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Abstract

A wavelength modulated interferometer is presented, based on a telecom laser source. A solution for the
target distance dependency of wavelength modulated interferometers is presented. With the introduction of
a delay line, the modulation depth variation is reduced. A method and a sensor head for the reduction of the
thermal dependency of this delay line are presented. The resulting interferometer has sub-nanometer non
linearity errors and a thermal dependency of below 3 nmK−1 with a working range of 1 meter.
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1
Introduction

1.1. The need for fiber fed interferometers
In the semiconductor industry, there is a trend for a ever-decreasing feature size, as a result, the acceptable
overlay errors need to reduce as well. At the moment the overlay is in the order of nanometers. To accomplish
these requirements a precise position measurement system is necessary [8, 19].

As the accuracy and precision of Displacement Measuring Interferometry (DMI) can be in the order of nanome-
ters it has become an important technology for feedback or error measurements [10]. DMI can also be ad-
vantageous as it can provide an accurate non-contact measurement with a high dynamic range [6].
A disadvantage of DMI is the required laser head which often produces a significant amount of heat. This heat
can cause errors in the system. Spatially separating the laser source from the rest of the machine can help to
reduce the effects of this heat on the performance of the system. However, the alignment of the laser source
with respect to the measurement optics needs to be stable. As a result, there is a strong interest in fiber fed
DMI where the source light is transmitted through a fiber towards the measurement head, providing a flexible
way to deliver the light to the required location without introducing a sensitivity to fiber deformations. [10].

1.2. Existing solution at Prodrive Technologies
Prodrive Technologies (PT) operates in the semiconductor industry as a research, development and produc-
tion partner. In this industry high precision metrology is crucial and an in-house solution is being developed.
The goal of this development is to create a demonstrator for the developed technology which exists as a proof
of concept. This proof of concept demonstrates the ability of the algorithm and electronics to determine a
displacement of a retroreflector over a small range for a single measurement axis. The demonstrator should
be a sensor head which has specifications comparable to commercial interferometers to demonstrate that
this technology is feasible for practical applications. The interferometer is based on wavelength modulation
comparable to as is described in [50]. The principles and considerations regarding this demodulation scheme
are explained in2.3.1. Advantages of this solution are the use of a low cost laser source in the form of a telecom
laser diode. a further advantage of this laser source is the long lifetime, which reduces machine downtime due
to a laser replacement.

1.3. Goal and outline
The goal is to design a fiber fed displacement measurement interferometer based on quadrature demodula-
tion with non linearity errors which are smaller or comparable to commercially available heterodyne inter-
ferometers.
In chapter 2 some interferometer principles are explained to provide some background information about
DMI and the used principle for quadrature detection. in chapter 3 the system requirements are discussed
and explained. In chapter 4 error sources present in interferometers based on the wavelength modulation
are discussed. Then in chapter 5 the principle of a delay line to reduce the dependency of the modulation
depth on the measured distance is presented together with some practical considerations. Hereafter the con-
ceptual design for the sensor head is discussed in detail in chapter 6, by discussing some methods to achieve
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2 1. Introduction

the required performance and then presenting multiple concepts of which the most suited is selected. In
chapter 7 this concept is designed in detail together with the the delay line. The errors are budgeted and an
alignment plan is presented. Lastly, the conclusions are presented and recommendations are done for further
work.



2
Interferometer principles

In this chapter the most important principles used in a wavelength modulated DMI are discussed. First the
basic layout of the most used interferometer type is discussed. Then two different approaches to extract
displacement information from the interference signal are discussed and the approach used in the proof of
concept is explained in more detail.

2.1. Basic layout

Figure 2.1: A schematic layout of a Michelson interferometer. Light is emitted by a laser source, and split by the beamsplitter (BS) the
light in each arm of the interferometer is reflected by a mirror and travels back to the beamsplitter where both signals are combined.
A part of this combined signal travels to the photodiode (PD). The intensity measured at the photodiode depends on the difference in
optical path length between both measurement arms [53].

An often used interferometer type for DMI is a Michelson interferometer. The basic components of a Michel-
son interferometer are a light source, a beamsplitter, two mirrors and a detector [11].
The light source is typically a collimated, coherent light source such as a laser. This collimated light is directed
at a beamsplitter which splits the light in two measurement branches, both directed towards a mirror. The
light reflects of the mirror and is directed back to the beam splitter where both signals combine and produce
an interference signal. This intensity of this signal is dependent on the relative phase difference between
the measurement branches and is picked up by a photodetector. Many DMI sensor heads can be seen as a
variation of the Michelson interferometer.

With this setup a displacement can be determined by counting the amount of fringes that are seen at the pho-
todetector, however it is not possible to determine the direction of travel. Furthermore, interpolating within a
single wavelength is not unambigiously possible as there are multiple points within a single wavelength with
the same signal.

3



4 2. Interferometer principles

Without further measures this setup is not suitable to determine a displacement unambiguously.

2.2. Homodyne and Heterodyne
To create ambiguity in the measurement different methods can be used, these can be classified as homodyne
detection and heterodyne detection.

A homodyne interferometer uses a single frequency laser source whereas a heterodyne interferometer uses a
two frequency laser source [11]. In a homodyne interferometer the displacement of a mirror is determined
by counting the number of fringes seen in the interference signal, the speed can be determined by determin-
ing how many fringes are seen per unit of time. However the direction of the displacement can not yet be
determined from this information as the signal is the same for a mirror moving away or towards the sensor.
The interference signals amplitude is a sinusoidal function of the relative phase difference between the two
interfering signals. If a 90° phase shifted interference signal can be created as a second signal, two sinusoidal
signals are generated of which one leads the other. With these two signals the phase between two fringes can
be extracted unambigiously and the direction of the displacement can be extracted. This is called quadrature
detection and will be discussed in 2.3.

A Heterodyne interferometer uses a two frequency light source to create a beat frequency which is much lower
than the optical frequency and is accessible by photodetectors. The phase difference between the original
signals can directly be extracted from this beat signal [11]. If one of the two frequency components is Doppler
shifted by the reflecting off a moving mirror the beat frequency changes and the velocity of the movement can
be extracted by electronically comparing the measured beat frequency with the beat frequency between the
two original frequencies emitted by either the laser or a frequency modulator [31].

For both methods there are considerations which place constraints on the design of a sensor head. For exam-
ple a homodyne interferometer needs quadrature detection to determine the direction of travel which can
introduce its own errors. In heterodyne interferometers the presence of two signals can introduce errors due
to unwanted signal mixing, this is especially of concern in fiber based interferometers[19]. As the laser source
used in the proof of concept is a single wavelength laser source the following chapters focus on homodyne
systems.

2.3. Quadrature detection
The generation of two signals that are in quadrature can be done in different domains. A well known solution
is the optically generated quadrature signals. Such as retarding one polarization state of the reference signal
to create a phase shifted interference signal in one polarization direction and a not phase shifted signal in
the other polarization direction. A polarizing beam splitter (PBS) is then used to separate both signals and
detect each signal [53]. An example is shown in figure 2.2. The quadrature signals can also be generated
electronically if the laser is modulated. These signals can be extracted after detection by demodulation the
interference signal. The considerations for this method and the working principle are discussed in the next
section.
Two signals in quadrature are often shown in a lissajous signal where one signal is the x value and the second
is the y value. If the signals are in perfect quadrature the signal describes a circle where the angle is the phase
difference. The effect of errors on this signal is described in 4.2.3.

2.3.1. Wavelength modulation
To extract the phase of the interference signal the wavelength can be modulated. The wavelength is modu-
lated with a sinusiodal input signal around a central peak. By using lock in demodulation at the modulation
frequency a signal proportional to the derivative of the fundamental interference signal can be extracted. As
the derivative of a sinusoidal signal is a 90° shifted sinusoidal signal these two signals can be used to detect
the quadrature of the signal. The amplitude of these sinusoidal signals is proportional to respective Bessel
function which are dependent on the modulation depth. The modulation depth is dependent on the optical
path difference between the two interference signals according to 2.1[51].

δΦ= 2π∆xnmedi umδλ

λ2 (2.1)
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Figure 2.2: A schematic of a simple optical quadrature detector the λ/8 waveplate has its fast axis aligned with one polarization state. By
double passing this waveplate one polarization state is retarded a quarter wave creating quadrature signals. [53]

Where δλ
λ2 is the modulation of the laser ∆x is the path difference and n is the refractive index of the medium.

If the modulation depth varies an unequal gain non linear error arises, this is explained in more detail in sec-
tion 4.2.3. If the modulation depth is not constrained then the relevant Bessel function can cross zero, and
no signal is retrieved. This is also the case if the modulation depth approaches zero. The first three Bessel
functions are shown in figure 2.3, it can be seen that the magnitude of the J0 and J1 are equal at approxi-
mately 1.4 rad. This is the optimal modulation depth for a system with a DC signal and a signal demodulated
at the modulation frequency. For a system which uses the demodulation at the modulation frequency and
demodulation at two times the modulation frequency the optimal modulation is the crossing of the J1 and J2

terms.

Figure 2.3: The three first Bessel functions of the first kind

For a system with only one sensor head connected to the laser source the modulation of the laser can be
adapted to control the modulation depth. And if a non zero path difference between the interfering signals is
integrated by design a minimum modulation depth can be build in the system.
However, for multiple independent sensor heads which may all have a different measurement distance laser
modulation control can not guarantee the optimal modulation depth for each sensor head. A second problem
arises if a differential sensor head is used. With a differential setup a point with zero path difference can be
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within the desired operating range of the sensor.

Wavelength control
The wavelength stabilization uses the wavelength modulation to lock to an absorption peak in a gas cell.
Since the demodulated signal is proportional to the derivative of the intensity with respect to the wavelength
this signal can be used to determine where on the absorption peak the current center wavelength is located
as long as the current center wavelength is close to the center wavelength of the absorption peak. This infor-
mation can be used to control the center wavelength by controlling the temperature of the laser diode. The
modulation of the wavelength is done by modulating the current through the diode.



3
System Requirements and nice to haves

To give a start point for the design first the requirements need to be defined. The system requirements are split
up in different parts: performance requirements, requirements regarding configurations and requirements
regarding working environment. Performance aspects as well as features which are not required but nice to
have are also presented.
For the input of the performance requirements an overview of some commercially available interferometers
is shown to determine the ballpark for the requirements for the interferometer.

Interferometer Renishaw RLD10 Zygo HSPMI Attocube Smaract picoscale Keysight 10706B
Non linearity error [nm] < 1 1 n.s. < 6 n.s.

Repeatability [nm] n.s. n.s 2 n.s n.s
Working distance [m] 1 1 5 5 n.s

Thermal error [nm/°C] < 50 < 18 n.s n.s <40
Maximum target speed [m/s] 1 2.1 2 1 2.7

Reference [30] [57] [4] [35] [18]

Table 3.1: Some specifications of other commercial interferometers, note that not some specifications are dependent on the used com-
bination of optics and electronics such as maximum target speed or range. Not all specifications are determined at the same working
distance or target speed. The best specifications are shown here. For the Zygo and Keysight interferometers the non linearity errors and
the thermal errors are giving for the optics only, for the other systems no such distinction is available and the these errors are specified
for the entire system.

The interferometer demonstrator is designed to work on a stage demonstrator. The requirements for this
interferometer are partly based on the specifications in the state of the art for interferometers and the motion
of the stage demonstrator. The goal of the project is to show the working principle of the interferometer and
demonstrate that the errors are better or equal to the state of the art.

3.1. Performance requirements
3.1.1. Working distance
The longest stroke of the stage demonstrator is 420 mm. The interferometer range shall exceed this to provide
some freedom in the mounting. A range of 500 mm is satisfactory for this application.

3.1.2. Target speed
The maximum speed of the demonstrator stage is below 1 m/s. For this requirement it is choosen to create a
comparable requirement with some commercial interferometers to show that the interferometer is competi-
tive.

7



8 3. System Requirements and nice to haves

Parameter value
Working Distance 0-500 mm

Target speed 1 m/s
Target angle 200 µrad

Repeatability 1 nm
Non linearity error 1 nm

Signal stability [2.5 s] 200 pm
Thermal drift < 50 nm/°C

Lifetime > 10 year
Wavelength 1550 nm

Table 3.2: Requirements on the performance of the system, the repeatability and stability are given for 2σ

3.1.3. Target angle
The acceptable target rotation of the demonstrator is based on the yaw error motion of some stages with
comparable size to the demonstrator stage used in precision applications and the demonstrator stage. The
stages noted in table 3.3 are examples of off the shelf available stages. In most cases where an interferometer
is used for position measurement lower error motions are expected. However the acceptance angle should
exceed the error motions of these stages as that might increases the number of potential use cases for the
interferometer. As a result the permissible target angle for the interferometer demonstrator is choosen to

Stage Aerotech – PlanarDLA Aerotech - PlanarHDX PI - V-741 PIMag PI - A-322 PIglide HS
Pitch [µrad] 87 10 3 2
Roll [µrad] 87 10 60 10
Yaw [µrad] 48 5 n.s. n.s.
Reference [2] [3] [27] [26].

Table 3.3: Some stages with their respective pitch, roll and yaw error motions.

be 200µrad to cope with an error motion of the stage. As this angle is relative small compared to assembly
tolerances an adjustable mount with an incremental motion in the order of 50µrad should be used to mount
and align the interferometer.

3.1.4. Repeatability
The repeatability is defined as the difference in measured distance as the target moves away from one position
and returns to this position during a continuous measurement. The repeatability shall be maximum ± 1 nm.
The repeatability is defined at a constant temperature and excludes errors due to thermal variations during
measurement. The value of 1 nm is choosen as this is in the same order of magnitude of the commercial
heterodyne interferometers.

3.1.5. Non linearity error
The uncorrectable non linearity error of the interferometer shall be below 1 nm. Non linearity errors which
can be corrected can be greater than this.

