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Ion trap To trap ions…

requirement: 3 dimensional forces to the center

⃗F = − ∇ϕ

convenience: harmonic force

⃗F ∝ x, y, z

→ ϕ = axx2 + ayy2 + azz2

⃗F

⃗F

⃗F : potentialϕ

Laplace equation Δϕ = 0

⇒ ax + ay + az = 0

Could be saddle shaped.

However, 3-D trapping is impossible

with static fields.

Add a magnetic field  Penning trap 

Add oscillating fields  Paul trap 

⇒
⇒

“Earnshaw’s theorem”



Ion trap (Paul trap)
 ϕ(x, y, z, t) = (cxx2 + cyy2 + czz2)

+cos(ωt)(c̃xx2 + c̃yy2 + c̃zz2)
⃗F

⃗F

⃗F

again,

,
cx + cy + cz = 0

c̃x + c̃y + c̃z = 0

oscillating fields

ϕ = (U − V cos ωt)
x2 − y2

2r2
0

case I

,
cx + cy = 0, cz = 0

c̃x + c̃y = 0, c̃z = 0

case II

,
cx = cy, cz = − 2cx

c̃x = c̃y = 0 c̃z = − 2c̃x

ϕ = (U − V cos ωt)
x2 + y2 − 2z2

2r2
0

geometric constraints

~~

hyperbolic surface 2D trapping 3D trapping



Ion trap (Paul trap)
 

 

··x +
Q

mr2
0

(U − V cos ωt)x = 0

··y +
Q

mr2
0

(U − V cos ωt)y = 0

··z = 0

ϕ = (U − V cos ωt)
x2 − y2

2r2
0

case I

,
cx + cy = 0, cz = 0

c̃x + c̃y = 0, c̃z = 0

~

hyperbolic surface

Particle’s equations of motion

← we apply an additional DC field in z direction 

for axial confinement

If we use the substitutions , a =
4QU

mr2
0ω2

q =
2QV

mr2
0ω2

 
d2x
dξ2

+ (a − 2q cos(2ξ))x = 0

d2y
dξ2

+ (a − 2q cos(2ξ))y = 0

“Mathieu’s equation”

: chargeQ

Solution for stable conditions:

x, y(t) = A
∞

∑
n=0

c2n cos(β + 2n)
ωt
2

 are complex functions of c2n, β a, q

Approximate solution for  a, q ≪ 1
x, y(t) = A[1 + (q/2)cos Ωt]cos ωt Ω =

β
2

ω

β2 = a + q2/2

Harmonic oscillation at  (secular motion) modulated by an oscillation at  (micromotion)Ω ω



As for the details of Mathieu’s equation…



Linar Paul trap

Not ideal but a circular surface (just a rod) is practically ok.

“ideal” case:  d0/2 = 1.1468r0

Reuben et al.,IJMS 154, 43-59 (1996) 

～



In a dense gas

E potential: 


E field: 

ϕ = (V cos ωt)
x2 − y2

2r2
0

⃗E ( ⃗r, t) = − ∇ϕ =
V
r2
0

(−x
y ) cos ωt

Divide the motion into mean and micro motions


      ⃗r = r̃(t) − ⃗ρ(t) = r̃(t) −
Q

mω

⃗E ( ⃗r )

ω2 + D2
cos(ωt + β) tan β = D : damping constant
D

⃗F damp = − mD ⃗v
Then, time-averaged force over one period,





So, time-averaged pseudo-potential is





This can be extended to 2  poles pseudo-potential:


⃗Ẽ ( ⃗r̃) = Q⟨ ⃗E ( ⃗r̃)cos ωt + ⃗ρ(t)∇ ⋅ ⃗E ( ⃗r̃)cos ωt⟩ = − ∇ ⃗E 2( ⃗r̃)
Q2

4m
1

ω2 + D2

U( ⃗r̃) =
Q2

4m
1

ω2 + D2
⃗E 2( ⃗r̃) =

Q2V2

4m(ω2 + D2)r2
0 ( r

r0 )
2

n

U(r) =
Q2n2V2

4m(ω2 + D2)r2
0 ( r

r0 )
2n−2

57

2k-pole traps

• stability of the trajectories 
governed by Mathieu’s equations

• Mathieu parameter

• non-linear dynamics.

• no more exact stability criteria and 
sensibility to initial conditions

• adiabaticity parameter                 ,
empirically limited to

.



What will happen with this configuration?



What will happen with this configuration?
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When ! is sufficiently large, the electrode configuration can be regarded as almost flat at 
the vicinity of the electrodes (see Fig. 2.10 (a)), and "eff(#) is ecpressed as, "eff(#) = $2%2&024'((2 + )2)*2 lim%→∞ (1 − $#!*)2%−2 

= $2%2&024'((2 + )2)*2 exp (− 2$* #) . (2.18) 
This indicates that an exponential repulsive potential is generated around the electrode. 

Furthermore, by applying a constant voltage lower than the surroundings to the electrodes, 

an electrostatic field (pushing electric field) .0  is superimposed in the direction of the 

electrodes (-y direction) and the potential becomes "eff(#) = $2%2&024'((2 + )2)*2 exp(− 2$* #) + %.0#. (2.19) 
For example, when the parameters above mentioned are set at the values as shown in Fig. 

2.10, the potential becomes as shown in Figure 2.10 (b) and a minimum point is created. 

This allows the ions to be trapped without hitting the electrodes, and this ion trapping device 

is called an RF carpet. 

! "

"!

# = %"!
&

position of Ion

2n poles

OO

Figure 2.9. Cross sectional view of a multipole RF trap. 

A coordinate transformation from / to # is shown. 

Let’s think of 2  pole traps

Use:   and  

n
r = r0 − y a =

πr0

n
When , the electrodes can be considered 

to be aligned flat





n → ∞

Ueff(y) =
π2Q2V2

4m(ω2 + D2)a2
lim
n→∞ (1 −

πy
na )

2n−2

=
π2Q2V2

4m(ω2 + D2)a2
exp (−

2π
a

y)
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Since the RF carpet actually consists of a series of striped electrodes on a two-dimensional 

surface, the exact potential as a function of distance from the carpet cannot be obtained 

analytically, but a better analytical expression of the electric field by boundary condition 

approximation has recently been derived [11Sc]. This approximation, although more 

complicated, is equivalent to [Eq. (2.19]], except for the very vicinity of the electrode (! "#). 

 There are two methods for transporting ions trapped on the RF carpet surface in arbitrary 

directions: the electrostatic field gradient (DC mode) or the audio-frequency (AF) traveling 

wave (AF mode) is superimposed on the RF signal, and the combined signal is applied on 

the RF carpet (RFC). 
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Figure 2.10. (a) Schematic of the cross-sectional view of a radiofrequency (RF) 

carpet and (b) typical potential energy $eff . In addition to the RF voltages %0 to 
create a repelling force, a static voltage %low and %high are applied to create an 

attracting force with strength &0 which pushes the ions towards the carpet. 

 

E0

Distance from electrodes [mm]

Let’s impose a static electric field  

to push ions 





E0

Ueff(y) = =
π2Q2V2

4m(ω2 + D2)a2
exp (−

2π
a

y) + QE0y

Ions will be trapped just a bit 

above the electrodes🥳🎉🎊

: ‘pitch’ of electrodesa
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ISOL type

Slow RI beams with a high quality 
Chemical property dependence

No chemistry dependence 
High energy RI beams 
  (with a large energy spread)

In-flight typep beam +  
thick target (UCx etc.) 

heavy ion beams +  
thin target (Be, C etc.)

