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We study the spatial structure and sympathetic cooling of the bi-component Coulomb crystal (CC), which consists
of approximate 450 9Be+ ions and 450 40Ca+ ions with a mass ratio of 0.225 in a segmented linear ion trap. By two-
dimensional imaging of the bi-component CC, the 9Be+ ions are found to be surrounded by the 40Ca+ ions in the radial
direction with a separation ratio of ∼ 2.0, and the axial length of the 9Be+ ions occupied area is much larger than that
of the 40Ca+ ions occupied area. Combined with the previous experimental results, the structure of the 9Be+–40Ca+ CC
shows the larger the difference in the mass–charge ratio, the larger the separation between the two species. The comparison
of the fluorescence spectra of the 9Be+ ions in the bi-component CC and the pure CC indicates that the 9Be+ ions can
be sympathetically cooled and stably localized by the laser-cooled 40Ca+ ions during the recording of the fluorescence
spectrum.
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1. Introduction

Laser cooling of the trapped ions to ultralow tempera-
tures has made significant progress in various applications, in-
cluding quantum computing,[1] quantum information,[2] opti-
cal clocks,[3,4] and high accuracy spectroscopy.[5] For direct
laser cooling, however, a closed optical cycling transition be-
tween the energy levels is necessary and the transition fre-
quencies are required to be accessible for available lasers.[6]

Thus, there exist only a few species of ions that can be directly
laser cooled. On the other hand, sympathetic cooling by us-
ing the Coulomb interactions between the laser-cooled (LC)
ions and the sympathetically cooled (SC) ions can overcome
this limitation. It allows more ionic species of the atoms and
molecules to be cooled down to ultralow temperatures, keeps
the ions in a stable Coulomb crystal (CC) structure, and pro-
longs the trapping time of the ions. For example, in the de-
termination of the fundamental constants research, molecular
hydrogen ions are sympathetically cooled by the laser-cooled
9Be+ ions forming a bi-component CC, and their rovibrational
spectroscopy is measured with tens of ppt accuracy.[7,8] In the
field of low-temperature chemistry, the bi-component CC also
enables the studies of ultracold chemical reactions at the milli-
Kelvin level.[9] Furthermore, for fundamental physics tests,
positrons at an ultralow temperature have been successfully
prepared by the laser-cooled 9Be+ ions,[10,11] and antiprotons
at an ultralow temperature are also proposed to be prepared by

the laser-cooled Th− anions through sympathetic cooling.[12]

In a bi-component CC, the Coulomb interaction between
the SC ions and the LC ions strongly depends on the struc-
tures of the CC and the distances between the components.[13]

Illuminating the ions of the two species in a linear ion trap si-
multaneously can give a clear image of the bi-component CC
structure and derive the spatial separation, which is closely re-
lated to the mass ratio between the different components with
the same charge. In 2001, Drewsen’s group illuminated the
bi-component crystal of 24Mg+–40Ca+ with a mass ratio of
0.6 and derived the corresponding radial separation ratio of
∼ 0.78 in their experiment.[14] Later, they observed and an-
alyzed the three-dimensional structures of the 40Ca+ compo-
nent in a bi-component CC of 40Ca+–44Ca+ ions with a mass
ratio of 0.91 in 2007.[15] In 2019, the group of Wang prepared
a bi-component CC of 24Mg+–113Cd+ with a mass ratio of
0.21 for the study of the microwave frequency standard and
observed the spatial separation between 24Mg+ and 113Cd+.
Recently, they also obtained the bi-component CC of 40Ca+–
113Cd+ with a mass ratio of 0.35 and estimated the radial sep-
aration ratio of ∼ 0.59 combining with the theoretical zero-
temperature charged-liquid model.[16–18]

In this work, the bi-component CC of 9Be+–40Ca+ with
a mass ratio of 0.225 is prepared in a segmented linear ion
trap, and the radial separation and the axial distribution are in-
vestigated by the simultaneous imaging of both species. To
study the sympathetic cooling efficiency of 40Ca+ ions on
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9Be+ ions, the fluorescence spectra and ionic crystal images
of the 9Be+ ions with the changing of the 313 nm laser detun-
ing in a bi-component CC are compared with those in a pure
9Be+ CC.

