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Motivation

Neutron-transfer reactions, such as (p,d) or (d,p) are powerful and direct probes of single-particle structure 
and shell evolution in nuclei. These experiments allow us to retrieve spectroscopic factors and provide crucial 
data for constraining and refining nuclear models.

Carbon isotopes are ideal for studying shell evolution far from stability and halo structures in neutron-rich 
nuclei. A huge separation energy difference, ΔS, such in 16C (ΔS=18.3 MeV) is an indicator of a neutron 
skin/halo, due to the asymmetry and shell weakening (N=8 gap separating the p-shell and the sd-shell is 
smaller).

DOI: 10.1088/0031-8949/2013/T152/014020

1.Introduction

16C + p → d + 15C   (1n pickup)  

16C + p → t + 14C   (2n pickup)

16C + d → p + 17C  (1n stripping)

https://doi.org/10.1088/0031-8949/2013/T152/014020?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1088/0031-8949/2013/T152/014020?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1088/0031-8949/2013/T152/014020?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
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1.Introduction

Contribution to transfer channels

1) One-Neutron Pickup: 16C(p,d)15C

• Probes neutron hole states by removing a neutron from the 16C core.

• We can obtain the spectroscopic factors for the p-shell hole states in 15C. This quantifies the purity of
the 16C ground state and measures the amplitude of the p-shell hole (*).

2) One-Neutron Stripping:16C(d,p)17C (ongoing analysis-not included)

• Probes neutron particle states by adding a neutron to the 16C core.

• Determines the spectroscopic factors for sd-shell orbitals in 17C (e.g., 1/2+. 5/2+). This measures the
probability of finding the 16C core acting as a simple core for neutron addition.

3) Two-Neutron Pickup: 16C(p,t)14C

• Probes two-neutron correlations by removing a pair of neutrons from the 16C core.

• Provides the most direct evidence for the hypothesized two-neutron halo/pairing correlations in
16C, confirming the presence of complex (sd)2 components.

(*) https://doi.org/10.1103/PhysRevC.14.1245



a1975 experiment @ANL
The experiment was performed in 2023 at the Argonne Tandem Linac Accelerator System (ATLAS) using the AT-
TPC and HELIOS solenoidal spectrometer.

16C + p → d + 15C   (1n pickup)  

16C + p → t + 14C   (2n pickup)

16C + d → p + 17C  (1n stripping)

H2 pressure @ 300 Torr
HELIOS magnetic field @ 2.85 T

Example of a reconstructed 3D 
deuteron track inside the AT-TPC. 

Projection of the 3D track on the left in 
the pad plane.
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2.Experimental setup



ATTPC: Active Target Time Projection Chamber

J.S. Randhawa et al. NIMP Res.
A.: Volume 948 (2019)

• Designed for low-intensity exotic beams in inverse 
kinematics.

• Thick target: high luminosity and broad acceptance
• Pad plane with high granularity: 10k pads, smaller near 

the vertex for finer resolution

• Scattering angle & momentum (in magnetic field)
Extracted directly from track reconstruction in the detector
• Missing mass method
Reveals ground and excited states of the recoil nucleus
• Enables studies of unbound states and indirect reaction 

channels
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2.Experimental setup

J. Bradt et al. NIMP Res A. 
Volume 875 (2017) 65-79

1° angular resolution
3% FWHM energy 

resolution



HELIcal Orbit Spectrometer:
HELIOS@ANL

J.C. Lighthall et al. / Nuclear Instruments and Methods in Physics 
Research A 622 (2010) 97–106

2.Experimental setup



J.C. Lighthall et al. / Nuclear Instruments and Methods in Physics 
Research A 622 (2010) 97–106

2.Experimental setup

HELIcal Orbit Spectrometer:
HELIOS@ANL



PID 

16C beam @ 11.5 MeV/u
H2 gas @ 300Torr

16C + p → d + 14C
16C + p → t + 14C

Solenoidal Spectrometer Workshop
10th December 2025

3. Results H2 @300 Torr

16C + p → p + 16C

The study of elastic and 
inelastic scattering 
performed by JunRui Ma 
(SUSTech).

d

t

p

α



Preliminary results
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3. Results 16C(p,d)15C

The vertex position in the AT-TPC as a function of excitation 
energy peaks. Does not depend on the scattering angle.

Maximum possible θlab for a given Excitation Energy.



Preliminary results: excitation energy 

Kinetic energy vs lab angle. Kinematic lines for each recoil 
state are overlaid. Events below 25 MeV are excluded.

Excitation energy spectrum reconstructed via missing mass. Fit includes 5 states plus a 
phase-space for the 1n channel. Events below 25 MeV kinetic energy are excluded.

16C beam @ 11.5 MeV/u
Sn= 1218 KeV

16C + p → d + 15C
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3. Results 16C(p,d)15C

The AT-TPC 
does not 
reconstruct 
well for high 
energies!



Differential cross section 15C

Ground state: 1s ½ 1st excited state: 1d 5/2@740 keV
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3. Results 16C(p,d)15C

2nd excited state: 1p 1/2@3.1 MeV
(unbound)

Theoretical calculations performed by: Nicholas Keeley (nicholas.keeley@ncbj.gov.pl)

Differential cross section for the first 3 states of 15C.
S(n)= 1218.1 keV, 2nd excited state is unbound.

Daenick et al. Used in exit channels.
CRC calculations.



