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ABSTRACT

In high-numerical-aperture optical coherence tomography, the depth-of-field isusually quite short and therefore
the focus is scanned through the object to form awell-resolved image of the entire volume. However, this may
be inconvenient for in vivo scanning when precision placement is not easily achieved between the object and the
focusing objective. We show that by scanning the illumination wavelength, and using novel inverse scattering
methods on the detected interferograms, features outside of the focus can be resolved and therefore the focus
does not need to be scanned.
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The capabilities of optical coherence tomography (OCT)"? and optical coherence microscopy® > (OCM)
have been greatly extended by computed imaging and synthetic aperture techniques’® Amongst the recently
demonstrated advantages is the ability to resolve features in the sample that are outside of the confocal region.
Ultimately a more quantitatively accurate and faithful representation of the sample structure is provided. In
this work, by solving the inverse scattering problem'® for full-field OCT/OCM,! 20 we derive anovel variant
where the focus remains fixed at the surface of the sample, and computed imaging techniques are used to infer
the structure inside and outside of the depth-of-field. Thisvariant obviates the requirement the focus be scanned
through the sample.

Full-field OCT is capable of ranging an entire plane of scatterers simultaneously, which makes it a very
rapid way to acquire the structure of a volume. A typical full-field OCT system consists of a Michelson
interferometer with a broadband illumination source, from which reference and sample beams are derived. The
sample isilluminated by a broadband collimated beam through a microscope objective, and the reference and
backscattered sample signal are superimposed and focused on a CCD sensor which detects the interference
signal. The amplitude of the interference signal corresponds to the reflections of scatterers at the focus plane.
By translating the sample through the focus plane, the scatterers at many different depths may be ranged. While
this method can be used to obtain high resolution images for entire volumes of a sample quickly, the sample
and microscope objective must be translated relative to each other which is relatively slow and requires fine
positioning.

We propose a method of full-field OCT that, instead of scanning the focus through the sample, the focusis
fixed at the surface of the sample, and no relative trandlation is needed between the objective and the sample.
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Figure 1. Diagram of full-field OCT using an afocal telescope to relay the field from the object to the CCD sensor plane.

A frequency-swept source can be utilized to provide a new degree of freedom, replacing information lost by
fixing the focus, without sacrificing detail outside of the focus. Because the objective and sample can remain
fixed relative to each other, no translation hardware is needed which makes placing the objective on afiber optic
or ahandheld probe easier. This method may lead to faster and more accurate full-field OCT imaging because
data acquisition can be very rapid, requiring only that the two-dimensional interferogram is sampled while the
frequency of the source is scanned.

A diagram of the full-field OCT system being studied isin Fig. 1. This system is based on a Michelson
interferometer, but other configurations such as a self-referencing Fizeau design could be used. In this system,
the illumination source is a tunable narrow band laser. The laser is tuned to wavelengths A that correspond to
spatial frequencies £ = 27 /. The laser nominally emits a plane wave (or is spatialy filtered to produce one).
The coherence length of this laser should be at least as twice as long as the total depth of the sample under
study, to ensure there fields scattered throughout the entire sample simultaneously interfere with the reference
field.

Thelaser illumination is split by abeam splitter into two components. One component travelsto areference
mirror, and is reflected back through the beamsplitter to the output port where the focal plane array is located.
The other component is demagnified by a factor 1/M using a telescope of magnification M. The purpose of
the telescope isto concentrate the illumination onto the sample, and then relay a magnified scattered field to the
focal plane array. Thistelescope consists of two converging lenses, arelay lens and amicroscope objective. The
illumination on the sample is a normally incident plane wave. The sample scatters some radiation backwards
through the telescope. The telescope is aligned to afocally and telecentrically image the front surface of the
sample to the focal plane array. Note that unlike standard full-field OCT microscopy, the focus of the objective
remains fixed at the surface of the sample.

The object susceptibility, which is to be measured using OCT, is given by 7(r), and its three-dimensional
Fourier transform 7(Q) = [ d3r n(r) exp(iQ - r). If we definethe datafunction D(r; k) = E.(r; k)* Es(r; k),
14

the measured intNerference term between the reference and related sample fields, and the Fourier transform of
this function is D(q; k) = [ d?r D(r; k) exp(iq - r), the relationship between the measured data function and
the object susceptibility n(r) is given by

D(a;k) = K(q; k)77 {Ma+2 [k + k.(Mq)]} , 1)
where the system bandpass function is defined

K(q;k) = M A(k)* P(Mq; k) k. (Mq) ™" . )
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where k.(q) = k% — ¢°, A(k) is the amplitude of the illumination at frequency k, z is the direction of
increasing depth into the sample, the point spread function of the telescope is given by P(r; k), and its Fourier
transform (the coherent transfer function of the telescope) is given by P(q; k) = [ d?r P(r;k)exp(iq - r).
Thisrelation implies a correspondence between Fourier components of the data function and the object itself.

