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While it is straightforward to count laser-cooled trapped ions by fluorescence imaging, detecting the number
of dark ions embedded and sympathetically cooled in a mixed ion crystal is more challenging. We demonstrate
a method to track the number of dark ions in real time with single-particle sensitivity. This is achieved by
observing discrete steps in the amount of fluorescence emitted from the coolant ions while exciting secular
motional resonances of dark ions. By counting the number of fluorescence steps, we can identify the number
of dark ions without calibration and without relying on any physical model of the motional excitation. We
demonstrate the scheme by detecting H+

2 and H+
3 ions embedded in a Be+ ion Coulomb crystal in a linear radio-

frequency trap. Our method allows observing the generation and destruction of individual ions simultaneously
for different types of ions. Besides high-resolution spectroscopy of dark ions, another application is the detection
of chemical reactions in real time with single-particle sensitivity. This is demonstrated in this Letter.

DOI: 10.1103/PhysRevA.106.L041101

Trapped and laser-cooled ions have been used to in-
vestigate fundamental light-atom interactions [1–5], for the
observation of ion-neutral chemical reactions [6–10], as well
as for optical frequency standards [11,12] and quantum
computing [13–15].

Sympathetic cooling is a way for extending this technology
to atomic or molecular ions that do not possess suitable tran-
sitions for laser cooling. In this scheme, the ions are trapped
together with another ion species that can be laser cooled.
Due to the mutual Coulomb interaction, the ions rapidly
thermalize, indirectly cooling all species. At sufficiently low
temperatures, the ions form regular Coulomb crystals in the
trap [16]. The technique has found application in precision
spectroscopy of HD+ and H+

2 molecular ions [17–21], optical
atomic clocks based on quantum logic spectroscopy of Al+

[22,23], spectroscopy of highly charged ions [24,25], and the
study of chemical reactions with molecular ions [7,26–29].

While the number of laser-cooled ions can be easily mea-
sured by fluorescence imaging, identification and counting of
the nonfluorescing dark ions is more difficult. One method is
to eject the ions from the trap and to accelerate them onto
a detector in an electric field. The different ion species can
be distinguished by their arrival times [30–33]. While this
method allows a quantitative measurement of the number of
ions of each species, it has the disadvantage that it is de-
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structive and a new ion crystal has to be prepared after each
measurement.

In linear Paul traps, lighter ions are more tightly confined
than heavier ions. Lighter sympathetically cooled ions there-
fore form a dark region in the center of the fluorescence image
of an ion crystal consisting of a heavier coolant species. The
number of dark ions can then be obtained by comparing exper-
imental images with simulated ones [17,34,35]. This method
is nondestructive, and the ion images can be acquired quickly
and postprocessed later. However, different dark-ion species
cannot be distinguished.

Instead, secular excitation has been used for the nonde-
structive detection of trapped ions. In this method the secular
motion of the ions, i.e., the harmonic motion in the time-
averaged trap potential, is excited resonantly by applying an
additional oscillating electric field. This transfers energy into
the motion of the surrounding coolant ions and thereby in-
creases their temperature. Due to the temperature dependence
of the Doppler broadening this leads to a change in the amount
of fluorescence that can be observed from the coolant ions.
The secular motion of the ions in three-dimensional Coulomb
crystals has rich dynamics that can complicate the analysis of
the secular excitation spectra. For example, the frequencies of
the secular resonances are influenced by space-charge effects
and the mechanical coupling between the ions [36–38]. The
energy transfer to the coolant ions is expected to increase with
an increasing number of dark ions. Therefore, the fluorescence
change induced by motional excitation serves as a measure of
the number of dark ions. However, the relationship between
the fluorescence change and the number of excited dark ions is
in general nonlinear and is influenced by various experimental
parameters, such as the strength of the motional excitation and
the geometry of the mixed ion crystal. Therefore, evaluating
the number of dark ions quantitatively is challenging and often
requires intricate modeling and calibration of the signal using
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molecular dynamics simulations [26,39]. This problem has
been limiting the usage of the secular excitation method for
highly precise spectroscopy so far.

In this Letter, we show that by properly choosing exper-
imental parameters, discrete steps in the secular excitation
signal can be observed that are identified with individual dark
ions leaving the trap or being generated within the trap. Hence
such a signal is autocalibrating and counting the number of
ions gives the ultimate accuracy. The signal does not have to
be calibrated using a physical model of the secular excitation.
Spurious signals at other frequencies that may arise from
motional coupling have no influence on the counting process
and can be safely ignored.

