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Disclaimer 
• Selected examples based on my experience and activity

• Experimental & analysis limitations in open quantum systems
• Synergies with other fields
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Open quantum systems
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- Decoherence : loss of quantum superposition à 
quantum objects behave classically
 
- Dissipation : energy & information loss 

Nuclear Physics : Weakly-bound and unbound nuclei  

• Core system : inert core + valence nucleons à discrete shell model states
• Environment: continuum states (scattering, decaying states) ß no external
• Interaction : coupling between core + bath à resonances, particle emission..

Scale
• Energy ~ keV-MeV
• Distance ~ fm
• Interaction strength ~ MeV 



- Atom coupled to an external 
electromagnetic mode 

- A qubit coupled to a thermal 
reservoir

Nuclear physics 

Environment is externally designed :
Engineer the conditions : T, EM-mode, noise

Open quantum systems

OQS Aussois 2026

Atomic physics/CM/Quantum optics  

Emergent environment :
 generated by the nucleus

A. Diaz-Torres

Regimes where the cont.  coupling 
becomes stronger or weaker
- Excitation energy 
- Thresholds
- Isotopic composition
- Angular momentum
- Reactions : transfer, scattering 
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à Atomic Physics

Open quantum systems
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Nuclear open quantum systems
Open problems in theory of nuclear open quantum systems 4

Figure 1. At low excitation energy, well-bound nuclei close to the stability valley can
be described as closed quantum systems. When moving towards the particle drip lines,
nuclei with different proton and neutron numbers become interconnected via continuum
space, i.e., reaction channels, forming correlated domains of quantum states.

state (lj) relative to the daughter nucleus in some ISM eigenstate Φ(A−1)
k . An open

quantum system description of ‘internal’ dynamics, i.e., in Q, includes couplings to

the ‘environment’ of scattering states and decay channels and is given by the energy-
dependent effective Hamiltonian:

HQQ(E) = HQQ +W (E), (1)

where HQQ is the ISM Hamiltonian (the closed quantum system Hamiltonian) in the

internal space Q and

W (E) = HQPG
(+)
P (E)HPQ (2)

is the energy-dependent term describing both virtual particle excitations and irreversible

decays to the environment of reaction channels. In the latter expression, G(+)
P (E)

is the Green’s function for the motion of a single nucleon in the continuum, and

E is the nucleon’s energy (i.e., the scattering energy). The external mixing of two

ISM states i and j due to W (E) consists of the Hermitian principal value integral

WR(E) describing virtual excitations to the continuum and the anti-Hermitian residuum

W I(E) = −(i/2)VVT in a dyadic form that represents decay out of the internal space

Q. The M × Λ matrix V = {V c
i } denotes the amplitudes connecting the ISM state Φi

(i = 1, · · · ,M) to the reaction channel c (c = 1, · · · ,Λ) [22].

At energies below the lowest reaction threshold, the effective Hamiltonian is

Hermitian, i.e., W I = 0. Above the first threshold, the non-Hermitian part of HQQ(E)

describes the irreversible decay from the internal space. The effective Hamiltonian in
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• Nuclear structure changes near particle thresholds
• Nuclei communicate with each other



Nuclear open quantum systems

• One/two proton radioactivity

• Multinucleon-
Halo systems  

Intriguing phenomena at low energy

Nuclei as open
quantum systems.

Two-nucleon decay:
41

FIG. 25 Energy conditions for different modes of the two-proton emission: (a) typical situation for decays of excited states
(both 1p and 2p decays are possible), (b) sequential decay via narrow intermediate resonance, (c) true 2p decay. The cases
(d) and (e) represent “democratic” decays. The gray dotted arrows in (c) and (d) indicate the “decay path” through the states
available only as virtual excitations.

a selected direction in space and spin alignment, which is
naturally achieved for short-lived states populated in nu-
clear reactions. The only example of such detailed stud-
ies is so far the two-neutron decay of broad states in 5H
(Golovkov et al., 2005)

2. Historical note

The possibility of a true two-proton emission was men-
tioned for the first time by Zeldovich (1960). This work
comprises the dripline prediction for light systems. Af-
ter predictions about existence of 13O and 20Mg isotopes
Zeldovich notes: “The existence of 12O, 16Ne, and 19Mg
is not excluded [...] These nuclei could appear to be
unstable with respect to emission of two protons simul-
taneously.” The explicit and detailed statement of the
two-proton radioactivity phenomenon was given by V.I.
Goldansky a bit later (Goldansky, 1960)1. While the pro-
ton and cluster radioactivity are quite straightforward
generalizations of ↵-radioactivity, the few-body decays
are qualitatively different and required ingenuity to fore-
see. The pioneering work of Goldansky contained several
important insights which we illustrate by the following
citation (Goldansky, 1960):

“Thus the simplest approach to the theory of two-
proton decay would consist in using the product of two
usual barrier factors, that is, in introducing an exponen-

1 Zeldovich and Goldansky lived next door to each other. The
problem is known to be a subject of many of their informal dis-
cussions (which are acknowledged in the paper of Goldansky).
Later, on occasion of the priority discussion raised by some peo-
ple, Zeldovich rejected any credits for the idea. Zeldovich was
famous for providing in his works insights important for later
development of physics in a very compact form and without at-
tempt of further elaboration.
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where ET is the sum of the energies of the two protons
(energy of emitted diproton), " and (1� ") are the frac-
tions of energy referring to each of the protons.

It can easily be seen that the total barrier factor w(x)
is maximum for " = 0.5, i.e., when the proton energies are
equal. It will be noted that the value in the exponent is
just the same as for the sub-barrier emission of a diproton
with the energy ET as a whole.”2

The general character of the energy distribution pre-
dicted by Eq. (27) has proven to be correct and is now
confirmed also experimentally. The idea of emission of
a “diproton particle” turned to be an attractive concept
but finally appeared to be misleading.

Later, significant theoretical work was devoted to iden-
tifying the best candidates for the observation of the 2p
radioactivity. Due to the extreme sensitivity of the 2p
decay probability to the width of the Coulomb barrier,
the decay energy of a candidate must fall into a rather
narrow window (Nazarewicz et al., 1996). The resulting
2p partial half-life should be long enough for an efficient
separation in the spectrometer (typically a fraction of
a microsecond) but short enough to compete with the
�
+ decay channel (⇠ 10 ms). Thus accurate mass pre-

dictions for nuclei beyond the drip line were necessary.
One of the most exact methods was the application of
the isobaric multiplet mass equation (IMME) (Benenson
and Kashy, 1979) combined with the experimentally mea-
sured mass of the neutron-rich member of the multiplet.

2 In Eq. (27) we have modified the notation of Goldansky to make
it consistent with the notation of this work.

(66%), argon (32%), nitrogen (1%), and methane (1%).
The primary ionization electrons drift in a uniform electric
field, with a velocity of 0:97 cm=!s, towards a double-
stage amplification structure formed by parallel-mesh flat
electrodes. In the second multiplication stage, emission of
UV photons occurs. After conversion of their wavelength
to the visual range by a thin luminescent foil, these photons
are recorded by a CCD camera and by a photomultiplier
tube (PMT). The camera image represents the projection of
particles’ tracks on the luminescent foil. The signals from
the PMT are digitized with a 50 MHz sampling frequency
providing information on the drift-time which is related to
the position along the axis normal to the image plane. By
changing the potential of an auxiliary gating electrode, the
chamber can be switched between a low sensitivity mode
in which tracks of highly ionizing heavy ions can be
recorded, and a high sensitivity mode used to detect light
particles emitted during the decay. The pioneering research
on gaseous detectors with position sensitive optical readout
was performed by Charpak et al. [18]. To the best of our
knowledge the detector described here represents the first
application of this idea to nuclear physics studies.

The experiment was performed at the National
Superconducting Cyclotron Laboratory at Michigan State
University, East Lansing, USA. Ions of 45Fe were produced
in the reaction of a 58Ni beam at 161 MeV=nucleon, with
average intensity of 15 pnA, impinging on a 800 mg=cm2

thick natural nickel target. The 45Fe fragments were sepa-
rated using the A1900 fragment separator [19] and identi-
fied in flight by using time-of-flight (TOF) and energy-loss
(!E) information for each ion. The TOF was measured
between a plastic scintillator located in the middle focal
plane of the A1900 separator and a thin silicon detector
mounted at the end of the beam line. The silicon detector
also provided the !E signal. Identified ions were slowed
down in an aluminum foil and stopped inside the OTPC.
The acquisition system was triggered selectively when a
45Fe ion was identified. In this way, the corresponding
CCD image and the PMT time profile could be assigned
unambiguously to individual ions. The trigger signal was
also used to switch the OTPC to the high sensitivity mode
and to turn the beam off for a period of about 75 ms to
prevent other ions from entering the detector while waiting
for the decay of the stopped ion.

An example of a recorded radioactive decay event of
45Fe is presented in Fig. 1. A track of 45Fe ion entering the
chamber from left can be seen on the CCD image (top).
After 535 !s, two short and bright tracks occurred which
originated from the end of the 45Fe track. Their length,
inferred from the image and from the time distribution of
the total light intensity measured by the PMT (bottom),
agrees with the value of 2.3 cm expected for protons of
about 0.6 MeV in the counting gas of the OTPC. The CCD
image shown in Fig. 1, supported by the PMT time profile,
represents direct and clear proof of the occurrence of the
2p radioactivity in 45Fe.

Apart from the 2p decay leading to 43Cr, the nucleus
45Fe can also decay by "! transitions to excited states of
45Mn. The decay energy for this disintegration mode is
predicted to be about 18.7 MeV [6] and in consequence
many decay channels involving "-delayed particle emis-
sion are possible. In fact, it is expected that 100% of the"!

decays of 45Fe are followed by charged particle emission
and that these particles have energies large enough to
escape the active volume of the OTPC in most cases [6].
Such decay channels, including "-delayed 2p and
"-delayed 3p emission, have also been observed and will
be published separately [20].

In the course of the 9-day experiment, 125 decays of
45Fe were observed, 87 of them proceeding by the direct 2p
emission and 38 by " decay followed by proton emission.
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FIG. 1 (color online). An example of a registered two-proton
decay event of 45Fe. Top: an image recorded by the CCD camera
in a 25 ms exposure. A track of a 45Fe ion entering the chamber
from left is seen. The two bright, short tracks are protons of
approximately 0.6 MeV, emitted 535 !s after the implantation.
Bottom: a part of the time profile of the total light intensity
measured by the PMT (histogram) showing in detail the 2p
emission. Lines show results of the reconstruction procedure
yielding the emission angles # with respect to the axis normal to
the image.
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45Fe
Halos, Borromean systems, neutron skin:

Near-threshold clustering,
trapped resonances:

Interplay continuum/collectivity:

Isolated vs. Overlapping
resonances, superradiance:
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different situations in atomic, molecular, condensed matter and nuclear
physics. We present a brief review of the theory and discuss selected appli-
cations to nuclear physics of low and intermediate energies, including the
suggestions for the SR as a reason for the narrow width of exotic baryons.

decay
channel

Coherent�state
!"#$

ND

V

Figure 1. Schematic figure show-
ing the SR mechanism.

2. Ingredients of the theory

1. The convenient approach to the unified theory of intrinsic states coupled
to the continuum is provided by the Feshbach projection techniques 12.
The full system is described by the Hermitian Hamiltonian H . The Hilbert
space is decomposed into two classes, internal, Q ≡ {|1⟩}, and external, P =
{|c;E⟩}, where c marks the continuum channels. The total eigenfunction
at energy E contains the contributions of both classes; they are coupled
by the matrix elements ⟨c;E|H |1⟩. Eliminating the external states by the
projection at given energy, one comes to the effective eigenvalue problem
in the intrinsic space, where the effective Hamiltonian is given by

HQQ(E) = HQQ +HQP
1

E −HPP + i0
HPQ. (1)

2. The internal energy-independent Hamiltonian HQQ determines the
eigenvalues ϵn of the states which would be bound without the continuum
coupling. This coupling converts at least some of them into resonances with
complex energies Ej = Ej − (i/2)Γj.

3. The effective Hamiltonian (1) depends on running energyE. The con-
tinua c are started at threshold energies Ec. At E > Ec, the denominator of
the propagator in eq. (1) contains singular terms corresponding to the real
(on-shell) decay into the channel c with energy conservation. The real part
∆ of the propagator corresponds to the principal value of the singular terms
and describes the virtual (off-shell) processes of coupling through all (closed
and open) channels, while only open channels contribute to the imaginary
part (−i/2)W that makes the effective Hamiltonian non-Hermitian.

•Low-energy virtual states,
•many-body resonances...

FRIB, MSU - Kévin Fossez 5

• Near threshold 
clustering

      alpha clustering
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FIG. 1. Collected charges on the pad plane of three con-
secutive events recorded in ACTAR TPC: implantation of a
48Ni nucleus (upper left panel), two-proton decay (upper right
panel) and proton emission from the β-p decay of the daugh-
ter nucleus 46Fe (bottom panel). The time differences from
the implantation event are 2.1 ms and 9.8 ms for the second
and third event, respectively.

of events is performed by imposing a time condition of 10
half-lives (T1/2) and requiring a maximum distance be-
tween the stopping point of the implantation track and
the starting point of the proton track of 8 mm. From the
3D analysis of the proton tracks [25], the angles between
the emitted protons and the individual track lengths were
determined. The individual energy of the protons is ob-
tained by conversion of the measured lengths into en-
ergy units using energy-loss tables (SRIM [26]), whose
parameters (pressure and temperature) are optimized to
reproduce well-known proton energies from decay events
of 41Ti, produced during the experiment. The total en-
ergy of the decay for two-proton emission Q2p is cross-
checked in two different ways in this work: (i) by sum-
ming the individual proton energies determined from the
track lengths and the recoil energy (Q2p(L)); (ii) from
the total charge deposit in ACTAR TPC (Q2p(C)), also
calibrated to reproduce well-known β-delayed proton en-
ergies. Typical implantation and decay events are shown
in Figure 1.

RESULTS

48Ni

Seven events have been identified as 48Ni during an
effective measurement time of 213 h. Six of them were
correctly implanted in the detection volume, from which

five decay events were measured. Three of them were
identified as two-proton emissions, one as β-delayed three
proton emission (first observation of this decay mode for
48Ni), and one as β-delayed single proton emission. This
leads to branching ratio values of BR(2p) = 60+25

−30%,

BR(β-p) = 20+32
−17% and BR(β-3p) = 20+32

−17%, in agree-
ment with previous results obtained by Pomorski et

al. [27] and Dossat et al. [23]. No signal from ACTAR
TPC was registered after one of the implantation events.
However, a scaler module counting the ACTAR TPC
events indicates that, most likely, both the decays of
48Ni and of the daughter nucleus may have happened
during the dead time of the acquisition system. The
lifetime is obtained as suggested by Schmidt et al. [28]
from the average time between implantation and decay,
shifting this value by the average dead time per event
(0.225 ms) of the acquisition, leading to a half-life value
of T1/2 =1.32+1.06

−0.41 ms, in agreement with previous exper-
imental values [23, 27].
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FIG. 2. Reconstructed angles between the two protons emit-
ted from 48Ni (a) and 45Fe (b) for the current work added on
top of those reconstructed in [27] and [3], respectively. The-
oretical predictions (3-body [5] and GCC of this work) are
represented in orange and purple, respectively.

From the three two-proton emissions associated with
48Ni, the angles between the protons were measured. The
uncertainties are estimated using a simulation. The val-

• Level crossing
      8Be

• One/two-four
 n- emission

• Quenching of SF in 
halo/cluster systems  11Li-12Be

• Shell evolution drip-line
• Broken mirror symmetries

• Superradiance
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FIG. 3. SE-SPS focal plane spectra for the superradiant region in 13N, measured at the 20◦ angle setting of the SE-SPS during Run 1 and
requiring coincidence with decay protons in SABRE. (a) Total proton-coincident spectrum (black) compared to spectra selected on decays
toward the 12C ground state (blue) and first excited state (red). (b) The spectrum gated on ground-state decay, with a multistate fit. The blue
solid curve shows the combined spectrum including interference, while each individual state is shown in red for the trapped, magenta for the
superradiant, and black for all others. The blue dashed-dotted vertical lines indicate the fit region, while the black dashed vertical lines indicate
the region of the superradiant width later integrated for the angular correlation analysis.

which together describe how the interference was modeled in
the fitting procedure demonstrated in Fig. 3(b) and Table I.
The quantity δ is the interference phase angle, while fT,S
are scale factors to match the experimental “counts” of the
histogram.

Because of the decay-coincidence requirement, the spectra
of Fig. 3 are essentially background free. All features could
be identified with known states in 13N, except for one peak
at ∼8.6 MeV not currently associated with a known state
in the database. For all peaks, the initial fit widths were set
either to the database values or to a minimum of the detector
resolution of 50 keV, whichever was larger. The 5/2+, 7/2+,
and 5/2− states used for focal plane calibration were still
included in the fit, only with fixed centroids and widths, unless
that width was larger than 50 keV as mentioned. The final
summation of all states is the solid blue curve in Fig. 3(b),
while the corresponding fit parameters for the trapped and
superradiant states are listed in Table I, with the widths now
corrected for resolution. A linear background was allowed for
each spectrum, but for the 20◦ spectrum shown in Fig. 3 it was

found to be negligible. Statistical uncertainties were extracted
from the MINUIT fitting procedure used through ROOT [38]
while systematic uncertainties were estimated by numerical
comparison between multiple different fit attempts under dif-
ferent input conditions.

