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Atomic Nuclei

Nucleus
Proton
Neutron

Z

N

Proton Number Z
Neutron Number N

Mass Number A 
A = N + Z

} Nucleons

Stable Nuclei ~300,  Unstable Nuclei  ~8000 
Experimentally confirmed  
 Unstable Nuclei ~ 3000



Nuclear Property : Size, Density

Known Properties from the Study of Stable Nuclei
Radius

R ∝ r0*A1/3

Nuclear radii follow the function of mass number
Electron Scattering  

Alpha particle scattering on  
Stable Nuclei
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原子核の大きさは？

� 原子核とα粒子の最近接距離：

� Geiger と Marsden の実験
E = 5.3 MeV，Z = 29（銅） では，

� α粒子のエネルギーを大きくすると，
最近接距離は小さくなる

� 鉛（Pb）によるα粒子の散乱（右図）

E = 27.5 MeV 以上では，
Rutherford Rutherford の散乱断面積からずれるの散乱断面積からずれる

⇒⇒ 核力による相互作用核力による相互作用

原子核の大きさは 10-15 ‐ 10-14 m 程度 R.M. Eisberg and C.E. Porter
Rev. Mod. Phys. 33 (1961) 190

R = (1.5A1/3 + 2.0) x 10-13 m

Nuclear Radii ~ 1~10 fm

R.M. Eisberg and C.E. Porter 
Rev. Mod. Phys. 33 (1961) 190
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Fermi 密度関数

� 原子核の電荷密度分布は Fermi 密度関数でよく表される

�密度の飽和性
原子核の表面を除いて，密度はほぼ一定 ：

質量の密度にすると

飽和の密度は，原子核にもよらない

Saturation Density

electron beam
Target

Magnetic Field

electron 
detector

pi

pf
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Fig. 8. This figure gives a summary of the approximate charge density distributions
found for various nuclei studied by electron-scattering methods. The central densities
are the least well determined positions of the curves. Note, however, the large disparity
between the average central densities of the proton and all other nuclei. The alpha par-
ticle (4He) is also a unique case and exhibits a much larger central density than all

heavier nuclei.

lustrated in Fig. 8, where a summary of the charge distributions found by
the electron-scattering method is presented for various nuclei. Except for the
extremely light nuclei of hydrogen and helium the constancy of the central
nuclear density is clearly represented in the figure.

The results obtained with heavier nuclei indicated that the electron-scat-
tering method could also be applied to the very light nuclei and even to the
proton itself. Accordingly, in early 1954 experiments were initiated on hy-
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Fig. 8. This figure gives a summary of the approximate charge density distributions
found for various nuclei studied by electron-scattering methods. The central densities
are the least well determined positions of the curves. Note, however, the large disparity
between the average central densities of the proton and all other nuclei. The alpha par-
ticle (4He) is also a unique case and exhibits a much larger central density than all

heavier nuclei.

lustrated in Fig. 8, where a summary of the charge distributions found by
the electron-scattering method is presented for various nuclei. Except for the
extremely light nuclei of hydrogen and helium the constancy of the central
nuclear density is clearly represented in the figure.

The results obtained with heavier nuclei indicated that the electron-scat-
tering method could also be applied to the very light nuclei and even to the
proton itself. Accordingly, in early 1954 experiments were initiated on hy-

R. Hofstadter Nobel Lecture



Nuclear Property : Mass, Binding Energy
Known Properties from the Study of Stable Nuclei

Mass Measurements by Mass spectrometer

Mass Defect
Bainbridge Mass spectrograph (1930s)

Binding Energy / nucleon 
~8 MeVM(A, Z)  = Z*mp + N*mn − B(A, Z)

Ion source

B

Es

Bs
r =  qB

mv

http://chemwiki.ucdavis.edu/ http://www.chem.fsu.edu/

http://chemwiki.ucdavis.edu/
http://www.chem.fsu.edu/


Nuclear Structure : Magic Number
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図 3.8: 質量の実験値とWeizsäckerの質量公式による値の差

48 第 3 章 質量公式
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図 3.4: 対エネルギー．曲線は 12/
√

A

ただし，
δ(A) =

12√
A

MeV (3.20)

とする．この質量数依存性と大きさは 図 3.4に示すように，対エネルギーの実験値 [ 2 ]か
ら経験的に決めたものである．
以上をまとめて，Weizsäckerの質量公式は次のように表される：

B(A, Z) = bvol A 体積エネルギー

− bsurf A2/3 表面エネルギー

− bCoul
Z2

A1/3
Coulombエネルギー

− bsym
(A − 2Z)2

A
対称エネルギー

− ∆(A) 対エネルギー

(3.21)

パラメータの値は Green [ 6 ]によって求められた．その後，多くの原子核の質量が測定さ
れ，実験値を再現するパラメータとして，たとえば，次の値の組が用いられている：

bvol = 15.56, bsurf = 17.23, bCoul = 0.697, bsym = 23.29 (3.22)

単位は MeV である．

ΔE = M Expt -  B(A, Z)
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図 3.6: 安定な原子核の核子あたりの結合エネルギー
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図 3.7: 安定な原子核においてWeizsäckerの質量公式の各項が占める割合

Nuclei are more strongly 
bound when the number of 

constituent nucleons 
are certain magic numbers

N or Z = 8, 20, 28, 50, 82, 128 
Closed Shell 

Figures are from the lecture note of Prof. K. Muto, Tokyo Institute of Technology



What will we find for unstable nuclei 
 far from the stability line?

Stable Nuclei
Half Life > 30 days
10ms < Half Life < 30 days
Half Life < 10 ms
Not Experimentally Observed 

Many unseen nuclides

Stable Nuclei ~300,   
Unstable Nuclei  ~8000



What will we find for unstable nuclei 
 far from the stability line?

Stable Nuclei
Half Life > 30 days
10ms < Half Life < 30 days
Half Life < 10 ms
Not Experimentally Observed 

R ∝ r0*A1/3 ?
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Fermi 密度関数

� 原子核の電荷密度分布は Fermi 密度関数でよく表される

�密度の飽和性
原子核の表面を除いて，密度はほぼ一定 ：

質量の密度にすると

飽和の密度は，原子核にもよらない

?
Loosely-bound , Drip Line Nuclei

How is the structure 
Magic Number

?
?

Weak Binding Energy

Many unseen nuclides

Stable Nuclei ~300,   
Unstable Nuclei  ~8000

How can we study Unstable Nuclei?



Stable Nuclei
Half Life > 30 days
10ms < Half Life < 30 days
Half Life < 10 ms
Not Experimentally Observed 

Experimental Approach to Unstable Nuclei

Accelerator　　

Nuclear Reaction

Heavy Ion Beam 
(Stable Nuclei)

Unstable Nuclei



Accellerator

Unit of Energy

eV : Amount of energy gained by the charge of 
a single electron (1.6*10-19) accelerated by an 
electric potential difference of 1V.

1 eV = 1.6 x 10-19 J

What is the accelerator? 
The machine which give certain kinetic energy to charged particles by accelerating 
and controlling them with the use of electro magnetic field.

+-
+

・Electrostatic Accellerator
・Linear Accellerator

・Circular Accellerator

5.磁場をかけて曲げ
実験室へ運ぶ

1.ベルトに電荷を
乗せて運ぶ

3.加速したい
粒子をイオン化
する

実
験
室
へ

分析磁石室

2.キャップに電荷
を集め電位差を
作りだす

4.加速する

Static electric charge

5MV
Ion Source

Acceleration 
of Ion

←　To Lab. Analyser 
 Magner

http://atomic.lindahall.org/

Van de Graaff



Circular Accellerator http://atomic.lindahall.org/

Ion Source

B

Ion Source

Accelerated Particle

magnet

Dee Electrodes

qvB =  r
mv2

Top View

2πmT =  qB
T is always constant, 

independent of  
particles velocity  

r =  
qB
mv



Cyclotron Facilities
https://people.nscl.msu.edu/

NSCL K500, K1200 (USA)

GANIL CSS1, CSS2

http://www.nsf.gov/

http://www.ganil-spiral2.eu/science-us/accelerator/css1-css2



Cyclotron Facilities
https://people.nscl.msu.edu/NSCL : K500, K1200 (USA)

GANIL : CSS1, CSS2

RIKEN, RIBF
RRC, FRC, IRC, SRC

http://www.riken.jp/

http://www.riken.jp/
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Synchrotron Accelerator
qvB =  r

mv2

2πmT =  qB
T is always constant, 

independent of  
particles velocity  

At relativistic energy

2πmT =  qB
m0m =  

√ 1- β2  

A bunch of
Beam

Particles are staged in the ring,
and travel always 

on the same fixed orbit

Accelerating
 cavity  

Electric field applied 
high and varying frequency to 
accelerate particles appropriate 
timing

B

Ion Source

Accelerated Particle

magnet

Dee Electrodes

Cyclotron : High Intensity
Synchrotron : High Energy

B

Ion Source

Accelerated Particle

magnet

Dee Electrodes

Cyclotron : 
Continuous Acceleration



•GSI, SIS 
150 Fritz Bosch
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Mass and Lifetime Measurements
of Stored Exotic Nuclei

Injection of separated
exotic nuclei

Production
Target

I. Pure B
Separation

II. B - E-B
Separation

!

! " !

B = 18 Tm!max

B = 10 Tm!max

Fig. 7. The combination of the heavy ion synchrotron SIS, the fragment separator
FRS and of the storage-cooler ring ESR for production, storage and cooling of
exotic, highly charged ions.

