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Abstract: Exact knowledge of the numerical aperture is crucial in many
applications using high-aperture objectives such as confocal microscopy,
optical trapping, or advanced sub-wavelength imaging methods. We pro-
pose and apply a precise and straightforward method for measuring this
fundamental parameter of microscope objectives with numerical apertures
above unity. Our method exploits the peculiarities of the fluorescence emis-
sion of molecules at a glass/air interface.
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1. Introduction

The numerical aperture (NA) of a microscope objective is one of its most crucial characteris-
tics. It defines the maximum angle of incidence when focusing light, and the maximum angle
of light collection when detecting light or imaging. Objectives with high numerical aperture
play a central role in applications where focusing of light to a minimum possible spot and
maximum light collection efficiency are desired. Applications include single-molecule fluo-
rescence spectroscopy [1,2], fluorescence correlation spectroscopy [3,4], optical trapping
[5,6], multiphoton excitation and ultra high resolution microscopy [7,8]. Another important
application is epi-fluorescence total-internal reflection microscopy (objective-type TIRFM),
which uses a high-NA objective, not only for light detection but also for TIRF excitation by
sending a laser beam into the objective above the critical angle of total internal reflection be-
tween glass and the sample solution (usually water). Advanced optical imaging methods, such
as 4Pi microscopy [9] or stimulated emission depletion (STED) microscopy [10], also need
objectives with as large a numerical aperture as possible for achieving highest imaging resolu-
tion. In all of these applications, precise knowledge of the numerical aperture is highly desir-
able for correctly modelling the experimental set-ups and their performance [11-13] or for
correctly evaluating measurement results [14,15].

There are several methods for measuring the numerical aperture of objectives. The most
advanced and technically complex methods are based on interference measurements [16,17],
yielding not only information about the NA but also on image quality and potential aberra-
tions. The necessary technology for performing such measurements is not widely distributed
and is restricted to optical industry institutions or research facilities that specialise in pure and
applied optics. A much simpler method for NA measurements was described by Lehmann and
Wachtel [18] and is based on measuring divergence angles of light rays in the conjugate
space of an abjective. Although the method is simple, its precision relies on the accuracy with
which light-ray angles can be measured. Here, we propose a straightforward and easy-to-
implement method that uses the intrinsic physics of the emission of fluorescing molecules at
a glass/air interface. The method is robust, self-referencing and does not need any further
knowledge of the optical properties of the measured objective (such as magnification). It
works for any aplanatic objective (i.e. one that obeys Abbe's sine condition) and for all NA
values larger than one. It is thus perfectly suited for characterizing high-NA objectives. The
method is accurate to 102 in NA-value.
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2. Theoretical background

From an electrodynamic point of view, most fluorescing molecules behave as perfect electric
dipole emitters. Thus, when embedded within a dielectrically homogenous environment, the
angular distribution of their emission follows the classical sin“0-law of a Hertz dipole emitter,
where 6 is the angle between the dipol€'s axis and the chosen direction of emission. This be-
havior alters dramatically when a molecule is placed close to an interface between two media
with different dielectric properties, e.g. a glassair interface. Due to the self-interaction of the
dipole with its own emission that is back-reflected from the interface, its angular distribution
of emission is significantly modified. A detailed theoretical treatment of these modifications
can be found in refs.[19,20]. In the present context, the most important point is that the emis-
sion into the optically denser medium shows a prominent discontinuity at the angle of total
internal reflection between the two media,

eTIR = aSin(noln), (1)

where n and ng are the refractive indices of the two media (ng < n). This is visualized in
Fig. 1(a), where the angular distribution of emission is shown for alarge number of randomly
oriented molecules in glass at a glass/air interface. This corresponds to molecules immobi-
lized in athin polymer layer with arefractive index of glass, deposited onto glassin air. When
imaging this emission with an aplanatic, infinity-corrected objective, this angular distribution
of emission is converted into a circular intensity distribution in the back-focal plane of the
objective.
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Fig. 1. (a) Angular distribution of emission into glass for isotropically oriented molecules in glass
at an air/glass interface when excited by light circularly polarized within the plane of the inter-
face. Emission maximum occurs at the angle of total internal reflection (TIR), indicated by light-
red lines. (b) Intensity distribution of fluorescence within the back focal plane of an objective as a
function of the distance p from the optical axis divided by the focal distance f of the objective. The
vertical light-red lines show the position of TIR.

For an aplanatic objective, there exists a linear relationship between the sine of the angle of
emission emanating from the objective’s focus 6 and the radius p in the back focal plane of
the objective, given by

p=fnsno (2

where f is the focal length of the objective, and n is the refractive index of the immersion me-
dium. Thus, if the objective were to collect light over the complete solid angle of the glass
half space, the angular distribution of emission would be converted into an intensity distribu-
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tion over the back-focal plane as shown in Fig. 1(b). However, the NA of the objective sets an
upper limit to the collection angle, which leads to an abrupt cut-off of the observed intensity
distribution in the back-focal plane at some maximum radius, pma. The important point is that
the discontinuity in the angular distribution of light occurs always at the angle of total internal
reflection between air and glass and thus corresponds to a numerical aperture of ~ 1.00 (re-
fractive index of air). If we denote the radius where this discontinuity is observed in the back
focal plane by prir, One directly finds that the numerical aperture of an objectiveis given by

NA = Pmax / PTIR (3)

