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Line-scanning tomographic optical microscopy (LSTOM) requires precise rotation of the scanning line. We demon-
strate a method that applies translation-invariant optical elements (polarizer and birefringent plate) to minimize the
rotation error. An astigmatic line produced by means of a focused beam through a birefringent plate is used as line
illumination. A comparative theoretical and experimental study is presented using an LSTOM system. © 2011
Optical Society of America
OCIS codes: 180.5810, 100.3010.

Optical tomography methods [1,2] apply a special illumi-
nation and image formation geometry and reconstruct
the image by means of computer algorithms. Optical pro-
jection tomography works in the same way as computed
tomography, but a laser beam is applied instead of an x
ray. The sample is illuminated and scanned with a laser
beam, and longitudinal projections are captured by a
CCD detector [3]. Projections are captured from different
directions; therefore, either the source or the sample
must be rotated. The final image is reconstructed with
a computer tomography algorithm such as filtered back-
projection (FBP) [4]. Interferometric and diffraction
techniques are combined with longitudinal projection
recordings in optical coherence tomography [5,6] and
tomographic diffractive microscopy [7,8].
Formerly, we proposed line-scanning tomographic op-

tical microscopy (LSTOM) to make the resulting transfer
function of the imaging system isotropic [9]. In this meth-
od, the sample is scanned by a diffraction limited line,
and the reflected total intensity is detected. One such
scan is equivalent to a transverse projection in tomogra-
phy. Projections are captured from different directions
by rotating either the sample or the illumination line.
The stack of the projections captured in this way is re-
ferred to as a sinogram. The final image is reconstructed
with an FBP algorithm. In LSTOM the rotation of the il-
lumination line was achieved bymeans of a Pechan prism
[9]. However, system misalignment and the imprecision
of the prism introduce some walking of the rotation axis
during the measurements [10]. The projections shifted re-
lative to one another and led to the reduction of contrast
and spatial resolution in the final reconstructed image.
To eliminate this error, real-time mapping is generally ap-
plied during the measurement process [9]. The precise
position of the axis of rotation is determined in the case
of each projection. Sinograms are corrected, and the final
image is reconstructed with minimum drift artifacts.
However, these procedures require additional hardware
modification and software development and increase the
data acquisition time.
In this Letter we propose a new method, referred to

as astigmatic line-scanning tomographic optical micro-
scopy (aLSTOM), that uses translation-invariant optical

components to rotate the illumination line with high pre-
cision. The rotation axis is independent of the rotating
components; therefore, neither synchron nor asynchron
rotation instabilities degrade the final image quality. The
rotation axis is invariant to the lateral translation of the
moving components, and it depends only on the illumina-
tion conditions of the focusing lens.

In aLSTOM an astigmatic line is used for illumination
generated by a birefringent crystal plate inserted into the
divergent optical beam. In a uniaxial birefringent crystal,
the incoming rays are divided into ordinary and extra-
ordinary rays. The ordinary rays follow Snell’s law of
refraction, while the refractive index surface for the ex-
traordinary rays is an ellipsis [11]; hence Poynting and
wave vectors are not coincident.

In general, when an incoming beam is focused through
a birefringent plate the optical axis of which is parallel to
its surface (p-type geometry), two axially shifted foci are
generated by the extraordinary rays (see Fig. 1) [12]. In
this case, the system loses its cylindrical symmetry, and
two astigmatic lines are formed in the focus region.

The intensity ratio of the ordinary and extraordinary
foci is determined by the polarization of the incident
beam relative to the optical axis of the plate. To form
the extraordinary astigmatic lines, the incident polariza-
tion and the optical axis of the plate have to be parallel to
each other.

Fig. 1. Astigmatism in case of extraordinary focus.
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The point-spread function (PSF) of the focused extra-
ordinary beam was simulated behind the birefringent
plate (Fig. 2) with the OSLO optical design program.
The axial separation and the length of the two astigmatic
lines were 66 and 62 μm, respectively, using a microscope
objective [13] with an NA of 0.45 and a calcite plate
with a thickness of 0:5mm. The objective was illumi-
nated homogeneously with a collimated laser beam at
a wavelength of 532 nm. PSFs were calculated by an fast-
Fourier-transform-based method using polarization ray
tracing [14]. All the depicted PSFs were normalized to
the peak intensity, and z marks the axial position mea-
sured from the calcite plate.
If the polarization of the incident beam and the calcite

plate are rotated together, the lines will rotate with the
same angle. The rotation has large stability because both
rotated optical elements are translation invariant and
their slight lateral drift does not affect the axis of rota-
tion. It is a crucial point of this method that the polariza-
tion of the incident beam and the optical axis of the
calcite plate are rotated synchronously. If the rotation
is asynchronous, the intensity of the line changes gradu-
ally, and the appearing ordinary focus debases the mea-
suring as background noise.
During the measurement, one of the astigmatic lines

was chosen and used as the illumination line in a focusing
system and scanned the pattern. Theoretically, the line-
spread function (LSF) is ∼15% narrower than the PSF
generated by the very same objective [15]; therefore,
even a slight resolution enhancement can be expected.
The schematic view of the experimental setup is

depicted in Fig. 3. The beam of a diode-pumped,
frequency-doubled Nd:YAG laser (λ ¼ 532 nm, Pmax ¼
made 40mW) was coupled into a single-mode fiber
(Thorlabs P1-460A-FC). The outgoing light was colli-
mated using a microscope objective (O1) (NA 0.1),
and it was circularly polarized by a polarizer (P1) and