A. Gottberg NIMB 376, 8 (2016)

CERN ISOLDE yields

Projectile fragmentation
Fission

Production of RI beams

high energy
p beam

～ 1 GeV 

ion source

> 30 A MeV
(~Fermi energy)～30-60 keV

Target fragmentation/spallation
Fission

In-flight method yields

Neutrons

Protons



RIKEN RIBF BigRIPS

RI beams produced from May 2007 to 2023 @ BigRIPS

updated by Shimizu-san (BigRIPS team) from

Y. Shimizu et al., NIM B 463, 158 (2020)


https://ribeam.riken.jp/welcome.php

Beam energy: (230-) 345 A MeV

In-flight fission: 238U + Be target 

Fragmentation:  
    124Xe, 78Kr, 70Zn, 48Ca, 18O 

                                     +Be target

A large variety of  
radioactive ion beams 

at ~ 300 A MeV

SRC

BigRIPS

https://ribeam.riken.jp/welcome.php


Stopping BigRIPS beams

e.g. 124Xe (342.5 MeV/u) + Be 3mm → 100Sn case

High energy RI beams

with momentum dispersion

x position [mm]

wedge-shaped

degrader

SLOWRI 
RF gas catcher
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A wide variety of 
thermalized RI beams

Precision mass measurements (MRTOF-MS)

Laser spectroscopy (CLS, trap)

Decay spectroscopy

Polarized beams for material science

44%

27%

29% 

 lost

mono-energetic

deceleration

200 mbar RTE x 1.5 m
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He thickness [mg/cm2]

SLOWRI 
exp. hall

Helium gas



Cyclotron

Separator

high energy
RI beam

Helium gas catcher

because the 1st ionization potential of helium is higher than any other elements

target

➡︎ RI ions can be  manipulated by electric fields.

He+X+

X
He

E e-

Save more energy 
if electrons recombine with He+.

ion beam guide

1. Stopped in He (~0.1 bar)

2. Settled down to charged states (1+, 2+, 3+)

High energy RI beams are …

Principle of an RF gas catcher



Cyclotron

Separator

high energy
RI beam

Helium gas catcher

target

In a dense gas, ions move along 

electric field lines.

➡︎ Ions stick to the cathode!  😭 

∵ Any cathode is the terminal point of all electric field lines.

ion beam guide

1. Stopped in He (~0.1 bar)

2. Settled down to charged states

High energy RI beams are …

 m
d
dt

⃗v = q ⃗E − mD ⃗v

⇒ ⃗v ≈
q

mD
⃗E

Principle of an RF gas catcher

equipotential lines



1. Stopped in He (~0.1 bar)

2. Settled down to charged states

Cyclotron

Separator

high energy
RI beam

Helium gas catcher

target

We use a magical cathode electrode 

called “RF carpet” ! RF

DC

ion beam guide

typ.

10 MHz

100 Vpp

High energy RI beams are …

Principle of an RF gas catcher

M. Wada



Cyclotron

Separator

high energy
RI beam

Helium gas catcher

M. Wada et al., NIMB 203, 570 (2003)
A. Takamine et al., RSI 76, 103503 (2005)

“RF ion guide”

RI ions are extracted 

through a small hole.

RF repulsive force

ion beam guide

target

µ : ion’s mobility
 : electrode spacinga

・advantageous to heavier elements


・challenging for higher gas pressure

electrode spacing

~0.16 mm

1. Stopped in He (~0.1 bar)

2. Settled down to charged states

3. Extracted by DC & RF fields


(efficiency ～30%)

High energy RI beams are …

Principle of an RF gas catcher

 

 

          

Ueff(y) = =
π2Q2V2

4m(ω2 + D2)a2
exp (−

2π
a

y)
⇒ Eeff(y) = −

1
Q

∇Ueffy

= μ
m
Q

π3V2

2a3
exp (−

2π
a

y)



4 phase AF + RF

If you lock ions to the traveling wave,

you can very quickly transport and extract ions.

Traveling wave 

produced by AF & RF fields.

S. Masuda et al., Elect. Eng. Jpn. 92, 43 (1972). 

G. Bollen, IJMS 299, 131 (2011)

Alternative technique ~ion surfing~



RFC

RFC DC

beam from BigRIPS

sectional view

DC
RI beam

from
BigRIPS

Degrader

cryo cooler

1st RFC (RF+DC)1s
t


RF
C

concentric
configuration

2nd RFC (RF+AF)

By traveling wave

DC

ion 2nd RFC: RF+AF type

Quick transport over a long distance

φ0.65

RFGC
50 cm

New configuration gas catcher



RFC

RFC DC

beam from BigRIPS

sectional view

DC
RI beam

from
BigRIPS

Degrader

cryo cooler
2nd RFC: RF+AF type

RFGC
50 cm

New configuration gas catcher

1st RFC: RF+DC

2nd RFC: RF+AF; ‘traveling wave’
M. Wada et al., NIMB 203, 570 (2003)

S. Masuda et al., Elect. Eng. Jpn. 92, 43 (1972)

G. Bollen, IJMS 299, 131 (2011)

thermalized ion
helium gas cell



Degrader

cryo cooler

RFGC
50 cm

manufactured with 
Rogers 4350B

Micro-segmented quadrupole ion beam guide (μs-qpig)

~3 mm

RI beam
from

BigRIPS

Radial : confinement by RF  

Axial: D
C gra

dient 

Vqp
ig

3 mm



Energy Degrader

RFGC
length: 50 cm
He: 200 mbar*

T: <180 K
Outer Chamber

Cryo-cooler

RF Carpets
~300 A MeV
RI beams

* room temperature equivalent pressure

RFQ

Flat-type RF ion trap

MRTOF-MS

β-TOF
Detector

ZD MRTOF-MS: RFGC + MRTOF-MS behind ZD spectrometer

μs-qpig
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Protons and neutrons are interacting 
and change the mass of the system

pn

n

n

pp

p p

p
n

n

n

Important topics:
•Nuclear structure physics
•Astrophysics and nucleosynthesis
•Fundamental interactions

BE(N, Z) = (Nmn + Zmp + Zme − m(N, Z)) ⋅ c2

Atomic masses



Nuclear structure by finite difference formulae

Two-nucleon separation energies

Empirical shell gaps

Masses for nuclear structure

 δ2n(Z, N ) = S2n(Z, N ) − S2n(Z, N + 2)

 S2n(Z, N ) = m(Z, N − 2) − m(Z, N ) + 2mn



S. Naimi et al., PRL 105, 032502 (2010) 

key structural information that is usually garnered only
after extensive spectroscopy. Shown in the lower panel of
Fig. 1 are mean-square charge radii, obtained by high-
resolution laser spectroscopy, for many of the same iso-
topic chains. The sudden changes seen in the binding
energies are also reflected by the radii, as discussed below.

