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Introduction  

Powerful cooling techniques are an important ingredient for 
many scientific experiments. The last decades have unrav-
eled a whole industry exploiting the merits of laser cooling 
mostly applied to produce ensembles of cold atoms and 
molecules, e.g. in a magneto-optic-trap, but also to individ-
ual particles whether being it neutral atoms or electrically 
charged ions [1]. 
With these techniques at hand many quantum mechanical 
Gedankenexperiments conceived in the early days of 
quantum mechanics at the beginning on the 20th century 
can now be implemented in the lab on a daily basis. Most of 
the cooling schemes used today exploit the internal energy 
structure of the particles to deliberately deplete the energy 
and entropy from the systems. Doppler cooling and resolved 
sideband cooling are two prominent examples for such 
techniques. For cases where the internal energy structure is 
unknown or unsuitable for the implementation of efficient 
cooling cycles, alternative methods are needed. Single 
molecules or mesoscopic particles are typical cases where 
a parametric feedback modulation of the trapping potential 
enables cooling of the center of mass motion, even of room 
temperature systems, down to temperatures below 1 mK 
and potentially into the quantum regime. 

Method 

For the sake of simplicity let’s consider a one dimensional 
system along 𝑥𝑥 where the trapping force 𝐹𝐹 is given by 
 
𝐹𝐹 =   −𝑘𝑘 ∙ 𝑥𝑥 
 
with a trap stiffness 𝑘𝑘. This force leads to a harmonic trap 
frequency of 
 
𝛺𝛺   = 𝑘𝑘/𝑚𝑚 
  
where 𝑚𝑚 ist the mass of the trapped particle. 
In the time domain picture, parametric feedback cooling 
relies on the modulation of 𝑘𝑘 depending on the particle’s 
localization and direction of travel. When the particle is 

heading away from the trap center, the potential wells it 
has to climb are steeper (large 𝑘𝑘 ), whereas when it is 
heading inbound towards the center, the wells are lowered 
down (small 𝑘𝑘) as indicated in Figure 1. Considered in the 
frequency domain, 𝑘𝑘  is modulated at twice the trap fre-
quency: 2𝛺𝛺. Depending on the phase between the particles 
motion and the feedback applied, the energy of the particle 
motion is either damped or amplified. In order to perform 
parametric feedback cooling one has to perform the two 
following steps: 
 
1. Real-time sensing of the trapped particle’s motion 𝑥𝑥(𝑡𝑡). 
 
In cases where the particle motion leads to some electrical 
oscillation, this sensing step can be performed by using a 
phase-locked loop (PLL) that maps the particle motion 
phase-coherently to the state of a numerical oscillator. With 
that in place the dynamic information is entirely transferred 
into the digital domain and available for further analysis, 
processing and feedback. 
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Figure 1. Time varying harmonic trapping potential.  The rebound-
ing force 𝐹𝐹 is increased when the particle is on the way from the 
trap center and decreased on its inbound movement. 
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2. Apply fast and coherent feedback to the trapping 
potential based on the 𝑥𝑥(𝑡𝑡) sensing 
 
The frequency of the numerical oscillator can be easily 
multiplied by a factor of 2. Intelligent amplitude and phase 
control of the signal fed back to the trapping potential will 
then lead to the desired damping of the particle motion. 
 
In the analog world the feedback signal can also be gener-
ated by applying 𝑥𝑥(𝑡𝑡) and 𝑥𝑥 𝑡𝑡  to a mixer and then feeding 
back the filtered 2  𝛺𝛺 component with proper phase adjust-
ment. That might offer high feedback loop bandwidth but 
has certain drawbacks concerning flexibility when it comes 
to adjustments of phase, bandwidth and gain. Also analog 
signal conversions can remove substantial amounts of 
signal-to-noise ratio and hence limit cooling performance. 

Experimental example: optical dipole trap 

This cooling principle is universal in a sense that it can be 
applied to a single atom as well as to a child sitting on a 
swing. Let’s consider a recent interesting example from the 
physics literature. In 2012 Jan Gieseler and coworkers 
reported in [2] on an implementation of a parametric 
feedback cooling scheme to nanoparticles trapped by 
optical dipole forces in the focus of a strong laser light field. 
In this experiment the trap stiffness is within a good ap-
proximation directly proportional to the intensity of the 
laser, which can be controlled with high time resolution by 
means of an electro-optical modulator. Sensing the parti-
cles’ location and motion along a certain direction is 
achieved by shining a coaxial laser onto the particle and 
detecting the modulation imprinted by the particle move-
ment. The experiment and the way it can be controlled using 
either a Zurich Instruments UHFLI or HF2LI is shown 
schematically in Figure 2. 
Extracting this signal alone can be a very challenging task. 
Depending on the particular experimental conditions the 
signal will likely be buried in the background noise, espe-
cially if trap frequencies are low. A balanced photo-
detection scheme can help to cancel out most of the laser 

noise. A modulation of the detection laser at a high frequen-
cy, e.g. 20 MHz, can help to shift the signal to a part of the 
spectrum where the electronic noise floor is significantly 
lower than at smaller frequencies and so help to further 
improve the obtained signal-to-noise ratio. The price here is 
an electrical detection challenge since the resulting signal 
of interest now comes as the difference frequency between 
the laser modulation carrier at 20 MHz and the sidebands 
implied by the particle motion. Figure 3 shows a schematic 
of the elements required for a suitable detection scheme.  
Once the particle motion signal is identified one can record 
a spectrum and integrate over the power spectral density 
which can be shown, following the equipartition principle, to 
be directly proportional to the particle temperature.  Figure 
4 shows two example curves, one at room temperature and 
one with the cooling switched on. 
 

