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Background
• General idea and goal of the Borealis project

Current state and ongoing activities
• Challenges: Ion number and ion lifetime

• Theory: Simulation of a pulsed drift tube decelerator (project of Sneha Jos)

• Experiment: Optimization of beam transport (project of Frederik Zielke)

Future plans
• Collinear ion-beam spectroscopy of C2

- at DESIREE facility in Stockholm

Outline
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• e+ implanted into a nano-
channeled silicon target
à Ps formation

• Rydberg excitation of Ps
à Ps*

• Charge exchange between Ps*
and p̅:
Ps* + p̅ ⟶ H̅ + e-

è H̅ temperature dominated by temperature 
of p̅ precursor.

è Cooling p̅ results in colder H̅.

H̅ formation at AEgIS
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Colder H̅ leads to

• Reduced transversal velocity of H̅ beam
è Increased flux of H̅ reaching the detector 

• Reduced axial velocity spread
è Enhanced precision for g̅ measurement.

• Reduced Doppler broadening.
è Enhanced precision in spectroscopy measurements.

• Increased H̅ density.
è Enhanced formation rates for more complex

antiprotonic bound systems.

Importance of H̅ temperature
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Gravity measurement

More exotic prospects… 

Detector

Detection
plane



The tool box of AOM physics offers a time-tested 
method for cooling atoms close to absolute zero 
temperature:

• Irradiate atoms with laser light just slightly tuned below 
resonance with an atomic transition (for an atom at 
rest).

• Atoms moving counter-propagating to the laser “see” a 
Doppler-shifted laser beam.
è laser radiation comes in resonance with atom

• Atom absorbs a photon from the laser beam.
• Momentum of photon is transferred to atom.

è atom gets kicked against its direction of travel.
• Continuous repetition of this cooling cycle slows down 

– i.e., cools – the atoms. 

Doppler laser cooling
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Figure: wikipedia.org



Problem
• Antiprotons do not have excited states!
• Direct laser cooling not applicable.

Solution
• Sympathetic cooling – another trick from the AOM toolbox.

How to apply that to p̅?
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Idea
• Trap two species of charged particles in 

the same trap:

a) particle of interest to be cooled

(atomic ion, molecular ion, p̅, etc.)

b) an ion that can be laser cooled.

• Laser cool the ion b).

• Energy is exchanged between a) and b) 

through their Coulomb interaction.

èSpecies a) gets cooled indirectly –

“sympathetically” cooled.

Sympathetic cooling
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Laser-cooled Ca+ ions

Gap: invisible, sympathetically 

cooled N2
+ ions

Example from my PhD work

Temperatures
T(Ca+) ≈ 18 mK

T(N2
+) ≈ 20 mK  



Problem
• p̅ is negatively charged.
• Needs laser-cooled negative ion as a coolant.
• So far, no anion has ever been Doppler laser 

cooled.

• Reason: Most anions do not have strong 
spectroscopic transitions.

Excited states have most often (*) same parity as 
ground state
è transition (electric-dipole) forbidden.

(* Known exceptions: La-, Os-, Ce-, Th-, U-)

Sympathetic p̅ cooling
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Possible solution
• Use molecular ion!

(instead of atomic ion)

è Goal of “Borealis” experiment:
Demonstrate laser cooling of C2- anions.

Sympathetic p̅ cooling
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Laser Cooling of Molecular Anions
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We propose a scheme for laser cooling of negatively charged molecules. We briefly summarize the
requirements for such laser cooling and we identify a number of potential candidates. A detailed
computation study with C2

−, the most studied molecular anion, is carried out. Simulations of 3D laser
cooling in a gas phase show that this molecule could be cooled down to below 1 mK in only a few tens of
milliseconds, using standard lasers. Sisyphus cooling, where no photodetachment process is present, as
well as Doppler laser cooling of trapped C2

−, are also simulated. This cooling scheme has an impact on the
study of cold molecules, molecular anions, charged particle sources, and antimatter physics.

DOI: 10.1103/PhysRevLett.114.213001 PACS numbers: 37.10.Mn, 37.10.Rs

Molecular anions play a central role in a wide range
of fields: from the chemistry of highly correlated systems
[1–4] to atmospheric science to the study of the interstellar
medium [5–9]. However, it is currently very difficult to
investigate negative ions in a controlled manner at the
ultracold temperatures relevant for the processes in which
they are involved. Indeed, at best, temperatures of a few
kelvin have been achieved using supersonic beam expan-
sion methods or trapped particles followed by electron
cooling, buffer gas cooling, or resistive cooling [10–14].
The ability to cool molecular anions to subkelvin temper-
atures would finally allow investigation of their chemical
and physical properties at energies appropriate to their
interactions. Furthermore, anionic molecules at millidegree
kelvin temperatures can also play an important role in (anti)
atomic physics, where copious production of subkelvin
antihydrogen atoms currently represents the dominant
challenge in the field. Sympathetic cooling of antiprotons
via laser-cooled atomic negative ions that are simultane-
ously confined in the same ion trap has been proposed as
a method to obtain subkelvin antiprotons [15]. As an
alternative to this yet-to-be-realized procedure, ultracold
molecular anions could replace atomic anions in this
scheme, and would thus facilitate the formation of ultracold
antihydrogen atoms. More generally, cooling even a single
anion species would be the missing tool to cool any other
negatively charged particles (electrons, antiprotons, anions)
via sympathetic cooling.
In this Letter, we present a realistic scheme for laser

cooling of molecular anions to millidegree kelvin temper-
atures. Laser cooling of molecules has been achieved only
for a very few neutral diatomic molecules (SrF, YO, CaF)

