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Abstract 

Biological machinery relies on nonequilibrium dynamics to maintain stable directional fluxes through 

complex reaction cycles. In stabilizing the reaction cycle, the role of microscopic irreversibility of 

elementary transitions, and the accompanying entropy production, is of central interest. Here, we use 

multidimensional single-molecule spectroscopy to demonstrate that the reaction cycle of bacteriorhodopsin 

is coupled through both reversible and irreversible transitions, with directionality of trans-membrane H+ 

transport being ensured by the entropy production of irreversible transitions. We observe that thermal 

destabilization of the process is the result of diminishing thermodynamic driving force for irreversible 

transitions, leading to an exponentially increasing variance of flux through the transitions. We show that the 

thermal stability of the reaction cycle can be predicted from the Gibbs-Helmholtz relation.  

 

Motor proteins operate through non-thermal motions (nonequilibrium fluctuations) [1-5] induced by the input of 

energy by, for example, ATP hydrolysis or photon absorption. Chemically driven motors have been adequately 

described using the principle of microscopic reversibility [6], where equilibrium mechanical motions of the protein 

are rectified by an asymmetric potential that biases diffusion in one direction [7-9]. Optically driven motors, in contrast, 

are thought to operate through a ‘power-stroke’ mechanism, where a series of conformational transitions follow from 

a sudden structural change [3, 10, 11]. For this physical mechanism, which is inherently far-from-equilibrium, the 

validity of equilibrium notions of time-reversal symmetry and detailed balance, and the stability of the reaction cycle 

to external perturbations, are yet to be established.  

In this work, we study the reaction cycle of bacteriorhodopsin (bR), an optically-driven H+ pump found in Archaea 

(Fig. 1a,b) [12], at the single-molecule level. Photon absorption induces a trans-cis isomerization of the retinal 

chromophore. Steric repulsions between the isomerized chromophore and the protein scaffold initiates a multi-step 

reaction cycle involving multiple intermediate species that exist for timescales ranging from μs to ms during the cycle 

(Fig. 1c) [13, 14]. Key to our understanding of nonequilibrium reaction cycles are the roles of time-reversal symmetry 

and the corresponding entropy production [15]. To characterize these properties on a single-molecule level, we 

leverage multidimensional single-molecule fluorescence lifetime correlation spectroscopy (sm-2D-FLCS) [16-19], 

which utilizes multiple light-matter interactions separated by a controlled waiting time to monitor structural or 

chemical transitions of a molecule. The exchange dynamics are observed through reciprocal time-correlation functions 
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(tcf) for forward and reverse transitions, which appear in opposite quadrants of the 2D spectrum [20] and therefore 

allow the forward and reverse rates (kf and kr) can be measured independently. The violation of time-reversal symmetry 

within the reaction cycle is observed from the reciprocal tcf [21], which are equivalent for reversible transitions (obey 

time-reversal symmetry) and are not equivalent for irreversible transitions (violate time-reversal symmetry). The 

extent to which time-reversal symmetry is violated is a measure of entropy production rate in the cycle [15]. Using 

this experimental approach, we are able to experimentally characterize the nonequilibrium thermodynamics and 

kinetics of portions of the bR reaction cycle, and quantify the stability of the cycle when subject to kinetic perturbation.  

We first characterize the directional flux of the cycle by monitoring the transition kinetics between several 

intermediates. The endogenous retinal chromophore serves as the photo-trigger for the reaction cycle as well as a 

probe of the intermediates during the cycle. Limitations in the experiment prevent transitions between each 

FIG. 1. Single-molecule spectroscopy of bR. Crystal structure of ground state bR showing (a) the protein (with the retinal chromophore shown 

in green) and (b) the retinal chromophore and the amino acids involved in the H+ transport chain of the reaction cycle (PDB: 1KBG). (c) Photo-

induced reaction cycle of bR, which involves 6 intermediates in addition to the ground state (gs). The subscripts on the labels denote the absorption 

maximum of the retinal chromophore for the given conformation. (d) Absorption spectrum of retinal embedded in bR shows strong absorption 

at λ = 568 nm at pH = 6. (e) The fluorescence lifetime histogram measured from a single protein shows multi-component relaxation following 

532 nm excitation. A 1D-ILT of the lifetime histogram reveals three relaxation times of τ1’ ~ 0.08 ns (K intermediate), τ2’ ~ 1.0 ns (L intermediate), 

and τ3’ ~ 5.0 ns (N intermediate) (inset). (f) sm-2D-FLCS spectrum measured at a waiting time of Δt = 10 μs. Forward and reverse transition 

cross-peaks are already present between the K intermediate and the L intermediate are already observed at 10 μs, which indicates rapid exchange. 