We experimentally demonstrate this method by resonantly
exciting the radial motion of H+

2 and H+
3 ions embedded

in a laser-cooled Be+ ion crystal. We observe concomitant
changes in the amount of fluorescence from the Be+ ions
when the number of trapped H+

2 or H+
3 ions changes due to

chemical reactions with neutral rest gas molecules.
Spectroscopy of dark ions requires a scheme for detect-

ing that the target transition is being excited. This can for
example be achieved by monitoring that new ion species are
created by state-dependent photoionization [40] or resonance-
enhanced multiphoton dissociation [18–20,39]. The reliable
detection of single dark ions demonstrates that this detection
scheme can be single-event sensitive and that the spectroscopy
will be ultimately limited only by quantum projection noise.
Nonlinearities in the signal intensity may introduce a system-
atic frequency shift, especially when the spectrum consists
of multiple overlapping lines [39]. Accurate counting of the
dark ions gives rise to a spectroscopy signal with negligible
nonlinearity.

Chemical reactions at ultracold temperatures can be inves-
tigated precisely for a small number of atoms or ions after
careful quantum-state preparation [41]. Our detection scheme
can be employed to efficiently capture such events with single-
particle sensitivity.

We use a linear Paul trap to confine the ions. As shown
in Fig. 1, it consists of four blade electrodes that are spaced
0.45 mm from the trap axis and have an axial length of
3.00 mm. Axial confinement is provided by two end-cap elec-
trodes that are located 3.50 mm from the trap center.

The trap is driven with a radio frequency (rf) of 66.05 MHz
with an amplitude of around 120 V, and a static voltage of
400 V is applied to the end caps. For Be+ this results in a
radial secular frequency of around 1.6 MHz, corresponding
to a Mathieu stability parameter q ≈ 0.07 [5], and an axial
secular frequency of 645 kHz. The single-particle radial sec-
ular frequency scales proportional to the ion’s charge-to-mass
ratio. The theoretical values are 4.8 and 7.2 MHz for H+

3 and
H+

2 , respectively.
The Be+ ions are laser cooled by driving the 2s 2S1/2(F =

2) → 2p 2P3/2(F = 3) cycling transition with circularly po-
larized 313-nm light that is generated by sum-frequency
generation of two continuous-wave fiber lasers at 1051 and
1550 nm and subsequent frequency doubling [42]. The cool-
ing transition has a natural linewidth of � = 2π × 18 MHz
[43], and the cooling beam contains two frequency compo-
nents that are red detuned from the transition by 130 and
460 MHz. We found that adding the far-detuned component

FIG. 1. Geometry of the ion trap setup. Radial (top) and axial
(bottom) view. The Coulomb crystal is not drawn to scale. Radial
confinement is generated by the rf voltage Urf (t ) that is applied to
one diagonal pair of blade electrodes. A static voltage Uec is applied
to the end-cap electrodes for axial confinement. The cooling beam
(purple) is directed along the trap axis (z). The fluorescence from
the laser-cooled Be+ ions is imaged onto two EMCCD cameras. The
static compensation voltage Uc and voltages applied to the two dc
blade electrodes are used to compensate stray fields in the trap caused
by patch potentials and electrode misalignment. A sinusoidal voltage
Uex(t ) is added to the compensation electrode in order to excite the
secular motion of the trapped ions.

makes the system more robust against losing the trapped ions
when strongly driving secular excitations. Both frequency
components can be switched on or off separately and have
similar intensities of around Isat, where Isat = 765 W/m2 is the
saturation intensity of the cooling transition [43]. The cool-
ing beam is aligned parallel to the trap axis and propagates
through holes in the end-cap electrodes. A weak magnetic
field is applied parallel to the beam in order to define the
quantization axis. We use an electro-optic modulator to create
1.25 GHz sidebands on the cooling laser in order to repump
the ions out of the 2s 2S1/2(F = 1) dark state.

The trap is housed in an ultrahigh vacuum chamber. The
background pressure measured with a cold-cathode ion gauge
is around 4 × 10−11 mbar.
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We load Be+ ions into the trap with the help of a beam
of beryllium atoms from an oven. The beam is sent through
the trapping region where it is overlapped with a 235-nm
laser beam that resonantly ionizes the atoms [44]. During Be+

loading, initially only the far-detuned frequency component
is applied to efficiently cool the hot ions. Once fluorescence
from trapped ions is detected, the near-detuned frequency
component is turned on. This strongly increases the fluores-
cence signal, such that the ion crystal shape can be monitored.
The ionization laser is turned off when the desired ion crystal
size is reached.

