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ABSTRACT

Two Monte Carlo simulations of fluorescent, single-molecule spectroscopic systems are described. In the first, trapping in a two-dimensional fluidic device consisting of sub-micron-separated glass plates is numerically simulated. Trapping is accomplished by sensing the molecule's position via laser-induced fluorescence and applying real-time feedback regulating flow to compensate diffusional displacement. Two different illumination schemes are compared. In the first, a circularly scanning laser spot is focused in a plane. In the second, four spots derived from a single laser source are arranged in a square and temporally alternated such that only one is spot is illuminated at a time. Photon collection is time-gated so that a position estimate is made based on the quantities and arrival times of detected photons, and electrokinetic fluid control corrects the molecule’s position. The second simulation describes single-molecule detection in bulk flow through a microchannel, where the positions of the simulated dye molecules are not corrected. Illumination is provided by a continuous-wave, uniform-intensity line source with higher power than in the first simulation. Detection is achieved with a single row of pixels of an electron-multiplying CCD, with the goal being rapid, sequential molecule detections from fluorescence. This simulation represents a single component of a proposed system that would image multiple microchannels onto a single EM-CCD simultaneously.
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Introduction

Tracking and trapping single molecules that freely diffuse in solution has become an important and developing need in nanoscience and biotechnology (1).  Confocal fluorescence microscopy allows the detection of a single molecule, but except in highly viscous solutions, the molecule will swiftly diffuse out of a focal region.  To prolong the observation time, the molecule may be attached to a surface or to an anchor such as a polystyrene nanobead, but this may change the internal dynamics and interactions of the molecule.  It is therefore desirable to observe and manipulate molecules that are free in solution.

There are established techniques for trapping in one (2,3), and two (4) dimensions, and techniques for tracking in two (5,6,7,8) and three (9,10) dimensions.  Tracking is the adjustment of optics and/or a translation stage to keep a fluorescent molecule in focus; trapping is the movement of the molecule and/or the surrounding solution by electrokinetics, magnetokinetics, or optical manipulation back into a constant region of observation as the molecule is displaced by diffusion.

In 2000 Enderlein (5) put forth a technique for compensating the Brownian diffusion of a molecule in two dimensions by first sensing its position by use of a circularly scanning laser spot.  He proposed a system with feedback with a confocal microscope such that detected photons from the molecule were used to control a translation stage, which would keep the molecule at the center of the detection region.  The detected signal’s phase gives the angular position of the molecule, and the the amplitude of the signal gives the radial position.  In one of Cohen’s implementations of this technique, the time of arrival of a single photon is mapped against the period of the rotating laser spot to determine the molecule’s position (4). 
Several groups have tracked a single molecule in two dimensions (5,6,7,8), and Cohen and Moerner (4) have performed trapping with their Anti-Brownian ELectrokinetric (ABEL) trap.  The trapping of single molecules in solution is a growing field (11).  The ABEL trap used four electrodes to provide electrokinetic control of a fluorescent molecule confined between two glass plates.  Here, a scanning laser spot provides excitation, similar to Enderlein's setup; however, instead of translating the sample with a stage, the particle was controlled directly via the electrodes' manipulation of the solution.  The device used an acousto-optic beam deflector to circle the focused laser spot, and the trap's performance was chiefly limited by the period of this rotation and the feedback of the system.

It is worth nothing that other illumination schemes have recently been evaluated, such as Wang and Moerner's “knight's tour” scan pattern (12) for the ABEL trap, which has trapped 10nm particles in simulation.  This scanning pattern is a complex series of “jumps” in a 2-D region with ~1 us occupancy time at each spot.  The authors claim that this implementation is a necessary improvement over circular-scanning in order to trap particles as small as 10 nm as tightly as one micron from the desired location.

