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S. Hell, “Far field optical nanoscopy” Springer



PRINCIPLES OF OPTICAL MICROSCOPY



Compound lens microscope

Requires two lenses: an objective plus an eyepiece

The object is positioned beyond the objective. 
The object-magnified image is further magnified 
by the eyepiece and focused onto the retina of 
the eye

Mechanical
tube length
= 160 mm



Fluorescence Microscope
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Θ𝐶=sin−1(n1/n2 )



© J.Paul Robinson



© J.Paul Robinson



Key ideas in optical microscopy



Phase contrast microscopy

Confocal microscopy



S. Hell, “Far field optical nanoscopy” Springer

Confocal optical microscopy



Confocal microscopy

Two Pinholes (“Laser” and “Detector”) are 
conjugated with respect to the Lens 
(Objective)
Therefore, the rays coming from planes 
other than the Focal plane are rejected à
àAxial Resolution is enhanced



Diffraction limit



the gain in resolution (given by 
the spot size) is obtained 
mechanically limiting the 
size of the excitation and 
detection spots (by means of 
pinholes).
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E. Abbe (1873), Arch. Mikroskop. Anat. 9, 413.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Arch._Mikroskop._Anat._9_413-422.pdf
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4Pi- Microscopy: resolution improvement in Z
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4Pi- Microscopy:

70 - 140 nm 
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Coherent illumination and/or fluorescence detection

S.W. Hell (1990), Europ. Patent OS 0491289.
S.W. Hell, et al. (1992), Opt. Commun. 93, 277.
M. Schrader, et al. (1998), Biophys. J. 75, 1659.

H. Gugel, et al. (2004), Biophys. J. 87, 4146.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Patent_EP_0491289B1.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Commun._93_277-282.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._75_1659-1668.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf
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Ernst Abbe discovered that the focal spot size 
decreases with the microscope's aperture angle i.e. 
with the size of the spherical wavefront that is 
produced by the objective lens. But a regular objective 
lens, even of the largest aperture, produces just a 
segment of a spherical wavefront coming from a single 
direction. As a result the focal spot is longer (z) than 
wide (x,y) [Fig. 1a]. By contrast, a full spherical 
wavefront of a solid angle of 4π would lead to a 
spherical spot and hence to an improvement of spatial 
resolution in the z-direction. 
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The idea: Since there are no lenses or mirrors 
that could provide such a wavefront across a 
significantly large field of view, the idea behind 
our 4Pi-microscope is to mimic the 'close to 
ideal' situation by using two opposing 
objective lenses coherently, so that the two 
wavefronts add up and join forces. 

Allowing the illumination wavefronts to 
constructively interfere in the sample produces 
a main focal spot that is sharper in the z-
direction by about 3-4 times (4Pi of type A). A 
similar improvement is obtained if the lenses 
add their collected fluorescence wavefronts in 
a common point detector (4Pi of type B). Doing 
both together is best, of course, and leads to a 
5-7-fold improvement of resolution along z 
(4Pi of type C).
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The sidelobe challenge: If the two segments 
were full spherical halves, the focal spot would 
be a (nearly) spherical spot, too. But since a 
considerable solid angle is not provided by the 
lenses, interference typically spawns off 2 axial 
side-lobes which, if not taken into account, 
lead to artefactual images. We deal with this 
challenge by an appropriate mathematical 
filter. This filter does not require any 
information about the object, apart from the 
height and location of the lobes. Linear 
filtering is possible if the lobes are significantly 
less than 50% of the main sharp maximum. 
This can be reliably fulfilled if multiphoton 
excitation of the dye is applied. Linear 
mathematical filtering is fast and a single 
effective spot is readily achieved.
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2 µm2 µm

Confocal 4Pi

Z

X

Microtubules, mouse fibroblast
Immunofluor, Oregon Green

S.W. Hell, et al. (1992), Opt. Commun. 93, 277.
M. Schrader, et al. (1998), Biophys. J. 75, 1659.

