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We investigate the process of pulsed laser cooling using a self-constructed molecular dynamics simulation (MD-
Simulation) program. We simulate the Doppler cooling process and pulsed laser Doppler cooling process of a single 40Ca+

ion, and the comparison with the experimental results shows that this self-constructed MD-Simulation program works well
in the weak laser intensity situation. Furthermore, we analyze the pulsed laser Doppler cooling process of a single 27Al+

ion. This program can be used to analyze the molecular dynamic process of various situations of Doppler cooling in an ion
trap, which could give predictions and experimental guidance.
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1. Introduction

In the past two decades, optical clock technology has
been developed rapidly and has currently become the fre-
quency standard with the best accuracy and stability, and it
has many potential applications in timing, precision measure-
ment physics, verification of fundamental physical theories,
detection of dark matter and gravitational waves, etc.[1–9] At
the same time, new candidate systems for optical clocks have
been proposed, such as highly charged-ion-based (HCI) opti-
cal clocks, and nuclear-based optical clocks.[10–12] The refer-
ence transitions for these above-mentioned clocks are insensi-
tive to the external field, thus these clocks are considered to
be one of the next-generation optical clocks with higher preci-
sion. However, for the above-mentioned clock candidates, the
wavelengths of the cooling lasers are often in the deep ultra-
violet (DUV) range. Though with the development of DUV
laser technology, lasers with wavelengths in the order of tens
of nanometers have been made,[13–16] no CW laser with wave-
length less than 170 nm has been reported yet. At present,
for a reference system with a cooling laser wavelength less
than 170 nm, such as 27Al+ ion optical clock[17] and HCI
optical clock,[10,11] sympathetic cooling method is required,
and the state readout for the optical clock is realized indirectly
with the quantum logic measurement scheme,[18] which re-
quires complicate cooling processes such as sideband cooling,

which could increase the technical complexity of optical clock
implementation, meanwhile, additional uncertainty would be
brought in by this scheme due to the existence of sympathetic-
cooling ions.[19] If DUV pulsed laser can be used for cooling
these ions directly, the uncertainties of these optical clocks will
be expected to be even smaller.

The following key parameters that should be considered
when studying whether DUV pulsed laser can be used to cool
ions are: the pulse width, duty ratio, and the linewidth of
the pulsed laser, the heating rate of the ion trap, etc. Tak-
ing the 27Al+ clock as an example, the required cooling laser
wavelength is 167 nm; while a 167 nm DUV pulsed laser had
been made by Technical Institute of Physics and Chemistry,
CAS, thanks to the development of deep-ultraviolet diode
laser-pumped solid-state lasers (DUV-DPL). The pulse width
is 200 µs with a duty ratio of only 1‰ limited by technical
reasons related to the crystal growth.[20,21] It can be expected
that the pulsed laser Doppler cooling effect for ions with low
duty cycle should be different from that by continuous laser,
which makes the efficiency and effectiveness of pulsed laser
cooling has become a valuable research topic.

Many research groups in the world have conducted re-
lated research on pulsed laser cooling. In 1991, Mølmer pro-
posed to utilize pulsed lasers with pulse width similar to the
lifetime of upper state of the cooling cycle to cool atoms,
which may lead to a temperature limitation below the Doppler
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cooling limit.[22] In 2006, Monroe’s group from the Univer-
sity of Michigan used ultrafast pulsed lasers for cooling the
Cd+ ion, reaching a temperature of 1 K.[23] In 2014, the Na-
tional Institute of Information and Communications Technol-
ogy of Japan successfully excited the 1S0–1P1 state transition
of In+ at 159 nm with vacuum DUV laser generated by high-
order harmonics in the cavity, since the power is only 6.5 µW,
this laser can only be used for detection but cannot achieve
laser cooling.[24] In 2016, Udem et al. at Max-Planck Insti-
tute tried to use ultraviolet comb for Doppler cooling of Mg
ion,[25] while the sympathetic cooling method is still needed
in the cooling process due to the heating effect caused by the
blue detuned “comb teeth”. In a word, pulse laser has not been
used for mK level ion laser cooling in the world. What is the
efficiency and effectiveness of pulse laser cooling? It is still
an urgent problem to be solved.

