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Atomic Physics Techniques 
AMO: Atomic molecular and optical physics: 
light-matter and matter-matter interaction 
▪at the scale of a few atoms, molecules, and photons 
▪at energy scales around a few electron volts

accurate,  
but not precise

precise,  
but not accurate

AMO experiments: high accuracy and precision
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Common theme: Exotic species 
▪not available in ‘university lab’ 
▪accelerator produced 
▪not (easily) transportable 

⇒ AMO experiment ‘online’ at accelerator facility
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Example: Isotope Separator and Accelerator 

TRIUMF main cyclotron (since 1974)
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2023-08-03 Alexander Gottberg – ARIEL Overview

ISAC – The Highest-Power ISOL Facility

IAMI         
 TR24

ISAC (Isotope Separator and Accelerator)

ISAC I:
• Low energy: 

<60 keV
• Medium Energy: 

0.15 - 1.7 MeV/u

ISAC II:
• 6 - 15 MeV/u
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2023-08-03 Alexander Gottberg – ARIEL Overview

Isotope Separation Online for RIB Production

8

500 MeV – 100 μA
protons

Extraction 
electrode

Target
T=2000 °C

Ionizer

Radioactive 
Ion
Beam

Low energy 
experiments

(ISAC I)

High energy 
experiments

(ISAC II)

Post-accelerator
Mass separator

Neutrals
Ions

Isobars only
Post-accelerated

18 m

20 cm

10 - 50 m

8 D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2023-08-03 Alexander Gottberg – ARIEL Overview

Isotope Separation Online for RIB Production

8

500 MeV – 100 μA
protons

Extraction 
electrode

Target
T=2000 °C

Ionizer

Radioactive 
Ion
Beam

Low energy 
experiments

(ISAC I)

High energy 
experiments

(ISAC II)

Post-accelerator
Mass separator

Neutrals
Ions

Isobars only
Post-accelerated

18 m

20 cm

10 - 50 m

Radioactive ion 
Beam (RIB) 
to experiments 
at 20-60 keV

▪About 3000 h of isotope beam per year  
▪>700 nuclides extracted  

Isotope production site 
for medical isotopes
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Precision Experiments at Accelerator Facilities

Atoms

Parity and Time-reversal Viola	on

}  2μB + e
EDM

E
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  E
eff

EDM searches  in octupole 
deformed nucleinew forces and 

exotic interactions 

antimatter 
• CPT

Atomic Parity Violation: Basic Processes
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γ
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γ

W±,Z0 exchange 
in nucleus

Standard 
Electromagnetic 

Interaction

(parity conserving)

Z0 exchange

Electron-Nucleon PNC

(nuclear spin-independent)

Intra-nuclear PNC

Anapole moment

(nuclear spin-dependent) • neutrino physics 
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Lorentz 
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with  
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O. Naviliat-Cuncic and M. González-Alonso: Prospects for precision measurements in nuclear β decay in the LHC era

Figure 2 Constraints on real scalar couplings obtained from most
precise observables in nuclear β decay. The straight lines are de-
duced from the Fierz interference term in super-allowed pure Fermi
transitions [24]. The circular bounds are deduced from measure-
ments of the βν angular correlation in 38mK decay [27] (red lines)
and in 32Ar [28] decay (purple lines). The limits are calculated at the
90% CL.

theoretical corrections which have here an important ef-
fect. The opportunities for improving the errors of the
F t-values have recently been discussed in Ref. [3] in con-
nection with the determination of Vud from pure Fermi
transitions for the unitarity test of the CKM matrix.

The other measured observable providing comple-
mentary constraints to those resulting from the F t-
values is the βν angular correlation a. The most precise
result obtained so far was in the pure Fermi decay of
38mK. The experiment used the TRIUMF Neutral Atom
Trap setup [27] which is a Magneto Optical Trap (MOT)
system composed of two traps. The βν correlation was
determined from the shape of the time-of-flight spectra
of recoil ions measured in coincidence relative to the β

particle. Since 38mK is a positron emitter, the detection of
positively charged recoil ions relies on the double or mul-
tiple shake-off of electrons following β decay. The statis-
tical precision of the result is 3 × 10−3 and the systematic
error is comparable, arising from several instrumental
sources [27]. A similar precision has been achieved with
an indirect method, by measuring the energy spectrum
shape of the delayed proton in the decay of 32Ar [28]. The
bounds obtained from these two experiments are shown

by the circles in Fig. 2 and are extracted from

ã = a
1 + b⟨m/Ee⟩

. (17)

It is interesting to stress that, for each decay, the ab-
scissa, xC , and ordinate, yC , of the center of the circles
in Fig. 2 are essentially given by xC ≈ yC ≈ ⟨m/Ee⟩/2, and
that the mean radius of the circular band, RM, is given by
RM ≈ ⟨m/Ee⟩/

√
2. This indicates the importance of the

value of the sensitivity factor ⟨m/Ee⟩ of the Fierz term,
in defining the exclusion plot and hence the interval of
allowed values for the exotic couplings.

The value for a possible real scalar coupling obtained
from the most recent global analysis [2] including data
from experiments in nuclear and neutron decays trans-
lates into

Re
(

CS + C ′
S

CV

)
= 0.0026(42) (90% CL), (18)

for a three parameters fit with left-handed couplings
(CS = C ′

S). The fit also includes data from F t-values and
the measurement of ã in 38mK and 32Ar decays discussed
above. Although the compilation of F t-values used in
Ref. [2] was not the same than for the value quoted in Eq.
(16), the result in Eq. (18) is clearly dominated by the F t-
values.

The most stringent limits on tensor couplings aris-
ing from single observables is obtained from the ratio
between polarizations of β particles emitted from pure
Fermi and pure Gamow-Teller transitions PF /PGT . The
longitudinal polarizations are governed by the correla-
tion coefficients G of each decay, and the ratio pro-
vides constraints on both scalar and tensor contribu-
tions. These experiments were motivated by the search
for deviations from maximal parity violation due to the
presence of e.g. right-handed currents which would cou-
ple through V and A interactions. The polarization ra-
tio PF /PGT has been measured with high precision by
two groups [29–31]. The first experiment compared the
longitudinal polarization of positrons from 26mAl and
30P decays using Bhabha scattering in a magnetized foil
[29]. The second group detected positrons from 10C and
14O [30, 31] and used the polarimetry technique based
on time-resolved spectroscopy of hyperfine positronium
decay. Here again, it is the contribution of the Fierz term
to G that provides the constraints on exotic couplings de-
duced from these experiments. At the 90% CL, the value
deduced for the difference between the scalar and tensor
terms reads [31]

Re
(

CS + C ′
S

CV

)
− Re

(
CT + C ′

T

C A

)
= 0.003(18). (19)

606 C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.ann-phys.org

electromagnetic 
properties of 
radionuclides 
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AMO tool kit
lasers ion traps

TITAN
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+
+

+
++ + + + + + +++

PMT

ion beam 

laser beam

laser spectroscopy

TRIUMF EEC New Research Proposal Detailed Statement of Proposed Research for Experiment #: 2309

Figure 4.6: Molecular Spectrum of 85Rb2 taken at different trap depths fo-
cusing on a 0+

u vibrational peak.

for a given trial. To obtain the information required to normailize the signal, at
the end of each trial run, we block the photoassociation laser to get the full MOT
signal. Then we turn off the magnetic coils and unblock the photoassociation laser
to get the empty MOT signal. Unblocking the photoassociation laser is important
because it also reflects off the glass, so it’s important to account for that in the base
line measurement.
Figure 4.6 are the results from our first experiment. Looking at three different
trap depths we can clearly observe a reduced molecule formation rate as the trap
depth gets larger. The deepest trap depth covers more wavenumbers because I kept
waiting for a peak to appear but none did.

