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We have recently demonstrated the laser cooling of a single 40Ca+ ion to the motional ground state in a
Penning trap using the resolved-sideband cooling technique on the electric quadrupole transition S1/2 ↔ D5/2.

Here we report on the extension of this technique to small ion Coulomb crystals made of two or three 40Ca+

ions. Efficient cooling of the axial motion is achieved outside the Lamb-Dicke regime on a two-ion string along
the magnetic field axis as well as on two- and three-ion planar crystals. Complex sideband cooling sequences
are required in order to cool both axial degrees of freedom simultaneously. We measure a mean excitation
after cooling of n̄COM = 0.30(4) for the centre of mass mode and n̄B = 0.07(3) for the breathing mode of the
two-ion string with corresponding heating rates of 11(2) s−1 and 1(1) s−1 at a trap frequency of 162 kHz. The
occupation of the ground state of the axial modes (ntilt = nCOM = 0) is above 75% for the two-ion planar
crystal and the associated heating rates 0.8(5) s−1 at a trap frequency of 355 kHz.
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1. Introduction

Ion Coulomb crystals (ICCs) consisting of cold, trapped atomic ions are a widely used and
highly versatile experimental platform [1]. The level of control achievable with ICCs makes them
a suitable choice for many applications in atomic and molecular physics, including quantum com-
putation and simulation [2–4], cavity QED [5], atomic clocks [6] and precision measurements [7].
Penning traps use a combination of static electric and magnetic fields to confine charged par-
ticles. Such traps are often used in experiments where large magnetic fields are required, for
example in quantum simulation [2], non-neutral plasma physics [8], precision measurements of
masses and magnetic moments [9], and for experiments on particle beamlines (where their large,
open electrode structures and large trap depths are an advantage) [10, 11].

In quantum information experiments, the common modes of motion of ICCs provide a con-
venient mechanism for transmitting information between ions [12]. Radio-frequency, linear Paul
traps are prevalent in this kind of work, typically using one-dimensional crystals that align along
the radio frequency null of the trap [13]. Such a system with three ions in a line has been used
to simulate the frustration that occurs when three spins are arranged in a triangle configuration
[14]. In contrast, planar ICCs in a Penning trap naturally form in a triangular lattice, which
provides a suitable platform for quantum simulation of frustrated systems [15], without the need
for highly specialised trap designs [16, 17].
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In order to conduct many of these types of experiments, the ions must be in the Lamb-
Dicke regime, where the amplitude of the motional mode is much less than the wavelength of
the interacting light. This often requires the ions to be cooled below the Doppler limit, most
commonly achieved in ion traps using the resolved-sideband technique. Here we present results
on resolved-sideband laser cooling of the axial motion of two- and three-ion 40Ca+ ICCs in a
Penning trap.

We dedicate this article to the memory of our colleague Professor Danny Segal whose inspi-
ration and insight led to many of the ideas that are described here. Over many years Danny
designed and built the apparatus and developed the techniques for working with ground-state
cooled ions in the Penning trap and he anticipated the efficient sideband cooling and long coher-
ence times that we have now demonstrated for small ion Coulomb crystals. Sadly he was only
partially able to see his ideas come to fruition as he passed away in September 2015 before this
work had been completed.

2. Background

To confine charged particles in all directions of space, a Penning trap uses a strong magnetic field
aligned with the trap axis ( ~B = Bẑ) and a static cylindrically-symmetric quadrupolar electric
potential. Expressed in cylindrical coordinates, the potential has the form φ = A(2z2−ρ2) where
A is a constant depending on the voltage applied on the electrodes of the trap and the geometry of
the trap. In the axial direction (along ẑ), a single particle will undergo a simple harmonic motion

with a frequency νz =
√

4qA/M/2π, where q is the charge of the particle and M is its mass.
Typically this frequency lies in the range 150 to 400 kHz in our trap. Confinement in the radial
plane is ensured by the magnetic field, resulting in stable orbits about the axial direction. The
motion in this plane is characterised by the modified cyclotron and the magnetron modes whose
frequencies ν+ and ν− are given by ν± = νc/2±

√
ν2
c /4− ν2

z/2, where the cyclotron frequency,
νc, is given by νc = qB/(2πM). In our trap, the cyclotron frequency is around 715 kHz.

