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Abstract: We present transmission optical coherence tomography
(transmission OCT) as a versatile tool to measure optical material properties
of turbid media. The transmission OCT signal is described in detail and it is
demonstrated how the group refractive index (ng), group velocity dispersion
(GVD) and optical attenuation can be determined from this signal. We
experimentally validate the refractive index properties of glasses, liquids
and glucose water solutions in terms of n; and GVD. Measurements of scat-
tering coefficients are determined using transmission OCT for suspensions
of silica particles. Quantitative agreement is obtained with a dependent
scattering model, both for the average as well as the wavenumber resolved
optical attenuation coefficient. Good agreement is observed between our
measurements and literature values.
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1. Introduction

Optical material properties are important in the field of optics where they are paramount to the
production of high quality optical components. Also in other fields such as pharmaceuticals,
medical imaging, photo-dynamic therapy and food production are optical material properties
important for quality control and diagnostics. However, in contrast to optical materials such as
glasses, the optical materials in these fields are turbid, i.e., they have both optical absorption
and scattering. Consequently, the characterization of their optical properties such as refractive
index (dispersion) and optical attenuation is a lot more challenging.

Collimated transmission measurements, for example, can be used to measure the total at-
tenuation coefficient of turbid media [1]. However, the difficulty with this method is to avoid
measuring scattered light on the detector, which is done using pinholes and long path lengths,
but nevertheless restricts the measurements to relatively thin samples. Diffuse reflectance spec-
troscopy has been used to measure the wavelength dependent absorption coefficient and the re-
duced scattering coefficient to identify the age of bloodstains, where the change of hemoglobin
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fractions can be observed over time [2]. Yet, diffuse reflectance spectroscopy requires the use
of transport theory to calculate the optical properties. Consequently, this technique is limited to
samples that are homogeneous or have a known structure. A combination of transmittance and
diffuse reflectance measurements can also be used to determine the absorption coefficient, the
scattering coefficient and the scattering anisotropy of turbid media [3], but also suffers from the
above mentioned effects.

Some techniques are capable of measuring the spatial variation in optical properties, produc-
ing an image of the sample. Optical coherence tomography (OCT) has been used to measure
light attenuation of tissue and is able to differentiate between normal and tumorous tissue [4].
Low-coherence spectroscopy has been used to image the wavelength dependent absorption and
scattering coefficient in vivo in the human skin [5]. Imaging of the refractive index in turbid
media has been shown using bifocal OCT [6]. By measuring the optical path length between
two focal spots in a sample the refractive index can be obtained. It is also possible to mea-
sure the refractive index of turbid media using confocal microscopy [7]. In this case, a layer of
immersion fluid of the same thickness as the sample is used in combination with a calibrated
z-stage movement. Optical properties of tissue can provide functional information regarding
its biological state. The use of optical techniques for biopsies has been shown for example by
Wang et al. [8], who demonstrated quantitative phase imaging of breast and prostate biopsies
to identify tumour calcifications.

All the techniques described above only provide measurement of either the refractive index
or the attenuation coefficients. Part of these techniques rely only on diffuse light while others
suffer from it, causing restrictions on the sample size and the type of sample.

Here, we present Fourier-domain transmission optical coherence tomography (transmission
OCT) that is used to determine both the refractive index and optical attenuation coefficients.
Transmission OCT was first used by Hee et al. [9] for imaging of objects embedded in turbid
media. Recently, transmission OCT has been used to measure the scattering coefficient (i, in
turbid media [10]. We show that transmission OCT can provide an estimation of the group
refractive index, ng, the group velocity dispersion, GVD, as well as the (spectrally resolved)
total attenuation coefficient of the material. The advantage of using transmission OCT is the
combination of confocal gating and path-length selectivity (coherence gating). This allows for a
strong rejection of scattered light, as well as the possibility to further filter out multiple scattered
light.

First, a theoretical framework is provided that describes the transmission OCT in the pres-
ence of attenuation and dispersion. Second, the experimental setup is described together with an
algorithm to analyze the experimental data. Finally, experimental data is presented that demon-
strates the proposed techniques.

