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Executive summary

In this thesis report it has been researched if LUNASYS is operational for the SAFARI
instrument. The requirements for LUNASYS were not clear yet. It was my task to
gather, determine and check these requirements. It became clear that the initial system
configuration of LUNASYS does not meet the requirements as specified in the table
below. The maximal required electrical power of LUNASYS surprisingly doesn’t meet the
requirements either.

Type of parameter Required value Specified value Meets requirements?
Stroke 34.5 (mm) 34.5 (mm)
Accuracy 10 (nm) over 200(s)1100 (nm) over 1 (h
Resolution 1 (nm) 0.19 (nm)

Sample frequency 439 (Hz) 781 (Hz)

Heat load 100 (uW) 20.9 (uW)

Stray light power 0.89 (W) 2.4E-12 (W)

Space qualified No No

Maximal required electrical power 1.0 (W) 6.67 (W)
Functionality at cryogenic temperature Yes No

Relative displacement measurement Yes Yes

Laser + electronics placed in room of 293 (Kes Yes

Sensor head placed near the ODL Yes Yes

In order to make the system space qualified, the exact requirements for space
qualification need to be known. The most important ones are: vacuum tolerance, the
maximum radiation dose and the maximum radiation dose rate. Also very important is
the reliability about the origin of the batch of the component and the test results of the
batch. For space qualification there exist clear rules. It is best to use the expertise of
SRON for this.

A lot of research was performed in order to determine what requirements LUNASYS did
not meet and to what extent. From this it became apparent that the accuracy due to
drift was the bottleneck of the design. This is why more research was done to determine
the cause of the drift.

The possible causes for the drift have been stated, and after further analysis it has been
shown using experiments that temperature disturbances acting on the reference and
measurement arm are the dominant factor causing the measurement drift.

Reduction of the drift or compensation of the drift is possible; however it would be wiser
to prevent the drift from happening. For this it would be better to come up with a
completely new concept which is based on minimizing the drift.

New concepts indeed have been developed, where the drift has a negligible effect on
the accuracy of the measurement system. In these concepts the measurement drift due
to temperature disturbances has now been minimized to an error of €remp=0.75 (pm).
Besides the problems with the accuracy, it also enables less strict demands regarding
functionality of the optical components at cryogenic temperatures. This is because for
the new concept fewer components need to be placed at a temperature of 4.5 (K). Also,
a possible solution has been worked out to reduce the stray light power to acceptable
levels. This concept needs to be built and worked out in detail in order to validate its
functionality.
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1 Introduction

This master thesis was requested by Pim Kat, director of the Technobis Group, on the
4™ of April 2011.

In Figure 1-1 a schematic overview of the architecture of all the relevant systems and
subsystems for the design of the fiber optic interferometer is shown. The name of the
companies responsible for the design of each system is also included in the diagram.
The system is arranged from top to bottom respectively from system, to sub system,
sub-sub system etc.

Full system

(Top level) SPICA
(JAXA)
< SAFARI >

Mach Zehnder
interferometer
(TNO)

Fourier Transform Spectrometer
(FTS) mechanism

(TNO)

|

Optical Delay Line (ODL)
(TNO)
Optical Path Difference Optical Path Difference
(OPD) actuator (OPD) metrology
(TNO &magnetic innovations) (TNO)

v Fiber optic mterferometer Electromcs + software
(Name = LUNASYS)
Subsystem (Technobis) (SRON)

(Bottom level)

Heat shields +

C Focal plane
cryo cooling

arrays

(SRON) (SRON & MECON)

Figure 1-1 Diagram of the system architecture including the systems and subsystems
directly influencing the design of the fiber optic interferometer. The non-specified
systems are not included in this diagram

In order to do observations in space in the far infrared light spectrum the SPICA/SAFARI
project is started (SPICA = Space Infrared telescope for Cosmology and Astrophysics,
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SAFARI = SpiCA far infrared Instrument). Its high spatial resolution and unprecedented
sensitivity in the mid- and far-infrared makes it possible to perform the desired
observations in this spectrum. With this information it will be possible to determine the
composition of the gasses surrounding a celestial body. This telescope is equipped with
three instruments; SAFARI is one of these instruments. SAFARI can be subdivided into
multiple components. Three of these components are the heat shields with cryogenic
cooling, the focal plane arrays and the Mach Zehnder interferometer.

Because SAFARI has to detect very small signals, undesired radiation, which could
disturb the measurement signal, has to be reduced. Thermal radiation decreases with
temperature, so for this reason SPICA has cryogenically cooled zones within telescope.
To keep the thermal radiation minimal, the focal plane arrays are cooled by mechanical
and passive cooling. The heat shields and cryogenic cooling are necessary to keep the
temperature low at the focal plane arrays. In Figure A-la the basic configuration of
SPICA is displayed. It can be seen that the main structure consists of multiple layers; in
Figure A-1b a schematic conceptual view of the cryogenic system is shown. The
cryogenic cooling system uses radiators with mechanical coolers to transfer heat to the
surroundings.

The focal plane arrays are built up out of several charge coupled devices (CCDs). They
are used to measure the very low light intensities.

The baseline optical configuration of SAFARI is a Mach-Zehnder imaging Fourier
Transform Spectrometer (MZFTS). Because this instrument also suffers from thermal
noise this instrument is placed in the cryogenic cooled region of SPICA. The MZFTS is
shown in Figure 1-2.

B =Mirror 1 =M1
B = Mirror 2=M2

(a) (b)

Figure 1-2 (a) Mach Zehnder imaging Fourier Transform Spectrometer (MZ-FTS) used
in SAFARI. The red circle indicates the FTS mechanism. (b) Indication of the mirrors
that are positioned with a feedback mechanism [17]

As the name implies, a Fourier Transform Spectrometer (FTS) mechanism can be found
within the MZFTS. The FTS mechanism scans an auto-correlation function of light
correlated with a time-delayed version of itself. The wavelength spectrum of the
measured light is equal to the FFT of this auto-correlation function. This process is called
a spectral deconvolution.
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In order to measure the intensity of a certain wavelength the velocities of the mirrors
M1 and M2 in Figure 1-2b need to be controlled. For this reason the Optical Delay Line
(ODL) is designed.

As shown in Figure 1-3 the mirrors are attached to this mechanism and by the Optical
Path Difference (OPD) actuator the translational motion is generated. This actuator is
basically a linear motor with magnetic bearings that moves the mirrors over a certain
stroke. During launch the actuator is mechanically fixed by the launch lock actuator
shown in yellow in Figure 1-3.

FTSM
moumting
peents

Launch Lock
acthudbor

Figure 1-3 A concept of the cryogenic ODL on a magnetic bearing with the attached
mirrors that need to be positioned [17]

In order to apply feedback, a measurement system (OPD metrology) is needed to
measure the position of the mirrors.

This measurement system consists of a sensor; a fiber optic interferometer called
LUNASYS. This fiber optic interferometer is made by Technobis and SRON.

Furthermore, LUNASYS uses electronics and software to readout the output of the fiber
optic interferometer, apply the feedback and control the actuator.

Technobis would like to know if the current setup of LUNASYS is operational for the
SAFARI application or not. In the content of this report by operational there is meant,
that it functions according to the SAFARI requirements. And if not, they would like to
know what needs to be improved in order to make it operational for the SAFARI
instrument.

In the second chapter of this report the working principle of the fiber optic
interferometer is explained. In chapter 3 the requirements for the fiber optic
interferometer are determined and clarified. After this a specification of the current
design is made in chapter 4, in order to see if the initial setup of the fiber optic
interferometer meets the requirements. As a result of this research it seemed that the
accuracy will be the limiting factor on the design. The system suffers from drift that
highly influences the accuracy of the fiber optic interferometer. Drift is a small
continuous change in the measurement value of a measurement instrument over time,
while the value that should be measured remains constant. For this reason the most
important factors that influence the drift of the fiber optic interferometer will be
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researched in chapter 5. Improvements on the system are made in chapter 6. When it
seemed that these improvements were not good enough to meet the requirements, a
new concept for the fiber optic interferometer is introduced in chapter 7. Finally the
conclusions of this thesis will be presented and recommendations will be made in
chapter 8.

1.1 Problem setting

The problem setting of this thesis consists of three parts; definition of the main problem,
the goal and the scope of this thesis. In the scope of this thesis report it is determined
what parts of the SAFARI instrument are of importance for this research and finally the
research method will be treated. In the research method there is briefly described what,
why and how certain things are researched.

1.1.1 Research questions

As mentioned in the introduction, the main goal of Technobis is to build a system that is
operational for the SAFARI instrument. The main goal of this thesis is to determine
whether the current system that is built by Technobis is ready for this task or not.
Therefore, the following research question with its corresponding sub questions has
been formulated.

1) Is the current setup of LUNASYS operational for the SAFARI
instrument?

a) What are the requirements for LUNASYS for the SAFARI application?
b) What are the specifications of the current setup of LUNASYS?

When it seemed that the current setup of LUNASYS was not yet operational for the
SAFARI instrument, a second main goal for this thesis was formulated.

If LUNASYS is not operational for the SAFARI instrument yet, insight should be gained
about the limiting factors that cause that LUNASYS is not operational for the SAFARI
instrument. If possible the issues should be solved. This leads to the second main
question and its sub questions.
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2) What needs to be improved on the current setup of LUNASYS to make
the system operational for the SAFARI application?

c) Is temperature the dominant factor causing the position drift of LUNASYS?
d) What needs to be improved on the current setup of LUNASYS in order to reach
the targeted requirements?

1.1.2Scope

In the introduction a brief description of all systems, subsystems, sub-subsystems etc. is
given. Without going into further detail on all systems within the SAFARI instrument,
Figure 1-1 shows that the fiber optic interferometer is a small subsystem of a larger
system. Also there is some interaction with some of the other subsystems within
SAFARI. In this thesis only the systems within SPICA that interact with the fiber optic
interferometer are shown in Figure 1-1. There are more systems on board of SPICA that
interact with the fiber optic interferometer. Because these systems are not specified yet,
the interaction with the fiber optic interferometer is not mentioned in Figure 1-1.
Consequently it is assumed that the systems that are not displayed in Figure 1-1 are
beyond the scope of this thesis.

1.1.3Method

In the content of this report sometimes there is referred to a fiber optic interferometer
and sometimes to LUNASYS, note that as stated in the introduction, LUNASYS is the
name of the fiber optic interferometer.

In order to answer the first research question the functional requirements for the system
should be known. Unfortunately the requirements for the fiber optic interferometer
aren't precisely known. The requirements known about the interferometer are spread
over several documents and most of these requirements are not well formulated or even
incorrect. On top of this, the entire SAFARI instrument is still in conceptual phase and
the design of different parts of this instrument is continuously changed. Therefore, the
requirements for the fiber optic interferometer also change.

The design process of the fiber optic interferometer is done according to the V-model of
systems engineering. The applied model is displayed in Figure 1-4.
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Functional requirements Realised functions

Feedbackloops

Subsystem design

Detailed design Timeline

Figure 1-4 The V-model of systems engineering divides the design process of a
complex system both in time and in levels of complexity [4]

Applying the V-model organizes the design. It gives better insight to where certain
requirements come from and why certain design decisions are made. This is especially
true for complex systems like the SAFARI instrument and its subsystems. Another
benefit of applying the V-model is that it organizes the way of working.

After determining the functional requirements on top level of the V-model, these
requirements can be translated to lower level requirements. If this process is repeated
from top to bottom, the requirements for the fiber optic interferometer can be
determined. This is followed by determining the specifications of the current setup of the
fiber optic interferometer. These obtained specifications result in the answers to the first
two research sub questions. With these answers the first main research question can be
answered. When the specifications are determined some starting points are used to
calculate lower level specifications. These starting points are treated in chapter 4.
Because not all specifications of the interferometer are known, certain detail analyses
are simplified or not even made at all.

During the design phase of the V-model (left side of the V-model) it sometimes happens
that the specifications of sub-system cant meet the requirements. If a certain
requirement is not feasible at a lower subsystem, then perhaps the requirement could
be changed at a higher level of the design. This process could also be used during the
realization phase of the design (right side of the V-model). During the realization, each
sub system will be verified with the sub system requirements. Finally the total system
will be verified with the full system requirements.

During this research it is concluded that the current system doesn't meet the set
requirements. The precision of the measurement system seemed to be the bottleneck of
the design. The biggest impact on the total precision of the system seemed to be the
drift of the position signal.

In order to find all possible causes of the drift a global model of the interferometer has
been made and analyzed. The main cause of the drift of the position signal seemed to
be related to the temperature. This supposition has been confirmed during the first
integration test of the optical setup of the fiber optic interferometer from Technobis and
the detector electronics and software from SRON. When a heat source came nearer to
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the reference arm or the measurement arm, the position signal clearly increased
drifting. The result of this measurement is shown in chapter 5.

Summarize Determine
possible drift »{ dominant drift
causes cause

Analyze dominant Validate dominant
drift cause drift cause

A

Figure 1-5 Block schedule representing the analysis of the cause of the drift

The cause of the drift is analyzed according to Figure 1-5. First the possible causes of
the drift are summarized and each cause is analyzed. It seemed that temperature is a
dominant factor causing the position drift. Hereafter, a model is made to determine
where the impact of a temperature disturbance on the fiber optic interferometer will be
greatest. It seemed that the biggest impact of a temperature disturbance is on the
reference arm and the measurement arm of the fiber optic interferometer. For this
reason drift measurements are performed while the temperature in the measurement
arm and the reference arm is measured, in order to see if the position drift and the
temperature are related to each other.

In order to exclude as much external influences on the drift as possible, the
measurements need to be performed with certain improvements on the fiber optic
interferometer. However, not all improvements have been applied to the fiber optic
interferometer during the experiments. This is because the measurements had to be
performed before a certain time. The reason for this is that the needed people and
facilities where not available on a later date. So as a consequence of this not all
improvements were applied to the experimental setup when the measurements were
performed at SRON. For this reason the measurement setup is partially conform the
initial specifications and partially conform the new system specifications that are given in
chapter 6. As a result from these measurements, it was concluded that temperature
disturbances on the measurement- and the reference arm were the dominant factors for
the position drift.

Due to the little amount of time left, the decision has been made to think of some new
concepts that suffered less from position drift as a consequence of temperature
fluctuations. This is done instead of continuing with the old setup. These new concepts
are treated in chapter 7. There it is shown why each setup is more beneficial than the
initial system setup.

Finally the conclusions and recommendations of all obtained results are summarized in
chapter 8.

This report follows the following layout:

Introduction
Assumptions
Modeling
Result
Validation
Discussion
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Not all points mentioned above are necessarily added to each paragraph. Some
paragraphs may deviate from this layout. The points added to a paragraph depend on
what points are applicable to the subject.
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2 Initial system configuration OPD metrology

In this chapter the working principle of the initial system configuration of the Optical
Path Difference (OPD) metrology will be explained. In order to find out if the current
setup of the fiber optic interferometer is operational for the SAFARI instrument it needs
to be understood how this interferometer works.

First it is explained how the OPD metrology functions within the Optical Delay Line
(ODL). Then the OPD metrology is split into the three main subsystems of a
measurement system defined in [4] as the structure of a measurement system.

The fiber optic interferometer is part of the ODL. The OPD metrology is used as the
sensor for the control loop of the (ODL). Schematically the control loop of the ODL and
its components are displayed in Figure 2-1. The goal of the ODL is to move a mirror with
high precision and accuracy over a certain stroke in the Fourier Transform Spectrometer
(FTS). In the introduction this system is described in more detail.

—— e — e — )
reference (m) error (m) current (A) oPD force (N) Mechanical structure mirror position x (m) |
| Controller | actuator ] of the mirrors >
| Measured mirror position x (m) Fiber optic

interferometer |
| Control electronics + software Hardware I

Figure 2-1 Control loop of the ODL used for positioning of the mirrors used in the FTS

Now that it is known how the ODL is built up and where and for what reason the OPD
metrology is used, it will be made clear how the different components in the OPD
metrology interact with each other. This in order to make sure that this total system
works. The OPD metrology is basically built up as shown in Figure 2-2.

Mirror position Sensing curent® [ Signal Voltage (V) Signal Output Measurement
_ L s . - . >
conditioning processing
Fiber optic Transimpedance ADC + digital filter
interferometer + amplifier + filter + Computer

photodiodes

Figure 2-2 Blok schedule of the OPD metrology
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The position of the mirror is sensed by the fiber optic interferometer and the physical
input is transduced to an electric current. The analog output signal of the sensor is
manipulated to fit the Analogue to Digital Converter (ADC) range for further processing.
After the conditioning of the signal, the signal is converted to a digital signal and the
digital signal is analyzed and processed to a useable quantity that indicates the
measured mirror position. The output of the measurement system can then be used to
compared to the reference position in order to determine the position error.

2.1 Sensing

Referring to Figure 2-2, an important part of the OPD metrology is sensing. Sensing is
done by a fiber optic interferometer. The principle of interference between two light
waves and the working principle of a Michelson homodyne interferometer are described
in reference [30] and [37] respectively. The configuration of the main parts of this
sensor is shown in Figure 2-3. A more detailed description of the sensing part of the
OPD metrology is shown in Figure B-9.

Displacement
Not connected

Optic signal

Electric signal

Reference arm
circulator | Fem_—_———————— |

Laser

3x3 |
splitter |

—_—— e e —— =

—_——— e ——— — — — — —

Signal
processing

Signal
conditioning

Moving

Lens .
mirror

Detector system

Measurement arm

Figure 2-3 System model for the initial system configuration of the fiber optic
interferometer

A detailed indication of the optical power in all the components shown in Figure 2-3 can
be found in appendix B.2 (Figure B-9 and Table B-2). The configuration of the fiber optic
interferometer shown in Figure 2-3 differs from a Michelson homodyne interferometer in
two main aspects: a circulator is used to guide the reflected light to the detector and the
main beam splitter is replaced by the 3x3 splitter.

Now it will be briefly explained how the initial system configuration of the fiber optic
interferometer is built up. A laser creates a monochromatic light bundle with a
wavelength of 1550 (nm). This light is guided through FC APC SM cables (fixed
connection angled physical contact single mode). In order to connect the cables FC APC
type connectors are used. After the light leaves the laser and passes through the cable
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and the connector the light arrives at the circulator. A circulator is an optical component
that consists of 3 optical connections. In Figure 2-4 the optic symbol for a circulator is
shown.

;K@Lﬁ

Figure 2-4 Schematic symbol for a circulator

A circulator basically works as an optical diode. Referring to Figure 2-4 the light enters
at 1 and then exits the circulator at 2. When the light enters the circulator in 2 it exits at
3. So basically there are only two different paths possible for the light to travel along,
path 1-2 and path 2-3. Lasers become quickly unstable when a small part of the exiting
light gets reflected back into the laser. So the circulator prevents unstability of the laser
due to back reflections of light from individual parts of the system. After the light passes
through the circulator it reaches the 3x3 splitter.

The 3x3 splitter, also called the splitter or the coupler, ideally splits the entering optical
power equally over the three outputs. A 3x3 splitter basically consists of three fiber
claddings twisted around each other. After twisting, the fibers are stretched out while
they are heated. Due to the geometry of the twisted claddings, cross talk of the
evanescent field around the fiber occurs. If the intensity is equally distributed over the
three exiting fibers, then as a consequence of conservation of energy, the phases of the
three exiting fibers have a 120 degree phase difference with respect to each other [26].
This is explained in equation (2.3) where a function is described. The optic symbol for a
3x3 splitter is shown in Figure 2-5.

%: s;?lﬁ?er :%

Figure 2-5 Schematic symbol for a 3x3 splitter

According to reference [17] and [18], the three output powers can be written as a
function of the three input powers.

P, =T,P

sp,out sp.in

(2.1)

Where:

10
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P_ ..(W)= Power of the splitter on the output

sp,out

P_ . (W)= Power of the splitter on the input

sp.in

T, (—) = Splitter power transformation matrix

Now consider the model of the 3x3 splitter in Figure 2-5. Ideally the output is coupled in
three equal powers. In this case the corresponding powers of fiber 4, 5 and 6 can be
calculated when the laser light with a unity input only enters the splitter in fiber 1.
Applying equation (2.1) results in the next output powers of the exiting fibers:

T,
P, =\P|=|T, T, T,|P|=|1/3 1/3 1/3||0|=|1/3

T, 1TR7 [1/3 13 1/3][1] [1/3
sp,out
F, \

S

W T, To||R | |1/3 13 1/3]|0] |[1/3

The phase is also changed by the splitter and can be written in a general form as a
phase transformation function.

fin _MHML) foul (2'2)

For three different input signals on the splitter the result of (2.2) for the
exiting signals is as followed:

f;‘n,l (I’¢l) f;'n,l (t’¢l)+ f;'n,Z (t’ ¢2 _]‘200)+-f;n,3 (t’ ¢3 +1200)
f;'n,Z (t’ ¢2) M f;n,l (t’¢l +1200) + f;'n,Z (t’ ¢2)+f;n,3 (t’ (03 _1200) (2'3)
f;'n,S (t’ ¢3) f;'n,l (t’¢l _120°)+f;‘n,2 (t’ ¢2 +120°) + f;'n,S (t’ ¢3)

Where:

f., (=)= Optic wave function entering the splitter

f,.. (=)= Optic wave function exitting the splitter

Adding the effect of the splitter power transformation matrix T, to this function, gives
the following result for the total relation between the input and the output of the
splitter.

f;'n,l (t’ (01) ]11 in,1 (t’¢l)+712 in,2 (t’ ¢2 _1200) +]113f;'n,3 (t’ ¢3 +1200)
f;‘n,Z (I’ ¢2) & TTZI in,1 (I’ ¢1 +120°) +7;2 in,2 (t’ ¢2 ) +7123 in,3 (t’ ¢3 _1200) (24)
f;'n,S (t’ (03) ];1 in,1 (t’¢l _1200) +T%2 in,2 (t’ (02 +120°) +7‘33 in,3 (t’ (03)

The function from equation (2.4) is applied to the configuration of Figure 2-5. If light
enters the splitter only at input 1, the output of the splitter can be obtained using
equation (2.4).

11
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h(t.9) T.f (t.¢)
f;'n = 0 M)fout = ’T21f‘1 (t’¢1+1200)
0 T, f, (1.9 ~120°)

The initial functional model of the fiber optic interferometer that is currently used,
including all the fiber connectors, fiber optic cables, photodiodes and all other parts is
shown in Figure 2-6.

Circulator

3x3 splitter

Laser

o RS~

Mov

Figure 2-6 Photo of the initial functional model of the fiber optic interferometer built
up by Finn van Rij

One output of the 3x3 splitter is not connected as can be seen in Figure 2-3. Because it
is undesirable to let the light exit the system uncontrolled, the end of this fiber is
connected to a connector with a closed end. This closed end prevents light from
reflecting back into the fiber optic cable. In order to create a fixed reference point,
relative from which the optical path difference is measured, a reference mirror is used
like in @ Michelson interferometer [30] and [37].

Grin lens

A GRadient INdex lens or a grin lens is used to collimate the beam that exits the fiber.
The grin lens directs the collimated light to the moving mirror to which the distance
needs to be measured and after reflection on the measurement arm, it couples the light
back into the fiber. The lens is built up from different layers of material with a different
refractive index, such that the refraction of the light is dependent on the vertical position
of the incident light. In the optical center of the lens the refractive index has the highest
value and further away from the center the refractive index becomes lower. In this way
the outer rays of the bundle leaving the fiber core are refracted most. A schematic view
of the light passing through the grin lens and the refractive index profile over the fiber
diameter is shown in Figure 2-7.

12
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Reflecting Refractive
Optical fiber GRIN lens Collimated light beam surface mndex profile
I — N .

