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Abstract 

This thesis describes the final precision mass measurements with SMI-

LETRAP I where a relative precision <1 ppb (10
-9

) was reached routinely, 

and the development of SMILETRAP II for measurements with <0.1 ppb 

relative precision. The emphasis of the thesis is on the implementation of 

new techniques for achieving this precision improvement with SMILETRAP 

II. The Ramsey multiple-pulse excitation technique was tested at SMILE-

TRAP I, and a reduction of the statistical uncertainty by factor three could 

by verified. The technique was applied in the last measurement with SMI-

LETRAP I on H2
+
 and D

+
 ions. From these measurements the proton mass 

was deduced with a relative error of 0.18 ppb. It was found that temperature 

dependent magnetic field oscillations limited us from reducing the uncertain-

ties further. A technical achievement of reducing the peak to peak tempera-

ture oscillation in the trapping region of SMILETRAP II by a factor four is 

presented, which should give an extended observation time and likewise 

improved precision. The new SMILETRAP II super-conducting magnet, 

with a slightly stronger field of 5.8 T compared with the previous of 4.7 T, 

was installed and adjusted. A careful field alignment and reduction of inho-

mogeneities was done for minimizing the disturbances of the cyclotron fre-

quency for improved precision. In that attempt, the localization and control 

of the trapped ion motion is also important. Thus a new cooling trap was set 

up. In the spring of 2009 coherent axial motion of a confined ion cloud was 

discovered in the cooling trap. By observation of the axial oscillations we 

can see the effects of evaporative cooling in the reduction of the axial energy 

distribution. Storing the ions up to 1 s in the cooling trap reduces the energy 

distribution by a factor of five. Other remarkable results of the ion oscilla-

tions are also reported. 
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Short summary of my work with the SMILETRAP I/II project: 

 

I joined the group in November 2003 while SMILETRAP I was tempora-

rily inactive due to a quench of the superconducting magnet. Szilard Nagy 

re-commissioned the magnet and a series of successful mass measurements 

were done between 2004 and 2006. In the beginning I was learning and as-

sisting in the lab. Finally I did my first measurement in 2006 resulting in 

paper V and at the end of the year together I measured, together with An-

dreas Solders, the H2
+
 mass and calculated the proton mass from it, resulting 

in paper III. 

Meanwhile, in the summer of 2005, the S-EBIT lab became active at the 

AlbaNova research centre. The construction of the beamline between S-

EBIT and the cooling trap took place during that year and first tests with 

trapping and storage of H2
+
 ions and highly charged ions, HCI, were done 

successfully in the year 2006. The new SMILETRAP II magnet was brought 

to the lab 2006 to which I designed the double wall precision trap tube for 

improved temperature regulation. The temperature regulation system was 

tested rigorously in 2008, see paper II, for which I installed the needed preci-

sion temperature probe to the trap tube.  

After a period of parental leave I assisted Dr. Gerrit Marx, from the Uni-

versity of Greifswald, with energizing the SMILETRAP II superconducting 

magnet. Unfortunately the magnet quenched shortly after due to a small leak 

in the temperature probe feedthrough. After extensive security upgrades I re-

commissioned the magnet in November 2008. 

Over the Christmas weekends and during the spring of 2009 the magnetic 

field was fine tuned and mapped to the needed level of accuracy.   

During a test measurement in April 2009 with the cooling trap, using 

Ar
16+

 ions from S-EBIT, we discovered the collective axial oscillations of the 



 
 

ions while manipulating the end cap potentials in ways we never tried before. 

I took care of a number of test measurements using different ion species. 

One observation was the reduction of the axial energy distribution with sto-

rage time, i.e. evaporative cooling, of the ions. This resulted in paper I. 

  During the fall of 2009 the last parts of the SMILETRAP II precision 

trap system will be assembled and the whole system will be brought to life 

but that is already beyond my time with this experiment… 

 

My work is mainly based on paper I,II, III and V where I have contributed 

extensively with planning of the tests, data acquisition, analysis etc… Szilard 

Nagy was responsible for the measurement of the 
7
Li mass, paper VIII, 

where I assisted with the measurement and paper writing. The rest of the 

papers summarize the above mentioned papers in connection with different 

fields in physics. In these papers I contributed with writing and proof read-

ing. 
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Introduction 

SMILETRAP II, being upgraded from SMILETRAP I, is a Penning-trap 

mass-spectrometer specialized on using stable highly charged ions, HCI. The 

aim is to reach < 0.1 ppb relative precision in the determination of atomic 

masses. The SMILETRAP I/II experiments depend on HCI, as the relative 

precision increases linearly with the charge, and on ions with q/A1/2 as 

calibration source to keep the q/A difference to the HCI small, q being the 

charge state and A the atomic mass number of the ion. 

 My task has been to reduce systematical and statistical errors in Penning-

trap mass-measurements. The Ramsey technique, using time separated oscil-

latory fields for observing the ions resonance frequency, have been tested on 

high frequency measurements in the SMILETRAP I setup, see paper V. The 

successful tests show that we can reach a factor three improvement in statis-

tical uncertainty during the same observation time as compared with the 

previous technique when using a single oscillatory field. The statistical error 

is thus quickly reduced down to ~0.3 ppb relative precision from the old 

SMILETRAP I standard when being satisfied with 1 ppb precision. To reach 

<0.1 ppb level one has two choices. Collect a lot of statistics, as we did in a 

measurement looking for the proton mass to a relative precision of 0.18 ppb, 

see paper III.  

A better way is to increase the observation time of the ions in the trap. 

Previously we were limited to 1s observation time due to temperature de-

pendant magnetic field fluctuations. In paper II we present results that show 

a reduction of the peak to peak temperature oscillation by a factor four at the 

new SMILETRAP II setup. This indicates that we could possibly use a four 

second long observation time, thus reducing the statistical uncertainty by 

factor two in the same time as compared with previous measurements.  

Experimental program with SMILETRAP I/II 

 

When I end up in discussion of my work with family and friends the in-

evitable question is: what do you do with SMILETRAP and what is it good 

for? I will try to briefly answer that question with a couple of examples from 

previous experiments that I have been involved in. 
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High-precision measurements of different masses have an impact on vari-

ous fields in physics: In paper III the mass of the proton has been evaluated 

from measurements we did, using D
+
 and H2

+
 ions, with SMILETRAP I. 

Before this experiment there has been one high-precision mass-measurement 

on this fundamental particle performed with the University of Washington 

mass-spectrometer. They use a completely different method in the mass 

measurement procedure compared with us and therefore it is very important 

that someone can re-measure the mass with at least similar precision and 

hopefully confirm the result (which we did with similar precision). The pro-

ton is one of the fundamental building blocks of the visible universe so hav-

ing a precise understanding of it is important for the physics community.   

In paper V I have presented a re-evaluation of the neutrinoless double be-

ta decay Q-value, which is the mass difference between 
76

Ge and 
76

Se. If the 

neutrino is a Majorana particle the decay is allowed and the standard model 

is violated. Two possibilities for the double beta decays are shown in Figure 

0.1 where the right one corresponds to the case that the standard model is 

violated. The measurement is needed to point out where to look for this 

double beta decay energy. The Heidelberg-Moscow group analyzed 10 years 

of data from 5 Ge(Li) detectors looking for this beta decay. The group has 

presented experimental results with 4.2σ confidence level (1). This indicates 

that the standard model is not adequate enough to explain universe and has 

to be modified. It is anyway being modified but experimental evidence is 

always needed… The GERDA, GERmanium Detector Array, experiment 

(among many other experiments) is under preparation which will also be 

devoted to the search for the experimental evidence of the 
76

Ge double beta 

decay (2). 

 
Figure 0.1. Two possibilities for a double beta decay process.  

In paper VII the new mass value of 
7
Li is presented. This mass value is 

needed as a mass reference for calibration purposes and for the study of sys-

tematic uncertainties. The mass value come to use when measuring the 

masses of short lived nuclides such as 
9,11

Li for the study of the halo state of 

neutrons around a compact core of nucleons. The halo structure means that 

one or more neutrons or protons in the nucleus are residing far out from the 

compact core of the other nuclides, much like a moon orbiting a planet if 

naively visualized. For example, the 
11

Li nucleus has the same volume as 
208

Pb even though the amount of nuclides is a factor ~20 less.  
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1. Penning trap basics 

1.1 Ion motion in an ideal Penning trap 
 

In this chapter the fundamentals of ion dynamics in Penning traps is pre-

sented briefly. A detailed study on Penning traps can be found in the book by 

Major et al. (3). Many details concerning the ion motion in traps can be 

found in (4). 

In a Penning trap a strong magnetic field B(z) is used to confine the ions 

radially and an electric field to confine them axially. The electric field is 

created by a voltage U0 is applied between the end caps and the ring-

electrode, see Figure 1.1. The mass can be deduced from 

  1)  

 

where ωc is the angular cyclotron frequency, q the charge, m the mass of the 

ion.  

The precision trap electrodes have a hyperbolical shape, see Figure 1.1 for 

a schematic. The electric field, , that is created due to these elec-

trodes is described by the potential 

 
 

 

2)  

where the characteristic dimension, d
2
, of the trap is  

 

  3)  

 

here r0 is the ring electrode radius and z0 is the half the distance between the 

end cap electrodes. 
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Figure 1.1. Schematic of a Penning Trap with hyperbolically shaped electrodes. The 
end electrodes are also known as end caps.  

 

 

Inside the trap the ions are subjected to the Lorentz force 

 

  4)  

 

where v is the velocity of the ion. Solving the equations of motion one can 

show that three independent motions appear: the axial, the reduced cyclotron 

and the magnetron motion (3), see Figure 1.2. The angular oscillation fre-

quency in the axial direction is 

 

  5)  

 

The reduced cyclotron motion angular frequency is 

  

  6)  

 

The magnetron motion angular frequency is  

 

  7)  

z - axis 
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For a stable confinement it is required that . Some important 

relations exist between the eigen frequencies of the trapped ion. The relation 

between the cyclotron frequency and the sum frequency, ωc´, in the trap is 

 

  8)  

 

This formula gives us access to direct mass measurements together with 

equation 1) and application of a quadrupole RF field on the stored ion(s).  
It can also be shown that 

 

 
 

 

9)  

which is also known as the invariance theorem (5). This allows us to achieve 

a high precision in the measurements, more of that in chapter 3.4. 

 

 

 
Figure 1.2.  Illustration of the three eigen motions for an ion in a Penning trap. The 
left figure is a 3-D illustration of the three motions where the axial oscillation is 
depicted in the Z-direction and the magnetron and cyclotron oscillations in the X-Y 
plane. The small and large circular motion is the cyclotron and magnetron oscilla-
tion, respectively.  The right figure shows the two radial motions from above. 

1.2 The real trap 

 

The electric field in a real trap has unavoidable deviations from the ideal 

case since the trap has injection and extraction holes for the ions, the elec-

trodes have to be truncated somewhere in order to fit it inside the vacuum 

tube and from machining errors. There are correction electrodes built in the 

trap package, see Figure 1.1, but small errors still exists.  These errors will 

distort the eigen frequencies slightly and have to be considered in mass mea-
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surements. In the center volume of the trap the quadrupole potential can be 

expressed as a sum of Legendre polynomials (3)  

 

           

 
10)  

where   and Ck are the expansion coefficients. k=2 de-

scribes the ideal quadrupole potential, k=0 gives a constant value that can be 

ignored, and all odd k values can be neglected since we have reflection 

symmetry over the plane z=0 in center of the trap. Higher order even terms 

shift the frequencies slightly, especially the octupole and dodecapole terms. 

