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Abstract

This report addresses the feasibility of using interfer-
ometry along three orthogonal axes in an attempt to
attain images of biological samples at a better res-
olution than allowed by the diffraction limit. I ex-
amine the basic principles of interferometry and re-
view recent techniques which have been developed
to improve the resolution and versatility of interfer-
ometers. I then review recent uses of interferometry
in biology and examine important techniques used
when dealing with biological samples. Lastly I con-
sider some initial questions which arise when extend-
ing these techniques to the concept of a three axis
interferometer.

1 Introduction

Interferometry has long been an essential tool in op-
tical microscopy. By interfering two electromagnetic
waves, interferometric techniques are able to measure
the relative phase of the waves. This allows measure-
ment of the difference in distances travelled by the
two waves up to a resolution of order picometres [1].
This is many orders of magnitude better than the nor-
mal limit in optical microscopy, as set by the diffrac-
tion limit and has lead to the use of interferometers
in a wide range of industrial and academic settings.
In biology, in particular, interferometers have been
used in many instances, from imaging tiny biological
structures such as the eye of a housefly [2], to the
detection of subnanometre displacements of a neu-
ron membrane during the propagation of an action

potential [3, 4].
To date, the excellent resolution of interferometers

has been limited to measurements in just one dimen-
sion. For example, take a large, flat surface lying in
the xy-plane. Current interferometers are capable of
accurately measuring subnanometre displacements of
this surface in the z-direction (perpendicular to the
plane), but are unable to measure the (x, y) coordi-
nates of such a step to an accuracy greater than the
diffraction limit allows. This limits the usefulness of
interferometry in imaging and leaves a large propor-
tion of biological structures beyond the resolution of
optical microscopy.

This report explores the possibility of extending
the resolution of interferometers into three dimen-
sions. I examine the question as to whether or not
interferometric measurements made by three orthog-
onal beams are capable of achieving greater than
diffraction limit resolution whilst imaging a biologi-
cal sample. Electron and scanning probe microscopy
are already capable of resolutions much greater that
the diffraction limit in optical microscopy, however,
requirements in sample preparation, among other
things, severely reduces the range of investigations
suitable for their use. The benefits of having an op-
tical microscopy technique with greater than diffrac-
tion limit resolution would be far-reaching, in par-
ticular because it would not require exogenous intro-
duction of reporter chemicals or recombinant proteins
such as fluorescent markers.

This report is organised as follows. In section 2
the principles of interferometry are examined and
explained. Recent developments in interferometric
techniques are then reviewed. Section 3 goes on to
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explain how interferometry is applied to biological
measurements and reviews recent applications of in-
terferometry in biology. In section 4 I address the
subject of interferometry along three axes and begin
to explore whether the concept would indeed allow
sub-diffraction limit resolution.

2 Interferometric Methods

In the broadest sense, optical interferometry is the
combining of electromagnetic waves in order to ob-
tain information from those waves. It uses the prin-
ciple of superposition: that the amplitudes of elec-
tromagnetic waves add vectorially when interfered.
The relative phase of the combined waves dictates
whether this superposition leads to constructive or
destructive interference and in this sense the signal
wave can convey information regarding phase [5].

An important condition for interference is coher-
ence. This is a property of one or more waves, first
described by Thomas Young [6] which, by definition,
is the degree to which two waves are able to interfere.
Two waves with a constant phase difference with re-
spect to one another are said to be completely co-
herent and can interfere maximally. A wave emitted
from a single source has two types of coherence: spa-
tial and temporal. Spatial coherence describes the de-
gree of coherence between the wave at different points
in space. Similarly, temporal coherence describes the
coherence between two sections of the wave, taken
from two different points in time. As an example,
a source which emits light in many short bursts, oc-
curring at random intervals, will have low temporal
coherence. Coherence is important in interferometry
not only because it allows the required interference to
occur, but conversely, because reducing the coherence
of the source waves allows selectivity in which parts
of the waves are used. This will be demonstrated
later in this section.