Figure 2. Parametric feedback cooling as implemented in an optical 
dipole trap experiment where the center of mass motion of a silica 
nanoparticle is cooled down to temperatures below 1K. Laser 1 
provides the field for trapping the particle and Laser 2 is used to 
sense the particle motion.  
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In either case, whether the motion is detected directly or by 
means of an additional modulation of the sensing laser 
amplitude, a PLL will phase-coherently map the motion to a 
numerical oscillator. Finding the right trade-off for the 
bandwidth of this servo loop is key for successful and 
stable cooling operation. If the bandwidth is set too large, 
unwanted spectral components will leak into the loop and 
deteriorate the cooling rate (or even lead to heating). For a 
bandwidth set too small the cooling rate will also drop, as 
fast particle movements cannot be counteracted. The full 
width half maximum of the power spectral density usually 
gives a good estimate of how large the bandwidth should 
approximately be. 
Another important consideration for the stability is the 
robustness of the phase detection. Imagine the particle is 
hit by another particle. In most cases the particle mass will 
probably differ considerably and what can be expected is 
mostly a form of elastic scattering where no energy is 
transferred. However, the phase of the particle’s center of 
mass motion can experience a discontinuity, which can turn 
the cooling process into a heating scheme for a short time. 
A phase unwrapping mechanism that allows an increase in 
the lock-range of the PLL from the typical ±π – usually 
limited by the arctan operation determining the phase – to 
±32π will give the PID controller a fair chance of finding a 
proper step response to the scattering event. 
For starting the cooling operation it is helpful to continu-
ously monitor the spectrum and then slowly increase the 
amplitude of the feedback, i.e., the modulation amplitude 
imparted on the cooling laser. Once an effect is observed 
one can play with the phase to see which setting is most 
suitable for cooling and then slowly increase the amplitude 
of the feedback. 
Even though the implementation of the cooling scheme is 
relatively simple when using Zurich Instruments equip-
ment, there remain a few challenges along the road for such 
an experiments. Deterministically loading nanoparticles 
into an optical trap is one of them. Another one is the close 

consideration and control of the background pressure. 
While loading the particle might work best at ambient 
pressure, where the lateral motion of the particle is strongly 
restricted (as if it were in molasses), cooling down to ulti-
mately low temperatures requires the best possible decou-
pling from the hot environment and hence pressures as low 
as possible. That is also where the great advantage of using 
lasers in this context kicks in as it allows tuning the 
strength of interaction with the particle over many orders of 
magnitude, setting strong interactions in order to trap it and 
tiny ones in order to detect its motion. This facilitates the 
minimization of any undesirable interaction between the 
particle and the environment. The final center of mass 
motion temperature achieved then turns out to be a bal-
ance between the effective cooling rate and the remaining 
heating rate caused, for instance, by inelastic collisions and 
the frequency and amplitude noise of the trapping and 
sensing lasers. The odds are good that experimental results 
where the quantum mechanical regime starts to become 
important will be seen within the next few years. 

Key Advantages 

Zurich Instruments offers two measurement platforms 
suitable for implementing parametric feedback cooling, 
both consisting of a lock-in amplifier and phase-locked loop 
combination. The HF2LI is an instrument that can handle 
input frequencies of up to 50 MHz while achieving a maxi-
mum PLL bandwidth of about 50 kHz. The UHFLI caters for 
input frequencies up to 600 MHz while providing a maxi-
mum PLL bandwidth of about 300 kHz. Only the UHFLI 
offers the phase unwrap for the PLL but both instruments 
can control up to two spatial directions simultaneously 
even when an extra modulation is applied to the sensing 
laser and the sideband frequency has to be extracted. 

Figure 3. The block diagram details the signal processing pathways implemented inside either the Zurich Instruments UHFLI or HF2LI. For the 
example it is assumed the first modulator is an acousto-optic modulator (AOM) that is operated on the same frequency f1 as is used for shifting 
the trap frequency. The second modulator could be an electro-optic modulator (EOM) or a Pockels cell. Depending on the modulators used the 
wiring diagram can be adjusted accordingly. 
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The fully digitally implemented electronics have the follow-
ing advantages compared to analog solutions: 
 
∏ High signal-to-noise ratio detection 
∏ Frequency doubling without loss of SNR 
∏ All control electronics in one box 
∏ Full computer control over all parameters 
∏ Deterministically adjustable servo speed  
∏ Real-time spectral temperature characterization 
∏ Stable operation through phase unwrapping 
 
With this integrated set of advantages we believe ultimately 
low temperatures can be achieved and analyzed much more 
rapidly and conveniently than with any other commercially 
available equipment. 

 

Conclusion 

Parametric feedback cooling is a powerful scheme with 
demanding requirements for control electronics. Zurich 
Instruments offers a unique commercial solution that 
allows for a powerful and convenient implementation of 
parametric feedback cooling across many types of experi-
similar measurement challenge, get in touch with our 
Application Engineering team in order to discuss your 
specific requirements.  
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Figure 4. Power density spectra of the particle trapped at a 
frequency of 115 kHz taken at the three different temperatures of T 
= 300 K, 0.6 K and 40 mK. The corresponding background pres-
sures were 4 mbar, 1.5·10-03 mbar and 4.70·10-06 mbar. With the 
cooling in place the integrated area below the spectral peak is 
reduced by almost 4 orders of magnitude.  
Measurement data courtesy ETH Photonics Lab.  