There are several remarkable points that make this method of determining a NA so at-
tractive. First, in an experiment, the fluorescent molecules are usually not situated only within
an infinitely thin layer directly at the interface, but embedded within a polymer layer of finite
thickness. However, even for a distribution of molecules within alayer of sub-wavelength but
finite thickness, the sharp discontinuity in fluorescence emission at the TIR angle will still be
there. Second, if the molecules are not isotropically oriented within the layer, it will change
the shape of the curves in Fig. 1, but the discontinuity will still remain at the TIR angle.
Third, the exact value of the refractive index of the glass is aso of no importance, because
the position of the emission discontinuity always corresponds to a numerical aperture equal to
the refractive index of air. Thus, the proposed method is self-referencing and robust. The
method is also applicable to non-infinity corrected objectives, as long as the objective obeys
Abbe' s sine condition so that there is alinear relationship between radial position of light rays
at the back exit pupil of the objective and their incidence angle in front of the objective, 6.
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Fig. 2. Principal scheme of the experimental set-up used for imaging the intensity distribution of
fluorescence in the back focal plane of the objective. The imaging lens images the back focal plane
of the objective onto the CCD camera. In the realized experimental set-up, this imaging was
achieved by using the microscope’ s tube lens (not shown) plus and additional lens.
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3. Experiment

The measurement set-up is shown in Fig. 2. The light of an Ar*-ion laser of 514.5 nm wave-
length is collimated and tightly focused through the studied objective and matching immer-
sion medium onto a glass slide covered with athin layer of polymer (polymethylmetacrylate,
PMMA) containing a high concentration of the fluorescing dye tetramethylrhodamine
(TMR). This layer was generated by spin-coating a solution of the dye-doped polymer in
methanol onto the cover-slide, generating a polymer layer thickness below 100 nm. The fluo-
rescence collected by the objective results in an intensity distribution in its back focal plane,
which is imaged by two lenses (tube lens, IX 71 by Olympus, 180 mm focal length, and an
achromat with a 100 mm focal length, Linos) onto a sensitive CCD camera (iXon DV 885,
Andor). Exposure time per image was on the order of 5 s and the overall excitation intensity
was set to 100 uW. The focus diameter on the sample surface was estimated to be below
5um.

4. Results and discussion

We measured five different oil immersion and water immersion objectives from Olympus.
For each objective, the measurement was repeated 10 times. Two typical images of the inten-
sity distributions within the back focal plane are shown in Fig. 3.

(b)

Fig. 3. (8) Measured intensity distribution in the back focal plane for the Olympus UApo/340 40x
objective with nominal NA of 1.15. The barely visible black circle at the edge of the illuminated
area is the determined out NA-determined cut-off of fluorescence collection, the cyan circle marks
the position of the fluorescence discontinuity at the TIR-angle. (b) Same as Fig. 3(a), but for the
Olympus PlanApo 60x objective with nominal NA of 1.4.

The cut-off of fluorescence collection was determined as the position of steepest decline of
fluorescence intensity at the edge of the illuminated area. The position of the intensity-
distribution discontinuity (cyan circles) was determined by fitting a calculated intensity dis-
tribution to that area taking into account a finite thickness of the fluorescent polymer layer
with unknown dye distribution and orientation. The determined values of the NA arelisted in
Table 1 together with the objectives’ names and nominal NA values. The standard deviation
of the measured NA was determined on the basis of ten measurements. As can be seen, the
objectives with large NA nearly perfectly meet the design specifications. The largest
deviations between nominal and measured NA occur for the 1.2 and 1.3 NA objectives. This
is in agreement with previous experiments where these objectives were used for defocused
imaging and the best correspondence between measured and calculated defocused single
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ing and the best correspondence between measured and calculated defocused single mole-
cules images were obtained when assuming a lower than specified NA value[15,21, 22].

Tablel
Objective Nominal aperture Immer- Measured aperture
sion
UApo/340 40x 1.15 Water 1.113+0.001
UPlanApo/IR 60x 1.20 Water 1.127 £ 0.003
UPlanFLN 100x& 1.30 1.30 Qil 1.242 + 0.004
PlanApo 60x 1.40 Qil 1.392 + 0.006
PlanApo TIRFM 60x 1.45 Qil 1.439 + 0.007

The obtained standard deviations demonstrate the high precision and repeatability of our
method. The method is straightforward to implement, easy to evaluate and it should be useful
for al research where precise knowledge of the NA of high-NA objectives is necessary. In
theory, it could be possible to extract from images of the intensity distribution of the back
focal plane aso information about apodization of the objective. However, this will necessitate
full knowledge of the exact orientational distribution of the molecules in the sample (which is
not necessarily well-defined for spin-coated layers) and much better signal-to-noise ratio than
that achieved in our measurements.

In conclusion, some limitations of the proposed method should be mentioned. Firstly, it
relies on the comparison of pme With prir. Thus, if the numerical aperture of an objective is
smaller than one, no total internal reflection can occur and prir can not be determined. Thus,
out method is limited to objectives with NA > 1. Secondly, Eq.(3) isonly true aslong asthere
is a strict linear relationship between emission angle in sample space and exit radius in the
back focal plane of the objective (generalized Abbe's sine condition). If an objective shows
significant aberrations, or if the used immersion medium between objective and coverslide
has an incorrect refractive index, Abbe's sine condition no longer holds and Eq.(3) is no
longer valid.
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