An attempt at angular correlation analysis using the decay
protons was attempted, using both SE-SPS angles, but proved
insufficient as the experiment lacked particle detection in
beam-forward directions found to be central for the analysis.
Therefore, a new SE-SPS-compatible silicon detector array
was constructed to surround the target in a “barrel” config-
uration (Fig. 4). The setup consisted of a 1-mm-thick annular
double-sided silicon detector (DSSD) of the Micron S1 type,
covering forward angles 43◦–62◦; a 1-mm-thick DSSD of
Micron S2 type, covering backward angles 158◦–173◦; and
six 1-mm-thick DSSDs of the Micron SX3 type covering side
angles between 72◦ and 136◦. Similarly to SABRE, this array
was used to detect protons in coincidence with the spectro-
graph focal plane detector, allowing for selection of protons
decaying specifically to the 0+ ground state of the heavy

034312-3

Importance of GMF

Towards exotic nuclei (loosely bound or halo), a geometrical
mismatch factor emerges from the very different w.f. in the
overlap:

A.Matta et al., Phys. Rev. C 92 (2015)
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) Need to establish more systematics for this
parameter
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FIG. 3. SE-SPS focal plane spectra for the superradiant region in 13N, measured at the 20◦ angle setting of the SE-SPS during Run 1 and
requiring coincidence with decay protons in SABRE. (a) Total proton-coincident spectrum (black) compared to spectra selected on decays
toward the 12C ground state (blue) and first excited state (red). (b) The spectrum gated on ground-state decay, with a multistate fit. The blue
solid curve shows the combined spectrum including interference, while each individual state is shown in red for the trapped, magenta for the
superradiant, and black for all others. The blue dashed-dotted vertical lines indicate the fit region, while the black dashed vertical lines indicate
the region of the superradiant width later integrated for the angular correlation analysis.

which together describe how the interference was modeled in
the fitting procedure demonstrated in Fig. 3(b) and Table I.
The quantity δ is the interference phase angle, while fT,S
are scale factors to match the experimental “counts” of the
histogram.

Because of the decay-coincidence requirement, the spectra
of Fig. 3 are essentially background free. All features could
be identified with known states in 13N, except for one peak
at ∼8.6 MeV not currently associated with a known state
in the database. For all peaks, the initial fit widths were set
either to the database values or to a minimum of the detector
resolution of 50 keV, whichever was larger. The 5/2+, 7/2+,
and 5/2− states used for focal plane calibration were still
included in the fit, only with fixed centroids and widths, unless
that width was larger than 50 keV as mentioned. The final
summation of all states is the solid blue curve in Fig. 3(b),
while the corresponding fit parameters for the trapped and
superradiant states are listed in Table I, with the widths now
corrected for resolution. A linear background was allowed for
each spectrum, but for the 20◦ spectrum shown in Fig. 3 it was

found to be negligible. Statistical uncertainties were extracted
from the MINUIT fitting procedure used through ROOT [38]
while systematic uncertainties were estimated by numerical
comparison between multiple different fit attempts under dif-
ferent input conditions.

An attempt at angular correlation analysis using the decay
protons was attempted, using both SE-SPS angles, but proved
insufficient as the experiment lacked particle detection in
beam-forward directions found to be central for the analysis.
Therefore, a new SE-SPS-compatible silicon detector array
was constructed to surround the target in a “barrel” config-
uration (Fig. 4). The setup consisted of a 1-mm-thick annular
double-sided silicon detector (DSSD) of the Micron S1 type,
covering forward angles 43◦–62◦; a 1-mm-thick DSSD of
Micron S2 type, covering backward angles 158◦–173◦; and
six 1-mm-thick DSSDs of the Micron SX3 type covering side
angles between 72◦ and 136◦. Similarly to SABRE, this array
was used to detect protons in coincidence with the spectro-
graph focal plane detector, allowing for selection of protons
decaying specifically to the 0+ ground state of the heavy
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Nuclear open quantum systems

• Multinucleon-
Halo systems  

OQS Aussois 2026

• Quenching of SF in 
halo/cluster systems  10-12Be

• Superradiance

Importance of GMF

Towards exotic nuclei (loosely bound or halo), a geometrical
mismatch factor emerges from the very different w.f. in the
overlap:

A.Matta et al., Phys. Rev. C 92 (2015)
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) Need to establish more systematics for this
parameter
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• Shell evolution drip-line
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What can experimentalists measure ? 

CQS : bound states  (E < Threshold)
 
-Ex    Well defined energy 

-Jp. Well defined spin & parity 

-Y = af1+bf2 -> not measurable 
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OQS : resonances near threshold
 
-Ex    -> E = E0 � i

�

2
⌧ =

~
�

-Jp. Well defined spin & parity 

-Lifetime -> ~10-16-10-22 s

-Particle emision

-Non-resonant continuum



0 50 100 150

 (arb. units)cN

0

2

4

6

8

10

Ex
ci

ta
tio

n 
En

er
gy

 (M
eV

)

0 2 4 6 8 10 12

r (fm)

40−

20−

0

20

40

V(
r) 

(M
eV

)

OQS
Sn  > 0

CQS
Sn < 0

Nuclear open quantum systems

What can experimentalists measure ? 

Sn

• Widths  + lifetimes
• Height of peaks in the scattering cross section
• Shapes of the resonances à l  & Er
• Decaying particles 
• Phase shifts if a scan of E across resonance

OQS Aussois 2026



OQC : How do we measure them ? 

Projectile + Target

Compound Nucleus

Decay : core + n-particles 

Sn A-1

A

0+

2+S2n A-2
entry point Jp 

entry point

Populate weakly-bound/unbound

OQS Aussois 2026

• Experimental studies :
à Direct transfer reactions
à Resonant (in)elastic scattering 
à Knockout or quasi-frese scattering reactions
à Fussion evaporation  

Many open channels :  
à Many types of particles
à Different combinaisions   
       nlj x core  



OQC : How do we measure them ? 

OQS Aussois 2026

A-1

A-2

A

Set-up  combines : 
-Charged particle detection : proton, alphas…
-Neutrons : 1,2,…4-neutron
-Beam-like fragment : heavy residue 
-Gamma-ray detection -> decay 

• How to meausure them ? What are the best tools  ?
• How to analyse them to provide meaningful nuclear structure information ?
• Are we interested in the same information as for the bound states Ex, and Jp. ? 
• Can we still use the same tools/detectors ?



OCS: Halo systems   

Halo systems

Observables :
 
- Nuclear/charge matter radii <r2> 
- Prob. particle outside the classic R
- Nucleon-nucleon correlations

Effects from continuum : 

- Near threshold : 2p,p,n,2n and 4n
- Low binding energy ~few keV
- Low relative (l=0,1) 
- Extended spatial range

55

Halo structures in n-rich C Halo structures in n-rich C 

• 15C and 19C have been suggested as halo nuclei.

• Does 17C show halo configurations?
Suzuki et al., PL B 666, (2008).

Fang et al., Few-Body Systems Suppl., 10 (1998). Bazin, PRL 74, 18 (1995).

• Halo:  extended valence nucleon density distribution.

Nuclear Physics : 11Li

K. Riisager et al., , Phys Scr. T 152 (2013) 014001

OQS Aussois 2026



OCS: Halo systems   

Halo systems

Observables :

- Prob. particle outside the classic R
- Density distribution

Effects from continuum : 

- Low binding energy :  151.9 ± 13.3 neV
- Low temperature : ultra cold
- Shallow potential <-- weak Van der Waals force
- Interdistance:   50 A ~100  atomic Diam.

Molecular Physics : He2 dimmer 

OQS Aussois 2026



OCS: Neutron Halo in 17C* 

Halo configurations suggested for  15C and  19C in the ground state

First excited state of 17C : halo configuration suggested by hindered B(M1) 
Fang et al., Few-body Systems  Suppl. 10,  (1998)

D. Suzuki et al., PLB 666, 222 (2008)  

Study of the l=0 configuration in the first excited state of 17C  

OQS Aussois 2026

DISAPPEARANCE OF THE N = 14 SHELL GAP IN THE . . . PHYSICAL REVIEW C 78, 034315 (2008)
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FIG. 3. γ -ray spectra of 17C and 19C obtained in the present
experiment.

excited states at 210(4) and 331(6) keV. From the 17C(p, p′)
study a tentative spin 1/2+ was assigned to the lower energy
state and a spin 5/2+ to the higher energy one [17]. Gathering
all experimental works, a level scheme is proposed. It is in
accordance with shell-model calculations [18], the accuracy
of which could not be better than a few hundred keV.

For 19C, one-neutron break-up reactions proposed a 1/2+

configuration for the ground state [19]. As the 201-keV
γ transition is observed in our work as a prompt radiation, it
should connect states separated by small spin differences such
as 3/2+ → 1/2+ or 3/2+ → 5/2+. A stretched E2 transition
of 201 keV, connecting, for instance, 5/2+ and 1/2+ states,
would have a half-life of the order of a µs. By means of
the 19C(p, p′) reaction, two γ -ray transitions with energies of
197(6) keV and 72(4) keV were assigned to 19C [17]. The
authors placed these two γ rays in cascade, the 197 keV one
having the lowest energy. Similarly to 17C [18], shell-model
calculations predict the existence of three low-lying states with
spins 1/2+, 3/2+, and 5/2+ within a few hundred keV (see
Fig. 4).

The present results extend the systematics of the 2+

excitation energy up to N = 14 in the carbon isotopic chain,
as shown in Fig. 5. The similarity of the trend of 2+ energies
of the C and O isotopes up to N = 12 is striking. A strong
change appears at N = 14, where the 2+ energy of 20C is
about a factor of 2 lower than for 22O [7].

This different behavior between the O and C chains is
a consequence of the crossing of the neutron s1/2 and d5/2
orbits that arises between the 17O and 15C isotones. From
their level schemes, it can be derived that the s1/2 neutron
single-particle energy decreases relative to the d5/2 one by
1.6 MeV, whereas two protons are removed from the p1/2

FIG. 4. Level schemes of 17C and 19C as observed in the present
experiment and their comparison with shell-model calculations using
the WBT∗ interaction.
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FIG. 5. (a) Evolution of the 2+ energies as a function of the
neutron number in oxygen and (b) carbon nuclei. Evolution of
effective single-particle energies (ESPE) as a function of the neutron
number calculated by using the USD effective interaction for the
(c) oxygen and (d) carbon isotopes. The ESPE evolution is derived
from the WBT interaction. The use of the WBT∗ one would lead to a
further compression of ESPE.

orbit, giving rise to a 1/2+ for the 15C ground state [20]. This
inversion of levels owes to the difference of proton-neutron
TBME, 2(V pn

p1/2d5/2
− V

pn
p1/2s1/2 ). The first monopole contains an

attractive tensor term, whereas the second one has a repulsive
two-body LS term [21]. In addition, we expect some shift
from the finite potential well of the central interaction. For
instance, the Skx Skyrme interaction [6] (without spin-orbit)
gives single-particle energies of −3.44 (−3.76) MeV for the
0d (1s) orbit in 16O compared to +0.48 (−0.97) MeV in 14C,
i.e., a relative change of 1.13 MeV between the d and s orbits.

The evolution of the s1/2 and d5/2 effective single-particle
energies (ESPE) in the O and C chains as a function of the
neutron number is shown in Fig. 5. Starting from 17O, the
addition of five neutrons in the d5/2 orbit leads to a gradual
gain of its energy with respect to the s1/2 by virtue of the
large attractive V nn

d5/2d5/2
matrix element. This gives rise to a

new gap at N = 14 between the d5/2 and s1/2 orbits of about
4.2 MeV [7]. This large gap accounts for the high energy of the
2+

1 state in 22O14 that has a [(d5/2)5, s1/2] configuration. At N =
15 the s1/2 orbit starts to fill, with a quasi-pure single-particle
configuration [22]. A large N = 16 gap of more than 4 MeV is
also present between the s1/2 and d3/2 orbits at N = 16 [22,23].
For the O isotopes WBT uses the USD Hamiltonian [24] for
the sd shell. The more recent USDA/B Hamiltonians [25]
differ from USD mainly for the d3/2 orbit between N = 16
and N = 20, which is about 1 MeV more bound with USD
compared to USDA/B.

Adding neutrons to 15C leads to a more complicated
situation. Initially the s1/2 orbit is lower, but due to the effect
described in the previous paragraph, the ESPE for d5/2 crosses
that of the s1/2 orbit and stays close to it between N = 8 and
N = 14. Therefore the configuration mixing is large and the
ground state as well as the 2+

1 state in 16,18,20C are dominated
by (d5/2, s1/2)2,4,6 configurations. This explains the almost
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17C
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• sd-orbitals : N=8-14
• Mid-shell nuclei à deformation core
• Weakly bound Sn=0.734 MeV
• Structure strongly affected by the continuum 
    à sp strength of the 0d5/2 , 1s1/2  0d3/2
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Motivation: Excited states of 17C
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3/2+
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2 bound excited states observed
In beam γ-spec. a, 18C n-removal b, 17B β-decay c

⇒ (νsd)3 configuration expected: SF(0+ ⊗ νnlj)?
⇒ 1/2+ state: l=0 admixture? Halo?

Unbound states
17C(p,p’) d
17B(3/2-) β-decay c ⇒ negative π, νp-hole states
18C (-1n) → 16C+n e ⇒ νp-hole states

⇒ Do not probe directly 16C⊗(νsd) sp structures
⇒ No 3/2+ states clearly observed

a Elekes, PLB 614 ('05) 174 ; Stanoiu, PRC 78, 034315 ('08) ;
Suzuki, PLB 666 ('08) 222
b Kondo, PRC 79, 014602 ('09)
c Ueno, PRC 87, 034316 ('13)
d Satou, PLB 660 ('08) 320
e Kim, JPS Conf Proc 6, 030031 ('15); PhD 2015
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OCS: Shell evolution towards the drip-line  

Location of the 3/2+ states in  17C à embedded in the continuum 
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DISAPPEARANCE OF THE N = 14 SHELL GAP IN THE . . . PHYSICAL REVIEW C 78, 034315 (2008)
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FIG. 3. γ -ray spectra of 17C and 19C obtained in the present
experiment.

excited states at 210(4) and 331(6) keV. From the 17C(p, p′)
study a tentative spin 1/2+ was assigned to the lower energy
state and a spin 5/2+ to the higher energy one [17]. Gathering
all experimental works, a level scheme is proposed. It is in
accordance with shell-model calculations [18], the accuracy
of which could not be better than a few hundred keV.

For 19C, one-neutron break-up reactions proposed a 1/2+

configuration for the ground state [19]. As the 201-keV
γ transition is observed in our work as a prompt radiation, it
should connect states separated by small spin differences such
as 3/2+ → 1/2+ or 3/2+ → 5/2+. A stretched E2 transition
of 201 keV, connecting, for instance, 5/2+ and 1/2+ states,
would have a half-life of the order of a µs. By means of
the 19C(p, p′) reaction, two γ -ray transitions with energies of
197(6) keV and 72(4) keV were assigned to 19C [17]. The
authors placed these two γ rays in cascade, the 197 keV one
having the lowest energy. Similarly to 17C [18], shell-model
calculations predict the existence of three low-lying states with
spins 1/2+, 3/2+, and 5/2+ within a few hundred keV (see
Fig. 4).

The present results extend the systematics of the 2+

excitation energy up to N = 14 in the carbon isotopic chain,
as shown in Fig. 5. The similarity of the trend of 2+ energies
of the C and O isotopes up to N = 12 is striking. A strong
change appears at N = 14, where the 2+ energy of 20C is
about a factor of 2 lower than for 22O [7].

This different behavior between the O and C chains is
a consequence of the crossing of the neutron s1/2 and d5/2
orbits that arises between the 17O and 15C isotones. From
their level schemes, it can be derived that the s1/2 neutron
single-particle energy decreases relative to the d5/2 one by
1.6 MeV, whereas two protons are removed from the p1/2

FIG. 4. Level schemes of 17C and 19C as observed in the present
experiment and their comparison with shell-model calculations using
the WBT∗ interaction.
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FIG. 5. (a) Evolution of the 2+ energies as a function of the
neutron number in oxygen and (b) carbon nuclei. Evolution of
effective single-particle energies (ESPE) as a function of the neutron
number calculated by using the USD effective interaction for the
(c) oxygen and (d) carbon isotopes. The ESPE evolution is derived
from the WBT interaction. The use of the WBT∗ one would lead to a
further compression of ESPE.

orbit, giving rise to a 1/2+ for the 15C ground state [20]. This
inversion of levels owes to the difference of proton-neutron
TBME, 2(V pn

p1/2d5/2
− V

pn
p1/2s1/2 ). The first monopole contains an

attractive tensor term, whereas the second one has a repulsive
two-body LS term [21]. In addition, we expect some shift
from the finite potential well of the central interaction. For
instance, the Skx Skyrme interaction [6] (without spin-orbit)
gives single-particle energies of −3.44 (−3.76) MeV for the
0d (1s) orbit in 16O compared to +0.48 (−0.97) MeV in 14C,
i.e., a relative change of 1.13 MeV between the d and s orbits.