2. Theory
2.1.  The transmission Fourier domain OCT signal

Transmission OCT is based on the interaction of light in the sample arm of a Mach-Zehnder
interferometer with light propagating in the reference arm. A schematic diagram of the Mach-
Zehnder interferometer with spectral-domain detection as used for transmission OCT is given
in Fig. 1. The experimental realization of the setup is described in more detail in Section 3.1.
Light from the light source is launched into the interferometer. The source intensity spectrum
is given by S(k) = Es(k)*E;(k), with % denoting complex conjugation, k is wavenumber in
vacuum k =27 /A and E,(k) are plane electromagnetic waves. In the following, we assume one-
dimensional rectilinear propagation of scalar plane waves light field through the interferometer.
Polarization and multiple scattering are neglected in our model. Due to averaging over many
optical cycles, the time dependence of the signals is disregarded and all parameters are real
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Fig. 1. Schematic diagram of the Fourier-domain transmission OCT system. I(k): detected
intensity at the spectrometer, L: length of the sample, n(k, z): refractive index of the sample,
W (k,z): total attenuation, S(k): source intensity.

numbers unless stated otherwise. We neglect any path lengths and phase factor that are equal
for both interferometer arms. The incoming beam is first split and later combined by an ideal
beam splitter with an (intensity) reflection coefficient of o and transmission coefficient 1 — o.

For the light wave propagating in the reference arm we assume it to be filled with air, i.e.
the refractive index is unity, n(k,z) = 1 and there is no attenuation, (k,z) = 0. Assuming
ideal mirrors in the interferometer with unity reflectivity, the reference arm field E,.¢(k) at the
detector is given by

Eyey (k) = [ex(1 — )] E (k) exp(ikL), (1)

where i = (—1) 1/2_and where L is the physical length equal to the physical length in the sample
arm in which interaction takes place. After interaction with a sample of length L in the sample
arm the field from the sample arm falling on the detector is

L L
Ean(k) =01 ~ 0] Es(Ryexp | 5 [mk2)dz | exp | ik [nkoiaz |, @
0 0

where 1, (k,z) is the total attenuation coefficient and L is the distance along the optical path in
the sample arm where interaction takes place. In the following we consider only homogeneous
media, i.e. (k,z) = u(k) and n(z,k) = n(k), and the integrals are replaced by multiplications
with L. The total intensity at the detector /(k) = (Eyef (k) + Esam(k))(Eref (k) 4 Esam(k))* con-
sists of the reference arm intensity, the sample arm intensity and the cross terms which contain
the interference signal. Combining Eq. (1) and Eq. (2), and retaining only the interference term
of the intensity on the detector we obtain

Lt (k) = 200(1 — ) E? (k) exp (—;Lu, (k)) cos[kL(n(k) —1)]. (3)

The measured interference signal is proportional to an exponential factor describing the opti-
cal attenuation and is proportional to a cosine with a phase that is modulated by the spectral
variation of the refractive index (dispersion).

2.2.  Material dispersion

The term n(k) — 1 in Eq. (3) represents the dispersive properties of the sample. Commonly, the
dependence of the refractive index of a material with wavelength is expressed by the Sellmeier
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equation [11]. Here, we make a polynomial expansion of n around k., the center wavenumber
of the source spectrum S(k):

J k—kc J
n(k)=):nj( . ) “)
=0 ¢

with a total number of coefficients J € N. Based on the literature values for the parameters of
the Sellmeier equation or experimental data presenting n(4 ), the coefficients n; of the poly-
nomial expansion can be determined using a fit. Another common way to describe the dis-
persive properties of a material is in terms of the group refractive index and the GVD. At
the center wavenumber, these are given by ng(k.) = n(k) + k(dn/dk)|x—¢. and GVD(k.) =
1/c?(dng/dk) |k, respectively. Here c is the speed of light.

The dependence of n(k) on k, from Eq. (4), causes the oscillations of the cosine in Eq. (3)
to be non-linear. For the attenuation analysis (Section 2.3) and for the dispersion estimation,
the phase of the signal of Eq. (3) has to be extracted. Therefore the analytical signal of the
interference signal is calculated [12, 13], which is given by

Ting (k) = Ling (k) + .76 {Lis (K) }, (5)

where #{-} denotes the Hilbert transform operator. The phase of I;,; (k) can then be determined
by

o(k) = tan™! (‘%ﬂ ji(’k()")}> , (©)

which is equal to the argument of the cosine expression in Eq. (3) performing a Taylor expan-
sion of @(k) around k. and combining this with the polynomial expansion of n(k) around k. in

Eq. (4) for J = 2, we obtain
k—k, k—k\*
(no—1)+(no—1+ny) e +(ny+ny) . . @)

ek) _
keL

The coefficients of Eq. 7 can be determined by fitting ¢ (k) with a polynomial. From the fit

parameters coefficients, ny and n;, are determined and the group refractive index follows as

ng(k.) = no+ny and the group velocity dispersion GVD(k.) = 2(ny +n2)/ (kcc?).

