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Abstract: We investigate the dependence of the spot size in singléermi
confocal imaging on the degree of saturation. We show timafesiemitter
spots are broadened and flattened significantly alreadycitaggn inten-
sities well below saturation. The resulting single-emitpot shapes thus
deviate significantly from the excitation point spread fimet. We show and
support by Monte Carlo simulations that fitting of a singletsis sufficient
to extract the saturation intensity and the maximum emissite of a single
emitter with high accuracy. Our results will be of interestall areas of
single-emitter studies.
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1. Introduction

The determination of the saturation parameters is vitalingle-emitter studies to establish
well-defined experimental conditions [1]. Under satunatiibe background count rate usually
increases faster than the emission rate of the single emeitentually degrading the signal-
to-noise ratio. Furthermore, under saturation the maxiyeling rate between the emitter’'s
excited and ground states leads to strong thermal energipdi®on as well as to a maximal
probability for photo-chemical processes leading to &rsible bleaching to occur. For emitters
with narrow absorption lines excited by narrow-band las&sss typical for single molecules at
low temperature, saturation effects are of particular irtgpe since saturation intensities un-
der such circumstances are extremely low. We consider saabaain the following. However,
our results are applicable to any single-emitter system.

In a traditional saturation experiment using a single emnittith a narrow absorption line,
excitation spectra are recorded at different excitatidgarisities including intensities presum-
ably well above saturation. To determine the saturatioarpaters from such data, the obtained
resonance curves are fitted with Lorentzians, with linetivethd amplitude as main fitting pa-
rameters. Plotting line width and amplitude vs. the exidtaintensity allows us to extract the
homogeneous line width, the saturation intensity and thginmam emission rate by fitting
the equations for saturation of the corresponding threetkeystem [2]. Disadvantages of this
method are (i) the long measurement time per saturatiorecmd (ii) the high intensities the
emitter is subjected to, which often leads to irreversiplecéral changes and/or photobleaching.
As a consequence, the particular emitters that had beertaidetermine saturation parameters
are usually lost for further experiments. Furthermoreyrsdion parameters are often subject
to large errors and results are dominated by particularbtggiable molecules that survive the
saturation experiment but dmt represent the “typical” emitter in the sample.

In this letter we introduce a simple and fast method to detesrthe saturation parameters
of individual emitters. The method does not require stroxgtation of the emitter far above
the saturation intensity. It relies on nonlinear fitting lo¢ tsingle emitter’'s image spot typically
yielding its amplitude, position, and width. Because of itnage spot’s bell-shaped intensity
distribution, position and width can be determined withr@atdinary precision down to a few
nanometers [3]. While thposition sensitivityprovided by such a fitting procedure has been
pointed out earlier [4] and was exploited in various experits [5, 6, 7, 8] the accuracy in
determining the width of a spot has not been addressed. Waimgntally show that the sat-
uration parameters of a single emitter can be extracted fl@nincreased width of a single
image spot recorded at a fixed excitation intensity well Wwelwe saturation intensity.

To this end microscopy images of single terrylene molecatetifferent excitation frequen-
cies covering the spectral line of a molecule at severakudfit excitation intensities were
recorded. All spots are fitted with two-dimensional Gaussiaroviding the amplitude, the half
width at half maximum (HWHM), the position, and the backgrddevel of each spot. Based
on such a set of data our new method is compared to the tnaaligaturation experiment. Re-
alistic Monte Carlo simulations are performed to check thatobserved effects are not caused
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by fitting artifacts.

2. Experimental

The experiments are performed on a home-built scanningocahbptical microscope oper-
ating at 1.8 K in a He-bath cryostat. Details are describedvehere [9]. In brief, excitation
light is provided by a single-mode ring dye-laser (Cohe@&99-21, Rhodamine 6G) pumped
by an argon-ion laser. After power-stabilization a smaltfion of the circularly polarized light
(~ 4%) is reflected by a glass wedge mounted at a shallow anglergeds the cryostat via a
window at the bottom. The excitation light is focused onshmple by a microscope objective
(Microthek, 0.85 NA, 6&) which resides in the superfluid helium.

The fluorescence and backscattered light are collectedebgaime objective and transmit-
ted by the glass wedge (96% transmission). The light is éttespectrally by a holographic
Notch filter and the Stokes-shifted fluorescence is focuse#d an avalanche photodiode
(SPCM-AQR13). At cryogenic temperature, the sample cancharsed over ranges of up to
34 x 34 um? using a bimorph scanner located in the superfluid helium. |aser frequency
can be scanned continuously or in steps of 10 MHz over ranggs to 25 GHz.

