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1. Quasi-free scattering: Reaction mechanism, Treiman-Yang test to validate assumptions 

2. The 2-proton halo candidate 17Ne 

3. Alpha clusters at the surface of heavy nuclei 
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Physics Programs based on QFS
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• Single-particle / Shell structure: spectroscopy 

• States beyond the drip-lines 

• Nucleon-Nucleon short-range correlations 

• Cluster structure of nuclei 

• Fission studies, dynamics, fission barriers
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Fig. 2 | Decay energy spectra and decay scheme. a) Five-body decay energy (E01234) spectrum for 24O+4n events. The red-solid histogram
shows the best-fit result taking into account the experimental response function. The dotted histogram shows the contribution arising from
residual crosstalk that survives the rejection procedures (see Methods). b) Four-body decay energy (E0123) spectrum for 24O+3n events. c)
Same as b, but gated by the partial decay energy E012 < 0.08 MeV. The red-dashed histograms represent the contributions from 28O and
27O events, and the red-solid histogram shows the sum. d) Definition of the partial decay energies. e) Decay scheme of the unbound oxygen
isotopes. The newly observed resonances and their decays are shown in red.

constructed based on �EFT (see Methods). Since the calcu-256

lations employ a model space which includes the p f shell257

orbitals, the disappearance of the N = 20 shell closure can258

be naturally described. The EEdf3 interaction is a modified259

version of EEdf130,31, which predicts correctly, not only the260

neutron dripline at F, Ne and Na but also the low-lying 29F261

excited state17 and the appreciable occupancy of the neutron262

2p3/2 orbital3,18. The EEdf3 interaction, which includes the263

e↵ects of the EFT three-nucleon forces41, provides a reason-264

able description of the trends in the masses of the oxygen iso-265

topes. However, as may be seen in Fig. 3 it predicts somewhat266

higher 27,28O energies (⇠1 MeV) than found in the experi-267

ment. The calculated sum of the occupation number in the268

neutron p f shell orbitals is 2.5(1.4) for 28O (27O) and for the269

1d3/2 orbital 2.0 (2.1), results which clearly suggest the break-270

ing of the N = 20 shell closure. It is worthwhile noting that271

a much higher 28O energy – 11 MeV – is predicted if the p f272

shell orbitals are not included in the model space. The EEdf3273

calculations thus explain the low-lying nature of the ground274

state of 28O as arising from configurations dominated by neu-275

trons excited into the p f -shell orbitals as expected for nuclei276

in the IoI. This interpretation is supported by the measured277

cross section as discussed below.278

First-principle calculations were performed using the279

coupled-cluster (CC) method guided by history matching280

(HM)42–44 to explore the parameter space of the 17 low-281

energy constants (LECs) in the �EFT description of the two-282

and three-nucleon interactions. HM identifies the region of283

parameter space for which the CC method generates non-284

implausible results (see Methods). Emulators were employed,285

trained by CC results for nuclei up to 24O, which are sev-286

eral orders of magnitude faster to evaluate than the exact287

CC method. A large set of non-implausible values were288

found for the LECs and a normal likelihood measure was289

constructed to sample the Bayesian posterior probability den-290

sity for the LECs with a Markov-chain Monte Carlo algo-291

rithm initialized at the non-implausible set provided by the292

HM process. This posterior was updated using the known293

ground-state energy of the odd-even isotope 25O (ref.4) rel-294

ative to 24O. A reliable low-statistic sample of 121 di↵er-295

ent LEC parameterizations was extracted for which the CC296

posterior predictive distribution (ppd) was computed for the297

ground-state energies of 27,28O, which are shown in Fig. 3.298

It should be noted that the predicted 27,28O energies are cor-299

related, as is clearly seen in the plot of energy distributions300

displayed in Extended Data Fig. 5. From this, the median val-301

ues and 68% credible regions were obtianed for the 27O–28O302

and 28O–24O energy di↵erences: �E(27,28O)=0.11�0.39
+0.36 MeV303

and �E(28,24O)=2.1�1.3
+1.2 MeV. The experimental data point,304

located at the edge of the 68% credible region, is consistent305

with the CC ppd. However, it is far enough away from the306

28O ground state
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Results: missing-mass spectra 
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6He(p,p4He)2n
8He(p,p4He)4n

8He(p,p4He)4n

confirms the expected dineutron 

   low-energy peak ~100 keV

resonance like-structure: 
Er = 2.37±0.38(stat.)±0.44(sys.) MeV, 

Γ = 1.75±0.22(stat.)±0.30(sys.) MeV

10/14
MD et al., Nature 606, 678 (2022)

Tetra NeutronQuasi-free knockout reactions 
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QFS as a proton-induced knockout reaction
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d4σ
dEpdEXdΩpdΩX

= K
dσfree

pX

dΩ
Sϵ(QX)

In PWIA: squared Fourier transform of the overlap integral:

Impulse approximation:

< A-X* |aX | A >

annihilation operator

p+

A

A-X*

p+

X

βproj > 0.4

What we imagineWhat is observed


X = p, n, 2H, 3H, 4He, etc.

V. Panin
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Benchmark experiment: 12C(p,2p)11B*    (R3B at GSI, 400 MeV/nucleon 12C)
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VP et al. PLB 753 (2016) 204–210 

12C @ 400 MeV/u

CH2 target

R3B-LAND setup

11B !-spectrum 

neutrons from 

11B*→10B+n

Benchmark reaction 12C(p,2p)11B in inverse kinematics @ 400 MeV/u

mul=2 in CB

E>20MeV

Fragment PID

Z

A
/Z

11B
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Inverse kinematics 

Measurement of scattered 
protons 

-> missing momentum 
-> missing mass 

+ 

Measurement of produced 
Fragment A-1 + decay 
(  decay, particle decay) 

-> recoil momentum 
-> invariant mass 

-> suppression of 
    secondary reactions 

γ
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Benchmark experiment: 12C(p,2p)11B*
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Fig. 2 Angular correlations between two protons from the
12C(p, 2p)11B reaction in inverse kinematics with 400 MeV/nucleon
12C beam [18]. The simulated kinematics of the QFS reaction a is com-
pared to the experimentally observed correlations (b), where ∆ϕ refers
to the difference of the azimuth angles and opening angle to the angle
between the two protons. The panels c, d show the one-dimensional
projections of the experimental data. Red and blue data points show
two different final states with 11B and 10B + n, respectively. c), d are
reprinted from Ref. [18]

250 MeV/nucleon. The experiment deployed a solid hydro-
gen target with a thickness of 5 mm, and selected predomi-
nantly coplanar geometry of the emitted protons, which were
measured in two telescopes at±39◦ relative to the beam. The
missing mass of the (p, 2p) reaction was reconstructed by
the proton telescopes with a resolution of σ = 1.3 MeV, and
the residual heavy fragments were measured in coincidence.
Despite the limited energy resolution, a clear separation of
proton knockout from l = 1 (1p) and l = 0 (1s) orbitals was
obtained by requiring coincidence with corresponding boron
isotopes or other outgoing fragment, respectively.