Multiple ions in a trap exert a repulsive Coulomb force on one another which counteracts the
trapping force. If these ions are sufficiently cold, they form a structure known as an ion Coulomb
crystal, where the individual ions exhibit small amplitude motion around their equilibrium posi-
tions [1]. An ICC consisting of N particles has a total of 3N of these collective modes of motion.
Due to the cylindrical symmetry of the Penning trap potentials and the presence of the axial
magnetic field, one of the radial modes corresponds to a bulk rotation of the crystal and for
stable radial confinement the frequency of this rotation, νr, must be between ν− and ν+.

Figure 1. EMCCD images of two ions in a string (left) and in a planar crystal (right) as seen from the radial plane. The
planar crystal appears as a blurred line due to its rotation about the magnetic field axis.
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The effective radial trapping strength in the crystal’s frame of reference is described by the
frequency νeff, which can be expressed as a function of νr by

νeff =
√
νr(νc − νr)− 1

2ν
2
z , (1)

which is maximum when the rotation frequency is half the cyclotron frequency, i.e., νr = 1
2νc.

For a given rotation frequency, an increase in the axial trapping strength (i.e., an increase in
the endcap voltage) leads to a decrease in the effective radial trapping strength and a change
in the shape of the ICC [18]. At low axial frequency the ions can be made to line up along the
magnetic field axis (an ‘axial string’), and by increasing the axial frequency the ions can be made
to lie in the radial plane (a ‘planar crystal’). These two configurations are of particular interest,
as the axial and radial modes are separable and the simpler axial modes can be addressed
independently. Only the axial modes of ICCs are discussed in this paper.

Figure 1 shows the modes of two-ion ICCs in the string and planar configurations. A two-ion
string has an axial centre of mass (COM) mode at a frequency νz, and a breathing mode (where
the ions move in opposite directions) at

√
3νz. For planar crystals there is the COM mode at

νz and a ‘tilt’ mode at νtilt =
√
ν2
z − ν2

eff. In the tilt mode the ions have equal and opposite

axial displacements. For a three-ion planar ICC there are two degenerate tilt modes at νtilt. The
degeneracy of these two modes could be lifted by the application of a rotating wall drive, which
breaks the cylindrical symmetry of the system [19].

The interaction Hamiltonian for the axial motion of a two-level, multi-ion crystal uniformly
illuminated by a plane electromagnetic wave of frequency ωL/2π is given by

HI =
~
2

N∑
j=1

Ω0(σ+
j + σ−j )e−i

∑
k η

(j)
k (a†

k+ak)eiωLt + h.c. (2)

where Ω0 is the Rabi frequency in the absence of ion motion, a†k and ak are the phonon raising

and lowering operators for the k-th mode and η
(j)
k is the Lamb-Dicke parameter for the j-th ion

in the k-th mode, which takes into account the different amplitude of motion for different ions
in a particular mode.

Let us first consider what happens in the case of a single ion with oscillation frequency νz. In
this case the Lamb-Dicke parameter is given by

η0 =
1

λ

√
h

2Mνz
, (3)

where λ is the wavelength and h the Planck constant. The Lamb-Dicke regime is defined by the
condition that η0