Later we took the data in Figure 4.7 to test the reproducibility of the results and
to look at more trap depths and other electronic states as well. Figures 4.6 and 4.7
both show clear molecular spectrum.

Comparing these plots to previously published data, the leftmost peak in Fig-
ure 4.6 is a 0+

u state, followed by the hyperfine structure of the 1g state; in Figure 4.7
the peaks are in order 0+

u , 1g, 0�
g , 0+

u , and 1g. The second 0+
u in Figure 4.7 is the

same one in Figure 4.6. However these peaks are shifted over to the left by about
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(a) (b)vacuum system & Rb source

magnet coils 
Glass cell

photodiode

CCD camera

Figure 2: (a) O✏ine Rb MOT at UBC (b) Fraction of Rb atoms lost as a function of the wavelength
of the 1PA laser for di↵erent MOT trap depth (expressed in temperature). Figure b taken from [16].

in the RadMol laser laboratory, previously the laser laboratory for collinear laser spectroscopy.

3.1.1 1PA in a MOT with small atom number

Prof. Madison’s group has performed preliminary studies to investigate the influence of MOT param-
eters such as trap depth and photon-scattering rate on the atom losses due to 1PA-induced dimer
formation [16]. Fig. 2b shows an example of these studies in which the trap depth is varied. On
resonance, the fraction of Rb atoms lost as a consequence of the 1PA is strongly enhanced for lower
trap depth. This is attributed to Rb2 molecules which decay back down into atoms again (see dashed
vertical line in Fig. 1a) and gain some kinetic energy. If the trap is deep these atoms are re-captured
into the MOT such that there is virtually no decrease in the fluorescence. If the trap depth is however
reduced, atoms formed after the decay of the Rb dimer can escape leading to the desired e↵ect of a
loss in the MOT fluorescence.

The goal of our current o✏ine work is thus to systematically study the influence of all MOT
parameters in order to increase the sensitivity of 1PA measurements. Once established, we will test the
optimal configuration(s) with lower atom numbers well below the ones which we typically work with
in the Fr MOT at TRIUMF. Although di↵erences remain between specific MOT implementations,
e.g. scatters of 1PA light into the photodiode, this work will provide the phenomenological guidance
allowing us to faster optimise the 1PA signal in the FrPNC apparatus.

3.1.2 1PA spectroscopy in a MOT with pulsed loading

In MOT studies with stable atoms, the go-to technique for photoassociation is to deplete the pop-
ulation of a continuously loaded MOT by turning atoms into dimers with a catalysis laser beam.
The signal is typically the resulting dip in S ! P fluorescence of the MOT beams as a function of
catalysis beam frequency, which is restored once the laser beam goes o↵-resonance.

In contrast, the FrPNC apparatus operates with a short, pulsed Fr loading followed by another
⇠20 s collecting period on the catcher foil during which the MOT in the science chamber is not
re-loaded. In this period, atom losses occur and are characterised by a trap liftime which is in
the order of ⇠10 s in case of the MOT hosted by FrPNC’s science chamber. As mentioned above,

5

frequency standards

…. and many more

Cooling
▪ buffer gas cooling 
▪ laser cooling 
▪ Evaporative cooling 
▪ Sisyphus cooling 
▪ Sympathetic cooling

Typical size: table-top+
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AMO tool kit / classification
Classical:  
no explicit quantum behaviour 
▪optical lenses, mirrors, and classical imaging systems 
▪ ion optics via magnetic and electric fields 
▪etc. 

Quantum:  
quantum phenomena 
▪measure or use of quantized energy levels  

Quantum 2.0:  
engineered quantum states 
▪ Involves quantum coherence and superposition, 

entanglement, etc.
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Penning trap basics
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Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.

59

+2V +2V-1.6V

3.3. Compensation of the Penning trap electrical potential

+

+

V

V b)V

V

z z

z z

c) d)

+

+

+

ion position when the trap is closed

a) 

axial oscillations

∆t      < 0cap

∆t      = 0cap

Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Quantum 2.0:  
engineered quantum states 
▪ Involves quantum coherence and superposition, 

entanglement, etc.
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Penning trap basics
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Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Penning trap basics
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Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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magnetometry, and the paper by Taylor et al. (2008) on
magnetometry with nitrogen-vacancy centers in diamond.
Entanglement-assisted sensing, sometimes referred to as
“quantum metrology,” “quantum-enhanced sensing,” or
“second generation quantum sensors,” is covered by
Bollinger et al. (1996) and Giovannetti, Lloyd, and
Maccone (2004, 2006, 2011). In addition, many excellent
reviews covering different implementations of quantum sen-
sors are available; these are noted in Sec. III.

II. DEFINITIONS

A. Quantum sensing

Quantum sensing is typically used to describe one of the
following:

(I) Use of a quantum object to measure a physical
quantity (classical or quantum). The quantum object
is characterized by quantized energy levels. Specific
examples include electronic, magnetic or vibrational
states of superconducting or spin qubits, neutral
atoms, or trapped ions.

(II) Use of quantum coherence (i.e., wavelike spatial or
temporal superposition states) to measure a physical
quantity.

(III) Use of quantum entanglement to improve the sensi-
tivity or precision of a measurement, beyond what is
possible classically.

Of these three definitions, the first two are rather broad
and cover many physical systems. This even includes some
systems that are not strictly “quantum.” An example is
classical wave interference as it appears in optical or mechani-
cal systems (Novotny, 2010; Faust et al., 2013). The third
definition is more stringent and a truly quantum definition.
However, since quantum sensors according to definitions I
and II are often close to applications, we will mostly focus
on these definitions and discuss them extensively in this
review. While these types of sensors might not exploit the
full power of quantum mechanics, as for type-III sensors,
they already can provide several advantages, most notably
operation at nanoscales that are not accessible to classical
sensors.
Because type-III quantum sensors rely on entanglement,

more than one sensing qubit is required. A well-known
example is the use of maximally entangled states to reach a
Heisenberg-limited measurement. Type-III quantum sensors
are discussed in Sec. X.

