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Introduction
- Status of neutron dripline
- Nuclear structures

- Predictions of neutron dripline with mass models



Motivation
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: limit of bound nuclei

Neutron dripline

• Binding energy

• Deformation

• Shell evolution

• Nucleon-nucleon interaction

• Three nucleon force

• Tensor force

• Nuclear mass models

• …

Where is neutron dripline?
- challenging for limit of nuclear landscape

A nucleus with a set number of protons, there 
is a limit to how many neutrons can be added.



Status of neutron dripline
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✓
25,26O :

Guillemaud-Mueller, et al. Phys. Rev. C41,937 (1990)

✓
28O :

O. Tarasov et al., Phys. Lett. B409,64 (1997)
H. Sakurai et al., Phys. Lett. B448, 180 (1999)

✓
31F :

H. Sakurai et al., Phys. Lett. B448, 180 (1999)

✓
34Ne, 37Na, 43Si :

M. Notani et al., Phys. Lett. B542,49 (2002) 

✓
44Si :

O. Tarasov et al. Phys. Rev. C75, 064613 (2007) 

✓
40Mg, 42,43Al :

T. Baumann et al. Nature 449, 1022 (2007)  

The neutron dripline has been experimentally established up to oxygen. (20 years ago) 

?

48Ca

24O 26O 28O

31F

34Ne

37Na

40Mg

43Al

44Si
42Al

(1970)
FLNR

(1990)
GANIL-LISE

GANIL-LISE (1997)
RIKEN-RIPS (1999)

(2007)
NSCL

(1999)
RIKEN-RIPS

(2002)
RIKEN-RIPS

(2002)
RIKEN-RIPS

43Si

Where is neutron dripline for Fluorine and Neon?



Non-existence of 26O and 28O
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D. Guillemaud-Mueller et al., PRC 41,937 (1990)

N=2Z+4

28O

H. Sakurai et al., PLB 448, 180 (1999)

N=2Z+2

26O

N=2Z

N=2Z-1

bound

unbound

From the smooth drop and the absence of 26O and 28O 
→

26O and 28O are unbound

Particle instability of 
24,25N, 27,28O and 30F



Neutron dripline search using a 48Ca beam
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3) Discovery of 40Mg, 42,43Al @MSU

TOF [ns]

D
E

 [
M

e
V

]

48Ca + W @ 
141 MeV/u

I = 80 pnA (ave.)

Running time             

= 7.6 days

2) Discovery of 44Si @MSU

48Ca + Be, W @ 
142 MeV/u

I = 70 pnA (ave.)

Running time             

= 4.3h(W) + 5.8h(Be)

O. Tarasov et al. T. Baumann et al.

M. Notani et al. Physics Letters B 542 (2002) 49–54

140 pnA @RIPS,
64A MeV 48Ca beam

1) Discovery of 31F, 34Ne, 37Na, 43Si @RIKEN 

M. Notani et al.

I = 140 pnA (max.)

Running time

= ~1 day(Ta)

H. Sakurai et al., PLB 448, 180 (1999) → 31F

I = 140 pnA (max.)

Running time

= ~2 day(Ta)

Particle instability of 
33Ne, 36Na and 39Mg

neutron pickup process

3 events

O. Tarasov et al., PRC75, 064613 (2007) T. Baumann et al., nature 06213 (2007)



Evolution towards the neutron dripline
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◼ Direct mass measurement [S2n]
◼ 1n(or 2n) removal cross section and momentum distribution 
◼ Interaction cross sections [sI]
◼ Excitation energy of 2+ and 4+ states in even-even nuclei 

(Observation of ground-state rotational bands in odd-even nuclei)

Experimental methods to study the structure of 
neutron-rich exotic nuclei

41Al

24O 26O 28O

31F

34Ne

37Na

40Mg

43Al

44Si

42Al

36Ne

39Na

48Ca

32F 33F

N=20

N=28

35Ne

38Na

Stability jump

Oxygen anomaly

34Mg

Island of inversion

Deformed region

N=16

32Mg

(new magic number)

42Si

23N

magicity loss at N=20

Deformed

suggests the possibility 
of deformation for 39Na

Island of inversion
◆ Neutron-rich Z=10-12 isotopes near N=20
◆ Vanishing N=20 shell closure (magicity loss at N=20) → deformation
◆ Rapid changes in nuclear structure

◆ Evolution of the N=28 shell closure → deformation
◆ The deformation has been experimentally confirmed 

in this region. 
◆ No experimental data exist for 31F, 34Ne, 37,39Na. 