[16–18]. Furthermore, even if well established for neutral
atoms and atomic cations, laser cooling techniques have
so far never been applied to anions [19]. This is because in
atomic anions, the excess electron is only weakly bound
by quantum-mechanical correlation effects. As a result,
only a few atomic anions are known to exhibit electric-
dipole transitions between bound states: Os−, La−, and
Ce− [20–22].
For molecules the situation is quite different because

their electric dipole can bind an extra electron, and even
dianions have been found to exist [23]. For instance, polar
molecules with a dipole exceeding 2.5D exhibit dipole-
bound states. Highly dipolar molecules such as LiH−, NaF−

or MgO− possess several such dipole-bound states [24,25],
and valence anionic states exist as well. For simplicity, in
this Letter we only focus on diatomic molecules, even if the
Sisyphus laser cooling techniques proposed here can also
be applied to trapped polyatomic molecules [26]. In the
Supplemental Material, Table I [27], we present a review of
most of the experimental as well as theoretical studies of
diatomic anions, with useful references, if further studies
are required.
The first excited state (and sometimes even the ground

state) of many molecular anions lies above their neutrali-
zation threshold, such as in the case of H2

−, CO−, NO−,
N2

−, CN− or most of systems with 3, 4, or 11 outermost
electrons. For this reason, these anions are not stable
against autodetachment processes and exhibit pure rovibra-
tional transitions with ∼100 ms lifetimes. Even if such
long-lived states can still be of interest for Sisyphus
cooling, for narrow-line cooling, or for Doppler laser
cooling in traps [26,28], pure electronic transitions are
preferred for rapid laser cooling. Transitions of ∼100 ns
lifetime can be found between well-separated electronic
states (typically B ↔ X states), whereas transitions in the
infrared region between electronic states (typically A ↔ X
states) have longer lifetimes of ∼100 μs. Some challenges

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
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1170 The Journal of Physical Chemistry, Vol. 95, No. 3, 1991 Ervin and Lineberger

TABLE III: Electron Affinity of C2 (eV)

EA(C2) method year ref

3.268 ± 0.007 photoelectron spectroscopy 1990 this work
3.3· 0.1 photoelectron spectroscopy 1988 26
3.374 < EA(C2) < autodetachment spectroscopy 1980 5

3.408
3.54 · 0.05 photodetachment threshold 1970 25
3.3 · 0.2 electron impact 1970 27

>2.9 electron impact 1963 28
3.1 or 4.0 graphite sublimation 1954 29
3.112 theory (MCSCF-MCEP) 1987 31

3.30 theory (Cl SDQ-1 Ref) 1980 30

tationless origin is used to correct the corresponding transition
energies. These shifts are listed in Table I. Finally, the known
term energy difference for each transition is subtracted or added
to obtain the electron affinity. Averaging the electron affinities
determined from the five observed transitions each of 12C2 and
i3C2, we obtain EA(C2) = 3.269 ± 0.006 eV.

Table III reviews previous experimental determinations of the
electron affinity of dicarbon. The previously accepted value came
from high-resolution autodetachment experiments on C2~ by Jones
et al.,5 who reported limits on the electron affinity of dicarbon,
3.408 eV > EA(C2) > 3.374 eV. The present result agrees with
the upper bound from that work but disagrees sharply with the
lower bound. The upper bound5 is a strict experimental limit based
on the observation of autodetachment from the v = 5 levels of
the  2 * states of 13C2", 12C13C", and l3C2". For autodetachment
to occur, neutral dicarbon must lie below the transition energy
for the lowest energy autodetaching state,5 v = 27 490 cm"1 (3.408
eV) for  3€2( 2 „)( =5). The lower bound from the autode-
tachment experiments,5 EA(C2) > 3.374 eV, was chosen on the
basis of the observed autodetachment rates. We discuss the
autodetachment rates and alternative interpretations in section
III.D.

Early low-resolution photodetachment threshold measurements

by Feldman25 gave EA(C2) = 3.54 ± 0.05 eV. Jones et al.5

suggested that the observed threshold25 was not due to the
ground-state transition, C2(X^g) *- €2"( 2 *), which is ex-

pected to have a slow onset because it involves p-wave electron
detachment, but rather corresponded to the production of the
C2(a3nu) excited state, which involves s-wave detachment and is
therefore expected to have a sharper threshold. This reassignment
would give EA(C2) = 3 6^;^ eV. Even this lower value, how-
ever, is incompatible with the present result. It is probable that
these early xenon lamp experiments simply lacked sufficient
sensitivity to see the true threshold for either neutral state. The
same photodetachment threshold experiment25 overestimated the
C2H electron affinity by 0.76 eV.

A recent measurement26 of the dicarbon electron affinity by
time-of-fiight photoelectron spectroscopy of carbon cluster anions

produced by laser vaporization yielded EA(C2) = 3.3 ± 0.1 eV.
This determination is in good agreement with the present result,
although the error limits also include the previous autodetachment5
value. Electron affinity values from electron impact experi-
ments27,28 agree with the present determination within their un-

certainties. An early graphite sublimation measurement29 gave
EA(C2) = 3.1 eV or 4.0 eV, depending on the method of deter-
mination.