Another benchmarking experiment with 12C beam at
400 MeV/nucleon was conducted at GSI [18]. The (p, 2p)
reaction on a 2.31 mm thick CH2 target was measured with
large angular coverage using a combination of silicon-strip
detectors and a 4π -calorimeter. A clear signature of the QFS
process was obtained from the characteristic angular corre-
lations of the emitted proton pairs (see Fig. 2). The directly
measured recoil momentum of the bound 11B in the final
state was found to be in very good agreement with the theo-
retical expectations for the proton knockout from l = 1 (1p)
orbital, computed using the formalism described in Sect. 2
and in Ref. [13]. It was also demonstrated that a large fraction
of the events when two protons deviate from the coplanar
geometry can be attributed to large transverse components
of the internal momentum of the knocked-out proton. This
is shown in Fig. 3, where the measured correlations between
Px and Py momentum components of the recoiled 11B frag-

Fig. 3 Correlation of Px and Py transverse momentum components of
the recoil 11B fragment from 12C(p, 2p)11B reaction in inverse kine-
matics [18] for different ranges of |∆ϕ − 180|, which indicates the
deviation angle of the outgoing proton pair from the coplanar geometry
(i.e., when |∆ϕ − 180| ≈0◦)

ment are plotted for different ranges of the 2p-coplanar angle
|∆ϕ − 180|, as shown in Fig. 2c. Due to the lack of good
proton-energy measurement, no missing-mass/momentum
reconstruction was possible. Instead, gamma-spectroscopy
and invariant-mass reconstruction of the final bound and
unbound states of 11B were used, respectively. The recon-
structed excitation spectrum covering proton knockout from
l = 1 and l = 0 orbitals in 12C was found to be in a good agree-
ment with the previous measurements in direct kinematics.

The two experiments described above, despite their some-
what limited performance, clearly demonstrate the feasibil-
ity and great potential of performing QFS studies in inverse
kinematics. An important conclusion can be drawn that the
heavy residue indeed demonstrates spectator-like properties,
which carry the information on the single-particle momenta
and energies of the knocked-out particle.

4 Single-particle spectroscopic strength

It is well known from (e, e′ p) and (p, 2p) experiments for a
wide range of stable nuclei that experimental cross-sections
are reduced by around 30–40% with respect to the expec-
tation of the independent-particle model [19]. The missing
spectroscopic strength is usually attributed to the residual
correlations between bound nucleons which perturb their
independent motion. The same reduction was extracted from
the analysis of one-nucleon-removal reactions with stable-

123
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Fig. 3. Correlations of two-proton angular measurements in 12C(p, 2p)11B reactions with transverse (left) and total (right) recoil momentum of 11B in the rest frame of 
the incident 12C. Bottom plots display the corresponding momentum distributions (circles) together with theoretical calculations (curves) for 0p-shell QFS knockout which 
take into account nuclear absorption effects (see text). The theoretical curves are normalized to the experimental data with the scaling factor of 0.64. As one can see, the 
coplanar angles correlate strongly with the transverse momentum, while the opening angle shows a dependence on the total internal momentum of the knocked-out proton 
as expected from the QFS kinematics due to energy conservation. All data are shown after subtraction of carbon and empty target contribution from the CH2 data.

Fig. 4. Excitation spectrum of 11B resulting from the 12C(p, 2p)11B reaction. The 
left part of the spectrum (red filled bars) is reconstructed via γ -ray measurements 
(shown in the inset) of the excited bound states of 11B as discussed in the text. 
The heights of the bars correspond to the integrated cross sections associated with 
the γ -decays (scaled down by a factor of 20). The right part of the spectrum (sep-
arated by the dashed line) shows the neutron breakup measurements (blue filled 
area) and the total reconstructed two-body breakup spectrum (blue filled circles). 
For a comparison the data from an inclusive (p, 2p) measurement [7] (dash-dotted 
line) is shown with an arbitrary scaling factor (see text). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

Yosoi et al. [7]. For instance, triton decay 11B → (3H + 4He + 4He)
has a rather low threshold energy of 11.2 MeV and is expected to 
strongly compete or even to be a dominant process in the 2-body 
decay region and especially above 20 MeV. On the other hand, tri-
ton decay from the doorway 11B (0s-hole) states is predicted to be 
significantly enhanced compared to statistical model calculations, 
thus reflecting the aspect of the 0s-hole spatial symmetry that fol-
lows from the microscopic cluster model [33].

The reconstruction of the neutron-breakup channel proceeded 
through simultaneous measurements of two-proton events in the 
CB, outgoing 10B nuclei in the fragment arm, and single-neutron 
events in the LAND detector. The time-of-flight and position infor-
mation from LAND was used to reconstruct the neutron velocity, 
momentum and angle. The relative angle between 10B and the 
neutron was calculated event-by-event and the invariant mass of 
the initial 11B was reconstructed. A simulation with the code LEG5 
[34] has been performed in order to estimate acceptance and effi-
ciency for single-neutron detection in LAND, which has been used 
to correct the reconstructed excitation-energy spectrum of the 11B 
nucleus in the continuum. The result, after subtraction of the con-
tribution from carbon-induced reactions and from empty-target 
run, is shown in Fig. 4 as the blue-hatched histogram. In a similar 
manner the excitation spectra from 9Be + 2H and 7Li + 4He de-
cay channels have been reconstructed via the invariant-mass tech-
nique, utilizing the tracking information from the charged-particle 
detectors downstream of the target.

The resulting total excitation spectrum, comprising the above 
mentioned breakup channels, is shown in Fig. 4 as blue filled cir-
cles. In the same figure, the shape of the 0s-hole spectrum is 
compared to the data obtained in high-resolution (p, 2p) measure-

V. Panin et al., Phys. Lett. B 753 (2016) 204 

Excitation-energy distribution
(hole states)

Bound states:
g spectroscopy

Unbound states:
invariant mass

12C(p,2p)11B* → (10B + n), (10Be + p), (7Li + 4He), ... 
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Fig. 2. Angular distributions of two outgoing protons observed for the hydrogen component of the target (CH2 - C - ET) in coincidence with 11B and 10B +n in the final state. 
The coordinate system is defined relative to the direction of the incoming beam (polar axis). Correlations between polar (ϑ ) and azimuthal (ϕ) angles in coincidence with 
outgoing 11B are shown in frames (a) and (b), respectively, where the solid black lines indicate the result of the kinematical simulation, assuming 15.957 MeV separation 
energy and zero internal momentum for protons in 12C. Frames (c) and (d) display angular distributions (see text for details) for 11B (filled red circles) and 10B + n (empty 
blue circles) in the final state, which are compared to kinematical simulations for each final state (red and blue solid lines, respectively). Only statistical errors are shown. 
The 10B + n cross section data are scaled by the indicated factors for a better representation. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

kinematics. The model is similar to those adopted for knockout 
reactions with heavy ions [27] (more details can be found in 
Ref. [12]). The experimental data are in a good agreement with 
the theoretical calculations.