The evolution of the s1/2 and d5/2 effective single-particle
energies (ESPE) in the O and C chains as a function of the
neutron number is shown in Fig. 5. Starting from 17O, the
addition of five neutrons in the d5/2 orbit leads to a gradual
gain of its energy with respect to the s1/2 by virtue of the
large attractive V nn

d5/2d5/2
matrix element. This gives rise to a

new gap at N = 14 between the d5/2 and s1/2 orbits of about
4.2 MeV [7]. This large gap accounts for the high energy of the
2+

1 state in 22O14 that has a [(d5/2)5, s1/2] configuration. At N =
15 the s1/2 orbit starts to fill, with a quasi-pure single-particle
configuration [22]. A large N = 16 gap of more than 4 MeV is
also present between the s1/2 and d3/2 orbits at N = 16 [22,23].
For the O isotopes WBT uses the USD Hamiltonian [24] for
the sd shell. The more recent USDA/B Hamiltonians [25]
differ from USD mainly for the d3/2 orbit between N = 16
and N = 20, which is about 1 MeV more bound with USD
compared to USDA/B.

Adding neutrons to 15C leads to a more complicated
situation. Initially the s1/2 orbit is lower, but due to the effect
described in the previous paragraph, the ESPE for d5/2 crosses
that of the s1/2 orbit and stays close to it between N = 8 and
N = 14. Therefore the configuration mixing is large and the
ground state as well as the 2+

1 state in 16,18,20C are dominated
by (d5/2, s1/2)2,4,6 configurations. This explains the almost
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Motivation: Excited states of 17C
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N=14 disapears in n-rich Carbon isotopes

How does the N=16 evolves in n-rich C isotopes ? 

Low Ex of the 2+ 20C. M. Stanoiu et al,  PRC 69, 034312 (2004)  
Large B(E2) value.  M. Petri et al., PRL 96, 012501 (2011)  
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Experimental setup
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OCS: Neutron Halo in 17C* 



however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-

2

For many years, shell model calculations with phenomeno-
logical two-body interactions have struggled to simultaneously
account for the changes in shell structure observed in the oxy-
gen and carbon isotopes. In fact, in the neutron-rich nuclei with
Z=6-7 [22, 23] an ad hoc reduction of the monopoles, which
was element dependent, had to be applied in order to reproduce
the experimental data. Recently, new Hamiltonians such as the
SFO-tls which include a new treatment of the tensor and the
T = 1 monopole interaction [24, 25] have been developped in
the p − sd region and are able to reproduce the exotic prop-
erties of the magnetic dipole transitions in 17C [25]. In order
to test the validity of these state-of-the-art shell model calcula-
tions and to derive the strength of the monopole terms involved,
the neutron-rich carbon isotopic chain is, in this context, of sig-
nificant interest. Moreover, recent investigations point out to
the first evidences for the prevalence of the smaller spin-orbit
magic number at Z = 6 [26]. These results are in line with
the small B(E2) values observed in the even-even carbon iso-
topes 16,18C[27, 28, 29, 30]. A widening of the gap between
the proton 1p1/2 and 1p3/2 orbitals should have some implica-
tions in the nuclear structure of neutron-rich carbon isotopes.
In particular, the 17C is a suitable testing ground. Having a 14C
core, which could be regarded as a double closed-shell nucleus,
the low-lying 17C structure should be mainly determined by the
three neutrons in the 1d5/2, 2s1/2 and 1d3/2 orbitals.

In addition, neutron-rich carbon isotopes are of particular
interest due to their low binding energies that make them suit-
able candidates to present halo configurations: neutron halo
configurations have been suggested in the ground states of the
odd-mass neutron-rich carbon isotopes 15C [31] and 19C [32]
(both having a dominant s component). Following this trend,
it will be interesting to study whether 17C present a halo struc-
tures, as suggested by a hindered M1 transition found in the
lifetime measurements in 17C [33].

Experimentally, the structure of 17C has been studied in
[22, 34, 35, 36, 37, 33, 38, 39]. The ground state has a spin-
parity assignment of 3/2+ and its wave function was shown
in neutron removal [34] to have three components: a dom-
inant 16C(2+) ⊗ 1d5/2 component, a smaller 16C(2+) ⊗ 2s1/2

component, and a 16C(0+) ⊗ 1d3/2 configuration. The mea-
sured partial cross section for neutron removal leading to the
ground state of 16C is an order of magnitude higher than ex-
pected from shell model calculations, which would tend to indi-
cate that theory underestimates the 16C(0+) ⊗ 1d3/2 component
in the ground state of 17C. Two low-lying excited states have
been observed in γ-ray spectroscopy [22], one-neutron removal
[35], proton inelastic scattering (p, p′) [36], multinucleon trans-
fer reaction [37], lifetime measurements [33, 38] and β-delayed
neutron measurements [39]. The excitation energies provided
by these references show an excellent agreement locating the
first and second excited states in 17C at 0.210 and 0.330 MeV.
Transverse-momentum distributions in [35] allowed 1/2+ and
suggested 5/2+ assignments, respectively.

However, there is no information on the single-particle struc-
ture of these excited states. This calls for an investigation of
17C using a single-neutron sensitive probe, that would provide
direct information on the N = 14 gap in this nucleus, as well as
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Figure 1: Doppler corrected γ-ray energy spectrum in coincidence with protons
leading to bound states in 17C.

an alternative measurement of the ground state 16C(0+) ⊗ 1d3/2

spectroscopic factor. Experimentally, one of the best suited
tools for such an investigation is provided by single-nucleon
transfer reactions. We have explored the low-lying single-neutron
structure of 17C using the 16C(d, p) transfer reaction in inverse
kinematics, in particular to locate the neutron single-particle or-
bitals involved in the formation of the N = 14 shell gap.

2. Experimental details

In this experiment, states in 17C have been populated by
the 16C(d, p) transfer reaction induced by bombarding a 1.36
mg/cm2 thick target of deuterated polyethylene (CD2) (thick-
ness measured offline by α-particle energy loss) with a 16C
beam at 17.2 AMeV delivered by the LISE3 spectrometer at
GANIL. The beam intensity was ≈ 5×104 pps. Before reaching
the target, the beam was tracked using the CATS detectors [40],
two multiwire proportional chambers, in order to determine the
hit position and the angle of incidence of the beam particles on
the target. The target was surrounded by TIARA [41], a highly
efficient double-sided silicon strip detector array comprising an
octagonal barrel of resistive strip detectors spanning from 36◦ to
144◦ and an annular double-sided silicon strip detector covering
the most backward angles (144◦ - 169◦). Both the energy and
the scattering angle were measured as they are required to per-
form excitation energy and angular distributions calculations.
Light particles at forward angles were detected in four MUST2
Si-CsI telescopes. Four highly efficient germanium clovers of
the EXOGAM array were placed at 90◦ surrounding the bar-
rel in a compact arrangement at 55 mm from the target posi-
tion. The photopeak efficiency for γ-ray detection, including
addback, was estimated to be 8.6 (1) % at 1 MeV. Identification
of the beam particles and beam-like residues was achieved by
measuring energy loss, residual energy, angle and time of flight
using a CHARISSA Si-Si-CsI telescope placed at zero degrees.
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Eν is the quasiparticle energy associated with ϵν and the
Fν ′ν factor appears naturally when including a one-body op-
erator between one-quasiparticle states [17,18]. It depends
on the occupation numbers uν and vν obtained in the BCS
calculation as

Fν ′ν = uν ′uν − vν ′vν . (12)

For each angular momentum and parity Jπ , a set of
energies EJπ

i with their corresponding eigenvectors having
components CiJ

ν are obtained. The associated wave functions
can be written in the fixed laboratory frame as in Eq. (2), with
radial functions RJπ

iα (r) =
∑

n CiJπ

nα RTHO
nℓ (r). The coefficients

can be calculated from the eigenstates of HJπ and HN ,

CiJπ

nα =
√

2I + 1
2J + 1

√
1 + (−1)I

∑

ν

⟨ j&I0|J&⟩CiJ
ν Cν

n j, (13)

using expression (8) from Ref. [6]. We can also define the oc-
cupation number v2

iJπ =
∑

ν (CiJ
ν vν )2 related to the occupation

of the state by the core neutrons.
The obtained quasiparticle states mix particle and hole

states. However, we assume that the states with low occu-
pation by core neutrons (v2

iJπ < 0.5) can be approximated as
particle states, while those with high occupation (v2

iJπ > 0.5)
are considered hole states and they are discarded. The particle
states have an associated energy εJπ

i = EJπ

i + λ, where λ is
the Fermi energy obtained in the BCS calculation. These are
the energies that can be compared with the eigenvalues of the
Hamiltonian without blocking (1) and the experimental data.

Note that the factor Fν ′ν reduces the coupling between
Nilsson states with high and low occupancy. Therefore, this
formalism can be regarded as a partial blocking method (PB).
It is also interesting to explore the extreme case of a total
blocking method (TB). To do this, we assume that the pair-
ing strength is zero and the lowest N/2 Nilsson states, those
below the Fermi level, are considered fully occupied (uν = 0,
vν = 1), while the rest are completely empty (uν = 1, vν =
0). In this case, the occupied and empty Nilsson states are
completely decoupled because Fν ′ν = 0 between them. This
TB method is equivalent in practice to model III (“deformed
PF model”) from Ref. [7].

III. APPLICATION TO 17C

The NAMD model has been applied to study the 17C
system using the three different blocking methods. A slight
renormalization of the central potential V0(r) was necessary
to match the energy of the ground state with the experimen-
tal value. This renormalization is different depending on the
blocking model: 1.014 (NoB), 1.000 (TB), and 0.997 (PB).
The spin-orbit potential is obtained as a function of the deriva-
tive of V0(r) following the relation from [20], but using our
semimicroscopic function instead of a Woods-Saxon poten-
tial. For all blocking methods, the value h̄/2J = 0.295 MeV
is used for the core Hamiltonian, compatible with the excita-
tion energy of the first excited state 2+ of 16C (1.766 MeV
[21]). Regarding to the deformation length, δ2 = 1.27 fm
(prolate) is obtained following the prescription of [5].

FIG. 2. Energies of the bound states of 17C. The experimental
values from [22,23] are compared with the results of the NAMD
model using different blocking methods.

In the TB method, the five most bound Nilsson states (the
states below the Fermi level in Fig. 1) are considered fully
occupied. In the case of PB, only the first three are considered
fully occupied. For the next four states, which correspond
to a separation energy between −10 MeV and 0 MeV (the
states between the dotted lines in Fig. 1), a BCS calculation
with a pairing strength G = 1.3 MeV is performed. From
the BCS calculation, the Fermi level is found at −4.13 MeV
and the pairing gap is 1.58 MeV, close to the value obtained
with the three-point formula centered on the 16C system,
1.76 MeV.

The Hamiltonian is diagonalized in the THO basis using
the parameters b = 2.4 fm and γ = 3.0 fm1/2 and considering
0 ! ℓ ! 4 and 1 ! n ! 30. The energies of the bound states
obtained for the different blocking methods are shown in
Fig. 2 compared to the experimental values [22,23]. Using the
TB and PB methods, the 5/2+ state becomes the first excited
state and the 1/2+ the second, contrary to the experimental
evidence. However, it should be noted that the three bound
states are very close in energy, so that the difference between
the calculated levels and the experimental values is less than
0.5 MeV.

To compare the wave functions obtained with each block-
ing method, the radial overlap functions between the excited
bound states of 17C and the ground state of the core 16C(0+)
are shown in Fig. 3. These are the relevant overlaps for the
study of the 16C(d, p) 17C reaction that will be discussed
later. The overlaps obtained from the resonating group method
(RGM) [24], are also shown. The RGM method is a micro-
scopic cluster model that is much more complex than the
models presented here. For example, 990 Slater determinants
are used in the RGM method to obtain these overlaps. There-
fore, it is natural to find differences between the NAMD
and RGM models. However, in the lower panel of Fig. 3
it can be seen how, by applying total or partial blocking,
the NAMD model produces overlaps ⟨17C(5/2+

1 )| 16C(0+)⟩
close to microscopic RGM calculation at large distances.
Note that transfer reactions are peripheral, and hence mostly
sensitive to the behavior of the nucleons around the sur-
face of the nucleus. On the other hand, ⟨17C(1/2+

1 )| 16C(0+)⟩
are similar except for the PB case, where the mismatch in
energy of the state leads to differences in the asymptotic
behavior.
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FIG. 3. Overlaps of the ground state of 16C with the first (upper
panel) and second (lower panel) excited states of 17C. The results
of the RGM calculations [24] are compared with the results of the
NAMD model using different treatments of Pauli blocking.

A. 16C (d, p) 17C

The differential cross sections of the transfer reaction
16C(d, p) 17C populating bound excited states have been
calculated as in Ref. [6], using the finite-range adiabatic
distorted wave approximation (ADWA) [25], and employ-
ing the same optical model potentials for consistency. In
the post form, these calculations require the overlap func-
tions ⟨17C | 16C(0+)⟩, which are taken from the results of the
NAMD model. The results obtained using the three different
blocking methods are compared with the experimental data
from GANIL [14] in Fig. 4, These data were obtained in
inverse kinematics with a 16C beam at 17.2 MeV/nucleon.

For the case of the first excited state 1/2+, despite the
difference of the PB due to its energy mismatch, we find
good agreement between the results for all blocking methods
and the data [Fig. 4(a)]. The results without blocking (NoB)
are similar to those obtained in [6], which underestimate the
differential cross section for the second excited state 5/2+

[Fig. 4(b)]. However, using the total and partial blocking
methods (TB and PB), the agreement with the experimental
data for this state is significantly improved. Figure 4 also
shows the ADWA results using microscopic RGM overlaps.
The agreement of the results using this RGM model with
the data is rather good, but it should be noted that, using a
simpler model such as NAMD a similar degree of agreement
is found, provided that Pauli blocking effects are properly
accounted for. In Table I, the spectroscopic factors (SF) for
the overlaps ⟨17C(Jπ )| 16C(0+) ⊗ nℓ j⟩ are shown. The values
extracted from the RGM calculations [24] and the different
NAMD models are compared with the experimental ones from

FIG. 4. Angular distribution of the 16C(d, p) 17C reaction at 17.2
MeV/nucleon when the 17C bound states 1/2+

1 (upper panel), and
5/2+

1 (lower panel) are populated. The results using the different
blocking methods are compared with the experimental data [14] and
the results using the RGM overlaps [24].

Ref. [14]. These experimental SF are obtained as the ratio
of the experimental cross sections and pure single-particle
finite-rage ADWA calculations using CH89 parametrization.
In Table I, it can be seen how the discrepancy of the NAMD
NoB model in 16C(d, p) 17C(5/2+

1 ) is related to the difference
in SF. Here, the blocking of the Nilsson state [220 1/2] (see
Fig. 1) plays a key role. If this Nilsson configuration is not
blocked, the 5/2+

1 state includes a significant contribution of
states with # = 1/2 that increase the weight of the component
s1/2 ⊗ 2+ (0.39 for NoB versus 0.16 for TB and 0.08 for PB)
over d5/2 ⊗ 0+.

TABLE I. Spectroscopic factors for the overlaps ⟨17C(Jπ )|
16C(0+) ⊗ nℓ j⟩. The results of the NAMD and RGM [24] mod-
els are compared with those extracted from the experimental
analysis [14].

Jπ (ℓ, j) NoB TB PB RGM Exp.

3/2+
1 (2, 3/2) 0.00 0.01 0.01 0.01

+0.05
0.03

−0.03
1/2+

1 (0, 1/2) 0.68 0.80 0.82 0.94 0.64 ± 0.18
5/2+

1 (2, 5/2) 0.33 0.66 0.65 0.56 0.62 ± 0.13
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FIG. 3. Overlaps of the ground state of 16C with the first (upper
panel) and second (lower panel) excited states of 17C. The results
of the RGM calculations [24] are compared with the results of the
NAMD model using different treatments of Pauli blocking.

A. 16C (d, p) 17C

The differential cross sections of the transfer reaction
16C(d, p) 17C populating bound excited states have been
calculated as in Ref. [6], using the finite-range adiabatic
distorted wave approximation (ADWA) [25], and employ-
ing the same optical model potentials for consistency. In
the post form, these calculations require the overlap func-
tions ⟨17C | 16C(0+)⟩, which are taken from the results of the
NAMD model. The results obtained using the three different
blocking methods are compared with the experimental data
from GANIL [14] in Fig. 4, These data were obtained in
inverse kinematics with a 16C beam at 17.2 MeV/nucleon.

For the case of the first excited state 1/2+, despite the
difference of the PB due to its energy mismatch, we find
good agreement between the results for all blocking methods
and the data [Fig. 4(a)]. The results without blocking (NoB)
are similar to those obtained in [6], which underestimate the
differential cross section for the second excited state 5/2+

[Fig. 4(b)]. However, using the total and partial blocking
methods (TB and PB), the agreement with the experimental
data for this state is significantly improved. Figure 4 also
shows the ADWA results using microscopic RGM overlaps.
The agreement of the results using this RGM model with
the data is rather good, but it should be noted that, using a
simpler model such as NAMD a similar degree of agreement
is found, provided that Pauli blocking effects are properly
accounted for. In Table I, the spectroscopic factors (SF) for
the overlaps ⟨17C(Jπ )| 16C(0+) ⊗ nℓ j⟩ are shown. The values
extracted from the RGM calculations [24] and the different
NAMD models are compared with the experimental ones from

FIG. 4. Angular distribution of the 16C(d, p) 17C reaction at 17.2
MeV/nucleon when the 17C bound states 1/2+

1 (upper panel), and
5/2+

1 (lower panel) are populated. The results using the different
blocking methods are compared with the experimental data [14] and
the results using the RGM overlaps [24].

