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Abstract

In this deliverable report we describe the experimental and theoretical approach towards the realization
of a particle pump based on optical traps and microbeads. Specifically, our experimental setup is based on
a micron sized silica bead trapped in a feedback controlled optical linetrap, acting as the potential. The
position of the bead is measured and when the bead has passed certain checkpoints, barriers are raised
behind the bead, rectifying its diffusion. We have developed a theoretical model, which enables a
fundamental understanding of the underlying principles as well as of the implications and limitations of
the experimental Maxwell’s demon. Important steps towards the experimental implementation of a
Maxwell Demon have also been accomplished.
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1 Introduction

Strong statistical fluctuations in meso- and nano-scale structures make their thermodynamic properties
extremely dependent on the information available about them. The most basic process illustrating the
importance of information to statistical systems is the information-to-energy conversion in the famous
Maxwell’s Demon (MD). The primary goal of the INFERNOS project is to study both experimentally and
theoretically the statistics of fluctuations and the role of information in the thermodynamics of nano-scale
systems.

The first milestone will be the experimental realization of the nanoscale MD. We will create an
experimental set-up and develop the corresponding theory of the monitored statistical evolution with
feedback that optimizes the information-to-energy conversion. The implementation of such a system and
the underlying theory is described in this deliverable report, which belongs to WP 1 “Micro-particle and bio-
molecular foundations of MD”, Task 1.1 “Realization of a microbead MD”.

Our vision in INFERNOS is to develop the nanoelectronic and bio-molecular devices that will allow us to
systematically explore the limits of information-powered systems, in particular to test the Szilárd’s limit
relating one bit of information to extracted energy. Though the concept of a MD is tremendously important
for development of modern statistical mechanics, MD-type experiments are still at their infancy. Our
experimental study of MD will naturally lead to further progress in the relevant theoretical concepts.
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2 Report

2.1 Objectives and overview

Ever since Maxwell proposed his gedankenexperiment in 1871 [1], the idea of extracting work from a single
thermal bath has been extensively discussed [2]  and the experimental realization of a Maxwell’s Demon
(MD) [3] is an ongoing challenge. In this part of the INFERNOS project, a feedback controlled particle pump
for microbeads, which is a realization of an MD, will be developed. Such an approach offers a unique
opportunity to develop an MD in its purest form and investigate its principles relying on a relatively simple
theoretical model.

The first step on the way towards the realization of such a MD is the implementation of a feedback
controlled potential that allows for feedback-enabled particle pumping, and the thorough understanding of
the underlying theory.

We begin by offering an overview of the targeted system. The optical trap is the most central part of the
set-up. Here a monochromatic beam is focused through an objective with a high numerical aperture so that
its gradient field around the focal point is strong enough to trap a small dielectric particle [4]. If then the
beam is scanned with a speed exceeding the speed of the thermal fluctuations of the particle, the particle
will feel an effective line potential and thus be able to move freely in one dimension (Fig. 1a). By
modulating the beam intensity, virtually any potential shape can be created (Fig. 1b). For feedback control
the bead’s position is being observed. As soon as the particle crosses a predetermined checkpoint, the line
potential can be varied such that a barrier is set up behind the bead, without exerting force on it,
preventing it from moving backward (Fig. 1c & d).

The experimental implementation of such a feedback-controlled particle pump can be broken up into the
following sub-tasks:

Installing and assembling the optical setup and Implementing digital setup control (camera and
potential)
Programming feedback control
Measurement and correction of flat potential
Testing system stability
Testing feedback control

Of these sub-tasks, the optical trap setup has been assembled, aligned and all necessary programming has
already been carried out successfully. We are able to trap beads in a point trap mode for several hours and
the correction of the flat potential is in progress. We have managed to extend the average “lifetime” of the
bead (time until it jumps out of the trap) from just a few seconds to more than one hour by optimizing the
evenness of the potential. This will be described in further detail in section 2.2.

From a theory point of view, the effect of imperfections of the experiment on the MD performance must
be understood before the MD can be fully realized. Specifically, an ideal MD requires: 1. a barrier with
infinitely steep slope (so that the barrier does not do work on the particle) and 2. instantaneous feedback
implementation is instantaneous. In a “real” experiment neither of those two conditions can be fully
satisfied. Feedback delay can give rise to trapping of the particle at the wrong (unintended) side of the
barrier. However its effect can be minimized through adaption of the checkpoint position, if its exact
quantity is known. Due to the size of the bead [5] and the response of the Acousto-Optical Deflector (AOD)
(section 2.2) the barrier slope will always be finite [or more precisely, the potential edges will be smoothed
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out (Fig 5b)]. This can lead to unintended exertion of work on the bead or the bead might be able to
overcome the barrier.  To understand, quantify and eventually minimize the implications of both of those
violations of the optimal MD in the experiment, theoretical simulations are inevitable.