Our group has performed trapping in a nanochannel, where the molecule motion is limited effectively to one dimension.  Work on the detection of molecules in nanochannels was reported on in 1997 (13). Lab-on-a-chip devices can be easily fabricated with multiple nanochannels (14).  Our group has performed experiments in this area (3), and a simulation study of this experiment was recently reported (2).  <PUT IN SOMETHING HERE ABOUT PONGFEI SONG’S PAPER AND SECOND HALF OF DISSERTATION’S DIRECTION> For illumination in the nanochannel trap, a single pulsed laser beam was passed through a beam splitter and sent through two separate paths.  One path was longer than the other such that laser pulses would arrive alternatively at two overlapping spots along the nanochannel.  Time-gated photon detection with a single photon avalanche diode (SPAD) detector linked detected photons to the laser pulse most probably responsible for excitation.  Then two electrodes provided control by alternating flow to the left if the right spot were responsible for more excitations and vice versa.  Here, trapping was strongly displayed, both in experiment and in simulations. However, in experiment, the particles would eventually stick to the walls of the nanochannel and become immobilized.

Tracking has been performed in 3-D by modulating the scanning laser circle in the axial direction to outline a cylinder.  Tracking has been achieved using this technique via single photon excitation (6) and two photon excitation (7). Recently, new illumination techniques featuring a custom point spread functions have been used to track nanoparticles in 3-D.  These techniques has been used on quantum dots in solution and in living cells (15-18).

Other types of particle trapping exist that involve magnetic control (19-22), but these require tethering the particle to a bead, which is not desirable for many studies.  Optical trapping, first reported by Ashkin in 1997 (23) is popular for many applications (24), but the intensity required to trap scales nonlinearly with the inverse of the particle size (25).  For single fluorescently labeled biomolecules, this results in unfeasible laser powers and rapid photobleaching.  

Another interesting tracking technique is photothermal tracking, specifically Single NanoParticle Photothermal Tracking (SNaPT) (26).  Laser light is scattered from a gold nanoparticle and heats the local environment.  The increase of temperature will change the refractive index of the medium and thus enable detection when the region is repetitively scanned.  Particles as small as 5 nm have been tracked with this technique, but the photothermal effect is not fast compared to other techniques, and the required temperature measurements limit functioning to 30 Hz.  

Another experiment trapped and manipulated single quantum dots for over an hour at a time in two dimensions by using electrokinetic manipulation and a CCD for detection (27)  A broad 532 nm, 250 W/cm^2 source was used over the entire area of interest.  To obtain these results, the quantum dot was suspended in a solution with a viscosity 230 times higher than that of water at room temperature.  This setup later achieved application in the affixing of these quantum dots to a surface with 132 nm precision (28).

This paper describes the use of Monte Carlo simulations to study two-dimensional trapping of a single fluorescent emitter in a solution of water using two different illumination schemes.  The first entails a circular-scanning laser spot, simulated as a spot that moves between sixty-four discrete locations approximating a circle.   The other is a new technique extended from that used for trapping a molecule in a nanochannel:  a pulsed laser source is split into four paths that are aligned and temporally delayed to produce four focused laser spots in a square pattern, which arrive successively in the  plane of the sample cell.

The desired result of the study is to provide a comparison of our new technique with the most common illumination scheme of similar experiments and to determine the advantages of each approach under different operating parameters.  The goal of both setups is to trap a single molecule at mean fluorescence photon detection rates of ~105 s-1 and to replace the fluorescently labeled molecule quickly in the event of escape or photobleaching.

Chapter I: Simulation of electrokinetic molecular trapping

1.1 Overview

This simulation studies single-molecule trapping in two dimensions and follows work that studies trapping in a one-dimensional nanochannel.  A fluidic device consisting of glass surfaces spaced 0.1-1.0 microns apart provides the 2-D region of interest.  Time-varying laser irradiance provides for detection and trapping control, while electrokinetic position adjustment, created by four electrodes with variable voltages, provides position correction in a real-time feedback loop.  

Irradiance is provided by two different schemes.  In the first there is a single focused laser spot that alternates between four positions in the 2-D region between the glass surfaces in a square pattern.  In the second, a single laser spot is swept in a circle in the same region. Photon detection is performed by a time-gated single photon avalanche diode (SPAD) and the times of detection are used by the control algorithm to correct a fluorescing molecule’s position.. 

The simulation, which is written using the Intel C++ compiler version 11.1, uses a discrete grid for molecular transport and features a control algorithm used in the feedback loop that creates active trapping of a single molecule.  Before simulation begins, the matrix Gc or Gs is created for the circular or square case respectively.  These are described in the section 1.3.  Next, the times of molecular entry for the next entries from diffusion and flow are calculated and events for these entries are loaded into a vector.

