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Evaporative cooling by pulse width modulation (PWM) of optical dipole traps
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We introduce a method for cooling atoms in an optical dipole trap using pulse-width modulation (PWM)
technique, without reducing the laser power of the dipole trap. The PWM technique involves digital modulation
of the trap at a fixed frequency. The effective time-averaged dipole potential is lowered by adjusting the duty
cycle of the modulation, thereby implementing evaporative cooling. We show that this technique effectively
reduces temperature and enhances phase space density. A comparison with the standard method of evaporative
cooling has also been made. Apart from the atom loss due to reduction of the effective trapping potential, we
observe an additional loss channel originating from the lack of trapping potential during the trap “off” time. This
atom loss is observed at different modulation frequencies which are an order of magnitude higher compared to
trapping frequency of dipole trap. The PWM technique provides an alternative to traditional evaporative cooling
in scenarios where it is preferred that the laser power of the trap should be constant.
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I. INTRODUCTION

Laser cooling and trapping of atoms and ions stands at
the forefront of investigations in the discipline of atomic
physics, offering tools for scientific exploration [1]. A cloud
of cold atoms has potential applications across various fields,
including atom interferometry [2,3], atomic clock [4,5], high-
precision spectroscopy [6], ultracold chemistry [7], and the
investigation of diverse physical scenarios such as quantum
many-body physics [8], quantum simulator [9], and quantum
information processing [10].

The first step in laser cooling and trapping begins with the
magneto-optical trap (MOT) for generating a cloud of cold
atoms [11–14]. Further reduction of the MOT temperature
is limited by photon recoil and light-assisted inelastic colli-
sions. To achieve further reduction in temperature, evaporative
cooling is carried out in either a magnetic trap or an optical
dipole trap. Far-off-resonance optical dipole traps (FORT)
[15] are extensively utilized in experiments for production
of cold atoms with higher phase-space density (PSD) and
achieving Bose-Einstein condensate (BEC) state. The rapid
production of cold atoms with higher PSD has numerous
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applications, including increasing the cycle rate in precision
measurements [3,16] and facilitating rapid data collection in
experiments involving cold atoms [17,18]. Once a sufficient
number of atoms are trapped in the dipole trap, the simplest
evaporation process involves gradually reducing the power of
the dipole trap [19,20] while optimizing the gain in PSD and
minimizing the loss of atoms through three-body recombi-
nation and background collision [21]. However, the rate of
evaporation diminishes over time as the reduction in trapping
potential slows down the rethermalization process by elastic
collisions [22]. Therefore, various other techniques, such as
modifying the evaporation technique or trap geometry, have
been explored to enhance the efficiency of the evaporation
[23]. Evaporative cooling in dipole trap has been imple-
mented through various methods, including simple crossed
dipole traps [19,24], hybrid and dimple traps [23,25–28], run-
way evaporation [29,30], single-beam microscopic dipole trap
[31], and direct laser cooling in dipole trap [32]. Additionally,
further cooling techniques utilizing time-averaged potential in
dipole trap [33] and zoom lens traps have been demonstrated
[34]. Also, atoms have been trapped in dipole traps using fem-
tosecond lasers at both macroscopic and microscopic levels
[35,36].

Here, we present a method for evaporative cooling simply
by switching the potential of crossed dipole traps on and
off. To systematically reduce the dipole trap potential, we
utilize the time-averaged dipole potential with the help of
PWM technique. This idea is motivated by techniques used
in coherent population transfer using femtosecond pulses [37]
and optimized series of pulses for coherent control [38,39]. By
operating at a switching frequency which is much higher than
the trap frequencies and adjusting the PWM duty cycle from
100% to 0%, we lower the time-averaged dipole potential.
This process cools the atoms through evaporation. We also ob-
serve how changing the modulation frequencies affects atom
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FIG. 1. Diagram illustrating the schematic arrangement of the
PWM technique utilized for cooling atoms by time-averaged optical
dipole trap.

loss and temperature after evaporation. Here, we first discuss
the theoretical model of our method and the conditions for
achieving cooling. Further, the experimental implementation
of the PWM technique and the results are discussed.

