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Plans for further technical development and 
improvements in trap-based mass measurements
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Outline

•Range of relative mass precisions required for mass 
  measurements of rare isotopes

•Principles of Penning trap operation
•confining fields
•multipolar RF fields to drive ion motion
•time-of-flight resonant detection technique
•mass resolution

•State of the art and future technical developments
  - Short and long term implementation
  - NSCLʼs possible contributions
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Penning trap basics

homogenous magnetic field

electrode structure

and in the case of a strong magnetic field and a weak electrostatic field

ω+ � ωz � ω . (6.5)

Figure 6.2: The three eigen motions of an ion stored inside a Penning trap.

(a) (b)

Figure 6.3: Electrode configurations to generate RF field for ion motion excitation.
(a) quadrupole excitation; (b) dipole excitation.

For the mass determination of the stored ions or the removal of unwanted ions it

is necessary to drive the ion motion with an external RF field. The most important

excitation schemes are dipole and quadrupole excitations of the radial motion. The

required electrode configurations are shown in Fig. 6.3. The ring electrode is separated

into four symmetric segments in both cases. A pair of electrodes marked with the same

color are connected to one of two RF voltages, which have same amplitude Vrf and

frequency ωrf but opposite polarities.

143

trapped ions execute three independent eigenmotions1,2

Important relation:
νc =

q

2πm
· B = ν+ + ν−

1. L. S. Brown and G. Gabrielse, Reviews of Modern Physics 58, 233-311 (1986).
2. M. König et al., Int. J. Mass Spectrom. 142, 95-116 (1995).

eigenmotions can be driven with the application of RF fields
 - mass measurements
 - isobaric/isomeric purification
 - cooling/centering of beam
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Quadrupolar excitation and resonance time-
of-flight detection

trap ions and apply RF excitations quadrupolar excitation:  beating of 
motions when νrf ≈ νc
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What goes into relative mass precision?

ϒ - system-specific scaling factor
•initial ion distribution
•extraction conditions
•length of flight path
•contaminant ions

R - resolving power of excitation
•function of Trf and νc

N - number of detected ions
•detection efficiency
•yield, total experiment time
•measurement overhead

optimized injection
optimized ejection
efficient purification

better excitation schemes
charge breeding

large duty cycle
fast purification

improved with:
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Fast, efficient purification

Isobaric purification of contaminant species
•sideband cooling in a gas-filled Penning trap1 (t ~ 100 ms)

(broadband, no knowledge of contaminant required)

•dipolar excitation of contaminants (t ~ 10 ms)
(contaminant species need to be identified)

post-analyzer
reflector

gate/detector

energy
buncher

TOF
analyzer

beam to 
MPET

or EBIT

MR-TOF-MS Isobar Separator2

Principle:  electrostatic mirror system drastically 
increases the ion flight path

1.  extremely short measurement 
     times (100 ns to 10 ms)
2.  broad mass range
3.  large ion capacity
4.  high resolving power 
     (m/Δm ~ 100,000)
5.  compact setup

Advantages: 

1. G. Bollen et al., J. Appl. Phys. 68, 4355-74 (1990).
2. W. R. Plaβ et al., Nucl. Instrum. Methods Phys. Res., Sect. B 266, 4560-4 (2008).
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Fast, efficient purification

Frequency domain signal Time domain signal

IFT

Implement SWIFT1 Technique used in FT-ICR
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Time
Requirements for LEBIT
• Isobaric Purification& Molecular Isobars => Mass bandwidth ±0.1 u 

& & Nuclear Isobars => Δm/m ~ 10-4

Challenge
• Minimize power leakage into gap

ion of interest

Reduced cyclotron frequency (au)
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1. S. Guan and A. Marshall, Int. J. Mass Spectrom. , 5-37 (1996).SWIFT is a cheap, efficient and fast solution

Requirements
• Programming, function generator, amplifier
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Excitation schemes
(using quadrupolar RF field)

and a coupling constant g that is proportional to the am-
plitude of the quadrupolar field:

 H1!t" # @g$e%i!d!t"ay&!t"a%!t" & H:c:'; (1)