Two classes of interferometric technique exist: ho-
modyne and heterodyne detection [5]. In the ho-
modyne case, the waves which are combined origi-
nate from the same source and any differences be-
tween the waves at detection are a consequence of
unknowns in the experiment. In some instances, how-

ever, it is advantageous to alter one of the waves in
a known manner and this is called heterodyne de-
tection. To illustrate this important technique, take
two waves: E1 cos (ω1x) and E2 cos (ω2x+ φ). Wave
2 has been created by shifting the frequency of wave 1
by a known amount, ω2 − ω1 and an unknown phase
difference, φ, has been introduced. Waves 1 and 2
have amplitudes E1 and E2 respectively. When these
waves are interfered and intensity, I, is measured, the
result has the form:

I = E1 cos
2 (ω1x) + E2

2 cos
2 (ω2x+ φ)

+E1E2 cos (ω1x) cos (ω2x+ φ)

= 1
2

(

E2
1 + E2

2

)

+ 1
2E

2
1 cos (2ω1x)

+ 1
2E

2
2 cos (2ω2 + 2φ)

+E1E2 cos ((ω2 − ω1)x+ φ) .

(1)

The last term is a wave oscillating at the slower fre-
quency of ω2 − ω1. In many cases this slow oscil-
lation facilitates the analysis of the signal. Here,
for instance, the phase difference φ appears in the
slower oscillation as well as the faster oscillating com-
ponents. This can make φ easier to measure as it has
effectively been amplified.

Figure 1 depicts the simplest case experimental
setup for measuring a small displacement of length
∆L in a sample surface, using homodyne detection.
Light of wavelength λ, from a coherent source S, is
split into two at the beam splitter BS. One part of
the beam travels to a reference mirror a distance L
away and is reflected back to the beam splitter while
the other part of the beam travels to a sample which
is a distance L+∆L away, before also being reflected
back to the beam splitter. At the beam splitter the
beams recombine and the signal is detected by a pho-
todetector. The total difference in path length trav-
elled by the two beams is 2∆L so (assuming constant
refractive index) the phase difference, ∆φ, between
the beams is:

∆φ =
2π

λ
2∆L = 2k∆L, (2)
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Figure 1: A simple interferometric experiment using ho-

modyne detection in a Michelson interferometer. ∆L is

the difference in lengths of the two interferometer arms,

BS is a beam splitter and S is a coherent source.

where k is the wavenumber. When the waves inter-
fere the resulting intensity depends on the relative
phase and therefore on ∆L. It is at a maximum for
∆L = 0 and approaches zero towards ∆L = λ

4 , i.e.

when ∆φ = π. This shows that a resolution of λ
4 (a

‘subdivision factor’ of 1
4 ) is possible and this can be

improved with sensitive intensity measurements.
One important caveat to this example concerns

phase ambiguity. It is impossible to distinguish be-
tween a phase change of ∆φ and one of ∆φ+2π and
this causes an uncertainty in ∆L of ±nλ

2 , where n
is any integer. To reduce this ambiguity, some ex-
periments use a source with low temporal coherence
[7]. This means that if there is too large a delay be-
tween the two beams they will no longer be coherent
and so will be unable to interfere, thus reducing the
ambiguity.

The interferometer in figure 1 is a Michelson in-
terferometer. This simple configuration is employed
in many situations but there are a large number of
alternate arrangements in use, each with their own
advantages. Two are depicted in figure 2. The first,
figure 2 a), is the Mirau interferometer. It is more
compact than the Michelson and contains just one
objective lens, meaning it is not necessary to accu-

rately match two lenses. Another important advan-
tage over the Michelson is that more of the optical
paths of the two beams can share the same path,
which reduces phase noise. The central reference mir-
ror, however, obscures a certain portion of the image.
Dobroiu et al. [8] have designed a variation on the
Mirau interferometer which they call the coaxial Mi-
rau interferometer. It overcomes the problem of the
central obscuration and allows for a high degree of
miniaturization.

Figure 2 b) shows a Mach-Zehnder interferometer.
Topologically it can be thought of as an unfolded
Michelson. Although it is the least compact of the
three, it is useful for situations where transmission
through a sample is convenient, rather than reflec-
tion from it.

Equation 2 above demonstrated how a subdivision
factor of 1/4 is achieved in the simplest case. Greater
resolutions, however, have been achieved using a myr-
iad of methods. Lu et al. [9] used nonsymmetrical
double gratings to obtain a subdivision of 1/24. An
electronic technique called phase-shifting interferom-
etry was used by Onodera et al. [10] to achieve a sub-
division of 1/1000 and CCDs have recently been used
by Chen et al. [11] to reach a factor of 1/2000. As an
example I will describe in detail the particularly im-
pressive ‘Dual-wavelength’ technique introduced by
Chen et al. [1].

