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Controlled melting of a Wigner ion crystal with atomic resolution
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The solid-liquid phase transition (melting) is a long-standing problem for which a complete understanding is
challenging because of the strong many-body interactions. A trapped-ion Wigner crystal is a suitable platform for
a controlled study of this phase transition with its unprecedented resolution of individual atomic ions. Here we
study the melting dynamics of a linear chain of 174Yb+ ions, which is initially cooled to the Doppler temperature
and is then periodically heated and detected by a focused laser beam. We achieve controlled melting of the
ion chain and observe unusual partial melting of long chains (coexistence of solid and liquid phases). We also
observe a counterintuitive nonuniform energy distribution over the chain under localized heating. These results
are further confirmed by molecular dynamics simulations to rule out other heating mechanisms.
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I. INTRODUCTION

Phase transition is one of the central topics in physics.
The solid-liquid phase transition, which has been known since
ancient times, turns out to be a theoretical challenge despite
lots of studies of its mechanism [1]. Ions in a Paul trap [2]
or a Penning trap [3,4] provide an experimental platform for
studying this melting phase transition with atomic resolution.
At low temperatures, multiple trapped ions can form a solid
phase under the long-range Coulomb interaction, which is
known as a Wigner crystal [5,6]. Under different trapping
potentials, one-dimensional (1D) [7], two-dimensional (2D)
[8] or three-dimensional (3D) [9,10] ion crystals have been
observed in experiments with a few to millions of ions.

At high temperatures, such ion crystals melt into a liquid
phase (also known as an ion cloud in the literature) [11–14].
This phase transition (or a crossover for a finite system) has
been observed in various experimental setups as the ions
are heated by the electric field noise [15], the collision with
the background atoms [16], and the interplay of the ions’
chaotic motion and the oscillating rf fields in a Paul trap
[13,17–20]. Incidentally, the melting of a Wigner crystal has
also been studied in electronic systems, where individual elec-
trons cannot be resolved but the phase-transition signal is ex-
tracted from the conductance of the material or the microwave
resonance [6,21].

In the early days of ion trap research, strong heating effects
existed and had to be balanced by a Doppler cooling laser
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beam; the study of the melting was thus based on the equi-
librium properties at various temperatures by adjusting the
parameters of the cooling laser [11]. With the improvement
of the ion trap design, the intrinsic heating rate goes down
and the lifetime of an ion crystal is significantly improved.
This allows one to explore the dynamics under a controlled
external heating mechanism; however, existing experiments
are only in the low excitation regime below the melting point
[22]. Besides, early studies of melting in the Paul trap mainly
focused on the parameter regime near the Mathieu instability
boundary [23,24]; results for small Mathieu parameters are
lacking, which is preferable for recent experiments aimed
at quantum computing as they provide stronger stability and
smaller micromotion of the ions.

In this work, we study the controlled melting dynamics
of a 1D chain of 174Yb+ ions under typical experimental
parameters for ion trap quantum computing experiments. Up
to 22 ions are initially cooled to the Doppler temperature to
form a linear chain, which is then periodically heated and
detected until it melts. The controlled heating of the ions is
achieved by a focused laser beam centered on a particular ion
blue-detuned to the 2S1/2 - 2P1/2 transition. The heating rate
and location are tunable, which gives us a tool to study the
nontrivial heat propagation inside the ion crystal during the
heating process. This is also important for us to understand
the destabilization and the heating mechanism of ion crystals
under the collision of background gases, which is one of the
major obstacles to realization of large ion crystals for quantum
computing. Instead of direct observation of random collisions,
here we realize a pointer heater on a particular ion in a con-
trolled fashion. By analyzing the images of individual ions,
we extract the phase transition signal and study the energy
distribution over the ion chain during the heating process.
Our work provides important tools to study the solid-liquid
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FIG. 1. (a) Schematic experimental setup. Ions are initially
Doppler cooled by a global beam along the [1,0,1] direction (not
shown in the figure) to form a linear chain along the z axis. A heating
laser beam blue detuned to the 2S1/2 - 2P1/2 transition can be applied
in the x direction to focus on any ion in the chain. By applying a
resonant global detection beam (not shown) in the same direction
as the cooling beam, the fluorescence of the ions can be collected
by a CCD camera (not shown) in the y direction. (b) Schematic
experimental sequence. The cooling, the detection, and the heating
beams are only turned on in the indicated stages. The readout stage is
for the CCD camera to process the signal with all these beams turned
off. After the initial cooling stage, we repeat the detection-readout
cycles 50 times to ensure that there is no visible intrinsic heating in
the system. Then we turn on the heating beam while monitoring the
signals on the CCD camera until the ion chain melts.