‘‘H.c.’’ denotes the Hermitian conjugate of the first term.
Addition of this interaction to the Hamiltonian of an ion in
an ideal Penning trap yields a model system for which
Heisenberg’s equations of motion can be solved rigorously.
The interaction (1) has the important property that the total
number of quanta in the magnetron and cyclotron oscilla-
tors is conserved, Ntot # N&!t" & N%!t" # ay&!t"a&!t" &
ay%!t"a%!t" # 2T0. The conversion process can be studied
in terms of the ‘‘Bloch vector operator’’ T # T1e1 &
T2e2 & T3e3, introduced in [13], with

 T1!t" # 1
2$a

y
&!t"a%!t" & ay%!t"a&!t"'; (2)

 T2!t" #
1
2i
$ay&!t"a%!t" % ay%!t"a&!t"'; (3)

 T3!t" # 1
2$a

y
&!t"a&!t" % ay%!t"a%!t"': (4)

The components obey the same commutation rules as those
of angular momenta, $Tj; Tk' # i"jklTl (j, k, l # 1, 2, 3)
and T2

1 & T2
2 & T2

3 # T0!T0 & 1". The expectation value
hTi is a real three-dimensional vector of constant length
that describes a precessional motion on a ‘‘Bloch sphere’’
during the quadrupolar excitation. The model Hamiltonian
expressed in terms of T
 

H!t" # @!1!T0 & 1
2" & @!cT3!t"

& @2g$cos!d!t"T1!t" & sin!d!t"T2!t"' (5)

governs the time development of the Bloch vector operator.
Compare this result to the Hamiltonian Hmag that describes
the precession of the nuclear spin I in magnetic resonance
experiments, I # I1e1 & I2e2 & I3e3,

 Hmag # % ~#B # %@!LI3 % @$B1!cos!tI1 % sin!tI2";
(6)

where ~# # $I is the nuclear magnetic moment, $ the
gyromagnetic ratio, and !L the Larmor frequency. Both
Hamiltonians govern the time development of a vector
operator, thus exhibiting a dynamical similarity between
nuclear magnetic resonance on the one hand and ion
motion in a Penning trap with quadrupole excitation on
the other hand. This structural analogy provides deeper
insight as to why Ramsey’s idea of using separated oscil-
lating fields in magnetic resonance experiments can be
successfully applied also to Penning trap physics.

Initially (t # 0) the ions are prepared in a pure magne-
tron mode (Ntot # N%!0" # %2hT3!0"i), with the objective
to convert the magnetron motion as completely as possible
into cyclotron motion and thus to bring the radial energy to
its maximum. For the conventional excitation scheme with
a single pulse [see Fig. 1(a)] of duration % and constant
amplitude the expectation value for the relative number of

converted quanta is obtained as

 F1!!R; %; g" #
N&!%"
Ntot

# 4g2

!2
R
sin2!!R%=2"; (7)

where !R #
!!!!!!!!!!!!!!!!!!!!!!!
!2g"2 & &2

p
is the analog of the Rabi fre-

quency and & # !d %!c the detuning of the quadrupolar
field. The ‘‘conversion time’’ required for complete con-
version exactly on resonance is %c # '=!2g".

If two pulses of quadrupolar radiation, each of duration
%1, and separated by a waiting period %0 [see Fig. 1(b)], are
used for the excitation, the expectation value for the rela-
tive number of converted quanta becomes
 

F2!&; %0; %1; g" #
16g2

!2
R

sin2
"!R%1

2

#$
cos

&%0
2

cos
!R%1
2

% &
!R

sin
&%0
2

sin
!R%1
2

%
2
: (8)

In order to compare experimentally the different excita-
tion methods the total duration of the excitation cycle was
chosen equal for both, namely, 900 ms. The calculated
energy conversion ratio is shown in Fig. 2 as a function
of the frequency detuning &0 # &=!2'" and the waiting
time %0. The conventional single pulse excitation appears
here as the limiting case with waiting period %0 # 0. The
experimental resonance spectra for a conventional scheme
as well as for a scheme with two excitation periods of %1 #
100 ms and %0 # 700 ms are shown in Fig. 3. In the latter
case the sidebands are very pronounced and the full width
at half maximum (FWHM) is considerably reduced. The
solid line represents the fit of the theoretical line shape to
the data points.