B. Quantum sensors

In analogy to the DiVincenzo criteria for quantum compu-
tation (DiVincenzo, 2000), a set of four necessary attributes is
listed for a quantum system to function as a quantum sensor.
These attributes include three original DiVincenzo criteria as
follows:

(1) The quantum system has discrete, resolvable energy
levels. Specifically, we assume it to be a two-level
system (or an ensemble of two-level systems) with a
lower energy state j0i and an upper energy state j1i

that are separated by a transition energy E ¼ ℏω0

(see Fig. 1).1

(2) It must be possible to initialize the quantum system
into a well-known state and to read out its state.

(3) The quantum system can be coherently manipulated,
typically by time-dependent fields. This condition is
not strictly required for all protocols; examples that
fall outside of this criterion are continuous-wave
spectroscopy or relaxation rate measurements.

The focus on two-level systems (1) is not a severe restriction
because many properties of more complex quantum systems
can be modeled through a qubit sensor (Goldstein, Lukin, and
Cappellaro, 2010). The fourth attribute is specific to quantum
sensing:

(4) The quantum system interacts with a relevant physi-
cal quantity VðtÞ, such as an electric or magnetic
field. The interaction is quantified by a coupling or
transduction parameter of the form γ ¼ ∂qE=∂Vq

which relates changes in the transition energy E to
changes in the external parameter V. In most sit-
uations the coupling is either linear (q ¼ 1) or
quadratic (q ¼ 2). The interaction with V leads to
a shift of the quantum system’s energy levels or to
transitions between energy levels (see Fig. 1).

Experimental realizations of quantum sensors can be
compared by some key physical characteristics. One charac-
teristic is to what kind of external parameter(s) the quantum
sensor responds to. Charged systems, like trapped ions, will
be sensitive to electrical fields, while spin-based systems will
mainly respond to magnetic fields. Some quantum sensors
may respond to several physical parameters.
A second important characteristic is a quantum sensor’s

“intrinsic sensitivity.” On the one hand, a quantum sensor is
expected to provide a strong response to wanted signals, while
on the other hand, it should be minimally affected by unwanted
noise. Clearly, these are conflicting requirements. In Sec. V,
we will see that the sensitivity scales as

sensitivity ∝
1

γ
ffiffiffiffiffi
Tχ

p ; ð1Þ

where γ is the above transduction parameter and Tχ is a
decoherence or relaxation time that reflects the immunity of
the quantum sensor against noise. In order to optimize the
sensitivity, γ should be large (for example, by the choice of
an appropriate physical realization of the sensor) and the
decoherence time Tχ must be made as long as possible.
Strategies to achieve the latter are discussed at length in the
later sections of this review.

FIG. 1. Basic features of a two-state quantum system. j0i is the
lower energy state and j1i is the higher energy state. Quantum
sensing exploits changes in the transition frequency ω0 or the
transition rate Γ in response to an external signal V.

1Note that this review uses ℏ ¼ 1 and expresses all energies in
units of angular frequency.
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AMO tool kit / classification
Classical:  
no explicit quantum behaviour 
▪optical lenses, mirrors, and classical imaging systems 
▪ ion optics via magnetic and electric fields 
▪etc. 

Quantum:  
quantum phenomena 
▪measure or use of quantized energy levels  

Quantum 2.0:  
engineered quantum states 
▪ Involves quantum coherence and superposition, 

entanglement, etc.

routinely done at  
Accelerator Facilities 
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Common challenges
in translating AMO methods into accelerator environment

Time 

Intensity 

Purity  

Temperature 

Accelerator  
Environment 

Radiation Safety

accelerator facilityAMO physics

T1/2: ms - s - min - days - …stable

yields: 1/s to ’>109/s’‘∞’

(isobaric) contamination:  
1:0-106 or more

‘whatever it takes’

transport beam: 10s of keV to GeV 
(Production targets for radioactive beams at 
TRIUMF ≈2000  ̊C) 

µK - mK - K  
cold beams or tapped

RIB availability/schedule 
electromagnetic noise

sensitive, high precision 
devices

limits access to core of 
apparatus
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Typically used detectors
ion and neutral particle detectors: 
micro channel plate (MCP), 
magneTOF 
typical requirements:  
▪ low dark-count rate 
▪efficiency approaching unity 
▪good time resolution  
▪wide dynamic range 
▪ [position sensitivity] 

2.6. ELECTRON MULTIPLIERS 20

.
Figure 2.11: Electron optics of the MagneToF detector DM167. A magnetic field perpen-
dicular to the drawing plane forces the electrons on the curved trajectories. Figure taken from
[28]

particular whether MagneToF detectors can reliably determine the ion numbers in bunches
with typically 10 000 ions in a few 100 ns.

19 CHAPTER 2. EXPERIMENTAL BACKGROUND AND CONCEPTS

2.6.2 Microchannel Plates

A microchannel plate (MCP) is an electron multiplier with a special continuous dynode
configuration. They are widely used as particle detectors but they can also function as the
electron multiplier section of a PMT [23].

A MCP is a plate made of a highly insulating material (e.g. lead glass). The operation
principle in shown in figure 2.10. The plate is perforated by channels that are typically 10 µm
in diameter. The channels are parallel to each other and their inner surfaces are treated with
a semiconductor material so that they can operate as a secondary electron emitter. In many
applications, the channels are not perpendicular to the plate surface but have a slight angle to
the surface. This avoids feedback from positive ions which occasionally form in the channels
and are accelerated in the other direction [23].

Multichannel plates can be stacked over one another to increase the overall gain factor.

At MIRACLS’ proof-of-principle experiment, an MCP has been used for the detection of
ions. However, if too many ions are within an ion bunch, the response of the MCP starts
to become non-linear or even saturates. Hence, it is di�cult to determine the absolute ion
number in this regime.

Figure 2.10: Operation principle of a microchannel plate (MCP). An incident electron or
particle hits the wall of one of the channels. The secondary electrons created are accelerated
through the channel. Every time one of the electrons hits the channel walls, more secondary
electrons are created. Figure adapted from [25].

2.6.3 MagneToF Detectors

A di�erent approach to ion detection with electron multipliers are the MagneToF detectors
developed by the Australian company ETP Ion Detect [26]. To minimize the time spread of
the electrons in the multiplier section and thus achieve narrower peaks and a higher resolution
compared to MCPs, MagneToF detectors use a combination of magnetic and electrostatic
fields [27]. The electron optics have unsymmetrical field shapes as shown in figure 2.11,
which are optimized to obtain high time resolution and high dynamic range while keeping
the spatial dimensions of the detector as small as possible.

At MIRACLS’ proof-of-principle setup, a first MagneToF detector has recently been installed
to test whether its performance better fits the MIRACLS requirements. This involves in

MCP

magneTOF
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through the channel. Every time one of the electrons hits the channel walls, more secondary
electrons are created. Figure adapted from [25].