The total and partial cross sections measured for the 12C(p,

2p)11B reaction were efficiency corrected using the R3BRoot simu-
lations [28] based on the FairRoot [29] platform, which included 
a complete description of the experimental setup. The adopted 
QFS kinematical code [13] has been used as an event generator 
for (p, 2p) reactions, assuming isotropic center-of-mass proton–
proton scattering. The CB response for the γ -rays, corresponding 
to the decay of the 0p-hole excited states at 2.125 MeV (1/2−) and 
5.02 MeV (3/2−) in 11B, was determined through R3BRoot simu-
lations, which included the simultaneous two-proton hits in the 
detector. An identical analysis procedure, as the one applied to the 
experimental data, was carried out with the simulated data. The 
simulated total two-proton detection efficiency in the CB was esti-
mated to be around 62%. The variation of the two-proton efficiency 
due to the change in the kinematics for different final states and 
due to the presence of associated γ -rays was estimated to be less 
than 1%. The experimental γ -ray spectrum originating from the 
12C(p, 2p)11B reaction was obtained through Doppler correction of 
the measured γ -ray energies in the CB. Carbon and empty target 
data were subtracted from the γ -spectrum measured with the CH2
target in order to extract the H2 contribution. Two-proton coinci-
dence in the CB and an outgoing 11B fragment were required in 
every case. The resulting spectrum contains two peaks, which can 
be attributed to the 2.125 MeV (1/2−) and 5.02 MeV (3/2−) ex-
cited states in 11B. The experimental energy resolution for the full 
absorption peak is σE/E ≈ 10% which is mainly due to given solid 

angles of individual CB crystals (≈77 msr/crystal). The final spec-
trum was fitted by the simulated response for each excited state 
and by the simulated background from two-proton hits in the CB, 
as shown in the inset in Fig. 4. Thus, partial cross sections of QFS 
knockout were determined for each excited state. The cross section 
to the ground state (3/2−) of 11B was then calculated by sub-
tracting the cross sections to the two excited final states from the 
total cross section of 19.2(18stat)(12sys) mb for the 12C(p, 2p)11B
reaction. The results are summarized in Table 1 and compared 
to the theoretical (p, 2p) SP cross sections, σth, calculated in the 
eikonal formalism [12]. The resulting spectroscopic factors, defined 
as the ratio of the experimental to theoretical SP cross sections, are 
given in the fourth column of Table 1 for each final state and are 
compared to those derived from other experiments including the 
12C(p, 2p)11B measurement in direct kinematics [30], the results 
from (e, e′ p) [31], and the (d, 3He) [32] experiment with 12C. Over-
all a very good agreement, not only for the relative, but also for the 
absolute spectroscopic factors, has been found. In total, around 65% 
of the expected 0p SP strength is found to be distributed among 
the three observed final states.

A detailed spectroscopic analysis of the deep-shell knockout 
cases, leading to unbound final states, is out of the scope of the 
present Letter and is only briefly discussed here to demonstrate 
the full potential of the proposed method. Due to the insufficient 
acceptance and limited multi-hit capabilities of the setup, only 
three two-body decay channels of 11B were analyzed: 10B + n, 
9Be + 2H and 7Li + 4He, although a large number of events with 
three and more particles in the final state were also observed. 
Such many-body decays can be essential to understand the frag-
mentation mechanism of the 0s-hole state in 11B, as suggested by 
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Fig. 3. Correlations of two-proton angular measurements in 12C(p, 2p)11B reactions with transverse (left) and total (right) recoil momentum of 11B in the rest frame of 
the incident 12C. Bottom plots display the corresponding momentum distributions (circles) together with theoretical calculations (curves) for 0p-shell QFS knockout which 
take into account nuclear absorption effects (see text). The theoretical curves are normalized to the experimental data with the scaling factor of 0.64. As one can see, the 
coplanar angles correlate strongly with the transverse momentum, while the opening angle shows a dependence on the total internal momentum of the knocked-out proton 
as expected from the QFS kinematics due to energy conservation. All data are shown after subtraction of carbon and empty target contribution from the CH2 data.

Fig. 4. Excitation spectrum of 11B resulting from the 12C(p, 2p)11B reaction. The 
left part of the spectrum (red filled bars) is reconstructed via γ -ray measurements 
(shown in the inset) of the excited bound states of 11B as discussed in the text. 
The heights of the bars correspond to the integrated cross sections associated with 
the γ -decays (scaled down by a factor of 20). The right part of the spectrum (sep-
arated by the dashed line) shows the neutron breakup measurements (blue filled 
area) and the total reconstructed two-body breakup spectrum (blue filled circles). 
For a comparison the data from an inclusive (p, 2p) measurement [7] (dash-dotted 
line) is shown with an arbitrary scaling factor (see text). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

Yosoi et al. [7]. For instance, triton decay 11B → (3H + 4He + 4He)
has a rather low threshold energy of 11.2 MeV and is expected to 
strongly compete or even to be a dominant process in the 2-body 
decay region and especially above 20 MeV. On the other hand, tri-
ton decay from the doorway 11B (0s-hole) states is predicted to be 
significantly enhanced compared to statistical model calculations, 
thus reflecting the aspect of the 0s-hole spatial symmetry that fol-
lows from the microscopic cluster model [33].

The reconstruction of the neutron-breakup channel proceeded 
through simultaneous measurements of two-proton events in the 
CB, outgoing 10B nuclei in the fragment arm, and single-neutron 
events in the LAND detector. The time-of-flight and position infor-
mation from LAND was used to reconstruct the neutron velocity, 
momentum and angle. The relative angle between 10B and the 
neutron was calculated event-by-event and the invariant mass of 
the initial 11B was reconstructed. A simulation with the code LEG5 
[34] has been performed in order to estimate acceptance and effi-
ciency for single-neutron detection in LAND, which has been used 
to correct the reconstructed excitation-energy spectrum of the 11B 
nucleus in the continuum. The result, after subtraction of the con-
tribution from carbon-induced reactions and from empty-target 
run, is shown in Fig. 4 as the blue-hatched histogram. In a similar 
manner the excitation spectra from 9Be + 2H and 7Li + 4He de-
cay channels have been reconstructed via the invariant-mass tech-
nique, utilizing the tracking information from the charged-particle 
detectors downstream of the target.