phase transition and can also be important for the stabiliza-
tion of large crystals for their various applications [25,26]
such as quantum information processing [27] and precision
measurement [28].

II. CONTROLLED MELTING OF AN ION CHAIN

Our experimental setup is shown schematically in Fig. 1(a).
174Yb+ ions are trapped in a four-rod trap with trap frequen-
cies ωr ≈ 2π × 1.572 MHz and ωz = 2π × 114 kHz, which
corresponds to a Mathieu parameter q ≈ 0.3. The principal
axes of the trap in the radial directions are at 45◦ to the
x and the y axes. The ions are initially cooled close to the
Doppler temperature on the order of 1 mK by a global 369-nm
laser beam which is 10 MHz red detuned to the 2S1/2 - 2P1/2

transition. The cooling beam is along the [1,0,1] direction
with nonzero projections on all the three principal axes of the
trap and hence can cool the motion of the ions in all spatial
directions. We also estimate the temperature as T = 7 mK by
a Gaussian fitting to the ion’s profile in the CCD images [29].
After forming a linear chain of 10 to 22 ions with a separation
of about 5–10 μm, individual ions can be selectively heated
by a controllable heating beam which is 20 MHz blue detuned
to the 2S1/2 - 2P1/2 transition [30]. The power of the heating
laser is about 550 μW. Its intensity has a Gaussian profile
I (r) ∼ exp(− r2

2σ 2 ) which is shown as the red laser beam in
Fig. 1(a), with a width of about D ≡ 2

√
2σ = 8.5 μm. This

beam width leads to small laser intensity on adjacent ions

when the heating beam is centered on one ion, but the heating
effect is still local and thus allows us to study the energy dis-
tribution over the chain under the controllable local heating.
Later in numerical simulations, we still selectively heat one
ion for simplicity and expect the qualitative behavior to be
the same as in the experiment. We also change the position of
the heating beam on different ions to study how it affects the
melting of the ion chain.

The experimental sequence is presented in Fig. 1(b). After
the ions are loaded and cooled into a linear chain, first we im-
age the ions for 50 detection cycles without the heating beam
to ensure that intrinsic heating in the system has negligible
effects on the melting. Then we switch on the controllable
heating beam while monitoring the image of the ions until the
ion chain melts.

In Fig. 2 we achieve the controlled melting of a chain
of 10 ions. In the beginning, the image of each ion (see
Appendix B) is a small bright spot and shows no significant
change during the 50 detection-readout cycles, which suggests
that the ions are localized and thus the system stays in the ion
crystal phase at low temperature. Then we turn on the heating
beam on an arbitrarily chosen ion. As the kinetic energy of
the ions increases, so do their amplitudes and therefore the
sizes of the bright spots in the image. In the meanwhile, the
brightness of each spot is decreased, not only because the
photon counts are distributed in a wider range, but also due
to an increased Doppler shift of the detection beam from the
increased velocity of the ions and hence the reduced scattering
rate of photons. After a few heating-and-detection-readout
cycles, the images of the ions suddenly disappear on the CCD
camera, which indicates a transition to the ion cloud phase.
This is probably because the ions now obtain enough energy
to go across the energy barrier in the potential; therefore,
the ions exchange positions much more frequently after the
melting point and can move in a much wider range in space.
Quantitatively, we can plot the average photon counts of the
ion chain and use the fastest rate of change as the indicator
of the melting point, as shown in Fig. 2(a). We also vary the
position of the heating beam along the ion chain and find that
it has no significant influence on the melting dynamics (the
data are similar and are not shown here).