This vector of events drives the simulation.  Each event object, an element of the vector, is a data structure that contains the time of the event, the event type, an id number, and a double precision floating point variable named ‘extra’ to be used differently by different events.  The class that defines these objects also has a static member function find_index_of_next_event(), which finds the event with the lowest value of time by making a single pass through the vector.

1.2 Molecular Motion

Diffusion along the lattice is scheduled to occur at a time decided by the lattice spacing and diffusion coefficient.  The lattice spacing along each axis Δx is set to .01 µm, which is fine compared to the 1.0 µm beam waist of the laser in both illumination schemes. Fick’s second law of diffusion in one dimension is given by
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 is the probability of finding a molecule within dx of x, and D is the diffusion coefficient.  Diffusion is independent along each dimension.

With the initial condition that the molecule begins definitely at the origin, a solution to Fick’s second law for 
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This solution is a normalized Gaussian distribution with a standard deviation
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To model diffusion discretely, the molecule can potentially move to a new grid location at a time interval ΔtD chosen such that the standard deviation is equal to the grid size.
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When the diffusion event occurs in simulation, every molecule currently in simulation runs its own diffuse() method defined below.  After the method finishes, if the molecule has strayed out of bounds, it is removed from simulation.  Then position information is printed to a file, and a new excitation event is scheduled as the molecule’s perceived irradiance may have changed.  Once all molecules have completed these tasks, a new diffusion event is scheduled.

The diffuse() method is part of the Molecule class and uses two random uniform numbers to determine movement in the X and Y directions.  These two random numbers, one for X and one for Y, are individually compared against the cumulative probabilities in Table 1. 
If the random number for the X axis is less than or equal to P(0), it does not move on the X axis, likewise for the Y axis.  If one of the numbers is greater than P(0) but less than or equal to P(1), then it moves one step in the positive direction along the relevant axis.  If the number is between P(1) and P(-1), then it will move one step in the negative direction.  Likewise, if the number is between P(-1) and P(2), it will move two steps in the positive direction, and so on.

The molecules are also moved by an applied electrokinetic flow.  When the diffusion method is active, translation is applied also.  Because the speed of translation is comparatively slow, motion due to flow often will not amount to one grid unit’s distance per diffusion interval.  Two variables store the sub-grid distance traveled, and the positions of all molecules are updated when these accumulated distances exceed one grid unit. When the simulation begins and when the flush method is called, a constant drift velocity vf  is simulated in the positive direction for both X and Y. When the simulation is actively trapping, the flow can be turned off or have its direction reversed along each axis as photons are detected.  For the circular case, the speed along each axis will also change during active trapping.

Entry into simulation can occur due to diffusion or applied flow and can occur along the X or Y axis.  Entry from diffusion along both axes is handled by a single event, and X and Y flow entries are handled as separate events, because the simulation allows the flow along each axis to be independent.  If the molecule enters due to flow, its position is placed randomly along the relevant edge of the simulation with no displacement from the edge.

Each molecule is an object of the molecule class.  Entry from diffusion is handled by the constructor function of this class.  Position is determined by one random number.  This number determines both the side of entry (North, South, East, or West) and the distance from the edge.  The edge distance is up to five grid increments from the boundary.

The frequency of entry by diffusion is dependent on the mean number of molecules per lattice unit, C0.  In the one dimensional simulation, the total probability that a molecule could move from outside the grid to the inside was given by the sum of probabilities Pk for k=0 to 5, where Pk is given by
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and the sum is given by



[image: image9.wmf]å

å

=

-

-

+

-

=

=

=

5

0

0

5

0

1

)

5

.

0

(

)

5

.

6

(

6

[

2

k

k

k

D

k

Erf

Erf

C

P

s

P

P




[image: image10.wmf]0

47191

7635401300

.