a λ=4wave plate providing constant illumination intensity
using an additional rotating polarizer (P2) with an extinc-
tion ratio >700∶1 (Newport 10LP-VIS-B). Because of this
high extinction ratio, the effect of the unused ordinary
focus was negligible. O2 and O3 objectives performed
the focusing through the calcite plate. They were ar-
ranged in a confocal mode to one of the astigmatic lines,
and they had the same NA. The polarization of the inci-
dent beam and the calcite plate were rotated synchro-
nously using a stepper motor stage (with a minimal
step of 0:225°) for the polarizer and a rotation stage
(Thorlabs PRM1Z8) for the calcite plate. The size of
the astigmatic beam was reduced by a beam expander
(L1, L2) to match the beam size to the aperture of the
focusing objective O4. The beam was focused using a Ni-
kon “CFI LU Plan EPI ELWD” objective (magnification
50×, NA 0.55). The scanning of the sample was performed
by an X=Y=Z piezo translator (PI NanoCube E-710, PZ
118E). The translator had a 100 μm travel distance in
every direction and provided a 5nm step resolution in
the closed-loop mode. In the scanning process the x
and y coordinates were calculated and set by the piezo
cube so that the sample could be moved perpendicularly
to the line in equidistant steps. To eliminate the effect of
the power fluctuations of the laser, a fraction of the in-
coming beam was coupled out by a pellicle beam splitter
and measured with a photodiode (DET2) to normalize
the sinogram. The reflected light from the object was
divided by the same pellicle beam splitter (P) and mea-
sured using an Si photodiode (DET1). The measurement
noise was 6 · 10−4 given as the ratio of the standard de-
viation and the mean value of the measured intensity.
The image was reconstructed with an FBP algorithm.

The intensity distribution of the focused line was mea-
sured using the knife-edge method [16] and compared
with the simulated LSF (see Fig. 4). A lithographic
chrome pattern was used as an edge. Projections over
180° in 0:9° steps were recorded. The FWHM of the mea-
sured LSF (0:495 μm) was in good agreement with the
theoretical (0:487 μm) and the simulated (0:487 μm)
values.

Owing to the inhomogeneous intensity distribution of
the line, only the central part (10 μm) of the peak was
used to eliminate the loss of contrast. The simulated
and measured lengths of the astigmatic lines in the object
plane were 37 and 39 μm, respectively.

The imaging performance of the proposed aLSTOM
system was evaluated using a standard Richardson
star pattern (RSP) selected from the Richardson test
slide (RTS) (Bio-Microtech, US 2004/0227937 A1). The
RSP was chosen for calibration measurements due to

Fig. 2. Axial dependence of the focused extraordinary beam
(thickness of the calcite plate, 0:5mm; NA of the focusing
objective, 0.45; field of view: 70 μm × 70 μm).

Fig. 3. Schematic view of the experimental arrangement. Fig. 4. Measured and simulated cross sections of the LSF.
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its symmetry properties: each ring of the pattern contains
18 reflecting and 18 transparent segments. Coding tri-
plets in the second, fourth, and sixth rings from the out-
ermost ring provide for the positioning and scaling of the
pattern. The outer diameters of the rings are 40, 20, 13, 8,
4, 2, and 1:30 μm. Sinograms were recorded, with 0:09 μm
step size, over 180° in 0:9° rotation steps. The measured
and simulated images can be seen in Figs. 5(a) and 5(b),
respectively.
The imaging quality of aLSTOM was also quantitatively

described by its modulation transfer function (MTF)
and the system-dependent k parameter defined by the
Rayleigh resolution criteria (R ¼ kNA=λ). These func-
tions were calculated using the reconstructed images
in Figs. 5(a) and 5(b).
The azimuthal sections at different radii of the images

were Fourier transformed, and the magnitudes of the
Fourier transformed sections at the characteristic fre-
quencies were plotted as MTF. In the MTF of the RSP,
seemingly there is poor contrast around the 2 μm radius
due to a transition in the star pattern at the very same
location and is thus not useful data. MTFs were gener-
ated in case of different k parameters and compared to
the measured ones. The achieved k parameter of our sys-
tem was about 0.54 [Fig. 5(c)]. This 8% discrepancy
between the measured and the theoretical values can
be explained by the joint effect of (a) the measurement
noise, (b) the error introduced by the sample scanning
(interpolation between Cartesian and polar coordinates
and hysteresis of the piezo cube), (c) the slight additional
aberrations of the LSF (inhomogeneous illumination),
and (d) asynchronous rotation of the polarizer and the
birefringent plate.
A new method has been demonstrated for the rotation

of the scanning illumination line in an LSTOM system,
which was the main limiting factor of the previously

described geometry [9]. A more compact and simple
setup with a reduced number of optical components
improved the signal-to-noise ratio, and the limiting factor
of this arrangement was the hysteresis of the piezo
translator. An astigmatic line generated by means of
translation-invariant optical elements (polarizer and p-
type calcite plate) provided rotation with minimal axial
error. The spatial resolution of the proposed aLSTOM
system was tested with a Richardson test slide, and good
agreement was found between the measured and the
simulated data.
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Fig. 5. (a) Measured and (b) simulated RSP and (c) the MTF.
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