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This FOM programme 125 started in 2011 with a kick-off symposium, held on 6 June 2011 at VU 
University. 

 
Senior scientists involved: Prof. W. Ubachs (VU), Prof. K.S.E. Eikema (VU), Dr. W. Vassen (VU), 
Dr. H.L. Bethlem (VU), Dr. J.C.J. Koelemeij (VU), Dr. E.J. Salumbides (VU), Prof. K. Jungmann 
(RUG), Prof. R. Timmermans (RUG), Dr. L. Willmann (RUG), Dr. S. Hoekstra (RUG), 
Prof. R. Hoekstra (RUG). 

 
Now eight junior scientists have been gradually hired and have fully taken up their research pro-
jects. The postdoc position at VU to hire Dr. J.C.J. Koelemeij and later Dr. E.J. Salumbides for a short 
period. Both still play an important role in the programme. Koelemeij has received a VIDI, and his 
topic on Super-GPS is closely related to the targets of the programme (defined in proposal); more-
over he leads the work on molecular ion traps. Salumbides has remained closely involved, through 
other funding, in the precision experiments on molecular hydrogen and effectively leads this part 
of the programme. Dr. S. Hoekstra has received a VIDI for research using cold molecules in 2013, 
with research related to the FOM programme. 

 
Work by the eight graduate students; 
 

Jurriaan Biesheuvel; start-date 1-4-2011. His HD+ ion trap experiment produced a complete set of 
spectroscopic data on the v=0-v‟=8 transition. A novel and realistic theoretical model to describe 
and interpret the observations was developed. A preliminary analysis indicates an unprecedented 
level of agreement (0.8 ppb) with QED theory. This result enables the most accurate direct determi-
nation of the proton-electron mass ratio (2 ppb), and puts a new, tighter constraint on hypothetical 
fifth forces. Biesheuvel, now entering in his final year, encountered a number of problems with 
broken equipment and vacuum, but prospects are good to finish the thesis well in time. 
 

F.M.J. Cozijn, J. Biesheuvel, A.S. Flores, W. Ubachs, G. Blume, A. Wicht, K. Paschke, G. Erbert, J.C.J. Koelemeij, 

'Laser cooling of beryllium ions using a frequency-doubled 626 nm diode laser,' Optics Letters 38(13), 2370-

2372 (2013). 
J. Biesheuvel, D.W.E. Noom, E.J. Salumbides, K. T. Sheridan, W. Ubachs, J.C.J. Koelemeij, 'Widely tunable laser 
frequency offset lock with 30 GHz range and 5 THz offset,' Optics Express 21(12), 14008-14016 (2013). 
Related publications: 

V.Q. Tran, J.-Ph. Karr, A. Douillet, J.C.J. Koelemeij, L. Hilico, ' Two-photon spectroscopy of trapped HD
+ 

ions 

in the Lamb-Dicke regime,' Physical Review A 88, 033421 (2013). 
 

Remy Notermans; start date 1-7-2012. In his first year Remy learned to operate the ultracold 
metatstable helium setup as well as the frequency comb setup. He improved the laser infrastruc-
ture and experiment control. His first experiment, measurement of the transition frequency of the 
forbidden 2 3S1 – 2 1P1 transition in metatstable helium, was recently completed. We found a 
3disagreement with QED theory for the ionization energy of the 2 1P1 state. We also provide 
the most accurate determination of the lifetime of the 2 1P1 state to date. Simultaneously Remy 
worked theoretically on the 2 3S1 – 2 1S0 transition, where a calculation was performed to predict 
magic wavelengths for this transition, both for 3He and 4He. A manuscript for this is in prepara-
tion. Remy will now focus on a new measurement of the 2 3S1 – 2 1S0 transition, applying an 
improved lock of his 1557 nm fiber laser to the frequency comb. The project proceeds as planned. 
 
