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The ground state of the neutron unbound nucleus 26 O is speculated to have a
lifetime in the pico-second regime. In order to determine the decay lifetime of the 26 O ground
state with high sensitivity and precision, a new method has been applied. The experiment was
performed in December 2016 at the Superconducting Analyzer for MUlti-particle from Radio
Isotope Beams (SAMURAI) at the Radioactive Isotope Beam Factory (RIBF) at RIKEN. A
27
F beam was produced in the fragment separator BigRIPS and impinged on a W/Pt target
stack where 26 O was produced. According to the lifetime, the decay of 26 O happens either in or
outside the target. Thus, the velocity dierence between the decay neutrons and the fragment
24
O delivers a characteristic spectrum from which the lifetime can be extracted.
Abstract.
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1. Introduction

The neutron drip line, from where on nuclei are not longer bound, is experimentally established
only up to oxygen (Z

= 8).

Theoretical predictions of the location of the neutron drip line are

very dicult since the interaction of nucleons for large neutron to proton asymmetries is not
well known. The behavior of the drip line around

Z=8

is exceptional. From oxygen to uorine

a sudden change of stability happens; by adding one proton, at least six more neutrons can
be bound. This is often referred to as the oxygen anomaly. Modern ab-initio theories aim to
calculate the nuclear structure in a systematic way. In interactions determined e.g. from chiral
EFT three-nucleon forces emerge naturally. In such a framework, for instance Otsuka et al. show
the importance of

3N

interactions to describe the oxygen chain leading to

bound oxygen isotope [1]. The magic number

N = 20

24 O being the last

that applies for stable nuclei is quenched

for neutron-rich nuclei as the island of inversion shows. Exploring nuclei beyond the oxygen drip
line is important to understand this behavior.
The lifetimes of proton-rich nuclei beyond the drip line can still be rather long (∼

ms)

due to

the Coulomb barrier [2]. Neutron-rich nuclei beyond the neutron drip line usually decay very fast
due to the missing Coulomb barrier. Typical lifetimes for neutron unbound states are in the order
of

< 10−18 s

[3]. Theory calculations predict that

26 O is a promising candidate for radioactive

decay via neutron emission with a lifetime in the pico-second regime [4]. It is only unbound by

18 ± 3(stat) ± 4(syst) keV

[5]. The decay could therefore be hindered by the centrifugal barrier

d3/2 shell increasing the lifetime. The level scheme of
26 O is shown in Fig. 1 as found by Kondo et al. [5]. The sequential decay via the ground state
25 O is energetically forbidden, which makes 26 O a true two-neutron emitter.
of
with the two valence neutrons being in the

26 O following
26 O g.s.
emitter

Figure 1: Level scheme of
[5]. The decay of the
is only

2n

18 ± 5 keV.

At the National Superconducting Cyclotron Laboratory (NSCL) at the Michigan State

T1/2 = 4.5+1.1
−1.5 (stat) ± 3(syst)ps,
26 O was produced from
which corresponds to a lifetime of τ = 6.5 ps [6]. In this measurement,
27 F beam with 82 MeV/u on a 705 mg/cm2 9 Be reaction target. The two
proton removal from a
University (MSU) the half-life of

26 O was determined to be

neutrons are measured by the Modular Neutron Array (MoNA) in coincidence with the fragment.
The width of the resonance is expected to be too small to be measured directly with achievable
energy resolutions, which makes a dierent approach necessary [4]. The lifetime was extracted
from a shift in the mean velocity-dierence of neutrons and the fragment. However, this method
depends on the precise calibration of both velocities, which gives rise to the large systematic
uncertainty.