In the z-domain, the dispersion leads to a broadening of the transmission peaks. Using
the complex notation of the analytical signal it is easy to see that the phase can be lin-
earized by multiplying the Hilbert transformed interference signal with exp[iA@(k)], where
A@(k) = @(k) — @linear(k) [13]. The dispersion corrected signal in the z-domain is given by
the inverse Fourier transform of the dispersion corrected analytic signal

1:(2) = F (|l (k) | expliAg(K)]}, ®)

where .# ~!{.} denotes the inverse Fourier transform of the given signal.

2.3. Attenuation coefficient

After dispersion correction, the attenuation coefficient can be determined both from the spectral
or spatial domain signal. Taking the inverse Fourier transform of Eq. (3) and assuming the
attenuation does not vary a lot over the spectral bandwidth of the system, i.e. i, (k) = 1, we
obtain an equation for the spatial domain transmission OCT signal

afo)=a(t - a)exp (-5 ) FHE )@ DI8 (e Lng = ) +3 (- Ling = D), ©
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where ® denotes a convolution. Performing a reference measurement with attenuation g, = 0
and a measurement on the sample, one obtains two z-domain signals. The signal of the sample
differs from that of the reference measurement by a possible shift of the delta functions and
a change in height, caused by the optical attenuation. From Eq. (9) it can be deduced that the
attenuation coefficient can be determined by measuring the height of the peak in the z-domain
of the reference and sample measurements, a,.y and agq,, respectively, and using

1= ZIH(maxlarefl>_ (10)

L max|dggm|

The attenuation coefficient thus obtained is an average over the spectral bandwidth of the sys-
tem. The spatial domain analysis offers the advantage of path-length selectivity. In this way the
ballistic light can be filtered from the scattered light, which can then be used to estimate the
attenuation (4, and the refractive index of the sample.

Alternatively, from Eq. (3) and Eq. (8) the absolute value of the analytical signal can be
recognized as the complex magnitude of the interference signal

(0 = a1 - B K exp (5 L4s0)) (a1

The wavenumber dependent attenuation coefficient g, (k) can be determined by performing a
reference and a sample measurement of |, (k)|. Similar to Eq. (10), the ratio of these two
signals then results in g, (k).

3. Methods

3.1.  Experimental setup

The Fourier domain transmission OCT setup is depicted in Fig. 2. It is based on a Mach-
Zehnder interferometer with spectral domain detection of the interference signal. A fiber based
super-luminescent diode (D-1300-HP, Superlum) with a center wavelength of 1300 nm and a
full width half maximum (FWHM) bandwidth of 110 nm is used as a light source. After col-
limation by an achromatic doublet lens (AC254-045-C-ML, Thorlabs), the light is split into
the reference and sample arm by a 50/50 beamsplitter (BSO15, Thorlabs). Optical power in the
two arms is regulated by neutral density filters (NDC-100C-4M, Thorlabs) in each arm. The
reference arm contains an optical delay line, that is tunable in length by means of a translation
stage (PT1/M, Thorlabs). The sample arm contains two confocal 200 mm achromatic lenses
(AC254-200-C-ML, Thorlabs). Samples are mounted in the focal point between the two lenses.
After recombination by a second 50/50 beamsplitter the resulting beam is expanded by a 4-f
lens system (AC254-060-C-ML and AC508-080-C-ML, Thorlabs) before being introduced to a
spectrometer. A pinhole is placed at the focus position between the two lenses of the 4-f system
to remove any stray light. Spectral domain detection is performed by a home build spectrom-
eter, consisting of a holographic grating (1145 1/mm, Wasatch Photonics), an SWIR imaging
lens (SSLPJ0037/360, Sill Optics), and a 76 kHz InGaAs linescan camera (GL2058L, Sensors
Unlimited). Camera data is acquired using a framegrabber (PCle-1433, National Instruments)
and Labview software (National Instruments).