The exotic beams accepted by and stored in the ESR are ‘hot’, i.e. their
relative momentum spread ∆p/p is rather high (typically 10−2), and their
angular divergence and size are large. For most of the experiments presented
in the following, first a ‘beam cooling’ is required. As discussed in Sect. 1,
three cooling techniques have been successfully applied until now to cool

SIS

F. Bosch, Lect. Notes Phys. 651, 137 (2004) 



•GSI, SIS  and then SIS100, SIS300

SIS

http://www.fair-center.eu/



Stable Nuclei
Half Life > 30 days
10ms < Half Life < 30 days
Half Life < 10 ms
Not Experimentally Observed 

Experimental Approach to Unstable Nuclei

Accelerator　　

Nuclear Reaction

Heavy Ion Beam 
(Stable Nuclei)

Unstable Nuclei



Production of Unstable Nuclei 
as Radioactive Isotope (RI) Beam

Production of Unstable Nuclei 

・Fusion-evaporation

・Fission

・Transfer Reaction

Production of Unstable Nuclei Beam

Target

Beam

Fusion-Evaporation

・Spallation → ISOL

・Projectile Fragmentation

・Fission Ablation

Heavy TargetHigh Energy 
Proton Beam

Spallation

Used as  
Low Energy  

Beam



Target
Primary Beam 

(Stable Nuclide)
Secondary Beam 

(Unstable Nuclide)

Secondary Beam 
(Unstable Nuclide)

Primary Beam 
(Stable Nuclide)

Target

Projectile Fragmentation

238U Beam

Target

Fissile Nucleus Fission Fragments

Fission Abrasion



Bρ~A/Z ・v

R ∝ A/Z2・v2γ

v = Z/A・Bρ

Principle of Fragment Separator

Bρ ∝ Z2γ-2 / A2γ-2

Various Nuclides produced  
thorough fragmentation 

↓ 
Need to identify species, 

and select



Bρ~A/Z ・v

R ∝ A/Z2・v2γ

v = Z/A・Bρ

Bρ ∝ Z2γ-2 / A2γ-2

Principle of Fragment Separator

For the more precise 
Particle Identification

Detectors
Plastic Scintillation Counter

Time Of Flight (TOF) : v
Position Sensitive Detector

Beam Position : Bρ
Energy-Loss (ΔE) Detector

ΔE ∝ Z2/v2



Bρ~A/Z ・v

R ∝ A/Z2・v2γ

v = Z/A・Bρ

Bρ ∝ Z2γ-2 / A2γ-2

Plastic 1

Principle of Fragment Separator

For the more precise 
Particle Identification

Detectors
Plastic Scintillation Counter

Time Of Flight (TOF) : v
Position Sensitive Detector

Beam Position : Bρ
Energy-Loss (ΔE) Detector

ΔE ∝ Z2/v2

Position Sensitive
 Detector

Plastic 2
Position

ΔE

Plastic 1 - Plastic 2 : TOF
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Mass and Lifetime Measurements
of Stored Exotic Nuclei

Injection of separated
exotic nuclei

Production
Target

I. Pure B
Separation

II. B - E-B
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B = 18 Tm!max

B = 10 Tm!max

Fig. 7. The combination of the heavy ion synchrotron SIS, the fragment separator
FRS and of the storage-cooler ring ESR for production, storage and cooling of
exotic, highly charged ions.

The exotic beams accepted by and stored in the ESR are ‘hot’, i.e. their
relative momentum spread ∆p/p is rather high (typically 10−2), and their
angular divergence and size are large. For most of the experiments presented
in the following, first a ‘beam cooling’ is required. As discussed in Sect. 1,
three cooling techniques have been successfully applied until now to cool

NSCL  A1900

GSI FRS

RIKEN BigRIPS



How far can we go?

New Isotope Search

http://www.nishina.riken.jp/
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Fig. 1. (Color online.) Schematic view of the four magnetic dipole stages of the FRS
with the target area and the detector and degrader systems at the focal planes.

resolution of the in-flight separator FRS [4] are the keys to the
frontiers in this domain of nuclides. High velocities are required to
reduce the number of populated ionic charge-states for each ele-
ment, mainly to bare fragments with a low contamination of H-
and He-like ions.

In recent years, the intensity of 238U beams provided by the
GSI accelerators has increased almost by a factor of 10, which
has opened new opportunities for the production and study of the
heaviest projectile fragments [5,6]. Along with mass measurements
at the FRS–ESR facility several new isotopes have been observed
[6,7]. Taking advantage of the improved experimental conditions
we aimed at the production of very neutron-rich nuclides with a
1 GeV/nucleon 238U beam. In this Letter we report the main re-
sults of this study: the discovery of 60 new neutron-rich isotopes
in the element range from 60Nd to 78Pt and the determination of
their production cross-sections.

2. Experimental technique

The experiment was performed with the SIS-18 synchrotron of
GSI Darmstadt, which delivered a 1 GeV/nucleon 238U beam in
spills lasting 0.5–2 s with a repetition period of 2–4 s. The beam
impinged on a 1.6 g/cm2 thick beryllium target placed at the en-
trance of the projectile Fragment Separator (FRS) [4]. The primary
beam intensity was of the order of 2 × 109 ions/spill. The 238U in-
tensity was measured by a calibrated secondary-electron transmis-
sion monitor [8]. The reaction products were separated by the FRS
operated in an overall achromatic ion-optical mode. A schematic
view of the FRS and the experimental setup is shown in Fig. 1.
The spatial separation in flight was achieved by a twofold appli-
cation of the Bρ–"E–Bρ method, i.e., the atomic energy losses
in two degraders, located at the first (F1) and second (F2) fo-
cal planes, were measured via magnetic rigidity analysis. In this
way, the reaction products are spatially separated and by the use
of various detectors their nuclear charge Z and mass number A
could be determined. After the first magnetic selection and the
2.5 g/cm2 thick aluminum degrader at F1, the reaction products
were slowed down in an aluminum wedge degrader located at
the intermediate focal plane F2. By changing the wedge angle, the
degrader shape was tuned to preserve the achromatism. Even at
these relativistic velocities different atomic charge states of the
heavy fragments have to be considered. Therefore, a niobium foil
was placed behind the target to enhance the population of bare
fragments. The thin titanium vacuum window of the F2 section
acts in the same way. The thicknesses of these electron strippers
were 223 mg/cm2 (Nb) for the first and 90 mg/cm2 (Ti) for the
latter. The total thickness of the F2-matter including detectors was
1.32 g/cm2 aluminum equivalent. After penetrating the F2-matter
the heaviest fragments emerged as 81% fully ionized, 18.5% H-like
and 0.5% He-like ions.

The complete particle identification in-flight was performed
on an event-by-event basis with time-of-flight (ToF), energy-
deposition ("E ′) and magnetic rigidity measurements (ToF–"E ′–
Bρ method). The ToF was measured with two plastic scintillator
detectors (SCI), one located at F2 and the other at the final focal
plane (F4). The time resolution was about 30 ps (standard devi-
ation). The ToF value for the selected isotopes was of the order
of 160 ns in the laboratory frame. A second pair of ToF detectors
was used in the experiment providing a redundant time measure-
ment. At the exit of the FRS, two ionization chambers (MUSIC)
filled with P10 gas at atmospheric pressure were mounted with
a 104 mg/cm2 copper stripper placed in between. The MUSIC
detectors [9,10] delivered the energy-deposition signals of frag-
ments, thus providing the information of their atomic numbers.
The velocity dependence of the penetrating ions was taken into
account before the encoded energy-deposition information was
used for Z identification. The obtained Z resolution was better
than 1%. The magnetic rigidity was measured with four time-
projection chambers (TPC) [11], two located at the dispersive focal
plane (F2) and the other two mounted at the exit of the FRS. The
TPC provided full tracking information (angle and position) for
the transmitted fragments. The Bρ resolution, deduced from the
position measurements, was better than 10−4. Furthermore, the
four TPC detectors also provided energy-deposition information,
an additional condition in our analysis, which contributes to re-
duce further background signals in the region of low statistics for
the most neutron-rich isotopes. The event-by-event identification,
and thus also the in-flight separation, were verified by the iso-
mer tagging technique [12]. In the particle identification spectrum,
known µs isomers were selected (171mTm, 172mYb and 175mLu)
whose gamma rays were recorded in coincidence with the incom-
ing ions stopped in a layer of matter viewed either by the RISING
germanium detector setup [13], or the simpler isomer tagging de-
vice [12], which consisted of only two Ge detectors, a stopper foil,
and a veto scintillator. With these manifold redundant measure-
ments and the two-stage in-flight separation criteria, we achieved
an unambiguous isotope identification.

3. Data analysis

In the experiment the Bρ was set to four different values:
(11.799 Tm), (10.796 Tm), (11.091 Tm), and (11.368 Tm), which
were chosen to yield optimum intensities for bare 172Dy, 194Os,
198Os, and 202Os ions, respectively. The data collected for each
field setting were processed by the following procedure based on
a combination of ToF, position and energy-deposition information.

In the first step of the analysis a two-dimensional plot of the
energy-deposition in the first MUSIC detector as a function of the
energy-deposition in the second MUSIC detector was created. We
set a condition on the events corresponding to the full energy
deposition in both detectors to select a well-defined atomic num-
ber Z . In the second step, a distribution of Z as a function of the
difference of the Bρ values between the second and the third sec-
tions of the FRS was analyzed. This difference reflects the energy
loss of ions in the matter placed at the intermediate focal plane F2,
which was calculated from the position measurements at the in-
termediate and the final focal planes. In this step a selection is
made to strongly suppress events which correspond to ions which
changed their charge while passing through the materials at the
F2 focal plane. Finally, using the events selected in the two pre-
vious steps, a correlation of the position in the final focal plane
F4 with the mass-over-charge ratio, A/q, is plotted for the selected
atomic number Z . By use of the programs MOCADI [14] and LISE++
[15] we have verified that only the nuclei which were transmitted
through the whole FRS as fully stripped ions appear in the cen-

GSI (2012)
238U 1GeV/u on Be Target 

fission abrasion

J. Kurcewicz et al. / Physics Letters B 717 (2012) 371–375 373

Table 1
Production cross-sections for the new isotopes measured in the present work. The isotopes marked with a ⋆ were already claimed [30–33] but they are not listed in the
evaluation work of Thoennessen et al. [34].