The resulting total excitation spectrum, comprising the above 
mentioned breakup channels, is shown in Fig. 4 as blue filled cir-
cles. In the same figure, the shape of the 0s-hole spectrum is 
compared to the data obtained in high-resolution (p, 2p) measure-

12C beam at 400 MeV/u: 12C(p,2p)11B*

Angular correlations and (fragment) momentum distributions

V. Panin et al., Phys. Lett. B 753 (2016) 204 

Excitation-energy distribution (hole states) 
Bound states:  spectroscopy 
Unbound states: invariant mass

γ

V. Panin et al., PLB 753 (2016) 204 
V. Panin et al., EPJA 1014 (2021) 103

Momentum distribution  
of 11B fragment 
Theory: Glauber, p(3/2) state

Angular distributions 
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Simplest test of the QFS reaction mechanism
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Simplest test of the QFS reaction mechanism

12C

11B

Lab frame

q-frame

cos α = p1 × p2
|p1 × p2 |

⋅ P − Q
|P − Q |

≈ 0
exp cut

12C(p,2p)11B in inverse kinematics @ 400 MeV/u (experiment)

Simplest test of the QFS reaction mechanism

12C

11B

Lab frame

q-frame

cos α = p1 × p2
|p1 × p2 |

⋅ P − Q
|P − Q |

≈ 0
exp cut

12C(p,2p)11B in inverse kinematics @ 400 MeV/u (experiment)

V. Panin,  
to be published
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Treiman-Yang test
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V. Panin, to be published

Treiman-Yang angle [deg]

!
1 - !

2 - 180 [deg]

Transverse q vs. Treiman-Yang and  "! cuts

!1  vs  !2 for different TY angles

In coplanar geometry #TY ≈ "!  

Δφ = |φ1 − φ2 − 180∘ |

Φ*TY = π/2 − |ΦTY − π/2 |

- azimuthal spread of two protons

- TY is symmetric around (/2 —> protons are not distinguishable

18

Spectator plane

Scattering plane

A

A-1

p1

q
P

Q

p2

P × Q
|P × Q |

p1 × p2

|p1 × p2 |

ΦTY

Treiman-Yang angle

QFS cross sections should be independent on TY rotations

S. B. Treiman, C. N. Yang, , PRL 8 (1962) 140

Treiman-Yang angle vs azimuthal spread

Treiman-Yang test requires large-acceptance 
measurement -> inverse kinematics
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Transverse momentum and azimuthal spread
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Δφ = |φ1 − φ2 − 180∘ |

Φ*TY = π/2 − |ΦTY − π/2 | - TY is symmetric around %/2 —> protons are not distinguishable

- azimuthal spread of two protons

No Lorentz transform of transverse momentum components

qx [MeV/c]

q y
 [M

eV
/c

]

Coplanar Non-coplanar

V. Panin, to be published
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Momentum distributions and yield dependence
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q angle in lab [deg] q angle in 12C restframe [deg]

Simulation 
Experiment 

p-state  
in 12C

q in 12C restframe [MeV/c]

p-state  
in 12C

q in 12C restframe [MeV/c]

Missing momentum q of 12C(p,2p)11B @ 400 MeV/u

12C

10B

Dependence on Treiman-Yang angle Dependence on azimuthal spread

V. Panin, to be published

Distribution of Treiman-Yang angle 

cos ΦTY = p1 × p2
|p1 × p2 |

⋅ P × Q
|P × Q |

12C

11B

Lab frame

Only angular info from p1 and p2 is required!

MC simulation 
experiment 

MC simulation 
experiment 

17

Dependence on Treiman-Yang angle

Momentum distributions Yield



Thomas Aumann | TU Darmstadt, GSI, HFHF | NN2024 

Treiman-Yang angle distribution for different 
momentum transfers and recoil momenta
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Figure 7: Distribution of the Treiman-Yang angle �TY for di↵erent ranges of the momentum transfer t in p-p scattering and di↵erent magnitudes of the fragment
recoil momentum Qrf in the rest-frame of 12C projectile. The selected ranges for t and Qrf are indicated by the inset numbers in every figure. The experimental data
is shown by red symbols with the vertical error bars representing the statistical uncertainties. Blue symbols correspond to the simulations which take into account
the experimental acceptance and resolutions of all final state products. The simulation is based on an idealized QFS reaction mechanism described by the diagram
in Fig. 1a

5. Discussion

The Treiman-Yang test provides a necessary but not su�-
cient condition for the validity of the impulse approximation.
Hence, the overall satisfactory agreement between experimen-
tal �TY distributions and simulations in Fig. 5 and 7 can be in-
terpreted as a strong evidence of the dominant pole mechanism
in the observed reactions. On the other hand, careful inspec-
tion of the distributions in Fig. 7 casts some doubts on the kine-
matic regions with small and large t where the discrepancies be-
tween experimental and simulated distributions are rather sub-
stantial. For the intermediate magnitudes of t between 0.2 and
0.6 (GeV/c)2, corresponding to the maximum of the cross sec-
tion, the QFS reaction model is quite consistent with the exper-
iment. Certain deviations beyond the experimental error bars
are also observed when Qrf exceeds approximately 200 MeV/c.
One possible interpretation is that admixture of other reaction
mechanisms due to, e.g., ISI/FSI and the triangular diagrams as
in Fig. 1a become more important for the reactions with large
missing momentum. In particular the triangular mechanism
is expected to produce significantly di↵erent �TY distributions
[30]. Another interpretation involves breakdown of the pole
factorization for the relativistic values of Qrf . This can be ex-
pected due to non-zero spin of the virtual proton and the e↵ect
of its relativistic rotation from 12C restframe into the center-of-
mass frame associated with the p-p system [29, 30].

It should be also stressed that the experimental data is com-
pared to Monte-Carlo simulations which are based on a rather
simple QFS reaction model. In particular, it is assumed that for
the virtual p-p scattering the cross section is isotropic in the p-
p center-of-mass frame and constant in every kinematic case.
This is justified by the experimental values of free p-p cross
sections which are known to be nearly constant and isotropic in
the energy range relevant for the present studies. Despite the
close agreement with the experiment, more elaborate theoreti-
cal calculations may be needed to describe the distributions of
✓⇤pp and �TY angles.

