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Abstract: In this paper we apply spectrally resolved white light interferometry to measure 
refractive and group index over a wide spectral band from 400 to 1000 nm. The output of a 
Michelson interferometer is spectrally decomposed by a homemade prism spectrometer with 
a high resolution camera. The group index is determined directly from the phase extracted 
from the spectral interferogram while the refractive index is estimated once its value at a 
given wavelength is known 
©2016 Optical Society of America 
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1. Introduction 

Spectrally resolved white light interferometry (SRWLI) or white light spectral interferometry 
is a well-known interferometric technique that uses an incoherent light source to illuminate 
an interferometer followed by a spectrometer that resolves the interferogram at each 
wavelength. SRWLI is applied to measure distances, thicknesses or displacements [1,2] and 
material dispersion [3,4]; it is used in optical profilometry [5,6], broadband optical 
communication applications [7,8], spectrometer calibration [9,10] or as a light sensor 
[11,12]. 

Although this technique is denominated “white light”, the spectra of the source can 
expand from a few nanometers to hundreds of nanometers in the UV, VIS or IR band. For 
example, to measure displacements or distances over a range of some millimeters we must 
use a high resolution spectrometer with a narrow spectral band, while to measure 
displacements with high accuracy (below one micron) we must use a broadband 
spectrometer. On the other hand, the characterization of materials demands the usage of a 
spectral band as wide as possible, while preserving high resolution, a challenge that must be 
properly undertaken. This can be made in two ways, by resolving a series of narrow 
spectrograms to determine dispersion sequentially at different wavelengths or by resolving a 
single (or few) spectrogram to determine dispersion in a broad band. For example, Hlubina 
[13] used a low resolution spectrometer to obtain group index over 450 to 900 nm by 
sequentially evaluating the stationary phase point position as a function of the interferometer 
path length difference in air; Delbarre et al. [14] processed three interferograms including a 
stationary phase point to get the group index and estimated the refractive index from 540 to 
660 nm; Reolon et al. [15] used a broadband supercontinuum source with high degree of 
spatial coherence to increase the fringe visibility and measured group index from 530 to 800 
nm in a single acquisition. The challenge to determine dispersion in a single acquisition over 
a wide spectral band is that the sample induces a varying frequency chirp in the wave-
number domain that increases as we move away from the stationary phase point, and hence 
diminishes fringe visibility at the borders of the spectra. Though, a broadband spectrometer is 
needed with enough resolution to resolve high frequency fringes over the desired spectral 
range, especially for thick samples and strongly dispersive materials. 

In our case, we are interested in determining material dispersion in the VIS_NIR band 
(400 - 1000 nm). Typically, commercial grating spectrometers used in WRLSI experiments 
do not resolve the fringes in this wide spectral window. So, we assembled a prism 
spectrometer with a high resolution camera to increase the visibility function. The difference 
between a grating and a prism spectrometer is the way of separating the spectra. In the 
former, dispersion is nearly linear in wavelength, while the latter is highly nonlinear in 
wavelength but more linear in wavenumber (σ = 1/λ, in air). In Fig. 1, we show the 
simulation of two ideal white light spectral interferograms (with visibility one and constant 
irradiance) corresponding to the dispersion in a fused silica sample as they are seen in a 
typical grating spectrometer and in our home made prism spectrometer. In the case of the 
grating spectrometer, we used the measured dispersion of a commercial miniature 
spectrometer to simulate the interferogram; furthermore, in both cases we consider a 3648 
pixels linear camera, spanning the spectra from 400 to 1000 nm. We see that the frequency 
chirp is above three times greater at the border of the spectra for the grating spectrometer. In 
a real case, the finite spectrometer resolution will deteriorate the fringe visibility and will 
decrease further the possibility of resolving the interferogram. Furthermore, prism 
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spectrometers present greater dispersion power for high frequencies in the visible band, 
where the material dispersion is typically greater, and consequently the refractive index 
variation, and lower dispersion for the IR band where the refractive index varies slowly. 

 

Fig. 1. Simulation of ideal interferograms, with constant background irradiance and visibility 
of one, for a typical grating spectrometer (a) and for our home-made prism spectrometer (b) 
when we insert in one of the arms of the interferometer a silica plate 1 mm thick. In the 
former case we used the calibration of a commercial portable spectrometer and in the second 
case we used the calibration discussed in section 2. 