3.1.6. Signal stability
In the proof of concept with lab equipment the signal stability is proven to be 200 pm. The demonstrator shall
have at least the same short term signal stability as the proof of concept despite adding more features.

3.1.7. Thermal drift
The error due to thermal variations of the environment and the sensor shall be below 50 nm. This is the
same order of magnitude for multiple interferometers in the state of the art. The temperature of a controlled
environment can be controlled to the order of 10 mK [1] for high precision environments. For a variation
lower than 20 mK the thermal error is lower than the systems repeatability.
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3.1.8. Lifetime
The lifetime of the components used at a conceptual level in demonstrator shall exceed 10 years continuous
operation. This is required as a feature of demonstrator is a long mean time before failure for the laser source.
It is hard to qualify for a lifetime and to verify if this requirement will be met, however during the design
process care shall be taken to exclude short lifetime components.

3.2. Configurations and features
In this section requirements on the configuration and the features of the interferometer are described.

3.2.1. Plane mirror target
The target of an interferometer can be a retro reflector or a plane mirror, for a retroreflector a translation
ortogonal to the measurement direction translates the returning beam at twice this translation. As a result
a retroreflector is only a suitable target for a measurement of an object that only moves in a single trans-
lational degree of freedom in the direction of the measurement. Typical stages have multiple translational
degrees of freedom, to measure these translations with a retroreflector target the measurements should be
stacked and the sensors should move together with the target for the orthogonal translations. As a result the
interferometer may not be able to detect some error motions of the stage.

For a parallel measurement of a multiple degree of freedom stage a target translation orthogonal to the mea-
surement direction should not effect the signal strength, therefore a plane mirror shall be used as a target.

3.2.2. Alignment
For the alignment of the sensor head with respect to a mounting frame a way of aiding the alignment shall
be presented. This may be in the form of a "rough" and "fine" alignment procedure. These procedures shall
be able to indicate how to align the sensor and converge to a aligment such that the sensor fulfills the other
requirements.

3.2.3. Modulation depth independent axes
The interferometer design must incorporate a method to make the modulation depth approximately inde-
pendent of the target distance, to solve the problem presented in section 2.3.1.

3.3. Working environment
The working conditions are specified for the sensor head of the interferometer. The light source and signal
processing can be placed in an ambient environment.

3.3.1. Temperature and Humidity
The sensor head shall be able to perform in a lab or temperature controlled production environment.

Parameter value
Temperature 15 - 35 °C

Humidity 0-95% non condensing

Table 3.4: Requirements on the working environment

3.3.2. Vacuum compatibility
Fluctuations in the refractive index of air present errors in the distance measurement of a DMI. As a result
interferometers are often used in a low pressure environment. For qualification of the interferometer some
test may be carried out in a vacuum chamber, the interferometer should work in an environment with low
pressure, however as there is no use case specified for the demonstrator the outgassing of used materials is
not constrained.

3.4. Lead time component availability
Due to commercial planning the demonstrator shall be built and tested as soon as possible. As a result the
lead time for the components, and especially the optical components shall be as short as possible. In the
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design the lead time shall be minimized by choosing readily available components over custom components
if possible.

3.5. Nice to have
3.5.1. Extended range
It is preferred to have a range that extends to 1 m distance as that would make the demonstrator compatible
for more use cases.

3.5.2. Sensor size
It is preferred to keep the sensor head in a size comparable or smaller than 50 mm x 50 mm x 110 mm.

3.5.3. Vacuum connections
It is preferred to have as little optical vacuum feedthroughs as there is often a limited quantity available in a
customer product as well as in the vacuum chamber available for testing

3.5.4. Product costs
For the demonstrator the design does not need to be optimized for low cost production, however it is pre-
ferred to keep the bill of materials under €20000 for a single sensor head.



4
Errors in homodyne displacement

interferometers

4.1. Environmental error sources
4.1.1. Thermal errors
The optical path length (OPL) depends on the refractive index of the traversed medium and the distance
through that medium. The refractive index is dependent on the temperature. For most materials this is
a positive relation, so a higher temperature gives a higher refractive index. For thermal expansion this is
also the case, most materials expand upon heating. Both effects combine to the thermo-optic behaviour of
the material, which describes the relation between the optical path length and the temperature. For some
materials such as fused silica the optical path change due to temperature is dominated by the change of
refractive index, and for other materials such as calcite the thermal expansion dominates the optical path
change. [29].

As an interferometer measures the relative phase difference between two signals it measures the difference in
optical path length. If there is a mismatch in glass length or material properties between both optical paths
the measurement is sensitive to a temperature change. This effect is used in for instance fiber temperature
sensors to detect the temperature such as [7]. An ideal DMI should not operate as a temperature sensor as
these displacements can not be distinguished from a target displacement.
For birefringent materials used in for example waveplates the thermal effect on the optical path can intro-
duce other errors. In a waveplate light polarized in one direction travels a longer optical path to introduce
retardance with respect to light polarized in the othogonal direction due to a different refractive index for
each polarization direction. The optical path length through the birefingent material is such that a specific
amount of retardance is introduced. If the waveplate is used at another temperature the optical path length
is different and the retardance can be effected [9], the magnitude of this effect depends on the design and
material of the waveplate.

4.1.2. Refractive index variation of air
As an interferometer measures the optical path difference between two paths it is sensitive to anything that
the optical path length is sensitive to. The optical path length can be described by equation 4.1.2 where l
is the geometric path length, n is the local refractive index and d s is the infinitesimal small local part of the
geometrical path.

OPL =
∫

l
nd s (4.1)

If the local refractive index changes the measured OPL changes as well, therefore the measurement is sensi-
tive to the changes in the refractive index of the medium. The refractive index changes with the temperature,
humidity, pressure and composition of the air so the measurement is sensitive to any changes in the envi-
ronment. A method of compensating for these errors can be the use of a weather station, where different
parameters are measured and the effect on the refractive index of air can be calculated by for instance Cid-
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dor’s equation or the modified Edlen’s equation, where the latter is most often used as it is more accurate at
environmental conditions typically seen in a lab or production environment [56]. The accuracy of both of
these equations is typically limited by the accuracy in the measurement of the environmental conditions. For
typical laboratory conditions the extended uncertainty is approximately 2∗10−8 [56], which would result in
an uncertainty of 10 nm for the maximum target distance of 500 mm.

Another method of determining the refractive index of air is the use of a refractometer, a method where a
differential measurement is done between a vacuum tube and the path through the air outside that tube.
This method can be used to determine the refractive index of air to an uncertainty of 1∗10−8 [20].

Both methods do not compensate for local changes in the refractive index of air which for instance can be the
result of turbulence.

4.2. Non linearity Errors
Non linearity errors are the result of influences that create non linearity in the measured distance. Often these
error sources produce cyclic errors. Some error sources producing non linearity are mixing of signals, ghost
reflections and quadrature detection errors [14, 53].

Figure 4.1: An example of a non linear error and its effect on the lissajous figure [14]. PS is the perfect signal and DS is the distorted
signal.

4.2.1. Signal mixing
If parts of the optical path are common for both the measurement and the reference beam in a location where
they need to be distinguishable from each other unwanted signal mixing can occur. This is often encountered
in double pass systems where an optical component is passed multiple times by each beam. If the signals are
separated by polarization state an imperfection in a polarization dependent component can create mixing of
signals [5]. For instance a polarizing beam splitter has a finite extinction ratio for the reflected and transmitted
polarization state, as a result the signal separation is not perfect and signal mixing can occur. For absorptive
polarizers this is also the case, however the extinction ratio for an absorptive polarizer is typically higher
than that of an reflective polarizer which can be used as a beamsplitter. Birefringent waveplates have a finite
retardance accuracy, as a result the relative phase shift between the fast and slow axis can be slightly different
than predicted. If a quarter wave plate is used to create a circular polarization state this polarization state can
be elliptical in some form due to the finite accuracy.

4.2.2. Ghost reflections
An unwanted reflection off an interface in the sensor head that reaches the detector can introduce a non
linear error as this reflection creates additional interference signals. These interference signals are referred to
as Parasitic Interference Signals (PIS). These interference signals can be the interference between a desired
signal and a ghost reflection, but also between different ghost reflections. [14] The first order ghost reflections
have a much higher intensity if components without an anti-reflection coating are used.

4.2.3. Quadrature errors
In homodyne interferometers with an optical quadrature detector three intrinsic non linear errors arise. The
first is an unequal gain between the detectors. As the phase shifted signal is detected by a different detector
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an unequal gain between the detectors creates a deviation from a circle in the Lissajous signal in which the
phase is measured. An example is shown in figure 4.2.

Figure 4.2: The signal resulting from an unequal or unbalanced gain of two detectors [53].

The second error is a phase shift between the signals that is not exactly 90°, then the signals are not exactly
in quadrature. In an interferometer with an optical quadrature detector this phase shift is introduced in a
waveplate. Any imperfection in this waveplate results in a different phase relation between the two measured
signals. An example is shown in figure 4.3.

Figure 4.3: The signal resulting if the two measured signals are not exactly in quadrature [53].

The third error is a DC offset on any of the detectors, such an offset must be compensated before the phase
can be extracted as the center of the lissajous figure shifts with this offset. An example is shown in figure 4.4.
These errors can be compensated to some extend. [13]
For wavelength modulating interferometers the quadrature signals are dependent on the modulation depth
as described in section 2.3.1. As a result the detector gain is dependent on the measured distance and must
be actively compensated. Often this correction is done by fitting the measured signal to the unit circle [21].

4.3. Moving target errors
A Doppler shift of the reflected light due to a moving target mirror creates light of a frequency that differs from
the original frequency. Due to this difference in frequency and thus wavelength the phase of the interference
between these two signals also depends on the common distance after reflection and not only the difference
in distance. If the common distance is constant this error can be corrected for by calibration, however if this
distance is varying with temperature, as would happen if for instance a long fiber is part of this common
distance, this can introduce not compensable errors.
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Figure 4.4: The resulting signal if one of the detectors has an offset [53].



5
Delay line

In figure 5.1 the Bessel functions to which the quadrature signals are proporional are shown. If the laser
modulation is controlled such that for one master sensor head the modulation is at the crossing of these two
functions the difference in distance measured by the other sensors with respect to the master sensor needs to
be small compared to the distance measured at the master sensor. As a result the working range of the other

Figure 5.1: The J0 and J1 Bessel functions of the first kind. The measured quadrature signals are proportional to these functions, and the
∆Ψ is proportional to the optical path difference for a constant laser modulation.

sensors is small and changes with the measured distance of the master sensor. Therefore, the measurement
axis are not independent. A delay line can be used to reduce this dependency, this will be explained in the
rest of this chapter.

5.1. Delay line concept
If a delay line is introduced in such a way that the variation in modulation depth in the working range of the
interferometer is small compared to the modulation depth introduced by the delay line the laser modulation
can be kept constant.

However, with the introduction of a delay line some other practical issues are introduced. As the delay line is
part over the interference experiment any deviation in length of the delay line cannot be distinguished from a
movement of the target. Secondly, the modulation of the laser source should be decreased by the same factor
as the path length difference increases by the delay line to keep the same modulation depth at the detector,
the laser modulation is also used for the wavelength control, so decreasing the laser modulation to much may
harm the wavelength stability.

15
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Figure 5.2: An example of a delay line. The red signal travels through the delay line and towards the target mirror and is interfered with a
second signal that has travelled through a shorter fiber creating a difference in path length between both signals.

5.1.1. Thermal stability
To create a thermal stable sensor either the delay line must be made thermally stable or the variation of the
delay line must be measured such that the distance measurement can be compensated for variations in the
delay line.

As the delay line length must at least be in the same order of magnitude as the maximum target distance
the delay line would be in the order of meters. Keeping this thermally stable to within 50 nm/°C requires a
knowledge of the CTE of the materials within 10−8 and a temperature measurement with the same precision.
However, if the optical length of the delay line can be measured with the same precision as the distance is
measured the drift of the delay line can be compensated in the measurement data and no strict requirements
would be posed on the thermal behaviour of the delay line delay line.

To determine the change of optical path length in the delay line a second interference experiment can be
done, one between a signal that has travelled through the delay line and a second signal that has not travelled
through the delay line but through the second path and a second interference experiment between the signal
that has travelled through the delay line and to the target mirror and a the same second signal that has trav-
elled through the second fiber. Subtracting the distance measured in the first experiment from the distance
measured in the second experiment yields the difference between the reference and the target mirror. By
doing two measurements the electric noise of the photodiode is also measured twice.

Figure 5.3: An example of a setup where a delay line is introduced and two interference experiments are done, one measuring the length
change of the delay line with respect to the other fiber and one which measures the difference between a signal that has travelled through
the delay line and towards a target mirror and a signal that has travelled through the second fiber. This example is not thermally stable
for the parts after the fiber splitters but shows the application of a measured delay line.

5.1.2. Wavelength stabilisation
The delay line can not be chosen arbitrarily long as a longer line requires a smaller laser modulation for the
same modulation depth at the detector. The relation between the total target distance and the laser modula-
tion is given by equation 2.1.

A longer distance in the interference signal would require an inverse proportional lesser wavelength modu-
lation, which creates reduces the signal for the wavelength stabilization. Therefore the delay line should be
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as short as possible while still creating sufficient range for the target. The wavelength stabilisation is proven
to be sufficient with a 25 Torr gas cell. Decreasing the modulation depth would require a decrease of the ab-
sorption line width in the gas cell, this can be possible by using a lower pressure gas cell, in section 7.1.6 this
will be expanded further.

5.2. Practical considerations
Multiple configurations can be used to create a delay line, for instance a free space solution in the sensor head
can be created, or the delay line can be created outside the sensor head.