In addition to this some systematic e↵ects due to experimen-
tal response cannot be completely eliminated. By varying the
experimental cuts and applying slightly di↵erent analysis pro-
cedures it is estimated that the systematic deviations in the TY
distributions do not exceed 10%.

6. Summary and conclusions

The large-acceptance inverse-kinematics QFS experiments
o↵er a convenient experimental configuration to investigate de-
tails of the reaction mechanism. In this work, the reaction
12C(p, 2p)11B is studied in inverse kinematics and the system-
atic Treiman-Yang test is performed for the first time for this
type of reaction. Up to date only very few studies of TY cri-
terion in QFS reactions have been reported. This can be at-
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Fig. 1. Schematic drawing of the experimental setup (not to scale). The upper part 
indicates the detection systems and measured quantities to track and identify pro-
jectiles and forward-emitted reaction products. The lower frame provides a more 
detailed view of the detection systems around the target and the reaction studied. 
Photons are detected with NaI crystals, protons with double-sided Si-strip detectors 
(DSSD) and NaI crystals.

with a thickness of 213 mg/cm2. The secondary beam on target 
contained > 90% 17Ne with an average intensity of identified and 
tracked 17Ne ions of around 3 × 103/s during the beam-on phase. 
The beam energy of 500 MeV/nucleon was chosen to minimize 
secondary reactions of protons in the nuclear medium after the 
primary pp scattering process. The energy of the outgoing pro-
tons is on average 250 MeV at scattering angles of around 45◦ , for 
which the nucleon-nucleon (N N) cross section is minimal. The ex-
perimental setup is schematically shown in Fig. 1, and is identical 
to the one described in Refs. [15,16,18]. The quasi-free one-proton 
knockout reaction 17Ne(p, 2p)16F∗ →15O+p has been analyzed. In 
order to determine reactions induced by the carbon content in the 
CH2 target and in other materials outside the target, additional 
measurements have been performed with C target (370 mg/cm2) 
as well as without target. The experimental method of quasi-free 
scattering in inverse kinematics has been established before us-
ing the 12C(p, 2p) reaction [16]. Identified 17Ne incoming ions are 
tracked with position-sensitive silicon PIN diodes towards the tar-
get. After the reaction target, outgoing fragments are deflected in 
the large-gap dipole magnet ALADIN and identified. Their angles, 
velocity, and magnetic rigidity are determined by double-sided sili-
con micro-strip detectors (DSSD), scintillating fibre detectors, and a 
time-of-flight (ToF) wall. For the reaction channel of interest, iden-
tified 15O fragments have been selected.

The (p, 2p) reaction channel is further characterized by the 
measurement of the angular distribution of the two scattered pro-
tons (including the target proton), and the forward emitted pro-
ton from the decay of unbound 16F states populated after proton 
knockout. A more detailed description of the quasi-free knockout 
reaction in inverse kinematics and summary of experiments using 
this method so far can be found in Ref. [17]. The scattered protons 
are detected by a box of four DSSDs covering an angular range of 
15◦ to 72◦ , and the Crystal Ball (CB) consisting of 162 individual 
NaI crystals surrounding the target (see lower part of Fig. 1). The 
resulting angular distributions of scattered protons are displayed 
in Fig. 2. The angles are defined in the laboratory system with the 

Fig. 2. Angular correlations of the two scattered protons in the (p, 2p) knockout 
reaction. The insets display the correlations between the polar (left) and azimuthal 
(right) angles. The main figure shows the distribution as function of the projected 
opening angle αop = θ1 + θ2 of the two protons.

z-axis pointing along the beam-particles trajectory (see lower part 
of Fig. 1). They exhibit a back-to-back scattering with an opening 
angle peaking at around 84◦ as expected for quasi-free N N scat-
tering. Deviations from elastic pp scattering like the width of the 
distributions and the slightly reduced average opening angle have 
their origin in the internal motion of the proton in 17Ne and its 
binding energy relative to that of the final state.

Protons originating from the decay in flight of 16F are emitted 
in the laboratory frame at forward angles and tracked through the 
dipole magnet by two DSSDs located before the magnet, and drift 
chambers plus a ToF wall after the magnet. γ decays from excited 
states are detected by the CB spectrometer and calorimeter. The 
excitation-energy spectrum and momentum distributions of 16F 
produced in the proton knockout reaction are calculated from the 
measured momenta of the decay products p and 15O by applying 
the invariant-mass method. The resulting resolutions are around 
0.1 MeV at 1 MeV relative energy and 26 MeV/c for the transverse 
momentum (see Supplemental Material for more details).

4. Results

The resulting differential cross section dσ /dE fp as a function 
of the relative energy E fp between the 15O fragment and the de-
cay proton for the reaction 17Ne(p, 2p)16F∗ →15O+p is shown in 
Fig. 3, where contributions of around 10% associated with addi-
tional γ -decays related to knockout of core protons, were sub-
tracted. The measured γ -spectrum is shown in Fig. 7 of the Sup-
plemental Material, where also details on the subtraction proce-
dure are given. The spectrum exhibits two clear structures. The 
peak structure at higher energies reflects the population of high-
lying excited states in 16F after knockout of a proton from the 
15O core in 17Ne (see level scheme given in Fig. 3). Together with 
the decays accompanied by additional γ decays, the core knock-
out reaction contributes with 11.8(3.1) mb around 40% to the total 
one-proton knockout cross section σ(p,2p) = 30.3(2.3) mb.

The low-lying peak results from the population of single-
particle states of 16F, which are not resolved in our measurement. 
The black solid line shows a fit to the data consisting of a sum 
of Breit-Wigner curves with known energies and widths of the 
resonances adopted from the literature [19], taking into account 
the different penetrabilities for the l = 0 and l = 2 states (de-
tails are provided in the Supplemental Material). After taking into 
account the experimental response, the visible width and shape 
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tons (including the target proton), and the forward emitted pro-
ton from the decay of unbound 16F states populated after proton 
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tering. Deviations from elastic pp scattering like the width of the 
distributions and the slightly reduced average opening angle have 
their origin in the internal motion of the proton in 17Ne and its 
binding energy relative to that of the final state.