In this paper, we have studied the efficiency and effec-
tiveness of pulsed laser cooling in combination of simulation
and experiment. First of all, in the experiment, we take the
40Ca+ ion as a research object, using the acousto-optic modu-
lator (AOM) to modulate a continuous 397 nm laser for gen-
erating a parameter adjustable pulse laser. By adjusting the
detuning and power, we optimize the effect of the Doppler
cooling, and then measure the cooling result. In addition,
we propose an optimized molecular dynamics (MD) simula-
tion program to simulate the Doppler cooling process of in
the ion trap. The simulations include the background heating
process, continuous laser Doppler cooling process and pulsed
laser Doppler cooling process. The results of comparison be-
tween the computer simulations and the experiments show that
this MD-Simulation program is effective in weak laser inten-
sity situation. Next, we use this MD-simulation method to
analyze the possibility of pulsed laser cooling of 27Al+ as an
example. This method can also be extended to other systems
such as HCI optical clocks and nuclear optical clocks.

2. Optimized molecular dynamics simulation
The laser cooling process of the trapped ion is primarily

affected by: (1) radio frequency (RF) field and axial electro-
static potential trapping force; (2) Coulomb interaction among
ions; (3) laser cooling force; (4) random interaction forces be-
tween ions and the environment in an ion trap such as residual
background gas in the vacuum chamber. The kinetic equation
of a specific ion in the system can be expressed as[26]

Mi
d𝑟2

i
d2t

= 𝐹i(𝑟1, . . . ,𝑟N ,𝑣1, . . . ,𝑣N , t)

= 𝐹
trap
i +𝐹 Coulomb

i +𝐹 laser
i +𝐹 random

i , (1)

where i = 1, . . . ,N denote every specific ion in a system with
N ions. Mi, 𝑟i, 𝑣i denote the mass, position vector and velocity
vector of the i-th ion, respectively.[27]

The electric potential field force applied on the i-th ion
can be obtained as follows:

𝐹
trap
i = qi∇ϕ (x,y,z, t) , (2)

where qi is the charge of the i-th ion, and the expression of the
trapped potential field is

ϕ (x,y,z, t) =
αURF

2

(
1+

x2− y2

r2
0

)
cos(ΩRFt)

+
κUec

L2

(
z2− x2 + y2

2

)
, (3)

where α and κ are the radial and axial geometry factors, re-
spectively, which are introduced because the electrodes are not
perfect parabola and will be shielded by other electrodes. URF

is the RF field voltage amplitude, ΩRF is the RF field angular
frequency, Uec is the cap voltage, r0 is the distance between
the tip of the blade and the axis of the trap, and L is the tip
distance between the two caps.

The Coulomb interaction force experienced by the i-th ion
can be obtained by superimposing the Coulomb force exerting
on the i-th ion by all other ions, which can be expressed as

𝐹 Coulomb
i =

qi

4πε0
∇

[
∑
j 6=i

q j

r ji

]
= ∑

j 6=i

qiq j𝑟 ji

4πε0r3
ji
, (4)

where 𝑟 ji is the position vector of the i-th ion relative to the
j-th ion, and ε0 is the vacuum permittivity.

The force applied on the ion induced by the laser field can
be expressed as[28]

𝐹 laser =
}𝑘Γ

2
s

1+ s+4(δ −𝑘 ·𝑣)2/Γ 2
, (5)

where 𝑣 is the velocity vector of the ion, Γ is the natural line
width, δ is the detuning of the laser, and 𝑘 is the wave vec-
tor of the laser. The parameter s =

(
Ω 2

Rabi/2
)
/
(
∆ω2 +Γ 2/4

)
is the saturation parameter, in which ΩRabi is the Rabi fre-
quency, s0 = 2Ω 2

Rabi/Γ 2 = I/Isat when ∆ω = 0, in which Isat =

2π2}cΓ /3λ 3
Laser is the saturation laser power intensity.[28]

The laser force of low temperature ions can be approx-
imated with low order expression around v = 0: 𝐹 = 𝐹0 −
β · 𝑣 + o

(
𝑣2
)
, where 𝐹0 = (}𝑘s/2)/[1+ s+4(δ/Γ )2] can

be interpreted as the average radiation pressure applied on
the ion, while the effect of 𝐹 cooling = −β ·𝑣 depends on the
coefficient β = −4}𝑘2sδ/[Γ · (1+ s+4δ 2/Γ 2)2]. When the
laser is red detuned, which means the detuning δ < 0, the
𝐹 cooling = −β ·𝑣 is opposite to the ion’s velocity all the time
like a damping force, which decelerates the ion. On the con-
trary, when the detuning δ > 0, the damping coefficient β < 0,
which leads to a heating force.