Inside sensor head
A delay line placed inside the sensor head can be advantageous as only one signal is delivered by fiber towards
the sensor head and the necessary delay is generated inside the sensor head, however the creation of such
a delay line would increase the size of the sensor head. The delay line must at least be in the same order of
magnitude as the target distance, requiring multiple passes of a cavity or a very long cavity. This cavity may
expand due to thermal variations as the displacement of the cavity is measured, however this displacement
should vary in a continuous manner as a discrete step such as a variation in the number of cavity passes is
not measured correctly by the interferometer. If the amount of reflections in the cavity changes due to for
instance thermal expansion this step is not detected.

Outside sensor head
A delay line can also be created before the sensor head, in the control unit or in the fiber leading towards
the sensor head. For the control unit, with the laser and the electronics onboard there are no strict size
requirements as this can be placed at a remote location however it is still advantageous to keep the delay line
compact. If the delay line is created outside the sensor head two signals should be delivered to the sensor
head, a delayed signal and a not delayed signal.

In fiber
For the delivery of these two signals by fibers two solutions are possible, two signals through one fiber sepa-
rated by polarization or two distinct fibers each guiding one signal. The advantages of a single fiber are ease
of alignment for the collimation of the light as only a single fiber needs to be aligned and both signals are
parallel by default. Furthermore only a single fiber as input saves space in both the sensor head and the nec-
essary ports in a vacuum chamber. A disadvantage of separation by polarization in a single fiber is the limited
extinction ratio, and the sensitivity of the extinction ratio to environmental and mechanical influences[24].

With two distinct fibers no signal mixing can occur as the signals are spatially separated. The delay can be
introduced by increasing the length of one of the delivery fibers with respect to the other delivery fibers. By
rolling the fiber the size of this extra fiber can be contained inside the control unit. With this setup the light
path before the sensor head is contained inside fibers and fiber based components entirely, increasing the
stability of these components.

5.3. Conclusion
An in fiber delay line of which the thermal expansion is measured is deemed to be the most practical form of
a delay line as the laser delivery is already via fiber. A long fiber can be coiled on a spool inside the control
unit reducing the size of the claim of the delay line. The two signals will be delivered via two separate fibers
as this solution eliminates sources for signal mixing in the beam delivery.
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In this chapter, the conceptual design for a sensor head with a delay line will be discussed. First, some re-
quired functions together with embodiments for these functions will be discussed, after which different con-
cepts which contain some of these solutions will be discussed. A qualitative ghost refection and crosstalk
analysis with an estimate of the magnitude of each error source will be performed for each concept to aid in
the concept selection.

Two distance measurements are required inside the sensor head. These two measurements comprise four
lightpaths: a measure path, red in figure 6.1, comprising a lightpath from the laser source via a delay line
towards the target and then to the photodetector, a first reference path, blue in figure 6.1, comprising the light
path from the laser source via the delay line to reference mirror and then to a second photodetector and two
second reference paths, green in figure 6.1, comprising a light path from the laser source via a second fiber
to both of the two photodetectors. The second reference paths are common for most part of the distance
traveled, at the least specifically within the fibers. Ideally any distance except the target distance (i.e. the
distance between the sensor head and the target mirror) and the reference distance (the distance between the
sensor head and the reference mirror) is common between either the measure distance and the first reference
distance, the measure distance or first reference distance and its respective second reference path or between
both second reference paths.

Figure 6.1: A schematic representation of which signals should travel through the sensor head, the red signal is the measure path, the
blue signal is the first reference path and the green signal is the second reference path.

6.1. Functions and features of the sensor head
In this section the methods to create the required features in the sensor head are discussed. First methods for
signal separation are discussed, hereafter a method to accommodate a plane mirror target is discussed and
lastly, methods to reduce the thermal sensitivity of the sensor head are discussed.
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6.1.1. Separation of signals
To separate any signals traveling a common path different properties of the signal can be used: the polar-
ization state, the wavelength, and the direction of travel. A fourth method of separation can be a spatial
separation, the path is not common, but if the distance traveled is equal and changes in the same way due to
external influences, so the spacing between the signals is small the distance can be considered common. For
each method of signal separation sources of signal mixing and typical considerations will be discussed.

Polarization separation
Two signals can be separated by polarization state if their polarization states are orthogonal. Signal mixing
can occur due to a finite extinction ratio in polarizing components, due to an error in retardance in wave-
plates, misalignments of the polarization-dependent components with respect to each other and due to un-
wanted polarization effects in non polarizing components such as stress birefringence or retardance and
diattenuation at interfaces with different refractive indices.

Stress birefringence can occur in glasses due to internal stresses resulting from the melting process [32] but
it can also be introduced if the optics are overconstrained. The last effect can be mitigated if the polarization
state is linear and aligned with the local p or s polarization state of the interface. Every optical component
can have an effect on the polarization state of the light. For instance, a reflection can introduce diattenuation
and retardance in the signal. And every polarization-dependent component can be considered imperfect.
These effects and imperfections may lead to mixing of the signals.

Wavelength separation
If the signals have a different wavelength dichroic mirrors, dispersive optics and wavelength filters can be
used to separate signals that have traveled a common path. Either a special laser source, two distinct laser
sources, or frequency modifying optics such as acousto-optic frequency shifters or second harmonic gener-
ators are necessary to generate two wavelengths. Signal mixing can occur due to non perfect transmission
or reflectance for the respective wavelength. Furthermore, unlike polarization, the wavelength of the light
might not be changed as straightforward as the polarization state.

Direction separation
Two signals can also travel the same path but in a different direction. This method of separation is particularly
sensitive to ghost reflections as a reflection changes the direction of travel. If the ghost reflection of a first
signal is aligned with the signal traveling the opposite direction the reflection cannot be distinguished from
the second signal. All interfaces with a different refractive index may create ghost reflections.

Spatial separation
If the signals do not overlap but are separated spatially signal mixing can be prevented. [15] presents an ap-
proach to create an interferometer with no detectable cyclic non linear error using this principle. A schematic
of the differential sensor head is shown in figure 6.2, the other sensor heads presented in this paper use the
same principles but suffer from a higher thermal instability. The downside of spatially separating the signals

Figure 6.2: A differential interferometer with spatial signal separation to achieve no periodic non linearity errors [16]. The spatially
separated signals are mixed as one signal travel throug a retroreflector (RR) which displaces the signal in a direction perpendicular to the
plane of the drawing and the other signal through a right angle prism (RAP) which does not displace the signal in that direction.

is a sensitivity to thermal gradients and an increase in size.
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6.1.2. Plane mirror target
If the plane mirror target is tilted the reflected wavefront is tilted at twice the target rotation, this may cause
a decrease of the contrast of the interference at the photodiode. If a double pass setup is created where the
target mirror is only used to fold the lightpath towards a retroreflector the wavefront tilt is reversed in the
second reflection of the target mirror. In this case, only a lateral displacement wavefront at the detector is
the result of a rotating target mirror, this is called beam shear. This beam shear also causes a loss of contrast,
for a double pass setup the beam shear is twice the beam shear present in a single pass configuration. The
contrast loss due to beam shear can be minimized by using a wider beam.

The second advantage of a double pass setup is that the optical resolution increases as well, so a 1 nm dis-
placement gives a change of 4 nm traveled path for the light instead of 2 nm for a single pass.

A disadvantage of a double pass can be the higher perceived speed of the target, which reduces the maximum
target speed which can be measured with a given ADC frequency.

For a double pass setup, two elements are required, a retroreflector to retroreflect the ray back to the target
mirror and a method of inserting the signal and extracting the signal of the cavity created by the retroreflector
and the plane mirror.

Retroreflectors
Two well-known embodiments for a retroreflector are the cube corner retroreflector and the cat’s eye retrore-
flector. A cube corner retroreflector (CCR) consists of three reflective surfaces, each perpendicular to the
other two. A light ray that reflects off all three surfaces is retroreflected back in its original direction.

In a cube corner the linear polarization of the incoming light can not be aligned with the s or p polarization
state of all the reflections as there are three reflections in different directions.
There are two different variations of a CCR, one works with total internal reflection (TIR), and the other works
with a reflection of a metallic surface. The last one can be a metal-coated solid glass CCR or a hollow CCR
consisting of three mounted mirrors.
TIR introduces retardance between the local s and p polarization resulting in an elliptically polarized out-
put for a linear polarized input [12]. If retardance effects can be cancelled a TIR CCR might be suitable for
polarization preservation as there is no diattenuation. In [22] a solution with a phase compensated coating
where the retardance effects are cancelled is presented. The resulting polarization is almost linear with a a
0.2° azimuth and a 0.1° ellipticity.

A metalized CCR tends to preserve the polarization better than a TIR CCR [17]. However a metalic CCR still
introduces retardance and diattenuation of the polarization states [12], this diattenuation is dependent on
the tilt and orientation angle of the incoming beam. Using the Mueller matrix for the preferred polarization
preserving CCR the ratio between the major and minor axis of the elliptical polarization can be computed.[17]
For linearly polarized light with a 1550 nm wavelength the resulting ellipticity is 0.26°.

As a cube corners comprises three reflections it is in principle not sensitive to variations of wavelength, only
the refraction on the entrance surface of a solid CCR is sensitive to dispersion, however this does not effect
the angle of the returning light.

A cat’s eye retro reflector consists of a focusing optic such as a lens and a reflecting mirror. If the mirror is
placed at the focal plane of the lens the incoming light is retro reflected back in the original direction. Differ-
ent configurations with focussing lenses or mirrors are possible. [36, 38] A cat’s eye retroreflector works with
only one reflection off which the angle of incidence is a design parameter. As the retardance and diattenua-
tion are dependent on the incidence angle this gives some design freedom. This can create a retroreflector
that is polarization preserving [25]. If the linear polarization states are aligned with the local p and s polariza-
tion of the reflection any diattenuation or retardance does not effect the polarization of the signal.

Configurations of a double pass
Some possible configurations for a double pass sensor head will be discussed to introduce the working prin-
ciples.
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Figure 6.3: An example of two schematic configurations of a cat’s eye retroreflector [36].

A configuration with a polarizing beamsplitter, quarter waveplate and a retroreflector can be used, for in-
stance as is shown in 6.4 this solution is refered to as a High Stability Plane Mirror Interferometer (HSPMI)
Another solution could be to use a retroreflector which itself acts as a beamsplitter such that the light can

Figure 6.4: The high stability plane mirror interferometer. 13 and 15 both represent one signal of the light emitted by the light source
11, these signals are polarized orthogonal with respect to each other. 24 is the polarizing beam splitting coating reflecting signal 13 and
transmitting signal 15. 25 and 28 both are quarter waveplates with their fast axis oriented at 45°, this creates circular polarization for
both signals. 21 and 28 are the target mirror and reference mirror respectively and due to the reflection off these mirror the circular
polarization changes handedness. This light travels back through the quarter waveplates where it is now orthogonally polarized with
respect to its original polarization direction. The signal that was reflected by the polarizing beam splitter is now transmitted and vice
versa. Both signals retroreflect in the cube corner and travel the same path backwards with only an offset due to the cube corner. In the
last pass both signals are combined at the beamsplitting coating and travel to the detector 17. [55].

pass the retroreflector on the way in, and after double passing the cavity exits the retroreflector.

A variation on this embodiment is presented in [50] . The retroreflector in this design is a cat’s eye configura-
tion with the collimator lens and the fiber ferrule as a mirror. If the target angle is small the sensor head works
as a single pass option and the reflected light is coupled back into the fiber but if the target angle is larger the
cavity is passed twice. This is illustrated in figure 6.5. There are two problems that arise in this setup, the
first is that the amount of passes is dependent on the target angle so if the target rotation varies the measured
distance switches between double and single pass, which has an effect on the continuity of the measurement,
the optical resolution and the modulation depth of the measurement.
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Figure 6.5: The compact sensor head in double pass operation [50]. If δ approaches zero the returning signal enters the fiber core creating
a single pass configuration.

The second problem in this setup is the finesse of the cavity, the mentioned sensor head works with a low
finesse cavity, in a double pass option the attenuation of the cavity per pass should be half the attenuation of
the single pass cavity. This changes the contrast of the measurement significantly decreasing the resolution
for at least one of the two principles.

Figure 6.6: A cat’s eye retroreflector with a reflective polarizer as mirror. The left lens focusses the light on the polarizer so that the second
lens collimates the light coming from this focus. After passing through the quarter wave plate (dashed) the light is circularly polarized.
Upon reflection off the target mirror the handedness of the polarization changes, as a result the light is linear polarized, rotated 90°with
respect to the first linear polarization state.

A cat’s eye retroreflector with a reflective polarizer as mirror can be used to create a retroreflector with an
integrated beamsplitter, an example is shown in figure 6.6. In this setup the double pass configuration is
again created by separating the signals by polarization state.

6.1.3. Thermally balanced
The sensor head should not act as an temperature sensor so the internal optical path length of the measure-
ment path and the reference path should change equally for a uniform temperature change. Three distinct
situations can be identified which are all thermally balanced in a uniform environment but can be more or
less sensitive to thermal gradients. The first is a common overlaying path, this is the most stable situation as
any expansion of the respective section is equal for both signals, not only for a uniform temperature change,
but also for a temperature gradient. The second is a spatially separated parallel path, the signals travel the
same distance through glass and are not sensitive to a thermal gradient along the travel direction but they are
sensitive to thermal gradients perpendicular to the travel direction. The third situation is a situation where
the signals travel an equal amount of distance through a different piece of glass, such as a in the PBS in the
HSPMI illustrated in figure 6.4. In this situation the sensitivity to gradients is dependent on the configuration,
and the sensitivity to a homogeneous temperature change is effected by the tolerances on the different pieces
of glass, the last effect is typically very small so this configuration can be used to correct for homogeneous
temperature variations.
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6.2. Concepts
In this section four concepts are presented, each using a different combination of methods for creating a
thermally balanced double pass configuration as required for a plane mirror.