We then turn on a home-built electron gun for 1 s with
a current of about 95 μA. The electrons ionize some of the
hydrogen molecules from the residual gas in our vacuum
chamber, and the resulting molecular ions become embedded
in the ion crystal.

As shown in Fig. 1, we use two imaging systems to observe
the fluorescence from the laser-cooled ions from the horizon-
tal and vertical direction perpendicular to the trap axis. In
each system, the light is imaged onto an electron-multiplying
CCD (EMCCD) camera using a home-built objective with
magnification M ≈ 9 and a numerical aperture of 0.23. The
vertical imaging system additionally contains a beam splitter
that sends roughly half of the light onto a photomultiplier tube
(PMT).

Figures 2(a) and 2(b) show typical fluorescence images of
an ion crystal in our setup. We believe that the asymmetric
shape visible in Fig. 2(b) is due to imperfect alignment of the
trap electrodes.

In order to measure the radial secular frequencies of the
trapped ions, we excite their motion by applying a sinusoidal
voltage to the compensation electrode that is located close to
the trap electrodes (see Fig. 1). We sweep the frequency range
between 2 and 10 MHz in 500 steps and for each frequency
collect photon counts with the PMT for 10 ms. This is slow
enough that the ion motion reaches steady state for each
frequency point. Figure 3 shows a typical resulting secular
spectrum. Two peaks at 4.6 and 7.1 MHz can be observed
which we attribute to H+

3 and H+
2 ions, respectively. The

electrode that we use for the secular excitation is low-pass
filtered with a 1-nF capacitor and is not impedance matched
to the 50 � output impedance of the function generator that
produces the excitation signal. This makes the electric field
amplitude at the position of the ions frequency dependent. In
addition, the efficiency of the motional excitation might be
different for H+

3 and H+
2 ions. We therefore use two differ-

ent excitation amplitudes for the frequency range from 2 to
5.5 MHz and from 5.5 to 10 MHz. The amplitudes are chosen
to give roughly the same signal strength per ion for the H+

2
and H+

3 resonances.
We then repeatedly perform secular scans over a period of

a few minutes. Figure 4 shows how the height of the secular
resonances changes over time in a typical experiment. We
normalize the peak heights of each scan to the off-resonant
scattering rate. This compensates for small drifts in the cool-
ing laser power and Be+ ion loss during the measurement.
The height of the H+

2 signal drops in steps until after around
360 s the peak is no longer visible. The height of the H+

3
signal increases in steps that coincide with drops of the H+

2
signal. We attribute this to individual H+

2 ions reacting with

FIG. 2. Fluorescence images of an ion crystal consisting of
around 2000 Be+ ions with a few embedded H+

2 and H+
3 ions:

(a) Horizontal and (b) vertical view. (c) Coulomb crystal containing
2000 Be+ ions (red spheres) and 5 H+

2 ions (light blue spheres)
obtained by the molecular dynamics simulation. (d) Simulated ion
image for the crystal shown in (c) at 10 mK.

molecular hydrogen from the residual gas to form neutral
hydrogen and H+

3 according to the exothermic chemical re-
action H+

2 + H2 → H+
3 + H [45]. The clearly visible steps in

the signals show that we are observing individual ions being

FIG. 3. Secular spectrum showing the presence of H+
2 and H+

3

ions embedded in the Be+ coolant ions.
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FIG. 4. Change of the fluorescence peak heights at the H+
2 (blue

circles) and H+
3 (orange squares) resonances over time. For each

measurement, the peak heights are normalized to the off-resonant
scattering rate. The stepwise changes of the peak heights are caused
by individual ions undergoing chemical reactions with residual gas
molecules. Within each step, the peak heights scatter by much less
than the step-to-step difference. Each secular scan therefore allows a
reliable determination of the ion numbers.

destroyed or created within the Coulomb crystal. Sometimes
the H+

2 signal drops without a corresponding increase in the
H+

3 signal. One possible explanation is that the H+
2 ion reacted

with a different residual gas molecule such as N2, O2, or H2O
[46]. Another possibility is that the kinetic energy transferred
to the H+

3 molecule in the chemical reaction is large enough
to sometimes allow the product to escape from the trap. Rate
constants for the chemical reactions between H+

2 and typical
residual gas molecules are in the range of 2–7 × 10−9 cm3 s−1

[45,46]. An exponential fit to the H+
2 ion number yields a total

decay rate of 0.006 s−1 which corresponds to a residual gas
pressure in the range of 4 × 10−11–1 × 10−10 mbar, in rough
agreement with the pressure indicated by the vacuum gauge.
The number of H+

3 ions subsequently drops in similar steps
over the timescale of a few minutes. We attribute this to proton
transfer reactions of the type H+

3 + X → HX + + H2 which
are possible with a number of residual gas molecules such as
N2, CO, CO2, and H2O [47].