To demonstrate that three dimensional reconstruction can be achieved without scanning the focus through
the volume, a simulation was performed. An object consisting of randomly placed point scatterers was imaged
with a simulated full-field OCT system, and then the structure of the object was reconstructed from the data.
The simulated object volume cross-sectional area was 25 wavelengths in depth, and 40 by 40 wavelengths in
the transverse direction. The illumination source had a Gaussian spectrum with a 40% fractional full-width-
half-max bandwidth (corresponding, for example, to 320 nm of bandwidth centered at 800 nm). The simulated
numerical aperture of the imaging objective was 0.5.

Fig. 2, part (a) shows the projection of the smulated data collapsed (summed) along one transverse direc-
tion. The units are in terms of the center wavelength. Instead of showing the function D(r; k) itself, which
would be difficult to interpret if it was plotted directly, we show the inverse Fourier transform of D(r; k) with
respect to k. It is the data on the focal plane array that would be observed if the delay + were scanned, rather
than the frequency k. The focus is on the top surface at zero depth, which also corresponds to zero delay. As
can be seen, as the delay is increased from zero, the diffracted images of the point scatterers become increas-
ingly large. This corresponds to the standard degradation in resolution one expects from defocus when inverse
scattering is not used.

To compute the image estimate 77+ (r) from the synthetic data D(r; k), first D(q; k) was computed using
the two-dimensional Fourier transform. Next, the relation of Eq. (2) was used to infer 7" {q + z [k + k.(q)]}.
However, in practice to find ™ (r) from 77+ (Q) numerically, onewould likely use the three-dimensional inverse
discrete Fourier transform. In practice, this means that the discrete sampling of the function 7" is uniform in
the variables q and & and not in Q to which the inverse Fourier transform can be directly applied. By using
an interpolator, one can compute the samples of 7= on points that are uniform in Q from existing samples of
' {q + z [k + k.(q)]}. In this simulation, a one-dimensional cubic B-spline interpolator was used to interpo-
late from the coordinates q + z [k + k.(q)] to Q. Because only the z coordinate is not sampled uniformly, the
resampling only needs to occur along this direction.

Finally, after taking the three-dimensiona inverse Fourier transform of 7" (Q), the reconstruction n™ (r)
results, which is shown in Fig. 2 part (b). Planesthat are further from the focus have more diffuse images when
viewed in the raw data because of the effect of defocus. One can aso see the interference between the images
of adjacent scatterers. Despite the interference between scatterers, each point is clearly resolved with space-
invariant resolution in the reconstructed image. This shows the algorithm correctly separates the interference
patterns from scatterers to produce high resolution images.

To demonstrate inverse scattering in frequency-scanned full-field OCT, we reconstructed a frequency-
scanned full-field OCT system, imaged atest sample, and reconstructed the sample using the proposed method.
To do so, we constructed a frequency-swept source by modifying a tunable continuous wave Ti-sapphire laser.
This laser is a modified Spectra-Physics 3900S laser shown in Fig 3. The blue beam indicates the Argon-ion
pump light and the red beam indicates the near-infrared light in the resonant laser cavity. Thislaser istuned by
rotating abirefringent filter, which is abirefringent plate placed at the Brewster's angle with respect to the beam
orientation inside the cavity near the output coupler. By rotating the plate, the extraordinary axis of the filter is
oriented differently with respect to the polarization of the mode of the Ti-sapphire cavity. Each wavelength will
undergo a various phase retardance difference between the TE and TM polarizations with respect to the tuner
surface normal. Only those wavelengths which have an unaltered polarization after passing through the tuner
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Figure 2. Simulation of reconstruction of the susceptibility of a collection of point scatterers using full-field optical
coherence tomography without scanning the focus. Part () is the unprocessed interferometric data, part (b) is theimage
inferred by inverse scattering. The length dimensions of the axes are wavel engths.

will have the most gain, because the Brewster oriented surfaces do not reflect light for TM polarization. We
have placed a motorized micrometer stage in place of the manual micrometer to allow a computer to automati-
cally scan the wavelength of the laser. It was very important to orient the beam at the correct angle through the
birefringent tuner, otherwise oscillations in the wavelength occurred as the wavelength was scanned.

A photograph of the interferometer that formed the full-field OCT setup is shown in Fig. 4. The beam is
drawn in to help visualize the beam path. A beam expander telescope consisting of a5 mm and 100 mm focal
length converging achromats expands the laser beam to approximately 20 mm diameter. The expanded beam
was divided into reference and sample portions by a near-infrared nonpolarizing beam splitter. The reference
arm, which is the vertical arm in the photograph, was attenuated by double-passing through a pair of neutral
density filters. A gold mirror on atrandation stage was adjusted to delay the beam in the reference arm. This
delay was set to match the delay from the beam splitter to the front of the sample surface in the sample arm.