Figure 2-7 Schematic view of light beams collimated by a grin lens reflecting on a
mirror [20]

The distance from a fixed point to the moving mirror on the FTS mechanism needs to be
measured. The light exiting the grin lens needs to be reflected back into the fiber. For
this purpose a reflecting surface (mirror) is used to attach on the moving mirror of the
FTS mechanism. In the content of this report when there is referred to the moving
mirror, the mirror of the fiber optic interferometer that is attached to the moving mirror
for the FTS mechanism is meant.

In the initial setup of the fiber optic interferometer a block of metal is used. This metal
block is placed on a linear optic stage as shown in Figure 2-8. In order to create a
manual controlled displacement that represents a displacement actuated by the FTS
mechanism.

Metal block acting as
moving mirror

Grin lens on the end of the
vellow fiber optic cable

Linear optic stage

Figure 2-8 Photo of the metal block used as a mirror on a linear optic stage. In the
lower right corner the grin lens is taped on a piece of polymer

Finally the measured irradiance of the optic signal or the electromagnetic power
representing the displacement of the FTS mechanism should be converted to a useable
electrical signal for further processing. For this purpose a FD100 photodiode is used. The
photodiode creates a current proportional to the incident light. Three photodiodes are
used, one for every output signal of the interferometer.

13
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2.2 Signal conditioning and processing

The output signal of the photodiode needs to be converted to a useable signal in order
to be sampled properly by the ADC. The analog signal of the photodiode is a small
current in the order of microamperes. The necessary signal for the ADC should be given
in voltages. The value of the ADC voltage should be spread over the biggest part of the
total range of the ADC. For the ADC128S102 this is 3 Volt. This ADC is a 12 bits
multiplexed ADC with 8 inputs and a maximum sample rate of 1(MHz). After sampling,
the signal can be analyzed and processed by the computer algorithm. These steps are
schematically shown in Figure 2-9 [7].

Sampled Digital
1 (A) U (V) U (V) digital signal signal

Analogue Digital
Signal Amplifier low pass ADC decimation Computer
filter filter

Figure 2-9 Block schedule of the signal conditioning and the signal processing for the
OPD metrology
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3 System requirements

The first research question of this thesis report was: “Is the current setup of LUNASYS
operational for the SAFARI instrument?” In order to answer this question the
requirements for LUNASYS for the SAFARI application need to be determined.

As described in the research method, the functional requirements need to be
determined from the top level downwards to the bottom level of the system
architecture. If it is known why certain requirements are formed, then this facilitates the
design of the fiber optic interferometer. So in order to gain insight in how these
requirements are formed, the requirements are written down for each subsystem of the
system architecture shown in Figure 1-1. In the next paragraphs these requirements will
be stated for each subsystem.

3.1 SPICA requirements

The many different components of SAFARI can’t be placed randomly in SPICA. There are
several main components that are restricted from certain regions due to temperature
requirements. To explain where these requirements come from, a few things need to be
explained about thermal radiation.

Two main features about thermal radiation are that all bodies at temperatures above
absolute zero, radiate electromagnetic waves. Secondly an ideal thermal radiator, a
black body, radiates at all wavelengths. The spectral emissive power of a thermal
radiator is wavelength dependent. The emissive power of a thermal radiator is shown in
the Planck curve of Figure 3-1.

Spectral Blackbody Emissive Power

0% T T ] I T 17 | T 11
108k Visible spectral region
AmaxT = 2898 um-K
107 - ] ]
Solar radiation
g 108
ES
“ s
£ 10
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5 10%
&
. 107
% 107
=
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s
i 100
107!
1072
1073
107! | | |

g I
0.1 02 04 06 1 2 4 6
Wavelength, A, um

Figure 3-1 Planck curve [32]
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In order to prevent stray light in the sensitive measurement system of SAFARI most
optical components are cooled to cryogenic temperatures. For this reason there are
different temperature regions in SAFARI. Most components of the Mach Zehnder
interferometer are cooled to a temperature of 4.5 (K). The focal plane array is even
cooled to 50 (mK)! From the relationship dscribed in equation (3.1) [19], it can be seen
that the spectral emissive power for a fixed wavelength decreases with decreasing
temperature. The same can be concluded when looking at the famous Planck curve
represented in Figure 3-1. The curve is plotted for different temperatures.

2hc? 1

AkgT _ 1

e

Where:
I (W) =Emissive power

A(m)=Wavelength of the electromagnetic wave
T (K) = Temperatue
h (mZkg /s) =Planck s constant

k, (m*kg / 5K ) = Boltzmanns constant

Several components of the OPD metrology, like the electronics, don't function at very
low temperatures. Therefore, they need to be placed in a region with a higher
temperature. The electrical conductivity of semiconductors decreases with temperature,
in contrast to normal electrical conducting materials. At temperatures of 4.5 (K)
semiconductors can't function anymore.

This fundamental physical problem forces the designer to place the electronics for the
laser, the photodiodes, signal conditioning and signal processing in a “warmer” region of
253 (K). Furthermore, the external cavity laser performance deteriorates at low
temperature. This will result in a less stable laser. So some parts of the sensor need to
stay in the high temperature region and the sensor head (the measurement arm) needs
to be placed in the cryogenic cooled zone near the positioned mirror on the FTS
mechanism. A schematic configuration of this is given in Figure 3-2. In this figure two
fiber optic cables are passing through the heat shield to the cryogenic side.

Another reason for the placement of the electronics is that the heat dissipation is too
large. This heat would cause temperature disturbances in the cryogenic cooled zone that
are too high.
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Figure 3-2 Schematic view of component placement of the OPD metrology in the
satellite SPICA

As mentioned before, the telescope needs to measure infrared light of a very low
intensity. The measurements need to be performed in space. Therefore, the following
requirement needs to be fulfilled.

Space qualification requirement:

All parts in this system need to be space qualified. In the content of this report space
qualified is defined as able to function in vacuum.

Component location requirements:

- The laser and the electronics for signal conditioning and signal processing can't
be placed in cryogenic temperatures. For good functionality they must be placed
at 293 (K).

- The sensor head needs to be placed in the cryogenic cooled zone near the
positioned mirror on the FTS mechanism.

3.2 Focal plane array requirements

The focal plane array of SAFARI has a high sensitivity because it needs to detect very
small signals. In order to measure with a high precision the Signal to Noise Ratio (SNR)
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needs to be as high as possible. Since the signal can’t be influenced (we can't say to the
stars: shine a little brighter) the noise floor needs to be lowered.

There are three focal plane arrays within SAFARI, each with a different wavelength
range [23].

Focal plane array requirements:

From [23] it follows that the allowable noise equivalent power at the focal plane array
NEP, needs to be:

detector

NEP, <2:107° (W/ \/HZ) @ 50 (mK) operating temperature

Where:

NEP,, (W /N Hz ) = Noise equivalent power of the focal plane array

Table 3-1 Detector wavelength ranges for the three focal plane arrays

Focal plane array | Wavelength range (um)

short-wave band 34 -60
mid-wave band 60 - 100
long-wave band 110 - 210

3.3 Heat shields and cryogenic cooling requirements

The spectral emissive power of all matter increases with increasing temperature, as
mentioned in equation (3.1).

All emissive power due to rising of temperature is considered to be stray light. In order
to prevent too much stray light from entering the focal plane array the maximum
allowable temperature in the room for the Mack Zehnder interferometer is restricted. As

a consequence the desired temperature of all the parts in the cryogenically cooled room
is given [23].

Cryogenic cooling requirements:

Trpg = 4'5(K)
Tmax,FTS = 6(K)

Where:

T, (K )= Desired reference temperature in the Mach Zehner interferometer

T, rrs (K) = Maximum allowable temperature in the Mach Zehner interferometer
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The temperature in the FTS is passively and actively cooled. The active cooling consists
of a mechanical cooling system with Helium used as a refrigerant. The mechanical
coolers operate at set speeds to control the temperature in the cryogenic cooled space
of the FTS [6].

Cryogenic cooling specifications:

15 (Hz) and 45 (Hz) cooler frequencies |

Because the total design of SPICA is still in the conceptual phase it is not yet known
exactly how the connection of the laser to the sensor head will be implemented through
the satellite. For system integration of the fiber optic interferometer with the rest of the
satellite, it would be preferable to build up the sensor out of several modules connected
with optical connectors. The exact amount of connectors that have to be used is still
unknown. In Figure 3-3 a possible configuration of the path of the optical fiber within
SPICA is shown.
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Figure 3-3 A cross section of SPICA, with a proposed possible path indicated by a red
line for the fiber optic cable from the heated electronics to the cryogenic cooled zone.
This picture is obtained from [17]

The old configuration of the setup for the fiber optic interferometer LUNASYS is
displayed in Figure 3-4. In this configuration it was chosen to place the laser, detector,
electronics, circulator and the 3x3 splitter in the warm electronics side of 293 (K). The
reference and the measurement arm are placed in the cryogenic cooled zone of the FTS
mechanism.
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293 (K) 136.1 (K) 88 (K) 56.4 (K) 30 (K) 4.5 (K)

L1=0.88 (m) L2=0.105 (m) L3 =0.105 (m) L4=0.416 (m) L5=0.6 (m)
Reference mirror

= ===
r—ﬁ:l: =TT

Sensorhead

Laser :
Circulator 3 aplitter

G ——

:I:——\

Detector + electronics

Figure 3-4 Initial system configuration of the setup for LUNASYS

As mentioned in section 3.1 there are several heat shields, all of different temperatures
and all at a certain distance from each other. In Figure 3-4 it can be seen that two fiber
optic cables have to pass through the heatshields to get to the cryogenic side. The
temperatures of all the heat shields have been added to this picture.

Heat shields specification.

- Aluminium material is used for the heat shields [23].
- Heat shields temperature and interspatial dimensions are given in Table 3-2 [23].

Table 3-2 Heat shield temperature and spatial dimensions between the heat shields

Heat shield 1 2 3 4 5 6
Temperature (K) 293|136.1 88| 56.4 300 4.5
Fiber length between the shields (m) 0.88/0.105|0.105/0.416| 0.6

3.4 FTS mechanism requirements

The purpose of the FTS mechanism is to measure the infrared light of a certain
spectrum and determine the intensity of each wavelength within this spectrum.

FTS mechanism requirements:

| Scan time of the detector [23] tecan = 200 (S) |
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Where:
f..., (§) =Scan time of the FTS mechanism

The total power requirement for all the electronics that are used for the FTS mechanism
is 7(W) [23]. All the power required for LUNASYS is included in this requirement.

Maximal available power FTS PrmaxFrs = 7 (W)

Where:
P, rrs (W) =Maximal available power for the FTS

Other requirements for the FTS are given below.

FTS mirror rotation tilt [6] <+ 30 (arcsec)
FTS mirror lateral displacement [6] <100 (um)
Parasitic heat load [6] <300 (UW)

3.5 ODL requirements

The accuracy of the movement of the ODL is a measure for the spectral intensity of the
detected light of the SAFARI instrument. For this reason the velocity of the moving
mirrors by the ODL needs to be controlled.

Relative displacement measurement:
In order to apply the feedback in the correct direction, the direction and the magnitude
of the displacement need to be measured. Therefore a relative and not an absolute

displacement need to be measured.

ODL requirements:

Mirror location accuracy [6] <15 (nm)
Mirror location resolution [6] <5 (nm)
Linear stroke [6] 34.5 (mm)
Maximum stroke velocity [6] 170 (um/s)

Stray light power requirement:

There are three focal plane arrays, each with a different wavelength detection area. The
optical filters in the mid wave band and the long wave band will have a higher
attenuation on the 1.5 (um) wavelength caused by the laser of the fiber optic
interferometer than the short wave band. So the limiting factor for the stray light caused
by the fiber optic interferometer is the short wave band.
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When the FTS mechanism scans, it moves with a constant velocity. If a FFT of the
optical signal in the focal plane array is made while the FTS mechanism scans, a cosine
signal, which is a measure for the light intensity for a certain wavelength, is obtained.
This process is called a spectral deconvolution as mentioned in the introduction. The
frequency of this cosine signal is proportional to the velocity of the FTS mechanism. The
minimal sample frequency of the focal plane array system follows from the Nyquist-
Shannon sampling criterion.

fmmple 2 2 signal (32)

Where:
frampte (Hz) = Sample frequency

[ (Hz) = Signal frequency
Similar to the optical path difference for the fiber optic interferometer, the sample

frequency has to be twice as high for the focal plane array. The formula for the maximal
sample frequency is given by [23]:

fpa = (3.3)

Where:
Sioa (Hz) = Maximal required sample frequency of the focal plane array

Ve (m/s) =Maximal stroke velocity of the moving mirror

A calculation of the maximal required sample frequency of the focal plane array is
performed for the smallest wavelength in the short wave band 34 (um) and a maximal
stroke velocity of the moving mirror of 170 (um/s) and then applied to (3.3).

f e =20(Hz)

There is a 120 (dB) power attenuation of the light between the FTS and the focal plane
array [23]. For the power attenuation there can be written:

Py = . 10g(P) (3.4)

Where:
P, (dB) = Power in units of dB

P (W) =Power in units of Watts

For the allowable noise equivalent power at the ODL equation (3.5) applies.
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NEP,,, = Attop; geecior - NEP,

detector

(3.5)

Where:
Attyp, 1. (=) = Light attenuation for 1550(nm) wavelength, from the ODL to the focal plane array

NEP,

ODL

(W /N Hz ) = Allowable noise equivalent power at the ODL

If it is assumed that the noise equivalent power is constant over the spectrum of 0-20
(Hz), then with this data and equation (3.5) the allowable noise equivalent power at the
ODL can be calculated.

NEP,, =2:107 (W /</Hz)

With NEPop, the stray light power or the noise level at the ODL can be determined. This
value is maximal when the sample frequency is at its maximum.

Nop, = NEPODL\I fﬁ)a (3.6)

Where:
N,,, (W) =Noise level or stray light power at the ODL

The maximal noise level at the ODL can be calculated for the maximal sample frequency
of the focal plane array of 20 (Hz) by using equation (3.6).

Ny, =8.9-107 (W)

Maximal stray light in ODL <8.9-107 (W)

3.6 OPD actuator requirements

The control bandwidth for the actuator is a requirement that is still To Be Considered
(TBC).

OPD actuator requirements:

Moving actuator mass [24] <100 (g)
Control bandwidth [6] 1 (kHz) *

! The bandwidth value has been assumed.
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3.7 OPD metrology requirements

The ODL consists of the OPD metrology and the OPD actuator. The next requirements
for the OPD metrology are necessary.

OPD metrology additional requirements:

Maximal extra mass on moving actuator [6] 48 (g)
Maximal acceleration in stroke direction [23] 30 (um/s?)
Outer length between the magnetic bearings [24] 250 (mm)
(See appendix A.2)

OPD metrology requirements:

A relative displacement measurement needs to be made with respect to the fixed point
of the moving mirror of the ODL. This happens when it is released after being clamped
in by a launch lock mechanism. The launch lock mechanism is used to keep the moving
actuator in its place in order to prevent damage on the magnetic bearings of the moving
actuator during launch.

In this context space qualified means; photon resistance and functionality at vacuum.
The stroke velocity of the mirror has the following requirements:

Minimal stroke velocity [6] 30 (um/s)
Maximal stroke velocity [6] 170 (um/s) - 500(um/s)

The stroke velocity needs to be translated to another design requirement, namely the
sample frequency of the detector system of the fiber optic interferometer. The fringe
frequency is the signal frequency. The frequency of the fringes that are detected at the
photodiodes is described in equation (3.7).

Vinax
ffringe = (37)
X

Where:
x(m) = Displacement of the moving mirror

Jstinge (Hz) = Fringe signal frequency at the photodiode

Vou (M7 5) = Maximal stroke velocity of the moving mirror

Combining this relation with equation (3.2) and equation (4.3) gives the relation for the
minimal required sample frequency of the ADC.

2 The maximal required stroke velocity is still uncertain, for this thesis report the maximal
required stroke velocity will be assumed to be 170 (um/s).
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f;ample,adc' - ﬂ‘aser (3 8)

Where:
Sample.ade (Hz) = Sample frequency of the ADC

A

wor (M) = Laser wavelength

Note that this obtained formula has the same relation as for the minimal sample
frequency of the focal plane array that is described by equation (3.3). In order to
prevent aliasing the minimal required sample frequency of the ADC will be determined.
For a laser wavelength of 1550 (nm) and a maximal stroke velocity of the moving mirror
of 170 (um/s) the required sample frequency of the ADC can be calculated.

fruln])le,adc = 439 (I_IZ )

Where:
rampte.ade (Hz) = Sample frequency of the ADC

The maximal available power for the FTS is 7(W), from this power budget 2(W) are
reserved for the OPD metrology [23]. This power budget is equally distributed over the
electronics and LUNASYS.

The fiber optic interferometer will also be used in photometric mode. In this mode the
FTS mechanism doesn't move with a constant velocity, but remains in a constant
position. The exact static position of the FTS is still unknown however.

If the fiber optic interferometer can be reset and recalibrated the stability of the fiber
optic interferometer is determined by the scan time of the FTS mechanism. Then the
error of the measured position of the moving mirror is time limited. To be precise, it is
limited by the scan time of the FTS mechanism. This gives the following requirements
for the OPD metrology:

Total error [6] ~10 (nm) over 200 (s)
Resolution [6] <1 (nm)

Stroke [6] 34,5 (mm)

Sample frequency 439 (Hz)

Parasitic heat load [6] <100 (pW)

Stray light <0.89 (W)

Control bandwidth [6] 1 (kHz) (TBC)
P4iss, €lectronics [6] <1 (mW)

Total required electrical power <2 (W)

Relative displacement measurement

Space qualified [6]

Functionality at low temperatures [6]
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The minimal operating temperature for the different components of the OPD metrology
is given below in
Table 3-3.

Table 3-3 Minimal operating temperature of all the different components for the OPD
metrology

Component Minimal temp. (K)

Laser 263
Circulator 263
3x3 splitter 263
Reference mirror 4.5
Measurement mirror 4.5
Grin lens 4.5
Fiber 4.5
Connector 4.5
Electronics 263

3.8 LUNASYS requirements

LUNASYS is part of the OPD metrology as can be seen in the system architecture shown
in Figure 1-1. Some requirements overlap with the requirements for the electronics of
the OPD metrology. These requirements are also stated for LUNASYS.

The secondary conditions for LUNASYS are described below in Table 3-4

Table 3-4 Secondary conditions for LUNASYS

Secondary condition | Description

Weight As low as possible
Volume As small as possible
Development time Launch of SPICA in 2020
Costs As low as possible
Lifetime expectancy | Several years

From the previous sections it became clear what the requirements for LUNASYS are for
the SAFARI application. These requirements are summarized in Table 3-5.
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Table 3-5 Requirements overview for LUNASYS

Type of requirement Quantity
Total error 10 (nm) over 200(s)
Resolution 1 (nm)
Stroke 34.5 (mm)
Sample frequency 439 (Hz)
Heat load 100 (uW)
Stray light power 890 (nW)
Control bandwidth 1 (kHz)
Space qualified

Functionality at cryogenic temperature 4.5 £ 1.5(K)
Maximum required electrical power for the laser 1 (W)

Relative displacement measurement
Laser and electronics placed in room of 293 (K)
Sensor head placed near the ODL

Some system specifications are needed for the specifications of the OPD metrology.
These specifications can be used for future detail engineering and are given in Table
3-6.

Table 3-6 System specifications necessary for the specifications of the OPD metrology

Type of specification Quantity

Heat shield temperatures and spatial dimensions See Table 3-1
Mechanical disturbance frequencies 15 (Hz) and 45 (Hz)
extra mass on moving actuator 48 (g)

Maximal acceleration on stroke direction 30 (um/s?)

Outer length between the magnetic bearings 250 (mm)

In sub question a) of the first research question there is asked what the requirements
for LUNASYS for the SAFARI application are. These requirements are displayed in Table
3-5.
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4 System specifications

Now that the requirements for the current setup of LUNASYS to be operational for the
SAFARI instrument are known, the answer to the sub question 1b) needs to be
determined. This question is: “"What are the specifications of the current setup of
LUNASYS”. Taking the requirements formed in chapter 3 into account, it can be
determined if the current setup will be operational for the SAFARI instrument. This can
be done by validating the initial specifications of LUNASYS with the requirements.

In the next sections different models are used to estimate the specifications of the old
OPD metrology. The requirements given in Table 3-5 will be validated one by one in the
sections of this chapter. Finally in the last section of this chapter an overview of the
system specifications will be given. These specifications will show that the current setup
of LUNASYS is not yet operational for the SAFARI application.

4.1 Component location

Introduction
For reasons of functionality certain components of the fiber optic interferometers are
required to be positioned in regions with a certain temperature.

Result

In Figure 3-4 where the old system configuration of LUNASYS is displayed, it can be
seen that the electronics for the detector and the laser are placed before the heat shield
of 253 (K). So the requirement for the placement of the laser and the electronics is met.
Furthermore, the sensor head is placed behind the heat shield of 4.5 (K) within the
cryogenic cooled zone for the FTS mechanism and is pointed towards the moving mirror.
Clearly the two requirements for positioning the sensor head, the laser and the
electronics are met.

4.2 Relative displacement measurement

Introduction
When the mirror moves, it is desired to know how much and in what direction the mirror
moves. In other words a relative displacement of the mirror needs to be measured.

Result

A fiber optic interferometer is an absolute measurement system if it only has one
interference signal. If a quadrature phased signal is added to the signal of the
measurement system then a change of direction can be measured. The fiber optic
interferometer based on a 3x3 splitter has a quadrature phased signal. For this reason
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the measurement system is able to detect a change of direction in the displacement. If
the system is calibrated, by setting the zero position when the moving mirror is still
clamped in by the launch lock mechanism, then the moving mirror can only move into
one direction and consequently a relative displacement with respect to the fixed position
of the mirror when it's clamped in by the launch lock mechanism is obtained.

Another possibility is to introduce an end stop for the OPD actuator, which can be used
as a fixed reference instead of the launch lock mechanism. In this way it is prevented
that the launch lock mechanism is a Single Point Of Failure (SPOF) for the fiber optic
interferometer. A SPOF is a part of a system, which causes the entire system to stop
working in case of failure of this part.

4.3 Fiber optic interferometer resolution

Introduction
The smallest detectable change in position of the moving mirror is called the resolution
of this measurement system. The required resolution for this measurement system is 1
(nm). This resolution is required in order to measure very small displacements of the
moving mirror.

Assumptions
- Light with a wavelength of 1550 (nm) has to be used
- The voltage signal range is equal to the input range of the ADC

Modeling

The smallest detectable change that can be detected is a function of two things.
e The wavelength of the monochromatic light source
e The ADC that samples the signal.

The exact relation for the resolution of a measurement is given below [34].

E

range

U 2nbils -1

signal

res = (4.1)

Where:
res (nm) = Resolution of the measurement system

n,;. (—) = Number of bits in the ADC

U V') = Total voltage range of the ADC

range (

U, na (V') = Total peak to peak voltage range of the signal

E (nm) = Measure to what displacement U, corresponds

signal
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The optical path difference between the light travelling in the reference arm to the fixed
mirror and back, and the light in the measurement arm travelling to the moving mirror
and back is equal to twice the displacement of the moving mirror if the refractive index
of the waveguide is assumed to be equal to one.

OPD =2x (4.2)

Where:
x(nm) = Displacement of the moving mirror

OPD (nm) = Optical Path Difference

It can also be stated that one fringe has the wavelength of the laser and is measured at
the detector system. This fringe corresponds to a displacement of the moving mirror
equal to half a wavelength of the laser light. This is explained in more detail in chapter
5.

