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Abstract
Focused infrared lasers are widely used for micromanipulation and visualization of biological
specimens. An inherent practical problem is that off-the-shelf commercial microscope
objectives are designed for use with visible and not infrared wavelengths. Less aberration is
introduced by water immersion objectives than by oil immersion ones, however, even water
immersion objectives induce significant aberration. We present a simple method to reduce the
spherical aberration induced by water immersion objectives, namely by tuning the correction
collar of the objective to a value that is ∼10% lower than the physical thickness of the coverslip.
This results in marked improvements in optical trapping strengths of up to 100% laterally and
600% axially from a standard microscope objective designed for use in the visible range. The
results are generally valid for any water immersion objective with any numerical aperture.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

A laser beam focused to a diffraction limited spot is used
for a variety of applications in biophysics, the life sciences,
and nanotechnology. For instance, focused lasers are used
for confocal visualization of biological specimens, nano-
fabrication, and nano-surgery. Also, strongly focused laser
beams are used for optical trapping of dielectric particles
with sizes down to nanometers [1–3] and very successfully
for quantitative investigations of biological polymers and their
associated molecular motors [4, 5]. For such applications, it
is crucial that the light is tightly focused and that essentially
no power is lost outside the region of interest. The size
of the focal spot directly depends on the numerical aperture
(NA) of the objective—the larger the NA the smaller the
spot size. The NA is defined by the largest angle at

which the light rays are collected by the objective. Oil
immersion objectives provide the highest NA (NA up to 1.65
is commercially available); however, for typical use within an
optical trap, the total internal reflection at the interface between
chamber and sample (glass/water) limits the practical NA to
1.33. Spherical aberration (SA) arises, e.g., due to refractive
index mismatch between the immersion and specimen media,
and causes a broadening of the spot size as the focus is
moved into the sample. This limits the functionality of oil
immersion objectives for in-depth applications. Although
water immersion objectives have lower NA (NA up to 1.2
is commercially available), they are generally preferred for
in-depth trapping inside aqueous media because there is no
refractive index mismatch between the immersion and sample
media. Also, in contrast to oil immersion objectives, the
possible aberration introduced by water immersion objectives
is constant throughout the sample.
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Water immersion objectives are typically optimized to
focus visible light almost without introducing spherical
aberration. However, in focusing of, e.g., infrared light even
water immersion objectives introduce considerable SA. This
can be explained by the following general argument. If a
laser beam is focused into a homogeneous medium and if
the objective is corrected for this there would be no spherical
aberration, hence, the focal spot would be minimized. If
a slab of medium with different refractive index is placed
between the objective and the focus, spherical aberration arises
and the focal spot broadens. This happens because different
rays travel different distances inside the added medium thus
gaining different phases. The gained phase depends both on
the traveled distance and on the refractive index of the added
medium (it is wavelength dependent). Hence, for any given
objective just changing the wavelength will introduce spherical
aberration. The amount of spherical aberration depends on the
wavelength difference. For an infrared laser (almost double the
mid-visible wavelength), there will be a considerable amount
of spherical aberration weakening the trap by broadening the
focal spot. As infrared lasers are less harmful to biological
specimens than lasers emitting visible light, most optical traps
for bio-specimen investigations use infrared lasers and hence
suffer from SA.

SA appears as a phase in the pupil function and can be
balanced by introducing SA from different sources. In practice
this can be accomplished, e.g., by changing tube length of the
focusing system [6, 7], by changing the index of refraction
of the immersion medium [8], or by a combination of the
two [9]. If a spatial light modulator (SLM) is available,
there also exists an elegant method of performing an in
situ wavefront correction in order to minimize the spherical
aberration [10]. Here we show that the SA introduced when
a standard water immersion objective is used to focus infrared
light can be efficiently reduced simply by altering the value
of the correction collar (CC). This gives rise to a significant
improvement of up to 600% in the axial stiffness of an optical
trap, the axial direction being the limiting direction for three-
dimensional optical trapping. We provide a simple practical
method for precise measurement of the physical coverslip
thickness and a calculation of this valid for any NA and within
any medium.