3.2.  Setup calibration and performance

The spectrometer is calibrated using an Argon gas discharge lamp (AvaLight-CAL-AR,
Avantes). The calibration lamp is placed on the free-side of the first beamsplitter of the interfer-
ometer. The emission spectrum of the lamp is recorded by the spectrometer and the measured
emission lines are compared to reference values from literature. A third degree polynomial is

#251546 Received 8 Oct 2015; revised 1 Dec 2015; accepted 1 Dec 2015; published 18 Dec 2015
©2015 OSA 28 Dec 2015 | Vol. 23, No. 26 | DOI:10.1364/0OE.23.033550 | OPTICS EXPRESS 33555



FL
HG CA

CL
Reference Arm PH

SLD
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Fig. 2. Schematic diagram of the experimental setup. BS: beam splitter, CA: camera, CL:
collimation lens, FL: focusing lens, HG: holographic grating, NDF: Neutral density filter,
PC: polarization controller, PH: pinhole, S: Sample, SLD: superluminescent diode, TS:
translation stage

fitted through the data to obtain a relation between pixel number and wavelength. The perfor-
mance of the transmission OCT system is checked using the movable delay line in the reference
arm. This yields a maximum path length difference of 11.6 + 0.1 mm. The axial resolution of
the system is determined by measuring the FWHM of the signal peak in the z-domain with no
sample in the interferometer. The measured axial resolution of the system is 18 + 1 um, (band-
width limited). The lateral point spread function, measured in air, has an in-focus FWHM waist
of 32.8 0.7 um. Following the definition of Nassif et al. [14], the roll-off parameter of the
system is w = 2.1 +0.1. Measurements using neutral density filters show a signal sensitivity of
—106 dB.

3.3.  Sample preparation and measurement

Measurements of n, and the GVD are performed on both liquid samples and glass plates. The
glass plates provide a good validation as the optical material properties for glasses are well
known. Four different glass plates are used in the experiments; N-BK7 (WG11050, Thorlabs),
sapphire (WG31050, Thorlabs), UV-fused silica (WG41050, Thorlabs) and calcium fluorite
(WG51050, Thorlabs). All glass plates are 5 mm thick and uncoated. Liquid samples used for
the refractive index measurements are: ethanol (32221, Sigma-Aldrich), de-mineralised water
and glucose solutions. These liquids were measured using a 10 mm path length, fused quartz
cuvette (CV10Q3500F, Thorlabs) placed in the sample arm. Refractive index data is obtained
after averaging of 5000 measurements per sample.

Measurements of attenuation are performed on monodisperse silica particle suspensions and
on de-mineralised water. Two different particle sizes are considered; 0.5 pm and 1.5 um di-
ameter. Silica particles (KI-PSI-0.5P and KI-PSI-1.5P, Kisker Biothech) in powdered form are
suspended in de-mineralised water containing 0.3 mM of sodium dodecyl sulphate to prevent
aggregation [10]. Suspensions are vortexed for 60 minutes and sonicated for 30 minutes be-
fore measurements. All silica particle suspensions are measured in a I mm path length cuvette
(Z802689-1EA, Sigma-Aldrich) mounted in the sample arm. Calculating the attenuation coeffi-
cient for the silica particle suspensions, water is used as a reference in Eq. (10). In this way the
difference in attenuation between the suspension and water is obtained, removing the contribu-
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tion of the water absorption to the total attenuation of the sample. Leaving only the scattering
contribution by the silica particles u; = ;. For all the measurements of silica particle sus-
pensions, including the water reference, 100000 measurements are averaged. The wavelength
dependent absorption coefficient of water is determined from 1000 spectra.

The particle-sizes are measured using a Malvern Zetasizer, obtaining a mean diameter of
1138 £48 nm for the KI-PSI-1.5P particles and 426.6 = 61.5 nm for the KI-PSI-0.5P parti-
cles. These measured sizes are smaller than the factory values, but are consistent with electron
microscopy measurements on the same products from the same manufacturer [10].