— ﬂlmer

'xfringe 2 (43)
Where:
Aaser (nm) = Laser wavelength

laser

A full scale voltage range of the signal corresponds to half a fringe measured and this is
equal to a quarter of a wavelength displacement. This gives:

E — %aser

4

Assuming that the voltage signal range is equal to the ADC input range, the following
formula gives the resolution for the fiber optic interferometer.

res = % (44)
Result
A 12 bit ADC and a laser wavelength of 1550 (nm) is used. Using (4.4) gives:
1550
res = % =0.19(nm)

The given wavelength and number of bits of the ADC are sufficient to meet the
requirement for the resolution of 1 (nm).
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Discussion

In reality the voltage signal will be chosen lower than the ADC input range in order to
prevent clipping of the signal. This will result in a higher value for the resolution than
calculated, depending on the ratio of the signal range and the ADC input range.

The use of light with a wavelength of 1550 (nm) is not a requirement. Preferably the
wavelength should be chosen as far as possible outside of the spectral bandwidth of the
detector system, because this slightly increases the effectivity of the focal plane array.
This is due to the fact that the optical filters between the ODL and the detectors filter
more effective at this wavelength (a bandpass filter is used). The lowest wavelength
that needs to be detected for the short wave focal plane array is 34 (um). For this
reason the wavelength of the laser light should be chosen as low as possible.

When choosing the wavelength of the laser several factors such as availability of the
optical components, filter efficiency and the resolution of the measurement system need
to be taken into account.

4.4 Sample frequency

Introduction

If no clever techniques software techniques are used to prevent aliasing. Then the
velocity, of which the moving mirror moves, is a measure for the frequency of the
fringes and therefore a measure for the minimal required sample frequency. In this case
the minimal sampling frequency in order to prevent aliasing is 439 (Hz).

Assumptions
- The velocity of the moving mirror is constant
- The electronics other than the ADC are not limiting the bandwidth of the
measurement system
- The control bandwidth of the ODL is not defining for the minimal required
sample frequency

Modeling

The sample frequency of the ADC128S102 is set at 100 (kHz) [7]. The average is
determined over the last 128 samples’. Then the averaged value is saved and the other
127 samples are discarded. So the effective sample frequency during signal processing
is:

_ 100(kHz)

- ~781(H
108 (Hz)

Where:
Lo (Hz) = Effective sample frequency

3 This value is arbitrarily chosen for testing purposes.
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Result
From this calculation it can be concluded that the sample frequency is high enough to
detect the moving mirror with the desired stroke velocity without aliasing.

Validation
The bandwidth of the used photodiodes is about 1 (MHz) as can be seen from the
datasheet. From the datasheets of the OPA656 and OP2177 the following specifications
are obtained:
e The gain bandwidth product (GBW) of the opamp that is used in the
transimpedance amplifier is 230 (MHz)
e The active low pass filter that is used during signal conditioning has a GBW of
1.3 (MHz) and a gain of 3 is set for this filter.

So the assumption that the electronics were not limiting the bandwidth of the system
was correct.

Discussion

The minimal required sample frequency can be determined by two things: The maximal
signal frequency and the bandwidth of the control loop. The control bandwidth for the
OPD actuator is higher than the minimal calculated sample frequency for the ADC.
Therefore the limiting factor for the minimal sample frequency will be the control
bandwidth and not the maximal stroke velocity of the ODL. For this design, it is assumed
that the control bandwidth of the ODL is not defining for the minimal required sample
frequency.

4.5 Heat load and stray light

Introduction

For this application stray light is defined as light that exits the interferometer, and leaks
into the cryogenic cooled zone of the ODL without going back into the fiber optic
interferometer. In order to prevent too much stray light from entering the detector, a
maximum temperature for the room of the Mach Zehnder interferometer is defined. In
order to prevent a raise of temperature the maximal amount of heat entering the
cryogenic cooled zone around the Mach Zehnder interferometer is restricted. This can be
seen in Figure 3-2. LUNASYS is thermally connected to the warm electronics side so heat
is transferred into the cryogenic cooled zone by conduction. Also, the optical
components inside the cryogenic cooled zone dissipate optical power that is strayed into
the cryogenic room or is absorbed and transferred into heat.

Assumptions
- LUNASYS is in steady state or in other words in thermal equilibrium with its
surroundings.
- The change of internal energy is zero and the work done by and on the system is
zero.
- Heat transfer by convection can be neglected.
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- Heat transfer out of the cryogenic cooled system boundary through the fiber
optic cable is zero.

- Heat transfer by radiation within the fiber optic cable besides the laser power can
be neglected.

- The feed through on the wall of the cryogenic cooled zone blocks all thermal
radiation from entering the cryogenic cooled zone outside the optic fiber.

- Power losses in the cables, the connectors and splitter are completely absorbed
by a tube shield surrounding these components.

- Power losses in the moving measurement mirror, the reference mirror and the
grin lens are completely scattered to the surroundings.

Modeling
The first law of thermodynamics states [33]:

dU =dQ—dw (4.5)

Where:
dU (J) = Change of internal energy

dQ(J)=Heat added to the system
dW (J) = Work done by the system

Rewriting (4.5) gives:
dU =dQ —dwW (4.6)

In Figure 4-1 a thermal model of LUNASYS inside the cryogenic cooled zone is given
based on Figure 3-2. The total heat load on the cryogenic cooled zone can be
determined by making a power balance on the system boundary of LUNASYS.
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System boundary
cryogenic cooled zone

/ 4,5 (K)

System boundary |

LUNASYS | 0 <100[,uWJ

total load

_— e, —_——_——_—— — — — ——

Figure 4-1 Thermal model of LUNASYS within the cryogenic cooled zone
It is assumed that LUNASYS is in thermal equilibrium with its surroundings and the work

done by the system and on the system is equal to zero. These assumptions are used to
fill into equation (4.6). The resulting equation is given below.

dQ =0 (4.7)

Now consider a power balance on the system boundary of LUNASYS (the red dotted
line) in Figure 4-1:

dQ=0o0r» 0=0
Qin - Qout - Qtolal load — O (48)

Where:
Q,, (W) =Power entering the cryogenic cooled zone

Q'Out (W) = Power exiting the cryogenic cooled zone

Opaton (W) = Total heat load on the cryogenic cooled zone

The total heat load can be subdivided into two main heat components. One heat
component consists of the power lost by the laser and the other heat component
consists of the heat transferred at the end of the fiber optic cable to the cryogenic
cooled wall.

Qtota.l load = Qsta.nda.rd load + Qlaser load (49)

36



Finn van Rij
TU Delft | Technobis TFT-FOS

Where:
Oicer i (W) = Heat load on the cryogenic cooled zone caused by the laser

O, undand 0aa (W) = Standard heat load on the system

If the power entering into the system boundary of the cryogenic cooled zone is
considered, then this power consists of two components. This is written in the equation
below.

Qin = Qstandard load + Qlaser, in (410)

Where:
O, untura 1oaa (W) = Standard heat load on the system

Q'Iasen . (W) = Laser power entering the cryogenic cooled zone

Now consider Figure 4-2. If it assumed that the thermal resistance from the fiber to the
active cooled wall R, is much higher than the thermal resistance of the fiber Rgper, then
most heat going through the fiber enters the cryogenic cooled zone. This assumption
can't be validated because the exact dimensions of the cryogenic cooled wall are not
known yet. Consider a worst case scenario when all the heat that reaches the cryogenic
cooled wall through conduction of the fiber optic cable enters the cryogenic cooled

space.

Rwall ‘ Twall
Tfiber .

Rﬁber g Tin

Figure 4-2 Thermal resistor network of a fiber that passes through the active cooled
cryogenic wall

Qstandar
load

As a result of this assumption the next equation applies.

inber = Qstandard load (4- 1 1)

Where:
inber (W) = Heat reaching the cryogenic cooled wall by conduction of the fiber

It is assumed that the heat transfer from LUNASYS going out of the cryogenic cooled
system boundary through the fiber optic cable is zero. Also, the mechanical cooling
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power is disregarded. Therefore, all power exiting the system boundary of the cryogenic
cooled space is the returning laser power.

Qout = Qlaser, out (4 12)

Where:
Olaser. out (W) = Laser power exiting the cryogenic cooled zone

Equation (4.13) is used to define how much of the laser power lost out of the system
boundary of LUNASYS into the cryogenic cooled zone is transferred to heat and how
much laser power is unleashed into the cryogenic cooled space.

Qlaser load + [:tray light = Qlascr, in Qlaser, out (4' 13)
Where:
P,y iane (W) = Stray light power within the cryogenic cooled zone

Result
The standard heat load for a single fiber optic cable entering the cryogenic cooled space
is modeled and numerically determined in Appendix B.1. The result is given below.

inber =03 (IUW)

For the old system configuration two fiber optic cables enter the cryogenic cooled space.
This means that the standard heat load on the system becomes:

Qstandard load = 2inber = 0'6(ﬂW)
The laser power loss within the cryogenic cooled zone can be determined with the
model and the calculation in Appendix B.2. The result is given in Figure 4-3. The

contribution of all optical components to the total laser power loss is expressed as a
percentage of the total laser power loss.
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Power loss with measurement
and reference arm in 4,5 (K)

Qlaser, in Qlaser, out = 43 (IUW)

1,4%

B Fiber optic cables
M Grin lens
Reference mirror

B Measurement mirror

Figure 4-3 Distribution of the laser power loss of the components within the
measurement arm and the reference arm placed within the cryogenic cooled zone of
4.5 (K)

Now there needs to be considered what happens with all this laser power that is lost in
all the different optical components.

From equation (4.13) it can be seen that the total heat load on the cryogenic cooled
zone and the stray light power within the cryogenic cooled zone are related to each
other. If it is assumed that an ideal opaque tube shield is surrounding the fiber optic
cables, the connectors and the splitter, then all laser power lost in these components is
absorbed by the shield and transferred to heat. However, the lost power in the moving
measurement mirror, the reference mirror and the grin lens are assumed to completely
scatter into the surroundings as stray light. With these assumptions the heat load on the
cryogenic cooled zone caused by the laser can be calculated and thereby also the total
heat load on the cryogenic cooled zone. Furthermore, the amount of stray light can also
be calculated.

Qlaser load = [)cables = 07 (IUW)
The total heat load can be calculated by applying equation (4.9).
Qtotal load = 06(IUW ) + 07 (ﬂW) = 13 (/’lW)

The amount of stray light from each part can be calculated with the result from
Appendix B.2.
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=P P +P =22.3(uW)+9.7(uW )+9.3(uW)=42.3(uw)

stray light grin lens measurement mirror reference mirror

4.6 Total required electrical power

The total required electrical power in order to make the fiber optic interferometer
operate is determined by two main power consumers:

e Electronics
e Laser

The total required electrical power for the electronics is at the moment estimated to be
670 (mW) [7].

The total required electrical power for the laser is specified on the datasheet of the laser
given in appendix G.1. The required power for the laser is 4-6 (W). The maximal
available power for the OPD metrology was determined in section 3.7 and is 2 (W).

From these results it can be concluded that the required electrical power for the OPD
metrology is too high and it doesn't meet the requirement. More specifically the
maximum electrical power for the laser is too high and therefore LUNASYS doesn’t meet
the requirement for the total required electrical power.

The functionality of the laser is specified for a maximal temperature fluctuation of the
laser casing of 0.1 (K). In order to maintain this temperature stability, possibly a
temperature control unit is required for the laser and this temperature control unit would
require extra electrical power. However it is still unknown if a temperature control unit is
really necessary. Therefore this temperature control unit is not taken into account for
this specification.

4.7 Space qualification

It is required for all components to function in vacuum. In Table 4-1 a summary of the
status of the space qualification of all used components is given.
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Table 4-1 Status summary for the space qualification of the components for the fiber
optic interferometer [21]

Space
Device Type qualified? Remarks
Laser RIO Orion laser module |no NASA, in progress
Circulator Optolink circulator no
3x3 splitter Gould 3x3 coupler no
Grin lens Grintech no
IX-fiber IXF-CUST- Optical identical to SMF28+
Fiber SiO2/F yes fiber.
Never tested at 4 (K) (min -150
°C), ESA qualification in
progress. Contact Diamond for
Connector Diamond mini-AVIM no this.
Detector Fermionics FD100 no SRON, in progress

Clearly not all components are space qualified yet.

4.8 Functionality at 4.5 (K)

Introduction

A big problem for designing mechanical constructions in cryogenic temperatures is the
occurrence of undesired mechanical stresses or even fracture of components due to the
use of different materials with different coefficients of thermal expansion that are rigidly
attached together. Depending on the location of the components, certain functionality
requirements are posed on the components.

Result

The lowest required operating temperature for each component of the fiber optic
interferometer is given below. Operating ranges are specified by the suppliers of the
components.
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Table 4-2 Required minimal temperature and specified operating range for the optical
components used in the fiber optic interferometer

Component Minimal temp. (K) | Specified operating temp. range (K)

Laser 253 283-328
Circulator 253 233-343
3x3 splitter 253 233-358
Reference mirror 4.5 ?7?
Measurement mirror 4.5 ?7??
Grin lens 4.5 ?7??
Fiber 4.5 ?7??
Connector 4.5 ?7??
Electronics 253 248-298

For components with an unknown operating temperature range, functionality can't be
guaranteed. So it is assumed that these components won't function at the desired
minimal temperature at all.

If a grin lens is designed for a certain temperature range, say -10 degrees Celsius to 60
degrees Celsius. Then for lower temperatures the lens will shrink in all directions. As a
consequence the outer layer of the lens will come closer to the optical center of the lens
and this will result in too much refraction of the outer rays of the light that passes
through the lens. The exiting light bundle won't be collimated anymore and the light
rays will converge. When the light bundle is reflected by the moving mirror and come
back onto the grin lens, the light rays are not perpendicular to the lens surface. As a
consequence not all the light will couple back into the fiber core and the amount of light
that couples back into the fiber is dependent on the position of the moving mirror. In
appendix D.4 it is shown that this will result in an error of the measured position of the
moving mirror.

Discussion

If the fibers are welded together the use of connectors won't be necessary. This will
result in less power loss, and the connectors don't have to be used at cryogenic
temperatures. However, integration of the fiber optic interferometer with the harness
and the other mechanical structures on SPICA could become a problem.

4.9 Accuracy and precision

There are many factors that influence the accuracy and the precision of the
measurement system. In the next paragraphs the error caused by many of these
different factors will be calculated in order to determine the accuracy and precision. First
the relation between the displacement of the moving mirror and the phase of the
interference pattern is given. The superposition of waves of the same frequency is
explained in Appendix C.1. The result of this wave addition gives the relation between
the displacement of the moving mirror and the phase of the interference pattern. Then
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the basic algorithm used for signal processing is explained. Finally an estimation of the
signals on the three photodiodes is made, since these signals are needed for certain
error calculations.

The relation between the displacement of the moving mirror and the phase of the
interference pattern is written in equation (4.14). This equation is obtained in Appendix
C.1 and is equal to equation (C.8).

il (4.14)
4rn

Equation (4.14) will be used very frequently in this report to calculate the displacement.
When it is approximated that the refractive index of the waveguide is equal to one,
equation (4.14) simplifies to:

Ap
=—r 4.15
x iy 4 ( )

The basic algorithm used for signal processing is explained in Appendix C.2. A Clarke
transformation of the three signals measured on the photodiode is performed.

Consider three signals at the photodiodes of the detector system of LUNASYS.

1,(OPD)=A (1+V1 cos (2—;[ OPDB (4.16)
2 2

1,(OPD)=A, (1+V2 cos (7 OPD+?D (4.17)
2z 4

1,(OPD)= A, (1+v3 cos (7 0PD+?D (4.18)

Where:

I(A) = Current signal
A (A) = Current offset
V (—) = Visibility or contrast

The three signals are not calibrated and have a phase difference with respect to each
other of 120 degrees. If calibration is performed like described in Appendix C.2, then the
three signals on the photodiodes can be used to calculate the displacement. The phase
of the projection on the complex plane of the calibrated three intensities that are
measured on the different photodiodes can be calculated with the next formula.
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0=

arctan (\5#]‘ (4.19)

20, (1, +1))

For certain calculations on the accuracy of the measurement system it is required to
estimate what the laser power and the visibility of the three signals at the photodiodes
will be.

From the results displayed in Appendix C.3 the signals from equations (4.16), (4.17) and
(4.18) become:

1, (0PD) = 32.4(uA)| 1+0.74cos Z—ZOPDD (4.20)
27 2

1,(OPD) =44.5(uA)| 1+0.96 cos 70PD+?D (4.21)
27 4z

1,(0PD) =483(1A)| 1+0.77 cos 70PD+?B (422)

The voltage signal at the ADC can be calculated with equation (C.26) that is shown
below.

Vmax = Iphoto Gtrans Gfilter (4 2 3)

4.9.11Intensity noise

Introduction

The signals used for the algorithm that determine the displacement of the moving
mirror, deviate from the mean measured value due to the presence of noise. This
causes an uncertainty in the measurement. This uncertainty can be expressed as a
factor that influences the precision of the mirror position. In the content of this report by
intensity noise there is meant; the noise on the detected signal that seems to be a
fluctuation of the intensity of the signal. This includes all different noise sources that
have an effect on the value of the processed signal into the algorithm, except for the
intensity noise induced by the phase noise of the laser.

Assumptions
The assumptions made are given in appendix D.1.

Modeling

The intensity noise has been modeled in appendix D.1. The electric circuit that is used to
qualify the noise sources and to quantify the impact on the precision of the
displacement of the moving mirror is shown in Figure D-1 and illustrated again in the
figure below.
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Figure 4-4 Simplified intensity noise model of the analogue electronics based on the
electronic circuit shown in Appendix A.1

Result
The different noise sources in Figure 4-4 all have a different influence on the output

signal after the decimation filter. The contribution of all noise sources on this output
signal is given in Table 4-3.
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Table 4-3 Contribution of all the noise sources on the final output signal v, after
the decimation filter, modeled for photodiode 1

Noise source Output noise

i‘vhot :53(pA/\/FZ) vnl :3'1(luvrms)
iy = 1.3( fA/NHZ) v, =0.001(uV.,)
Yt =7:0(nV INHz ) v, =0.41(uv,,)
Ve =14.2(nV 1\Hz) v, =084(uVv.,,)
iyps = 0.2( pA//Hz) v =0.04(uVv.)
Vo =71.9(nV 1HZ) v, =4.0(uv. )
Ve =1:3(nV 1\ Hz) v =043(uV..)
Vioms =127 (nV I\ Hz ) v, =025(uV,,.)
v, =725(nV INHz ) vy =92(uv,,)

The total noise in the three circuits can be determined by applying equation (D.15) on
the results given in Table 4-3. This is performed for all three photodiodes.

vl,tot :11(#‘/rmv)
vZ,tot = 22(ILI‘/rmJ)
v3,tot = 22(#Vrmv)
With these results, the contribution to the precision of the position of the mirror is

simulated. The result of a simulation where the moving mirror moves with constant
velocity and makes a displacement of 1550 (nm) is shown in the next figure.

error [nm]

| | | | | |
0 500 1000 1500 2000 2500 3000
Samples [-]

Figure 4-5 Simulated error signal due to the presence of intensity noise on the three
signals
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The standard deviation of this noise signal is equal to the precision of the mirror position
caused by the intensity noise, for a mirror moving with constant velocity:

eim,n = 16(pm)

4.9.2 Optical disturbance signals

Introduction

Reflections and cross talk can create undesired optical signals within the measurement
system that interact with the optical signal that's containing the information about the
measured position of the moving mirror. The position error caused by these optical
disturbance signals is modeled and determined in appendix D.2.

Assumptions and modeling
The applied model and assumptions made are described in appendix D.2.

Result

Two signals on the photodiode have been calculated. One signal arises from the power
calculations from Appendix B.2. This is described by the parameters in Table C-1 and
equations (C.9), (C.10) and (C.11). The other signal is the optical disturbance signal.

The result of the calculation of the power of the optical disturbance signals is displayed
as a ratio of the power of optical disturbance signals over the original signal. The ratio of
the ideal signal over the sum of all optical disturbance signals (the total disturbance) is
also shown in this table for all three photodiodes. The disturbance numbers refer to the
disturbances shown in Figure D-19.

Table 4-4 Ratio of the power of each disturbance signal over the ideal calculated
signal power that has been calculated in appendix C.3, given for all three photodiodes

Disturbance # Ratio photodiode 1 | Ratio photodiode 2 | Ratio photodiode 3
Iy 1.4E-04 0.0E+00 0.0E+00
luo 2.6E-07 0.0E+00 0.0E+00
lus 0.0E+00 2.0E-06 2.0E-06
lua 4.4E-09 3.4E-09 3.5E-09
lus 6.9E-07 7.0E-07 6.1E-07
lue 6.2E-07 6.1E-07 7.1E-07
lu7 3.6E-02 3.6E-02 4.2E-02
lus 3.0E-02 3.0E-02 3.5E-02
Total disturbance | 6.7E-02 6.6E-02 7.6E-02

The largest optical disturbance signals are I,; and Is. In appendix D.2 it can be seen
that these disturbances are caused by the grin lens.
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The simulated error due to these optical disturbances for a mirror moving over a
distance of 1550 (nm) with constant velocity is shown below.

Error [nm]

L L L L L L
0 500 1000 1500 2000 2500 3000 3500
Samples [-]

Figure 4-6 Simulated error of the measurement system for two fringe signals due to
the influence of optical disturbance signals

The resulting error is a systematic error. The maximal error that can occur is equal to:

e =4.9(nm)

opt,dis

4.9.3 Laser

Introduction
Non-ideal behavior of the laser results in errors of the measured position of the moving
mirror. In the next three subsections different types of non-ideal behavior of the laser
will be treated. Most required information about the specifications of the laser can be
found in appendix G.1 and G.2. A grade 1 laser is used for the initial system
configuration.

Assumptions
In the datasheets it is not mentioned that the laser has a certain settling time for the
power and frequency to become stable. This settling time is in the order of 10 (s) [27].
Also an important fact is that certain specifications are made for a fixed case
temperature. The exact wavelength is determined in the laser test report (see appendix
G.2) and is 1550.148 (nm).
- Itis assumed in this report that the settling time for the laser power has passed
and the frequency has become stable
- It is assumed in this report that the laser casing temperature suffices to the
made temperature requirements
- In this report it will be assumed that the wavelength of the laser is 1550 (nm)
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- The maximal measured OPD of the fiber optic interferometer is assumed to be
0.1 (m)

4.9.3.1 Frequency stability

After one hour of stabilization the frequency stability of the laser, with an assumed
constant casing temperature can be obtained from appendix G.1. By correspondence
with the supplier of the laser, it became clear that the maximal case temperature
fluctuation is allowed to be 0.1 (K) [27]. If the fluctuation is higher than this value, the
specifications from the datasheet can't be guaranteed.

The worst case for the measured position error is when the frequency stability has a
maximal value. In appendix G.1 two values are given for the frequency stability
corresponding with two different running times.

Av, =4(MHz) free running over 1 hour

Av, =6(MHz) free running over 8 hours

From appendix D.3 the frequency stability is related to the wavelength deviation as
described in the formula below.

A A :
A/’i’ = _v ﬂlaser = & (424)

vlaser ¢

Where:
AL (m) = Wavelength deviation from the center wavelength of the laser

Av(Hz) = Frequency deviation from the center frequency of the laser

For the given frequency stabilities this results to:

A4 =3.2-10""(m) free running over 1 hour
A, =4.8-10""(m) free running over 8 hours

The stroke of the moving mirror is determined in chapter 3 and is 0.0345 (m). It is
assumed that there needs to be some space between the moving mirror on the ODL and
the sensor head of the fiber optic interferometer so the total OPD is estimated to be
twice the stroke of the moving mirror, that is about 0.07 (m), plus a small margin of
about 0.015 (m). This gives an OPD of 0.1 (m). Using the information from appendix
D.3 the measured error due to the frequency stability of the laser is described below:
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. _ OPD-A},
laser drift 2(17“5” +AAT) (425)

Where:
€erann (M) = Change of detected position due to laser drift

Filling in equation (4.25) for the calculated wavelength deviations gives the next two
absolute results for the error of the detected position of the moving mirror due to laser
drift.