In contrast, no cross-peaks are observed between the N intermediate and either the ground state or the L intermediate. 
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intermediate to be directly measured. Instead, portions of the reaction cycle are characterized through select 

intermediates to which our experiments are sensitive. The cycle of bR involves six known intermediate structures that 

exist for timescales ranging between μs to ms (K, L, M1, M2, N, O, Fig. 1c) [13, 14]. In the ground state structure, 

the retinal chromophore has an absorption maximum at λmax = 568 nm (Fig. 1d). Fluorescence emission from a single 

monomeric bR protein, confirmed by diffraction limited emission spots observed in confocal microscopy and single-

step photo-physics (Fig. S1a-c), shows multi-component relaxation following a 532 nm excitation (Fig. 1e, Fig. S1d). 

An inverse Laplace transform (ILT) [22] of the cumulative photon histogram measured from more than 100 single 

protein molecules (Fig. 1e) gives a 1D fluorescence lifetime spectrum that contains three distinct relaxation peaks 

(Fig. 1e, inset). We do not anticipate signal from the M1, M2, and O intermediates due to low absorption at the 532 

nm excitation [13, 14]. Furthermore, fluorescence from the ground state structure is unlikely due to the ultrafast 

isomerization reaction that occurs in the excited state [23]. Therefore, the signals arise from the K intermediate, the L 

intermediate, and the N intermediate. 

FIG. 2.  Microscopic irreversibility of bR catalytic cycle. (a) sm-2D-FLCS spectra of bR shown for waiting times ranging from 0.01 to 50 ms. 

Exchange kinetics for waiting times Δt = 0.01 – 200 ms between (b) K intermediate to L intermediate, (c) L intermediate to N intermediate, and 

(d) K intermediate to N intermediate. Forward transitions, represented by solid symbols and solid lines, are measured from the upper quadrant of 

the 2D spectra. Reverse transitions, represented by open symbols and dashed lines, are measured from the lower quadrant of the 2D spectra. The 

forward (kf) and reverse (kr) transition rates between the ground state and the L intermediate, measured by fitting the cross-correlation functions, 

are comparable, suggesting reversible dynamics and equilibration between these two states. In contrast, kf between the L intermediate and the N 

intermediate are two orders of magnitude larger than kr, indicating a directional transition in the reaction cycle. The asymmetry in transition cross-

correlation functions (Eq. 1) indicates microscopic irreversibility of conformational transitions between the L and the N intermediates. This 

irreversible transition corresponds to the reprotonation switch step of the cycle.  
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The 2D-FLCS spectrum generated from a 2D-ILT of the photon histogram [22] calculated at a waiting time of Δt 

= 10 μs shows three distinct diagonal peaks (Fig. 1f). The cross-peaks between the signals at τ’ ~ 0.08 ns and τ’ ~ 1.0 

ns indicate rapid exchange between the two states represented by these signals. However, no cross-peaks are observed 

between the diagonal signal at τ’ ~ 5.0 ns and the other two states. This is consistent with ensemble experiments which 

have measured the formation time of the N intermediate to be on the ms timescale [13, 14]. From these observations 

we can assign the diagonal peaks at τ’ ~ 0.08 ns, τ’ ~ 1.0 ns, and τ’ ~ 5.0 ns to the ground state, the L intermediate, 

and the N intermediates, respectively (Fig. 1c, 1f). 

To characterize the kinetics of exchange between different intermediates of wt-bR reaction cycle, we measure 

kinetic traces for waiting times t ranging from 0.01 to 200 ms (Figure 2a). In the 2D spectrum, forward and reverse 

transitions between states i and j appear in the upper and lower quadrant of the spectrum, respectively [20]. The time-

dependent amplitudes of the spectrum are given by the tcfs [16, 17], 

     ij i jC t S t S t t       (1a) 

and 

     ji j iC t S t S t t       (1b) 

where Si and Sj are the probabilities the system is in state i and j, respectively, measured in our experiment through 

the unique fluorescence lifetimes τi and τj of each state. The equivalency of Eq. 1a and Eq. 1b under the condition of 

microscopic reversibility is given by detailed balance and time-reversal symmetry [21]. Therefore, for reversible 

transitions, the 2D spectra are symmetric and the dynamics observed through the cross-peaks are identical. Cross-

peaks between the K intermediate and the L intermediate show rapid equilibration of both the forward (Fig. 2b, solid 

symbols) and reverse reaction (Fig. 2b, open symbols). The kf and kr values for individual transitions are determined 

from exponential fits of the cross-peak amplitudes. The symmetry of the transitions in the spectra and the equivalency 

of the kinetic traces suggest microscopically reversible dynamics between the K and L intermediate. 

