Bioimaging 3 (1995) 147-153. Printed in the UK

Monitoring the excited state of a
fluorophore in a microscope by
stimulated emission

Martin Schrader t, Franziska Meinecke i, Karsten Bahlmann i,
Matthias Kroug T, Christoph Cremer i, Erkki Soini 1 and
Stefan W Hell §

1 Department of Medical Physics and Chemistry, University of Turku, P.O. Box 123,
FIN- 20521 Turku, Finland B

1 Institut fir Angewandte Physik, Univergit Heidelberg, Albertdberle-Str. 3-5, 69120
Heidelberg, Germany

Submitted 27 November 1995, accepted 21 February 1996

Abstract. A two-pulse experiment is described, using stimulated emission to reduce
the fluorescence of 1-ethyl-4- (4-(p-dimethylaminophenyl)-1,3-butadienyl)-pyridinium
perchlorate (Pyridine 2) in a microscope of high numerical aperture. The experiment
employed a 130 fs pulse at 375 nm for excitation and &Z)ps pulse at 750 nm for
stimulated emission. The pulses were provided by a mode-locked Ti:sapphire laser.
The 375 nm excitation pulse was obtained by frequency-doubling and the520s
infrared pulse by optical grating dispersion. The population of the excited state was
monitored by varying the temporal delay between the excitation and stimulating pulse.
This method enabled the measurement of the lifetime of the dye. For Pyridine 2 in
glycerol, we determined a lifetime of& + 0.2 ns. The decrease of fluorescence was
due to stimulated emission, as was established by measurements of the temporal
behaviour of the fluorescence signal upon amplitude modulation of the stimulating
beam. We present a theoretical analysis of the temporal behaviour of depletion by
stimulated emission in a two-pulse experiment.

Keywords: fluorescence microscopy, confocal, stimulated emission, lifetime, STED.

1. Introduction Stimulated emission is the basis of laser action and
one of the most widely applied physical phenomena. First
The depletion of the excited state of a dye by stimulated reports of stimulated emission in organic fluorophores go
emission offers a new perspective in fluorescence back to Sorokin and Lankard [5] and to $dér and co-
microscopy. As in the case of multi-photon excitation, workers [6], who pioneered the development of the dye
stimulated emission is likely to become a new tool in this laser. The operational requirements in a laser are somewhat
rapidly developing field [1, 2], with the first and perhaps different than those for depletion of fluorescence. In a laser,
most fascinating application being the improvement of the role of stimulated emission is to strengthen the beam
resolution beyond the diffraction limit [3]. Given that by collecting stimulated photons, whereas in microscopy
the product of two offset point-spread-functions (PSF) is one is primarily interested in the depletion of the excited
narrower than a single PSF [4], offset beams for excitation State by stimulated emission, irrespective of the population
and stimulated emission can be used to decrease theof the excited state.
effective focus field of a scanning fluorescence microscope. ~ Experiments showing an influence of stimulated
In our proposal for a STED-fluorescence microscope [3] emission on fluorescence signals were first reported by
we showed the possibility of depleting the excited state of Galaninet al [7], who studied fluorescence by two-photon
a dye in a two-beam arrangement with consecutive pulses€citation with giant pulses of a ruby laser. At high pulse

for excitation and depletion. energies they observed that the fluorescence yield exhibited
a more linear instead of the expected quadratic dependence;
§ To whom correspondence should be addressed. i.e. the fluorescence excitation was less efficient than
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expected. Galanin and co-workers attributed the decrease

in the efficiency of fluorescence excitation to stimulated S1vib ~
emission. In spectroscopy this phenomenon has also been j Ko
referred to adight quenching The experiments of Galanin 81 2

et al were single-pulse experiments. Such experiments, !