Accurate theoretical determination of the electron affinity of
C2 is most challenging because extensive treatment of correlation
energy is required. Two recent values30,31 of 3.11 and 3.30 eV
are in good agreement with experiment; indeed, the agreement
is improved compared to the previous experimental value.

C. Potential Energy Curves of C2 and C2". Potential energy
curves and vibrational levels for low-lying states of C2 and C2"

(25) Feldman, D. Z. Naturforsch. A 1970, 25, 621-626.
(26) Yang, S.; Taylor, K. J.; Craycraft, M. J.; Conceicao, J.; Pettiette, C.

L.; Cheshnovsky, O.; Smalley, R. E. Chem. Phys. Lett. 1988, 44, 431-436.
(27) Locht, R.; Momigny, J. Chem. Phys. Lett. 1970, 6, 273-276.
(28) von Trepka, L; Neuert,  . Z. Naturforsch. A 1963, 18, 1295-1303.
(29) Honig, R. E. J. Chem. Phys. 1954, 22, 126-131.
(30) Dupuis, M.; Liu, B. J. Chem. Phys. 1980, 73, 337-342.
(31) Nichols, J. A.; Simons, J. J. Chem. Phys. 1987, 86, 6972-6981.

Figure 2. Rydberg-Klein-Rees potential energy curves for l2C2 and l2C2"
calculated from molecular constants from the literature given in Table
II and the present value for EA(C2).

are shown in Figure 2. The energy curves are generated by the
Rydberg-Klein-Rees, method32 from literature vibrational and
rotational constants (Table II). The spacing between the netural
and anion curves is fixed by the electron affinity measured in this
work. With EA(C2) = 3.269 ± 0.006 eV, the o = 0 levels of both
the C2(X) and C2(a) states lie below the v = 5 level but above
the v = 4 level of the C2"(B) state.

Although only the origin and hot band transitions of the pho-
toelectron spectrum of C2~ lie within our energy range, the vibronic
assignments are unambiguous because the molecular parameters
of the low-lying states of C2 and C2" are precisely known. Figure
1 compares the experimental spectrum to a Franck-Condon
simulation. The simulation uses the known term energies, vi-
brational constants, and bond lengths (Table II) in a Morse
oscillator approximation, which is satisfactory since only v = 0
and v = 1 levels are observed. The Franck-Condon factors, listed
in Table I, are found by numerical integration of Morse oscillator
wave functions, which are calculated analytically by Laguerre
series recursion formulas.33 The most important unknown pa-
rameter in the simulation is the electron affinity of C2, which is
fixed by the observed peak positions as discussed above. The
transition intensities are determined by the calculated Franck-
Condon factors, by the anion vibrational and electronic temper-
atures, and by the relative detachment cross sections for the various
electronic transitions. The line shapes are modeled as described
above in section III.A. Because the instrumental sensitivity falls
off in the low-eKE region where the origin lies, the temperatures
and electronic transition strengths cannot be extracted from the
experiments. Instead, we use reasonable temperature estimates
to show approximate transition intensities. As expected, the
simulated spectrum, Figure 1, matches the experimental spectrum
well except for the intensities at low eKE. The positions of the
fundamental transitions (1 *— 0), which are beyond our experi-
mental energy range, are also shown in the simulation. The match
of the experimental and simulated spectra further confirms our
vibronic transition assignments.

D. Autodetachment Rates. The erroneous lower bound derived
from autodetachment experiments, EA(C2) > 3.374 eV, compared
to the present value of EA(C2) = 3.269 ± 0.006 eV, was based
on an interpretation of the observed autodetachment rates from

(32) Zare, R. N. J. Chem. Phys. 1964, 40, 1934-1944.
(33) Halmann, M.; Laulicht, I. J. Chem. Phys. 1965, 43, 438-448. Engler,

C. Z. Phys. Chem. (Leipzig) 1984, 6. 1193-1200.

• Nearly closed cycle
Repumping only v''=1 population:
Scattering of ~50000 photons when accepting 50% population loss.

• Line width
Γ(A v'=0 – X v''=0) = 2π × 5.8 kHz
TDoppler = 1.4 μK

Doppler cooling on X-A system
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Figure: K. M. Ervin and W. C. Lineberger, 
J. Phys. Chem. 95, 1167 (1991).
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Borealis setup
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Pulsed gas valve with
dielectric barrier discharge

Acceleration 
stage: pulsed 
drift tube

Mass selection:
Wien filter

Beam 
bender

Deceleration
stage

Linear Paul 
trap

Neutral 
molecule 
dump



Number of ions
• Currently, only a handful of ions are 

trapped.
• Deceleration of ion beam and 

loading into trap should be 
improved.

Lifetime of ions 
• Currently limited to a few ms.

è Current effort: Increase 
number of trapped ions.

Current state and current issues
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è ion lifetime of a few ms.



Bottleneck: Deceleration stage
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A. Hinterberger et al. J. Phys. B 52, 225003 (2019).

è We only trap 1 in 1000 ions. (At best!)



Several iterations of the deceleration stage have been tried before.

Current implementation
• Glass tube with high-resistive coating
• One side grounded: ion entrance
• Other side: at -1.8 kV (same potential as trap)
è Decelerating electrostatic potential.

Limitations
• Trap must be held at floating potential (-1.8 kV).
• Kinetic energy distribution of ion beam is not affected by deceleration:

ions with too high/too low kinetic energy are not trapped.