6.2.1. HSPMI inspired
The first concept is a variation of the HSPMI suitable for working with a delay line, with a cat’s eye retroreflec-
tor instead of a cube corner retroreflector.

Signal path
The first signal comprising the measurement and first reference signal enters the sensor head at the bottom
fiber end, it is collimated by a collimator lens placed in front of this fiber end. The collimated lightbeam enters
the first polarizing beamsplitter (PBS1) at an off center location. In the first polarizing beamsplitter the first
signal is separated in the measurement signal and a first reference signal. Each signal travels twice to the
target mirror (TM) and the reference mirror (RM) respectively. They are double passed in the same manner
as is described in the HSPMI configuration (figure 6.4). After the double pass both signals exit PBS1 at another
off center location in the same face they entered the PBS1. The measurement signal and first reference signal
travel a common path where they are separated by polarization state. In the second polarizing beamsplitter
(PBS2) the target beam and the first reference beam are separated and each travel to a different photodiode.
The second signal enters the sensor head at the left fiber end after which it is collimated and enters PBS2.
In PBS2 the second signal is separated in two portions, each combining with the measurement signal and
the first reference signal respectively. The portion of the second reference that is combined with any one of
the measurement or reference signal is polarized ortogonal with respect to the signal it is combined with, to
create interference a linear polarizer (Pol1 or Pol2) is placed with its polarization axis such that both signals
have the same polarization. The specific angle of this polarizer can be choosen such that both signals have
an equal amplitude.

Figure 6.7: The HSPMI inspired sensor head, which is suitable for working with the proposed delay line, a cat’s eye retroreflector consist-
ing of a lens (CL) and a mirror (CM) replaces the CCR in this concept to reduce sources for signal mixing.

Error sources
In the presented concept some signal mixing due to polarization errors can reach the photodetector. Two
first single ghost reflections and two single polarization errors reach the photodetector for each interference
measurement. Both the internal and external ghost reflections off the outer surface of the quarter waveplate
are directly mixed with the measure or first reference signal. The lightpath of one of these ghost reflections is
depicted in figure 6.8. By placing the QWP at such an angle that the resulting signal travels off axis and does
not reach the photodetector this source of ghost reflections can be deminished. However placing the QWP at
an angle may deteriorate the performance of the QWP, so the angle should be minimal. An alternative can be
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to place the QWP at such an angle that the modulation of the interference generated by the ghost reflection
is minimal, for a short distance travelled this rotation is typically smaller than the rotation required to move
the signal away from the photodiode, therefore reducing the effect on the retardance of the QWP.

Figure 6.8: A first order ghost reflection that reaches the photodetector, this reflection is also present in the reference signal (top mirror)

For signal mixing due to polarization crosstalk there are only two signals that reach the photodetector for
polarization errors due to a single element. A change of the polarization state inside the retroreflector creates
a signal that first travels to one mirror (e.g. the target mirror) and in the second pass travels to the other
mirror (e.g. the reference mirror) and then travels to the photodetector. The cat’s eye retroreflector can be
configured such that either the local p or s polarization states are aligned with the linear polarization state of
any of the signals, then the effect due to retardance and diattenuation does not cause an error.

The second source of polarization crosstalk is the imperfect polarization separation inside the PBS2. This
directly mixes a portion of the first reference with the measurement signal and vice versa. However, the
interference phase of the parasitic signal with the second reference is known from the other interference
experiment. So if the magnitude of the crosstalk can be determined during a calibration step this error source
can be compensated for.

Crosstalk due to two imperfect polarization optics can also reach the photodetector. The signal of which the
polarization is not rotated exactly 90° by the double pass through the QWP and that is transmitted by PBS1
due to a finite extinction ratio travels the same path as the the polarization crosstalk in figure 6.9. The same
is the case for the crosstalk due to the finite extinction ratio of PBS1 at the third pass and again an imperfect
polarization rotation by the second double pass of the QWP.

The crosstalk due the the finite extinction ratio in PBS1 in the fourth pass or the polarization aberration in the
double pass of the QWP in the last pass sends the signal back through the retroreflector, the finite extinction
ratio in the subsequent second pass through PBS1 or a polarization aberration in the double pass of the QWP
combines this signal with the original signal.

Extinction ratios are typically defined as a ratio of intensities, however interference is an addition of ampli-
tudes so this extinction ratio must be converted to a ratio of amplitudes. The extinction ratio of a commercial
available PBS are in the range of 800 : 1 [46] the square root of this ratio gives the amplitude ratio, which will
be in the order of 3.5%.

The quarter waveplates in the interferometer retard a portion of the light to create a circular polarization,
however a QWP has a finite retardance accuracy, for a double pass of the QWP the intensity of the non or-
thogonally polarized signal with respect to the ortogonally polarized signal can be expressed by equation 6.1
as the minor axis of the polarization ellipse. This ratio can be seen as the extinction ratio of the polarization
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Figure 6.9: The lightpath of the signal where the polarization state is changed in the retroreflector

rotation.

B =|E |

√√√√1−
√

1− sin2(2θ)sin2(β)

2
(6.1)

With the reference frame aligned to the slow axis off the QWP, this gives θ = 45° and β is the retardance error
after two passes of the QWP and |E | is the amplitude of the field. For small retardance errors the desired signal
is approximately equal to the Field amplitude, therefore dividing the minor axis by the field amplitude gives
the extinction ratio of the polarization rotation. Commercially available quarter waveplates have a retardance
accuracy in the order of λ

100 to λ
300 [47, 48] For a waveplate with a retardance accuracy of λ

100 the error signal is

3.1% of the amplitude of desired signal and for a waveplate with a retardance accuracy of λ
300 the unwanted

signal is 1% of the amplitude of the desired signal.

As the error signals that reach the photodetector are products of two subsequent errors giving a ratio of ap-
proximately 0.035∗0.035 = 0.0013 of the amplitude of the error signal with respect to the desired signal. The
magnitude of these errors will be discussed in more detail in section 7.1.2.

Thermal behaviour
Most parts of the concept are thermally stable by design as the measure signal and the first reference signal
overlap before separation in PBS2. After separation, the measure signal and the first reference signal overlap
with the respective parts of the second reference signal. In the part where the signals are separated in PBS1
and travel to their respective mirrors the signals travel a different direction in a different part of the glass, so
this part is sensitive to thermal gradients. However, the distance between the signals is short, so the sensitivity
to gradients is also low. The location of the reference mirror determines the location of the virtual thermal
reference plane, by choosing an appropriate distance the virtual thermal reference plane can be located such
that it is placed at the front mounting surface of the interferometer.

For the cat’s eye the parallelism between the incoming beam and the returning beam is dependent on the de-
focus of the mirror with respect to the lens, if the angle between these beams changes the measured distance
changes by a ratio dependent on the angle. For a thermally stable interferometer the change of focal distance
of the lens must be corrected for by an appropriate amount of expansion of the distance between the lens
and the mirror.
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Figure 6.10: The path of the error signal resulting from a non perfect polarization rotation in the last double pass of the QWP, the red line
represents the signal where the second error is generated during the subsequent first double pass of the QWP and the blue part is the
signal where the second error is generated by the finite extinction ratio during the subsequent second pass of PBS1

Figure 6.11: The path of the error signal resulting from the finite extinction ratio in the last pass of PBS1, where the red line represents
the path of the signal where the second error is generated in the subsequent first double pass of the QWP and the blue line is the path of
the signal where the second error is generated by the finite extinction ratio in subsequent fourth pass of PBS1.
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6.2.2. Spatially separated HSPMI
Signal path
The signal path of this concept is very similar to that of the concept described in 6.2.1 with a difference that
the incoming signals first pass through a polarizing beamsplitter configured in such a way that the resulting
beams exit the beamsplitter parallel but spatially separated. Both beams then enter the second polarizing
beamsplitter at a different off center location. The measurement beam and the first reference beam have no
overlapping path in the interferometer so the signal mixing in PBS2 of concept 1 does not reach any pho-
todetector in this concept. The error signal which would result from a change of polarization state in the
retroreflector also does not reach a photodetector directly, but only as a product with the error signal in PBS2
or with the error signal from the spatially separating PBS. Therefore a CCR with metal coating can be used as
a retroreflector, however the materials should be chosen such that the cube corner has very good polarization
preserving properties such that amplitude of the unwanted polarization state is in the order of a few percent.

Figure 6.12: The spatially separated variant on the HSPMI, two modified polarizing beamsplitters (SSPBS 1 &2) are used to spatially
separate the input signals. A lightbeam travelling behind the drawing plane is indicated as dashed and a lightbeam travelling in front of
the drawing plane is indicated as solid.

Error sources
The error signals due to the product of two times a finite extinction ratio or retardance accuracy are still
present in this concept however the error signal due to the product of the finite extinction ratio of the PBS1
and the finite retardance accuracy of the QWP do not reach a photodetector. The magnitude of these first
mentioned errors is the same as for the first concept.

Thermal behavior
The paths in this concept are not common but spatially separated, this can give a higher sensitivity to thermal
gradients in the interferometer. However, for the part of the path where multiple passes through PBS1 are
done the signals are symmetric about an axis parallel to the signal path and through the vertex of the CCR
reducing the sensitivity to any linear thermal gradients.

6.2.3. Cat’s eye beamsplitter concept
In this concept, the retroreflector is used as a beamsplitter and retroreflector as is illustrated in figure 6.6.

Signal path
In order to create a thermally balanced system the first input signal comprising the measurement signal and
the first reference signal is separated in a non polarizing beamsplitter configured such that the resulting sig-
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nals are traveling parallel to each other while spatially separated. After the separation the signals pass an ab-
sorptive polarizer to create a linear polarization state, hereafter the collimated beams enter a first focussing
lens at an off-center location which focuses the light onto a reflective linear polarizer. This reflective linear
polarizer is configured such that the incident linear polarized light passes. The transmission axis of this po-
larizer should be a result of the structure of the polarizer itself, for instance, a wire grid polarizer, and not
be dependent on the direction of the local p and s polarization such as in a polarizing beamsplitter, as the
signals pass through this polarizer with different local p and s directions. After passing through the polarizer
the signals pass through a second lens which collimates the light. The collimated linear polarized light passes
through a QWP with its fast axis oriented at 45° with respect to the incident linear polarization, making the
light circular polarized. A reference mirror is placed in path of the first reference signal whilst the path of
the measurement signal passes through a hole in this mirror and is reflected by a second mirror placed in line
with the measurement path. The reflection at either the target or reference mirror changes the handedness of
the circular polarization. After reflecting of the reference mirror or target mirror the respective beam passes
again through the quarter wave plate which changes the polarization to a linear polarization orthogonal to
the original linear polarization. The second lens focuses the light onto the reflective polarizer which reflects
the signal back through the second lens creating a cat’s eye retroreflector. The retroreflected light again passes
through the QWP changing the linear polarization to circular polarization. The reflection of the target or ref-
erence mirror again changes the handedness of the circular polarization and in the fourth pass through the
QWP the light is linear polarized in the same direction as the incident light and passes through the reflective
polarizer. Hereafter the light is collimated by the first lens and enters the back of a beamsplitter. The first
reference signal enters this beamsplitter at another off center location in the same plane.

The second reference signal passes a different part of the non polarizing beamsplitter, also separating the
second reference into two parallel, spatially separated signals. After passing through the linear polarizer both
portions of the second reference enter a solid cube corner retroreflector. The last reflective surface of this
retroreflector is coated with a beam splitting coating and a right angle prism is placed on the other side of
this coating such that the face of the cube corner retroreflector acts as a beamsplitter. In this beamsplitter a
first portion of the second reference signal is combined with the measurement signal and a second portion
of the second reference is combined with the first reference signal both creating an interference signal. As all
signals are linear polarized no additional polarizer is necessary to create interference.

Figure 6.13: Cat’s eye beamsplitter concept, two spatially separating non polarizing beamsplitters (SSBS) are used to generate 4 signals
of which two travel through the cat’s eye beamsplitter consisting of two lenses (L1 and L2) and a reflective polarizer (PolR), and double
pass the target distance, after which they combine with the two other signals generating interference.

Error sources
Due to the spatial separation the signals of both interference experiments cannot mix. However, error signals
due to imperfect polarization separation and ghost reflections can cause parasitic inference signals. The
paths of these signals for an error signal that results of only one imperfection are illustrated in figures 6.14,
6.15 and 6.16.

The first two are the signal paths generated by a reflection of the reflective polarizer of the signal that should
pass. An error resulting of only the imperfect retardance accuracy of the QWP does not reach the photodetec-
tor but travels back towards the signal input. If the faces of the optical elements are angled slightly this error
signal does not reach the photodiode.
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Figure 6.14: The path of the error signal if the signal that should pass through the reflective polarizer at the second pass is reflected.

Figure 6.15: The path of the error signal if the signal that should pass through the reflective polarizer at the first pass is reflected.

Figure 6.16: The path of the error signal resulting from a ghost reflection of the front surface of the QWP.

Wire grid polarizers can have high extinction ratios for transmission, however, the extinction ratio for re-
flectance is often lower. For instance, the Versalight wire grid polarizer has an extinction ratio of 2000 : 1
for the transmitted signal intensity but only 80 : 1 for the reflected signal intensity. In this concept the error
signals arise from the finite extinction ratio for the reflected polarization, thus these error signals can be of
significant magnitude.