To further confirm the observation of the controlled melt-
ing and to rule out the possibility that the transition is caused
by heating mechanisms other than the blue-detuned laser
beam, we also perform molecular dynamics simulation using
the same trapping and laser parameters as the experiment.
Here we model the oscillating trapping potential by a har-
monic pseudopotential [30] and use a fourth-order symplectic
integrator [31] to solve the equation of motion of the ions.
To suppress the discretization error, we choose a step size be-
tween 0.5% and 4% of the transverse trapping period 2π/ωr .
The force due to the heating beam is modeled by the velocity-
dependent scattering of the photons [12]. Here we have a
heating laser beam with a wave vector �k along the x direction,
a detuning � = 2π × 20 MHz to the 2S1/2 - 2P1/2 transi-
tion and a saturation parameter s = 2|�|2/�2 [30]. When
an ion has a velocity �v, the velocity-dependent detuning of
the heating laser beam becomes �eff = � − �k · �v. For the
spontaneous emission rate of � = 2π × 20 MHz of the 2P1/2

level, the scattering rate is �ρee where ρee = (s/2)/[1 + s +
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FIG. 2. Controlled melting of an ion chain. (a) The blue curve is the average photon counts of the ion chain
∑

i Ci/N (with error bars
estimated from the dark count of the CCD camera) versus time, where Ci is the average photon count in a box surrounding the ith ion (see
Appendix B for the raw image and more details) and N is the total number of ions. The heating laser is applied at t = 0 s. The red dashed
curve is the rate of change of the photon counts. The fastest rate of change at t = 0.054 s indicates the melting point. (b) Theoretical results
for a numerical simulation with ten ions under similar experimental parameters. The blue diamond and the red circle data points are the
number of scattered photons and the diffusion parameter gz, respectively. A sharp change of the behavior can be observed around t = 0.07 s,
which indicates a phase transition. (c) The count distribution of the ten ions along the axial z axis at time t = 0.006 s (the crystal phase, red
solid), t = 0.054 s (the melting point, blue dashed), and t = 0.120 s (the ion cloud phase, black dotted). Each data point is averaged over
the transverse x direction. We plot the three curves using the same scale to show the overall decay in the photon counts. These curves reflect
the spatial structure of the system in different phases. (d) The probability distribution of the ten ions along the z axis in the same numerical
simulation as (b) at time t = 0.006 s (the crystal phase, red solid), t = 0.070 s (the melting point, blue dashed), and t = 0.27 s (the ion cloud
phase, black dotted). Each curve is computed from the positions of the ions in a time interval of �T = 0.002 s.

(2�eff/�)2] is the population of the 2P1/2 level. Each scatter-
ing event includes the absorption of a photon in the direction
of the heating beam together with the emission of a photon in
a random direction, and it occurs at the probability of �ρee�T
for a small time interval �T .

We use two observables in the numerical simulation to
study the melting of the ion chain. The first one is the number
of scattered photons from all the ions during a short time inter-
val �T , which we choose to be the same as the experimental
exposure time of 0.002 s. This observable is proportional to
the photon counts collected by the CCD camera in the experi-
ment. The second observable is the axial diffusion coefficient
gz = ∑N

i=1 �z2
i /N�T , where �zi is the displacement of the

ith ion along the z direction in the time interval �T [13]. More
details can be found in Appendix C. In Fig. 2(b), we plot the
simulated average photon counts and gz per ion as the blue
and the red dots. A relatively sharp change of the behavior, in
particular for gz, can be observed around t = 0.07 s, which
is on the same order of magnitude as the melting time of
t = 0.054 s observed in the experiment.