The measurements were performed with the Penning-
trap mass spectrometer ISOLTRAP [20] located at the
isotope-separator facility ISOLDE at CERN. The Kr nu-
clides were produced by irradiating a 50 g=cm2 uranium-
carbide target with pulses of 1.4-GeV protons from
CERN’s Proton Synchrotron Booster accelerator. The nu-
clear reaction products diffused from the hot target through
a water-cooled transfer line into the new versatile arc-
discharge ion source [21]. The singly-charged ions were
transported at 30 keV through the two-stage high-
resolution mass separator into the ISOLTRAP cooler-
buncher where they were prepared for capture into the
cylindrical Penning trap. Usually, high precision mass
measurements are carried out in the second, hyperbolic-
shaped precision Penning trap where the cyclotron fre-
quency !c ¼ qB=ð2"mÞ (q and m are the charge and the

mass of the ion, respectively, and B is the magnetic field of
the trapped ion is measured via the established time of
flight ion-cyclotron-resonance detection technique [22].
This was indeed the case for 96Kr [see Fig. 2, top panel].
Because of the much lower yield of 97Kr, exacerbated by
its particularly short half-life (T1=2 ¼ 63 ms) and the high
charge-exchange rate of Kr ions with the residual gas, only
the first (preparation) trap was used to measure the mass of
this nuclide. There, a mass-selective ion-centering proce-
dure [23] is applied before extracting and transporting the
ions to a detector for counting. The theoretical line shape
of the cyclotron-resonance peaks from the preparation trap
has not (yet) been fully described. In the past, fits to a
Gaussian form have been used (see, e.g., [24–26]). Given
the proper conditions, the thermalized ions are centered in
the preparation trap. When they are extracted through the
3-mm aperture in the end cap electrode, the expected
detected-ion profile as a function of centering frequency
should be a step function. However, the ion distribution
results in a flat profile with smoothed edges.
The 97Kr spectrum [Fig. 2, bottom panel] was analyzed

using a Gaussian fit as well as a symmetric, flattened fit
(inspired by the Woods-Saxon nuclear potential) with fre-
quency, offset, amplitude, width, and wall smoothness as
free parameters. Additionally, the frequency center and
variance of the ion distributions were determined using a

FIG. 2 (color online). (Top panel) Time of flight recorded for
96Kr ejected from the precision trap and (bottom panel) ion
counts for 97Kr ejected from the preparation trap, as a function
of excitation frequency.

FIG. 1 (color online). (Top panel) Two-neutron separation
energies (S2n) for Z ¼ 32–45 versus N. The new Kr data
reported here are represented by filled diamonds (error bars
smaller than the points). Other data from [16], complemented
by [17] for Kr; [18] for Sr, Mo, and Zr; and [19] for Y and Nb.
(Bottom panel) Difference in mean-square charge radii for the
N ¼ 60 region. Data are from [28] for Kr, [39] for Rb, [40,41]
for Sr, [29] for Y, [30] for Zr, [31] for Nb, and [32] for Mo.

PRL 105, 032502 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
16 JULY 2010

032502-2
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- closed shell  or

- nuclear deformation (shape transition)

Z=37- 41: kink at N~60

Z=36: smooth trend

“nuclear quantum phase transition”

Masses for nuclear structure



treatment of hydrodynamic instabilities in three-dimen-
sional simulations, and the equation of state of ultradense
matter—required to create realistic supernova models
that actually yield explosions. Furthermore, imprecise nu-
clear data are lacking on the very unstable nuclei involved
in the r-process.

The situation has, however, been improving rapidly.
There are new high-resolution abundance observations of
n-capture elements in halo stars that surround the galac-
tic disk. Models of core-collapse supernovae are becoming
more sophisticated, and increasingly reliable data are be-
coming available on the physics of neutron-rich nuclei far
from the valley of stability. 

Nuclear properties and the r-process
High neutron densities lead to rapid n capture. But in su-
pernovae, these neutron fluxes are accompanied by high
temperatures that produce large quantities of high-energy
gammas that instigate nuclear photodisintegration. That
process, the reverse of n capture, ejects neutrons from the
nucleus. In such an extreme environment, the timescales
for both of these competing reactions is much shorter than
tb. Therefore, the two inverse reactions

n + (Z, A) E (Z, A + 1) + g

can come to an equilibrium balance.
This balance between n capture and photodisintegra-

tion governs the equilibrium distribution of isotope abun-
dances for a given Z. The maximum abundance along an
isotope chain is determined by the temperature and the

neutron density. The maxi-
mum occurs at a specific neu-
tron separation energy Sn,
the energy released in a neu-
tron capture. At a given 
temperature and neutron
density, the abundance- 
maximum value of Sn is the
same for all isotope chains,
irrespective of Z. The 
r-process path in the NZ-
plane is then determined; it
connects the maximum-abun-
dance isotopes of all the iso-
topic chains. Beta decay

(Z, A) O (Z+1, A) + e– + ne

transfers nuclei from one iso-
topic chain to the next and de-
termines the speed with
which heavy nuclei are
formed.

The thin magenta line
traversing the nuclide chart of
figure 1 illustrates an r-
process path with Sn between
2 and 3 MeV. Such a path re-
quires a synthesis time on the
order of seconds to form the
heaviest elements, such as
thorium, uranium, and pluto-
nium. During an r-process
event, temperature and neu-
tron density—and therefore
the path’s Sn—change with
time. Thus, very unstable nu-
clei with neutron separation
energies ranging from about 4
MeV all the way down to zero

can be involved in the r-process. The condition Sn = 0 defines
the so-called neutron drip line, at which nuclei become un-
stable to neutron emission.

When the intense neutron flux ends, a nucleus on the
r-process path will beta decay back up to the valley of sta-
bility and produce one of the stable nuclei indicated by the
magenta boxes in the figure. For example, the stable r-
process nucleus platinum-198 is originally formed as an
unstable lower-Z nucleus of the same A but with more neu-
trons. A sequence of beta decays then converts it to 198

78Pt.
The peaks in the abundance distribution of r-process

elements, shown in figure 2, are due to particularly long
beta-decay half-lives at “magic numbers” N = 2, 8, 20, 28,
50, 82, and 126, corresponding to closed neutron shells. In
figure 1, closed neutron and proton shells are indicated by
double lines. At the magic neutron numbers, the r-process
path, which connects nuclei with the same Sn for different
Z, moves closest to the valley of stability. Along the 
r-process path, nuclei that have the longest tb (of order
0.3–0.4 s) determine the abundance peaks. Between peaks,
the beta-decay lifetimes are typically one or two orders of
magnitude shorter.

The flow of the s-process, for which the interval be-
tween successive n captures is much longer than tb, is de-
termined by tn. The s-process peaks, also shown in figure
2, are due to minima in the n-capture cross-section at the
magic neutron numbers N. But because the s-process
paths stick much closer to the valley of stability, they en-
counter the magic neutron numbers at higher values of Z.
Therefore the s-process peaks in figure 2 are systemati-

48 October 2004    Physics Today http://www.physicstoday.org
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Figure 1. The stable and neutron-rich unstable nuclides.3 Isotopes stable against beta
decay, indicated by black and magenta boxes, form the valley of stability that runs along
the top edge of the band. (Proton-rich isotopes on the valley’s other side are not shown.)
Colored bands indicate decreasing measured or predicted lifetimes tb with increasing dis-
tance from the valley. The jagged black line is the limit of laboratory information. The
jagged magenta line shows a typical path of rapid (r-process) neutron captures. Such paths
tend to turn vertical at the double vertical lines that mark neutron numbers corresponding
to closed neutron shells. (The horizontal double lines indicate closed proton shells.) A nu-
cleus on an r-process path eventually beta decays up to the valley to become one of the r-
process stable nuclei indicated by the magenta squares. (Courtesy of Peter Möller.)

temperature) or any other property of the nuclides (see Lodders
et al., 2009). In particular, the solar/CI chondritic abundance
ratios are independent of the geochemical character of an ele-
ment, whether it is lithophile, siderophile, and chalcophile.