3.4. Data analysis algorithm

After acquisition the spectral data is stored in raw binary format. It is analyzed using software
written in MATLAB (Mathworks, R2014b). An overview of the data processing flow is
presented in Fig. 3. The data acquisition includes a measured spectrum /(k), a spectrum of
the reference arm only, . ¢(k), and a spectrum for the sample arm only, /s (k). Furthermore
the calibrated wavenumber k is obtained from a combination of the spectrometer calibration
and an optimization algorithm. The polynomial coefficients of the wavenumber calibration is
optimized with respect to the group index of water using a trust-region algorithm (MATLAB
function fminunc). The third order polynomial coefficients of the spectrometer calibration are
used as the initial parameter estimate.

reference arm | |sample arm calibrated
raw spectrum
spectrum spectrum wavenumber k|
phase correction IFT | attenuation
K
Interference signal I(k)
Inverse Fourier transform (IFT) ) attenuation
amplitude
u(k)
averaging of the I(z)
group index
Fourier transform L n,
phase fit
interference spectrum I(k)
GVD
Hilbert transform

Fig. 3. Schematic illustration of the analysis algorithm for the determination of the optical
material properties.

As spectrum containing only the interference contribution is generated by subtracting all
other contributions, fiy; (k) = I(k) — Iy (k) — Isam(k). To obtain the average interference spec-
trum this signal is inverse Fourier transformed, averaged and transformed back. For determina-
tion of the analytic signal, Eq. (5), the built-in MATLAB function hilbert is used. Furthermore,
the function phase is used to determine and unwrap the phase of the given signal. The phase of
the signal is cropped in k by choosing the relative heights of the envelope signal with respect to
the peak of the envelope to be larger than 0.25. The phase analysis uses the built-in MATLAB
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function fit to fit a cubic polynomial, Eq. (7) using the generalized least squares to the difference
of the measured phase and a reference phase versus k.

3.5. Dependent scattering calculations

Calculations of the scattering coefficient are performed using a Mie theory [15] and a dependent
scattering model. The effect of dependent scattering is taken into account using the structure
factor for computation of the scattering efficiency ratio following the work of Nguyen et al. [10].
Although dependent scattering does not take the effects of multiple scattering into account,
the model is appropriate for describing the reduction of power of the ballistic light. Only the
ballistic photons that scatter for the first time reduce this power. Interactions between multiply
scattered light will only affect our path-length distribution at path-lengths beyond that of the
ballistic light.

The dependent scattering model uses the Percus-Yevick model to compute the radial distribu-
tion function, which accounts for interactions between particles. Furthermore, we assume the
Rayleigh-Debye condition is valid, i.e. the scattering particles can be treated as point scatterers.
Input to the dependent scattering calculation are the refractive indices of the medium and the
suspended particles, the wavelength of the light, the experimentally determined particle radius
and the concentration of the particles.

4. Results

A typical set of averaged transmission OCT measurements through a fused silica glass slide
is shown in Fig. 4. Figure 4(a) shows the raw interferometric signal versus wavenumber. The
instantaneous phase obtained through Hilbert transform of the interference spectrum is shown
in Fig. 4(b). A linear relation between the start and end point is added to show the non-linearity
of the phase. The non-linear behavior of the phase is caused by the cumulative effects of the
material dispersion and by the spectrometer dispersion, both indicated. The phase difference
between the linear phase and the phase signal from Fig. 4(b) is depicted in Fig. 4(c).

The parabolic shape is clearly visible and caused by the large values of n; +n; for fused silica
glass and by the non-linearity of the spectrometer. The phase after spectrometer correction (red)
has a lower maximum compared to the raw phase signal and shows a more pure parabolic phase
behavior. The measured and compensated signal after the Fourier transformation is shown in
4(d), where the peak position represents the path length of the ballistic light. Due to dispersion,
the measured transmission OCT signal (blue, dashed) is decreased and broadened compared to
the dispersion compensated signal (red).

4.1. Refractive index and group velocity dispersion quantification for glasses and liquids

Figure 5 shows the dispersion results of four different glasses: BK7, fused silica, sapphire and
calcium fluoride (CaF,), and two liquids: water and ethanol. Figure 5(a) shows the results for
the group refractive index for the different materials. The red bars denote the measured values
using transmission OCT. It can be seen that the group refractive indices are close to the values
from literature [11, 16-28]. BK7, fused silica and CaF, are slightly underestimated compared
to the literature values, whereas for sapphire a relatively large underestimation of 3.2 percent is
observed. Water has a slight overestimation of 0.56 percent and for ethanol the underestimation
is 2.5 percent. The group velocity dispersion is shown in Fig. 5(b). It can be seen that the group
velocity dispersion of all materials, except fused silica, are somewhat overestimated compared
to the literature values. For fused silica the group velocity dispersion values are spread between
the literature values.