H. Gugel, et al. (2004), Biophys. J. 87, 4146.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Commun._93_277-282.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._75_1659-1668.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf


Commercial 4Pi-microscope

Z- resol < 90 nm (Live cells /aqueous cond.)
H. Gugel, et al. (2004), Biophys J 87, 4146.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf


STED microscopy

1st physical concept to break the 
diffraction barrier in 

far-field 
fluorescence microscopy

S.W. Hell & J. Wichmann (1994), Opt. Lett. 19, 780.
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http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Lett._19_780-782.pdf










STED Microscopy
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S.W. Hell & J. Wichmann (1994), Opt. Lett. 19, 780.

The stronger the STED beam the narrower the fluorescent spot!

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Lett._19_780-782.pdf
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V. Westphal & S.W. Hell (2005), Phys. Rev. Lett. 94, 143903. 

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf




10           counts/0,3ms        204 5           counts/0,3ms           89 1µm X
Y

Confocal STED

Imaging 40 nm fluorescence beads:

... just physics !



...just physics !

Confocal: STED:

Imaging protein distribution on cell membrane: SNAP 25



Heavy subunit of neurofilaments in neuroblastoma

Confocal STED

G. Donnert, et al. (2006), PNAS 103, 11440.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Proc._Nat._Acad._Sci._USA_103_11440-11445.pdf
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STED Microscopy: Sometimes only resolution…

Pores in a porous membrane 
marked with a fluorescent dye

Fluorescence dye marked 
nanostructures produced by 
electron beam lithography in 
a polymer

…makes subdiffraction images !

V. Westphal, S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.
V. Westphal, J. Seeger, T. Salditt, S. W. Hell (2005) , J. Phys. B 38, S695.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Curr._Opin._Neurobiol._14_599-609.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf


STED microscopy

- Resolution is not limited by the wavelength of light!

- Resolution just depends on the level of fluorescence depletion. 

- Resolution at the molecular scale is possible with visible light and regular lenses!

- Resolution follows a new law; a modification of Abbe’s law:
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S.W. Hell (2003), Nature Biotech. 21, 1347.

S.W. Hell (2004), Phys. Lett. A 326, 140.
V. Westphal & S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1347-1355.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Lett._A_326_140-145.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf






.
V. Westphal, S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.
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Sharpest focal spot

Validation of square-root resolution law

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1347-1355.pdf
http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Curr._Opin._Neurobiol._14_599-609.pdf


4Pi- STED Microscopy

Axial (z) resolution 30-50 nm and beyond …
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M. Dyba, S. Jakobs, S.W. Hell (2003), Nature Biotechnol. 21, 1303. 

Fluorescently tagged microtubuli 
with an axial resolution of 50-70 nm 

The combination: STED-4Pi-Microscopy

Monolayer Monolayer

M. Dyba, S. W. Hell

53 nm

confocal STED-4Pi
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http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1303-1304.pdf


RESOLFT

Reversible Saturable (Switchable) Linear Fluorescence Transitions

is

the generalized principle of STED microscopy 
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RESOLFT: Reversible Saturable Optical
(Fluorescent) Transition

S.W. Hell (2003), Nature Biotechnol.  21, 1347.
S.W. Hell, M. Dyba, S. Jakobs (2004), Curr. Opin. Neurobiol. 14, 599.
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http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1347-1355.pdf
http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Curr._Opin._Neurobiol._14_599-609.pdf


G. Donnert et al PNAS, 103 (2006)

K. Willig, J. Keller, M. Bossi, S.W. Hell New J Phys, 8 (2006)

V. Westphal, S.W. Hell Phys Rev Lett, 94 (2005)

L. Kastrup, H. Blom, C. Eggeling, S.W. Hell Phys Rev Lett, 94 (2005)

M. Hofmann, C. Eggeling, S. Jakobs, S.W. Hell PNAS, 102 (2005)
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Pictures/Movies
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