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Merci aux organisateurs !

P. Ascher, L. Daudin, A. de Roubin, M. Flayol,
S. Grévy, M. Hukkanen, A. Husson, B. Lachacinski

Questions welcome all along the lecture !
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A (very) brief history

Frans Michel Penning John Robinson Pierce Hans Georg Dehmelt Wolfgang Paul

1936 : first Penning vacuum gauge

1949 : J.R. Pierce discuss the principle of a ”magnetron trap” in his book about e– beams

1953 : W. Paul builds the first quadrupole RF mass spectrometer

1959 : First Penning trap by H.G. Dehmelt

1986 : complete geonium theory by L. Brown and G. Gabrielse

1987 : first radionuclide mass measurement in a Penning trap (ISOLTRAP)
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What are traps used for ?

Traps are used in a wide variety of domains

Main application : mass spectrometry

Several topics (at least partly) in the scope
of IN2P3

Nuclear physics

Beam preparation

Standard Model tests

Antimatter studies
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…
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Quantum
information processing

Nuclear physics
Decay and laser spectroscopies

Quantum
information processing

Nuclear physics
Decay and laser spectroscopies

Ion
traps
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Beams in nuclear physics - ISOL vs in-flight methods

High energy (∼GeV/u) and fast (µs)

Low energy (meV - 100 keV/u) and rather slow (ms to s)

Accelerator

Thin target
Fragment 
separator

Experiment

Storage ring Experiment

Gas catcher

Thick target

(heated)
Ion source

Mass 
separator

Cooling

Experiment

Trapping Experiment

Experiment

Charge 
breeding

Post 
acceleration

Experiment
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Beams in nuclear physics - ISOL vs in-flight methods

ISOL

Beams usually have a single charge state
and a low energy dispersion

Method is intrinsically slow
(effusion-diffusion from target to source)

production of refractory elements by ISOL
method is very challenging

In-flight

Beams have a whole distribution of charge
states and momentum

Method is intrinsically fast (beam is never
stopped)

Insensitive to the chemistry of the element
of interest
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Emittance

”Quality”of the beam is a key parameter
for trapping

This is described by the emittance concept

Emittance is the spread of the beam in the
phase space

In the absence of dissipative forces
emittance is conserved

A typical beam has its particle grouped
within an ellipse in the phase space with a
tilt depending on the focusing
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Why it is needed to prepare the beam

Radioactive ion beams production facilities usually deliver...

beams with typical emittance ε ' a few 10π.mm.mrad

(quasi-)continuous beams

Efficient injection into a trap requires...

ε . a few π.mm.mrad

A bunched beam with a duration between ion bunches ranging from ms to s

The beam must be cooled and bunched before trapping !
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Why it is needed to purify the beam

Suppose one want to measure the half-life of a given
nucleus (62Ga)

A contaminated sample will result in a biased
measurement

Mass is a specific feature of each nucleus (and even
nuclear state)

Selecting using Q/m is the usual technique since J.
J. Thomson’s discovery of the Neon isotopes
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Mass resolution

Mass resolution R =
M

∆M
describes the ability to separate nuclides with close masses

Makes really sense only for ISOL-like beams

A simple dipole magnet has R ≈ a few 100

A high resolution separator can reach R ∼ 104
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Even a HRS is sometimes not enough to separate isobars (not speaking about nuclear isomers)
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What ”traps”will we talk about ?

Many types of charged particle traps exist but few of them used in our field

We will focus on the low-energy (< a few 10 keV) nuclear physics tools i.e.

Paul traps

Penning traps

MR-ToF MS

We will hence not discuss storage rings
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Trap setups dedicated to nuclear physics

TAMUTRAP

MLLTRAP
MR-ToF

MIRACLS

LEBIT

CPT

BPT

GARIS
SLOWRI

KISS

PIPERADE
PILGRIM

MORA
TRIGATRAP

Notre-Dame

3D Paul trap

Penning trap

MR-ToF-MS
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Trapping charged particles almost at rest
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Trapping with an electrostatic field ?

Starting from Maxwell-Gauss law−→
∇ · ~E = ρ

ε

In vacuum and for an electrostatic field, it
simplifies to

−→
∇ · ~E = ∇2V = 0

There is hence no local maximum or
minimum of the electric potential V , one
can at best obtain a saddle point

Saddle electric potential confines charged
particles in one direction...

but the particles can escape in the other
direction

Earnshaw’s theorem (1842)

It is not possible to trap charged particles in all three dimensions with an electrostatic field

The same can be demonstrated for a magnetostatic field
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Cheating with Earnshaw’s theorem

We will see later that ions can be trapped in a purely electrostatic device (MR-ToF MS)

This is not in contradiction with Earnshaw’s theorem

In a MR-ToF MS, the kinetic energy of the ions can not be reduced to ≈0 ⇒in the ion
reference frame, the ~E field is not static
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Two approaches for (real) trapping

𝑈𝐷𝐶
+

𝑉0 cos(Ω𝑡)

𝑧0
𝜌0

Paul trap

𝑈𝐷𝐶

𝑧0
𝜌0

Penning trap
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Trap geometries

The theoretical ideal shape for both Penning and 3D Paul trap is made of hyperboloids of
revolution (1 sheet + 2 sheets) but...

Hard to machine

No easy access inside

Requires at least one hole (usually two) for
beam injection

Electrodes extending to infinity are not
very handy !

Many traps made of cylindrical electrodes with potentials finely tuned to approach the ideal
case near the center of the trap
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Paul traps
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Potential inside a Paul trap

Saddle electric potential
(hyperbolic paraboloid)
confines charged particles in
one direction...

but the particles can escape
in the other direction

This can be avoided if the
potential is flapped fast
enough !
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Motion of charged particles in a Paul trap

The most desirable restoring force is one proportional to the distance from the center of the
trap.
The electric potential will hence have the form :

Φ ∝ λx2 + µy 2 + νz2

To obey Laplace’s equation ∆Φ = 0, 2 solutions are used :
λ = µ = +1 and ν = −2 corresponding to a 3D Paul trap

λ = −µ = +1 and ν = 0 corresponding to a linear Paul trap
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Motion of charged particles in a 3D Paul trap

As a time-varying potential is needed, the one
of a 3D Paul trap generally has the form :

Φ = [UDC + V0 cos (Ωt)]
x2 + y 2 − 2z2

4d2
0

where...

d2
0 =

z2
0

2
+

ρ2
0

4

Ω is the driving RF angular frequency

𝑈𝐷𝐶
+

𝑉0 cos(Ω𝑡)

𝑧0
𝜌0

Note that the DC part is not mandatory for trapping

22 / 84



Introduction and context Trapping charged particles almost at rest Penning trap techniques MR-ToF MS What nuclear physics with traps ?

Motion of charged particles in a 3D Paul trap

The equation of motion of a particle with
charge Q inside a Paul trap are :



ẍ +
Q

md2
0

[UDC + V0 cos (Ωt)] x = 0

ÿ +
Q

md2
0

[UDC + V0 cos (Ωt)] y = 0

ÿ +
2Q

md2
0

[UDC + V0 cos (Ωt)] z = 0

23 / 84



Introduction and context Trapping charged particles almost at rest Penning trap techniques MR-ToF MS What nuclear physics with traps ?

Motion of charged particles in a 3D Paul trap

The equation of motion of a particle with
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ẍ +
Q

md2
0

[UDC + V0 cos (Ωt)] x = 0

ÿ +
Q

md2
0

[UDC + V0 cos (Ωt)] y = 0

ÿ +
2Q

md2
0

[UDC + V0 cos (Ωt)] z = 0

That can be put in the compact form :

Mathieu’s equation

ü + [au − 2qu cos (2τ)] u = 0

where u = x , y or z , and :

ax = ay =
−az
2

=
4UDC

d2
0Ω2

Q

m

qx = qy =
−qz

2
=

2V0

d2
0Ω2

Q

m

τ =
Ωt

2
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Stability inside a 3D Paul trap

Solutions have the form :

f±(τ) = exp (± [αu + iβu] τ) g(±τ)

Which are stables (i.e. non diverging if τ → ∞)
only if αu = 0 and βu 6= n ∈ N

βu has a complicated expression that
depends only on a and q =⇒ stability
diagram

The boundaries of the stable regions are
those for which βu = n ∈ N

Stability of the solution hence depends on
Q/m, d0, Ω, UDC and V0
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Stability inside a 3D Paul trap

Stability of the solution hence depends on Q/m, d0, Ω,
UDC and V0

Usually, the ”first” stability region is used

For a = 0, the motion is stable for 0 < q . 0.908

For a m = 100 u ion and a d0 =1 cm trap if UDC = 0,
that means :

If V0 =100V, motion is stable for f = Ω
2π

>328 kHz

If f = Ω
2π

=1MHz, motion is stable for V0 <929V
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Motion inside a 3D Paul trap

If the stablity condition is met, the solutions have the form :

u(τ) = A
∞∑

n=−∞

c2n cos [(βu + 2n) τ ]+B
∞∑

n=−∞

c2n sin [(βu + 2n) τ ]

Where c2n depends on au and qu

The spectrum of the ion’s motion hence contains the
frequencies :

ωu,n = (βu + 2n)
ω

2
=

βuΩ

2
+ nΩ = ωu,0 + nΩ

Exemple of an ion’s trajectory with

qz = 0.1 and az = 0
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Motion inside a 3D Paul trap

For au and qu � 1, the c2n coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency Ω superimposed on a macromotion at the
fundamental frequency ωu,0 � Ω

This approximation gets worse and worse as au and qu grows since the higher order components
become non-negligible

qz = 0.02 and
az = 10−5
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This approximation gets worse and worse as au and qu grows since the higher order components
become non-negligible
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For au and qu � 1, the c2n coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency Ω superimposed on a macromotion at the
fundamental frequency ωu,0 � Ω

This approximation gets worse and worse as au and qu grows since the higher order components
become non-negligible

qz = 0.02 and
az = 10−5 qz = 0.2 and az = 10−5 qz = 0.4 and az = 10−5 qz = 0.6 and az = 10−5 qz = 0.8 and az = 10−5
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Motion of charged particles in a RF quadrupole trap

Reminder : to have a restoring force proportional to the distance one needs an electric
potential :

Φ ∝ λx2 + µy 2 + νz2

And to obey Laplace’s equation, the solution λ = −µ = +1 corresponds to a linear Paul trap

In the case of a linear trap (of infinite length), the potential has the form :

Φ = [UDC + V0 cos (Ωt)]
x2 − y 2

2ρ2
0
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Stability inside a linear Paul trap

Same kind of reasoning applies to this case so

Stability of the solution depends on Q/m, ρ0,
Ω, UDC and V0

with slightly modified expressions of the
Mathieu parameters :

ax = −ay =
4UDC

ρ2
0Ω2

Q

m

qx = −qy =
2V0

ρ2
0Ω2

Q

m

Here the situation is fully symetric for x and y
=⇒ the overlap region has a different shape.
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Stability inside a linear Paul trap

Stability of the solution hence depends on Q/m, ρ0, Ω,
UDC and V0

Again, mainly the ”first” stability region is used

For a = 0, the motion is stable for 0 < q . 0.908

For a m = 100 u ion and a ρ0 =1 cm trap if UDC = 0,
that means :

If V0 =100V, motion is stable for f = Ω
2π

>183 kHz

If f = Ω
2π

=1MHz, motion is stable for V0 <2,97 kV
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Cooling with a RF trap

In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

The trap is filled with buffer gas at low
pressure (∼ 0,1-1Pa)

Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion’s mean velocity

An axial DC potential ramp keep the ion
moving towards the exit of the RFQ

This results in a lower transverse emittance
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atoms act as a drag force leading to a
decrease of the ion’s mean velocity

An axial DC potential ramp keep the ion
moving towards the exit of the RFQ

This results in a lower transverse emittance

Kinetic energy of an A = 100 ion in 1 Pa of He
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Cooling with a RF trap

In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

The trap is filled with buffer gas at low
pressure (∼ 0,1-1Pa)

Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion’s mean velocity

An axial DC potential ramp keep the ion
moving towards the exit of the RFQ

This results in a lower transverse emittance

10 ions, q = 0.2 , a = 0 and no gas

10 ions, q = 0.2 , a = 0 and PHe =1Pa
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Cooling with a RF trap

Example : cooling of a 30 keV beam of 40K in shoot-through mode in a 90 cm-long RFQ filled
with ≈ 1Pa of He at room temperature.