Deceleration stage
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A. Hinterberger et al. J. Phys. B 52, 225003 (2019).

when operating in trapping mode can be expressed as solu-
tions to the Mathieu equation as [27]

( )

=- = -
W

- = = -
W

a a
eU

m r

q q
eV

m r

8
,

2
, 1

y x

y x

dc
2

0
2

rf
2

0
2

where Ω=2π/T is the frequency and T is the period of the
rectangular wave, which is divided into two sub-periods
T=τ1+τ2. To simulate the dc-Udc and the ac-component
Vrf for a mass spectrum in a DIT, the duty cycle d can be
defined as = td

T
1 with τ1 the part of the period where the

waveform has Vpos (and τ2=T−τ1 the part of the period
that has Vneg). The voltage components are then expressed as
a function of the duty cycle and the supplied voltages by [28]
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The trap depth of a DIT can be calculated as [29]
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Here, μ is a geometrical factor with a value of approximately
0.25 [29]. For the case of an anion with mass m=24 u and
charge −e, and using d=0.5 which gives τ=T/2, the
digital trap’s depth becomes fsec≈22.37 eV (3).

A typical deceleration and guiding event of an anion
bunch of 30μs in length is visualized using COMSOL in
figure 2. Entering particles are decelerated by the homo-
geneous electric field inside the tube. Once the particles pass
the last Au-mesh their trajectory is influenced by the rf guide.
The deceleration and trapping efficiency depends on the
initial radial kinetic energy of the particles, their space charge
and the experimental alignment of the parts.

For a stable trap operation, the Mathieu parameters can
be calculated using a matrix approach for the numerical
solution of the Hill equation [30]. A detailed description of
this method can be found in [30–34].

Since the applied rf voltage in a DIT is approximately
constant during a time segment τn with n=1, 2, the anion’s
velocity and position can be defined for the entire cycle T. In
the positive and negative voltage case, the transfer matrices
V1 and V2 can be written as
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with τn=dπ, fn=a+òn2q and ònä{1,−1}. Equation (4)
is then independently calculated for the radial directions x and
y using the relation fn(x)=−fn(y) [30]. Stable particle tra-
jectories in x or y direction in the a, q Mathieu parameter
space are possible when the trace of the product ·=M V V1 2
is less than two [33, 34]:

∣ ( ) ∣ ( )<MTr 2. 5

A stable trap operation is then given when the stability con-
dition of equation (5) is fulfilled for both radial directions.
The enclosure in z direction requires two end caps with
negative voltage. With these equations the shape of the sta-
bility diagram can be plotted.

Variation of one experimental parameter, e.g. the trap
frequency Ω or the rf amplitude Vrf, while leaving the others
unchanged, causes the resulting a, q values in equation (1) to
line up along a certain working slope, which is given by the
ratio

( )
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-
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d d
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, 6dc
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Figure 2. (Upper) Side and front view of a CAD drawing showing the DIT, the four rf guides and trap-rods (gray) and the endcap electrodes
(blue). (Lower) COMSOL simulation of the declaration tube and the DIT in guiding mode with Vacc=1800 V, Vfloat=1795 V, Vax=0 V,
and d=0.5 and initial particles’ radial energy of 1eV. The color code from red to blue corresponds to the kinetic energy.
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Literature search
Pulsed drift tube for deceleration of an ion beam and 
loading into Paul trap.

Advantages
• Drift tube pulsed to 0V while ions are inside

è trap can be at ground potential.
• Potential gradient over extension of tube

è compression of kinetic energy distribution.
(pulsed operation: not limited by Liouville’s theorem!)

Pulsed drift tube deceleration
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Deceleration, precooling, and multi-pass stopping of highly charged ions
in Be+ Coulomb crystals

L. Schmöger,1,2,a) M. Schwarz,1,2 T. M. Baumann,1 O. O. Versolato,1,2,b) B. Piest,1
T. Pfeifer,1 J. Ullrich,2 P. O. Schmidt,2,3 and J. R. Crespo López-Urrutia1
1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
3Institut für Quantenoptik, Leibniz Universität Hannover, Welfengarten 1, 30167 Hannover, Germany

(Received 15 July 2015; accepted 8 October 2015; published online 26 October 2015)

Preparing highly charged ions (HCIs) in a cold and strongly localized state is of particular interest
for frequency metrology and tests of possible spatial and temporal variations of the fine structure
constant. Our versatile preparation technique is based on the generic modular combination of a
pulsed ion source with a cryogenic linear Paul trap. Both instruments are connected by a compact
beamline with deceleration and precooling properties. We present its design and commissioning
experiments regarding these two functionalities. A pulsed buncher tube allows for the deceleration
and longitudinal phase-space compression of the ion pulses. External injection of slow HCIs,
specifically Ar13+, into the linear Paul trap and their subsequent retrapping in the absence of
sympathetic cooling is demonstrated. The latter proved to be a necessary prerequisite for the multi-
pass stopping of HCIs in continuously laser-cooled Be+ Coulomb crystals. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4934245]

I. INTRODUCTION

Astrophysical observations of quasar absorption systems
suggest a spatial dipole in values of the fine structure constant
↵ across cosmological distances.1 This result directly maps
onto a present-day time variation of ↵ due to the Earth’s
movement in the Universe on the order of 10�19/yr and thus
would in principle be verifiable in laboratory tests.2

Comparisons of frequency measurements between two or
more atomic clock transitions that have di↵erent sensitivities
to ↵ variation can be used to set limits on temporal drifts of its
value. Atomic frequency references based on trapped singly
charged ions or neutral atoms have demonstrated system-
atic frequency uncertainties from 10�17 to 10�18 range.3–6

Today’s best constraint on alpha variation based on the
clock-comparison method is an impressive4 ↵̇/↵ = �2.0(2.0)
⇥ 10�17/yr, not yet limiting the aforementioned astrophysical
claims. Novel optical clocks based on transitions in highly
charged ions (HCIs) would provide two advantages over singly
charged atoms.