The location of the dripline is strongly 
affected by the nuclear structure.

Tanihata’s suggestion
: closing (sub) shell orbitals



Mass measurement, 1n(2n) removal reactions
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C. Thibault et al., Phys. Rev. C 12, 644(1975)

◼ Direct mass measurement: specific behaviors for magic or deformed 

S2nof Na

L. Gaudefroy et al., Phys. Rev. Lett. 109, 202503(2012)
O. Sorlin et al., Phys. Scr. T152 (2013) 014003

◼ 1n(or 2n) removal cross section and momentum distribution 
: existence of a deformed halo structure 

T. Nakamura et al., Phys. Rev. Lett. 103, 262501(2009) :31Ne
T. Nakamura et al., Phys. Rev. Lett. 112, 142501(2014) :31Ne
N. Kobayashi et al., Phys. Rev. Lett. 112, 242501(2014) :37Mg
N. Kobayashi et al., Phys. Rev. C 93, 014613(2016) :29Ne

Mass measurement of 19B, 22C, 29F, 31Ne, 34Na
Not measured yet for 31F, 34Ne, 37,39Na.

(deformation) 
31Na

Sharp drop in S2n observed 
in the Ca isotopic chain

(42Si: deformation) 

Sudden leap



Interaction cross sections
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M. Takechi et al., PRC 90, 061305(R) (2014)

◼
37Mg 

→ Deformation keeps large 
up to N=28.

M. Takechi et al., PLB 707, 357 (2012)

◼
29Ne and 31Ne 

→ Large enhancements of
σI for 29Ne and 31Ne

37Mg: deformed halo

T. Suzuki et al., EPJ Conf.66  (2014)

◼
22-35Na

→ Deformation tends to be 
larger for Na isotopes with 
larger mass numbers

29Ne, 31Ne : deformed halo

Enhanced if deformation or halo exist

Deformation

Deformation



Excitation energy of 2+ and 4+ states in even-even nuclei
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P. Doornenbal et al., PRL 111, 212502 (2013)
S. Takeuchi et al., PRL 109, 182501 (2012)

◼ N=22,24,26 34,36,38Mg isotopes and 42Si(N=28) 

Deformation extending 
from the N=20 to the N=28

◼ N=28 40Mg isotopes 
H. L. Crawford et al., PRL 122, 052501 (2019)

[Other references]
◆ F: P. Doornenbal et al., Phys. Rev. C 95, 041301(R) (2017)
◆ Ne: P. Doornenbal et al., Phys. Rev. Lett. 103, 032501(2009)
◆ Na: P. Doornenbal et al., PTEP 2014, 053D01

→ Energy level systematics of the odd–even nuclei

There are currently no model predictions 
for a second low-lying state in 40Mg.

Collectivity: B(E2) ∝ b2

Shell gap: Ex/B(E2)
Shape: R4/2=E(4+)/E(2+)

~1.8 (spherical)
~3.3 (deformed) 

42Si



Prediction of neutron dripline
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→ The various mass models cannot accurately predict the neutron dripline.

◼ HFB (Hatree-Fock-Bogoliubov)
◼ FRDM(Finite-Range Droplet Mass Model) 
◼ KTUY(Koura, Tachibana, Uno, Yamada) 
◼ WS4RMF (Weizsäcker–Skyrme relativistic mean-field mass model)
◼ UNEDF
◼ ab-initio models

Systematics of min(Sn,S2n)

Mass models

F

Ne

Na

The neutron dripline is important
➢ to verify the mass models 
➢ to understand nuclear structures and astrophysical reactions

Atomic Mass Evaluation



Recent ab-initio calculations
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◼ Calculated probabilities for low Z nuclei https://arxiv.org/abs/1905.10475