Isotope σ (nb) Isotope σ (nb) Isotope σ (nb) Isotope σ (nb)

157Nd⋆ 980(40) 168Gd 78(5) 176Er 68(5) 188Lu 0.010(3)
158Nd⋆ 201(11) 169Gd 10.6(15) 177Er 18(2) 190Hf⋆ 0.027(13)
159Nd 39(4) 170Gd 2.6(8) 178Er 5.5(9) 193Ta 0.017(5)
160Nd 9.5(22) 169Tb 751(28) 178Tm⋆ 24(3) 194Ta 0.0037(19)
161Nd 3.0(17) 170Tb 99(6) 179Tm 1.21(18) 195W⋆ 0.049(1)
160Pm 518(36) 171Tb 14(2) 180Tm 4.5(9) 196W 0.018(4)
161Pm 161(9) 172Tb 1.0(4) 181Tm 0.6(3) 197W 0.0034(17)
162Pm 25(3) 171Dy 441(18) 181Yb⋆ 2.3(3) 198Re⋆ 0.028(7)
163Pm 4.5(15) 172Dy 121(7) 182Yb⋆ 0.45(10) 199Re 0.0076(27)
163Sm 134(11) 173Dy 18(2) 183Yb 0.21(5) 202Os 0.0044(20)
164Sm 42(4) 174Dy 1.9(6) 184Yb 0.028(9) 203Os 0.0025(18)
165Sm 7.8(16) 173Ho 341(15) 185Yb 0.007(3) 205Ir 0.003(2)
167Eu 7.1(12) 174Ho 98(6) 185Lu⋆ 0.22(7) 206Pt 0.033(11)
168Eu 2.0(8) 175Ho 22(2) 186Lu⋆ 0.15(4) 207Pt 0.008(3)
167Gd 625(23) 176Ho 2.2(6) 187Lu 0.043(9) 208Pt 0.0027(15)

Fig. 2. (Color online.) Identified atomic number Z of the incoming ions as a function
of their A/q ratio at the final focal plane (F4). In the A/q ratio, the time-of-flight
and magnetic rigidity information is included. The plot shows the superimposed
data recorded in the different Bρ settings for bare 194Os, 198Os, 202Os ions sepa-
rated by the horizontal line from the 172Dy field setting. Events corresponding to
these ions are marked by open rectangles. The discovered new isotopes are on the
right hand side of the staggered solid line.

tral position at the final focus. Thus, a gate imposed on this plot
rejected the remaining impurities, like particles which passed the
central focal plane F2 as H-like ions and also those which picked-
up or lost one electron at F2 but were not rejected in the second
step. By applying this procedure to all isotopic chains, the final
identification spectrum of atomic number Z versus A/q can be
created. The superposition of such spectra corresponding to all set-
tings of the FRS is shown in Fig. 2.

Since the charge-changing events within the MUSIC detectors
limit the Z determination for the heaviest ions, the selected events
for a given Z may have a small contamination from neighboring
elements. The simulations indicate [15,14] that in such cases, the
isotope selected by our procedure, characterized by (A, Z ), may
contain a small contamination from nuclei with numbers A − 5
and Z − 1 which are transmitted through the FRS as H-like ions.
Both the selected isotope and the contaminants will have almost
identical magnetic rigidity and position distributions. To estimate
the level of such a contamination, we note that in the investigated
region the production cross-sections for a contaminant is larger

by up to a factor of 50 compared with the cross-sections of the
isotopes of interest (see data in Table 1). However, the probabil-
ity that an ion passes through the whole FRS in the H-like state
is of the order of 10−4. We can conclude that isotopes selected
by our identification procedure have a negligible contamination, at
the level of 5 × 10−3.

4. Production cross-sections

The data recorded for each Bρ setting were analyzed by the
procedure described above to achieve a reliable isotope identifica-
tion. In the next step the production cross-sections of individual
isotopes were determined according to:

σ f = N f

Np Ntϵ
, (1)

where N f is the number of recorded ions for a selected isotope,
N p the total number of 238U ions, Nt the number of target atoms
and ϵ takes into account the ion-optical transmission, the sec-
ondary reactions in the matter placed after the target (e.g., de-
graders and detectors), the probability that an ion remains fully
stripped in both stages of the separator, the absorption from sec-
ondary nuclear reactions in the target and the dead-time losses of
the data acquisition system. All secondary reactions in the target
and the matter in the focal planes are taken into account by ap-
plying the Benesh–Cook–Vary formula [16].

The code GLOBAL [17] provided the charge-state population for
the fragments during their passage through the FRS system. The
probability values for bare Nd to Pt ions ranged from 0.9 to 0.6,
respectively. The ion-optical transmissions have been calculated by
the Monte-Carlo simulation program MOCADI [14] taking into ac-
count the different kinematics of projectile fragmentation and fis-
sion [18,14]. The contribution of each reaction type was calculated
for the observed nuclides using the ABRABLA program [19,20]. The
corresponding weighted transmission coefficient was used in the
cross section calculation. The transmission values were obtained
separately for each Bρ setting. The typical values for projectile
fragments were of the order of 0.4–0.6 for isotopes with A/q close
to the reference setting. This relatively small value is due to the
tight slits settings in the FRS, which were applied in order to de-
crease the number of contaminants reaching the F4 area, mainly
fragments with Z < 60 coming from low-energy fission.
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Table 1
Production cross-sections for the new isotopes measured in the present work. The isotopes marked with a ⋆ were already claimed [30–33] but they are not listed in the
evaluation work of Thoennessen et al. [34].

Isotope σ (nb) Isotope σ (nb) Isotope σ (nb) Isotope σ (nb)

157Nd⋆ 980(40) 168Gd 78(5) 176Er 68(5) 188Lu 0.010(3)
158Nd⋆ 201(11) 169Gd 10.6(15) 177Er 18(2) 190Hf⋆ 0.027(13)
159Nd 39(4) 170Gd 2.6(8) 178Er 5.5(9) 193Ta 0.017(5)
160Nd 9.5(22) 169Tb 751(28) 178Tm⋆ 24(3) 194Ta 0.0037(19)
161Nd 3.0(17) 170Tb 99(6) 179Tm 1.21(18) 195W⋆ 0.049(1)
160Pm 518(36) 171Tb 14(2) 180Tm 4.5(9) 196W 0.018(4)
161Pm 161(9) 172Tb 1.0(4) 181Tm 0.6(3) 197W 0.0034(17)
162Pm 25(3) 171Dy 441(18) 181Yb⋆ 2.3(3) 198Re⋆ 0.028(7)
163Pm 4.5(15) 172Dy 121(7) 182Yb⋆ 0.45(10) 199Re 0.0076(27)
163Sm 134(11) 173Dy 18(2) 183Yb 0.21(5) 202Os 0.0044(20)
164Sm 42(4) 174Dy 1.9(6) 184Yb 0.028(9) 203Os 0.0025(18)
165Sm 7.8(16) 173Ho 341(15) 185Yb 0.007(3) 205Ir 0.003(2)
167Eu 7.1(12) 174Ho 98(6) 185Lu⋆ 0.22(7) 206Pt 0.033(11)
168Eu 2.0(8) 175Ho 22(2) 186Lu⋆ 0.15(4) 207Pt 0.008(3)
167Gd 625(23) 176Ho 2.2(6) 187Lu 0.043(9) 208Pt 0.0027(15)

Fig. 2. (Color online.) Identified atomic number Z of the incoming ions as a function
of their A/q ratio at the final focal plane (F4). In the A/q ratio, the time-of-flight
and magnetic rigidity information is included. The plot shows the superimposed
data recorded in the different Bρ settings for bare 194Os, 198Os, 202Os ions sepa-
rated by the horizontal line from the 172Dy field setting. Events corresponding to
these ions are marked by open rectangles. The discovered new isotopes are on the
right hand side of the staggered solid line.

tral position at the final focus. Thus, a gate imposed on this plot
rejected the remaining impurities, like particles which passed the
central focal plane F2 as H-like ions and also those which picked-
up or lost one electron at F2 but were not rejected in the second
step. By applying this procedure to all isotopic chains, the final
identification spectrum of atomic number Z versus A/q can be
created. The superposition of such spectra corresponding to all set-
tings of the FRS is shown in Fig. 2.

Since the charge-changing events within the MUSIC detectors
limit the Z determination for the heaviest ions, the selected events
for a given Z may have a small contamination from neighboring
elements. The simulations indicate [15,14] that in such cases, the
isotope selected by our procedure, characterized by (A, Z ), may
contain a small contamination from nuclei with numbers A − 5
and Z − 1 which are transmitted through the FRS as H-like ions.
Both the selected isotope and the contaminants will have almost
identical magnetic rigidity and position distributions. To estimate
the level of such a contamination, we note that in the investigated
region the production cross-sections for a contaminant is larger

by up to a factor of 50 compared with the cross-sections of the
isotopes of interest (see data in Table 1). However, the probabil-
ity that an ion passes through the whole FRS in the H-like state
is of the order of 10−4. We can conclude that isotopes selected
by our identification procedure have a negligible contamination, at
the level of 5 × 10−3.

4. Production cross-sections

The data recorded for each Bρ setting were analyzed by the
procedure described above to achieve a reliable isotope identifica-
tion. In the next step the production cross-sections of individual
isotopes were determined according to:

σ f = N f

Np Ntϵ
, (1)

where N f is the number of recorded ions for a selected isotope,
N p the total number of 238U ions, Nt the number of target atoms
and ϵ takes into account the ion-optical transmission, the sec-
ondary reactions in the matter placed after the target (e.g., de-
graders and detectors), the probability that an ion remains fully
stripped in both stages of the separator, the absorption from sec-
ondary nuclear reactions in the target and the dead-time losses of
the data acquisition system. All secondary reactions in the target
and the matter in the focal planes are taken into account by ap-
plying the Benesh–Cook–Vary formula [16].