Cerariiy =1.0(nm)  free running over 1 hour

Claser drifig = 19 (nm) free running over 8 hours

4.9.3.2 Spectral linewidth

Ideally the used laser has a single frequency. Unfortunately in practice lasers have
different frequency components within the laser beam. These frequency components
also have different intensities. The spectral linewidth, or the Full Width at Half Maximum
(FWHM), is a measure for the spectral width of the laser beam. This non-ideal behavior
also causes an error in the measured position of the moving mirror. The FWHM for the
grade 1 laser is obtained from appendix G.1.

FWHM =15(kHz)

Similar to the frequency stability, applying equations (4.24) and (4.25) will give the error
of the detected position of the moving mirror due to the spectral linewidth of the laser.
Because the FWHM is defined as the spectral bandwidth between the frequencies where
the laser has half its intensity, the calculation of the error will be made for half the
FWHM (= Av ). See figure below.
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Figure 4-7 Modeled frequency deviation due to FWHM

The wavelength deviation is:
Ay = 6.0-107" (m)

Where:

Ay (m) = Wavelength deviation due to the FWHM

Using equation (4.25) for the calculated wavelength deviation gives the absolute error in
the detected position of the moving mirror due to the FWHM. The result is given below.

€rwHM 1-9(17’")

Where:
€pwin (1) = Change of detected position due to the FWHM

4.9.4 Temperature

Introduction

Every measurement system is influenced by temperature more or less. This
measurement system is no exception on this and is also influenced by temperature.

In this paragraph the influence of a small temperature fluctuation on the reference arm
and the measurement arm will be analyzed. From a simple calculation it can be seen
that the accuracy of the measurement system is highly influenced by small temperature
disturbances on the reference, and the measurement arm. This calculation will be
performed in this paragraph.

Assumptions
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- The influence of the temperature on components other than the measurement
and reference arm of the fiber optic interferometer can be neglected

- The temperature distribution over the reference arm is homogeneous

- The thermal coefficient of expansion of the entire fiber optic cable is equal to the
thermal coefficient of Pyrex glass at room temperature

- The materials are homogeneous and isotropic

Modeling

Temperature fluctuations in the measurement arm and in the reference arm influence
the accuracy of the measurement system. If the length of one of these arms changes,
then the OPD will change as well. When the temperature of one of the fiber optic cables
changes over time, the fiber optic cable of the measurement arm will stretch out or
contract differently with respect to the cable of the reference arm. Consequently a
change of the OPD will be measured over time. Now consider Figure 4-8. The OPD can
be written as a function of OP;, OP, and OPs.

Reference
mirror

I
3x3 I/
splitter 0P2 — OP,; Moving
=—==1 mirror
b
ssl)i(t?er l?’nl NE L3’n2 N
7N 1

Figure 4-8 OPD of the fiber optic interferometer

The optical path difference of the two electromagnetic waves (EM) traveling through the
waveguides with refractive indices n; and n, are defined in appendix D.3 as equation
(D.26).

OPD =n,x, —nx, (4.26)

If the OPD of the fiber optic interferometer is determined for Figure 4-8, then in the
upper drawing of this figure the optical paths of the reference arm and the
measurement arm are shown. In the lower drawing the lengths of the fibers and the
refractive index of the waveguides are given. Using equation (D.27) and considering that
the refractive index now is not constant, will result in the following optical path
difference.

OPD =2(OF,-(OP, + OP,)) (4.27)
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Rewriting this equation gives:
OPD =2(nL —(nL, +n,L,)) (4.28)

Consider the case where the reference arm sustains a temperature change with respect
to the measurement arm. The formula with which the error due to this temperature
change can be calculated will now be determined. The mechanical strain is defined in
equation (4.29).
Al
E=—

i (4.29)

Where:
€(m/m) = Strain

Al (m) = Change of length
I, (m) = Initial length

The strain can also be written as a function of the linear thermal expansion coefficient
and the change of temperature.

£=0AT (4.30)

Where:
a(K _1) = Linear thermal expansion coefficient

AT (K ) = Change of temperature
If equation (4.29) and (4.30) are combined then the next formula can be obtained:
Al =1,aAT (4.31)

With equation (4.31) the new OPD can be rewritten as a function of the temperature
change of the reference arm.

OPD,,, =2(nL (1+aAT)—(nL, +n,L,)) (4.32)
Where:
OPD,,, (m)= New optical path difference

IT was assumed that the temperature of the measurement arm remains constant. If the
temperature in the reference arm changes over time the OPD described in equation
(4.32) can be simplified to the next equation.
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d(OPD) 4
——~=—|2nL (1+aAT 4.33

dt dt[ mk )} (433)
The refractive index is also dependent on the temperature. By applying the chain rule
the next equation could be written for the change of the refractive index over time.

dn dn dT
ar_danal (4.34)
dt dT dt

By applying the product rule of differentiation and combining equations (4.36) and
(4.37) the next equation can be obtained.

d(0OPD
d(orp) _ o1, 90T o1 @ AT o1 o AL (4.35)
dt dt dt dt dt dt

The change of the OPD over a certain time (dt;), can be written in the next formula:

d(OPD)

L AT o1 P s 21 o AT (4.36)
dt dt dt

1

Where:
dr, (s) = Time interval

Assume that the temperature of the reference arm is homogeneous, the material is
homogeneous and isotropic and the thermal coefficient of expansion of the entire fiber
optic cable is equal to the thermal coefficient of Pyrex glass at room temperature. With
these assumptions the error caused by the temperature change of the reference arm is
equal to the change of the OPD described by (D.27).

Result

The length of the reference arm is 1 (m), the temperature change is 1 (K), the refractive
index of Pyrex glass is 1.55 and the thermal coefficient of expansion for Pyrex at room
temperature is 8.5¥10° (K). The change of the refractive index over temperature of
the waveguide material in the fiber optic cable is assumed to be equal to the value for
fused quartz. On the temperature interval from 20 degrees Celsius to 30 degrees Celsius
the average value of the refractive index change over temperature is -1.28%10™ (K).
Because this is a negative value the refractive index decreases with increasing
temperature. This means that this effect compensates for the elongation and contraction
of the cable due to thermal strains. After the time interval dt; the error becomes:

e, = ZQAT% + ZZ,IaAT% +2LanAT  after a time dr, (4.37)
t t

Where:
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e, (m) = Error due to a temperare disturbance on the reference arm

Using the given values results in the total error:

=7.5-10*(nm)  after a time dt

eTemp

This is a high error. Clearly this doesn’t meet the requirement of 10 (nm). The influence
of temperature has a very high impact on the error of position of the moving mirror.

Discussion

Different scenarios could be chosen to determine the influence of temperature on the
fiber optic interferometer, but the following situation is chosen because it gives a good
indication on the magnitude of the impact of a temperature change of either the
reference arm or the measurement arm.

Reducing the temperature disturbances and shortening both the reference arm and the
measurement arm will lead to higher accuracy of the fiber optic interferometer.

The waveguide material of a fiber optic cable is usually built up out of Silicium (Glass).
Unfortunately, there are many different types of glass. For this calculation it was
assumed that the change of refractive index over temperature has a negative value. But
the exact type of material of the waveguide material is unknown and therefore it is not
certain if this assumption is correct.

If this negative value of the change of refractive index over temperature compensates
exactly for the thermal coefficient of expansion then the waveguide material is called
"athermal”. However the change of refractive index over temperature doesn't always
have a negative value for all types of glass [42]. This means that the effect of the
change of refractive index over temperature could also accumulate with the effect of
thermal elongation or contraction and by this lead to a greater change of measured
position over time.

4.9.5Alignment

Introduction

Due to angular misalignment between the grin lens and the moving mirror, the light
that's reflected from the moving mirror and couples back into the fiber optic
interferometer is dependent on the position of the moving mirror relative to the position
of the grin lens, and the magnitude of the angular misalignment. This angular
misalignment could create an error in the measured position of the moving mirror.

Assumptions and modeling

The applied model and made assumptions are described in appendix D.4. The angular
misalignment between the grin lens and the moving mirror is shown in Figure D-23 and
is shown again below.
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Figure 4-9 Geometric model of the angular misalignment between the mirror and the
grin lens

Result

The maximal error due to the angular misalignment between the grin lens and the
moving mirror can be seen below in Figure 4-9. Depending on the exact distance
between the grin lens and the moving mirror and the initial phase of the optic wave
when exiting the splitter to the grin lens, the maximal error can be determined when the
moving mirror is exactly 0.05 (m) away from the grin lens.

For the simulation of the error the same signal inputs are used that are determined in
appendix C.3.

error [nm]
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Figure 4-10 Simulated error of the measurement system for two fringe signals, due to
angular misalignment between the lens and the moving mirror

The resulting error is a systematic error. The maximal error due to misalignment at the
maximal distance away from the grin lens is:

=5.1(nm)

ealignment

56



Finn van Rij
TU Delft | Technobis TFT-FOS

4.9.6 Photodiode

Introduction

The behavior of the photodiode could have an impact on the measured position of the
moving mirror. Non-ideal behavior of the photodiode’s responsivity could result in an
error of the position of the moving mirror.

Assumptions
- The responsivity of the three photodiodes is the same

Modeling

The responsivity of the photodiode should be as high as possible. The higher the
responsivity, the less signal is required for the same signal to noise ratio. The laser heat
load and the amount of stray light within the cryogenic cooled zone of the FTS will also
be lower for a smaller signal. Therefore the responsivity should be as high as possible.

When the photocurrent is measured over a single resistor, non-linear behavior of the
photodiode could occur. When the photocurrent created within the photodiode is higher
than the current corresponding to the breakdown voltage in the IV characteristic shown
in Figure 4-11.

Ravarse Bias Forward Bias

Braakdown Voltage

Figure 4-11 Typical IV characteristic of a photodiode [36]

There are two modes of operation of the photodiode, forward biased and reversed
biased. For the measurement setup of the fiber optic interferometer the reverse biased
mode or photoconductive mode of operation is used. In Figure 4-11 the reversed bias
mode corresponds with the left quadrants in the IV diagram.

When there is no light incident on the photodiode, then the curve of Py applies. If some
optical power P, incites on the photodiode, then the curve of the IV characteristic shifts
downwards. If the optical power is increased again, then the curve shifts downwards
again. An important aspect of the IV characteristic is the breakdown voltage of the
photodiode. In reverse biased mode a positive voltage is applied on the cathode of the
diode. The magnitude of the voltage determines the horizontal position on the IV curve
of the photodiode. In Figure 4-11 the horizontal point of the breakdown voltage is
indicated on the IV curve. If the reverse bias voltage is higher than the breakdown
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voltage, in Figure 4-11 this is on the left side of the breakdown voltage, then the
photodiode is used in its non-linear region. This means that the output current is not
proportional to the incident optical power, but non-linearly dependent on the incident
optical power.

In the reverse biased mode, linear operation is maintained as long as the photodiode is
not saturated and the bias voltage is higher than the product of the load resistance and
the photocurrent. Saturation is a condition in which there is no further increase in
detector response as the input light is increased. The load resistance is the resistor over
which the voltage is measured as the photocurrent passes through it.

Result
The maximum photocurrent created in the linear range @ 253 (K) is:

U ias
Inl :RL (4.38)

meas

For a 5 (V) reverse bias voltage and a 12K4 load resistance, the maximal photocurrent
when the responsivity of the photodiode becomes non-linear is according to [39]:

1 0.4(mA)

nl =
The maximal photocurrent created in the photodiodes is calculated in appendix B.2.

I,,.. =0.09(mA)

2max

The maximal photocurrents are smaller than the maximal photocurrent when the
responsivity of the photodiode becomes non-linear. From this there can be concluded
that the responsivity of the photodiodes will be linear and there won't be an effect on
the accuracy or the precision of the measurement system.

Discussion

The minimal photocurrent created by the incident laser power on the photodiode should
be higher than the dark current. Otherwise the signal can't be distinguished from the
photocurrent.

The maximal incident laser power on the photodiode is not limited by the physical
properties of the photodiode. The only problem is that the electronics behind the
photodiode might not be able to handle too much current or that the characteristic
behavior of the photocurrent as a function of the incident laser power becomes
nonlinear [28].

An easier method to prevent nonlinear behavior of the responsivity of the photodiode is
by using a reverse biased photodiode in combination with a transimpedance amplifier. In
this configuration (which is used for the photodiode readout electronics built by SRON
and is shown in appendix A.1) the reverse bias voltage over the photodiode doesn’t
change with a changing photocurrent, due to the virtual ground of the OPAMP.
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4.9.7 ADC quantization error

The smallest detectable analogue voltage is defined by the Least Significant Bit (LSB) of
the ADC. The maximal error due to the quantization of the ADC is equal to half the LSB
and this is equal to half the resolution.

e —l-res—M (4.39)
ade — 2 - 2nb+2 *

Where:
n, (—) = Number of bits in the ADC

e, (nm) = Quantization error in the ADC

For the 12 bit ADC and the wavelength of the laser of 1550(nm) the quantization error is
equal to:

€. =0.095(nm)

4.9.8 Mechanical vibrations

The effect of mechanical vibrations on the measured position of the moving mirror
should be as low as possible. The vibrations have the biggest impact on the accuracy
and the precision of the measurements when the vibrations are transmitted into the
reference arm and the measurement arm.

The experimental setup of the fiber optic interferometer should be built on an optic table
to reduce the transmission of floor vibrations to the setup.

For the SAFARI application the situation is more complicated. A possible source of
vibrations are the mechanical coolers that operate on 15 (Hz) and 45(Hz). These values
have been given in section 3.3.

For the application of the fiber optic interferometer on SPICA it is unknown where
exactly the sources of vibrations are, what the exact amplitudes of the vibrations are,
what the compliance(s) and the mass(es) of the suspensions are and what the damping
of the structures is. Because these specifications are necessary to make a vibration
analysis, the analysis is not performed.

It is adviced to mount the fiber optic interferometer with the highest possible stiffness.
Possible vibration reduction methods are applying low stiffness suspensions between the
fiber optic interferometer and the vibration source, building the setup of the fiber optic
interferometer on a large mass or use a skyhook damper. Hypothetically speaking the
use of a large mass would make the satellite too heavy and thereby to expensive. A
suspension with a low stiffness and a low damping between the vibration source and the
fiber optic interferometer might not be possible anywhere on the satellite, so a skyhook
damper perhaps should be considered.
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4.9.9 Error budgeting

The measurement system could have two types of errors. The first type of error is a
systematic error. This type of error refers to the accuracy of the measurement system.
The second type of error is a random error. This type of error refers to the precision of
the measurement system.

Because the calculated precision errors are dependent on different parameters, the
values are uncorrelated. Therefore the total precision error is the result of a linear
uncorrelated combination of parameters. Then the total precision error of the
measurement system can be written in the next equation [5].

€ = \/el2 te, +..te’ (4.40)
Where:
e, ., (nm,, ) =Standard deviation of the total random error

If the parameters are correlated then the total error can be calculated with the next
equation.

e ..=¢ete +..te (4.41)

Applying equation (4.40) to all the random errors in section 4.9 gives:

e ., =0.095(nm,,,)

r,tot

In Table 4-5 an overview is given of the precision errors that have been determined in
the content of this report.

Table 4-5 Overview of errors determined in this report that influence the precision

Precision Error
Intensity noise 0.0016 (nm;ms)
Laser line width 0.0019 (nm;ms)
ADC quantization error 0.095 (NMyys)
Total precision 0.095 (NMyp)

The accuracy of the OPD metrology is defined by the systematic errors in the
measurement system. The errors that have been determined in this report are assumed
to be uncorrelated. Therefore the total accuracy can be calculated with equation (4.40).

An overview of these errors is shown in the table below.
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Table 4-6 Overview of errors determined in this report that influence the accuracy

Accuracy Error

Optical disturbance signals 4.9 (nm)

Laser stability 1.0 (nm) over 3600(s)
Temperature (for AT = 1 (K)) 750 (nm)

Alignment 5.1 (nm)

Photodiode 0 (nm)

Total accuracy 750 (nm)

From the results displayed in Table 4-5 and Table 4-6 it can be concluded that the
precision of the measurement system is negligible compared to the accuracy of the
measurement system, because there are 5 orders of magnitude difference in the errors.

4.10 Specifications overview

An overview of the initial system specifications of the OPD metrology is given below in

Table 4-7.

Table 4-7 Specifications overview of the initial system configuration

Type of specification Value Meets requirements?
Accuracy 750 (nm)
Resolution 0.19 (nm)
Stroke 34.5 (mm)
Sample frequency 781 (Hz)
Heat load 1.3 (pwW)
Stray light power 42.3 (WW)
Space qualified No
Maximal required electrical power 6.67 (W)
Functionality at cryogenic temperature No
Relative displacement measurement Yes

Laser + electronics placed in room of 293 (K) Yes
Sensor head placed near the ODL Yes

Finally from these result the first main research question can be answered. This question
states: “Is the current setup of UNASYS operational for the SAFARI instrument?” The

answer to this question is: “No.”
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5 Drift

From the previous chapter it is concluded that the current setup of LUNASYS is not yet
operational for the SAFARI instrument. It is desired to know what should now be
improved on the current setup of LUNASYS to make the system operational for the
SAFARI application. The accuracy of the fiber optic interferometer that is specified in
section 4.9 is far away from the required accuracy and this seemed to be the bottleneck
of the design of LUNASYS for the SAFARI application. The main cause of this low
accuracy is drift of the measured signal. Drift is a small continuous change in the
measurement value of a measurement instrument over time, while the value that should
be measured remains constant.

In this chapter research sub-question c) will be answered. It will be determined if
temperature the dominant factor is causing the position drift of LUNASYS.

The cause of the drift is analyzed according to Figure 5-1.

Summarize Determine
possible drift »{ dominant drift >
causes cause

Analyze dominant .| Validate dominant
drift cause drift cause

Figure 5-1 Block schedule representing the analysis of the cause of the drift

First the possible causes of the drift are summarized and each cause is analyzed. It
seemed that temperature is a dominant factor causing the position drift. Hereafter, a
model is made to determine where the impact of a temperature disturbance on the fiber
optic interferometer will be the greatest. It seemed that the biggest impact of a
temperature disturbance is on the reference arm and the measurement arm of the fiber
optic interferometer. For this reason drift measurements are performed while the
temperature in the measurement arm and the reference arm is measured, in order to
see if the position drift and the temperature are related to each other.

5.1 Causes of drift

Introduction

There are many parameters that can cause drift in the measurement system. In this
section different causes are summarized and the parameters that most likely cause the
drift will be determined.

Assumptions
- Causes of drift other than the ones mentioned in this section have a negligible
influence on the drift
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Modeling
Consider the system model of the fiber optic interferometer that is described in
paragraph 2.1 and is shown again below.

Displacement
Not connected

Optic signal

Electric signal

Reference arm
circulator | Fem_—_———————— |

' |
Laser m — | I
3x3 | .
1 Mirror |
' |
|

splitter |

—_—— e e —— =

—_——— e ——— — — — — —

Signal

Signal |
processing N

conditioning

Moving
mirror

Lens

Detector system

Measurement arm

Figure 5-2 System model of the fiber optic interferometer

There are many things that could cause the drift of the measured signal. The most likely
causes are given below.

The following parameters can cause drift in the system:
- Laser wavelength stability
- Mechanical vibrations
- Refractive index changes of the air
- Phase and gain changes of the 3x3 splitter over time
- Temperature disturbances on the measurement arm and reference arm

Result

The influence of the frequency stability of the laser on the drift is estimated in chapter 4.
The impact on the accuracy was very low for the made calculation. It was assumed that
the casing temperature of the laser should remain constant and may have a maximal
fluctuation of 0.1 (K). In order to keep the casing temperature of the laser constant
thermal insulation has been applied around the laser. Because the calculated drift didn't
seemed very high, the frequency stability of the laser hasn’t been analyzed any further.

Another possible cause of the drift could be mechanical vibrations. Vibration
measurements have been performed by TNO [29]. By attaching a voice coil on the fibers
the error has been determined. The voice coil has been attached to all the fibers, except
to the fibers in the measurement and the reference arm. Then a vibration of 2 and 10
(Hz) with amplitude of 3 (mm) was induced by the voice coil. The largest error caused
by these vibrations on the displacement signal was 13 (nm). The fiber optic
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interferometer is most sensitive for disturbances in the measurement arm and the
reference arm. For this reason the entire setup of the fiber optic interferometer has
been built up on a vibration isolation table at Technobis. During the measurements on a
vibration isolation table the drift was still present in the signal to a large extent.

The measurement system has to be placed in vacuum, however all the measurements
are performed in an environment without vacuum. Changes of the refractive index of air
may create an OPD measured by the fiber optic interferometer and therefore influence
the accuracy of the measurement system. A fluctuation of the refractive index of air
over time could be a cause of the drift. In order to calculate this, Edlen’s formula can be
applied [37]. An online calculator has been used to calculate the effect of temperature,
pressure and humidity on the refractive index of the fiber optic interferometer [38].

For an atmospheric pressure, that is 1013 (mbar) and a humidity of 50% the refractive
index has been calculated for three different temperatures [38].

n, =1.000268155 @ 20(°C)
n, =1.000267213 @ 21(°C)
n, =1.000266276 @ 22(°C)

This result has been filled into equation (C.7) in order to calculate the effect of the
change of refractive index on the accuracy of the fiber optic interferometer.

By combining equation (D.25), (D.27), (D.28) and rewriting the equation, the next
formula can be used to calculate the effect of the change of refractive index on the
accuracy of the fiber optic interferometer.

e, =OPD (i—lj (5.1)

n, n

Where:
e, (m) = Error due to a change of refractive index

It is assumed that only the air increases in temperature and the temperature of the
other optical components remains constant. For an OPD of 0.1 (m) the error for a
change of temperature from 20 degrees Celsius to 21 Celsius is calculated by using
(5.1).

And for an OPD of 0.1 (m) and a change of temperature from 20 degrees Celsius to 22
Celsius, the error becomes:

e =188 (nm)

ny,air
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The effect of the change of the refractive index could be an important influence on the
drift.

Other parameters that can cause drift in the measurement system are phase and gain
changes of the 3x3 splitter, but also longitudinal stretching of the fibers in the splitter
due to temperature changes. These fibers within the splitter are part of the
measurement and reference arm of the fiber optic interferometer.

There is little known about these effects. But it will be assumed that longitudinal
stretching and contracting of the splitter due to temperature disturbances on the 3x3
splitter is small compared to temperature disturbances in the measurement and
reference arm. Because the length of the splitter is 4.5 (cm) and is relatively small
compared to the length of the measurement and reference arm. These lengths are
respectively 22 (cm) and 46 (cm). Simply by discussion it is difficult to make a good
estimate of the effect of the temperature on the phase and gain changes of the splitter,
but for the moment it will also be assumed that these effects are negligible.

Temperature disturbances on the measurement and reference arm are considered. In
chapter 4 the effect of these disturbances is estimated. Measured errors could become
as high as 750 (nm). It was also seen that the change of the refractive index of the
waveguide material over temperature could compensate or accumulate on the effect of
the thermal strains caused by a change of temperature.

During the first integration test of the software and electronics of SRON with the optical
hardware of Technobis, measurements already showed that the measurement system is
highly sensitive to temperature disturbances on the reference and the measurement
arm. During the integration test, a measurement was performed over a small time
period. The result of the measurement is shown in Figure 5-3. In the first time interval
of 0-9 (s) the sensors is left at rest. After this period a hand that functions as a heat
source, is held close to the reference and measurement fiber. Now a lot of fringes where
measured. Then after a few seconds the hand was pulled away from the measurement
and reference arm and the amount of fringes decreases.
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Figure 5-3 Fringe patterns measured during the integration test at SRON [9].

