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Abstract

The size of the dark focal spot directly determines the resolution and stability of stimulated
emission depletion (STED) microscopy. This paper investigates the relationship between the
size of the dark focal spot and the polarization of the input light beam. The types of
fundamental polarization are discussed, their effects on the dark focal spot are compared and
the optimized mode for each kind of polarization is proposed. The results of the analysis
provide the theoretical basis and reference for designing a STED system.
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1. Introduction

Stimulated emission depletion (STED) microscopy [1-7], with
its capacity to discern details far beyond the diffraction limits,
has become a subject of considerable recent interest. Today’s
STED microscopes are based on confocal ones. The depletion
beam, with its doughnut-shaped profile and central intensity
equalling zero, eliminates the fluorescence stimulated by the
excitation beam and only lets the central light pass [1]. Hence,
the crucial problem with a STED system is generating the dark
focal spot by using a special arrangement of optical devices
including a phase plate [8—10] and aplanatic lens (AL). STED
microscopy is able to reach arbitrary resolution in principle.
However, apart from optimizing the photo-physics of the dye,
the highest resolution will therefore only be reached with an
optimal doughnut-shaped distribution that features an intensity
of zero in a STED microscope. It is believed that STED can
attain higher resolution and stability only when the size of
the dark focal spot can be minimized. The general method
for achieving this is accretion of the intensity of the input
laser beam [11]. However, anyone who employs this approach
has to face the risk of irreversible destruction of the samples
due to photobleaching, trapping effects, thermal instability or
other detrimental effects, especially when the samples are live

I Author to whom any correspondence should be addressed.

2040-8978/10/115707+08$30.00

biological cells. Thus, if the maximal amplitude of the pupil
function is limited, phase-only pupil functions deliver the best
results [12].

Another potential alternative solution to this conflict is
the introduction of diversely polarized input light. Although
negligible in low numerical aperture (NA) conditions [13],
polarization effects do have a more apparent influence on
spot size if the NA is large enough [14]. Early attempts at
finding their relationships date back to the mid-20th century. In
1969, Richards [15] explicitly derived the intensity distribution
formulae near the focal region on the premise that the
input beam was linearly polarized. Radial and azimuthal
polarization effects were studied by several authors including
Youngworth [16], Kang [17], Boker [18] and others [19-21].
But, to the best of our knowledge, no attention has been paid
to the size of the central dark area of a doughnut-shaped focal
field.

This paper shows the relationships between the size of the
dark focal spot and the polarization of the input light beam.
The different types of specific polarization are discussed. Their
effects on the dark focal spot are compared and the optimized
mode is proposed. In section 2 the theoretical light intensities
near the focal spot are derived on the premise of non-aberration
conditions. In section 3 profiles of focal spots of differently
polarized input light are calculated and discussed. Section 4
contains the conclusion and summary of this work.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Geometry of the problem. The classic STED microscope
structure including the phase plate and the AL.

2. Theory

Figure 1 illustrates the geometry of the problem, in which the
classic structure of STED microscopy is adopted. The input
light, which has given electrical amplitude and polarization
defined by mathematical formulae, propagates through the
phase plate and the lens. To simplify the discussion, the
focusing is assumed to be done with a high-NA oil-immersion
AL having a NA = 1.4; the refractive index of the oil is
n = 1.518. All aberrations are ignored so that a diffraction-
limited axial point image could be expected to locate exactly at
the focal spot of the image field. Also, the wavelength of the
input light is taken to be unit wavelength while the initial phase
is assumed to be the same.

Ignoring aberrations leads to the propagation of light in the
image field as a ‘focal sphere’, with its centre at the focus and
with radius equal to the focal length of the AL. Then, according
to the geometrical condition

h = fsinf (L

where £ is the height of the corresponding input ray from the
object field, 6 is the angle between the ray direction and the
optical axis. Furthermore, 0 < 6 < Opax, Where O =
arcsin(NA/n).