The code GLOBAL [17] provided the charge-state population for
the fragments during their passage through the FRS system. The
probability values for bare Nd to Pt ions ranged from 0.9 to 0.6,
respectively. The ion-optical transmissions have been calculated by
the Monte-Carlo simulation program MOCADI [14] taking into ac-
count the different kinematics of projectile fragmentation and fis-
sion [18,14]. The contribution of each reaction type was calculated
for the observed nuclides using the ABRABLA program [19,20]. The
corresponding weighted transmission coefficient was used in the
cross section calculation. The transmission values were obtained
separately for each Bρ setting. The typical values for projectile
fragments were of the order of 0.4–0.6 for isotopes with A/q close
to the reference setting. This relatively small value is due to the
tight slits settings in the FRS, which were applied in order to de-
crease the number of contaminants reaching the F4 area, mainly
fragments with Z < 60 coming from low-energy fission.

J. Kurcewicz et al., Phys. Lett. B 717 (2012) 371–375 
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FIG. 2. (Color online) Particle identification plot showing the
measured atomic number Z versus the calculated function A − 3Z

for the nuclei observed in production runs of this work. See text for
details. The limit of previously observed nuclei is shown by the solid
red line, and the location of 64Ti is marked.

was done in the previous experiment—can be seen in Fig. 2,
which shows the total distribution of fully stripped reaction
products observed in the production runs of this work. The
range of fragments is shown as a function of the measured
atomic number Z versus the quantity A − 3Z deduced from
measured values, where A is the mass number. The identi-
fication of the individual isotopes in Fig. 2 was confirmed
via isomer tagging using the known isomeric decays in 67Fe
and 78Zn. The standard deviations of ionic charge (q) and
elemental (Z) spectra were found to be similar to those in the
previous experiment; therefore the probabilities of one event
being misidentified as a neighboring charge state or element
are the same as before [1]. The details of the calculation of the
particle identification are given in the appendix to the previous
work [1].

The mass spectra for the isotopic chains from scandium
to iron measured during the production runs are shown in
Fig. 3. Only nuclei that stopped in the Si telescope are included
in this analysis. The observed fragments include several new
isotopes that are the most neutron-rich nuclides yet observed
of elements 22 ! Z ! 25 (64Ti, 67V, 69Cr, and 72Mn). One
event was found to be consistent with 70Cr, and another one

was found to be consistent with 75Fe. The new neutron-rich
nuclei observed in this work lie to the right of the solid line in
Fig. 2 and to the right of the vertical dashed lines in Fig. 3.

IV. RESULTS AND DISCUSSION

A. Parallel momentum distributions

The prediction of the momentum distributions of residues
is important when searching for new isotopes in order to set the
fragment separator at the maximum production rate. Also, the
accurate prediction of the momentum distributions allows for
a precise estimate of the transmission and efficient rejection of
strong contaminants. In this experiment the “target scanning”
approach [34], developed in the previous experiment, was used
to obtain parameters for the neutron-rich isotope momentum
distribution models such as those in Refs. [35,36]. This method
is particularly well suited to survey neutron-rich nuclei because
the less exotic nuclei are produced with the highest yields and
their momentum distributions can be readily measured with
thin targets.

The data analysis of this approach has been improved,
and a detailed description is in preparation [37]. Important
improvements include the following: first, the most probable
velocity for a fragment is not that at the center of the target
when the yield is sharply rising or falling with momentum,
and second, asymmetric Gaussian distributions have been
used with asymmetry coefficients taken from the convolution
model [38] implemented in the LISE++code [33]. Note that,
at the bombarding energy used in these experiments, the
shape of the fragment momentum distribution is asymmetric
with a low-energy exponential tail stemming from dissipative
processes [38].

Seven targets were used to measure the momentum distribu-
tions (see Table I). The yield of one example fragment, 66Fe, is
shown in Fig. 4 as a function of the ratio of fragment and beam
velocities. This figure illustrates the impact of the new data
analysis where the most probable values taken are shown by
the circles and the average values by the diamonds. Momentum
distributions for 126 isotopes were derived (indicated by
the colored boxes in Fig. 1) and integrated to deduce the
production cross sections.

A survey of all of the fitted results showed that fragments in
the heavy mass region were produced similar to our previous
measurements [34] with significantly higher velocities than the
momentum distribution models [36,39] predict. The difference
is most likely due to the fact that the models were developed
for fragments close to stability, where the energy required
to remove each nucleon was set to 8 MeV, while the
actual nucleon binding energy for the neutron-rich isotopes
under investigation is lower. An analysis with asymmetric
distributions to reproduce the mean velocity of fragments has
shown that the neutron-rich separation energy parameter in
the model [36] for the nuclei observed in the present work in
the region AP /2 ! AF ! AP can be represented by a linear
decrease with the number of removed nucleons:

ES = 8 − 9.2!A/AP , (1)

054612-4

NSCL (2013)
82Se 139 MeV/u on Be Target 

Projectile Fragmentation

Recent Works for New Isotope SearchO. B. TARASOV et al. PHYSICAL REVIEW C 87, 054612 (2013)

NSCL (2007–2009)

RIKEN (2010)

NSCL (82Se)

76Ge

82Se

measured prod.
cross section

measured
isomer γ-ray

γ

γ

measured
momentum distr.

γKTUY

50Cl

53Ar

55K 56K

57Ca 58Ca

59Sc 60Sc 61Sc

62Ti 63Ti

65V 66V

68Cr

70Mn

44Si
43Al

40Mg

42Al

52Ar

71Mn72Mn

73Fe 74Fe

69Cr 70Cr
67V

64Ti

75Fe

76Co

FIG. 1. (Color online) The region of the nuclear chart investigated in the present work. The solid line shows the limit of bound nuclei from
the KTUY mass model [7]. The new isotopes observed for the first time in the present work are marked by red squares.

this evidence is based on the energies of low-lying states
[16–20], transition strengths [21], deformation length [19],
and higher-spin level schemes [22]. Neutron g9/2 and d5/2
configurations from above the N = 40 shell gap are proposed
to descend and dominate the low-lying configurations similar
to those in the N = 20 island of inversion [23,24].

Recently, it was shown that the β-decay half-lives of the
neutron-rich Ca isotopes [25] compare favorably with the
results of shell-model calculations performed in the full pf
model space using the GXPF1 effective interaction [26]. The
systematic trend of these half-lives is consistent with the
presence of a subshell gap at N = 32 as predicted by this
interaction and confirmed by a variety of experiments. This
interaction also predicts an increase of the excitation energy of
the first excited state Ex(2+

1 ) at 54Ca relative to that obtained
with the KB3G [27] interaction, suggesting the appearance
of the N = 34 shell gap in Ca isotopes. Both interactions
predict similar structures for light stable nuclei, but give rather
different predictions for several cases of neutron-rich nuclei.

Recent measurements at RIKEN of the Ex(2+
1 ) in 54Ca [28]

found that the experimental value is 0.5 MeV smaller than the
GXPF1B prediction, where the GXPF1B [29] Hamiltonian
was created from the GXPF1A Hamiltonian by changing five
T = 1 matrix elements and the single-particle energies that
involved 1p1/2. A similar trend had already been pointed out by
Mantica et al. [25] where they deduce that the effective energy
gap between the adjacent neutron single-particle orbitals
f5/2 and p1/2 is overestimated by the GXPF1 and GXPF1A
effective interactions. Based on this, the GXPF1B interaction

has been modified to correct this 0.5-MeV shift and is referred
to as GXPF1B5 here.

Other evidence supports the modified form of the GXPF1B
interaction. The original GXPF1B interaction predicts a 1n-
unbound 56K (S1n = −0.03 MeV); however, this isotope was
shown to be bound by observation in our previous experiment
with the 76Ge beam. The shift in the interaction makes the
isotopes with valence neutrons in the f5/2 orbital around Z =
20 more bound, such that the modified interaction GXP1FB5
predicts a bound 56K with S1n = 0.41 MeV.

In our previous cross-section measurements in the region
around 62Ti (76Ge primary beam) [2] we observed a systematic
variation of the production cross sections that might point
to nuclear structure effects, such as an onset of collectivity,
that are not included in global mass models that were used
to construct the basis of the systematics. The present work,
because it is based on isotope production from a different
primary beam, covering the same region of the nuclear chart,
provides an independent check of this interpretation.

II. EXPERIMENT

A. Setup

A newly developed 139 MeV/u 82Se beam with an intensity
of 35 pnA, accelerated by the coupled cyclotrons at the NSCL,
was fragmented in a series of beryllium targets and a tungsten
target, each placed at the object position of the A1900 fragment
separator [30]. In this work we used a configuration identical to
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Mass and Lifetime Measurements
不安定核の質量を調べると何が面白いか？

元素合成　Nucleosynthesis
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Mass Measurements with Experimental Storage Ring
(ESR at GSI)

Mass measurements in the storage ring at GSI
I. Schottky mass spectrometry

• Schottky spectrometry in storage 
ring (GSI), e.g. 184Pt

T. Radon et al., PRL 78, 4701 (1997)

Mass excess for 184Pt as determined in several 
runs using different reference isotopes and in 
different ionic charge states q. (dm/m=5 10-7 )

ESR (GSI)
質量測定の例
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Fig. 7. The combination of the heavy ion synchrotron SIS, the fragment separator
FRS and of the storage-cooler ring ESR for production, storage and cooling of
exotic, highly charged ions.