however, do not allow for adepletion of the excited |

state, as we have described in [3], since the fluorescence |

signal increases with greater pulse intensity. In studies l

independent of ours, stimulated emission has been shown to hexcO ka+ko |

be of importance in fluorescence spectroscopy. Gryczynski |

et al [8] demonstrated that the increase in fluorescence was i

less than linear upon excitation with a subpicosecond pulse

centered in the anti-Stokes region of the emission spectrum S, vib

of a dye. In their development of light quenching with 0 K

picosecond lasers, Lakowicz and Gryczinski [8-11] showed SO

the potential of stimulated emission for opening up new

fields in spectroscopy, offering control of the polarization

anisotropy, fluorescence emission intensity, and lifetime of Figure 1. Energy states (Jablonski diagram) of an organic

fluorophores. These phenomena are also of great interes{luorOphore'

in fluorescence microscopy and will surely stimulate further

research on such applications of the STED concept. excited states are very shotfi, < 1 ps [12,13]. Thus, the
After outlining the basics of depletion by stimulated \;prational relaxation % - S and §° — S, are three

emission, we outline an experiment implementing this orders of magnitude faster than fluorescence. The rapid

process in a microscope with two pulses. In particular, yiprational decay causes the molecules f % relax to

we describe the dependence of the efficiency of depletiong, pefore emiting a photon. The state & the actual

on the temporal separation of the pulses and show how theggrce of fluorescence photons, and the effective number

stimulating pulse can be used to monitor the population of of emitted fluorescence photons is directly proportional to

the excited state. the S population. To a good approximation and at room
temperature, Srepresents a bottleneck every molecule has
2. Theory to pass before emitting a fluorescence photon.

When considering the lifetime and the transitions of

Figure 1 displays the energy levels of a typical fluorophore. figure 1, it is evident that for sufficiently high intensities
S and S are the ground and first excited singlet states, of a stimulating beam a significant depopulation can
respectively. 8°, and §® are higher vibronic levels of  occur. Fluorescence has a broad spectrum extending over
these states. The excitation of the dye takes place fromseveral tens of nanometers in wavelength but the stimulated
the relaxed state Sto the state }’ab and fluorescence by photons have the same wavelength, polarization and
the radiative transition S— sgib. The transition $ — direction of propagation as their stimulating counterparts.
S¢P can also be induced by stimulated emission, which is Therefore, stimulated photons are not distinguishable
of particular interest here. The transition$*S— S; and from the photons of the stimulating beam, but the
S‘é‘b — S are vibrational relaxations. In the discussion of effect of stimulated emission can be observed as a loss
stimulated emission we can ignore the triplet state. Detailed of fluorescence intensity in the remaining part of the
reviews of dye properties are given by Lakowicz [12] and fluorescence spectrum.
Scléfer [13]. As a first step, we investigate theoretically the

Figure 1 also displays the transition rates. The rates of behaviour of the fluorescence molecules excited by a
the spontaneous processes are given by the inverse of thdocused beamiey(7), and depleted by a second focused
lifetimes t of the source states. The fluorescence rate is beamhgeqt) [3]. The variablei(s) denotes the photon
ks = 1/tq, the rate for vibrational decay i, = 1/7vib, fluxes, i.e. intensity point-spread-functions divided by
and the non-radiative quenching rate of iS kg = 1/14. the photon energyrw, with w = 2mci and & being
The rates for excitation and stimulated emission are given Planck’s constant. The excitation wavelengthy. is
by the product of the photon fluxes of the beams and preferably at the absorption maximum, whereas the
molecular cross sections, i. BexOexc andhgesteq fOr the wavelength of the stimulating beamiseg is in the
excitation and stimulated emission, respectively. Typical emission spectrum of the dye. The population probabilities
values 0foeyx. andogeq are 101610720 cn?, respectively. nf"'b)(t) are found by considering the photon fluxes as
The fluorescence lifetimes and ty are on the order of 1 functions of time [3]. The following set of differential
and 10 ns, respectively. The lifetimes of the vibrationally equations describes the interplay between absorption,
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thermal quenching, vibrational relaxation, spontaneous, andpulse has passed, half of the molecules would begiih@d

stimulated emission [3]:

the other half in §. If the rate § — Sy is lower than
the vibrational decay$ — S, this problem is avoided.