Before

ε(95%) = 18π mmmrad

After

ε(95%) = 3π mmmrad

32 / 84



Introduction and context Trapping charged particles almost at rest Penning trap techniques MR-ToF MS What nuclear physics with traps ?

Bunching with a RF trap

Once cooled the ions can either...

be extracted from the RFQ continuously
(CW beam).

be trapped in a potential well at the end
of the RFQ and released periodically
(bunched beam)

simulations by H. Guérin
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Some examples of RFQCB - ISCOOL & GPIB

ρ0 = 20mm , V0 up to 4 kV

RF is fed to 4 rods

DC gradient is provided by 25 annular
electrodes with wedges towards the axis
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Some examples of RFQCB - SHIRaC2

Aims at cooling up to 1 µA of 1+ ions from 80
to 2 πmmmrad

ρ0 = 5mm , V0 up to 8 kV

The 4 rods are segmented into 18 segments

RF and DC are coupled for each segment to
create a DC gradient
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Some examples of RFQCB - LEBIT ion cooler and buncher

ρ0 = 13,5mm , V0 ∼ 1 kV

RF is fed to 4 rods

Drag potential created by segmenting
diagonally an outer cylindrical electrode
into 2 pairs

Fraction of each electrode pair visible from
the inner part varies along the axis

Figures from S. Schwarz et al, Nucl. Inst. Meth. 816,131 (2016)
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Penning traps
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The Penning way of trapping

𝑈𝐷𝐶

𝑧0
𝜌0

Static quadrupole potential
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Motion of a charged particle in a Penning trap

The axial motion is confined by the quadrupolar electric potential

Φ = UDC

−x2 − y 2 + 2z2

4d2
0

For a particle with mass m and charge Q on the trap axis with no transverse velocity, the
motion is a simple harmonic oscillation at angular frequency ωz

ωz =

√
QUDC

md2
0

The radial motion is confined by the homogeneous magnetic field B

If there was no electric field, the charged particle would simply have a circular motion at
the cyclotron angular frequency ωc

Cyclotron angular frequency

ωc =
QB

m
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Motion of a charged particle in a Penning trap

When combining both fields, the force applied to the charge particle is :

~F = Q
(

−
−→
∇Φ+ ~v × ~B

)
The equations of motion of the particle are then :


ẍ = ωc ẏ +

ω2
z

2
x

ÿ = −ωc ẋ +
ω2

z

2
y

z̈ = −ω2
zz simple harmonic oscillator

For the radial part, looking for solutions of the form : u ∝ e−iωt , one finds : ω2 − ωcω − ω2
z

2
= 0

The eigenfrequencies are then : ω± =
ωc ±

√
ω2

c − 2ω2
z

2
=

ωc

2
±

√
ω2

c

4
− ω2

z

2
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ü = −iωc ẋ +
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ÿ = −ωc ẋ +
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Eigenmotions - what it looks like

The motion is the compound of 3 eigenmotions
with angular frequencies :

ωz (axial motion) : harmonic oscillation
between endcaps

ω+ (modified cyclotron motion) : around
B field lines

ω− (magnetron motion) : much slower
~E × ~B drift around trap center

(unrealistic ratio between the eigenfrequencies)
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Eigenfrequencies

These angular frequencies are linked by :

ω+ + ω− = ωc

And also

Invariance theorem

ω2
+ + ω2

− + ω2
z = ω2

c

And the ion motion is stable only if :

Trap stability condition

ω+ > ω− ⇐⇒ ωc >
√
2ωz

Usually, ωc ∼ ω+ � ωz � ω−
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How it looks like in practice

Strong and very homogeneous magnetic field =⇒ costly and cryogenic + care for materials
needed
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Penning trap techniques

”Never measure anything but frequency !”
(Arthur L. Schawlow)
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Playing with the eigenmotions - quantum point of view

We have studied the motion in a classical
way but it can be of course be treated
fully quantum mechanically

Noteworthy : negative energy for the
magnetron motion

Each of the eigenmotions can be
individually manipulated by applying a
resonant RF excitation at the
corresponding eigenfrequency

Modified
cyclotron Axial Magnetron

ℏ𝜔+

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−
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RF excitation

For the radial motions, this requires segmentation of the electrodes

+URF

−URF
x

y

z

Dipole excitation

+URF

−URF
x

y

z

Quadrupole excitation
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Amplifying the magnetron motion

Modified
cyclotron Axial Magnetron

ℏ𝜔+

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

Dipole excitation at ω = ω−

(not mass selective !)
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Amplifying the axial motion

Modified
cyclotron Axial Magnetron

ℏ𝜔+

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

Dipole excitation at ω = ωz

(mass selective)
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ℏ𝜔−

ℏ𝜔𝑧

ℏ𝜔−
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Dipole excitation at ω = ω+

(mass selective)
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Converting one motion into another

Modified
cyclotron Axial Magnetron

ℏ𝜔+

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

ℏ𝜔𝑧

ℏ𝜔−

ℏ𝜔−

Quadrupole excitation at ω = ωc

(mass selective)
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Converting one motion into another

Time needed for one full conversion :

Tc =
ω+ − ω−

uRF

ρ2
−
m

Q
≈ B0

uRF

ρ2
−

with B0 = 7T, uRF = 10mV and ρ−(0) =
1mm, Tc =700 µs

Quadrupole excitation at ω = ωc

(mass selective)
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Converting one motion into another

If the excitation is not made exactly at the
right frequency, the conversion efficiency is
decreased

The longer the excitation, the narrower is
the resonance
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Damping the motions

The motions can be damped in different ways
(resistive, sympathetic, laser cooling,...) but for
radioactive ions buffer gas cooling is generally
used

A buffer gas at low pressure (∼ 10−3Pa) is
injected in the trap

The ions lose energy through the collisions
with the gas
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Buffer gas cooling with modified cyclotron or axial motion

Both axial and modified cyclotron motions
are damped when the ions collide with the
buffer gas ⇒ ρi = ρ0,i exp

−αi t

The damping rate depends linearly on the
gas pressure and inversely on the ion
mobility

α± = ±Q

m

1

µion

pTN

pNT

ω±

ω+ − ω−
αz =

Q

m

1

µion

pTN

pNT
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Buffer gas cooling with magnetron motion

On the contrary, the magnetron motion is
slowly amplified by the collisions with the
gas

This is due to the negative energy of the
magnetron motion
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Axialisation

All three motions of a given species can be
damped at once by coupling buffer gas
colling with a quadrupolar excitation at ωc

This is hence mass selective
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ToF-ICR

If the ion has a non-zero radial velocity, it also has an associated

magnetic moment ~µ =
Qωr 2

2π
~ez

This corresponds to a radial energy E = −~µ · ~B

When ejected toward a detector, ions travel through the ~B field

gradient and are accelerated by a force ~F = −~∇Ep = ~∇
(

~µ · ~B
)

For a given radius of the trajectory inside the trap, the
accelerating force will hence be higher for a modified cyclotron
motion than for a magnetron one

 𝜇
r

q
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ToF-ICR

The time of flight of a particle of charge Q to a
detector outside the magnet is given by :

Tf =

√
m

2

∫ zdet

z0

dz√
E0 − QV (z) − µB(z)

where E0 is the total kinetic energy of the ion,
V (z) the electric potential

ToF-ICR method : apply a quadrupolar
excitation at different ω to ions with some
magnetron motion

The better the conversion from magnetron to
cyclotron, the shorter the time of flight

⇒ Tf = f (ω) has a dip at ωc

The mass of the ion is then m =
QB

ωc

B
z

z
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where E0 is the total kinetic energy of the ion,
V (z) the electric potential

ToF-ICR method : apply a quadrupolar
excitation at different ω to ions with some
magnetron motion

The better the conversion from magnetron to
cyclotron, the shorter the time of flight

⇒ Tf = f (ω) has a dip at ωc

The mass of the ion is then m =
QB

ωc

B
z

z

ToF of 115Ru ions at JYFLTRAP (100ms)
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ToF-ICR

As the measured quantity is the cyclotron
frequency...

You never know the mass at a relative precision
better than the one of the magnetic field !

⇒ B field measurement mandatory at each
”mass”measurement

The ωc of a ”reference” ion (of well known mass) must be measured before and after an
unknown mass measurement

Other things to be carefully taken into account : misalignment, tilt, machining imperfetions,
high order components for the fields (>2 for ~E , >0 for ~B), space charge effects, ...
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Ramsey time-separated oscillatory fields

ToF-ICR has been the workhorse of nuclear mass-measurements for more than 30 years but
several other methods have been developed to boost the precision

In Ramsey’s method, the RF excitation is
split in 2 (or more) pulses with a waiting
period in between

This results in sharper resonance

The waiting period needs to be
(significantly) longer than the 2 pulses to
get a real benefit
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ToF-ICR has been the workhorse of nuclear mass-measurements for more than 30 years but
several other methods have been developed to boost the precision

In Ramsey’s method, the RF excitation is
split in 2 (or more) pulses with a waiting
period in between

This results in sharper resonance

The waiting period needs to be
(significantly) longer than the 2 pulses to
get a real benefit

Ramsey ToF of 133Cs ions at JYFLTRAP (10ms-30ms-10ms)
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Phase-imaging ion-cyclotron-resonance

The most precise mass-measurement method to date is the PI-ICR technique

Independent measurement of ω− and ω+ by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

Requires a position-sensitive detector ! (delay-line MCP)

x

y

End of step 1

xd

yd

× n
Extraction

𝐵

Extraction of ions

1

2

3

4

Injection of ions in the trap
(motions damped)

Measurement of 
the trap center 
projection on 

detector
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What not to do !
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Phase-imaging ion-cyclotron-resonance

All ions are ”useful”

Higher resolving power

Much easier to identify states that would
be mixed in ToF methods

PI-ICR of 115Ru ions at JYFLTRAP (100ms accumulation time)
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Sideband cooling

Reminders :

RIB are usually contaminated

buffer gas axial and modified cyclotron motions are damped while
magnetron motion is amplified

This can be exploited to remove contaminants in a ”cocktail”bunch of ions !