2. Methods

Our optical trap (OT) was based on an infrared laser beam
(1064 nm, Nd:YVO4, Spectra Physics BL106C) implemented
in an inverted microscope (Leica, DMIRBE), see figure 1(a)
for a sketch of the setup. The laser was expanded so that it
slightly overfilled the back aperture of the water immersion
objective (NA = 1.2, 63×, Leica) by which it was focused
into the chamber. The laser power was kept constant, 200 mW,
at the exit of the laser, ∼40 mW at the sample, throughout
the measurements. A tunable CC on the body of the objective
(see zoomed region in figure 1(a)) permits adjustment of an
interior airspace so that coverslips of different thicknesses may
be used, ranging from 0.12–0.2 mm. However, as shown
here, a CC value corresponding to the actual thickness of the

coverslip is not an optimal setting for focusing of infrared light
and the setting of the CC value can be tuned to significantly
improve the focusing of infrared laser light. We performed a
series of trapping experiments using coverslips with different
thicknesses. Using a precise mechanical ruler with 1 μm
resolution we measured thousands of cover glasses of types
#1, #1.5, and #2, each number denoting an interval with a
midpoint around which the cover glass thicknesses distribute
evenly. For types #1, #1.5, and #2 the intervals are 130–
160 μm, 160–190 μm, and 190–220 μm, respectively. We
did not use types #0.5 (100–130 μm) or #2.5 (220–250 μm)
because #0.5 was very fragile and hard to handle and #2.5
was thicker than the working distance of the water immersion
objective. The goal was to find five groups of five identical
cover glasses. The thicknesses of the these five groups were
144, 157, 176, 197, and 219 μm, with a precision of ±1 μm.
Twenty five perfusion chambers (five for each group) were
made by separating a coverslip from a microscope slide by
two strips of double sided Scotch Tape. An aqueous solution
of diluted polystyrene beads with mean diameter of 0.8 μm,
Bangs Laboratories, was flushed into the chambers and the
chamber was sealed by vacuum grease and mounted with the
coverslip facing toward the microscope objective.

An optical trap exerts a harmonic force on a trapped
particle; in one dimension the force is given by F = −κx x ,
where x is the deviation from the equilibrium position and
κx is the spring constant in the x direction. In general, the
spring constant is different in each translational direction and
weakest in the direction along the propagating laser light,
the axial direction. In addition, the bead is subject to a
frictional force, −γ ẋ . If far from any surface the frictional
coefficient, γ , can be found through Stokes law: γ = 3πηd
where η is the viscosity of the medium and d the diameter
of the bead. Finally, a stochastic force F(T, t) is acting
on the bead which is dependent both on temperature, T ,
and time, t . As the Reynolds numbers are very low, the
inertial term is significantly smaller than any of the external
forces acting on the bead; hence, the motion of the bead in
the x-direction is well described by the Langevin equation:
γ ẋ + κx x = F(T, t). Assuming that F(T, t) is correctly
described as ideal white noise the equation of motion can
be Fourier transformed, thus yielding a Lorentzian power
spectrum: Sx( f ) = kB T

γπ2( f 2
c + f 2)

[11, 12]. fc = κx
2πγ

is
denoted as the corner frequency and marks the point in the
power spectrum where the change occurs between the low
frequencies where the bead strongly feels the confinement
by the optical trapping potential and the high frequencies
where the bead performs Brownian fluctuations. An example
of a power spectrum is shown in figure 1(b). During the
calibration procedure a Lorentzian function is fitted to the
power spectrum while taking into account the filtering effect
of the photodiodes [13, 14]; the Lorentzian fit to the power
spectrum is shown as a full line in figure 1(b). The viscosity,
η, of the medium (water) was 0.001 Pa s and the temperature
was 298 K. The temperature increase due to absorption of the
incident laser light of a micron-sized polystyrene particle at
these laser powers is below 1 K [15, 16].