√
2n+ 1 � 1, where n is the quantum number of the axial motion. The axial

motion gives rise to a set of sidebands around the carrier frequency spaced at the corresponding
oscillation frequency (νz), where the sideband at frequency mνz corresponds to transitions from
state n to state n′ = n+m. The relative Rabi frequencies associated with each sideband (and the
carrier, with m = 0) as a function of phonon number n are proportional to associated Laguerre
polynomials [20]. This is shown in Figure 2 for a trapping frequency of νz = 162 kHz, where it
can be seen that there are values of n at which the amplitude of a sideband becomes very close
to zero. We will refer to these points as ‘minima’. These points give rise to what are in effect
dark states at particular values of n, where there is very little interaction between the ion and
the laser when it is tuned to that sideband. In particular, in this case, there is a minimum for
the carrier around n = 24 and for the first sideband around n = 63. These minima move to
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Figure 2. Normalised Rabi frequency at the carrier (black), first red sideband (red) and second red sideband (magenta)
for an axial frequency of 162 kHz (for which η0 = 0.24). The blue line shows the population distribution P (n) in a thermal
state at the Doppler limit (n̄ = 58), normalised to P (0) = 1.

lower values of n as η0 rises. The figure also shows the thermal distribution at the Doppler limit
expressed in terms of the relative occupation probability P (n) for each Fock state n (normalised
to unity for n = 0).

At low trapping frequencies, and therefore at large Lamb-Dicke parameters, an ion after
Doppler cooling will be left in a thermal distribution with significant parts of the population at
phonon numbers higher than the lowest minimum of the first red sideband. The standard side-
band cooling technique, which consists of exciting only the first red sideband, will leave this part
of the population ‘trapped’ at the minimum, where only a very small rate of cooling can occur,
and a high ground state occupation probability will therefore not be achieved. However, because
the minima are located at a different phonon number for each sideband, sideband cooling well
outside the Lamb-Dicke regime remains possible but requires different red sidebands (typically
the first and second alternately) to be addressed [21]. This is the procedure that we adopted in
the sideband cooling of a single ion reported in Ref. [22].

We now consider the extension to the case of two ions. In this situation, the Lamb-Dicke
parameters for both ions are always equal to each other. The centre of mass mode of a two-ion
crystal always has a Lamb-Dicke parameter of ηCOM = η0/

√
2 because the mass of the crystal is

twice that of a single ion. To a good approximation the Lamb-Dicke parameter for the tilt mode
of a radial crystal (ηtilt) also has this value in our experiments. However, the breathing mode of

the axial crystal has ηB = η0/
√

2
√

3 [23].
The Hamiltonian in Equation 2 gives rise to a spectrum of sidebands at the harmonics of

each mode and at the frequencies of all the corresponding intermodulation products. Outside
the Lamb-Dicke regime, where sidebands beyond first order are significant, the spectrum can
become very complicated. The Rabi frequency for a sideband transition between initial phonon
states (n1, n2) and final phonon states (n′1, n

′
2) is given by

Ωn′
1,n

′
2,n1,n2

= Ω0

2∏
k=1

[√
min {nk, n′k}!
max {nk, n′k}!

η
|n′

k−nk|
k e−η

2
k/2L

|n′
k−nk|

min {nk,n′
k}

(η2
k)

]
(4)
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where L is a Laguerre polynomial. Here k = 1 refers to the COM mode and k = 2 refers to the
breathing mode. This equation shows that the strength of any sideband described by Ωn′

1,n
′
2,n1,n2

depends on all four quantum numbers. In particular, the strength of any sideband of one motion
is proportional to the strength of the carrier of the other motion.

Figure 3. Rabi frequency of various sidebands for a two-ion axial string at νz = 162 kHz when cooling is carried out (a) on
the first, second and third red COM sidebands, (b) on the first and second red breathing mode sidebands, (c) on the first
breathing mode red sideband of the second red COM sideband and (d) an average of plots (a), (b) and (c). The Lamb-Dicke
parameters at this frequency have the values 0.17 for the COM mode and 0.13 for the breathing mode.