dno _ hexcaexc(n‘{ib — no) + kyipnl® (la)  Hence, at a given pulse energy the STED pulse should be
ddtvib long enough to allow the statq‘ﬁ'@to relax vibrationally.
i) vib vib Since the lifetime of vibrational states4sl ps, the duration
— hete d(nl—n )+ ki + ko)n1 — kyipn® (1b sl ps,
ddt stedrste 0 ( Q) oo (10) of the STED pulses should be in the range of several
n - - i i i " i
OTtl _ kvibn‘{'b n hsteoﬁsted(né'b _ n1) _ (kﬂ i kQ)nl (1c) Egl;:.oseconds in order to aIIowOS sufficient time to relax
dn‘fb vib vib Itis of interest to first investigate the depletion process.
dd he’(djem(no_nl >_k"ibn1 (1d) The following parameters were chosenj,, = 2 ns,

79 = 0.1 ns, tyip = 1 PS, Aexc = 500 NM, Agteq = 600 Nm,

osted = 1071 cn?, and a numerical aperture of 1.4 (oil).
Let us assume that the fluorescence molecules are already
excited, i.e.n1(t =0) = 1, and the excitation pulse is

with Y nM @) = 1. Equations (1) also include re-

excitation of the vibrationally excited ground stat§b9at
Astes @nd stimulated emission at the excitation wavelength ="~ ] - A
Zexe (The functional notation(r) has been omitted for ~SWitched off.  This can be accomplished, for instance,
clarity.) by subpicosecond pulsed ex0|tat|on._ Figure 2 ;_hows the
The lifetimes and transition rates of the fluorophore t€mporal dependence of the population probability ef S
suggest that it is highly advantageous to employ pulsed When subjected to a stimulating pulse of = 100 ps

lasers, as is evident upon consideration of equatief. (1 duration (FWHM), reaching its maximum at= 0.2 ns
Depletion by stimulated emission dominates for the after the subpicosecond excitation pulse has left the focal

condition plane. We can safely neglect the triplet state of the dye
since intersystem crossing is too slow to play a role on
this time scale. n1(r) has been calculated for different
peak photon fluxesiseq of (a) 0, (b) 30 x 10%5, (c)
Equation (2) reveals that depletion by stimulated emission 30 x 10?5, (d) 15 x 10?7, and (€) 30 x 10?7 photons
faces three competing mechanisms, the first and seconds-1 ¢m2) corresponding to peak powers of (b) 10, (c)
being the supply from the higher vi.bronic Ieve['bSand 100, (d) 500, (e) 1000 MW cn?. Curve (a) describes
the spontaneous decay of,Sespectively. Both can be ¢ regular fluorescence decay af @ith the STED beam
excited by usingulsedexcitation ancpulsedSTED beams. ¢ itched off, and curves (b—e) show how the STED beam
Employing an excitation pulse that is immediately followed depletes the population of S For low intensities (b, c) the
by a stimulating pulse separates the steps of excitation andye|etion by stimulated emission is not complete. After the

sumuﬂa&eﬁ efrms?on.llnaTmufch a”séfzjorfipenF Ieyf? .BOtt STED- pulse has passed, the decrease, @f is governed
supplied by fresh molecules fron{'5 depletion is efficient. by spontaneous emission and non-radiative quenching. For

The excitation pulse width, should be about, <1 ps, higher pulse intensities (d, ) depletion is strong, and for a
thereby ensuring little fluorescence decay during excitation. eak intensity of 500 MV\} ¢ the state § is dé leted
Another aspect of pulsed excitation is that the supply pft '200 'y As | h lse | : h P h
from the higher vibrational level {8 to S; vanishes one aner ps. As long as the pulse length is muc
picosecond after the excitation pulse has passed. To avoid® horter than th_e I_n‘etlme of the statg &nd assuming that_
spontaneous emission from, $he stimulating pulse has §t|mulated emission hqs not reached sgturathn, depletion
increases with increasing numbers of stimulating photons