Excitation of all ions with dipolar
pulse at ω− to a large ρ− orbit

Quadrupole excitation at ωc

(mass-selective) is then applied to
recenter only the ion of interest

Ejection towards diaphragm ⇒ only
centered ions can go through

Mass resolving power : R ∼ 105
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Dipole cleaning at ω+

Simply drive the contaminants far from
the axis by exciting their modified
cyclotron motion

A dipole excitation at the contaminant’s
ω+ frequency is applied

Can be done until the contaminant
reaches the electrode radius but easier
with a diaphragm

Can be either broadband (short pulse and
high amplitude) or high-resolution (long
pulse and low amplitude)

No gas needed but necessary to know
what the contaminants are !

R up to 106 possible depending on time
available for excitation
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Ramsey cleaning

Same principle as the dipole cleaning but
applying two (or more) pulses interleaved
with waiting period(s)

Higher resolving power (narrower
linewidth)

R ∼ a few 106 possible depending on
time available for excitation
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PI-ICR cleaning

Idea quite similar to the mass
measurement technique

Excite modified cyclotron motion

Let contaminants accumulates phase
difference with ion of interest

Apply a dipole excitation at the right time
to align ion of interest (only) with a
collimator

R ∼ a few 107 reachable

xd

yd

Dipole
excitation

Dipole excitation 𝜔+

Phase accumulation time

Extraction of ions

1

2

3

4

Quadrupole excitation 
(𝜋-pulse) at 𝜔𝑐

Injection of ions in the trap
(motions damped) Cleaning

Center ions of interest
Decenter contaminants
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yd

𝛿𝜙+
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Dipole
excitationxd

yd

𝛿𝜙+
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MR-ToF MS
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Basic of ToF spectrometry

Ions with different masses mi but same
kinetic energy K have different velocities

Starting from a position at a given time,
the heavier ions will hence take more time
to travel through a given distance d

ti = d

√
mi

2K
⇒ R =

m

∆m
=

t

2∆t Io
n
 s

ig
n
al

 o
n
 d

et
ec

to
r

t

z

m1
m2<m1

same kinetic energy

Resolution limited by path length d , energy dispersion ∆K and initial time dispersion ∆t0
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Reflectron

Basic way to improve the ToF mass
spectrometry : correct for energy
dispersion

By using an electrostatic mirror with
growing voltages on a set of electrodes, the
ions with a higher kinetic energy travels a
longer way before getting reflected

P
ot

en
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al

o
n
 a

xi
s 

(V
)

z

Focal
plane

U1 U2 U3 U4 U5 U6 U7

K1

K2 > K1
same mass
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MR-ToF MS

First attempt to build a mass separator by
the multi-reflection technique dates back
to 1960 (residual gas analyzer)

Very poor resolution !

Ions produced directly inside the cavity

32 WERNER TRETNER 

approximately linear oscillations in an electrostatic field. 
This principle shall be explained schematically m Fig. 1. 
The ion source is represented by an electron gun, the beam 
of which effects the ionization of the residual gas near one 
of the electrodes. For simplicity let us first consider only 
one sort of ions, for instance mercury ions. These ions, 

/ 
_I 

]--J ~" Gun 

el.ektr~sches Fetd --~ 

FIG. 1. The principle of the spectrometer tube. 

one of which is represented in Fig. 1 near the electrode on 
the left hand side, are forced by an inhomogeneous electro- 
static field to oscillate between the two plain electrodes. 
It is this periodic motion which replaces the circular motion 
of the ions in the Omegatron. If now, an electrical field 
is superimposed which alternates at the same frequency as 
the mercury ions oscillate, these ions may gain momentum 
and, therefore, may reach one of the field confining electrodes. 
This kind of operation is analogous to the operation of the 
Omegatron. 

There is another mode of operation which is more prac- 
ticable for technical applications than the Omegatron-like 
operation just described. Due to this mode of operation 
our tube will have an outstanding high output signal, 
naturally at the expense of resolution. It is this extremely 
high output signal which finally allows a high speed recording 
of the whole mass spectrum. 

Considering again F~g. 1, let us suppose that not only 
mercury vapour is present in the residual gas but also some 
other gases. Then, we are able to select one sort of ions by 

modulating the ionizing electron beam with the same frequency 
as this sort of ions oscillates. During the first cycle, for 
instance, n ions may be generated. These move to and fro. 
During the second cycle n ions more are created, taking part 
on the discharge. Thus, at the beginning of each cycle, an 
elementary cloud of n Ions joins the famtly of ions. Finally 
a big cloud of ions is formed consisting of numerous elemen- 
tary clouds which are separated by phase differences of 2n. 
This cloud of charged particles of equal relative masses 
generates an output signal by inducing displacement currents 
to the confining electrodes. All ions with oscillation fre- 
quencies other than that apphed to the control grid of the 
tube cannot form an ~on cloud because the phase d~fferences 
of their elementary clouds differ from 2n or a multiple of it. 

The high frequency signal can be amplified without the 
difficulties encountered at dc-amphficatlon. Furthermore, 
in order to measure all mass intensities practically at the 
same time, the modulation frequency of the ionizing electron 
beam may be sweeped periodically at mains frequency to 
cover the frequency band containing the oscillation fre- 
quencies of all masses to be investigated, for instance from 
mass 1 up to mass 300. The whole spectrum, therefore, 
may be recorded at 50 c.p.s. 

Before going into details, let us first have a look on the 
configuration of the electrodes of an experimental tube. In 
Fig. 2 we see a cage consisting of several electrodes. The 

Steuerelekt rode 

Vertauf des A 
Potentlats - (~ 
tangs der Achse 

FIG 2. The arrangement of the electrodes and the shape of the electric 
potentml q~ along the axts 

FIG. 3. An experimental spectrometer tube, 

W. Tretner, Vacuum 10, 31 (1960)

R = M
∆M

≈ 20
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MR-ToF MS
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U1 U2 U3 U4 U5 U6 U7

Ions enter the device ...

either by switching potentials of the
entrance mirror to values Ui such that
qUi < K

or by using a pulsed drift tube to lower the
ions energy once inside

Voltages tailored to achieve minimum
bunch length on the detector or selection
device

Lens electrodes on each side for stable
trajectories

Mass resolving power R ∼ 105
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MR-ToF MS

t = a
√

m
q
+ b

a and b must be determined by calibration with
known masses m1 and m2

For an unknown ion mass m having a ToF t and
known masses mi with ToF ti :

m =

[
CToF (

√
m1 −

√
m2) +

1

2
(
√
m1 +

√
m2)

]2

where CToF =
2t − t1 − t2
2(t1 − t2)

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

R = M
∆M

≈ 2 × 105

71 / 84



Introduction and context Trapping charged particles almost at rest Penning trap techniques MR-ToF MS What nuclear physics with traps ?

Removing the contaminants

The multi-reflections process separates
spatially the species but does not provide
the purification itself

A Bradbury-Nielsen gate is used to remove
the contaminants from the beam

It relies on a fast switching of the voltage
on a grid of thin wires

Gate is open only for a small duration
when ions of interest arrive on the BN gate

The opposite voltages between
neighbouring wires when gate is closed
deflect the contaminants away from the
beam axis

Time focusing on the BN gate to get best
R

+U

−U
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What nuclear physics can be studied with traps ?
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Laser spectroscopy

Measurements of size, shape and electromagnetic moments of radioactive nuclei through
hyperfine structure...

Requires trap(s) to cool and bunch the ion bunches

Benefits from the help of traps for identification (trap assisted laser spectroscopy)

See Iain and Ruben’s lectures
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Precision studies of the weak interaction through β decays

Universality of the weak interaction (W and Z bosons interacts universally with all fermions,
i.e. same coupling constant)

W−

µ−

νµ

νe

e−

Purely leptonic decay

W−

d

u

νe

e−

Semi-leptonic decay

Experimental values are pretty much the same...

... but not exactly

GF = 1,166 378 7(6) × 10−5 (~c)3/GeV2

GV = 1,136(3) × 10−5 (~c)3/GeV2 = 97, 4%GF
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The CKM matrix

W+

u

d ′

νe

e+

≡ Vud ×
W+

u

d

νe

e+

+ Vus ×
W+

u

s

νe

e+

+ Vub ×
W+

u

b

νe

e+

Without quark mixing, the 3 family would not be coupled

 d ′

s ′

b′


︸ ︷︷ ︸
Weak eigenstates

= MCKM ×

 d
s
b


︸ ︷︷ ︸

Mass eigenstates

MCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =


0.97373(31) 0.22506(50) 0.00357(15)

0.22492(50) 0.97351(13) 0.0411(13)

0.00875(+32
−33) 0.0403(13) 0.99915(5)


Values not
predicted by
the SM ⇒
must be
measured !

In the Standard Model, the Cabibbo-Kobayashi-Maskawa matrix has to be unitary
⇒ V 2

ud + V 2
us + V 2

ub = 1
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Compared half-lives

Vud is by far the dominant term of the first row and
column

It is best measured using super-allowed β+

transitions between Jπ = 0+ isobaric analog states

To trace back to Vud , 3 quantities are needed :

The energy Q released in the decay
the half-life T of the parent state
the branching ratio of the β decay to the IAS

ft = f (Q)
T

R

(
1 +

ε

β

)
=

2π3~7 ln 2
mec4

1

2G 2
FVud

2

However some theoretical corrections must be done
to get a ”true”constant :
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ft constant at the % level
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Compared half-lives

Vud is by far the dominant term of the first row and
column

It is best measured using super-allowed β+

transitions between Jπ = 0+ isobaric analog states

To trace back to Vud , 3 quantities are needed :

The energy Q released in the decay
the half-life T of the parent state
the branching ratio of the β decay to the IAS

ft = f (Q)
T

R

(
1 +

ε

β

)
=

2π3~7 ln 2
mec4

1

2G 2
FVud

2

However some theoretical corrections must be done
to get a ”true”constant :

Ft = ft
(
1 + δ′

R

)
(1 + δNS − δC ) =

2π3~7 ln 2
mec4 (1 + ∆R)

1

2G 2
FVud

2

Ft =3072,24(57) s ⇒ ∆Ft

Ft
= 0.02%
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Why are traps needed in this business

All of the recent Q values involved in the 0+ → 0+ study
are directly measured with a Penning trap

When measuring the half-life or branching ratio, purity of
the collected sample of nuclei is crucial to get results
precise at the h level

This is especially true when the beta feeding is highly
fragmented leading to many weak branches
(Pandemonium effect)

RAPID COMMUNICATIONS

M. P. REITER et al. PHYSICAL REVIEW C 96, 052501(R) (2017)

formalism [14] need to be investigated further. Perhaps the
most important future work may result from efforts toward
quantifying any overall model-dependent uncertainty or possi-
ble shifts in the δC central values, which still remain elusive due
to the extreme complexity of this phenomenological approach
to the nuclear shell model.