As a result, the simultaneous cooling of the two motional modes of a two-ion axial string outside
the Lamb-Dicke regime is significantly more difficult than for a single ion. We will discuss here
the case of a two-ion string, which is more challenging to cool than the planar structure, but
the reasoning would be similar for the latter. As in the case of a single ion, sideband cooling of
two ions becomes very slow at some phonon numbers where the Rabi frequency of the first red
sideband of either motional mode approaches zero. This problem can be addressed by cooling on
higher-order sidebands in a similar fashion to the single-ion case. Additionally, sideband cooling
on a given mode will also become extremely slow for phonon numbers where the carrier strength
of the other mode is at a minimum. However there are some combinations of quantum numbers
that give population trapping where the carrier strength for both modes is at a minimum. Such
‘dark’ regions can be identified in a two-dimensional phonon space, where the two axes correspond
to the Fock state number of the COM and breathing modes, nCOM and nB.

These regions are represented in Figure 3. The top left quadrant (a) shows the collective
strength of the first three red sidebands of the centre of mass mode, representative of the cooling
rate for a sequence that alternates between these sidebands. The darker regions correspond to
phonon numbers where the carrier strength of the breathing mode is at a minimum. A similar
plot for the breathing mode (b), where only the two first red sidebands need to be considered,
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shows an analogous situation. It can be seen, by overlapping the two plots, that the brighter
areas of one eliminate most of the dark regions of the other. This means that by alternating
cooling between the two modes, most of the population trapping can be avoided. However, there
remains a dark area at the intersection of the minima of the carriers of the two modes. This
region is centred around nCOM = 49 and nB = 86. The population trapped at this intersection
can only be brought to the ground state by including an intermodulation product sideband in
the cooling sequence, that is, a sideband that changes the phonon number for both modes at
the same time. A plot of the strength of the second red COM sideband of the first red breathing
mode sideband is shown on Figure 3(c), which features a bright region at the dark crossing
area of (a) and (b). This sideband therefore cools population that has accumulated in the dark
region efficiently to lower phonon numbers, allowing further cooling on the other sidebands to
continue. On the last quadrant (d) where the three other plots are overlapped, no dark region
remains, thus preventing population trapping over the complete cooling sequence. More detailed
simulations we have carried out allow us to optimise the cooling sequence to obtain the highest
ground-state population in both modes [24].

Once the ions are cooled to the Lamb-Dicke regime, the interaction Hamiltonian (Equation 2)
can be greatly simplified in the interaction picture by only considering terms to low orders in
ηk. With this approximation, the Hamiltonian for two ions can be written as:

HI =
Ω0~

2

2∑
j=1

e−iδjt |↓j〉 〈↑j | ×

[(1− η2
1(n1 + 1

2)− η2
2(n2 + 1

2)) |n1, n2〉 〈n1, n2|+

iη1(eiν1t
√
n1 |n1 − 1, n2〉 〈n1, n2|+ e−iν1t

√
n1 + 1 |n1 + 1, n2〉 〈n1, n2|) +

iη2(eiν2t
√
n2 |n1, n2 − 1〉 〈n1, n2|+ e−iν2t

√
n2 + 1 |n1, n2 + 1〉 〈n1, n2|)] + h.c. (5)

In this equation the second line describes the carrier, the third line the red and blue sidebands
of mode 1 and the fourth line the red and blue sidebands of mode 2. Note that the detuning δj is
not necessarily constant across all ions j, despite using a single laser to excite the whole crystal.
This becomes important in the case of the axial string of two ions, where their carrier frequencies
differ by approximately 2 kHz in our experiment due to the axial magnetic field inhomogeneity.

