 950 ± 30 mb

𝜎 Δ𝑍 = 4 = 13080 ± 130 mb

Geant4 (INCL++)

Charge Changing Cross Section

Partial Changing Cross Sections

Published Data

Charge Changing Cross Section

Partial Changing Cross Sections



• Opening angles were evaluated among 𝛼 particles satisfying 𝑝 ≥ 100 𝑀𝑒𝑉/𝑐 and 𝜃 < 1

• The introduction of an asymmetric peak and a secondary Gaussian peak improved the fit quality

12𝐶 on Lexan: 8𝐵𝑒𝑔.𝑠. production
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𝜎
𝟖𝑩𝒆𝒈.𝒔. 12𝐶 → Lexan = 960 ± 40 mb

𝐑𝐚𝐭𝐢𝐨 = 20 ± 5%

Geant4 (INCL++)

Published Data

8𝐵𝑒𝑔.𝑠. Production Cross Section



• In the second work considered for this comparison, an hybrid ECC containing both polycarbonate and solid water 
targets was used (PHYSICAL REVIEW C 75, 054606 (2007))

• Primary particles were 12𝐶 ions with energies ranging from 200 MeV/n to 400 MeV/n 

• Total and partial charge changing cross section on water and polycarbonate were published (those related to 
8𝐵𝑒 and 9𝐵𝑒 production in a separate work: PHYSICAL REVIEW C 78, 067602 (2008)

Available Literature: 12𝐶 on Water and Lexan
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Charge Changing Cross Section
12𝐶 on Water

Charge Changing Cross Section
12𝐶 on Lexan



• 3 × 106 primary carbon ions at the average energy of 312 ± 27 MeV/n were simulated impinging on a single 1 
mm thick lexan target (G4_WATER)

• Both the total and partial charge changing cross sections were evaluated using the following selection cuts:
• At least one carbon ion fragment with 𝑝 ≥ 100 𝑀𝑒𝑉/𝑐 and 𝜃 < 1

Comparison to Geant4 predictions
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𝜎
𝟖𝑩𝒆𝒈.𝒔. 12𝐶 → Water = 95 ± 3 mb

Geant4 (INCL++)

𝐑𝐚𝐭𝐢𝐨 = 33 ± 9%



• Updates on 𝛼 clustering analysis of 2019 GSI data
• Geant4 simulations were updated by including Section 1 of the Emulsion Cloud Chamber 

(ECC) to represent the energy spectrum more faithfully
• Slight improvement of event selection cuts (only alpha particles, no requirement to reach

Section 2) 
• Difference in the distributions of the excitation energy (FLUKA, Geant4) currently being

investigated

• Comparison of Geant4 to existing 12𝐶 measurements in the literature 
• 8𝐵𝑒𝑔.𝑠. production cross sections were found to be consistently over estimated in the cases

considered

Conclusions
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Thank you!



• By isolating only pairs on alphas with the excitation energy close to true (92 keV), the peak returns to be 
symmetric

• The peak in the excitation energy spectrum confirms that the second peak is due to the first excited state of 
8𝐵𝑒 (at around 3 MeV)

Geant4 Predictions: a closer look
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