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Triple a reaction in high density environments
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—Goal: measure de-excitation cross section
by neutron inelastic scattering

However, short lifetime of the 3 a resonance state
— unusable as a target

—Measure time-reversed reaction at E,=8—13 MeV
3 dacay a particals’ energies are low (~100 keV)
—Use MAIKo+ active target TPC
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Neutron
beam

MAIKo+ active target TPC

* Active target -
Detectoin gas : isoC,H;, (10%) + H,(90%)
Serve also as target

* Detection principle :
Charged particles pass through detection gas

—>lonize gas, generate electrons a%e
—>electrons drift under E-field,

arrive at readout plane

- anode image cathode image

e Data Record : 8 _
Position + drift time—> S
Record the tracks information as two 2D projection images. N =
* Experiment : % S 5
202572026 @ RARIS, Tohoku Univ. o = : . | Examp|e of
E.=9 ~ 13 MeV Quasi-monoenergetic neutron source =28 k k 3aevent
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Beam Energy
o Hoyle State J. Bishop, et al. Nat Commun 13, 2151 (2022).
Bishop, et al. reported results at E, =7 ~ 10 MeV * Selected 7 neutron energy points
Peak near E,, = 9.2 MeV between E, =9~ 13 MeV

* 3, State
No measurement results for E,, < 13 MeV



Setup

Cooled H, Collimator
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Primary Beam
13C

LSC1 LSC2
(Counting) (Energy Measurement)

- e

. Neutron Beam |
< >
(MAIKo+ ~ LSC2) 449 cm

Concrete Collimator

* Neutrons are sheltered to below 10> Concrete block

(based on PHITS calculations)

* MAIKo + TPC has no absolute height information
— The beam neutron height must be restricted

* Use iron spacer to make a 20mm slit.

W20 mm

Concrete block




Track analysis

To reconstruct the'2C excitation energy,
we need to remove BG events.

e 1-track : Carbon or proton scattering
o 2-track : 2C+n - 13C* - °Be + *He
—Remove as BG events

« 3-track : 12C(n,n)'3C’
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Track analysis

Also, we need to locate the scattering
vertex and endpoints of the decay a
tracks

Track length— akinetic energy
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+ Track direction—=Momentum vectors
—|nvariant-mass reconstruction of 12C ExC
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Conventional analysis :
Eye scan to count tracks and pick off their coordinates

Exp. in RARIS: ~2M events need eye scan
— eye scanning is impossible

Develop a machine-learning-based method
for automated track analysis




Confusion Matrix for RARiS data

Track count Classification
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« Dataset : % Sl (99.98%) (0.02%) 30000
MAIKo+ test exp. data (OKTAVIAN, 2022): 2 & 25000 &
Anode & Cathode images X 9000 events c 20000 2
* 1-track 3,000 events 3 L5000 o
(Training 2400 + Test 600) o 1o 142
o]
« 2-track 3,000 events - (6.58%) (93.42%) 10000
(Training 2400 + Test 600) 5000
* 3-track 3,000 events , o
(Training 2400 + Test 600) non-3track 3track
| predictions

* Ground truth labels: Eye Scan results

* Model: VGG16 as feature extractor Precision = 0.94

Recall = 0.93

F1=0.94
* Fine-tune with a subset before applying to

RARIS data

(only ~4,000 evts, 5h measurement) « When trained on exp. data, model can remove BG

events with high accuracy



Heatmap based Vertex & Endpoints analysis (U-Net)

1. Load the keypoint coordinates 3. Feedthe input image into the

from eyescan U-Net model
2. Generate Gaussian heatmap 4. Locate each keypoint by the
for each keypoint heatmap peak
(u —2)* + (v — y)*
H(u,v) = exp <— 52

Origin hand-labeled image



Vertex & Endpoints Determination
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* Applied to the Exp. in RARIS, 2025 ~ 2026
without any fine-tuning



Deep Learning v.s. Eye Scan

Using the D.L. model analyzed
all 610 events classified into
3a by Eye Scan, and compared
their Ex with the Eye Scan
results.

Most events lie onthe x =y
line

Outliers are expected to be
reduced by improving the
Models.

ExC from D.L.
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Preliminary Result

* Analyzed all events by D.L. method
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Currently, only statistical error included in the
cross section
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Beam energy uncertainty ~ 400 keV (10)



Summary

« Measured the neutron inelastic scattering cross section of **C

using a quasi-monoenergetic neutron beam with £, = 9-13 MeV
at RARIS, Tohoku Univ. in 2025 and 2026.

* For the data analysis, we developed automated background
event removal algorithm, and reached a high accuracy

« Automated vertex and end points determination algorithm
based on U-Net also reached very low L2 loss.