Ref. [14]. These experimental SF are obtained as the ratio
of the experimental cross sections and pure single-particle
finite-rage ADWA calculations using CH89 parametrization.
In Table I, it can be seen how the discrepancy of the NAMD
NoB model in 16C(d, p) 17C(5/2+

1 ) is related to the difference
in SF. Here, the blocking of the Nilsson state [220 1/2] (see
Fig. 1) plays a key role. If this Nilsson configuration is not
blocked, the 5/2+

1 state includes a significant contribution of
states with # = 1/2 that increase the weight of the component
s1/2 ⊗ 2+ (0.39 for NoB versus 0.16 for TB and 0.08 for PB)
over d5/2 ⊗ 0+.

TABLE I. Spectroscopic factors for the overlaps ⟨17C(Jπ )|
16C(0+) ⊗ nℓ j⟩. The results of the NAMD and RGM [24] mod-
els are compared with those extracted from the experimental
analysis [14].

Jπ (ℓ, j) NoB TB PB RGM Exp.

3/2+
1 (2, 3/2) 0.00 0.01 0.01 0.01

+0.05
0.03

−0.03
1/2+

1 (0, 1/2) 0.68 0.80 0.82 0.94 0.64 ± 0.18
5/2+

1 (2, 5/2) 0.33 0.66 0.65 0.56 0.62 ± 0.13
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FIG. 3. Overlaps of the ground state of 16C with the first (upper
panel) and second (lower panel) excited states of 17C. The results
of the RGM calculations [24] are compared with the results of the
NAMD model using different treatments of Pauli blocking.

A. 16C (d, p) 17C

The differential cross sections of the transfer reaction
16C(d, p) 17C populating bound excited states have been
calculated as in Ref. [6], using the finite-range adiabatic
distorted wave approximation (ADWA) [25], and employ-
ing the same optical model potentials for consistency. In
the post form, these calculations require the overlap func-
tions ⟨17C | 16C(0+)⟩, which are taken from the results of the
NAMD model. The results obtained using the three different
blocking methods are compared with the experimental data
from GANIL [14] in Fig. 4, These data were obtained in
inverse kinematics with a 16C beam at 17.2 MeV/nucleon.

For the case of the first excited state 1/2+, despite the
difference of the PB due to its energy mismatch, we find
good agreement between the results for all blocking methods
and the data [Fig. 4(a)]. The results without blocking (NoB)
are similar to those obtained in [6], which underestimate the
differential cross section for the second excited state 5/2+

[Fig. 4(b)]. However, using the total and partial blocking
methods (TB and PB), the agreement with the experimental
data for this state is significantly improved. Figure 4 also
shows the ADWA results using microscopic RGM overlaps.
The agreement of the results using this RGM model with
the data is rather good, but it should be noted that, using a
simpler model such as NAMD a similar degree of agreement
is found, provided that Pauli blocking effects are properly
accounted for. In Table I, the spectroscopic factors (SF) for
the overlaps ⟨17C(Jπ )| 16C(0+) ⊗ nℓ j⟩ are shown. The values
extracted from the RGM calculations [24] and the different
NAMD models are compared with the experimental ones from

FIG. 4. Angular distribution of the 16C(d, p) 17C reaction at 17.2
MeV/nucleon when the 17C bound states 1/2+

1 (upper panel), and
5/2+

1 (lower panel) are populated. The results using the different
blocking methods are compared with the experimental data [14] and
the results using the RGM overlaps [24].

Ref. [14]. These experimental SF are obtained as the ratio
of the experimental cross sections and pure single-particle
finite-rage ADWA calculations using CH89 parametrization.
In Table I, it can be seen how the discrepancy of the NAMD
NoB model in 16C(d, p) 17C(5/2+

1 ) is related to the difference
in SF. Here, the blocking of the Nilsson state [220 1/2] (see
Fig. 1) plays a key role. If this Nilsson configuration is not
blocked, the 5/2+

1 state includes a significant contribution of
states with # = 1/2 that increase the weight of the component
s1/2 ⊗ 2+ (0.39 for NoB versus 0.16 for TB and 0.08 for PB)
over d5/2 ⊗ 0+.

TABLE I. Spectroscopic factors for the overlaps ⟨17C(Jπ )|
16C(0+) ⊗ nℓ j⟩. The results of the NAMD and RGM [24] mod-
els are compared with those extracted from the experimental
analysis [14].

Jπ (ℓ, j) NoB TB PB RGM Exp.

3/2+
1 (2, 3/2) 0.00 0.01 0.01 0.01

+0.05
0.03

−0.03
1/2+

1 (0, 1/2) 0.68 0.80 0.82 0.94 0.64 ± 0.18
5/2+

1 (2, 5/2) 0.33 0.66 0.65 0.56 0.62 ± 0.13
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17C*(1/2 +) à halo candidate:

•  Small Sn
eff = Sn-Ex = 0.517 (18) 

•  l=0 configuration

•  Large SF: 0.80(20) s-wave large

Universal scaling law for two-body halo nuclei 

A. Ozawa et al., NPA 691, 599 (2001)
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= 2.7 fm: Ozawa , NP A 691, (2001).K. Riisager,
Phys. Scr. T152 014001 (2013).

Model <r2> ½  

(fm) <r2>/R2

WS 7.17 2.78
NAMD TB 7.08 2.71

NAMD NoB 6.50 2.28

<r2>/R2 = 2

17C*

P. Punta ,  J.A. Lay, A. Moro, G. Coló PRC 111 (2025) 064614 

X. Pereira-López, B. Fernández-Domínguez et al., PLB 811 (2020) 135939 

17C (1/2+) at 217 keV well-developed halo
odd-mass n-rich C isotopes 
à 1-neutron halo in the s1/2 orbital 
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How far the wave function extends ? Molecular physics : He dimmer

P
H
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C

Fig. 2. (A) Measurement of the helium-dimer wavefunction. (B and C) Two detailed views show the important features of this quantum system: the region
of the inner turning point (B) is in agreement with theoretical predictions LM2M2⇤ (15) and Przybytek et al. (5), and the exponential decay in the classic
forbidden region (C). A helium-dimer binding energy of 151.9 ± 13.3 neV is obtained from the exponential slope. The electron recoil has to be taken into
account to conclude from the slope shown in C to the value of the binding energy (see Materials and Methods for details).

share of helium trimers, present at the chosen gas expansion conditions
get deflected away from the ionization region. Fig. 3 shows a schematic of
the setup.

The two atoms constituting the dimer get singly ionized in the focus
either via photoeffect (FEL; 18.5 nm; FLASH) or via tunnel ionization (Ti:Sa
laser; 780 nm; Dragon KMLabs). The two positively charged ions repel each
other, resulting in a Coulomb explosion. The ionic momenta acquired in
this explosion were measured by COLTRIMS. A homogeneous electric field
of 4.41 V/cm (at FEL) and 3.09 V/cm (at Ti:Sa laser) guides the ions to
the detector, which measures time-of-flight and position of impact using
microchannel plates (MCPs) and delay line anodes (12). With known elec-
tric fields, ion masses, ion charges, and a distance from focus to detector of
39 mm, the initial momentum vector of the ions, and thus the KER, can be
reconstructed.

Detector Calibration. The binding energy of the helium dimer is derived
from the measured KER. Therefore, a precise energy calibration is needed.
The crucial parameters for this calibration are the absolute value of
the electric field in the spectrometer and the position calibration of
the detector. The electric field was obtained by measuring the kinetic
energy release spectrum of the N2 breakup, which provides very nar-
row peaks. Transitions from D3⇧g and D1⌃u+ into continuum could
be identified and met reference measurements (23), with a mean rel-
ative deviation of 0.054%. This measurement yielded the calibration
of the momentum component along the time-of-flight direction of the
spectrometer.

The position calibration was done by comparing the momentum compo-
nent in the time-of-flight direction with the ones perpendicular to it. For
this purpose, we performed two calibration measurements with isotropic
dissociation channels (N2O/Ne2). Most relevant, due to energetic proxim-
ity to the helium-dimer breakup, is the N2O channel at 0.16 eV KER, with a

mean relative deviation of 6.2%, whereas additional channels yield a smaller
deviation, with 0.62% (N2O at 0.36 eV) and 0.15% (Ne2 at 4.4 eV).

Fig. 3. Overlap between laser focus and a pure helium-dimer beam, cre-
ated by a molecular beam diffracted at a nanograting. Distances between
the beam elements were as follows: nozzle to skimmer, 14 mm; skimmer to
slit, 332 mm; slit to grating, 30 mm; and grating to focus, 491 mm. The focus
diameter was about 20 µm.

Zeller et al. PNAS | December 20, 2016 | vol. 113 | no. 51 | 14653
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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(d,p)

Sn=0.734 MeV

spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
bution above Ex & 2 MeV, that exceeds, as shown in Appendix
A, the contributions from the non-resonant breakup channels –
16C+n+p and 15C+2n+p.

Figure 1 bottom panel, displays the Doppler-corrected and
addback-reconstructed �-ray energy spectrum (E� > 500 keV)
in coincidence with protons corresponding to 17C excitation en-
ergies in excess of 1 MeV. The �-ray energy spectrum was fit-
ted with lineshapes generated using Geant4 [37], plus a smooth
background [17, 34]. A strong transition is clearly observed
at 1.77 MeV and a very weak line at ⇠2.4 MeV, correspond-
ing, respectively, to the decay of the first 16C excited state (2+1 )
and from the multiplet of states (2, 3+1 , 4+1 ) at around 4.1 MeV
to the 2+ state [38]. Energetically both resonances in 17C can
decay to the first 2+ state in 16C and, despite the limited statis-
tics, it is clear that both states do so – inset of Figure1 (bot-
tom panel). Taking into account the �-ray and proton detection
e�ciencies, the first resonance was found to decay to 16C(2+1
) with a branching ratio, BR1(2+1 ), of 0.66(15), and the cor-
responding branching ratio, BR2(2+1 ), of the second resonance
was found to be 1, with a 1� uncertaintly lower limit of 0.72. In
each case, any contribution from feeding from neutron-decay to
the higher-lying multiplet is smaller than the uncertainties - IS
THIS TRUE??).

Guided by shell model calculations, such as those presented
below, which suggest that a number of levels should lie in the
region of ⇠2–6 MeV, the excitation energy spectrum was de-
scribed in terms of two broad resonances (found to be located at
4.4 and 5.6 MeV excitation energy) and contributions from the
non-resonant single and two-neutron breakup channels3. Im-
portantly, the description of the continuum in terms of a single
resonance (Appendix B) does not change the essential conclu-
sions of the present work. Indeed, in the two-resonance descrip-
tion, the great majority of the strength is carried by the lower
lying level.

The resonances were described in terms of single-level R-
matrix lineshapes,

�r(Ex, E0) / �tot (Ex)
(Ex � E0)2 + (�tot (Ex) /2)2 (1)

where E0 corresponds to the excitation energy of the reso-
nance. The total width of the resonance is a combination of the
widths of the two decay channels (see discussion below),

�tot(Ex, E0) = �`(0+1 ) + �`(2+1 ) (2)

�`(Ex, E0) = �r
P`(Ex)
P`(E0)

(3)

where P` is the penetrability for a neutron with orbital an-
gular momentum ` [39].

The resonance lineshapeswere convoluted with the resolu-
tion in excitation energy (FWHM=705 keV) which was deter-
mined using a Monte Carlo simulation [34] based on Geant4

3These will also take account for any contributions from very broad higher-
lying states.

[37], that included the beam characteristics (spot size and en-
ergy spread), the energy and angular straggling in the target,
the Si-detector resolutions and kinematical e↵ects. The am-
plitudes, energies and widths of the resonances were free pa-
rameters and only the experimental resolution was fixed in the
fitting procedure. The non-resonant contributions arising from
breakup were estimated by sampling, to take into account the
experimental acceptances, the simulated n-body phase space
distributions. In the case of the 1n breakup channel, the am-
plitude of its contribution is strongly constrained by the yield
in the excitation energy spectrum between 1 and 2 MeV. The
peak associated with the closely spaced bound states was de-
scribed using a Gaussian distribution, with a width governed
by the known experimental resolution, and an amplitude which
was left to vary in the fit.

As noted alluded to above, no strongly populated 1/2+ or
5/2+ unbound states are expected as the bound states with these
spin-parties carry most of the expected strength. In the case of
a 3/2� state with all but the smallest spectroscopic factor (and
hence population), the associated width would be far too broad
to allow it to be distinguished from the non-resonant contin-
uum. As such, the unbound strength observed here, in transfer
of a neutron onto the 16C ground state is most probably associ-
ated with J⇡=3/2+ and/or 7/2� levels. Shell model calculations
suggest, for a range of interactions [29], that the former are
more likely to dominate the excitation energies populated here
with the latter lying higher in energy.

Figure 2: Proton backward angle di↵erential cross sections for the lower-lying
resonance (data points shwon with statistical error bars) compared to ADWA
calculations for transfer to the ⌫1d3/2 (solid blue line) and ⌫1 f7/2 (dashed brown
line) orbitals.

Owing to the restricted range of angles covered by the present
data and the very broad character of the resonances, it was not
possible to deduce the transferred angular momentum from the
proton di↵erential angular distributions. However, the back-
ward angle di↵erential cross section (Fig. 2) can provide con-
straints on the spectroscopic factor for the lower-lying reso-
nance (for the much weaker higher lying resonance the statis-
tics ...?? ** BUT integrated backward angle cross section vs
ADWA ?? - OBVIOUS REFEREe QUESTION). Specifically,
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bution above Ex & 2 MeV, that exceeds, as shown in Appendix
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-

2

however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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(d,p)

Sn=0.734 MeV

spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
bution above Ex & 2 MeV, that exceeds, as shown in Appendix
A, the contributions from the non-resonant breakup channels –
16C+n+p and 15C+2n+p.

Figure 1 bottom panel, displays the Doppler-corrected and
addback-reconstructed �-ray energy spectrum (E� > 500 keV)
in coincidence with protons corresponding to 17C excitation en-
ergies in excess of 1 MeV. The �-ray energy spectrum was fit-
ted with lineshapes generated using Geant4 [37], plus a smooth
background [17, 34]. A strong transition is clearly observed
at 1.77 MeV and a very weak line at ⇠2.4 MeV, correspond-
ing, respectively, to the decay of the first 16C excited state (2+1 )
and from the multiplet of states (2, 3+1 , 4+1 ) at around 4.1 MeV
to the 2+ state [38]. Energetically both resonances in 17C can
decay to the first 2+ state in 16C and, despite the limited statis-
tics, it is clear that both states do so – inset of Figure1 (bot-
tom panel). Taking into account the �-ray and proton detection
e�ciencies, the first resonance was found to decay to 16C(2+1
) with a branching ratio, BR1(2+1 ), of 0.66(15), and the cor-
responding branching ratio, BR2(2+1 ), of the second resonance
was found to be 1, with a 1� uncertaintly lower limit of 0.72. In
each case, any contribution from feeding from neutron-decay to
the higher-lying multiplet is smaller than the uncertainties - IS
THIS TRUE??).

Guided by shell model calculations, such as those presented
below, which suggest that a number of levels should lie in the
region of ⇠2–6 MeV, the excitation energy spectrum was de-
scribed in terms of two broad resonances (found to be located at
4.4 and 5.6 MeV excitation energy) and contributions from the
non-resonant single and two-neutron breakup channels3. Im-
portantly, the description of the continuum in terms of a single
resonance (Appendix B) does not change the essential conclu-
sions of the present work. Indeed, in the two-resonance descrip-
tion, the great majority of the strength is carried by the lower
lying level.

The resonances were described in terms of single-level R-
matrix lineshapes,

�r(Ex, E0) / �tot (Ex)
(Ex � E0)2 + (�tot (Ex) /2)2 (1)

where E0 corresponds to the excitation energy of the reso-
nance. The total width of the resonance is a combination of the
widths of the two decay channels (see discussion below),

�tot(Ex, E0) = �`(0+1 ) + �`(2+1 ) (2)

�`(Ex, E0) = �r
P`(Ex)
P`(E0)

(3)

where P` is the penetrability for a neutron with orbital an-
gular momentum ` [39].

The resonance lineshapeswere convoluted with the resolu-
tion in excitation energy (FWHM=705 keV) which was deter-
mined using a Monte Carlo simulation [34] based on Geant4

3These will also take account for any contributions from very broad higher-
lying states.

[37], that included the beam characteristics (spot size and en-
ergy spread), the energy and angular straggling in the target,
the Si-detector resolutions and kinematical e↵ects. The am-
plitudes, energies and widths of the resonances were free pa-
rameters and only the experimental resolution was fixed in the
fitting procedure. The non-resonant contributions arising from
breakup were estimated by sampling, to take into account the
experimental acceptances, the simulated n-body phase space
distributions. In the case of the 1n breakup channel, the am-
plitude of its contribution is strongly constrained by the yield
in the excitation energy spectrum between 1 and 2 MeV. The
peak associated with the closely spaced bound states was de-
scribed using a Gaussian distribution, with a width governed
by the known experimental resolution, and an amplitude which
was left to vary in the fit.