◼ Issues with neutron-rich O and N isotopes
◼ Reproduces well the experimental results (this work & 60Ca experiment)

https://arxiv.org/abs/1905.10475


Search for Fluorine and Neon dripline

The 285th RIBF Nuclear Physics Seminar DeukSoon AHN, 2020. 1. 14 14

図1

Search for Fluorine and Neon dripline 
→ A search for the heaviest new isotopes of fluorine, neon and sodium: 32,33F, 
35,36Ne and 38,39Na was conducted by fragmentation of an intense 48Ca beam 
with 20mm-thick beryllium target at 345 MeV/nucleon
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F/Ne dripline experiment
(2014 experiment)
A search for 32,33F, 35,36Ne, 38,39Na using a 48Ca beam



Requirements for dripline-search experiment
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◼ High intensity primary beam

◼ Good separation and Good transmission
◼ Cross sections are too small.
◼ Improving the capability of BigRIPS separator
◼ High counting rate : collimator to reject the light particles (Tritons)

◼ Unambiguous PID
◼ Excellent particle Identification
◼ Removal of background events



Beam intensity of RIBF
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345 MeV/u 48Ca beam,
~450 pnA @2014 experiment

From Accelerator Group
(Courtesy of N. Fukunishi)

◼ Maximum energy is  345 MeV/nucleon for heavy ions up to 238U ions
◼ Beam intensities increase in every year.
◼ Goal intensity is 1 pμA for all ions.



High-intensity 48Ca beam
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M. Notani et al. Physics Letters B 542 (2002) 49–54

140 pnA @RIPS,
64A MeV 48Ca beam + Ta target

RIKEN BigRIPSRIKEN RIPS

450 pnA @BigRIPS,
345 MeV/u 48Ca beam + Be target

~ 100 times up 

34Ne setting 
→ 330 counts/h

High-intensity high-energy 48Ca primary 
beams now available!



Experimental setup and particle identification 
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𝑨

𝑸
=

𝐵𝜌𝑐

𝛽𝛾𝑚𝑢

f(Z,β)= DEsi→ Z

BigRIPS in-flight separator : 
➢ large acceptances
➢ Two-staged separator scheme 

1st stage 2nd stage

F1 deg.(Al 15mm)

b35, Br35 b57, Br57

F5 deg.(Al 7mm)

PID

TOF-Br-DE method

Rot. target (Be 20 mm)

48Ca beam 
(345 MeV/nucleon)

Collimator

PPAC x 2
Plastic
dE: IC, Si stacks

PPAC x 2
Plastic

PPAC x 2
Plastic

Production & Separation 

◼ Br determination from X positions at F5 and F7
◼ TOF(F5,F7 Plastic Scintillators) → A/Q
◼ DEsi→ Z

TOFF0-F7 ~ 430ns

Particle identification & 

two-stage separation

High rate@F3



Setting for 33F and 36Ne+39Na setting
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33F Setting 36Ne + 39Na Setting

Primary beam 48Ca 48Ca

Target 9Be 20 mm 9Be 20 mm

Tuned for 33F Center for 36Ne + 39Na

Br (at D1) 9.385 Tm 9.385 Tm

F1 degrader Al 15 mm (d/R=0.17) Al 15 mm (d/R=0.18)

F5 degrader Al 7 mm Al 7 mm

Beam intensity 429 pnA 448 pnA

Data accumulation 14.8 hours 7.77 hours



Momentum distributions
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33F setting 36Ne + 39Na setting

→ The LISE++ simulations were confirmed trajectories.
→ The calculated transmission is good. 

F

Ne

Ne Na

Br distributions

F2 positions



Particle identification
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345 MeV/u 48Ca beam＋Be target (20 mm)

33F setting
→

32,33F, 35,36Ne

36Ne+39Na setting
→

36Ne, 38,39Na

◼ No events were observed for 32F,33F,35Ne,36Ne,38Na
◼ One event for 39Na → Follow-up experiment (2017)



Bound or Unbound?
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◼ Cross sections evaluation with EPAX2.15 and Qg systematics 
◼ Expectation yields

◼ Probability (Zero-event probability)