II. TIME-AVERAGED OPTICAL DIPOLE TRAP

The optical dipole trap potential can be written as [15]

Udipole(r) = − 1

2ε0c
Re(α)I (r), (1)

where α is the atomic polarizability and I (r) is the electric
field intensity. For the time-averaged dipole potential using
PWM technique, we utilize a series of rectangular pulses as
shown in Fig. 1. The rectangular pulses control the switching
of laser power on and off through the acousto-optic modu-
lators (AOMs). Here, the average intensity of the laser beam
varied by changing the duty cycle. This in-turn controls the ef-
fective dipole trap potential. Now for a given pulse waveform
f (t ) with a time-period T , the average value of the waveform
(in this case, the intensity) is expressed as

〈I〉 = 1

T

∫ T

0
f (t ) dt . (2)

Given that f (t ) represents a PWM waveform with a time
period T, when waveform output is high, laser intensity is Imax,
otherwise it’s Imin. So for a single cycle, we can write f (t ) in
terms of laser intensity, like Imax for 0 < t < D · T and Imin

for D · T < t < T . Here, D can take value between [0, 1], and
D = 1 corresponds to 100% duty cycle. Consequently, the
expression above is transformed to

〈I〉 = 1

T

(∫ D·T

0
Imax dt +

∫ T

D·T
Imin dt

)

= D · Imax + (1 − D) · Imin. (3)

In this case, where Imin = 0, the later expression simplifies
significantly to 〈I〉 = D · Imax. This implies that the average
value of intensity 〈I〉 is determined by D for that cycle and

FIG. 2. An optimized time-averaged potential (black solid line)
created by numerical integration of PWM waveform. We experi-
mentally generate this potential by changing the duty cycle (blue
markers) linearly in different time segments.

independent of the period. Thus, the time-averaged dipole
potential for one cycle with PWM can be written as

Udipole(r) = − 1

2ε0c
Re(α) · D · I (r). (4)

In the above discussion, we model the AOMs response as a
step function and verify that changes in duty cycle directly
reflect in the time-averaged potential depth. When the on time
approaches the AOMs response time, deviations from this
assumption occur, but they do not affect cooling. However,
the finite response time limits our control over systematic
cooling, as we can no longer control the potential depth solely
by adjusting the duty cycle. For generating a decreasing time-
averaged dipole potential for evaporative cooling, a linear
ramp down in D is applied across different time segments.
An example of the time-averaged potential is shown in Fig. 2,
where the period of the PWM is 1 µs, and the total evapo-
ration time is 1 s. For a period of 1 µs, the corresponding
modulation frequency is 1 MHz, and we will refer to the
modulation frequency throughout this paper. The solid line in
Fig. 2 represents the time-averaged potential as a function of
time. The total time of 1 s has 1 × 106 cycles. For each cycle,
time-averaged potential is plotted by multiplying the duty
cycle with the laser intensity. To achieve this experimentally,
we linearly ramp D in five segments, starting from D=1 and
ending at D=0 (completely off). It’s shown with blue markers
in Fig. 2. The time-averaged dipole potential (also shown in
Fig. 2) represents the optimized evaporation sequence for our
experimental setup. The sequence is optimized by monitoring
the temperature and loss of atoms. This optimized sequence
is used with different modulation frequencies throughout the
paper.

Condition for cooling with PWM technique

As the dipole trap laser power is kept constant in this
process, modulation frequency plays a major role in evapo-
rative cooling. The modulation frequency is determined by
considering the beam waist of the dipole trap and trap depth. If
the modulation frequency is too low, the atoms could drift too
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far and be lost. Effective evaporative cooling relies on elastic
collisions between atoms. In this process, atoms with higher
velocities are lost from the trap, as their kinetic energy exceeds
the trap depth, while the rest of the atoms remain trapped and
re-thermalize through collisions. As the trap depth is gradu-
ally lowered, this cycle repeats, removing the hottest atoms
and driving the atoms to lower temperature, a standard mech-
anism of evaporative cooling. However, in our case, there is
a possibility of atom loss when the trap is off, especially at
lower modulation frequencies. So to calculate the lower limit
for modulation frequency by considering the atom’s velocity
(vatom) and beam waist (2ω0) as discussed here [40], we set a
lower bound of

fmod � 1

2w

√
2kB.Ttrap

m
. (5)

From the above calculation, the minimum modulation fre-
quency ( fmod) for our setup is 3.5 kHz, for a maximum
trappable temperature (Ttrap) of 600 µK for our setup. So,
for effective evaporation through time-averaged potential, the
modulation frequency should be higher than this value by a
factor of 10 to 100 [41]. To validate this, we measure the loss
of the atoms with different modulation frequency by holding
the atoms in trap. We scan the modulation frequency from
200 kHz to 1 MHz, find the minimum loss corresponding to
the 1 MHz.