3. Methods

The apparatus used to perform this experiment is largely the same as that previously used to
sideband cool single ions to the quantum ground state [22] and for observing and controlling the
spatial configurations of ICCs [18]. The Penning trap consists of stacked cylindrical electrodes
with an internal diameter of 21.6 mm, housed in a vacuum system and inserted into the bore of
superconducting magnet producing a magnetic field strength of approximately 1.865 T at the field
centre. DC voltages are applied to two of the electrodes which act as end-caps, and ‘axialisation
drive’ voltages applied to a segmented ring electrode produce an oscillating quadrupole potential
to aid Doppler cooling of the radial motion [25]. A cloud of 40Ca+ ions is loaded into the trap via
three-photon non-resonant photoionisation of an atomic beam using a frequency-doubled pulsed
Nd:YAG laser. The ions are then cooled to close to the Doppler limit by addressing S1/2 ↔ P1/2

electric dipole transitions at 397 nm, as well as relevant repumping transitions [26]. Doppler
cooling beams propagate both along and perpendicular to the direction of the magnetic field to
ensure that all of the motional modes of the crystal are cooled [18, 27]. The radial cooling beam
is offset from the trap centre, resulting in an intensity gradient across the crystal and giving
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coarse control of the crystal rotation frequency [28, 29]. Note that good control of the radial
beam position and intensity is paramount for the stability of the crystal. Unlike for a single ion,
the axialisation drive has to be fairly strong for ICCs to maintain the crystal configuration and
achieve efficient Doppler cooling. The results presented here for ICCs were obtained with 2–4 V
of axialisation while a 50–200 mV signal is typically enough to efficiently cool the radial motion
of a single ion in our trap.

The crystals are sideband cooled using broadly the same method used for single ions [22],
addressing specific motional sidebands of the S1/2(mj = −1

2) ↔ D5/2(mj = −3
2) transition

using a narrow-linewidth laser at 729 nm propagating along the trap axis. This laser has a
typical power of 30 mW at the trap. It is stabilised to a mode of a high-finesse ULE cavity
and has a linewidth of approximately 500 Hz. The frequency of this laser is controlled using
an acousto-optic modulator and a direct digital synthesis (DDS) frequency generation system,
which permits sequential addressing of up to seven sidebands during each cooling sequence. An
additional ‘quench’ laser at 854 nm is applied to artificially increase the effective decay rate from
the D5/2 state and therefore increase the cooling rate [30].

After sideband cooling the ions are prepared in the S1/2(mj = −1
2) state by optical pumping

and then probed on the S1/2(mj = −1
2) ↔ D5/2(mj = −3

2) spectroscopy transition (the same as
that used for sideband cooling). We then perform a projective measurement of the state of the
ions by turning on the Doppler cooling lasers and collecting fluorescence from the ions using
either an EMCCD camera or photomultiplier tubes [26]. The state of each of the individual ions
in an axial string can be determined using the EMCCD camera, which spatially resolves the
ions. For planar ICCs the bulk rotation of the crystal prevents resolution of different ions using
side-on imaging (as seen on Figure 1) and the total number of photons received must therefore be
used to distinguish between different numbers of bright ions. This cooling, probe and detection
cycle is repeated many times (typically 200) at a particular probe laser frequency to measure
the excitation probability, before stepping the frequency to obtain a full sideband spectrum.

4. Results and discussion

Before we attempt to sideband cool or perform spectroscopy on an ICC, we first observe it on
an EMCCD camera during continuous Doppler cooling and adjust a combination of the endcap
voltage, radial beam offset and axialisation drive amplitude until the crystal remains stable in
the desired configuration. For an axial string to form we require that the axial trapping strength
is sufficiently weaker than the radial trapping strength (with the converse being true for planar
crystals). However, the effective radial trapping strength depends on the rotation frequency
of the crystal. It is maximum when the crystal rotates at half the cyclotron frequency. This
defines a critical trapping voltage above which the two-ion crystal will always lie in the radial
plane. However, below this voltage the crystal may still lie in the radial plane because the radial
trapping strength (described by νeff) is reduced for different rotation frequencies. Indeed, there
is always some rotation frequency for which νeff < νz so the crystal cannot be forced into the
axial string configuration solely by relaxing the axial potential, without some control over the
crystal rotation frequency. We find that the end-cap voltage must be tuned significantly below
the calculated critical value in order to achieve axial strings that remain stable for the duration
of an experiment.