2. Experimental setup

The experimental setup is shown in Fig. 1, the segmented
linear ion trap has been described in detail in our previous
work[19] and the trapping parameters a and q for the two ion
species are set as qCa ≈ 0.02, qBe ≈ 0.09, aCa ≈ 0, and aBe ≈ 0
to trap 40Ca+ and 9Be+ simultaneously. The 40Ca+ ions are
firstly loaded into the ion trap by photoionizing the neutral

atoms from a Ca oven.[20] The laser cooling of the 40Ca+ ions
is achieved by a cooling laser of 397 nm on the transition of
4s 2S1/2↔ 4p 2P1/2 and a repumping laser of 866 nm on the
transition of 3d 2D3/2 ↔ 4p 2P1/2 as illustrated in Fig. 2(a).
Once the 397 nm and 866 nm lasers are tuned to proper fre-
quencies, the 40Ca+ ions are efficiently laser cooled and form
a pure ultracold CC.[21] The 9Be+ ions are then loaded into
the ion trap by photoionizing the atomic Be beam produced
by a Be oven.[22] The trapped 9Be+ ions are sympathetically
cooled by the ultracold 40Ca+ ions to form a 9Be+–40Ca+ bi-
component CC. The 9Be+ ions appear as a dark core in the
center area of the bi-component CC if the 313 nm laser is not
introduced or at large detuning from the 9Be+ resonance.
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Fig. 1. Schematic of the experiment setup, including an ion trap, the lasers with frequency locking syste, and the fluorescence collecting system.
FS: fiber switch, WM: wavelength meter, VS: voltage source, DP: double pass.

Cooling laser

397 nm

Repumping laser 

866 nm

(a)
(b)

Probe/repumping 

laser 313 nmlaser 313 nm

F/↪ ↪ ↪ 

F/

F/

1.25 GHz

Dω
Dω

4p 2P1/2

40Ca+

4s 2S1/2

3d 2D3/2 9Be+

Probe/cooling 

2p 2P3/2

2s 2S1/2

Fig. 2. Relevant energy levels of Doppler laser-cooling for 40Ca+ (a) and detection or laser-cooling for 9Be+ (b), respectively.

The 9Be+ ions can also be directly laser cooled by a
313 nm laser along the trap axis on the transition of 2s 2S1/2↔
2p 2P3/2 as shown in Fig. 2(b). A double pass scheme is
used to couple the two hyperfine levels of 2s 2S1/2 state with

1.25 GHz splitting. The cooling and repumping laser beams
work as probe beams for simplicity. The frequency stabi-
lization of all lasers can be realized by the computer control
with a precision wavelength meter (HighFinesse WSU/10) cal-
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ibrated by a helium–neon laser (Thorlabs HRS015B). The flu-
orescence of the 40Ca+ and 9Be+ ions is recorded by a pho-
tomultiplier tube (PMT, Hamamatsu Photonics R1464) and
imaged onto an electron-multiplying intensified CCD camera
(EMICCD, Princeton Instruments MAX 4-512EM(B)) by a
magnification lens system simultaneously. Due to the chro-
matic aberration, the correction of focus positions is required
for imaging of 9Be+ and 40Ca+ ions separately by means of
color filters. By combining the images of the two ion species,
the synthetic image of the bi-component CC is obtained. Dur-
ing the detection of the 9Be+ ions, the frequencies of 397 nm
and 866 nm lasers are stabilized to ensure the ultralow temper-
ature of the 40Ca+ ions CC.

2.1. Equations of motion and forces for the ions in the lin-
ear ion trap

After a bi-component CC is prepared, the ions in the crys-
tal are in a dynamic equilibrium, and the classical equation of
motion for the LC ions can be expressed in a general term
as[13,23]

Mi
d𝑟2

d2t
= 𝐹 Coulomb

i +𝐹
trap
i +𝐹 laser

i +𝐹 random
i . (1)

It includes the Coulomb force 𝐹 Coulomb
i , the trapping force

𝐹
trap
i , the laser force 𝐹 laser

i , and the stochastic force 𝐹 random
i .

In the case of the SC ions, the expression of the forces is
the same as that of the LC ions, except that the laser force
𝐹 laser

i = 0. The Coulomb force 𝐹 Coulomb
i is the Coulomb re-

pulsive forces between the i-th ion and all other ions in the
trap, described as
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where ε0 is the vacuum permittivity, Q is the charge of the ion,
and 𝑟i j is the vector of the distance between the i-th and the
j-th ions.

The trapping force 𝐹
trap
i is the combination of the radial

𝐹radial and axial 𝐹axial trapping forces which can be derived
as[24,25]
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2κzQUend𝑧

z2
0

, (4)

where Urf is the amplitude of the RF trapping field at the fre-
quency of Ωrf, 2r0 is the distance between two diagonal elec-
trodes, M is the mass of the trapped ions, Uend is the endcap
voltage, 2z0 is the distance between the end-caps of the lin-
ear Paul trap, and κr and κz are the geometry parameters of
the trap in the radial and axial directions, respectively. Fradial

is proportional to the distance 𝑟 from the central axis of the
trap and inversely proportional to the mass of the trapped ions.
This results in that in the bi-component CC, the heavier ions
are confined radially weaker than the lighter ones.