Thermal behaviour
Both the measurement signal and the first reference signal travel the same path length, through the same
optical components at a different location. For uniform temperature changes, the optical path difference
does not change. However as is the case with the cat’s eye retroreflector in the first concept the focal length of
both lenses changes as a function of temperature, so the mounting of these lenses should be made such that
the thermal expansion of the material matches the thermal change of the focal length.
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6.2.4. Cubecorner beamsplitter concept
Signal path
In this concept the incoming signals are separated by a non polarizing beamsplitter similar to the one dis-
cussed in 6.2.3. The signals then enter the back off a beamsplitting cube corner (BSCC1) (a solid cube corner
with a beamsplitting coating on each reflective surface and a right angle prism cemented to each beamsplit-
ting surface) at a different off center location. A portion of the measure signal is reflected by the beamsplitting
coating and directed to a beam dump. The transmitted portion of the reference signal travels to a reference
mirror where it is reflected and travels back to BSCC1, in BSCC1 a portion of this signal is reflected three times
and travels back to the reference mirror where it is reflected for a second time. The signal that is transmitted
by the BSCC now enters the backside of the second cube corner retroreflector (BSCC2) which is also a solid
cube corner with a beamsplitting coating at one reflective face. At this beamsplitter coating, the measure-
ment signal is combined with a second reference signal and the first reference signal is combined with a third
reference signal at a second location on this coating.

Figure 6.17: A schematic representation of the signals traveling through the concept. The signals that exit the sides of the BSCC are not
drawn.

Error sources
In this concept the signals are not separated by polarization but spatially and by intensity, at the coating
where the signal is transmitted a part of the signal is reflected as well, a part of this signal travels through
the entire cavity twice and is combined with the measurement signal causing errors. If the unwanted signal
is attenuated by the BSCC the amplitude of this error signal can be described by equation 6.2 where rB scc

reflectivity of one pass through the beamsplitter.

Eer r = Ei nr 3
B scc (6.2)

The amplitude of the desired signal can be described by equation 6.3

Esi g nal = Ei nrB scc (6.3)

The transmitted signal is directed back to the light input or towards the sides of the BSCC, where it should
be absorbed. If the unwanted signal is attenuated by a filter placed in front of the BSCC the intesity of the
unwanted signal is described by equation 6.4 and the measure signal is described by equation 6.5.

Eer r = Ei n t 4
f i l ter (6.4)

Esi g nal = Ei n t 8
f i l ter (6.5)

If the unwanted signal is attenuated by the BSCC the ratio between the wanted and unwanted signal is higher
than with the use of a filter.

However for this ratio to reach approximately 4 : 1550∗2π in amplitude the reflectivity of the BSCC should be
lower than 0.12 and the desired signal is then has 1.6% of the intensity of input signals. This would make the
sensor very sensitive to stray light.
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The error signals resulting from ghost reflections of the outer surface of the BSCC can be minimized by placing
these edges at such an angle that the signal resulting from these reflections does not reach a photodetector.

A ghost reflection of the front surface of the BSCC can also be minimized by giving this outer surface a slight
tilt, such that the contrast of the interference of this signal with the other signals is very low. For an error
signal with a double ghost reflection this wavefront tilt is reversed, but with an AR coating, which can have
reflectivities in the order of 0.25% [44] the intensity of a signal that is reflected twice of such an AR coating
instead of the target mirror is significantly lower than the main error signal which is a double pass of the
cavity.

Figure 6.18: The path of the error signal that travels twice through the cavity, in this path the signal is reflected 9 times of a surface of the
BSCC.

Figure 6.19: The path of a ghost signal of the transmitted light. The interference contrast of this signal can be reduced by making the
surface at which the transmitted signals reflect angled with respect to the signal path.

Thermal behaviour
Both signals travel a parallel path through each component and these paths are mirrored around an axis par-
allel to these beams that goes through the vertex of the BSCC. There are no focussing optics used other than
the collimators which may change the focal length due to temperature variations so the concept is entirely
insensitive to uniform temperature changes. Since the signals travel parallel through the sensor a thermal
gradient from the front towards the back of the sensor has no influence on the difference in optical path.
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6.3. Concept selection
The HSPMI inspired concept and the spatially separated variant both have the non correctable errors in the
same order of magnitude which is expected to be within specification. The correctable error for the first
concept is larger whereas this error is not present in the spatially separated concept.

The cat’s eye beamsplitter tube and the cube corner beamsplitter tube are not anticipated to meet the re-
quirement for the maximum non correctable non linear error.

For component availability, the HSPMI inspired concept is more suitable as there is no need for a custom
polarizing beamsplitter with a custom coating optimized for angles of incidence smaller than 45° and there
is no need for a custom cube corner optimized for polarization preservation.

The thermal drift as a result of the cat’s eye retroreflector drifting out of focus poses a more strict requirement
on the mechanical mounting of the cat’s eye mirror than the use of a cube corner retroreflector, however with
a proper choice of materials the required thermal compensation is feasible.

For the alignment aid, all concepts except for the cat’s eye beamsplitter concept have the possibility to cou-
ple a visible laser to the incoming fiber and use that as a manual rough alignment aid, whereafter the fine
alignment can be done with the normal laser by maximizing the signal with a search algorithm. For the cat’s
eye tube the visible laser will not exit the sensor at the same angle as the infrared laser due to chromatic
aberration.

The HSPMI inspired concept is anticipated to meet the requirements best as it meets the performance re-
quirements and also uses the most off-the-shelf components, reducing the lead time.
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The detailed design of the interferometer comprises a detailed optical design, budgeting of the expected
errors, tolerancing and an assembly plan. The desired optical performance dictates the optical design and the
total allowed error in the error budget. The error budget feeds into the assembly plan as it gives an indication
which components might require an active alignment. The assembly plan together with the error budget
dictates the mechanical design as it should meet the requirements and provide room for tooling during the
assembly and alignment process.

7.1. Optical design
In this section the design of the optics will be discussed. The order works back from the signal pick up toward
the delay line as the requirements are defined as properties of the final signal.

7.1.1. Signal pick up
The interference signal needs to be converted to an electric signal for further signal processing. This is done
by a photodiode, which is a light-sensitive semiconductor. For the light delivery to the photodiode, there are
multiple possible solutions; the photodiode can be placed inside the free-space optical path inside the sen-
sor head, this can be done by focussing the signal on the photodetector, or by placing the photodetector in
a collimated signal. The light signal can also be picked up by a fiber to transport the signal from the sensor
head towards the control unit. This can be done by either a multimode fiber or a single mode fiber. By using a
fiber pick up the sensor head has no internal electronics, dissipating no extra heat to the environment, there-
fore for a series production interferometer signal pick-up by fiber is preferred. As there are two interference
experiments two fibers should be used for signal extraction. As the optical feedthroughs are limited in the
vacuum chamber available for qualification the signal pick up is done inside the sensor head and the signals
are extracted electrically.

The size of the photodetector should be proportional to the width of the beam to pick up a significant signal,
a wider sensor has a bigger surface over which the signal is integrated, resulting in a smaller acceptance for
wavefront tilt. As a result, a smaller beam size is preferred to be able to use a smaller detector.

A focusing lens can be placed in front of the photodiode, then a wider beam can be used with a smaller
photodetector, however, a wavefront tilt will then shear the focal spots of the interference signals. As the focal
spots are very small a small shear will reduce the overlap between the focal spots and thus the interference. In
equation 7.1 the waist radius w0 is approximated for a certain convergence angle θdi v where n is the refractive
index and λ the wavelength of the light [33].

w0 = λ

πnθdi v
(7.1)

The convergence angle can be expressed as the arcsine of the beam radius on the focussing lens divided by
the focal distance of the lens.

35
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For a paraxial approximation, the decenter of a focal spot ∆y due to wavefront tilt θt i l t can be given by equa-
tion 7.2 where f is the focal length of the lens.

∆y = θt i l t

f
(7.2)

The relative beam shear
∆y

w0
can be expressed in equation 7.3.

∆y

w0
=
πnθt i l t f arcsin r

f

λ
(7.3)

By calculating the loss of interference contrast for this beam shear as is explained in section 7.1.4 it is found
that the contrast is reduced to approximately 0.85% for a 100µrad wavefront tilt, whereas the contrast due to
a wavefront tilt for a flat detector is only reduced to 0.98%

Adding focusing lenses also increases system complexity and introduces a sensitivity to the position of the
photodiode, as it can move out of focus. Therefore it is chosen to place the photodiodes in the collimated
signal.

The size of the beam will be 3.6 mm diameter at the collimator and 4.2 mm diameter at the maximum target
distance. This will be discussed in more detail in section 7.1.4.

For this design the selected photodiodes are the FGA 21 supplied by Thorlabs [40] as the rise and fall time are
fast enough to follow the signal modulation at 4 Mhz, the active area is big enough to pick up a significant
portion of a 4 m beam. The noise equivalent power is 6×10−14 WHz−0.5 as the system modulates the laser at
4 Mhz but averages the distance information to a 10 Khz displacement output and the power to each photo-
diode is in the order of 0.2 mW and assuming an interference contrast of approximately 0.5 the noise on the
averaged phase measurement is in the order of 1×10−7 rad for a wavelength of 1550 nm this results in a sub
picometer noise on the displacement. This is well within specification so the noise of the photodiode does
not contribute significantly to the total electronic noise of the system.

7.1.2. Polarization optics
Polarizing beamplitters
Extinction ratios are typically defined as a ratio of intensities, however, interference is an addition of ampli-
tudes so this extinction ratio must be converted to a ratio of amplitudes. The laser line polarizing beamsplit-
ters have a high extinction ratio for transmission however the extinction ratio for the reflected light is much
lower than that for the broadband polarizing beamsplitters [45, 46]. As the lowest extinction ratio has the
greatest influence on the total non linearity error the broadband PBS is preferred for this application.

Quarter waveplates
The quarter waveplates in the interferometer retard a portion of the light to create a circular polarization,
however, a QWP has a finite retardance accuracy, for a double pass of the QWP the intensity of the non or-
thogonally polarized signal with respect to the orthogonally polarized signal can be expressed by equation 6.1
as the minor axis of the polarization ellipse. This ratio can be seen as the extinction ratio of the polarization
rotation.

B =|E |

√√√√1−
√

1− sin2(2θ)sin2(β)

2
(7.4)

With the reference frame aligned to the slow axis of the QWP, this gives θ = 45° and β is the retardance error
after two passes of the QWP and |E | is the amplitude of the field. For small retardance errors the desired
signal is almost equal to the Field amplitude, therefore dividing the minor axis by the field amplitude gives
the extinction ratio of the polarization rotation.

For a polymer waveplate with a retardance accuracy of λ
100 the error signal is 6.3% of the amplitude of the

desired signal and for a quartz waveplate with a retardance accuracy of λ
300 the unwanted signal is 2.1% of the

amplitude of the desired signal.
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Waveplates are sensitive to the angle of incidence, for a quartz QWP this sensitivity is very significant, reduc-
ing the effective retardance for a slightly tilted waveplate, a polymer zero-order waveplate has a much smaller
sensitivity [cite thorlabs] however the retardance accuracy for a perfectly aligned QWP is lower. As the manu-
facturing tolerances are not infinite and a target tilt rotates the returning wavefront a waveplate with a lower
sensitivity to tilt is preferred if the lower retardance accuracy still yields low enough non linearity errors.

7.1.3. Retroreflector
For the cat’s eye retroreflector, two aspects need to be considered: the focal distance of the lens, which affects
the angle of incidence at the mirror, and thus the polarization crosstalk, the curvature of the mirror which
affects the location of the perceived retroreflector.

The focal distance of the cat’s eye lens together with the spacing between the incoming and outgoing beam
dictate the angles of incidence at each surface. The distance between the beams is determined by the size of
the off-the-shelf optics and will be approximately 12 mm.

The relationship between any polarization crosstalk and the angle of incidence is determined by the reflec-
tion coeffients given in equation 7.5 and 7.6 where where nt sinθt = ni sinθi can be used to find nt cosθt =√

n2
t

n2
i
− sin2θi .

rp = ni cosθt −nt cosθi

ni cosθt +nt cosθi
(7.5)

rs = ni cosθi −nt cosθt

ni cosθi +nt cosθt
(7.6)

The phase of the reflection coefficients determines the phase shift for each polarization.

If the linear polarization state is not aligned with the local p and s polarization direction of the reflection the
original polarization state can be expressed as a linear combination of these two polarization states. If they
are not reflected equally by the mirror the linear combination changes and the resulting polarization state
can be different. This effect is the most prominent if the incoming linear polarization state is aligned the least
with the local polarization states so both s and p components are equally large.

The cat’s eye retroreflector will be configured such that the local p and s polarization are aligned with the two
linear polarization states, however, this is only the case for the middle of the beam. To reduce the polariza-
tion errors for the rest of the beam the mirror material and the angle of incidence is choosen such that the
retardance and diattenuation are minimal for any incoming signal.

The signal which travels at the outer radius of the beam at the cat’s eye retroreflector has a rotated plane of
incidence with respect to the center of the beam. The local p and s plane have the greatest rotation at the
outer radius of the beam where the circumference is tangent to a line through the optical axis.

The rotation of the p and s polarization states is given by θpl = arcsin rbeam
rcenter

where rbeam is the radius of the
beam and rcenter is the position of the beam center with respect to the optical axis of the cat’s eye. Due to
beam shear for a rotated target the image of the aperture on the detector as seen in the cat’s eye displaces at
half the total beam shear. As the crosstalk due to the cat’s eye retroreflector first travels to the target mirror
and after the cat’s eye to the reference mirror and vice versa a target mirror tilt displaces the pupil of the
detector for one signal and displaces the incoming signal for the other signal, both shears are half that of the
total beam shear.