Protons originating from the decay in flight of 16F are emitted 
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dipole magnet by two DSSDs located before the magnet, and drift 
chambers plus a ToF wall after the magnet. γ decays from excited 
states are detected by the CB spectrometer and calorimeter. The 
excitation-energy spectrum and momentum distributions of 16F 
produced in the proton knockout reaction are calculated from the 
measured momenta of the decay products p and 15O by applying 
the invariant-mass method. The resulting resolutions are around 
0.1 MeV at 1 MeV relative energy and 26 MeV/c for the transverse 
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The resulting differential cross section dσ /dE fp as a function 
of the relative energy E fp between the 15O fragment and the de-
cay proton for the reaction 17Ne(p, 2p)16F∗ →15O+p is shown in 
Fig. 3, where contributions of around 10% associated with addi-
tional γ -decays related to knockout of core protons, were sub-
tracted. The measured γ -spectrum is shown in Fig. 7 of the Sup-
plemental Material, where also details on the subtraction proce-
dure are given. The spectrum exhibits two clear structures. The 
peak structure at higher energies reflects the population of high-
lying excited states in 16F after knockout of a proton from the 
15O core in 17Ne (see level scheme given in Fig. 3). Together with 
the decays accompanied by additional γ decays, the core knock-
out reaction contributes with 11.8(3.1) mb around 40% to the total 
one-proton knockout cross section σ(p,2p) = 30.3(2.3) mb.

The low-lying peak results from the population of single-
particle states of 16F, which are not resolved in our measurement. 
The black solid line shows a fit to the data consisting of a sum 
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Fig. 3. Differential cross section dσ /dEfp as function of the relative en-
ergy Efp between the 15O fragment and the decay proton for the reaction 
17Ne(p, 2p)16F∗ →15O+p. Contributions involving γ -decays have been subtracted. 
The prominent peak below 2 MeV results from four low-lying resonances in 16F 
populated after knockout of a valence proton from 17Ne, while the cumulation of 
events between 3 and 6 MeV corresponds to knockout of a proton from the 15O 
core. The inset shows the populated states with their energy and quantum num-
bers.

of the resonances are dominated by the resolution resulting in a 
Gaussian-like shape in the peak region. Therefore, the description 
of the spectrum is rather insensitive to the details of the line shape 
and additional uncertainties which could arise due to this are neg-
ligible.

The two low-lying 0− and 1− states (see level scheme shown 
in Fig. 3) are s-wave resonances populated after the knockout 
of a valence proton from the s2 configuration, while the two 
higher lying 2− and 3− states are the d-resonances in 16F pop-
ulated after knockout from the d2 configuration. The properties 
of the resonances have been precisely determined by different ex-
periments showing their rather pure s1/2 and d5/2 single-particle 
structure [20].

The low-energy part of the spectrum below 2 MeV corresponds 
thus to the valence-proton or ‘halo’ knockout. The fit results in a 
cross section of 18.5(2.1) mb for the halo knockout with a rela-
tive contribution for the population of the s-states of 42(5)% The 
high-energy positive-parity states of the spectrum above 2 MeV 
are populated in core knockout reactions. The grey curves indicate 
the fit result, where the two groups of non-resolved resonances 
are approximated by two Breit-Wigner curves.

The experimental cross sections are compared to theoretical 
(p, 2p) quasi-free-scattering cross sections computed using the 
Glauber theory [21]. Inputs to the calculations are the 15O core 
density distribution, single-particle wave functions for the valence 
protons, and the free N N cross sections. A Hartree-Fock density 
is used for the core with a radius rrms = 2.64 fm. The single-
particle wave functions were obtained by solving the Schrödinger 
equation for a Woods-Saxon mean-field potential with radius pa-
rameter r0 = 1.2 fm and diffuseness a = 0.7 fm. Cross sections 
were computed individually for the angular momenta l = 0 and 
l = 2 and effective binding energies according to the resonances 
populated. The obtained single-particle cross sections σsp for the 
s and d states are 11.65 mb and 9.16 mb, respectively. The cross 
section for l = 0 is somewhat larger due to the surface-dominated 
reaction probability and the long halo-like tail of the s wavefunc-
tion. This results in spectroscopic factors of C2 S = 0.67(11) for 
the s2 configuration and C2 S = 1.17(16) for the d2 configuration, 
where C2 S = σexp/σsp . The given uncertainties in comparing with 
the Glauber theory do not include theoretical uncertainties. The 

Fig. 4. Momentum distribution dσ /dp y of 16F projected onto the cartesian coordi-
nate y perpendicular to the beam for the reaction 17Ne(p, 2p)16F∗ →15O+p with 
the condition Efp < 2 MeV. The solid curve represents the theoretical result after 
adjusting the l = 0 (long-dashed) and l = 2 (short-dashed) contributions to the ex-
perimental data (symbols).

probability P ( s2

s2+d2 ) to find the two valence protons in the s2 con-

figuration in the 17Ne ground state amounts thus to 36(5)%.
The shape of the momentum distribution dσ /dp of the resid-

ual fragment after one-nucleon knockout is characteristic for the 
angular momentum of the knocked-out nucleon. The transverse 
momentum distribution dσ /dp y of 16F, projected onto the carte-
sian coordinate y, is shown in Fig. 4. The distribution was recon-
structed from the measured momenta of 15O plus the forward-
emitted proton from the decay of 16F, with the condition that the 
relative energy E fp < 2 MeV, i.e., with a selection on ‘halo’ knock-
out. The data clearly indicate a superposition of two shapes. The 
solid curve represents a fit of the calculated distributions to the 
data, using the above-described theoretical description, for l = 0
(long-dashed curve) and l = 2 (short-dashed curve), obtained from 
a χ2 minimization in a simultaneous fit to both transverse mo-
mentum distributions (see Fig. 8 in the Supplemental Material). 
This results in a relative contribution to the cross section of 39(4)% 
for l = 0, corresponding to a probability of 34(3)% for the s2 con-
figuration of the valence protons. This is in perfect agreement with 
the independent result of 36(5)% derived from the relative-energy 
spectrum discussed above. The good agreement also corroborates 
the assumption that the 0− and 1− states are pure s states and do 
not contain a sizable d3/2 component. An admixture in the order 
of 10%, however, cannot be excluded. This would result in an over-
estimate of the s2 contribution extracted from the relative-energy 
spectrum by around 10%, which would still be consistent with the 
result from the momentum distributions, which is not sensitive to 
such an admixture and reflects directly the fractions of s2 and d2

components.
The dominance of the l = 2 configuration is further supported 

by the proton-proton angular correlations in the 17Ne ground state 
shown in Fig. 5. The p − p relative angle θpp in the 17Ne frame has 
been constructed under the assumption that the relative motion 
of the fragment 15O and the proton p2 (from the decay of 16F, 
see inset of Fig. 5) remains undisturbed after sudden knockout of 
the proton p1. The angular correlation between the protons in the 
17Ne ground state is accordingly reflected by the angle between 
the momentum of the knocked out proton p1, given by the 16F 
recoil with pp1 = −p16 F (in the rest frame of the projectile), and 
the 15O−p2 relative momentum p f p = µ(pp2/mp −p f /m f ), where 
mp , m f , and µ are the masses of proton, 15O, and the reduced 
mass of the 16F system, respectively.
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recoil with pp1 = −p16 F (in the rest frame of the projectile), and 
the 15O−p2 relative momentum p f p = µ(pp2/mp −p f /m f ), where 
mp , m f , and µ are the masses of proton, 15O, and the reduced 
mass of the 16F system, respectively.