As noted alluded to above, no strongly populated 1/2+ or
5/2+ unbound states are expected as the bound states with these
spin-parties carry most of the expected strength. In the case of
a 3/2� state with all but the smallest spectroscopic factor (and
hence population), the associated width would be far too broad
to allow it to be distinguished from the non-resonant contin-
uum. As such, the unbound strength observed here, in transfer
of a neutron onto the 16C ground state is most probably associ-
ated with J⇡=3/2+ and/or 7/2� levels. Shell model calculations
suggest, for a range of interactions [29], that the former are
more likely to dominate the excitation energies populated here
with the latter lying higher in energy.

Figure 2: Proton backward angle di↵erential cross sections for the lower-lying
resonance (data points shwon with statistical error bars) compared to ADWA
calculations for transfer to the ⌫1d3/2 (solid blue line) and ⌫1 f7/2 (dashed brown
line) orbitals.

Owing to the restricted range of angles covered by the present
data and the very broad character of the resonances, it was not
possible to deduce the transferred angular momentum from the
proton di↵erential angular distributions. However, the back-
ward angle di↵erential cross section (Fig. 2) can provide con-
straints on the spectroscopic factor for the lower-lying reso-
nance (for the much weaker higher lying resonance the statis-
tics ...?? ** BUT integrated backward angle cross section vs
ADWA ?? - OBVIOUS REFEREe QUESTION). Specifically,
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spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
bution above Ex & 2 MeV, that exceeds, as shown in Appendix
A, the contributions from the non-resonant breakup channels –
16C+n+p and 15C+2n+p.

Figure 1 bottom panel, displays the Doppler-corrected and
addback-reconstructed �-ray energy spectrum (E� > 500 keV)
in coincidence with protons corresponding to 17C excitation en-
ergies in excess of 1 MeV. The �-ray energy spectrum was fit-
ted with lineshapes generated using Geant4 [37], plus a smooth
background [17, 34]. A strong transition is clearly observed
at 1.77 MeV and a very weak line at ⇠2.4 MeV, correspond-
ing, respectively, to the decay of the first 16C excited state (2+1 )
and from the multiplet of states (2, 3+1 , 4+1 ) at around 4.1 MeV
to the 2+ state [38]. Energetically both resonances in 17C can
decay to the first 2+ state in 16C and, despite the limited statis-
tics, it is clear that both states do so – inset of Figure1 (bot-
tom panel). Taking into account the �-ray and proton detection
e�ciencies, the first resonance was found to decay to 16C(2+1
) with a branching ratio, BR1(2+1 ), of 0.66(15), and the cor-
responding branching ratio, BR2(2+1 ), of the second resonance
was found to be 1, with a 1� uncertaintly lower limit of 0.72. In
each case, any contribution from feeding from neutron-decay to
the higher-lying multiplet is smaller than the uncertainties - IS
THIS TRUE??).

Guided by shell model calculations, such as those presented
below, which suggest that a number of levels should lie in the
region of ⇠2–6 MeV, the excitation energy spectrum was de-
scribed in terms of two broad resonances (found to be located at
4.4 and 5.6 MeV excitation energy) and contributions from the
non-resonant single and two-neutron breakup channels3. Im-
portantly, the description of the continuum in terms of a single
resonance (Appendix B) does not change the essential conclu-
sions of the present work. Indeed, in the two-resonance descrip-
tion, the great majority of the strength is carried by the lower
lying level.

The resonances were described in terms of single-level R-
matrix lineshapes,

�r(Ex, E0) / �tot (Ex)
(Ex � E0)2 + (�tot (Ex) /2)2 (1)

where E0 corresponds to the excitation energy of the reso-
nance. The total width of the resonance is a combination of the
widths of the two decay channels (see discussion below),

�tot(Ex, E0) = �`(0+1 ) + �`(2+1 ) (2)

�`(Ex, E0) = �r
P`(Ex)
P`(E0)

(3)

where P` is the penetrability for a neutron with orbital an-
gular momentum ` [39].

The resonance lineshapeswere convoluted with the resolu-
tion in excitation energy (FWHM=705 keV) which was deter-
mined using a Monte Carlo simulation [34] based on Geant4

3These will also take account for any contributions from very broad higher-
lying states.

[37], that included the beam characteristics (spot size and en-
ergy spread), the energy and angular straggling in the target,
the Si-detector resolutions and kinematical e↵ects. The am-
plitudes, energies and widths of the resonances were free pa-
rameters and only the experimental resolution was fixed in the
fitting procedure. The non-resonant contributions arising from
breakup were estimated by sampling, to take into account the
experimental acceptances, the simulated n-body phase space
distributions. In the case of the 1n breakup channel, the am-
plitude of its contribution is strongly constrained by the yield
in the excitation energy spectrum between 1 and 2 MeV. The
peak associated with the closely spaced bound states was de-
scribed using a Gaussian distribution, with a width governed
by the known experimental resolution, and an amplitude which
was left to vary in the fit.

As noted alluded to above, no strongly populated 1/2+ or
5/2+ unbound states are expected as the bound states with these
spin-parties carry most of the expected strength. In the case of
a 3/2� state with all but the smallest spectroscopic factor (and
hence population), the associated width would be far too broad
to allow it to be distinguished from the non-resonant contin-
uum. As such, the unbound strength observed here, in transfer
of a neutron onto the 16C ground state is most probably associ-
ated with J⇡=3/2+ and/or 7/2� levels. Shell model calculations
suggest, for a range of interactions [29], that the former are
more likely to dominate the excitation energies populated here
with the latter lying higher in energy.

Figure 2: Proton backward angle di↵erential cross sections for the lower-lying
resonance (data points shwon with statistical error bars) compared to ADWA
calculations for transfer to the ⌫1d3/2 (solid blue line) and ⌫1 f7/2 (dashed brown
line) orbitals.

Owing to the restricted range of angles covered by the present
data and the very broad character of the resonances, it was not
possible to deduce the transferred angular momentum from the
proton di↵erential angular distributions. However, the back-
ward angle di↵erential cross section (Fig. 2) can provide con-
straints on the spectroscopic factor for the lower-lying reso-
nance (for the much weaker higher lying resonance the statis-
tics ...?? ** BUT integrated backward angle cross section vs
ADWA ?? - OBVIOUS REFEREe QUESTION). Specifically,
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bution above Ex >3 MeV, that exceeds, as shown in Appendix
A, the contributions from the non-resonant breakup channels –
16C+n+p and 15C+2n+p.

One of the main assets of this experimental set-up is the co-
incident detection of �-rays with charged particles in TIARA.
Figure 1 bottom panel, displays the Doppler-corrected and addback-
reconstructed �-ray energy spectrum (E� > 500 keV) in coinci-
dence with protons corresponding to 17C excitation energies in
excess of 1 MeV. The �-ray energy spectrum was fitted with
lineshapes generated using Geant4 [37], plus a smooth back-
ground [17, 34]. Two transitions are clearly observed at ener-
gies 1.77 and ⇠2.4 MeV, corresponding to the decay of the first
16C excited state (2+1 ) and from the multiplet of states (2, 3+1 ,
4+1 ) at around 4.1 MeV to the 2+ state [38]. Energetically both
resonances in 17C can decay to the first 2+ state in 16C and, de-
spite the limited statistics, it is clear that both states do so – in-
set of Fig.1 (bottom panel). Taking into account the �-ray and
proton detection e�ciencies, the first resonance was found to
decay to 16C(2+1 ) with a branching ratio, BR1(2+1 ), of 0.66(15),
and the corresponding branching ratio, BR2(2+1 ), of the second
resonance was found to be close to 1+0.00

�0.28.
Guided by shell model calculations, such as those presented

below, which suggest that a number of 3/2+ levels should lie in
the region of ⇠2–6 MeV, the excitation energy spectrum was de-
scribed in terms of two broad resonances (found to be located
at 4.4 and 5.6 MeV excitation energy) and contributions from
non-resonant 1n and 2n channels3. Importantly, as discussed
later, the description of the continuum in terms of a single reso-
nance (Appendix B) does not change the essential conclusions
of the present work. Indeed, in the two-resonance description,
the great majority of the strength is carried by the lower lying
level.

The resonances were described in terms of single-level R-
matrix lineshapes,

�r(Ex, E0) / �tot (Ex)
(Ex � E0)2 + (�tot (Ex) /2)2 (1)

where E0 corresponds to the excitation energy of the reso-
nance. The total width of the resonance is a combination of the
widths of the two decay channels (see discussion below),

�tot(Ex, E0) = �`(0+1 ) + �`(2+1 ) (2)

�`(Ex, E0) = �r
P`(Ex)
P`(E0)

(3)

where P` is the penetrability for a neutron with orbital an-
gular momentum ` [39].

The resonance lineshapeswere convoluted with the resolu-
tion in excitation energy (FWHM=705 keV) which was deter-
mined using a Monte Carlo simulation [34] based on Geant4
[37], that included the beam characteristics (spot size and en-
ergy spread), the energy and angular straggling in the target,

3This may also take into account contributions from very broad higher lying
states.

the Si-detector resolutions and kinematical e↵ects. The am-
plitudes, energies and widths of the resonances were free pa-
rameters and only the experimental resolution was fixed in the
fitting procedure. The non-resonant contributions arising from
breakup were estimated by sampling, to take into account the
experimental acceptances, the simulated n-body phase space
distributions. In the case of the 1n breakup channel, the am-
plitude of its contribution is strongly constrained by the yield
in the excitation energy spectrum between 1 and 2 MeV. The
peak associated with the closely spaced bound states was de-
scribed using a Gaussian distribution, with a width governed
by the known experimental resolution, and an amplitude which
was left to vary in the fit.

As noted alluded to above, no strongly populated 1/2+ or
5/2+ unbound states are expected as the bound states with these
spin-parties carry most of the expected strength. In the case of
a 3/2� state with all but the smallest spectroscopic factor (and
hence population), the associated width would be far too broad
to allow it to be distinguished from the non-resonant contin-
uum. As such, the unbound strength observed here, in transfer
of a neutron onto the 16C ground state is most probably associ-
ated with 3/2+ and/or 7/2� levels. Shell model calculations sug-
gest, for a range of interactions [29], that the former are more
likely to dominated the excitation energies populated here with
the latter lying higher in energy.

Figure 2: Proton angular distribution for the lower-lying resonance (data points
with statistical error bars) compared to ADWA calculations assuming transfer
to the ⌫1d3/2 (solid blue line) and ⌫1 f7/2 (dashed brown line) orbitals. Experi-
mental data are shown with full triangles.

Owing to the restricted range of angles covered by the present
data and the very broad character of the resonances, it was not
possible to deduce the transferred angular momentum from the
proton di↵erential angular distributions. However, the normal-
ization gives us information on the spectroscopic factors. Fig-
ure 2 shows the proton angular distribution acquired here at
very backward angles. Specifically, the experimental distribu-
tion is compared to Adiabatic Distorted Wave Approximations
(ADWA) calculations computed with DWUCK4 [40] using the
Koning-Delaroche nucleon-nucleus optical potential parame-
terisation [41] in the exit channel, as well as in the entrance
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however, possible and can be used to test and improve models
and thus their predictions much further from stability. It is in
this spirit that the present investigation was undertaken with the
goal of locating the ⌫1d3/2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the
⌫2s1/2 strength, while the majority of the ⌫1d3/2 single-particle
strength is found in an unbound state at 4.78 MeV [15]. As a re-
sult, the size of the N=16 shell gap, estimated as Ex(3/2+)�Ex(1/2+)
= 4.78 MeV, is very similar to that in 17O – 4.21 MeV. This per-
sitence of the N=16 gap may be seen as a result of the combined
action of the Vpn

1p1/21d3/2
and Vpn

1p1/22s1/2
monopole interations to-

gether with continuum e↵ects [16]. Adding two more neutrons
to 15C could potentially increase the role of neutron-neutron
correlations and favour the development of deformation. How-
ever, the extent to which the N=16 shell gap persists in 17C is
not known experimentally.

In terms of the spectroscopy of 17C, our investigation of
the bound states using single-neutron transfer onto 16C [17] has
shown that the neutron 1d5/2 and 2s1/2 orbitals are almost de-
generate and that the single-particle strengths of the 1d5/2 and
2s1/2 orbitals are essentially exhausted [17]. In contrast, there
is negligble 1d3/2 strength found in the bound states2 and it thus
must be located in the continuum. Similar conclusions have
been drawn by other investigations of the ground and bound
excited states of 17C [18–25].

Unbound states in 17C (Sn= 0.734(18) MeV [26]) have been
investigatd via three-nucleon transfer – 14C(12C,9C) [27]– in-
elastic scattering [28], �-decay [19] and one-neutron removal
[29], but in all cases they have been seen to populate mainly
negative parity or high spin states. Here, we employ, as in
our earlier work [17], single-neutron transfer onto 16C using
the 16C(d,p) reaction in inverse kinematics, with the goal of in-
vestigating the continuum states of 17C and locating the ⌫1d3/2
strength.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was pro-
duced at the GANIL coupled cyclotron facility by fragmen-
tation of a primary beam of 18O (55 MeV/nucleon) and pre-
pared and purified using the LISE separator [30]. The 16C
intensity at the secondary target position was ⇠5 ⇥ 104 pps
and the purity was essentially 100%. The secondary target
was a Cd2 foil of thickness 1.37(4) mg/cm2. The experimen-
tal setup around the secondary target was that described in our
earlier work [17] - namely the TiaRA Si-strip array [31], 4 Ge
clover detectors of the EXOGAM array [32] and a Si-Si-CsI
CHARISSA telescope [33]. Here, only the data aquired for pro-
tons emitted from the 16C(d, p) reaction at the most backward
angles – ✓lab=[147�,167�] (corresponding to the annular “HY-
BALL” detector [31]) – was exploited. Protons corresponding
to excitation energies up to 6 MeV could be measured (Fig. 1).
At more forward angles much higher thresholds precluded the
17C continuum from being observed [34].

2The 3/2+ ground state has a 16C(2+)⌦⌫1d5/2 configuration.

Identification of the atomic number of the beam-like residue
was achieved using the CHARISSA telescope placed at zero de-
grees downstream of the secondary target. The �-rays emitted
by the beam-like residues were recorded using the EXOGAM
detectors placed at 90� and 55 mm from the centre of the sec-
ondary target. The absolute photopeak e�ciency, including ad-
dback and Lorentz boost, was determined to be 6.9(0.2)% at
1.77 MeV. Further details concering the setup, simuations and
data analysis techniques may be found in Refs [17, 34–36].
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Figure 1: Top panel: Reconstructed excitation energy of 17C for ✓lab =
[147�, 167�] (the vertical error bars are statistical, the horizontal bars repre-
sent the binning ). The overall fit incorporates two resonances at the ener-
gies indicated (single-level R-matrix lineshapes convolved with the experimen-
tal resolution) and non-resonant contributions from the one and two-neutron
breakup channels. The vertical dotted line shows the limit of the fitting as im-
posed by the threshold in proton detection (see text). Bottom panel: Addback-
reconstructed and Doppler-corrected �-ray energy spectrum for Ex > 1 MeV
in 17C. The overall fit is based on the simulated response functions for the
16C(2+1 !0+1 ) transition E�=1.77 MeV and the (3+1 , 4+1 )!2+1 transition E�⇡2.35
MeV. A background contribution is also included. Inset: 17C excitation energy
for events in coincidence with the �-ray peak at 1.77 MeV.

3. Analysis and Results

The 17C excitation energy (Ex) was reconstructed from the
energy and the angle of the protons detected in coincidence with
a Z=6 beam-like residue recorded at zero degrees (Fig. 1). The
spectrum shows a clear peak centered at the energy of the sec-
ond bound excited state (0.335 MeV) and a very broad distri-
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Figure 1: Energy distribution with respect to the neutron separation thresh-
old of the transfer to the continuum for the reaction 16C(d, p)17C at
17.2 MeV/nucleon. Calculations have been made using the NAMD model with
the NoB and TB methods, for which the predicted resonances are marked with
dotted lines. The sum of all contributions (solid lines) are shown along with the
distributions when the 16C nucleus results in its first excited state 2+ (dashed
lines).

This expression is based on the completeness relation of the
basis, which is approximately valid if a sufficiently large num-
ber of pseudo-states is taken for the considered energy range.
Convergence of the calculated cross-section with respect to the
number of pseudo-states has been checked for this purpose.

4. Application to 16C(d, p)17C

The transfer reaction 16C(d, p)17C has recently been stud-
ied [4], with the aim of localising the 1d3/2 orbital for neutrons
in 16−17C, to confirm the N = 16 shell gap. Once the NAMD
model has been tested in the case of transfer to the bound states
of 17C [6], we now extend the application to the transfer to un-
bound states using the formalism previously introduced.

Transfer-to-the continuum calculations are performed us-
ing the same interactions Vpn,UpA, and UdC as in Refs. [5, 6].
Experimental data was obtained in GANIL in inverse kinemat-
ics, using a 16C beam at 17.2 MeV/nucleon and measuring the
protons emitted at the most backward angles in the laboratory
frame (147◦ ≤ θlab ≤ 167◦) [4, 7]. This corresponds to very
small angles for 17C in the center-of-mass frame (θCM < 11◦),
although the exact range depends on the energy of the populated
state.