With increasing computational power, more exact the-
oretical treatments which were out of reach during the
early superallowed reviews have been under investigation
for the past 10 years [5,15–18]. So far, these new methods
have provided useful insight into where some of the older
phenomenological approaches may be incomplete [13], but
have not yet reached the level of refinement needed for testing
the Standard Model. These new approaches are nonetheless
intriguing, as they may offer some insight into quantifying
any elusive model-dependent uncertainties, particularly using
ab initio many-body approaches based on nuclear forces from
chiral effective field theory (χ -EFT) [19–21]. These efforts are
critical due to the dramatic implications of a deviation from
unity in the top-row sum of the CKM matrix resulting from a
shift in the δC calculations [5].

These modern methods are now beginning to reach levels
of accuracy comparable to those of phenomenological models,
including within the sd and pf shells [22]. As these theoretical
techniques continue to evolve, they must be exposed to
increasingly stringent experimental tests before they can be
reliably applied to the superallowed data to extract Vud. In
particular, a reproduction of the excitation energies of the
T = 1, 0+ isobaric analog states (IAS), and the coefficients of
the isobaric multiplet mass equation (IMME) for the respective
superallowed systems are critical to providing confidence in
the accuracy of the calculated ISB corrections. The coefficients
of the IMME are very sensitive to the subtle relative differences
in binding energies of the isobaric triplet, and have been used
to guide and adjust the superallowed δC calculations in the
past [23]. This is due to the assumption that the ISB effects
that shift the IAS energies is, to first order, due entirely to the
Coulomb interaction, and any small deviations are due to linear
and quadratic terms, represented by the b and c coefficients.
This article presents the progress of this theoretical work in
the A = 22 isobaric triplet, as well reporting the most precise
QEC value of the Tz = −1 superallowed 0+ → 0+ positron
emitter 22Mg.

The experiments were conducted at TRIUMF’s Isotope
Separator and Accelerator (ISAC) facility [24], in Vancouver,
Canada. The rare-isotope beams (RIBs) were produced via
spallation reactions from a 35-μA, 480-MeV proton beam
incident on a SiC target. Non-ionized reaction products were
subsequently released into the Ion-Guide Laser Ion Source
(IG-LIS), which selectively ionized magnesium [25]. The use
of IG-LIS provided a suppression of surface-ionized contam-
inants by nearly 6 orders of magnitude, without which this
measurement would not have been possible due to high levels
of contamination from the surface-ionized 22Na. Following
ionization and mass selection, the continuous 20-keV beam,
consisting of roughly 105 ions/s of 22Mg+ was delivered to
TRIUMF’s Ion Trap for Atomic and Nuclear Science (TITAN)
[26]. The remainder of the ISAC beam consisted primarily of
22Na+, with a rate of 2.6 × 103 ions/s.

FIG. 1. Typical time-of-flight (top) quadrupole-excitation and
(bottom) Ramsey-excitation resonance spectra for 22Mg+ ions. The
solid lines are known analytic fits to the experimental data.

The TITAN facility consists of four primary components:
(i) a radio-frequency quadrupole (RFQ) linear Paul trap
[27,28], (ii) a multireflection time-of-flight (MR-ToF) isobar
separator [29], (iii) an electron-beam ion trap (EBIT) for
generating highly charged ions (HCIs) [30,31] and performing
decay spectroscopy [32,33], and (iv) a 3.7 T, high-precision
mass measurement Penning trap (MPET) [34]. Following the
delivery of the continuous A = 22 ISAC beam to TITAN, ions
were injected into the RFQ where they were cooled using a He
buffer gas. The resulting ion bunches were then transported
with a kinetic energy of 2 keV to the Penning trap, where
individual singly charged ions were captured for study.

In the MPET, the mass of a single ion is determined by
measuring its characteristic cyclotron frequency using the
time-of-flight ion cyclotron resonance (ToF-ICR) technique
[35,36]. To further improve the measurement uncertainties,
TITAN’s stable ion source was also used to deliver 23Na+

ions in addition to the A = 22 RIB from ISAC. Reference
measurements were taken both before and after each 22Mg+

run in cycles of 22Na-22Mg-23Na, which were then repeated.
For the determination of the resonance frequency ratios, only
cycles with 1 detected ion/cycle were used in order to reduce
effects on the measurement which may result from ion-ion
interactions (δi-i), which was the largest systematic uncertainty
in this work. The error estimate for multiple ion interactions in
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Why are traps needed in this business

All of the recent Q values involved in the 0+ → 0+ study
are directly measured with a Penning trap

When measuring the half-life or branching ratio, purity of
the collected sample of nuclei is crucial to get results
precise at the h level

This is especially true when the beta feeding is highly
fragmented leading to many weak branches
(Pandemonium effect)

extracted from the NuDat 2 database
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Nuclear structure studies

Mass measurement gives direct access to
particle separation energies

S2n = [M(A − 2,Z ) + 2M(n) − M(A,Z )] c2

Trends in the evolution of these particle
separation energies are good indicators of
structure effects

Sudden changes in the trends reveal shell
closures or nuclear shape change
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of 100Sn
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The ions were first accumulated in ISOLTRAP’s linear radio-
frequency quadrupole cooler and buncher trap16. The extracted 
bunches were subsequently decelerated by a pulsed drift cavity to 
an energy of 3.2 keV before being purified by the multireflection 
time-of-flight mass spectrometer (MR-ToF MS)17, where multiple 
passages between two electrostatic mirrors rapidly separate the 
short-lived indium ions from much more abundant molecules of 
approximately the same mass. For all investigated isotopes, surviving 
molecular ions 80–82Sr19F+ were predominant in the ISOLDE beam. 
After a typical trapping time of about 25 ms, a resolving power in 
excess of m/Δm = 105 was achieved. This combination of speed and 
high resolving power enables the MR-ToF MS to perform precise 
mass measurements of very short-lived species (Methods). Because 
of its low production yield of <10 ions per second, the mass of 99In 
was measured with this latter method only (see typical MR-ToF MS 
spectrum in Fig. 2).

The rate of 100In and 101In behind the MR-ToF MS was suffi-
cient to perform Penning-trap mass measurements. For 100In the 
conventional time-of-flight ion-cyclotron-resonance (ToF-ICR) 
technique was used (Methods and Extended Data Fig. 1). 
Even-N neutron-deficient indium isotopes are known to exhibit 
long-lived isomeric states lying a few hundred kiloelectron-volts 
above the corresponding ground state, owing to the close energy 
proximity between the πg9/2 and πp1/2 states and their large spin 
difference. As a result, the A = 101 indium beam delivered to 
ISOLTRAP was a mixture of two such states, so the phase-imaging 
ion-cyclotron-resonance (PI-ICR) technique18,19 had to be used to 
resolve them and ensure the accuracy of the ground-state mass 
value (Methods and Extended Data Fig. 1 for more details).

Table 1 summarizes our experimental results and compares them 
with the literature. The ISOLTRAP mass values for the ground and 
isomeric states of 101In agree well with averages obtained from refs. 11,12.  

The excitation energy is determined to be 668(11) keV, reducing the 
uncertainty by a factor of four. The ToF-ICR measurement of 101gIn 
is in excellent agreement with the value measured using PI-ICR. 
100In is found to be 130 keV more bound, while the mass uncertainty 
is improved by almost a factor of 90.

Since the 100Sn 2016 Atomic-Mass Evaluation (AME2016) mass 
excess value of −57,280(300) keV (ref. 20) is derived from that of 
100In and the β-decay energy of ref. 4, our 100In result improves the 
100Sn mass excess to −57,148(240) keV. However, combining our 
result with the more recently published β-decay Q-value (that is, the 
energy released in the decay) from ref. 5 yields a 100Sn mass excess of 
−56,488(160) keV. For both decay energies, the 100Sn mass is found 
to be more bound than previously inferred. In addition, the almost 
2 s.d. between the Q-values from refs. 4,5 yields 100Sn mass values that 
differ by 650 keV. We examine the consequences below and resolve 
this inconsistency.

Because the binding energy is a large quantity, finite differences 
are commonly used for assessing changes in nuclear structure 
from the mass surface. Shown in Fig. 2 (open grey symbols) is the 
two-neutron empirical shell gap defined as Δ2n(Z, N0) = ME(Z, N0 − 2
) − 2ME(Z, N0) + ME(Z, N0 + 2), where ME(Z, N0) = Matomic(Z, N0) – (Z 
+ N0) × u (atomic mass unit) is the mass excess of a nucleus with Z 
protons and a magic neutron number N0. It shows a local maximum 
at the crossing of a magic proton number, a phenomenon known as 
‘mutually enhanced magicity’21.

Since the lack of mass data for the N = 48 isotopes of In (Z = 49), 
Cd (Z = 48) and Ag (Z = 47) prevents derivation of this quan-
tity out to 100Sn, we adapt an approach proposed in ref. 22 using 
Δ2n(Z, N0 + 2), which is inversely correlated to Δ2n(Z, N0) (filled 
grey symbols in Fig. 2c). With this difference, a local minimum is 
observed because the binding energy of the magic neutron num-
ber appears in Δ2n(Z, N0 + 2) with opposite sign. The case of N = 28 
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Fig. 1 | High-precision mass measurements of neutron-deficient indium isotopes with ISOLTRAP. Radioactive atoms were produced by nuclear reactions 
of 1.4 GeV protons impinging on a thick lanthanum carbide target. Short-lived indium atoms diffusing from the target were selectively ionized using a 
two-step laser excitation scheme, provided by the ISOLDE RILIS, which excited one electron above the indium ionization potential (IP). The extracted ion 
beam was mass separated and injected into a radiofrequency quadrupole (RFQ) ion trap sitting on a high-voltage (HV) platform, where it was bunched 
and cooled. The beam was then processed by an MR-ToF MS to separate the indium ions from the isobaric contaminants. When the precision Penning 
trap was used for the mass measurement, further cooling and purification of the beam was achieved using a helium buffer-gas-filled preparation Penning 
trap. A position-sensitive microchannel plate (MCP) detector was used to record the time of flight and/or the position of the ion after ejection from 
the precision Penning trap. In the case of 99In, for which the production yield was too low, the MR-ToF MS was used to perform the mass measurement. 
Reference alkali ions were provided by the ISOLTRAP offline ion source (see text for details).
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is shown in Fig. 2 for illustration. Our data allows extending 
Δ2n(Z, N0 + 2) to Z = 49 (indium) and indicates a slight downward 
trend towards Z = 50 (Fig. 2 inset), as expected for a doubly magic 
100Sn. Eliminating the contribution of the 100In ground-state mass 
uncertainty in the calculation of the 100Sn mass directly allows to 
confront the nuclear-structure implications of the two Q-values 
from refs. 4,5, and a global picture now emerges for this region. As 
shown, the Q-value reported by Lubos et al.5 yields a 100Sn mass 
value that is at odds with the expected trend of Δ2n(Z, N0 + 2) to 
Z = 49 (open blue circle in the bottom panel of Fig. 2), whereas the 
value of Hinke et al.4 yields a 100Sn mass that agrees with the trend 
within experimental uncertainties and is in line with our observa-
tion for Z = 49. In other words, while the Q-value reported in ref. 
4 follows the expectation of a doubly magic 100Sn, the more recent 
(and higher-statistics) Q-value reported in ref. 5 yields a 100Sn mass 
value that suggests quite the opposite. Such a conclusion is at odds 
with ab initio many-body calculations as discussed below.

