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Motivation

N=14

N=8

N=16

disappear

N=20
disappear

halo

new magic numbers

• Disappearence of the N = 8: 11Li, 12Be

• Halo nuclei: 11Li, 11Be, 14Be, 17C, 19C, 22N

• New shell closures at N = 14 and N =16: 22O, 24O

• Disappearence N = 20: 26O and 25O unbound
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The N = 14 sub-shell closure
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Reaction mechanism
 Quasi-free scattering:  (p,2p) and (p,pn)

CH2 targetIncoming projectile Outgoing fragment

22O(p,2p)21N

QFS selection: incoming + outgoing + two high energy particles at Crystal Ball

Angular signature for the 
emitted nucleons:

✓ Opening angle ~80º
✓ Back to back in φ

p

p

p,n
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• Beam delivered to Cave C, R3B/LAND setup



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup

Primary beam 40Ar



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup

Secondary
beam



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup

Cave C
R3B/LAND



S393 Experiment at GSI (2010)
• 40Ar11+ primary beam from SIS

• Fragmentation on 9Be target

• Selection of the secondary beam at the FRS

• Beam delivered to Cave C, R3B/LAND setup



S393 Experiment at GSI (2010)



S393 Experiment at GSI (2010)



22N

S393 Experiment at GSI (2010)

23O22O21O

21N20N
(p,2p)

(p,pn)

20C



R3B/LAND setup
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Outgoing identification
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Outgoing identification
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Outgoing identification
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(p,pn) and (p,2p)channels
22O(p,pn)21O
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(p,pn) and (p,2p)channels
22O(p,pn)21O
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Figure 7.2: Left: FWHM of the transversal momentum distribution for the
(p,pn) channel are represented as a function of the neutron number for the
projectiles 21N and 22,23O. Right: same, but for the (p,2p) channel represented
as a function of the proton number.

the single valence neutron for N=15 is in the 1s1/2. This change from the d
shell (angular momentum l=2) to the s shell (angular momentum l=0) ex-
plains the narrowing in the momentum distributions. In the (p,2p) channels
if we focus on the N=14 shell, it is observed that the FWHM for the 22O is
bigger than the one for the 21N. The reason is that the oxygen isotope has its
two valence shell completely full, rendering the nucleus to be tightly bound
and so more compact, which translates into a wider momentum distribution.
An accurate comparison between the two oxygen isotopes is limited by the
lack of statistics and does not allow to extract any conclusion, since the 23O
has very low statistics for the (p,2p) channel. Despite, it is observed a very
narrow distribution compared with the 22O.

This behaviour for the neutron shells of these N=14 nuclei was already
observed in previous works [86, 87] where the experimental observations sup-
port the existence of a sub-shell for N=14.

In order to investigate the angular momentum of the projectile’s shell
where the nucleon was removed, theoretical calculations have been performed.
The first calculation was done by C. Bertulani for the reaction 21N(p,pn)20N
by using the Distorted Wave Impulse Approximation (DWIA) theory with
NN (nucleon-nucleon) cross sections and with the eikonal approximation
since the energy transfer in the reaction is smaller than the participants
energies and the scattering angles are small enough [88].

The 21N structure can be described as a combination of the 20N in its
ground state with a neutron in the 0d5/2 and the 20N in an excited state 1+

with a neutron in an 1s1/2, coupled each one to the 21N ground state spin
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the single valence neutron for N=15 is in the 1s1/2. This change from the d
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plains the narrowing in the momentum distributions. In the (p,2p) channels
if we focus on the N=14 shell, it is observed that the FWHM for the 22O is
bigger than the one for the 21N. The reason is that the oxygen isotope has its
two valence shell completely full, rendering the nucleus to be tightly bound
and so more compact, which translates into a wider momentum distribution.
An accurate comparison between the two oxygen isotopes is limited by the
lack of statistics and does not allow to extract any conclusion, since the 23O
has very low statistics for the (p,2p) channel. Despite, it is observed a very
narrow distribution compared with the 22O.

This behaviour for the neutron shells of these N=14 nuclei was already
observed in previous works [86, 87] where the experimental observations sup-
port the existence of a sub-shell for N=14.

In order to investigate the angular momentum of the projectile’s shell
where the nucleon was removed, theoretical calculations have been performed.
The first calculation was done by C. Bertulani for the reaction 21N(p,pn)20N
by using the Distorted Wave Impulse Approximation (DWIA) theory with
NN (nucleon-nucleon) cross sections and with the eikonal approximation
since the energy transfer in the reaction is smaller than the participants
energies and the scattering angles are small enough [88].

