
Spectroscopy of Single-Particle States in Oxygen Isotopes via
AO(�p, 2p) Reaction with Polarized Protons

S. Kawase,∗1 T. L. Tang,∗1 T. Uesaka,∗2 D. Beaumel∗2,∗3 M. Dozono,∗2 T. Fujii,∗1,∗2 T. Fukunaga,∗2,∗4

N. Fukuda,∗2 A. Galindo-Uribarri,∗5 S. H. Hwang,∗6 N. Inabe,∗2 D. Kameda,∗2 T. Kawahara,∗2,∗7 W. Kim,∗6

K. Kisamori,∗1,∗2 M. Kobayashi,∗1 T. Kubo,∗2 Y. Kubota,∗1,∗2 K. Kusaka,∗2 C. S. Lee,∗1,∗2 Y. Maeda,∗8

H. Matsubara,∗2 S. Michimasa,∗1 H. Miya,∗1∗2 T. Noro,∗2,∗4 A. Obertelli,∗9 S. Ota,∗1 E. Padilla-Rodal,∗10

S. Sakaguchi,∗2,∗4 H. Sakai,∗2 M. Sasano,∗2 S. Shimoura,∗1 S. S. Stepanyan,∗6 H. Suzuki,∗2 M. Takaki,∗1,∗2

H. Takeda,∗2 H. Tokieda,∗1 T. Wakasa,∗2,∗4 T. Wakui,∗2,∗11 K. Yako,∗1 Y. Yanagisawa,∗2 J. Yasuda,∗2,∗4

R. Yokoyama,∗1,∗2 K. Yoshida,∗2 and J. Zenihiro∗2 for the SHARAQ04 collaboration

N
 (M

eV
)

21
Ex

ci
ta

tio
n 

En
er

gy
 o

f 

-10
0

10
20
30
40
50
60
70
80

0

1

2

3

4

5

6

7
22O(p,2p)

(mm)S1x
-200 -150 -100 -50 0 50 100 150 200

co
un

t/5
m

m

0
10
20
30
40
50
60
70
80
90

Fig. 1. Correlation between the excitation energy of 21N

and xS1.

We performed 14,22−24O(�p, 2p) reaction measure-
ments (SHARAQ04 experiment) with a polarized pro-
ton target at RIBF to measure single-particle spec-
tra and to determine spin-orbit splitting of 1p pro-
ton single-particle orbits in 14,22−24O as a function of
their neutron number. For the experimental setup, see
ref.1). In this report, current status of the analysis for
22O(p,2p) is described.

The (p, 2p) reaction was identified via the parti-
cle identifications of incident nuclei and two scattered
protons. Particles were identified via the Time-of-
Flight(TOF)-∆E method on an event-by-event basis.
Then the proton separation energy of the incident nu-
clei and the excitation energy of the residual nuclei
were calculated from scattering angles and TOF of
scattered protons.

Position of the residual nuclei and TOF from the
target are also measured at a focal plane S1 at the
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Fig. 2. Excitation energy spectrum for 22O(p, 2p) for each

xS1 region. The red lines show the background esti-

mated from the 2p coincidence events occurred in the

carbon target.

downstream of the reaction point for the identifica-
tion of the residual particle in order to improve the
S/N ratio and to separate the excited states of 21N.
Figure 1 shows the correlation between the excitation
energy and the position of the residual nuclei at the
S1 focal plane (xS1) after applying a TOF gate. At
S1, particles with larger Bρ come to the smaller xS1
region. There are two clear loci in the xS1 region of
(−130,−60) and (−60, 10). The former corresponding
to 21N and the latter should be 19N or 20N generated
through the neutron emission of 21N. It will be clarified
by Bρ analysis.

Figure 2 shows the excitation energy spectra of 21N
for different xS1 regions. The red lines show the back-
ground originated from the carbon contamination of
the polarized target and obtained from the measure-
ment with a carbon target. At least two discrete states
are observed in these plots.