3. Experimental results
3.1. The spatial structure of the bi-component Coulomb

crystals

The image of a 9Be+–40Ca+ bi-component CC contain-
ing approximately 450 9Be+ ions and 450 40Ca+ ions is shown
in Fig. 3, under the trapping condition of Urf = 304 V at
Ωrf = 2π × 11.8 MHz and Uend = 0.7 V. The lasers for cool-
ing 40Ca+ ions (397 nm and 866 nm) and detecting 9Be+

ions (313 nm) are stabilized to frequencies where the 40Ca+

are efficiently laser cooled and the 9Be+ ions are clearly de-
tected. The temperature of the ions is about 10 mK where
an ordered structure of the bi-component CC is shown and
the individual ions can be observed.[26,27] In the radial di-
rection, the 9Be+ ions are radially surrounded by the 40Ca+

ions, the radial separation rCa+ − rBe+ is about 50 µm, where
rCa+ is the inner radius of the 40Ca+ shell and rBe+ is the
outer radius of the 9Be+ core. The radial separation is caused
by the different radial trapping force according to Eq. (3),
and the 9Be+ ions are confined radially more strongly than
40Ca+ ions due to the lower mass. In the zero-temperature
charged-liquid model,[28,29] the separation ratio of the two ion
species is rCa+/rBe+ =

√
MCa+/MBe+ = 2.1, which agrees

with our experiment result rCa+/rBe+ ≈ 2.0. In the axial di-
rection, the length of the distribution area of the 9Be+ ions
(∼ 1250 µm) is much greater than the corresponding length
of the 40Ca+ ions (∼ 760 µm). It is in line with the different
aspect ratios (L/R ∼ 12.5 for 9Be+ and ∼ 2.1 for 40Ca+) for
9Be+ and 40Ca+ ions under the same trapping condition.[30,31]

The reason for the large aspect ratio difference for the two
ion species is that the axial potentials are the same for both
species, whereas the radial potentials are mass-dependent.
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Fig. 3. (a) The synthetic EMICCD image of a 9Be+–40Ca+ bi-component
CC by combining the separately recorded fluorescence images of 9Be+ and
40Ca+ ions. The yellow dashed line represents the fitting boundaries of the
40Ca+ ions with a few dark ions caused by chemical reactions, and the white
dashed line shows the fitting boundaries of the 9Be+ ions. (b) Fitting dimen-
sions of the 9Be+ and 40Ca+ bi-component CC.
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Combined with the different bi-component CCs in the
previous experiments,[14,18] the 9Be+–40Ca+ bi-component
CC shows that the larger spatial separation of the two ion
species in the radial direction, and the larger distribution dif-
ference in the axial direction. As the Coulomb interaction
is inversely proportional to the square of the distance,[13] the
sympathetic cooling effect between the two ion species with
a larger mass–charge difference is also weaker. For effective
sympathetic cooling, therefore, it is necessary to choose the
proper LC ions to reduce the difference in the mass–charge
ratio of the two ion species.

3.2. The comparison of the fluorescence spectra and ionic
crystal images of the 9Be+ ions in the bi-component
CC and the pure CC

To study the sympathetic cooling efficiency, the inten-
sities of the 9Be+ fluorescence signal (the sampling time is
200 ms) are measured as a function of the 313 nm laser fre-
quency detuning of the transition 2s 2S1/2 (F = 1, 2) ↔ 2p
2P3/2 in both the pure and bi-component CCs as illustrated
in Fig. 4(a). The frequency of the 313 nm laser is scanned

with a rate of 3 MHz/s around the resonant frequency (∆ω =

0 MHz) over a range of 1.6 GHz. The frequency detuning
∆ω =−400 MHz,−150 MHz,−100 MHz, 0 MHz, 110 MHz,
and 400 MHz are denoted in turn as the set-points from 1 to 6,
where the corresponding images of the pure 9Be+ ions and the
9Be+–40Ca+ bi-component ions are also separately recorded
as Figs. 4(b)6 and 4(c)6, respectively.

The spectrum of the pure 9Be+ ions below 0 MHz de-
tuning (red detuning) is almost as same as that of the 9Be+

ions in bi-component CC as shown in Fig. 4(a). The maxi-
mum fluorescence signals of both crystals are at the set-point
3 (∆ω =−100 MHz) and about ten times larger than the back-
ground signals (e.g., at the set-points 1 and 6). When the fre-
quency of the 313 nm laser is detuned from the 0 MHz offset
(set-point 4) to a blue offset frequency, the intensity of the
fluorescence of the pure 9Be+ ions drops rapidly and almost
vanishes at the set-point 5 (∆ω = 110 MHz). However, in the
bi-component CC, the fluorescence signal of the 9Be+ ions
keeps at a high level from the set-point 4 (∆ω = 0 MHz) to the
set-point 5 (∆ω = 110 MHz).
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Fig. 4. The fluorescence signal of 9Be+ ions and 40Ca+ ions changes with the frequency detuning of the 313 nm detection laser. The spectra of pure 9Be+