R.M.M.J.W. Notermans and W. Vassen, 'High-precision spectroscopy of the forbidden 2 3S1 – 2 1P1 transition 

in quantum degenerate metastable helium', arXiv:1404.1751 (7 April 2014). 
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Robert Altmann; start date 13-12-2013. In 2013, before the start of Altman some important steps for 
this research line were achieved by PhD students Morgenweg and Barmes. Two new methods for 
precision spectroscopy with frequency comb lasers were demonstrated. The first is spatial coherent 
control, which enables kHz-level direct-frequency comb excitation of two- photon transitions with 
complete background elimination. The second method is based on amplification of frequency comb 
laser pulses to the mJ-level, in such a manner that the pulses can be used for precision spectroscopy 
with the same accuracy as the original frequency comb laser. With this system we were able to 
demonstrate „Ramsey-comb spectroscopy‟, which enables excitation of weak transitions and exten-
sion of the wavelength range for direct frequency comb excitation to much shorter wavelengths 
(into the UV or XUV). As a next step Altman is now implementing these technologies to perform a 
precision spectroscopic study on molecular hydrogen. The target of studying He+ ions is planned 
thereafter. 
 

D.W.E. Noom, S. Witte, J. Morgenweg, R. Altmann, K.S.E. Eikema, 'High energy, high repetition rate picosec-
ond pulses from a quasi-CW diode pumped Nd:YAG system', Opt. Lett. 38, 3021-3023 (2013). 
Related publications: 
I. Barmes, S. Witte, K.S.E. Eikema, 'Spatial and spectral coherent control with frequency combs', Nature Pho-

tonics 7, 38-42 (2013). 
I. Barmes, S. Witte, K.S.E. Eikema, 'High-precision spectroscopy with counter-propagating femtosecond puls-

es', Phys. Rev. Lett. 111, 023007 (2013). 
J. Morgenweg and K.S.E. Eikema, 'Multi-delay, phase coherent pulse pair generation for precision Ramsey- 
frequency comb spectroscopy', Opt. Expr. 21, 5275-5286 (2013). 
 

Amita Mohanty; start date 1-3-2012. She successfully designed the setup and implemented a para-
bolic Paul trap suitable for single ion trapping with strong localisation. She trapped and cooled a 

single barium ion and conducted a measurement of the lifetime of the metastable 52D3/2 state (of 

order 30s). The analysis towards the determination of the responsible matrix element which is 
indispensible input for the atomic parity measurement is underway. Additionally she is preparing 
light shift measurement. Here she sets up for optical cavities in collaboration with N. Vallapol. 
Dr. Andrew Grier (PhD 2011) IT joined the project in January 2014 with his experience in combin-
ing high finesse optical cavities in vacuum with ion trapping. 
 
M. Nuñez Portela, E.A. Dijck, A. Mohanty, H. Bekker, J.E. van den Berg, G.S. Giri, S. Hoekstra, 
C.J.G. Onderwater, S. Schlesser, R.G.E. Timmermans, O.O. Versolato, L. W illmann, H.W. Wilschut, 
K. Jungmann, 'Ra+ ion trapping: toward an atomic parity violation measurement and an optical clock', 
Applied Physics B, DOI 10.1007/s00340-013-5603-2 (2013). 
M. Nuñez Portela, J.E. van den Berg, H. Bekker, O. Böll, E.A. Dijck, G.S. Giri, S. Hoekstra, K. Jungmann, 
A. Mohanty, C.J.G. Onderwater, B. Santra, S. Schlesser, R.G.E. Timmermans, O.O. Versolato, L.W. Wansbeek, 
L. Willmann, H.W. Wilschut, 'Towards a precise measurement of atomic parity violation in a single Ra+ ion', 
Hyperfine Interactions 214, 157-162 (2013). 
A. Mohanty, M. Nuñez Portela, E.A. Dijck, N. Vallapol, L. Willmann, K. Jungmann, ' Transition matrix ele-

ment from lifetime measurement of a metastable state in a single trapped ion', in preparation. 
 

Olivier J. Grasdijk: start date 1-6-2013. His work on spin precession of polarized noble gasses 
investigates absolute frequency shifts of spin clocks due to known and not yet discovered interac-
tion. This addresses possible systematic effects in a variety of clock systems. The experimental sys-

tem of choice is the noble gas mixture of 129Xe and 3He. The phase evolution between these simul-
taneous running spin clocks of the two species is ultra-sensitive to e.g. permanent electric dipole 
moments. He identified and studied numerically the Bloch-Siegert- Ramsey shifts and geometric 
phase shifts, which constitute the major systematic effect for spin precession measurements in the 
gas phase. The experiment will be set up in 2014 in collaboration with the University of Mainz 
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(W. Heil et al.) and the University of Heidelberg (U. Schmidt). Currently he is designing the bias 

field coils in order to enable a first measurement on the 129Xe/3He in the end of 2014. 