When increasing the charge state from a singly to highly
charged ion the remaining electronic wavefunction is more
compact, leading to strong relativistic e↵ects accompanied by
an enhanced sensitivity to ↵ variation. Further, the strongly
bound optically active electron leads to a low polarizability.
HCIs are thus more immune to environmental changes
due to their lower susceptibility to external field shifts. In
addition, they o↵er narrow forbidden transitions in the optical
wavelength regime which can appear, e.g., due to level
crossings.7 The associated high quality factor of the clock

a)Electronic address: lisa.schmoeger@mpi-hd.mpg.de
b)Current address: ARCNL, Science Park 110, 1098 XG Amsterdam, The

Netherlands.

transition enables the development of novel optical frequency
standards with projected natural fractional accuracies below
the 10�19–10�20 level8,9 and sensitivity to ↵ variation for
transitions in HCIs approaches 10�20/yr.10,11 Some HCIs,
such as Ir17+, hold the possibility to realize two frequency
references with large sensitivities to ↵ variation of opposite
sign within one ion, further enhancing the sensitivity.7,12

Finally, HCIs o↵er many species suitable for the development
of ultra-precise clocks and search for variation of fundamental
constants.9

It would be desirable to apply high-precision laser spec-
troscopy to HCIs in order to exploit their advantageous prop-
erties. As a prerequisite, the HCIs have to be prepared in a cold
and strongly localized state in a well-controlled environment.
Achieving this objective is a challenge, since HCI production
usually is an energetic process, either achieved by electron
impact ionization or electron stripping,13,14 which both leave
the produced HCI ensemble at translational temperatures on
the order of MK and direct laser cooling is usually not possible.

We use an electron beam ion trap (EBIT) as a HCI
source, which is well suited for highly e�cient electron
impact ionization. Resonant fluorescence laser spectroscopy
with HCIs in situ in an EBIT has been proven to be a
valuable method for transition frequency determinations.15,16

Measurement uncertainties for frequency determination of the
ground state fine structure splitting down to 400 MHz were
achieved in the case of the 2P3/2�2P1/2 M1 transition in Ar13+

with the help of forced evaporative cooling of the HCI cloud.15

However, evaporative cooling in EBITs is based on loosing
HCIs from the trap and is thus fundamentally limited. The
lowest temperatures accomplished with evaporative cooling
were on the order of 12 eV for a Fe13+ ensemble, corresponding
to a Doppler width of 20 GHz of the studied 2P3/2�2P1/2
M1 transition,16 whose natural linewidth is only 10 Hz. To

0034-6748/2015/86(10)/103111/15/$30.00 86, 103111-1 © 2015 AIP Publishing LLC
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beamline (directly behind (E2)). It consists of two microchan-
nel plates (MCPs) in Chevron configuration36 together with
two copper grids directly in front of the actual MCP ion
detector. The first grid is on ground potential, while the
retarding potential VG of the second one can be linearly
increased until the number of detected ions Nions decreases to
zero. We perform a Boltzmann fit of these data and take its 1st
derivative to determine the kinetic energy distribution of the
ions in the extracted bunches. This is possible since the number
of ions with charge Q detected behind the retarding grid equals
the convolution of the true kinetic energy distribution B(Ekin)
of the ion bunch with the Heaviside function ⇥(Ekin �QVG)
for an ideal retarding field analyzer. Assuming a Gaussian
longitudinal kinetic energy distribution we measure a FWHM
on the order of 25 eV/Q for Ar4+-Ar14+ at typical mean kinetic
energies of V̄extr = 680 eV/Q without deceleration.

A second movable ion detector ((BD2) in Fig. 1) based
on two MCPs in Chevron configuration is located behind the
Paul trap. Its front plate is biased to �2.2 kV, its back plate to
�200 V and the metal anode used for readout is held at ground
potential.

B. Pulsed buncher tube — Working principle

Extracting HCIs from the EBIT in pulsed mode al-
lows for deceleration by an electrodynamical instead of an
electrostatic deceleration setup with the advantage that one is
not constrained by Liouville’s theorem37 and no high voltage
platform for the Paul trap is needed. We can place the two
serrated electrodes (PDT1 and PDT2) of the deceleration unit
on the same positive potential, resulting in a decelerating
potential hill. The ions lose kinetic energy when climbing up
the retarding potential until they are inside the long electrode
structure. While the ion bunch travels through the electrodes
their voltages are simultaneously switched over a range that
equals the initial ion energy (divided by Q), so that the ion
pulse exits the system with lower mean kinetic energy. The
kinetic energy spread of the HCI bunch is conserved through
this deceleration process. Without pulsing down the electrode
voltages the ions would have gained kinetic energy again when
rolling down the potential hill at the end of the electrodes.