Thus we implemented a simple theoretical model (section 2.3.2). It enables us not only to choose an
“interesting parameter region” but also helps us to fully understand the underlying principles of the
experiment. Furthermore the Inclusion of the external force in the model will simplify the upcoming tasks
1.3 (Performance analysis of a microbead MD) and 1.5 (Multi-tasking Maxwell Demon).

2.2 Experiment

2.2.1 Setup and principles

We have implemented an AOD based scanning optical line trap (Fig. 2). The system consists of three main
components, the laser with wavelength = 1054 , the AOD, and the objective with a high numerical
aperture. The laser beam is expanded, covering the back aperture of the AOD, which scans the beam in one
dimension. The scanned beam passes through a second beam expander and finally the microscope
objective. The objective is an immersion oil objective (100x, Leica Model NO 11566014) with a numerical
aperture of 1.4. The high numerical aperture enables focusing of the laser beam into a small point very
close behind the objective in the microchamber, creating a strong gradient field. The chamber consists of a
microscope slide and a coverslip, which are stacked upon each other and taped together, leaving a small
vacancy that can be filled with a solution. The resulting chamber, in which the beads are suspended is
about 3cm x 0.5cm x 60 m. For the experiments silica beads with a diameter of 0.9 m are used.

To enable imaging and tracking of the beads, the chamber is illuminated with a white light source from the
back side and a CCD camera is implemented. The camera as well as the AOD are controlled using LabView.

Figure 1 Principles of a feedback controlled particle pump a) Principles of a line trap: a bead is trapped in the focal
point of a laser beam, by scanning the beam, its movement is confined to a 1dim line b) Photograph of a line trap
(length 15 m), darker areas representing potential barriers c) realization of a MD; back diffusion is inhibited by
barriers, that are set up once the bead has passed a certain safety distance (d) If an external force is applied
to the bead, one can measure the work = ×  the MD performs against this force for each step.
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2.2.2 Limitations

Three main limitations of this setup will influence the performance of the particle pump and MD. First, the
precision of the bead position is limited by the camera resolution to 9.55 . Second, both the particle
tracking and potential change will need time, leading to a feedback delay. The third limitation arises from
the fact that the one-dimensional potential, created through scanning of the beam, will not exactly match
the “input potential” supplied by the control setup. This is due to two reasons: The AOD has a limited
resolution, thus it will “smoothen” the potential. Additionally its output is not uniform over the complete
angular range. Through measurement of the potential and adequate adaption of beam intensity we are
able to correct for this within a certain range. However for large angles the variation in the potential is too
large to be corrected through intensity profiling, which limits the maximum length of the trap to about
25 m.

Figure 2 a) Photograph of Setup, showing the Illumination source, Sample Chamber, which is mounted on a stage,
the Objective, the third Beam Expander and the CCD camera. The beam path is drafted. b) Setup. The1mm Laser
beam ( =1064nm)  is  first  expanded to fit the back aperture of the AOD (6.4mm), which scans the beam in one
dimension, and then the back aperture of the microscope objective, focusing the light in the chamber. The third
telescope allows fine adjustment of the trap. An Illumination source and CCD camera (484x648pxl) allow imaging
of the sample.
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2.2.3 Experimental results and future plans

We have installed all devices, aligned the optical components and integrated the Setup Control, which is
done with the help of LabView, enabling us not only to switch easily between “point-” and “line-trap” but
also between different line trap modes. The LabView control panel allows to choose the number of
barriers, their width, the trap length, a ratchet-like potential, including or excluding feedback control. We
have updated the image analysis code (tracking algorithms) and implemented a feedback algorithm,
switching automatically to the next barrier, when the bead has overcome a certain checkpoint .

We use the position measurements also to determine the shape of the potential the bead is moving in. The
ratio of bead-detections at position x, N(x), to all detected positions N are related to the potential V(x) as

( ) ( ) ,

where  is Boltzmann’s constant and  is the absolute temperature. This method is reliable and easy to
implement, but it requires a large amount of data. If the slope of the potential is too steep, the beads will
not often enough be detected “uphill” for sufficient statistics. Thus for measurement of the barrier shape,
we have implemented a second method, using the beads’ velocities when gliding down the potential hill:

V(x) ( ´) ´ =

where  and  is the velocity of the bead. The “resolution” of both methods is ~1 , thus a higher
resolution could only be determined by cooling down the system.

