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Chromatic dispersion effects in ultra-low coherence interferometry

V.V. Lychagov, V.P. Ryabukho

Abstract. We consider the properties of an interference signal shift
from zero-path-difference position in the presence of an uncompen-
sated dispersive layer in one of the interferometer arms. It is exper-
imentally shown that in using an ultra-low coherence light source,
the formation of the interference signal is also determined by the
group velocity dispersion, which results in a nonlinear dependence
of the position of the interference signal on the geometrical thick-
ness of the dispersive layer. The discrepancy in the dispersive layer
and compensator refractive indices in the third decimal place is
experimentally shown to lead to an interference signal shift that is
an order of magnitude greater than the pulse width.

Keywords: white-light interferometry, dispersion, full-field optical
coherence tomography, coherence.

1. Introduction

The methods of optical imaging of the internal structure of
layered and scattering objects, built on the principles of low-
coherence interferometry [1, 2], have been increasingly widely
used in recent years. The role of the impulse response (or the
point scattering function) in these systems is played by a pulse
in the interference signal from radiation probing an object:
the duration of this pulse determines the spatial resolution of
the method, and the pulse position in time indicates the opti-
cal distance to an object or to an inhomogeneity in its struc-
ture. The interference signal from the object with a complex
internal structure consists of a set of such pulses, each of
which corresponds to an optical inhomogeneity or an inter-
face between two media inside the object. Under real condi-
tions the listed properties can be violated to a varying degree.

The duration of the interference pulse is determined by the
coherence time of probe radiation, depending on the width of
its frequency spectrum: the wider the spectrum of the light
source, the shorter the interference pulse and the higher the
spatial resolution of the system. On the basis of these consid-
erations, a new method, namely full-field optical coherence
tomography, or interference microscopy [3, 4], has been pro-
posed. This method relies on the use of a source with a very
broad emission spectrum — a thermal white-light source such
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as an incandescent lamp, which has made it possible to obtain
an extremely short (~1 um) interference pulse. However, the
use of broadband radiation entails a number of problems. In
particular, the longitudinal correlation properties of probe
radiation are affected not only by the emission spectrum, but
also by the angular spectrum of the field produced by an
extended source, which can lead to a number of effects, dis-
cussed in [5-9].

As a result of a significant impact of spectral properties of
the object itself and optical scheme elements, the effective
emission spectrum differs significantly from the original spec-
trum of radiation entering the interferometer [10, 11]. In these
studies Kalyanov et al. [10, 11] considered the amplitude
modulation of the probe radiation spectrum. However, not
only the amplitude but also the phase of the spectral compo-
nents of radiation can change. The reason for the phase mod-
ulation is the dispersion of the refractive index of the object
and the optical elements of the interferometer. The dispersion
of the refractive index leads to the fact that monochromatic
components of broadband radiation propagate different opti-
cal paths in media having the same geometric thickness. This
can cause a number of effects in interferometry [12—14]: a
broadening of the interference pulse, an emergence of the
interference pulse frequency modulation and a change in the
interference pulse shape, a reduction of the contrast of inter-
ference fringes, and an occurrence of beatings in the signal
when superimposing several interference pulses. Obviously,
the wider the emission spectrum, the more pronounced the
effects. Manifestation of dispersion effects in white-light
interference microscopy was considered in [15, 16]. Despite a
rather complete description of the resulting effects [15], an
important issue on the position of the interference pulse in the
recorded signal was not given sufficient attention. For exam-
ple, Denielmeyer and Weber [13] indicate that the position of
the pulse envelope is determined by the group velocity disper-
sion (GVD) of the uncompensated layer of the medium.
However, it follows from the GVD definition that it can be
also characterised by the spectral dependence. At the same
time, the accuracy with which it is possible to determine the
position of the interference pulse in the signal is a key metro-
logical characteristic of optical imaging.