When the ion temperature is high, the high-order ef-
fect of the laser on ion cannot be ignored, so we take
the original expression (5) into the simulation. On the
other hand, we use the formula 𝐹 L−random = 𝑟random ·
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(}kΓ s)/2(1+ s+4(δ −𝑘 ·𝑣)2 /Γ 2) to express the force in-
duced by the spontaneous emission, which was often ignored
in previous MD-simulation programs, where 𝑟random denotes a
random direction of the spontaneous emission.

Due to the non-ideal characteristics of the experimental
environment such as the effect of the background gas, the
limited machine precision of the trap, the electric noise on
the RF voltage, we can ignore the effect of random back-
ground heating. We assume that the random background heat-
ing force 𝐹 random is isotropic, which obeys a normal distribu-
tion N (0,2mP/∆t), where m is the ion mass, P is the heating
rate of the trap measured in the experiment. The motion of the
ion under the action of this random force behaves as Brown-
ian random walk stochastic process in its momentum space,
which leads to a heating effect. Using the relevant conclusions
of Brownian motion and the relation between the chi-square
distribution and the normal distribution, we can obtain

〈Ek (t)〉=
〈

1
2

m𝑣2
〉
= Ek (0)+P · t;

SD [Ek (t)] = SD
[

1
2

m𝑣2
]
=
√

2P · t, (6)

where 〈· · · 〉 indicates carrying out the expectation value of the
variables in brackets, SD [· · · ] represents the standard devia-
tion of the variables in the brackets. Formulas (6) imply that
the mean (expected) value and standard deviation of the total
kinetic energy of the particle increase linearly with time, under
the action of the assumed force 𝐹 random.

Finally, we introduce time-dependent laser force to simu-
late the action process of pulsed laser on ions and use leap-frog
algorithm[29–31] to simulate the dynamic process of the ions.

3. Experiment for the Doppler cooling of 40Ca+

with pulsed laser

We chose 40Ca+ ion as the research object in the experi-
ment. Due to the lack of pulse laser, we used an acousto-optic
modulator to switch continuous laser to produce pulsed laser,
using time sequence we could control and adjust the pulse
width and duty ratio of the pulsed laser. A slightly modified
new type of trap, which was first designed by NIST,[32] was
used in this experiment. This ion trap has a low heating rate,
which is conducive to long-term stable ion trapping, and the
cooling effect may also reach a lower level.

The evaluation of ion temperature can be realized by
observing the Rabi oscillation spectrum of the clock transi-
tion. The Rabi oscillation of the transition is weakly modu-
lated by the ion temperature (phonon number) in the following
form:[33]

ρDD (t) =
1
2

{
1−∑

n
ρn,n cos

[
Ω
(
1−η

2n
)

t
]}

. (7)

As in the case of 40Ca+, t is the action time of the 729 nm laser
and ρDD is the population of state 32D5/2, the sum here iterates
over all the positive integers, i.e., the phonon number is 1∼∞,
while ρn,n indicates the population when phonon number is n.
Finally, the average phonon number can be obtained by carry-
ing out the statistical average of phonon number n, where η is
the Lamb–Dicke parameter. Since the Lamb–Dicke parameter
is less than 0.1 at most of the time, it is reasonable to expand
the expression of Rabi frequency to first order in η2, which
leads to an approximate analytical formula:[33]

ρDD (t) =
1
2

(
1− 1

n+1
cos(2Ω0t)

(
1− xcos

(
2Ω0tη2

))
+ xsin(2Ω0t)sin

(
2Ω0tη2

)
1+ x2−2xcos(2Ω0tη2)

)
, (8)

where n is the average phonon number, and x = n̄/(n̄+1).
By fitting the curve data obtained in the experiment using

formula (8), average phonon number n can be obtained, while
the temperature of the ion and n̄ can be expressed as

T =

(
n̄+

1
2

)
}ω

kB
, (9)

where ω is the secular motion frequency of interest, and kB is
the Boltzmann constant.