The measured displacement that corresponds to the three fringe patterns shown in
Figure 5-3 is given in the figure below.
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Figure 5-4 Measured displacement corresponding to the fringe patterns that has been
measured during the integration test at SRON [9]

As can be seen on the fringe signal of Figure 5-3, the measurement and reference arm
are highly sensitive to temperature disturbances.

It can be concluded that temperature disturbances on the measurement system are
probably the main causes of the drift in the measurement system.

5.2 Experiments

Introduction

The results from the previous section indicate that temperature disturbances on the
measurement system are probably the main cause of the drift of the measurement
system. In this section different experiments will be performed in order to locate where
the impact of temperature disturbances in the fiber optic interferometer is at its
greatest. Finally research sub-question c) will be answered.

Assumptions

- The temperature distribution over a fiber segment is homogeneous

- Errors in the data from the temperature sensors are neglected

- The materials are homogeneous and isotropic

- Thermal coefficient of expansion is constant over temperature

- The fiber consists of two materials; the coating and a single waveguide material

- Young’s modulus is constant over temperature

- No internal stresses are present within the fiber optic cable

- For the calculations of the thermal expansion the reference and the
measurement arm only consist of fiber optic cables

- The effect of temperature disturbances on the 3x3 splitter has a negligible effect
on the measured position drift
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Modeling

Consider the system model of the fiber optic interferometer given in Figure 5-2. This
model has been used to model possible external temperature disturbances on different
locations of the fiber optic interferometer. A temperature disturbance is a temperature
change over time with respect to the initial temperature. The model with these
disturbances is given in Figure 5-5.

—  Displacement
—— Optic signal
Not connected .
——— Electric signal
Disturbance signal
Circulator
Laser @ 3x3 |
! Mirror
splitter |
Signal Signal
processing conditioning Moving
Lens

mirror

X

Figure 5-5 System model of the fiber optic interferometer with temperature
disturbances acting on different components of the measurement system

Consider the situation where the fiber optic interferometer is in thermal equilibrium with
its surroundings. Now the effect of the temperature disturbance acting on the fiber optic
interferometer will be analyzed one by one.

The first temperature disturbance Oremp,1 acts on the laser. It is known that the laser
casing temperature should be maintained constant in order to maintain frequency
stability of the laser. The effect of a temperature disturbance on the laser is examined
by looking at the measured position signal while the laser is heated with a shrink heater.
Before the heating occurred the signal was already drifting. During the heating, no
significant changes occurred in the position signal with respect to the position signal
before the heating. From this there can be concluded that a temperature disturbance on
the laser is not the dominant factor causing the drift.

This same process has been repeated for disturbances dremp2 and Oremp,10- But again
there was no visible effect of the temperature disturbance on the drift of the signal.
Therefore it can be concluded that temperature disturbances on the detector electronics
and on the circulator are not the dominant factor causing the drift either.

The temperature disturbance dremp; Might have a considerable contribution on the
measured drift. In section 5.1 an error of 94 (nm) could occur when the temperature of
the air increased 1 degree Celsius. However for the SAFARI application the
measurements will be performed in vacuum and in vacuum the refractive index remains
constant with a change of temperature. Beside this, the order of magnitude of the
impact on the drift for this temperature disturbance is smaller than the temperature
disturbances acting on the measurement and the reference arm dtemp,4 , Otemp,5, Otemp,s
and Oremp,o. TO Vverify this, drift measurements were performed where the effect of the

67



5 Drift Improving a fiber optic interferometer for the
SAFARI instrument

temperature disturbance Oremp; Can be excluded. These drift measurements were
performed with a grin lens without an AR coating and the moving mirror was removed
from the experimental setup. This means that a Fresnel reflection on the outer surface
of the lens that is in contact with the air reflects back into the fiber optic interferometer.
A Fresnel reflection is a reflection that occurs when light passes through two waveguides
of different refractive indices. A part of the light gets transmitted through the interfacing
surface of these two refractive indices and a part of the light gets reflected on this
interfacing surface. In these experiments this reflection is used to interfere with the
signal reflected from the reference arm. As a consequence of this experimental setup,
the effect of temperature disturbances on the moving mirror dremps are excluded as well
besides Oremp,7. For now it is assumed that Oremps , the effect of temperature
disturbances on the 3x3 splitter have a negligible effect on the measured position drift
of the fiber optic interferometer.

The thermal expansion and contraction of the fiber optic interferometer can be
calculated by measuring the temperature on the reference and the measurement arm
and using the known lengths and material types of the measurement and reference arm.
By comparing the result of this calculation with the measured drift by the detector it can
be determined if the effect of the disturbances dtemp,4 ; Otemp,5 ; Otemp,s @NA Bremp,o are the
dominant factor causing the position drift of the fiber optic interferometer.

Consider Figure 5-6. The reference and the measurement arm are subdivided into
different segments by the purple lines. In each segment a temperature sensor is placed.
The 3x3 splitter is considered as a different segment.

Experimental
model

Circulator

Laser @

Mirror

Signal S Signal
processing conditioning

Moving

Lens .
mirror

X

N
7.

Figure 5-6 Experimental model of the fiber optic interferometer for the drift
measurements, where the green dots indicate the position of the temperature
sensors and the purple lines the boundaries of the different fiber segments

Pictures of the real implementation of the experimental setup are shown in the figures
below.
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T

Figure 5- Picture of the experimental setup with the temperature sensors where the
measurement and reference arm are not covered by thermal insulation, built up by
Finn van Rij

igure 5-8 Picture o thexperimenta setu with the temperature sensors where the
measurement and reference arm are covered by thermal insulation, built up by Finn
van Rij

The reference arm is segmented in three elements and the measurement arm is
segmented in six elements. The temperature sensor is placed in the middle of each
element. In Table 5-1 the length of each element is given.

Table 5-1 Length of the fiber segments in the reference and the measurement arm

m (segment #) 1 2 3 4 5 6 7 8 9 10
Length (m) 0.09] 0.06| 0.07{0.045 [ 0.07]| 0.06] 0.13| 0.06( 0.08] 0.06

The material properties of the materials of the fiber optic cable required to calculate the
effective coefficient of thermal expansion are given in the table below.
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Table 5-2 Material properties of the materials off which the fiber optic cable consists

Element Material | E (Pa) a (K A (m?) n(-) dn/dt (K?)
cladding Pyrex 6,40E+10| 8,50E-06 1,23E-08 | 1.55 -1,28E-05
coating Acrylate 3,20E+09 7,50E-05 7,73E-07

The given surfaces of the fiber are calculated in Appendix B.1 the other parameters are
obtained from the Solidworks material library. One fiber segment will now be analyzed
on its mechanical behavior due to thermal expansion. The cladding and the coating are
fixed together, so the coating and the cladding cannot expand and contract freely from
each other.

cl’ Ecl

L

Figure 5-9 Parameters of a fiber optic cable segment

The left side of the fiber is fixed to the mechanical ground. The system is modeled by
assuming that the cladding of the fiber and the coating of the fiber are able to expand
and contract freely from each other. When the temperature in the fiber is raised
homogeneously over the fiber, the two materials will have different elongations, ¢, for

the coating and ¢, for the cladding, because,, > ¢, . This is shown in Figure 5-10.
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/l f—> FC>FCo

Figure 5-10 Elongation model of a fiber optic cable segment, used for the equations
of compatibility

For the total elongation due to thermal expansion according to equation (4.31), there
can be written:

0 =1,0AT (5.2)

Where:
J(m) = Total elongation of the fiber optic cable segment

Because in reality the unfixed end is fixed to another segment of the fiber and the
coating and the cladding are actually glued to each other, the expansion of the two
materials must be the same. Now the axial forces in the coating and the sleeve must
have magnitudes such that they shorten the coating and stretch the cladding until the
final lengths of the coating and the cladding are the same. The force acting on the
cladding and on the coating respectively is written in the next formula.

FL
o=— 5.3
A (5.3)
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Where:
F (N)=Force

L(m)=Length
E (N / mz) = Young's modulus

Am? ) = Surface

Now the equation of compatibility can be written for the fact that the elongation of the
coating and cladding shown in Figure 5-10 must be the same in the next formula [2].

Oy =06,-0,=0,+9, (54)

In Figure 5-10 only two forces are shown, one force acts on the cladding of the fiber Fq
and one force on the coating F. Note that the coating force is indicated as two arrows,
but the resultant force on the coating is just F.. The fiber doesn’t move, therefore the
resultant force acting on the fiber is equal to zero. Then from force equilibrium in the
longitudinal direction of the fiber in Figure 5-10 there can be written:

F —F (5.5)

co cl

Where:
F., (N) = Resultant force acting on the fiber coating

co

F

cl

(N ) =Resultant force acting on the fiber cladding

The total elongation of the fiber can be found by substituting F, or F, and solving the

equation of compatibility for the total elongation, by combining equations (5.2), (5.3)
and (5.4).

EA+EA,

An effective coefficient of thermal expansion for the entire fiber optic cable can now be
determined.

EA+EA,

Where:

a,

o (K - ) = Effective coefficient of thermal expansion
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Using the material properties given in Table 5-2 and noting that in equation (5.7)
subscript 1 corresponds to the coating of the fiber and subscript 2 corresponds to the
fiber cladding, the effective coefficient of thermal expansion can be calculated.

a, =5910"(K™)

The OPD for the system model given in Figure 5-5 can be determined according to
equation (5.8).

OPD(t)=2[n,L,, (t)+n,(t)x(t)=n,L,,(1)] (5.8)

Where:
n, (—) = Refractive index of the fiber core

n, (—) =Refractive index of the air

L

.+ (m) = Length of the reference arm

L, ... (m)=Length of the measurement arm until the lens

meas

If the length of the reference and the measurement arm are constant, then a constant
offset of the phase of the fringe signal would be measured. In this case the phase of the
fringe signal is a measure for the displacement of the moving mirror and if the refractive
index of the air would be constant over time and equal to one, then equation (4.14)
applies:

)

4zn (>9)

However, with the new experimental setup the refractive index of air and the
displacement of the moving mirror don't affect the OPD anymore. In this case equation
(5.8) changes to:

OPD (t)=2n, (L, (1)~ L, (1)) (5.10)

Now consider the model for the calculation of the position drift in Figure 5-11.
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Figure 5-11 Model for the calculation of the position drift due to changes of length of
the reference and the measurement arm

The drift can be calculated from the optical path difference of the light traveling in the
measurement arm and the light traveling in the reference arm. The measured
displacement by the measurement system would be x, and this value is equal to half the
OPD described in equation (5.10). The measured position signal as a consequence of the
temperature drift for the model given in Figure 5-11 is described in the formula below.

xdrift (t)znf (Lmeas(t)_Lref (t)) (511)

In the algorithm equation (5.9) is used to calculate the displacement of the moving
mirror. In this equation the value for the refractive index n is equal to one. This means
that the drift signal that is calculated with the equation below should use the same value
for the refractive index in order to correspond to the measured position drift.

xdr[ft (t) = Lmeux (t) - Lref (t) (5'12)

Equation (5.12) will be used to calculate the drift due to the temperture disturbances. By
rewriting equation (5.12) according to the parameters shown in Figure 5-11 the next
formula is obained as a function of the initial length at time t=0.

X4 (1) = (L (0) + AL, (1)) = (L, (0)+ AL, (1)) (5.13)

Now the drift can be calculated by writing equation (5.13) for all the segments m. For
the measurement arm the next formula applies:

Ly (1) =3 Lo, (1@, (T, (1) T, (0))) (5.14)

m=1
Where:
m(—) = Segment number
L,,, (m) = Initial length of segment m

T, (K) = Temperature of segment m

m

74



Finn van Rij
TU Delft | Technobis TFT-FOS

And for the reference arm:

L, Z on (140, (T, (1)-T,(0))) (5.15)

m=5

Now combining equations (5.12), (5.14) and (5.16) gives the final formula that is used
for calculation of the drift due to the measured temperatures on the different segments
of the reference arm and the measurement arm according to Figure 5-6.

Xy (1 ZlOm(1+a (T, ( (0)))- Zlﬁm(1+0{ (1, (1)-T,(0))) (5.16)

m=5

For the calculation of the thermal expansion of the reference and the measurement arm
it is assumed that the reference and the measurement arm only consist of fiber optic
cables.

The drift measurements from the OPD metrology are compared to the drift signal
calculated with the measured temperatures and equation (5.16).

Results

It is expected that temperature disturbances have a low timeconstant in the order of
several seconds or even minutes. The influence on the drift will therefore become more
visible over a longer time period. Three drift measurements have been done. Two
measurements have been perfomred that lasted for an hour and one measurement over
a whole night. The night measurement is the most reliable, because at night the
thermostat and the air circulation are minimal and therefore the environment is most
stable. This will result in a more stable measurement.

In the next figure the temperature of segment 2, a segment in the measurement arm
and the temperature of segment 6, a segment in the reference arm is plotted over time.
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Figure 5-12 Measured temperatures of fiber segment 2 and fiber segment 6 over
time. It can be seen that the temperature profiles of the two plots don‘t differ so
much from each other

It can be seen from Figure 5-12 that both segments have similar temperature behavior.
The temperatures measured over the other segments all look similar to these two plots,
but differ slightly in temperature value. All the temperature plots for this measurement
can be seen in appendix E.4.

In Figure 5-13 two measurements are shown. The left plot corresponds to the drift
measured with the measurement system and the right plot corresponds to the
calculated drift with the measured temperatures over all the segments.
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Figure 5-13 Measured position drift and calculated position drift, for drift
measurement 3.

From Figure 5-13 it can be seen that the shape of the two plots are remarkably similar.
This implies that the reference arm and the measurement arm are highly sensitive to
temperature. Research sub question c) can now be answered. The question was: “Is
temperature the dominant factor causing the position drift of LUNASYS?” From these
experiments there can be concluded that the answer to this question is: “Yes”. In fact
the temperature disturbances on the reference arm and the measurement arm are the
dominant factor causing the position drift of LUNASYS.

Validation

At Technobis there is nothing known about the effect of temperature on the phase and
gain changes of the 3x3 splitter. In the model for the experiments, it has been assumed
that the effect of temperature disturbances on the 3x3 splitter has a negligible effect on
the measured position drift. This assumption can be validated by looking at the fringe
signals measured on the ADC that are given in Appendix E. Now consider the calibrated
fringe signal from drift measurement 3 given in Figure E-15. Two black horizontal lines
are plotted in this fringe signal in Figure 5-14. The lines are plotted at the height of the
initial maximal value of the fringe signal and the initial minimal value of the fringe signal.
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Figure 5-14 Calibrated fringe signal from drift measurement 3, showing how the
initial peak to peak amplitude of the signal changes over time

From Figure 5-14 it can be seen that the amplitude of the raw data slightly changes over
time. Also it can be seen in the plot below, that the temperature of the splitter
decreases over time.
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Figure 5-15 Measured temperature of the 3x3 splitter (fiber segment 4) for drift
measurement 3

From these results there can be concluded that the gain of the splitter is related to the
temperature. This could be explained by drawing the evanescent field of the light that
passes through the core of a single mode fiber. For a normal single mode fiber a part of
the light travels through the core and a part of the light travels through the cladding of
the fiber. During the fabrication process of the fiber the fibers are twisted around each
other and then they are heated and stretched out [26]. This means that inside the
splitter a part of the evanescent field of the fiber goes beyond the cladding of the fiber
that wouldn't have gone beyond the cladding of the fiber before the heating. On the
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outside of the cladding of the fiber, where there is no overlap with the evanescent field
of another fiber core, more light is lost.

Evanescent field Evanescent field
inside the cladding outside the cladding

Fiber cladding

\\ Evanescent field
- outside the cladding

Figure 5-16;777(»:?675; section of the 3x3 splitter, with the evanescent field around the
fiber cores

When the temperature of the splitter decreases, the fiber cores get closer to each other
and the overlap of the evanescent field gets higher. Consequently less light is lost and
the measured peak to peak amplitude of the three fringe signals becomes higher.
However the amplitude of the fringe signal only changes slightly over time and the
effect of an amplitude changes is not very high on the accuracy of a measurement, as
can be seen from section D.4. In this section misalignment also creates a change of
detected light over time. However, the longitudinal thermal expansion of the three fibers
within the splitter is unknown and remains an uncertain factor.

It has also been assumed that the thermal coefficient of expansion and the modulus of
elasticity are constant over the temperature. Because the temperature changes are of
small orders, namely maximal two degrees Celsius, it is valid to assume that these
properties remain constant.

Discussion

The gain used to calculate the drift is not completely correct. This can be seen clearly in
Figure 5-13 where the drift measurement is plotted over a long time period. It will now
be discussed what the main reasons for this difference could be.

For the experiments it is assumed that the errors in the data from the temperature
sensors are neglected. The maximal error that can occur due to the tolerance band of
the sensors can be determined by calculating the maximal position error due to a
temperature change equal to the temperature tolerance band. The error band can be
determined with the next formula:

= aeﬁ’AT;ol (Lmeas (O)_Lref (0)) (517)

esensor

79



5 Drift Improving a fiber optic interferometer for the
SAFARI instrument

Where:
€,...., (M) = Error due to the tolerance band of the temperature sensors
AT, , (K) = Temperature tolerance band of the PT100's

a,=59-10°(k") L, (0)=0.46(m)

AT, =03(K) L, (0)=0.22(m)

Using these values the total error band as a consequence of the tolerance band of the
sensor can be determined.

€onsor = T4.2(um)

sensor

This is a high error and decreases the reliability of the measurements. This error looks
like @ modifying input on the sensor, however the fact that this error is not the same for
all measurements implies that something else could be the cause of this.

But when looking at the measurements in Figure 5-13 it can be seen that the end point
of the graphs differs more than this calculated tolerance. So the difference between the
measured drift and the calculated drift would not be caused mainly by the tolerance
band of the temperature sensor.

In order to increase the reliability of the measurements, the measurements could be
repeated with high tolerance temperature sensors.

Another possible cause for the difference of the two plots shown in Figure 5-13 could be

that the length is not measured accurate enough. Two other length configurations will
be calculated below. Changing the length of element 3 and element 10:

L, (0) =L, (0) + O‘OI(m)
Lyess 2 (0) = L,y (0)=0.01(m)

meas

For these new lengths the calculated drift becomes:
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Figure 5-17 Measured position drift and calculated position drift for drift

measurement 3, when the length of the reference arm is assumed to be longer and
the length of the measurement arm is shorter

Increasing the reference arm with respect to the measurement arm gives a better
approximation on the gain when the drift increases, but a worse approximation when
the drift decreases.

Now the length is changed of element 3 and element 10 is changed again:

Lref,S (0) = Lref (0) —0.01("’[)

Lmeas,3 (0):L (0)+001(m)

meas

For these two new lengths the calculated drift becomes:
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Figure 5-18 Measured position drift and calculated position drift for drift
measurement 3, when the length of the reference arm is assumed to be shorter and
the length of the measurement arm is longer

Increasing the measurement arm with respect to the reference arm gives a better
approximation on the gain when the drift decreases, but a worse approximation when
the drift increases. From the graphs in Figure 5-17 and Figure 5-18 it can be seen that
the accuracy of the measured initial length isn't the main reason for the difference of the
measured drift and the calculated drift.

When the temperature decreases, the calculated drift is higher than the measured drift
and when the temperature increases, the calculated drift is lower than the measured
drift. For the temperature measurements it has been assumed that the temperature
distribution over an element is homogeneous. This assumption is probably incorrect.

The average temperature is lower than the outside coating temperature because the
core of the fiber is thermally insulated from the coating. This temperature difference will
be greater if the thermal coefficient of conduction is lower. The thermal coefficient of
the coating material is relatively low. About two orders of magnitude lower than copper
for example. From the magnitude of the thermal coefficient of conduction there can be
concluded that the temperature is not homogeneous in the radial direction of the fiber.
The core temperature of the fiber couldnt be measured in this experiment. But when
the temperature of the surroundings increases the core temperature will have a lower
temperature than the surface temperature of the coating. Applying this temperature
distribution to the equation of compatibility (5.4) will result in a lower effective
coefficient of thermal expansion. For this reason the calculated drift will be higher than
the measured drift when the temperature of the surrounding increases.
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Figure 5-19 Temperature distribution over a fiber when the temperature of the
surroundings increases and the core temperature is lower compared to the
surroundings

If the temperature of the surroundings decreases the core temperature will have a
higher temperature than the surface temperature of the coating. Applying this
temperature distribution to the equation of compatibility will result in a higher effective
coefficient of thermal expansion. For this reason the calculated drift will be higher than
the measured drift when the temperature of the surrounding decreases.

Figure 5- 20 Temperature dlstrlbutlon over a flber when the temperature of the

surroundings decreases and the core temperature is higher compared to the
surroundings

Furthermore, if the coating temperature increases more rapidly the temperature
difference between the fiber coating and the fiber core will be greater. So the effective
coefficient of thermal expansion is a function of the temperature rate of the fiber
coating.

Though when looking at the drift measurements shown in appendix E.2 and E.3, this
isn't the case. From this there can be concluded that there must be another explanation
for this difference.

For the calculation of the thermal expansion of the reference and the measurement arm
it is assumed that the reference and the measurement arm only consist of fiber optic
cables. Actually they also consist of connectors, a lens and a mirror. The length of the
lens and the mirror are respectively about 1 and 2 (cm). These lengths are relatively
small compared to the total length of the fiber. The connectors are built up differently
than the fiber optic cable, but also consist of a fiber cladding and some other material
around it. For better measurements it can be recommended to remove these connectors
from the setup and weld the fibers together.
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Due to the low sample frequency and the cutoff frequency of the filter, higher frequency
temperature fluctuations won't be detected. It would be better to perform the
measurements with a data acquisition system that could sample with a higher frequency
and use temperature sensors with less noise.

The longitudinal thermal expansion of the three fibers within the splitter is unknown and
remains an uncertain factor, this is possibly the reason for the main difference between
the two measured drift and the calculated drift shown in Figure 5-13.

So even though there are still some uncertainties in the measurements, the conclusion
that can be drawn from the measurements remains the same. Namely that temperature
is the dominant factor causing the position drift of LUNASYS, because the main shape of
the two plots in Figure 5-13 are very similar.
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6 System specifications after improvements

In chapter 4 the requirements for LUNASYS are stated. Since not all requirements are
met, some improvements on the system need to be made. These improvements should
eventually lead to a fiber optic interferometer that is operational for the SAFARI
application.

In this chapter different improvements on the system will be made and new system
specifications will be formulated with these improvements. The chapter is subdivided
into different sections and in each section a different improvement will be treated.
System specifications that are formed in this chapter will mostly be based on models
and simulations that are made in chapter 4.

6.1 AR coating grin lens

Introduction

The largest optical disturbance signals in the fiber optic interferometer are caused by the
grin lens. The maximal error caused by these optical disturbance signals was determined
in section 4.9.2, and this error is 4.9 (nm). By using a grin lens with an AR coating the
magnitude of the optical disturbance signals caused by the grin lens and therefore the
maximal error in the measurement system could be reduced significantly.

Modeling
With a new grin lens that has an AR coating the return loss of the grin lens becomes 65
(dB) instead of 11.55 (dB) for the grin lens used in the initial system configuration. Just
like the model used in section 4.9.2 the power of the optical disturbance signals is
displayed as a ratio of the power of optical disturbance signals over the original signal in
Table 6-1.