As an example the particularly impressive ‘Dual-
wavelength’ technique introduced by Chen et al. [1]
will now be described in detail. This method achieved
a subdivision factor of 1/440000 and experimentally
attained a resolution of better than 50 pm. Their ex-
perimental setup is shown in figure 3. The method
uses of two orthogonally polarized beams (1 and 2) of
wavelength λ1 and λ2, respectively. Orthogonally po-
larised light is used because such beams don’t inter-
fere and can be easily separated by polarizing beam
splitters. Their apparatus effectively contains two
Michelson interferometers, one for each of the beams.
Beam 1 is split so that half propagates to the ref-
erence corner cube (RCC) and half to the polariz-
ing beam splitter (PBS), which is configured to only
reflect this beam. The two parts of beam 1 there-
fore only accumulate the relative phase difference
φ1 = 2π(L/λ1), where L is a path difference in the
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Figure 3: The ‘Dual-wavelength’ interferometer introduced by Chen et al. BS is a beam splitter, PZT is a piezoelectric

transducer, P are polarizers, PD are photodetectors, other abbreviations are defined in the text.

reference arm.
Beam 2 is split so that half propagates to the RCC

while the other half passes the PBS, travelling an
extra L2 compared to beam 1 to be reflected by the
measurement corner cube (MCC). The relative phase
difference introduced between the two parts of beam

2 is therefore φ2 = 2π
(

L
λ1

− L2

λ2

)

. The total phase

difference, ∆φ, between beams 1 and 2 is measured
by a time interval analyzer and is given by

∆φ = 2π

(

L

λs

− L2

λ2

)

,

where λs = λ1λ2/|λ1 − λ2| is named the ‘synthetic
wavelength’ and is clearly longer than either λ1 or
λ2. When the MCC is moved a small distance ∆l2
the phase difference ∆φ becomes ∆φ′, which is given
by

∆φ′ = 2π

(

L

λs

− L2 +∆l2
λ2

)

. (3)

Measurement of ∆φ′ would correspond directly to a
measurement of ∆l2 if L and L2 were known. Clearly,

however, they will not be known to the degree of pre-
cision that ∆l2 is wished to be measured to. There-
fore, yet another path difference of ∆L is introduced.
This is inserted into the reference arm so affects both
beams 1 and 2, however, the phase difference pro-
duced in each is different, depending on wavelength
as in equation 2. ∆L is then varied until ∆φ′ is
equal to the original phase difference ∆φ. Inserting
L → L +∆L into equation 3 and setting ∆φ = ∆φ′

yields the condition

∆l2 =
λ2

λs

∆L.

Since the wavelengths can be chosen such that λs ≫
λ2, a large measured movement ∆L (with a corre-
spondingly large uncertainty) is used to measure ∆l2
to a high degree of accuracy. Chen et al. use a
dual-longitudinal-mode laser with λ2 = 632.8 nm
with a frequency difference between the two modes
of ∆ν = 1070 MHz which gives a subdivision factor
Kdiv = λ2/λs ≈ 1/440000. This allows the better
than 50 pm resolution quoted above.

4



Figure 2: a) depicts a Mirau interferometer, b) depicts

a Mach-Zehnder interferometer. In both BS are beam

splitters.

3 Interferometry in Biology

The interferometers so far reviewed were built with
the purpose of demonstrating a novel interferometric
technique. Therefore they have used ‘ideal’ samples
such as highly reflective, smooth surfaces. This sec-
tion explains how and why interferometry is used on
biological samples and reviews recent developments
in the field.

A common problem in biological optical mi-
croscopy is low contrast between features of interest.
This is due to a large proportion of biological material
being colourless and transparent [12] and results in
the need to use dyes to increase contrast. It is often
the case that such features, despite being colourless
and transparent, do have varying refractive indexes.
This produces the reflections and/or changes in opti-
cal path length1 required for interferometry, making
it more suitable than other methods such as bright
field microscopy.

Another, less obvious, advantage that interferome-
try has over other microscopy techniques is that the
measured response in interferometry is proportional
to the amplitude of the received signal as opposed to
the intensity [7]. This is an inherent property of in-
terferometry as can be seen in equation 1. If, in this
simple heterodyne detection case, the amplitudes E1

and E2 had started at unity, then upon reflection
they would become

√
R1 and

√
R2, the square root

of the reflectances of the reference and sample mirror
respectively. By using a strong mirror it is simple to
make R1 ≈ 1. This leaves the detected, interference
part of the combined wave: R2 cos ((ω2 − ω1)x+ φ).
This is clearly proportional to amplitude of signal,
not intensity and in situations where contrast is low
this produces a stronger output.