 
A. Scharth, W. Heil, S. Karpuk, Y. Sobolev, K. Tullney, F. Allmendinger, U. Schmidt, M. Burghoff, W. Kilian, 
A. Schnabel, F. Seifert, L. Trahms, O. Grasdijk, K. Jungmann, and L. Willmann, 'Experimental search for the 
electric dipole moment (EDM) of 129Xe in 3He/129Xe clock-comparison experiments', Talk, DPG Meeting 
2013. 
O. Grasdijk, W. Heil, U. Schmidt, K. Jungmann, L. Willmann, 'Analysis of phase shifts in noble gas spin 

clocks', in preparation. 

 
Nivedya Vallapol: start date 22-11-2013. The exploitation of a single trapped barium and radium 
ion towards an optical clock by comparison with other clocks via optical frequency comb and 
commercial fiber networks. Furthermore the clock transition can be exploited for the detection and 
measurement of atomic parity violation in a single trapped ion. This exploits the Groningen-
LaserLab VU fiber network connection. She is implementing narrow lasers for the relevant clock 
transitions for the trapped ions in Groningen. The lasers are interfaced to the local frequency comb 
and the fiber link to Amsterdam (see below on fiber link). The implementation of the first clock 
transitions is expected in 2014. 
 
 
Cold Molecules 
The research groups of Rick Bethlem (VU) and Steven Hoekstra (RUG) have joined forces to tackle 
the experimental challenges of molecule deceleration and precision spectroscopy. Hardware has 
been designed and built in the mechanical workshop in Groningen which has been used in both 
groups, and a solution for an high-voltage electronics problem has been searched for and acquired 
together. The PhD students, technicians and the staff visit each others labs on a regular basis to 
take part in experiments and discussion. Based on the developed techniques in this collaboration 
we have performed experiments on the trapping of NH3 molecules at the VU and the deceleration 
of SrF in Groningen, which have led to a number of joint publications that are listed below. The 
following PhD students that are funded by the FOM programme are working on these experi-
ments: 
 
Aernout van der Poel; start date 1-10-2012, VU. He spent his first year to rebuild and optimize a 
molecular synchrotron after it was moved from Berlin to Amsterdam. He has been able to store 
multiple packets of polar molecules for more than a second in which the time the molecules make 
over a 100 roundtrips. He has implemented a second beam line to inject hydrogen molecules into 
the synchrotron to do collision studies. Beside this experimental work, he has done simulations on 
a storage ring that can be used for strong molecules that are used in tests for time-reversal sym-
metry. 

 
Sreekanth Chirayath Mathavan; start date 1-4-2012, RUG. He has constructed a new setup to test 
improved ways of producing molecular beams. Specifically he has designed and built a rotary 
system, including a home-built press for cylindrical pills, to provide fresh ablation spots for the 
creation of SrF molecules while maintaining good cooling properties of the molecular beam. Other 
work has been related to laser systems: a dye-laser has been brought back into operation for this 
purpose and Mathavan has set up a seeded diode laser to provide extra laser power for the SrF 
detection and laser cooling. He also has been part of the experiments on the traveling- wave dece-
leration of SrF molecules. 

 
Publications on the subject of cold molecules: 
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M. Quintero-Perez, P. Jansen, T.E. Wall, J.E. van den Berg, S. Hoekstra, H.L. Bethlem, Static Trapping of Polar 
Molecules in a TravelingWave Decelerator, Physical Review Letters 110, 133003 (2013). 
P. Jansen, M. Quintero-Perez, T.E. Wall, J.E. van den Berg, S. Hoekstra, H.L. Bethlem, Deceleration and trap-
ping of ammonia molecules in a traveling-wave decelerator, Physical Review A 88, 043424 (2013). 
M. Quintero-Perez, T.E. Wall, S. Hoekstra, H.L. Bethlem, Preparation of an ultra-cold sample of ammonia 
molecules for precision measurements, Accepted for publication, J. Mol. Spec. Special issue on 'Spectroscopic 
tests of fundamental physics' (2014). 
J.E. van den Berg, S.C. Mathavan, C. Meinema, J. Nauta, T.H. Nijbroek, K. Jungmann, H.L. Bethlem, 
S. Hoekstra, 'Traveling-wave deceleration of SrF molecules', Accepted for publication, J. Mol. Spec. Special 
issue on 'Spectroscopic tests of fundamental physics' (2014). 