One striking feature of Figs. 4 and 5 is that the fluorescence
peak heights are nearly linear in the number of dark ions.
We use the LAMMPS molecular dynamics code [48,49] to fur-
ther investigate this behavior. We first simulate the stationary
configuration of the mixed ion crystals without applying the
excitation as shown in Fig. 2(c). We generate simulated flu-
orescence images, taking into account the motion of the ions
and the spot size and depth of field of the imaging objective.
We then estimate the number of trapped ions in the experiment
and their temperature by comparing the simulated images with
the experimental ones [34,35,37]. A good agreement is ob-
tained between experimental and simulated images for around
2000 Be+ ions at 10 mK mixed with a few dark ions as shown
in Fig. 2(d). In order to simulate the secular excitation spectra,
we add an oscillating electric field perpendicular to the trap
axis. The amount of fluorescence from the coolant ions is
calculated during the motional excitation. The simulation is

FIG. 5. Experimental secular excitation spectra for (a) 0–3 H+
3

ions and (b) 0–4 H+
2 ions. (c) and (d) are spectra obtained from

molecular dynamics simulations with 2000 Be+ ions and the same
numbers of H+

2 and H+
3 ions as in the experiment. The simulated

excitation amplitudes are 2.9 V/m for the H+
3 resonance and 2.5 V/m

for the H+
2 resonance.

repeated for different excitation frequencies and numbers of
dark ions. Figures 5(a) and 5(b) show experimental secular
excitation spectra for different numbers of H+

3 and H+
2 ions,

and Figs. 5(c) and 5(d) show the corresponding simulated
spectra. The stepwise change of the fluorescence peak height
for different numbers of ions is reproduced in the simulations.
Both the simulation and the measurement suggest that the
change in the amount of fluorescence is roughly proportional
to the number of dark ions that are being excited at their
secular frequency.

We now derive a model for the dependence of the peak
scattering rate on the number of ions that are being excited.
For a cycling cooling transition in an atom at rest the photon
scattering rate is given by

w(�) = s�/2

1 + s + (
�

�/2

)2 , (1)

where � is the laser detuning and s = I/Isat is the saturation
parameter. During the secular excitation, the temperature of
the coolant ions increases to Ts, and the scattering rate per
Be+ ion is given by [39]

R(Ts) =
∫ ∞

−∞
w(� − kv)p(v, Ts )dv, (2)

where p(v, T ) = √
mBe/(2πkBT ) exp [−mBev

2/(2kBT )] is
the Maxwell-Boltzmann distribution. v is the velocity of the
ion along the cooling laser beam, k is the cooling laser wave
number, and mBe is the Be+ mass. We assume that the coolant
ion temperature Ts during the secular excitation is determined
by the balance between the heating due to the motional exci-
tation and the average laser cooling power. This condition is
expressed as

NBe pc(Ts) = Nex ph, (3)

where NBe is the number of Be+ ions and Nex is the number
of dark ions that are being excited. ph is the heating power
per excited dark ion. Note that the average cooling power per
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FIG. 6. Average peak heights of the H+
2 (blue circles) and H+

3 (or-
ange squares) secular resonances. The error bars show the standard
error of the mean. The solid and dashed lines are fits of our model
curve R(Ts )/R(T0) to the H+

2 and H+
3 data, respectively. Separate

fits are performed for the H+
2 and H+

3 resonances since the secular
excitation strength is different for the two species and two different
fit parameters αH+

2
and αH+

3
were necessary.

coolant ion pc(Ts) is temperature dependent because of the
Doppler broadening of the cooling transition

pc(Ts) = −h̄k
∫ ∞

−∞
vw(� − kv)p(v, Ts )dv. (4)