4.1. Two-ion axial string

Prior to sideband cooling it is essential to pre-cool the ions to their Doppler limit. Figure 4 shows
a spectrum obtained after Doppler cooling of a two-ion string at a trapping frequency (COM)
νz = 162 kHz. At this frequency, the Lamb-Dicke parameter for both modes is fairly high: 0.17
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for the COM mode and 0.13 for the breathing mode, consistent with the many sidebands visible.
Due to the complexity of the spectrum, a fit to the data was not attempted. Instead, a spectrum
was simulated and the parameters adjusted so that the simulated curve approaches the data
points. In this simulated spectrum, the average phonon number is set to be n̄COM = 87 and
n̄B = 51 (these values are approximately 1.5 times the Doppler limit). The occupancy of each
phonon state |nCOM〉 ⊗ |nB〉 is calculated and the excitation strength is evaluated numerically
from the two-dimensional Rabi frequency in Equation 4. The Rabi frequency and the pulse
length are fixed to the values that are used to perform the experiment. The contribution due
to each phonon state and motional sideband is summed at a particular laser detuning and thus
a spectrum is generated which matches the experimental data reasonably well. Figure 2 shows
the variation of the normalised Rabi frequencies of the various sidebands with n. Using the
parameters of the simulation, and assuming a thermal distribution, the probability for nCOM to
remain above the first minimum of the first red sideband after Doppler cooling is about 24 %
while it is less than 1.4 % for the breathing mode.
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Figure 4. Spectrum of the excitation probability of one ion in a two-ion string after Doppler cooling at a trapping frequency
νz = 162 kHz. A simulated spectrum (blue line) is superimposed on the data points (in black). The simulation corresponds
to average phonon numbers n̄COM = 87 and n̄B = 51. See the text for details of how the simulation is produced.

To sideband cool both modes simultaneously and avoid population trapping, several sidebands
are addressed sequentially with laser pulses of a few hundreds of microseconds. Table 1 shows
the pulse sequence used to sideband cool the two-ion string. It is the result of both theoretical
studies and empirical adjustments to obtain the lowest final temperature. Figure 5 shows the
spectrum after sideband cooling. It can be seen that the sideband structure simplifies greatly
compared to the Doppler spectrum. The strongest visible components are now just the carrier
and the first blue sidebands of the COM and breathing modes. There are small peaks present
at the positions of the first red sidebands of the two motions. The large asymmetry between
the blue and red sidebands indicates a high ground state occupation probability. In order to
extract the average phonon number, we assume a thermal distribution among the lowest five
states of each mode (i.e., n = 0 to 4). Numerical solutions of the Schrödinger equation are
constructed using the Hamiltonian (Equation 5) for the carrier and first red and blue sidebands
of both modes. This numerical solution correctly takes into account the entanglement created
between the two ions, based on the method discussed in [31]. Using the spatial information
from the camera, the fluorescence data of each ion was recorded separately. The two spectra
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Table 1. Sequence of red sidebands addressed to sideband

cool a two ion axial string (COM = centre of mass mode; B =

breathing mode).

Sideband Pulse time (µs) Sequence repeats

2nd COM 500
2nd B 500
3rd COM 300 15
1st B 200
2nd COM 1st B 500
1st B 200
2nd COM 500 2
1st COM 500
2nd COM 1st B 500

2nd COM 1st B 500
1st COM 2000 1
1st B 500
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Figure 5. Spectrum of the excitation probability of one ion in a sideband-cooled two-ion axial crystal at an axial frequency
of 162 kHz, showing a fit to the carrier and the first-order sidebands of both motions (see text for details).

were fitted independently to the excitation probabilities of the ions calculated using our model,
taking into account the small frequency difference of the two carriers due to the magnetic field
inhomogeneity. The extracted parameters were then averaged to obtain the final mean phonon
numbers n̄COM = 0.30(4) for the COM mode and n̄B = 0.07(3) for the breathing mode. We
measured the heating rates by inserting delay periods after sideband cooling but before probing
the ions. We obtain heating rates of 11(2) s−1 for the COM and 1(1) s−1 for the breathing mode.