0

C

=


The edge of the two-dimensional simulation can be represented as a sum of these one-dimensional elements.  Specifically, there are a number of entry points on each axis equal to the number of lattice points along each edge.  P1-D allowed for entry from the left and right side, so
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where L is the number of lattice points along a single edge. In the previous, one dimensional simulation, the Qk values listed in table 2 were used in comparison with a random number between zero and one to determine placement relative to the simulation edges. 
Here a random number rolled lower or equal to Q0’s value would result in a molecule generated at the left edge of the one dimensional volume.  Higher than Q0 but less than or equal to QL, and the molecule will enter on the right edge.  This continues as in the example of diffusion above.

For this two-dimensional simulation, this process had to be modified to allow entry from four edges instead of two edges.  The range between Q0 and QL was split in half to accommodate entry from the North and West edges.  The range between QL and Q1 was split for the East and South edges.    The other ranges were similarly split, and table 3 contains the new cumulative probabilities.  N, W, E, and S represent edges along the respective cardinal directions.  As for the other sets of cumulative probabilities, if a random uniform number between 0 and 1 is less than the first item in the table, then the North edge will be selected.  If this random number is between two Q values on the chart, the lower value’s outcome is selected.  

The selection of an edge sets one of the two Cartesian coordinates.  The other is generated uniformly.  For example, if the random number were 0.988, then k would be N−2, and the molecule would be placed two grid units inward from the North edge.  The X coordinate would be generated randomly between the West and East edges.

Once the position of the new molecule is determined, the entry method generates diffusion and translation events if those features are currently off.  When there are no molecules present in the simulation, diffusion and translation are turned off.  Finally, the entry method sets the time of future entries by use of an exponentially distributed random number with a mean for diffusion ED and translation ET events respectively.
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1.3 Excitation, Photophysics

Illumination of the molecule and subsequent excitation require a large amount of random numbers.  Computation time is saved by generating large quantities of random numbers at once.  Here, a matrix allows the simulation to map a molecule's position and that position’s laser-intensity and time dependant rate of excitation to a generated set of random numbers.

For the square case, only one spot is active at a time, such that laser intensity is given as
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 for n = 1..4,

where Ts is the period of the four spots and 
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is the total laser power.
For a given active pulse then, the rate of excitation is given by
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where 
[image: image17.wmf]l

E

is the photon energy.  Multiplication of ki by the period Ts yields the mean number of laser pulses before excitation mp such that
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A two-dimensional matrix Gs is created with dimensions L × L whose components describe the intensity experienced at a point in space separated from point source placed at the origin.  
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is the location of the nth laser spot.
Thus a point at the center of a laser spot corresponds to element (0,0) of the matrix, such that the matrix describes one quadrant of a graph of a point source's intensity in two-dimensions.  Given the symmetry of the source, one quadrant is sufficient.  

There are one thousand possible discretized values for elements of Gs, and these are mapped to a separate, one-thousand-element vector that contains exponentially random excitation times appropriate to the mapped value.  When one set of these bins of random numbers is depleted in the vector, another large set is generated to replace them.  This vector exists in a wrapper class for the Intel random geometric number generator, part of the Intel Math Kernel Library. The desired result is random integers representing a number of laser pulses separating the most recent laser pulse from the future one which will excite the molecule.  

For the circular scanning case, the laser is continuous (simulated with 64 discrete positions and no pulse behavior), and the preferred random number generator is exponentially distributed. Now the time until next excitation is being found as opposed to the discrete number of laser pulses until excitation occurs as in the square case. The laser intensity is given by


[image: image21.wmf]]

/

)

))

(

(

))

(

((

2

exp[

2

)

,

,

(

2

0

2

2

2

0

w

pw

t

y

y

t

x

x

P

t

y

x

I

l

l

c

-

+

-

-

=

, and


[image: image22.wmf])

sin(

)

(

),

cos(

)

(

q

q

R

t

y

R

t

x

=

=

 ,

where R is the radius of the beam’s rotation and θ is the beam’s angular position. The rate of excitation is then given by


[image: image23.wmf]l

s

E

t

y

x

I

t

y

x

k

c

a

c

/

)

,

,

(

)

,

,

(

=

.
A two-dimensional matrix Gc is created with L × L elements that describes the inverse rate of excitation for one quadrant of a point source.  This inverse rate, when multiplied by an exponentially distributed random number with a mean of unity, gives the time until next excitation. These exponentially distributed random numbers are generated in large sets but unlike in the square case all the randoms are generated with the same mean instead of being differentiated into a 1000-element vector.