In this paper, the chromatic dispersion effects for ultra-
low coherence interferometry are studied by the example of a
scanning Michelson interferometer [17, 18], the scheme of
which forms the basis of many measurement systems, includ-
ing coherence tomography and interference microscopy sys-
tems. We consider two variants of interference experiments —
numerical calculations of the interference signal and an exper-
iment with a real interferometer. A simple idea is used as the
basis for the experiments. In changing the optical path differ-
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ence, in the scanning interferometer a pulse signal is formed
whose envelope has a maximum value when the path differ-
ence is equal to zero. If a layer of a dispersive medium is intro-
duced into one of the interferometer arms, the maximum of
the interference pulse will shift from the zero-path-difference
position by some value. It is believed that the value of this
shift is determined by the optical thickness of the introduced
layer, which in turn is determined by the GVD of the layer. In
other words, if a virtual compensator with the same geometri-
cal thickness but a fixed refractive index equal to the GVD of
the layer is introduced into the second arm of the interferom-
eter, the interference pulse must shift back to the position cor-
responding to the zero path difference.

2. Numerical calculation of the interference
signal

The scheme of the numerical experiment is as follows. A
transparent plate having a geometric thickness  and a phase
refractive index n(k), where k is the wavenumber, is intro-
duced into one arm of the scanning Michelson interferometer.
In the other arm of the interferometer we introduce a com-
pensator having the same thickness d and some refractive
index ny, which is independent of k. As a result, for each spec-
tral component of the interfering waves at the interferometer
output we can introduce an additional path difference, which
depends on the refractive index of the plate,

Aly(k) = 2d(n(k) — no) (1
and, accordingly, an additional phase difference
Apo(k) = kAly(k). (2)

The purpose of the numerical experiment is that for each
value of the geometric thickness d of the layer, we find a
refractive index n, at which there is no shift of the maximum
of the interference pulse envelope on the scale of the path dif-
ference.

It is convenient to employ in calculations the representa-
tion of the interference signal I(A) using the complex Fourier
transform [19]

1(A) ~ fk Stk exp(—ikA)ydk, 3)

where S(k) is the spatial frequency spectrum of the interfering
radiation; [k, k,] is the domain of S(k) definition; and A is the
optical path difference. If the thicknesses d of the dispersive
layer and the compensator are nonzero, then each spectral
component undergoes an additional phase shift Ap(k), which
must be taken into account in calculating the resulting inter-
ference signal by introducing additional phase modulation of
the original spectrum [19]

1~ Sk exp(—ikA) dk. )
where
S(k) = S(k)expliApo(k)]. ®)]

For the calculations it is necessary to determine the spec-
trum of the interfering radiation S(k), which will take into

account the parameters of radiation and optical elements,
close to a real interference experiment. The cumulative effect
of the spectral characteristics of these elements determines the
effective spectrum of the interfering radiation [10, 11]. In a
real interference experiment, the results of which are discussed
below, we used an incandescent lamp with a tungsten fila-
ment. Propagating in the interferometer the light of this lamp
passed twice through a 15-mm-thick plane-parallel plate
made of BK7 glass and a 25 mm cube beam splitter also made
of BK7 glass. The interference signal was measured using a
Ge photodetector. Figure 1 shows the spectral characteristics
of each of these elements [20] and the resulting effective emis-
sion spectrum. The dispersion curve n(k) of BK7 glass was
calculated using the Sellmeier equation with the coefficients
borrowed from [21].
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Figure 1. (/) Transmission spectrum of 80-mm-thick BK7 glass, (2)
spectral sensitivity of a germanium photodetector, (3) emission spec-
trum of a tungsten lamp and (4) resultant and (5) experimentally mea-
sured effective spectra.

The interference pulse was calculated for several values of
the geometrical thickness d (from 0 to 3.4 mm) of the disper-
sive layer and for several values of the refractive index n,
(from 1.5195 to 1.5225). For each pair of values of d and n, we
determined the position of the maximum of the interference
pulse envelope, Ay, The dependence A, (d,ny) is conve-
niently represented in the form of a contour map (Fig. 2).