4

— Independent determinations of s2/d2 ratio from energy spectrum and momentum distributions consistent 
     → only 35(3)% s2 component ! → 17Ne is not a pronounced Halo nucleus 
  
— Spectroscopic factor for valence protons (s2+d2): C2S = 1.8(2) → only small or no quenching

15O+p: relative-energy distribution 16F: momentum distribution

C. Lehr et al.,  
Phys. Lett. B 827 (2022) 136957)
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Theoretical prediction:  
nuclear clusters appear in low-density nuclear matter 
+ 
alpha clusters can form at the very surface of  
heavy nuclei at densities well below saturation 
Dependence of neutron/proton density profiles 
-> dependence on neutron skin 
-> prediction for Sn isotopes 

S. Typel, generalized relativistic mean-field model (gRMF)  

Alpha Clusters at the surface of heavy nuclei
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process, the intrinsicmomentumof the knocked-
out particle and its binding energy in the
nucleus can be reconstructed from the con-
servation of energy and momentum. For the
(p, pa) experiment reported herein, the ex-
perimental setup was designed according to
the quasi-free scattering kinematics of pro-
tons on a particles bound in tin isotopes. For
this investigation, we selected a large center-
of-mass scattering angle, i.e., a large momen-
tum is transferred to the a particle at the
instance of the reaction and the residue can
be regarded safely as a spectator (see fig. S2).
Therefore, the observed a particles in the
final state, detected in coincidence with the
scattered protons, directly reflect the proba-
bility of finding a clusters in the target nu-
cleus. By measuring the (p, pa) cross sections
under quasi-free kinematic conditions, the

change in the effective number of a clusters
in the tin isotopic chain can be obtained as a
function of the neutron number.
The experiment was performed at the nu-

clear experimental facility in the Research
Center for Nuclear Physics (RCNP), Osaka
University. Figure 1 shows the experimental
setup. A 392-MeV proton beam with an inten-
sity of 100 nA, provided by a ring cyclotron,
impinged on a tin target. Information on the
targets and beam intensities is specified in
Table 1. After the (p, pa) reaction, the scattered
protons were analyzed by using the Grand
Raiden magnetic spectrometer (28). It was
set at 45.3° with respect to the proton beam,
and the energies andmomenta were deduced
from the position and angles measured at the
focal plane. The coincident a particles were
detected at 60° by the large acceptance spec-

trometer (LAS) (29). The acceptancewasmainly
determined by using a slit with a well-defined
rectangular aperture at the entrance of the
Grand Raiden spectrometer. Each type of
particle was identified in the corresponding
focal-plane detectors for theGrandRaiden and
LAS instruments, as shown in Fig. 1.
Figure 2A presents the coincident timing

spectrum of the recorded proton-a pair in the
time window of the 500-ns coincidence gate.
It includes seven peaks separated by time in-
tervals of 62.5 ns, which correspond to the
time structure of the beam bunches from the
cyclotron. Although accidental-coincidence
events are dominant, an enhancement in the
third bunch, which arises from true-coincidence
events, is observed. From the measured kinetic
energies of the protons, Tp, and a particles,
Ta, in the coincident bunch, the missing-mass
spectrum, MX = 392 MeV − Tp − Ta, is con-
structed (black points in Fig. 2B). The blue
points in Fig. 2B correspond to the background
spectrum resulting from the accidental-
coincidence bunches after proper normaliza-
tion. The spectrum from the true-coincidence
bunch shows a prominent peak on top of the
background.
We subtracted the “accidental-coincidence”

background from the “true-coincidence” spec-
trum. The error bars presented in Fig. 3, A to
D, include the effect of this subtraction. The
missing-mass spectra for the targets—112Sn,
116Sn, 120Sn, and 124Sn—were obtained with a
resolution of 0.83(3) MeV (standard devia-
tion) and fitted using the Gaussians for the
ground-state peaks and the simulated shapes
of the continuum (fitting parameters in table
S3). The peak positions of the ground state
for the different targets agree well with the
known a-separation energies. This result clearly
indicates the preformation of a particles in
these tin isotopes. The observed momentum
distribution of the a particles (fig. S3) is also
in good agreement with the theoretical pre-
diction (23), reaffirming that the formation of
a particles indeed occurs in the low-density
surface region of heavy nuclei as predicted by
the gRDF calculation (23).

Tanaka et al., Science 371, 260–264 (2021) 15 January 2021 2 of 5

Grand Raiden  
Spectrometer 

proton detection

45.3°
60.0°

0 1 2 3 m

392 MeV proton beam  
from Ring Cyclotron

Sn target Large Acceptance 
Spectrometer 

 particle detection

Drift  
chambers

Plastic  
scintillators

Drift 
chambers

Plastic scintillators

Fig. 1. Schematic illustration of the experimental setup. A 392-MeV proton beam from the ring cyclotron
accelerator impinges on a tin target. After a ASn(p, pa)A−4Cd reaction, a scattered proton is detected by
the focal-plane detectors, drift chambers, and plastic scintillators after traversing the Grand Raiden spectrometer
at an angle of 45.3° with respect to the proton beam. A knocked-out a particle is detected by the focal-plane
detectors behind the LAS spectrometer at an angle of 60.0° with respect to the proton beam.

Table 1. Experimental and theoretical values of the tin isotope parameters. Target thicknesses and enrichments of the tin-isotope targets, the
experimental and theoretical cross sections, the effective number of a clusters, and the theoretical neutron-skin thicknesses Drnp from the gRDF prediction
(23). The calculations were performed with the DD2 parameters (5) for the effective interaction without and with the a clusters. In the last column, the value is
the percentage by which Drnp is reduced when a clusters are included. nb, nanobarn.