III. EXPERIMENTAL DETAILS

The experimental sequence begins with loading ∼2 × 106

atoms of 87Rb in a crossed dipole trap at a temperature
of 120 µK from a standard 3D-magneto-optical trap. The
wavelength of the crossed dipole trap beam is 1064 nm and
beam waist is 100 µm at focus point with a power of 5 W
in each beam. After loading the atoms in dipole trap, we
switch off the MOT loading, and the magnetic-field gradi-
ent (22 G/cm) is kept on during the evaporation process to
support the atoms against gravity. We used 120 MHz and
110 MHz acousto-optic modulators (AOMs) to drive the
dipole beams and PWM is applied through these AOMs as
shown in Fig. 1. More details about our experimental setup is
described here [42]. For the evaporative cooling, PWM pulse
was continuously applied throughout the entire sequence of
evaporation, spanning from the initial step to the final step.
We use an arbitrary waveform generator (AWG:Spectrum
Instrumentation-M4i.6631-x8), externally programed for gen-
erating and shaping the PWM pulse for duty cycle ranging
from 100% to close to 0%. Further, the output signal from
the AWG was connected to a fast RF switch which controls
the switching of AOMs for time-averaged dipole potential.
In the final stage, as we gradually reduce the duty cycle, we
encounter limitations imposed by the rise and fall time of
the AOMs, which is approximately 100 ns. The evaporation
efficiency is optimized by measuring the temperature (T )
by time-of-flight method. The number of atoms (N) and the
atomic cloud expansion is determined by absorption imaging.

FIG. 3. (a) Number of atoms after a 1 s hold time with differ-
ent modulation frequencies and a fixed 50% duty cycle. Markers
represent experimental data, and the solid line is a linear fit. (b) Com-
parison of the loss of the atoms with and without modulation at fixed
power. Here, solid lines are exponential fit.

IV. RESULTS

The first step for PWM cooling is to determine the modu-
lation frequency at which the losses discussed in the previous
section are minimized. This frequency is determined by ob-
serving the atom loss under modulation of the dipole trap for
one second of hold time. The modulation frequency is varied
from 200 kHz to 1 MHz with 50% duty cycle. We observe
losses at 200 kHz even when it is orders of magnitude higher
compared to the limiting frequency of 3.5 kHz. As shown in
Fig. 3(a), the loss decreases as the modulation frequency is
increased. We gain approximately 11% of the maximum atom
number for each 100 kHz increase in modulation frequency.
At 1 MHz modulation we observe that the atom number loss
is very close to the case of not modulating the trap. Also, we
did not observe any sudden loss in the number of atoms while
tuning the modulation frequencies, indicating that the modu-
lation frequency is not resonant with the trap frequencies. To
ensure that the loss dynamics are similar to the case of not
modulating the trap, we do further experiments.
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FIG. 4. Evaporative cooling is shown with a decreasing duty
cycle over time in blue dashed lines, corresponding to a decrease
in temperature in red. A time-of-flight image of cold atoms on the
right, showing the state before evaporation and after 1 second of
evaporation by PWM at 1 MHz.