In addition to decelerating ion bunches, the deceleration
unit ((PDTs) in Fig. 2) can be used to simultaneously
reduce their longitudinal kinetic energy spread, as illustrated
schematically in Fig. 3. This is done by placing both serrated
interlaced electrodes on di↵erent potentials. The first one
(PDT1), as seen by the ions coming from the EBIT, is set
on a lower voltage as the second one (PDT2): VPDT1 < VPDT2.
This results in a linearly increasing retarding potential in
the interlaced region of the teeth of the two electrodes.
Subsequently, at the arrival of a trigger TTL signal, both drift
tubes are pulsed down quickly to ground while the ions of the
bunch with former mean kinetic energy are in the middle of
the interlaced region. Thus, the faster ions with higher kinetic
energy have experienced a stronger decelerating potential
at the pulse-down time than ions with former mean kinetic
extraction energy V̄extr. The reversed considerations hold true
for the slower ions in the bunch with lower kinetic energy,
which are decelerated less than those with the mean kinetic

FIG. 3. Longitudinal phase-space compression of ion bunches by means
of a pulsed linearly increasing deceleration potential (green curve). The
voltages applied to both serrated electrodes are simultaneously pulsed to
ground (dotted horizontal line), triggered by a common TTL signal. Black
curves above ion bunches (blue spheres) are the corresponding schematic
longitudinal kinetic energy distributions.

energy at the pulse-down time. The HCIs exit the system
with a lower mean kinetic energy Vf as well as a reduced
energy spread. The longitudinal phase-space compression by
application of transient voltage pulses enhances the e�ciency
of the HCI stopping process in the laser-cooled Be+ ensemble,
due to the increased number of HCIs in the energy interval
suitable for being stopped by the Coulomb interaction with
Be+ (see Section II).

This e↵ect can only be achieved by using the correct
pulse-down time and by applying specific combinations of
voltages to the two serrated electrodes. Calculations, based on
a one dimensional model of the ion motion along the axis, are
used to get an estimate for suitable voltage combinations and
to quantify the precooling process further.

C. Pulsed buncher tube — Theoretical model

Starting point for the calculation is a discretized assumed
Gaussian distribution in longitudinal kinetic energy of the
extracted HCI bunch. An exemplary ion energy distribution
is shown in Fig. 4(b) with mean kinetic energy QV̄extr
= 680 eV/Q and standard deviation QV� = 10.6 eV/Q,
as typically measured for HCI bunches extracted from
Hyper-EBIT. Here, we used Mathematica38 to generate,
e.g., 5000 pseudorandom variates from the assumed contin-
uous Gaussian energy distribution. The motion of the i-th
HCI in the bunch with longitudinal kinetic extraction energy
of QVi is modeled by three consecutive regions. The ion
performs a uniform linear motion with velocity vi =

p
2QVi/M

in the first 1527 mm long region until the ion starts to
enter the deceleration unit. This is followed by a second
linear motion region with a length of 95 mm with decreased
velocity vi =

p
2Q/M(Vi � VPDT1) and a motion with uniform

deceleration a = �Q(VPDT2 � VPDT1)/(Md) within the inter-
laced region of the two serrated electrodes with geometric
length d. The retarding potential Vir experienced by the i-th
HCI at the common pulse-down time tS is given by Vir =
zi(VPDT2 � VPDT1)/d + VPDT1, where zi is the position of the
specific ion within the interlaced region of PDT1 and PDT2
at tS. So that the i-th HCI leaves the deceleration unit with
longitudinal kinetic energy Vi � Vir.
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Simulation for implementation at Borealis
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Electrode configuration modeled in COMSOL.
è Serrated structure gives rise to linearly increasing 
potential along symmetry axis while requiring only two 
electrodes.

Electric potential in a cut-plane along the section with 
serrated electrodes.



C2
- ions passing through decelerator: Kinetic energy as a function of time.

Static electric potential: decelerator not pulsed.

Simulation for implementation at Borealis
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C2
- ions passing through decelerator: Kinetic energy as a function of time.

Decelerator pulsed to 0V while ions are within serrated section.

Simulation for implementation at Borealis

8 May 2024Matthias Germann | Status and planning of the Borealis project 18
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Deceleration to stand-still.

Simulation for implementation at Borealis

8 May 2024Matthias Germann | Status and planning of the Borealis project 19
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A pulsed drift tube decelerator might be a viable alternative to the current electrostatic 
deceleration for use at Borealis.

With more detailed simulations, we will study the performance and limitations of this type 
of decelerator.

Pulsed drift tube decelerator: Conclusion

8 May 2024Matthias Germann | Status and planning of the Borealis project 20



Plan
• Measure beam current at different stages

along beam line with Faraday cup (➊, ➋, ➌, ➍, ➎).
• Localize bottle necks.

è We opened the beam line to realize this plan.

Challenges
• Access to beam is very limited.
• Different stages have been added sequentially when the experiment was set up.
• After adding elements, access has been blocked:

Vacuum flanges not accessible, Faraday cup cannot be inserted.

è Systematic beam diagnostic / tracing of ion current hardly possible with reasonable effort.

Experiment: Improvement of beam transport

8 May 2024Matthias Germann | Status and planning of the Borealis project 21

➊ ➋
➌

➍

➎



One problem localized
• Correction electrode after beam bender was not 

connected (wrong wiring).

Actions
• Wiring corrected.
• Unfortunately HV feedthrough broken.
• Feedthrough replaced.