The exotic beams accepted by and stored in the ESR are ‘hot’, i.e. their
relative momentum spread ∆p/p is rather high (typically 10−2), and their
angular divergence and size are large. For most of the experiments presented
in the following, first a ‘beam cooling’ is required. As discussed in Sect. 1,
three cooling techniques have been successfully applied until now to cool

Mass Measurements with Strage Ring
(ESR at GSI)



Mass Measurements with ESR
Mass measurements in the storage ring at GSI

I. Schottky mass spectrometry

• Schottky spectrometry in storage 
ring (GSI), e.g. 184Pt

T. Radon et al., PRL 78, 4701 (1997)
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highest phase-space density for cooled highly charged fragments is reached when the

heating rate by intrabeam scattering is balanced by the cooling force. It was observed

that for a number of stored ions below 103 the relative momentum spread !p/p has

a sudden transition to lower values by an order of magnitude and reaches a minimum

of a few times 10−7 [30]. It is obvious that we use these superior conditions of low
number of stored ions for SMS to obtain the highest mass resolution. An illustration of the

achieved mass resolution and the high sensitivity down to single ions is presented in Fig. 6

Fig. 5. Typical part of a broad-band Schottky frequency spectrum which includes a fruitful mixture

between known and unknown (outlined letters) masses all measured simultaneously. A zoom of a

region at 107 kHz shows an isobaric triplet with bare, H-like, and He-like isotopes of Pt, Au and Hg,

respectively. Note that the simultaneous mass measurements of isotopes in different charge states

yield a valuable redundance.

Fig. 6. Mass resolved Schottky frequency spectra of only two bare 143Sm ions one being in the

ground 143gSm and the other one in the isomeric 143mSm state. The measured separation of

(750± 50) keV is in agreement with the known excitation energy.
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5. Results of the mass measurements at the FRS-ESR

In the SMS experiment neutron-deficient isotopes in the element range of 52! Z ! 85

were covered [32]. In this region of the chart of nuclides most nuclei are α-emitters with

well-known kinetic energies of the α-particles. Using the Qα-values and the measured

masses yielded new mass values up to and beyond the proton dripline. From these mass

measurements the one-proton separation energies (Sp) along the isotopes of the different

elements are determined, see Fig. 8. The knowledge of the one-proton separation energies

is important for nuclear structure studies and in particular for the investigation of proton

radioactivity. The shell closure at lead can be seen from the systematics of the Sp values

for the different elements. Information on the nuclear structure near doubly magic nuclei

can also be deduced from the difference of the two-proton energies [42].

In the presented SMS experiment 150 up to now unknown masses of neutron-deficient

nuclides were directly measured and more than 60 new masses were obtained by using

experimental Qα-values in addition. These new mass data measured with good accuracy

are a solid basis for improving the understanding of the nuclear force. The comparison

of the experimental data with microscopic theories yields new insight for the nucleon–

nucleon interactions parametrized as nuclear forces (e.g., Skyrme, Gogny) [43]. However,

presently the microscopic theories deviate from the experimental results by as much as

several MeV as one can see from Fig. 9.

Progress in this field might be expected from modern Hatree–Fock–Bogoliubov and

Relativistic Mean Field models which yield reliable microscopic descriptions of other

nuclear properties, like radii, moments, and fission barriers, using the same nucleon–

nucleon interactions as employed for the mass predictions [44]. Therefore, we have

Fig. 8. One-proton separation energies Sp of the odd-A and odd-Z isotopes in the element range

from holmium to protactinium measured in this experiment (full circles) and taken from Refs. [8,41]

(open circles).
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measurements of stored ions circulating in the ESR: (1) Mass spectrometry using cooled

ion beams; (2) Mass spectrometry of hot fragments operating the ESR in the isochronous

mode. Both principles can be easily understood by the first-order relation between the mass

m, the revolution frequency f , and the velocity v. The mass resolution!m/m is given by

the precision achieved for the frequency and velocity determination:
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where γ is the relativistic Lorentz-factor and γt represents the transition energy which

characterizes the ion-optical mode of the ring. From this formula it is obvious that either

cooling (!v/v → 0) or the isochronous condition, γ → γt , is the basis of precise mass

measurements. In the isochronous mode the energetic ions move on longer revolution

paths, i.e., the path length is exactly matched to the velocity of the individual ion such

that the revolution time of all circulating ions is independent of their velocity spread.

4.1. Schottky mass measurements of cooled fragments

In Schottky mass spectroscopy SMS [31,32] the velocity spread of the relativistic hot

fragment beams are reduced by electron cooling. This cooling is achieved by merging

the heavy-ion beam with a cold electron beam of the same average velocity. By inelastic

collisions the average velocity of the heavy ions adjusts to that of the cooler electrons

and the phase-space density of the ions is drastically increased by the reservoir of cold

electrons. For example, the velocity spread of low-intensity fragments can be reduced to

the 10−7 range and the transverse emittance below 0.01π mmmr. The cooling time scales

with the electron current density in the cooler, the inverse square of the ionic charge and

the third power of the relative momentum spread of the beam. Typical electron currents

in the cooler are of the order of 0.1 to 1 A. The electron-cooling times for hot secondary

beams are presently of the order of 10 seconds but there are new developments to reduce

them by stochastic pre-cooling [33].

The stored and cooled circulating ions induce signals in non-destructive probes which

are recorded for each turn. The stored and cooled ions circulate in the ESR with revolution

frequencies of about 1.9 MHz. In the present experiments the Schottky-noise signal of

the 34th harmonic of the revolution frequencies was used. This high-frequency band has

to be reduced by adding an external oscillator frequency to match the working range of

the Fourier-analyzer system. The data-acquisition system digitizes the Schottky signals

with a sampling rate of 640 kHz [34]. The data are sequentially recorded on tape with

the time correlation of the events. Fast Fourier transformation of the time-correlated data

can be performed off-line to obtain the revolution frequencies of the stored ions as well

as the half-life information of the radioactive species. Furthermore, undesirable drifts of

the experimental conditions can be corrected in the off-line analysis. The selected energy

range allowed an optimum performance of the electron cooler and, in addition, presented

the opportunity to measure the masses of bismuth fragments in bare, H-like, and He-like

charge states, see Fig. 5. The mass measurement in different charge states yields not only

redundant data for the same isotope, but is also most advantageous for calibration. The
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Fig. 10. Decay of a single cooled H-like ion of 192Pb81+ observed in the Schottky spectrum. The

selected single lead ion carries one electron and decays in the shown time scale after 60 s via nuclear

electron capture (EC). The daughter ion 192Tl81+ is then observed at the frequency difference

corresponding to the Q-value of the decay and reflects the mass in the ground state.

states. The projections of the Schottky spectra at 30 s and 150 s are also shown in the

figure to demonstrate the high sensitivity of the Schottky spectroscopy. The signal-to-noise

ratio is more than 2, as is indicated by the scale on the right hand side of the figure. It is

a unique feature to observe mother and daughter nuclei simultaneously in a mass resolved

spectrum. New possibilities are opened by such experiments with stored fragment beams,

e.g., even studies and reactions with pure isomer beams can be realized soon.
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highest phase-space density for cooled highly charged fragments is reached when the

heating rate by intrabeam scattering is balanced by the cooling force. It was observed

that for a number of stored ions below 103 the relative momentum spread !p/p has

a sudden transition to lower values by an order of magnitude and reaches a minimum

of a few times 10−7 [30]. It is obvious that we use these superior conditions of low
number of stored ions for SMS to obtain the highest mass resolution. An illustration of the

achieved mass resolution and the high sensitivity down to single ions is presented in Fig. 6

Fig. 5. Typical part of a broad-band Schottky frequency spectrum which includes a fruitful mixture

between known and unknown (outlined letters) masses all measured simultaneously. A zoom of a

region at 107 kHz shows an isobaric triplet with bare, H-like, and He-like isotopes of Pt, Au and Hg,

respectively. Note that the simultaneous mass measurements of isotopes in different charge states

yield a valuable redundance.

Fig. 6. Mass resolved Schottky frequency spectra of only two bare 143Sm ions one being in the

ground 143gSm and the other one in the isomeric 143mSm state. The measured separation of

(750± 50) keV is in agreement with the known excitation energy.
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5. Results of the mass measurements at the FRS-ESR

In the SMS experiment neutron-deficient isotopes in the element range of 52! Z ! 85

were covered [32]. In this region of the chart of nuclides most nuclei are α-emitters with

well-known kinetic energies of the α-particles. Using the Qα-values and the measured

masses yielded new mass values up to and beyond the proton dripline. From these mass

measurements the one-proton separation energies (Sp) along the isotopes of the different

elements are determined, see Fig. 8. The knowledge of the one-proton separation energies

is important for nuclear structure studies and in particular for the investigation of proton

radioactivity. The shell closure at lead can be seen from the systematics of the Sp values

for the different elements. Information on the nuclear structure near doubly magic nuclei

can also be deduced from the difference of the two-proton energies [42].

In the presented SMS experiment 150 up to now unknown masses of neutron-deficient

nuclides were directly measured and more than 60 new masses were obtained by using

experimental Qα-values in addition. These new mass data measured with good accuracy

are a solid basis for improving the understanding of the nuclear force. The comparison

of the experimental data with microscopic theories yields new insight for the nucleon–

nucleon interactions parametrized as nuclear forces (e.g., Skyrme, Gogny) [43]. However,

presently the microscopic theories deviate from the experimental results by as much as

several MeV as one can see from Fig. 9.