We compared the atom loss rate with and without modula-
tion. For the case of no modulation in the trap, we reduced
the dipole trap power by 50% to match the time-averaged
potential with modulation. As seen in Fig. 3(b), for the case
of no modulation, the loss rate was slightly lower compared
to modulating it at 1 MHz, when the average power in both
cases is the same. The atom loss rate is comparable in both
case with time constant of 350 ms for without modulation, and
313 ms for with modulation. In our setup, density dependent
losses dominates in both cases. We start evaporative cooling
by creating time-averaged potential. The evaporation ramp
is divided into five steps. At each step the average trapping
potential is decreased by changing the duty cycle in a linear
fashion. It’s shown in Fig. 4 with blue dashed lines. Each evap-
oration step is optimized manually by observing the reduction
in temperature, which is also plotted in Fig. 4 by red lines.
The corresponding time-averaged potential by integration is
shown in Fig. 2. The lowest temperature that we achieve
by this manual optimization is about 3 µK. Here, machine
learning techniques [43,44] for time-averaged potential could
also be implemented for reducing the temperature. Finally, we
measure the final temperature and number of atoms after full
evaporation, following the same evaporation sequence as in
Fig. 4 by changing the modulation frequency from 100 kHz
to 1000 kHz. The data is shown in Fig. 5, each point is
averaged with ten data set. We observe a gradual decrease in
temperature as a function of frequency, with the temperature
reaching a minimum at 700 KHz. The increase in modulation
frequency reduces the temperature as well as enhancing the
atom number, for the number of atoms, a connection with
Fig. 3(a) could be built. Here, we get a minimum temperature
at 700 kHz, because of the smoother time-averaged poten-
tial, which gets compromised by the response time of the
AOMs at higher frequencies toward the end of the sequence.
The number of atoms after full evaporation is approximately
2 × 105, which corresponds to the value 1 in Fig. 5. At lower
frequencies, atom loss may have compromised the cooling.
We also measure the temperature after standard evaporation,
which we get 3 µK, following the same dipole potential re-
duction as the time-averaged potential over 1 s. Both methods
yield similar results for temperature and atom number within

FIG. 5. Temperature of atoms after full evaporation as a function
of modulation frequency is denoted by red. Blue markers denote the
number of atoms.

the time constraint of 1 s. For measuring the temperature of
atoms as shown in Fig. 5 after evaporation, we measure the
expansion rate of cloud width by providing different time of
flight. The relation between cloud width and temperature are
given by [45]

σ (t ) =
√

σ 2
0 + kBT t2

m
. (6)

In Fig. 6, we have shown some example images of atomic
cloud for (100, 700, and 1000) kHz modulation frequency for
(4, 6, and 8) ms time of flight. It shows a decrease in tempera-
ture and increase in atom numbers. The corresponding calcu-
lated temperatures are approximately (4.4, 3.1, and 3.3) µK
and atom numbers are (1.0, 1.7, and 2.0) × 105. Further,
with this evaporation technique, we achieve an approximately
four order of magnitude increase in phase space density,
reaching value close to 10−2 for 700 kHz. It’s in the same
proportion for other modulation frequencies, corresponding to

FIG. 6. Time of flight images of atomic cloud at different modu-
lation frequency. The modulation frequency of 100 kHz shows higher
temperature and more atom loss compared to higher modulation
frequencies.
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their temperatures and atom numbers. The PSD for standard
evaporation is also 10−2.

V. CONCLUSION

In this experiment, we introduced and demonstrated a
method for cooling atoms in optical dipole traps without
reducing the laser power of the dipole traps. Our approach
involves creating a time-averaged dipole potential by rapidly
switching the optical dipole traps on and off and adjusting
the duty cycle by the PWM technique at a fixed frequency
via an RF switch. By carefully optimizing the duty cycle,
we successfully lowered and shaped the time-averaged dipole
potential, facilitating atom cooling through evaporative pro-
cesses. We reduce the temperature of cold atoms from 120 µK
to 3 µK in 1 s, keeping over 10% of the initial atoms. This
method is as efficient as standard evaporation in terms of both
temperature reduction and atom retention.

In conclusion, PWM-based evaporative cooling method
presents a robust, efficient, and easily implementable ap-
proach for atom cooling in optical dipole traps. In large-scale
neutral atom arrays with 1000 qubits or more, this technique’s
simplicity and digital control greatly reduces system complex-
ity by removing the need for analog power control, while still
allowing individual trap cooling. The lower temperature of

atoms in dipole trap enhance photoassociation efficiency for
neutral atom arrays in quantum computation [46,47]. Further,
eliminating light shift in precision spectroscopy [48] is also
possible by this technique.
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