 
There are a number of additional activities that are closely related to those of the FOM programme. 
We mention some of the highlights here: 
 

1 Hz laser facility 
The ultra-stable (<0.28 Hz bandwidth) laser system facility was installed in a specially constructed 
room, and an additional layer of thermal and sound installation was built around the system. Also 
actively noise-compensating fiber links were tested in the lab using 5 km fiber spools, demonstrat-

ing a fiber-link accuracy better than 10-18 over 1000 seconds. Such links will be used in the near 
future to connect the ultra-stable laser to the fiber frequency comb, which in turn will be used to 
improve the stability of the lasers involved in the high precision spectroscopy experiments of the 
FOM Programme. This facility is financed through the budget of FOM programme 125. 
 

Fiber-optic time and frequency transfer 
The 2 × 317 km fiber-optic link between VU and KVI was subject to measurements of the 
long term frequency stability. A model was developed which allows correlating the 
observed length variations of the link with outside weather conditions, and with soil tem-
peratures recorded by KNMI. The results show that by simple one-way frequency dissemi-
nation, clocks at KVI and VU can be synchronized ten times better than with GPS. 
 

Publications: 
T.J. Pinkert, O. Böll, G.S.M. Jansen, L. Willmann, R. Smets, E.A. Dijck, B. Groeneveld, K. Jungmann, 
F. Bosveld, W. Ubachs, K.S.E. Eikema, J.C.J. Koelemeij, in preparation. 
N. Sotiropoulos, C.M. Okonkwo, R. Nuijts, H. de Waardt, J.C.J. Koelemeij, 'Delivering 10 Gb/s optical data 
with picosecond timing uncertainty over 75 km distance,' Optics Express 21(26), 32643-32654 (2013). 

 
Probing variation of fundamental constants on a cosmological time scale 
Here Ubachs and Bethlem and a number of junior co-workers (J. Bagdonaite and M. Dapra) carry 
out an astronomical observational programme in search for a drift of the proton-electron mass 
ratio, a dimensionless constant of nature. Optical astronomy is performed with the Very Large 
Telescope (Paranal, Chile), while radio-astronomical observations are performed at Effelsberg 
(Germany), IRAM-30 Granada (Spain) and ALMA (Chajnantor, Chile). These activities are 
funded by the FOM-Projectruimte. 

 
Some publications 
J. Bagdonaite, P. Jansen, C. Henkel, H.L. Bethlem, K. Menten, W. Ubachs, A stringent limit on a drifting pro-
ton-to- electron mass ratio from alcohol in the early Universe, Science 339, 46 (2013). 
J. Bagdonaite, M. Dapra, P. Jansen, H.L. Bethlem, W. Ubachs, S. Muller, C. Henkel, K.M. Menten, Robust con-
straint on a drifting proton-to-electron mass ratio from methanol observation at three radio telescopes, Phys. 

Rev. Lett. 111, 231101 (2013). 
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J. Bagdonaite, W. Ubachs, M.T. Murphy, J.B. Whitmore, Analysis of Molecular Hydrogen Absorption toward 
QSO B0642-5038 for a Varying Proton-to-Electron Mass Ratio, Astrophysical Journal 782, 10 (2014). 

 

Probing variation of fundamental constants on a laboratory time scale 
While this is a topic of the FOM programme some of the activities under this header are carried out 
separate from direct funding via FOM-125 the science is closely related. 

 
Some publications 

A.J. de Nijs, W. Ubachs, H.L. Bethlem, Ramsey type microwave spectroscopy on CO (a
3
P), J. Mol. Spectr. 