The diameter of the beads, 0.8 μm, was chosen so that the
trapping strength became equal in both lateral directions [17].
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Figure 1. (a) Sketch of the setup. The optical trap based on an Nd:YVO4 laser is implemented in an inverted microscope (gray region). The
dashed box shows a zoom-in on the water immersion objective, the sample, and the condenser; the tunable correction collar is located at the
lower edge of the objective. (b) Typical power spectrum of the lateral thermal fluctuations of an optically trapped polystyrene bead in an
experiment with cover glass thickness 178 μm and the collar value set to 160 μm.

Within each chamber, a bead was trapped and moved to a
constant depth of 5 μm where its positional time series was
recorded using a quadrant photodiode (Hamamatsu Si-PIN
S5981) operating at a sampling rate of 22 kHz. For each
sample chamber five positional time series were recorded and
analyzed.

3. Results

Varying the CC setting has huge implications for the optical
trapping strength. This is shown in figure 2, where the upper
graph (a) shows the spring constant in the lateral direction
and the lower graph (b) shows the spring constant in the axial
direction. As the two lateral directions within the uncertainties
yielded similar spring constants only x is shown. Figure 2
shows the following. (1) Tuning the CC to a value equal to the

real physical thickness, dR, does not provide the strongest trap;
for coverslips with dR = 144 μm, the strongest trap, and thus
the lowest aberration occurs for a CC setting of ∼126 μm. We
denote the optimal CC setting by dopt. (2) The trap produced by
setting CC to dopt is significantly stronger than if the CC value
is set to dR. In the axial direction the discrepancy between
the optimal CC setting and the physical real thickness of the
coverslip is larger than for the lateral directions. We found
improvements of trapping efficiencies of up to 100% in lateral
and 600% in axial stiffnesses by using a CC value equal to
dopt instead of using the CC value suggested by the microscope
manufacturer. Hence, this method significantly sharpens the
intensity distribution by reducing the SA, in particular in the
axial direction.

We found the CC value corresponding to the least
amount of spherical aberration (the strongest optical trap) by
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Figure 2. The stiffness of an optical trap in the lateral (a) and axial
(b) directions for coverslips with physical thicknesses of 144 (black
squares), 157 (red circles), 176 (green triangles), 197 (blue upside
down triangles), and 219 μm (magenta diamonds). The curves show
Gaussian fits to each data set.

performing a Gaussian fit to each of the data sets presented in
figure 2; dopt is chosen as the CC value corresponding to the
peak of the Gaussian function. Figure 3 shows a comparison
of dopt to the real physical thickness of the coverslip, dR.
More precisely, the relative difference, δ = (dR − dopt)/dR,
is depicted as a function of dR. δ varies slightly with coverslip
thickness; however, for all coverslip thicknesses the relative
differences are fairly close to the average values (horizontal
lines in figure 3). In other words, tuning the CC to a
value which is smaller than the real thickness by ∼10.5%
(or ∼12.7%) one can get improvements as high as ∼100%
(or ∼600%) in the lateral (or axial) trapping stiffness. These
careful and precise measurements were all made using the
Leica objective mentioned in section 2. Furthermore, we tested
the idea on optical traps formed by an Olympus objective
(UPLSAPO 60× W, NA = 1.2) and by a Zeiss objective
(Apochromat 63× W, NA = 1.2). Tuning the CC values of
the Olympus and Zeiss water immersion objectives indeed had
an effect on the strength of the optical trap similar to tuning the
CC value of the Leica objective. When the CC value was tuned
to a value approximately 10% lower than the real thickness,

Figure 3. The relative difference between the optimal CC value and
the real physical thickness of the coverslip for the X (black squares),
Y (red diamonds), and Z (green circles) directions. Horizontal lines
denote the average values. Error bars are one standard deviation.

improvements in axial trapping strength of several hundred per
cent were seen.