The influences on the intensity distribution around the
focal spot are four-fold: the polarization condition, the beam
shape of the input light, the structure of the lens and the
structure of the phase plate. For a high-NA objective lens,
by use of vectorial diffraction theory, the electric field vector
near the focal spot can be obtained from the generalized Debye
integral [15] as

- Px
E(r2, ¢2,22) = iC// sin(@) - A1(0, ¢) - A2(0, ) - |:Py:|
@ Pz
. eikn(zz cos 0+, sin 6 cos(p—¢»)) do dq) (2)

where E (r2, 2, 22) 1is the electric field vector at the point
(r2, 92, 22) expressed in cylindrical coordinates with their
origin at the focal point, C is the normalized constant, A; (6, ¢)
is the amplitude function of the input light, A,(@, ¢) is a
3 x 3 matrix related to the structure of the imaging lens and
[px; py; p-] is a matrix unit vector about the polarization of
input light.

Figure 2. Diagram of the phase plates: vortex 0-2m (left) and
circular 7 (right).

Utilization of the phase plate would cause a phase delay of
the input light. An elaborate phase plate design can optimize
the energy distribution of the light and generate an unusual
focal spot as expected. When phase plate is inserted into the
optical microscopy system, equation (2) should be rewritten as

- Px
E(r2, ¢2,22) = iC// sin(0) - A1 (0, ¢) - A2(0, @) |:Py:|
¢ Pz
A eiAa(G,gﬂ)eikn(ZZ cos 64, sin 6 cos(p—¢»)) do d(p (3)

where A (6, ¢) is the phase delay parameter.

Considering the most general conditions in STED
microscopy, there are limited options for the beam shape of
the input light: ideal plane wave or the family of Gaussian
beams, such as fundamental Gaussian, Bessel-Gaussian
and/or Laguerre—Gaussian. Therefore, the amplitude function
A1(0,¢) equals 1 or the deformation of the fundamental
Gaussian function. Further, A, (0, ¢) could be expressed as

A0, 9) =a(®)- V(.9 “)

where a(f) is the apodization factor obtained from energy
conservation and geometric considerations [22] and V (6, ¢) is
the conversion matrix of the polarization from the object field
to the image field. In particular, for the AL [14, 23],

a(@) = v/cosb (5

Vi, ) =
14 (cos® — 1)cos’ ¢ (cos® — 1)cospsing —sinf cos g
(cos — 1)cospsing 1+ (cos® — 1)sin@ —sinfsing | .
sin 6 cos @ sin 0 sin ¢ cosf
(6)

In the STED system, the function of the phase plate is
to generate a doughnut-like focal field with a dark spot at
its centre surrounded by high light intensity in all spatial
directions. Whether transverse or longitudinal resolution is
increased will determine what kind of phase plate is employed:
a vortex 0-2m one, a circular 7 one or both (see figure 2). For
a vortex 0-2m phase plate

Aa = . (7)
For a circular 7 phase plate
Aa=0 (RR<r<R

Aa=m O<r<R) 8
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Figure 3. Normalized intensity distribution of focus in an optical system without a phase plate in the horizontal (XY') and longitudinal (X Z)
planes. Azimuthally polarized light will generate a doughnut-shaped focal spot in the XY plane, while for other polarized light only a
Gaussian-like spot can be expected. Although in such a system these could not be used as the depletion beam, they are still an ideal selection
for the excitation beam. Here intensities of 0 and 1 correspond to black and white, respectively. The axis units are in wavelengths.

3. Results and discussion

By using the self-adaptive Simpson’s rule [24], numerical
integration is done without difficulty. In this section, six
classic polarizations, linear (X direction and Y direction),
circular (right-handed and left-handed), right-handed ellipse
(with X and Y as the long axis), radial and azimuthal ones are
under consideration. The calculation results illustrate that the
doughnut focal point can be achieved either by the combination

of a typical polarized light beam and the phase plate, or only
by the light with some complex but well designed polarization.
All conditions are shown in table 1.