This will be discussed in more detail in chapter 3.4, where a summary of 

many different sources for cyclotron frequency deviations are given.    

1.3 Finding the cyclotron frequency 

 

Equation 8) gives the possibility to determine the cyclotron frequency by 

a quadrupole excitation of the sum frequency of the eigen motions

. Coupling between these oscillations is enabled when a resonant 

azimuthal quadrupole RF-field is applied to the ions.  

If one wants to use this technique, the ring electrode of the Penning trap 

must be segmented in at least four pieces. The RF-field is applied simulta-

neously on opposite side electrodes with the frequency . The vol-

tage applied to one pair of opposite segments is phase shifted by  with 

respect to the voltage applied to the other pair. 

During the excitation the radial oscillations keep converting into one oth-

er with the angular frequency 

  11)  

 

where VRF is the amplitude of the applied RF signal and a the radius of the 

magnetron like oscillation. After a half beat the initial magnetron oscillation 

has been converted completely into a cyclotron oscillation, i.e. the magne-

tron oscillation has disappeared completely and the cyclotron oscillation has 

a radius that corresponds to that of the initial magnetron oscillation. If 

 the conversion will not be complete. The radial kinetic energy is 

proportional to the frequency of the ion and the maximum energy after con-

version is 

 

  12)  
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with   being the amplitude of the reduced cyclotron motion. Since 

 the result is a large increase in the radial energy and orbital mag-

netic moment.  

The envelope of the excitation signal will decide how the ions absorb 

energy from the applied RF-field. The standard excitation method with the 

SMILETRAP I experiment was to use a continuous RF-signal for 1 s, also 

known as single pulse excitation. This method gives an energy absorption 

profile that has a sinc structure in the Fourier transformed window of the 

excitation pulse, see Figure 1.3. The energy absorption is measured using the 

destructive time-of-flight, TOF, method (6). The TOF of an ion is measured 

from the moment it is released from the trap to when it hits the detector. The 

detector is placed a certain distance from the trap, 50 cm at SMILETRAP I, 

where the field strength is low. When the ion fly towards the detector there is 

an interaction between magnetic moment of the ion and magnetic field gra-

dient that results in an axial force 

 

  13)  

 

In resonance the radial energy is the highest and therefore in the magnetic 

field gradient the force in the axial direction will be the highest. This will of 

course result in that the resonant ions are the fastest. The TOF is given by 

 

  14)  

where E0 is the initial energy of the ion, U(z) and B(z) the electric and mag-

netic fields along the axis from the trap to the detector. 

Making subsequent RF-excitations on and around the resonance frequen-

cy, and measuring the TOF in each case, will yield a TOF resonance spec-

trum where the minimum in the graph gives the cyclotron frequency of the 

ion. Normally one scan consisted of 21 to 27 such steps on and around the 

cyclotron frequency with 0.2 Hz step length. 

The conversion of motions due to RF-quadrupole excitations was investi-

gated with a quantum mechanical framework (7). The most interesting result 

in this work is that by applying two or more excitation pulses with the time 

τ1, with a dead time τ2 in between, where the total cycle time corresponds to 

that of a single pulse excitation, the width of the central peak becomes nar-

rower. The energy absorption process is a Fourier limited process and the 

analogy with the optical slit experiments works well, see Figure 1.3.  

The corresponding TOF profile will have the same type of structure as the 

energy absorption profile except that it is inverted, see Figure 4.1 for an ex-
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ample. Looking at the energy absorption/TOF profiles one can see that the 

line width in the center peak is the narrowest for the two pulse profile. It was 

also shown that the peaks around resonance help to define the center fre-

quency peak, favoring the two pulse excitation method. The expression for 

the energy absorption profile, found in (7), is used in the magnetic moment, 

μ(ωRF), of equation 14) in the off line analysis.   

Measurements with the Ramsey technique has been done in Mainz using 
39

K
+ 

ions and the group demonstrated a factor three improvement in the cen-

ter frequency determination, compared to single pulse excitation (8). At 

SMILETRAP I similar tests were done using H2
+
 ions and an improvement 

factor of close to three was shown similarly. These results are demonstrated 

in more detail in paper V and chapter 4.1.2. 

 
Figure 1.3. The left figure depicts four different excitation profiles. In the two pulse 
excitation scheme the excitation pulses are described as τ1 and the waiting time as τ0. 
In the right figure the energy absorption profiles are shown. Each one corresponds to 
the excitation profile in the left figure. The resemblance with the optical slit analogy 
is astonishing. 

1.4 Statistics and the mass calculation 

 

The final precision of the measured cyclotron frequency, using the SMI-

LETRAP I/II system relies on a high number of measurements.  One single 

observation of the frequency yields a relative precision of ~30 ppb using the 
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SMILETRAP I frequency for a q/A=1/2 ion. The corresponding precision 

for SMILETRAP II will be roughly ~20 ppb. Therefore, if one wants to 

reach sub ppb level precision in measurements a high number of statistics is 

necessary.  

The Levenberg-Marquardt non-linear fitting algorithm is used in the data 

fitting of the TOF profiles together with equation 14). It minimizes the sum 

of the squares of the deviations between the model function and empirical 

data. Three fit parameters are used with the algorithm giving the best fit val-

ue with the error: 1. The cyclotron frequency: c+/-c. The cyclotron fre-

quency is the most important best fit value needed for the final mass calcula-

tions. 2. The conversion rate between the magnetron and cyclotron motions: 

C+/-C. The conversion rate reflects the fact we are making a careful excita-

tion of the ion motion. This parameter gives a measure of our excitation 

process, normally being 10-20%. 3. The initial kinetic energy of the ions in 

trap: Ek+Ek. The kinetic energy is the axial energy of the ion when kicked 

out from the precision trap, being 0.1 q keV.    

At SMILETRAP I the frequency scans was collected in bunches consist-

ing of 50-100 scans. Smaller bunches make the fit procedure cumbersome 

since the resonance dip becomes less clear in structure. 

The results from the fits of the bunches, νion+/-νion and νref+/-νref are di-

vided to form the ratio . ion/ref, the indices ion and ref  denoting the 

ion specie of interest and the reference ion H2
+
. If the ion species have the 

same q/A ratio, many frequency shifts are cancelled. Therefore mass doub-

lets are used in the measurements as far as possible, see chapter 3.4.1 for 

more details. The weighted average of all bunches are then calculated: 

 

  15)  

The error is given by the so called internal error: 

 

 
 

16)  

which is the weighted average of the frequency ratio measurements. As a 

double check, the external error is also calculated 

 

  17)  
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 This gives information of the distribution of ri around . If the internal 

and external errors are equal the errors are purely statistical but if deviations 

exist there are some systematical errors present. Deviations often exist in our 

measurements and conservatively the largest error is used.  

The atomic mass is calculated with the use of: 

 

  18)  

Here qion and qref is the charge state of the ion and reference ion respectively, 

mref is the mass of the reference ion, qionme the mass of the missing electrons 

and Eb their binding energies. 
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2. SMILETRAP I 

A short description of the SMILETRAP I experiment is given in this sec-

tion while details can be found in paper (9) and previous theses, such as (10) 

and (11). A schematic of the SMILETRAP I setup is shown in Figure 2.1. 

The position of the SMILETRAP I experiment in the experimental hall of 

the Manne Siegbahn Laboratory, MSL, is shown in Figure 2.2. 

The heart of the SMILETRAP I experiment was the hyperbolical shaped 

Penning trap, see Figure 1.1, also known as the precision trap. The ring elec-

trode radius r0 in equation 3) is 13 mm and the half distance between the end 

cap electrodes z0 is 11.18 mm. The holes in the end caps, for introducing the 

ions to and extracting them from the trap, have a diameter of 5 mm. The 

injection side hole is reduced to a diameter of 1 mm, with a separate aper-

ture, in order to reduce the maximum possible magnetron radius of incoming 

ions. The material of the trap is oxygen free copper with silver and gold 

coating. The ring electrode is split into eight segments allowing different ion 

excitation schemes. Due to holes and truncated electrodes, the electric field 

will be slightly distorted. Therefore the correction electrodes are introduced 

for shaping, with carefully tuned voltages, the field to a near ideal quadru-

pole potential. The same precision trap will be used in the SMILETRAP II 

setup.  

To confine the ions radially, an Oxford Instruments superconducting 

magnet, type 200/130, was used for creating the magnetic field with a max-

imum strength of 4.7 T in the trap region.  

Roughly 1 m below the precision trap an open-ended cylindrical Penning 

trap was placed, also called PreTrap which is an abbreviation for preparation 

trap. This trap consisted of seven electrodes, where four of these were used 

as correction electrodes to tune the field, having an inner diameter of 10 mm. 

The openings in the entrance and exit of the trap had a diameter of 4 mm. 

The material of the trap was also oxygen free copper.  

The PreTrap was placed in a conventional water cooled magnet where the 

center field strength was 0.25 T. The trap was floated with high voltage to 

match the energy of the incoming ions, usually 3.5  q keV. The PreTrap was 

used for trapping and storing the ions for a few ten milliseconds. While stor-

ing the ions, the floating potential was quickly lowered to ground potential. 

The guiding of the ions to the precision trap, where the ring electrode was at 

ground potential, was done with a transport section set to -1 kV potential.   
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Figure 2.1. The SMILETRAP I setup. 

2.1 A Typical measurement procedure used at 
SMILETRAP I  

 

Initially, singly charged ions of the species of interest were created in a 

CHORDIS plasma ion source also called INIS, INjector Isotope Separator. 

The ions were injected into the EBIS, Electron-Beam Ion-Source, CRYSIS 

(12), (13), where electron bombardment would ionize them further. Table 1 

shows the different parameters of CRYSIS.  
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Table 1. The CRYSIS parameters.  

Parameter Nominal values Maximum values 

Electron beam current 350 mA 1300 mA 

Electron beam energy 20 keV 27.5 keV 

Trap length 1.2 m - 

Magnetic field 1.5 T 5 T 

Electron beam current densi-
ty 150 A/cm2 250 A/cm2 

Ion energy 3.5 x q keV 50 ∙ q keV 

Charge per pulse 1-2 nC 4 nC 

Ion pulse length 0,05-100 µs - 

Containment time 20-200 ms - 

 

 

After this, the ions were transported to the PreTrap through a 90 degree 

bending magnet, where a charge selection of the beam was done. As men-

tioned, the purpose of this trap was to retard the ions to ground potential. 

After retardation, the ions were transported to the precision trap. The trap-

ping procedure (for both traps) was to keep the lower end cap (LEC), closest 

to the ion source, on ground potential and the upper end cap (UEC) on 10 V. 

When the ions entered the trap, the LEC was raised to 10 V in 1.5 us trap-

ping the ions. While stored in the precision trap, they were first subjected to 

evaporative cooling so that in average 1-2 of the coolest ions remained. Now 

the destructive TOF method of detecting the cyclotron frequency was ap-

plied. 

The reference-mass ions, , were created in the Pre-Trap by ionizing the 

rest gas with an electron beam. After this the  ions were transported and 

injected into the precision trap.  