Tin isotope
Target thickness

(mg/cm2)
Isotopic

enrichment (%)
Experimental cross

sections (nb)
Theoretical cross
sections (nb)

Effective
number of a
clusters

Theoretical
Drnp without

a (fm)

Theoretical
Drnp with
a (fm)

Relative Drnp
change (%)

112Sn 40.2(4) 95.1(1) 0.157(12) 0.160 0.3876 0.0495 0.0277 −44
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
116Sn 39.3(4) 97.8(2) 0.129(16) 0.127 0.3304 0.0843 0.0580 −31
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
120Sn 39.9(4) 99.6(1) 0.090(13) 0.095 0.2668 0.1179 0.0912 −23
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
124Sn 40.7(4) 97.4(2) 0.073(10) 0.065 0.1958 0.1505 0.1275 −15
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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FIG. 1. (Color online) Dependence of the rmd radii of neu-
trons (circles) and protons (squares) on the mass number A of
Sn nuclei in the extended RTF calculation with the modified
DD2 parametrization. Full red (open blue) symbols denote
the results with (without) α-particle correlations.

effective cluster potentials due to a finite range of the
interaction. The attractive scalar potential Si extends
further out than the repulsive vector potential Vi of a
cluster i. In constrast, the appearance of clusters inside
the heavy nucleus is strongly suppressed because of the
large positive mass shift in the scalar potential.
A similar approach can be used to describe heavy nu-

clei in the vacuum at zero temperature in order to study
the significance of few-body correlations at the nuclear
surface. However, a few modifications have to be taken
into account. The α-particle with the highest binding
energy of the light clusters emerges as the only relevant
correlation. In contrast to nucleons, α-particles populate
only the ground state wave function, which has to be
determined explicitly. This ’condensation’ is one foun-
dation of the very successful THSR description of dilute
excited nuclei [24], e.g. the Hoyle state in 12C. In the
present calculation, a WKB approximation is used to
obtain the α-particle wave function self-consistently with
the nucleon distributions. The resulting density distribu-
tion of 4He has a maximum at the position of the pocket
in the effective potential. The amount of α-clustering is
determined such that the effective position-dependent α
energy Eα("r) = mα + Vα("r)− Sα("r) does not exceed the
α-particle chemical potential µα = 2µn + 2µp (including
rest masses). The latter is given by the neutron and pro-
ton chemical potentials µn and µp that are found from the
extended RTF description of the nucleon distributions.
The density-dependent DD2 parametrization was in-

troduced in the extended RMF model of Ref. [21]. It was
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-0.05

0.00

0.05

0.10

0.15

0.20

0.25

ne
ut

ro
n 

sk
in

 th
ic

kn
es

s  
 r sk

in
   

[f
m

] without α correlations
with α correlations

FIG. 2. Dependence of the neutron skin thickness on the
mass number A of Sn nuclei in the extended RTF calculation
with the rescaled DD2 parametrization. Full (open) symbols
denote the results with (without) α-particle correlations.

obtained by fitting the parameters to properties of finite
nuclei using the usual mean-field Hartree approximation.
It can be directly applied to the description of homoge-
neous matter with clusters as in Refs. [21, 22], however,
the calculation of nuclear properties in the extended RTF
approximation will give slightly different results for ener-
gies and radii. In order to compensate, at least partly, for
these differences, in the present calculations the mass of

the σ meson was increased from the original value m(orig)
σ

to m(mod)
σ = 577.9 MeV and the σ meson coupling Γσ

was multiplied by the factor m(mod)
σ /m(orig)

σ . This rescal-
ing does not affect the results for uniform matter but it
improves the description of finite nuclei. Although the
extended TF calculations will give smaller neutron skin
thicknesses than the full Hartree calculations (see below),
the general trends due to the α-particle correlations can
be studied in such an approach.

In Fig. 1 the evolution of the neutron and proton rms
radii in the chain of Sn isopotes is depicted when the
mass number A increases. At mass numbers A ≈ 107 the
neutron and proton distributions of a nucleus have almost
identical rms radii without forming a neutron skin. With
increasing neutron number, the neutron rms radius rises
stronger than the proton rms radius and a neutron skin
appears. With α-particle correlations, however, the rms
radii are smaller for a given nucleus than in the model
without α correlations. For A ≈ 133 the differences be-
tween the rms radii in the model calculations without
and with α-particles practically vanish.

The dependence of the resulting neutron skin thick-
nesses rskin on A for the same chain of Sn nuclei in shown
in Fig. 2. Without α-correlations, rskin increases almost
linearly with the mass number A. However, the con-
sideration of α-cluster correlations leads to a substantial
reduction of the neutron skin, in particular in the middle

Experiment at RCNP, Osaka University 
 (enriched targets, 392 MeV protons) 

Measurement of p and alpha in quasi-free kinematics 
-> cross section dependence on A

112,...,124Sn(p, pα)X

n-skin

J. Tanaka et al., Science 372, 260 (2021)



Thomas Aumann | TU Darmstadt, GSI, HFHF | NN2024 

ASn(p,p ) cross sectionsα

15

Tanaka et al., Science 371, 260–264 (2021) 15 January 2021 4 of 5

0

20

40

60

80

-20 -10  0  10  20  30

0

200

400

600

800
124Sn(p, pα)120Cd

D

dσ
/d
M

X
 (

pb
 / 

M
eV

)

C
ou

nt
s 

/ M
eV

MX (MeV)

0

20

40

60

80

0

200

400

600

120Sn(p, pα)116Cd
C

dσ
/d
M

X
 (

pb
 / 

M
eV

)

C
ou

nt
s 

/ M
eV

0

20

40

60

80

0

200

400
116Sn(p, pα)112Cd

B

dσ
/d
M

X
 (

pb
 / 

M
eV

)

C
ou

nt
s 

/ M
eV

0

20

40

60

80

-200

0

200

400

600

800

1000

1200

1400

1600
112Sn(p, pα)108Cd

A

dσ
/d
M

X
 (

pb
 / 

M
eV

)

C
ou

nt
s 

/ M
eV

0.2

0.3

0.4

0.5

112 116 120 124

G

σ /
N

α 
(n

b)

Mass number A

0.1

0.2

0.3

0.4

F

N
α

0.05

0.10

0.15

experiment

theory

E

σ  
(n

b)

Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Dependence on mass A

-> dependence on mass / neutron-skin thickness 
    as predicted by gRMF (S. Typel)   

-> consequence on Esym - n-skin relation ? 

-> relation to alpha decay ?  

-> future experiments with RIBs at RIBF and  
                                                                R3B at FAIR 

J. Tanaka et al., Science 372, 260 (2021)



Thomas Aumann | TU Darmstadt, GSI, HFHF | NN2024 

Conclusion

16

• Quasi-free scattering has proven to be a versatile and clean reaction  
to study short-lived nuclei in inverse kinematics at relativistic energies 

          Large-acceptance experiment allowed for Treiman-Yang test over the full phase space 

• 17Ne(p,2p): halo size suppressed due to dominant l=2 configuration  

• Alpha clusters observed at the surface of Sn nuclei  

• R3B FAIR Phase-0 experiments in analysis: 

- short range correlations vs. neutron excess: (p,2pN) and (p,pd)   -> talk by D. Cortina 

- (p,2p)fission  -> talk by J. Benlliure
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and many others…

Thank you for your attention!

Thank you