In recent years, there has been great progress advancing ab ini-
tio calculations in medium-mass nuclei23,24 up to the tin isotopes2 
based on modern nuclear forces derived from chiral effective field 
theory of the strong interaction. Most ab initio approaches are 
benchmarked on even–even nuclei, which are considerably simpler 
to compute, but this excludes from the benchmark effects that are 
only visible in odd nuclei. Among these are the single-particle states 
accessible to the unpaired nucleon and their interaction with the 
states of the even–even core, the blocking effect on pairing correla-
tions and, in the case of odd–odd nuclei, the residual interaction 
between the unpaired proton and neutron. The latter two give rise 
to an odd–even staggering (OES) of binding energies, which can 
be quantified by a three-point estimator. Odd systems thus provide 
a complementary and stringent testing ground for state-of-the-art 
theoretical approaches. Among ab initio approaches, the 
valence-space formulation of the in-medium similarity renor-
malization group (VS-IMSRG)25 is able to access a broad range of 
closed- and open-shell nuclei in the nuclear chart26. In addition, we 
will explore the shell-model coupled-cluster (SMCC) method27 in 
this region. Both the VS-IMSRG and coupled-cluster calculations 
provide access to a broad range of observables, such as ab initio cal-
culations of beta decays—up to 100Sn (ref. 3). The VS-IMSRG was 
also recently shown to adequately describe both OES of nuclear 
masses and charge radii in neutron-rich odd-Z copper (Z = 29) iso-
topes28. Here we present VS-IMSRG and SMCC results that allow 
direct comparisons with the odd-Z nuclides adjacent to the iconic 
100Sn nucleus.

We have performed cross-shell VS-IMSRG29 and SMCC calcula-
tions using the 1.8/2.0(EM) two-nucleon (NN) and three-nucleon 
(3N) interactions of ref. 30. This interaction is fitted to the proper-
ties of nuclear systems with only A = 2, 3 and 4 nucleons (with 3N 
couplings adjusted to reproduce the triton binding energy and the 
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Fig. 2 | Overview of the experimental results. Top: a typical A = 99 
MR-ToF MS spectrum obtained after 1,000 revolutions. The solid black 
lines represent the Gaussian fit probability density function scaled to the 
histogram within the used fit range. The blue band indicates the restricted 
fit range used for the 80Sr19F peak analysis. Middle: unbinned time-of-flight 
data used to perform the mass evaluation. The red vertical bars represent 
the uncertainty of the mean of the time-of-flight distributions at the ±1σ 
confidence level. An overview of the experimental data can be found in 
Methods. Bottom: Δ2n(Z, N0) as a function of Z for N0 = 28 and N0 =50 
(open grey symbols). The filled grey symbols show the corresponding value 
of the quantity Δ2n(Z, N0 + 2). At Z = 50, the filled red circle corresponds to 
the value of Δ2n(Z, N0 + 2) calculated using the masses from this work and 
the β-decay energy from ref. 4 and the open blue circle uses the value from 
ref. 5. The inset shows a 2.5-fold magnification of the Δ2n(Z, N0 + 2) curve 
from Z = 44 to 50. The error bars represent 1 s.d. The dashed vertical lines 
indicate the magic proton numbers 20, 28 and 50.

Table 1 | Summary of the mass values obtained in this work

 Isotope Half-life (s) Method Ref. nuclides Ratio rref,x or CToF Me (keV) this work Me (keV) literature
99In 3.1(2) MR-ToF MS 80Sr19F+/85Rb+ CToF = 0.50076578(567) −61,429(77) −61,380a(300a)
100In 5.83(17) MR-ToF MS 81Sr19F+/85Rb+ CToF = 0.50060677(139) −64,187(20) −64,310(180)

ToF-ICR 85Rb+ rref,x = 1.1768824946(283) −64,178.2(22)
101gIn 15.1(11) ToF-ICR 85Rb+ rref,x = 1.1886042835(590) −68,545.4(47) −68,545(12)

PI-ICR 82Sr19F+ rref,x = 1.0000952633(432) −68,542.5(69)
101mIn 10# PI-ICR 82Sr19F+ rref,x = 1.0001023696(659) −67,874.5(83) −67,907(36)

Columns 1–7: isotope, half-life39, measurement method, reference (Ref.) nuclides used for the calibration, experimental frequency ratio rref,x or time-of-flight constant CToF, and the resulting ME = M (atomic 
mass) – A (atomic mass number) × u (atomic mass unit) from this work and the literature. The results from AME201620 are listed for 99,100In (aextrapolated mass value). For 101g,mIn, the values are the weighted 
averages of two recent measurements performed at the FRS Ion Catcher at GSI11 and at the CSRe in Lanzhou12. The atomic-mass values of the reference nuclides are m(85Rb) = 84,911,789.738(5) μu, 
m(81Sr19F) = 99,921,615(3) μu, m(82Sr19F) = 100,916,803(6) μu (from AME2016). The mass of the 80Sr19F reference was also measured during this run with the ToF-ICR technique using 85Rb as reference, 
yielding a frequency ratio rref,x = 1.1650090659(365); as a result, the corresponding m(80Sr19F) = 98,922,914(3) μu was used.
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The ions were first accumulated in ISOLTRAP’s linear radio-
frequency quadrupole cooler and buncher trap16. The extracted 
bunches were subsequently decelerated by a pulsed drift cavity to 
an energy of 3.2 keV before being purified by the multireflection 
time-of-flight mass spectrometer (MR-ToF MS)17, where multiple 
passages between two electrostatic mirrors rapidly separate the 
short-lived indium ions from much more abundant molecules of 
approximately the same mass. For all investigated isotopes, surviving 
molecular ions 80–82Sr19F+ were predominant in the ISOLDE beam. 
After a typical trapping time of about 25 ms, a resolving power in 
excess of m/Δm = 105 was achieved. This combination of speed and 
high resolving power enables the MR-ToF MS to perform precise 
mass measurements of very short-lived species (Methods). Because 
of its low production yield of <10 ions per second, the mass of 99In 
was measured with this latter method only (see typical MR-ToF MS 
spectrum in Fig. 2).

The rate of 100In and 101In behind the MR-ToF MS was suffi-
cient to perform Penning-trap mass measurements. For 100In the 
conventional time-of-flight ion-cyclotron-resonance (ToF-ICR) 
technique was used (Methods and Extended Data Fig. 1). 
Even-N neutron-deficient indium isotopes are known to exhibit 
long-lived isomeric states lying a few hundred kiloelectron-volts 
above the corresponding ground state, owing to the close energy 
proximity between the πg9/2 and πp1/2 states and their large spin 
difference. As a result, the A = 101 indium beam delivered to 
ISOLTRAP was a mixture of two such states, so the phase-imaging 
ion-cyclotron-resonance (PI-ICR) technique18,19 had to be used to 
resolve them and ensure the accuracy of the ground-state mass 
value (Methods and Extended Data Fig. 1 for more details).

Table 1 summarizes our experimental results and compares them 
with the literature. The ISOLTRAP mass values for the ground and 
isomeric states of 101In agree well with averages obtained from refs. 11,12.  

The excitation energy is determined to be 668(11) keV, reducing the 
uncertainty by a factor of four. The ToF-ICR measurement of 101gIn 
is in excellent agreement with the value measured using PI-ICR. 
100In is found to be 130 keV more bound, while the mass uncertainty 
is improved by almost a factor of 90.

Since the 100Sn 2016 Atomic-Mass Evaluation (AME2016) mass 
excess value of −57,280(300) keV (ref. 20) is derived from that of 
100In and the β-decay energy of ref. 4, our 100In result improves the 
100Sn mass excess to −57,148(240) keV. However, combining our 
result with the more recently published β-decay Q-value (that is, the 
energy released in the decay) from ref. 5 yields a 100Sn mass excess of 
−56,488(160) keV. For both decay energies, the 100Sn mass is found 
to be more bound than previously inferred. In addition, the almost 
2 s.d. between the Q-values from refs. 4,5 yields 100Sn mass values that 
differ by 650 keV. We examine the consequences below and resolve 
this inconsistency.

Because the binding energy is a large quantity, finite differences 
are commonly used for assessing changes in nuclear structure 
from the mass surface. Shown in Fig. 2 (open grey symbols) is the 
two-neutron empirical shell gap defined as Δ2n(Z, N0) = ME(Z, N0 − 2
) − 2ME(Z, N0) + ME(Z, N0 + 2), where ME(Z, N0) = Matomic(Z, N0) – (Z 
+ N0) × u (atomic mass unit) is the mass excess of a nucleus with Z 
protons and a magic neutron number N0. It shows a local maximum 
at the crossing of a magic proton number, a phenomenon known as 
‘mutually enhanced magicity’21.

Since the lack of mass data for the N = 48 isotopes of In (Z = 49), 
Cd (Z = 48) and Ag (Z = 47) prevents derivation of this quan-
tity out to 100Sn, we adapt an approach proposed in ref. 22 using 
Δ2n(Z, N0 + 2), which is inversely correlated to Δ2n(Z, N0) (filled 
grey symbols in Fig. 2c). With this difference, a local minimum is 
observed because the binding energy of the magic neutron num-
ber appears in Δ2n(Z, N0 + 2) with opposite sign. The case of N = 28 

Offline reference
ion source

RFQ cooler and buncher MR-ToF MS

ToF detector

Preparation 
Penning trap

Position-sensitive
MCP

Measurement
Penning trap

LaCx target
Ion source

High-resolution
mass separator

RILIS
ionization scheme

5s25p2P1/2

5s25d2D3/2

532 nm

304.023 nm

In

IP: 5.7864 eV

HV platform at 40 kV 3.2 keV

<100 eV

40 keV electrostatic
transport

Non-isobaric
contaminant ions/atoms

Isobaric
contaminant ions/atoms

Neutron-deficient indium
ions/atoms

1.4 GeV proton beam

Kinetic energy reduction
stages

Fig. 1 | High-precision mass measurements of neutron-deficient indium isotopes with ISOLTRAP. Radioactive atoms were produced by nuclear reactions 
of 1.4 GeV protons impinging on a thick lanthanum carbide target. Short-lived indium atoms diffusing from the target were selectively ionized using a 
two-step laser excitation scheme, provided by the ISOLDE RILIS, which excited one electron above the indium ionization potential (IP). The extracted ion 
beam was mass separated and injected into a radiofrequency quadrupole (RFQ) ion trap sitting on a high-voltage (HV) platform, where it was bunched 
and cooled. The beam was then processed by an MR-ToF MS to separate the indium ions from the isobaric contaminants. When the precision Penning 
trap was used for the mass measurement, further cooling and purification of the beam was achieved using a helium buffer-gas-filled preparation Penning 
trap. A position-sensitive microchannel plate (MCP) detector was used to record the time of flight and/or the position of the ion after ejection from 
the precision Penning trap. In the case of 99In, for which the production yield was too low, the MR-ToF MS was used to perform the mass measurement. 
Reference alkali ions were provided by the ISOLTRAP offline ion source (see text for details).
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Extended Data Fig. 1 | See next page for caption.
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The ions were first accumulated in ISOLTRAP’s linear radio-
frequency quadrupole cooler and buncher trap16. The extracted 
bunches were subsequently decelerated by a pulsed drift cavity to 
an energy of 3.2 keV before being purified by the multireflection 
time-of-flight mass spectrometer (MR-ToF MS)17, where multiple 
passages between two electrostatic mirrors rapidly separate the 
short-lived indium ions from much more abundant molecules of 
approximately the same mass. For all investigated isotopes, surviving 
molecular ions 80–82Sr19F+ were predominant in the ISOLDE beam. 
After a typical trapping time of about 25 ms, a resolving power in 
excess of m/Δm = 105 was achieved. This combination of speed and 
high resolving power enables the MR-ToF MS to perform precise 
mass measurements of very short-lived species (Methods). Because 
of its low production yield of <10 ions per second, the mass of 99In 
was measured with this latter method only (see typical MR-ToF MS 
spectrum in Fig. 2).