Below the SMILETRAP I setup, before the  bending magnet, a plasma 

ion source called SMILIS was placed. This was mainly used for creating 

singly charged ions from gaseous sources. The last measurement with SMI-

LETRAP I was done using this source, see paper III. We created D
+
 ions 

with SMILIS which were used as reference for measuring the mass of 

from which the proton mass was determined.  
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Figure 2.2. The SMILETRAP I at MSL. In the picture one can also see the HCI 

source CRYSIS and the approximately 20 m long beam transport section to the trap. 

2.2 Reaching the limit of SMILETRAP I 

 

The SMILETRAP I experiment proved to be a reliable Penning-trap 

mass-spectrometer that delivered many groundbreaking results. Finally, 

when pushing towards 0.1 ppb relative precision, the limitations of the SMI-

LETRAP I experiment became evident. These presented limitations should 

be improved in the SMILETRAP II setup.   

 

Temperature regulation system 

It was observed that there was a temperature dependant magnetic field 

fluctuation in the SMILETRAP I system. The explanation is the temperature 

dependent magnetic susceptibility of the trap and surrounding materials. A 

temperature shift of 10 mK lead to a cyclotron frequency shift of 0.1 Hz. 

This effect gives a broadening of the resonance line widths and this prevents 

us from going to longer excitation cycles since the broadening will just flat-
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ten the resonance spectrum completely. The temperature regulation system 

has to be improved in the SMILETRAP II setup since this has been a major 

limiting factor at SMILETRAP I. Recent improvements with the SMILE-

TRAP II experiment indicate that this temperature fluctuation has been mi-

nimized by a factor of 4, see chapter 4.2.1 and paper II .   

 

The PreTrap 

The preparation trap of SMILETRAP I was a cylindrical Penning trap, 

placed in a 0.25 T conventional water cooled magnet. The relatively weak 

field in combination with a probably poor alignment between the electric and 

magnetic field limited the trapping time, preventing us from testing different 

cooling procedures. Cool ions will minimize some amplitude dependant 

errors/shifts in the precision trap, which are described in chapters 3.4.3, 3.4.5 

and 3.4.7.  

 

Ion source 

The maximum electron beam of 50 keV in CRYSIS could provide fully 

stripped Xe ions. For stable conditions over many days the electron beam 

current had to be limited to maximum 20 keV thus limiting the maximum 

available ion charge states. The SMILETRAP I experiments were done using 

 ions, with q/A=1/2, as calibration source. Therefore are as high charge 

states as possible desired to minimize q/A effects.  

The long transport of 20 m to the trap made the transport complicated and 

there was a high beam loss rate.  

 

Mass reference 

H2
+
 ions were used as mass reference which mass is known with a relative 

error of 0.11 ppb. Reaching below 0.1 ppb relative precision the reference 

mass needs to be changed. Best would be 
12

C since with the possible charge 

states it is feasible to match q/A≈0.4 ions, which is standard for the high 

mass isotopes. To use 
12

C would only introduce the uncertainty from the 

binding energy from the missing electrons, <0.01 ppb, since the mass is de-

fined via 
12

C. 

 

TOF detector 

The limited efficiency of 50% of the TOF detector was a problem when 

probing for the ion-ion interaction. Using a channeltron with a conversion 

dynode will make this effect easier to investigate. 

 

Relativistic ions 

Two apertures with a diameter of 1 mm were placed, with a separation of 

20 cm, in front of the precision trap, therefore the maximum initial magne-

tron radius could be up to 0.5 mm. Together with a reduced cyclotron fre-

quency of 36 MHz, for q/A=0.5 ions, this can lead to a relativistic mass shift 
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if the ion motions are converted too much during the quadrupole excitation 

phase in the trap. This is solved by not converting the ions fully which in 

turn leads to a relatively shallow TOF resonance dips. Borgenstrand (11) 

developed a technique to calculate the kinetic energy of the excited ions 

using the TOF effect. The TOF effect is the relative difference in TOF be-

tween ions in and off resonance. With this the relativistic correction can be 

calculated. Usually the average relativistic correction was calculated for all 

frequency bunches and conservatively used as an error in the total uncertain-

ty budget of the calculated mass. This correction/error used to be <0.3 ppb.  
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3. The HCI facility and SMILETRAP II 

In this chapter the HCI facility at AlbaNova, Stockholm University, is de-

scribed. A schematic of the experiment is given in Figure 3.1. The facility 

has been up and running for a couple of years delivering HCI for different 

experiments.  

3.1 S-EBIT 

 

The Stockholm Electron-Beam-Ion-Trap, S-EBIT, is the fundament of the 

facility, delivering HCI for various experiments. So far the ions have been 

created by injection of a neutral gas beam, letting it pass through a narrow 

electron beam ionizing the atoms. Helmholtz type coils create a magnetic 

field of 3 T trapping the ions radially while electrostatic drift tube elements 

confine the ions axially. Pulsed beams can be extracted by ramping the drift 

tube elements in different time sequences. One can also create a continuous 

beam by the so called leaky mode extraction, keeping the extraction side 

drift tubes low all the time. Some of the S-EBIT parameters are given in 

Table 2 below. This year, 2009, the S-EBIT will be upgraded allowing it to 

create U
92+

 ions with the help of a 250 keV electron beam.  

 

Table 2. S-EBIT parameters.  

S-EBIT parameters  

B-field 3 T 

Electron beam current 150 mA 

Electron beam radius 37 µm 

Electron beam energy 30 keV 

Trap length 2 cm 

Shortest pulse 100 ns 

Ions / pulse 107 

Max charge state Kr36+ 

 

It is also possible to inject ions from an external source into S-EBIT, e.g. 

if one wants to create HCI from metallic sources. The plan is to attach a 
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Mevva type ion source to  S-EBIT and work is currently being made to at-

tach a CHORDIS ion source to the beamline close to S-EBIT.  

When transporting ions to the SMILETRAP II section a charge state sepa-

ration is done at a 90 degree analyzing magnet. The magnet has a q/m resolu-

tion of 1/50. After the magnet the ion beam can be detected with a window-

less photomultiplier tube or one can use a set of slits, close to the same posi-

tion, as a Faraday cap (not indicated in Figure 3.1). Example of a scan can be 

seen in Figure 3.2. 

    

 
Figure 3.1. The HCI facility at AlbaNova, Stockholm University. In the lower left 
corner the ion source S-EBIT is visible. The low charge ion source SMILIS is found 
to the left in the figure. The SMILETRAP II section is in the upper right corner. The 
parts in grey, in the upper right corner, have not been installed yet.   
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Figure 3.2. A scan from the windowless photomultiplier tube. The black line shows 
a scan when S-EBIT was loaded with Argon. The grey line shows a scan from the 
same measurement but when the Argon gas injection was temporarily shut down.  

3.2 SMILIS 

 

The SMILIS ion source is the same that was used in the SMILETRAP I 

setup. This is a source for lowly charged ions.  

3.3 The cooling trap 

 

Roughly 30 cm in front of the cooling trap, a movable fluorescent screen 

is mounted together with a Faraday cup. These have proven to be valuable 

detectors when looking for the HCI coming through the beam splitter. The 

ions motion is retarded with the help of ten cylindrically shaped retardation 

electrodes, the so called injection system. The injection electrodes are tuned 

in a way that when entering the trap region the majority of the ions have a 

relative kinetic energy between 0-10 qeV. The cylindrically shaped cooling 

trap consists of two end caps one ring electrode and four correction elec-

trodes for fine tuning of the quadrupole field, see Figure 3.3. The inner di-

ameter of the ring electrode is 10 mm, the total length of the trap is 60 mm 

and the injection and extraction holes have 4 mm inner diameter. The B-field 
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is generated with a conventional water cooled magnet manufactured by 

Scanditronix AB with a field strength of 1 T in the center of the magnet. 

The trap ground is floating on a high voltage potential that is matched to 

the extraction potential of the S-EBIT or SMILIS. The ions are then easily 

confined by keeping the UEC constantly on 10 V and quickly raising the 

LEC when the ions enter the trap. The cooling trap electrodes are controlled 

with a NI PCI-6714 card. The accuracy is better than 1 mV with an internal 

noise less than 50 µV. The card is inserted in a computer which is placed on 

the same high voltage platform as the cooling trap. This computer is then 

controlled via an optical fibre from the main PC on ground potential. 

On the extraction side of the trap is a set of cylindrical electrodes, similar 

to the injection system, placed for optimum transport of ions.  

 
Figure 3.3. A schematic of the cooling trap. LEC and UEC are the lower- and upper 
end cap respectively. Lc1, Lc2, Uc1 and Uc2 are the upper and lower correction 
electrodes 1 and 2. The ring electrode is segmented in four pieces allowing for future 
excitation of different eigen motions. The electrode voltages are scaled according to 
the factors indicated on top of the figure to achieve a near ideal quadrupole field.  

A channeltron is placed 80 cm from the cooling trap which can be used 

for TOF measurements, see Figure 4.20. There is also an emittance meter 

consisting of a pepper-pot foil and a delay line anode placed either after a 

90° vertical bender or after the channeltron (temporary before the final setup 

of the precision trap). This can be used for measuring the emittance of ions. 

Besides the cooling results reported in paper I there have been other tests 

for future cooling methods of HCI.  One proposal is to try evaporative cool-

ing with mixing the ion species of interest with protons as coolant media. So 

far we have managed to mix Ar
16+

 and He
+
 ions, delivered from the S-EBIT 

and SMILIS respectively, see Figure 3.4. Unfortunately the emittance meter 

was not ready at the time when the mixing was done and the axial oscillation 

technique, see chapter 4.2.2, was not discovered yet. 



 33 

 
Figure 3.4. Simultaneous storage of He

+
 and Ar

16+
 ions in the cooling trap. The left 

figure shows the individual TOF profiles collected with the channeltron. The right 
figure shows the mixed TOF profile of both ion species. 

3.4 The SMILETRAP II precision trap, magnet 
and accessories 

 

The new superconducting magnet has a central field strength of 5.82 T 

and was manufactured by Oxford Instruments. Recently the magnetic field 

was mapped and aligned with the optical axis of the precision tube. There 

are always some imperfections introduced in the field homogeneity and the 

alignment. A summary and estimate of the magnitude of these imperfections 

will be given later in this chapter. 

The precision trap was already described in chapter 2, and further infor-

mation can be found in theses like (10) , (11) and (14). It might be interest-

ing for the reader to know that it is similar to the trap used by the ISOL-

TRAP experiment. (15). The precision trap will be placed inside a custom 

made double wall tube, see Figure 3.5. The double wall allows for tempera-

ture regulation of the precision trap using a suitable medium. A TG-120-SD 

temperature sensor, with ~3.6 mK sensitivity at room temperature, is 

mounted on top of the precision tube, inside the vacuum chamber. First re-

sults in stabilizing the temperature at the future position of the precision trap 

have already been achieved using pressurized air, see paper II.  