2.6.3 MagneToF Detectors

A di�erent approach to ion detection with electron multipliers are the MagneToF detectors
developed by the Australian company ETP Ion Detect [26]. To minimize the time spread of
the electrons in the multiplier section and thus achieve narrower peaks and a higher resolution
compared to MCPs, MagneToF detectors use a combination of magnetic and electrostatic
fields [27]. The electron optics have unsymmetrical field shapes as shown in figure 2.11,
which are optimized to obtain high time resolution and high dynamic range while keeping
the spatial dimensions of the detector as small as possible.

At MIRACLS’ proof-of-principle setup, a first MagneToF detector has recently been installed
to test whether its performance better fits the MIRACLS requirements. This involves in

MCP

magneTOF
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Figure 4.4: Example of a peak from an ion measured on the first MagneToF detector. The
fit of the peak is plotted in orange. The black dashed lines show the input data area for the
fit. Note that the signal is shown inverted: the MagneToF detector delivers negative output
voltages.

4.1.2 Single Ion Peak Measurements

The first approach for analyzing the peak shapes of single ions measured on the MagneToF
detector was to record peaks with an oscilloscope and fit the peak shape with a Gaussian. A
typical peak shape with the corresponding fit can be seen in figure 4.4.

A PicoScope 6402D oscilloscope was used for these measurements. The procedure followed
the steps below:

1. The ion beam intensity controlled with the Paul trap loading time was chosen so that
at maximum one ion hits the detector during the recording time of 50 ns.

2. The oscilloscope was configured to trigger directly on the peaks produced by ions on
the MagneToF detector. A trigger level of ≠0.6 mV was selected. A trigger voltage
closer to 0 would trigger on remaining electric noise.

3. Between 2 000 and 10 000 triggers were recorded for each measurement.

4. Each recorded signal was then fitted with a Gaussian curve.

5. The extracted peak height, width and area were then used for further analysis.

For each measurement, the quality of the fits was reviewed in a visual inspection. Addition-
ally, fits with a reduced chi square above a previously defined maximum are not used for the
final analysis.

pulse width at magneTOF
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around 1.5 keV in MIRACLS’ PoP setup, CLS can only be performed at low resolution.

However, In order to maintain the high resolution of conventional CLS, MIRACLS’ faster
MR-ToF apparatus is planned to operate with 30 keV ion beams from ISOLDE. The 30 keV
setup is being designed right now. It will be ready at the end of the current long term
shutdown LS2 of the CERN accelerators, i.e. the beginning of 2021 [22].

2.6 Electron Multipliers

An essential part of this thesis is the understanding about the behaviour of ions and photons
inside MIRACLS’ proof-of-principle setup. Experimental investigations of these questions
require sensitive particle and light detectors. Detectors based on electron multipliers are
indispensable tools for many experimental fields and this section shall give a brief overview
of the devices used for the work on this thesis.

Electron multipliers are electrode configurations that multiply incident electrons by creating
secondary electrons. The electrodes where secondary electron emission takes place are called
dynodes. Between the dynodes, electric potentials are applied to accelerate the electrons.
With di�erent dynode configurations and di�erent sources of initial electrons, particle or light
detectors can be created and all of them require good vacuum qualities for operation.

2.6.1 Photo Multiplier Tubes

Photomultiplier tubes (PMT) are electron tubes that are used as highly sensitive photon
detectors. The whole working principle is shown in figure 2.9. The initial electrons are created
on a photocathode using the photoelectric e�ect. These initial electrons are amplified with
an array of electron multiplier dynodes. The secondary electrons then hit the anode where
the signal can be read out. To maintain the vacuum conditions required for operation, PMTs
are placed in vacuum tubes [23].

At MIRACLS, a PMT is used in the optical detection region in order to detect photons
emitted from laser-excited ions.

Figure 2.9: Operation principle of a photomultiplier tube (PMT). See text for details.
Figure taken from [24].

Photo-detectors: 
PMT, SiPMT, etc. 
typical requirements:  
▪ single photon sensitivity 
▪ low dark-count rate 
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Photo-detectors: 
PMT, SiPMT, etc. 
typical requirements:  
▪ single photon sensitivity 
▪ low dark-count rate 

Common theme: 
▪used particle and photon detectors not too ‘special’ 
▪usually compact, cost-effective devices 
▪not the detector leads to high resolution but overall experimental method 

(typically comparison to frequency standard or phase measurement)  
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Examples in this lecture
[very personal, very biased selection]

▪Time of Flight mass spectrometry  
★Multi-reflection Time of Flight (MR-ToF) devices 

▪Penning traps 
▪Collinear laser spectroscopy (CLS) 

★ conventional, fluorescence based CLS 
★Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) 

▪Radioactive molecules 
★Molecular formation and identification in ion traps 
★Molecular formation in atom traps 
★Towards EDM measurements 
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1. Motivation
�Collinear laser spectroscopy (CLS) 

is a powerful tool to access 
nuclear ground state properties [1] : 
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3. Discussion of First Results

2. Proof–of-Principle (PoP) Setup

4. Conclusions

� This device is operated with a few keV beam energy → low resolution for CLS 

� In progress: design and construction of a 30 keV MR-ToF device for high 

resolution CLS

9 nuclear spin I
9 magnetic dipole moment μ
9 electric quadrupole moment Q
9 isotope shift & nuclear charge radius

But…
� requires fast beams (> 30 keV) for 

minimizing the Doppler broadening → 
short observation time of  a few μs 

� is limited to radioactive ion beams with 
yields > 100 to 10,000 ions/s

Novel approach 
for CLS                            

Basic idea: Trap 30 keV ions 
in a multi reflection time-of-
flight (MR-ToF) device

�Most exotic nuclides 
demand more sensitive 
experimental methods
(e.g. CRIS [2], ROC [3])  

h
longer 

observation 
time

h hhigh 
sensitivity

high 
resolution 

of CLS

MR-ToF serves 
also as mass 

separator More exotic
nuclides accessible

�Offers higher sensitivity for CLS

�Uses rare isotopes more efficiently by employing an MR-ToF device

� Is a novel tool to access exotic nuclides currently out of reach with CLS with 

improvements in sensitivity by a factor 20-600

�Offers new opportunities for a high ion flux MR-ToF mass separator 

→beneficial for the entire ISOLDE community

� First CLS measurements were successfully carried out in a proof of principle 

experiment with up to 150 revolutions inside the MR-ToF device

�Closed 2-level systems → Decays back into initial 
state after excitation 

� 280 nm laser light is produced by frequency 
doubling the output of a cw dye laser (Rd 560) 

First Mg ions in the PoP setup
� Identification of Mg ions stored in 

the MR-ToF device
� For CLS operation, typically a few 

1000 ions per ion shot are stored for 
up to 150 revolutions inside the 
MR-ToF device

:

2S1/2

2P3/2

2P1/2

Mg

No trapping

25Mg+

24Mg+

26Mg+

Hyperfine 
splitting 

(100 MHz)

Excited state

Ground state

Laser photon
(eV – 108 MHz)

Detect 
fluorescence 

photons

Experimental details of PoP setup

Collimator

¾ Modified existing MR-ToF device from the University of 
Greifswald operated at a beam energy of 1.3 keV [4]

¾ Adapted for the purpose of CLS:
9 Mg ion source (modified from  [5])

9 Access for 280 nm laser beam

9 Optical detection region (based on COLLAPS 

design [6]) to count fluorescence photons 

¾ Demonstrate functionality of the novel technique

¾ Investigate spectroscopic line shape & benchmark simulations 

of future 30 keV device

Off 
resonance

On 
resonance

150 revolutions

150 revolutions

Optimization of ion injection and MR-ToF
settings → improved lineshape

Color photon counts

Color photon counts

¾ Ion trajectories inside the MR-ToF device influence the CLS lineshape
and width 

C
ou

nt
s

Laser frequency [a.u.]