From the results of the calculation we can draw two con-
clusions. Firstly, for various geometric dispersive-layer thick-
nesses d, the compensator’s refractive index n, at which the
maximum of the interference pulse envelope is at the zero-
path-difference position, will be different (the zero contour
line in the contour map corresponds to this conclusion).
Secondly, at larger thicknesses d (from 1 mm or greater) the
dependence of the pulse position on the refractive index ny
becomes strong. In changing n, in the third decimal place the
shift of the interference pulse can be from 2 um (which is com-
parable to the width of the pulse) to 15 um.

3. Interference experiment

In a real interference experiment it is quite difficult to accurately
implement the scheme of the numerical experiment. To solve this
problem, we inserted two plane-parallel BK7 glass plates with
the geometrical thickness 15620 = 1 and 15750 £ 1 um in the
interferometer arms. The thinner plate was installed in one of
the interferometer arms on a rotating platform by means of
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Figure 2. Dependence of the position of the envelope maximum A,
(in um) on the thickness d of the dispersive layer and the refractive index
ny of the compensator.

which it was rotated with a step 30’ (accuracy 3”). Thus, we
changed the thickness of the uncompensated dispersive layer,
through which one of the interfering waves passes. The disad-
vantage of this approach is that due to refraction at the
inclined plate the geometric path of each spectral component
also depends on the refractive index. The other plate was
mounted in the second arm of the interferometer to compen-
sate for the thickness of the first plate.

Figure 3 shows the variation in the geometric path length
of the wave in the dispersive layer as a function of the angle of
the plate rotation.

Jvo

\

Q

Figure 3. Scheme for calculating the dispersive layer thickness [(/)
plane-parallel glass plate, (2) mirror, (f) plate rotation angle].

For the rotation angle 6 = 0, the optical path that the light
travels from point A to the mirror and back is /; = 2(ABn(k)
+ BC). By turning the plate through the angle 6, the optical
path of the same beam is /, = 2(AB’n(k) + B"C”). It follows
from the calculation that

s d
AB" = cos@”’ ©)

where d = AB is the plate thickness.

Thus, the dependence of the increment of the dispersive
layer thickness on the rotation angle of the plate can be calcu-
lated by the formula

d=—4__g4. )

" cos®’

The optical path increment A/ = /, — [}, as follows from Fig. 3, is

dn(k)
cos 6’

Al=2 dn(k) — HB'|. (8)

It can be shown that the segment FB’ = dtan6’, and the
segment FG = d(1 — cosf)/cosh. Then, from the triangles DFG
and DHB’ we can find that

HB’ = d(tanf'sinf — 1 + cos6). )
Figure 4 shows the dependences of the optical path incre-

ment A/ on the rotation angle of the plate for two wavelengths
and the difference between these increments.
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Figure 4. Optical path increments A/ at (/) n = 1.497,4 = 1.8 um and
(2)n=1.516,4 = 0.6 um and (3) the difference of these increments as a
function of the plate rotation angle 6.

With the scheme described we recorded a series of inter-
ference pulses at different angles of rotation of the plate.
Figure 5 shows an example of two pulses, one of which cor-
responds to an almost zero thickness of the dispersive layer,
and the second — to its maximum thickness, i.e., the maximum
rotation of the plate.

It is impossible to provide an interference experiment with
a compensator having a wavelength-independent refractive
index nj. Therefore, the optical path difference A/, resulting
from the rotation the plate, and the corresponding interfer-
ence pulse displacement Aly were compensated by calcula-
tions. The displacement of the maximum of the interference
pulse envelope, Aly, was measured experimentally and the
compensating shift A/, was calculated by formula (8) and (9)
in which n(k) was replaced by 7. Thus one can find the exper-
imental dependence of the position of the maximum of the
interference pulse envelope on the rotation angle of the plate
(thickness of the dispersive layer) and the refractive index ny
of the virtual compensator:

Anix(0,m0) = Aly — Al. (10)
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Figure 5. Experimental interference pulses obtained at (a) minimal and
(b) maximal thicknesses of the dispersive layer.