The future TOF detector is a channeltron detector with a conversion dy-

node that has almost 100% detection efficiency. It will be placed roughly 

100 cm from the precision trap where the magnetic field will not interfere 

with the motion of the secondary electrons. There will also be a 2 D position 

sensitive MCP detector. The Mainz part of the group (do not forget the 

acronym; Stockholm-Mainz-Ion-Levitation TRAP) has helped us with the 

design of the extraction electrodes and the detector chamber which is a copy 

of their system (16). 
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Figure 3.5. Schematic of the new precision tube of SMILETRAP II where the preci-
sion trap will be placed. The setup of the temperature regulation system is also 
shown. The temperature sensor cable is connected to the outside via a KF electrical 
feedthrough on the ´back´ side of the tube (not visible in the picture). Note also the 
injection tube, labeled with in, that goes through the volume between the double 
walls to the far left side of the tube. The reason is to have a good transmission of a 
thermal medium through the whole volume. The magnet in the figure is not to scale 
indicated by the ‘cut’ in the figure. 

3.4.1 Suppressing the systematic errors 

 

As it was mentioned in chapter 1.4, the frequency ratio is formed between 

the measured cyclotron frequencies of the ion of interest and the reference 

ion. The reference ion measurement is done, close in time, before and after 

the ion of interest measurement. The timing of the measurements is adjusted 

to the known time of the drift of the magnetic field. With SMILETRAP I, 

the measurement time was set to approximately two minutes for a few cyclo-

tron frequency scans. The measured cyclotron frequency ratio r is related to 

the true ratio R by 

Beam 
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19)  

where ωc
(r)

  and Δωc
(r)

 is the measured cyclotron frequency with the asso-

ciated error and the superscript denotes the reference ion.  

The first order relative error of the frequency ratio is given by 

 

  20)  

 

Since the field dependent systematic frequency shifts are proportional to the 

q/m ratio difference, mass doublets are used if possible. 

3.4.2 The trap misalignment with the magnetic field axis 

and other field imperfections 

 

The alignment of the magnetic field axis with the optical axis is impor-

tant. This defines the alignment of the electric field of  the Penning trap with 

the magnetic field. The trap electrodes can not be perfectly machined and the 

resulting asymmetry distorts the quadrupole potential. The magnitude of the 

distortion is given by the parameter ε. If ε=0 the equipotential lines on the x-

y plane are circular; otherwise these will be elliptical. It has been concluded 

that ε≈0.01 for the SMILETRAP I/II trap (11). 

The distortions cause a shift on the eigen frequencies of the trapped ions, 

i.e. equation 8) becomes 

 

  21)  

 

The measured sideband frequency is then 

 

  22)  

 

Using the invariance theorem, equation 9) and the normal hierarchy of the 

eigen frequencies  along with a small angle expansion, the 

shift can be shown to be (17) 
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  23)  

Inserting this into equation 20) yields 

  

  24)  

 

The alignment between the axes was measured using a geometrical argu-

ment (18). For the measurement a 10 cm long plastic plug, designed to fit the 

precision trap tube perfectly, together with holes for the Hall and NMR 

probes was constructed. The radial magnetic field was measured with a flat 

Hall probe with 1 ppm resolution, every 10 mm over a region of +/- 100 mm 

on the optical axis, centered on the most homogenous part of the magnet. 

The field was measured in both the horizontal and vertical directions twice, 

i.e. the probe was rotated 180° between the measurements for each direction 

summing up to four radial measurements in each point. The average field 

strength in the vertical and horizontal direction was used. This will minimize 

errors from inhomogeneities in the precision trap tube. Likewise the axial 

field was measured on the same points using a NMR probe with 1 ppm reso-

lution. The deviation between the magnetic and optical axis was estimated 

through the relation  

 

 
 

 

25)  

where Bradial is the field strength in the radial direction, Baxial is the field 

strength in the axial direction, ΔZ is the distance between the measurement 

points in the axial direction and ΔR is the deviation in the radial (horizontal, 

x, or vertical, y) direction between the magnetic field and the optical axis, 

see Figure 3.6 and Figure 3.7.   

The magnetron frequency in the SMILETRAP II magnet will be 650 Hz 

and the cyclotron frequency 44 MHz.  The dashed line in Figure 3.6 shows 

the angle between the trap axis and the magnetic field axis, being 6 mrad. In 

SMILETRAP I experiments, the relative q/m difference between the refer-

ence ion and the ion of interest could be 0.5 (19). Plugging these values 

(with ε≈0.01 from above) into equation 24) gives the relative error of the 

frequency ratio ~0.5 ppb. The q/m difference for the ion species must be 

<20% if this error is to be reduced below 0.1 ppb.
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Figure 3.6. .The radial,    deviation between the trap- and the magnet-
ic field axis. The dotted lines indicate the 0.03°  tilt angle between the axes. The 
dashed line show the tilt angle for our trap. 

 
Figure 3.7. The deviation between the magnetic field and optical axis in the  radial 
plane. The dotted lines indicate the 0.03°  tilt angle between the axes . The axial 
interval is +/-100 mm. 



 38 

3.4.3 The homogeneity of the magnetic field 

 

The magnetic field inhomogeneities cause a frequency shift in Penning 

trap measurements. The axial component of the field can be shown to be (4), 

(20)  and (15): 

 

  26)  

 

where B0, B1 and B2 are expansion coefficients, ρ the radial position from the 

magnetic field axis. The B1 evens out due to the axial oscillation of the ion. 

The relative cyclotron frequency shift due to this is then 

 

  27)  

 

where z0 is the amplitude of the axial oscillation and ρ is the amplitude of the 

radial oscillation. The B0 and B2 can be calculated from fitting equation 26) 

to the measured magnetic field data along the axis, see Figure 3.8. The field 

was measured every 2 mm in this interval. Assuming that the axial oscilla-

tion amplitude z0 is 1 mm and the cyclotron oscillation radius is 0.5 mm the 

cyclotron frequency shift becomes 3.3(4) ppb using the best fit values 

B2=2.6(3)∙10
-8

 T/mm
2
, B1=3.0(4)∙

-5
 T/mm and B0=5.814(2) T. This is a high 

shift and minimizing the amplitude of the oscillations is therefore necessary. 

Setting the magnetron oscillation radius to 0.36 mm, which is the average 

when having apertures with radius of 0.5 mm in front of the precision trap, 

together with z0 =0.5 mm yields a shift of 0.53(7) ppb. This shows the im-

portance with cooling of the ion motion. Using mass doublets in measure-

ments will also suppress the errors in the frequency ratio.  
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Figure 3.8. The magnetic field plotted along the axis of the tube. The fit, using equa-
tion 26) is seen between the points 555-615 mm on the position axis. The position is 
defined as the distance from the South Pole flange of the SMILETRAP II magnet. 

The homogeneity was also checked by measuring the magnetic field in a 

volume in the most homogenous part. The field was measured in a cylinder 

with the radius of 4.1 mm and a length of 8 mm in the axial direction. The 

field was measured on the axis and on the surface of the cylinder every 45° 

around the axis. The axial step length, between measurements, was 2 mm. 

The maximum deviation of the B-field was 4.5 (1.0) µT or relatively speak-

ing 0.77 ppm in a volume of 0.42 cm
3
 corresponding to 1.8 (4) ppb in a vo-

lume of 1 mm
2
. In Figure 3.9 the magnetic field is shown on a slice going 

through the mid-plane of the cylinder.  

These two methods give roughly the same homogeneity in a 1 mm
3
. 
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Figure 3.9. The magnetic field strength in a plane through the center of the future 
position of the precision trap. The rectangular box is the boundary of the cylinder 
where the homogeneity was estimated to 1.8 ppb by measuring the field strength.  

3.4.4 Stability of the magnetic field 

 

The natural decay of the magnetic field for SMILETRAP II is, according 

to the manual, 10 ppb /hour. In SMILETRAP I the ion species was switched 

every few minutes in order to suppress systematical errors. Assuming a two 

minute long measurement cycle for one ion specie yields a 0.3 ppb shift dur-

ing this time. This could be a problem for future high precision measure-

ments. To suppress this systematical shift to <0.1 ppb level one would have 

to make this measurement in 36 s or faster which could be quite hard to ac-

complish, especially if one wants to use longer excitation times. The solution 

for this problem could be to use compensation coils as the ones used at the 

TRIGA-TRAP experiment. They report a stability of ~0.1 ppb/hour (21). 

The same stability at SMILETRAP II would shift the frequency <0.01 

ppb/hour making this a neglible problem.  

Another method, that does not require any additional hardware, is to 

change the analysis method of the frequency ratio. The time dependence of 

the magnetic field can be described by 
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28)  

where f(t) is the long term field drift and  is the short term fluctuation. 

The idea is to measure the cyclotron frequency of the ion specie of inter-

est for a few minutes and then switch to the reference ion and so on, i.e. the 

normal procedure. This will yield two frequency curves as function of time 

where f(t) is fitted simultaneously on both of them. Using the least square 

method, the quantity  

   

 

 

 

29)  

is minimized with respect to f(t) and the frequency difference of the 

curves . The subscript 1 and 2 denote the measured ion species, the sub-

script j and k denote the individual measurements for the ions, ro is the initial 

guess of the mass ratio and  the measurement uncertainty.  

The best value of the frequency difference leads to the mass ratio 

 
 

 

30)  

The details can be found in (22). 

3.4.5 The quadrupole potential of the precision trap 

 
Equation 10 describes the electric potential in the center region of the 

trap. The main deviations are given by the octupole term k=4 and the dode-

capole term k=6. The cyclotron frequency shift induced by these deviations 

is given by (see (4), (20) and (15)): 

 

 
 

 

31)  

and 

 

 
 

 

32)  
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In Borgenstrands thesis (11) the values from a theoretical calculation of the 

expansion coefficients are presented. The calculation was done by making a 

polynomial fit with equation 10, on simulated trap potentials, on the optical 

axis, in the range – 5 mm ≤ z ≤ 5 mm. The best fit values are: C0=0.8069, 

C2=1.0516, C4=0.0000403 and C6=0.000428. The maximum radius of the 

magnetron motion is 0.5 mm. Assuming a cyclotron radius of 0.1 mm, an 

axial amplitude of 1 mm and U0=1 V gives then =0.14 mHz and 

=0.10 mHz. The total contribution adds to 0.24 mHz which leads to a 

cyclotron frequency uncertainty of <<0.1 ppb, being is totally neglible at the 

current level of precision.  

3.4.6 Stability of the trap temperature 

 

The stability of the trap temperature is presented more thoroughly in 

chapter 4.2.1 and paper II. I will briefly summarize the expected gain in fu-

ture measurements. The temperature induced frequency shift limited us from 

going to longer excitation cycles in mass measurements. The excitation time 

used to be 1 s giving ~30 ppb precision in one frequency scan in a standard 

SMILETRAP I measurement. Being able to excite the ions for 4 s would 

then give a factor 2 improvement in the statistical uncertainty in the same 

time as compared with the 1 s excitation cycle. The tests indicate that this 

could be possible with SMILETRAP II temperature regulation system and 

the achieved 10 mK peak to peak stability.    

3.4.7 Relativistic ions 

 

The ions can experience a relativistic mass shift if the ion motions are 

converted too much during the quadrupole excitation phase in the trap. The 

reduced cyclotron frequency is 44 MHz for q/A=0.5 ions in SMILETRAP II. 

Carefully analyzing the data can suppress this error below 0.1 ppb relative 

uncertainty. As presented in paper III, the individual correction for each 

frequency ratio was calculated and adjusted for. The correction was also 

added to the error in the individual frequency ratio. The average relativistic 

shift of the frequency ratios between D
+
 and H2

+
 was calculated to -0.12 ppb 

and corrected for. The uncertainty from this source, contributing to the total 

error budget, was <0.001 ppb. 