Injection in 
MR-ToF

device

Ejection from 
MR-ToF

device

~ 2.3 GHz

~ 1.3 GHz

І

ІІ

ІІІ

І ІІ ІІІ

� ToF spectra for ions stored for up to 9 revolutions inside the MR-ToF device

�HFS spectra obtained for up to 150 revolutions   
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• resolving power of ToF spectrometer  
R=m/∆m=t/(2∆t)≈55 

• …. not too impressive
FWHM≈170ns

mIoI = mref

✓
ToFIoI
ToFref

◆2

ion of interest reference ion
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Method to improve R for ToF
• in practice:  

velocity spread ∆v (e.g. form ion 
source) 
⇒ increased ∆t 
⇒ degraded R=m/∆m=t/(2∆t) 

• correction with reflector 
faster ions (of mx) 
⇒ deeper path into reflector 
⇒ longer flight path 
⇒ ‘identical’ t as slower ions (of mx) 
⇒ more narrow ∆t 
⇒ better R 

heavier ion (slow)

lighter ion (fast)

slow ion of mass mx

fast ion of mass mx

17
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Motivation
Terbium offers a “matched quadruplet” of four radionuclides with
suitable decay properties for “Theranostics” applications in nuclear
medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.

ISOLDE/CERN
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and

• 1000 revolutions in the 
device

ISOLTRAP’s MR-ToF MS

ACKNOWLEDGMENTS

Federal Ministry of Education and Research: 05P12HGCI1, 
05P12HGFNE, 05P15ODCIA, the Max-Planck Society, the 
French IN2P3, Radiochemistry PSI, the RILIS team at 
ISOLDE, the ISOLDE collaboration and the radioactive 
shipping services of CERN and PSI.

Isotope Half life

133La 3.9h
133g/mCe 97m/5.1h

133Pr 6.5m
149Eu 93.1d
149Dy 4.2m
149Tb 4.1h

Contaminants / 149Dy Æ almost factor 3 improved

• Foil holder, which contains gold plated zinc foils

Tu Tu
Tu Tu

Ki
Ki Ki

Ki

PET/CT 5 h after Injection of 152Tb-DOTANOC PET/CT 22 h after Injection of 152Tb-DOTANOC

Performed with Genisys8 bench-top PET/CT scanner at PSI

Radioisotope collection point

Collection at GLM/GHM of ISOLDE:

Transport and chemical separation/preparation

Isotope of interest

MR-ToF MS assisted yield studies

Outlook

• The MR-ToF MS was used to find the optimal ISOLDE target and ion-source settings to minimize the 
contaminants/Dy ratio Æ optimum production of 149Tb daughter while minimizing disturbing 
contaminants (133g/mCe and 133La)

Planed upgrades:

• To overcome the half-life limitations of short-
lived radioisotopes like 149Tb, a radiochemical 
laboratory will be built in the vicinity of the 
ISOLDE facility at CERN.

• A dedicated general purpose 30kV MR-ToF MS 
setup at ISOLDE for routine on-line monitoring 
of yields during collections will be installed.

Imaging and therapy of folate receptor positive tumors, 
e.g. ovarian cancer

In-vivo applications

PSI

Activity losses:

Decay losses during transport CERN Æ PSI 

40% for 149Tb, 10% for 152Tb

Chemical 
separation/preparation

1. Dissolve Zn layer from foil 
with diluted nitric acid. 

2. Load the solution onto 
cation exchange resin. 

3. Elute with ߙ-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
antibody).

Map: CERN Æ PSI: 280 km

Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections

Folate receptor targeting agent with Tb in chelator
albumin binderFolic acid = Vitamin B9

Tb-DOTA

Characteristics:
high affinity to the folate receptor
prolonged blood circulation time
stable coordination of Tb-isotopes

[1]

Tb

ɲɴ+ (EC+e+) stableinternal transition

ISOLTRAP

RILIS on 
Dysprosium [8]

GPS
GLM/GHM

RIB

Horizontal part of the 
ISOLTRAP setup

• Cooling and bunching of 
the ISOLDE beam with the 
RFQ cooler and buncher

• Injection of 100 ns ȉ eV
pulses into the MR-ToF MS

MR-ToF MS:

• ToF separation due to 
different m/q

• single-ion sensitivity
• non scanning

Before optimization: 6.3/1 After optimization: 2.3/1

ISOLTRAP’s MR-ToF MS
Entrance Mirror 

potential wall
Exit Mirror 

potential wall
In-trap lift

• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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Imaging and therapy of folate receptor positive tumors, 
e.g. ovarian cancer

In-vivo applications

PSI

Activity losses:

Decay losses during transport CERN Æ PSI 

40% for 149Tb, 10% for 152Tb

Chemical 
separation/preparation

1. Dissolve Zn layer from foil 
with diluted nitric acid. 

2. Load the solution onto 
cation exchange resin. 

3. Elute with ߙ-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
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Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections

Folate receptor targeting agent with Tb in chelator
albumin binderFolic acid = Vitamin B9

Tb-DOTA

Characteristics:
high affinity to the folate receptor
prolonged blood circulation time
stable coordination of Tb-isotopes
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MR-ToF MS:

• ToF separation due to 
different m/q

• single-ion sensitivity
• non scanning

Before optimization: 6.3/1 After optimization: 2.3/1

ISOLTRAP’s MR-ToF MS
Entrance Mirror 

potential wall
Exit Mirror 
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In-trap lift

• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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Motivation
Terbium offers a “matched quadruplet” of four radionuclides with
suitable decay properties for “Theranostics” applications in nuclear
medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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laboratory will be built in the vicinity of the 
ISOLDE facility at CERN.

• A dedicated general purpose 30kV MR-ToF MS 
setup at ISOLDE for routine on-line monitoring 
of yields during collections will be installed.
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• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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Motivation
Terbium offers a “matched quadruplet” of four radionuclides with
suitable decay properties for “Theranostics” applications in nuclear
medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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setup at ISOLDE for routine on-line monitoring 
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• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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In-vivo applications
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Decay losses during transport CERN Æ PSI 

40% for 149Tb, 10% for 152Tb
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1. Dissolve Zn layer from foil 
with diluted nitric acid. 
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cation exchange resin. 