Excitation events get scheduled after a molecule enters a new position and after decay from an excited state.  The time of next excitation is given by the random numbers described above.  Using a similar cumulative probability process as described for diffusion and molecular entry, once the molecule is excited, it has a 5% chance of producing a detectable photon (path i).  It has a 0.1% chance of entering the triplet state via intersystem crossing from the S1 excited state with an expected decay time of one microsecond (path ii). Path ii is phosphorescence, and the detection of phosphorescent photons is not modeled as the phosphorescent emission spectra has lower energy than the fluorescent.  Any phosphorescent emission would be filtered out.  There is also a 0.001% chance of photobleaching and being removed from simulation (path iii).  The remaining possibility is decay from the singlet state without emission of a detectable photon (path iv). Table 4 displays the probabilities used in conjunction with a uniform random number as before.  

These events are representative of the possible relaxation pathways of a molecule after excitation from the ground state S0 to the S1 excited state as shown in the Jablonski diagram in Figure 1.    When decaying from the singlet state, the expected decay time is 1.2 ns.  From the triplet state, the expected decay time is one microsecond, and from either the singlet or triplet state, an exponentially distributed random number with a mean equal to the expected decay time is produced to determine the actual time of decay.
1.4 Detection and Trapping Behavior

When relaxation pathway i occurs after excitation, a random Gaussian number with standard deviation σ=127.4 ps and a mean of 3σ is added to the decay time to represent timing jitter of the detector.  Background photons may also be detected, consisting of detector dark counts (d=50 s-1) and scattered light coming through the filters (s=15 µW-1 s-1).  The background rate B is set in simulation as 
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.  These photons are assumed to be Poissonian such that the timing of the next background photon is determined by an exponentially distributed random number with a mean equal to 1/B.

Detection functions differently for each simulation case, circular and square.  Once a detection event has been scheduled and is slated to occur for the square case, the time of detection is printed out to a file for later analysis by autocorrelation.  Then, the amount of time since the beginning of the last laser period is found by use of the C++ function fmod.  This information gives the last active laser spot.  Gaussian detector noise is added to this value, and cross-talk, the attribution of an excitation event to an incorrect active laser spot, may occur.  If the laser spot along the positive X axis was the most recent, a one is recorded in the X photon bin.  If the spot along the negative X axis was most recent, a zero is recorded in the same bin.  The Y axis has its own bin that works respectively.
If both bins have collected six or more then trapping is turned on after a feedback interval.  The flow velocity is controlled independently along each axis.  The last six ones and zeroes of each bin are summed, and if this sum is greater than three, the axis gets a positive flow.  If the sum is less than three, then the flow is negative, and if the sum is exactly three, then that axis's flow is turned off.

Originally, trapping would only respond to a photon if the time spacing between each of the bins' 6th and 4th photons is lower than a threshold Δtth .  This behavior worked well in the previous one-dimensional simulation with lower laser powers.  For this simulation, higher laser powers have created higher rates of background, and the thresholding behavior was too aggressive.

For the circular case, the velocity is adjusted for each Nth collected.  This process begins after 10 photons have been collected.  As before, fmod is used to find the last active laser location and Gaussian detector noise is added.  Here instead of 4 spots, there are 64 discretized positions of the continuous scanning laser beam.  After a time equal to the estimated feedback of the system (5 µs), the flow velocity is changed to be radially inward from the location of the photon’s detection.

After a set time, the simulation checks the time between photon arrivals N, the most recent, and N−10 and compares it to a threshold Δtth, where this threshold is equal to the time on average required for the arrival of ten background photons.  If the photons are arriving slower than this rate, the simulation assumes the chamber is empty and flushes it by turning flow to a maximum and bringing in new molecules for study.  If the count rate is high, then this flush is delayed for a short time, and the count rate is checked again.
1.5 Results

The performance of each illumination case was measured across a variety of parameters.  Table X has the baseline parameters for simulation for each type of trap.  Multiple 1000-s duration experiments were simulated with variations of parameters to investigate performance on different sized molecules at different concentrations and laser intensities.  Limitations imposed by equipment such as feedback latency and background are also considered.  The simulation allowed exploration of information not available in experiment, such as the molecular coordinates.