The cross sections, spectroscopic factors, and the
spin-polarization observables such as the vector ana-
lyzing power are expected to be obtained through sub-
sequent analyses in the near future.
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Proton knockout reaction on radioactive fluorine and 

oxygen isotopes was performed in SHARAQ04 experiment 
at RIBF, RIKEN Nishina Center. The analyses on 14O and 
22O have been reported by S. Kawase et al.1, 2). The 
identification of residual nuclei at downstream (S1 focal 
plane of the SHARAQ spectrometer3)) serves an important 
role in identifying the reaction channel and separating the 
strengths in the excitation energy spectrum. The objective 
of the present analysis is particle identification via Z vs A/Q 
plot. We will explain the conversion from the energy loss 
(𝛥𝛥𝛥𝛥) vs time-of-flight (TOF) plot to the Z vs A/Q plot.  

Fig. 1. Experimental setup before S1 focal plane of 
SHARAQ spectrometer. 

 
Figure 1 shows the experimental setup for downstream. 

The TOF was measured by an array of 14 identical plastic 
scintillators (5 mm X 50 mm X 85 mm), named Nyoki, with 
a plastic scintillator (PLS0D) located in the entrance of the 
SDQ magnet as start timing. Each scintillator of Nyoki was 
labeled from 0 to 13. The even ID scintillators were 10 mm 
downstream from odd ID. There was 5 mm overlap between 
adjacent IDs. The energy loss of each Nyoki’s scintillator 
was calibrated with the energy loss in PLS0D. The positions 
of the residual nuclei were measured by an MWDC at the 
exit of the D1 magnet. The flight-length was then calculated 
by using the position at S1. The velocities of the residual 
nuclei were calculated from the flight length and the TOF.  
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The conversion from 𝛥𝛥𝛥𝛥-TOF to Z-A/Q is based on the 
following equations, 

𝑍𝑍 = 𝛽𝛽√ 𝐿𝐿
𝑔𝑔 + ℎ 𝐿𝐿 , (1) 

𝐴𝐴
𝑄𝑄 = (𝑐𝑐

𝑢𝑢) 1
𝛾𝛾𝛾𝛾 (𝐵𝐵𝜌𝜌)𝐷𝐷1 (1 + 𝑥𝑥

(𝑥𝑥|𝛿𝛿)) , (2) 

where 𝛽𝛽 and 𝛾𝛾 are the Lorentz factors of residual nuclei; 
𝐿𝐿 is the light output of Nyoki; 𝑔𝑔 and ℎ are the parameters 
from the Birks formula4), which correct the non-linearity of 
light-output and energy loss; 𝑐𝑐 is the speed of light in 
vacuum; 𝑢𝑢 is the atomic mass unit; (𝐵𝐵𝜌𝜌)𝐷𝐷𝐷 is the magnetic 
rigidity of the D1 magnet (6.5269 Tm); 𝑥𝑥 is the x-position 
on MWDC-S1; and (𝑥𝑥|𝛿𝛿) is the dispersion at the S1 focal 
plane. 

Figure 2 shows the Z vs A/Q plots for the beam without 
reaction. The left plot is from downstream and the right plot 
is from upstream. The accuracy and resolution of both Z 
and A/Q in the downstream plot are bad compared with 
those in the upstream plot. The resolution of Z is 0.3 in the 
downstream plot, while it is 0.1 for the upstream plot. The 
resolution of A/Q is 0.1 for the downstream plot, and it is 
0.01 for the upstream plot. 

Fig. 2. Z vs A/Q plots under beam trigger; (left) 
downstream; (right) upstream. 
 

The analysis is still in progress. We are focusing on 
improving the accuracy and resolution by 1) better 
estimation of the parameters such as 𝑔𝑔, ℎ, and (𝑥𝑥𝑥𝑥𝑥𝑥; 2) 
better calculation on flight-length; and 3) better tracking of 
SMWDC-S1. 
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