Table 6-1 Ratio of the power of each disturbance signal over the ideal calculated
signal power that has been calculated in appendix C.3, given for all three photodiodes

Disturbance # ratio photodiode 1 | ratio photodiode 2 | ratio photodiode 3
1 1.4E-04 0.0E+00 0.0E+00
2 2.6E-07 0.0E+00 0.0E+00
3 0.0E+00 2.0E-06 2.0E-06
4 4.4E-09 3.4E-09 3.5E-09
5 6.9E-07 7.0E-07 6.1E-07
6 6.9E-07 6.3E-07 5.5E-07
7 6.2E-07 6.1E-07 7.1E-07
8 1.6E-07 1.6E-07 1.9E-07
9 1.4E-07 1.3E-07 1.6E-07
Total disturbance | 1.4E-04 4.2E-06 4.2E-06

86



Finn van Rij
TU Delft | Technobis TFT-FOS

In this scenario the largest optical disturbance signal comes from I,;. In appendix D.2 it
can be seen that this disturbance is caused by the circulator.

Result

0.04
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Figure 6-1 Simulated error of the measurement system for two fringe signals, due to
angular misalignment between the lens and the moving mirror

The resulting error is a systematic error. The maximal error that can occur is equal to:

e :0.03(nm)

opt,dis

This error is much more acceptable compared to the error obtained with the grin lens
without the AR coating. From this it can be concluded that it is preferred to use a grin
lens with an AR coating.

6.2 Reduce the laser power

Introduction

In order to reduce the amount of stray light and the total heat load on the cryogenic
cooled zone, the laser power could be downscaled. The effect of this would be a lower
loss of optical power and therefore the amount of stray light and the total heat load on
the cryogenic cooled zone are also reduced.

Before the drift experiments where performed it was considered if it would be possible
to place the 3x3 splitter in the cryogenic cooled zone in order to reduce the total length
of the reference and the measurement arm. Another benefit of this system configuration
would be that that the temperature in the cryogenic cooled zone is more stable and
therefore the magnitude of the temperature disturbances would be lower. A drawback of
this concept is that the 3x3 splitter would have to be able to function at 4.5 (K) but also
that the heat load on the cryogenic cooled zone would become higher. The total heat
load and the stray light power for this new situation will be determined in this section.
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Assumptions

- All optical power lost in the 3x3 splitter is absorbed and transferred to heat.

Modeling

Instead of using a power output of the laser of 1 (mW), a 0.1 (mW) laser power output
is used. Furthermore a new grin lens with an anti reflection coating is used. This new
grin lens has an insertion loss of 1.0 (dB). The splitter is placed within the cryogenic
cooled zone and it is assumed that all optical power lost by the 3x3 splitter is absorbed
and transferred to heat.

For the laser power losses the same model is used as in section 4.5. A lot of optical
power is lost in the end stop fiber of the 3x3 splitter. For this reason this fiber is lead out
of the cryogenic cooled zone, because of this three fiber optic cables pass through the
wall of the cryogenic cooled zone.

Result

In the figure below the result of the model for the previously described situation is
represented.

Measurement arm, reference
arm and 3x3 splitter at 4.5(K)

0.9%

Qlaser, in Qlaser, out = 20 (ﬂW)
M Cables

H Grinlens

m Reference mirror

B Measurement mirror
m Connectors

= Splitter

5.7%
5.8%

Figure 6-2 Distribution of the laser power loss of the components within the
measurement arm, the reference arm and the 3x3 splitter placed within the cryogenic
cooled zone of 4.5 (K).

The total power lost by the laser in the cryogenic cooled zone is two times less then for
the situation described in section 4.5.
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The new calculated amount of stray light:

=P TP +P =T74(uW)+0.8(uW)+0.9(uW)=9.1(uW)

stray light grin lens measurement mirror reference mirror

The new total heat load on the cryogenic cooled zone can be calculated with this data.
The standard heat load is slightly increased because now three cables pass through the
wall of the cryogenic cooled zone.

Qstandard load = 3inber = 09 (ﬂW)
With these results the new total heat load can be calculated by applying equation (4.9).

Qlotalload = 09 (IUW)+ 109 (IUW) = 1 18(IUW)

Discussion

By reducing the laser power the magnitude of the signal also becomes lower. This
means that the SNR is decreased when the laser power is decreased. From section 4.9.1
it could be seen that the impact of the intensity noise on the precision of the
measurement system was very low, 1.6 (pm)

It can be expected that if the laser power is lowered one order of magnitude the
influence of the intensity noise on the precision of the measurement system will remain
low.

From Figure 6-2 it can be seen that the heat load by the laser can significantly be
reduced by welding all the optical fibers together instead of using connectors.

As a result of this lower laser power the signals at the ADC will become lower and
consequently the ADC won't clip anymore. The gain of the electronics needs to be reset
in order to use the total range of the ADC, so that the resolution doesn't suffer from this
smaller signal.

6.3 Stray light maze

Introduction

The initial calculated stray light power in section 4.5 of 42.3 (MW) and the newly
calculated stray light power of 9.1 (UW) in section 6.2 both don't meet the required
amount of stray light of 0.89 (UW). A measure needs to be taken in order to meet the
requirement. A stray light maze has been designed in order to absorb most of the stray
light power and transfer it to heat. In order to estimate the reduction of the stray light
power due to the presence of this stray light maze the ray tracing method is used [1].
The maze is designed in such a way that the two moving parts of the maze don't
contact each other. In this way no extra hysteresis, damping or wear is introduced on
the ODL.
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Assumptions
- The surfaces of the stray light maze are isothermal
- The surfaces of the stray light maze are opaque
- The emissivity of the black anodized Aluminium is 0.8 for all temperatures and
for light with a wavelength of 1550 (nm)
- All stray light power is concentrated in one ray.
- Only specular reflections occur within the stray light maze

Modeling

For the model used to calculate the stray light power, that exits the stray light maze, the
ray tracing method is used.

The concept of the designed stray light maze is shown in F.1. Black anodized Aluminium
is used as absorption material of the stray light maze, because it absorbs infrared light
and it is also very stiff. It is assumed that the emissivity of the black anodized
Aluminium is 0.8 for all temperatures and for light with a wavelength of 1550 (nm).
Also, it is assumed that all stray light power is concentrated within 1 ray that only
reflects specular. The stray light power that exits the stray light maze can be calculated
using equation (6.1) [1].

Qslray light = Qr (1 - € )m’ (61)

Where:
Q. (W) =Radiant energy leaving the fiber optic interferometer

m, (—) = Number of reflections

Result

A cross section of the stray light maze is shown in Figure 6-3. The stray light maze is
drawn in the configuration when the moving mirror is as near as possible to the grin
lens.

Grin lens

Moving mirror

Figure 6-3 Stray light maze cross section with possible optical path of the stray light

18 Reflections are counted for the rays drawn in Figure 6-3. So by applying equation
(6.1) the amount of stray light escaping from the fiber optic interferometer and entering
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the cryogenic cooled zone can be calculated. The stray light power that has been
calculated in section 6.2 has been used.

Qstraylight = 24 .10_12 (IUW)

This value is much lower than the required amount of stray light of 0.89 (uW), so the
stray light requirement for LUNASYS is met.

The stray light power is absorbed and transferred to heat, the total heat load that was
calculated in section 6.2 has to be recalculated now. This is done below.

Qlotalload = 09 (IUW ) + ZO(IUW) = 209 (IUW)

All materials in the stray light maze, including the mirror, are chosen as Aluminium. The
total added mass on the moving actuator of the ODL is calculated by 3D design software
Solidworks.

paluminium = 2730 (kg /m3 )
madded, act = 295 (g)

In section 3.7 it was determined that the maximal extra mass on moving actuator
should not be greater than 48 (g). This concept meets this requirement.

Validation

The required number of reflections can be calculated with equation (6.1). By using the
initially calculated stray light power in section 4.5 of 42.3 (uW) the required amount of
reflections is can be calculated.

m =24

r

If the laser power is scaled down, the amount of stray light decreases and the needed
amount of reflections also decreases. For the new calculated stray light power in section
6.2 of 0.89 (UW) the required amount of reflections is:

m =14

The amount of reflections that occur in the stray light maze are higher than the minimal

required amount of reflections for both situation, so the stray light power requirement is
met for both situations mentioned above.

Discussion
For manufacturing reasons and weight saving reasons the shape of the stray light maze
is chosen to be round.
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Because the entire stray light maze is made out of 1 single material no thermal stresses
occur that could cause undesired deflections of the mechanical structure resulting in
contact between the two parts of the stray light maze.

The stray light analysis should be verified with stray light analysis software like ZEMAX
and ASAP.

A more detailed design of the stray light maze should be made if more detailed
requirements for the stray light maze are known.

A stray light shield, in the form of a tube, should be surrounding the reference and the
measurement arm and the splitter, as it is assumed in section 4.5.

6.4 Thermal coefficient of expansion at 4.5 (K)

Introduction

The linear thermal coefficient of expansion of many materials decreases when extremely
low temperatures are reached. If the thermal expansion of all the optical components of
the measurement arm and the reference arm become zero, position drift due to thermal
disturbances is completely eliminated.

In this section the thermal coefficient of different materials is considered and it will be
verified if thermal disturbances play a role at a cryogenic temperature of 4.5 (K).

Modeling

In the next three figures the thermal coefficient of expansion for three different
materials are shown. Two construction materials, Aluminium and Invar36 (which is
famous for its low thermal coefficient of expansion), are shown below.

Linear expansion coefficient [K 1]

1 |
[ 50 100

| |
150 200 250 300
Temperature [K]

Figure 6-4 Linear thermal coefficient of expansion for Aluminium over the
temperature [31]
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Figure 6-5 Linear thermal coefficient of expansion for Invar36 over the temperature
[31]

The position drift due to temperature disturbances is mainly caused by expansion and
contraction of the waveguide material Pyrex and the coating material Acrylate. The
thermal coefficient of expansion of Pyrex is shown below in Figure 6-6.

4><10'6

Linear expansion coefficient [K 1]
Il

ol L L L L L
0 50 100 150 200 250 300
Temperature [K]

Figure 6-6 The thermal coefficient of expansion of Pyrex over temperature. PYREX is
the waveguide material of the fiber optic cable. This data is obtained with the
software Cryocomp from SRON.

Result

At 4.5 (K) Aluminium won't expand or contract anymore. Pyrex however, has a thermal
coefficient of expansion equal to zero at 3 (K). By lowering the temperature from 4.5 (K)
to 3 (K), position drift due to thermal disturbances could be eliminated.

Discussion

In order to reduce the temperature of the room with the FTS from 4.5 (K) to 3 (K),
more electric power is required. The maximal available electrical power is limited and
already at the boundaries of the specified available electrical power [23]. Therefore it is
not possible to cool the room with the FTS to 3 (K).
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The effect of refractive index changes over temperature at cryogenic temperature is
unknown, because no data could be found about this property at these temperatures.
Another uncertainty is the exact material type of the waveguide material of fiber optic
cables. Of what material exactly is the waveguide material of the fiber optic cable made
of? This is a question that is not answered with certainty in this report.

6.5 Drift improvements

Introduction

The main cause of the measured position drift, are the temperature disturbances acting
on the measurement and the reference arm. The impact of these disturbances on the
drift could be reduced by influencing some design parameters that determine the
thermal expansion and contraction of a piece of material.

In this section the accuracy will be specified by the performed drift experiments. For
these drift measurements the improvements are added to the system.

Modeling

In equation (4.37) it can be seen that by reducing the magnitude of the temperature
disturbances and by shortening the lengths of the fibers of the measurement arm and
then reference arm the measurement system becomes less sensitive to temperature
disturbances. The initial length of the fibers in the reference arm was 1 (m) and the new
lengths are given in section 5.2.

L, (0)=0.46(m)

meas

L, (0)=0.22(m)

For the drift measurements shown in Appendix E these improvements were added to the
system.

Besides that, the laser has been thermally insulated and the air in the measurement arm
has been shielded with a tube around it to decrease the changes of the refractive index
of the air.

Result
Over the measured time period the maximal temperature fluctuation on the
measurement system was:

T —T,. =0.14(K)

For this drift measurement (drift measurement 2), keeping the temperature disturbances
to minimal has been successful. Drift measurement 1, described in appendix E.2, has a
high temperature disturbance on the end of the measurement, which makes this
measurement less reliable.
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The magnitudes of the other errors in the measurement system are much smaller than
the error due to the drift. Therefore, the estimate of the new accuracy has been based
on the error measured in drift measurement 2.
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Figure 6-7 Measured drift signal for drift measurement 2

The error could be read from Figure 6-7.

1100(nm) over 3600 (s)

From this result it can be concluded that the accuracy of the measurement system still
doesn’t meet the required accuracy of the system, which is 10 (nm).

6.6 Lens and mirror choice

Introduction
Technobis has thought of some concepts for the grin lens and the moving mirror. In this
section a choice will be made out of the concepts that meet the requirements for
LUNASYS best.

Modeling
The concepts for the moving mirror and the lens are shown below in Figure 6-8.
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Figure 6-8 Concepts for the type of grin lens and the moving mirror [22]
The main design goals are:
e Minimize the optical losses
e Obtain the highest possible accuracy
Consider Figure 2-7 that is shown below again.
Reflecting Refractive
Optical fiber GRIN lens Collimated light beam surface index profile
- Q .
\

Figure 6-9 Schematic view of light beams collimated by a grin lens reflecting on a
mirror [20]

In this figure it can be seen that the light that is diffusely spread out of the fiber gets
collimated. When the collimated beam reflects on a reflecting surface such as a mirror or
a retro reflector and the light is returned normal to the surface of the lens, then the light
gets coupled back into the fiber due to the working principle of the grin lens.

Concepts A and B from Figure 6-8 both have light returning to the grin lens that is not
normal to the surface of the grin lens. This means that most of the returning light
doesn't couple back into the optical fiber core or that the amount of light that couples
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back into the fiber core is independent on the position of the moving mirror. For this
reason concepts A and B won't be used.

Concepts C and D remain, because there respectively a retro reflector and a mirror are
used. These two concepts both have benefits and drawbacks. The main benefit of using
a mirror is that it is insensitive to concentricity between the grin lens and the mirror.
However, as can be seen from section 4.9.5 this concept is sensitive to angular
misalignment between the moving mirror and the grin lens. For the retro reflector this is
exactly the other way around. The retro reflector is insensitive to angular misalignment
between the retro reflector and the grin lens, but it is sensitive to concentricity between
the retro reflector and the grin lens.

A design choice has to be made based on the working conditions of the fiber optic
interferometer.

Result

For the SAFARI application the next requirements for the FTS are given in section 3.4:
FTS mirror rotation tilt [6] <+ 30 (arcsec)

FTS mirror lateral displacement [6] <100 (um)

With an assumed distance between the grin lens and the moving mirror of 0.05 (m),
based on Figure D-23 a mirror tilt of 30 (arcsec) corresponds to a lateral displacement at
the coupled light back at the grin lens of:

d . =420(um)

offset

From this calculation it can be concluded that a larger offset of the light at the lens is
obtained due to a rotation tilt of the FTS mirror than due to the FTS mirror lateral
displacement. For this reason the best design choice would be to choose a concept that
is less sensitive to angular misalignment than to concentricity.

Based on these considerations it can be concluded that concept C, using a retro reflector
is the best design choice for the SAFARI application.

Discussion

By using a very thin retro reflector, the measurement system becomes less sensitive to
temperature disturbances. It could also be chosen to use a retro reflector built on a
piece of Aluminium, because this has a thermal coefficient of 0 at 4.5 (K).
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6.7 New system specifications

With all the improvements added to the system the new system specifications are given

Table 6-2 Overview of the new system specifications of LUNASYS

Type of specification Old specified value  New specified value Meets requirements?
Accuracy 750 (nm) over 1 hour 1100 (nm) over 1 hour
Resolution 0.19 (nm) 0.19 (nm)

Stroke 34.5 (mm) 34.5 (mm)

Sample frequency 781 (Hz) 781 (Hz)

Heat load 1.3 (W) 20.9 (UW)

Stray light power 42.3 (pW) 2.4E-12 (pW)

Space qualified No No

Maximal required electrical power 6.67(W) 6.67 (W)

Functionaltty at cryogenic temperature No No

Relative displacement measurement Yes Yes

Laser + electronics placed in room of 293 (K) Yes Yes

Sensor head placed near the ODL Yes Yes

From Table 6-2 there can be concluded that with all the improvements added to the
system, the new system specifications still do not meet all the requirements.
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7 New interferometer concepts

Introduction

In the previous chapters it became clear that there are still four requirements for
LUNASYS that are not met. It also became evident that the accuracy due to drift is the
bottleneck of the design. Temperature disturbances on the reference and measurement
arm are the cause of this drift. So in order to make LUNASYS operational for the SAFARI
application the design needs to be improved.

In this chapter new concepts for the interferometer will be suggested in order to solve
the drift problem. First it will be shown that the improvements on the initial system
configuration of the fiber optic interferometer won't be enough to reach the targeted
requirements. Then some concepts for possible solutions will be presented. The working
principle of the concepts will be shown and the main benefits and drawbacks of these
concepts will be treated.

Modeling

The drift has an order of magnitude of 10* (nm). This has been calculated in chapter 4
and has been measured in chapter 5.

There are three main parameters that determine the magnitude of the drift for a
temperature disturbance on the reference or measurement arm. These parameters are
described in equation (4.37). The main parameters that influence the drift are the
thermal coefficient of expansion, the length of the measurement or the reference arm,
and the magnitude of the temperature change.

Not all materials could be used for fiber optic cable material. The waveguide material
that is suitable for the laser light is limited. Pyrex glass, the material used for the fiber
core and cladding is a suitable waveguide material. Pyrex has a thermal coefficient of
expansion that is in the order of 10° (K?). From Figure 6-6 it can be seen that
decreasing the temperature also decreased the thermal expansion of Pyrex, but at 4.5
(K) it still has the same order of magnitude. From this it can be concluded that the
thermal coefficient of expansion of the waveguide material is not the parameter that has
to be changed in order to effectively reduce the magnitude of the drift.

Reducing the magnitude of the temperature disturbances will also give smaller errors.
Applying thermal insulation material around the fiber optic cables will reduce the
magnitude of the temperature disturbance. This will reduce the temperature
disturbances by about one order of magnitude; based on the initial disturbance of 1 (K)
used in section 4.9.4 and the drift measurements of the thermally insulated fibers in
appendix E.2 and E.3, this won't be enough to obtain the desired accuracy. It should
also be considered that the lens can’t be thermally insulated completely. Consequently,
a part of the system will endure higher thermal disturbances.

The final parameter that remains to decrease the thermal expansion is the length of the
measurement and the reference arm. The main reason why the initial system
configuration was so highly sensitive to temperature disturbances is due to the long
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lengths of the measurement and the reference arm. There are physical limitations of the
optical components that prevent shortening the lengths of the measurement and the
reference arm. E.g. the shortest length of the grin lens is still 1 (cm) and the splitter is
4.5 (cm). The grin lens and the splitter are standard components that should be custom
made and therefore become expensive and the functionality can't be guaranteed. Also
the amount of engineering that this would cost is very high. Possibly the entire system
should be redesigned, e.g. by miniaturizing the reference arm and the measurement
arm. The longitudinal thermal expansion of the fibers within the splitter could also
become a problem. Therefore the splitter should also be miniaturized. This solution is
used by TNO. However, the large investment required for this solution is not preferable.

Applying feedback is also a possibility, but in order to apply feedback a second sensor is
required that could measure the disturbances with very high accuracy. If this feedback
sensor is not able to measure with high accuracy, the total accuracy of the fiber optic
interferometer won't be able to meet the targeted requirement. The problem with this
solution is that finding a sensor that could measure all the disturbances is very difficult.
Besides that, instead of solving the problems, it is preferred to prevent the problems
from happening.

New interferometer concept 1

From the previous considerations, it can be concluded that by decreasing the length of
the measurement and the reference arm the drift can be reduced effectively. With this
in mind a new concept where those measures are applied has been developed. Consider
Figure 7-1 where a new concept is shown for the fiber optic interferometer. In this
concept instead of a moving mirror, a moving retro reflector is used.

Displacement

Optic signal
Electric signal

Positive lens with AR
coating and splitter

i i coatin:
Circulator Fiber end with [¢]

AR coalting//\//_
Laser /) Retroreflector

Z

—_——— e — e — — — — —

: —

processing conditioning

|
|
: Signal : Signal
|
|

Detector system

Figure 7-1 New interferometer concept 1

A monochromatic laser is used as a light source. First the light passes through a single
mode fiber and then through a circulator. The circulator is used for the same reason as
in the initial system configuration, to prevent damage to the laser caused by reflection in
the system. After the circulator the light arrives at a fiber end that is cut off.
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Due to the transition of the refractive index from the waveguide material of the fiber to
the vacuum Fresnel reflections will occur. When the light is near normal incidence the
reflection can be described in the next equation [3].

2
r :[—"I _"ZJ (7.1)
n +n,
Where:
r(—) =Reflection

n, (—) = Refractive index of waveguide material 1

n, (—) = Refractive index of waveguide material 2

The refractive index in vacuum is 1, and the refractive index in the fiber core is about
1.6, with these values the reflection can be calculated.

r=0,053

This means that about 5 percent of the laser power will be reflected back into the fiber.
This reflected light is undesired and can be considered as an optical disturbance signal.
This optical disturbance signal should be prevented. This can be done by using an 8
degrees facet fiber end or by depositing an AR coating on the fiber core. The AR coating
is preferred, because in this way minimal light is lost and therefore less light is required.
If less light is required, then the electrical power demands for the laser will be lower.
The light that leaves the fiber end will diffusely spread into the surroundings. A positive
lens is placed after the fiber end in order to collimate the light.

On normal beam splitters used in interferometry, coatings are used to set a certain
transmission and reflection for the light incident on the beam splitter. These coatings are
referred to as splitter coating in this report. The light beam that is collimated by the lens
partially gets reflected on a splitter coating and partially gets transmitted. The
transmitted beam reflects on the moving mirror (or on the moving retro reflector) and
this light interferes with the light that is reflected on the splitter coating. The
interference signal then goes through the circulator to the detector. Because there is
only a single interference signal blind spots as described in A.4 will occur and there is no
extra signal with a quadrature phase relation to this signal. In other words, a relative
displacement can’t be measured.

Alignment of the lens with the fiber end is very important. By using an Aluminium
structure for the mounting of the lens and the fiber end, the alignment won't be affected
by temperature disturbances, because the thermal coefficient of expansion of Aluminium
is zero at 4.5 (K) as can be seen in Figure 6-4.

It is assumed that the thickness of the splitter coating could be about 1 (um) thick. For
a temperature disturbance of 1 (K), a thermal coefficient of expansion of about 10® (K?)
and a refractive index of about 1.6 the error can be calculated. By applying equation
(4.37) the following error in the measured position can be found:
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Cromp = 0.75( pm)

Clearly the effect of temperature disturbances on the accuracy is much smaller
compared to the initial system configuration of the fiber optic interferometer. In fact this
is in improvement of 6 orders of magnitude!

By placing a highly accurate cryogenic temperature sensor (e.g. from the company
Lakeshore) on the outer side of the splitter coating, it would even be possible to correct
for this error.

New interferometer concept 2

The main problem with new concept 1 is that there is no quadrature phase related
signal to the measurement signal. In order to obtain such a signal a second fiber end
with a positive lens is added to the system. This second signal is derived by measuring
the distance to another retro reflector attached to the same moving mirror. This is done
in such a way that both retro reflectors make the same displacement x. By placing a 1x2
splitter just after the laser the same light source could be used for this second fiber.
The two fibers leaving the 1x2 splitter then go to a circulator and go on in a similar way
as the interferometer concept 1, as was shown in Figure 7-1. Unfortunately this causes a
new problem, namely that the two interference signals that are detected at the detector
system most likely won't have an exact quadrature phase relation. The phase relation
depends on the optical paths travelled from the exits of the 1x2 splitter to the two
splitter coating. From appendix C.4 it could be seen that the manipulator needs to be
placed between the cavity of the retro reflector and the splitter coating.