The measurements were performed on single molecules gfeer inp-terphenyl. Crys-
talline samples op-terphenyl doped with a small amount of terrylene were gréma co-
sublimation process [10]. Crystal flakes with lateral siaésip to several millimeters and of
about 10um in thickness were used that adhered to clean glass capsrbsl Van der Waals
forces.

All measurements were performed on the zero-phonon linleeolitivest singlet-singlet tran-
sition of terrylene inp-terphenyl in the @ site at about 578.5 nm. Molecules in this site are
spectrally stable and well suited for single molecule sjpscbpy at cryogenic temperature.
They have an orientation that is almost perpendicular tetpstal surface [11, 10, 12]. How-
ever, from aperture scanning near-field optical microscstpdies on these crystals [13], we
know that there exist molecules sitting at defect sitesrwudiffering orientations. Molecules
with a transition dipole moment with a smaller angle to thegke surface appear brighter in
images, as the different orientation of their transitiopadie moments leads to a lower satu-
ration intensity and an improved collection efficiency of tifiuorescence [14]. Therefore, an
experimental bias exists towards the observation of médsaitting at defects.

3. Theory

Single molecules may be considered point sources. The imfagsingle molecule in a scan-
ning confocal optical microscope at intensities far belatugation therefore reflects the shape
of the excitation point spread function [3]. Thus for extida with a Gaussian beam, the shape
of the molecule’s image spot is expected to be a Gaussianlas we

Analysis of saturation measurements from spectral datauslly based on a theoretical
description of the saturation of single molecules [15] vaHiallows the work by De Vries and
Wiersma [16] for a three level system in which the correspragpaptical Bloch equations are
solved. From the steady-state solution, a relation betwheefluorescence emission riref a
single absorber and the excitation intensity is derived [2]

I/1s
R(l) =R - 1
(1) =Re 1+1/ls (1)
whereR., denotes the maximum emission ratehe excitation intensity antk the saturation
intensity.
Equation (1) can be used to include the effect of saturatioiié description of a single-
molecule image spot obtained e.g. by a confocal microsdepea Gaussian excitation point
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spread function, Eg. (1) can be rewritten as:

_ (x-x0)%+(y-yp)?
A-e 282
R/(vaaA) =Rs- (2)

_ (xx0)%+(y-yp)?

1+A-e 262
whereR’ denotes the emission rate as a function of position andveliatensity,R., the maxi-
mum emission rated = | /Is the relative intensity as a function of the saturation istgnx and
y the positions with respect to the molecule’s positiggyp), andé the width of 1 standard-
deviation of the Gaussian excitation spot (a constant)nEvétensities close to but still below
the saturation intensity of the molecule, the image spotedfiaedd by Eq. (2) deviates slightly
but measurably from the ideal Gaussian shape showing aftiiati” and broadening. For ex-
citation intensities above the saturation intensity, éheffects become very pronounced.

We conclude that in case the true point-spread function @fhticroscope, i.e¢, is suffi-
ciently well characterized, e.g. by imaging a molecule feloty saturation or far out of reso-
nance, fitting of Eq. (2) to ainglespot can be used to determine the maximum emission rate
R. and the saturation intensity via the paraméter

4, Resultsand discussion

To obtain both classical saturation data and saturatioa lbiased on the proposed “spot size
method” we recorded a matrix of single-molecule images asation of both excitation fre-
guency and intensity. Frequency-dependent images weoedext at five different intensities.
Fig. 1 summarizes the results of the classical data evaludtig. 1(A) shows the spectral line
of the molecule at two different excitation intensitiesldve (6.8 W/cnt) and above saturation
(67.6 W/cn?). The lines were constructed from the amplitudes of twoetdisional Gaussians
that were fitted to the measured single-molecule image s@atsssian curve fitting was used
to quantify the observed effects. The width of 1 standandadi®n of the Gaussian was taken
as the HWHM throughout the experiment. The error bars reptéke uncertainties obtained
from the Gaussian fit. The uncertainties are largest cloieetoesonance of the line recorded
at the higher intensity. This effect is due to the increassmigence of blinking close to the
resonance. The spectral lines are identical to the onesvihat have been observed by scan-
ning the laser frequency over the resonance of the moleeslding in the confocal volume.
From all such spectral lines, a saturation curve of emissitevs excitation intensity was con-
structed, as is shown in Fig. 1(B). The saturation intersstyletermined by fitting to Eq. (1)
wasls = 9.8+ 0.8 W/cn?. This intensity is clearly lower than the expected sataraiiten-
sity, 22.7 W/cm, for a single terrylene molecule inmterphenyl crystal [11]. We ascribe the
discrepancy to the presence of defects in the crystals hitaxs to molecules having aberrant
orientations [14]. In our samples such molecules were oksaiather frequently. Once the sat-
uration intensity is known, relative intensities may beduas indicated on the upper horizontal
axis of Fig. 1(B).