For these two reasons, as well as the exquisite, one
dimensional resolution, interferometry has been used
extensively in biology. It has been used to measure
changes in cell thickness of a chick embryo cardiomy-
ocyte during beating [13], to image the surface of the

1Optical path length, OPL, is defined as OPL = nd where

n is the refractive index of the medium and d is the distance

travelled by the light. It is used to take into account the effect

that the refractive index of the medium has on the phase of

the light, as well as the distance travelled.
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compound eye of a housefly [2], to measure swelling
of intestinal epithilial cells in hyper- and hypotonic
growth media [14] and to measure surface motion in
lobster and cray-fish nerve bundles [3, 4].

The first issue encountered in biological settings is
that of reflectivity. Having argued that many fea-
tures in biological samples do have varying refractive
indexes, the question remains as to whether these
refractive differences are great enough to produce a
detectable reflection. The fraction of the wave power
that is reflected at the interface between media with
different refractive indices depends on the angle of
incidence and polarization of the light and can be
calculated using Fresnel’s equations [15]. For normal
incidence, as used in many interferometers, the Fres-
nel equations simplify to

R =

(

n1 − n2

n1 + n2

)2

,

independent of what the polarization is, where R is
the fraction of wave power that is reflected and n1

and n2 are the refractive indexes before and after the
interface, respectively. A typical refractive index of a
cell is ncell ≈ 1.37 [16] and air has nair ≈ 1. There-
fore, at this interface, only approximately 2.4% of the
power is reflected. This demonstrates that a large
portion of the power is lost which is problematic,
however, as described above, the situation is helped
by interferometric signals being proportional to the
amplitude, not the intensity. It is often desirable to
image cells whilst in growth media and as might be
expected, this often has a refractive index much closer
to that of a cell. A typical value is ngrowth ≈ 1.33
[16], meaning just ∼ 0.02% is reflected.

Despite these seemingly low reflectances, many
interferometric investigations of biological samples
have been successfully carried out without the need
to modify the sample in any way [3, 4, 14]. Such
experiments rely on sensitive detection and use high
intensity sources. In other cases the biological sam-
ple and its surrounding medium created an interface
which reflected strongly, such as the reported 10%
reflection from the housefly eye imaged by Fang-Yen
[2]. In yet other cases, however, samples have been
modified by applying highly reflective materials on

the sample surface [17, 18]. Hill et al. [18], for ex-
ample, deposited gold dust particles on the surface of
Crayfish axon which increased reflection, but unfor-
tunately also decreased the fraction of light which re-
flected specularly. This technique also overcomes an
issue often ignored in other experiments: the chang-
ing of the optical properties of the cell itself during a
process of interest (in this case the action potential).

Another issue in biological settings involves the re-
strictions that the shape and size of the sample (and
its necessary environment) pose. A great variety of
situations of this kind arise. Cells under inspection
may need to be imaged whilst immersed in growth
media, they may form just a small section of a larger
whole or they may be neurons that must be attached
to electrodes for stimulation. Having constant ac-
cess to the sample during the experiment may also be
a necessity. Such restrictions often motivate signifi-
cantly different arrangements of interferometers from
ones described so far. Additionally, as more appli-
cations for interferometry are discovered, configura-
tions are being devised which are compact and simple
enough for clinical use.

Figure 4 depicts the interferometer created by
Choma et al. [13] to measure the dynamics of beat-
ing cardiomyocytes. Here, space is saved by mount-
ing the sample cells on one side of a coverslip and
using the interface with air at the opposite side for
the reference reflection. A key advantage is that, as
can be seen in the diagram, the path of the reference
and sample beams is identical for almost the entire
length, meaning that any phase noise in the inter-
ferometer is likely to be shared by both beams and
therefore cancel.

The probe interferometer developed by Fang-Yen
et al. [?] is another example of a novel interferome-
ter, devised for biological use. It is depicted in figure
5. Fang-Yen et al. cite two main issues which lead
them to this design. Firstly, again, is finding room for
a reference surface close to the sample. This is partic-
ularly a problem when access to the sample is needed
during measurement or if this reference surface needs
to be adjusted due to movement or reorientation of
the sample.