Once the potential is quantified, we modulate the intensity of the laser beam to compensate for deviations
from the intended potential shape. Since both the beam intensity and the gradient force depend on the
electromagnetic field and the measurement only gives relative values, the correction is not trivial. Different
amplitudes and offsets must be tested in order to find the optimal correction. Then the potential is
determined again with the described methods and corrected in an iterative manner until variations are
within 1kT.

Figure 3 a) bead distribution within the 1dim potential before (“1st”) and after 3 iteration steps (“4th”) b)
corresponding potential c) CCD image of silicon beads and of d) the smoothened flat potential trap. Further
iterations will lead to additional smoothing, down to the order of 1 kT [5].
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Up to this point we have carried out several iteration steps, smoothing the even potential (Fig. 3). Once this
task is completed we can measure the barrier shapes and test the functionality of the feedback algorithm.

The diffusivity  of the bead is another crucial parameter. We will determine  through the relation (Fig. 4)

=
1
2

lim ,

Where  is time and  denotes ensemble average.

2.3 Theory

2.3.1 Leading questions

The purpose of our analytical calculations as well as Brownian dynamic simulations is to address the
following questions:

How do a finite barrier and feedback delay influence the performance of the particle pump?
Which parameter regime is especially interesting?

Additionally it has to be understood whether correlations between the measurements are significant, how
(much) information is encoded in the “checkpoint” measurement and how this information, respectively
Shannon entropy can be calculated in an efficient and reliable manner. In order to address Task 1.3
(Performance analysis of a microbead MD), the possible influence of a finite barrier well on the
performance of the MD should be investigated (this concerns maximum efficiency and efficiency at
maximum power). Moreover should the simulation answer the question if it is possible to realize a pure MD
despite feedback delay and finite barrier slope.

Figure 4 Example of the experimental determination of the diffusion constant of a silicon bead in aqueous
solution. Displayed is the average displacement of the bead  after the time  and the linear fit.
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In addition, after determining the diffusion constant , the external force  and the barrier slope , the
simulations can be used to determine how long - how many frames - it will take for the bead to reach a
non-equilibrium steady state.

Here follows a short description of the theoretical model, some essential results and their relation to the
experiment.

2.3.2 Theoretical model

Consider a Brownian particle moving in a one-dimensional asymmetric potential ( ), defined by the
two forces  (barrier force) and  (external force), a state variable  and the particle position x (Fig. 5).

) =
( )

. The system is coupled to a thermal bath at temperature T.

The state variable  is controlled by an external agent (feedback control), increasing  by 1 if the
particle has overcome the safety distance , measured from the potential Minimum ) =

( ) ) at the time of measurement . A cycle is completed after each measurement. The
change of the state  will increase the extracted work  by | ( + 1) )| and depending on

 exert work  on the particle. Since every cycle ends with a measurement, information gained per
cycle corresponds to information per bit, called information rate . We define efficiency per cycle as:

=

Figure 5 a) Sketch of an ideal potential barrier b) more realistic potential barrier with rounded corners and c)
model system: barrier estimated with the slope  the external force , the safety distance x and the
distance between barriers L.
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If waiting times between position checks are long enough, the system will have reached equilibrium and is
analytical solvable. In our experiment this will not be the case, making simulations of the dynamics
necessary. The dynamics can be described by the overdamped Langevin equation, characterizing a single
trajectory step of a particle under the force of the external potential ( , ) and the stochastical force

( ) within the characteristic time :

( + 1) = ( ) + ( , ) + (

 – Diffusion constant,  – Boltzmann´s constant,  – temperature,  – characteristic time.

Whereas ( ) obeys the fluctuation-dissipation relation and

( ) ( ) = 2 ( , ), ( ) = 0

In an ideal MD the safety distance  will be at the position of the next barrier (or larger). If feedback delay
occurs, it will reduce  to an effective value between the potential minimum and this position (Fig. 5c). If

 is much smaller than zero only the force  corresponding to the barrier will be acting on the bead. In
this way it allows us to investigate not only the “pure MD”, but also the impact of feedback delay and
Power stroke.