The HWHM of the spots as a function of detuning is shown at twerisities in Fig. 1(C).
Remarkably, a significant increase of spot-size aroundekenance is observed even at the
lowest intensity which is only on the onset of saturatiba-(0.7 - Is). As mentioned before the
effect of blinking causes an increase in the uncertaintidhkemeasured spot-sizes at higher
intensity close to resonance. The increase in spot-sizege hegative detuning for=6.9: g
is explained by the decreasing signal-to-background.ratie low intensity data demonstrate
that the effect of saturation on the measured spot size éadyr present and significant at
comparably low intensities.

Finally, the measured spot-size in resonance is plottedfasciion of relative intensity in
Fig. 1(D). A clear increase in spot-size is observed. Theramty on the HWHM increases
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Fig. 1. Classical saturation obtained from a frequency and intensityndepe single-
molecule images. (A) Spectral lines of a single molecule at two differ¢angities. (B)
Saturation curve of the same molecule. The lower horizontal axis shavexititation
intensity whereas the upper horizontal axis shows the relative intensitee$uastion of
saturation intensity. (C) Change in the observed HWHM of the imaged §fia¢ molecule

as a function of detuning. The black circles denote the values#00.7 - Is and the grey
triangles forl = 6.9-1s. (D) HWHM of the spot in resonance as a function of relative inten-
sity. The spot-size at zero intensity is the measured spot size far @g@fance. The solid
grey line denotes the calculated point spread function, which doese’trikaccount any
effect due to the presence of superfluid helium. The integration time wasfier pixel.

with intensity and is caused by the increased amount of ilinin the spots at higher intensi-
ties.

To gain insight in the accuracy of the determination of sjr#sof single molecules and to
estimate the influence of saturation on the observed spes,s&zMonte Carlo simulation was
performed. Pseudo-random numbers with a Poisson disbibate used to simulate measure-
ment noise. The simulation addresses the question whétbejiten spot size of such a noisy
spot below saturation is recovered by fitting with a Gaussaan when the detuning increases
and thus the signal-to-background ratio decreases. Thelation was run in Mathematica
(Wolfram research). The simulation addresses the questiamegative testing scheme, i.e. a
constant spot size is used as input. Detuning from resonascéts in a decreased signal-to-
background level. Spectrally, a single molecule is charasd by a homogeneous line with a
Lorentzian shape. The detected emission rate per integrétie,R;, as a function of detuning,
f, is described by: ’

whereRy is the off-set of the background level from B, the amplitude,fp the resonance

frequency andV the Full Width at Half Maximum (FWHM). As input value®y, = 0 counts
per integration timekd = 200 counts per integration time, avWl= 60 MHz were chosen, which

Ri(f)=Ro+ 3
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represent realistic values typically found in the experime

In microscopy images, the molecule is seen as a Gaussianrefletting the shape of the
excitation point spread function. Assuming this spot todmmated at (0,0), it is described as a
function of position, detuning and size:

_ iy
spolx,y, f,§) =Ry(f)-e 2 (4)

wherex andy denote thex— andy—coordinates, respectively, agds a measure for the HWHM
of the spot, corresponding to the width of 1 standard-dmriadf a Gaussian was set to
4.16 pixels in all simulationsR; (f) was defined in Eq. (3) and takes into account the spectral
dependence of the amplitude of the spot. The function(spot, ) defines an ideal spot
below saturation without noise on zero background. Theasigoise is described by a Poisson
distribution, which has as meaa)corresponding to the signal amplitude and the variangg (
[17, 18]. The background is defined as a Poisson distributithnmean 8.

Exploiting the symmetry of the problem only positive valuwdshe detuning were used in
the simulation. For each of 8 different spectral positionslied, 1000 spots were generated.
Each spot was fitted with the following Gaussian function:

, _ay?
fit(x,y) =a+b-e 22 ©)

where the parameterrepresents the background leviethe amplitude of the spot arathe
HWHM of the spot in exactly the same way &sFrom Eg. (5) it is obvious that center posi-
tions of the spot that are different from the origin are natsidered. Initially this was taken
into account by two additional parameters, however, dubdaktremely small values (on the
order of 103 to 10~%) that resulted from a first run of the simulation and the humgedase of
calculation time, this was omitted in further runs of the siation.
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Fig. 2. Results of the Monte Carlo simulation on the spot-size as a functicetadidg be-
low saturation. (A) The average amplitudes with corresponding unceesis a function
of detuning (squares) and the input values (grey line). (B) The infrendetuning on the
HWHM, both absolute in pixels (left axis), with the corresponding input @as a grey
line, and in nm assuming a diffraction limited spot size.