The second problem concerns the numerical aper-
ture of the objective lens. Numerical aperture, NA,
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Figure 4: The spectral-domain interferometer of Choma

et al. [13].

is a measure of the light collecting ability of a partic-
ular lens and is given by

NA = n sin θ0 (4)

where n is the refractive index of the medium sur-
rounding the lens and θ0 is the angle as shown in
figure 6. It is usually desirable to have a numeri-
cal aperture close to the maximum value of n since
transverse resolution scales as λ/NA. However, in
this case a competing factor is that of depth of field.
Depth of field describes the distance along the optic
axis of the lens over which the focal point extends and
can be shown to be ∼ λ/NA2. In an interferometer it
is desirable, but not essential, to have both the refer-
ence and sample surface within the focal point so as
to avoid power loss in either one. Clearly this is hard
to achieve whilst maintaining a numerical aperture of
NA ≈ n.

The probe interferometer in figure 5 solves both
these issues by using for the reference surface the
cleaved end of the optical fibre which transmits all
emitted and received light. The reflection is caused
by the refractive index difference between the fibre
and the surrounding air. The light emitted by the
fibre end is then focused by the gradient indexed mi-
crolens. This lens can thus have a high numerical
aperture without affecting the reference reflection.

The solutions described so far in this section have
enabled interferometry to make important biolog-
ical discoveries and allow for exciting possibilities

fibre
housing

GRIN lens

cleaved 

fibre end

sample

sample stage

Figure 5: The probe interferometer design introduced by

Fang-Yen et al. [2]. The cleaved fibre end is used as a

reference surface.

Figure 6: The numerical aperture of a lens is given by

n sin (θ0), where n is the refreactive index.
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in the future. The measurement of the swelling of
neurons during the action potential is certainly one
of the most interesting applications. Interferome-
try provided the first non-invasive measurements of
the swelling [4], demonstrating that previous obser-
vations were not due to perturbations caused by the
invasive measurement methods. Interferometry was
also shown to be capable of measuring the magnitude
of the swelling to greater accuracy than had been
achieved previously. All of this makes interferometry
an exciting candidate for many fundamental nerve
investigations and for non-contact detection of many
neuropathies, with the possibility of use in a clinical
setting.

For the sake of focus, this section of the report
has dealt with just one class of interferometric tech-
niques in biology: in all cases discussed reflections
from a biological surface were interfered with those
from a reference surface to gain information about
the position of that surface. There are many other
roles that interferometry plays in biology. One class
of method observes the dynamics of biomolecules that
are too small to resolve directly by binding them to
larger reflective objects. An interferometer is then
used to track the motion of the larger object. For
example, Svoboda et al. [19] attached silicon beads
to the biological motor kinesin and used interferome-
try to ascertain that it moved along microtubules in
discrete 8 nm steps. Interferometers also play a cru-
cial role in the area of biosensing [20, 21, 22]. Here
interferometers are used to measure small changes in
refractive index when target molecules bind to re-
ceptors on a surface. All such techniques have some
degree of relevance to this investigation since a three
axis interferometer, with subnanometre resolution in
three dimensions, would instantly expand the scope
of such methods.

4 Three axis Interferometry

Informed by the review of interferometric techniques
in the previous two sections, the possibility of com-
bining three interferometers in order to obtain greater
than diffraction limit resolution in all three dimen-
sions is now considered. This simple concept pro-

poses that, since current interferometers are able to
obtain such remarkable resolution in one dimension,
the combination of three interferometers, aligned or-
thogonally to each other, may be able to provide sim-
ilar resolution in all three dimensions.

In order to direct three orthogonal beams onto a
planar sample, the three axis interferometer will need
each of the beams directed obliquely at the sample.
The three beam’s directions can be thought of as the
three sides of a cube, which meet at one corner. If
arranged symmetrically, the angle made by this beam
and the sample plane is given by arcsin

(

1/
√
3
)

≈ 35°.
It may be necessary to choose other values for this
angle, so from here on this is referred to as θi.

