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Single-Particle Strength

IPM: Nucleons are single particles moving independently in a mean field created by 
all nucleons.

  Reduction factor

  R = σ
exp

/σ
IPM 

relative to the IPM!

(e,e'p) reactions at NIKHEF

H. Dickhoff, C. Barbieri Prog. Nucl. Phys. 52, 377 (2004)

NIKHEF data: L. Lapikas Nucl. Phys. A553, 297c (1993) 

 30-40% deviation of the single-particle 
strength relative to the IPM 

 Correlations: 
not included in the IPM

 such as short-range and tensor,
                long-range

→ configuration mixing
→ high momenta

  NIKHEF data is limited to stable nuclei

R
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Quenching of Single-Particle Strength

   J.A.Tostevin, A. Gade Phys. Rev. C 90, 057602 (2014)

  strongly bound  weakly bound

 Latest compilation including 
exotic nuclei from (e,e'p), proton 
and neutron removal reactions

 Isospin dependency of single-
particle strength in asymmetric 
systems?

Quenching of single-particle 
strength in strongly bound states?

 → origin unclear

 Nucleon removal reactions with 
exotic beams at low energies are 
limited to surface localized 
reactions

→ Reaction mechanism?

 Reduction factor relative to a certain 
Shell Model:

R
s
 = σ

exp
 / σ

SM

correlations are partially included!
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Knockout Reactions vs Quasi-free Scattering

 Knockout reactions:

 on light nuclear targets (e.g. Be, C)  

 beam energy ~ 100MeV/u and higher

 strong absorption → surface localized
  

 Quasi-free knockout reactions: 
 
 proton target 
→ quasi-free NN reactions 
→ more sensitive to deeply bound states 

 relativistic energies (0.2-1 GeV)
 → sudden approximation: 
    fast reaction (10-23 s) and spectator core
→ minimizing final state interactions (σ

NN 
min ~300 MeV)

P
A-1

 = - P
p/n

residue momentum→ angular 
momentum of removed nucleon

Leyla Atar     |    54th International Winter Meeting on Nuclear Physics,  Bormio, Italy     |     29.01.2016                                 5

A
. G

ad
e 

et
 a

l. 
P

N
P 

60
(1

):
16

1-
22

4,
20

08



 

proton knockout

Oxygen Isotopic Chain 

neutron knockout

22O20O19O18O17O16O15O14O13O

20N19N18N17N16N15N14N13N11N 12N

23O 24O

21N 22N

21O

 Changing of single-particle 
strength with proton-neutron 
asymmetry

 Oxygen isotopic chain offers a 
large variation in isospin  

 Systematic study of Oxygen 
isotopes via (p,pn) & (p,2p) 
reactions
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 GSI Accelerator Facility

 Fragmentation of primary 490 AMeV 40Ar beam on 9Be target (3*1010 ion/spill) 
 
 Selection of radioactive beam at Fragment Separator (FRS)

 Secondary beam 13-24O delivered to Cave C 
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S393 Experiment at R3B/LAND Setup @ GSI

targets (CH
2
,C) are located inside the

 γ-detector CB & surrounded by SSDs 

FRS/S8 
 (Bρ,t)

162 NaI crystals
gamma-rays → 4π detection
nucleons → 2π detection

Fragments  
(ΔE,t,x,y)

Neutrons 
(ΔE,t,x,y,z)

beam  (ΔE)

(ΔE,E,t)

(t)

 (ΔE,x,y) (x)

Leyla Atar     |    54th International Winter Meeting on Nuclear Physics,  Bormio, Italy     |     29.01.2016                                 8

P
ic

tu
re

 ta
ke

n 
fr

om
 S

. A
lt

st
ad

t



Incoming Beam & Outgoing Fragment Identification

Energy loss in 
SST3 vs TFW
for 16O beam

Incoming beam
 identification

Setting A/Z=2
contains 16-18O 

FRS/S8

Z=8

Z=7

beam

16O 17O 18O
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Incoming Beam & Outgoing Fragment Identification

Energy loss in 
SST3 vs TFW
for 16O beam

Incoming beam
 identification

Setting A/Z=2
contains 16-18O 

FRS/S8

beam

16O 17O 18O
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Experimental Results

proton knockout neutron knockout

22O20O19O18O17O16O15O14O13O

20N19N18N17N16N15N14N13N11N 12N

23O 24O

21N 22N

21O
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π 1s
1/2

ν 1s
1/2

ν 1p
3/2

ν 1p
1/2

π 1p
3/2

π 1p
1/2

σ
exp 

[mb] 28(1)