To further demonstrate the change in the structure of the
ion crystal during the melting process, we plot the experimen-
tal count distribution along the axial z direction in Fig. 2(c).
In the crystal phase (t = 0.006 s), the count distribution shows

well-separated peaks corresponding to each of the ions. Near
the transition point (t = 0.054 s), the peaks become wider and
start to merge together. Finally in the ion cloud phase (t =
0.120 s) the distribution further flattens out and it becomes
difficult to resolve peaks for individual ions (note that here we
do not show the error bars on the order of tens of counts for
clarity).

Similarly, in Fig. 2(d), we plot the numerically simulated
distribution of the ions along the z axis in a short time pe-
riod �T before (red), after (black), and right at the melting
point (blue). The qualitative behavior for the experimental
and the numerical results agrees well in all these three stages,
although the exact time points for the melting to occur differ.
This difference may come from our simplified theoretical
model in the numerical simulation. As mentioned above, we
ignore the micromotion of the ions and model the trapping
potential by a harmonic trap; we also neglect the small laser
intensity of the heating beam on the adjacent ions. Besides,
when we repeat the experiment under the same set of parame-
ters, the melting time also varies due to the fluctuation in some
parameters. Nevertheless, since the phase-transition dynamics
in the experiment and in the simulation still occur on the same
time scale, we believe that our numerical simulation already
successfully characterizes the dominant melting mechanism.
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FIG. 3. Partial melting from the center of an ion chain. (a) Average photon counts of the three innermost ions (blue solid) and the three
outermost ions on each end (red dashed) versus time (see Appendix D for the raw image). The photon count for the inner ions goes down earlier
than that for the outer ions, which suggests that the melting occurs from the center to the edges. The error bars are estimated from the dark
count of the CCD camera. (b) Simulated distribution of ions in the x-z plane during a short time interval �T = 0.002 s starting from various
time points (labeled on the top and the bottom) assembled from left to right. The plotted region is between x = ±3 μm and z = ±52 μm.
(c) Simulated average photon counts for the inner (blue circles) and the outer (red diamonds) ions under the similar experimental parameters
with an ion in the center being heated. The average count for the inner ions drops faster than that for the outer ions and the tendency agrees
well with the experimental result. (d) The diffusion parameter gz for the inner (blue circles) and the outer (red diamonds) ions from the same
simulation. This observable shows sharper changes than the photon counts and we can read the melting point for the inner ions to be t = 0.02 s,
which is earlier than that for the outer ions near t = 0.07 s.

III. PARTIAL MELTING FROM THE CENTER

Apart from the above global melting phenomenon, we
also observe unusual partial melting by varying the trapping
parameters or the number of ions. In Fig. 3 we keep the
same trapping potential but increase the number of ions to
22 (see Appendix D for the raw image, with 17 bright ions
and 5 dark ions which may be caused by the reaction with
a background hydrogen molecule into an YbH+ or a leakage
into the 2F7/2 level). In this case, apart from the ion crystal
and the ion cloud phases, we also observe an intermediate
partial melting phase where the central ions already melt but
those on the edges still maintain the crystal structure. This
partial melting phenomenon has also been predicted in 3D ion
crystals through numerical simulations [32,33].

Quantitatively, we plot the average photon count from the
innermost three ions (inner ions) and that from the outermost
three ions on each side (outer ions) in Fig. 3(a). The photon
count for the inner ions drops faster than that for the outer
ions in the intermediate region with a separation larger than
the error bars. Note that, although five dark ions exist in this
example, possibly due to the formation of YbH+ ions, this

does not change the qualitative behavior of melting because
the relative change in the mass of the ion is small and we only
need some of the bright ions to feel the heating laser beam to
drive the melting phase transition.

