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A New Angle on Mapping the

Refractive Index

3D maps of a sample’s refractive index—used in some biomedical tests—can be directly
derived from angle-dependent measurements of light scattering from the sample.

by Kareem Elsayad*

he refractive index is the most important macro-
scopic optical property of a material. It determines
the effective wavelength of light traveling inside the
material and the trajectory that such light will trace.
Manipulating the refractive index can alter the path of light
in surprising ways (as seen, for instance, in optical metama-
terials) [1] or dramatically change the behavior of embedded
emitters [2]. Its relevance, however, extends beyond light
manipulation: The refractive index can be related to the
mass density and to the mechanical and electrical proper-
ties of a medium. This relationship makes the refractive
index a useful biomarker for studying biological cells. By
measuring the refractive index in a sample, researchers can
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Figure 1: Sketch of the refractive index mapping method
demonstrated by Fiore et al. [4]. The method is based on using a
confocal microscope to image light scattered from the sample in
two geometries. (a) In the 0 geometry, the incident and scattered
photons are normal to the sample interface. (b) In the « geometry,
the incident and scattered light have an average angle a with
respect to the normal to the surface. Since both geometries probe
the same phonon direction (q), the measured Brillouin frequency
shift—which depends on the internal light angle ()—can be
related to the refractive index at the focal spot. (APS/Alan
Stonebraker)
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diagnose diseases like malaria or characterize key properties
of single biological cells [3]. Antonio Fiore at the Univer-
sity of Maryland, College Park, and co-workers have now
demonstrated a novel label-free approach for mapping the
refractive index of samples with high spatial resolution in
3D [4]. The method exploits the angle-dependent inter-
action of light with inherent thermal vibrations (phonons)
present in a sample. Compared to existing solutions, the
new method provides a direct measurement of the refrac-
tive index without requiring any knowledge or assumptions
about the sample geometry and optical properties.

Measuring the refractive index of a reasonably transparent
bulk material is not too difficult. Through Snell’s law, the
index can be deduced from angle-resolved refraction mea-
surements of incident light. The Abbe refractometer, first
realized over a century ago [5], remains a gold standard for
these measurements. This and similar refractive approaches,
however, are not suitable for mapping the refractive index
with high, 3D spatial resolution in complex heterogeneous
samples like cells. Over the last 50 years, researchers have
developed a multitude of techniques to tackle such samples.
These include methods based on optical interference (such
as quantitative phase imaging) [6], on the placement of cells
inside resonant optical cavities [7], or on the measurement of
the fluorescent lifetime of markers embedded in the cell [8].

Existing techniques, however, come with a number of lim-
itations. For instance, they may require prior knowledge
of sample geometry, rely on certain assumptions about the
material’s optical properties, or require comparison mea-
surements with reference values, all of which may not be
easy to do for complex samples. They are also often subject
to so-called phase-wrapping artifacts—false reconstructed
patterns of refractive index that result when phase varia-
tions of the imaging light inside the sample are large or
not smooth. The approach proposed by Fiore and col-
leagues potentially overcomes some of these limitations by
providing a more direct way to measure the refractive in-
dex through the interaction of light with sound waves. The
new technique is based on a spectroscopic method called
spontaneous Brillouin light scattering. This method involves
probing a sample with a single-frequency laser and measur-
ing the light that’s scattered from the sample inelastically,
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that is, with a different frequency than the incoming laser.
This inelastic scattering signal results from the coupling of
light to acoustic phonons [9].

In a typical Brillouin experiment, one observes two in-
elastic peaks in the scattered light, called the Stokes and
anti-Stokes peaks, which are slightly shifted in frequency
around the main elastic scattering peak. Given the low en-
ergy of the acoustic phonon modes, the two peaks will be
spectrally very close to the elastic scattering peak, with a typ-
ical shift on the order of ~ 10 GHz when probing biological
samples at optical wavelengths. This frequency shift, which
is proportional to the velocity of the probed acoustic phonon,
can be thought of as a manifestation of the Doppler shift: It
results from light being scattered by the moving phonon.

The key idea behind the authors’” approach is that the
refractive index of the sample can be mapped by probing
Brillouin scattering in two geometries. The first is a backscat-
tering geometry, or 0 geometry, in which the direction of the
incident and scattered photons are approximately opposite
[Fig. 1 (a)]. In the second configuration, or a# geometry, the
incident and scattered light are each, on average, at an angle
of « with respect to the normal to the surface. [Fig. 1 (b)]. The
shift of the Brillouin peaks in the a geometry, (), is differ-
ent from the shift in the 0 geometry, (3y. The authors derive
analytical expressions for these shifts showing that both con-
figurations probe acoustic phonons propagating along the
same axis. Their calculations reveal a relation between the
ratio of the shifts, R = ), /)y, and the refractive index in
the volume probed at the focal point:
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Therefore, by measuring the Brillouin shifts, the team is able
to directly extract the refractive index within the volume in
which the photons are scattered.

Fiore and his colleagues implement this approach within
a scanning confocal microscopy setup. Confocal microscopy
produces 3D images by sequentially performing measure-
ments at a focal spot that is scanned through the volume of
a sample. Using a system of shutters and flip mirrors, the
researchers can rapidly switch between measuring Brillouin
scattering in the 0 and the « geometry. And they use a “virtu-
ally imaged phase array spectrometer” to measure the small
shifts, (g and (), in rapid succession. To validate their ap-
proach, they show they can acquire precise spatial 3D maps
of the refractive index of a drop of a photo-activated poly-
mer deposited on a petri dish.

The authors demonstrate a spatial resolution of several
micrometers for all three dimensions. When imaging an
actual sample, the resolution will depend on the degree of
overlap of the foci for the two probing directions (0 and «),
which may prove particularly challenging to control deep

inside samples with significant refractive index variations.
In such cases, one could envision the use of additional tun-
able corrective optics to assure consistent focus overlap.
Employing other tricks like larger numerical apertures and
different lens configurations, the authors suggest that a spa-
tial resolution below one micrometer could be achieved in
all dimensions. Improving the spatial resolution, however,
may affect the accuracy with which the Brillouin spectra can
be measured, which in turn reduces the precision in deter-
mining the refractive index. As the authors indicate, this
reduction could be mitigated by performing measurements
over more than two angles, but that would likely bring ad-
ditional alignment (foci overlap) challenges. Ultimately, one
would need to find a compromise between experimental
complexity and desired refractive index precision and spa-
tial resolution.

Despite the present complexity of the setup, future
improvements in Brillouin spectrometers may lead to a
wider implementation of the conceptually elegant approach
demonstrated by the authors. Since this approach is label-
free (i.e., it does not require adding fluorescent markers or
other markers), it will be particularly appealing for bioimag-
ing and diagnostic applications. As such, it may be applied
to analyze cellular mass density behavior related to cancer
development or to corneal pathologies, for instance.

This research is published in Physical Review Letters.
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