The mass measurements on the short-lived nuclide 38Ca
using the Ramsey method were performed using the
Penning trap mass spectrometer ISOLTRAP [14] installed
at the online mass separator facility ISOLDE/CERN. The
calcium isotope was produced by bombarding a heated
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FIG. 1. (a) Conventional excitation scheme with a continuous
rf pulse (here % # 900 ms). (b) Excitation with two 100-ms
Ramsey pulses %1 interrupted by a 700 ms waiting period %0.
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Goal:  highest resolving power for given Trf

Quadrupolar:  R ~ Trf·νc
titanium foil target with 1.4-GeV protons from the CERN
proton-synchrotron-booster accelerator. A hot tungsten
surface was used to ionize the released atoms. In order to
suppress isobaric contaminations by 38K! ions, CF4 was
added and the ions of interest were delivered to ISOLTRAP
in form of the molecular sideband 38Ca19F!. Ions ex-
tracted from the source were accelerated to 30 keV, mass
separated in ISOLDE’s high-resolution mass separator, and
injected into the first part of the ISOLTRAP apparatus, a
gas-filled linear radio-frequency quadrupole ion trap for
accumulation, cooling, and bunching of the ion beam [15].
From here the ions were transferred at lower energy as
short bunches to a cylindrical Penning trap for further
buffer-gas cooling and isobaric purification [16]. The ac-
tual mass measurement was performed in a second, hyper-
boloidal Penning trap [17] via the cyclotron-frequency
determination.

The time-of-flight ion-cyclotron-resonance detection
technique [7] relies on the coupling of the ion’s orbital
magnetic moment to the magnetic-field gradient after ex-
citation of the ion motion with rf fields and axial ejection
from the trap into a time-of-flight section. The sum fre-
quency of the cyclotron mode and the magnetron mode
!c " !! ! !# is probed by the measurement of the radial
energy [18,19]. A typical time-of-flight cyclotron reso-
nance of 38Ca19F! ions using the conventional excitation
technique with one continuous rf pulse [Fig. 1(a)] is shown
in Fig. 3(a). The mass of the ion of interest is obtained from
a comparison of its cyclotron frequency with the one of a
reference ion with well-known mass, here 39K!.

The uncertainty of the center frequency depends mainly
on three parameters. First, it is inversely proportional to the
square root of the number of recorded ions; second, it is
proportional to the linewidth of the resonance; and third, it

depends on the shape of the resonance and its sidebands.
The stronger the sidebands are, the more precisely the
center frequency can be determined. For the latter two
aspects Ramsey’s excitation method with separated oscil-
latory fields is superior to the conventional method.

Altogether eight resonances of 38Ca19F!, each with a
scan width of $4 Hz around the expected cyclotron fre-
quency were measured and their results are given in
Fig. 4. The first two employed the conventional excitation
scheme with 900 ms; the others used the Ramsey-type
scheme of two 100-ms excitation pulses and one 700-ms
waiting period (Fig. 1). Taking only into account the
statistical error, the mass excess can be determined to
within a 1.03 keV uncertainty for the two resonances
with conventional excitation. The uncertainty of the mass
excess obtained from two Ramsey-type measurements
under identical conditions is drastically reduced to
0.25 keV. All six measurements lead to an overall statistical
uncertainty of the mass excess of only 0.12 keV. After
consideration of systematic uncertainties of ISOLTRAP

 

FIG. 3. Time-of-flight ion-cyclotron-resonance spectra of
38Ca19F! with the conventional quadrupolar excitation (a) and
with a two-pulse Ramsey scheme with two 100 ms duration
excitation periods interrupted by a 700 ms waiting period (b).
The solid curves are fits of the theoretical line shapes to the
data. The center frequency, where the detuning is 0, is at
159 436 5.92 Hz.
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Ramsey scheme of Fig. 1(b). Each pulse has a duration of $1 "
$c=2 to obtain complete conversion at resonance; the total
duration of the excitation cycle is fixed to 900 ms.
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Ramsey1,2,3:  R ~ 3·Trf·νc

quadrupolar

Ramsey

Ramsey offers greater resolving power free of charge
•issues with isomer resolution, center freq. determination

1. N. F. Ramsey, Reviews of Modern Physics 62, 541-52 (1990).
2. S. George et al., Phys. Rev. Lett. 98, 162501 (2007).
3. M. Kretzschmar, Int. J. Mass Spectrom. 264, 122-45 (2007).
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Excitation scheme
(using octupolar RF field)

requires eight-fold ring segmentation
νrf ≈ 2νc

11

13

15

17

11

13

15

17

11

13

15

17

-52.5 -31.5 -10.5 10.5 31.5 52.5
11

13

15

17

-52.5 -31.5 -10.5 10.5 31.5 52.5

!
rf

 - 12539572.5 [Hz]