We confirmed the validity of our assumption of Eq. (3) us-
ing the molecular dynamics simulations (see Supplemental
Material [50]). The relative fluorescence peak heights of the
secular resonances shown in Fig. 4 correspond to R(Ts)/R(T0)
where T0 is the equilibrium temperature of the Be+ ions in the
absence of heating due to secular excitation. Under our exper-

imental conditions, T0 is around 10 mK. For simplicity we use
T0 = 0 K which introduces a marginal (∼2%) difference in the
scattering rate. It is difficult to precisely estimate the heating
rate ph from the experimental parameters. We therefore treat
α = ph/NBe as a free parameter in our model. We evaluated
R(Ts)/R(T0) numerically and determined α to best reproduce
the experimental data. No other fit parameters were used. The
results are shown in Fig. 6 for different numbers of H+

2 and
H+

3 ions. For our parameters the model predicts a nearly linear
dependence of the scattering rate on the number of dark ions,
which agrees with the experimental observations.

With a larger number of dark ions, the model predicts that
the fluorescence peak height starts to saturate, and the fluores-
cence steps become smaller accordingly. We have conducted
experiments for a larger number of dark ions and confirmed
that up to eight dark ions can be reliably counted under
our experimental conditions. Additional molecular dynamics
simulations with different numbers of dark/coolant ions and
different dark-ion species suggest that our method is robust
for a wide range of experimental parameters.

In conclusion, we have demonstrated that the secular exci-
tation technique can be used to detect dark ions embedded in
laser-cooled ion Coulomb crystals with single-particle resolu-
tion. Secular excitation only relies on the Coulomb interaction
between the different ion species. We therefore believe that
this method could be used for single-particle sensitive detec-
tion of a wide range of atomic or molecular ions that do not
possess suitable cycling transitions for fluorescence detection.

This project has received funding from the European Re-
search Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (Grant Agreement
No. 742247). T.W.H. acknowledges support from the Max
Planck Foundation. The authors acknowledge the Max Planck
Computing and Data Facility (MPCDF) for providing com-
puting time.

[1] W. M. Itano, J. C. Bergquist, and D. J. Wineland, Early obser-
vations of macroscopic quantum jumps in single atoms, Int. J.
Mass Spectrom. 377, 403 (2015).

[2] U. Eichmann, J. C. Bergquist, J. J. Bollinger, J. M. Gilligan,
W. M. Itano, D. J. Wineland, and M. G. Raizen, Young’s In-
terference Experiment with Light Scattered from Two Atoms,
Phys. Rev. Lett. 70, 2359 (1993).

[3] Y. Stalgies, I. Siemers, B. Appasamy, T. Altevogt, and P. E.
Toschek, The spectrum of single-atom resonance fluorescence,
Europhys. Lett. 35, 259 (1996).

[4] J. Eschner, Ch. Raab, F. Schmidt-Kaler, and R. Blatt, Light
interference from single atoms and their mirror images, Nature
(London) 413, 495 (2001).

[5] D. Leibfried, R. Blatt, C. Monroe, and D. Wineland, Quantum
dynamics of single trapped ions, Rev. Mod. Phys. 75, 281
(2003).

[6] M. Drewsen, I. Jensen, J. Lindballe, N. Nissen, R. Martinussen,
A. Mortensen, P. Staanum, and D. Voigt, Ion Coulomb crystals:
a tool for studying ion processes, Int. J. Mass Spectrom. 229,
83 (2003).

[7] B. Roth, P. Blythe, H. Wenz, H. Daerr, and S. Schiller, Ion-
neutral chemical reactions between ultracold localized ions and
neutral molecules with single-particle resolution, Phys. Rev. A
73, 042712 (2006).

[8] S. Willitsch, M. T. Bell, A. D. Gingell, S. R. Procter, and T. P.
Softley, Cold Reactive Collisions between Laser-Cooled Ions
and Velocity-Selected Neutral Molecules, Phys. Rev. Lett. 100,
043203 (2008).

[9] T. Yang, A. Li, G. K. Chen, C. Xie, A. G. Suits, W. C. Campbell,
H. Guo, and E. R. Hudson, Optical control of reactions between
water and laser-cooled Be+ ions, J. Phys. Chem. Lett. 9, 3555
(2018).

[10] M. Tomza, K. Jachymski, R. Gerritsma, A. Negretti, T. Calarco,
Z. Idziaszek, and P. S. Julienne, Cold hybrid ion-atom systems,
Rev. Mod. Phys. 91, 035001 (2019).

[11] S. A. Diddams, Th. Udem, J. C. Bergquist, E. A. Curtis,
R. E. Drullinger, L. Hollberg, W. M. Itano, W. D. Lee,
C. W. Oates, K. R. Vogel, and D. J. Wineland, An optical
clock based on a single trapped 199Hg+ ion, Science 293, 825
(2001).

