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Direct reactions with light particles : 
Useful probe to investigate nuclear structures.

Elastic scattering  (p,p), (α,α)
Density distribution, Skin structures, … 

Charge-exchange reactions (p,n), (3He,t), (d,3He)

Gamow-Teller strengths, Beta-decay

 Inelastic scattering (p,p’), (α,α’), (d,d’)

Giant resonances, Cluster structures

Transfer reactions (p,d), (p,d), (d,p), (d,3He)…

Single particle orbits, Spectroscopic factors, Halo structures

Direct Nuclear Reactions 1

Missing-mass spectroscopy is a powerful tool 
to go beyond particle decay thresholds.



Detect the recoil particles for the missing mass method.

Missing mass spectroscopy
✓Determine (θ, E) of the recoil.

Dilemma in inverse kinematics
✓Need to cover wide angular range.
✓Small E at forward θcm.
✓Increase target thickness 
→ Bad resolution
✓Small luminosity.

Decay fragmentRI beam

Target

Recoil particle

Inverse kinematics experiment

RI Beam Experiments 2



RI beam

TPC gas = Target

Recoil

Active target

 Active target
✓ Use the TPC gas as the target.
✓ Scattering inside the detector
→ Lower detection threshold.

✓ Cover large solid angle.
✓ Thick target.

D. Bazin et al., PPNP 114, 103790 (2020).

Active Target Method 3

Detect the recoil particles for the missing mass method.

Missing mass spectroscopy
✓Determine (θ, E) of the recoil.

Dilemma in inverse kinematics
✓Need to cover wide angular range.
✓Small E at forward θcm.
✓Increase target thickness 
→ Bad resolution
✓Small luminosity.



Brough the world’s largest active target to RCNP!!

J. Bradt et al., NIMA 875, 65 (2017).

✓50 cm in diameter
✓1 m in length (target thick)
✓Electronics: 10,240

RI beam at 20–30 MeV/u & Deuteron target 

6 experiments in 2025–2026
➢ E510 (Santiago): 17C(d,p)18C
➢ E534 (IMP): 17N(d,3He)16C
➢ E535 (ORNL): 13B(d,3He)12Be

➢ E565 (SUSTech, MSU): 12Be(d,p)13Be
➢ E581 (Peking): 11Be(d,3He)10Li

➢ E546 (Osaka): 12C+12C→24Mg*→6α

AT-TPC champaign at RCNP 4

3 experiments will be reported
in this workshop!



RCNP Accelerator Facility 5
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✓ PPAC: Beam tracking, TOF
✓ Ion Chamber: ΔE for PID

RCNP EN Course T. Shimoda et al., NIMB 70, 320 (1992).

S. Mitsuoka et al., NIMA 372, 489 (1996).

Primary Beam (~125 pnA)
• 18O 60 MeV/u
• 22Ne 50 MeV/u

Al degrader
momentum slit slit

AT-TPC

9Be

EN Beamline 6

AT-TPC

PPACs

Ion Chamber

DSSDs

GAGGs

Additional Q magnet for flexible focus.

✓DSSD (TTT): 500 + 1500 μm
  256+256 ch → GET readout

✓GAGG: 18x18 mm2, 24 crystals
  Fast response (90 ns) T. F et al., JINST 16, P10012 (2021).

Common trigger from AT-TPC mesh.
(also time stamp match)



4Installation of AT-TPC to RCNP 7

Ion Chamber

AT-TPC

DSSD-GAGG box

DSSD (TTT) GAGG array



C3D8 gas 8

AT-TPC was operated with C3D8 gas at 450 Torr.
✓ Thick deuterium target: 42 mg/cm2.
✓ Cover wide energy for the recoils.

Very expensive gas!! 
✓ Purify the gas online.
✓ Develop a recovery system.

C3D8 gas: ~4 MJPY

AT-TPC
C3D8 gas

Buffer Tank

Compressor

Filter

Pump

Normal Operation Mode



C3D8 gas 8

AT-TPC was operated with C3D8 gas at 450 Torr.
✓ Thick deuterium target: 42 mg/cm2.
✓ Cover wide energy for the recoils.

Very expensive gas!! 
✓ Purify the gas online.
✓ Develop a recovery system.

C3D8 gas: ~4 MJPY
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C3D8 gas 8

AT-TPC was operated with C3D8 gas at 450 Torr.
✓ Thick deuterium target: 42 mg/cm2.
✓ Cover wide energy for the recoils.