This is why a manipulator behind the retro reflector of one of these two arms in order to
manipulate the phase of the light that arrives at one of the splitter coatings. In this way
a quadrature phase relation between the two signals is obtained. This concept is shown

in Figure 7-2.
Displacement
Optic signal
Positive lens with AR Electric signal
coating and splitter
Circulat Fiber end with coating ]
Rf AR coaM—
@ '\\&L Retroreflector
—
1x2 .
Laser splitter ‘ Circulator -
I —— C Retroreflector (-@
| : X Manipulator
|
1
| Signal c Signal
| | processing conditioning :
| |
[

Detector system

Figure 7-2 New interferometer concept 2
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The optical paths travelled by the light can be used to determine the OPD for the two
arms of this concept. A simplified representation for the OPD for both arms in concept 2
is shown in Figure 7-3. The lens is not considered in this model, only the splitter coating
that is deposited on the lens.

OP, OP,
\ X
——1x2 Splitter Splitter — Moving
coating mirrors
- <} :M>—<7 /
/ X,
ory OF, OP,

Figure 7-3 Optical paths in the arms of new interferometer concept 2

The 1x2 splitter splits the laser light in two arms. The OPD for the both arms of concept
2, is determined in the next two equations according to the parameters given in Figure
7-3.

OPD, =2[ (OB +OP,+n-x)-OP, |=2(n-x+OP,) (7.2)
OPD, =2[(0P3+0PA +OP,+n-x,)—(OP, +0PA)]=2(n-x2+0P4) (7.3)
Where:

OP, (m) = Difference in OPD for the two arms
Now displacement x, needs to be expressed as a function of the displacement x.
n-x,=n-x+OP,—(OP,+OP,) (7.4)

By combining equation (7.3) and (7.4) the two final equations for the OPD could be
obtained.

OPD, =2(n-x+OP,) (7.5)
OPD, =2(n-x+OP,—OP,) (7.6)

Deleting the common initial phase results into the next two equations.
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OPD, =2(n-x) (7.7)
OPD, =2(n-x—OP,) (7.8)

In order to obtain a quadrature phase relationship the difference in optical path must be
equal to a quarter of a wavelength

A
OPA :Z

Because the light travels from the lens to the moving mirror and from the moving mirror
back to the lens the manipulator needs to change the distance from the lens to the
moving mirror with respect to the other arm with a displacement x, that is half of OP,.

Xy :ig

As calculated Temperature disturbances acting on OP, over time will have a negligible
effect on the accuracy. Because e, =0.75( pm)

If the interferometer would be used for commercial goals or in another surrounding
where temperature disturbances or other disturbance would affect the quadrature phase
relation between the two signals, equations (7.7) and (7.8) could be rewritten.

OPD, (1)=2(n"x) (7.9)
OPD, (t)=2(n-x-OP, (1)) (7.10)

In order to compensate for this change of the phase of the of the two signals with
respect to each other, the two measured signals at the detector system could be used to
apply feedback to an actuator placed on the position of the manipulator shown in Figure
7-2 or as shown in Figure 7-4. In Figure 7-4 contact with the moving mirror is avoided.
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Figure 7-4 New interferometer concept 3

It is important that the alignment of the two lenses relative to the fiber ends should be
positioned with high accuracy. This concept has several beneficial aspects. The main
benefit is that the effect of temperature disturbances acting on the measurement and
reference arm is greatly reduced (with a factor of 1,000,000).

The quadrature phase relation between the two signals should be corrected after the
system is thermally stabilized. The direction of the compensation of the phase
relationship relative to the non-compensated signal can be determined by trial and error.
Another benefit is that the 1x2 splitter does not need to function at 4.5 (K), because it

will be placed in an environment of 293 (K). Temperature disturbances are of low
frequent nature. By using a high control bandwidth for the actuator the effect of

temperature disturbances on the quadrature phase relation is minimized and the

introduced time delay due to this feedback is minimal.
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New interferometer concept 4
Another concept that could be used is modulation of the drive current of the laser. This
concept is called new interferometer concept 4 and is shown in Figure 7-5.

Displacement

Optic signal
Electric signal

AI Positive lens with AR

coating and splitter
. Fiber end with coating
Circulator

AR coalting/\//[_
Laser /) Retroreflector
| X

Z

|

|

| Signal : Signal

|| processing conditioning |
|

|

Detector system

Figure 7-5 New interferometer concept 4

By changing the drive current of the laser the output wavelength of the laser can be
tuned. If the drive current changes, then the wavelength changes. When the
wavelength of the laser changes consequently the phase of the detected fringe signal
will also change.

If the drive current now for instance changes as a sine function over time, then the
output wavelength also changes as a sine function over time. If the frequency of this
sine function is high enough, then with this concept a quadrature phase relation can be
obtained. The main benefit of this concept is that only a single measurement arm is
required.

New interferometer concept 5

Another concept that could be used is also a based on the single arm interferometer
concept, but now a multimode fiber core is used and a CCD camera to detect the fringe
image. The light rays that leave the positive lens all travel a different path. Therefore
the fringe pattern that is detected by the CCD camera will show different intensity
profiles. From these different profiles a quadrature phase relation could also be obtained
for instance by looking at the measured intensity in the points indicated by the two red
dots. The upper red dot has a phase difference of approximately 90 degrees with
respect to the phase of the lower red dot.
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Figure 7-6 New interferometer concept 5

Result

From this section it can be concluded that in order to meet the requirements for the
targeted accuracy and to make a relative displacement measurement, new
interferometer concept 2 is the simplest concept and therefore should be used.

The three concepts 3, 4 and 5 are more complex but could also function without the
large sensitivity to temperature disturbances!

Discussion
Three configurations for the positive lens can be used. These configurations are shown
in Figure 7-7.

Splitter coating
AR coating

Do | D | D

~)
1 1

Can Won't Won't
Work! Work! Work!

Figure 7-7 Three concepts for the positive lens used in the new interferometer
concepts

There are a few things that need to be considered when one of the three concepts
mentioned above is chosen.

107




7 New interferometer concepts Improving a fiber optic interferometer for the
SAFARI instrument

e The amount of lost light should be minimized

e The light intensity coupled back into the fiber core should not be dependent on
the position of the mirror

e The undesired reflections that couple back into the fiber should be minimal

The splitter coating should be placed on the right side of the lens in order to keep the
size of the measurement and reference arm minimal and thereby keep the influence of
the temperature disturbances to a minimum. The transmission of the left surface of the
lens should be as high as possible in order to reduce the undesired reflections that
couple back into the fiber core and reduce the amount of stray light. For this reason an
AR coating is placed on the left side of the lens.

The only concept of the positive lens that will function is concept 1. This is because of
the reflected light on the splitter coating. If a curved face on the right side of the lens is
used, then the light that is reflected on the splitter coating will not travel the same path
back into the fiber core. Most of the light won't couple back into the core at all!

A detailed analysis for the choice of the lens still needs to be made. The curvature, the

size of the lens and the distance away from the lens still needs to be determined.
This analysis for the detailed choice of the lens is beyond the scope of this document.
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8 Conclusion and recommendations

8.1 Conclusions

In this thesis report it has been researched if LUNASYS is operational for the SAFARI
instrument. The requirements for LUNASYS were not clear yet. These have been
gathered, determined and checked.

After determining the requirements, the specifications of LUNASYS were checked. It
became clear that the initial system configuration of LUNASYS does not meet the
requirements. The most important design requirement that is not met, is the accuracy of
the measurement system.

The accuracy is mainly dominated by thermal drift caused by temperature disturbances
acting on the reference and the measurement arm. This cause has been analyzed in
detail and experiments were performed to validate this. The calculated and measured
value had some difference between them. This difference is most likely caused by
longitudinal expansions and contractions of the fibers within the splitter that were not
taken into account in the predictive model. Still the measurements were similar in a
large measure, that it is valid to conclude that temperature disturbances on the
reference and measurement are the dominant factor causing the measured position
drift.

The setup of the fiber optic interferometer was improved in an attempt to meet the
requirements. After applying the improvements, the new specifications of the system
certainly improved, but still didnt meet all the requirements. The new system
specifications after the improvements are given in the table below.

Table 8-1 New system specifications of LUNASYS after the improvements

Meets
Type of specification Required value Specified value requirements?
Accuracy 10 (nm) over 200(s) 1100 (nm) over 1 (hr)
Resolution 1 (nm) 0.19 (nm)
Stroke 34.5 (mm) 34.5 (mm)
Sample frequency 439 (Hz) 781 (Hz)
Heat load 100 (HW) 20.9 (pW)
Stray light power 0.89 (pW) 2.4E-12 (UW)
Space qualified No No
Maximal required electrical power 1.0 (W) 6.67 (W)
Functionality at cryogenic temperature Yes No
Relative displacement measurement Yes Yes
Laser + electronics placed in room of 293 (K) Yes Yes
Sensor head placed near the ODL Yes Yes
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From this table it can clearly be seen what needs to be improved on the current setup of
LUNASYS in order to reach the targeted requirements.

From this research it became clear that the maximal required power for the fiber optic
interferometer doesnt meet the requirements, while it was assumed that this
requirement was met.

In order to make the system space qualified, the exact requirements for space
qualification need to be known.

A possible solution has been worked out to reduce the stray light power to acceptable
levels. With this solution the stray light has been reduced with a factor 102,

After applying the improvements, the drift remained a problem. Further reduction of the
drift or even compensation of the drift is possible; however, it would be wiser to prevent
the drift from happening at all. For this it would be better to come up with a completely
new concept which is based on minimizing the drift.

New concepts have been developed that need to be worked out in further detail. In
these concepts the 3x3 splitter, which is an uncertainty factor for the accuracy and is
limiting the functionality of the whole fiber optic interferometer at cryogenic
temperature, is not used. The drift due to temperature disturbances acting on the
measurement and the reference arm, that was limiting the accuracy will be reduced and
only cause an error of eremp=0.75 (pm), this error is 10° times lower compared to the
error in the initial system.
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8.2 Recommendations

In order to comply with the requirements for the SAFARI instrument, the promising
concept of the new interferometer concepts need to be worked out.

Perform the recommended analysis for the splitter coating and the positive lens that has
to be used. Once that is done, measurements should be performed in order to verify the
accuracy and the precision of the fiber optic interferometer.

The stray light analysis should be validated with stray light analysis software like ZEMAX
and ASAP. Also, it was assumed that the stray light generated within the fiber optic
cable could be neglected. This should be validated as well.

The most important requirements to make the system space qualified are: vacuum
tolerance, the maximum radiation dose and the maximum radiation dose rate. Also very
important is the reliability about the origin of the batch of the component and the test
results of the batch. For space qualification there exist clear rules. It is best to use the
expertise of SRON for space qualification of the fiber optic interferometer, because they
are familiar with the applicable rules for this.

The heat load of LUNASYS on the cryogenic cooled zone is dominated by the laser
power losses. The laser power losses are specified for room temperature. In order to
verify that the requirements are still met at cryogenic temperature, measurements
should be performed during cryogenic functionality tests. For this reason it would be
convenient if the gain of the transimpedance amplifier could be set variable, f.e. by
replacing the fixed resistor by a potentiometer.

Other benefits of using a potentiometer are that it will be easier to perform polarization
measurements and clipping of the ADC can be prevented.

The lens needs to be custom made for the desired operating temperature.

The required electrical power needs to be reduced. Further reduction of the laser output
power, improving the efficiency of the laser and reducing the required cooling power for
the Peltier element inside the laser will help to reach this goal.

The laser casing temperature may deviate 0.1 (K) in order to follow the specs. If it
deviates more, then the laser won't behave according to the specs. For this reason a
temperature controlled box should be placed around the laser. It should be investigated
if it is really necessary to use this, because then the fiber optic interferometer will
consume even more electrical power.

Proper equipment for the alignment of the grin lens with the optic stage should be
purchased. A linear stage with a higher resolution should be used to validate the
accuracy of small displacements.
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The decimation filter should be implemented correctly; else the contribution of noise will
be much higher. A delta sigma ADC could be used. This ADC uses decimation and noise
shaping and will result in much less noise power in the displacement signal.

The bandwidth of the decimation filter is below the required sample frequency of 439
(Hz). Averaging over less samples or increase the sample frequency of the ADC will
increase the bandwidth of the digital filter.

By following up all these recommendations the fiber optic interferometer can be
improved such that it fulfills the requirements for within the SAFARI instrument that are
stated this moment.
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Appendix A Background information

A.1 MCU diode readout

Improving a fiber optic interferometer for the

SAFARI instrument

This electronic circuit is used for the analogue readout of the photodiodes [8].
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A.2 Baseline configuration of SPICA
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Figure A-1 Base line configuration of SPICA
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Figure A-2 Conceptual view of the SPICA cryogenic system which consists of an
effective radiative cooling system and mechanical cryogenic coolers [16].
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A.3 Drawing of the FTS mechanism

4t FTSM design
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A.4 Quadrature

A benefit of using a 3x3 splitter instead of using a normal beam splitter (1x2 splitter) is
that it enables the possibility for the fiber optic interferometer to measure the
displacement direction. Consider a fiber optic interferometer with a normal 1x2 splitter
and a wavelength used of Apeer=1550 (nm).

_‘2]
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Displacement of the measured object [nm]

Figure A-3 Measured irradiances in a fiber optic interferometer based on a 1x2
splitter corresponding to three positions of the measured object

When the measured object has not displaced, a certain amount of irradiance on the
photodiode is measured. Call this irradiance I1 as shown in Figure A-3.The exact value
of the irradiance is not so important. So let’s say that the value of this irradiance is for
example 1.7 (W/m?). Now the measured object starts to move in an unknown direction,
we assume this direction to be positive. The measured object moves 1/16 of a
wavelength (=97nm) and the signal reaches a peak value for the irradiance measured
on the photodiode 12 = 2.0 (W/m?). Finally the object moves again. As before the
direction of the displacement is not known, but only the Irradiance is measured by the
photodiode. A value of 1.7 (W/m?) is measured, this implies that a displacement of 97
(nm) is made but what is not known is if we measure I1 or I3. Both values correspond
to a displacement of 97 (nm). So what would be interesting to know is if the object
made a positive displacement (away from the starting point) or a negative displacement
(back to the starting point).

Now consider a fiber optic interferometer with a 3x3 splitter that has three interference
signals with a phase difference of 120 degrees with respect to each other and the same
laser wavelength as before. Now the same steps are repeated as for the 1x2 splitter.
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Figure A-4 Measured irradiances in a fiber optic interferometer based on a 3x3
splitter corresponding to three positions of the measured object

From Figure A-4 we see that in the initial position we measure the three signals I1,b =
1.7 (W/m?) I1,r and I1,g. Then the measured object moves 1/16 of a wavelength (=97
(nm)) in the direction considered positive and the blue signal reaches a peak value for
the irradiance measured on the photodiode, namely I12,b = 2.0 (W/m?). The green signal
12,g increases with respect to its previous measured irradiance 11,9 and the red value
12,r decreases with respect to its previous measured irradiance I1,r. If now the final
displacement is made in an unknown direction and the blue photodiode measures an
irradiance of = 1.7 (W/m?). Then in this case the direction of the displacement can be
determined by comparing the other two signals (I3,g and I3,r) to its previous two
values. For example if I3,r is smaller than 12,r or likewise if 13,g is larger than 12,g then
the direction of the displacement must have been positive, as can be seen clearly from
Figure A-4.

In general it could be stated that two signals waveforms that have a phase difference of
a quarter of their output period are said to have a quadrature phase relationship. A
quadrature phase relationship between two signals makes it possible to measure the
direction of an absolute displacement.

Another additional benefit of using a quadrature phase relationship compared to a single
interference signal is that the sensitivity is constant for a moving mirror. The sensitivity
is defined as the sensor output (the power incident on the photodiode) divided by the
sensor input.

Output 1,
S:M:ﬂ (A.1)

Input X

Where:
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S (W /m)= Sensitivity of the fiber optic interferometer

P

photo

(W)= Power incising on the photodiode

x(m) = Displacement of the moving mirror

The sensitivity of the fiber optic interferometer is equal to the slope of the curve. Near
the minimum and the maximum of Figure A-4 the slope is much less steep then near the
inflection point. In Figure A-4 there is always a signal with a steep slope at any position.
In this way so called blind spots are prevented. Blind spots are places where the slope
of the signal is very low and almost zero. This occurs at the maxima and the minima of

the signal.
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Appendix B Power calculations

B.1 Standard heat load calculation

Introduction

The maximal heat load on the cryogenic cooled zone by LUNASYS is limited. The fiber
optic cables that are used for LUNASYS have to travel from a relatively “warm” region of
253 (K) to a cooler region of 4.5 (K) as can be seen in Figure B-1. In this appendix the
heat transferred by the fiber optic cables into the cryogenic cooled zone of 4.5 (K) called
the standard heat load will be determined for a single cable.

In order to determine the standard heat load it needs to be known how the temperature
is distributed over the fiber between the heat shield of 30 (K) and 4.5 (K). This will be
obtained by numerically solving the differential heat equation that will be formulated for
this problem. With this information it will be possible to calculate how much heat passes
through the cryogenic cooled wall of 4.5 (K) by means of conduction as a consequence
of putting the fibers through this wall. Two situations will be treated, a constant
coefficient of conductivity and a variable coefficient of conductivity.

263 (K) 136,1 (K) 88 (K) 56,4 (K) 30 (K) 4,5 (K)

L1=0,88 (m) L2=0,105 (m) L3 =0,105 (m) L4=0,416 (m) _ L5=0,6 (m)
Y|P . Reference mirror

= ‘ ==
r—{l: <

Sensorhead

Laser .
Circulator gx3splitter

a"’( e

Detector + electronics

Figure B-1 Initial system configuration of the setup for LUNASYS

Assumptions
- LUNASYS is in steady state or in other words in thermal equilibrium with its
surroundings
- Heat transfer by convection can be neglected
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- There are no internal heat sources in the fiber

- All surfaces are opaque

- The view factor has been approximated

- All objects are considered to be gray objects

- The view factors are the same for all discretized elements
- Acrylate has the same thermal conductivity as Polyimide
- The temperature over the elements is homogeneous

Modeling
To model the temperature distribution over a fiber optic cable between the heat shields
of 30 (K) and 4.5 (K) the general heat equation [11] is used.

de g, og; d o .
Loy E 5 =r Yo - Yo =0 in V(x)
ot ox, ot k=1 v=1 e (B.1)
= — —_— — Volume of the solid "
change of change of heat flux ~ Powerof the  sum of all external  sum of all internal
internal energy through the system ~ Stresses heat sources heat sources
density
Where:
e(J) = Internal energy density
q; (W /mz) = Component of the heat flux in direction i =1,2,3
o, (N / mz) = Mechanical stresses on surface j=1,2,3 in direction i =1,2,3
£; (=) = State of strain on surface j=1,2,3 in direction i =1,2,3
The rate of change of the internal energy density is given in equation (B.2).
de oT
—=pc(T)— (B.2)
ot (7) ot
Where:

p(kg /m3) = Density of the material
c(J /kgK ) = Specific heat capacity of the material

The amount of heat flux entering and exiting the system by conduction is described in
the equation below.

oT

q; =~ a_xl (B.3)

And:
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oT

——jA 2 .
0, “ox (B.4)
Where:

A (m*)= Area

The system is in vacuum so all heat transfer by convection can be neglected. By using
equations (B.2) and (B.3) the general heat equation given in equation (B.1) can be

rewritten.

of 9 (. oT dE, &

T)y———|k— | -0.—+ =0 inV :
pe() G~ K55 | -0, 524 320,20 in V(y ©5)
Where:

0,... (W)= Radiant heat component k

If after some time thermal equilibrium is reached and the heat problem is considered
one-dimensional, then the temperature rate is equal to zero and equation (B.5)

becomes:

0. T &

—| k— E =0 inV )
aX( 8xj+k=1QMd’k " (X) (BG)

In the next figure, a fiber is displayed between the two final heat shields. The
temperatures of the heat shields are considered to be homogeneous and the heat
transfer from the hot shield to the cold shield is not relevant for this model.

(1) Heat shield (3) Heat shield
Qrad on Q
_ K rad off _
T, _30[1(] \ T, _4,5[K]
£.F,. A £ A,
&, Fy. A
(2) Fiber optic cable

Figure B-2 Radiant heat exchange between a fiber and two heat shields

Now consider the fiber optic cable and the heat shields to be gray bodies. A certain
amount of radiation is radiating from the hot wall of 30 (K) on the fiber Q,,, and a
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certain amount of radiation is radiating from the fiber on the cold wall of 4.5 (K) O,
Then the heat equation described in equation (B.6) becomes:

d,off *

o(,dT .
_a(ka}(gm—de,oﬁf):o in V(x) (B.7)

The surfaces are all considered to be opaque, this means that no light is transmitted
through the surfaces and that the amount of absorbed radiation is equal to the
emissivity ¢

The incoming radiating heat flux on the fiber can be determined with the following
model.

le ‘q/~ Q"11=«915Tl4+[1—6‘1]q5;‘f_1
1

Q;‘m-z

Figure B-3 Model for heat exchange between three surfaces [25].

The thermal network for the three surfaces shown in Figure B-3 can be written in the
next three equations.

Gines = Fy (‘920-T24 + (1 —& ) inc> ) +F (‘5'3O-T34 + (1 —& ) ine 3 ) (B.8)
Giner = s (810-T14 + (1 —& ) Qine1 ) +F, (830-7;4 + (1 —& ) Qine 3 ) (B.9)
Gine 3 = Fis (810-714 + (1 —& ) Qinct ) +F, (820'T24 + (1 —& ) Qinc.2 ) (B.10)

Where:
Qe (W / mz) = Incident heat flux
£(—) =Emissivity

Since the exact path of the fiber through the heat shields is unknown, the view factors
are approximated as followed:
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If the temperature of the fiber was constant over the length of the fiber, then the
radiation on the fiber and from the fiber can be written in the next two equations [1].

Qrad,on = 2A2qinc,2 (Bll)
Qrad,o_ff = 6‘20-1427-'24 (B. 12)
Where:

o (J / sm*K 4) = Stefan - Boltzman constant

Using these equations to fill into equation (B.7), leads to the following nonlinear
differential equation:

—i(ka—T]+82A2qM—820'A27;4:0 in V(x) (B.13)
ox\  ox ’

For this equation the incident heat on the fiber optic cable needs to be solved by using
equations (B.8), (B.9) and (B.10).

The non linear differential equation will be solved numerically in Matlab. For this reason
the fiber optic cable needs to be discretized over its length. This means that it has to be
divided into many small pieces. For equation (B.13) it was assumed that the
temperature of the fiber is constant over the length of the fiber, but this is not true.

After discretization, it is assumed that the view factors F, ., F, , F,, and F,, are the

same for all the elements. The radiation on the elements described in equations (B.11)
and (B.12) can be rewritten into equations per element:

Qrad,on,i = 8214iqinc,2i (B. 14)
Qrad,o_ff,i = 826141'71"4 (B. 15)
Where:
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A (mz) = OQuter surface of element i

L

T (K) = Temeprature of element i

1

Gine i (W /mz) = Incident heat flux on element i
0,.0.n: (W)= Radiating heat entering element i
0,47 (W) = Radiating heat leaving element i

The sum of all the incident heat on all the elements is equal to the total incident heat on
the fiber optic cable.

qinc,Z = ne ' qinc,Zi (B. 16)

Where:
n, (=)= Number of discretized elements

In Figure B-4 two elements are displayed with the heat flows acting on the elements.
Note that the radiation is divided by two. Half of the radiation component acts on the
left side of each element and the other half of the radiation component acts on the right
side of each element. This accounts for the total radiation on and from the elements. Qc
is the conducted heat. It is assumed that the temperature over the elements is
homogeneous.