To compare the experimental results with numerical cal-
culations, it is necessary to know the thickness of the disper-
sive layer, Ad. But the wavelength dependence of Ad does not
allow one to unambiguously assign some single value Ad to
the rotation angle of the plate. For illustrative purposes, the
layer thickness Ad can be estimated for some average refrac-
tive index from the interval of nj values. In addition, before
calculating Ant (Ad,ng) the experimental dependence of the
maximum of the interference pulse envelope on the rotation
angle Al4 of the plate was interpolated by a higher-order poly-
nomial function. Figure 6 shows the corresponding contour
map illustrating the dependence of the maximum of the
experimental interference pulse envelope on the thickness of
the dispersive layer and the refractive index of the compen-
sator.

Comparison of Figs 2 and 6 leads to the conclusion about
the fundamental agreement of numerical results and experi-
mental measurements. Existing differences in the shapes of
contours can be explained by differences in the methods of
creating a dispersive layer in numerical and real experiments.
The numerical experiment allows one to calculate a pure
dependence of dispersion effects on the geometrical thickness
of the layer, whereas the scheme with a rotary plate is one of
the few variants for creating a dispersive layer of variable
thickness in real interference experiments.

4. Conclusions

The results presented in Figs 2 and 6 lead to an important
conclusion. The position of the interference pulse is governed
by a refractive index n,, which is dependent on the dispersive
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Figure 6. Dependence of the position of the experimental interference

pulse envelope maximum Ajb, (in um) on the thickness Ad of the dis-

persive layer and the refractive index n of the compensator.

layer thickness d. Obviously, at different geometrical thick-
nesses d the mutual phase delay of individual spectral compo-
nents of broadband light, resulting from the passage through
this layer, will be different. When using broadband light, as
was done in this study, GVD starts exerting a significant
influence on the formation of an interference pulse. This leads
not only to a lengthening of the interference pulse and a
change in its shape, as noted in many papers, but also to a
complicated dependence of the pulse shift on the dispersive
layer thickness (see Figs 2 and 6). For d = 1 mm the change in
the compensator’s refractive index ny by 0.002 causes a dis-
placement of the interference pulse by no more than 3 pum.
Increasing the thickness of the dispersive layer up to 3 mm for
the same parameters of the compensator results in the dis-
placement of the interference pulse by 15 um. The minimum
(in the absence of dispersion) pulse width at half-magnitude
of the interference pulse in the above experiment was about 2
pm.

In practical terms, this means that in studying the struc-
ture of a dispersive medium with a white-light interferometer,
the spatial resolution not only decreases due to the lengthen-
ing of the pulse (see Fig. 6), but also the position of this pulse
and, therefore, the position of the inhomogeneity in an object
to which the pulse corresponds become ambiguous. This casts
doubt on the accuracy of the image of internal optical struc-
ture of an object obtained using this type of system.

Another problem that arises from the ambiguity of the
position of the interference pulse is related to the method for
determining the refractive index of the material by the known
optical and geometrical thicknesses. Obviously, inaccurate
determination of the pulse position leads to an error in evalu-
ating the optical thickness of the object.

The object can be sufficiently thin. In this case, as seen
from Figs 2 and 6, the shift of the pulse is much smaller than
its width and can be neglected. However, in the optical scheme
of the interferometer an uncompensated dispersive layer can
be present. To eliminate the dispersion effects use is made of
the compensators, having known dispersive properties that
are similar to the properties of a medium. However, the con-
tour lines in Figs 2 and 6 suggest that even a small deviation
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of the dispersion curve of the compensator from the disper-
sion curve of the test sample leads to a pulse shift. It should
also be noted that all the results were obtained for the BK7
grade glass, which has relatively weak dispersion, whereas in
samples of other materials the effect may be more pro-
nounced.
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