Cooling of the ions will also suppress the effects of relativistic mass shifts 

since the oscillation amplitudes will be reduced.  
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3.4.8 Electron binding energies 

 

When calculating the neutral atom mass, from the ion mass, the electron 

binding energy introduces an error. For light elements Z<20 the uncertainty 

is <10
-10

. For heavier atoms calculated binding energies are used adding an 

uncertainty of up to 1 ppb in the mass of the atom (23). If these have closed 

electron shells, then the contribution to the mass uncertainty becomes 0.2 

ppb.      

3.4.9 Ion-ion interaction 

 

The cyclotron frequency of the ions is reduced slightly due to coulomb in-

teraction when there are more than one ion stored simultaneously in the trap 

(24), (25). This can be solved in the off-line analysis by discriminating data 

events resulting from more than one ion. There can be contaminant ions 

present in the trap, either created due to charge exchange in the trap or 

created in the ion source and transported with the wanted ion species if the 

q/m is the same. If the q/m deviates then these can be cleaned away by ap-

plying q/m dependant axial excitation on the ions in the trap. 

In paper III and (26), when reaching for 0.1 ppb precision in the proton 

mass, a new technique for analyzing the ion-ion interaction was developed. 

The relative frequency shifts are small and we can assume linear depen-

dence. Forming the frequency ratio as a function of the average number of 

ions in the trap  

 

 

33)  

R=νx(1)/νy (1) is the frequency ratio using one ion in the trap. The indices 

x and y denote each ion specie. Since the constant ny and ky are in the order 

of 1 and the cyclotron frequency  νy for the ion species will be in the order of 

44 MHz, the denominator can be Taylor expanded to the second order giving 

 

 
 34)  
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ε and  are interpreted as ion-ion interaction coefficients. When measur-

ing the proton mass, see paper III, 46 individual frequency ratio bunches 

were formed. A simultaneous fit with equation 31) of all the data bunches 

was done with ε and  as free fit parameters in each bunch forcing the fit 

parameter R to be equal in all bunches. From these fits the average interac-

tion coefficients can be formed. From this measurement we got ε=0.34 

ppb/H2
+
 ion and =-0.03 ppb/D

+
 ion. It was concluded that when measuring 

with H2
+
 ions the PreTrap was slightly contaminated with D

+
 ions from the 

SMILIS source. The ratio R=0.999 231 659 33(17) was the fit result used in 

paper III.  
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4. Scientific results 

Summary and discussion of the different scientific achievements that I 

have been involved in are presented in this chapter. I will work in chronolog-

ical order and start with the measurements that I was involved in with SMI-

LETRAP I at the Manne Siegbahn Laboratory, MSL. In chapter 4.1 I discuss 

briefly the results from the 
7
Li mass measurement for halo nuclei studies, 

being my first mass measurement with SMILETRAP I. This work resulted in 

paper VIII.  

I will move on to the measurements where I successfully tested the Ram-

sey excitation technique on SMILETRAP I. As an application I, analyzed a 

three pulse Ramsey measurement from the year 2000 done on 
76

Ge
25+

 ions, 

being the parent nucleus in the possible double beta decay between 
76

Ge and 
76

Se. This work resulted in paper V and, in more detail, in my licentiate the-

sis (27).  

I will finish chapter 4.1 with the proton mass measurement where we 

pushed SMILETRAP I to its limits and managed to measure the proton mass 

with 0.18 ppb relative precision. This work resulted in paper III. 

In chapter 4.2 I present the recent advances that we have done with SMI-

LETRAP II. I have been heavily involved in the planning and construction 

of the SMILETRAP II experiment. The aim is to make it possible to routine-

ly reach < 0.1 ppb relative precision in mass measurements using highly-

charged ions. Two important ingredients in the precision improvement are 

the temperature stability in the precision trap and, the cooling of the ion mo-

tions.   

I present the stability improvements that we reached with SMILETRAP II 

and managing to reduce the peak to peak temperature fluctuation by a factor 

four compared with SMILETRAP I. Improved temperature stability should 

open the door to extended observation time of the ions in the trap which in 

turn leads to improved precision in measurements. This work resulted in 

paper II. 

I will end this chapter with presenting the most recent results of the cool-

ing of the axial motion of HCI in the cooling trap. The exact localization of 

ions in the precision trap is important in order to reduce effects from magnet-

ic field inhomogeneities, to control the relativistic mass increase during the 

excitation phase. We observe the effects of evaporative cooling from the 

narrowing of the peak widths, with increased storage time, resulting from the 
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collective axial oscillations of the ion cloud in the cooling trap. Other obser-

vations of the oscillations are also reported. This work resulted in paper I.  

4.1 SMILETRAP I results 

4.1.1 Li mass for halo nuclide studies  

The mass is an important input parameter in the study of halo structures 

of atomic nuclei such as 
11

Li. The 
11

Li nucleus consists of two neutrons or-

biting a compact core of nucleons (
9
Li). The two neutron separation energy 

S2n of 
11

Li is used in the study of the nuclear characteristics. This can be 

achieved by a direct mass measurement (28). The mass is also used in the 

study of nuclear charge radii of 
6,7,9,11

Li via a measurement of the optical 

isotope shift using laser spectroscopic methods (29), (30) and (31). 

The earlier mass value of 
7
Li with a relative uncertainty of 11 ppb (32) 

was calculated from two input data: The 
6
Li mass with 2.7 ppb relative un-

certainty (33) together with a Q-value of the 
6
Li(n,γ)

7
Li reaction with 80 eV 

uncertainty (32). There is an earlier Q-value report with 90 eV uncertainty 

(34) that deviates by 1 keV from the one used above. 

These conflicting values made it important to measure the 
7
Li mass, 

which was done in 2005 with a relative uncertainty of 0.63 ppb with SMI-

LETRAP I, see paper VIII. The deviation from the AME 2003 (32) value is 

14. The masses of 
4
He

2+
 and 

6
Li

3+
 were measured to rule out systematic 

errors in our setup. With our new 
7
Li- and 

6
Li mass values the Q-value of the 

reaction could be calculated showing a 1 keV deviation from the AME 2003 

value and in agreement with the value presented in ref. (34).  

The Li mass values obtained in paper VIII have been used recently in halo 

nuclide studies, presented in various papers, e.g. (35), (36) and (37). 

4.1.2 High frequency Ramsey excitation in a Penning trap 

This work consists of two parts:  

a) In the first part the precision improvement in frequency measurements 

was tested using different Ramsey excitation schemes relative to the stan-

dard single pulse scheme.  ions were used in the tests, which were inter-

nally created in the PreTrap using an e-gun, see paper V.  

b) A test measurement was done in June 2000 using a three pulse Ramsey 

scheme on 
76

Se
25+

 ions. The data were analyzed based on methods developed 

in a) above and (7). 

 

a) Data summarizing the results is accessible in table 1 in paper (38). The 

improvement in the statistical uncertainty is a factor 2, when using both 500 
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ms and 1000 ms excitation time and keeping the resonance window 4 Hz 

wide (0.2 Hz in step length). Increasing the resonance window to 4.8 Hz and 

setting τ1=60 ms for the two-pulse Ramsey schemes, the improvement in the 

statistical uncertainty increases to a factor 3.2. Adjusting the improvement 

by a factor of approximately , due to the 20 % loss of statistics in each 

frequency step, the improvement factor remains close to three. Similar re-

sults have been reported from ISOLTRAP (8).  

Comparing the FWHM between the two-pulse Ramsey measurements and 

the respective single-pulse measurement in table 1 in paper V, shows that the 

Ramsey FWHM is approximately 70% of the single-pulse FWHM. The pre-

dicted value is 60%. This could be explained by the fact that there is a broa-

dening of the width due to small magnetic field fluctuations. 

The FWHM data show that the precision gain in our measurements is not 

only depending on the narrower line widths. Interestingly the three-pulse 

Ramsey scheme measurement gives a higher than expected increase in preci-

sion, a factor 1.7-1.8, due to the visible sidebands in the resonance spectrum, 

see Figure 4.1. The improvement factor for the four-pulse measurement is 

drastically lower, only a factor 1.13 and 1.35, in the two measurements done 

in these tests. This can be explained by the missing pronounced sidebands 

and the wider line width compared to the two-pulse Ramsey scheme. 

 

   

Figure 4.1. Left: Two pulse Ramsey resonance, Middle: Three pulse Ramsey reson-
ance, Right: Four pulse Ramsey resonance. The total excitation cycle was 500 ms 
and the total waiting time was 380 ms in these measurements. 

Further tests were done using different fitting methods on two measure-

ments using  ions. The first measurement was done using a two-pulse 

scheme with excitation time τ1= 60 ms and a total cycle time of 1000 ms. 

The second measurement was also done using a two pulse scheme but with 

τ1= 90 ms. The data is presented in  

 

Table 3. The different fit methods used are explained in the table caption. 

Two resulting fits are shown in Figure 4.2. The resonances are resulting 

from schemes using τ1= 90 ms.  
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Table 3 show that if one tries to aim the excitation frequencies on points 

that are close to the steepest gradients in the resonances one can gain preci-

sion in mass measurements.   

Due to the small magnetic field fluctuations in the SMILETRAP I setup 

this would have been a difficult technique to use. When SMILETRAP II is 

ready for mass measurements this technique should be tested since the tem-

perature stability in the precision trap is now improved by a factor 4, see 

paper II. 

 

Table 3. The fit data summarized from tests on  ions. Type: All data: All data 
points in the measurement were used. Edge data: Only data from the two edge 
fringes, discarding the center fringes, was used. One data in two: Every second data 
was discarded. Gradient data: The data closest to the steep gradients in the plots 
were used. 2 Slit: The intensity function, of Fraunhofer diffraction integral using two 
slits, was used in the fit routine. Excitation: The type of excitation pulses, τ1, used. 
Stat. Unc.: The error in the best fit of the data. The data has been weighted accor-
dingly in the cases where one can gain in statistics using fewer frequency steps. 
FWHM: The full-width-at-half maximum of the center dip in each resonance.    

Type Excitation (ms) Stat. Unc. (ppb) FWHM (Hz) 

All data 2x60 0.18 0.69(1) 

All data 2x90 0.23 0.70(2) 

Edge data 2x60 0.17 0.70(1) 

Edge data 2x90 0.23 0.70(2) 

One data in two 2x60 0.17 0.70(1) 

One data in two 2x90 0.25 0.70(2) 

Gradient data 2x60 0.14 0.69(3) 

Gradient data 2x90 0.15 0.70(5) 

2 Slit 2x60 0.18 0.69(2) 

2 Slit 2x90 0.25 0.70(6) 
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b)  As mentioned in the introduction, a re-evaluation of the 
76

Ge-
76

Se 

double beta decay was done in paper V. The three-pulse Ramsey method 

was used in the evaluation, described in paper V and ref. (7), on 
76

Se
25+

 ions. 

The 
76

Se mass value, calculated from the Ramsey measurement, is 75,919 

213 816 (31)(74) u which is in agreement with the single-pulse mass value 

of 75,919 213 789 (41)(74) u. Even though the statistics were roughly a fac-

tor two less in the Ramsey measurement, the statistical uncertainty improved 

from 41 nu to 31 nu. The uncertainty in the Q-value was also reduced by 

10% from 2039.006(50) keV to 2038.997(46) keV. 