For a 1 mm pupil radius and a 6 mm position of the center of the beam the rotation of the local p and s plane
is 9.5°. To determine the polarization error the linear polarization state is mapped on the local p and s plane,
then for each component the complex reflection coefficient is determined and the resulting elliptical polar-

ization is computed. The Jones vector of the mapped polarization can be expressed as E0

[
cosθpl

sinθpl

]
e i (kz−ωt )

multiplying this with the the reflection coefficients results in E0

∣∣∣rp

∣∣∣cosθpl e i∠rp∣∣rs
∣∣sinθpl e i∠rs

e i (kz−ωt ) To compute the

crosstalk resulting from this polarization change the Jones matrix must be rotated back and then multiplied
by the matrix of a linear polarizer which is placed orthogonal to the original polarization state. The rotation



38 7. Detailed design Sensor head

matrix is given by R(θpl ) =
[

cosθpl sinθpl

−sinθpl cosθpl

]
and the matrix of a linear polarizer is given as Mp =

[
0 0
0 1

]
The multiplication of these matrices result in the term for the crosstalk signal as expressed in equation 7.7
where rp and rs are calculated according to equation 7.5 and 7.6.

Eer r

E0
= 0.5sin(2θpl )

(
−

∣∣∣rp

∣∣∣e i∠rp +∣∣rs
∣∣e i∠rs

)
(7.7)

Due to the relative 180° phase shift between the both polarization states this error source can be simplified
to Eer r

E0
= 0.5sin(2θpl ). The resulting crosstalk can be calculated by computing the integral of the product

of the error dependent on the target angle with the signal amplitude of that location. The angle θpl can be
calculated for any location on the entrance surface of the cat’s eye bt equation 7.8 where x and y are the
respective coordinates in the plane with its origin at the the optical axis.

θpl =
x

y
(7.8)

For a beam with its center displaced 6 mm and a beam radius of 1.8 mm from the center the error signal is
0.107. This is a significant error source for the non linearity error. For the sheared pupil the error is 0.123 as
the nominal signal incident on this detector is also sheared and thus reduced. and for the sheared Gaussian
beam the error is 0.106 The effect of this error will be discussed further in section 7.3.2.

Virtual retroreflection plane
"A retroreflector appears to each incident ray as a plane, perpendicular, reflecting and inverting surface."
[36] The location of this surface can be chosen by the design of the cat’s eye retroreflector, a plane mirror
places this inverting surface at one focal distance before the cat’s eye lens, a spherical mirror with a radius of
curvature that equals the focal distance places this surface at the same location as the cat’s eye lens.

In this design a flat mirror is chosen and the reference mirror is mounted at such a distance that it is placed in
the retroreflecting plane. As a result, the interferometer is insensitive to a small reference mirror tilt. This is
particularly useful for mounting mirrors in the virtual reference plane for qualification and alignment as the
signal is also insensitive to a target mirror rotation if this mirror is then placed at the virtual reference plane.

As the space in front of the cat’s eye lens is partly glass which refracts the light, the physical distance from the
lens to the retroreflection plane needs to be corrected for this interface. The beamsplitter can be modeled as a
thick plan plate. The angle of the light beam reduces in the medium with a higher refractive index, following
snell’s law and the small angles approximation the angle is inverse proportional with the refractive index
following equation 7.9 where θi is the angle inside the medium and θo is the angle outside the medium with
the higher refractive index.

θi = n1

n2
θo (7.9)

The distance to the perceived retroreflector scales with the same relation, so by placing the PBS in front of the
cat’s eye retroreflector the retroreflecting plane moves further away from the cat’s eye.

For a 46 mm focal distance for the cat’s eye lens with 25.4 mm glass cube in front with a refractive index of
1.68 there is an 30 mm of path left before the virtual retroreflecting plane to create some space for mounting
of these components and to place the QWP.

7.1.4. Beam size
To determine the beam size the factors dependent on the beam size are first discussed, and then the collima-
tion of the light is discussed to determine what optics are necessary to create the required beam size.

Beam shear
A rotating target causes beam shear in the returning signal, the beam shear can be expressed as a function of
the target distance and the target rotation as given in equation 7.10 for small angles.

BS = 4∗Lt ar g et ∗θt ar g et (7.10)

Where BS is the beam shear in mm Lt ar g et the target distance in mm and θt ar g et is the rotation of the target
mirror in radian. The interference signal is only generated in the part where the reference beam and the target
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beam overlap. For the specified target rotation at the preferred distance, the resulting beam shear is 0.8mm.

The intensity of the interference signal is given by the last term in equation 7.11 where E1 is the amplitude of
the first field and E2 is the amplitude of the second field and φ is the phase between the fields.

I = E 2
1 +E 2

2 +2E1E2cos
(
φ

)
(7.11)

The Intensity of the interference signal between two sheared gaussian distributed fields can be described by
equation 7.22 where A is the sensor area, w is the e−2 radius of the beam and BS is the beam shear and E1 is
given by equation 7.13 and E2 is given by equation 7.14.

Ii nter f er ence =
Ï

A
E1(x, y)E2(x, y)d A (7.12)

E1(x, y) = e

(
−(x2+y2)

w2

)
(7.13) E2(x, y) = e

(
−((x+BS)2+y2)

w2

)
(7.14)

Not only the intensity of the interference term reduces due to beam shear, the DC intensity also reduces as
there is less light reaching the detector. As a result, the contrast of the interference reduces slower than the
interference intensity. The normalized interference contrast can be described by equation 7.15.

C =
Ï

A

E1(x, y)E2(x, y)

E1(x, y)2 +E2(x, y)2 d A (7.15)

As a gaussian beam diverges after passing the waist the collimated beam expands with an increasing target
distance, as a result the second reference signal has a smaller diameter than the measure signal for a non
zero target distance. The local beam radius van be calculated by equation 7.16 where w(z) is the beam ra-
dius where the intensity drops to e−2, w0 the waist radius, zr the rayleigh range which can be calculated by
equation 7.17 and z is the distance from the waist.

w(z) = w0

√
1+

(
z

zr

)2

(7.16)

zr =
πw2

0 n

λ
(7.17)

The relation for a beam diameter at 4 m and the waist diameter at the collimator is shown in figure 7.1 The
beam radius is chosen such that it is placed located at the right side of this minimum as the beam size and
divergence are both minimal.

For a beam with a 1.8 mm waist radius at the collimator the beam radius after four meters of travel has ex-
panded to 2.1 mm radius.

In figure 7.2 and 7.3 the contrast and interference intensity integrated for a 1.8 mm first beam e−2 radius
over a 2 mm diameter photodiode are plotted against the e−2 radius of the second beam. It is seen that the
contrast does not decrease significantly but the interference intensity decreases with 11% over the maximum
operating range of the sensor.

7.1.5. Collimation of the light
For the collimation of the light emitted by fibers a collimating lens is used, the fiber end is placed at the
focal point of the lens to create a collimated beam of light. The focal distance off the lens determines the
beamdiameter. Equation 7.16 can be used to determine the size of the beam at any distance away from the
fiber if the waist radius is taken to be the half of the mode field diameter exiting the fiber. However, due to
to the short rayleigh range the location of the collimator will in the far field, thus equation 7.1 can be used to
determine the divergence angle of the light beam exiting the fiber. For a 1.8 mm beam radius the focal length
of the lens is 18.75 mm. For the demonstrator a fixed focus collimation package is used as they are off the
shelf available [49].
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Figure 7.1: The beam size after 4 meters travel with respect to the waist radius, it can be seen that the the beam diameter at 4 m is has a
minimum from from a waist size of 1 mm to 2 mm.

7.1.6. Delay line
Polarization control
In the sensor head the measure signal and first reference signal are separated by polarization state, to create
an approximate equal signal for both measurements the polarization state is preferably a linear polarization
state with an 45° angle with respect to the p and s polarization of the first PBS or a circular polarization state.
As the polarization state only determines the intensity of the input signal the exact polarization state is not
critical.

The laser source is a DFB laser that emits a linear polarization state [52]. The requirement for some polariza-
tion control can be achieved with a standard PM fiber [42].

Optical path difference
For a 1 m target distance, the difference between the minimal path length difference and the maximum path
length difference is 4 m for the double pass sensor head. For minimal 90% signal intensity for both signals the
modulation depth must be within 1.180 and 1.533 rad.

To satisfy the minimum zero difference and the maximum at 4 meter difference the optical path difference
in the delay line must be 13.7 m. For a PM fiber with a refractive index of approximately 1.4 a fiber length
difference of 10 m satisfies these requirements.

As the OPL is increased by a factor 18
1 the laser modulation is decreased by the same factor. If the gas pressure

in the reference cell can be adjusted such that the width of the absorption peaks is decreased by the same ratio
the measured absorption signal does not change and the wavelength control of the laser remains effective.
The absorption width scales with the pressure inside the gas cell by the pressure broadening coefficient, this
relationship can be approximated as linear for low pressures [39]. the width of the absorption peak can be
scaled to 1

18 of that of a 25 Torr gas cell by decreasing the pressure to approximately 1,4 Torr. Such a gas cell is
possible [54].

7.1.7. Signal folding
Both signals enter the sensor head via an optical fiber, it is advantageous to position the fiber input such that
the fibers oriented in the same direction as the fiber can then be placed next to each other. To create this fiber
arrangement an extra folding flat should be introduced in the interferometer. For stability, a glass prism is
used which is cemented against the PBS. This prism is also used as a glass spacer between PBS1 and PBS2.
The orientation of this prism can change during the curing of the cement, but after curing the orientation of
the mirror plane and both polarizing beamsplitters are fixed with respect to each other.
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Figure 7.2: The interference contrast for an expansion of the target beam, it is illustrated that the contrast does not decrease significantly
over the expansion of the beam

7.2. Error budgets
There are multiple error budgets for the sensor head. There is an error budget for the thermal instability, there
is a budget for the contrast of the interference signal which is affected by the wavefront error, wavefront tilt
and beam displacement. Non linearity errors due to signal mixing are budgeted in a separate budget. The
linear error due to a non parallelism between the retroreflected signals is discussed separately as this is the
only linear error present in the sensor head.

7.3. Linear errors
If the interferometer does not measure perpendicular to the mirror a cosine error is introduced. As the align-
ment of the interferometer with respect to the plane mirror is part of the use case the error due to a misaligned
interferometer is not budgeted here. However, is the cat’s eye retroreflector is not aligned perfectly the return-
ing signal is not parallel with the incoming signal creating a cosine error even if the target mirror is perfectly
aligned. Only half of the measurement signal is misaligned, so the error is minimal if the target mirror is tilted
such that the angular error is divided over both passes of the target distance, the error can then be described
by equation 7.3 where the relation between the angle θcos and the defocus is given by equation 7.19 where y
is the radial spot location and dz is the defocus of the mirror.

ecosi ne = Lt ar g et (1−cos(θcos /2)) (7.18)

θcos = 2dz y

f 2 (7.19)

If the angular error between the signals of the cat’s eye is then 100µrad the resulting linear error is 0.625 nm
for the required target distance of 0.5 m and 1.25 nm for the extended target distance of 1 m.

7.3.1. Contrast budget
The contrast of the interference signal is influenced by multiple factors such as wavefront errors, beam shear
and beam rotation. These influences on the contrast are budgeted in the contrast budget.

Wavefront errors
The optics through which the signal passes can distort the wavefront locally due to surface roughness. The
interference with this distorted wavefront is integrated over the photodiode, if the distortion is significant
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Figure 7.3: The interference intensity for an expansion of the target beam, it is illustrated that the intensity does decrease significantly
over the expansion of the beam, this reduces the signal to noise ratio of the interferometer. For an expansion from an 1.8 mm to an
2.1 mm e−2 radius the interfernece intensity decreases with a factor 0.89.

Error source magnitude of effect Effect on contrast
Wavefront tilt 200µ 0.92

Wavefront overlap 0.8 mm 0.91
Wavefront error 180 nm 0.75

Signal unbalance 0.8 0.98
Modulation depth 1.180-1.533 rad 0.9

Total contrast 0.61

Table 7.1: The contrast budget comprising the effects which influence the interference contrast and the magnitude of these effects.

with respect to the wavelength the average interference intensity reduces. By assuming a uniform distribu-
tion from −hsur f to hsur f where hsur f = RMS the ratio between the intensity of the peak of the disturbed
interference and a nominal signal can be described by equation 7.20. This gives an estimate of the contrast
reduction.

1

2hsur f

∫ hsur f

−hsur f

cos

(
2πx

1550

)
d x (7.20)

If the roughness is assumed to be normal distributed the contrast reduction can be calculated by equation
7.21

1

RMS ∗p
2π

∫ ∞

−∞
e
− 1

2

(
x

RMS

)
cos

(
2πx

1550

)
d x (7.21)

The P-V errors are approximated to RMS errors by dividing the P-V value by a factor 4,5 for a combination
of random errors and low order aberrations, this is more conservative than only random errors which can be
approximated by dividing by a factor 5 [34].

The approximation as a normal distribution reduces the contrast to 76,9% for a 179 nm surface error and the
uniform distribution reduces the contrast to 75,7% for the same surface roughness.

Wavefront overlap
Interference only takes place if the wavefronts overlap, as the beams have an approximate gaussian pro-
file a shear between the interfering beams can affect the intensity of the interference and thus the contrast.
Positional tolerances and beams shear due to a target rotation are the biggest influences for the wavefront
overlap. The contrast of the interference signal is determined by the intensity of the interference signal over
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Figure 7.4: The J0 and J1 Bessel function and a line representing the value of 90 % of the crossing value

Error source Surface error RMS [nm] Amount of interactions Sensitivity Resulting error [nm]
Entrance surface glass spacer 35 1 0.683 24

Folding mirror 35 1 2 70
Spacer glass-glue 35 3 0.142 9

PBS1 glue-glass interface 35 2 0.142 35
PBS1 reflection 35 2 2 99

PBS1 glass-air interface 35 6 0.6832 59
Cat’s eye mirror 14 1 2 28

Cat’s eye lens 34 4 0.683 47
Target mirror 14 2 2 40

PBS2 glue-glass interface 35 1 0.142 5
PBS2 reflection 35 1 2 70
PBS2 glass-air 35 3 0.683 24
QWP glass-air 35 4 0.683 48

Polarizer 35 2 0.501 25
RSS error 179

Table 7.2: Tolerance budget for short spatial errors, the sensitivity is the effect of one interaction of the surface with the wavefront.