We calculate the energy distributions of the cross section for
the experimental angular range, using the NAMD model with
NoB and TB methods [6]. To describe the 17C continuum, we
consider pseudo-states up to 13 MeV above the neutron separa-
tion threshold, with J ≤ 9/2 in the case of positive parity and
J ≤ 7/2 in the case of negative parity. The energy distributions
of the total cross section, that is, the sum of all contributions, are
shown in Fig. 1 with solid lines. The dashed lines correspond
to the sums of the contributions for the outgoing channels with
the core state 2+. Note that, since unbound states of 17C are
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Figure 2: Excitation energy distribution of the cross section for the transfer
reaction 16C(d, p)17C at 17.2 MeV/nucleon obtained using the NAMD model
with the NoB and TB methods. The distributions of the total cross section
(solid line) and that associated with the 16C(2+) + n decay of 17C (dashed line)
are compared with the experimental data from GANIL [4].

populated, the nucleus immediately emits a neutron, and the
distributions mentioned correspond to the case where 16C re-
sults in its first excited state 2+. This distribution was measured
experimentally in addition to that of the total cross section using
particle-gamma coincidences [4].

On the x-axis, the resonances predicted using the NAMD
model with the NoB and TB methods are marked. Several res-
onances of 17C are predicted, but many of them weakly con-
tribute to the transfer cross section because they are strongly
associated with a d5/2 configuration for the valence neutron
coupled to excited states of the core. It must be taken into ac-
count that the transfer reaction 16C(d, p)17C starts with 16C in
its ground state 0+, which reduces the probability of populating
states of 17C with minimum weights for the component associ-
ated with this core state.

In order to compare our calculations with the experimental
data, we convolute the theoretical distributions with the experi-
mental energy resolution. The results are shown in Fig. 2, also
including the contribution of the transfer to the bound states,
and they are compared with the experimental data from GANIL
[4]. Note that, for a meaningful comparison with the experi-
mental data, before convolution we have transformed the en-
ergy with respect to the neutron separation threshold to the ex-
citation energy by adding the one neutron separation energy of
17C.

As discussed in Ref. [6], the transfer to the bound states is
underestimated when Pauli blocking is not taken into account
(i.e., the NoB method), while it is well reproduced when Pauli
blocking is imposed using the TB method. Meanwhile, using
both methods, the agreement with the data for the transfer to
the continuum is similar. In the case of TB, the contributions
of the first 3/2+ and 5/2+ resonances result in a peak around
2.5 MeV, that is not consistent with the data. Note that these
resonances are very close to the 16C(2+)+ n threshold, so small
differences in energy can have strong effects in the reaction. In
any case, the general agreement of the calculations using the
NAMD model considering the TB is fairly good, taking into
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Figure 1: Energy distribution with respect to the neutron separation thresh-
old of the transfer to the continuum for the reaction 16C(d, p)17C at
17.2 MeV/nucleon. Calculations have been made using the NAMD model with
the NoB and TB methods, for which the predicted resonances are marked with
dotted lines. The sum of all contributions (solid lines) are shown along with the
distributions when the 16C nucleus results in its first excited state 2+ (dashed
lines).

This expression is based on the completeness relation of the
basis, which is approximately valid if a sufficiently large num-
ber of pseudo-states is taken for the considered energy range.
Convergence of the calculated cross-section with respect to the
number of pseudo-states has been checked for this purpose.

4. Application to 16C(d, p)17C

The transfer reaction 16C(d, p)17C has recently been stud-
ied [4], with the aim of localising the 1d3/2 orbital for neutrons
in 16−17C, to confirm the N = 16 shell gap. Once the NAMD
model has been tested in the case of transfer to the bound states
of 17C [6], we now extend the application to the transfer to un-
bound states using the formalism previously introduced.

Transfer-to-the continuum calculations are performed us-
ing the same interactions Vpn,UpA, and UdC as in Refs. [5, 6].
Experimental data was obtained in GANIL in inverse kinemat-
ics, using a 16C beam at 17.2 MeV/nucleon and measuring the
protons emitted at the most backward angles in the laboratory
frame (147◦ ≤ θlab ≤ 167◦) [4, 7]. This corresponds to very
small angles for 17C in the center-of-mass frame (θCM < 11◦),
although the exact range depends on the energy of the populated
state.

We calculate the energy distributions of the cross section for
the experimental angular range, using the NAMD model with
NoB and TB methods [6]. To describe the 17C continuum, we
consider pseudo-states up to 13 MeV above the neutron separa-
tion threshold, with J ≤ 9/2 in the case of positive parity and
J ≤ 7/2 in the case of negative parity. The energy distributions
of the total cross section, that is, the sum of all contributions, are
shown in Fig. 1 with solid lines. The dashed lines correspond
to the sums of the contributions for the outgoing channels with
the core state 2+. Note that, since unbound states of 17C are
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Figure 2: Excitation energy distribution of the cross section for the transfer
reaction 16C(d, p)17C at 17.2 MeV/nucleon obtained using the NAMD model
with the NoB and TB methods. The distributions of the total cross section
(solid line) and that associated with the 16C(2+) + n decay of 17C (dashed line)
are compared with the experimental data from GANIL [4].

populated, the nucleus immediately emits a neutron, and the
distributions mentioned correspond to the case where 16C re-
sults in its first excited state 2+. This distribution was measured
experimentally in addition to that of the total cross section using
particle-gamma coincidences [4].

On the x-axis, the resonances predicted using the NAMD
model with the NoB and TB methods are marked. Several res-
onances of 17C are predicted, but many of them weakly con-
tribute to the transfer cross section because they are strongly
associated with a d5/2 configuration for the valence neutron
coupled to excited states of the core. It must be taken into ac-
count that the transfer reaction 16C(d, p)17C starts with 16C in
its ground state 0+, which reduces the probability of populating
states of 17C with minimum weights for the component associ-
ated with this core state.

In order to compare our calculations with the experimental
data, we convolute the theoretical distributions with the experi-
mental energy resolution. The results are shown in Fig. 2, also
including the contribution of the transfer to the bound states,
and they are compared with the experimental data from GANIL
[4]. Note that, for a meaningful comparison with the experi-
mental data, before convolution we have transformed the en-
ergy with respect to the neutron separation threshold to the ex-
citation energy by adding the one neutron separation energy of
17C.

As discussed in Ref. [6], the transfer to the bound states is
underestimated when Pauli blocking is not taken into account
(i.e., the NoB method), while it is well reproduced when Pauli
blocking is imposed using the TB method. Meanwhile, using
both methods, the agreement with the data for the transfer to
the continuum is similar. In the case of TB, the contributions
of the first 3/2+ and 5/2+ resonances result in a peak around
2.5 MeV, that is not consistent with the data. Note that these
resonances are very close to the 16C(2+)+ n threshold, so small
differences in energy can have strong effects in the reaction. In
any case, the general agreement of the calculations using the
NAMD model considering the TB is fairly good, taking into
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channel to compute the d+16C adiabatic potential. Unbound
16C+n form factors were computed in a Woods-Saxon poten-
tial with standard geometry (radius parameter r0 = 1.25 fm
and di↵useness a = 0.65 fm) and with the depth adjusted to
give a resonance at the measured energy. Transfer to these
unbound form factors was considered using the Vincent and
Fortune procedure [42]. The calculations employed the zero-
range approximation with a standard finite-range correction and
a standard non-locality correction in the exit channel. Spec-
troscopic factors were obtained by normalising the computed
di↵erential angular distribution cross sections to this measured.
As noted above, no `=1 resonance can be formed at the ener-
gies in question here, comparison is only made with ` = 2 and 3
neutron transfer onto the 16C(0+1 ). We obtain C2S 1(0+)=0.47(2)
and C2S 1(0+)=0.26(1) for 1d3/2 and 1 f7/2, respectively, where
the uncertainty is only statistical.

The value of the spectroscopic factor can be cross-checked
with the one obtained from the neutron decay width to the 0+
in 16C. Assuming several configurations for the first resonance
(see Table 1), a global �2 minimisation of the excitation energy
spectrum, employing the R-matrix lineshapes and non-resonant
components as described above, was carried out. For the sec-
ond resonance, given its large branching ratio to the 16C(2+1 )
state, BR2(2+1 ) ' 1, its wave function is dominated by core ex-
citations. This resonance has su�cient energy to decay to the
3+, 4+ doublet at ' 4.1 MeV in 16C (see Fig. 1 bottom panel).
Neglecting the contribution from this decay, the experimental
BR2(2+1 ) is only compatible with a d-wave configuration, and
therefore a 3/2+ state. A J⇡ =7/2� assignment implies a cou-
pling to either p-wave-which is very broad at the resonance en-
ergy or a f -wave which is then too narrow for the observed
width.

The results for the low-lying resonance are presented in Ta-
ble 1. It is important to note that the position of the excitation
energy for the first resonance barely changes with the di↵er-
ent assumptions of nl j orbitals while the major change is ob-
served in the total width. Knowing the branching ratio BR1(2+1 )
and assuming only two decay channels, the branching ratio to
the 16C(0+) ground state may be deduced. In the case of the
low-lying resonance BR1(0+1 )=0.34(15) was obtained. Using
the well-known relationship between the partial width and the
single-particle width :

�(0+)(Ex) = C2S (0+) ⇥ �sp
` (Ex) (4)

The spectroscopic factor to the C2S 1(0+) can be derived.
Table 1 shows that the values obtained when considering a ` = 2
angular momentum coupled to the 0+ , C2S 1(0+) = 0.45+0.32

�0.22
and C2S 1(0+) = 0.43+0.81

�0.58, are compatible with the result de-
duced from the angular distribution. While the coupling with
a ` = 3 orbital (1 f7/2 ⌦ 0+) yields an unphysical vacancy -
C2S 1(0+) = 1.56+2.51

�0.71, C2S 1(0+) = 1.58+5.08
�0.71 - and therefore not

inline with previous results.
Additional information about the C2S 1(2+1 ) for the first res-

onance can be obtained from the BR1(2+1 )=0.66(15). The ob-
tained results, assuming a 1d3/2⌦ 2+ configuration, C2S 1(2+1 ) =
3.9+1.46
�1.20 or 24 +76.22

�6.07 exceed the expected vacancy of a 1d3/2
orbital (see Table 1 ). The result is in agreement with shell
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Figure 3: Experimental excitation energy Ex and spectroscopic factors
C2S (0+1 ) of the 3/2+ states in 17C compared to shell model calculations with
the SFO-tls interaction and Gamow Shell Model calculations with (GSM) and
without (GSMnc) coupling to the continuum. Hatched bands represent the ex-
perimental uncertainties on the resonance energies (Table 2). The dashed line
indicates the 17C separation energy.

model calculations shown in Table 2 that predict a very low
1d3/2 component and favours a 2s1/2 orbital ⌦ 2+1 configuration
for the two lowest resonances. With this configuration, the �2-
minimisation yielded best-fit (Fig. 1) decay energies and total
widths of Ex,1 = 4.40+0.33

�0.14, �tot
1 =3.45+1.82

�0.78 and Ex,2 = 5.60+1.35
�0.45,

�tot
2 =1.6+4.6

�1.4 MeV, respectively. Turning to the second reso-
nance, an upper limit C2S 2(0+) < 0.08 can be obtained for the
spectroscopic factor of the 16C(0+) ⌦ n component.

As already alluded to earlier, the unbound strength is dom-
inated by that of the lower-lying resonance. We note that the
excitation energy spectrum is also well described by a fit incor-
porating only single very broad resonance with Ex,1 = 5.90+1.53

�0.43
and �tot

1 =6.2+8.0
�1.9 MeV. However, as noted in Appendix B this

does not change in any significant manner the energy deduced
for the e↵ective single-particle energy for neutron ⌫1d3/2 orbital
and conclusions presented below concerning the N=16 shell
gap.

4. Discussion

On Fig. 3, the excitation energies and C2S (0+) spectro-
scopic factors of the observed resonances are compared to state-
of-the-art shell model calculations in the p-sd configuration
space using the SFO-tls interaction [43, 44] (second column)
and to Gamow Shell Model [45, 46] (third column) calcula-
tions which include explicit continuum coupling and internu-
cleon correlations in a unified picture. Only 3/2+ states below
7 MeV are plotted in Fig. 3. In the GSM calculation for 17C,
a core of 14C was used with the Furutani-Horiuchi-Tamagaki
(FHT) interaction [47–49].

Both types of calculations predict a first 3/2+ resonance with
a sizeable strength in the vicinity of 2.5-3.5 MeV, which is not
observed experimentally. Although a state can not be excluded,
given the limited statistics of our experiment, its strength is
most likely weaker than predicted and would have no e↵ect on
the final results.
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• Experimentally the strength is located at 4.40 and 5.60 MeV

• Continuum effects tend to lower the Ex & shares the strength equally

• SFO-tls and GSM predict the major part of the 0d3/2 strength concentrated in 2-4 MeV
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• D(N=16)=5.07(45) MeV survival of the N=16  in 17C  

• SFO-tls predicts the 0d3/2 ESPE ~ 1.3 MeV lower à continuum effects or 3NF ?  

• Important implications for the N=16 Shell gap in 22C

DN=16 (17C)5.07(45)

ESPE from (d,p) & (d,t)
e1s1/2
e0d5/2
e0d3/2
D(N=16)= e0d3/2  - e1s1/2

DN=16 (14C)4.5(25)

M. Baranger et al. NPA 149, 225 (1970)
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OCS: Quenching of SF in halo systems

motivation methodology results outlook

Recently gathered information

During the MUST2 @ RIKEN campaign, an unexpected reduction of the
cross-section was observed in 9,11Li(d, 3He)8,10He reactions.
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GMF of neutron w.f for 12Be(d, 3He)11Li

Possible explanations:• Role of the many-body interactions.• Overestimation of the nuclear overlap⟨9,11Li∣8,10He⟩.

Collect more
d𝜎/dΩ data!

3

A long-standing puzzle

A trend with asymmetry energy�S ⌘ Sn � Sp is found
depending on the experimental probe!

(e, e’p) transfer (p,2p) Be-C
knock-out

T. Aumann et al. Prog. Part. Nucl. Phys. 118 (2021)

)measure towards more exotic nuclei: |�S| "

SF quenching | M. Lozano et al. Page 2/ 11

Importance of GMF

Towards exotic nuclei (loosely bound or halo), a geometrical
mismatch factor emerges from the very different w.f. in the
overlap:

A.Matta et al., Phys. Rev. C 92 (2015)
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N. K. Timofeyuk, private communication (in E748
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) Need to establish more systematics for this
parameter

SF quenching | M. Lozano et al. Page 4/ 11

Miguel Lozano González

the SM, because the model limits the maximum allowed configuration mixing (i.e., the number
of active particle-hole states), and includes only a few major shells (𝑁ℏ𝜔) in the calculations.

Experimentally, the impact of correlations has long been known from early studies of electron-
induced proton-knockout experiments (𝑒, 𝑒′𝑝) at the NIKHEF facility in Amsterdam, which
reported a reduction of about 65 % of the single-particle strength predicted by the IPM [39], as
depicted in Figure 2.8a). Although it will be described in detail in the section on reaction theory,
it is convenient to introduce the concept of spectroscopic factor here to understand how the
single-particle strength is generally measured. In direct reactions, which are those that proceed
directly from the initial to the final state without forming an intermediate compound nucleus,
the cross section can be factorised into a structure term (the spectroscopic factor, C2S) and a
single-particle (sp) cross section linked to the reaction mechanism:

𝜎 = C2S ⋅ 𝜎sp. (2.16)

The spectroscopic factor captures the single-particle strength of a given orbital 𝑗, which in the
independent-particle shell model corresponds to the orbital’s degeneracy (2𝑗 + 1). The reduction
of single-particle strength is translated into a quenching of the experimental spectroscopic factor
compared to theoretical values, whether from the IPM or from more comprehensive interacting
shell-model calculations. Thus, the reduction (or quenching; both will be used as synonyms
throughout this thesis) factor is written as:

𝑅s = C2Sexp

C2Stheo
. (2.17)

The 𝑅s analysis of (𝑒, 𝑒′𝑝) data highlighted the pivotal role of nucleon-nucleon correlations,
as the reaction model used to extract the theoretical cross section, the Distorted-Wave Impulse
Approximation (DWIA), is well established. An additional consequence of NN correlations is
the fragmentation of strength observed at different excitation energies, highly dependent on the
binding energy of the removed nucleon. Experiments in 208Pb indicated the disappearance of
well-defined single-particle peaks in favour of regions of highly-fragmented strength as the struck
orbital is more deeply bound [40, 41].

Since the (𝑒, 𝑒′𝑝) results, considerable effort has been devoted to understanding the origin of
this missing strength. The Green’s function method [43] has been particularly fruitful in the field,
providing a theoretical framework that accommodates the two sources of this strength depletion:
short-range correlations (SRC) and long-range correlations (LRC). These are qualitatively
described below. To better follow the discussion, one must recall the concept of the Fermi level,
which, in the simplified approximation of a nucleus as a gas of fermions, represents the last
occupied energy level, at an energy 𝐸F ≈ 33MeV with respect to the potential well1.

