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Outline

1 Introduction
Introduction to "Shell Evolution And Search for 2+ energies At RIBF
(SEASTAR)" project at RIKEN
Curent knowledge in 68Fe

2 Facilities: RIKEN accelerators +MINOS active target +DALI2 detector

3 Data analysis of 68Fe
69Co(p,2p)68Fe
68Fe(p,p’)68Fe
69Fe(p,pn)68Fe
70Ni(p,3p)68Fe



Nucleonic-rich nuclei

Chart of nuclei.

For stable nuclei, nucleus is called "magic nucleus" if Z or
N = 2, 8, 20, 28, 50, ....

Nucleonic-rich nuclei have large |Z − N|, magic number
may be different.

Their half-live is very short (68Fe: T1/2=187(6) ms).

They can be created only in laboratory (accelerator, ...).
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SEASTAR measurements
+ Measuring 2+1 states, systematically, from 52Ar to 110Zr. Where the
physics interests can be mentioned as:

• Neutron sub-shell at N = 34 below
54Ca (52Ar)
• Correlation in Ca isotopes beyond 54Ca
(56Ca)
• Low-Z shore of the N = 40 (60,62Ti)
• Collectivity evolution beyond N = 40
(66Cr, 72Fe)

• Anticipated new doubly-magic nucleus
78Ni.

+ Detailed shell evolution via levels of even-odd isotopes (byproducts)
through their spectroscopy
For example of: 47,49Cl, 51,53K, 67Fe, 79Cu, ...

+ In addition, E(4+1 ) will be measured for many nuclei (60,62Ti, 66Cr,
82Zn, 86,88Ge...).

In which, the analysis of 67,68,69,71Fe and 63,65Cr data are performed by
Vietnamese group at INST (Institute for Nuclear Science and Technology).
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E(2+1 ) measurement - a tool for nuclear structure study

E(2+1 ) is needed to level up to the first
excited state

Measure E(2+1 ) systematically, if E(2+1 ) is
high ⇒ evidence of "new magic number"

Exa.: Systematics of E(2+1 ) around Ca.

=⇒ Doubly-magic evidence of 52,54Ca

(F. Wienholtz et al. Nature 498 (2013)
346; D. Steppenbeck et al. Nature 502
(2013) 207)
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Why RIKEN+MINOS+DALI2?

Radioactive Isotope Beam Factory (RIBF) at RIKEN:
• Provided high intensities of primary beams (70Zn and 238U) at energies up to 350
MeV/u, and capability of
• Beam identification with BigRIPS.
• Fragment identification with ZeroDgree.

Detector MINOS (nuclear MagIc Number Off Stability) with capability of
precisely vertex (or interaction) point, Zv , reconstruction.
=⇒ increase target thickness ⇐⇒ increase luminosity

DALI2 (Detector Array for Low Intensity radiation) with capability of
in-beam γ-ray detection.
Using the above Zv as the input for Doppler-shift correction =⇒ precisely Eγ
determination.

The 1st and 2nd SEASTAR experiments were in May 2014 and 2015,
respectively. (The 3rd one will be on May 8-14 2017.)

It is noted that for such search in this nuclear region, the experiments can
only be conducted if the current primary beam intensities increase by at
least one order of magnitude.
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Current knowledge in 68Fe

- The first spectroscopy of 68Fe has
been reported via one- and two-proton
knockout from 69Co and 70Ni at NSCL.

- Two transitions were observed at
517(6) keV and 859(9) keV.

- There was a week indication at
808(9) keV but not concluded yet.

P. Adrich et al., Phys. Rev. C 77 (2008) 054306

- The above two levels were then
confirmed by the experiment at GANIL
by detecting β-delayed γ-ray emission
of 68Mn.

- These transition were associated with
2+ → 0+ and 4+ → 2+, respectively, in
collective model.

J. M. Daugas et al., Phys. Rev. C 83 (2011) 054312
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Current knowledge in 68Fe

- More observed levels were 1249.5 and
1513.7 keV besides 521.2 and 865.3
keV via β-delayed γ-ray emission of
68Mn at NSCL.

- However, the transition states are
unkown: 865.3 keV (?→ 2+), 1249.5
keV (?→?), 1513.7 keV (?→?) except,
521.2 keV (2+ → 0+).

S. N. Liddick et al., Phys. Rev. C 87 (2013) 014325
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RIKEN Facility

RIPS: an in-flight type
radioactive isotope
(RI) separator.

IRC: Intermediate-stage
Ring Cyclotron.

SRC: Superconducting Ring
Cyclotron.

L.X.Chung et al. 2.Facilities: RIKEN accelerators +MINOS active target +DALI2 detector 7 / 14



SEASTAR Setup: MINOS + DALI2

MINOS⊕DALI2 installed at user location

MINOS inside DALI2

MINOS: Recoiled proton detection
(nuclear MagIc Number Off Stability)
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BigRIPS (Big Radioactive-IsotoPe beam Separator)

Beam and fragment dentification
(The same technique for both.)
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Detector MINOS (nuclear MagIc Number Off Stability)

Time Projection Chamber (TPC) electrode:
18 rings divided into number of identical pads,

3604 electronics channels.
(O. Alexandre et al., Eur. Jour. Phys. A 50 (2014) 8)

2-proton track observed by TPC.

Zv reconstruction by TPC.
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DALI2: Detector Array for Low Intensity radiation

DALI2 consists of 186 NaI crystals,

For γ-ray detection.

Doppler-shift correction:

Eγ0 = Eγ
1−βcosϑγ√

1−β2
Eγ0,Eγ are de-excited γ-ray energy in the rest frame
and observed γ-ray energy, respectively, ϑγ is γ-ray
emission angle, β = v/c, v is the nucleus’ velocity
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Conclusion and perspective

The in-beam gamma spectroscopy of 68Fe was analysed via (p,2p), (p,p’),
(p,n) and (p,3p) channels.

5 excited gamma rays of 68Fe were observed at 277(3), 519(5),
868(8), 1066(11) and 1301(17) keV.

3 new transitions have been observed at 277(3), 1066(11) and
1301(17) keV.

The level scheme of 68Fe was proposed and the state quantum
number was assigned preliminarily derived from gamma-gamma
coincidence and the comparison with the shell model calculation.

The inclusive and exclusive cross sections of (p,2p), the inclusive
cross sections of (p,p’) and (p,pn) were derived.
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to be submitted to PRC!
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Thanks for your attention!

SEASTAR Collaborators.
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