The agreement between CI chondritic and solar abundances
must be considered excellent, and there is not much room left
for further improvements. Obvious candidates for redetermi-
nation in the solar photosphere are manganese, hafnium,
rubidium, and tungsten.

2.2.1.5.2 Solar system abundances versus mass number
The isotopic compositions of the elements are not discussed in
this contribution. The compilation by Lodders et al. (2009)
contains a list of isotopes and their relative abundances. From
these data, the abundances for individual mass numbers can be
calculated using the elemental abundances of the elements as
given in Table 1. Figure 7 is a plot of abundances versus mass
number. The generally higher abundances of even masses are
apparent. Even and odd mass numbers plot along more or less
smooth curves, with odd mass numbers forming a consider-
ably smoother curve than even mass numbers. Historically,
empirical abundance rules, established by Suess (1947), pos-
tulate a smooth dependence of isotopic abundances on mass
number A, especially of odd-A nuclei. This was an important
tool to estimate unknown or badly determined abundances.
Later, this rule was modified and supplemented by two addi-
tional rules (Suess and Zeh, 1973) in order to make the con-
cept applicable to the now more accurate abundance data.
However, the smoothness of odd-A nuclei abundances itself
has been questioned (Anders and Grevesse, 1989; Burnett and
Woolum, 1990). The high abundance of 89Y (Figure 7), an
apparent discontinuity (Burnett and Woolum, 1990), reflects
the low neutron capture cross section of a dominantly
s-process nucleus with a magic neutron number (50). There is
no smoothness of even-A (118Sn and 138Ba) or odd-A nuclei

(89Y) with mass number. Element abundances cannot be deter-
mined on the basis of smooth abundance curves.

2.2.1.5.3 Other sources for solar system abundances
The emission spectroscopy of the solar corona, the solar ener-
getic particles (SEP), and the composition of the solar wind yield
information on the composition of the Sun. Solar wind data
were used for isotopic decomposition of rare gases. Coronal
abundances are fractionated relative to photospheric abun-
dances. Elements with high first ionization potential (FIP) are
depleted relative to the one with low FIP (e.g., Anders and
Grevesse, 1989).

Solar wind was collected by the Genesis spacecraft and
returned to Earth, and the concentrations of increasing num-
bers of elements from the Genesis collectors are being reported.
Additional data will allow a deeper understanding of elemental
fractionation caused by acceleration of solar wind, and the
Genesis data may one day become another reliable measure
of photospheric composition. In a first step new isotopic data
for oxygen and nitrogen from Genesis samples were published
(McKeegan et al., 2011; Marty et al., 2011). These data should
be considered when using the Lodders et al. (2009) data for the
isotopic composition of elements.

The composition of dust grains of comet Halley has been
determined with impact ionization time-of-flight mass spec-
trometers on board the Vega-I, Vega-II, and Giotto spacecraft.
The abundances of 16 elements and magnesium, which are
used for normalization, are on average CI chondritic to within
factors of 2–3, except for hydrogen, carbon, and nitrogen,
which are significantly higher in Halley dust, presumably due
to the presence of organic compounds (Jessberger et al., 1988;
Schulze et al., 1997). There is no evidence for a clear enhance-
ment of volatile elements relative to CI chondrites.

Many of the micrometer-sized interplanetary dust particles
(IDPs) have approximately chondritic bulk composition (see
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Figure 7 Solar system abundances by mass number. Atoms with even masses are more abundant than those with odd masses (Oddo–Harkins rule).
There is no smooth dependence of abundances on mass numbers for even (e.g., 118Sn and 138Ba) or for odd masses (e.g., 89Y).
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H. Schatz, Int J. Mass spectrom. 251, 293 (2006), 
Int J. Mass spectrom. 349-350, 181 (2013)

High precision 
and mass accuracy required

rp-process

r-process
Nucleosynthesis

rp proton capture rate
is mass dependent 
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Figure 5. Two-neutron separation energies for N = 40–140 for four different mass models, the
microscopic-macroscopic finite range droplet model (FRDM) [57], the extended Thomas–Fermi
with Strutinsky integral (ETFSI-1) model [69, 78], the Duflo–Zuker mass formula [74] and the
quenched ETFSI-Q model [79]. The bold lines correspond to the Z values 30, 40, 50, 60 and 70.

and multipole part and by accurate application of scaling laws that warrant shell formation
and saturation a mass formula with a global set of 28 parameters is derived. Clear ridges
characterize the N = 50, 82 and 126 shells. At Z ≈ 40 a fading N = 82 shell structure
appears in the ETFSI-Q model and an irregular ‘saddle point’ structure visible below N = 82
in ETFSI-1 and FRDM is smoothed in these approaches. This behavior has been discussed as
the origin for the filling of a trough in the r-process abundance distributions below A = 120,
observed in earlier r-process abundance calculations (see section 10.2).

Most estimates of the half lives of r- and rp-process nuclei are so far based on a combination
of global mass models and the quasiparticle random phase approximation (QRPA), the latter
to calculate the GT matrix elements. Examples of these models are the FRDM/QRPA [57]
and the ETFSI/QRPA [75]. Recently, calculations based on the self-consistent Hartree–Fock–
Bogoliubov plus QRPA model became available for even–even r-process waiting point nuclei
near the magic neutron numbers N = 50, 82 and 126 [76]. An alternative globally applicable
approach has been developed in the density functional QRPA (DF-QRPA) [77], which also
consistently accounts for the contributions of forbidden transitions to the β half lives, but yet
can only be applied to spherical nuclei. The impact of nuclear shapes on GT distributions for
rp nuclei will be discussed in section 11.

2.4. Shell evolution towards large N/Z ratios

Two scenarios with different experimental signature have been proposed to describe the shell
structure of nuclei on the pathway towards large N/Z ratios. The first is based on the larger

1562 H Grawe et al
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Figure 21. The r-process paths in the A = 80–150 mass region obtained assuming equilibrium
between neutron capture and photodissociation (equation (9)) for the four mass models shown in
figure 5 and using a temperature of T9 = 1.35 and neutron density of 4.5 × 1021 cm−3 [289] that
correspond to a two-neutron separation energy of 6.76 MeV according to equation (10). Nuclei in
the valley of stability are shown as diamonds. Nuclei present during the r-process are shown as full
squares (nuclei with the maximum abundance in an isotopic chain) or open squares (nuclei with an
abundance larger than 10% of the population of their isotopic chain).

and FRDM (see figure 5). As discussed above (see equation (10)) the r-process proceeds
through lines of constant neutron separation energies (or equivalently constant two-neutron
separation energies with S2n = 2Sn). Thus a sudden increase in the two-neutron separation
energies implies the appearance of a gap in the r-process path that results in the absence of
progenitor nuclei with A # 115 (see figure 21). This behavior of the two-neutron separation
energies is probably due to the sudden transition from deformed nuclei around N = 75 to
spherical nuclei at the N = 82 shell closure. In mass models with a quenched (or even
absent) shell gap like the ETFSI-Q mass model [79] the deformation is greatly reduced so
that no transition occurs and consequently no increase in the two-neutron separation energies
takes place. Nevertheless, it should be pointed out that the ‘saddle point behavior’ and the
quenching of the shell gap are not necessarily related as the first could be also associated
with the instabilities of the mean-field models in regions where several minima with different
deformations are close in energy. In fact the experimentally known neutron separation energies
never show this behavior when approaching neutron magic numbers (see figures 1–9 in [149])
and it is also absent in other mass models like the Duflo–Zuker model (see figure 5) and
relativistic mean-field calculations [290] where the shell gap persists for nuclei below Z = 40.