Short-range correlations The presence of a strong repulsive core in the NN force creates
nucleon-nucleon pairs with large relative momentum, while the centre-of-mass momentum
is kept small. In this process, the tensor part of the nuclear force makes proton-neutron
pairs (in a quasi-deuteron state, with 𝑆 = 1 and 𝑇 = 0) significantly more prevalent than
any other configuration. Both assumptions are experimentally confirmed in high-energy

1This value is a rough estimate assuming 𝑁 = 𝑍, but it provides the order of magnitude. More generally, proton
and neutron wells have different level densities, since 𝑁 ≠ 𝑍, and consequently, the Fermi level is different for each
species. Furthermore, assuming a constant binding energy of the last valence nucleon of ∼ 8MeV, the depth of the
nuclear potential well is approximately 𝑉 ≈ (8 + 33)MeV = 41MeV.

16

• Short range correlations (SRC)
• Long range correlations (LRC)

In reactions involving weakly bound/halo nuclei ?
à Extreme quenching in proton pickup 

Quenching of single-particle strength : Rs

A. Matta et al. PRC 92, (2015) 041302

à Disagreement among probes
Strongly bound

Geometrical mismatch factor  : GMF <11Li|10He> = 0.20 
CHAPTER 3. HYPOTHESIS AND OBJECTIVES

0 5 10 15 20 2500.250.5
0.751

9Li→8He 11Li→10He

GMF≃ 0.20

a)

ΔS

R s

stdWS
STA

0 5 10 15 20 2510−3
10−2
10−1

Radial
mismatch

b)

r [fm]

w
f[

fm
−3/2

]

𝑙 = 110Be + n9Li + n

Figure 3.1: a) Quenching factor as a function of asymmetry energy from the previous experiment of
[75]. The effect of the geometrical mismatch factor is highlighted for 10He. b) One-neutron 𝑙 = 1 wave
functions in 10Be and 9Li to illustrate the geometrical mismatch in the ⟨12Be|11Li⟩ overlap.

the region of accepted values 𝑅s, as shown in Figure 3.1a). However, for the STA, one would
expect 𝑅s = 1 if NN correlations were correctly implemented in the model, which is far from the
corrected results. A failure of the STA cannot be ruled out, nor can the role of core excitations in
8He in lowering the spectroscopic strength of the ground state of 10He.

To shed more light on the mismatch effect, other candidates expected to display it must
be explored. The proton-removal transfer reaction 12Be(d,3He)11Li is a natural candidate, as
the last bound neutron in 12Be has 𝑆2n/2 = 1.84MeV and, thus, the neutron wave functions
should have a different radial extent. The final state of this reaction is better known than in the
previous measurement, where the possible interaction of 3He with the unbound 10He nucleus
introduced uncertainties in the results. In Figure 3.1b), the 𝑝-wave (𝑙 = 1) components of
12Be (a 10Be core plus two neutrons) and 11Li (9Li and two neutrons) are shown, suggesting a
sizeable radial mismatch factor that affects the measured spectroscopic factors. A GMF = 0.8 is
deduced in Chapter 7 after taking into account the different 𝑙-wave components. As this factor is
highly dependent on the involved 𝑙 parts, determining the composition of 12Be ground-state wave
function is essential. In this experiment, this was attempted by simultaneously measuring the
12Be(d,t)11Be reaction.

Additionally, the measurement of neutron- and proton-removal reactions with the less exotic
10Be beam will serve as a benchmark to the analysis procedure. Having reference reactions is of
paramount importance to test consistency between both the analysis methods and the theoretical
calculations, and to provide (in this case) more experimental results to study the evolution of 𝑅s
towards the drip line. The reliability of the STA model in implementing missing correlations
will also be confronted with new experimental data.

For these reasons, an experiment was proposed at GANIL to perform neutron (d,t) and proton
(d,3He) removal reactions with 10,12Be beams at approximately 30 AMeV impinging on a solid
CD2 target. The objectives of the experiment are summarised as follows:

• Study the GMF in the 12Be(d,3He)11Li reaction.

• Estimate 𝜈0𝑝1/2 and 𝜈1𝑠1/2 components of 12Be ground-state wave function by means of
the neutron removal 12Be(d,t)11Be reaction. This is essential to evaluate the GMF.

• Benchmark analysis and theory with 10Be(d,t)9Be and 10Be(d,3He)9Li reactions.
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angular distribution to a theoretical single-particle cross section calculated assuming the cor-
rect orbital angular momentum transfer 𝑙. In this experiment, all the measured states are well
characterised in the literature [3], corresponding to neutron or proton pick-ups of 0𝑝1/2 or 0𝑝3/2
nucleons; therefore, with 𝑙 = 1. The following lines outline details of the theoretical calculations,
which are pivotal to this experiment for the extraction of quenching factors with realistic error
bars.

Figure 7.14: Experimental angular distributions in centre-of-mass angle fitted to theoretical curves using
the standard WS and STA binding potentials.

Theoretical calculations within the DWBA framework were performed with the finite-range
code fresco. To generate the unperturbed wave functions, the best-suited OMPs, determined
in the elastic scattering section, were used for the incoming 10,12Be + d channels, while the
parametrisations of Pang (GDP08) [118] and HT1p [119] were tested for the outgoing 9,11Be + t
and 9,11Li + 3He channels, with 𝐴 = 3 ejectiles. Since our experimental cross sections do not
favour any particular choice of OMP due to a restricted 𝜃CM coverage, a comparison between
these two models will eventually be presented to estimate their impact on spectroctopic factors.
The variations owing to the different incoming 𝐴 = 2 optical potentials are already captured by
the systematic uncertainty carried by the normalisation factor 𝑁norm, corr.

Concerning the binding potentials required for the transfer DWBA calculations, the light
particle overlaps ⟨d | t⟩ and ⟨d | 3He⟩ were generated in a potential reproducing Green’s Func-
tion Monte Carlo (GFMC) ab-initio results [68], including the theoretical C2Sdt = 1.30 and
C2Sd3He = 1.31 spectroscopic factors. For the heavy particle overlaps ⟨10,12Be | 9,11Be + n⟩ and⟨10,12Be | 9,11Li + p⟩, they were created in two manners:

stdWS Traditionally, this overlap is produced in a standardised geometry (hence the name,
stdWS) with a Wood-Saxon of radius 𝑟0 = 1.25 fm and diffuseness 𝑎 = 0.65 fm, whose
depth is adjusted to reproduce the nucleon separation energy of the composite nucleus
(𝑆n or 𝑆p of 10,12Be). A fixed spin-orbit term, with 𝑉so = 6MeV, 𝑟so = 1.1 fm and
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Experimental setup 5
In the solid-target experiment, the central device was the MUST2 array of Si−CsI telescopes,

which surrounded the CD2 target to measure light particles from the different reactions. For
the heavy recoil measurement, an ionisation chamber and a plastic scintillator were sited at 0°,
while two multiwire proportional chambers served as beam-tracking detectors. Figure 5.1 shows
the detector arrangement, which is explained in detail in the following sections.

CD2
2.5 mg/cm2 T1-2

T3-4

T5-6

IC Plastic

CATS

10,12Be
30 AMeV

104 - 105 pps

MUST2
6 telescopes

300 µm Si + CsI

Figure 5.1: Schematic of the experimental setup. Two CATS detectors were used for beam tracking and
position-on-target determination. A set of six MUST2 telescopes was employed to detect light particles
emitted from the reactions, while an ionisation chamber (IC) and a plastic scintillator detected the heavy
recoil. See the text for a more detailed description of each component.

The setup was optimised to maximise the detection efficiency for light particles, covering
laboratory angles and energies depicted in Figure 5.2. In this figure, the theoretical kinematical
lines were calculated with the experimental beam energies of 𝐸(10Be) = 297MeV and 𝐸(12Be) =357MeV, which correspond roughly to 30AMeV in both cases. All one-nucleon removal and
(in)elastic scattering reactions with a deuterium target are shown, along with the (p,p) reaction
that might appear in the case of a small proton contamination in the target.

5.1 Beam production
The experiment was carried out at the LISE spectrometer of the Grand Accelétateur National
d’Ions Lourds (GANIL) in 2017, using pure secondary beams of 10,12Be at 30 AMeV and with an
averaged intensity of 5 · 104 pps. The in-flight fragmentation technique was employed to produce
these species from a stable primary beam of 18O, as illustrated in Figure 5.3 and reviewed below.

DWBA
OMP
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Figure 3.1: a) Quenching factor as a function of asymmetry energy from the previous experiment of
[75]. The effect of the geometrical mismatch factor is highlighted for 10He. b) One-neutron 𝑙 = 1 wave
functions in 10Be and 9Li to illustrate the geometrical mismatch in the ⟨12Be|11Li⟩ overlap.

the region of accepted values 𝑅s, as shown in Figure 3.1a). However, for the STA, one would
expect 𝑅s = 1 if NN correlations were correctly implemented in the model, which is far from the
corrected results. A failure of the STA cannot be ruled out, nor can the role of core excitations in
8He in lowering the spectroscopic strength of the ground state of 10He.

To shed more light on the mismatch effect, other candidates expected to display it must
be explored. The proton-removal transfer reaction 12Be(d,3He)11Li is a natural candidate, as
the last bound neutron in 12Be has 𝑆2n/2 = 1.84MeV and, thus, the neutron wave functions
should have a different radial extent. The final state of this reaction is better known than in the
previous measurement, where the possible interaction of 3He with the unbound 10He nucleus
introduced uncertainties in the results. In Figure 3.1b), the 𝑝-wave (𝑙 = 1) components of
12Be (a 10Be core plus two neutrons) and 11Li (9Li and two neutrons) are shown, suggesting a
sizeable radial mismatch factor that affects the measured spectroscopic factors. A GMF = 0.8 is
deduced in Chapter 7 after taking into account the different 𝑙-wave components. As this factor is
highly dependent on the involved 𝑙 parts, determining the composition of 12Be ground-state wave
function is essential. In this experiment, this was attempted by simultaneously measuring the
12Be(d,t)11Be reaction.

Additionally, the measurement of neutron- and proton-removal reactions with the less exotic
10Be beam will serve as a benchmark to the analysis procedure. Having reference reactions is of
paramount importance to test consistency between both the analysis methods and the theoretical
calculations, and to provide (in this case) more experimental results to study the evolution of 𝑅s
towards the drip line. The reliability of the STA model in implementing missing correlations
will also be confronted with new experimental data.

For these reasons, an experiment was proposed at GANIL to perform neutron (d,t) and proton
(d,3He) removal reactions with 10,12Be beams at approximately 30 AMeV impinging on a solid
CD2 target. The objectives of the experiment are summarised as follows:

• Study the GMF in the 12Be(d,3He)11Li reaction.

• Estimate 𝜈0𝑝1/2 and 𝜈1𝑠1/2 components of 12Be ground-state wave function by means of
the neutron removal 12Be(d,t)11Be reaction. This is essential to evaluate the GMF.

• Benchmark analysis and theory with 10Be(d,t)9Be and 10Be(d,3He)9Li reactions.
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Figure 7.16: Quenching of spectroscopic factors estimated from SM calculations, using the HT1p (a) and
Pang (b) outgoing OMPs, as a function of asymmetry energy. The grey shaded band represents previous
systematics for 𝑅s [41]. A linear fit to 9Be and 9Li data is drawn with dashed lines, with its 1𝜎 confidence
bands also plotted.

However, the substantial reduction found for 11Li requires an alternative explanation. The
next section explores the sources of this quenching, linking it to the geometrical mismatch effect
introduced in Chapter 3.

7.3.2 Geometrical mismatch factor
In 11Li, the reduction within the stdWS model reaches as low as 13(5) % compared to the averaged
55(10) % of the HT1p values for the other nuclei; a trend that persists if the Pang OMP is used
instead (25(9) % versus 70(13) %). The explanation for this strong quenching must lie outside
NN correlations, which are themselves responsible for the origin of 𝑅s. The radial mismatch
between wave functions in the heavy ⟨12Be | 11Li⟩ overlap could be a good candidate for this
reduction, as previous experiments already pointed out a similar effect in neighbouring nuclei
[26, 75].

In a simplified model where 12Be and 11Li are considered as 10Be and 9Li cores, respectively,
plus two valence neutrons, the mismatch arises from the different binding energies of these
valence neutrons (i.e., 𝑆2n/2): 1.84 MeV in 12Be and just 0.18 MeV in 11Li. In this model, the
total wave functions can be expressed as a linear combination of the core and the neutron pair
with different 𝑙 values:

|12Be⟩ = 𝛼|10Be ⊗ s2⟩ + 𝛽|10Be ⊗ p2⟩ + 𝛾|10Be ⊗ d2⟩|11Li⟩ = 𝛼′|9Li ⊗ s2⟩ + 𝛽′|9Li ⊗ p2⟩ + 𝛾′|9Li ⊗ d2⟩, (7.3)

where for simplicity only 𝑙 = 0, 1 and 2 are considered. The heavy overlap is then defined as the
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product:

⟨12Be|11Li⟩ = 𝛼𝛼′⟨10Be ⊗ s2|9Li ⊗ s2⟩ +𝛽𝛽′⟨10Be ⊗ p2|9Li ⊗ p2⟩ +𝛾𝛾′⟨10Be ⊗ d2|9Li ⊗ d2⟩. (7.4)

In the standard shell model, the wave functions |𝐴 ⊗ 𝑙⟩ and |𝐵 ⊗ 𝑙⟩ are assumed to have
identical shapes [55], making their product equal unity. However, if calculations explicitly
account for the different valence-neutron binding energies, the products no longer equal unity,
with their values depending on the specific geometrical radial overlap between the incoming
and outgoing wave functions. In this work, single-particle wave functions were calculated with
fresco assuming a Woods-Saxon potential model with standard geometry (the stdWS discussed
previously, with 𝑟0 = 1.25 fm and 𝑎 = 0.65 fm). The results are illustrated with solid lines in
Figure 7.17, where the differences in the (one) neutron wave functions between 10Be and 9Li
cores are highlighted for 𝑠 and 𝑝 waves. The radial part of the overlap is represented with dashed
lines, and its integral (≡ 𝐼𝑙) enters directly into Equation 7.4. Since the two valence neutrons
share the same spatial form, the integral must be squared in the final expression.

Figure 7.17: Single-particle wave functions (solid lines) and radial overlap (dashed lines) from |10Be⊗ 𝑙⟩
and |9Li ⊗ 𝑙⟩, considering a valence neutron with 𝑙 = 0 (a) and 𝑙 = 1 (b) in a stdWS geometry with𝑟0 = 1.25 fm. The filled areas represent the wave-function variations for 𝑟0 in the range 1–4 fm.

Consequently, an estimate of the geometrical mismatch factor (GMF) can be obtained if
the two-neutron components of 12Be and 11Li are known. To this end, the SFO-tls shell-model
interaction was employed to determine the expansion coefficients of Equation 7.3. Its results are
summarised in Table 7.7, along with the overlap integrals 𝐼𝑙 for the stdWS geometry.

The GMF is defined as the ratio of values obtained by evaluating Equation 7.4 with 𝐼𝑙 = 1
(as in the shell model) and with the more realistic 𝐼𝑙 from Table 7.7. In this case, GMF = 0.8,
and hence the stdWS spectroscopic factor of 11Li in Table 7.5 must be corrected (divided) by this
factor. This is done in the central columns of Table 7.8. As the 𝑅s values indicate, the corrected
quenching factor remains well below the accepted value of 𝑅s = 0.6(1), suggesting that additional
physics is still required to achieve agreement with the literature systematics. As a matter of fact,
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TABLE I. Properties of resonant states in 13N, obtained from fits of the spectra from Run 1. Quantities marked with "*" were used for
calibration and held fixed in the fitting (therefore no fit results are presented). The labels (t) and (sr) denote the trapped and superradiant states
respectively. In the last two columns, the dominant orbital configurations and associated spectroscopic amplitudes are shown, calculated with
the CoSMo continuum shell model code [33] and the FSU interaction [34]. Uncertainties are quoted as (statistical,systematic).

ENSDF [32] This work CSM theory

E (MeV) ! (MeV) E (MeV) ! (MeV) Config Ampl.

5/2+
1 6.364* 0.011* 0+ ⊗ 0d5/2 0.9174

3/2+
1 (t) 6.886 0.115 6.859(20,24) 0.138(33,19) 0+ ⊗ 0d3/2 0.1819

δ = 64◦(15,10) 2+ ⊗ 0d5/2 0.1749
2+ ⊗ 1s1/2 −0.9157
2+ ⊗ 0d3/2 0.0206

7/2+ 7.155* 0.009* 2+ ⊗ 0d5/2 0.9655
5/2− 7.376* 0.075 0.080(13,04) 2+ ⊗ 0p1/2 0.5844

2+ ⊗ 0p3/2 0.1814
3/2+

2 (sr) 7.9 1.5 7.593(18,88) 1.803(61,74) 0+ ⊗ 0d3/2 −0.6911
2+ ⊗ 0d5/2 0.6287
2+ ⊗ 1s1/2 −0.0349
2+ ⊗ 0d3/2 0.2197

(unknown) 8.599(11,29) 0.092(21,46)
1/2− 8.960 0.230 8.953(12,45) 0.215(37,61) 0+ ⊗ 0p1/2 0.8304
3/2− 9.660 0.030 9.667(4,48) 0.083(9,1) 0+ ⊗ 0p3/2 −0.3831
1/2+ 10.25 0.28 10.279(15,51) 0.403(59,2) 0+ ⊗ 1s1/2 −0.9319

residual 12C. Details of the digital data acquisition and its
relation to the focal plane detector were identical to those used
in Run 1.