(2014) in press. 
P. Jansen, H.L. Bethlem, W. Ubachs, Perspective: Tipping the scales - search for drifting constants from mo-
lecular spectra, J. Chem. Phys. 140, 010901 (2014). 

 

Probing fifth forces beyond the Standard Model of Physics 
This topic emerged during the investigations carried out in the framework of the FOM programme. 
Salumbides, who was employed by FOM-125 carried this further. 

 
Some publications 
G.D. Dickenson, M.L. Niu, E.J. Salumbides, J. Komasa, K.S.E. Eikema, K. Pachucki, W. Ubachs, Fundamental 
V ibration of Molecular Hydrogen, Phys. Rev. Lett. 110, 193601 (2013). 
E.J. Salumbides, J.C.J. Koelemeij, J. Komasa, K. Pachucki, K.S.E. Eikema, W. Ubachs, Bounds on fifth forces 
from precision measurements on molecules, Phys. Rev. D87 (2013) 112008. 
E.J. Salumbides, W. Ubachs, V.I. Korobov, Bounds on fifth forces at the sub-Angstrom length scale, 
arXiv.1308.1711. 
 

Activities of the FOM programme 125: Broken Mirrors & Drifting Constants 
Every year the programme organizes a scientific meeting. It started with the Kickoff meeting on 6 
June 2011. 
Thereafter the scientific meeting in 2012 consisted of a special minisymposium at the SSP interna-
tional meeting in Groningen, where the FOM programme invited three renowned speakers to 
speak about varying constants: Victor Flambaum (Sydney), Ekkehard Peik (Braunschweig) and 
Maxime Pospelov (Waterloo Canada). 
Some young scientists of VU and RUG also gave presentations. On 7 May 2013 a workshop was 
held by the FOM programme in Amsterdam: 
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In June 2013 Ubachs organized (jointly with Prof. T. Steimle of Arizona State University) a two- day 
Symposium during the 68th International Symposium on Molecular Spectroscopy in Columbus 
Ohio. The title of this symposium was: 

 
Spectroscopy Tests of Fundamental Physics 
 
closely connected to the theme of the FOM Programme. Several young scientists from VU and KVI 
presented their work along with a large number of scientists from different continents. 

 
 
Special Issue of the Journal of Molecular Spectroscopy 

 
On the same subject as the symposium at Columbus a special issue of JMS is in preparation with 
Ubachs and Steimle as Guest editors. There will be five contributions from VU and RUG in this 
special issue to appear in June 2014. 
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Outreach activities of the programme 
 
NRC 6 April 2013 
Hollands Dagboek; verslag van reis W. Ubachs voor astronomische waarnemingen 
Magnifiek: Melkweg en Magellaanse wolken 

 
The Hunt for a Single Ion, feature article about ion trapping experiments by W. Docters, UK Maga-
zine, 30 October 2013 

 
Steven Hoekstra met collectief WERC en Science LinX (RUG). 
'Energie produceren, meten en weergeven op interactieve data-visualitie' 
Nacht van de Kunst en Wetenschap, 1 June 2013 

 
Volkskrant 14 december 2013 
'Alcohol al 7 miljard jaar hetzelfde' 
 
July 2013: BNR Nieuwsradio: Radio commentary on the Sr/Cs atomic clock ensembles in Paris 
 
NRC 15 december 2013 
'Alcohol is al 7 miljard jaar identiek' 

 
K.S.E. Eikema was interviewed about the theme of time ('De dimensie tijd') for the VPRO television 
scientific programme 'Labyrinth' (which was broadcast in December 2013). 

 
Radio Swammerdam; Ubachs and Bethlem interviewed for local Amsterdam Radio on 16 February 
2014. 
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Fact sheet as of 1 January 2014 

 FOM - 10.1717/3 
 datum: 01-05-2014 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 125. 
  