The 21N structure can be described as a combination of the 20N in its
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Reaction �(mb)

21N(p,pn)20N 46.8±4.3

21N(p,2p)20C 1.96±0.38

23O(p,pn)22O 69±11

23O(p,2p)22N 5.02±1.3

22O(p,pn)21O 40.8±2.3

22O(p,2p)21N 4.98±0.54

Table 7.1: Inclusive cross sections for the (p,pn) and (p,2p) reactions for the
projectiles 21N, 23O and 22O, corrected by the Crystal Ball e�ciency in a
proton target.

oxygen isotopes have the two less bounded protons closing the 0p1/2 shell,
and the nitrogen has one proton less in the same shell. It is more probable
to remove a proton from the oxygens because they have higher occupancy.
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Figure 7.1: Left: cross section for the (p,pn) channel as a function
of the neutron number for the projectiles 21N and 22,23O. Right: cross
section for the (p,2p) channel as a function of the proton number for
the projectiles 21N, 23,23O. In both cases is include inside the plot the
one neutron (proton) separation energy for each projectile, taken from
http://ie.lbl.gov/toi2003/MassSearch.asp.

128 Conclusions

separation energy. Also, the other two nuclei (22O and 21N) have the valence
neutrons in a closed shell. For the (p,2p) channels it was observed that the
nuclei with Z = 8 have the same cross section because they have the same
number of protons in the same shell. They have a higher cross section than
the 21N due to the larger number of valence protons to be knocked-out.

Reaction �(mb)

21N(p,pn)20N 46.8±3.4

21N(p,2p)20C 1.96±0.24

23O(p,pn)22O 68.6±8.7

23O(p,2p)22N 5.02±0.72

22O(p,pn)21O 40.8±1.8

22O(p,2p)21N 4.98±0.20

Table 8.1: Inclusive cross sections for the (p,pn) and (p,2p) reactions for the
projectiles 21N, 23O and 22O.

Reaction �(mb)

21N(p,pn)20N 46.8±3.4

23O(p,pn)22O 68.6±8.7

22O(p,pn)21O 40.8±1.8

Table 8.2: Inclusive cross sections for the (p,pn) and (p,2p) reactions for the
projectiles 21N, 23O and 22O.

Regarding the momentum distributions, it was observed for the (p,pn)
channels that the FWHM decreases when moving from N = 14 to N =
15; this can be interpreted as neutrons passing from a d-shell with angular
momentum l = 2 to an s-shell with angular momentum l = 0, which has
a narrower momentum distribution and a wider spatial distribution. The
measured FWHM are: 190±33 MeV/c for the 21N(p,pn)20N, 108±25 MeV/c
for the 23O(p,pn)22O and 240±16 22O(p,pn)21O. From the comparison with
theoretical calculations, it was possible to obtain the weights for the di↵er-
ent waves. In the case of the 21N nucleus, a contribution of 0.91±0.18 and
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Reaction �(mb)

21N(p,2p)20C 1.96±0.24

23O(p,2p)22N 5.02±0.72

22O(p,2p)21N 4.98±0.20

Table 8.3: Inclusive cross sections for the (p,pn) and (p,2p) reactions for the
projectiles 21N, 23O and 22O.

0.09±0.18 for the d and s waves, respectively has been measured. For the 22O,
it has been observed that the composition of the ground state requires some
strength of the s wave, coupled with the first excited state of 21O. The (p,2p)
channels were also investigated, obtaining the next FWHM: 204±41 MeV/c
for the 21N(p,2p)20C, 95±51 MeV/c for the 23O(p,2p)22N and 254±12 MeV/c
for the 22O(p,2p)21N. From the comparison of the FWHM for the two oxygen
isotopes, it is observed that the 23O has a narrower momentum distribution
because it has a larger separation energy.

The � ray spectra for the nuclei 22O, 21N, 21O, 20N, 20C and 22N were
studied by measuring the coincidence of these isotopes with the gamma rays
measured in the Crystal Ball detector. For 22O, 21N and 21O cases, the
gamma rays relative intensities were determined. It was found via the ob-
servation of the � rays with energies of 3199 and 1383 keV, that 23O could
be described as the combination of an 22O core in its ground state coupled
to a neutron in the 0s1/2, an 22O core in its first excited state (3199 keV) 2+

coupled to a neutron in the 0d5/2 and an 22O core in its second excited state
(1383 keV) 3+ coupled to a neutron in the 0d5/2. The calculated relative
intensities were found to be in good agreement with previous results from
[18, 86]. The study of the 21N revealed that the ground state of the 22O can
be described as a combination of the 21N core either in its ground state (spin
and parity 1/2�) coupled to a proton in the 0p1/2 or in its first excited state
3/2�, where will emit a � ray with an energy of 1177 keV.