T
O

F
 [
µ

s
]

37 V 49 V

61 V73 V

Urf = 37 V Urf = 49 V
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23Na+, Trf = 50 ms

quadrupolar excitation:
- FWHM ≈ 1/Trf

octupolar excitation1,2:
- FWHM ≈ 0.2/Trf @ Urf = 73 V

Roct = 10.Rquad

Note:
ultimate gain in R is highly
dependent on initial ion 
cloud distribution

1. R. Ringle et al., Int. J. Mass Spectrom. 262, 33-44 (2007).
2. S. Eliseev et al., Int. J. Mass Spectrom. 262, 45 - 50 (2007).
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Excitation scheme
(using octupolar RF field)
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Realistic multi-ion
simulations:

- smaller magnetron 
  distribution yields higher 
  resolving power

- conversion frequency is 
  dependent on amplitude

- increases in resolving 
  powers of ≈ 20 within 
  reach of current system

- preliminary results, further
  studies required

- no theoretical line shape

- accuracy of ~ 5x10-9 
  experimentally verified

Experimental results:

- Roct ~ 10·Rquad
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Charge breeding

νc =
q

2πm
· B = ν+ + ν−

Increasing q increases νc
larger νc increases R for given Trf

Moderate charge breeding on a budget
•no EBIT and separate cooler trap required
•efficient use of all charge states produced
•less complicated

➞
E

➞
B

e-gun
Lorentz
steerer

MCP

mass
separator
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Charge breeding

νc =
q

2πm
· B = ν+ + ν−

Increasing q increases νc
larger νc increases R for given Trf
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Mini Penning trap magnetometer

• Beam time is “wasted” on measuring reference 
  ions
• Does not account for non-linear field drifts

Magnetic field is calibrated with a mass measurement of a 
reference ion before and after each RI ion measurement
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Mini Penning trap magnetometer

• Magnetic field is actively monitored during 
  measurements
• Nonlinear drifts are systematically tracked

• Precision goal: <10-8

• Aim to work with room temperature trap 
  and detection

Trap size: ~0.5 cm
Detector Q ~ 100
# ions ~ 100-1000

Q ~100
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β-coincidence time of flight detection

+

Al collector

MCP

➞
E

background suppression for species with short half-life, low yield
14Be ~ 4 ms
19C ~ 46 ms
70Kr ~ 57 ms

N. R. Daly, Review of Scientific Instruments 31, 264-7 (1960).
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β-coincidence time of flight detection

+ Al collector

MCP

➞
E

background suppression for species with short half-life, low yield
14Be ~ 4 ms
19C ~ 46 ms
70Kr ~ 57 ms

N. R. Daly, Review of Scientific Instruments 31, 264-7 (1960).
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β-coincidence time of flight detection

+ Al collector

MCP

➞
E

background suppression for species with short half-life, low yield
14Be ~ 4 ms
19C ~ 46 ms
70Kr ~ 57 ms

N. R. Daly, Review of Scientific Instruments 31, 264-7 (1960).
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3D cylindrical PIC code

Need to study space charge in traps for a variety of applications

Brute force:  simulate ~ 1000 particles and scale Coulomb interaction for buffer gas cooling in 
Penning trap1

1. D. Beck et al., Hyperfine Interactions. 132, 473-8 (2001).
2. E. N. Nikolaev et al., Rapid Communications in Mass Spectrometry 21, 3527-46 (2007).

3D cubic PIC:  106 ions in cubic domain used to study image-charge detection in FT-ICR2

Problems with these approaches
brute force:  not very realistic, ignores image charges, gets expensive
cubic PIC:  not a natural geometry for our traps, uniform cell volume

Benefits of 3D cylindrical PIC
- high cell density near origin
- natural boundary geometry
- ability to apply RF on boundaries
- add in physics (scattering, charge 
  breeding, etc.)

Possible applications
- plasma evolution in trap
- side band or rotating wall cooling
- proton/electron cooling of HCIʼs
- thermalization in gas cells