Run 2 was performed using this “barrel” silicon array,
while keeping most other experimental parameters from Run
1, except that a thinner natC target of thickness 50 µg/cm2 was
used to reduce the count rates in the forward detectors and
improve spectrum resolution. The resulting data and analysis
are the basis of the remainder of the paper. Again, two SE-SPS
angles were chosen, but 3◦ and 20◦ in order to have a sample
case as close to the beam axis (and therefore as maximally
symmetric) as possible. 0◦, while most preferable, was not
possible due to the quantity of beam and equipment config-
uration in the target chamber.

III. THEORETICAL MODELING

A. Shell model structure

For the purposes of this work, the single-particle struc-
ture of the nuclear states of interest were calculated via the

continuum shell model, using the code COSMO [33]. The
recent FSU interaction [34] was chosen to generate the spec-
troscopic overlaps for use in the direct reaction treatment
that forms the foundation for the angular correlation analysis
to follow. The main components and the associated spectro-
scopic amplitudes for the 13N states of interest are given in
Table I.

The effects of the continuum on the decay widths and
clustering of the two analogous 3/2+ resonances in 13C were
discussed in Ref. [26] within the CSM framework, and are
equally applicable to the 13N states of this work. Without
continuum interaction, the widths were calculated to be sim-
ilar, i.e., 0.36 and 0.8 MeV. The continuum coupling leads
to a concentration of the 0+ × d3/2 component in one state,
which becomes very wide, and the subsequent removal of
this configuration from the other, which becomes sharp, with
widths 0.98 and 0.09 MeV respectively. The same mechanism
is at work in the configuration amplitudes shown in Table I,
which leads the 3/2+

2 state to obtain a dominant 0+ × d3/2
component and a large decay width. The 3/2+ states in 13C

FIG. 4. Geometry of Run 2 and coordinate system used for the proton decay correlation analysis.
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FIG. 3. SE-SPS focal plane spectra for the superradiant region in 13N, measured at the 20◦ angle setting of the SE-SPS during Run 1 and
requiring coincidence with decay protons in SABRE. (a) Total proton-coincident spectrum (black) compared to spectra selected on decays
toward the 12C ground state (blue) and first excited state (red). (b) The spectrum gated on ground-state decay, with a multistate fit. The blue
solid curve shows the combined spectrum including interference, while each individual state is shown in red for the trapped, magenta for the
superradiant, and black for all others. The blue dashed-dotted vertical lines indicate the fit region, while the black dashed vertical lines indicate
the region of the superradiant width later integrated for the angular correlation analysis.

which together describe how the interference was modeled in
the fitting procedure demonstrated in Fig. 3(b) and Table I.
The quantity δ is the interference phase angle, while fT,S
are scale factors to match the experimental “counts” of the
histogram.

Because of the decay-coincidence requirement, the spectra
of Fig. 3 are essentially background free. All features could
be identified with known states in 13N, except for one peak
at ∼8.6 MeV not currently associated with a known state
in the database. For all peaks, the initial fit widths were set
either to the database values or to a minimum of the detector
resolution of 50 keV, whichever was larger. The 5/2+, 7/2+,
and 5/2− states used for focal plane calibration were still
included in the fit, only with fixed centroids and widths, unless
that width was larger than 50 keV as mentioned. The final
summation of all states is the solid blue curve in Fig. 3(b),
while the corresponding fit parameters for the trapped and
superradiant states are listed in Table I, with the widths now
corrected for resolution. A linear background was allowed for
each spectrum, but for the 20◦ spectrum shown in Fig. 3 it was

found to be negligible. Statistical uncertainties were extracted
from the MINUIT fitting procedure used through ROOT [38]
while systematic uncertainties were estimated by numerical
comparison between multiple different fit attempts under dif-
ferent input conditions.

An attempt at angular correlation analysis using the decay
protons was attempted, using both SE-SPS angles, but proved
insufficient as the experiment lacked particle detection in
beam-forward directions found to be central for the analysis.
Therefore, a new SE-SPS-compatible silicon detector array
was constructed to surround the target in a “barrel” config-
uration (Fig. 4). The setup consisted of a 1-mm-thick annular
double-sided silicon detector (DSSD) of the Micron S1 type,
covering forward angles 43◦–62◦; a 1-mm-thick DSSD of
Micron S2 type, covering backward angles 158◦–173◦; and
six 1-mm-thick DSSDs of the Micron SX3 type covering side
angles between 72◦ and 136◦. Similarly to SABRE, this array
was used to detect protons in coincidence with the spectro-
graph focal plane detector, allowing for selection of protons
decaying specifically to the 0+ ground state of the heavy
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12C(3He,d)13N
p
12C

K. Hanselman, I. Wiedenhöver et al. PRC 112 (2025) 034312

(3He,d)

Experiment at FSU : SE-SPS + SABRE
K. Hanselman, I. Wiedenhöver et al. PRC 112 (2025) 034312

CSM + FSU interaction
• Without continuum coupling
        Gt ~ Gsr
• With continuum 
       Gt << Gsr

Superradiant ~ 7.6 – 8.4 MeV
(avoid mixture with other resonances)

G ~ 1.5 MeV à 4 x 10-22 s (~direct reaction)  
G ~ 0.115 MeV
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FIG. 9. Analogous to Fig. 8, but for the “pure” region of superra-
diant events between ∼ 7.6 and 8.4 MeV excitation in Fig. 3. The red
calculation assumes only the dominant 0+ ⊗ 0d3/2 structural compo-
nent (Table I) while the blue is the adopted description described
in the text, a p3/2 scattering wave (modeled as a 3/2− resonance
in FRESCO) coupled to the structural component and including
breakup channels of the 3He beam up to kmax = 0.375 fm−1.

formalism (see, e.g., Ref. [57] for deuteron projectiles), where
the incident 3He is given a continuous excitation range above
its binding energy which is binned in k space up to kmax =
0.375 fm−1. The CDCC calculations of the 0+ ⊗ 0d3/2, the
0+ ⊗ 1p3/2, and the beam-breakup channels were combined
into a single grand density matrix and the proton decay corre-
lations calculated accordingly. The resulting correlations are
shown as the solid blue curves of Fig. 9, in much better agree-
ment with the experimentally observed patterns. Again we
point out that the measurement-theory comparison contains
no free normalization parameters; both are analyzed relative
to the total cross section independently.

We investigated varying the spectroscopic amplitude of
the 0+ ⊗ 1p3/2, which fits the data best when applying the
same amplitude as the 0+ ⊗ 0d3/2, to within ±25%. More
alternatives were tried, some of which are shown in Fig. 10
for the forward-most (least model-dependent) angle. Given
the requirement of negative parity, the energetically closest
other components are p1/2, f7/2, and f5/2 waves. Displayed
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FIG. 10. Analogous to Fig. 9, showing various alternate cases
for both the superradiant structure and interfering scattering
components.

in the broad-dashed red is the case assuming a 0 f7/2 con-
figuration for the scattering component, otherwise treated
identically to the p3/2. Here, the larger angular momenta al-
low for higher-order tensor terms which interfere to create
more-rapidly-varying distributions; this is especially true for
more off-axis angles, which is why only the 3◦ case is shown
to minimize these effects for a closer comparison. Similar
arguments exist for an f5/2 component, but are in contrast to
the p1/2 hypothesis, or any J = 1/2 wave, whose individual
distributions are isotropic and therefore cannot generate the
desired asymmetry with the d3/2. While our data ultimately
cannot exclude a contribution of other negative-parity partial
waves to the correlation patterns, the data seem best described
by a pure 0+ ⊗ 1p3/2 admixture to the positive-parity waves.
More coupling cases, as well as examples of the amplitude
variations used to quantify the uncertainties, have been shown
in more detail in Ref. [58].

V. DISCUSSION

Through the presented angular correlation analysis, this
work supports the resonant wave amplitudes predicted by the
CSM for the superradiant state and other resonances. How-
ever, as described above, the angular correlation patterns in
the decay of the broad superradiant 3/2+ state call for the in-
clusion of negative-parity partial waves in the reaction model,
going beyond the structural s and d waves predicted by the
CSM.

The introduction of an artificial negative-parity 3/2− res-
onance in parallel to the 3/2+ component reaches reasonable
agreement with the data, using the same approach taken for
overlapping but sharp resonances. It is unlikely that this 3/2−

component represents a separate, structural resonance of 13N.
Our correlation data establish that the d3/2 and p3/2 amplitudes
are equal to within 25%, which would lead to both having
approximately the same width in the energy spectrum. While
our data were insufficient to establish the centroids of both
components separately, it is more intuitive to assume that
both wave components probe the same resonance through the
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Superradiant – Trapped resonances in 13N  
K. Hanselman, I. Wiedenhöver et al. PRC 112 (2025) 034312

Angular-correlations

angle (beam - p)

Superradiant is 1.5 MeV broad and well above Sp
à Beyond single-step DWBA + CDCC (unbound)

New observables :  angular correlations
à Extend formalism to OQ studies

CoSMo : Only 0+ contributes, 2+ omitted

• G ~ 1.5 MeV à 4 x 10-22 s (~direct reaction) à 
not enough time to project into a single l (ang. 
mom)

• Multiple partial waves contribute
• à Time dependent model : reaction+ decay 

OCS: Superradiant-trapped resonances 

DWBA + CDCC  : CSM amplitudes 

Figure 5.15: Semi-classical cartoon of the effect of a state’s lifetime on the angular cor-
relations. Protons and neutrons are red and blue respectively. The doublet states follow
a “sequential” or “serial” process, while the superradiant state is more “simultaneous” or
“parallel” [7].

they are no longer decoupled; the system approaches more of a three-body 12C(3He, dp)12C

picture, in which scattering states are preferred over bound states for the p + 12C “intrinsic”

channel [40] [41]. This is the 13N-insensitive “parallel” reaction process of Levin [7], contrary

to the “serial” process which worked so well for the doublet.

In practice, this means expanding the p + 12C interaction into partial waves as is done for

the continuum-embedded entrance (3He + 12C) and exit (d + 13N) scattering channels. How

“broad” a resonance is determines how many partial waves must be included [40]; hence why

for the (3/2−, 5/2+) doublet states only those partial waves were necessary which projected

onto their single-particle structures (p3/2 and d5/2 respectively).

But for the superradiant state, two orders of magnitude broader, there must be more

partial waves at play than simply the d3/2 proton necessary to form the state’s static shell

model structure. Similar arguments on the effect of decay widths and timescales can be

found in [7], and for superradiant-type states in particular in [42].

With all spin and parity values thus potentially available, we can consider the lowest-

order partial waves needed to produce the asymmetry seen in the superradiant data. These
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• Main configuration CSM not enough  (0+ x 0d3/2) 
      à region free from non-3/2+ contaminant
• Asymmetries come from interference of opposite-

parity partial waves à 1p3/2  (same Ex)

Time scale à super radiant 



OCS: 2p-decay 

Two-proton radioactivity 

Observables : 
- 2p decay half-life:  T1/2.   ~ ps-ms
- Q2p : energy released  
- Properties of emitted protons: angular 

and energy correlations

à Improve precision in energy ( 100 keV) , angular measurements (< 1 deg), decay time ( ms)

XXth Colloque GANILTwo-proton radioactivity

When 𝑆2𝑝 < 0, 2-proton emission from ground-state allowed.

• Predicted in 1960.
Goldansky, Nucl. Phys. 19, 482-495 (1960)

• Discovered in 2002 (45Fe)
Giovinazzo et al., PRL 89, 102501 (2002) (GANIL)
Pfützner et al., EPJA 14, 3, 279–285 (2002) (GSI)

20/10/2017 Thomas Goigoux 3

 Four medium-mass cases known: 𝟒𝟓𝐅𝐞, 𝟒𝟖𝐍𝐢, 𝟓𝟒𝐙𝐧 and 𝟔𝟕𝐊𝐫
Effects from continuum : 
- Nature of near-threshold 
- Structure of many-body continuum near 2p-

thresholds
- Modification of decay lifetimes : non-exponential 

decay 

V. I.  Goldansky , Nuc. Phys.  19, (1960) 482
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OCS: 2p-decay 

Two-proton radioactivity 

à Not possible to be measured with current devices 

Modification of decay lifetimes : non-exponential decay at long times 

S. M. Wang, W. Nazarewicz, A. Volya and Y.G. Ma, Phys Rev. Res. 5 (2023) 023183

PROBING THE NONEXPONENTIAL DECAY REGIME IN … PHYSICAL REVIEW RESEARCH 5, 023183 (2023)

FIG. 3. Survival probability of the 6Be ground-state 2p decay,
in which ! (solid lines) and ! ′ (dashed lines) represent the ini-
tial wave functions obtained by the expansion of the Gamow state
in the real-momentum Fourier-Bessel basis and harmonic-oscillator
basis, respectively. Two cases are considered: (a) Ground state with
" = 79 keV and (b) broad resonance with " = 776 keV. (c) Calcu-
lated spectral functions of the different configuration components ci

of the 6Be ground state; the insert shows the ratio between the pre-
dicted energy distribution and the Breit-Wigner form factor. (d) The
weights of ci as a function of the 2p decay energy Q2p. Asymptotic
energy (e) and angular (f) correlations for different energy ranges in
Jacobi-T (left) and Jacobi-Y (right) coordinates.

nonexponential component in A(t ) is expected to affect
nucleon-nucleon correlations, thus providing a unique win-
dow into the decay process.

To demonstrate the post-exponential characteristics of two-
nucleon decay, we consider the case of 2p decay of 6Be. The
precise form of the initial state is likely to be influenced by the
specific production mechanism, which may not necessarily
result in a Gamow state. To assess the associated uncertainty,
in addition to the real-momentum projected Gamow state
!(0), we consider an initial state ! ′(0) generated by the
harmonic-oscillator expansion of !̃(0). Both yield practically
identical results for the survival probability even for a broad
resonance [see Figs. 3(a) and 3(b)]. This is due to the fact that,

FIG. 4. Nucleon-nucleon correlations ⟨ci|δ(ϵ − Epp/Q2p)|ci⟩ in
the individual Jacobi configurations ci’s. Epp is the relative kinetic
energy between the emitted neutrons, and Q2p is the decay energy.

once a resonance is formed, the main component of the wave
function inside and around the nucleus is almost fixed.

For 6Be, the transition from exponential to power-law de-
cay takes place at t ≈ 20T1/2. This indicates that—in order to
extract information about the post-exponential decay directly
from the spectral function—one requires an energy resolution
that is much finer than the resonance width, as dictated by
the uncertainty principle. Nevertheless, it doesn’t necessar-
ily impact other physical observables, especially for those
with accumulated effects. As shown in Fig. 3(d), the ground
state of this three-body system is composed of multiple
Jacobi-coordinate configurations, whose relative weights in
the spectral function undergo significant variations as a func-
tion of the decay energy. Furthermore, although suppressed
by the Coulomb interaction, each individual configuration ci
possesses a distinct spectral function that deviates from the
Breit-Wigner shape [see Fig. 3(c)]. This can be attributed to
the hyperspherical quantum number K , which represents the
centrifugal barrier for three-body decays [50,56].

Due to the factor that the long-time behavior is deter-
mined by the asymptotic three-body configuration (K, ℓx, ℓy)
distinctively (see Fig. 4), these cumulative changes among
configuration components leave an imprint on the asymptotic
correlation of emitted nucleons, which results in appreciably
different patterns in different regions of Q2p as shown in
Figs. 3(e) and 3(f). Therefore, by binning the resonance peak
at different energies, one should be able to assess the Q2p-
evolution of the energy- and angular correlations. This could
provide useful information on nuclear structure and provide
an indirect evidence for the transition to the nonexponential
decay regime. This is supported by Ref. [42], where the 2p en-
ergy correlation in the 6Be decay becomes more pronounced
for both small and large Epp/Q2p as Q2p increases, consistent
with our predictions.

The energy dependence of asymptotic correlations and
the nonexponential behavior are universal in three-body de-
cays, as long as the decaying structure is not too narrow or
dominated by a single configuration. This is satisfied for two-
nucleon emitters in light nuclei. In particular, as illustrated by
an example of 6He′ shown in Fig. 5, similar post-exponential
behavior is expected to be present in the 2n decay. In this case,
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• Transition from exp to decay t~20T1/2
• Large statistics  
• Integrate over 20 half-lives  ...

• At short times : exponential law à P(t) ~ e –Gt

• At  long times : post-exponential regime à  P(t) ~ t-v
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OCS: Conclusions

• Weakly (un)bound nuclei are interesting laboratories to explore open 
quantum effects

• Current tools and experimental methods are at the limit of what can be 
explored

• Improve setups for combine measurement of reaction & decay:  angular 
correlations (measuring decaying particles), time measurements. 

• Reaction model adapted to narrow and broad resonances (DWBA+ CDCC) 
that include non resonance continuum with different partial waves 

• Time dependent methods 

• Other types of observables 



OQS: Future perspectives
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11Li (N=8) 12Li (N=9)
+1n

(d,p)-event 

I. Blanco Calviño (Ph.D. analysis) 

Study of OQS with active targets : beyond drip-line20Mg+pà21Al

12Li = 11Li+1n 
        = 9Li +3n   
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