3. Elute with ߙ-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
antibody).
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Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections

Folate receptor targeting agent with Tb in chelator
albumin binderFolic acid = Vitamin B9

Tb-DOTA

Characteristics:
high affinity to the folate receptor
prolonged blood circulation time
stable coordination of Tb-isotopes
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• ToF separation due to 
different m/q

• single-ion sensitivity
• non scanning

Before optimization: 6.3/1 After optimization: 2.3/1

ISOLTRAP’s MR-ToF MS
Entrance Mirror 

potential wall
Exit Mirror 

potential wall
In-trap lift

• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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Motivation
Terbium offers a “matched quadruplet” of four radionuclides with
suitable decay properties for “Theranostics” applications in nuclear
medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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• The MR-ToF MS was used to find the optimal ISOLDE target and ion-source settings to minimize the 
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contaminants (133g/mCe and 133La)

Planed upgrades:

• To overcome the half-life limitations of short-
lived radioisotopes like 149Tb, a radiochemical 
laboratory will be built in the vicinity of the 
ISOLDE facility at CERN.

• A dedicated general purpose 30kV MR-ToF MS 
setup at ISOLDE for routine on-line monitoring 
of yields during collections will be installed.

Imaging and therapy of folate receptor positive tumors, 
e.g. ovarian cancer

In-vivo applications
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40% for 149Tb, 10% for 152Tb
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2. Load the solution onto 
cation exchange resin. 

3. Elute with ߙ-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
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Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections
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• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
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• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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contaminants (133g/mCe and 133La)

Planed upgrades:

• To overcome the half-life limitations of short-
lived radioisotopes like 149Tb, a radiochemical 
laboratory will be built in the vicinity of the 
ISOLDE facility at CERN.

• A dedicated general purpose 30kV MR-ToF MS 
setup at ISOLDE for routine on-line monitoring 
of yields during collections will be installed.

Imaging and therapy of folate receptor positive tumors, 
e.g. ovarian cancer

In-vivo applications

PSI

Activity losses:

Decay losses during transport CERN Æ PSI 

40% for 149Tb, 10% for 152Tb

Chemical 
separation/preparation

1. Dissolve Zn layer from foil 
with diluted nitric acid. 

2. Load the solution onto 
cation exchange resin. 

3. Elute with ߙ-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
antibody).

Map: CERN Æ PSI: 280 km

Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections

Folate receptor targeting agent with Tb in chelator
albumin binderFolic acid = Vitamin B9

Tb-DOTA

Characteristics:
high affinity to the folate receptor
prolonged blood circulation time
stable coordination of Tb-isotopes

[1]

Tb

ɲɴ+ (EC+e+) stableinternal transition

ISOLTRAP

RILIS on 
Dysprosium [8]

GPS
GLM/GHM

RIB

Horizontal part of the 
ISOLTRAP setup

• Cooling and bunching of 
the ISOLDE beam with the 
RFQ cooler and buncher

• Injection of 100 ns ȉ eV
pulses into the MR-ToF MS

MR-ToF MS:

• ToF separation due to 
different m/q

• single-ion sensitivity
• non scanning

Before optimization: 6.3/1 After optimization: 2.3/1

ISOLTRAP’s MR-ToF MS
Entrance Mirror 

potential wall
Exit Mirror 

potential wall
In-trap lift

• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

ܴ = ݉/ο݉ ൎ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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100

101
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103

152Tb+

155Tb+

155Dy+

136Nd16O+

136Pr16O+
139La/Ce16O+

152Dy+

152Gd/Sm+

136Nd16O+

136Pr16O+

136Ce16O+

149Tb+

149Dy+

149Eu+

133Pr16O+

133g/mCe16O+

C
ou

nt
s /

 1
ns

Time of flight after 1000revs in the MR-ToF MS / Ps

133La16O+

ion detector

▪detector time resolution relevant 
▪but ion-bunch properties more important 
▪high precision in little processing time 
▪ single ion sensitivity

ideal for mass measurements of 
accelerator short-lived radionuclides }⇒

R.N. Wolf et al., IJMS 349, 123 (2013)
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Ion cooling, accumulation, and bunching
buffer-gas-filled Paul traps as cooler-bunchers at RIB facilities
fast & efficient ion preparations for subsequent AMO experiments 
cooling limit: buffer-gas temperature (room temperature)

19

Picture of assembled Paul trap

MIRACLS Paul trap McGill MSc Thesis

cooling time the transfer beamline is prepared for ion transport and ToF measurement at

the magneTOF ion detector. Once the cooling time is completed, the Paul trap extraction

endcap is lowered (see red curve in Figure 15) and the ions are released. This is also the start

signal sent to the DAQ system to measure the ions’ time-of-flights until they impringe onto

the magneTOF ion detector.

Figure 15 – Example of a potential along the Paul trap axis for trapping ions (blue) and
extraction ions (red) in respect to the floating of the Paul trap’s cage floating

Figure 16 – Timing patterns for the beamgate, beamline tune, endcap switching, and DAQ
system trigger
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Figure 16 – Timing patterns for the beamgate, beamline tune, endcap switching, and DAQ
system trigger
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V

]

Continuous 
RIB

to MR-ToF (or other experimental device)  

Fig. 4.10: Simulated trajectory (grey) of an 24
Mg

+ ion during cooling in the longitudinal
potential (green). Vertical colored lines, indicate a collision with buffer gas, which
leads to a change in energy. Blue lines indicate an effective cooling through the
collision, red lines indicate heating. The simulation was performed in the static
effective potential well according to equation 3.11 2. The buffer gas pressure is
10

≠2
mbar.

2 When performing the simulation with a potential generated through an RF squarewave potential,
the energy fluctuates between subsequent collisions. For clarity, the static potential was used for
this plot, but the overall behavior between the shown and the more realistic scenario remains the
same.

41

1D cooling simulation
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Penning trap basics

10

Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.

59

+2V +2V-1.6V

3.3. Compensation of the Penning trap electrical potential

+

+

V

V b)V

V

z z

z z

c) d)

+

+

+

ion position when the trap is closed

a) 

axial oscillations

∆t      < 0cap

∆t      = 0cap

Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Penning trap

“If you want to measure something precisely, measure a frequency.”
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Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Measure cyclotron frequency
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Ideal Penning trap:

Achieved using 
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+ B

B: trap radially
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for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Knowing q & B, get M
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Ideal Penning trap:

Achieved using 
Penning trap
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B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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for the ion motion

end cap ring

To achieve high precision (10-7):
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2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all
R. The frequency ratio involves ion masses, while the quantity of interest is
the (neutral) atomic mass. Hence, one has to take into account the electron’s
mass and binding energy. The atomic mass of interest m is then determined
by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the
ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated
by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.
This relation shows that the precision on the measured mass can be improved
in several ways. By increasing the excitation time TRF , purchasing a magnet
with a higher magnetic field or increasing the charge state of the ion. For
stable ions, we can increase TRF to improve the precision. However, the
half-life of the measured specie limits the excitation time, which limits the
excitation time that can be used.