to closely follow the excitation pulse. This condition | : _ R
requires stimulating pulses in the picosecond range orin the pulse. The cross section of stimulated emission is

shorter. Furthermore, to surpass the spontaneous decay glso of.great importance since-the required -intensities are
high intensity is required. Pulsed lasers are advantageoug’roPortional tooseq. The depletion of the excited state S
in this respect because they provide a high peak intensityc@n be interpreted as an enforced reduction of the lifetime
at a relatively low average power. The latter is important Of Si by stimulated emission [9,11]. By altering the
for maintaining the total irradiation doses in the low range temporal delay between the excitation and depletion pulse,
proposed for two-photon excitation microscopy [14]. the lifetime of the dye is changed artificially. Hence, one of
Equation (2) also shows that it is not expedient to make the benefits of stimulated emission is the selective alteration
the STED pulse as short as absolutely possible. That is,of the lifetime of the excited state. As two consecutive
efficient depletion requires a small populatioff of Sy, pulses are used, we can imagine that the delaypetween
the final state of the stimulated emission process. A STED the pulses is like a time window in which the dye is
pulse facing a high populatiof® would re-excite the dye  ‘switched on’. Implemented in a scanning fluorescence
to S and depletion would thus be inefficient. For very microscope, a two-pulse beam arrangement offers enhanced
short pulses one would expect that shortly after the STED temporal resolution for fluorescence investigations.

hstedPsted?1 > kvibn\fb» (kfl + kQ)nl, hstecﬁsted’lgib- (2)

149



M Schraderet al

Ti:sapphire lasers. However, a serious disadvantage of such

1.0 T lasers for research on stimulated emission is their restriction
08 _ : ‘“\‘ ; to the infrared, for which only a few dyes are available.
o N @ An experiment based on the use of a mode-locked
06 \‘ ________________ Ti:sapphire laser is sketched in figure 3. The Ti:sapphire
= Vo (0) laser provided 130 fs pulses at a repetition rate of 76 MHz
< 04 o © \ _ and a central wavelength of 750 nm. The laser light
i 3 . STED pulse was split into two beams, one of which was frequency
02 - '\‘ \\‘(c) ' doubled to 375 nm by a LBO crystal. The duration of
_ W the frequency-doubled pulses was largely unaffected by the
0.0 , I — | l """ LBO crystal. This was not the case with the infrared pulse,
0.0 0.1 0.2 0.3 0.4 which underwent four encounters with a grating. As a result
t [ns] of dispersion the pulse was stretched to about 20 ps. This

arrangement allowed the near UV femtosecond pulse to
be used for excitation and the picosecond infrared pulse
Figure 2. Population of the first excited state as a function of for stimulated emission. In addition, the adjustment of the
time when exposed to a STED pulse of 100 ps duration reaching grating allowed an arbitrary adjustment of the pulse length
% é?:;ls%umpgéi ?st:;tsei{ig;? g)’;citg“?c'; Fl’g'ge(gf‘%%ﬁ'(;m from a few picosecond to about 100 ps. This experiment
1000 MV\?crrrz, depletion By stimulated emission occurs diﬁgreq from the. one previ_ously discussed [1] in that the
increasingly faster, thus reducing the lifetime of the excited excitation and stimulating light were focused by the same
state. Curve (a) shows the regular spontaneous decay of the  objective lens, which had a specified numerical aperture
fluorophore. of 1.3 (oil) (Nikon). The stimulating beam passed two
lenses, one of whichLsc.an Was mounted on a precision
scan stage (Light Line, Physik Instrumente, Waldbronn,
Germany). The piezoelectric stage was capable of scanning