𝑵𝒇 = 𝝈 × (𝑁𝑏𝑒𝑎𝑚 × 𝑁𝑡𝑎𝑟𝑔𝑒𝑡 × 𝜖𝑡𝑟𝑎𝑛. × 𝜖𝐵𝐺 × 𝜖𝑙𝑖𝑣𝑒) 𝜎 : Cross section
𝑁𝑓 : Number of fragments

𝑁𝑏𝑒𝑎𝑚 : Beam Dose
𝑁𝑡𝑎𝑟𝑔𝑒𝑡 : Number of target atoms

𝜖𝑡𝑟𝑎𝑛. : Transmission
𝜖𝐵𝐺 : Efficiency for lost events
𝜖𝑙𝑖𝑣𝑒 : Efficiency of DAQ live time 

Systematic measurement of production cross sections

𝑃(𝑘|𝜆) = 𝜆𝑘𝑒−𝜆/𝑘! 𝑃(0|𝜆) = 𝑒−𝜆
k = 0

(Poisson distribution) 𝜆 : expected yield

32,33F, 35,36Ne , 38Na



Qg systematics
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→ Estimation of expected production cross sections and yields 
for unobserved isotopes

s(Z,A) = f(Z) exp(Qg/T )

𝑄𝑔 : Difference in mass excess of the beam particle and observed fragments 

= 𝜟𝑴𝐏− 𝜟𝑴𝐅

= Mass Excess(20,48) – Mass Excess(Z,A)

O. Tarasov et al., PRL102, 142501 (2009)
O. Tarasov et al., PRC75, 064613 (2007)

→ Qg systematics is useful to estimate yields of drip-line nuclei.

T: effective temperature
f(Z): normalization



Qg systematics
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Fluorine Neon

Qg systematics fitting

* AME2016 evalution
* Assume the S1n=0 for 32F and 35Ne
* Assume the S2n=0 for 33F and 36Ne

28Ne 

34Ne 

30Ne 

32Ne 

27F 

29F 

31F 



Probability of instability
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◼ Zero-event probability(P) obtained from the expected yield and poisson distribution.
◼ Comparison with predicted yields excludes the existence of these unobserved isotopes 

with high confidence levels
CL32F= 1-P(0, 323)=~100%, CL33F= 1-P(0, 21.5)=~100%         [EPAX2.15]

CL35Ne= 1-P(0, 69.1)=~100%, CL36Ne= 1-P(0, 5.03)= 99.3%    [Qg]
CL38Na= 1-P(0, 27.4)=~100%   [EPAX2.15]

Isotope method Cross Section 
[fb]

Expected yields
[counts]

Probability being 
unbound [CL]

32F EPAX 73.5 323±97 1- 5 x 10-141

Qg 258±76 (1.14±0.33) x 103 1- 2 x 10-494

33F EPAX 4.39 21.5±6.5 1- 3 x 10-10

Qg 21.6±7.5 106±37 1- 1 x 10-46

35Ne EPAX 37.8 177±53 1- 1 x 10-77

Qg 14.8±3.6 69.1±16.7 1- 9 x 10-31

36Ne EPAX 2.58 15.5±4.7 1- 2 x 10-7

Qg (a) 0.839±0.222 2.30±0.63 90.0 % −8.4%
+4.6%

Qg (b) 0.839±0.222 2.73±0.72 93.5 % −7.3%
+3.5%

Qg (a)+(b) 0.839±0.222 5.03±0.96 𝟗𝟗. 𝟑 % −𝟏.𝟎%
+𝟎.𝟒%

38Na EPAX 27.4 61.9±18.6 1- 1 x 10-27

*(a): 39Na+36Ne setting
*(b): 33F setting



Location of neutron dripline 
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◼ The neutron dripline has been confirmed up to neon for the first time 
since 24O was confirmed to be the dripline nucleus nearly 20 years ago.

◼ The observation of one event for 39Na seems to suggest the existence 
of bound 39Na.