Progress in this field might be expected from modern Hatree–Fock–Bogoliubov and

Relativistic Mean Field models which yield reliable microscopic descriptions of other

nuclear properties, like radii, moments, and fission barriers, using the same nucleon–

nucleon interactions as employed for the mass predictions [44]. Therefore, we have

Fig. 8. One-proton separation energies Sp of the odd-A and odd-Z isotopes in the element range

from holmium to protactinium measured in this experiment (full circles) and taken from Refs. [8,41]

(open circles).
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measurements of stored ions circulating in the ESR: (1) Mass spectrometry using cooled

ion beams; (2) Mass spectrometry of hot fragments operating the ESR in the isochronous

mode. Both principles can be easily understood by the first-order relation between the mass

m, the revolution frequency f , and the velocity v. The mass resolution!m/m is given by

the precision achieved for the frequency and velocity determination:
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where γ is the relativistic Lorentz-factor and γt represents the transition energy which

characterizes the ion-optical mode of the ring. From this formula it is obvious that either

cooling (!v/v → 0) or the isochronous condition, γ → γt , is the basis of precise mass

measurements. In the isochronous mode the energetic ions move on longer revolution

paths, i.e., the path length is exactly matched to the velocity of the individual ion such

that the revolution time of all circulating ions is independent of their velocity spread.
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fragment beams are reduced by electron cooling. This cooling is achieved by merging

the heavy-ion beam with a cold electron beam of the same average velocity. By inelastic

collisions the average velocity of the heavy ions adjusts to that of the cooler electrons

and the phase-space density of the ions is drastically increased by the reservoir of cold

electrons. For example, the velocity spread of low-intensity fragments can be reduced to

the 10−7 range and the transverse emittance below 0.01π mmmr. The cooling time scales

with the electron current density in the cooler, the inverse square of the ionic charge and

the third power of the relative momentum spread of the beam. Typical electron currents

in the cooler are of the order of 0.1 to 1 A. The electron-cooling times for hot secondary

beams are presently of the order of 10 seconds but there are new developments to reduce

them by stochastic pre-cooling [33].

The stored and cooled circulating ions induce signals in non-destructive probes which

are recorded for each turn. The stored and cooled ions circulate in the ESR with revolution

frequencies of about 1.9 MHz. In the present experiments the Schottky-noise signal of

the 34th harmonic of the revolution frequencies was used. This high-frequency band has

to be reduced by adding an external oscillator frequency to match the working range of

the Fourier-analyzer system. The data-acquisition system digitizes the Schottky signals

with a sampling rate of 640 kHz [34]. The data are sequentially recorded on tape with

the time correlation of the events. Fast Fourier transformation of the time-correlated data

can be performed off-line to obtain the revolution frequencies of the stored ions as well

as the half-life information of the radioactive species. Furthermore, undesirable drifts of

the experimental conditions can be corrected in the off-line analysis. The selected energy

range allowed an optimum performance of the electron cooler and, in addition, presented

the opportunity to measure the masses of bismuth fragments in bare, H-like, and He-like

charge states, see Fig. 5. The mass measurement in different charge states yields not only

redundant data for the same isotope, but is also most advantageous for calibration. The
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Fig. 10. Decay of a single cooled H-like ion of 192Pb81+ observed in the Schottky spectrum. The

selected single lead ion carries one electron and decays in the shown time scale after 60 s via nuclear

electron capture (EC). The daughter ion 192Tl81+ is then observed at the frequency difference

corresponding to the Q-value of the decay and reflects the mass in the ground state.

states. The projections of the Schottky spectra at 30 s and 150 s are also shown in the

figure to demonstrate the high sensitivity of the Schottky spectroscopy. The signal-to-noise

ratio is more than 2, as is indicated by the scale on the right hand side of the figure. It is

a unique feature to observe mother and daughter nuclei simultaneously in a mass resolved

spectrum. New possibilities are opened by such experiments with stored fragment beams,

e.g., even studies and reactions with pure isomer beams can be realized soon.
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the age TU of the universe [35]. Observation-based numbers for both, H0 and
TU are, therefore, mandatory to put — what yet are speculations — on a
safe ground.

There are two distinct approaches to get limits for the (minimum) age
of the universe: the first one is based on astronomical observations, the sec-
ond one on nuclear ‘eon clocks’. The former method mainly focuses on the
determination of the age of the oldest stars in our galaxy, such as found in
globular clusters of the galactic halo. Collecting a wealth of data, the un-
certainties could be more and more narrowed: to date an age for the oldest
observed globular clusters of (12 ± 2) x 109 years is commonly accepted [36].
This number represents a fortiori also a lower limit for TU, the age of the
universe.

However, because the time scale of this method depends on the underly-
ing assumed time scales of stellar evolution, it is highly desirable to have a
thoroughly independent access to TU. That was found in nuclear ‘eon clocks’.
The age of our solar system and of the earth has been determined to (4.56 ±
0.04) x 109 y, with an incredibly small uncertainty of less than one percent
by means of long-lived radioactive couples, as found in meteorites, rocks or
in the oceans [37]. To derive the age of these bodies, one has to measure in
principle only the present abundance ratio of mother and daughter nuclei,
and to know the α- or β-decay probability of the mother. The most widely
used nuclear clocks in this context are: 40K/40Ar (β-decay; T1/2 = 1.3 x 109

y); 87Rb/87Sr (β-decay; T1/2 = 50 x 109 y); 238U/232Th (α- and β-decay
chains; T1/2 = 4.5 x 109 y (U), T1/2 = 14.5 x 109 y(Th)); 176Lu/176Hf (β
decay; T1/2 = 30 x 109 y), and 187Re/187Os (β-decay; T1/2 = 42 x 109 y)
[38].

It was near at hand to estimate by this method also the age of our galaxy
before the decoupling of the solar system. Very encouraging was the proof
of Symbalisty and Schramm [39] that alone from the abundance ratio and
the decay constant of present bodies the age of our pre-solar galaxy can be
figured out within a factor of two, independent on the number of super-
novae, by which these bodies were formed or recycled. It turned out, that the
obviously best suited clock for this purpose is the 187Re/187Os-couple. All
other potential clocks show serious problems: they are not long-lived enough
(40K/40Ar); or, their production process is not fully understood (s- and/or
r-process in case of 87Rb/87Sr); or, they have isomeric states that can become
thermally excited in a hot environment and then might decay in a short time
(176Lu/176Hf); or they do not belong to the same decay chain (238U/232Th),
which demands additional assumptions on their relative production proba-
bility in the r-process.

Takahashi and Yokoi yielded from the 187Re/187Os clock — in the frame-
work of the Schramm-Wasserburg model — a total age TG of our galaxy
(including the age of the solar system) of 14 x 109 y < TG < 28 x 109 y,
i.e. also a lower limit for the age of the universe as TU > 14 x 109 y [40].
Lateron Takahashi pointed out [41] that these numbers could be entirely

“Eon Clock” for the age of Universe
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Fig. 15. β-decay schemes for neutral (bottom) and fully ionized 187Re (top). For
neutral 187Re only the unique, first forbidden transition to the 187Os ground state is
energetically possible. Together with the small nuclear matrix element, the small Q
value lead to a halflife of 42 x 109 y. For fully ionized 187Re the continuum β− decay
is forbidden (negative Q value), whereas bound-state β− decay with the electron
bound in the K shell becomes possible. The dominant decay branch, a nonunique
first forbidden transition, feeds the first excited state in 187Os at 9.75 keV excitation
energy. This effect dramatically decreases the half-life of bare 187Re, as measured
at the ESR (see next section), to 33 y only. The figure is taken from [42].

wrong, because in the course of galactic history 187Re would be once or sev-
eral times recycled into a stellar environment getting highly ionized there.
Then a bound-state β− decay to the first excited state at 9.75 keV of 187Os
could take place (Fig. 15), which is not accessible in the decay of neutral
187Re (Qβc = 2.6 keV). The unknown nuclear matrix element of this transi-
tion can be determined only by measuring the bound-state β− decay of bare
or hydrogenlike 187Re. By a first estimate, based on Q value, spin and parity
of this transition, Takahashi predicted for bare 187Re a half-life of 14 years
that is by more than nine orders of magnitude shorter than the half-life of

In hot stellar plasma, 187Re could be bare 

How long is the T1/2 of bare 187Re?

T1/2?

Bound-state β Decay

Different Q value from electron binding energy 
and different T1/2
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Fig. 16. Schottky spectra of stored ions after operation of the internal gas jet (the
very strong line of primary bare 187Re ions is not shown) for storage times of 1.5
h and 5.5 h, respectively. The number of bare 187Os ions, due to bound-state β−

decay, grows in proportion to the storage time, whereas the amount of 177Hf and
182W nuclei, due to nuclear reactions in the internal gas target, is independent
on it.

hand, and ‘the’ decay constant λRe of 187Re on the other hand. Rather, one
has to substitute λRe by an effective decay constant < λRe (q) >, properly
weighted over all the atomic charge state dependent decay constants λRe(q).
To get this effective decay constant it becomes indispensable, however, to re-
draw the galactic life- story of a typical 187Re atom, i.e.to figure out how often
it was re-astrated in the average, where and how long it experienced several
temperatures (charge states) in the different stellar environments during its
galactic encounters. Therewith, the initially supposed independence of the
187Re eon clock from any uncertainties and peculiarities of galactic evolution
models is lost.

It remains ‘allowed’, of course, to try such a galactic life-story of 187Re in
the framework of current stellar evolution models, but now based on its known
decay constants λRe(q). Proceeding in this way, Takahashi and Arnould ob-
tained a value of TG = (13.5 ± 4) x 109 y for the age of our galaxy from the
‘rescaled’ 187Re clock [43], which reasonably well fits to the value of TG =
(12 ± 2) x 109 y, as obtained from the oldest globular clusters. One should
be aware, however, that the clockworks of these two ’clocks’ are now basically
intertwined, in contrast to the initially intended idea.

Beam : 400 MeV/u full-strip 187Re Primary Beam from SIS

T1/2 = 33 
years

Lifetime Measurements of 187Re
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42 x 109 y for neutral 187Re! This prediction was challenging enough to be
proven or disproved by an ESR experiment. If Takahashi’s estimate would
be only roughly correct, the reliability of the 187Re/187Os eon clock would
become doubtful, to say the least.