4.1.3   The proton mass from a high precision measurement of 

D
+
 and H2

+
 masses with a Penning trap 

 

Few direct high-precision mass-measurements of the proton mass exist. 

The single most precise measurement, with a relative precision of 0.14 ppb, 

today is achieved by Van Dyck et al. (39) at the University of Washington 

Penning-trap mass-spectrometer.  

During the fall of 2006 it came to our knowledge that Van Dyck com-

pleted a measurement of the D mass with a relative precision of 0.02 ppb 

(40). This inspired us to measure the mass of  ions and calculate the pro-

ton mass using D
+
 as reference. We were additionally encouraged by our 

recent successful tests with the Ramsey excitation technique, see paper V, 

that could improve the relative precision in mass measurements by a factor 

three in the same measurement time.  

Investigation of the  cyclotron frequency in a high precision measure-

ment is interesting in the study of systematical errors in the SMILETRAP I 

experiment since it is used as a reference mass in other mass measurements. 

Around Christmas 2006 the H2
+
 and D

+
 frequencies were measured, being 

the last experiment with SMILETRAP I. The measurement took four weeks 

to complete and statistics from 100 000 ions was used in the mass calcula-

tion of the proton. Due to the extreme level of precision the calculation of 

the frequency ratio had to be refined as explained in chapter 3.4.9. 

The final proton mass value deduced from this measurement is 1,007 

276 466 95(18) u. The acquired proton mass is compared with other pub-

lished values in Figure 4.3. Note the perfect agreement with the value from 

Van Dyck et al.. 

 

Figure 4.2. Two two-pulse resonances, both resulting from excitations with τ1=90 ms 
and total cycle time of 1000 ms. The left figure denotes the fit were the data in the 
steepest gradients were used. The right figure is the one where only data points in the 
far off center fringes were used. 
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Figure 4.3. Published proton mass values. 1. Borgenstrand et al. (11), 2. DiFilippo et 
al. (41), 3. Van Dyck et al. (39), 4. This measurement (paper III), 5. The weighted 
average of all Penning trap measurements, 6. NIST CODATA database (42). 

4.2 SMILETRAP II results 

4.2.1 Temperature regulation in Penning trap facilities 

 

It was shown that the cyclotron frequency νc of ions in a Penning trap is 

temperature dependent (9). The magnetic field is slightly unstable due to 

non-zero temperature dependent susceptibility of the trap electrodes and 

surrounding materials.  In the SMILETRAP I experiment warm air was cir-

culated in the space between the magnet bore and the vacuum tube holding 

the precision trap. A PT100 probe with a precision of 10 mK around room 

temperature kept track of the temperature. A PID regulation unit switched a 

used hair dryer on and off as a response to the fluctuations and a fan kept the 

air flowing in a closed circuit. With this system the temperature could be 

held stable within +/-20 mK around the set point temperature but induced an 

oscillation period of around 100 minutes. Experiments showed that the tem-

perature induced cyclotron frequency fluctuations was approximately 0.4 

Hz, see Figure 2 in paper II.  
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At the SMILETRAP II experiment, a TG-120-SD temperature probe with 

a specified sensitivity of 3.6 mK around room temperature has been installed 

on the precision trap tube. It is placed approximately 40 cm from the future 

position of the precision trap on the outside of the tube but inside the super-

conducting magnet. The temperature on the tube is approximately -14°C due 

to a heat transfer to the cryostat in the magnet.  

This heat bridge showed to be a very good source for temperature regula-

tion. The precision trap tube has a double wall construction allowing us to 

introduce a suitable medium for temperature stabilization. The volume be-

tween the walls has two small copper tubes connecting it to the outside. One 

tube introduces the medium to the far end of the tube and the second tube 

allows for extraction from the other end, see Figure 3.5. A first test was done 

connecting a garden hose to a needle valve with pressurized air of 4 bars. 

The other side of the needle valve was connected to the injection tube in the 

precision tube. The valve is controlled by a LABView based PID regulation 

algorithm. The same program reads the temperature from the tube using a NI 

PCI 4351, 5 ½ bit precision card. The PID program communicates with the 

needle valve through a NI PCI 6229 card to adjust the relative position of the 

valve between 0 and 10 V, where 10 V opens the valve fully. Having the 

valve fully open increases the temperature in the tube as heat is introduced to 

the system by the warm air and vice versa the temperature is decreased when 

the valve is closed, see Figure 4.4.  

With this technique we manage to stabilize the fluctuation to within +/-5 

mK peak to peak, i.e. a factor of 4 improvement compared to SMILETRAP 

I. The oscillation time is approximately 10 s and there is no long term oscil-

lation as in the previous setup. This is a very important technical improve-

ment for the SMILETRAP II system since the temperature dependant oscil-

lations prevented us from going to longer excitation cycle times in the fre-

quency measurements. If this is the only source for such limitations we could 

probably go for 4 s excitation cycle times.  
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Figure 4.4. The regulated temperature plot together with a plot of the relative valve 
position. 

4.2.2 Collective axial oscillations in the cooling trap 

 

Besides the obvious evaporative cooling of the ion bunches, presented in 

paper I, there are a number of interesting/remarkable features, regarding the 

oscillating ions, where a closer look is necessary. I will open some doors and 

some questions will not be solved here. The behavior of plasmas in traps is a 

complex phenomenon and the plasma behavior in the cooling trap will re-

quire further research. 

 I will first introduce the excitation and observation methods used in the 

experiments. I will present the different experimental results starting from 

page 53, and discuss these starting from page 66. 

 

The excitation and observation method 

 

After created in an external source, the ions are transported to the cooling 

trap where these are captured according to the description in chapter 3.3. If 

H2
+ 

ions
 
are created in the trap with the e-gun, both end caps are on 10 V. 

The start of the storage time, when capturing external ions, is defined from 

the moment that the LEC is raised to 10 V. For the internally created ions, 

the clock starts to tick from the moment the e-gun is switched off. The sto-

rage time ends when the UEC is switched to lower potential releasing the 

ions from the trap.     

When exciting the ion cloud and observing the oscillations, two different 

schemes are used:  

First scheme: The UEC and the associated correction electrodes, scaled 

according to Figure 3.3, are switched quickly (~1.5 µs) from 10 V down to 
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the start potential of the slow ramping, normally between 0.5 and 2 V. This 

is seen as a dipole excitation of the cloud. Thereafter the UEC and associated 

correction electrodes are slowly ramped down to 0 V, normally in 0.2 ms 

time, see Figure 4.5. for a schematic of the process. 

 Second scheme: The fast switching is done in parallel for both end caps 

and associated correction electrodes. This is seen as a quadrupole excitation 

of the ion cloud. While ramping, only the UEC is lowered leaving the LEC 

constant.  

The multi-channel-analyzer connected to the TOF channeltron detector is 

normally started at the time of the fast switching of the end cap(s).  While 

ramping, the oscillations can be resolved with the TOF measurement tech-

nique. 

Normally each test consisted of 200 measurement cycles, i.e. each cycle 

corresponds to capturing, storing, excitation and ramping the end cap(s).  

 

 
Figure 4.5. A typical switching and ramping scheme (not to scale) used in the oscil-
lation measurements in the cooling trap. This schematic shows the 10 ms storage 
time together with a fast switching of the UEC from 10 V to 1 V, followed bya slow 
ramp from 1 V to 0 V, is 0.2 ms.  

Experimental results 

 

Axial cooling 

 

Due to the strong magnetic field of 1 T, the longitudinal and transverse 

ion motions in the trap are decoupled. We can therefore treat them separate-

ly. First we study the dependence of the axial energy distribution, which is 
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proportional to the temperature, on the storage time of the ions. The q/m 

dependence of the energy distribution is also checked.  

 Measurements were done using Ar
16+

, Ar
+
 and H2

+
 ions. The different 

storage times used was 5, 10, 100, 200, 500 and 1000 ms. Both dipole and 

quadrupole excitation schemes were used. The results from these measure-

ments are partly presented in Table 3 in the discussion section, page 67. 

A few spectra with Ar
16+

 oscillations are presented in paper I. Two spectra 

using H2
+
 ions are shown in Figure 4.6 below. Systematical check of all the 

electrodes of the trap and beamline indicate no sources of induced noise or 

fluctuating power supplies that could create these oscillations. 

The count rate is much less, 100-200 per measurement cycle (500-1000 

ions per cycle in the dipole mode), in the quadrupole mode, partly since the 

ions can escape the trap both ways. In these measurements the ramp time 

was 0.2 ms. 

A check with the conventional switching method using Ar
16+

 ions is also 

presented, i.e. when releasing the ions the UEC is switched directly to 0 V 

releasing all ions at the same time after 100 ms storage time.  The TOF spec-

trum is shown in Figure 4.7. 

 
Figure 4.6. Two oscillation spectra from using H2

+
 ions. The grey spectrum depicts 

the ions that were stored for 10 ms. The black spectrum depicts the ions that were 
stored for 500 ms. 



 55 

 
Figure 4.7. TOF spectrum of Ar

16+
 ions released after 100 ms storage time with 

conventional fast switching of the UEC electrode (directly down to ground). 

 

 

 

The time of flight structure related to the fast switching 

 

In this section results from measuring the first peaks, appearing within 

20-25 us after the fast switching of the end cap(s), are presented. 

The peak structures, related to the fast switching, are shown in Figure 4.8, 

Figure 4.9 and Figure 4.10 for a few different ions species and storage times. 

In Figure 4.8, the structure is shown for Ar
16+

 ions stored for 1 ms, 5 ms, 10 

ms and 100 ms. These ions are excited in the dipole mode before ramping 

the UEC from 1 V.  

In Figure 4.9 the structure is shown for Ar
16+

 ions stored for 1 ms, 5 ms, 

10 ms and 100 ms. These ions are excited in the quadrupole mode before 

ramping the UEC from 1 V.  

In Figure 4.10 the structure is shown for three different ion species: Ar
16+

, 
Ar

+ 
and H2

+
. These ions are excited in the dipole mode and released after 10 

ms storage time.  
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Figure 4.8. The  peak structures appearing due to the fast switching of the UEC 
resulting in a dipole excitation of the ion cloud. Data from four measurements are 
visible here; the Ar

16+
 ions were stored for 1 ms, 5 ms, 10 ms and 100 ms. The ´fast´ 

peak is clearly visible for the ions stored for 1 ms and 5 ms, i.e. the peaks at 3-4 us. 
The second peak is clearly visible for the ions stored for 5 ms, 10 ms and 100 ms at 
12 us, 15 us and 20 us respectively.  

   

 

Figure 4.9. The peak structures due to the simultaneous fast switching of the LEC 
and UEC resulting in a quadrupole excitation of the ion cloud. Data from four mea-
surements are shown, the Ar

16+
 ions were stored for 1 ms, 5 ms, 10 ms and 100 ms. 
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Figure 4.10. The peak structures due to the fast switching of the UEC resulting in a 
dipole excitation of the ion cloud. Data from three measurements are visible here 
using Ar

16+
 , Ar

+
  and H2

+
  ions. 

 

 

 Time to reach and exit coherent axial motion 

Here the results from testing the time to reach and exit coherent axial mo-

tion are presented.  

In Figure 4.11 are two measurements presented using Ar
16+

 ions. The dif-

ference between the spectra is the storage time of the ions; 1 ms and 5 ms. 