Stable isotopes
Rare isotopes
Isotopes searched in this work
Neutron dripline (20 years ago)
Neutron dripline in this work

Neutron number
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to
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m
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er

38Na 39Na



Upper limits of half-lives
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Observation limit of 1 count



Location of the neutron dripline for F and Ne 
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◼ Editor’s suggestion
◼ Featured in Physics (Viewpoint)



News & Media
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https://physics.aps.org/articles/v12/126
https://physicsworld.com/a/neutron-dripline-extended-to-fluorine-and-neon-isotopes/
https://www.wired.com/story/what-makes-an-element-the-frankenstein-of-sodium-holds-clues/
科学新聞(2019.12.13)

https://physics.aps.org/articles/v12/126
https://physicsworld.com/a/neutron-dripline-extended-to-fluorine-and-neon-isotopes/
https://www.wired.com/story/what-makes-an-element-the-frankenstein-of-sodium-holds-clues/
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39Na experiment
(2017 follow-up experiment)



2017 follow-up experiment
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◼ Follow-up experiment, which was conducted to confirm the 39Na event
◼ Search the existence of 39Na: Nuclear binding of 39Na (2days experiment)
◼ High statistics data of 36Ne to confirm the dripline of Ne (1day experiment)

◼ The neutron dripline has been experimentally established up to neon.
◼ The heaviest bound nuclei for Na isotopes confirmed so far 37Na. One event for 39Na.



Comparison of 2014 and 2017 experiment
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isotope 2014 experiment 2017 experiment

Br01 [Tm] 39Na 9.3850 Tm (+/- 3%), high momentum side 9.1550 Tm (+/- 3%), momentum peak

Distribution

36Ne 9.3850 Tm (+/- 3%), momentum peak 9.4077 Tm (+/- 3%), momentum peak

F2 slit +/- 15 mm (H) +/- 8.3 mm (H), +/-20 mm(V)

F2 collimator

x
Y

Fixed type

Fe blocks
+/-30(up), +/-20(down)

Removable type
Taper-shaped type

SUS + Fe blocks + W slits
Hori : +/-23.8 (up), +/-13.8(down)
Vert:  +/-33.2(up), +/-18.2(down)

F7 (dE) IC, Si Si

Irr. Time (h)
Dose, Intensity

39Na 39Na+36Ne setting: 7.77 h 
7.80E+16, 448 pnA

46.08 h
5.25E+17, 507 pnA (~6.7 times)

36Ne 39Na+36Ne setting: 7.77 h 
7.80E+16, 448 pnA
33F setting: 14.18 h 
1.37E+17, 429 pnA

25.33 h
3.09E+17, 542 pnA (~1.4 times)

39Na

33F36Ne

9.385 Tm ± 3%

F3 total counting rate: 
~106

→~104 pps



Particle Identification for Na isotopes
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39Na Setting

Primary beam 48Ca

Target 9Be 20 mm

Tuned for 39Na

Br (at D1) 9.155 Tm

F1 degrader Al 15 mm

F5 degrader Al 7 mm

Transmission 21 %

Beam intensity 510 pnA

Data accumulation 46 hours

Dose of 48Ca 5.3 E+17 particles 

Projectile Fragmentation

◼ Observation of 39Na → bound
◼ Established the nuclear binding of 39Na

37Na35Na

Preliminary

(9 events)

(143 events)

High statistics data are 6.7 times more than in 2014 experiment. 

Dripline of Na isotopes is located at/beyond N=28.

Discovery of 39Na



Production cross sections for Na isotopes
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39Na

0.47−0.15
+0.21 (sta.) fb 

1 fb

Preliminary



Particle Identification for Ne isotopes
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39Na Setting

Primary beam 48Ca

Target 9Be 20 mm

Tuned for 36Ne

Br (at D1) 9.155 Tm

F1 degrader Al 15 mm

F5 degrader Al 7 mm

Transmission 21 %

Beam intensity 540 pnA

Data accumulation 25 hours

Dose of 48Ca 3.1 E+17 particles 

Projectile Fragmentation

Preliminary

High statistics data are 1.5 times more than in 2014 experiment. 