σ
theo

(1p
1/2

) 13

σ
theo

(1p
3/2

) 25

R 0.73(3)

S
p/n

 [MeV] 12/16

- IPM description of the projectile ground state

- Inclusive cross section with respect to all bound core 
states

- Reaction theory: C. Bertulani, Eikonal Theory. 
T. Aumann, C. Bertulani, J. Ryckebusch Phys. Rev. C88, 064610 (2013)

16O

Inclusive P
y
 distribution for 1p

1/2
 and 1p

3/2
 shells

    Inclusive Cross Section & Transverse Momentum: 16O(p,2p)15N   

Reduction factor
R = σ

exp
/σ

theo

R = 0.65(5)
from

(e,e'p) @ NIKHEF
→ agreement!

L. Lapikas Nucl. Phys. 
A553, 297c (1993)
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 Partial Cross Sections and Spectroscopic Factors: 16O(p,2p)15N 

γ-spectrum in coincidence with 16O(p,2p)15N 

Jπ 1/2-

0.0 MeV
3/2-

6.3 MeV
3/2-

9.9 MeV

b (%) 36(5) 47(4) 17(3)

σ
exp 

[mb] 10(2) 13(1) 5(1)

C2S 1.5(3) 2.1(2) 0.7(1)

C2S (e,e'p) 1.3(1) 2.4(2) 0.1(2)

Spectroscopic factors deduced from the 
partial cross sections obtained from the fit 
of the γ-spectrum
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← (e,e'p) @ NIKHEF



Inclusive Cross Sections for Projectiles 16-18O and 21-23O 

 (p,pn) reaction (p,2p) reaction

16O and 18O → larger S
n
 →

 knockout of 1p
1/2

 and 1p
3/2

 protons

17O and 21-23O →  lower S
n
 →

 knockout of only 1p
1/2

 protons

 detector efficiency uncorrected 

different contributions from 1p
3/2

, 
1p

1/2
, 1d

5/2
 and 2s

1/2
 neutrons
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Reduction Factors from (p,2p) Cross Sections 

(p,2p) reaction

pol0 fit: constant fit
→ reduced χ2 = 1.75

pol1 fit: polynomial fit
→ reduced χ2 = 0.97

Reduction factor
R = σ

exp
/σ

theo

 A weak dependency of single-particle strength on isospin asymmetry 

 In contrast to the observed trend from one-nucleon removal reactions in low 
energies using composite targets
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Summary

 Quasi-free knockout reactions in inverse kinematics provide a direct tool to 
obtain spectroscopic information. 

 The results for the projectiles 16-18O and 21-23O have been obtained.

 The reduction factor obtained from 16O(p,2p)15N  reaction is in agreement with 
the results from (e,e'p) reaction at NIKHEF facility.  

 Only weak dependency of single-particle strength on the isospin asymmetry is 
observed.

 It is necessary to understand reaction mechanism for knockout of deeply 
bound states at these low energies.
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Outlook

 Systematic analysis for entire Oxygen isotopic chain

 A discussion of the results for the (p,pn) channel not attempted due to the 
more challenging estimation of the efficiency for neutron detection. 

 Development of optimized detector system for the future R3B (Reactions with 
Relativistic Radioactive Beams) program at FAIR.
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16O(p,2p)15N 17O(p,2p)16N 18O(p,2p)17N

21O(p,2p)20N 22O(p,2p)21N 23O(p,2p)22N

y-projection of transverse momentum distributions
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16O(p,pn)15O 17O(p,pn)16O 18O(p,pn)17O

21O(p,pn)20O 22O(p,pn)21O 23O(p,pn)22O

y-projection of transverse momentum distributions
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Isotope S
n
[MeV] S

p
[MeV] Isotope S

n
[MeV] S

p
[MeV]

15O 13.2 7.3 15N 10.9 10.2

16O 15.7 12.1 16N 2.5 11.5

17O 4.1 13.8 17N 5.9 13.1

18O 8.0 15.9 18N 2.8 15.2

19O 4.0 17.1 19N 5.3 16.4

20O 7.6 19.4 20N 2.2 18.4

21O 3.8 21.0 21N 4.6 19.6

22O 6.9 23.3 22N 1.3 21.2

23O 2.7 24.7 23N 1.7 22.2

Separation energies of Oxygen & Nitrogen Isotopes
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