Figure 6 Analytical calculated efficiencies  (dimension-less) of the MD in dependence of the safety distance x
[L], expressed in barrier lengths L and the barrier slope fb. The external force is set to be 2 [1/L]. For an infinite
barrier (fb = 104) maximum efficiency occurs if the safety distance matches the position of the next barrier. For
finite barrier slopes the peak broadens and shifts towards smaller values.
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2.3.3 Theoretical results and relation to experiments

When the system is run in finite time, it will not approach equilibrium. Instead, after a transient a non-
equilibrium steady state (NESS). Thus it is important to understand, how many “steps” it will take to reach
such a state, meaning how many cycles have to be completed and finally how many frames will have to be
evaluated. And is it even realistic to gain that amount of data?

After the barrier slope is determined and the diffusion constant  is measured, we can answer this
question with the help of our simulations and eventually adjust parameters such as the distance between
barriers or the checkpoint position to gain experimental results in a more efficient manner.

The important parameters that connect our theoretical model with the experiment are external force ,
the barrier slope , the diffusion constant , the characteristic time and the distance between barriers

as well as the safety distance .

As described in section 2.3.2 we determine the potential shape through position measurements. The flat
potential will have deviations within 1  and be represented as = 0 in the model. The barrier shape
will be measured and then approximated by the slope  . The diffusion constant  is a property of the
silicon beads and the solution they are diffusing in. It will be experimentally determined (see Fig. 4) and fed
into the model. The characteristic time between steps is determined by the number of frames that can be
recorded and analyzed. A frame rate of about 120  leads to 0.008 . In previous
experiments it has been possible to achieve barrier slopes of ~30 . If we set the minimal barrier
height to about ~10  and take into account that the potential will also be rounded on the top, the
minimal barrier width can be estimated to ~0.9 .

The variables L and  will be chosen depending on the simulation results. In the experiment the input
spatial resolution (not the measured) of the potential is determined by the number of channels used to
encode the potential in the function generator. We use 1500 channels, leading to a smallest shift of
0.0017  and thus being sufficient for our purposes.

In case of an infinite barrier slope (estimated by = 10 ), the model shows maximum efficiency for safety
distances  exactly behind the position of the next barrier, decreasing as L/  for larger  and dropping
instantaneously to zero for smaller safety distances (Fig. 6). In this region the work performed on the
particle by the barrier is huge compared with the potential energy gained by the bead.

Thus if feedback isn´t immediate, the bead will have time to “slide” back down the slope, crossing the
checkpoint, leading to tremendously decreased efficiency. We found that a finite barrier diminishes this
effect greatly, broadening the peak and thus making it less sensitive to feedback delay, while the efficiency
at a safety distance L is reduced slightly.

In the course of developing the model we not only tested different methods in order to calculate the
gained information but in fact were able to develop a reliable method, which can efficiently capture the
properties of our system.

It turned out, that even though the subsequent bead position measurements are strongly correlated, the
outcomes of the checkpoint measurements show only correlations for very small barrier distances L or if
safety distances are very close to the potential minimum.
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2.4 Conclusions

In summary we have fully developed the experimental concept for a particle pump (as the basis for a
Maxwell Demon device), and have implemented the key elements. We have implemented a simple
theoretical model and carried out simulations that enable a fundamental understanding of the underlying
principles as well as of the implications and limitations of the experiment. Moreover it will be of
importance for the upcoming Tasks 1.3 and 1.5. We have installed the experimental setup and trapped
silicon beads not only in the point trap but also in the line trap mode for more than one hour. We have
started measuring and correcting the flat potential and the task will be finished in the near future. After
accomplishing this, we will complete the realization of a state-of-the-art feedback controlled particle pump
for microbeads with a functionality test of the feedback control.
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3 Publications and other outcomes of the work reported in this deliverable

No publications yet, but a manuscript about the fundamental theoretical aspects is in preparation.
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4 Summary & Perspectives

We have reported on the realization of a state of the art particle pump, which is an implementation of a
Maxwell’s demon. The system is based on a silica microbead trapped in a feedback controlled linear optical
trap.

We have assembled, set-up, and tested the experimental system and we have proposed and developed a
model framework which is interesting in itself but will be of fundamental importance when interpreting the
operation of the Maxwell’s demon. We have briefly outlined this model and discussed its connection to the
experiments. What remains to be done is to achieve a smooth potential and to assess the functionality of
the Maxwell’s demon.

The results we have presented in this report are of fundamental importance and they pave the way for Task
1.3 “Performance analysis of a microbead MD”. Moreover they are highly significant for the discussion of
the results in the coming deliverables D1.3 “Report on experimental verifications of fluctuation relations
with feedback: experimental tests of fluctuation theorems” and D1.4 “Report on measurements of
efficiency, power output and efficiency”.

In conclusion, we have demonstrated that a working Maxwell’s demon based on a state of the art particle
pump is well within reach.
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