L041101-5

https://doi.org/10.1016/j.ijms.2014.07.005
https://doi.org/10.1103/PhysRevLett.70.2359
https://doi.org/10.1209/epl/i1996-00563-6
https://doi.org/10.1038/35097017
https://doi.org/10.1103/RevModPhys.75.281
https://doi.org/10.1016/S1387-3806(03)00259-8
https://doi.org/10.1103/PhysRevA.73.042712
https://doi.org/10.1103/PhysRevLett.100.043203
https://doi.org/10.1021/acs.jpclett.8b01437
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1126/science.1061171


FABIAN SCHMID et al. PHYSICAL REVIEW A 106, L041101 (2022)

[12] N. Huntemann, C. Sanner, B. Lipphardt, Chr. Tamm, and E.
Peik, Single-Ion Atomic Clock with 3 × 10−18 Systematic Un-
certainty, Phys. Rev. Lett. 116, 063001 (2016).

[13] R. Blatt and D. Wineland, Entangled states of trapped atomic
ions, Nature (London) 453, 1008 (2008).

[14] S. Debnath, N. M. Linke, C. Figgatt, K. A. Landsman,
K. Wright, and C. Monroe, Demonstration of a small pro-
grammable quantum computer with atomic qubits, Nature
(London) 536, 63 (2016).

[15] I. Pogorelov, T. Feldker, C. D. Marciniak, L. Postler, G. Jacob,
O. Krieglsteiner, V. Podlesnic, M. Meth, V. Negnevitsky, M.
Stadler, B. Höfer, C. Wächter, K. Lakhmanskiy, R. Blatt, P.
Schindler, and T. Monz, Compact ion-trap quantum computing
demonstrator, PRX Quantum 2, 020343 (2021).

[16] L. Hornekær, N. Kjærgaard, A. M. Thommesen, and M.
Drewsen, Structural Properties of Two-Component Coulomb
Crystals in Linear Paul Traps, Phys. Rev. Lett. 86, 1994 (2001).

[17] P. Blythe, B. Roth, U. Fröhlich, H. Wenz, and S. Schiller, Pro-
duction of Ultracold Trapped Molecular Hydrogen Ions, Phys.
Rev. Lett. 95, 183002 (2005).

[18] S. Alighanbari, G. S. Giri, F. L. Constantin, V. I. Korobov,
and S. Schiller, Precise test of quantum electrodynamics and
determination of fundamental constants with HD+ ions, Nature
(London) 581, 152 (2020).

[19] S. Patra, M. Germann, J.-Ph. Karr, M. Haidar, L. Hilico, V. I.
Korobov, F. M. J. Cozijn, K. S. E. Eikema, W. Ubachs, and
J. C. J. Koelemeij, Proton-electron mass ratio from laser spec-
troscopy of HD+ at the part-per-trillion level, Science 369, 1238
(2020).

[20] J. Schmidt, T. Louvradoux, J. Heinrich, N. Sillitoe, M. Simpson,
J.-Ph. Karr, and L. Hilico, Trapping, Cooling, and Photodisso-
ciation Analysis of State-Selected H+

2 Ions Produced by (3 + 1)
Multiphoton Ionization, Phys. Rev. Appl. 14, 024053 (2020).

[21] I. V. Kortunov, S. Alighanbari, M. G. Hansen, G. S. Giri,
V. I. Korobov, and S. Schiller, Proton-electron mass ratio by
high-resolution optical spectroscopy of ion ensembles in the
resolved-carrier regime, Nat. Phys. 17, 569 (2021).

[22] P. O. Schmidt, T. Rosenband, C. Langer, W. M. Itano, J. C.
Bergquist, and D. J. Wineland, Spectroscopy using quantum
logic, Science 309, 749 (2005).

[23] S. M. Brewer, J.-S. Chen, A. M. Hankin, E. R. Clements, C. W.
Chou, D. J. Wineland, D. B. Hume, and D. R. Leibrandt, 27Al+

Quantum-Logic Clock with a Systematic Uncertainty Below
10−18, Phys. Rev. Lett. 123, 033201 (2019).

[24] M. G. Kozlov, M. S. Safronova, J. R. Crespo López-Urrutia,
and P. O. Schmidt, Highly charged ions: Optical clocks and ap-
plications in fundamental physics, Rev. Mod. Phys. 90, 045005
(2018).