Again, we further support our experimental observations
by numerical molecular dynamics simulations under similar
parameters. In Figs. 3(c) and 3(d), we plot the counts and axial
diffusion parameters for the inner ions and the outer ions as
defined above. Similar to Fig. 2(b), the average photon count
generally decreases and the diffusion parameter increases as
the ion crystal heats up and melts. However, for the inner
ions, both these phenomena occur earlier than those for the
outer ions, which indicates a partial melting of the ion chain
from the center. The tendency in the simulated photon counts
agrees well with the experiment and again their time scales are
on the same order of magnitude. Furthermore, the simulated
diffusion parameter shows a sharper change than the photon
counts and indicates a melting time of t = 0.02 s for the
inner ions and t = 0.07 s for the outer ions. In Fig. 3(b) we
simulate the distribution of the ions on the x-z plane for a
better illustration of their spatial structure. We observe that
the distribution of the inner ions merges first in the partial
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melting stage between t = 0.02 s and t = 0.07 s, while that
for the outer ions is still distinct. A similar phenomenon
is also observed in the experimental images shown in
Appendix D.

Similar to the global melting, this partial melting phe-
nomenon is not sensitive to the location of the heating beam
as we vary it in the experiment or in the numerical simulation.
Also we observe that under the same trapping parameters,
partial melting tends to occur more easily for higher ion
numbers.

IV. NONUNIFORM ENERGY DISTRIBUTION
AND REFLECTION SYMMETRY

As evident from Fig. 3, the energy distribution over the ion
chain during the melting process is not uniform and shows
a reflection symmetry when the heating beam is applied at
the center of the chain. This reflection symmetry has been
predicted in theory in Ref. [34] for a weak driving.

Here we confirm this statement in the experiment in Fig. 4.
In Fig. 4(a), we consider a chain of ten ions (eight bright ones
and two dark ones) heated at the two central ions. We select
two time slices during the evolution, one in the ion crystal
phase and the other in the intermediate partial melting phase,
and plot the distribution of photon counts of each ion. In the
partial melting case, the central ions cannot be distinguished,
so the photon counts are collected in manually assigned boxes
as shown in Appendix B and Appendix D. In both cases,
we observe nonuniform distribution and a rough reflection
symmetry in the photon counts within the estimated error bars.
Note that, in the crystal phase, the three central ions are much
brighter than the others. This is due to the existence of the
focused heating laser beam which generates more scattered
photons from the ions on which it is shined, even though it
is blue detuned from the atomic transition. Furthermore, here
the error bars only reflect the influence of the dark counts of
the CCD, while there can also be small systematic spatial
variation in photon counts due to the nonuniform intensity
distribution of the global detection beam and imperfection in
the imaging system.

In the experiment, we need the heating beam to be at the
center of the ion crystal to preserve the reflection symmetry
because the heating beam itself can cause the additional scat-
tering of photons. On the other hand, in numerical simulation
we can directly look into the motion of the ions through
simulated photon counts and the axial diffusion parameter gz.
As we show in Figs. 4(b)–4(d), even if the heating beam is ap-
plied on the edge of the ion chain, the response of the ions still
shows reflection symmetry. This is because the eigenmodes
of the linear chain have the reflection symmetry; since the
heating beam is weak, the system approximately establishes
equilibrium at each time and thus follows the symmetry of the
eigenmodes [34]. As we verify in the numerical simulation,
when heated at different positions of the ion chain, the reflec-
tion symmetry stays unchanged.

V. DISCUSSION AND CONCLUSION

Melting of an ion crystal is a complicated physical process
which involves chaotic dynamics of multiple ions [17]. In
this experiment and the corresponding numerical simulation,

FIG. 4. Nonuniform energy distribution and reflection symmetry.
(a) Photon count distribution Ci of a chain of ten ions heated on the
two central ions at time t = 0.036 s (ion crystal, the sixth detection
cycle since heating, represented by blue circles) and t = 0.15 s
(partial melting, the 25th detection cycle since heating, represented
by black diamonds). The positions for the dark ions are left empty.
Between these two time points, one dark ion (the fourth ion on the
left) has exchanged positions with a nearby bright ion (the third on
the left). Here, the error bars are estimated from the dark counts of
the CCD camera. In the partially melted case, the central ion spots
cannot be distinguished; hence the corresponding Ci’s are counted
in manually assigned boxes (see Appendixes B and D for details
together with the raw image). (b) Simulated counts for each of the
ten ions under the same trapping potential at t = 0.036 s (ion crystal,
represented by blue circles) and t = 0.15 s (ion cloud, represented
by black diamonds). The heating beam is turned on at t = 0 on
the first ion on the left. The data are computed for a short time
interval �T = 0.002 s. (c), (d) Axial diffusion parameter gz for each
of the ten ions from the same numerical simulation as in (b) at
(c) t = 0.036 s and (d) t = 0.15 s. The data of gz are computed for a
time interval �T = 0.002 s. Before and after the melting point, the
values of gz change significantly so they are not plotted in the same
scale.