DC intensity. The amplitude of the interference signal between two sheared gaussian distributed fields can
be described by equation 7.22 where A is the sensor area, w is the e−2 diameter of the beam and BS is the
beam shear.

Imax

Ï
A

e

(
−(x2+y2)

w2

)
e

(
−((x+BS)2+y2)

w2

)
d A (7.22)

In figure 7.5 and 7.6 the relation between the interference contrast and intensity and the beam shear is illus-
trated for a 2 mm diameter detector.

To create a maximum signal contrast the collimators are aligned such that the manufacturing tolerances do
not create beam shear, but only a rotation of the target mirror introduces beam shear. To determine the range
needed for the collimator alignment the manufacturing tolerances and respective sensitivities are budgeted
in table 7.3. This budget is valid for the target signal and the reference signal as the target mirror is assumed
to be placed orthogonal to the exiting signal, thus the target distance does not introduce an extra beam shear.
The reference mirror is not necessarily orthogonal to the signal as it is placed in the virtual retroreflection
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Figure 7.5: The normalized interference contrast with respect to the beam shear, integrated over a 2 mm diameter photodiode with a 3.6
mm diameter not sheared beam and a 4 mm diameter sheared beam.

Figure 7.6: The normalized interference intensity with respect to the beam shear, integrated over a 2 mm diameter photodiode with a 3.6
mm diameter not sheared beam and a 4 mm diameter sheared beam.

plane.

Wavefront rotation
A wavefront tilt of one wavefront with respect to the other wavefront results in a phase difference over the
active area of the photodiode. If the phase difference is in the order of the π rad a dark and a bright fringe will
lie on the photodiode and the observed interference contrast is greatly reduced. Assuming a flat wavefront
the relation between the interference contrast observed on the photodiode and the tilt of the wavefront can
be described by equation 7.23. Ï

A
E1E2cos

(
2πα

λ

)
d A (7.23)

With an alignment step, the wavefront tilt due to manufacturing tolerances is removed. In table 7.4 the
sensitivity analysis is shown dictating the range of the alignment. The resulting wavefront tilt is the result of
the finite alignment precision and the thermal expansion of the cat’s eye defocus. If the alignment is done to
100µrad precision another 100µrad can be budgeted for the defocus due to imperfect thermal expansion.

The contributions of the other errors resulting in a wavefront tilt are much smaller than the error due the
rotation of the mirror surface of PBS2,
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Error source Sensitivity First order Tolerance Resulting error
Rotation glass assembly 0.097 mm/mrad 2 mrad 0.2 mm
Rotation fold mirror for 0.29 mm/mrad 1 mrad 0.3 mm
Translation fold mirror 1 0.1 mm 0.1 mm

Rotation PBS1 0.098 mm mrad 3 mrad 0.3 mm
Translation PBS1 2 1 mm 0.2 mm

Cat’s eye lens decenter 2 1 mm 0.2 mm
PBS2 translation 1 0.1 mm 0.1 mm

Linear addition total 1.4 mm
RSS total 0.64 mm

Table 7.3: Tolerance budget for beam shear of the target signal before the alignment of the collimators with respect to each other. The
target is assumed to be placed orthogonal to the first incident light beam. The second signal is assumed to be aligned such that both
wavefronts are parallel for the common path towards the photodetector as would be the case during alignment. The lengths used to
compute these sensitivities are as follows Lsp1 = 19.05 mm is the length of the first glass spacer from the entrance of the glass assembly
to the folding mirror, L f m = 16.35 mm is the length of the path from the folding surface to PBS1, LPBS1 = 25.4 mm is the length of
PBS1 LPBS−V R = 23.95 mm is the distance from PBS1 to the virtual retroreflection plane, LPBS2 = 25.4 mm is the length of PBS2 and
Lsp2 = 29.9 mm is the length of the spacer between PBS1 and PBS2. These sensitivities are checked by a zemax sensitivity analysis.

Figure 7.7: The Normalized interference contrast for a wavefront tilt for a 2 mm diameter detector for a 4 mm beam diameter

Signal unbalance
The contrast between two interfering signals can be written as equation 7.24.

C = 2E1E2

E 2
1 +E 2

2

(7.24)

For a signal reduction of 80% for one signal the contrast is still 97.5% of the maximum contrast. The relation
between the alignment of a linear polarizer and the signal strength for a polarizer placed at 45° is given in
equation 7.25.

E

E0
= cos45°+θpol

0.5
p

2
(7.25)

This results in an alignment of the polarizers to 0.18 rad, manufacturing tolerances are assumed to be much
better than this specification, therefore no addition tolerances need to be added.

7.3.2. Non linearity errors
Parasitic Interference Signals (PIS) from for example ghost reflections and imperfect polarization optics can
cause deviations from the linearity of the interferometer output.

The resulting intensity of four signals mixing can be described by equation 7.26 where En with n = 1,2,3,4 is
the respective field amplitude and φn,m the phase difference between field n and m.

I = E 2
1+E 2

2+E 2
3+E 2

4+2
(
E1E2 cosφ1,2 +E1E3 cosφ1,3 +E1E2 cosφ1,3 +E2E3 cosφ2,3 +E2E4 cosφ2,4 +E3E4 cosφ3,4

)
(7.26)
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Error source Sensitivity First order Tolerance Resulting error
Right angle prism angular tolerance 2 1 mrad 2 mrad
Entrance - exit surface parallelism 0.68 3 mrad 2.4 mrad

Cat’s eye defocus 5.6 mrad/mm 18µm 100µrad
PBS2 rotation 3.36 3 mrad 10.1 mrad

Linear added error 14.2 mrad
RSS error 10.5 mrad

Table 7.4: Error budget for relative wavefront tilt before the alignment of the collimators with respect to each other. The greatest error
source is the tolerance on the rotation of PBS2, dictating the stroke of the alignment tool.

Assuming the E1 and E2 to be the amplitude of the desired fields the field with n = 3 and 4 can be sources of
errors. The quadratic term is a constant offset, only the cross terms can result in an error in phase determi-
nation.

The non linearity error in radians due to a single mixing term can be described by equation 7.27 if the ellipse
fitting has not corrected for any deviation.

emi x,3,1 = arctan
sinφ1,2 + E3

E1
sinφ1,3

cosφ1,2 + E3
E1

cosφ1,3

−arctan
sinφ1,2

cosφ1,2
(7.27)

For very small errors which are90° out of phase with the desired signal this error is maximal and the equation
reduces to equation 7.28.

emi x,3,1 = E3

E1
(7.28)

With three signals present, there is a second cross term resulting in a second deviation from linearity, how-
ever, the modulation depth of one of these cross terms is very low as these signals have both traveled through
either the delay line or the reference line. This cross term only contains the DC quadrature signal as the mod-
ulated quadrature signal approaches zero. The DC component however is greater as the J0 Bessel function is
maximal at zero modulation depth. The signal amplitude of this error is than 1

J0(Φcr os ) = 1.825 where J0(Φcr os )
is the value of the crossing of the zeroth and first Bessel function of the first kind. The phase of this second
cross term is dependent on the phase of the desired signal and the first crossterm following equation 7.29
where φn,m is the phase difference between signal n and m.

φ1,3 −φ1,2 =φ2,3 (7.29)

If the error due to mixing between signals 1 and 3 is maximal, they are orthogonal to each other, resulting
in φ2,3 = ±90°. The DC quadrature term for a signal with a 90° phase is zero, so if one error is maximal,
the error due to the second cross term is zero, therefore these errors do not add linear but can be added
quadratically. As the term with little modulation depth has an extra scaling factor the total error due to a
parasitic interference signal can be described by equation 7.30 assuming E1 = E2.

emi x,3 =
√

e2
mi x,3,1 +e2

mi x,3,2 =
E3

E1

p
1+1.825 = 1.68∗ E3

E1
(7.30)

Some of these errors can be compensated, such as error signals with constant phase difference which are
compensated by ellipse fitting, or an error signal with a known phase difference and a known magnitude can
be corrected for as the signal can be subtracted from the measured signal. The magnitude of this signal can
be established by a calibration step. However, error signals with a non constant phase difference are harder to
correct for without further knowledge. For interference signals with a non constant phase of which the phase
is not known the interference intensity should be so small that the Root sum square addition of all the errors
does not cause a phase error greater than 4nm

1550nm ∗2π= 0.016 rad.
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Static parasitic interference signals
The amplitude of the desired signals is significantly greater than that of the unwanted signals as a result of the
design effort, the cross term of an error signal with the desired signal is the greatest error source. However,
if the phase difference is approximately constant and the modulation of that phase is negligible or approxi-
mately equal to the modulation of the desired interference term these terms also reduce to an offset in the
signal. For a double reflection between two parallel surfaces inside the interferometer the phase difference
is almost constant, as it only changes with temperature and the distances inside the interferometer are in
the order of 10−2 m with an thermal expansion in the order of 10−5 K−1 giving a temperature dependent dis-
placement in the order of 0.1µm/K resulting in a phase difference 0.4 rad/K for the parasitic interference. If
the temperature changes the measured distance also changes as both of the interference experiments are
unbalanced.As the phase sensitivity to temperature of the PM fibers is in the order of 5×10−6 K−1 [37] with
a fiber length of multiple meters the displacements in each of the interference experiments are assumed to
be significantly greater than the change of phase for the static PIS the ellipse-fitting correction can correct for
these errors.

Known errors
The signal mixing due to a finite extinction ratio in PBS2 causes a significant non linearity error as the magni-
tude of this signal is significant, however the phase difference of this mixing signal with the reference signal is
known from the other interference experiment. If the magnitude of this crosstalk is established by a calibra-
tion step this error can be corrected for. The stability of the magnitude of the error between calibration steps
should be in the same order of magnitude as the uncorrected non linearity errors.

Cat’s eye retroreflector error
The error signal due to the polarization change in the cat’s eye retroreflector reflects of both the target mirror
and the reference mirror once. By placing the reference mirror at such an angle that these reflections intro-
duce a wavefront tilt the interference contrast of this can be reduced by the same factor as shown in figure
7.7. If the reference mirror is rotated by at least0.9 m and the target mirror is tilted 0.4 m which is greater than
the requirement for angle acceptance, the wavefront rotation is 1 m reducing the interference contrast of this
error signal by a factor of 0.018. As the reference mirror is placed at the virtual retroreflecting plane no beam
shear will occur. The resulting error due to this crosstalk source is then0.013∗0.018 = 0.0024.

Two times the QWP
The error due to two times a retardance error is an extra double pass of the measured cavity. For a perfectly
aligned target any effects that would reduce the interference contrast of this error will also reduce the contrast
of the desired signal. For a tilted target the beam shear for the error signal is twice that of the measurement
signal, which reduces the intensity of this error for a tilted target at a longer target distance. For the internal
measurement this effect is negligible as the reference mirror is mounted in the virtual retroreflector plane. As
calculated in section 7.1.2 the magnitude of this error is 0.0632 = 0.0040.

QWP and PBS1
The error due to the finite extinction ratio of PBS1 and the QWP can either be due to the finite extinction
ratio for transmission or for reflection. They are 1 : 402 and 1 : 955 respectively. Which translate to a 5.0% and
a3.2% amplitude. In all the possible paths this signal takes it always reflects an odd amount of times of the
target and reference mirror. The same effect used for the crosstalk due to the cat’s eye retroreflector can be
used to reduce the interference contrast for this signal. The magnitude of this error for the extinction ratio
for transmission is then 0.063∗0.05∗0.018 = 0.000057 For the extinction ratio for reflection the magnitude of
this error is 0.063∗0.032∗0.018 = 0.000036.

Two times PBS1
An error due to the product of two times the finite extinction ratio of PBS which is a combination of the
extinction ratio for transmission and reflection. Also reflect an odd amount of times of each mirror, so the
same wavefront tilt can be used to reduce the interference contrast again. The magnitude of these errors is
then 0.032∗0.05∗0.018 = 0.000029

However in the last pass of the PBS the error signal due to a finite extinction ratio for transmission as a product
with the same finite extinction ratio mixes this signal with the incoming signal, creating a second double pass
of the target distance, and the same happens for the finite extinction ratio for reflection for the first reference
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signal. For one signal the error signal is then the product of two times the extinction ratio so 0.05∗ 0.05 =
0.0025 for the target measurement and 0.032∗0.032 = 0.0010 for the reference signal.

The path length of this error signal is always longer than the measure signal, therefore the modulation depth
of this error is greater. For a greater modulation depth than the desired signal the demodulated quadrature
signal is greater than the DC quadrature signal in comparison to the desired signal. If the phase of this par-
asitic interference signal is 0.5π or 1.5π The amplitude of the demodulated quadrature signal is maximal,
which will produce the greatest non linear errors for the signal mixing term with modulation depth. The
maximum modulation depth of this error source is the modulation depth of the delay line with twice the
possible variation in modulation depth added. For a maximum target distance this difference in modulation
depth is at a maximum, the modulation depth for the desired signal is then 1.533 rad giving a J1(Φ) = 0.5623
and the modulation depth of the error signal is then 1.886 rad giving a J1(Φ) = 0.5815. The non linearity error
scales with the same factor which is approximately 1.034. This is not a significant increase in error, and the
DC signal mixing error still is significantly greater.

Combined uncorrected errors
The addition of the non linearity errors which can not be corrected directly is shown in table 7.5 it follows that
the non linearity error of the interferometer is 0.73 nm.