The precision on the mass measurement can be improved by using a
magnet with higher field strength. However, only an increase in the precision
of a factor of two or three would be possible as higher field magnets have not
yet been developed with the required homogeneity and stability. An other
option is to increase the charge state q of the ion. This allows a precision
gain proportional to the charge state used. This is used at the TITAN
experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential
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Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-
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Penning traps and radionuclides 

•exact theoretical description

•Including realistic, non-ideal traps

•off-line tests with stables

L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986) 
G. Bollen et al., J. Appl. Phys. 88, 4355 (1990) 
M. König et al., Int. J. Mass Spect. 142, 95 (1995) 
M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)
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Penning traps and radionuclides 

A typical 11Li resonance is shown in Fig. 2. The data
were analyzed following as closely as possible the well
established procedure of the ISOLTRAP experiment [16]
and the central frequency was found from a fit of the
theoretical line shape (as illustrated) [18]. To obtain this
resonance an excitation time of two half-lifes (18 ms) was
used. The theoretical line width of the 11Li resonance is
given as ! ! 1=Trf ¼ 56 Hz. The resonance shown in
Fig. 2 has a line width of approximately 60 Hz which is
close to this theoretical limit. Measurements of the masses
of 8;9Li were also made, using a 48 ms excitation time. The
results for the frequency ratios for these lithium isotopes
are shown in Table I. From these ratios new values for the
mass excess of these isotopes were derived using the recent
SMILETRAP measurement of the mass excess of 6Li,
!ð6LiÞ ¼ 14 086:882ð37Þ keV [24]. The quoted values in-
clude a systematic error which takes into account both
linear (!m=m ¼ 2% 10&9) and nonlinear (!m=m ¼ 7%
10&9) drifts of the magnetic field which where added in
quadrature to the statistical uncertainty. The effects of
deviations from the ideal electric and magnetic fields
were also explicitly probed by measurement of a range of
nuclei (4<m< 39 u), with respect to 6Li, in all cases
agreement, within error bars, was obtained between the
TITAN measurements and the literature values [see
Fig. 1(b)]. An upper limit on these effects was then derived
from the uncertainty in the TITAN measurements as
!m=m ¼ 1:5% 10&9 per mass unit difference between

the measured and reference ions (i.e., 7:5% 10&9 for
11Li). This was added linearly into the final error budget.
Using these mass measurements the two-neutron sepa-

ration energy, S2n, of
11Li was calculated to be 369.15

(65) keV. Figure 3 shows this new value along with those
calculated from all previous mass measurements of 11Li.
The value from CERN-PS [25] was obtained using a
magnetic dipole mass spectrometer. The TOFI-LANL
[26] result is a time-of-flight measurement of a fragmented
beam using an isochronous mass spectrometer. The KEK
[27] result is a 11Bð"&;"þÞ11Li reaction Q value and the
MSU [28] result is derived from the Q value of the
14Cð11B; 11LiÞ14O reaction. The previous best result was
achieved at ISOLDE by the transmission spectrometer
MISTRAL [29]. The MAYA experiment (also carried out
at TRIUMF) used an active target to study the 11Liðp; tÞ9Li
reaction [30]. The new 9Li value can be seen to be ten
times more accurate than the literature value and both the
values for 8;9Li show good agreement with previous
measurements.
Although in good agreement with the TOFI-LANL and

KEK results the MISTRAL measurement shows over two
sigma deviation from the MSU result. Analysis of recent
measurements of both the soft-dipole excitation, via in-
variant mass spectrometry, and the charge radius, via iso-
tope shifts, of 11Li requires the mass. However, due to this
uncertainty in the mass the invariant mass spectrometry
data were analyzed using the AME03 value whereas the
isotope-shift measurements used the MISTRAL result. It
was reported in [8] that using the MISTRAL result for the
11Li mass would enhance the total E1 strength by 6%.
Using the AME mass value for 11Li (11:043 798ð21Þ u)
in the analysis of the isotope-shift measurement results in a
charge radius of 2.465(19)(30) fm, where the first uncer-
tainty comes from the isotope-shift measurement, and the
second from the 7Li reference radius of 2.39(3) fm [31].

TABLE I. Frequency ratios, r ¼ #ref=#c, for
8;9;11Li and the

derived mass excesses, !. Also shown are the AME03 values for
the mass excesses for comparison [23]. The 8Li literature value is
derived by adding the average Q value for the 7Liðn;$Þ8Li
reaction (as given in [23]) to the recent SMILETRAP measure-
ment of the mass of 7Li [24].

Isotope r !TITAN (keV) !Lit (keV)

8Li 1:333 749 862ð18Þ 20 945.80(11) 20 945.799(65)
9Li 1:500 728 256ð34Þ 24 954.91(20) 24 954.3(19)
11Li 1:836 069 26ð11Þ 40 728.28(64) 40 797(19)

FIG. 3 (color online). 11Li two-neutron separation energies
derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
[29]; MAYA [34] and TITAN [this work]. All shown with respect
to the 2003 atomic mass evaluation [23]. The second gray line
shows the weighted average of all the values (which is essentially
identical to the TITAN result). The three most recent results are
shown inset on an expanded scale for better comparison.

FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.

PRL 101, 202501 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

14 NOVEMBER 2008

202501-3

precise,  
but not accurate

�⌫ ⇡ 1/Trf

line-width (FWHM):

11Li
T1/2=8.8 ms

𝜈 - 5 147 555 / Hz

Precision

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)
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Penning traps and radionuclides 

A typical 11Li resonance is shown in Fig. 2. The data
were analyzed following as closely as possible the well
established procedure of the ISOLTRAP experiment [16]
and the central frequency was found from a fit of the
theoretical line shape (as illustrated) [18]. To obtain this
resonance an excitation time of two half-lifes (18 ms) was
used. The theoretical line width of the 11Li resonance is
given as ! ! 1=Trf ¼ 56 Hz. The resonance shown in
Fig. 2 has a line width of approximately 60 Hz which is
close to this theoretical limit. Measurements of the masses
of 8;9Li were also made, using a 48 ms excitation time. The
results for the frequency ratios for these lithium isotopes
are shown in Table I. From these ratios new values for the
mass excess of these isotopes were derived using the recent
SMILETRAP measurement of the mass excess of 6Li,
!ð6LiÞ ¼ 14 086:882ð37Þ keV [24]. The quoted values in-
clude a systematic error which takes into account both
linear (!m=m ¼ 2% 10&9) and nonlinear (!m=m ¼ 7%
10&9) drifts of the magnetic field which where added in
quadrature to the statistical uncertainty. The effects of
deviations from the ideal electric and magnetic fields
were also explicitly probed by measurement of a range of
nuclei (4<m< 39 u), with respect to 6Li, in all cases
agreement, within error bars, was obtained between the
TITAN measurements and the literature values [see
Fig. 1(b)]. An upper limit on these effects was then derived
from the uncertainty in the TITAN measurements as
!m=m ¼ 1:5% 10&9 per mass unit difference between
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11Li). This was added linearly into the final error budget.
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11Li was calculated to be 369.15