A preliminary question is that regarding light col-
lection. Standard interferometers collect light from
the direction perpendicular to the sample plane, the
same direction that the sample is illuminated from.
Here, since the sample is illuminated obliquely, it is
not so clear cut what collection angle should be cho-
sen. Figure 7 shows two obvious choices for the col-
lection angle, which is denoted θc. One option is
to collect from the same angle as the sample is illu-
minated from, this is θc1 in the figure. This seems
a sensible choice: light reflected diffusely from the
sample can be collected using the same unit as used
for illumination. One drawback is the loss of light re-
flected specularly from planar sections of the sample.
In some cases this may account for a large propor-
tion of the signal. An angle θc2 may be chosen such
that specularly reflected light is collected but this too
has a major drawback. Features such as that shown
in the figure block sections of the sample from view.
The shading in the figure shows areas which this ar-
rangement cannot collect information from. This will
naturally have a detrimental affect on the resolution.

The choice of collection angle fundamentally
changes the effect that a feature such as that shown
if figure 7 has on the distribution of phase in the re-
ceived light. A truly informed choice cannot be made
until the full theory of the microscope has been fully
analysed and therefore has to be left as an important
question to be addressed in future work.

Figure 8 depicts three possible configurations for
the three axis interferometer. Each example is closely
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Figure 8: Three possible arrangements for the interferometers which make up the three axis interferometer. a) is

equivalent to the standard Michelson Interferometer, b) to the Mirau and c) to the Mach-Zehnder

Figure 7: Two possible choices for the collection angle in

the three axis interferometer.

related to one of the forms discussed in section 2: a)
corresponds to the Michelson interferometer, b) to
the Mirau and c) to the Mach-Zehnder. In each case
the full, three axis interferometer is made from three
copies of a diagram, rotated to angles of 120° to each
other. It can be seen that the standard interferom-
eters require little serious amendment, so few engi-
neering difficulties should arise. The relative merits
of each design follow the same arguments as their
standard counterparts. For instance, again the Mach-
Zehnder is the least compact, the Michelson a lit-
tle more so and the Mirau the most compact. Still
the Mirau suffers from the central obscuration due to
the reference mirror. It is worth noting that in the
Michelson and the Mach-Zehnder interferometers the
mirrors above and below the sample can be shared
by each of the three systems that make up the entire
three axis device.

At this stage, the most important question regard-
ing the three axis interferometer is whether or not
it will genuinely be capable of greater than diffrac-
tion limit imaging. To answer this, a full theoretical
treatment of the interferometer is required. Using
standard techniques of theoretical optics it should be
possible to predict the response of the interferometer
to simple sample geometries. Further analysis will
then be required to understand how, from this pre-
dicted signal, features of the sample are identified and
to what resolution. A key part to this work will be to
understand how the signals from the three different
axes are combined to give a three dimensional result.
The very first steps in this theoretical process were
taken and are described in what follows.

The layout of the problem is shown in figure 9. The
sample in question is a single step of height h, the
simplest possible starting point. Light of wavelength
λ is incident on this sample at angle θi. This, for
example, may be laser light with a Gaussian profile
and is denoted u (x). Reflected light is collected with
a lens whose optic axis is at angle θc from the sample
plane. An identical situation appears at the reference
mirror except with no step. The approach taken uses
Fourier analysis in a similar way as in more basic
diffraction problems. It can be explained best in light
of Abbe’s theory of imaging.

Abbe’s theory of imaging describes how informa-
tion regarding the spatial variation of an object is
carried by waves whose wavelength is of the same
size as that spatial variation. Hence, in an optical
system which uses light of wavelength λ, the mini-

9



h

x

x’

x’’

z

z’

z’’

Sample

Reference

Mirror

θc

θc

θi

θi

θ

θ

x’1(θ)

x1’’

Figure 9: A step function being imaged by an interfer-

ometer along with the various quantities used to derive

the interferometer’s response.

mum size of variation that can be imaged, i.e. the
resolution, is of order λ. This is another formulation
of the diffraction limit. Abbe theory also explains
how high resolution information is carried by waves
which travel at a large angle to the optical axis since,
in spatial frequency space (also known as k-space),
these waves have a larger component in the image
plane. Therefore, resolution is also limited by the
inability of the lens to collect these high angle waves.

As a first step, the form of the incident wave is de-
rived for the point where it reaches the sample sur-
face. This is achieved by calculating the phase differ-
ences which occur due to the geometry of the sample
and the angle of the incident light.