Aqueous solutions with different concentrations of glucose are measured to determine the
optical properties of the constituent materials (as shown in Fig. 6). Both the group refractive
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Fig. 4. Overview of the data processing steps for the fused silica sample (a) Reference and
sample arm subtracted interference spectrum. (b) Phase of the original Hilbert transformed
signal (blue, dashed), the spectrometer corrected signal (black, points), and the linear phase
relation (red). (c) Phase difference between the linear phase and the original signal (blue,
dashed) and to the setup dispersion corrected signal (red, solid). (d) z-Domain transmission
OCT signal after inverse Fourier transform without dispersion correction (blue, dashed),
after setup dispersion correction (black, points) and after material dispersion correction
(red, solid).

index and the GVD follow a linear relation as would be expected from a volume-weighted
average of the optical properties. The slope of (1.214-0.02)1073 group index change per vol-
ume percent results in a group refractive index of pure glucose of 1.465 £ 0.004, which agrees
well with literature values [29,30]. The slope of (—2.05 4= —0.04) 10~28 s> /m GVD change per
volume percent results in a GVD of pure glucose of (—7.3440.04) 1072652 /m.

4.2.  Attenuation and scattering measurements of silica particle suspensions

Transmission OCT measurements are performed for suspensions of silica particles in differ-
ent concentrations. Two different particles sizes are considered; 0.5 pym and 1.5 pm diameter.
Typical spatial domain data, averaged over 100000 measurements, for the 0.5 um and 1.5 pm
particles are shown in Fig. 7(a) and Fig. 7(b), respectively. For every concentration, peaks can
be observed corresponding to ballistic light transmission. As the concentration of scatterers in-
creases the peak amplitude decreases and the peak moves slightly to longer path lengths. In
addition a decaying tail is observed behind the ballistic transmission peak of the 1.5 um par-
ticle suspensions. This tail gradually becomes predominant as the concentration of scatterers
increases and is caused by forward scattered light transmitted through the sample. The 0.5 um
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particles have a much lower scattering coefficient and scattering anisotropy and do not show
the scattered light in the transmission OCT signal.
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Fig. 7. Spatial domain transmission OCT data for several concentrations of 0.5 pym (a)
and 1.5 um (b) silica particles in water. Data separated for plotting by multiplication with
powers of 10. (c) Measured scattering coefficients for the silica suspensions. The data is
fitted using a dependent scattering model (black, solid), which is based on Mie calculations
(gray, dashed).

The measured scattering coefficient (L, as function of the concentration for the 0.5 um and
1.5 pm silica particle suspensions are shown in Fig. 7(c). For higher concentrations of particles
in the suspension, more light is scattered resulting in an increase of the scattering coefficient.
At very high concentrations the linear relation between scattering coefficient and particle con-
centration does not hold and the data is best described by a dependent scattering model. A fit of
this model (Section 3.5) with the refractive index of the particles as the free parameter, results
in ng = 1.430+0.009 for the 0.5 pm particles, and ng = 1.444 £0.005 for the 1.5 um particles.
This value is close to the value of the phase refractive index of 1.447 for fused silica, reported
by Malitson [19].

The Hilbert transform method is used to determine the wavelength dependent attenuation co-
efficient for de-mineralised water and the 2 vol.% suspension of 1.5 um particles. The measured
absorption spectrum of water is shown in Fig. 8(a). The measured absorption coefficient agrees
well with the data from Kedenburg et al. The wavelength dependent scattering coefficient for
the silica particle suspension is shown in Fig. 8(b). Dependent scattering calculations are per-
formed over the spectral range for comparison to the measured data. The measured data agree
well with the calculated data. In both the water and the particle suspension data, deviations
are observed at the edges of the measured attenuation spectra. At these wavelengths the source
intensity is low resulting in small signals.

5. Discussion

We showed transmission OCT measurements of n,, the GVD and the (wavelength resolved)
attenuation coefficient. The measurements on glass plates, liquids and glass particle suspensions
validated the proposed analysis technique.