Without the phase plate, the horizontal doughnut-shaped
dark focal spot is still achievable by use of azimuthally
polarized light (figure 3).

If the vortex 0-2m phase plate is used, the results of the
different polarizations are as given in figure 4.

If the circular 7 phase plate is used, the results of different
polarizations are as given in figure 5.



J. Opt. 12 (2010) 115707

X Hao et al

Linear X

LinearY

Right-Handed -1 -
Circular 05 05
O Q 0 0
O O O 0.5 0.5
OO0 1 1

1 0 1 - 0 1
Left-Handed -1 -1

Circular

0.5 -0.5
(OO 0 0
OO0 os 05
OO 1 1

1 0 1 - 0 1
Ellipse X -1 -1
05 -0.5
00 0 0
000 o 05
00 | 1

1 0 1 - 0 1

Figure 4. Normalized intensity of polarized light with a vortex 0—2m phase plate at the focal spot in the horizontal (XY') and longitudinal
(X Z) planes. Various polarizations are considered: linear (X and Y direction), circular (right-handed and left-handed), right-handed ellipse
(with X and Y as the long axis), radial and azimuthal (right-handed and left-handed). Intensities of 0 and 1 correspond to black and white,

respectively. The axis units are in wavelengths.

Figures 3—5 shows that colossal distributions of intensity
at the focus (XY plane) and through the focus (XZ plane)
are produced with the changes in polarization status. Among
the six fundamental polarizations, azimuthal polarization is the
only one which generates the doughnut-shaped focal spot in

the XY plane without any phase plate being inserted into the
optical system. By utilizing a vortex 0-2m phase plate, similar
results could be expected if the input light is right-handed
circular and/or elliptically polarized, while the intensities at
the centre of the focal spot are too far from zero when using
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Figure 4. (Continued.)

Table 1. Polarization and corresponding unit vector matrix.

Polarization

Linear X Linear Y  Right circular

Left circular  Ellipse X  Radial Azimuthal

-

AN

|: i :| 2 cos —sinf
411 S sin 6 cosf
V2 0 Vs 0 0 0

linear and/or left-handed circular polarization, although the
phenomenon of a doughnut-shaped focal spot indeed exists.
If using radial and/or azimuthal polarization, the peak of light
intensity would locate accurately at the focal point and only
a Gaussian-like focal spot could be detected. Furthermore,
in figure 4, the focal point of azimuthally polarized light is
sharper that of radially polarized light when they are focused
after using a vortex 0—27 phase plate, and even sharper than
that of circular polarization without a phase plate. Thus the
azimuthal polarized light can be used in a super resolution

confocal microscopy system or as excitation light in a STED
microscopy system. To our knowledge, this has never been
reported in previous works.

The circular w phase plate has the capability of shifting
power along the longitudinal direction and generating two
intensity peaks at z, # 0. Light with linear, circular and/or
elliptical polarization could generate a comparatively better
doughnut spot, as shown in figure 5. However, a uniform
intensity distribution is not achievable for linear and elliptical
polarization in the XY plane. Hence, such polarizations are
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Figure 5. Normalized intensity of polarized light with a circular 7 phase plate at the focal spot in the horizontal (XY) and longitudinal (X Z)
planes. The whole optical system becomes cylindrically symmetrical, so chiral effects of polarization to the spot can be neglected. Here only
the results of linear, circular, elliptical, radial and azimuthal polarization are shown. Intensities of 0 and 1 correspond to black and white,
respectively. The axis units are in wavelengths.