There is a major difference between the realization of the lens with a precision of about 10-20 nm.  The
high-intensity photophysical effects in a microscope and a OPtical arrangement was chosen so that the adjustment of
spectrometer. In a microscope of high numerical aperture the focused stimulating beam with respect to the focused
the light is focused onto a very small area about 300— €xcitation beam could be achieved with the lénga, The
500 nm in diameter so that intensities of the order of Mmagnification factor of about 50 enabled a calculation of the
TW cm2 are easily achieved with pulsed lasers. In Position of the stimulating focus with respect to the exciting
standard spectrometry typical focal areas are aboytr20 focus with a precision of fractions of a nanometer. This
so that the highest intensities are of the order of GW%m  arrangement permitted the study of depletion by stimulated
The availability of high intensities is advantageous when €mission in a microscope.
studying photophysical effects. However, the available A suitable dye for excitation and stimulated emission
fluorescence signal is generally much lower in a microscopeis 1-ethyl-4-(4-(p- dimethylaminophenyl)-1,3-butadienyl)-
due to the small volume being probed. In spectrometry Pyridinium perchlorate (Pyridine 2, Radiant Dyes, Wermel-
one can avoid photochemical bleaching by stirring the skirchen, Germany) [1,2, 15]. A small amount of Pyridine
solvent; this cannot be done in a microscope. Photophysical2 was dissolved at high concentration in ethanol. A drop
effects that are easily observable in a spectrometerOf this solution was diluted with glycerol and mounted be-
might not be observable in a microscope because of thetween two cover slips so as to form a 1018 thick layer.
weakness of the signal and photochemical destruction. ThePyridine 2 was excited at 375 nm and stimulated at 750 nm
exploration of photophysical effects, e.g. of stimulated [1,2,15]. The fluorescence of Pyridine 2 was collected by
emission, necessitates a careful study of the accompanyinghe same objective lens and focused onto a pinhole. The
photochemical reactions. collected light passed a stack of filters: a dichroic mirror
A convenient approach for realizing depletion by with a transmission between 600 and 700 nm, a longwave
stimulated emission in a microscope is to use the pass dichroic filter with an edge at 500 nm, and a short-
fundamental wavelength of a laser and its second harmonicwave pass dichroic filter transmitting below 700 nm. The
[1, 2], which can be generated by focusing the laser light photomultiplier was blue sensitive and was operated in the
into a frequency-doubling crystal. The use of a single laser photon-counting mode. The excitation beam filled the en-
offers less flexibility than two lasers as far as wavelength trance aperture of the objective lens. The diameter of the
selection is concerned, but the advantage of this approach igletection pinhole was about the size of magnified back-
lower cost and the straightforward synchronization of the projected Airy disk, thereby providing a pseudo-confocal
pulses. Currently, the most popular subpicosecond light operation of the setup. The total path length of the 375 nm
sources in fluorescence light microscopy are mode-locked pulse was matched to that of the 750 nm pulse. One mirror

3. Experiments
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Figure 3. Experimental arrangement to study stimulated emission on a microscopic scale. The pulse from the Ti:sapphire
laser is split by the cube, partly directed to a grating where it is dispersed to about 20 ps duration. The other part is
frequency-doubled by a LBO crystal. The fluorescence light from the sample is collected by the objective lens and focused

onto a pinhole in front of the photo multiplier. The lens Lsan Scans the 750 nm light across the focus formed by the 375 nm
excitation light.

was placed on a translation stage to allow a precise change Figure 4 suggests a useful definition of a depletion
in the path length. efficiency,e, given by the relative difference in fluorescence
The illumination and detection pinhole ideally define vyield with and without STED beam:
a confocal point-spread function of the lens so that, in
principle, the arrangement of figure 3 featured a defined 6= Py — Pﬂ+depl'
probe volume from which the fluorescence light was Py
registered. When reconsidering the theoretical predictions . . .
of figure 2, we find that the effect of stimulated emission The d_e_plet|on efficiencys can be m_terpreted as a
allows the population of the excited state to be monitored probability that a fluorescence molecule is quenched by the