The thus generated fitting results of 1000 spots per detumarg used to generate distribu-
tions of the amplitudeh, and the HWHM, as a function of detuning. The distributions of the
amplitudes with corresponding uncertainties were usethéalc whether the input was repro-
duced, as is shown in Fig. 2(A). The solid grey line represém input as defined by Eg. (3),
whereas the dots with error bars show the average amplitwibscorresponding standard
deviations that came out of the simulation. A good agreetsdound.
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The distributions of the widths and corresponding uncetis constitute the main result of
the simulation and answer the question whether an obsehathe in spot size is an artefact
from the fitting procedure or not. The distributions of wigltht each detuning are shown in
Fig. 2(B). It shows the HWHM as a function of detuning as squats with corresponding error
bars and the input valué, = 4.16 pixels as a solid grey line. The result demonstrates that a
larger detuning, i.e., lower signal-to-background réttie, uncertainties on the HWHM increase
strongly, while the mean value remains extremely close ¢oinput value. The influence of
any systematic fitting artefact can be excluded due to thetlfed the points are uniformly
distributed around the input value. For comparison, thgdlstr variation from the input value
is about 0.02 pixels, which would amount to less than 1 nm fdiffeaction limited spot. This
means that a constant spot size as input is recovered inting firocess with high accuracy
and that any increase in spot size observed experimentalyanance is caused by a physical
process. The large error bar ef 15 nm at a detuning of 150 MHz indicates that for lower
signal-to-background ratio, i.e. in the wing of the lineg tincertainty on the obtained values
increases.
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Fig. 3. lllustration of the determination of the saturation intensity and the mamiemis-
sion rate from 2 spots of a single molecule at the intenisigy0.7 - Is. (A) shows the
line-profile of the non resonant spot through the center and (B) ofethenant spot. The
insets show normalized images31x 1.3 umin size, of the respective spots. The lines
indicate where the line-cut was taken. The solid lines represent Gadgsiemthe data,
whereas the dotted line is a fit with Eq. (2).

An important consequence of the change in measured spoindiieh is shown by the sim-
ulation to be no fitting artefact, is illustrated in Fig. 3shows the line-cuts and images of a
single molecule recorded at the intendity: 0.7 - |s. The data shown in Fig. 3(A) is recorded
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at a detuning of-60 MHz. The data points in the line cut are represented by, ddtsreas the
error-bars denote the amplitudes of the shot-noise on tiae Bleom Fig. 1(C) itis clear that the
spot size at this detuning was typical for the molecule @at)of resonance, even at high inten-
sities. The spot in this image was fitted with a Gaussiandinglé. Fig. 3(B) shows the data
from the same molecule in resonance. The spot was fitted with & Gaussian curve (solid
line) and with Eq. (2) (dotted line). In the lattr,was kept fix at the value found from fitting
the out-of-resonance image with a Gaussian. The points inohwthe molecule was blinking
(black pixels) were not taken into account during the fittivith both equations. As is seen in
Fig. 3(B), significant differences between the fits existeatan intensity below the saturation
intensity. It means that the effects of saturation are dirgaesent in the spot. The data is better
described by Eq. (2), which has a smaller amplitude and aleroaidth. This is obvious from
the values ofy? for the fits, which yieldy? = 3- 10° for fitting to Eq. (2) andx? = 2- 108 for
fitting to a Gaussian, respectively.

From the fit to Eq. (2) using obtained from Fig. 3(A), the saturation intensity and the
maximum emission rate of the molecule were determineddiyiglls=9.1+ 2.7 W/cn? and
R»=560+ 114 counts/5 ms in perfect agreement with the values olutdioen the classical
analysis. The accuracy of these values is slightly less thahobtained with the classical
method. However, it should be noted that the data were adaituch faster and did not require
excitation of the molecule at intensities above saturation

5. Conclusion

Saturation effects in the images of single molecules araqmced. Even at intensities that
are still below the saturation intensity, the images of ajlsirmolecule show a larger spot
size than they would show at extremely low intensities othilow temperature case, when
imaged far out of resonance. This finding is supported by El@arlo simulations. The effect is

exploited to determine the saturation intensity and marmemission rate of a single molecule
using a single microscopy image only, provided the poimeag function is known. The good

agreement of the results with the values obtained from iticadhl” spectral saturation analysis
demonstrates the power of the method. Our method elimirihtesieed of recording many

spectra of a single molecules, including those at interss{fiar) above the saturation intensity.
The here proposed method is much faster both in the expetranelin the analysis and is also
suited for emitters which don’t have narrow absorptiondine
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