Name of error amount of different paths relative signal amplitude phase error
Retroreflector error 2 0.0023 0.0056

2x QWP 2 0.0040 0.0094
PBS1,t & QWP 3 0.000057 0.000165
PBS1,r & QWP 3 0.000036 0.000086
PBS1,t & PBS,r 4 0.000028 0.000097

2x PBS1,t 1 0.0025 0.0042
2x PBS1,r 1 0.001 0.0017

Total error RSS 0.0119

Table 7.5: The sources of uncompensated non linearity errors, the magnitude of the error signals and the resulting non linearity errors.
The total phase error of 0.0119 results in a 2.92 nm non linearity error for the optical path length. As the double pass sensor head has a
factor four optical resolution this results in a 0.73 nm non linearity error.

7.3.3. Thermal drift
Thermal drift of the signal is the result of any thermal influence on the measurement signal, for instance the
thermal expansion of unbalanced portions of the signal, but also a cosine error due to a defocus of the cat’s
eye retroreflector due to a mismatch in the thermal balancing.

Unbalanced thermal expansion
The sensor head is thermally balanced by concept, however due to finite manufacturing precision in the non
common paths unbalanced thermal expansion can be measured. The sensitivity for these parts is computed
as the expansion of the glass part times the difference in refractive index with the environment and the change
of refractive index as a product with the length of the unbalanced part. This can be described by equation
7.31 where n is the refractive index of the medium, α the Coefficient of Thermal Expansion (CTE), dn

dT the
thermo-optic coefficient and L is the length of the path through the medium.

eexpansi on

dT
= L

dn

dT
+ (n −1)αL (7.31)

For the polarizing beamsplitter the tolerance on the size is +0 -0.2 mm and the material is N-SF1 with a
refractive index of 1.68 a thermo-optic coefficient of 0.0×10−6 K−1 a CTE of 9.1×10−6 K−6 giving a 1.2 nmK−1

thermal error for the PBS. The effect due to the cement layer being passed four more times by one signal with
respect to the other is also taken into account in this error source as the thickness tolerance is specified with
the cement layer already in place.

For the QWP there is no tolerance on the thickness of the glass plate specified, given the nominal thickness of
3.2 mm a tolerance of 0.1 mm or better can be assumed. The material is N-BK7 with a refractive index of 1.5 for
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light with a 1550 nm wavelength. The thermo-optic coefficient is 2.4×10−6 K−1 and the CTE is 7.1×10−6 K−1

resulting in a 0.6 nmK−1 thermal error per pass of the QWP.

A finite precision in the placement of the reference mirror and the placement of the glass assembly inside
the frame can result in a displacement of the virtual thermal reference plane. as the mirror is front surface
coated and mounted on the front surface as well the thickness of the mirror does introduce a deviation. The
glass assembly is mounted with a thermal center placed at the end of the beamsplitting surface, such that a
thermal expansion does not displace the beamsplitter surface. A 0.25 mm tolerance on the placement of the
reference mirror with respect to the thermal center and a CTE of the frame of 10.4×10−6 K−1 resulting in a
2.6 nmK−1 thermal error for the position of the mirror.

Cosine error of the cat’s eye retroreflector
The focal distance of the cat’s eye retroreflector can change with temperature, the sensor is designed to min-
imize this change by using thermal compensation. For the contrast reduction a maximum allowed beam tilt
of 100µrad due to the cat’s eye defocus is specified. This budget is specified over the temperature range from
the alignment temperature of 20 °C to the maximum temperature of 35 °C the resulting thermal cosine error
for this extra beam tilt is 10 nm for the 15 K temperature range, resulting in a thermal error of approximately
0.6 nmK−1. The thermal compensation should be better then 17µm over the temperature range for a focal
distance of 46 mm.

Error source thermal error per degree K
Deviation in form PBS1 1.2 nm

Mounting tolerance reference mirror 2.6 nm
Difference in thickness QWP’s 0.6 nm

Cosine error misalignment 0.6 nm
Total thermal error RSS 2.98 nm

Table 7.6: Error budget for unbalanced thermal expansion

7.4. Assembly and Alignment plan
To create an assembly where the tolerances are met specifying very strict manufacturing tolerances some
alignment steps can be added to compensate for the tolerance trains due to manufacturing.

In this section the required alignment steps are shown schematically, specifying the alignment resolution and
stroke togheter with a method to provide feedback during alignment.

7.4.1. Cat’s eye focus
The focus of the cat’s eye lens is an active alignment step as the focal distance of the lens can vary from
lot to lot for of the shelf lenses and the mechanical tolerances are preferably significantly lower than the
tolerance on defocus. A setup as indicated in 7.8 can be used to check the parallelism between the incoming
an returning beam. The beamsplitter is positioned such that the returning beam does not travel through
the beamsplitter before being incident on the retroreflector. By doing two position measurements of the
beams at two different locations the angle of the beams with respect to each other can be determined. For
this setup it is important that the two PSD’s are mounted in the same plane to reduce the sensitivity to a
tilt of the beamsplitter and psd assembly. The accuracy of this setup is limited to the accuracy of the cube
corner retroreflector, which has a parallelism better than 15µrad and the resolution of the PSD’s which have
a resolution of 5µm [43? ]. With this setup an parallelism of 100µrad can be achieved requiring an actuation
in the order of 10µm, which can be done by using a Nanoflex stage from Thorlabs [41].

7.4.2. Beamsplitter alignment
The second alignment is the mounting of both polarizing beamsplitters with respect to each other. A rotation
about the optical axis causes a polarization crosstalk similar to the crosstalk of the finite extinction ratio
of PBS2, as this is a compensated error some error may be left after alignment. To create an error equal
than the finite extinction ration of the PBS itself the alignment should be better than 30 mrad. As both the
beamsplitters are made as a combination of two prisms the side of the PBS may not be perfectly flat, with the
dimension tolerance of - 0.25 mm over a 12.7 mm side the alignment can be off by 40 m in worst case. In order
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Figure 7.8: The alignment of the cat’s eye focal distance. The insert with the mirror is moved such that the returning signal is parallel
with the incident light. Two PSDs are used to check the distance between the retro-reflected returning light and the incident light at two
distinct locations.

to limit the magnitude of the error PBS2 is actively aligned before being glued together to the glass spacer
and PBS1. This alignment can be done to 3 mrad such that the alignment does not cause any significant
contribution to the error.

Figure 7.9: Alignment of the polarization axis of the two PBS with respect to each other, the light is polarized by the first PBS and the light
should pass through the second PBS, the first PBS is aligned to minimal signal intensity on the photodiode.

7.4.3. QWP alignment
For the alignment of the QWP first a linear polarizer is aligned with the PBS to create a linear polarization
state with a higher degree of polarization than the PBS does. Then the QWP is mounted in the manual stage.
The motorized stage rotates at a constant frequency such that the polarization state after the QWP can be
measured on an oscilloscope. If the polarization state is elliptical the rotating linear polarization creates an
AC signal on the photodetector, if the polarization state is perfectly circular the amplitude of this AC signal
diminishes and only a DC signal is visible. By keeping the rotation speed at a constant value a filter can be
used to reduce the sensitivity to unwanted disturbances during the alignment. A QWP in double pass with
a mirror can be seen as the same effect of a half waveplate, which rotates the polarization by twice its own
rotation. The signal crosstalk due to a misaligned linear polarization can be expressed in equation 7.32 where
E0 is the original field amplitude and Eer r is the amplitude of the unwanted signal and θQW P is the angular
deviation of the QWP with respect to its intended position.

Eer r

E0
= sin2θQW P (7.32)

For the alignment to not introduce a significant non linearity error the error signal should be lower than one
tenth of the error signal due to the finite retardance accuracy. Eer r

E0
should be lower than 0.0063 which results

in a 3 mrad tolerance for this alignment.

7.4.4. Collimator 1 alignment
The first collimator is aligned to create a beam exiting the sensor head perpendicular to the mounting surface
and to create a maximal intensity signal on the photodiode. By aligning the collimators after all components
are placed in the interferometer the tolerance stack for the mounting of the other components should only
stay within the alignment stroke of this step and therefore the tolerances can be relaxed for manufacturing.

The collimator is held with an manipulator, as there is an Hexapod available that can be used with a mount
for the collimator. The collimator is first aligned to exit the sensor perpendicular. This alignment is checked
by mounting the sensor head on a jig with a perpendicular guide rail. Then a PSD is placed in front of the
sensor head, and this PSD is moved along the guide rail to determine the position of the beam along the path.
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Figure 7.10: Alignment of the quarter waveplate to the polarization state of the PBS, first the light is polarized by a linear polarizer, this
polarizer is aligned to the reflected polarization of the PBS to create a linear polarization, hereafter the quarterwaveplate is inserted
and the second polarizer is rotated by the motorized stage to create a polarization map. The quarter waveplate is placed such that the
resulting polarization is circular.

This setup is shown in figure 7.11 The lateral displacement with respect to the distance gives an misalign-
ment angle. The first reference signal travels to the reference mirror and to the first photodiode through the
interferometer optics, this signal can be used to align the collimator for the translations by searching for the
maximal signal intensity. This optical path is shown in figure 7.12. As the reference mirror is placed in the
virtual retroreflector plane of the cat’s eye retroreflector an rotation does not cause beam shear, and the posi-
tion of the spot for the reference signal corresponds to the position for the spot for a perfectly aligned target
mirror. At this location the collimator is locked by injecting a dual cure glue and curing this glue by UV light.

Figure 7.11: Alignment of the first collimator, the sensor head is placed inside a jig with a guidance rail attached to it, the PSD is moved
along the guidance rail to check the position of the spot at different distances, the collimator is rotated such that the resulting beam exits
the sensor head as perpendicular as possible.

7.4.5. Second collimator alignment
The alignment of the second collimator is done to reduce the wavefront tilt and the wavefront displacement
such that the interference contrast is maximum for an unrotated target mirror. An external reference mirror
is placed at the virtual retroreflection plane, at the point where the second photodiode would be placed the
light exits the sensor head and a non polarizing beamplitter is placed. Close to the beamsplitter a PSD is
placed and at a significant distance behind the beamsplitter a second PSD is placed. By switching the laser
signal to one collimator at a time the position of one spot at each PSD can be determined, if the laser signal
is then send through the other collimator the spot position of the light exiting the second collimator can be
seen on both PSD’s. First the collimator is rotated such that the the distance between the spots on the PSD’s
is equal, if this is the case both signals are parallel and the collimator is translated such that the lightbeams
overlap.

Again the collimator is locked in place by a double cure adhesive which is cured by UV light.

With the use of the CONEX PSD10GE the spot position can be determined with 5µm resolution [23], with a
1 m distance between the PSD’s the the angle can be determined with a 5µrad resolution and the beam over-
lap can be determined by the PSD resolution. The available PI Hexapod has minimal incremental motions
of 0.2µm for x and y translations and 0.08µm for z translations. For the rotations the minimal incremental
motions are respective 2.5µm and 5µm for Rx and Ry and R [28]. This setup can therefore be used to create
an alignment in the order of 50µrad. Leaving 50µrad budget for drift due to glue curing.
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Figure 7.12: The reference signal follows the signal path towards the photodetector, the collimator is now placed such that a maximum
intensity is detected at the photodiode.

Figure 7.13: The second collimator is aligned such that the signal from the first collimator and the second collimator are parallel and
coincident. Both signals are turned on and off one after each other and the spot positions are checked at two locations with PSDs.

7.4.6. Photodiode 2 alignment
The last step is the placement of the second photodiode. As the tolerance train on the thickness of the PBS’s
adds up to a displacement of PBS2 and therefore the mirror plane between the photodiodes and both colli-
mators are aligned to have maximal signal at the first photodiode the second photodiode is actively aligned
by placing it with an external manual stage and locking it with two screws over which a torque relieve plate is
positioned.



7.4. Assembly and Alignment plan 53

Figure 7.14: The second photodiode is placed at the location where the maximum signal intensity is found. Any one of the two signals
from can be used for this alignment.





8
Conclusion and recommendations

Conclusion
A novel source concept is presented which deminishes the inter axis dependency between multiple measure-
ment axis which is present in a fiber fed DFB laser interferometer. By adding a delay line the relative change in
modulation depth can be minimized which gives the possibililty to set the laser modulation to a static value
for a known range. Therefore eliminating the dependency of the range of the secondary axis on the target
distance of a master axis. As a result the interferometer is suitable to measure multiple independent degrees
of freedom at the same time.

The introduction of the delay line requires a novel sensor head design, four suitable concepts are presented.
The concept that can be built with mostly off the shelf parts is designed in more detail to create a demon-
strator for this source concept. The designed sensor head has a 0.73 nm non linearity error, a thermal error
of 2.98 nm/K, the noise contribution of the photodiode is insignificant for the systems position noise. These
specifications are met with all off the shelf optics except for a glass spacer with a right angle prism to create a
preferred form factor. The sensor can work in a low vacuum environment however the focal distance of the
cat’s eye retroreflector changes and this introduces a cosine error in the measurement, with calibration this
error can be corrected for.
By placing the photodiodes on board the interferometer only a single optical vacuum feedthrough is nec-
essary if the fiber splitter is placed in the vacuum and two if the splitter is placed outside the vacuum ad-
ditionally the common path which introduces speed dependent errors is minimized. No lifetime limiting
components are placed inside the sensor head, by using a low power laser source the effect no detrimental
effect on the optical coatings is created. With an alignment procedure the tolerance on the mechanical parts
are relaxed making these parts relative easy to produce. The size of the interferometer is approximately twice
the nice to have. If more custom parts would be used the interferometer could be smaller in size. Therefore
the presented sensor head fullfills all the requirements and almost all nice to haves.

The error signal due to the polarization change in the cat’s eye retroreflector for a finite spot size is significant
and is reduced by reducing the contrast of the interference in the sensor head, a platinum coated CCR would
have been better suited as a retroreflector for lower errors and lesser alignment steps.

Recommendations
The concept for the delay line together with the concepts for the sensor heads presented in this thesis can
be used as a starting point for further development of low cost high precision interferometers. More research
for smaller sensor heads with less optical components and preferably little to no alignment procedures could
lead to a broader application for high precision measurement.
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