2. Measurement Method

Recently, a new method was developed by Kahlbow et al. to measure the lifetime

τ

of a nucleus

that decays via neutron emission [3]. The measurement principle was used in this experiment to
determine the lifetime of

26 O.

2

27th International Nuclear Physics Conference (INPC2019)
Journal of Physics: Conference Series
1643 (2020) 012106

26 O, with a lifetime

τ,

IOP Publishing
doi:10.1088/1742-6596/1643/1/012106

is produced via proton removal from

27 F and will then decay into

24 O and two neutrons. The decay will occur inside or outside of the target material, producing
dierent shapes in the velocity-dierence distribution

∆ν

between the decay neutrons and the

residual nucleus. Prompt decays in the target will give rise to a box-like shape in the spectrum,
whereas delayed decays will produce a sharp peak as shown in Fig. 2. The characteristic shape of
the velocity-dierence distribution can be analyzed to determine the lifetime, where an absolute
calibration of

∆ν

is not necessary.

The target material (Z ,

ρ)

has to be chosen such that on the one hand the stopping power

of the target is maximized to be able to see a dierence in the velocities of the fragment and
neutrons, and on the other hand that a sucient number of decays will happen outside of the
target. The material will continuously slow down the fragments in the material, and this causes
the broad shape in the spectrum if the decay happens inside. After the

26 O passed the material,

the fragments will not be slowed down any longer creating the sharp peak of outside decays. The
width of this peak is dominated by the neutron time-of-ight resolution. Thus, this method is
only applicable at setups with a good time-of-ight resolution such as SAMURAI.
The idea is to compare the experimental spectrum with simulated spectra. The simulations
will be performed for several lifetimes and then t to the experimental spectrum.
[3] shows a simulation example for

τ = 6.5 ps,

distribution, the lifetime can be extracted (smallest

2
from the χ was

τ = 6.49 ± 0.08 ps

Reference

depicted in Fig. 2. From the unnormalized

χ2 ),

see Fig. 3.

χ2

The determined lifetime

[3].

In order to be sensitive to a range of lifetimes, a stack of targets is proposed to be used in [3].
The sensitivity to a certain lifetime depends on the combination of the incoming energy and the
target thickness. The individual target sheets decrease in thickness with beam direction. Short
lifetimes are measured with low energies and thin targets to make sure that a sucient amount
of decays occur both inside and outside of the target. A simulated velocity-dierence spectrum
for a setup with eight Pt target sheets and

27 F beam of

200 MeV/u

is shown in Fig. 4.

One

can see that the peak and box structure repeats for every target foil. Additionally, the ratio of
outside to inside decays increases and the energy of the particle decreases from target to target.
The new method presented above is predicted by Monte Carlo simulations to measure lifetimes
down to

0.2 ps

within

5σ

using eight targets [3].

3. Experimental Setup

The experiment was performed at the Rare Isotope Beam Facility (RIBF) at RIKEN in Japan
at the SAMURAI-setup. At RIBF very high intensities of neutron-rich beams can be reached.

27 F, 26 F, and 24 O, were provided by the RIKEN Projectile Fragment
48 Ca primary beam. The reactions took place at
Separator (BigRIPS) and produced from

The secondary beams,

the SAMURAI experimental setup [7].
at relativistic energies.

The experiment was performed in inverse kinematics

The detector setup allows the performance of kinematically complete

measurements where the momenta of all particles are measured, including those of the neutrons,
with large acceptance.
The experiment was dedicated to explore a new method and study the neutron-radioactive

26 O, which is produced from proton removal on 27 F with
220 MeV/u. It is necessary to measure the incoming 27 F, the outgoing 24 O, and the two neutrons

decays of the candidate nucleus

in coincidence. The experiment was part of the NeuLAND at SAMURAI-campaign where the

3

R B neutron detector NeuLAND-demonstrator (New Large Area Neutron Detector) [8] was
combined with NEBULA (Neutron Detection System for Breakup of Unstable Nuclei with Large
Acceptance) to increase the multi-neutron detection eciency.
The experimental setup is shown in Fig. 6. For the reaction target, tungsten and platinum
were chosen as target materials because of their large

19.25 g/cm3 and

Z

(74 and 78) and high mass density of

21.45 g/cm3 , respectively. The reaction target consisted of six individual target