In the sample arm, another telescope consisting of 200 mm and 50 mm converging near-infrared achromat
lenses reduced the beam size by afactor of 4. This beam scatters from the sample. The sample consists of sili-
cone polymer with embedded 20 m-sized aluminum particles. A cover dlip is adhered to the top of the sample
with more transparent silicone to provide aflat surface. The surface reflection is reduced by turning the surface
to an oblique angle relative to the beam. The sample beam is backscattered by the sample and recombined with
the reference at the beamsplitter. A CCD camera detects the interference between the reference and sample
signals. The CCD was placed so that the telescope afocally imaged the front surface of the sample onto the
CCD surface.

Data acquisition consists of scanning the angle of the birefringent tuner to scan the wavelength of the laser,
and acquiring two-dimensional interferograms on the camera. The camera array consists of 640x480 pixels at
7.4 um pitch. Five hundred frames were acquired at 30 frames per seconds 10-bit resolution for atotal of 300
MB of data. The approximate wavelengths scanned between were from 730-790 nm.

The data consisted of 512 interferograms of wavelength spaced 0.12 nm apart in wavelength. Because
the laser does not scan the wavelength with uniform spacing in frequency, the data was resampled using a
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Modified Spectra-Physics 3900 S Ti-sapphire laser

Figure 3. Photograph of Spectra-Physics 3900S tunable continuous-wave Ti-sapphire laser that is modified for automatic
tuning of wavelength. A birefringent tuner is rotated to select the wavelength by motorized translation controlled by a
computer. The beams are drawn into the setup to aid visualization of the operation of the laser.

combination of Fourier upsampling and cubic spline interpolation to produce a data set uniform in frequency
by applying the laser tuning curve. The data was then inverse Fourier transformed with respect to frequency.
The reconstructions of Fig. 5 result. The reconstructed points should be point-like, however, because defocus
has not been compensated for, the images of the deeper points are more blurred.

To fix the defocus effect, we applied the resampling of Eq. 1 to the data. This consisted of taking the
3-D Fourier transform of the data to compute the Data set D(q; k). This data was resampled to be uniformly
sampled in two new coordinates Q = Mqand 8 = +/ k2 — ¢, where M isthe magnification of the telescope,
in this case M = 4. The interpolator used to perform the resampling was a one-dimensional cubic-spline
interpolator over the columns of constant q. The resampling change the function to the sampled uniformly in
G rather than k. After the resampling the inverse Fourier transform of the function 7(Q) is taken to recover the
reconstructed volume accounting for defocusing.

The results of this procedure are shown in Fig. 6. The contrast of the image is better because the energy is
better concentrated into the images of the pointlike scatterers, especially at deeper depths. The lateral blurring
due to defocus is mostly absent from the properly reconstructed data.

Asafurther comparison, Fig. 7 showsthree-dimensional isosurfaces plot of the magnitude of the 3-D recon-
structed data before (a) and after (b) correction for defocus. Because the energy of the reconstructed volume
without defocus correction is more spread out, the isosurface plot is more diffuse and has less well defined
points. This is a defect not present in the defocus-corrected volume. This suggests that defocus correction is
necessary to achieve resolution over the entire volume that full-field OCT is capable of.
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Figure 4. Photograph of full-field frequency-scanned OCT setup with partslabeled. The beamsare drawn into the setup to
aid visualization of the operation of theinterferometer. On theleft isapair of lenses forming abeam expanding telescope.
A beamsplitter in the middle splits the collimated beam into two parts. The part heading towards the top of the imageis
the reference beam. It is attenuated by a double-pass through two neutral-density filters and reflected off of agold mirror.
The other part is reduced by a telescope and illuminates the sample (drawn in). When the scattered light passes back
through the telescope it is magnified. The reference and sample are recombined by the beamsplitter on the CCD camera
(at the bottom).
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Figure5. Computed projections of volumewithout resampling to account for diffraction. The object consists of aluminum
point scatterers embedded in silicone. For larger depths, theimages of the point scatterers becomes more blurred. Part (a)
and (b) are orthogonal projections. All lengths are in microns.

0 0
200 1 200 1
Ty g R S
600 - . 600 [ 1
€ i i B = ‘
S 8007 == maaem 1 3 800 =t
(] ()
o = Q & =
& 1000 1 & 1000 |
W % 2
S I ; | B I |
© 1200 w 1200
2 E
< 14000 4 <100 2 .
& s - —
1600/ 1 1600 |
1800/ ! 1 1800f ! :
(@ o 35 70 1056140 175210 (D) 0 35 70 105140 175210
Transverse distance (um) Transverse distance (um)

Figure 6. Computed projections of volume with resampling to account for diffraction. The scatterers are better defined
and more-point like especially for larger depths. Part (a) and (b) are orthogonal projections. All lengths arein microns.
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Figure7. Three-dimensionally rendered isosurface plots of (a) the volume before diffraction correction and (b) the volume
after diffraction correction. Because the energy is spread out more for the uncorrected version, the isosurface plots are
also more spread out. The diffraction is corrected in part (b) to make the isosurfaces pointlike. All lengths arein microns.
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