In Figures X and X, examples of the position of a trapped molecule and the photon count rate R(t) are plotted versus time while trapping is active with parameters from Table X for the square and circular case respectively.   The count rate is updated for each detected photon and averaged over the last N = 20 detected photons.
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is the time of detection of the Nth photon.  In both of these figures, the count rate increases from the level of background as the molecule’s position nears the center of the trapping region.  Then the molecule photobleaches, and the count rate falls back down to the level of background.  In Figure X, the square case, the molecule is held visibly more tightly to the center, has a higher count rate, and bleaches in less time.
Figure X shows photons collected per molecule and the time the molecule survived without photobleaching versus laser power for both types of trap.  Photon counts per molecule are ~25% higher for the circular case, and the molecules survive ~3.5x longer in the circular trap.  A power of 6e-5 W yields highest occupancy time for the circular trap, and 3e-4 W does likewise for the square trap.  The root-mean-square deviation from the average position for the 3e-4 W case of the square trap is 0.66 µm, and the same measure for the 6e-5 W case of the circular trap is .79 µm.  The square trap appears to hold the molecule closer to the center of the irradiance profile, causing swifter photobleaching.  In 1000s, the square trap contained 210 molecules until bleaching, while the circular trap contained 27.

<Probably unneccessary… delete if new data on greenmachine doesn’t show anything interesting>

The power values of best performance are dependant on the background.  The original background rate in equation XX is a worst-case estimate.  If this rate were quartered, we see that the results in Figure X.  The overall performance of the trap is not greatly changed, but the performance at specific laser powers is changed greatly, with lower powers performing better and higher powers performing worse.  RMS measurements for the best cases show that the root-mean-square deviation from the average position for 3.6e-4 W in the square trap is 0.67 µm, and the same measure for the 6e-5 W case of the circular trap is .79 µm.

In Figures X and X, we see the 
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Table 1. Cumulative probabilities for diffusion

	j
	P( j) Expression
	P( j) Value

	0
	2 Erf(0.5)
	0.382924922548026

	1
	Erf(0.5)+Erf(1.5)
	0.624655260005155

	−1
	2 Erf(1.5)
	0.866385597462284

	2
	Erf(1.5)+Erf(2.5)
	0.926983133405366

	−2
	2 Erf(2.5)
	0.987580669348448

	3
	Erf(2.5)+Erf(3.5)
	0.993557705595188

	−3
	2 Erf(3.5)
	0.999534741841929

	4
	Erf(3.5)+Erf(4.5)
	0.999763973247840

	−4
	2 Erf(4.5)
	0.999993204653751

	5
	Erf(4.5)+Erf(5.5)
	0.999996583337313

	−5
	2 Erf(5.5)
	0.999999962020875

	6
	Erf(5.5)+Erf(6.5)
	0.999999980970278

	−6
	2 Erf(6.5)
	0.999999999919680


Table 2. Cumulative probabilities for new entry positions in one dimension
	k
	Qk Expression
	Qk Value

	−L
	Q0 = P0/P 
	0.404066599711270

	L
	QL = Q0+P0/P
	0.808133199422541

	1−L
	Q1 = QL+P1/P
	0.895625174513805

	L−1
	QL−1 = Q1+P1/P
	0.983117149605069

	2−L
	Q2 = QL−1+P2/P
	0.991249444832068

	L−2
	QL−2 = Q2+P2/P 
	0.999381740059067

	3−L
	Q3 = QL−2+P3/P 
	0.999686395503419

	L−3
	QL−3 = Q3+P3/P 
	0.999991050947771

	4−L
	Q4 = QL−3+P4/P 
	0.999995500604795

	L−4
	QL−4 = Q4+P4/P 
	0.999999950261819

	5−L
	Q5 = QL−4+P5/P 
	0.999999975130910

	L−5
	QL−5 = Q5+P5/P
	1.000000000000000


Table 3. Cumulative probabilities for new entry positions in two dimensions
	k
	Qk Expression
	Qk Value