Figure 21 shows the r-process paths obtained using equation (9) (i.e. (n, γ ) ! (γ , n)

equilibrium) for a temperature of 1.35×109 K and a neutron density of 4.5×1021 cm−3 [289].
These values correspond to a two-neutron separation energy of 6.76 MeV according to

Shell gap position would change 
the r-process path

H. Grawe et al., Rep. Prog. Phys. 70, 1525 (2007)
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NSCL: S800 spectrograph

RIKEN: SHARAQ

•Mass precision 𝛿m/m < 10-5

•Mass resolving power m/Δm > 104

•Perfectly suited for very short half-lives 
(single pass)

•Challenge: mass accuracy, accurate 
references, isomer mixtures

B𝜌-TOF measurements

S. Michimasa et al., PRL 121, 022506 (2018)



Isochronous mass spectrometry with 
storage rings:

•Good mass precision reached: 

𝛿m/m ≈ 10-5 - <10-6

•Short half-lives can be addressed

 time limit < 1ms

•Challenge: 

- Momentum acceptance 

- Mass accuracy, mass references, isomer 
mixtures

- Expensive costs

CSRe with new results: Δm/m ≈ 2x10-7


M. Zhang et al., https://doi.org/10.48550/arXiv.2209.05701

 

ESR storage ring

at GSI

R3 new results: 
H. F. Li, S. Naimi et al., PRL 128, 152701 (2022)



Penning trap mass spectrometry

preparation measurementM. Mukherjee et al., Eur. Phys. J A 35, 1 (2008)

R. N. Wolf et al., NIM A 686, 82 (2012)


Low energy only!



S. Kreim et al., NIMB 317, 492 (2013) 

 


Time-of-flight ion-cyclotron-resonance method

(TOF-ICR)

•Very high precision: 𝛿m/m < 10-8

•Challenge: 

-Relatively slow (texc = 200-1000ms)

-Needs careful ion preparation

-Low energy only

Phase imaging ion-cyclotron-resonance method

(PI-ICR)

•Break-through precision: 𝛿m/m < 10-9

•Much faster method to gain precision
•Challenge: 

-Needs careful ion preparation

-Low energy only



Electrostatic time-of-flight mass spectrometry

Mass resolving power:


• linear TOF-MS: m/Δm > 100


• reflector-TOF-MS: m/Δm > 5,000


• MRTOF-MS: m/Δm > 100,000

Δm = 2Δt = FWHM of ion TOF distribution

W.R. Plass et al., IJMS 349-350, 134 (2013)



injection of ions

multiple reflections of ions

precise time of flight measurement

Ekin ≈ 3keV

H.Wollnik and M. Przewloka, Int. J. Mass Spectrom. Ion Proc. 96, 267 (1990)

ion trap detector

detector

device constant

average from ion 
distribution

•Flight path of a few kilometers possible
•Short measurement time ≈ 10-20 ms
•Mass resolving power Rm > 100,000
•Relative mass precision 𝛿m/m < 10-7

•High accuracy (acceptable syst. effects)

Total time of flight predominantly 
determined by the electrostatic term of 
the system

The multi-reflection time-of-flight (MRTOF) technique



Ion focusing

•Axial potential shape allows to 
modify the phase space of the ions 
via the penetration depth into the ion 
mirror


•Narrow time-of-flight focus achieved 
at the detector 

 high resolution by long flight path 
and focusing

MRTOF mass spectrograph

P. Schury et al., Nucl. Instr. Meth B 335, 39 (2014)
M. Rosenbusch et al., Nucl. Instr. Meth B 463, 184 (2020)

Ion	TOF	focusing

• Axial	potential	shape	allows	to	
modify	the	phase	space	of	the	
ions	via	the	penetration	depth	
into	the	ion	mirror

• Narrow	time-of-flight	focus	
achieved	at	the	detector	
à high	resolution	by	long	
flight	path	and	focusing

MRTOF	mass	spectrograph
P.	Schury et	al.,	Nucl.	Instr.	Meth	B	335,	39	(2014)

M.	Rosenbusch et	al.,	Nucl.	Instr.	Meth	B	463,	184	(2020)

Marco	Rosenbusch,	Seminar,	University	of	Groningen,	Netherlands,	15.05.2023

• Flight	path	of	a	few	kilometers	possible
• Short	measurement	time	≈	10-20	ms
• Mass	resolving	power	Rm >	100,000
• Relative	mass	precision	!m/m	<	10-7

• High	accuracy	(acceptable	syst.	effects)
• Several	species	measured	at	same	time



in-beam γ-ray spectroscopy
HiCARI campaign

RF ion guide gas catcher 
+ 

MRTOF
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Knock-out for
81,82Zn, 83Ge F. Flavigny

Coulex of
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Knock-out for
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Knock-out for 129Ag Z. Podolyak
Coulex of 136Te A. Jungclaus
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Symbiotic experiments with HiCARI campaign (2020)
“ZD-MRTOF”



A=58

A=89

A=112

TOF / ms

89Rb+

89Kr+

89Br+ 89Se+ 89As+

76Se12C1H+

A=89 isobar

3

kurtosis in addition to the location and width parameters
(see the inset of Fig. 2 (a)). An un-binned maximum log-
likelihood method was used to perform TOF fits (using
the RooFit package [43] of the ROOT library [44]), and
a global fitting was performed simultaneously for several
analyte peaks and the mass reference.

The RIs were measured either as direct products from
the incoming beam or as decay products with the beam
components as precursors. For example, in the case of
A = 55, 55Sc was the major beam component (47 %)
while 55Ti, and 55V were produced from �-decay of 55Sc
inside RFGC. The beam composition for the measure-
ments of A = 56 and A = 57 contained 56Ti (50 %) and
57Ti (1%), and for A = 58, 59 the major components
were 58Ti (22 %) and 59V (72 %).

The ions of interest were extracted from the gas cell as
atomic ions and as molecular compounds upon chemical
reactions, depending on the conditions of the RFGC dur-
ing the online commissioning tests. The presence of iso-
baric molecules in almost all spectra has been exploited
for isobaric referencing, and for mass accuracy bench-
marks if two or more well-known molecules were identi-
fied in the same spectrum. In the case of 55ScOH+, no
stable isobaric molecule was available, and 55TiOH+ ions
produced by �-decay have been used as a reference (55Ti
was recently measured at TITAN [2]). The experiment
resulted in the determination of 15 atomic masses, which
are listed in Table. I, and shown with a TOF spectrum
containing the most exotic species in Fig. 2 (a). Our ex-
perimentally determined values of 56�59Cr and 57�58Mn
are consistent with the precisely known values of the
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FIG. 2. (a) TOF spectrum including the most exotic species.
The inset shows a magnified-view of the 58TiOH+ peak to-
gether with the fitting function. The mass resolving power
achieved for the ions of interest was ⇡ 820 000. (b) Mass-
di↵erences between our experimental values (red points) and
the ones from AME2020 (grey bands).

TABLE I. Results of the mass measurements: ion species of
analyte and reference ions, TOF ratio for mass calibrations,
measured atomic mass excess of each RIs, and the mass excess
from AME2020 [45]. The chemical components refer to the
most abundant stable isotope of the element.