 

Fig. 2. Experimental setup; WLS white light source; L1 - L4 lenses; M1 fixed mirror; M2 
moving mirror; BS beam splitter; S sample; P prism 

In the next sections, we present dispersion measurements for three different optical 
glasses (fused silica, BK7 and D263t Schott glass) over a wide spectral band from 400 to 
1000 nm in a single acquisition. The group index is directly obtained from phase processing 
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of the spectral interferogram, while refractive index measurement is estimated with high 
accuracy by knowing its value at a given wavelength. 

2. Experimental set-up 

In Fig. 2 we show the experimental configuration. SRWLI measurements were taken with a 
135 W halogen lamp which illuminates a standard Michelson interferometer with no specific 
characteristics other than being transparent in the spectral range of the spectrometer. As 
usual, one of the interferometer mirrors can be adjusted to superimpose precisely the two 
beams that travel along the interferometer arms, and the other mirror can be translated to vary 
the optical pathlength in its own arm. The output of the interforometer is spectrally separated 
by an F2 equilateral dispersive prism in a 315 mm focal length spectrometer, and imaged on 
a high resolution linear camera with 3648 pixels 8 x 200 μm2 wide. The prism was oriented 
so that the camera sensor spans a broadband spectral band from 390 to 1045 nm, 
approximately. In contrast with a grating spectrometer in which the relationship between 
wavelength and pixel number is mainly linear, with a small non-linear contribution, a prism 
spectrometer is highly non-linear in wavelength, with lower blue-green wavelength highly 
dispersed in comparison to red-IR wavelength, as it is seen in Fig. 3(a). 

We paid special attention to the calibration of the experimental apparatus, an issue often 
overlooked but that is essential to get high precision values of refractive and group indexes. 
The spectrometer was calibrated with an Hg-Ar lamp; the different peaks shown in Fig. 3(a) 
were used to perform the calibration by fitting those to a fourth order polynomial in σ. In Fig. 
3(b) it is shown the fit as a function of wavenumber and wavelength. The fit in wavelength 
was obtained directly from the curve in wavenumber by inversion, because we were not able 
to perform a polynomial fit since it fails at small wavelengths at the right side of the first Hg-
Ar line. In Fig. 3(c) it is plotted the spectral bandpass of each pixel showing higher 
dispersion at the blue wavelengths. The bandpass (in wavelength units) goes from 0.04 nm at 
the blue end of the spectra to 0.8 nm at the IR end, enough to resolve for dispersion in typical 
materials, even strong dispersive ones. 
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Fig. 3. Calibration of the spectrometer. (a) Image of the lines of Hg-Ar lamp, showing (red 
dots) the lines used for calibration; (b) Fit of wavenumber (left) and wavelength (right) versus 
pixel number; (c) bandpass of each pixel. 

When a sample with refractive index n(σ) and thickness d is disposed in one of the arms 
of the interferometer, the spectral irradiance at the camera sensor for a given path difference 
in air l can be written as: 

 ( ) ( ) ( ) ( )0 1 cosI I Vσ σ σ ϕ σ= +    (1) 

where I0(σ) is the background spectral irradiance, V(σ) is the fringe visibility and ( )ϕ σ the 

phase: 

 ( ) ( )4 air aird n n n lϕ σ πσ= − −    (2) 
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Fig. 4. Typical spectral interferogram obtained with a BK7 plate 2 mm thick. (a) Total signal 
for a path difference l = 0.55 mm; (b) the background signal; (c) the visibility function. 

In Fig. 4 we show the total signal measured by the linear sensor, the background signal 
and visibility function for a BK7 sample with thickness d = 1.0278 ± 0.0005 mm placed in 
one of the arms of the interferometer with path difference l = 555 ± 1 μm. 

The background irradiance at the camera sensor can be obtained directly by changing the 
path difference up to a distance in which the spectrometer cannot resolve the fringes. 
Alternatively, it can be obtained from the total irradiance by calculating it upper envelope Iup 

and lower envelope Ilo as ( ) / 2lo upI I+ . In turn, these can be calculated by interpolation of 

maxima and minima of the interferogram, after neglecting the stationary phase point. The 
envelopes are also used to calculate the visibility function 

as ( ) ( ) ( ) ( ) ( )0/ 2 /up lo up lo lo upV I I I I I I Iσ = − = − + . 