I then Fourier transformed the waveform at the
sample surface, to decompose it into its Fourier com-
ponents. This was done whilst taking into account
the fact that waves leaving at different angles (i.e.
the different Fourier components) accumulate differ-
ent phases due to their angle and the geometry of
the sample. A Fourier component from the sample
Us (k

′

x) is then given by

Us (k
′

x) =

ˆ

us (x
′, θ) eik sin(θ−θc)dx′ (5)

with

us (x
′, θ) =










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
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























u
(

x′ sin θi
sin θc

)

×

exp(ikx′[ cos θisin θc
−

cot θ])

x′ < x′

1

u
(

x′ sin θi
sin θc

)

×

exp(ik[x′

[

cos θi
sin θc

− cot θ
]

−

h cot θi])

x′ > x′

1

where unprimed coordinates are incident beam co-
ordinates and primed are the collection angle coor-
dinates, as shown in the figure. The transforma-
tion between these coordinates can be shown to be
x = x′ sin θi

sin θc
. x′

1 (θ) is the point in the collection co-
ordinates where the step in the sample occurs and is
given by

x′

1 (θ) = (x′′

1 − h cot θ) sin θ

where x′′

1 is the position of the step in the sample
coordinates. It is ultimately a small chance in this
value which we hope to measure. The same steps are
used on the reference mirror part of the interferome-
ter which gives Fourier components of the same form
as equation 5 but with us replaced with ur, which is
given by

ur (x
′, θ) = u

(

x′
sin θi
sin θc

)

exp

(

ikx′

[

cos θi
sin θc

− cot θ

])

.

To retrieve the final signal detected by the inter-
ferometer, the sample and reference Fourier compo-
nents are summed together and Fourier transformed
again. This time, however, only the Fourier compo-
nents which can be collected by the lens are included
in the transform to give the true, degraded image
that is detected. This final detected signal ud (x

′) is

10



given by

ud (x
′) = . . .

´ k′

xmax

k′

xmin

[
´

(us (x
′, θ) +

ur (x
′, θ))eix

′k sin(θ−θc)dx′]eix
′k sin(θ−θx)dk′x.

(6)

where the k-space integral limits are given by

k′xmax = k sin θ0

and
k′xmin = −k sin θ0

where θ0 is related to the numerical aperture as in
equation 4.

This result cannot be solved analytically and so the
starting point for further work will be to find numer-
ical solutions to equation 6. From this it should be
possible to learn what resolution the interferometer
is capable of.

As a final remark for this section, it is interesting
to note two possibilities which arise from illuminat-
ing the sample obliquely. Firstly, if the cells can be
contained in a medium with a higher refractive in-
dex than the cells themselves, total internal reflection
could be used to ensure 100% reflection from the cells,
thus strengthening the signal. Secondly, an experi-
ment could be arranged to make use of the Brewster
angle. This is the angle at which, at the interface be-
tween two materials of different refractive index, all
light of a certain polarisation is transmitted. If the
cells must be kept in a growth medium, choosing the
Brewster and the correct polarisation will allow 100%
transmission into the growth medium, to the sample
cells.

5 Conclusion

This report has aimed to explore the feasibility of
extending to three dimensions the excellent resolu-
tion achieved in one dimension by interferometric
techniques in biology. To this end I have examined
the fundamental principals of interferometry and re-
viewed a number of common techniques that are used

to make interferometers both more accurate and more
versatile. I have shown how interferometry is applied
to biology, reviewing a variety of methods used to
deal with the problems the biological setting intro-
duces.

Finally, a number of questions about the concept
and execution of a three axis interferometer have been
posed and the first steps towards their solutions have
been taken. Considerations involving light collec-
tion were discussed and some possible configurations
for the interferometer have been compared. The re-
sponse of the interferometer to a simple ‘step func-
tion’ from an oblique angle was derived as a first step
towards theoretically demonstrating the ability (or
otherwise) of a three axis interferometer to resolve
structures at a resolution greater than the diffraction
limit.

Whether or not the concept of a three axis interfer-
ometer will be capable of increased resolution is still
an entirely open question. The theory of the inter-
ferometer, which I began to examine, remains to be
derived as was briefly laid out in section 4. If this the-
ory suggests that better than diffraction limit resolu-
tion is indeed achievable with the interferometer, the
next step is to obtain experimental evidence of this.
A good candidate for imaging is the etched biological
samples that are used for (and can be compared to
the images from) electron microscopy. If such exper-
iments are successful the microscope will have great
potential to dramatically broaden the scope of bio-
logical investigation.
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