Under the condition of microscopic irreversibility, violation of detailed balance and time-reversal symmetry 

manifests in asymmetric 2D spectra as the cross-correlation functions in Eq. 1a and Eq. 1b are no longer equivalent 

[21]. At 0.20 ms, a cross-peak emerges between the L and N intermediates that is asymmetric (no cross-peak for the 

reverse transition) (Fig. 2a), indicating a microscopically irreversible step in the reaction cycle. The forward transition 

occurs on a timescale of ~ 0.50 ms (kf = 2.0x103 s-1), while the reverse transition occurs on a timescale over 200 ms 

(kr = 5.0 s-1) (Fig. 2c). This transition represents reprotonation of the Asp96 residue on the cytoplasmic side of the 

protein (M intermediate) and formation of a Grotthuss-like H+ wire between the Asp96 residue and the Schiff base of 

retinal [24-26]. Proton uptake and reprotonation of the retinal Schiff base (formation of N intermediate) from the 

cytoplasmic side is thought to be the switch step of the photo-cycle [27-29]. At slightly longer times, we observe 

asymmetric cross-peaks between the K intermediate and the N intermediate (Fig. 2a, d). 

The properties of the measured time-correlation functions demonstrate that the reaction cycle of bR is coupled 

through both microscopically reversible and irreversible transitions. The presence of microscopically irreversible 

transitions implies that nonequilibrium transitions are inherent to the protein reaction cycle and are required to 
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maintain stable fluxes through portions of the reaction cycle, even at steady-state. The results also suggest that the 

stability of the reaction cycle is governed by entropy production associated with irreversible transitions. 

Next, we analyze the nonequilibrium thermodynamics of the bR reaction cycle as a function of temperature. In 

general, the efficiency of a motor protein that relies on microscopic irreversibility should be inversely proportional to 

temperature, ultimately failing at the point where thermal energy is comparable or larger than the highest activation 

barrier of the cycle, resulting in zero net flux. Therefore, kf and kr should converge at high temperature for each 

transition of the reaction cycle. 

The kf and kr for an elementary transition are given by Arrhenius expressions, 

 †
BfG k T

f
k ae


      (2a) 

and, 

   ††
trans Bfr B

G G k TG k T

r
k ae ae

          (2b) 

FIG. 3. Thermal stability of the bR reaction cycle. Eyring plots for the K-L (a) and L-N transition rates (b). The kf and kr values are shown in 

green and blue, respectively. For the reversible K-L transition, the kf and kr values are equal and have the same temperature dependence (a). (c) 

The affinity A of the K-L transition plotted vs T-1. As the transition is microscopically reversible, the A value is ~ 0 kJ mol-1 at all temperatures 

measured. For the irreversible L-N transition, the kf and kr values are unequal, indicating a net flux through the transition, and have different 

temperature dependences (b). (d) The A of the L-N transition plotted vs T-1. The microscopically irreversible transition has an A value of ~ 10 kJ 

mol-1 at 291 K that decreases linearly towards 0 kJ mol-1 with increasing temperature. The temperature dependencies of A are fit to the Gibbs-

Helmholtz equation (red line, Eq. 6), highlighting the connection between A and Grxn for nonequilibrium systems.  
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where a is a pre-exponential factor, Gf
† and Gr

† are the Gibbs free energy of activation for the forward and reverse 

transitions, respectively, and Gtrans is the Gibbs free energy of the transition. Assuming the entropic contribution is 

temperature independent over the range studied, the temperature dependence of kf and kr for a given transition in the 

cycle will be identical on the condition that Htrans = 0 and different when Htrans ≠ 0. Eyring plots for the K-L 

transitions and the L-N transitions are shown in Fig. 3a, b. The kf and kr for the K-L transitions show identical 

temperature dependence (Fig. 3a), consistent with the observed microscopic reversibility of the transition. In contrast, 

the kf and kr for the L-N transitions (Fig. 3b) converge at high temperature, suggesting that the irreversibility of the 

transition needed to maintain a net forward flux through the cycle diminishes with increasing temperature. 