In Fig. 4(a) it is shown the stationary phase point occurring at an equalization 
wavenumber σeq = 1.68 104 cm−1 (λeq = 595.24 nm). In accordance with the frequency chirp, 
lower near the equalization wavelength and greater far away, the visibility is lower at the 
borders of the spectra. This reduction in visibility is enhanced by the sharp decreasing of 
detector responsivity at IR wavelength as seen in Fig. 4(b). At blue wavelengths the 
reduction of visibility due to lower background irradiance and strong dispersion is partially 
compensated by higher dispersion power of the spectrometer in this range, allowing us 
determining dispersion in a very broad band, as will be shown. Finally, it's worth noting that 
the irradiance modulations seen in Fig. 4(b) are mainly due to the transmission properties of 
the beam splitter in the interferometer. 
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To be sure that the material dispersion is correctly measured, the spectral calibration of 
the spectrometer must be performed with high accuracy, and the sample thickness d and path 
length in air l must be measured precisely. The differences between the wavenumbers of the 
Hg-Ar spectral lines used in the spectrometer calibration (the reference values were taken 
from ref [16].) and their fitted values after calibration lie below 4 cm−1 for all spectral lines 
with a relative uncertainty below 3 10−4. On the other hand, sample thickness was measured 
with a high resolution digital micrometer with an accuracy of 0.5 μm. To determine mirror 
displacement in the moving arm of the Michelson interferometer we calibrate the manual 
micrometer that performs this displacement. Actually, in order to get higher resolution, the 
micrometer does not push directly the mirror mount, but it uses a lever, so that the mirror 
displacement is only a fraction of the micrometer displacement. We also used SRWLI to 
calibrate the displacement [in this case there was not a sample in the interferometer so d = 0 
in Eq. (2)], but since displacements are in the mm range we employed a high resolution 
(<0.01 nm) commercial grating spectrometer with 40 nm spectral band. The results of 
calibration are plotted in Fig. 5, leading that the relation between mirror displacement and 
micrometer scale is not completely linear but has a small quadratic term. The difference 
between the values measured by WLSRI and the fitted values are about 1 micron. We believe 
that they are mainly due to a small precession that we observed in one whole turn of the 
micrometer. 

 

Fig. 5. Calibration of the mirror displacement: measured displacement versus the scale on the 
manual micrometer. 

3. Dispersion measurements 

3.1. Group index 

The cosine in Eq. (1) can be resolved by retrieving the lower and upper envelopes as 
explained in the previous section, to obtain: 

 ( ) ( ) ( )
( ) ( )

0cos 2
up lo

I I
I I

σ σ
ϕ σ

σ σ
−

=
−

 (3) 

and the phase can be extracted from the inverse cosine after performing an unwrapping 
procedure. However, since the cosine function is multivaluated the obtained phase coincides 
only with the experimental phase in Eq. (2) modulus 2π. That is, the unwrapped phase 

( )uϕ σ differs from the experimental phase ( )ϕ σ by 2kπ, ( ) ( ) 2u kϕ σ ϕ σ π= − , with k an 

unknown integer. Nevertheless, by deriving the phase with respect to σ, we retrieve the group 
index as: 

 ( ) ( )1
1

4
u

g air
dd l dn n n

d d d d d
ϕσ σ

σ π σ σ
 = = − + 
 

 (4) 
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In practice, to apply Eq. (4) we must choose a suitable path difference in air l to image the 
spectral interferogram. Indeed, the interferogram can be resolved from a large range of path 
difference, but visibility is greater when the interferogram includes the phase stationary 
point. We choose l so that the fringe periodicities in the borders of the spectra are 
approximately equal. This typically occurs when the stationary phase point is on the green 
spectrum. 

 

Fig. 6. Group index retrieved directly from phase derivative for a fused silica sample 1mm 
thick (continuous line), a BK7 sample 2 mm thick (dashed line) and D293T glass sample 210 
μm thick (dashed-dotted line) . 

The phase retrieved from the spectral interferogram is affected by experimental noise and 
then the group index obtained by Eq. (4) will be noisy too. To reduce this noise the phase or 
the calculated group index can be smoothed. Similar results are obtained and we chose to fit 
to the group index to a polynomial (typically, a fit of order 4th or 5th is sufficient). Results 
are presented in Fig. 6 for three different optical glasses. The accuracy is below 5 10−4 for 
fused silica and BK7 (except at some wavelengths at the spectra ends). However, for D263t 
Schott glass the accuracy is worsened over one order of magnitude. We believe that is due to 
the smaller thickness of the sample and hence smaller path difference in air. The smaller 
values for these two magnitudes lead to an increase of their relative uncertainties, and 
consequently to a worse index group retrieval. 