[25] P. Micke, T. Leopold, S. A. King, E. Benkler, L. J. Spieß, L.
Schmöger, M. Schwarz, J. R. Crespo López-Urrutia, and P. O.
Schmidt, Coherent laser spectroscopy of highly charged ions
using quantum logic, Nature (London) 578, 60 (2020).

[26] T. Baba and I. Waki, Chemical reaction of sympatheti-
cally laser-cooled molecular ions, J. Chem. Phys. 116, 1858
(2002).

[27] S. Willitsch, M. T. Bell, A. D. Gingell, and T. P. Softley, Chemi-
cal applications of laser- and sympathetically-cooled ions in ion
traps, Phys. Chem. Chem. Phys. 10, 7200 (2008).

[28] F. H. J. Hall and S. Willitsch, Millikelvin Reactive Collisions
between Sympathetically Cooled Molecular Ions and Laser-

Cooled Atoms in an Ion-Atom Hybrid Trap, Phys. Rev. Lett.
109, 233202 (2012).

[29] K. Okada, T. Suganuma, T. Furukawa, T. Takayanagi, M. Wada,
and H. A. Schuessler, Cold ion–polar-molecule reactions stud-
ied with a combined Stark-velocity-filter–ion-trap apparatus,
Phys. Rev. A 87, 043427 (2013).

[30] C. Schneider, S. J. Schowalter, K. Chen, S. T. Sullivan, and
E. R. Hudson, Laser-Cooling-Assisted Mass Spectrometry,
Phys. Rev. Appl. 2, 034013 (2014).

[31] K. A. E. Meyer, L. L. Pollum, L. S. Petralia, A. Tauschinsky,
C. J. Rennick, T. P. Softley, and B. R. Heazlewood, Ejec-
tion of Coulomb crystals from a linear Paul ion trap for
ion-molecule reaction studies, J. Phys. Chem. A 119, 12449
(2015).

[32] D. Rösch, H. Gao, A. Kilaj, and S. Willitsch, Design and char-
acterization of a linear quadrupole ion trap for high-resolution
Coulomb-crystal time-of-flight mass spectrometry, EPJ Tech.
Instrum. 3, 1 (2016).

[33] P. C. Schmid, J. Greenberg, M. I. Miller, K. Loeffler, and H. J.
Lewandowski, An ion trap time-of-flight mass spectrometer
with high mass resolution for cold trapped ion experiments,
Rev. Sci. Instrum. 88, 123107 (2017).

[34] M. Germann, X. Tong, and S. Willitsch, Observation of electric-
dipole-forbidden infrared transitions in cold molecular ions,
Nat. Phys. 10, 820 (2014).

[35] K. Okada, M. Ichikawa, M. Wada, and H. A. Schuessler,
Quasiequilibrium Characterization of Mixed-Ion Coulomb
Crystals, Phys. Rev. Appl. 4, 054009 (2015).

[36] B. Roth, P. Blythe, and S. Schiller, Motional resonance coupling
in cold multispecies Coulomb crystals, Phys. Rev. A 75, 023402
(2007).

[37] C. B. Zhang, D. Offenberg, B. Roth, M. A. Wilson, and
S. Schiller, Molecular-dynamics simulations of cold single-
species and multispecies ion ensembles in a linear Paul trap,
Phys. Rev. A 76, 012719 (2007).

[38] B.-m. Ann, F. Schmid, J. Krause, T. W. Hänsch, T. Udem,
and A. Ozawa, Motional resonances of three-dimensional dual-
species Coulomb crystals, J. Phys. B: At., Mol. Opt. Phys. 52,
035002 (2019).

[39] J. Biesheuvel, J.-Ph. Karr, L. Hilico, K. S. E. Eikema, W.
Ubachs, and J. C. J. Koelemeij, High-precision spectroscopy of
the HD+ molecule at the 1-p.p.b. level, Appl. Phys. B 123, 23
(2017).

[40] M. Herrmann, M. Haas, U. D. Jentschura, F. Kottmann, D.
Leibfried, G. Saathoff, C. Gohle, A. Ozawa, V. Batteiger, S.
Knünz, N. Kolachevsky, H. A. Schüssler, T. W. Hänsch, and Th.
Udem, Feasibility of coherent xuv spectroscopy on the 1S–2S
transition in singly ionized helium, Phys. Rev. A 79, 052505
(2009).

[41] L. Ratschbacher, C. Zipkes, C. Sias, and M. Köhl, Control-
ling chemical reactions of a single particle, Nat. Phys. 8, 649
(2012).