The rate of 100In and 101In behind the MR-ToF MS was suffi-
cient to perform Penning-trap mass measurements. For 100In the 
conventional time-of-flight ion-cyclotron-resonance (ToF-ICR) 
technique was used (Methods and Extended Data Fig. 1). 
Even-N neutron-deficient indium isotopes are known to exhibit 
long-lived isomeric states lying a few hundred kiloelectron-volts 
above the corresponding ground state, owing to the close energy 
proximity between the πg9/2 and πp1/2 states and their large spin 
difference. As a result, the A = 101 indium beam delivered to 
ISOLTRAP was a mixture of two such states, so the phase-imaging 
ion-cyclotron-resonance (PI-ICR) technique18,19 had to be used to 
resolve them and ensure the accuracy of the ground-state mass 
value (Methods and Extended Data Fig. 1 for more details).

Table 1 summarizes our experimental results and compares them 
with the literature. The ISOLTRAP mass values for the ground and 
isomeric states of 101In agree well with averages obtained from refs. 11,12.  

The excitation energy is determined to be 668(11) keV, reducing the 
uncertainty by a factor of four. The ToF-ICR measurement of 101gIn 
is in excellent agreement with the value measured using PI-ICR. 
100In is found to be 130 keV more bound, while the mass uncertainty 
is improved by almost a factor of 90.

Since the 100Sn 2016 Atomic-Mass Evaluation (AME2016) mass 
excess value of −57,280(300) keV (ref. 20) is derived from that of 
100In and the β-decay energy of ref. 4, our 100In result improves the 
100Sn mass excess to −57,148(240) keV. However, combining our 
result with the more recently published β-decay Q-value (that is, the 
energy released in the decay) from ref. 5 yields a 100Sn mass excess of 
−56,488(160) keV. For both decay energies, the 100Sn mass is found 
to be more bound than previously inferred. In addition, the almost 
2 s.d. between the Q-values from refs. 4,5 yields 100Sn mass values that 
differ by 650 keV. We examine the consequences below and resolve 
this inconsistency.

Because the binding energy is a large quantity, finite differences 
are commonly used for assessing changes in nuclear structure 
from the mass surface. Shown in Fig. 2 (open grey symbols) is the 
two-neutron empirical shell gap defined as Δ2n(Z, N0) = ME(Z, N0 − 2
) − 2ME(Z, N0) + ME(Z, N0 + 2), where ME(Z, N0) = Matomic(Z, N0) – (Z 
+ N0) × u (atomic mass unit) is the mass excess of a nucleus with Z 
protons and a magic neutron number N0. It shows a local maximum 
at the crossing of a magic proton number, a phenomenon known as 
‘mutually enhanced magicity’21.

Since the lack of mass data for the N = 48 isotopes of In (Z = 49), 
Cd (Z = 48) and Ag (Z = 47) prevents derivation of this quan-
tity out to 100Sn, we adapt an approach proposed in ref. 22 using 
Δ2n(Z, N0 + 2), which is inversely correlated to Δ2n(Z, N0) (filled 
grey symbols in Fig. 2c). With this difference, a local minimum is 
observed because the binding energy of the magic neutron num-
ber appears in Δ2n(Z, N0 + 2) with opposite sign. The case of N = 28 
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Fig. 1 | High-precision mass measurements of neutron-deficient indium isotopes with ISOLTRAP. Radioactive atoms were produced by nuclear reactions 
of 1.4 GeV protons impinging on a thick lanthanum carbide target. Short-lived indium atoms diffusing from the target were selectively ionized using a 
two-step laser excitation scheme, provided by the ISOLDE RILIS, which excited one electron above the indium ionization potential (IP). The extracted ion 
beam was mass separated and injected into a radiofrequency quadrupole (RFQ) ion trap sitting on a high-voltage (HV) platform, where it was bunched 
and cooled. The beam was then processed by an MR-ToF MS to separate the indium ions from the isobaric contaminants. When the precision Penning 
trap was used for the mass measurement, further cooling and purification of the beam was achieved using a helium buffer-gas-filled preparation Penning 
trap. A position-sensitive microchannel plate (MCP) detector was used to record the time of flight and/or the position of the ion after ejection from 
the precision Penning trap. In the case of 99In, for which the production yield was too low, the MR-ToF MS was used to perform the mass measurement. 
Reference alkali ions were provided by the ISOLTRAP offline ion source (see text for details).
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Extended Data Fig. 1 | See next page for caption.
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The ions were first accumulated in ISOLTRAP’s linear radio-
frequency quadrupole cooler and buncher trap16. The extracted 
bunches were subsequently decelerated by a pulsed drift cavity to 
an energy of 3.2 keV before being purified by the multireflection 
time-of-flight mass spectrometer (MR-ToF MS)17, where multiple 
passages between two electrostatic mirrors rapidly separate the 
short-lived indium ions from much more abundant molecules of 
approximately the same mass. For all investigated isotopes, surviving 
molecular ions 80–82Sr19F+ were predominant in the ISOLDE beam. 
After a typical trapping time of about 25 ms, a resolving power in 
excess of m/Δm = 105 was achieved. This combination of speed and 
high resolving power enables the MR-ToF MS to perform precise 
mass measurements of very short-lived species (Methods). Because 
of its low production yield of <10 ions per second, the mass of 99In 
was measured with this latter method only (see typical MR-ToF MS 
spectrum in Fig. 2).
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Fig. 1 | High-precision mass measurements of neutron-deficient indium isotopes with ISOLTRAP. Radioactive atoms were produced by nuclear reactions 
of 1.4 GeV protons impinging on a thick lanthanum carbide target. Short-lived indium atoms diffusing from the target were selectively ionized using a 
two-step laser excitation scheme, provided by the ISOLDE RILIS, which excited one electron above the indium ionization potential (IP). The extracted ion 
beam was mass separated and injected into a radiofrequency quadrupole (RFQ) ion trap sitting on a high-voltage (HV) platform, where it was bunched 
and cooled. The beam was then processed by an MR-ToF MS to separate the indium ions from the isobaric contaminants. When the precision Penning 
trap was used for the mass measurement, further cooling and purification of the beam was achieved using a helium buffer-gas-filled preparation Penning 
trap. A position-sensitive microchannel plate (MCP) detector was used to record the time of flight and/or the position of the ion after ejection from 
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is shown in Fig. 2 for illustration. Our data allows extending 
Δ2n(Z, N0 + 2) to Z = 49 (indium) and indicates a slight downward 
trend towards Z = 50 (Fig. 2 inset), as expected for a doubly magic 
100Sn. Eliminating the contribution of the 100In ground-state mass 
uncertainty in the calculation of the 100Sn mass directly allows to 
confront the nuclear-structure implications of the two Q-values 
from refs. 4,5, and a global picture now emerges for this region. As 
shown, the Q-value reported by Lubos et al.5 yields a 100Sn mass 
value that is at odds with the expected trend of Δ2n(Z, N0 + 2) to 
Z = 49 (open blue circle in the bottom panel of Fig. 2), whereas the 
value of Hinke et al.4 yields a 100Sn mass that agrees with the trend 
within experimental uncertainties and is in line with our observa-
tion for Z = 49. In other words, while the Q-value reported in ref. 
4 follows the expectation of a doubly magic 100Sn, the more recent 
(and higher-statistics) Q-value reported in ref. 5 yields a 100Sn mass 
value that suggests quite the opposite. Such a conclusion is at odds 
with ab initio many-body calculations as discussed below.

In recent years, there has been great progress advancing ab ini-
tio calculations in medium-mass nuclei23,24 up to the tin isotopes2 
based on modern nuclear forces derived from chiral effective field 
theory of the strong interaction. Most ab initio approaches are 
benchmarked on even–even nuclei, which are considerably simpler 
to compute, but this excludes from the benchmark effects that are 
only visible in odd nuclei. Among these are the single-particle states 
accessible to the unpaired nucleon and their interaction with the 
states of the even–even core, the blocking effect on pairing correla-
tions and, in the case of odd–odd nuclei, the residual interaction 
between the unpaired proton and neutron. The latter two give rise 
to an odd–even staggering (OES) of binding energies, which can 
be quantified by a three-point estimator. Odd systems thus provide 
a complementary and stringent testing ground for state-of-the-art 
theoretical approaches. Among ab initio approaches, the 
valence-space formulation of the in-medium similarity renor-
malization group (VS-IMSRG)25 is able to access a broad range of 
closed- and open-shell nuclei in the nuclear chart26. In addition, we 
will explore the shell-model coupled-cluster (SMCC) method27 in 
this region. Both the VS-IMSRG and coupled-cluster calculations 
provide access to a broad range of observables, such as ab initio cal-
culations of beta decays—up to 100Sn (ref. 3). The VS-IMSRG was 
also recently shown to adequately describe both OES of nuclear 
masses and charge radii in neutron-rich odd-Z copper (Z = 29) iso-
topes28. Here we present VS-IMSRG and SMCC results that allow 
direct comparisons with the odd-Z nuclides adjacent to the iconic 
100Sn nucleus.