Half-life determination of 187Re75+ and its virtue as an ‘eon clock’.
Provided that a high-energy accelerator and an ion storage-cooler ring are
available, the half-life determination of fully ionized 187Re — with a presumed
value of a few ten years — becomes conceptually rather simple, because 187Re
as a quasi–stable atom can be provided by a ‘normal’ ion source and then,
after acceleration to an energy of about 400 AMeV, fully stripped and injected
into the storage-cooler ring. There, the cooled mother ions circulate with
preserved atomic charge state for some hours, and, thus, the bound β decay-
constant, λβb, can be determined from the number of daughter ions growing in
linear proportion to the storage time. In an ideal case, these daughters would
be directly accessible in a Schottky line, well-resolved from the mother ions.

In the actual case [42] this simple technique could not be applied, however,
since the Schottky lines of the bare mother 187Re75+ and the hydrogen-like
daughter ions 187Os75+ were not resolved, due to the small Q value of only 63
keV. Therefore, after an extended storage time an internal gas jet of argon
ions was turned on, intercepting the stored ions at right angle and strip-
ping off the one electron of the 187Os75+ ions within a time of about 2 min,
that is very short with respect to the storage time. Thus, the bare 187Os76+
ions, showing a different trajectory and revolution frequency, could be easily
detected, either as well-resolved Schottky line (Fig. 16) or by means of a de-
tector positioned at an appropriate place in the ring aperture. The amount
of bare 187Os ions, generated by nuclear reactions in the gas jet, was deter-
mined in experiments with very short storage times. For typical numbers of
108 stored primary bare 187Re ions, a few hundred 187Os ions per hour were
generated. From those numbers the impressively short half-life of 33 years for
bare 187Re has been determined.

From the measured half-life of bare 187Re and its error the previously
unknown nuclear matrix element for the β decay to the first excited state of
187Os was extracted, yielding a log ft-value of (7.87 ± 0.03) for this transition.
Therewith, the lifetimes for all atomic charge states q+ of 187Req+ can be
safely calculated.

As outlined above, from all potential nuclear ‘eon clocks’ the 187Re/187Os
couple should have the most reliable clockwork providing constraints for the
age of our galaxy that are strictly independent on astronomical models de-
scribing galactic and stellar evolution. The most important result of the ex-
periment described above is, however, that the half-life of 187Re gets dramat-
ically dependent on its atomic charge state.

Therefore, it is no longer possible to extract constraints for the age of our
galaxy just from the two numbers, the 187Re/187Os abundance on the one
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The new beta-counting system WAS3ABi (Wide-
range Active Silicon-Strip Stopper Array for Beta and
ion detection) has been developed and employed for β-
decay spectroscopy of very neutron-rich nuclei in con-
junction with the EURICA spectrometer. The sys-
tem consists of eight double-sided silicon-strip detec-
tors DSSSDs (Canberra Model PF-60CT-40CD-40*60)
with sixty 1-mm strips and forty 1-mm strips in hor-
izontal and vertical axes, respectively. Highly seg-
mented position-sensitive DSSSDs with 14400 1-mm2

pixels enable us to associate the implanted fragments
and their subsequent β-decays precisely. Every two
x-strips of the last four DSSSDs were combined owing
to limited number of readout electronics. The DSSSDs
were supported by four aluminum rods and stacked in-
side an aluminum chamber with a thickness of 0.2 mm
located in the EURICA (See Figure 1). The WAS3ABi
chamber was maintained at a temperature of 10 ◦C by
injecting cooled dry-nitrogen gas for noise reduction in
the DSSSDs. A scintillation detector (Bicron BC-400:
dimension of 60 × 40mm 2, 50 mm) was installed 3 mm
downstream of the last DSSSD as Qβ calorimeter. The
charge-sensitive preamplifier (Clear-Pulse CS-520) and
shaping amplifier (CAEN N568B) were employed to
achieve high detection efficiency of low energy β-rays
below 100 keV1). Inverted signals of the shaping am-
plifiers with shaping time of 0.2 µsec were fed into CA-
MAC leading-edge discriminators (LeCroy 3412, 4413)
to obtain a β-decay trigger and timing information.

One of our challenges was to perform position re-
construction of fragments in the DSSSDs by selecting
strips whose timing was faster than the expected time
walk in the discriminators.

Figure 2 shows the hit distribution of the 2nd DSSSD
deduced by selecting the strip with the fastest timing
in the horizontal and vertical axes after time-offset cali-
bration. Timing of the neighboring strips show delayed
timing as is expected owing to relatively lower energy
deposited, although these strips had overflows in the
ADC. The position reconstruction was confirmed by
studying the correlations of timing and pulse height
among the DSSSDs.

The first EURICA campaign with 238U beam was
conducted successfully with the new beta-counting sys-
tem WAS3ABi in November-December 20122,3). Anal-
ysis of data is in progress.
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Fig. 1. Side view of WAS3ABi with eight DSSSDs. Alu-

minum rods were disconnected at the central position

for the installation of the DSSSDs4).
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Fig. 2. Position reconstruction of heavy fragments in the

WAS3ABi. The ADC and TDC values are presented

as function of strip number for 1st and 2nd DSSSD,

respectively. Maximum pulse-height is observed in the

strip (strip 25) of 1st DSSSD, when fastest timing is

required in same position of the 2nd DSSSD.
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WAS3ABi: The beta-counting system for the EURICA project

S. Nishimura, G. Lorusso, Z. Xu,∗1 J. Wu, R. Gernhäuser,∗2 H.S. Jung, Y.K. Kwon,∗3 Z. Li,∗4 K. Steiger,∗2
H. Sakurai

The new beta-counting system WAS3ABi (Wide-
range Active Silicon-Strip Stopper Array for Beta and
ion detection) has been developed and employed for β-
decay spectroscopy of very neutron-rich nuclei in con-
junction with the EURICA spectrometer. The sys-
tem consists of eight double-sided silicon-strip detec-
tors DSSSDs (Canberra Model PF-60CT-40CD-40*60)
with sixty 1-mm strips and forty 1-mm strips in hor-
izontal and vertical axes, respectively. Highly seg-
mented position-sensitive DSSSDs with 14400 1-mm2

pixels enable us to associate the implanted fragments
and their subsequent β-decays precisely. Every two
x-strips of the last four DSSSDs were combined owing
to limited number of readout electronics. The DSSSDs
were supported by four aluminum rods and stacked in-
side an aluminum chamber with a thickness of 0.2 mm
located in the EURICA (See Figure 1). The WAS3ABi
chamber was maintained at a temperature of 10 ◦C by
injecting cooled dry-nitrogen gas for noise reduction in
the DSSSDs. A scintillation detector (Bicron BC-400:
dimension of 60 × 40mm 2, 50 mm) was installed 3 mm
downstream of the last DSSSD as Qβ calorimeter. The
charge-sensitive preamplifier (Clear-Pulse CS-520) and
shaping amplifier (CAEN N568B) were employed to
achieve high detection efficiency of low energy β-rays
below 100 keV1). Inverted signals of the shaping am-
plifiers with shaping time of 0.2 µsec were fed into CA-
MAC leading-edge discriminators (LeCroy 3412, 4413)
to obtain a β-decay trigger and timing information.

One of our challenges was to perform position re-
construction of fragments in the DSSSDs by selecting
strips whose timing was faster than the expected time
walk in the discriminators.

Figure 2 shows the hit distribution of the 2nd DSSSD
deduced by selecting the strip with the fastest timing
in the horizontal and vertical axes after time-offset cali-
bration. Timing of the neighboring strips show delayed
timing as is expected owing to relatively lower energy
deposited, although these strips had overflows in the
ADC. The position reconstruction was confirmed by
studying the correlations of timing and pulse height
among the DSSSDs.

The first EURICA campaign with 238U beam was
conducted successfully with the new beta-counting sys-
tem WAS3ABi in November-December 20122,3). Anal-
ysis of data is in progress.
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Fig. 1. Side view of WAS3ABi with eight DSSSDs. Alu-

minum rods were disconnected at the central position

for the installation of the DSSSDs4).
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Fig. 2. Position reconstruction of heavy fragments in the

WAS3ABi. The ADC and TDC values are presented

as function of strip number for 1st and 2nd DSSSD,

respectively. Maximum pulse-height is observed in the

strip (strip 25) of 1st DSSSD, when fastest timing is

required in same position of the 2nd DSSSD.
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r process universality. It is anticipated that universality may not extend to the elements Sn, Sb, I, and Cs,
making the detection of these elements in metal-poor stars of the utmost importance to determine the exact
conditions of individual r-process events.

DOI: 10.1103/PhysRevLett.114.192501 PACS numbers: 23.40.-s, 26.30.Hj, 27.60.+j

Introduction.—The origin of the heavy elements from
iron to uranium is one of the main open questions in
science. The slow neutron-capture (s) process of nucleo-
synthesis [1,2], occurring primarily in helium-burning
zones of stars, produces about half of the heavy element
abundance in the universe. The remaining half requires a
more violent process known as the rapid neutron-capture
(r) process [3–6]. During the r process, in environments of
extreme temperatures and neutron densities, a reaction
network of neutron captures and β decays synthesizes very
neutron-rich isotopes in a fraction of a second. These
isotopes, upon exhaustion of the supply of free neutrons,
decay into the stable or semistable isotopes observed in
the solar system. However, none of the proposed stellar
models, including explosion of supernovae [7–12] and
merging neutron stars [13–16], can fully explain abundance
observations. The mechanism of the r process is also
uncertain. At temperatures of one billion degrees or more,
photons can excite unstable nuclei which then emit
neutrons, thus, counteracting neutron captures in an
ðn; γÞ ⇄ ðγ; nÞ equilibrium that determines the r process.
These conditions may be found in the neutrino-driven wind
following the collapse of a supernova core and the accreting
torus formed around the black hole remnant of merging
neutron stars. Alternatively, recent r-process models have
shown that the r process is also possible at lower temper-
atures or higher neutron densities where the contribution
from ðγ; nÞ reactions is minor. These conditions are
expected in supersonically expanding neutrino-driven out-
flow in low-mass supernovae progenitors (e.g., 8 − 12M⊙)
or prompt ejecta from neutron star mergers [17]. The final
abundance distribution may also be dominated by post-
processing effects such as fission of heavy nuclei (A≳ 280)
possibly produced in merging neutron stars [18].
New clues about the r process have come from the

discovery of detailed elemental distributions in some
metal-poor stars in the halo of our galaxy [19,20]. A main
conclusion of these observations is that the abundance
pattern of the elements between barium (Ba, proton number
Z ¼ 56) and hafnium (Hf, Z ¼ 78) is universal. Recent
observations by the Space Telescope Imaging Spectrograph
on board of the Hubble Space Telescope [21,22] indicate
that tellurium (Te, Z ¼ 52) is also robustly produced along
with the rare earth elements.
Nuclear physics properties such as β-decay half-lives

and masses are key for predicting abundance patterns and
extract signatures of the r process from a detailed com-
parison to astronomical observations [23]. This is espe-
cially true when ðn; γÞ ⇄ ðγ; nÞ equilibrium is established.