The ions were exited in the dipole mode and the UEC was ramped from 1 V 

to 0 V in 0.2 ms.   

In Figure 4.12 are two measurements presented using Ar
16+

  and H2
+
 ions. 

Both ion species were stored for 1 ms before excited with the dipole mode.  

The UEC was ramped from 1 V to 0 V in 0.2 ms. 

In Figure 4.13 are two measurements presented using Ar
16+

 ions. In the 

upper figure the storage time of the ions was 9,9 ms. Sequently the dipole 

excitation scheme was used and the UEC was switched to 1 V. After waiting 

for 0.1 ms the UEC was ramped to 0 v in 0.2 ms. The scaler was triggered at 

the same time as the ramping started. 

In the lower figure the storage time was 9 ms whereafter the ions were 

excited with the dipole scheme by switching the UEC to 1 V. After waiting 

for 1 ms the UEC was ramped to 0 v in 0.2 ms. The scaler was triggered at 

the same time as the ramping started.      
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Figure 4.11. Two measurements using Ar
16+

 with different storage times. The sto-
rage time is 1 ms and 5 ms in the upper and lower spectrum respectively.  The total 
count rate is 105 000 in the upper spectrum and 140 000 in the lower. 

 
Figure 4.12. The black and grey spectrum show Ar

16+
 and H2

+
 ions released after 

1ms storage time in the trap.  The count rate in both spectra is roughly 100 000 ions. 
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Figure 4.13. Two spectra with Ar

16+
 ions. The storage time is almost 10 ms for the 

ions.  After switching the end caps there was a short waiting time before the slow 
ramping started. The number of counts in each spectrum is approximately 70 000. 

In Figure 4.14 are three measurements presented using H2
+
 ions and the 

dipole excitation scheme. The light grey spectrum depicts the ions when 

stored for 20 ms. The UEC was ramped from 1 V to 0 V in 0.15 ms. The 

dark grey spectrum depicts the ions when stored for 20 ms. After waiting for 

30 µs, the UEC was ramped from 1 V to 0 V in 0.15 ms. Finally, the black 

spectrum depicts the ions when stored for 20 ms. After waiting for 50 µs, the 

UEC was ramped from 1 V to 0 V in 0.15 ms.    

In Figure 4.15 are three frequency measurements presented using and H2
+
 

ions. The frequency is calculated from the time difference between adjacent 

peaks during the ramping phase. The dotted line depicts the case when the 

ions were stored for 10 ms before the quadrupole excitation. After excitation 

the UEC was ramped from 0.5 V to 0 V in 0.2 ms. The solid line depicts the 

case when the ions were stored for 9.95 ms before the quadrupole excitation. 

After waiting for 50 µs, the UEC was ramped from 0.5 V to 0 V in 0.2 ms. 

The dashed line depicts the case when the ions were stored for 9.9 ms before 

the quadrupole excitation.  After waiting for 100 µs, the UEC was ramped 

from 0.5 V to 0 V in 0.2 ms. 
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Figure 4.14. Three spectra, using H2

+
 ions, showing the peak evolution while in-

creasing the waiting time between the switching and ramping of the UEC. The di-
agonal lines denote the ramping of the respective spectrum, indicated by the same 
color.  The spectra have been shifted in the y-axis in order to make the spectra clear-
er. The major tick length on the y-axis is 50 counts. 

 

Figure 4.15. Three spectra showing the frequency evolution while increasing the 
waiting time between the fast switching (quadrupole excitation)  and the slow ramp-
ing of the UEC.  
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Different ramping time 

 

The standard ramp time presented in paper I and this thesis is 0.2 ms, the 

reason being that the oscillations are usually resolved nicely in the TOF 

spectrum. Tests were made with different ramping speeds to check any oscil-

lation frequency dependence or other features. In Figure 4.16 two diagrams 

with oscillation frequencies of Ar
16+

 ions are shown when using 0.2 ms and 

0.4 ms ramping times. In the measurement, the quadrupole excitation me-

thod was used with slow ramping starting from 0.5 V. 

 

 

 

 
Figure 4.16. The oscillation frequency spectrums, as a function of time, for Ar

16+
 

ions using different slow ramping speeds. The solid and dashed lines denotes mea-
surements using 0.4 ms and 0.2 ms ramping speed respectively. 

Does fast switching really initiate the oscillations? 

 

In Figure 4.17 are two switching and ramping schemes presented which 

were used in the tests. The total storage time was 10 ms in both cases. After 

5 ms the UEC is switched down to 0.5 V. In the upper figure the slow ramp-

ing starts at 10 ms, 5 ms after the switching. In the lower figure, before the 

ramping, the UEC is switched back up to 10 V for 20 us and then again 

switched down to 0.5 V for a sequent slow ramping. The two resulting spec-

tra, using Ar
+
 ions, are presented in Figure 4.18.  
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Figure 4.17. The two switching and ramping schemes (not to scale) which generate 
the spectra in figure Figure 4.18. 

 
Figure 4.18. Two spectra with Ar

+
 ions. The total storage time is 10 ms. In the upper 

spectrum the fast switching (dipole excitation) to 0.5 V is done 5 ms before the slow 
ramping starts. In the lower figure the same switching procedure is done, difference 
being that before the slow ramping starts the UEC is quickly switched up to 10 V for 
20 us and then switched back to 0.5 V for sequent slow ramping.   
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Oscillation frequency of different ion species 

 

In Figure 4.19 are frequency measurements presented for four different 

ion species using different storage times. The four ion species are Ar
16+

, Ar
+
, 

H2
+
 and Ne

+
. These were excited with the dipole excitation scheme and the 

UEC was ramped from 1 V to 0 V in 0.2 ms. The storage time for in respec-

tive measurement is given in the figure. 

 
Figure 4.19. The oscillation frequency as a function of the TOF of respective peak 
for four different ion species. 

Transverse temperature measurements 

 

The emittance is intimately connected with the transversal temperature of 

the ion cloud and is given by 

 

  35)  

where r0 is the radius of the trapped ion cloud, Tion the transversal ion cloud 

temperature and qU is the ion acceleration potential from the trap. The radius 

of the ion cloud is an unknown parameter but the expression gives an indica-
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tion of the relative temperature variation between different measurements. 

The experimental setup of the emittance test is shown below in Figure 4.20. 

 

 
Figure 4.20. Schematic of the experimental setup for the emittance tests. 

The pepper pot is a 50 µm thick stainless steel foil with holes arranged in 

a 10x10 matrix. The hole diameters are 100(1) µm made with high precision 

laser equipment by the Laser Nova company. The separations between the 

holes is 2.0 (1) mm. The distance to the delay line anode is 5 cm. Roughly 

1% of the ions pass through the holes.  
The measurements were done with H2

+
 ions. The ions were stored for 10 

ms before the fast switching took place. The slow ramping began from 1 V 

on the upper end cap and the ramping time was 0.15 ms. The whole TOF 

spectrum is shown in Figure 4.21. The delay line anode gives both the TOF 

and the position at the same time. The position of the ions hitting the anode 

is shown in Figure 4.22. The data was collected during 1 h consisting infor-

mation from 100 000 ions hitting the anode.  

Four measurements were made and, with the use of a gating module, dif-

ferent oscillation peaks could be measured. In a first measurement the emit-

tance was checked for all the ions, i.e. the whole spectrum between 0 and 

200 us. The resulting TOF spectrum and 2 D picture are shown in Figure 

4.21 and Figure 4.22 respectively. In the sequent measurements, the emit-

tance of peak 4 and 5 was checked. 
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Figure 4.21. TOF spectrum from the emittance measurement. The boxes denote the 
individual peaks that were measured.  

 
Figure 4.22. The 2 dimensional picture of the all the oscillations in the TOF spec-
trum. The weak vertical line in the center of the picture is due to a non-perfect cali-
bration of the trigger level settings of the delay line anode. The blurry shadow in the 
first quadrant is due to a small damage on the anode. The axial dimensions are given 
in channels where 55 channels correspond to 1 mm. 
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Discussion of results 

 

Axial cooling 

 

The FWHM of the TOF resolved peaks give the energy spread of the ion 

bunch and by a more narrow peak indicates cooler ions. As presented in 

paper I, it is possible to observe a reduction of the FWHM of the oscillation 

peaks while ramping the UEC. In paper I, the reported axial cooling rate of 

Ar
16+

 and H2
+
 ion bunches is roughly a factor 5 when comparing the last 

peaks between spectra resulting from short, 5-10 ms, and long, 100-1000 ms, 

storage times. These ions were excited in the dipole mode. When talking 

about the last peak in the spectrum I refer to the peak of ions coming at the 

end of the slow ramping phase, it usually appears after 200 us if the ramp-

ing time is 200 us.  

In Table 4 below, data from the measurements (using different ion species 

and storage times) are presented. From row 9 to 17 are data from paper I 

summarized with additional information of the number of counts in the last 

peaks and the whole spectra.  

The data in rows 4-6, when compared with rows 1-3, show a wider 

FWHM. On the other hand, the energy spread of these ions is less (Energy 

spread=FWHM/Ramp time  Ramp voltage), i.e. the energy spread can be 

reduced by ramping the UEC electrode from a lower potential (shallower 

trap). 

Comparing data, of ions stored for 5 ms and 10 ms in rows 1 and 2 with 

rows 9 and 10, show much higher energy spread for a larger number of ions. 

When storing them for 100 ms, the spread is less, compare row 3 with row 

11. The reason is both because of the number of the stored ions and that 

there is a certain time needed for the ions to reach coherent axial oscillation, 

i.e. the ions need a certain time to equilibrate in the trap before the oscilla-

tions are visible while ramping. The energy spread is higher for the ions 

presented in rows 9 and 10, due to higher amount of trapped hot ions. With 

time, the cooling effect is higher due to the coulomb interaction of a higher 

number of ions. 

The singly charged Argon ions, rows 7 and 8, have a high energy spread 

compared with the other ion species. The total count rate is not the same as 

in the other measurements but when comparing e.g. with rows 2 and 3 it is 

tempting to conclude that there is a strong q/m dependence of the cooling 

rate. This can be supported by comparing the data in rows 10, 11 and 13 with 

the data in rows 15-17. The number of ions is roughly the same of each mea-

surement for the same storage times. The cooling effect seems to be higher 

for the H2
+
 ions. This can also be explained by the fact that the H2

+
 are 

created internally in the trap making these cooler from the beginning com-

pared with the external ions. 
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Table 4. Summary of data from different measurements. Ion: Ion type 

used in the measurement, Ramp: The voltage from which the ramping starts, 

Excitation: Dipole or quadrupole excitation used, Storage time: Time in ms 

the ions were stored in the trap, FWHM: The FWHM of the last peak in each 

measurement, Counts / FWHM: The number of counts in the last peak with-

in the limits set by FWHM and Total counts: The total number of ions in the 

spectrum.  