(4)

in a two-pulse experiment. The fluorescence YiBig, is stimulqted gmission. In FFgure q,was apout 0.5. To a first
proportional to the integral of the population of the excited @PProximation the depletion efficieneyis proportional to
state population the average population of the excited state and the average
¢>5am phpton flux _durmg the exposure to the STED pulse. Thus,
Piuor = constan&/ () d. 3) ¢ is a function of the delay between the two pulses and
=0 constitutes a monitor of the excited state. That is, the STED

The STED pulse decreases the populatien(r) and pulse acts as a probe exploring the population of molecules
therefore the total fluorescence signal. This is shown in that have not decayed. The population of the excited state is
figure 4 in the comparison between the fluorescence signalhighest shortly after excitation. For longer delays many of
with and without the stimulating beam. The stimulating the excited molecules have decayed before the stimulating
beam was chopped with a rotating-wheel chopper. The pulse enters the focus. Thus, the fluorescence yield will
UV-excited fluorescence also dropped in the presence ofincrease. For delays that are of the order of the lifetime of
the near- infrared stimulating photons. the excited state, the STED pulse is not able to generate any
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Figure 4. Fluorescence signal measured between 600 and At(ps)

700 nm when exciting with 375 nm and switching on and off a
stimulating beam at a wavelength of 750 nm. The ‘background’ Figure 5. Depletion efficiencye versus the delay of the
signal is obtained when switching off the UV excitation and stimulating pulse with respect to the excitation pulse.
illuminating with the STED laser. It is probably due to
backreflection of scattered laser light into the detector. The
dwell time of each bin is Jus.

125

reduction of the fluorescence signal by stimulated emission. 100 —
A similar situation is encountered when the stimulating 4 ,
pulse overtakes the excitation pulse. 8 75 - ‘

This expectation was confirmed in an experiment g ]
measuring the depletion efficiency as a function of £ 50
the path lengths of the excitation and stimulating pulses 2
(figure 5). For a negative delaxs, a low value ofe was 25
measured. With a delay of about the temporal duration of ]
the STED pulses reached an abrupt maximum. The steep e — R
slope was determined by the pulse length of the stimulating 12000 12100 12200 12300
beam. With increasing delays the depletion efficiency us

dropped continuously as a result of the spontaneous decay
of the g)_(Cited state, enabling a determination of the lifetime Figure 6. Change of the fluorescence signal when switching off
of Pyridine 2:7 = 0.86+ 0.2 ns. the STED beam monitored at a timescale of tens of

The dependence of the excited state on the depletionmicroseconds. The observed rise time of/20is much shorter
efficiency lifetime ¢ would seem to indicate stimulated than possible changes due to recovery after bleaching.
emission, but this feature is not definitive in that it merely
shows that the excited state participates in the decrease i i
of the fluorescence signal. In principle, one could also fluorescence signal upon blocking of the STED beam; the
imagine a photobleaching mechanism involving the excited fluorescence rise time was on the order of 28 Such
state as an intermediate step. For instance, the STEDan increase of fluorescence cannot be explained with a
pulse could excite fluorescence molecules to a higher bleaching-recovery phenomenon, since the recovery time
state, leading to a photochemical decomposition of the in Viscous solvents such as glycerol should be at least
molecule, and a corresponding drop in intensity would be two or three orders of magnitude larger. Thus, we would
due to photochemical decomposition rather than stimulatedhave expected a constantly rising signal rather than a step

emission; the fluorescence recovery would reflect the back-function. The rise and fall times were determined by the
diffusion of fresh molecules. rotation speed of the chopper and the diameter of the beam.

The model was investigated further by measuring We found that the rise time of the fluorescence signal was
the change of fluorescence signal when chopping theof the same order as the ‘fall time’ of the STED beam.
stimulating beam. Stimulated emission is expected to occur This fast recovery of the fluorescence signal was indicative
instantaneously, whereas back-diffusion should result in of stimulated emission.

a noticeable rise of the signal on the timescale of back- Although our experiments clearly proved that stimu-
diffusion in the solvent. Figure 6 shows the rise of the lated emission was the dominating process in the drop of
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