Preliminary results 16C + p → t + 14C
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3. Results 16C(p,t)14C

z(Ex) = (-0.010 ± 0.001 ) Ex + (0.49 ± 0.04)
Excitation energy as a function of the z position in the AT-TPC. A profileY has been 
done to correct for the tiltness.



Preliminary results: excitation energy 

Kinetic energy vs lab angle. Kinematic lines for each recoil 
state are overlaid. Events below 32 MeV are excluded.

Excitation energy spectrum reconstructed via missing mass. Fit includes 5 states plus a 
phase-space for the 1n channel. Events below 32 MeV kinetic energy are excluded.

16C beam @ 11.5 MeV/u
Sn= 8176 KeV16C + p → t + 14C
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3. Results 16C(p,t)14C

The AT-TPC 
does not 
reconstruct 
well for high 
energies!



Preliminary results: excitation energy 

Excitation energy spectrum reconstructed via missing mass. Fit includes 5 states plus a 
phase-space for the 1n channel. Events below 32 MeV kinetic energy are excluded.

16C beam @ 11.5 MeV/u
Sn= 8176 KeV16C + p → t + 14C
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3. Results 16C(p,t)14C

There are a lot of states 
together, we will have 
to do MDA.

Energy and J extracted from NuDat.



Determining Spectroscopic Factors via DWBA

We are interested in knowing the cross sections of 
each state.

Spectroscopic Factors (S) tell us about the 
occupancy/vacancy of single particle states and are 
defined by the overlap between the nuclear wave 
function before and after the transfer.

TWOFNR* is employed to perform direct transfer
reactions with DWBA calculations. It gives the single-
particle cross-section for a chosen orbital
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Example:

• Incident Channel (A): The interaction 
p + 16C uses the Chapel Hill '89 OMP.

• Outgoing Channel (B): The interaction 
of d +15C uses the Daehnik et al. OMP.

• Overlap <16C|15C+n>: Woods-Saxon.

16C + p → d + 15C

*M.Igarashi (1970-1980)

Computational ingredients:

1) Distorted Waves: OMPs for incoming and outgoing 
particle waves.

2) Nuclear State Overlap: the wave function of the 
transferred particle in its bound state is calculated with 
a Woods-Saxon potential (r0=1.25 fm, a=0.65 fm). 
Depth of the potential adjusted to the binding energy 
of the transferred particle.

3) The Zero-Range (ZR) approximation (at the moment).



*Not corrected by 
efficiency yet.

Results: experimental differential cross sections
Twofnr calculation: 16C in the GS
OMP: Chapel-Hill '89 and X. Lin
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3. Results 16C(p,t)14C



*Not corrected by 
efficiency yet.

Results: experimental differential cross sections
Twofnr calculation: 16C in the GS
OMP: Chapel-Hill '89 and X. Lin
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3. Results 16C(p,t)14C



Conclusions 

• Finish the analysis of 17C (not shown in the presentation).

• Once I have all the experimental cross sections, I will try other optical-model potentials (OMPs) to compare with the
experimental data and with FRESCO.

• Calculate the cross sections for the other excited states of 15C (ongoing).

• Perform the Multipole Decomposition Analysis (MDA) to compare the experimental cross sections to the forseen 
theoretical calculations. 

From the excitation energy spectra, we recover the known states at the expected energies.

We observe that the cross sections for the first three excited states of 15C are well reproduced by the single-
particle cross-section behavior.
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Future steps
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BACK UP



Particle-hole states 15C, 14C, 17C
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Particle-hole state: an excited or non-standard
configuration of nucleons relative to a stable, closed-
shell nucleus (the core).

In 15C (6 protons, 9 neutrons), the GS is predominantly
14C plus one neutron in the next available orbital,
which is the 2s1/2 or 1d5/2 (sd-shell).

Simple Levels 15C: The simplest levels are one-particle
two-hole (1p-2h) states (an sd-shell neutron coupled
to the 14C GS): Jπ values of 1/2+, 3/2+, and 5/2+ (*).

(*) S. Truong and H. T. Fortune https://doi.org/10.1103/PhysRevC.28.977

Complex Levels 15C: More complex levels are 2p-3h 
negative-parity states (two sd-shell neutrons coupled 
tothree p-shell holes). These should have negative 
parityand values from 1/2 to 9/2.

14C is reached via two-neutron pickup can 
be populating two-neutron hole states (relative to 16C).

17C is reached via one-neutron stripping, populating 
one-particle states (relative to 16C).



DWBA Complexity: The Range Approximation
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1. Zero-Range (ZR) (Initial Approach, e.g., TWOFR)
Assumption: Assumes the interaction between the transferred particle and the incoming/outgoing particles occur 
only when they are at the exact same spatial point (transferred particle radius zero).
Advantage: Greatly simplifies the calculation (faster integration).
Drawback: Introduces systematic error (part of the 20% uncertainty) by neglecting the physical finite size of the 
light particles.

2. Finite-Range (FR) (Refinement, e.g., FRESCO)
Assumption: Accounts for the true finite range of the transfer interaction, using the full spatial dependence of the 
particle wave functions.
Advantage: Provides a more physically accurate result, especially for reactions probing the nuclear interior.
Computational Cost: Requires solving a more complex, multi-dimensional integral.

3. Advanced Theoretical Capabilities
If simple FR-DWBA fails to fit the data, codes like FRESCO are needed to model complex nuclear dynamics:
1. Coupled Channels (CCBA): Accounts for reactions preceded or followed by inelastic scattering.
2. Sequential Transfer: Models the reaction as a two-step process via an intermediate state.
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