The study of the excitation energy spectra allowed the determination of
three resonances for the unbound states of 21O. The resonances are found to
be at 4.4±0.1 MeV, 5.5±0.1 MeV and 6.8±0.1 MeV, being the width of the
first resonance 0.280±0.140 MeV. The energy obtained for the first resonance
confirms the previous value obtained by [91], which also has a compatible
value for the width. The study of the excitation energy spectrum for the 20N
revealed the existence of two resonance at 3.2±0.2 MeV and 6.77±0.4 MeV.
The first one is compatible with the result found by [19] where they measured
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Reaction �(mb)

21N(p,pn)20N 46.8±4.3

21N(p,2p)20C 1.96±0.38

23O(p,pn)22O 69±11

23O(p,2p)22N 5.02±1.3

22O(p,pn)21O 40.8±2.3

22O(p,2p)21N 4.98±0.54

Table 7.1: Inclusive cross sections for the (p,pn) and (p,2p) reactions for the
projectiles 21N, 23O and 22O, corrected by the Crystal Ball e�ciency in a
proton target.

oxygen isotopes have the two less bounded protons closing the 0p1/2 shell,
and the nitrogen has one proton less in the same shell. It is more probable
to remove a proton from the oxygens because they have higher occupancy.

N
13 14 15 16

C
ro

s
s

 s
e

c
ti

o
n

 (
p

,p
n

) 
(m

b
)

10

20

30

40

50

60

70

80

90

100

N21

O22

O23

O) = 2740 keV
23

(nS

O) = 6850 keV22(nS

N) = 4590 keV21(nS

Z
6 7 8 9

C
ro

s
s

 s
e

c
ti

o
n

 (
p

,2
p

) 
(m

b
)

1

2

3

4

5

6

7

8

O23

O22

N21

O) = 24710 keV
23

(pS

O) = 23260 keV22(pS

N) = 19600 keV21(pS

Figure 7.1: Left: cross section for the (p,pn) channel as a function
of the neutron number for the projectiles 21N and 22,23O. Right: cross
section for the (p,2p) channel as a function of the proton number for
the projectiles 21N, 23,23O. In both cases is include inside the plot the
one neutron (proton) separation energy for each projectile, taken from
http://ie.lbl.gov/toi2003/MassSearch.asp.



Exclusive measurements
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assignment a striking agreement is obtained between the pro-
posed level scheme for 22O and the one calculated by the
sd-shell model.

According to shell model calculations, the full sd-shell
wave function for 22O ground state is 77% 0p-0h, 22%
2p-2h, and 1% 4p-4h and the 2+ energy is 3.38 MeV. Rela-
tive to the dominant 0p-0h ground state the excited states in

22O are 1p-1h with one particle in the s1/2 or d3/2 orbits
coupled to one hole in the d5/2 orbit. The lowest of these are
the 2+ and 3+ states which are dominated by the s1/2 orbit.
The energies of these states are split by the residual 1p-1h
interaction. Relative to the ESPE gap of 4.3 MeV the 2+ state
is pushed down to 3.4 MeV and the 3+ state is pushed up to
4.8 MeV. The !2J+1" weighted average of 4.2 MeV is close
to the ESPE gap. The next states with J=0, 2, and 4 are those
dominated by 2p–2h with two particles in the s1/2 and two
holes in the d5/2. Only the lowest of these with J=0 is not
observed in the present experiment. Although, the weak
1710 keV ! ray (seen in both Fig. 8 and Fig. 9) could ac-
count for the decay of an excited 0+, as suggested in Fig. 10.
The next levels in the calculation starting at 7.36 MeV are
1p-1h with the one particle in the d3/2 orbital. These are well
above the neutron decay threshold of 6.85!6" MeV and
therefore not observed.

D. The oxygen isotope A=23

The information about the 23O nucleus is very limited due
to the experimental difficulties associated with approaching
to the neutron drip line. Its Sn value is known to be
2.7!1" MeV [21]. The ground state spin and parity has been
recently identified by Sauvan et al. [19] as 1/2+, in good
agreement with the sd-shell model calculations [16].

A total number of 7500 and 19620 23O nuclei were ob-
served in the SSF and DSF, respectively. The obtained !-ray
spectra from the BaF2 detector array (DSF experiment) are
presented in Fig. 11. Both the Doppler corrected and raw
spectra exhibit relatively low statistics despite the large num-
ber of 23O nuclei produced. Furthermore no clear peak is
observed in the Doppler corrected spectrum. ! rays from
targetlike fragments such as 7Li !477 keV", 10C !3353 keV",
11C !2000 keV,4318 keV", 12C !4439 keV", 10B !718 keV,
1021 keV", 11B !2124 keV,4444 keV", and 10Be !3368
keV" are seen in the raw !-ray spectrum [see Fig. 11(a)].
These are indications that there are no 23O transitions with
energies higher than 100 keV (the BaF2 detector threshold).