3.1. Heating rate measurement

The experiment can be divided into three main parts, and
the sequence is shown in Fig. 1:

In the first part, we adopt a fixed near red detuned fre-
quency for the 397 nm laser to cool the 40Ca+ for 2000 µs.

The purpose is to make each experiment starts at the identical
low initial temperature (close to the Doppler cooling limit). In
the second part, we turn off all the lasers and let the 40Ca+ be
heated for a while. This allows the temperature of the 40Ca+

to rise for the measurement in the third stage. In the third
part, we use a 729 nm clock transition laser for probing the
40Ca+. After that, a 397 nm laser is used to observe the fluo-
rescence signal of the ion, for counting the population between
the states of 42D1/2 and 32D5/2, we take 75 measurements at
each experimental point to get the average result. By obtain-
ing the relation between the population and the action time of
729 nm laser, we constructed a Rabi oscillation curve to be
fitted to get the temperature at each time. Finally, we got the
relation between the temperature and the waiting time, i.e., the
heating time, which indicates the heating rate of the trap.
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heating detection detection

397 nm

866 nm

729 nm

PMT

varies 
from

0~1800 ms

resonant 397 nm 
laser

350 ms

no laser applied

duration varies from

0 s-2 s

preparation

397 nm

866 nm

continuous near red 

detuned 397 nm laser

duration: 2000 ms

heatingpreparation

854 nm

Fig. 1. Schematic for the pulse sequence in the heating rate measurement.

3.2. Doppler cooling of the 40Ca+ with pulsed laser

We measured the influence of two important parameters
in the experiment, which are the laser’s effective pulse width
and the duty ratio of the pulsed laser. The experiment can be
divided into three main parts, and the sequence is shown in
Fig. 2.

In the first part, we used a fixed-frequency red detuning
laser to cool the 40Ca+. The purpose is to make the 40Ca+

at the same initial temperature at the beginning of each experi-
ment, so that we can ensure that each experiment is carried out
under the same initial conditions. The reason for using far-red

detuned laser is to keep the 40Ca+ at a high initial temperature
for the next cooling process experiment. In the second part,
we used a 397 nm pulsed laser for cooling; the pulse width,
pulse number, and the duty ratio parameters of the laser were
continually changed during the experiment. In the final stage,
the same as the previous experiment, by detecting and fitting
the Rabi oscillation diagram we obtained the ion temperature.
Based on this, we can give the diagram that the temperature
of 40Ca+ ion changes with time under the action of 397 nm
pulsed laser with given intensity, given red-detuning and given
pulse on/off time parameters.

pulsed laser

cooling
detection detection

397 nm

866 nm

729 nm

PMT

preparation

397 nm

866 nm

continuous far red 

detuned 397 nm laser

duration: 2000 ms

pulsed laser

cooling
preparation

854 nm

397 nm

866 nm

τ θ

854 nm

τ: 10 ms or 100 ms

θ: 1000 or 2000 times of τ

δ=-20 MHz
varies 
from

0~1800 ms

resonant 397 nm 
laser

350 ms

Fig. 2. Schematic for the ion temperature measurement after the laser cooling.

4. Analysis

By substituting the relevant parameters in the MD-
simulation program with the measured heating rates, the pulse
width and duty ratio used in the experiment, we performed the
simulation. After obtaining the data derived from the MD-
simulation, we put the experimental and simulation results
in the same graph for comparison and analysis, as shown in

Figs. 3 and 4.
It can be seen that MD-Simulation program gives a fairly

consistent result in each case, some deviation of the blue dots
from the simulation results could be due to the change of the
experimental environment during the long period of the mea-
suring procedure. In addition, due to the low heating rate of the
ion trap used in the experiment, the on/off time of the pulsed
laser does not seem to significantly affect the cooling process
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Fig. 3. (a) The heating process calculated by MD-Simulation. Each color line is one specific simulation result, since all the processes are
stochastic, actually there are countless possible results, we present 5 results here in the figure without loss of generality, in the same situation
of Figs. 4 and 5. The gray area indicates one standard deviation range of the single simulation result. The blue line with green bar in (b) shows
the experimental results (each measurement point is an average of 75 measurements), the orange line shows one simulation result, and the gray
area shows two standard deviation ranges of the average of 75 simulations.
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Fig. 4. Comparison between experiment and simulation of the Doppler cooling by pulsed laser. The results under different laser parameters are
shown, in which the blue points represent the measured data, and the color curves represent the simulation results of several numerical calculations.
Since the process is stochastic, there could be countless possible real processes, five possible results are shown in each picture.