Otherwise, ðn; γÞ cross sections or fission properties may
very well be responsible for main features of the abundance
observations. In this Letter, we report on the half-life
measurement of 110 unstable nuclei with proton number
Z ≤ 50 and neutron number N ≈ 82. These nuclei are key
in any r-process mechanism [23] because their enhanced
binding bends the r-process path closer to stability slowing
down the reaction flow—the flow has to wait at the slowly
decaying species. The half-lives of thesewaiting-point nuclei
determine the time scale of the r process and shape the
prominent r-process abundance peak of isotopes with
A ≈ 130. The precise theoretical prediction of these half-
lives is challenging because the structure evolution ofN ≈ 82
nuclei is still unknown despite the recent experimental efforts
[24–30]. The data we present in this Letter also serve as
important constraints to probe and improve nuclearmodels in
this region.
Experimental procedure.—The nuclei of interest were

produced by fission of a 238U beam induced through
collisions with a beryllium target. The U beam had an
energy of 345A MeV and an average intensity of about
6 × 1010 ions=s. After selection and identification, exotic
nuclei were implanted at a rate of 50 ions=s in the stack of
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FIG. 1 (color online). Particle identification spectrum [33]. Ions
are identified with respect to proton number Z and the mass-to-
charge ratio A=Q. Charge state contamination is significant but
well separated in A=Q for the nuclei of interest. Nuclei with
newly measured half-lives are on the right side of the red solid
line. The heaviest masses for which half-lives can be measured
are tagged for reference by red circles. The half-lives reported in
this Letter are for the elements from Rb to Sn.
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Beams Implanted on WAS3ABi

data presented here show no evidence of nuclear structure
changes capable of modifying the gross properties of the
nuclei we have studied. The sudden drop of half-lives
observed of the Koura-Tachibana-Uno-Yamada ðKTUYÞ þ
GT2 calculations [41,42] when crossing of the N ¼ 82
shell is not observed in the data. Since the Qβ values
predicted by the KTUY and DF3 mass models are very
similar, our data indicate a failure of the second generation
of gross theory (GT2) employed to calculate half-lives
rather than to the KTUY mass model.
The half-lives of the N ¼ 82 nuclei are of particular

interest for probing shell model calculations. The tendency
to overestimate the half-life of 129Ag reported in
Refs. [43,44], persists in the more exotic nuclei 128Pd
and 127Rh (see Table II). However, in these calculations, the
quenching factor of the GToperator (q ¼ 0.66) was chosen
to reproduce the half-life of 130Cd (162% 7 ms) reported
in Ref. [46], which is longer than the one reported
here (127% 2 ms). The new N ¼ 82 half-lives reveal that
the calculated values are systematically longer by a nearly
constant factor, with the only exception of 131In. Assuming
that the decay of N ¼ 82 nuclei was dominated by GT
transitions [44], such a constant factor could be approx-
imately accounted by a different choice of theGT quenching
factor. The value q ¼ 0.75 extracted in this way agrees with
the systematics ofpf-shell nuclei [48] and neutron-deficient
nuclei [49]. However, the new half-lives clearly indicate that

the proton-hole nucleus 131In is not following the trend
expected from the shell-model calculations, an observation
that calls for further investigation.
Nucleosynthesis calculations.—The implications of the

new half-lives for the r process were investigated by
conducting a fully dynamic reaction-network calculation
[50,51] study that simulated a spherically symmetric out-
flow from a neutron-rich stellar environment. The time
evolution of matter density followed an early rapid expo-
nential expansion with timescale τ and a later free expan-
sion with a longer timescale approaching a constant
velocity [52]. The initial proton-to-neutron ratio was set
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FIG. 2 (color online). β-decay half-lives determined in this work (solid circles) for a number of isotopic chains as a function
of neutron number, compared with previous results [35] (open triangles) and the predictions of the models FRDMþ QRPA (blue),
KTUYþ GT2 (green), and DF3þ CQRPA (magenta) when available.

TABLE II. Comparison of the present N ¼ 82 half-lives with
previous measurements and the shell model calculations in
Ref. [44].

Half-Life (ms)

Nucleus This work Previous Shell Model
131In 261(3)a 280(30) [45] 247.53
130Cd 127(2)b 162(7) [46] 164.29
129Ag 52(4) 46þ5

−9 [47] 69.81
128Pd 35(3) 47.25
127Rh 20þ20

−7 27.98
aT1=2 gated on γ-ray energy 2434 keV.
bT1=2 gated on γ-ray energies 451, 1669, and 1171 keV.
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Lifetimes of 110 Neutron-rich Isotopes have been determined!
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Nuclear Radii Measurements



Stable Nuclei :
Electron Scattering Experiment 
X-ray Measurements Muonic Atom

Nuclear Radii Measurements

Unstable Nuclei :
Isotope shift Measurements 

Charge Radii 
Sensitive to the  

Coulomb Potential of  
Protons

Stable Nuclei or Unstable Nuclei
Nuclear Reaction
Elastic Scattering Cross Section
Total Reaction Cross Section

Matter Radii 
Sensitive to the  

Nuclear Potential of  
Nucleons

With some model assumption



Reaction Cross Section  ・・・Nuclear Reaction Probability 

σR ∝ πR2

σR ∝ π(R1
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+R2
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σR・・・Size of Nuclei

Reaction Cross Section and Nuclear Size

σR = σtot - σel

R粒子

原子核

Particle

Nucleus

σR = σtot - σel σI = σR - σinel σI ≃ σR at high energies
Interaction Cross SectionReaction Cross Section

RI Beam
Experiment・・・ Bombarding Target with RI Beam



Glauber Model

Nucleon-Nucleon Total Cross SectionσNN
ρP Projectile Nucleon Density Distribution

ρT Target Nucleon Density Distribution
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Nuclear Size and Halo Structure
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Experiment : Measurements of σI 

Primary Beam 48Ca
Secondary Beam 20-32Ne    

 RIBF, RIKEN 

　σI were measured using BigRIPS (F3 - F7)
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Near Future Experiment
Neutron Skin Determination for Ni isotope at RIBF

~ EOS for asymmetric nuclear matter ~ 



Study of Nuclear Matter from Symmetric to Asymmetric 
Symmetric nuclear matter 
・Saturation density ~0.17 fm-3

・Nearly incompressible
・Energy per particle ~-16MeV

From Radii, Mass, 
Collective Excitation data 

for stable nuclei 

Asymmetric nuclear matter 

First key parameter L

To describe the property of extreme matter
Neutron Star : Structure, Mass, Radius

w n, dQ V c w 0 + 18n 02
K 0

n - n 0Q V2 + d2 S 0 + 3n 0
L

n - n 0Q V" %
Energy per nucleon of nearly symmetric nuclear matter

n0 : saturation density, w0 : saturation energy 

K0 : incompressibility, S0 : symmetry energy at n = n0 

δ = (N - Z)/A 

L : Density derivative coefficient  

of symmetry energy

L : gradient

Kazuhiro Oyamatsu and Kei Iida Phys. Rev. C 81, 054302 (2010)



Study of Nuclear Matter from Symmetric to Asymmetric 

Droplet Model  

How to know L?

Information from atomic nuclei

When the density of nuclear matter is around nuclear surface density 
Symmetry term aA ⋍ symmetry term of EOS

Measurement of δ dependence of ΔR         L

~0.1 fm-3

Neutron skin thickness ΔR ~  L × δ + correction term  

M. Centelles et al., PRL 102, 122502 (2009)

Many theories indicate
 strong correlation between neutron skin 

thickness and L

One Simple correlation

w n, dQ V c w 0 + 18n 02
K 0

n - n 0Q V2 + d2 S 0 + 3n 0
L

n - n 0Q V" %EOS around N⋍Z  

δ = (N - Z)/A,  A > 40

Kazuhiro Oyamatsu and Kei Iida Phys. Rev. C 81, 054302 (2010)



Neutron skin thickness ΔR ~  L × δ 
                    + correction term  

Neutron Skin Measurements and Models
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Prediction from NL3 interaction
Neutron Star R1.4M⊙ 15km

Mmax = 2.8 M⊙ 

FSUGold interaction
Neutron Star R1.4M⊙ 13km

Mmax = 1.7 M⊙ 

Li-Gang Cao, H. Sagawa, G. Col’o 
Nuclear Structure in China 2012 (2012) 33

L 25 ~ 115 MeV  
Various Results

δ = (N-Z) / A

M. Centelles et al., 
Analysis of L using  

Antiprotonic Atom Data 
from A = 40 ~ 238 
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New Measurements of ΔR  
Ni isotopes from  

56Ni up to 77Ni 
δ = 0 ~ 0.27

Neutron Skin Measurements and Models

ΔR2 = (A・Rm^2- Z・Rp^2)/N
σI (Interaction cross section ) →Matter Radius

σCC (Charge changing cross section ) →Charge Radius

δ = 0.27

δ = (N-Z) / A

Neutron skin thickness ΔR ~  L × δ 
                    + correction term  