We have performed cross-shell VS-IMSRG29 and SMCC calcula-
tions using the 1.8/2.0(EM) two-nucleon (NN) and three-nucleon 
(3N) interactions of ref. 30. This interaction is fitted to the proper-
ties of nuclear systems with only A = 2, 3 and 4 nucleons (with 3N 
couplings adjusted to reproduce the triton binding energy and the 
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Fig. 2 | Overview of the experimental results. Top: a typical A = 99 
MR-ToF MS spectrum obtained after 1,000 revolutions. The solid black 
lines represent the Gaussian fit probability density function scaled to the 
histogram within the used fit range. The blue band indicates the restricted 
fit range used for the 80Sr19F peak analysis. Middle: unbinned time-of-flight 
data used to perform the mass evaluation. The red vertical bars represent 
the uncertainty of the mean of the time-of-flight distributions at the ±1σ 
confidence level. An overview of the experimental data can be found in 
Methods. Bottom: Δ2n(Z, N0) as a function of Z for N0 = 28 and N0 =50 
(open grey symbols). The filled grey symbols show the corresponding value 
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Table 1 | Summary of the mass values obtained in this work

 Isotope Half-life (s) Method Ref. nuclides Ratio rref,x or CToF Me (keV) this work Me (keV) literature
99In 3.1(2) MR-ToF MS 80Sr19F+/85Rb+ CToF = 0.50076578(567) −61,429(77) −61,380a(300a)
100In 5.83(17) MR-ToF MS 81Sr19F+/85Rb+ CToF = 0.50060677(139) −64,187(20) −64,310(180)

ToF-ICR 85Rb+ rref,x = 1.1768824946(283) −64,178.2(22)
101gIn 15.1(11) ToF-ICR 85Rb+ rref,x = 1.1886042835(590) −68,545.4(47) −68,545(12)

PI-ICR 82Sr19F+ rref,x = 1.0000952633(432) −68,542.5(69)
101mIn 10# PI-ICR 82Sr19F+ rref,x = 1.0001023696(659) −67,874.5(83) −67,907(36)

Columns 1–7: isotope, half-life39, measurement method, reference (Ref.) nuclides used for the calibration, experimental frequency ratio rref,x or time-of-flight constant CToF, and the resulting ME = M (atomic 
mass) – A (atomic mass number) × u (atomic mass unit) from this work and the literature. The results from AME201620 are listed for 99,100In (aextrapolated mass value). For 101g,mIn, the values are the weighted 
averages of two recent measurements performed at the FRS Ion Catcher at GSI11 and at the CSRe in Lanzhou12. The atomic-mass values of the reference nuclides are m(85Rb) = 84,911,789.738(5) μu, 
m(81Sr19F) = 99,921,615(3) μu, m(82Sr19F) = 100,916,803(6) μu (from AME2016). The mass of the 80Sr19F reference was also measured during this run with the ToF-ICR technique using 85Rb as reference, 
yielding a frequency ratio rref,x = 1.1650090659(365); as a result, the corresponding m(80Sr19F) = 98,922,914(3) μu was used.
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Origin of the heavy elements in binary neutron-star 
mergers from a gravitational-wave event
Daniel Kasen1,2, brian metzger3, Jennifer barnes3, Eliot Quataert1 & Enrico Ramirez-Ruiz4,5

The cosmic origin of elements heavier than iron has long been 
uncertain. Theoretical modelling1–7 shows that the matter that is 
expelled in the violent merger of two neutron stars can assemble 
into heavy elements such as gold and platinum in a process 
known as rapid neutron capture (r-process) nucleosynthesis. The 
radioactive decay of isotopes of the heavy elements is predicted8–12 
to power a distinctive thermal glow (a ‘kilonova’). The discovery 
of an electromagnetic counterpart to the gravitational-wave 
source13 GW170817 represents the first opportunity to detect and 
scrutinize a sample of freshly synthesized r-process elements14–18. 
Here we report models that predict the electromagnetic emission of 
kilonovae in detail and enable the mass, velocity and composition 
of ejecta to be derived from observations. We compare the models 
to the optical and infrared radiation associated with the GW170817 
event to argue that the observed source is a kilonova. We infer 
the presence of two distinct components of ejecta, one composed 
primarily of light (atomic mass number less than 140) and one of 
heavy (atomic mass number greater than 140) r-process elements. 
The ejected mass and a merger rate inferred from GW170817 imply 
that such mergers are a dominant mode of r-process production in 
the Universe.

The discovery13 by the LIGO–Virgo experiments of gravitational 
waves from inspiralling neutron stars triggered an extensive campaign 
of follow-up observations, and the detection of counterpart emission 
across the electromagnetic spectrum. At optical and infrared wave-
lengths, the counterpart to GW170817 (originally announced by the 
Swope team18 and called ‘SSS17a’, and hereafter referred to by its IAU 

designation AT 2017gfo) has properties that differ from previously 
known astrophysical transients. A day after the merger, the source was 
optically bright (with luminosity of about 108 times that of the Sun 
at wavelengths of about 0.5 μ m), but it faded rapidly within days14–16. 
Meanwhile, the emission in the infrared (1–3 μ m) remained bright for 
nearly two weeks15–19. The spectra of AT 2017gfo were quasi-blackbody, 
suggestive of a thermal source20,21.

The characteristics of AT 2017gfo—its rapid optical evolution8, long-
lived infrared emission11,12 and luminosity consistent with radioactive 
r-process heating9,10—resemble theoretical predictions for kilonovae. 
To explore this identification, we present here a survey of models of the 
radioactive aftermath of a neutron-star merger. The key parameters of 
the models are the ejected mass M, characteristic expansion velocity vk, 
and the composition of ejected matter. The ejecta is freely expanding  
(radius equal to the product of velocity and time, R =  vt) and the 
 density profile is described by a broken power law (see Methods). We 
synthesize model observables by numerically solving the Boltzmann 
equation for relativistic radiation transport in a radioactive plasma. We 
self-consistently calculate the thermal and ionization/excitation state of 
the ejecta and derive the wavelength-dependent opacity and emissivity 
using atomic-structure model data for multiple ions (see Methods). 
The validity of the transport method has been established by previous 
modelling of supernovae of all types.

We explore models motivated by general-relativistic simulations of 
mergers, which identify two distinct mechanisms for mass ejection 
(see Fig. 1). First, matter may be dynamically expelled on a timescale 
of milliseconds during the merger itself. Tidal forces peel matter from 

1Departments of Physics and Astronomy, and Theoretical Astrophysics Center, University of California, Berkeley, California 94720-7300, USA. 2Nuclear Science Division, Lawrence Berkeley 
National Laboratory, Berkeley, California 94720-8169, USA. 3Department of Physics and Columbia Astrophysics Laboratory, Columbia University, New York, New York 10027, USA. 4Department of 
Astronomy, University of Santa Cruz, California, USA. 5DARK, Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark.
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Figure 1 | Schematic illustration of the components of matter ejected 
from neutron-star mergers. Red colours denote regions of heavy 
r-process elements, which radiate red/infrared light. Blue colours denote 
regions of light r-process elements which radiate blue/optical light. During 
the merger, tidal forces peel off tails of matter, forming a torus of heavy 
r-process ejecta in the plane of the binary. Material squeezed into the 
polar regions during the stellar collision can form a cone of light r-process 
material. Roughly spherical winds from a remnant accretion disk can also 

contribute, and are sensitive to the fate of the central merger remnant.  
a, If the remnant survives as a hot neutron star for tens of milliseconds, its 
neutrino irradiation lowers the neutron fraction and produces a blue wind. 
b, If the remnant collapses promptly to a black hole, neutrino irradiation 
is suppressed and the winds may be red. c, In the merger of a neutron star 
and a black hole, only a single tidal tail is ejected and the disk winds are 
more likely to be red.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86–126 101

Fig. 13. Nuclei that significantly impact final r-process abundances in four astrophysical conditions (a) low entropy hot wind, (b) high entropy hot wind,
(c) cold wind and (d) neutron star merger. More influential nuclei are shaded darker, denoting a larger maximum impact parameter, F from the ±500 keV
mass uncertainty. Light gray shading denotes the extent of measured masses from the latest AME with stable nuclei colored black. Estimated neutron-rich
accessibility limit shown by a black line for FRIBwith intensity of 10−4 particles per second [206]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Source: Simulation data from [184].

while individual β-decay rates and β-delayed neutron emission probabilities govern the details of the nuclear flow back
to stability. Nuclei with large F measures in Fig. 13 for this region of the nuclear chart have masses that impact r-process
freezeout through their leverage on one or more of these properties.

5.2. β-decay properties and neutron capture rates

The impact of individual β-decay properties and neutron capture rates on the r process is addressed in part in the mass
sensitivity studies described above. However the uncertainties in these quantities are not just due to the nuclearmass inputs.
Mass variations of ±500 keV produce changes to β-decay and neutron capture rates of factors of 2–5 [184]. Much larger
uncertainties come from unknown nuclear structure information, as discussed in Section 3.

Separate sensitivity studies that address these larger uncertainties have been performed for β-decay rates [122,127],
β-delayed neutron emission probabilities [128], and neutron capture rates [124–126,122]. Sample results from these studies
are shown for β-decay rates in Fig. 14, β-delayed neutron emission probabilities in Fig. 15, and neutron capture rates in
Fig. 16. They start from the same four sets of astrophysical conditions as in Fig. 13, but use slightly different nuclear inputs,

Neutron star merger

M.R. Mumpower et al., Prog. Part. Nucl. Phys. 86, 86126 (2016)
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efforts have been devoted to improve the production yields
and selectivity of exotic nuclear species, as well as the
sensitivity of experimental mass spectrometry.
In this Letter, we report the precision mass measurement

of the closed shell nuclide 130Cd, previously investigated by
beta-gamma-decay spectroscopy [11], as well as the first
mass determinations of its neighboring isotopes, allowing
further examination of the strength of the N ¼ 82 shell
closure beyond the doubly magic 132Sn. In addition to the
inherent interest in doubly magic nuclides, the high abun-
dances of isotopes around magic numbers make their
associated nucleosynthesis sensitive to nuclear physics
input, particularly the A ¼ 130 region, as shown by sys-
tematic studies [12].
The new mass measurements were performed at the on-

line radioactive ion beam facility ISOLDE/CERN [13]
using the ISOLTRAP mass spectrometer. The ISOLTRAP
setup consists of a linear segmented radio-frequency quad-
rupole trap (RFQ), a multireflection time-of-flight mass
separator (MR-TOF MS), a preparation, and a precision
Penning trap, each of the latter two placed in the center of a
superconducting magnet [14–16]. Depending on the half-
life and production yield of the ion of interest, the mass
determination is performed either by the time-of-flight ion-
cyclotron resonance technique (TOF-ICR) using the pre-
cision Penning trap [17] or by performing the time-of-flight
mass spectrometry with the MR-TOF MS [18].
Over the past three decades, TOF-ICR has proven to be

the method of choice in the context of precision mass
measurements of short-lived isotopes [19]. The method is
based on the precise measurement of the cyclotron fre-
quency [νc ¼ qB=ð2πmÞ] of an ion with mass m and
charge q confined in a magnetic field with strength B.
The calibration of B is performed before and after a
measurement of the isotope of interest via the cyclotron
frequency νc;ref of a reference isotope with a well-known
mass. The frequency ratio r ¼ νc;ref=νc then yields directly
the mass ratio and allows determining the mass of the ion of
interest [20]. The MR-TOF MS recently implemented at
ISOLTRAP [15,21] relies on the determination of the ions’
flight time (t) after multiple revolutions between two
electrostatic mirrors. The time of flight of an ion with
mass m is given by t ¼ αðm=qÞ1=2 þ β, where the two
parameters α and β are determined by the flight times t1;2 of
reference isotopes with well-known masses m1;2, respec-
tively. Substituting α and β in the previous formula leads to
a more general relation for the mass of interest:

ffiffiffiffi

m
p ¼ CTOFð

ffiffiffiffiffiffi

m1

p
−

ffiffiffiffiffiffi

m2

p Þ þ 0.5ð ffiffiffiffiffiffi

m1

p þ ffiffiffiffiffiffi

m2

p Þ;
where CTOF ¼ ð2t − t1 − t2Þ=½2ðt1 − t2Þ� is the experimen-
tal time-of-flight ratio [21].
The 129–131Cd isotopes were produced by neutron-

induced fission in a 50 g=cm2 uranium-carbide target.
The neutrons were created by a pulsed proton beam with
an energy of 1.4 GeV impinging on a tungsten rod [22]. The

resulting cadmium atoms diffused out of the heated target
through a transfer line to an ion source. A quartz insert in
the transfer line reduced the abundantly produced cesium
and indium contamination [23]. Element-selective, step-
wise resonant photoionization was performed by tunable
laser radiation [24]. The cadmium ion beam was then
transported towards ISOLTRAP at a kinetic energy of
30 keV through the two-stage high-resolution mass sepa-
rator. The beam entering ISOLTRAP was accumulated in
the RFQ, where it was bunched and cooled via collisions
with helium buffer gas for 20 ms. The ion bunch was then
extracted, and prior to injection in the MR-TOF MS its
energy was adjusted by a pulsed drift cavity to the beam
line potential. Ions were then captured in the MR-TOF MS
by use of the in-trap lift technique [25]. After a trapping
time for sufficient separation between the ions of interest
and the remaining contaminants, the ions were transported
either to the Penning traps or to an ion detector.
For the cases of 129;130Cdþ, the MR-TOF MS was

employed to provide purified samples for the Penning
traps with trapping times of 1.37 and 13.71 ms, respec-
tively. In the preparation Penning trap, the ions were cooled
and recentered for 80 ms in a helium buffer-gas environ-
ment. Afterwards, the ion bunch was transported to the
precision Penning trap for the TOF-ICR measurement with
a Ramsey-type excitation [26]. The excitation timing
patterns (τonrf –τ

off
rf –τ

on
rf ) used in this experiment were 20-

160-20 ms (for A ¼ 129) and 10-80-10 ms (for A ¼ 130).
An example of a TOF-ICR resonance curve is presented in