Ionx Ionr ⇢t MEexp.[keV] MEAME[keV]
55ScOH+ 55TiOH+ 1.00008196(17) -30853(28) -30840(60)

56Ti+ N+
4 0.999512461(71) -39408.2(7.4) -39420(100)

58TiOH+ C2FO+
2 0.999871654(31) -31442.0(3.7) -30920(180)

55VOH+ 55TiOH+ 0.99994550(68) -49146(92) -49125(27)
56V+ N+

4 0.999446769(59) -46259.6(6.2) -46180(180)
57V+ ArOH+ 0.99988791(14) -44383(15) -44440(80)
58V+ C2H2S

+ 0.999732737(82)
-40306.1(5.6) -40430(100)58VOH+ C2FO+

2 0.999808205(66)
59V+ 59Cr+ 1.00009378(10)

-37802.2(2.8) -37610(140)59VO+ C2FO+
2 0.999773864(47)

59VOH+ CS+
2 1.000118625(24)

56Cr+ N+
4 0.999360129(51) -55295.0(5.3) -55285.1(0.6)

57Cr+ ArOH+ 0.99981107(11) -52536(12) -52525.0(1.9)
58Cr+ C2H2S

+ 0.999624418(45)
-51999.5(3.7) -51991.8(3.0)58CrOH+ C2FO+

2 0.999724521(55)
59CrOH+ CS+

2 1.000045786(33) -48105.0(4.6) -48115.9(0.7)
57Mn+ ArOH+ 0.99976432(14) -57496(15) -57486.3(1.5)
58Mn+ C2H2S

+ 0.999588996(69) -55829.0(5.9) -55827.6(2.7)
59Mn+ 59Cr+ 0.999932535(69) -55524.7(5.0) -55525.3(2.3)

AME2020 as shown in Fig. 2 (b). The mass precision
of six cases, i.e. 56,58Ti, 56�59V have been improved sig-
nificantly in this measurement. All previously precisely
measured atomic masses, using either Penning traps or
the MRTOF-MS technique, are well reproduced by the
new measurements reported in this work.

The most significant impact on new nuclear data from
this work will be briefly summarized in the following. The
atomic mass of 55Sc has been improved by a factor of two,
where the value published in [3] was confirmed. Compar-
ing with AME2020, for 56�59V, major improvements of
the mass uncertainties have been achieved, where 56,57V
have been found to be in agreement to the previously
known values with an improvement of the mass preci-
sion by factor twenty and six, respectively. The new
mass values for 58,59V agree with the previous measure-
ments [26] within two standard deviations � and have
been improved in precision by more than an order of
magnitude. A similar improvement of the uncertainties
has been achieved for 56,58Ti where, however, a sizable
deviation of 2.5 � from the recently reported values was
found for 58Ti. Due to this deviation, the correct identi-
fication of 58TiOH+ as an RI-molecule was additionally
confirmed by time-of-flight spectra using a di↵erent beam
with similar intensity but no content of 58Ti. Only very
recently, high-precision mass measurements of 56Ti and
56�58V were published [5], and agree with our new val-
ues. In the present work, we finalize the study at N = 34

W. Xian et al, in preparation

S. Iimura et al, submitted to PRL

Mass measurements of neutron-rich nuclei around A = 112 with

ZD-MRTOF-MS system

D. Hou,⇤1,⇤2,⇤3 A. Takamine,⇤4 S. Iimura,⇤4,⇤5 S. Chen,⇤2,⇤6 Y. Hirayama,⇤2 H. Ishiyama,⇤4 Y. Ito,⇤7
S. Kimura,⇤4 T.M. Kojima,⇤4 J. Liu,⇤1 H. Miyatake,⇤2 S. Michimasa,⇤8 T. Niwase,⇤4,⇤2 S. Nishimura⇤4

S. Naimi⇤4 M. Rosenbusch⇤2 P. Schury⇤2 T. Sonoda⇤4 M. Wada⇤2 Y.X. Watanabe⇤2 H. Wollnik⇤9 W. Xian⇤2,⇤6

and S. Yan⇤2,⇤10

The ZeroDegree-MRTOF (ZD-MRTOF) system com-
bined with a gas catcher cell with radio-frequency (RF)
ion guide method has been developed at the down-
stream of ZeroDegree spectrometer in RIKEN Nishina
Center.1) The online test of this system has been
performed with fission reactions symbiotically with the
in-beam �-ray spectroscopy (HICARI) experiments2)
at the end of 2020. The reaction products after
the 2nd target at focal plane F8 were selected and
guided by the ZeroDegree spectrometer and finally
they were captured by the gas cell and transported to
the MRTOF for precise mass measurement. We have
measured more than 70 masses in total, and in this
work, we concentrated on the masses in the range of
neutron-rich isotopes A = 111 - 113.

In Fig. 1), an example of the TOF spectra obtained
from the experiments is shown. In the spectra, we can
see that the beam’s ions and their �-decay daughters
were observed. To fit the peaks in the spectra, a
Gaussian function coupled with two exponential tails3)
was employed during the data analysis process. The
definition of the fitting function is shown in Eq. (1),

f(t) = A ·

8
>>>><

>>>>:

exp(�L(2t�2tc+�L)
2�2 ) t  tL

exp(�(t�tc)
2

2�2 ) tL < t < tR

exp(�R(�2t+2tc+�R)
2�2 ) t � tR

(1)

where A and tc are the amplitude and maximum posi-
tion of this function, � is the width of the central Gaus-
sian part, tL (tL = tc - �L) and tR (tR = tc + �R)
are the transition points of the left and right side
of Gaussian function where the Gaussian function
smoothly changes to an exponential function. The
function value and its first derivative are continual
at the transition points. Compared to Gaussian and
exponential-Gaussian hybrid functions, the accuracy
of fitting results can be significantly improved 4) using
the function described in Eq. (1). We can calculate

⇤1 Institute of Modern Physics, Chinese Academy of Sciences
⇤2 Wako Nuclear Science Center (WNSC), IPNS, KEK
⇤3 Lanzhou University
⇤4 RIKEN Nishina Center
⇤5 Osaka University
⇤6 Department of Physics, The University of Hongkong
⇤7 Advanced Science Research Center, JAEA Ibaraki
⇤8 The University of Tokyo
⇤9 Dep. of Chem. and Biochem., New Mexico State University
⇤10 Jinan University

Fig. 1. An example TOF spectrum at A = 111 with

radioactive ions and stable molecules.

Fig. 2. Nuclei chart A ⇠ 110, nuclei measured with ZD-

MRTOF are in red square, and the new mass is marked

with a star.

the ion mass accurately after getting the exact ions’
time-of-flight. In Fig. 1, we can see that the ions from
the beam and their �-decay isotopes were observed.

This work has determined that 15 masses of ra-
dioactive neutron-rich nuclei were 111,113Ag, 111,113Rh,
111�113Pd, 111�113Ru, and 111,112Mo (see in Fig. 2).
Compared with the mass values listed in AME2020, an
excellent agreement between our results and literature
values has been observed. For 113Ru, the mass
uncertainty of our result reduces from 38.282 keV to
6.327 keV. In the case of 112Mo, the mass excess value
is determined to be -57469.789(7.511) keV for the first
time, which is consistent with the inferred mass excess
value in AME2020.

References
1) M. Rosenbusch et al., Nucl. Instrum. Menthods. Phys.

Res. B. 463, 184 (2020).

2) M. Rosenbusch et al., RIKEN Acc. Prog. Rep.54, S18

(2021).

3) M. Rosenbusch et al., Phys. Rev. C. 97, 064306 (2018).

4) P. Schury et al., Nucl. Instrum. Menthods. Phys. Res.