The affinity A of a nonequilibrium process quantifies the thermodynamic driving force. de Donder demonstrated 

that A is related to G for a chemical reaction[30].  

  
trans

A G        (4) 

Using Eq. 2a-2b, we can rewrite A for a given transition in terms of kf and kr. 

ln
f

B

r

k
A k T

k

 
  

 
     (5) 

Plots of A for the K-L and L-N transitions are shown in Fig. 3c, d. The A for the K-L transition, and by extension the 

Gtrans, is 0 kJ mol-1 at all temperatures (Fig. 3c). This is consistent with the two states being coupled through 

reversible dynamics. In contrast, A for the L-N transition is ~ 10 kJ mol-1 at 291 K and decreases rapidly towards 0 kJ 

mol-1 with increasing temperature (Fig. 3d). According to Eq. 4, the temperature dependence of A is given by the 

Gibbs-Helmholtz equation. 

   2 1

2 1 2 1

1 1trans trans

trans

G T G T
H

T T T T

   
    

 
 (6) 

Indeed, we find that the experimental data for A as a function of T is adequately fit with Eq. 6, yielding Htrans ~ 

0 kJ mol-1 and Htrans ~ 30 kJ mol-1 for the K-L and L-N transitions, respectively (Figure 3c, d).  

The thermodynamics of a nonequilibrium process can be quantified by the rate of entropy production rate, ,  

given by [31],  

J A

T
 
       (7) 

where J is the net flux defined for an elementary transition as (kf - kr). Therefore, experimental measurements of kf and 

kr are sufficient to determine  of a nonequilibrium chemical process. For K-L and L-N transitions,  is shown as a 

function of temperature (Fig. 4a). As expected, the K-L transition shows negligible , consistent with the reversible 

nature of the transition. In contrast, the L-N transitions shows significant , expected for an irreversible transition, 

that decreases exponentially with increasing temperature. 
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Entropy production ensures directionality through a nonequilibrium reaction cycle. For a dynamic process, the 

probability of observing a given dynamic trajectory compared to its time-reversed counterpart is related to the entropy 

production rate associated with the process through the fluctuation theorem [32], 

  
 
 

Bk T
P

e
P







     (8) 

 where P() is the probability of observing a given microscopic trajectory, and P(-) is the probability of observing 

the time-reversed microscopic trajectory, over a trajectory of time . For a nonequilibrium biochemical reaction cycle, 

P() represents the forward flux through the cycle and P(-) the reverse flux. If the forward flux through the cycle is 

accompanied by a large , then it is heavily favored over the reverse flux.  

To characterize the stability of a molecular motor we want to determine the variance of flux, or noise, associated 

with the reaction cycle. Here, we use maximum caliber method to estimate the variance of flux through the 

experimentally observed transitions [33-36]. In this method, the most probable distribution of pathways dynamically 

coupling two states is determined by maximizing the path Shannon entropy subject to constraints from experimentally 

measured fluxes. From the so-called dynamical partition function determined from maximum caliber, properties such 

as the variance of flux for a transition can be computed. Applying this method to biochemical reaction cycles, Dill 

and coworkers derived expressions for the mean and variance of flux for a given transition of the cycle [37], 

2N
J

s
       (9a) 

and, 

 2

02

2
var 2

N
J k

s
      (9b) 

FIG. 4. Entropy production rate and variance of flux. (a) Entropy production for the K-L and L-N transitions computed from Eq. 7. The entropy 

production rate associated with the reversible K-L transition is 0 kJ mol-1K-1s-1 at all temperatures measured, while the irreversible L-N transition 

has significant entropy production rate (~ 40 kJ mol-1K-1s-1) that decreases exponentially with increasing temperature. (b) Plot of varJ/ <J2> as a 

function of temperature. For the reversible K-L transition, the variance of flux remains constant with temperature. In contrast, the irreversible L-N 

transition shows a small variance in flux at 291 K that exponentially increases with increasing temperature. (c) Plot of varJ/ <J2> as a function of 

 for the L-N transition. The results demonstrate that the variance of flux through a given transition of the reaction cycle decreases exponentially 

as  of the transition increases.  
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where N is the number of discrete steps in a trajectory, s is the number of intermediates in the reaction cycle, k0 is the 

inherent rate of a transition common for the forward and reverse transition, and  is the deviation from the inherent 

rate constant due to the violation of detailed balance. The experimentally measured kf and kr are easily transformed 

into k0 and  values, and N can be determined from Eq. 9a using the measured mean fluxes. 