3.2. Refractive index 

Some authors tried to overcome the 2kπ ambiguity in phase retrieval by fitting to a dispersion 
relation [17,18], while other authors perfom first the fitting in the phase derivative and then 
proceed to fit the cosine in Eq. (3) [14]. However, for samples with thickness of hundred of 
microns or milimeters the k value can be several hundreds or thousands. So, an error in k of 
one unity can lead to errors in refractive index of 10−4 or even 10−3. This can be overcome by 
selecting thinner samples of tenth of microns when an error in k of one unity leads to errors 
in refractive index of 10−2, easily detectable. 

Other way to resolve this ambiguity consists in measuring separately the refractive index 
for a given wavelength in order to calculate the k factor directly from the unwraped phase 
and Eq. (2). 

However experimental uncertainty in phase as small as 10−3 can lead to appreciable 
refractive index uncertainty. In this case more data processing is needed. In our case we 
followed a procedure inspired in [14]. 

Firstly we assume that the refractive index verifies a Sellmeier dispersion formula with 
only one resonance, that is: 

 ( ) 21

Bn A
C

σ
σ

= +
−

 (5) 
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and calculate the group index formula for this relation. Then, we determine group index 
directly from the phase derivative and fit it to the group index dispersion formula to get the 
values of A, B and C. A first estimation of refractive index is obtained from this value. 
However, the addition of some function of the type D/σ to the refractive index gives the same 
group index, so we have an ambiguity in the refractive index. In fact, this ambiguity is 
similar to the phase ambiguity in the factor 2kπ, which means and index ambiguity of 2kπ/σ. 
To resolve this ambiguity we use the known refractive index n0 at a given wavenumber σ0 to 
calculate its difference from the estimated refractive index n(σ0) as 

 ( )0 0
0

Dn nσ
σ

− =  (6) 

This gives a new estimation of refractive index as 

 ( ) 21

B Dn A
C

σ
σσ

= + −
−

 (7) 

In a second step, we replace this formula in Eqs. (2) and (3) and refine the values of the A 
- D parameters by fitting the cosine of the phase by means of a Levenberg-Marquardt 
procedure. Now, we take these values to obtain the new refractive index which is used to 
calculate an average value for k in a broadband region (which can be smaller than the whole 
spectral band). With this value of k we can obtain the phase without ambiguity and simply 
use Eq. (2) to get the final refractive index. 

In Fig. 7 we plot the results for the studied samples. As before, the retrieval is worst for 
the D263t glass. Compared with the reference indexes obtain from [19] we get uncertainties 
below 6 10−5 for fused silica and BK7 glass, even if in the intermediate steps n0 is taken with 
an accuracy of 10−4. Finally, from this refractive index we can determine again the group 
index giving values in agreement with those obtained by phase derivation. 

 

Fig. 7. Retrieved refractive index curve versus wavelength for the same samples as Fig. 6. 

4. Conclusions 

A prim spectrometer with a high resolution line camera allows characterizing the material 
dispersion of different samples over a very wide spectral range spanning from 400 to 1000 
nm. Such a spectrometer can resolve the interferogram at the output of a Michelson 
interferometer thus providing the whole experimental data in a single acquisition. The 
spectral range of characterization can be increased by taking several frames at different bands 
but this will be limited by the camera sensibility and the range of transparency of the optical 
elements used in the experimental set-up. Fast measurements over a broad spectral range, 
including the visible spectrum and more, increase the applicability of the method in many 
research areas such as design of optical components for imaging instrumentation, 
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measurement of ocular dispersions, search of novel liquids for optofluidics, supercontinuum 
generation, phase matched optical mixing and so on. 

The group index was retrieved directly from the derivative of the spectral phase with 
accuracy about 10−4. While, for retrieving the refractive index we used a known refractive 
index for a given wavelength to resolve for the phase ambiguity, and after some intermediate 
steps where the index was assumed to verify some dispersion equations, we finally retrieved 
the refractive index directly from the phase. The accuracy of the results is below 10−4. 

The factors that limit the accuracy are the uncertainty of the path difference in air and the 
sample thickness. In future works, we will try to improve the measurement of mirror 
displacement and sample thickness to increase the accuracy in refractive and group index 
measurements. We also contemplate to integrate in our device a system to measure the 
refractive index at one wavelength. Finally, the application of this new single-acquisition 
white light spectral interferometer to molecular and ionic liquids is in progress. 
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