B. 335, 39 (2014).
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We report the first high-precision mass measurements of the neutron-rich nuclei 74,75Ni and the clearly 
identified ground state of 76Cu, along with a more precise mass-excess value of 78Cu, performed with 
the double Penning trap JYFLTRAP at the Ion Guide Isotope Separator On-Line (IGISOL) facility. These new 
results lead to a quantitative estimation of the quenching for the N = 50 neutron shell gap. The impact 
of this shell quenching on core-collapse supernova dynamics is specifically tested using a dedicated 
statistical equilibrium approach that allows a variation of the mass model independent of the other 
microphysical inputs. We conclude that the impact of nuclear masses is strong when implemented using 
a fixed trajectory as in the previous studies, but the effect is substantially reduced when implemented 
self-consistently in the simulation.

 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Core-collapse supernovae (CCSN) represent the end point of 
stellar evolution for stars with masses greater than about 8-10 
solar masses. Despite the enormous progress made in CCSN simu-
lations in the last decades, several aspects still deserve clarification 
[1]. While many studies show the importance of the microphysics 
on the collapse dynamics (see, e.g. [1–3] for a review), the pre-
cise role of each microphysics input has not been fully pinpointed. 
This is because, due to the coupling of the microphysics with the 
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gan State University, East Lansing, MI 48824, USA.

E-mail addresses: giraud@frib.msu.edu (S. Giraud), l.canete@surrey.ac.uk
(L. Canete).

1 Deceased.

hydrodynamics, quantifying the specific impact of each nuclear in-
put is not trivial. However, the CCSN simulations of ref. [4] have 
shown that the uncertainties on the electron-capture rates on in-
dividual nuclei during infall induce stronger modifications on the 
mass of the inner core at bounce and the maximum of the neu-
trino luminosity peak than the other uncertainties of the collapse 
phase, namely the progenitor model, the equation of state, or the 
neutrino treatment. Those electron-capture rates depend on the 
nuclear structure details of the relevant nuclei which are still ex-
perimentally unconstrained, but a basic ingredient is given by the 
electron-capture Q-value, Q EC , which is solely determined by the 
nuclear masses. Previous studies [5,6] have shown that the impact 
of the neutron shell-gap strengths on the matter composition rel-
evant for CCSN could change the overall electron-capture rates up 
to 20 − 40%. In particular, masses of nuclei around the double-
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shell closures with magic neutron N and proton numbers Z at 
(N = 50, Z = 28) and (N = 82, Z = 50), have been shown to be es-
pecially relevant both in CCSN and r-process calculations [5,7–15], 
thus highlighting the need for new experimental data in those re-
gions of the nuclear chart. The β-decay lifetime measurements of 
78Ni at NSCL [16] and at RIBF [17], the recent precise mass mea-
surements of 77−79Cu using the ISOLTRAP Penning trap at CERN 
[18] and the identification of the first 2+ state of 78Ni at a rather 
large excitation energy at RIBF [19], suggest a weak quenching 
for the N = 50 shell gap at around Z = 28. However, due to the 
scarce experimental information in this exotic part of the Nuclide 
Chart, questions remain still open regarding the evolution of the 
N = 50 shell gap; the most important one being: to what extent 
is this shell closure preserved in case of the doubly magic nucleus 
78Ni?

In addition to the excitation energy of the first 2+ states and 
their corresponding reduced transition probabilities, another rele-
vant parameter for this question is the evolution of the empirical 
two-neutron shell-gap energies "2n for different isotonic chains. 
In this Letter we report relevant new mass measurements along 
the nickel, copper and zinc isotopes. We present the first pre-
cise mass measurements of 74,75Ni, extending the previous set of 
measurements done at the JYFLTRAP Penning trap for the nickel 
isotopes in [20]. New mass measurements of 76,77,78Cu and 79Zn 
isotopes, were also performed with the purpose of improving the 
mass precision. These newly measured values are then used to 
study systematics of the experimental "2n and are compared with 
the predictions of several theoretical mass models. Finally, using a 
dedicated extended nuclear statistical equilibrium formalism [10], 
incorporating a full nuclear distribution in the equation of state 
in a CCSN simulation, we have consistently studied the effect of 
the shell-gap quenching on the electron-capture rates in the core-
collapse dynamics.

The mass measurements were carried out at the Ion-Guide 
Isotope Separator On-Line (IGISOL) facility in Jyväskylä [21], Fin-
land. The studied neutron-rich isotopes were produced by induced 
fission, using a 35 MeV, 10 µA proton beam impinging on a 
15 mg cm−2-thick natural uranium target. The fission fragments 
were thermalized in a helium buffer gas and extracted from the 
gas cell dominantly in a singly-charged state. Following transport 
through a radio-frequency sextupole ion guide [22], the ions were 
accelerated to 30 keV and mass separated passing through a mag-
netic dipole with a mass resolving power of m/"m ≈ 500. The 
continuous beam was cooled and bunched in a radio-frequency 
quadrupole (RFQ) cooler buncher [23] prior to injection into the 
double Penning trap mass spectrometer JYFLTRAP [24]. The first 
trap was used for isobaric purification using the buffer-gas cool-
ing technique [25]. The precision mass measurements were carried 
out in the second trap employing the time-of-flight ion-cyclotron-
resonance (TOF-ICR) technique [26]. The ion’s cyclotron resonance 
frequency νc = qB/(2πm), where q and m are the charge and the 
mass of the ion, and B the magnetic field strength, is determined 
by applying a quadrupolar excitation with a frequency νr f near the 
expected cyclotron frequency νc . When νr f = νc , the ions extracted 
from the trap have the shortest flight time to a micro-channel 
plate detector. A typical TOF-ICR resonance spectrum for 75Ni+

is presented in Fig. 1. A 200-ms quadrupolar excitation scheme 
was applied for 74Ni and 79Zn, 100-ms for 75Ni and 77Cu, and 
1120-ms for 76Cu. Ramsey’s method of time-separated oscillatory 
fields [27,28] with an excitation pattern of 25-50-25 ms (On-Off-
On) was used for 78Cu. Cyclotron frequency measurements of the 
ions of interest were alternated with measurements of a stable 
reference ion with a well-known mass to determine the mag-
netic field strength at the time of the actual measurement. The 
cyclotron frequency ratio r between the studied singly-charged ref-
erence ions (νc,ref ) and the ions of interest (νc ), r = νc,ref /νc , was 

Fig. 1. TOF-ICR spectra for 75Ni+ (a) and 76Cu+ (b) collected with 100-ms and 1120-
ms excitation times T R F , respectively. The solid red line is a fit of the theoretical 
line shape [26] to the data (black points) with corresponding error bars. Vertical 
dashed lines indicate the positions of the resonance frequencies.

employed to deduce the mass of the nuclide of interest using the 
equation: m = r(mref − me) + me , where m, mref and me , are the 
atomic mass of the nuclide of interest, the reference nuclide 84Kr 
(m = 83.911497727(4) u [29] and the mass of the electron [29], 
respectively. It should be noted that electron binding energies for 
valence electrons are much smaller than statistical uncertainties 
and were negligible in the latter equation. The final frequency ra-
tios and mass values were calculated as weighted means over typ-
ically 3–5 measurements. Systematic uncertainties related to the 
magnetic field fluctuations (8.18 × 10−12 × "t min−1 [30], where 
"t represents the time between two reference measurements) and 
mass-dependent uncertainties (2.2 × 10−10 × (m − mref )/ u [31]) 
were quadratically added to the statistical uncertainties of the fre-
quency ratios (∼ 2 − 20 × 10−8).