we observe clear evidence of controlled melting of a 1D ion
crystal using two order parameters, the average photon counts
and the axial diffusion parameter. The study of the melting
dynamics of an ion chain plays a crucial role in its application
in quantum information processing tasks. It has been known
that the lifetime of long ion chains decreases with the num-
ber of ions [35]. Therefore, the stabilization of ion crystals
becomes increasingly important as the number of ionic qubits
rises. Our results about the melting dynamics already provides
important hints about how an ion crystal can be stabilized. For
example, by monitoring the images of ions on the edges, we
may determine when the ion chain starts to melt or prevent it
from happening by applying a cooling beam so as to prolong
the lifetime of long ion chains. Besides, since the ions on the
edges generally have higher kinetic energy in the initial stage
of the melting [see, e.g., Figs. 4(a) and 4(c)], the system may
be effectively cooled if we selectively apply the cooling beams
on these two ions.
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To sum up, we realize controlled melting of a linear chain
of ions and study its dynamics in the experiment with atomic
resolution. Phenomena such as partial melting from the center
of the chain, nonuniform energy distribution, and its reflection
symmetry are observed. This work deepens the understanding
of the solid-liquid phase transition of ion crystals and pro-
vides important hints about stabilizing large ion crystals and
increasing their lifetime in the future.
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APPENDIX A: EXPERIMENTAL DETAILS

The experiments are performed in a four-rod ion trap with
a spherical octagon vacuum chamber (see Fig. 5). The radio-
frequency (rf) voltage is applied on a pair of electrodes and the
dc voltage is applied on the end caps to generate a quadrupole
potential which is used to confine the 174Yb+ ions. The rf
signal is generated with a signal generator at 15.3 MHz,
and is then amplified by a commercial power amplifier. The
amplitude of the rf voltage is controlled by a voltage variable
attenuator (VVA), ranging from 200 to 500 V. The end-cap
electrodes can be applied with ±20 V dc voltages, which are
used to adjust the confinement potential and the micromotion.
The potential depth is about 5–10 eV in our experiment.

370-nm lasers modulated with acousto-optic modulators
(AOMs) are used for most operations on the ions includ-
ing cooling, heating, and detection. The relative detuning
of the beams are the protection beam (without modulation),
the cooling beam (+240 MHz sideband), the detection beam
(+250 MHz), and the heating beam (+270 MHz). These
AOMs are driven by amplified rf signals from direct digital
synthesis (DDS) circuits. A field-programmable gate array
(FPGA) is used to control each of these signals, so that we
can switch these beams in microseconds. In addition, the
frequency of the laser is actively stabilized by a cathode lamp
system with a digital proportional-integral-derivative (PID)
lock such that the detection beam is resonant with the atomic
transition. The 174Yb atoms are generated by pulse laser abla-
tion [36,37], excited to the 1P1 level by a 399-nm laser beam
and are then ionized and Doppler cooled by the protection
beam. Then, these ions are further cooled into a Wigner crystal
with the cooling beam. The fluorescence of the ions is col-
lected by an object with NA = 0.33 and is imaged with an
electron-multiplying charge coupled device (EM-CCD). We
also use a 935-nm laser beam to repump the ions in the 2D3/2

state back to the ground state.
The data collection of the EM-CCD is controlled by an

FPGA. In each cycle, the EM-CCD is first exposed for 0.002 s
(the shortest time to distinguish the signal from the back-