ions (green) and bi-component 9Be+ ions (blue) are shown in (a). At the detuning ∆ω =−400 MHz, −150 MHz, −100 MHz, 0 MHz, 110 MHz, 400 MHz
denoted in turn as the set-points of 1 to 6, the images of the pure 9Be+ ions and the 9Be+–40Ca+ bi-component ions are illustrated in (b) and (c), respectively.
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Similar to the fluorescence spectra, the images of the
9Be+ ions in both bi-component and pure CCs are generally no
different at the red detuned range of the 313 nm laser as shown
in Figs. 4(b)3 and 4(c)3. In both the pure and bi-component
CCs, one can also see that the 9Be+ ions form a clear or-
dered structure at the set-point 2, while the blurred image at
the set-point 3 indicates the slightly increased temperature of
the 9Be+ ions due to the insufficient cooling force at the small
red detuning of the 313 nm laser.

The significant difference between the images of the
9Be+ ions in the pure and bi-component CCs appears at the
set-points of 4 and 5, where the 313 nm laser is blue detuning.
At the set-point 4, the ions in the pure 9Be+ CC are delocalized
as the ionic cloud, while the 9Be+ ions in the bi-component
CC remain their crystal state. At the detuning of 110 MHz, the
pure 9Be+ ions fill the whole trapping volume in the ion trap as
shown in Fig. 4(b)5, while the 9Be+ ions in the bi-component
CC are sympathetically cooled by the LC 40Ca+ ions and re-
main as the tight ionic cloud. The 40Ca+ ions are also heated to
a blurred ionic cloud state by the 9Be+ ions which are heated
by the blue detuned 313 nm laser at the set-point 5. At the
detuning of 400 MHz, the fluorescence signal vanishes in both
the pure and bi-component CCs as shown in Fig. 4(a), how-
ever, the 9Be+ ions remain localized in the bi-component CC
as a dark core due to the dominating sympathetic cooling force
from the LC 40Ca+ ions.

The results from Fig. 4 indicate that although the Doppler
laser cooling is ineffective when the 313 nm laser is at the blue
detuned range, the 9Be+ ions can be cooled by the laser-cooled
40Ca+ ions through sympathetic cooling. While in the red de-
tuned range, the existing laser cooling force is much stronger
than the sympathetic cooling force and dominates the cooling
process.

4. Conclusion and outlook

In conclusion, the 9Be+ ions are sympathetically cooled
by the 40Ca+ ions and detected by the 313 nm laser, the spa-
tial structure of the bi-component CC and the sympathetic
cooling effect are directly observed in a segmented linear ion
trap. In the 9Be+–40Ca+ bi-component CC, the mass ratio of
0.225 between SC and LC ions is lower than the bound ra-
tio of 0.54, which is obtained by a priori molecular dynamical
calculation combining with a heat-exchange model of sympa-
thetic cooling.[32] Combined with the bi-component CCs in
the previous experiments, the 9Be+–40Ca+ bi-component CC
shows that the larger the difference in the mass–charge ratio
leads to the larger the spatial separation between the two ion
species.[14–18] Comparing the fluorescence of the 9Be+ ions

in the pure and bi-component CCs with the changing of the
laser detuning, it found that although the sympathetic cooling
force is much weaker than the laser cooling force, it can still
help the 9Be+ ions remain ultracold and localized inside the
ion trap. We expect that this work will benefit the determina-
tion of the number of dark ions in the bi-component CC with a
large difference in the mass–charge ratio, such as the Be+–H+

2

and Be+–HD+,[33,34] and it may further improve the accuracy
of the rovibrational spectroscopy of H+

2 or HD+.[35]

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant No. 91636216), and the Strategic Pri-
ority Research Program of the Chinese Academy of Sciences
(Grant No. XDB21020200).

References
[1] Johri S, Debnath S, Mocherla A, Singk A, Prakash A, Kim J and

Kerenidis I 2021 Npj. Quantum. Inform 7 122
[2] Hannegan J, Siverns J D, Cassell J and Quraishi Q 2021 Phys. Rev. A

103 052433
[3] Brewer S M, Chen J S, Hankin A M, Clements E R, Chou C W,

Wineland D J, Hume D B and Leibrandt D R 2019 Phys. Rev. Lett.
123 033201

[4] Zhang Q X, Wang Y R, Zhu C H, Wang Y X, Zhang X, Gao K Y and
Zhang W 2020 Chin. Phys. B 29 093203

[5] Micke P, Leopold T, King S A, Benkler E, Spieß L J, Schmöger L,
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