4.2. Planar crystals

Working with planar crystals is a somewhat simpler proposition as the axial frequency is neces-
sarily higher than for an axial crystal having the same number of ions. This results in a lower
value of η and therefore there are fewer visible sidebands after cooling to the Doppler limit. In
contrast to axial crystals, there are trapping voltages at which the crystal is always stable in
the radial plane. One of the main limiting factors is our ability to precisely control the rotation
frequency using only the torque provided by an offset radial cooling beam. Greater control could
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be achieved using a quadrupolar or hexapolar rotating wall drive [19, 32].
Figure 6 shows the spectrum of a two-ion planar ICC after Doppler cooling. This spectrum is

taken at a trapping frequency of νz = 353 kHz (corresponding to ηCOM = 0.115). The rotation
frequency of the crystal is such that the tilt mode is very close in frequency to the COM mode
and their corresponding sidebands are not distinguishable on the spectrum.

Owing to the relatively small Lamb-Dicke parameter and the near degeneracy of the COM
and tilt modes, the pulse sequence for sideband cooling of the planar crystal is much simpler
than for the string. Pulses are only applied on the COM red sidebands – the tilt mode is excited
off-resonantly – and a maximum of just two sidebands (first and second red) need to be addressed
to prevent any significant population trapping.

Figure 7 shows the spectrum obtained after sideband cooling of a two-ion planar ICC at
νz = 346 kHz for 10 ms on the first red sideband only. The laser probe was set to a low power in
order to resolve the COM and tilt modes (Rabi frequency on the carrier of ∼ 14 kHz ). A clear
asymmetry can be seen between the blue sidebands and the red sidebands, which are almost
completely suppressed. A noticeable feature of the spectrum is that the tilt mode peak does not
reach the height of the centre of mass peak and appears broader. This is most likely due to the
instability of the rotation frequency of the crystal during the acquisition of the spectrum. To
account for this factor, and to take into account the effect of decoherence, the fitting function
in the vicinity of the tilt mode and the centre of mass mode peaks was convoluted with a
normalised Gaussian function, where the standard deviation was left as a free parameter. The
fitting model is the same as for the two ions in an axial string, but there is now no relative
detuning between the two ions, and the Lamb-Dicke parameters of the two modes are the same.
Since the fluorescence of each ion cannot be recorded individually for the radial crystal, we
set the detection threshold to correspond to excitation of both ions simultaneously, because
experimentally we can only reliably distinguish between both ions being dark and at least one
ion fluorescing. Note that the red sideband of both motions is very strongly suppressed because
it is necessary for the mode to be in the state n = 2 or higher for the red sideband to appear
in the two-ion spectrum. The fit gives final mean phonon numbers for the COM and tilt modes
(n̄COM and n̄tilt) which are both less than 0.15, with a Gaussian broadening of the centre of mass
mode and the tilt mode of 0.7 kHz and 1.0 kHz respectively. The fitted mean phonon numbers
imply that the occupation of the ground state of the axial modes (ntilt = nCOM = 0) is above
75% for the two-ion planar crystal. From the position of the sidebands, the rotation frequency
can be estimated using Equation 1 which yields νr = 106 kHz (approximately 9 kHz greater than
the magnetron frequency). This rotation speed is consistent with measurements of the size of
the image of the crystal. We observe a heating rate of 0.8(5) s−1 for the COM and tilt modes,
consistent with our single ion rate.