FIG. 5. Schematic of the experimental system. The PID rep-
resents the whole frequency stabilization system that detects the
frequency fluctuation of the 370-nm laser and feeds back to the diode
laser with a digital PID lock. The WLM represents a wavelength
meter. Ions are initially Doppler cooled by a global cooling beam
to form a linear chain along the z axis. A heating laser beam can
be applied in the x direction to focus on any ion in the chain. By
applying a resonant global detection beam, the fluorescence of the
ions can be collected by a CCD camera in the y direction. 1030-
and 935-nm laser beams are used for laser ablation and repumping,
respectively, which enter from the same view port on the left of
chamber.

ground noise) and then the data are read out for 0.004 s
(limited by the data transfer rate of the CCD).

APPENDIX B: ION IMAGE RECOGNITION
AND DATA PROCESSING

The experimental data are the images from the EM-CCD
(with settings exposure time, 0.002 s; gain factor, 1000; with
electron multiplication, refresh rate, 17 MHz). Each image
has a size of 512 × 35 pixels. The amplification ratio of our
imaging system is 35.5×. The actual dimension of a single
pixel is about 0.45 μm.

As shown in Fig. 6, we divide the image of ions into boxes
to extract the photon counts for each ion, Ci. This division can
be achieved by the following image-processing algorithm.

First we perform noise reduction and image binarization
followed by another noise reduction. Then, the bright spots
and the dark background can be distinguished by a prede-
termined threshold. Finally, the ion boxes can be extracted
according to the 8(6)-connectivity connected-component la-
beling algorithm [38]. Two examples are shown as the red
boxes in Fig. 6(a). However, the probability of a successful
recognition decreases rapidly when the ion chain melts be-
cause the fluorescence becomes too low. In such cases, the
boxes can also be assigned manually to help the algorithm to
recognize the positions of the ions.
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FIG. 6. The experimental images for the data in Fig. 2(a) of the main text. (a) A chronological combination of images of a chain of ten
ions assembled from top to bottom. Each row corresponds to the image during one detection stage. The white horizontal line separates the
detection-readout cycles and the detection-and-heating-readout cycles in Fig. 1(b) of the main text. Above this line without the heating beam,
the structure of the ion chain shows no significant changes during the 50 cycles (only the last 11 cycles are shown here for simplicity). Below
this line with the heating beam on, the amplitudes of the ions increase, the images blur, and finally the ion chain melts after nine cycles with the
individual ions no longer visible. Here the controllable heating beam is focused on the third ion on the left. Examples of red boxes surrounding
individual ions are presented in two rows with sizes of 15 × 12 pixels (which is 6.75 × 5.4 μm2 in actual dimension) to extract the photon
counts Ci for each ion. See Appendix B for details about the choice of boxes. (b) The images of the ten ion boxes in the first row of (a). Before
melting, ions can be easily recognized as the bright spots at the center of each box. (c) The images of the ten ion boxes in the last row of
(a) before melting.

APPENDIX C: OBSERVABLES FOR NUMERICAL
SIMULATION

In this work, two observables, the axial diffusion parameter
gz and the number of scattered photons, are used to study the
melting in the molecular dynamics simulation.

The general diffusion parameter gθ is defined as

gθ =
∑N

i=1 d2
i,θ

N�t
, (C1)