FIG. 1 (color online). Upper panel: A typical spectrum showing
the TOF-ICR resonance of 130Cdþ ions using a Ramsey-type
excitation scheme [26]. The line represents a fit to the data points
where the center frequency corresponds to the cyclotron fre-
quency. Lower panel: MR-TOFmass spectrum, i.e., the number of
events as a function of the flight times of 131Csþ and 131Cdþ.
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in multiple astrophysical conditions. In all scenarios, the
masses of nuclei in the region of the N = 82, Z = 50 dou-
ble shell closure, particularly those with Z � 50, were found
to be of great importance for calculating r-process abun-
dances. This is due to the bottleneck in the r-process reaction
flow known to occur near the double shell closure, which
leads to the second r-process abundance peak around mass
A = 130 [1].

As of the most recent atomic mass evaluation, the
AME2016 [3], masses of many neutron-rich indium (Z = 49)
isotopes in this region were not well known. Only the masses
of 129−131In had been measured directly, with 129,131In mea-
sured using the JYFLTRAP Penning trap [4] and 130,131In
measured using the Canadian Penning Trap (CPT) [5]. In
the CPT measurements, an unknown mixture of ground and
isomeric states was observed, and the reported 131In mass
differed from the JYFLTRAP value by 149 keV. Furthermore,
these Penning trap measurements of indium isotopes and other
masses in that region frequently found deviations of more than
100 keV from masses determined indirectly via β end-point
measurements, which suggested a systematic error in the β

end-point derived masses (see, for example, the discussion in
Refs. [5,6]), additionally demonstrating the need for accurate,
direct mass measurements.

More recently, a series of high-precision Penning trap mass
measurements was carried out at TRIUMF’s Ion Trap for
Atomic and Nuclear Science (TITAN) [7], measuring the
masses of indium ground states and several long-lived (t1/2 >

100 ms) isomers from A = 125 to 130 [8]. JYFLTRAP has
also recently reported new Penning trap mass measurements
of 128,130In [9], including the observation of a new isomeric
state for 128In and resolving a low-lying isomer for 130In that
was not resolved in the previous CPT or TITAN measure-
ments.

The work reported here is a continuation of the cam-
paign to measure the masses of neutron-rich indium isotopes
in this region, now taking advantage of the addition of
a multiple-reflection time-of-flight mass spectrometer (MR-
TOF-MS) [10,11] to the suite of ion traps available at TITAN.
The high sensitivity of the TITAN MR-TOF-MS and the abil-
ity to cope with extreme signal-to-background ratios allowed
these measurements to proceed several mass units further
away from stability, now measuring out as far as 134In. This
marks the first mass measurements of 133,134In and the first
direct mass measurement of 132In.

In total, ten mass units were covered from A = 125 to 134
so that the MR-TOF-MS measurements could be bench-
marked against the Penning trap measurements previously
published from TITAN, JYFLTRAP, and CPT [4,5,8]. A pre-
cision of δm

m ≈ 3 × 10−7 (corresponding to an uncertainty
≈40 keV for the measured mass range) was achieved in
most cases, and the MR-TOF-MS reached three neutron-rich
indium isotopes further from stability than any Penning trap
measurement to date. Furthermore, the MR-TOF-MS mea-
surements included several high-lying isomeric states that
were not seen in the narrower mass range of the TITAN
Penning trap measurements. In some cases the MR-TOF-MS
measurements of the excitation energies of these high-lying
isomers have smaller uncertainties than the current litera-

FIG. 1. Schematic overview of the TITAN experimental devices
used for this work.

ture values obtained from spectroscopy measurements. These
measurements and their impact for the astrophysical r process
are discussed in the following sections.

II. EXPERIMENT

A schematic overview of the TITAN facility is presented
in Fig. 1. The neutron-rich indium isotopes measured in this
work were produced at the Isotope Separator and Accelerator
(ISAC) facility [12] at TRIUMF. A uranium carbide target was
bombarded with a 10-μA proton beam at an energy of 480
MeV, and the extracted indium isotopes were selectively ion-
ized using the ion-guide laser ion source (IG-LIS) [13]. The
IG-LIS suppresses surface ions with an electrostatic potential
barrier and extracts the ions created by laser ionization beyond
the barrier through a radio-frequency quadrupole (RFQ) to
guide them toward the extraction. The desired mass unit was
selected using the ISAC mass separator [14], and the radioac-
tive beam was then delivered to the TITAN facility [7], where
it was cooled and bunched in a linear RFQ [15] filled with
helium buffer gas. Ion bunches ≈1 μs in length were then
sent to the MR-TOF-MS at a rate of 50 Hz.

The TITAN MR-TOF-MS is based on the design of the sys-
tem used by the Giessen-GSI collaboration [16,17] and uses
the time-of-flight method [18,19] to determine the masses
of singly charged ions of interest from the relative time
of flight compared to some reference ions of well-known
mass. The MR-TOF-MS consists of a helium-filled rf trans-
port system and injection trap, an electrostatic time-of-flight
mass analyzer, and a MagneTOF detector [11]. Cooled ion
bunches from the TITAN RFQ undergo additional cooling
in the rf transport and injection sections and then enter
the mass analyzer section, where they are reflected between
two electrostatic mirrors [20] to achieve a long path length
for time-of-flight separation in a relatively compact space.
A mass-range selector [17,21] is used in the analyzer to
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FIG. 2. Mass spectrum for A = 128 with lasers on (tuned on
indium, solid line) and one laser transition blocked (dashed line).
When the laser is blocked, the indium peaks disappear, providing
peak identification verification.

deflect any particle outside the desired mass window, ensur-
ing all ions detected have undergone the same number of
reflections. The ions are then sent to the MagneTOF detector,
which records their flight time. The dynamical time focus shift
method [22] is used to adjust the time focus of the ion bunches
to the MagneTOF. For this experiment, ions were reflected
through 300–360 turns (one turn includes a reflection from
each of the two electrostatic mirrors), corresponding to ≈8
ms of flight time, in order to achieve a typical mass resolving
power of ≈230 000.

At each mass unit, data were collected with the resonant
ionization laser from the IG-LIS on as well as blocked in order
to verify the identity of the indium peak or peaks in the mass
spectrum. As seen in Fig. 2, when the laser was blocked, the
ionized indium was nearly eliminated from the beam, while
the rate of other species remained constant.

The overall rate of the radioactive beam sent to TITAN
was limited to keep an average of approximately one detected
ion per cycle in the MR-TOF-MS in order to eliminate sys-
tematic uncertainties arising from ion-ion interactions inside
the mass analyzer. For A = 131–134, the rate of indium was
several orders of magnitude lower than the rates of contami-
nant species, especially stable or near-stable cesium, and thus
the mass-selective retrapping technique [23] was required to
suppress this background. This technique was first used in an
experiment to study neutron-deficient ytterbium isotopes [24].
Ions passed through the mass analyzer for a number of turns
to achieve sufficient separation and then were dynamically
recaptured in the rf injection trap, with the recapture timing
chosen to accept the indium ions of interest while rejecting the
background. The ions were then released again into the mass
analyzer for normal measurement. In the TITAN system, this
technique can typically suppress the background by a factor
of ≈104 while keeping ions of interest with an efficiency of
approximately 50%. As a result, a much higher overall beam
rate (and thus a higher rate of the neutron-rich indium ions of

interest) could be sent to TITAN while still maintaining only
approximately one ion per cycle in the analyzer following the
mass-selective retrapping.

This superior background handling ability, in combination
with the sensitivity of the MR-TOF-MS, makes it an ideal tool
for measurements far from stability. The most exotic isotope
measured in this work, 134In, was detected at the MR-TOF-
MS at an average rate of only ≈0.01 ions per second. This
rate was sufficient to bring the statistical uncertainty of the
mass measurement below the limiting systematic uncertainty
within a few hours of measurement.

III. ANALYSIS

The time-of-flight spectra were converted to mass spectra
using the calibration function

m/q = c(t − t0)2 (1)

where c and t0 are calibration parameters, m/q is the mass-
to-charge ratio, and t is the time of flight. The parameter
t0 represents a small timing offset which arises from signal
propagation and electronic delays and was measured to be
t0 = 164(2) ns immediately prior to the experiment from a
single-turn spectrum using stable 85,87Rb and 133Cs from of-
fline ion sources. The parameter c was determined for each
mass unit from an isobaric reference ion of well-known mass
that arrived with the radioactive beam from the ISAC target.
A time-dependent calibration [25,26] was applied to each
spectrum to correct for temperature drifts and power-supply
instabilities.

The masses of the ions of interest were determined by
fitting the mass spectrum peaks for the calibrants and the
ions of interest using the hyperexponentially modified Gaus-
sian (hyper-EMG) fitting routine developed for MR-TOF-MS
analysis [27]. The hyper-EMG fit uses a Gaussian center
convoluted with a variable number of asymmetric exponential
tails. This procedure has been shown to produce accurate mass
values even in cases where overlapping peaks are fit [26]. The
presence of unresolved isomers can often be deduced from
a broadening of the peak shape. The ability to detect and
accurately fit such overlapping peaks heavily depends on case-
specific factors such as statistics, the mass difference between
the overlapping peaks, and their relative areas. It also requires
a well-defined peak shape, established by parameters of the
hyper-EMG fit from a calibration peak which is measured
under the same conditions; has higher statistics than the ion
of interest; and does not overlap with any other peak. A full
description of the analysis procedure, including the treatment
of overlapping peaks, is presented in Ref. [26].

A systematic uncertainty of δm/msyst = 3 × 10−7 [21] is
included in the reported mass uncertainties. This systematic
uncertainty was previously determined as an upper limit for
the TITAN MR-TOF-MS based on accuracy measurements
with a stable-isotope beam, and is dominated by the effects of
a nonideal electrical switching for ion ejection from the mass
analyzer, causing calibrants and ions of interest to potentially
experience slightly different electrical fields on ejection from
the analyzer.
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