A three-ion planar crystal was sideband cooled with a sequence of three laser pulses on the first,
second and first red sidebands respectively. Figure 8 shows the spectrum obtained for the three-
ion planar crystal after sideband cooling for a total of 30 ms (10 ms on each pulse) at a trapping
frequency νz = 379 kHz. It can be seen that the amplitude of the red sideband of the COM mode
is close to zero while the blue sideband almost reaches one. This large asymmetry suggests a
high ground state occupation probability, although the complexity of the spectrum prevents us
from fitting the data points and obtaining a more accurate figure. Due to the misalignment of
the laser beam, many radial features can also be observed and identified on the spectrum. This
includes sidebands on each of the main axial peaks due to the crystal rotation in the radial plane.
The fact that the red radial sidebands are much more prominent than the blue ones implies a
radial offset of the probe beam, as well as an angular misalignment.

It is of interest to note that while the ICCs in this paper have been cooled close to the quantum
ground state in the axial direction, the tangential speed of the ions due to the bulk rotation of
the ICC remains on the order of 10 m s−1 in the laboratory frame. This demonstrates that the
two bulk modes of this ion crystal, one of which is in the quantum mechanical ground state with
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Figure 6. Spectrum of a Doppler-cooled, two-ion planar crystal at a trapping frequency of νz = 353 kHz. The ordinate
represents the probability of excitation of both ions simultaneously. The solid line is included as a guide to the eye and does
not correspond to a fit to the data.
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Figure 7. Spectrum of a two-ion planar crystal after 10 ms of sideband cooling at a trapping frequency νz = 346 kHz
showing the suppressed first red sidebands (a) and first blue sidebands (b). The peak at a higher frequency corresponds to
the COM mode. The blue line is a fit to data points (see text). The fit gives final mean phonon numbers for the COM and
tilt modes (n̄COM and n̄tilt) which are both less than 0.15. The ordinate represents the probability of excitation of both
ions simultaneously. Note that there are artifacts corresponding to rotational sidebands present at other frequencies in the
spectrum, but they are not showed in this windowed spectrum.

low heating rate, have energies differing by four orders of magnitude, a situation we believe to
be unique to this type of system.
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Figure 8. Spectrum of a three-ion planar crystal after 30 ms of sideband cooling at a trapping frequency νz = 379 kHz. A
4-V axialisation drive was applied during cooling. The labels show the frequencies corresponding to the peaks. The ordinate
represents the probability of excitation of at least one ion. Note the asymmetry in the shaded peaks labelled νcom and
−νcom, which confirms that the system is cooled close to the ground state. The centre of mass and tilt modes are not
resolved in this plot.

5. Conclusion

We have demonstrated the sideband cooling of small ICCs held in a Penning trap. Ground
state confinement of all axial modes was achieved with high probability, for both linear and
planar ICCs. When cooling multi-ion crystals from far beyond the Lamb-Dicke regime, sequential
addressing of several sidebands including at least one intermodulation product is necessary to
prevent population trapping. Scaling up the number of ions, Penning traps are not well suited
to confinement of much longer ion strings, as the very low axial trapping frequencies required
make Lamb-Dicke confinement impossible. However, the techniques developed in this work could
be readily extended to larger planar crystals or even three-dimensional ICCs, geometries which
are difficult to obtain in a Paul trap. Cooling these structures to the Lamb-Dicke regime is a
prerequisite for performing high fidelity entangling operations on ICCs and for producing strong
and low-noise optical dipole forces in quantum simulators [15]. Such quantum simulations are
typically performed on significantly larger ICCs of many hundreds of ions. Here the complexity
of the mode structure may make EIT cooling [33] a more practical means of achieving sub-
Doppler temperatures, but resolved sideband techniques will remain useful for experiments using
smaller number of ions for quantum information processing [34] or those involving sympathetic
cooling of antimatter [10] or highly charged ions [35]. Given the richness of physics that has been
demonstrated with simple one dimensional strings of ions, it is very interesting to consider the
possibilities presented by cooling more complex structures to their motional ground state.
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