To implement this method the user needs to know dR

for the particular coverslip used. The thickness given by
the manufacturer serves as a guide to this value, but a more
trustworthy method is to perform an actual measurement. It
is not always practical to mechanically measure the coverslip
thickness before mounting it in the chamber. Fortunately, the
measurement can also be done on a mounted coverslip by
using the trapping laser: there is a refractive index contrast
between the glass and the water at the two surfaces of the
coverslip; hence, when the laser focus is moved through the
sample by moving the objective, two objective positions exist
where the reflected laser light appears to have the smallest
diffraction pattern. These positions indicate the two surfaces of
the coverslip. The distance traveled by the objective between
these two consecutive reflections is denoted by dobj and can be
measured. However, due to the focus shift, the value of dobj

is not identical to dR [18]. Figure 4(b) (black squares) shows
the relation between dobj and dR for the five different cover-
slip sizes. The values of dobj are consistently lower than the
corresponding values of dR; they appear linearly related with a
slope of 0.82 ± 0.02.

Instead of performing a cumbersome mechanical measure-
ment of the real thickness of each coverslip, the real thickness,
dR, can be calculated from the observed value of dobj for any
water immersion objective with any NA and in any medium.
Figure 4(a) shows the optical pathway for marginal rays and
for geometrical reasons it follows that

dR

dobj
= tan θ1

tan θ2
= n2

n1

√
√
√
√1 + tan2 θ1

[

1 −
(

n1

n2

)2
]

, (1)

where n1 and n2 represent the refractive indices of water and
glass, respectively. For normal lenses for which the principal
plane is flat, the radial distance of the rays from the optical axis
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Figure 4. (a) Sketch of the optical path for marginal rays traveling from water to glass. (b) Relation between the reflection based thickness
measurement, dobj, and the real thickness, dR, of coverslips (black squares); the slope of the linear fit is 0.82 ± 0.02 (black full line). Also
shown is the relation between the calculated and real values of dR (red circles); the slope of the linear fit is 1.01 ± 0.03 (red dashed line).

scales with tan θ . However, for normal objectives satisfying
Abbe’s sine condition the principal plane is hemispherical. In
the latter case the lateral distance of a given ray from the optical
axis scales with sin θ . To account for this correction tan θ

should be replaced by sin θ = NA
n1

in equation (1), thus yielding
the final result:

dR

dobj
= n2

n1

√
√
√
√1 +

(
NA

n1

)2
[

1 −
(

n1

n2

)2
]

. (2)

In our experiments, NA = 1.2, n1 = 1.33, and n2 = 1.518
thus yielding dR

dobj
= 1.24. Using this relation we calculated

dR from the measured values of dobj; the result is shown in
figure 4(b) (red circles). As the calculated values of dR and the
real measured thickness are directly linearly correlated with a
slope of 1.01 we find that equation (2) correctly finds the real
coverslip thickness from the measured value of dobj.

4. Conclusion

Water immersion objectives are optimized to minimize the
spherical aberration in the visible region. However, an infrared
optical trap becomes significantly aberrated when focused by
such an objective. We have systematically shown that by
simply tuning the value of the correction collar of the objective
to a value 10–13% lower than the physical thickness of the
coverslip, the performance of the optical trap can be improved
by 100% in the lateral and 600% in the axial directions.
This result is important not only for optical trapping but for
any application requiring a tight focusing of infrared light
using a standard microscope objective designed for visible
wavelengths.

If infrared optical trapping is combined with fluorescent
microscopy [19] utilizing visible wavelengths there is a
potential conflict of whether the signal from the fluorophores
or the efficiency of the optical trap should be optimized as a
given condition with inherent spherical aberration will at most
optimize either in the infrared or in the visible. However,
experience with simultaneous infrared optical trapping and
visualization at lower wavelengths of individual quantum

dots [20] or metallic nanoparticles [16, 21] which are
challenging both to trap and to visualize shows that an infrared
optical trap is more susceptible to spherical aberration than
visualization in the visible range. Hence, for combined infrared
optical trapping and visible fluorescent assays of challenging
objects is it advisable to compensate aberrations in the infrared.
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