Very expensive gas!! 
✓ Purify the gas online.
✓ Develop a recovery system.

AT-TPC

Buffer Tank

Compressor

Filter

Pump

Recovery Mode

C3D8 gas

Big surgery!! 

During beamtime...

Fiber surgery 
by Daniel-san



C3D8 gas 8

AT-TPC was operated with C3D8 gas at 450 Torr.
✓ Thick deuterium target: 42 mg/cm2.
✓ Cover wide energy for the recoils.

Very expensive gas!! 
✓ Purify the gas online.
✓ Develop a recovery system.

C3D8 gas: ~4 MJPY

AT-TPC
C3D8 gas

Buffer Tank

Compressor

Filter

Pump

Refill Mode

Finally recovered!!



Summary of Beam 9

12Be beamtime

12Be

14B


18O primary @60 MeV/u
• 12Be: 23.5 MeV/u
• 17N: 33.5 MeV/u
• 13B: 34.0 MeV/u
• 11Be: 25.9 MeV/u


22Ne primary @50 MeV/u
• 17C: 28.1 MeV/u, 29%

with 15B(3.5%), 18C(2.5%), 19N(57%)

➢ The typical secondary beam intensity: 1–2 kcps.
(Limited by AT-TPC t0 pile-up / DAQ rate)

➢ The intensity of 11Be was much smaller (~100 cps) 
than the LISE++ estimation.
→ Possibly due to small Sn (501 keV)



Extract the lines from the hit points by RANSAC algorithm.
Y. Ayyad et al., NIMA 880, 166 (2018).

Breakup reaction with carbon.
in the C3D8 gas. → Background

Reaction with deuteron.
Detect only the recoil particle.

Track Analysis 10



Consistency of TPC & PPAC 11

Compare the vertex positions
 Intersection point of TPC tracks.
 Extrapolated point from PPACs.

Analyze track number >1AT-TPCPPACs

x

Distance between 
PPAC and TPC

vertex

X Correlation of TPC and PPAC

σ=7.6 mm

XTPC – XPPAC σ vs distance

➢ TPC and PPAC trackings are consistent.
➢Distance between PPAC and TPC: 1560 mm 

Courtesy of X. Jiang
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Particle Identification 12
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Good separation of isotopes!

Courtesy of X. Jiang & A. Stinson



Preliminary Results ① 13

Correlation of energy & angle of the recoil particle

➢ Detection threshold: as low as 2 MeV.
➢ Clear locus from elastic scattering.

➢ (d,p): positive Q value→ θlab >90 deg.
➢

13Be is unbound nucleus.
➢ Discuss in detail by W. Pu tomorrow.

Select d in the recoil

12Be(d,d) 22 MeV/u

elastic

Preliminary

12Be(d,p) 22 MeV/u

Select p in the recoil

Preliminary

Courtesy of X. Jiang



Preliminary Results ② 14

Excitation energy by missing-mass spectroscopy

➢ The Ex resolution is almost the same w/ and w/o the PPAC tracking.
→ The resolution is dominated by the recoil angular resolution.

➢
12Be(d,d’): elastic scattering, 
Beam energy evaluation is not correct?? → Check the energy loss.

➢ Next: Check dσ/dΩ angular distributions.

Courtesy of X. Jiang & P. Miriot

Preliminary Ex of 12Be(d,d) Preliminary Ex of 19N(d,d)



2025/05/15

Collaboration 15

5 countries, more than 40 members!

The project started in 2018. 
Eight years of efforts – finally completed!!
The journey is still continuing for the analysis.



For Future Projects 16

What I learned through 2 active targets...

Box type Cylinder type

 Easy to reconstruct reaction depth.
 Si detector covers wide angle

at downstream of TPC.

 Difficult to increase target thickness.

 Easy to increase target thickness.
 Feasible even with 100 cps beam.

 Difficult to detect backward 
fragments due to the cathode plate.

Nice to make cathode with mesh wire or thin foil for future campaign?...



Summary 17

6 experiments were successfully completed 
through AT-TPC campaign at RCNP.
✓ Transfer/inelastic scattering with RI beams at 20–30 MeV/u.
✓ Beam of 12C, 11Be, 12Be, 13B, 17N, 15B, 18C, 19N, ...
✓ C3D8 gas for (d,d), (d,p), (d,3He)

 Data analysis
✓ Consistency between beamline detector and AT-TPC.
✓ Particle identification of recoil and decay fragments.
✓ Missing-mass spectra.
✓ Angular distributions are on going.
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