Experiment: Improvement of beam transport
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Current situation
• Experiment evacuated again.
• Up and running again since last week.
• Beam transport is currently being optimized.

Bachelor thesis project
• Frederik Zielke from TU Dortmund is doing his 

Bachelor thesis on beam characterization and beam 
manipulation (beam transport optimization) at 
Borealis.

• Helpful discussions and ideas for potential 
optimization.

• Very helpful support in the practical lab work.

Experiment: Improvement of beam transport
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Any beam diagnostic and improvement of beam transport at Borealis is challenging 
because of the way the experiment has been setup.

We could localize and correct one substantial problem:
unconnected electrode.

We will soon know how much of an improvement will result from this.

Based on that, we will decide on the next steps to be taken.

Improvement of beam transport: Conclusions

8 May 2024Matthias Germann | Status and planning of the Borealis project 24



Prerequisite for laser cooling
• Precise knowledge of C2

- rovibronic energy level structure
• Characterization of rovibrational population distribution of C2

- ions produced in our source.

Method
• Photodetachment spectroscopy of C2

- in the ion beam
• Previous attempt:

spectroscopy with CW laser crossing ion beam perpendicularly,
effective laser power increased with enhancement cavity
à not successful: cavity could not be locked to laser.

• Alternative:
collinear spectroscopy of C2

- with pulsed laser, detection of neutral C2 molecules formed in 
photodetachment
à high instantaneous laser power
à very sensitive detection

Upcoming measurement:
Collinear ion-beam spectroscopy of C2

-

8 May 2024Matthias Germann | Status and planning of the Borealis project 25



Collinear spectroscopy at Borealis
Rather involved modification of setup needed.

Alternative
Use existing user-facility:
DESIREE lab at Stockholm University.

DESIREE
• “Double ElectroStatic Ion Ring ExpEriment”:

ion storage ring for spectroscopy and reaction 
experiments with cold atomic and molecular ions.

• International user facility
• Access to external users:

beam time of usually 1 week, 30 weeks per year
(I have been there as a user in 2022 and 2023 for an 
HD+ spectroscopy project.)

Measurement at DESIREE facility in Stockholm

8 May 2024Matthias Germann | Status and planning of the Borealis project 26



Planned experiment
• Attach our C2- source (Even-Lavie valve with 

dielectric barrier discharge) to one of the source 
platforms at DESIREE.

• Produce and mass-select C2- with high-resolution 
sector magnet.

• Store a beam of C2- ions at ~10 keV in one of the 
DESIREE rings.

• Overlap ion beam with collinear laser beam for 
photodetachment.

• Detect neutral C2 molecules formed in 
photodetachment.

C2
- photodetachment spectroscopy at DESIREE

8 May 2024Matthias Germann | Status and planning of the Borealis project 27
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Planned measurements

a) Survey spectrum
• low resolution
• localization of thresholds corresponding to 

transitions between different rovibrational levels of 
the C2

- anion and the neutral C2 molecule.
• determine rovibrational population distribution.

b) High-resolution spectrum
• Accurate measurement of the transition between 

rovibrational ground states.
• Accurate measurement of the electron affinity of 

C2.
• Interest: electron configuration interaction effects 

in ab initio calculations.

C2
- photodetachment spectroscopy at DESIREE

8 May 2024Matthias Germann | Status and planning of the Borealis project 28
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TABLE III: Electron Affinity of C2 (eV)

EA(C2) method year ref

3.268 ± 0.007 photoelectron spectroscopy 1990 this work
3.3· 0.1 photoelectron spectroscopy 1988 26
3.374 < EA(C2) < autodetachment spectroscopy 1980 5

3.408
3.54 · 0.05 photodetachment threshold 1970 25
3.3 · 0.2 electron impact 1970 27

>2.9 electron impact 1963 28
3.1 or 4.0 graphite sublimation 1954 29
3.112 theory (MCSCF-MCEP) 1987 31

3.30 theory (Cl SDQ-1 Ref) 1980 30

tationless origin is used to correct the corresponding transition
energies. These shifts are listed in Table I. Finally, the known
term energy difference for each transition is subtracted or added
to obtain the electron affinity. Averaging the electron affinities
determined from the five observed transitions each of 12C2 and
i3C2, we obtain EA(C2) = 3.269 ± 0.006 eV.

Table III reviews previous experimental determinations of the
electron affinity of dicarbon. The previously accepted value came
from high-resolution autodetachment experiments on C2~ by Jones
et al.,5 who reported limits on the electron affinity of dicarbon,
3.408 eV > EA(C2) > 3.374 eV. The present result agrees with
the upper bound from that work but disagrees sharply with the
lower bound. The upper bound5 is a strict experimental limit based
on the observation of autodetachment from the v = 5 levels of
the  2 * states of 13C2", 12C13C", and l3C2". For autodetachment
to occur, neutral dicarbon must lie below the transition energy
for the lowest energy autodetaching state,5 v = 27 490 cm"1 (3.408
eV) for  3€2( 2 „)( =5). The lower bound from the autode-
tachment experiments,5 EA(C2) > 3.374 eV, was chosen on the
basis of the observed autodetachment rates. We discuss the
autodetachment rates and alternative interpretations in section
III.D.