Title (code) Broken mirrors and drifting constants - Ultra-precise investi-

gations of fundamental symmetries and constants at the 
atomic scale (FSC) 

  
Executive organisational unit BUW 
  
Programme management Prof.dr. W.M.G. Ubachs 
  
Duration 2011-2016 
  
Cost estimate M€ 2.9 
  
Concise programme description 

a. Objectives 

The prime goal of this programme is to test fundamental physics theories and to search for new 
physics beyond the Standard model through precision measurements on atoms and molecules. 
 
b. Background, relevance and implementation 

The universe as we see it now, differs from how we saw it ten years ago. There exists generally 
accepted evidence for unknown forms of 'dark matter' and 'dark energy' in abundance larger than 
the known forms of baryonic matter. There exist, less widely accepted, indications for variations of 

fundamental constants ( and ) on a cosmological time scale. These findings suggest that current 
theories of physics are insufficient to describe nature, and there exists something hidden beyond 
the horizon to search for. Such new phenomena will have influences at the atomic level, however 
tiny those may be, and such phenomena can be detected by precise measurements in systems at 
the atomic scale. 
 
Ultrastable lasers will be developed to perform precision measurements on cold and controlled 
samples of atoms and molecules, employing techniques of laser cooling, Stark deceleration and ion 
trapping. Frequency comb lasers, locked to atomic clocks, will be used for determining transition 
frequencies at the highest accuracies. Besides performing tests of quantum electrodynamics in 
atoms, we will search for hitherto not observed aspects of parity violation and variation of the 

fundamental constants  and . 
 
A further challenge of the project is to disseminate ultrastable optical signals through existing fiber 
networks between laboratories in the Netherlands as part of a network on a European scale. This 
has the dual goal of achieving the scientific goals of the programme, as well as providing novel 
enabling technologies for future telecom applications. 
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Funding 

salarispeil cao per 01-07-2012 

 

bedragen in k€ < 2013 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 1.226 466 375 156 - - - 2.223 

FOM-basisinvesteringen 520 95 35 - - - - 650 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.746 561 410 156 - - - 2.873 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-10.1236 
b) Ex ante evaluation: FOM-10.1326 
c) Decision Executive Board: FOM-10.1716 
 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2016. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 DK par. HOZB 
 
 
Subgebieden: 50% COMOP, 35% FeF, 15% SAF 
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Historical overview of input en output 

 

Input 
personnel (in fte)  finances* (in k€ ) 

WP/V WP/T PhD NWP 

2011 - 0.3 0.8 - 121 

2012 - 0.7 3.4 - 332 

2013 - 0.5 6.7 - 384 

 

Output 
PhD theses refereed publications other publications & 

presentations 
patents 

2011 - 4 4 - 

2012 - 7 29 1 

2013 - 13 64 - 

* After closing the financial year. 
 
 
PhD defences 

2011 
None. 

2012 
None. 

2013 
None. 

 

 
 
Patents (new/changes) 

2013 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-G-26 

Leader Prof.dr. K.H.K.J. Jungmann 

Organisation Groningen University 

Programme 
Broken mirrors and drifting constants - Ultra-precise investigations 
of fundamental symmetries and constants at the atomic scale 

Project (title + number) Broken mirrors & drifting constants - KVI 10FSC02 

 

FOM employees on this project 

Name  Position Start date End date 

N. Valappol PhD 01 November 2013 31 October 2017 

J.O. Grasdijk PhD 01 June 2013 31 May 2017 

S. Chirayath Mathavan PhD 01 April 2012 31 March 2016 

A. Mohanty PhD 08 March 2012 07 March 2016 

 
 
Workgroup FOM-V-15 

Leader Prof.dr. W.M.G. Ubachs 

Organisation Vrije Universiteit Amsterdam 

Project leaders Dr. W. Vassen 

 
Dr. H.L. Bethlem 

Programme 
Broken mirrors and drifting constants - Ultra-precise investigations 
of fundamental symmetries and constants at the atomic scale 

Project (title + number) Broken mirrors & drifting constants - VU 10FSC01 

 

FOM employees on this project 

Name  Position Start date End date 

E.J. Salumbides postdoc 01 March 2013 31 August 2013 

R.K. Altmann PhD 13 December 2012 12 December 2016 

A.P.P. van der Poel PhD 01 October 2012 30 September 2016 

R.P.M.J.W. Notermans PhD 01 July 2012 30 June 2016 

J. Biesheuvel PhD 01 April 2011 31 March 2015 

 