of 40Ca+. Of course, the higher the duty ratio is, the more sta-
ble the temperature variation of the ion is, while the lower the
duty ratio is, the more likely the energy of the ion will change
randomly during the light-off period, and the greater the tem-
perature variance there will be. Therefore, we can observe that
when the duty cycle is 1/2000, the jitter of ion’s temperature
appears to be larger than the situation when the duty cycle is
1/1000. It needs to be mentioned that due to the fact that the
Doppler cooling process of 40Ca+ (down to the Doppler cool-
ing limit) only requires a few hundreds of microseconds under
the initial conditions we have given, the laser action time of
100 µs is enough for significantly reducing the ion’s temper-
ature, and the horizontal axis in the figure is in the scale of
seconds, which makes the deceleration process of 100 µs ap-

pear to be very steep in the figure.
Based on the above results, we believe this MD-

Simulation program can be reasonably applied to a wider
range of situations. For example, under the condition that
given the duty ratio of the pulsed laser, how much should the
heating rate of the trap must be controlled so that the ion can
be effectively cooled? Because it is difficult to adjust the heat-
ing rate in a large range, to explore the problem by means of
MD-Simulation is an effective solution.

Next, we take the 27Al+ as an example, using the pulse

width and duty ratio of the laser mentioned in Refs. [20,21]

(the pulse width of the 167 nm pulsed laser is 200 µs, and

the duty ratio is 1‰) as the input value of the model, through

calculation and simulation, the possibility of using this pulsed
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laser to achieve Doppler laser cooling of the 27Al+ has been
explored.

Through a simple analysis of formula (6), we can see that
the interaction between laser and ion is positively correlated
with Γ . When the natural width Γ is large and the detun-
ing amount δ is small, the interaction 𝐹 between laser and
ion is almost proportional to Γ . Meanwhile, ΓAl+ is about 10
times that of ΓCa+ , which means that the interaction intensity

between 167 nm laser and 27Al+ is almost 10 times that of
397 nm laser and 40Ca+. It can be foreseeable that aluminum
ions will be cooled down faster under the action of 167 nm
laser, and molecular dynamics simulation does give this re-
sult. We give the temperature change of 27Al+ in one second
under the action of 167 nm pulse laser under three different
trap heating rates (the initial temperature given in this direc-
tion is about 37 mK), as shown in Fig. 5.
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Fig. 5. Simulation results of 27Al+ cooling by 167 nm pulse laser with pulse width of 200 µs and duty ratio of 1‰. Note that the deceleration
effect of the 167 nm laser on 27Al+ is so strong that the 27Al+ in each group of the simulations experienced the initial rapid cooling process,
which leads to the sharp drop at the beginning of the curve, as shown in (a)–(c). (d) The energy change in the first 200 µs. (e) The evolution
after the first 150 µs of (a), performed under these parameters: s = 0.3, δ = −1.0ΓAl+ , τ = 200 µs, η = 0.1% and rheating = 0.75 mK/s (the
same phenomenon happens in (b) and (c), in which the heating rate of the trap are set to be 10 and 100 times of the original heating rate
respectively with the other parameters unchanged).

We can easily derive from formula 𝐹 = 𝐹0 − β · 𝑣 +

o
(
𝑣2
)