Early low-resolution photodetachment threshold measurements

by Feldman25 gave EA(C2) = 3.54 ± 0.05 eV. Jones et al.5

suggested that the observed threshold25 was not due to the
ground-state transition, C2(X^g) *- €2"( 2 *), which is ex-

pected to have a slow onset because it involves p-wave electron
detachment, but rather corresponded to the production of the
C2(a3nu) excited state, which involves s-wave detachment and is
therefore expected to have a sharper threshold. This reassignment
would give EA(C2) = 3 6^;^ eV. Even this lower value, how-
ever, is incompatible with the present result. It is probable that
these early xenon lamp experiments simply lacked sufficient
sensitivity to see the true threshold for either neutral state. The
same photodetachment threshold experiment25 overestimated the
C2H electron affinity by 0.76 eV.

A recent measurement26 of the dicarbon electron affinity by
time-of-fiight photoelectron spectroscopy of carbon cluster anions

produced by laser vaporization yielded EA(C2) = 3.3 ± 0.1 eV.
This determination is in good agreement with the present result,
although the error limits also include the previous autodetachment5
value. Electron affinity values from electron impact experi-
ments27,28 agree with the present determination within their un-

certainties. An early graphite sublimation measurement29 gave
EA(C2) = 3.1 eV or 4.0 eV, depending on the method of deter-
mination.

Accurate theoretical determination of the electron affinity of
C2 is most challenging because extensive treatment of correlation
energy is required. Two recent values30,31 of 3.11 and 3.30 eV
are in good agreement with experiment; indeed, the agreement
is improved compared to the previous experimental value.

C. Potential Energy Curves of C2 and C2". Potential energy
curves and vibrational levels for low-lying states of C2 and C2"

(25) Feldman, D. Z. Naturforsch. A 1970, 25, 621-626.
(26) Yang, S.; Taylor, K. J.; Craycraft, M. J.; Conceicao, J.; Pettiette, C.

L.; Cheshnovsky, O.; Smalley, R. E. Chem. Phys. Lett. 1988, 44, 431-436.
(27) Locht, R.; Momigny, J. Chem. Phys. Lett. 1970, 6, 273-276.
(28) von Trepka, L; Neuert,  . Z. Naturforsch. A 1963, 18, 1295-1303.
(29) Honig, R. E. J. Chem. Phys. 1954, 22, 126-131.
(30) Dupuis, M.; Liu, B. J. Chem. Phys. 1980, 73, 337-342.
(31) Nichols, J. A.; Simons, J. J. Chem. Phys. 1987, 86, 6972-6981.

Figure 2. Rydberg-Klein-Rees potential energy curves for l2C2 and l2C2"
calculated from molecular constants from the literature given in Table
II and the present value for EA(C2).

are shown in Figure 2. The energy curves are generated by the
Rydberg-Klein-Rees, method32 from literature vibrational and
rotational constants (Table II). The spacing between the netural
and anion curves is fixed by the electron affinity measured in this
work. With EA(C2) = 3.269 ± 0.006 eV, the o = 0 levels of both
the C2(X) and C2(a) states lie below the v = 5 level but above
the v = 4 level of the C2"(B) state.

Although only the origin and hot band transitions of the pho-
toelectron spectrum of C2~ lie within our energy range, the vibronic
assignments are unambiguous because the molecular parameters
of the low-lying states of C2 and C2" are precisely known. Figure
1 compares the experimental spectrum to a Franck-Condon
simulation. The simulation uses the known term energies, vi-
brational constants, and bond lengths (Table II) in a Morse
oscillator approximation, which is satisfactory since only v = 0
and v = 1 levels are observed. The Franck-Condon factors, listed
in Table I, are found by numerical integration of Morse oscillator
wave functions, which are calculated analytically by Laguerre
series recursion formulas.33 The most important unknown pa-
rameter in the simulation is the electron affinity of C2, which is
fixed by the observed peak positions as discussed above. The
transition intensities are determined by the calculated Franck-
Condon factors, by the anion vibrational and electronic temper-
atures, and by the relative detachment cross sections for the various
electronic transitions. The line shapes are modeled as described
above in section III.A. Because the instrumental sensitivity falls
off in the low-eKE region where the origin lies, the temperatures
and electronic transition strengths cannot be extracted from the
experiments. Instead, we use reasonable temperature estimates
to show approximate transition intensities. As expected, the
simulated spectrum, Figure 1, matches the experimental spectrum
well except for the intensities at low eKE. The positions of the
fundamental transitions (1 *— 0), which are beyond our experi-
mental energy range, are also shown in the simulation. The match
of the experimental and simulated spectra further confirms our
vibronic transition assignments.

D. Autodetachment Rates. The erroneous lower bound derived
from autodetachment experiments, EA(C2) > 3.374 eV, compared
to the present value of EA(C2) = 3.269 ± 0.006 eV, was based
on an interpretation of the observed autodetachment rates from

(32) Zare, R. N. J. Chem. Phys. 1964, 40, 1934-1944.
(33) Halmann, M.; Laulicht, I. J. Chem. Phys. 1965, 43, 438-448. Engler,

C. Z. Phys. Chem. (Leipzig) 1984, 6. 1193-1200.



Two serious challenges at Borealis:
• Number of C2- ions trapped.
• Lifetime of ions

These issues need to be addressed for 
successful spectroscopy and cooling of C2-.

Ion beam spectroscopy of C2-

• Applied for beam time at DESIREE for the autumn 
2024 experiment period (August to December)

• Goals:
Determine rovibrational state distribution
Characterize rovibronic level structure: accurate EA

Conclusion
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