3
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Figure 2: Simulated velocity-dierence spectrum for a lifetime of

IOP Publishing
doi:10.1088/1742-6596/1643/1/012106

Figure 3: The pseudo-experimental spectrum

6.5 ps with one Pt target.

is

t

to

simulated

spectra

for

dierent

In order to get the lifetime,

χ2

The decays inside the target produce a box-

lifetimes.

like shape in the spectrum (red), whereas the

each t is shown over the simulated lifetime

delayed decays after the target lead to a sharp

and t with a polynomial of the second order.

peak (blue). The total distribution is given by

The minimum of the t gives the lifetime. For

the green line. The plot is taken from [3].

the example in Fig. 2, the deduced lifetime
with this method is

τ = 6.49 ± 0.08 ps.

of

The

plot is taken from [3].

Figure 4: Simulated velocity-dierence spec-

Figure 5: The target used in the experiment is

1.5 ps with a target stack

a combination of six individual target sheets.

of eight Pt targets. The structure of the target

With the beam coming from the left, the rst

stack is visible in the spectrum. The peak with

four are made of tungsten and the last two are

the largest velocity dierence belongs to the

made of platinum.

rst target. The ratio of outside to inside de-

with beam direction.

trum for a lifetime of

cays increases from target to target. By using
a stack of targets the precision of the method
is increased and a range of lifetimes can be
probed [3].

4

The thickness decreases
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Figure 6:

Setup of the experiment.
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After the last quadrupole magnet of BigRIPS the start

detectors SBT 1 and 2 are placed. They are followed by the ICB for energy loss measurement
and the two BDCs for tracking.

The CATANA

γ -detector

was not used in the experiment.

The target is placed between silicon detectors in the two target chambers. The FDCs track the
charged particles through the SAMURAI magnet which are measured in the Hodoscope. The
neutrons are not bent by the magnetic eld and are detected by the NeuLAND and NEBULA
neutron detectors, which are placed at zero degrees. The incoming particle identication for the

27 F beam with a rate of

∼ 3000 cps

is shown in the plot.

sheets decreasing in thickness, which were mounted with a space of
densities decreased with beam direction from

3.93 g/cm2

8 mm

inbetween. The area

for the rst target to

1.32 g/cm2

to the

last target.
The incoming beam is identied using the ionization chamber (ICB) and tracked with the drift
chambers (BDC 1 & 2 ). The time-of-ight measurement is initiated by the plastic scintillators
SBT 1 & 2.

300 µm

The target was surrounded by three

thick single-area silicon detectors.

Those are necessary to identify the incoming beam particles directly in front of the target and
the fragments after the proton removal reaction to select the isotope of interest.
detector was installed in front of the target stack and two behind.
reaction happened can already be identied in the

∆ν -spectrum,

One silicon

The target in which the

which makes it unnecessary to

measure the energy loss between the individual target sheets. The silicon detectors act as targets
themselves and therefore contribute to the background as indicated by the gray peaks in Fig. 4.
The background originating from the silicon detectors can not easily be determined by an empty
target run since the energy loss from the target would be missing and the peaks of the individual
silicon detectors would overlap in the

∆ν -spectrum.

However, the background contributions can

be determined from a reference measurement with the
from proton removal but no lifetime is expected (τ
secondary beam

24 O, with

210 MeV/u

26 F secondary beam where 25 O is produced
< 10−21 s) and thus a at spectrum. The

and a rate of

5

∼ 1000 cps,

is very sharp in energy and
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necessary for the calibration of the detectors concerning the time-of-ight. After the reaction,
charged fragments are deected by the magnet and tracked with additional drift chambers and
nally measured in the Hodoscope, a plastic scintillator wall.

The large acceptance that the

SAMURAI setup provides is crucial for measuring the fragments.
energy losses in the target, the fragments cover a large

Bρ

Due to the broad range of

region. The experimental data is still

under analysis.
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