that the “cooling rate” applied by the laser is Pcooling =

−β
〈
𝑣2
〉

by taking 〈𝑣〉 = 0 into consideration and omitting
the high order parts. Since ΓAl+ is about 10 times of ΓCa+ , only
the temperature of the ten-fold relationship between 27Al+ and
40Ca+ is comparable. We can see from Figs. 6(a) and 6(b) that
it takes about 100 µs for the temperature of 40Ca+ to drop
from 3.2 mK to 2.38 mK, while the time for the temperature
of 27Al+ to drop from 32 mK to 23.8 mK is about 14.5 µs,
in other words, the cooling rate in the situation of 27Al+ is
about 6.9 times of 40Ca+ in the comparable temperature inter-
val (actually, the ratio ranges between 6.6 and 7.1 considering
the precision), which is consistent with Fig. 6(d). We should
notice that the “cooling rate” shown in Fig. 6(c) is not the “real
cooling rate” in the trap, since there are photon-recoil induced
heating and background heating should be taken into consid-
eration at least, which leads to the real cooling rate shown in
Figs. 6(a) and 6(b) in one order of magnitude smaller than that
shown in Fig. 6(c). In spite of that, the consistency between

Fig. 6(d) and the real cooling rate ratio derived from Figs. 6(a)
and 6(b) is due to the fact that the ratio of the photon-recoil
heating effect of the two ions is almost the same as the ra-
tio between the laser cooling effect (the photon-recoil effect
and the photon-absorb effect have the same form, except that
the photon-absorb force is directional, and the photon-recoil
effect is isotropic), and the heating rate of the ion trap used
in the experiment is extremely low, which does not affect the
result much.

From the foregoing discussion, we can see that this MD-
Simulation program gives a relatively consistent result with
the experiment for the situation of 40Ca+. On the other hand,
because the laser cooling process of 40Ca+ and 27Al+ obey
the same physical mechanism, the MD-Simulations of these
two ions also give fairly consistent results as expected. In this
sense, the simulation results given by this program for the sit-
uation of 27Al+ should also be able to guide relevant experi-
ments.
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Fig. 6. Comparison between 27Al+ and 40Ca+. Figure 6(a) shows the first 200 µs of Fig. 5(a) while Fig. 6(b) shows the first 100 µs of Fig. 4(a).
Figure 6(c) shows the cooling rate of both 27Al+ and 40Ca+ based on the formula Pcooling =−β

〈
𝑣2〉, which means how much the cooling rate

the ion will experience when it is at certain average temperature (the unit of temperature has been converted to }Γ /2kB, which is the form of
the Doppler cooling limit). Figure 6(d) gives the ratio of the cooling rate between 27Al+ and 40Ca+. The suffix along and opp indicate the
velocity of ion is along the laser propagation direction and opposite to the laser propagation direction, respectively.

It can be seen from Fig. 5 that for ion traps with low heat-
ing rate, the pulsed laser with the parameters used above can
cool 27Al+ to the order of mK. However, as the heating rate
of the trap increases, the temperature of the ions becomes dif-
ficult to control. In order to keep the temperature fluctuation
above the cooling limit within 2 mK as an example, the tem-
perature rise of 27Al+ in the off-time, which is 200 ms, should
not exceed 2 mK, which means that the heating rate of the
trap should be controlled within 10 mK/s. Since the heating of
the 27Al+ mainly occurs in the off-time of the pulsed laser, as
long as the temperature rises within 2 mK during this period,
the 167 nm cooling laser in the next 200 µs will certainly cool
it to the limit cooling temperature. When the trap heating rate
reaches 100 times of the original heating rate of the trap used
in our experiment, the temperature of 27Al+ fluctuates sharply
in a wide range, the 27Al+ ion cannot be cooled effectively.

5. Conclusion
We have explored the Doppler cooling process of the ions

in the ion trap by constructing a more accurate and more suit-
able molecular dynamics simulation program in the case of
pulsed laser cooling. Compared with the experiment, the re-
sults show that the self-built MD-Simulation program does
give reasonable results. In addition, we realize that the de-
celeration efficiency of 167 nm laser acting on 27Al+ is about
6.6–7.1 times that of 397 nm laser acting on 40Ca+, and that
the cooling effect of 167 nm pulse laser acting on 27Al+ is

significant in 200 µs during the on-time of the pulsed laser,
which means that it is not significantly different from the situ-
ation of continuous laser. Finally, the key factor to control the
temperature of ions is the heating rate of the trap. As long as
the heating rate is small enough, the ion temperature can be ef-
fectively reduced and controlled. According to the simulation
results, the limit value of the heating rate is given. The com-
parison between 40Ca+ and 27Al+ shows that it is feasible to
apply this method to the guidance of the experiment on 27Al+.
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