Fig. 4b shows varJ/<J2>, computed from Eq. 9b, as a function of temperature. For the microscopically reversible 

K-L transition, the variance is both maximized and constant as a function of temperature (Fig. 4b). In contrast, for the 

irreversible transition of the reaction cycle, we observe the variance of flux increases exponentially with increasing 

temperature. The transition from the L intermediate to the N intermediate covers the switch step of the reaction cycle 

of wt-bR. The failure of wt-bR (nondirectional H+ pumping) at high temperature can therefore be understood as 

resulting from the exponentially increasing variance of flux through the reaction cycle. Fig. 4c shows a plot of 

varJ/<J2> as a function of . The data shows that the variance of flux through the reaction cycle, and therefore the 

probability of observing reverse transitions through the cycle, diminish exponentially with , consistent with Eq. 8. 

This is likely a general mechanism for thermal instability for biological machineries that rely on microscopic 

irreversibility. 

The mechanism by which biological machinery overcomes randomizing thermal forces to achieve directional 

action are not comprehensively understood, with key questions regarding microscopic reversibility and the 

applicability of equilibrium dynamics still remaining. The results presented here demonstrate that microscopic 

irreversibility is the fundamental operating principle of directional H+ transport by bacteriorhodopsin. Using multi-

dimensional single-molecule spectroscopy, we demonstrate that the reaction cycle is comprised of both reversible and 

irreversible conformational transitions, with the entropy production associated with irreversible transitions ensuring 

directionality of the cycle (and hence the directionality of H+ transport). Therefore, equilibrium notions of detailed 

balance and time-reversal symmetry proposed for chemically driven motors are not applicable to the function of 

optically driven motors. Similarly, the thermal destabilization of the reaction cycle of bacteriorhodopsin is likely 

unique to motors that operate through a power-stroke mechanism in which the nonequilibrium nature of the cycle is 

inherent to select conformational transitions of the protein.  
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Materials. Purified and lyophilized wt-bR and bR-D96N extracted from Halobacterium salinarum were purchased 

from Halotek biomaterials (Halotek, Germany). The sample was loaded into UV-treated 8-well chambers (Lab-Tek, 

ThermoFisher, USA) for single-molecule experiments. Single-molecule fluorescence experiments were carried out on 

a commercial Leica SP8x microscope (Leica Microsystems GmbH, Germany). Pulsed excitation light at 532 nm was 

provided by a Fianium Supercontinuum Laser operating at 40 MHz with an average power of ~ 6 μW at the back-

focal-plane. Excitation and collection of fluorescence emission was carried out through a 100X oil-immersion 

objective. Fluorescence signal was passed through a band-pass filter (Semrock, USA) and was detected by photon 

avalanche photodiodes (PicoQuant, Germany) equipped with a picoHarp300 (PicoQuant, Germany) time-correlated 

single-photon-counting (TCSPC) system. Data processing and analysis was performed using in-house MatLab code.  

 

Sample Preparation. A 1 μM solution of membrane-bound bacteriorhodopsin (bR) was prepared in phosphate buffer 

(100 mM ionic strength, pH = 6). This solution was vortexed and sonicated for 5 minutes in cold water to disperse the 

purple membrane. The dispersed suspension was centrifuged for 5 minutes at 10K rpm. The supernatant was extracted, 

and the sonication/centrifuge procedure was repeated 3 times. The third-degree supernatant (~ 1 nM bR) was used for 

experiments. An 8-well chamber (LabTek, Australia) was UV treated for > 8 hrs prior to use. The bR solution was 
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then added to the chamber and kept at ambient light for 10-15 minutes. Membrane bound bR adsorb to the glass 

surface and are immobilized.   

 

SM-2D-FLCS. Single-molecule dispersion and immobilization of bR was confirmed by confocal microscopy and 

fluorescence time traces (Fig. S1a-c). Emission from bR showed diffraction limited detection spots (Fig. S1a, b) and 

single-step photo-physics (Fig. S1c) expected for single molecules. Excitation at 532 nm overlaps with the absorption 

spectrum of the retinal chromophore (in ground state, K, L, and N intermediate states) embedded in the protein scaffold. 

The excitation laser both initiates the catalytic cycle and probes transient intermediates formed during the reaction 

cycle. Fluorescence relaxation from a single bR protein shows multi-component relaxation (Fig. S1d). The emission 

delay times extracted from a real-time photon stream (Fig. S2a) can be binned into a 1D histogram which are used to 

estimate a relaxation spectrum through an inverse Laplace transformation (Fig. S2b). For a two-state system where 

FIG. S1. Single-molecule imaging and photo-physics. (a) Confocal image of single Bacteriorhodopsin proteins immobilized on a glass surface. 