where di,θ is the displacement of the ith ion projected to
the direction θ (θ = x, y, z or other directions) in the time
interval �t , and N is the total number of ions. For the melting
of a 1D ion chain, we use gz as the observable because the
motion in the axial direction is more significant than those in
the transverse directions. When studying the partial melting
and the energy distribution, we have also used the diffusion
parameter for a subgroup of ions or even the individual ions.
This generalization is straightforward where we simply per-
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FIG. 7. (a) The experimental images for the data in Fig. 3(a) of the main text. It is a chronological combination of images of a chain of 22
ions (17 bright ions and 5 dark ions) assembled from top to bottom. Each row corresponds to the image during one detection stage. The white
horizontal line separates the detection-readout cycles and the detection-and-heating-readout cycles. After the heating beam is applied on the
two central ions, the spots of the ions get dimmer, which indicates an increased temperature with time. However, the sizes of the spots for inner
ions are clearly much larger than those for the outer ions on the edges. After about six heating-and-detection-readout cycles, the inner ions
already seem to melt as their spots merge together, while the spots of the two ions on the edges are still sharply distinct. Then after another four
cycles the spots of the outer ions also join the central cloud and the ion crystal completely melts. Also note that during this process the overall
size of the system is shrinking in the z direction. This is likely because the central ions get larger amplitudes in the x and the y directions and
thus the outer ions feel a reduced Coulomb repulsion along the z axis. (b) The count distribution of the 22 ions along the axial z axis at time
t = 0.006 s [ion crystal, red solid line, the first detection cycle since heating, labeled as 51 on the right of (a)], t = 0.048 s (partial melting,
blue dashed line, the eighth detection since heating), and t = 0.150 s (ion cloud, black dotted line, the 25th detection cycle since heating).
Each data point is averaged over the transverse x direction. The red line shows well-separated peaks indicating a crystal structure. In the partial
melting case (blue dashed line), the count distribution of the outermost ions still shows well-separated peaks, but those for the inner ions start
to be indistinguishable from the experimental noise. Finally in the ion cloud phase (black dotted line), the photon count further decays and the
distribution becomes much smoother, which indicates that the crystal has melted.

form the summation over the subgroup and replace N by the
number of ions in it.

The scattered photon counts from the ith ion can be com-
puted from its scattering rate dNi/dt = �ρee(�vi ) as defined
in the main text, where we assume a global detection beam
in the direction of [1, 0, 1]. In the experiment, we define

boxes to extract counts of individual ions. For the convenience
of comparing with the experiment, we also define a box in
the numerical simulation. In the simulation, the position, the
velocity, and the corresponding scattering rate of photons are
known for each ion at each time point. We can thus attribute
the photon counts dNi(t ) from the ith ion in a short time
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FIG. 8. (a) The experimental images for the data in Fig. 4(a) of the main text. (b) The time slice for the data at t = 0.036 s [the sixth row
after heating in (a)] with the boxes to count the photons from each ion presented. The system is in the crystal phase. (c) The time slice for the
data at t = 0.15 s [the 25th row after heating in (a)] with the boxes to count the photons from each ion presented. The ion chain is partially
melted.

interval [t, t + dt] to the spatial location (x(i, t ), z(i, t )) of
the ion.

Then we can define the box for each ion with a similar
size as those used in the experiment to calculate the simulated
counts. First, the center of a box is located at the average
position of the corresponding ion duration the time interval
�T , which we label as (Xbox(i, t ), Zbox(i, t )):

Xbox(i, T ) =
∫ T +�T

T

x(i, t )

�T
dt, (C2)

Zbox(i, T ) =
∫ T +�T

T

z(i, t )

�T
dt . (C3)

The range of the ith ion’s box at time t = T is

Range(i, T ) = [Xbox(i, T ) − Xsize, Xbox(i, T ) + Xsize]

×[Zbox(i, T ) − Zsize, Zbox(i, T ) + Zsize], (C4)

where Xsize and Zsize are half the size of the ion box in the x
and z directions. Then the rate of getting effective counts in
the box of each ion is

dNeff (i, t )

dt
=

{
dNi(t )/dt if (x(i, t ), z(i, t )) ∈ Range(i, T )
0 if (x(i, t ), z(i, t )) /∈ Range(i, T ).
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Finally, the effective counts (the simulated photon counts in the main text) are calculated by

Counts(i, T ) =
∫ T +�T

T

dNeff (i, t )

dt
dt . (C5)

Note that, to be compared with the actual photon counts in the experiment quantitatively, finite detection efficiency and the
imperfection in the real imaging system have to be considered additionally.

APPENDIX D: ADDITIONAL EXPERIMENTAL DATA

In Figs. 6(a), 7, and 8, we show the experimental data for the results in Figs. 2, 3, and 4 of the main text, respectively.
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