[42] A. C. Wilson, C. Ospelkaus, A. P. VanDevender, J. A. Mlynek,
K. R. Brown, D. Leibfried, and D. J. Wineland, A 750-mW,
continuous-wave, solid-state laser source at 313 nm for cooling
and manipulating trapped 9Be+ ions, Appl. Phys. B 105, 741
(2011).

[43] J. R. Fuhr and W. L. Wiese, Tables of atomic transition proba-
bilities for beryllium and boron, J. Phys. Chem. Ref. Data 39,
013101 (2010).

L041101-6

https://doi.org/10.1103/PhysRevLett.116.063001
https://doi.org/10.1038/nature07125
https://doi.org/10.1038/nature18648
https://doi.org/10.1103/PRXQuantum.2.020343
https://doi.org/10.1103/PhysRevLett.86.1994
https://doi.org/10.1103/PhysRevLett.95.183002
https://doi.org/10.1038/s41586-020-2261-5
https://doi.org/10.1126/science.aba0453
https://doi.org/10.1103/PhysRevApplied.14.024053
https://doi.org/10.1038/s41567-020-01150-7
https://doi.org/10.1126/science.1114375
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1038/s41586-020-1959-8
https://doi.org/10.1063/1.1431273
https://doi.org/10.1039/b813408c
https://doi.org/10.1103/PhysRevLett.109.233202
https://doi.org/10.1103/PhysRevA.87.043427
https://doi.org/10.1103/PhysRevApplied.2.034013
https://doi.org/10.1021/acs.jpca.5b07919
https://doi.org/10.1140/epjti/s40485-016-0032-3
https://doi.org/10.1063/1.4996911
https://doi.org/10.1038/nphys3085
https://doi.org/10.1103/PhysRevApplied.4.054009
https://doi.org/10.1103/PhysRevA.75.023402
https://doi.org/10.1103/PhysRevA.76.012719
https://doi.org/10.1088/1361-6455/aaf5ea
https://doi.org/10.1007/s00340-016-6576-8
https://doi.org/10.1103/PhysRevA.79.052505
https://doi.org/10.1038/nphys2373
https://doi.org/10.1007/s00340-011-4771-1
https://doi.org/10.1063/1.3286088


NUMBER-RESOLVED DETECTION OF DARK IONS IN … PHYSICAL REVIEW A 106, L041101 (2022)

[44] H.-Y. Lo, J. Alonso, D. Kienzler, B. C. Keitch, L. E. de Clercq,
V. Negnevitsky, and J. P. Home, All-solid-state continuous-
wave laser systems for ionization, cooling and quantum state
manipulation of beryllium ions, Appl. Phys. B 114, 17 (2014).

[45] M. T. Bowers, D. D. Elleman, and J. King, Analysis of the ion-
molecule reactions in gaseous H2, D2, and HD by ion cyclotron
resonance techniques, J. Chem. Phys. 50, 4787 (1969).

[46] J. K. Kim and W. T. Huntress, Ion cyclotron resonance stud-
ies on the reaction of H+

2 and D+
2 ions with various simple

molecules and hydrocarbons, J. Chem. Phys. 62, 2820 (1975).
[47] J. A. Burt, J. L. Dunn, M. J. McEwan, M. M. Sutton, A. E.

Roche, and H. I. Schiff, Some ion-molecule reactions of H+
3

and the proton affinity of H2, J. Chem. Phys. 52, 6062 (1970).

[48] A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu,
W. M. Brown, P. S. Crozier, P. J. in ’t Veld, A. Kohlmeyer, S. G.
Moore, T. D. Nguyen, R. Shan, M. J. Stevens, J. Tranchida,
C. Trott, and S. J. Plimpton, LAMMPS - a flexible simulation
tool for particle-based materials modeling at the atomic, meso,
and continuum scales, Comput. Phys. Commun. 271, 108171
(2022).

[49] E. Bentine, C. J. Foot, and D. Trypogeorgos, (py)LIon: A
package for simulating trapped ion trajectories, Comput. Phys.
Commun. 253, 107187 (2020).

[50] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.106.L041101 for additional details on the
molecular dynamics simulations.

L041101-7

https://doi.org/10.1007/s00340-013-5605-0
https://doi.org/10.1063/1.1670971
https://doi.org/10.1063/1.430817
https://doi.org/10.1063/1.1672909
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2020.107187
http://link.aps.org/supplemental/10.1103/PhysRevA.106.L041101