(b) Diffraction-limited cross-section of fluorescence signal measured in confocal image. (c) Single-molecule fluorescence trace showing single-

step photo-physics. (d) Fluorescence lifetime histogram from single wt-bR protein showing multicomponent relaxation. 
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each state has a distinct fluorescence lifetime the 1D fluorescence lifetime spectrum will show a peak at the relaxation 

rate of each state. 2D-FLCS spectra are computed by generating a 2D photon histogram of photon pairs separated by 

a systematic waiting time Δt (Fig. S2a). A 2D inverse Laplace transformation of the histogram gives a 2D-FLCS 

spectrum for a given Δt (Fig. S2c). For a two-state system that undergoes chemical exchange at a well-defined 

timescale, the 2D-FLCS spectrum will contain diagonal peaks corresponding to species that did not exchange within 

Δt and cross-peaks corresponding to species that did exchange within Δt (Fig. S2c). Monitoring the kinetics of the 

cross-peaks provides direct access to the forward and reverse exchange times. 

 

FIG. S2. Experimental procedure for measuring sm-2D-FLCS data. (a) Excitation pulse train and photon stream measured with resolved photon 

emission time tem (standard TCSPC measurement in Time-Tagged-Time-Resolved mode). (b) 1D histogram of photon emission time and the 

fluorescence lifetime spectrum computed by a 1D ILT for a simple two state system. (c) 2D histogram of photon emission measured at a set waiting 

time Δt and 2D-FLCS spectra computed by a 2D ILT. At early waiting times (Δt < exchange time) peaks are only measured along the diagonal, 

indicating species that remained in their initial state during the waiting time. At later times (Δt > exchange time), cross-peaks arise as species that 

were in an initial state exchange to the other state during the waiting time.  
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Inverse Laplace Transformations. 1D and 2D inverse Laplace transformation (ILT) of the measured photon streams 

were performed through in-house MATLAB code described elsewhere [1]. From a photon stream collected from a 

single-molecule a 2D histogram is generated where each pixel denotes the number of coincidence events within the 

time trace where a photon with emission delay of t2 is observed after Δt from observation of a photon with delay time 

t1. This represents the 2D emission delay correlation map, X(t1, t2), which can be expressed as,  

 

       1 2 1 1 1 1 2 2 2 2 1 2,  ,  , ,  X t t k t S k t d d         (S1)  

where S(τ1, τ2) is the 2D fluorescence correlation spectrum, τ’s represents fluorescence lifetimes, and k1 and k2 are 

emission delay kernels. S(τ1, τ2) is estimated by computing a 2D ILT of X(t1, t2) at various Δt. This effectively 

decomposes the total correlation function into the autocorrelation function (diagonal elements) and cross-correlation 

function (off-diagonal elements) of the constituent components in the single-molecule fluorescence time trace. As 

ILTs are numerically unstable and cannot be solved analytically, they instead must be estimated. Tahara and coworkers 

[2] used Maximum Entropy Method (MEM) [3] to estimate the 2D-FLCS spectrum, though this approach can be 

computationally costly. An alternative approach, based on recent advances in 2D NMR spectroscopy [4, 5], uses 

Tikhonov regularization [6] instead of MEM and exploits the kernel structure for efficient data compression via single-

value decomposition, thus greatly reducing the computational costs without sacrificing the quality of fit of lifetime 

resolution [1]. We adapted this technique for the computation of sm-2D-FLCS spectra. For each Δt, the spectrum was 

computed using the photons within a time window for which the denoted Δt was the upper limit (see Photon Windows 

Section below).  

 

Photon Windows. sm-2D-FCLS spectra are computed using photons measured within a time window which is 

denoted by a single waiting time Δt. The time windows used for each waiting time are given below: 

Time Window (s)   Denoted Δt (s) 

1x10-6 – 1x10-5   1x10-5 

1x10-5 – 5x10-5   5x10-5 

5x10-5 – 2x10-4   2x10-4 

2x10-4 – 5x10-4   5x10-4 

5x10-4 – 1x10-3   1x10-3 

1x10-3 – 1x10-2   1x10-2 

1x10-2 – 5x10-2   5x10-2 

5x10-2 – 2x10-1   2x10-1 
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2x10-1 – 5x10-1   5x10-1 

5x10-1 – 1x100   1x100 
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