The measured frequency ratios and the corresponding mass-
excess (ME) values are summarized in Table 1. The mass val-
ues of 74,75Ni have been determined precisely for the first time. 
Our experimental values are somehow higher than the extrapo-
lations of the Atomic Mass Evaluation 2020 (AME2020) [29]: dif-
ferences of 249(200) keV (74Ni) and 184(201) keV (75Ni). In fact, 
Ref. [32] reports on the mass of 74Ni but this has not been con-
sidered in AME2020 due to the large error bar. Our measured 
value, which is 759(990) keV higher than the value in [32], pro-
vides a good reference point for the expected future measurements 
of more exotic species in this region via other methods, such as 
storage rings [33,34], Multi-Reflection Time-of-Flight Mass Spec-
trometry (MR-TOF-MS) [35,36] or Bρ-ToF [37,38]. Moreover, the 
new mass values of 74,75Ni will improve the extrapolations to-
ward 78Ni in the forthcoming mass evaluations. Regarding 76Cu, 
the two long-living states were resolved in the TOF-ICR spectra 
(see Fig. 1) and measured accordingly. In addition, we used the 
phase-imaging ion cyclotron resonance technique [39] to further 
identify the states based on their half-lives and to confirm their 
energy difference. The relatively large difference to the ISOLTRAP 
measurements [18,40] can be explained if mixtures of both states 
have been measured due to a lower resolution of the TOF-ICR 
technique in their work. Nevertheless, the new mass values of 
77,78Cu are in good agreement with the recent ISOLTRAP Penning 
trap and multi-reflection time-of-flight mass spectrometer mea-
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Table 1
List of nuclei and their properties (half-life T1/2, spin-parity Iπ based on Ref. [29]), as well as the measured 
frequency ratios r = νref /ν and mass-excess values “ME” for the ground states from this work in comparison 
with the literature values from the AME2020 [29]. ‘#’ denotes a value based on extrapolations. The difference 
between the two mass-excess values (Diff. = MElit-MEJYFL) is also indicated. Singly-charged ions of 84Kr (m =
83.911497727(4) u [29]) were used as a reference for all studied cases.

Nuclide T1/2(ms) Iπ r MEJYFL (keV) MElit (keV) Diff. (keV)

74Ni 507.7 (4.6) 0+ 0.881260877(44) -48451.4 (3.5) -48700 (200)# -249 (200)
75Ni 331.6 (3.2) 9/2+# 0.893234508(187) -44055.9 (14.7) -44240 (200)# -184 (201)
76Cu 637.7 (5.5)a 3−a 0.905062917(26) -51011.4 (2.0) -50981.6 (0.9) 29.8 (2.2)
77Cu 470.3 (1.7) 5/2− 0.917007818(60) -48861.5 (4.7) -48862.8 (1.2) -1.3 (4.9)
78Cu 330.7 (2.0) (6−) 0.928977359(96) -44785.7 (7.5) -44789 (13) -3.3 (15.0)
79Zn 746 (42) 9/2+ 0.940784139(40) -53431.8 (3.1) -53432.3 (2.2) -0.5 (3.8)

a The validity of these two properties will be discussed in a separate paper.

Fig. 2. Empirical two-neutron shell-gap energies #2n for different isotonic chains N=46-52 as function of Z. The red points represent the gap obtained using one or several of 
our measured mass-excess values (empty red point if extrapolated mass from [29] is used). The colored (except red) points are the gap obtained using experimental values 
from [29]. The shaded areas represent the range of mass models (DZ10 [45], DZ28 [45], FRDM12 [46], HFB-24 [47], WS4 [48], KTUY05 [49]). The dashed (solid) line shows 
the predictions of the DZ10 (HFB-24) model.

surements [18]. The precision for 78Cu has been improved thanks 
to the Ramsey’s method. Furthermore, the measured ground-state 
mass-excess value of 79Zn agrees with the values reported from 
ISOLTRAP, -53435.1(3.9) keV [41] and JYFLTRAP, -53430.9(2.7) keV 
[42]. We have also determined the mass for the 1/2+ isomeric 
state 79mZn. Our results on the isomers will be discussed in a sep-
arate paper. The recently published [43] ground-state mass values 
of 67Fe and 69,70Co obtained during the same experiment are also 
taken into account in the following analysis.

The new mass-excess values (see Table 1) were employed to 
investigate the evolution of the empirical two-neutron shell-gap 
energies #2n(N, Z) = ME(N + 2, Z)+ME(N − 2, Z) − 2ME(N, Z) to-
ward N = 50 and Z = 28. For Z = 28 and for N = 44 − 49, the 
#2n from the AME2020 [29] mass-excess values are significantly 
different from the #2n obtained with our measurements (in aver-
age 288 keV absolute difference): from -184 keV to +497 keV. In 
Fig. 2, eight new #2n values are presented and ten more obtained 
including extrapolated mass values from AME2020, thus extending 
the experimental #2n(N, Z) trends far from stability. For the magic 
neutron number N = 50, the empirical two-neutron shell-gap en-
ergy is between ∼3-6 MeV for Z = 29 − 40, much higher than for 
the neighboring isotonic chains. The N = 50 empirical shell gap 
is weakly reinforced as Z = 28 is approached, in agreement with 
the recently observed doubly magic behavior of 78Ni [18,19]. The 
empirical two-neutron shell-gap energies were compared to the 
predictions of several theoretical mass models conventionally used 
in astrophysical studies. The colored bands shown in Fig. 2 repre-
sent the range of shell-gap energies covered by the studied mass 
models. For comparison, we have indicated with solid and dashed 

lines the gaps predicted by the HFB-24 and DZ10 mass models, 
previously used in [4,8] to assess the influence of nuclear masses 
on the core collapse. Among the different mass models, HFB-24 is 
the only one coming from a microscopic energy density functional 
[44], which explains the complex non-smooth behavior shown in 
Fig. 2. It predicts a strong quenching for the N = 50 gap, extend-
ing up to 78Ni. In the region close to Z = 28, the DZ10 mass model 
overestimates the neutron shell-gap energies for and above N=49 
and underestimates them below N=49. The opposite behavior is 
observed for HFB-24. The strong shell gap predicted by the DZ10 
model for N = 50 explains why nuclear statistical distributions are 
more peaked and persist around magic nuclei with respect to those 
predicted by HFB-24 for which the N = 50 closure is weaker. In 
addition, the trends of the empirical two-neutron shell-gap ener-
gies, especially for N = 50, are better reproduced by the HFB-24 
mass model than DZ10. Interestingly, the shell-gap quenching ob-
served for N = 50 - in good agreement with the predictions of 
the microscopic HFB-24 model - appears strongly reduced in 78Ni, 
even if extrapolated values leading to non-negligible error bars are 
needed. We observe that the HFB-24 and DZ10 mass models dif-
fer considerably in the #2n predictions: for N = 50, Z = 28, the 
discrepancy amounts to 3.6 MeV. Therefore, the use of these two 
distinct mass models can address the question of the mass-model 
dependence in astrophysical scenarios like CCSN modeling. Note 
that results from another mass model (e.g. FRDM12 [46]) would 
thus lead to an intermediate conclusion.

Previous CCSN studies [5,6] have been performed considering 
typical (fixed) collapse trajectories, i.e. a predetermined set of den-
sities (ρ), temperatures (T ), and electron fractions (Ye). Here, we 
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