In order to better demonstrate that the 23O nucleus does
not have any bound excited state, we have performed a
Monte Carlo simulation of the BaF2 array spectrum obtained
from a 2.7 MeV ! ray emitted by a source moving with the
velocity of the 23O fragments. Since the one neutron separa-
tion energy in 23O is 2.7 MeV, no ! ray is expected above
this value. The lowest value of the feeding intensity of the
first excited state in odd mass nuclei produced in the DSF
experiment was found to be of the order of 30%. For this
simulation a conservative value of 20% was taken for 23O,
which was experimentally populated mainly through frag-
mentation reactions, where many particle removal is in-
volved. For comparison, the simulated spectrum with Dop-
pler correction is shown in Fig. 11(b) together with that
obtained from our experiment. This comparison shows con-
vincingly that if a bound excited state existed in 23O, one
should clearly observe a ! peak in the measured spectrum.
This remains the case even if the direct feeding intensity of
this state is as low as 1%. The quality of the simulation is
illustrated by the good agreement between the measured and

FIG. 9. BaF2 measured ! rays observed in coincidence with the
3199 keV transition in 22O during the SSF experiment.

FIG. 10. The measured level scheme of 22O together with the
sd-shell-model calculations. Transition energies and relative inten-
sities are indicated together with their uncertainties for ! lines.
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122 Discussion of the results

Results from this work Results from [18]

E� (keV) I� (%) (2800) I� (%)

1383 59 ±11 43 ±8

2800 100 ±16 100 ±15

Table 7.3: Relative intensities determined for the gamma rays of 22O, using
the simulated energies of 2800 and 1383 keV.
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Figure 7.8: Experimental � ray spectra (black) and best minimization (red)
for 21N.

cording to reference [19], this nucleus has a � ray at 1177 (3/2�) keV, with
the strongest intensity. This transition is in coincidence with the energies
at 1228 (5/2�), 2142 (5/2�), 2438 (5/2+), 1790 (7/2�) and 884 (7/2�) keV.
All the information about the spin and parity of the di↵erent states has
been taken from [19] As it was done in the previous case, the 22O can be
described as a core of 21N coupled to a proton in the 0p1/2 or 0p3/2 shells.
The only possible combinations taking into account the spin and parity of
the ground and excited states of 21N, lead to the possibility to observe only
the � ray corresponding to the first excited state, 1177 keV. Then, we first
try to interpret the experimental data from the minimization of this unique
contribution, additionally to the exponential background. The result can be

Gamma rays



One neutron evaporation channels

S8

22O(p,pn)21O*->20O+n
23O(p,pn)22O*->21O+n
21N(p,pn)20N*->19N+n

5.7 The invariant mass 89

(Minv)O =

vuut
NX

i=1

m2
i +

NX

i 6=j

�i�jmimj (1� �i�jcos✓ij) (5.24)

In case that the outgoing fragments are produced in an excited state, the
gamma energies need to be taken into account and the invariant mass for the
outgoing fragments will be

(Minv)O =

vuut
NX

i=1

m2
i +

NX

i 6=j

�i�jmimj (1� �i�jcos✓ij) + E� (5.25)

Using the fact that the invariant mass has to be the same before and after
the decay, the excitation energy is

E⇤ =

vuut
NX

i

m2
i +

NX

i 6=j

�i�jmimj (1� �i�jcos✓ij)�Mo (5.26)

if gammas are considered

E⇤ =

vuut
NX

i

m2
i +

NX

i 6=j

�i�jmimj (1� �i�jcos✓ij)�Mo + E� (5.27)

According to the equation 5.27, for the reconstruction of the excitation
energy event-by-event it is required the complete identification and tracking
of all the outgoing particles (fragments, neutrons, protons and gammas).

Invariant mass
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One neutron evaporation channels
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Conclusions
Inclusive cross sections and momentum distributions have been 
measured via (p,pn) and (p,2p) QFS reactions for the projectiles 21N, 
23O and 22O 

The analysis of the same projectile via proton and neutron removal in 
QFS conditions, allowed to study the proton and neutron shell at the 
same time

The comparison of inclusive momentum distribution and cross section 
with theoretical calculations would provide  information  to understand 
the shell gaps evolution and to disentangle between different 
configurations

For 23O(p,pn)22O, 22O(p,2p)21N and 22O(p,2p)21O, the coincident 
measurement of the gamma fragment would allow to determine 
different  contributions in the original projectile wave function that 
involved  low-lying excited states in the fragment

For some cases, the excitation energy after one nucleon removal was 
enough to populate unbound states in the fragment. These results 
would provide information on the inner region of the exotic projectiles