(65) keV. Figure 3 shows this new value along with those
calculated from all previous mass measurements of 11Li.
The value from CERN-PS [25] was obtained using a
magnetic dipole mass spectrometer. The TOFI-LANL
[26] result is a time-of-flight measurement of a fragmented
beam using an isochronous mass spectrometer. The KEK
[27] result is a 11Bð"&;"þÞ11Li reaction Q value and the
MSU [28] result is derived from the Q value of the
14Cð11B; 11LiÞ14O reaction. The previous best result was
achieved at ISOLDE by the transmission spectrometer
MISTRAL [29]. The MAYA experiment (also carried out
at TRIUMF) used an active target to study the 11Liðp; tÞ9Li
reaction [30]. The new 9Li value can be seen to be ten
times more accurate than the literature value and both the
values for 8;9Li show good agreement with previous
measurements.
Although in good agreement with the TOFI-LANL and

KEK results the MISTRAL measurement shows over two
sigma deviation from the MSU result. Analysis of recent
measurements of both the soft-dipole excitation, via in-
variant mass spectrometry, and the charge radius, via iso-
tope shifts, of 11Li requires the mass. However, due to this
uncertainty in the mass the invariant mass spectrometry
data were analyzed using the AME03 value whereas the
isotope-shift measurements used the MISTRAL result. It
was reported in [8] that using the MISTRAL result for the
11Li mass would enhance the total E1 strength by 6%.
Using the AME mass value for 11Li (11:043 798ð21Þ u)
in the analysis of the isotope-shift measurement results in a
charge radius of 2.465(19)(30) fm, where the first uncer-
tainty comes from the isotope-shift measurement, and the
second from the 7Li reference radius of 2.39(3) fm [31].

TABLE I. Frequency ratios, r ¼ #ref=#c, for
8;9;11Li and the

derived mass excesses, !. Also shown are the AME03 values for
the mass excesses for comparison [23]. The 8Li literature value is
derived by adding the average Q value for the 7Liðn;$Þ8Li
reaction (as given in [23]) to the recent SMILETRAP measure-
ment of the mass of 7Li [24].
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FIG. 3 (color online). 11Li two-neutron separation energies
derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
[29]; MAYA [34] and TITAN [this work]. All shown with respect
to the 2003 atomic mass evaluation [23]. The second gray line
shows the weighted average of all the values (which is essentially
identical to the TITAN result). The three most recent results are
shown inset on an expanded scale for better comparison.

FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.
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M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)
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Penning traps and radionuclides 
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derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
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FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.
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Related methods also used to study mass and 
magnetic moment of antiproton!

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)
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laser spectroscopy
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Collinear laser spectroscopy 
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• nuclear charge radius rc
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laser spectroscopy

24

• highlights changes in 
nuclear structure 

• benchmark for modern 
nuclear theory

S. Kaufmann 4

results 2016 beam time

Cu-radii: M.L. Bissel et al., PRC 93, 064318 (2016)
Zn-radii: L. Xie et al, to be published

M. L. Bissell et al., PRC 93, 064318 (2016)

L. Xie et al., PLB 797, 134805 (2019)

S. Malbrunot-Ettenauer, PRL 128, 022502 (2022)
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Collinear Laser Spectroscopy (CLS)

+
+

+
++ + + + + + +++

PMTs

ion beam 

laser beam

> 30 keV to eliminate Doppler 
broadening �⌫ / �Ep

E

CERN

Jyväskylä

TRIUMF

NSCL

TRIGA / FAIRGANIL

RIKEN

LISOL

ANL

Dubna

present and future setups for laser spectroscopy 
of short lived nuclides
CLS setup(s) 

Collinear laser spectroscopy 

J. Papuga et al., PRL 110, 172503 (2013) 

Measure in a model-independent way 4 properties of an exotic isotope/isomer: 
 - the nuclear spin I 
 - the magnetic dipole moment P�
 - the electric quadrupole moment Q (if electronic and nuclear spin J,I>1/2) 
 - the isotope shift Æ nuclear charge radius 
by resonant excitation of hyperfine transitions in an atom or ion. 

Gatchina

K. Blaum, et al., Phys. Scr. T152, 014017 (2013) 
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016)  
R. Neugart et al., J. Phys. G: Nucl. Part. Phys. 44, 064002 (2017) 

Beijing

25



26

Collinear Laser Spectroscopy (CLS)
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PMTs

ion beam 

laser beam

�⌫ / �Ep
E

beams of ≥30 keV 
minimises Doppler-broadening  
⇒ high resolution 

Bunched beams: 
reduce background 
by gating on bunch

CGS15, Dresden 2014

accumulation

release

T1

T2 ≈  T1 / 104

ISCOOL - ISOLDE RFQCB

COLLAPS
1.) ion beam;
2.) laser;
3.) deflection plates;
4.) post acceleration;
5.) optical detection

Bunched-beam fluorescence

Experimental technique

A. Nieminen et al., 
PRL 88, 094801 (2002) 
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Collinear Laser Spectroscopy (CLS)
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beams of ≥30 keV 
minimises Doppler-broadening  
⇒ high resolution 

Bunched beams: 
reduce background 
by gating on bunch

CGS15, Dresden 2014

accumulation

release

T1

T2 ≈  T1 / 104

ISCOOL - ISOLDE RFQCB

COLLAPS
1.) ion beam;
2.) laser;
3.) deflection plates;
4.) post acceleration;
5.) optical detection

Bunched-beam fluorescence

Experimental technique

A. Nieminen et al., 
PRL 88, 094801 (2002) 

T1/2 of accessible radionuclides: 
5 ms to seconds

effective use for CLS 
100s of ns to a few μs

can one use exotic nuclides even more efficiently ??
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the Multi Ion Reflection Apparatus for 
Collinear Laser Spectroscopy (MIRACLS)

trap ⇒ long observation time ⇒ higher sensitivity ⇒ more exotic nuclides accessible

• ion trap ⇒ long observation time 
• 30 keV beam ⇒ high resolution 

novel approach for collinear  
laser spectroscopy:
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at ISOLDE / CERN

RIB from ISOLDE

Picture of assembled Paul trap Picture of MR-ToF mirrors
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Summary
• Techniques from Atomic, Molecular and Optical 

Physics (AMO) with high accuracy and precision 

• Precision tools also at accelerator facilities to study 
‘exotic atoms and molecules’ 

• today’s examples: 
➡ MR-ToF devices 
➡ Penning traps 
➡ Collinear laser spectroscopy  
➡ Radioactive molecules as novel probes for new physics 

• … and many more 
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