The measurements of n, showed good agreement with values found in literature. Some vari-
ation was present in the literature data, possibly caused by differences in the materials used.
Our results are slightly less accurate compared to the refractive index measurement of Dirckx
et al. [7] and Zvyagin et al. [6]. The GVD measurements, in general, agree well with literature
values. Due to the large spread in values reported in literature, exact estimation of the accuracy
of our method is difficult. For most measurements the obtained value for the GVD is within the
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Fig. 8. (a) Measured absorption coefficient of water versus wavelength (blue, dots) and
its comparison to literature [11] (black, solid). (b) Measured scattering coefficient versus
wavelength for 2 vol.% 1.5 um silica particles (blue, dots). Error margin is denoted by the
dashed lines. The data is compared to the scattering coefficient obtained from dependent
scattering calculations (black, solid).

variation represented in literature. We observed that the measured values of n, and the GVD are
very sensitive to variations in the spectrometer calibration. More accurate measurements can be
obtained by improving the spectrometer calibration procedure. Increasing the bandwidth of the
setup and the thickness of the samples could also provide more accurate results for n, and GVD.
We observed that the exact choice of the cropping factor affects our estimates of both n, and
GVD. The choice of 0.25 resulted in the most accurate estimation of both group velocity index
and GVD. Measurement of n, and the GVD for glucose solutions showed a clear linear be-
havior over the measured concentration range. By avoiding positioning errors and realignment
of the cuvette, possible alignment errors are circumvented. Hence, the glucose measurements
show that small differences in refractive index can be measured. The lowest glucose concen-
tration measurable is 0.39 vol. % and was estimated by a linear extrapolation of the slope and
comparison to the error in the measurements. This concentration is still larger than typical blood
glucose concentrations.

Determination of the attenuation coefficient is shown for both z-domain and spectral do-
main analysis. For both methods the main experimental difficulty proved to be the prevention
of particle aggregation in the suspensions. The z-domain method works in principle up to 20
mean free paths (MFP) of attenuation. The technique is limited to scattering anisotropies up
to approximately 0.9. Large anisotropy factors, as for example is the case for tissue, make the
discrimination between ballistic and single scattered photons difficult. Increasing the spectral
bandwidth results in a more narrow axial point spread function, which facilitates discrimina-
tion of ballistic light from scattered light. Additionally, information can be retrieved from the
scattered light distribution, either by using a total attenuation coefficient or fitting a scattering
model.

Wavelength resolved attenuation coefficients are computed from spectral domain data for
water and 2 vol.% of the 1.5 um particle suspension. The results show good agreement with
literature and simulated data respectively. Deviations between measurements and literature are
observed at the edges of the spectra. We attribute this to the low power of the light source at
these wavelengths which makes it difficult to retrieve the envelope of the measured spectrum
using the Hilbert transform. For a similar reason, measurements on samples with high attenu-
ation coefficients (larger then approximately 10 MFP) fail to give accurate results. For highly
attenuating samples short time Fourier transform techniques can be applied in combination with
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an analysis in the z-domain. This provides the benefit of path length discrimination, however,
at the cost of reduced spectral resolution.

The measurements presented in this article demonstrate the potential of Fourier-domain
transmission OCT as a powerful and versatile platform for measurements of optical properties.
Transmission OCT does not rely on scattered light to perform a measurement, and therefore is
not based on complicated light transport models or requires a homogeneous sample. In addi-
tion, coherence gating provides a means to filter or select scattered from the ballistic light from
the measured signal.

Application of the presented techniques can provide a way to optically characterise tissue in
biopsies, aiding in the diagnostics of diseases. The multiple modes of contrast provided by our
technique can provide a great advantage in this respect. In addition, transmission OCT can pro-
vide compact and cost effective measurements in microfluidics and lab-on-a-chip applications.
With the onset of OCT on a chip technology this technique can provide a compact, versatile
and relatively cheap way to measure optical properties. In addition, the proposed methods for
determining n, and the GVD also can be applied in backscattering OCT, possibly providing
additional (functional) tissue contrast. The measurements presented in this paper concern the
characterization of the optical properties of a homogeneous bulk sample. The use of transmis-
sion OCT can be extended towards imaging spatially varying optical properties using computed
tomography techniques.

6. Conclusion

In conclusion, we presented Fourier-domain transmission OCT as a method for measuring the
group refractive index, the group velocity dispersion and the wavelength resolved attenuation
coefficient of a wide range of samples. We validated the proposed methods using experimental
data. The measurements are in good agreement with literature values and analytical theory. We
showed that transmission OCT provides a powerful tool for measurements of various optical
properties.
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