Non-observation

◼ No events were observed for 36Ne 

34Ne



Estimation of expected cross sections
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36Ne

◼ Confirmation of 36Ne is unbound with 
higher confidence level : 

𝟗𝟗. 𝟑 % −𝟏.𝟎%
+𝟎.𝟒% (2014)

→ 𝟗𝟗. 𝟗𝟑𝟖 % −𝟎.𝟔𝟏𝟗%
+𝟎.𝟎𝟓𝟔% (2017)

→ 𝟗𝟗. 𝟗𝟗𝟗𝟔 % −𝟎.𝟎𝟎𝟓%
+𝟎.𝟎𝟎𝟎𝟒% (2014+2017)

Isotope method Cross 
Section [fb]

Expected yields
[counts]

Probability being 
unbound [CL]

36Ne EPAX 2.58 25.89 1- 5.7 x 10-7

Qg (2017) 0.74±0.24 7.39±2.40 𝟗𝟗. 𝟗𝟑𝟖 % −𝟎.𝟔𝟏𝟗%
+𝟎.𝟎𝟓𝟔%

Qg (2014 ft.) 0.84±0.23 8.42±2.32 99.978% −0.202%
+0.020%

Isotope method Cross Section 
[fb]

Expected yields
[counts]

Probability being 
unbound [CL]

36Ne Qg (2014) 0.839±0.222 5.03±0.96 𝟗𝟗. 𝟑 % −𝟏.𝟎%
+𝟎.𝟒%

Expected yield
12.42 +/- 2.58

Probability being unbound

(𝟗𝟗. 𝟗𝟗𝟗𝟔 % −𝟎.𝟎𝟎𝟓%
+𝟎.𝟎𝟎𝟎𝟒%)

Qg (2014+2017) 

Preliminary



Collaboration
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D.S. Ahn, T. Kubo, N. Fukuda, H. Suzuki, Y. Shimizu, H. Takeda, 
T. Sumikama, H. Ueno, K. Yoshida, N. Inabe, H. Sato, H. Baba, 
T. Komatsubara, Y. Yanagisawa, K. Kusaka, M. Ohtake, H. Otsu

O. B. Tarasov, D. J. Morrissey, 
B. M. Sherrill, D. Bazin

T. Nakamura

N. Iwasa, S. Ishikawa, T. Sakakibara

H. Geissel

J. Amano

For 2017 follow-up experiment
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Summary & Future prospect



Summary & Discussion
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◼ A search for the heaviest new isotopes of fluorine, neon and sodium (32,33F, 35,36Ne, 
38,39Na ) was conducted by fragmentation of an intense 48Ca beam at 345 MeV/nucleon.

◼ No events were observed for 32,33F, 35,36Ne, 38Na and only one event for 39Na after 
extensive running. → The neutron dripline has been confirmed up to neon for the first 
time since 24O was confirmed to be the dripline nucleus nearly 20 years ago.

◼ No observation of 36Ne nuclei in the high-statistics measurement confirming the 2014 
experiment. → Confirmation of 36Ne is unbound with higher confidence level 
: 𝟗𝟗. 𝟑 % −𝟏.𝟎%

+𝟎.𝟒% (2014) → 𝟗𝟗. 𝟗𝟑𝟖 % −𝟎.𝟔𝟏𝟗%
+𝟎.𝟎𝟓𝟔% (2017) → 𝟗𝟗. 𝟗𝟗𝟗𝟔 % −𝟎.𝟎𝟎𝟓%

+𝟎.𝟎𝟎𝟎𝟒% (2014+2017)

◼ The observation of 39Na 
◼ 2014 experiment (1 event) → It seems to suggest the existence of bound 39Na.
◼ 2017 follow-up experiment (9 events) → The bound state of 39Na was confirmed.
→ Dripline of Na isotopes is located at/beyond N=28.
→ Indication of deformed nuclei(?). We need to understand the nuclear structure.

◼ The various mass models cannot accurately predict the neutron dripline. 

◼ These results provide new keys to understanding the nuclear stability at extremely 
neutron-rich conditions. 
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◼ Locating the neutron dripline continues to be an important challenge for new-generation 
facilities and the neutron-dripline search will continue to play an important role in the 
nuclear structure at extremely neutron-rich conditions. 

◼ These results provide a key benchmark for nuclear mass and structure models.
◼ Development of much more primary beam species are necessary to expand the nuclear chart. 

◼ The nuclear structure and mass have not investigated yet for 
31F, 34Ne, 37,39Na. 