	N
	QN = QL/4 
	0.202033299855635

	W
	QW = QN+ QL/4
	0.404066599711270

	E
	QE = QW + QL/4
	0.606099899566906

	S
	QS  = QL
	0.808133199422541

	N−1
	QN−1 = QS+ (QL-1− QL)/4
	0.851879186968173

	W+1
	QW+1 = Q N−1 + (QL-1− QL)/4
	0.895625174513805

	E−1
	QE−1 = Q W+1 + (QL-1− QL)/4
	0.939371162059437

	S+1
	QS+1= Q L−1
	0.983117149605069

	N−2
	QN−2 = QS+1+ (QL-2− QL-1)/4
	0.987183297218569

	W+2
	QW+2 = QN−2+ (QL-2− QL-1)/4
	0.991249444832068

	E−2
	QE−2 = QW+2+ (QL-2− QL-1)/4
	0.995315592445567

	S+2
	QS+2= Q L−2
	0.999381740059067

	N−3
	QN−3 = QS+2+ (QL-3− QL-2)/4
	0.999534067781243

	W+3
	QW+3 = QN−3+ (QL-3− QL-2)/4
	0.999686395503419

	E−3
	QE−3 = QW+3+ (QL-3− QL-2)/4
	0.999838723225595

	S+3
	QS+3= Q L−3
	0.999991050947771

	N−4
	QN−4 = QS+3+ (QL-4− QL-3)/4
	0.999993275776283

	W+4
	QW+4 = QN−4+ (QL-4− QL-3)/4
	0.999995500604795

	E−4
	QE−4 = QW+4+ (QL-4− QL-3)/4
	0.999997725433307

	S+4
	QS+4= Q L−4
	0.999999950261819

	N−5
	QN−5 = QS+4+ (QL-5− QL-4)/4
	0.999999962696364

	W+5
	QW+5 = QN−5+ (QL-5− QL-4)/4
	0.999999975130909

	E−5
	QE−5 = QW+5+ (QL-5− QL-4)/4
	0.999999987565455

	S+5
	QS+5= Q L−5
	1.000000000000000


Table 4. Relaxation pathway probabilities 

	Path
	Mechanism
	Probability

	i
	Singlet decay with photon detection
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	Triplet crossing
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	iii
	Photobleaching
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	iv
	Singlet decay without photon detection
	
[image: image30.wmf])

(

)

(

)

(

)

(

1

iii

ii

i

iv

P

P

P

P

-

-

-

=




[image: image31.png]



Fig 1. Jablonski diagram for the relaxation pathways of a molecule in simulation.  S0 is the singlet ground state, S1 is the singlet excited state, and T1 is the triplet state. 

Table 5. Simulation parameters.

	Parameter
	Square value(s)
	Circular value(s)

	Laser power 
[image: image32.wmf]P


	3.6e-4 W
	60e-4 W

	Beam waist ω0
	1 µm
	1 µm

	Laser foci separation
	1.2 ω0
	x

	Laser pulse spacing
	3.3 ns
	x

	Scanning radius
	x
	1.2 ω0

	Scanning period
	x
	100 khz

	Absorption cross section σa
	2e-20 m2
	2e-20 m2

	Fluorescence lifetime τf
	1.2 ns
	1.2 ns

	Triplet lifetime τp
	1 µs
	1 µs

	Grid resolution Δx
	10 nm
	10 nm

	Diffusion coefficient D
	220e-12 m2/s
	220e-12 m2/s

	Translation velocity
	.002 m/s
	.002 m/s

	Concentration C
	1 pM
	1 pM

	Feedback latency 
	5 µs
	5 µs
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Figure X. Example of photon count rate (green, bottom) and molecule trajectory (red: X coordinate, blue: Y coordinate) vs time for the square trap.
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Figure X. Example of photon count rate (green, bottom) and molecule trajectory (red: X coordinate, blue: Y coordinate) vs time for the square trap.
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 best 6e-5 W
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Square, full background.  Best, 30e-5

[image: image37.png]Autocorrelation

8
| -
7 # Circular
L4
6 s <
5 ‘ kg S MW Square
m *¢*
4
¢ *
3
u
2 4 g’
1- u
0 m T T T
1.E-09 1.E-06 1.E-03 1.E+00

Time (s)




Full Background acf for 6e-5 W (circ) and 3e-4 W (sq)
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Square case above
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Circular case above
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Trap off above
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