not suitable for the STED system. On the other hand, radial gives the potential to attain better performance, especially if
and azimuthal polarization alone have no practical use in multiple incoherent de-excitation beams are selectable [25].
present STED systems because they cannot generate a uniform  The circular polarized beam phase-encoded by a vortex 0-
dark focal spot. But combination with other polarized beams 27 phase plate, combined with a radial or azimuthal polarized
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Figure 6. Normalized intensity distribution in the XY plane of a vortex 0-27 phase plate optical system and in the X Z plane of a circular
phase plate optical system. In the XY plane (left graph), azimuthal polarization without a phase plate (no. 1) is shown. When introducing a
0-27 phase plate into the optical system, X-directional linear polarization (no. 2), Y-directional linear polarization (no. 3), right-handed
circular polarization (no. 4), left-handed circular polarization (no. 5), elliptical polarization with X as the long axis (no. 6) and with Y as the
long axis (no. 7) are also represented. In the X Z plane (right graph), the only effective method for generating a Z-directional doughnut focal
spot is by using a circular v phase plate. In this condition, results of linear polarization (no. 1), circular polarization (no. 2) and radial

polarization (no. 3) are represented.

beam encoded by a circular 0/ phase plate, could generate a
doughnut focal spot in the XY plane with a greater focal depth,
as long as over 2.5A.

Sections of the intensities mentioned above are illustrated
in figure 6.

Figure 6 gives a more explicit quantitative analysis of
the results. For the XY plane, using azimuthal polarization
without any phase plate (no. 1) and right-handed polarization
with the vortex 0—2m phase plate (no. 4) is more advantageous
than any other polarization status, since the right-handed and
azimuthal polarizations can generate perfect ’zero’ darkness
near the focal spot. The azimuthally polarized input light
without any phase plate performs best in the XY plane (the
radius of the dark focal spot is about 0.131). For the circular
m phase plate, results of linear polarization (no. 1), circular
polarization (no. 2) and elliptical polarization (no. 3) are almost
same in the XZ plane, but linear and elliptical polarization
are not uniform in the XY plane. Furthermore, comparing
the intensity distribution of a vortex 0-27 phase plate optical
system with that of the X Z plane of a circular 7w phase plate
optical system, the effect of the polarization in the latter is
relatively smaller than in the former system.

No matter what kind of phase plate is used in the optical
system, the only difference between the focal spots generated
by circular and elliptical polarization is the uniformity of
the intensity distribution of the bright part in the XY plane.
The doughnut focal spot always has two intensity peaks
in the vertical direction of its long axis if the imported
light has elliptical polarization, while doughnut focal spot
becomes more even when perfect circular polarization is used.
A potential application of this phenomenon is in detecting
and optimizing the circular polarization in some particular
situations.

An illusion may occur if just the phenomenon in the
XY plane of figure 5 is observed; the optical system with
a circular  phase plate could break the transverse and
longitudinal diffraction limits and achieve the ultimate high
resolution because such a system could generate a doughnut
focal spot in both the XY and XZ planes if the proper

polarization is selected. However, this is difficult under
practical experimental condition because the disparity in power
levels between the intensity peaks in the XY plane and the
XZ plane can be as much as six-fold during simulation
calculations. Generally, a single inhibition pattern cannot
efficiently cover all polarization components and all directions
around an intensity of zero. Thus, in order to achieve 3D dark
focal spots, several polarizations of light and phase plates are
combined and used in a STED system.

4. Conclusion

The methods introduced here will be an important tool for
the efficient design and creation of inhibition fields with
multiple intensity zeros when light with different polarizations
is used. In this paper, the relationships between size of
the dark focal spot and polarization of the input light beam
in an aplanatic STED system are represented. Related
formulae are explicitly derived, and results are calculated using
numerical methods. Four aspects of influence, especially
the polarization, are discussed. Their effects on the dark
focal spot are compared in detail. In a practical STED
system, when considering transverse resolution, input light
with azimuthal polarization should be considered. To simplify
the generation of typical polarization modes of input light,
right-handed polarization with a vortex 0-2m phase plate can
be used. Comparatively more options are available when
longitudinal resolution is required: right-handed circular and
left-handed circular polarization with a circular 7 phase plate
are all possible solutions. In addition, the combination of
multiform polarization and multiplex phase plates has the
potential capability to attain better performance.
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