# Ion 
Ramp / 
V 

Excitation 
Storage time / 
ms 

FWHM / us  
Counts / 
FWHM 

Total 
counts 

1 Ar16+ 1 Q-pole 5  11.8(11) 223(29) 23283 

2 Ar16+ 1 Q-pole 10 9.8(12) 179(27) 24794 

3 Ar16+ 1 Q-pole 100 7.5(2) 226(13) 6145 

4 Ar16+ 0.5 Q-pole 5  18.9(23) 155(28) 24548 

5 Ar16+ 0.5 Q-pole 10 17.7(11) 203(20) 23642 

6 Ar16+ 0.5 Q-pole 100 11.1(2) 131(2) 6568 

7 Ar+ 1 Dipole 10 25.3(2) 514(18) 55699 

8 Ar+ 1 Dipole 100 21.0(4) 959(24) 18488 

9 Ar16+ 1 Dipole 5 22.6(2) 1080(22) 142099 

10 Ar16+ 1 Dipole 10 19.3(2) 1943(31) 169834 

11 Ar16+ 1 Dipole 100 6.6(1) 7056(149) 111695 

12 Ar16+ 1 Dipole 200 5.8(1) 7154(180) 76855 

13 Ar16+ 1 Dipole 500 5.0(1) 6930(179) 48749 

14 Ar16+ 1 Dipole 1000 4.1(1) 5208(187) 26677 

15 H2
+ 1 Dipole 10 18.1(1) 2339(21) 190864 

16 H2
+ 1 Dipole 100 5.2(2) 4600(263) 87222 

17 H2
+ 1 Dipole 500 4.2(2) 3936(273) 28443 

 

 

Since the ramping defines the energy spread of the ions, one immediately 

sees the advantage using this method compared with the conventional me-

thod. The energy spread is much higher in the TOF spectrum, see Figure 4.7, 

compared with the separate peaks while slowly ramping the UEC. 

Summarizing these results we can see a clear cooling of the axial tem-

perature with increased storage time of the ions. There are indications that 

the cooling rate is q/m dependant.  

The reduction in the axial energy is roughly a factor five when comparing 

the widths of the last peaks between measurements with short and long sto-

rage time.  

 

The time of flight structure related to the fast switching 

 

The present understanding of the peaks, correlated to the fast switching of 

the end cap(s), in the TOF spectrum is following: 

When the trap potential is switched down to the start potential of the slow 

ramp, the ion cloud starts to oscillate, see Figure 4.23 for a schematic of the 
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process. In the first frame the ions have been trapped and stored for a while, 

reaching equilibrium position. The size of the cloud changes with the storage 

time due to cooling. Second frame: The UEC is switched down to 1 V, shift-

ing the minimum of the potential well to the right in the figure, initiating the 

ion cloud oscillation. The switching time is ~1.5 µs. The hottest ions escape 

the trap during the switching and are the first ions to reach the detector form-

ing the first ´fast´ peak in the TOF profile. The TOF for q/A=0.5 ions is ap-

proximately 3 µs, see e.g. Figure 4.8. These ions are visible in TOF spectra 

for ions that have been stored 10 ms or less and the size of the peak depend 

on the storage times. While switching, a part of the cloud is deflected by the 

UEC, which is rapidly lowered, and bounces back in the trap, see frame 3. 

After the bounce, the UEC reaches the start potential of the slow ramping. 

The average oscillation time, while switching, is about 80 kHz assuming for 

an average trap potential of 5 V. The frequency has been estimated roughly 

from Figure 5 in paper I showing the frequencies for Ar
16+

 ions with UEC 

potentials of 0.5 V, 1 V and 2 V. In frame 4 the slow ramping has already 

begun and here the remaining ions forming the second peak, see Figure 4.8 

again, arrives at roughly 10-20 µs, depending on the storage time and ion 

specie. This peak is visible in TOF spectra for ion storage times up to 100 

ms. The remaining oscillation peaks appear while the UEC is ramping down 

slowly.      

  

 
Figure 4.23. Schematic of the trap potential with fast switching (first two frames) of 
the upper end cap and the beginning of the slow ramping (last two frames). The 
elliptical shaped body, in grey color, is symbolizing the ion cloud. 

The peak structures of Ar
16+

 ions with different storage times are plotted 

in Figure 4.8. The ions arrive to the detector within 40 us after the release of 

the ions from the trap. When storing the ions for 1 ms and 5 ms many hot 

ions released from the trap appear after 3-4 µs on the detector. This situation 

corresponds to frame 2 explained in Figure 4.23. The peak visible after 10 

µs, for the ions stored 5 ms, 10 ms and 100 ms, correspond to the situation in 

frame 4 in the figure above.     

Studying the peak structure of Ar
16+

 ions, Figure 4.9, excited with the qu-

adrupole scheme, show that the slower peaks appear earlier (after 10-15 µs) 

than when excited in the dipole mode. This can be explained by the higher 

frequency of the quadrupole mode of oscillations. 

The H2
+
 spectrum in Figure 4.10 show a small peak of fast ions after 3 µs. 

The low intensity of this peak could be explained by the internal creation, in 
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the cooling trap, of these ions. In the Ar
+
 spectrum, the fast peak is not clear-

ly visible. The slower speed of the ions merges this peak with the second 

peak, which is slightly shifted to the right in the figure, compared with the 

other ion species. TOF calculations with SIMION show that the fast Ar
+
 

peak should be detectable at the detector after 8-12 us.  

 

Time to reach and exit coherent axial motion 

 

Investigations with short storage times indicate that the time to reach co-

herent motion is a few ms for Ar
16+

, Ar
+ 

and Ne
+ 

ions. One interesting feature 

is that internally created H2
+
 ions do need much shorter storage time to reach 

coherent oscillations. The externally created ions are hot when trapped and 

need some time to equilibrate, see Figure 4.11. The difference with H2
+
 ions 

is that these are created internally in the trap so the ions are already cooler 

and thus show the oscillations after shorter storage times, see Figure 4.12. 

There is also an opposite effect observed, i.e. the oscillations die out after 

a short while if one waits with the ramping. Waiting for up to 1-2 ms before 

ramping, the oscillations have faded away, see Figure 4.13. The interpreta-

tion is that the excitation initiates the collective rocking of the cloud and 

after a while the individual oscillations are phasing out from the collective 

center of mass oscillation together with damping of the motional amplitudes. 

There can be a coupling with the transversal motion of the ion cloud.  

The oscillation peak evolution for H2
+
 ions is shown in Figure 4.14 with 

three graphs; the waiting time between the switching and ramping is in-

creased from 0 us (light grey spectrum) to 30 us (black spectrum) and 50 us 

(dark grey spectrum). Increasing the waiting time to 30 us, the first peak 

appearing during the slow ramping is reduced by 50 % compared with the 

graph with no waiting time. At the same time a peak is starting to form in the 

other end of the spectrum. Increasing the waiting time to 50 us, the first peak 

related to the ramping has disappeared completely and has been replaced by 

a new peak at the far end of the spectrum. These spectra are also a convinc-

ing proof that the large peak resulting from the fast switching is really due to 

this reason.   

One remarkable feature arises, if one waits with the slow ramping for a 

few ten micro seconds, the frequency increases. This can be seen by eye 

when comparing the three different spectra in Figure 4.14. In Figure 4.15 

three oscillation frequency spectra are shown using Ar
16+

 ions. In these mea-

surements the slow ramping started after 10 ms storage time. The time of 

the fast switching was shifted slightly. In the dashed line spectrum the fast 

switching came after 9.9 ms storage time, i.e. there was a waiting time of 0.1 

ms before the slow ramping started. In the full line spectrum the waiting 

time was 0.05 ms. The dotted spectrum shows the normal procedure without 

any waiting time between the fast switching and slow ramping.  The fre-

quency increase is not understood at this time. As mentioned above, there 
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could be a coupling to the transversal motion of the cloud that is being re-

duced in parallel with the axial frequency increase. 

 

Different ramping time 

 

It is clear from Figure 4.16 that the oscillation frequency is not affected 

by the ramping speed. The count number in the peaks is much lower when 

using 0.4 ms ramping time which explains the large error bars in the figure.  

 

Does fast switching really initiate the oscillations? 

 

As it can be seen on the lower graph in Figure 4.18, the switching of the 

UEC ‘shakes’ the ion cloud so it starts oscillating. 

 

Oscillation frequency of different ion species 

 

The frequency is the same for all the ions independent of q/A, see Figure 

4.19. This is opposite to what is expected from the single ion oscillation 

frequency, equation 5) or the plasma frequency, equation 2) in paper I. We 

are observing a plasma oscillation mode which has very weak q/A depen-

dence in the axial oscillation frequency. The single ion frequency, with equa-

tion 5), gives an axial frequency of 65 kHz for Ar
16+

 ions, 16 kHz for Ar
+
 

ions, 73 kHz for H2
+
 and 23 kHz for Ne

+
 when stored in a 1 V trap potential.  

On the other hand, we can see that the frequency changes with storage po-

tential in the beginning of the slow ramping, which can be expected from 

equation 5) or equation 2) in paper I.   

The interpretation is that initially the switching forces the ion cloud to os-

cillate with a frequency which is depending on the potential from where the 

ramp begins. It could be that the oscillations never have the time to reach the 

axial frequency given above or by the plasma frequency, equation 2 paper 1, 

due to the inertia of the cloud. This together with that the ramping that 

changes the trap characteristic eigen frequency of the ions.   

  

Transverse temperature measurements 

 

In Table 5, the values for the emittances are given with the temperature, 

assuming that the radius of the trapped ion cloud is 1 mm. The emit-

tance/temperature is measured in both x- and y direction. An emittance mea-

surement was also done using only fast switching of the UEC, i.e. conven-

tional switching, indicated with No ramp in Table 4. 
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Table 5. Emittance and temperature data from the oscillation measurements.  

Measurement / type Emittance(x/y) / π mm mrad Temperature(x/y) / K 

Whole spectrum 7.08/6.97 236/229 

Peak 4 7.59/8.62 271/349 

Peak 5 7.49/8.61 264/348 

No ramp 6.67/7.35 209/254 

 

The radial temperature is higher in oscillation peak 4 and 5 compared 

with the whole spectrum or when no ramping is done. This could be ex-

plained that there is a coupling between the axial the transversal motions, i.e. 

cooling of the energy in the axial direction leads to heating in the transversal 

direction and vice versa.  

 

Final comments 

 

TOF simulations using SIMION and single ions explain the first peak ap-

pearing at the detector roughly after 3-4 µs from release. The spread in time, 

when releasing the ions from different parts in the trap, is maximum a few 

µs.  Our ability to manipulate the oscillations in the trap makes us confident 

with our conclusion that we observe plasma oscillations in the trap. More 

research is required to gain further knowledge of these oscillations. 
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5. Outlook 

One first step to further investigate the plasma oscillations is to imple-

ment parametric excitation on the ion cloud. The ring electrode is segmented 

in four pieces so both radial and axial excitation procedures are available. 

With this technique the different oscillation modes should be available for 

detection. 

Besides the assembling of the precision trap in to the new magnet etc…, 

there are a couple of issues that has to be solved to reach  <0.1 ppb precision. 

Reference mass. 

The reference ions should be changed to 
12

C
q+

 so that one can choose a suit-

able charge state to match the ion of interest better. The SMILIS source will 

be tested for how high charge states on can reach. 

Stability of the magnetic field    

As described in chapter 3.4.4, the stability of the magnetic field should be 

improved through introducing compensation coils to the magnet to counte-

ract the magnetic field decay. The economically more viable way would be 

to introduce a new analysis method as it was presented in the same chapter. 

Cooling 

The different cooling methods must be investigated thoroughly, i.e. the radi-

al and axial cooling has to be optimized for best mass measurement condi-

tions. 
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