0 0

rad on,i md onji md on,i+l

2
; T, Ty -~ % %\ T Tin T T, é

éM\H/ o

Qrad off n

2

Qm(l,oﬂ i rad 0[[ S rad 0/7 i+l
2

Figure B-4 Heat balance model for the discretized elements of the fiber optic cable

The heat equation can now be solved by making a heat balance on the nodes between
the elements. In the next equation a heat balance is made on node T7,,. At cryogenic

temperatures, the coefficient of thermal conductivity is strongly dependent on
temperature. Therefore, in this equation the coefficient of thermal conductivity is

element dependent.

Q d i Q d i+1 Q d ,off i Q d ,off ,i+1
— o+ rad ,on,i + rad ,on,i+ _ rad ,off ,i + rad ,off i+ — O )
Qc,z Qc,z+1 [[ 2 2 2 2 (B 17)
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By using a discretized version of equation (B.3), the previous formula results in the next
equation.

T+ _T T+ _T+ Qra on,i Qra on,i+ Qra Soff S0 Qra Soff i+
_kiAc(T]_(_kmAc lex”]—’_[( ;. iy d.2. 1]_( dsz + déff, Lll=0 (B.18)

Where:
k. (W /mK )= Thermal coefficent of conduction of element i

A (mz) = Cross section of the fiber optic cable

c

Ax(m)= Element length

The radiation acting on an element is determined by using the average temperature of

an element.

Orud.oni = E,00%q,; (B.19)
Qputyi = €:00A%(0.5(T,+T,,)))’ (B.20)
Where:

O(m) = Circumference of the fiber optic cable

The incident radiation per element can be rewritten by using equations (B.8), (B.9) and

(B.10).
4 é‘;O'T34
Dinc,1i =F21(€20'(0,5( i T i+l)) +(1_€2)qinc,2i)+F3l \n +(1_€3)qinc,3i (B.21)
&0 £.oT!
Gine2i = Fis " + (1 —& ) Gineri | T Fs " + (1 —& ) Dinc3i (B.22)
eoT"
qiﬂc,3i = 1713 ( 1 l +(1_€1)qinc,1ij+F23 (826(0’5(7: +7;+1))4 +(1_€2)qinc,2i) (B'23)

Rewriting these equations gives:
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4 e.oT?
qz‘nc,li_F21(1_€2)q1'm,2i_Fsl(l_gz.)qz'm-,z.i_£F21820-(0’5( i+Ti+1)) +Fs1 3n : jzo

e.oT’
+F, 2 j:()
n

g0T’

_EZ (1 - gl ) qin(',li + qinc,Zi - [?32 (1 a 83 ) qim"3" - [Ez

goT;’

4
-k, (1_€l)qt’nc,li - F, (1_82)qinc,2i t Gine 3i _£E3 + F23820-(0’5(Ti +7;+1)) j =0

By writing these equations into a matrix form, the following matrix is obtained:

4 830'7;4
1 —F21(1—82) _F31(1_83) - F21820(0’5(7;+];+1)) +F, >n>
goT’ &0l
_1:12(1_81) 1 —F32(1—g3) _(Flz lnl +F32 3n3 J (B-24)
80'T4 4
_F13(1_81) _F23(1_82) 1 _(Fm — +F23826(0’5(T;‘+T;+1))j

Combining equations (B.18), (B.19) and (B.20) into one single equation gives the final
function f that needs to be solved numerically.

f :_kiAc (T:HA;T: )_(_kHlAc T;+2A_XT;+1 j+

((0.56,0xg,, ., +0.52,00x3,, .., )~ (0.56,00A%(0.5(7, +T,,,))' +0.56,008%(0.5(T,, +7,.,)) ) =0 (B.25)

i

Performing row operations until row reduced echelon form is obtained gives the incident
heat by radiation on the three surfaces described by the model shown in Figure B-2. By
applying the solutions for the incident radiation on all the fiber elements in equation
(B.25), the final equations for all the elements described in function f needs to be solved
numerically. With the assumption that the thermal conductivity is constant the heat
equation f can be rewritten into the next form:

f=f(01...1,) (B.26)
If the thermal conductivity is not constant but a function of the temperature and the
elements consist of two different materials, then the discretized model must be

changed.
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Qrad,()n,i rad oni rad on,i+l rad L,ONn,Nn
2 2
é T i+1 / %' %\ T L T T, ;
cl i+] ity
. ° i+1 ) o e e ) n °
Q Y=
i g&ttl
Ax Ax Ax
Qm(l off i Qm(lz,nf[ i Qrad 5 ff i+l Qr ad ,()ﬁ N
2 2

Figure B-5 Heat balance model for the discretized elements of the fiber optic cable,
where the elements consists of two types of materials

The thermal conductivity of materials at cryogenic temperatures is dependent of the
temperature. This can be written as:

ki; :kl(];) and ky, =k, (7:) (B.27)

The thermal conductivity of Polyimide &, (7;) as a function of the temperature is shown

in Figure B-6. It is assumed that Polyimide has the same thermal conductivity as
Acrylate. Acrylate is the material that the fiber coating is made of.

Thermal conductivity [W/mK]

L L L L
0 50 100 150 200 250 300
Temperature [K]

Figure B-6 Temperature dependent thermal conductivity of Polyimide [31]

The thermal conductivity of Pyrex kz(Ti) as a function of the temperature is shown in
Figure B-7.
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Thermal conductivity [W/mK]

o I

L L L L
0 50 100 150 200 250 300
Temperature [K]

Figure B-7 Temperature dependent thermal conductivity of Pyrex [31]

From the previous graphs it can be concluded that it is not valid to choose a constant
thermal conductivity determined at room temperature. An average thermal conductivity
has been chosen for the two materials between a temperature of 4.5 (K) and 30 (K).

k — Acaating 'kl (17(K))+Acladding 'k2 (17(K)) (B 28)
o Acr)ating + Acladding
For a constant thermal conductivity the final equation for f becomes:
f — _kanA(‘ (TH] _Ti ]_(_kaVEAL» Ti+2 _Ti+l )+
Ax Ax
(05 s Ao, (B.29)
5,00, +0,58,00%q,, 5., ) ~(0.56,00A4(0,5(T; +7,,)) +0,5£,00Ax(0.5(T,,, +T,.))' )| =0
The heat transfer by conduction described in equation (B.17) becomes:
T, -T
ch,i =-0,5 (kli +k, ) A, (Lj (B.30)
Ax
T, -T
ch,i =-0,5 (k2i ko ) A, (#J (B.31)

The thermal conductivity of the cladding of the fiber is assumed to be constant. The
value k2(17 (K )) for the thermal conductivity has been used. Therefore equation (B.31)
can be simplified to the next equation.

’1;+1 _7;
0.2y ==k (17(K)) A (Tj (8.32)
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Rewriting equation (B.25) gives the equation for a thermal conductivity dependent on
the temperature.

T+ _T,' Tr+ Tr+
f:_O’S(kli+k]i+l)Ar(T] (k(17 c zAx L+

((o,sgzomq, +0,56,0Axq,, 1., )~ (o 56,60Ax(0,5(T,+T,,,))’ +0,5¢,00Ax(0,5(T,, +T,,+2))4)) _o (B:33)

inc,2i

The nonlinear equations for all the elements described in equation (B.29) for a constant
average thermal conductivity and the non linear equations for a variable thermal
conductivity described in equation (B.33) will be solved by using a Newton—Raphson
iteration [10].

Consider a system of n equations:

fl(xlxza X )

0
fz(xlxz, "X ) 0

£, (xl,xz,...,xn ) =0

By taking the Taylor series expansion p to the first order over some estimate point
(xy %50 x,, ) Te@rrange it in a matrix-vector form, and then solve for (x, x,,...,x,)

gives:

X | [x.] [9f, /0% of,/0x, - of/ox, | Fi (X Xy X, )

xl:k+1 _ x?k ~ 8f2{8x1 8]‘2/:8x2 alezaxn f(xlk,x?k,...,xnk) (B.34)
X, x;k afn}axl E)]”n/'BJC2 afnl'axn I fn(xlk,x;k,...,xnk)

And this could be rewritten to [10]:

X, =X, —J,f(x,) with J_(m,n)=[of, /axn]| (B.35)

Equation (B.35) will be used to solve the non linear equations.
Explanation Matlab code

Consider the case when the number of elements n.=5. By using equation (B.36) the
next vectors could be written.
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_x(l)_ I formule(]lmn,x(l),x(Z)) ]
x(2) formule(x(l),x(Z),x(S))
X, = x(3) f(xl)zD = formule(x(2),x(3),x(4))
x(4) formule(x(3),x(4),x(5))
| *(5) ] formule(x(4),x(5),T,,)

Where "formule” a function is written in Matlab that uses equation (B.29) or equation
(B.33). Now the Jacobian matrix is filled into the next matrix.

diff 2(T,,0:(1),2(2))  diff 3(T,,,.-x(1).%(2)) 0 0 0

diff 1(x(1),x(2),x(3)) diff2(x(1),x(2),x(3)) diff3(x(1),x(2),x(3)) 0 0
0 diff1(x(2),x(3),x(4)) diff2(x(2),x(3),x(4)) diff3(x(2),x(3),x(4)) 0
0 0 diff 1(x(3),x(4),x(5)) diff2(x(3).x(4),x(5)) diff3(x(3),x(4),x(5))
0 0 0 diff1(x(4),x(5),T,.,)  diff2(x(4),x(5), )

With “diff1”, “diff2” and “diff3” as functions written in Matlab. In the m-file xx is used
instead of x. Iterating for the next temperature according to the following relation:

X, =X _Jlilf(xl)

Iterating until the vector xx converges gives the final vector x that contains the
temperature over the length of the fiber optic cable.

Results

The used parameters for the simulation can be found in the m-file “inputparameters.m”.
Combined with the functions written in Matlab: “formule.m”, “diffl.m"”, “diff2.m”,
“diff3.m"” and “tempiteratie.m” the temperature distribution over the fiber is nhumerically
solved.

The temperature distribution over the fiber optic cable is shown in Figure B-8 for the two
described situations.
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Figure B-8 Simulated temperature distributions for the scenario when the thermal
conductivity is constant and for the scenario when the thermal conductivity is a
function of the temperature

For both cases of the thermal conductivity the temperature distribution on the end of
the fiber is almost the same. By applying (B.4) for the last elements next to the
cryogenic cooled wall of 4.5 (K), the results for both temperature distributions are
obtained. The thermal conductivities that has been used for the calculation of the heat
transferred by the fiber respectively are calculated according to equation (B.28) and by
using ki(4.5 (K)). The results of these calculations are given below.

Qe =17(4W)  for  k=0,069(W/mK)
Ope =03(1W)  for k=K (4.5(K))=0,01104( W/mK)

Validation

It has been assumed that an average constant thermal coefficient of conductivity could
be used for Pyrex. The cross section of the coating is much larger than the cross section
of the cladding of the fiber optic cable, but the thermal coefficient of conductivity of the
cladding is higher than the conductivity of the coating.

A

coating

=7.73-107 (m*)  and  k (4.5(K))=0.011(W /mK)
A

cladding

=123-10"(m’)  and  k,(4.5(K))=0.089(W /mK)

According to equation (B.4) the conducted heat is proportional to the parameter Ak .
And the product of these two parameters gives the following result.
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k,=8.3-10" (Wm/K)
k =1.1-10" (Wm/K)

Acoatin g

A

cladding

From this result it can be concluded that most of the conducted heat will go through the
coating and not through the cladding. Therefore it is a valid assumption to assume that
an average constant thermal coefficient of conductivity for Pyrex could be used.
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B.2 Laser power loss

Introduction

In order to determine the value of the signals at the photodiodes and to determine how
much power will be lost in certain optical components, the laser power needs to be
determined on different components within the system.

A model will be made for the laser power losses within the system. For each part the
parameters that determine the optical losses will be looked up in the datasheets and will
then be used to determine the power losses within the fiber optic interferometer.

Assumptions
- The insertion loss is defined by the maximal loss of each component
- Between the connector and the photodiode there are no losses
- All losses are valid for a temperature of 20 degrees Celsius
- Cross talk in the system is neglected

Modeling

Consider the system model of sensing in Figure B-9. The model consists of several
blocks. These blocks represent different subsystems within the interferometer. When
laser light travels through a certain subsystem a part of the light gets transmitted
through the subsystem and a part of the light is lost within the subsystem. The power
attenuation within a subsystem is described by equation (B.36).

R)ut = PinAIL or R)ut = IOA[IB Rn (B'36)
Where:
P, (W)= Optical power on the input of the subsystem

P,, (W)= Optical power on the output of the subsystem

ut

A, (=)= Attenuation of the subsystem due to insertion loss

A, (dB) = Attenuation of the subsystem due to insertion loss in dB

The power loss in a subsystem can be determined with the formula for the attenuation
given in (B.36). By using this equation the following relation can be obtained.

Plom = Pin - Pout (B'37)
Where:
P, (W)= Optical power lost in a subsystem

For the attenuation of the splitter, equation (2.1) can be applied. The power
transformation matrix for the splitter used in the old system configuration is determined
with the data from appendix G.6. Using equation (2.1) results in the next formula for the
attenuation of the splitter to the outputs:
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p,] 1, 1, T,]TR,7 [0318 0357 0259 P,
sp,uut: I)ur = 7—'21 T22 T23 I)()r = 0'301 0'305 0318 P()r
Pwh T'?l ’T32 ’T33 [)wh 0352 0305 0280 [)wh

Where:
B, (W) =Optical power in the blue cable

P, (W)= Optical power in the orange cable

or

P, (W)= Optical power in the white cable

Result

The attenuations that are used for the model given in Figure B-9 are summarized in
Table B-1. The values in Table B-1 are obtained from the datasheets of all the optical
components. The datasheets can be found in Appendix G. Note that for the photodiode
the responsivity in (A/W) is used instead of the insertion loss.

Table B-1 Insertion losses of all optical components used in the initial system
configuration of the fiber optic interferometer

Information source Component Name Insertion loss (dB)
Datasheet connector Connector A2,A6,A11,A15,A20,A24,A28 0.40
Test datasheet circulator Circulator 1-2 | A4 1.10
Test datasheet circulator Circulator 2-3 | A4 1.10
Datasheet fiber optic cable | End stop A9 82.20
Meas. from Baas BV Ref. mirror Al3 0.22
Meas. from Technobis Grin lens Al7 0.36
Datasheet photodiode Photodiode A22,A26,A30 0.22
Approximation Meas. mirror A18 0.22
Datasheet fiber optic cable | Cable A1,A3,A5,A7,A8,A10,A12,A14, 0.0042
A16,A19,A21,A23,A25,A27,A29
Test datasheet 3x3 splitter | 3x3 Splitter white => white 5.53
white => orange 4.97
white => blue 5.87
orange => white 5.16
orange => orange 5.16
orange => blue 4.47
blue => white 4.53
blue => orange 5.21
blue => blue 4.97
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attenuation, the power inputs and power outputs of all optical components in

variable form.

138



Finn van Rij
TU Delft | Technobis TFT-FOS

Table B-2 Calculated optical power at different locations pointed out in Figure B-9.
Entering light

Plaser(u-W) Ploss(uW)
les 1000.0 0.0
le.2 999.0 1.0
les 911.1 87.9
lea 910.2 0.9
les 706.6| 203.7
les 705.9 0.7
le.7 643.8 62.1
les 643.2 0.6
or.! | Praser(MW) | Pioss(W)  BLY | Pipger(uW) | Pioss (kW) wWh." | Pisger(uW) | Piogs( W)
lea1” 193.8 17.9 o 204.8 17.9 1" 226,6 17.9
le .22 193.6 0.2 lep 204.6 0.2 lec 226,4 0.2
le,a3 00| 1936 I 186.6 18.0 o 206,5 19.9
le,0a 186.4 0.2 lewa 206,3 0.2
le cs 194,1 12.2
Reflected light
bl." | Praser (W) | Pioss(BW)  Wh." | Praser(uW) | Pross(UW)
Iy b1 177.1 93 la 184.4 9.7
|y b2 176.9 02 |l 173.3 11.1
Iy b3 161.4 15.6 e 173.2 0.2
Iy ba 161.2 02 Il 157.9 15.2
ly.cs 157.8 0.2
Interfering light
bl-(l Plaser(u-W) Ploss(uw) Wh-(l Plaser(u-W) Ploss(uW) or-(l Plaser(U-W) Ploss(uw)
L 92.2 27.0  lh” 101.0 27.0  14° 98.8 27.0
li 42 92.1 0.1 i 100.9 0.1 I 98.7 0.1
li a3 84.0 81 i 92.0 89 g 90.0 8.7
l; s 83.9 0.1 i 91.9 0.1 g 89.9 0.1
li a5 65.1 18.8
l; 46 65.1 0.1
li 47 59.3 5.7
li s 59.3 0.1
Output current
bl.% |1 (nA) wh.* |1 (na) or.! |1 (uA)
I o 56.3 lies 87.3 s | 85.4

Power loss in 4,5K zone (pW)

Meas. arm + ref. arm

Meas. arm + ref. arm + 3x3 splitter

43.0

157.4

U'The splitter loss after entering and exiting is the accumulated loss for all three cables.
A The splitter has different losses depending on the color of the cable. These are blue, white and orange.
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The power loss inside the 4.5 (K) zone is calculated for two configurations of the fiber
optic interferometer:

Configuration 1:
The measurement arm and the reference arm inside the 4.5 (K) zone.

Configuration 2:
The measurement arm, the reference arm and the 3x3 splitter inside the 4.5 (K) zone.

For configuration 1, the optical power loss within the cryogenic cooled zone is given in
Figure B-10 below.

Power loss with measurement
and reference arm in 4.5 (K)

14% Qlaser, in Q]aser, out = 43 (/’tW)

B Fiber optic cables
M Grin lens
Reference mirror

B Measurement mirror

Figure B-10 Distribution of the optical power loss of all the parts within the
measurement arm and the reference arm in the cryogenic cooled zone of 4.5 (K)

For configuration 1, where not only the measurement arm and the reference arm are
placed within the cryogenically cooled zone of 4.5 (K), the optical power loss of the laser
is determined again. Note that in the end stop a lot of power is lost. In order to prevent
this power from being unleashed in the cryogenically cooled zone of 4.5 (K), the end
stop should be placed outside of the 4.5 (K) zone.

If a laser input power of 0.1 (mW) is used instead of 1 (mW). The result of the optical
power loss is represented in Figure B-11.

140



Finn van Rij
TU Delft | Technobis TFT-FOS

Measurement arm, reference
arm and 3x3 splitter in 4.5 (K)

0, N B
09 A) Qlaser, in Qlaser, out = 20 (IUW)

H Cables

H Grinlens

m Reference mirror

B Measurement mirror
m Connectors

m Splitter

5.7%
5.8%

Figure B-11 Distribution of the laser power loss of all the parts within the
measurement arm, the reference arm and the 3x3 splitter in the cryogenically cooled
zone of 4.5 (K)

Discussion

For the calculations with the reflection of the measurement and reference mirror a
reflection coefficient of 95 percent was used. These values seemed realistic values for
standard optic components, but unfortunately the components used in the initial system
configuration had a lower reflection coefficient.
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Appendix C Algorithm

C.1 Wave superposition

The superposition of waves of the same frequency is described in [3]. A solution of the
differential wave equation can be written in the form:

E(x,t) = E,sin| ax—(kx,,, + &) ] (C.1)

Where:
E, (N /C)= Amplitude of the harmonic disturbance

@(rad / s) = Wave frequency

t(s)=Time

k (—) = Wave number

X,pp (M) = Distance from the source of the wave to the point of observation

&, (rad ) = Initial phase at the emitter

For the wave number there can be written:

k =7 (C.2)

To separate the time and space parts of the phase there can be written
a(x’t):_(kxom"'gi) (C.3)

Consider two different waves that propagate away from the point of observation,
located in the origin.

o =(kx,+&)—(kx, +¢&,)
¢:k(xl_x2)+(8il_8i2)
With:

¢:277[(x1_x2)+(8i1_8i2) (C4)
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Where:
A(m)= Wavelength

@(rad) = Phase
If the waves are initially in phase at their respective emitters: ¢, = ¢,

2
¢=7”(x1 ~x,) (€5)

In practice when the fiber optic interferometer is started up the initial phase is set to
zero, so that the same result is obtained as in equation (C.5). The optical path difference
OPD between the two travelling waves in the interferometer could be written in the next
form if there is taken into account that the light travels twice the difference of the
displacements of the two waves:

Xorp = 2('xl - X;,) (C.6)

Then the final result for the displacement as a function of the phase of the interference
pattern could be written as:

A
Xorp = 4_¢ (C.7)

zn
Where:
n(—) = Refractive index of the waveguide

The refractive index in vacuum is equal to one. In air however it is almost equal to one.
For some calculations in this report it is approximated that the refractive index in air is
equal to one (n,, =1). In this case the next formula applies.

Ap

Xorp = ar (C.8)
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The magnitude of the currents produced by the photodiodes each have an absolute
phase difference of 120° with respect to each other. This is due to the main working
principle of the 3x3 splitter. The currents are given in the next formulas:

1,(OPD)=A (1+V1 cos (2_;: OPDD

I,(OPD)= A, (1+V2 COS(TOPD+

(C9)
2z %j C.10
3 (C.10)

27 47z
?D (C.11)

1,(OPD) = A, (1+V3 COS(TOPD+

Where:
I(A) = Current signal

A (A) = Current offset
V (—) = Visibility or contrast

In order to reduce the error caused by the different offsets and amplitudes of the
signals, the signals need to be calibrated [7]. Therefore the offsets of the signals needs
to be deleted and the amplitudes need to be normalized to a value of one. Of course the
calibration should be performed while losing as little information of the signal as
possible. After calibration the signal I; becomes I, I, becomes I, and Is becomes I.. The

result for the calibrated th

ree currents is written in the next three formulas:

1,(OPD)=Aj| 14V, cos 2—;0PDD (C.12)
2 2

1,(OPD) = A,| 1+V, cos 70PD+?D (C.13)
2 4z

I_(OPD)=A,| 1+V, cos 70PD+?D (C.14)

Where:

A, (A) = Calibrated current offset

V, (—) = Calibrated visibility or the calibrated contrast
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By projecting these formulas to a complex reference frame the three signals all consist
of a real part and an imaginary part. Transformation to a complex reference frame can
be written in a matrix transformation. In electrical engineering this transformation is
known as the Clarke transform or a apy-transformation. This transformation is also
known as sin-cos processing, this is because the projection basically consists of taking
the sine of the phase of the three signals, which gives the horizontal component of the
projection and the cosine of the phase of the three signals, which gives the vertical
component of the projection. In this way a so called quadrature relationship of the
signals is obtained. Applying this transformation to the equations (C.12), (C.13) and

(C.14)is performed below.

sin(0) sin [%’fj

1 _1 _1 I
Ip | _ 2 2 _1
I, | 1 1 e
fm 0 5\/5 ——\/§ I
The final projection becomes:
1
I, 1 2 -1 -1
‘ =_AO : I+

Where:
I, (A) = Real component of the projection

1, (A) = Complex component of the projection

g () 2]

(C.15)

The three projections of the signals on the complex plane are displayed in Figure C-1.
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I

|
Figure C-1 Phase diagram of the three photodiode signals with 120 degrees phase
difference with respect to each other, displayed in a Q-S plane. These signals are
projected on the same plane after a Clarke transformation or sin-cos processing

The argument of the complex vector corresponds to the phase of the projection of the
intensities in the complex plane and can be determined geometrically.

{Ilm ]

@ =|arctan| — (C.16)

IRe

Plugging in the relation obtained in (C.16) into (C.8) gives:

@ = |arctan \/§—I+ L (C.17)
21,—(1,+1)

With equation (C.17) the phase can be determined that is a measure for the
displacement of the moving mirror. This formula is applied in the algorithm of the
electronics and software made by SRON.
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C.3 Detector signal

Introduction

With the results obtained in appendix B.2 the current signals produced by the three
photodiodes will be determined in this appendix. The calibrated signals of these three
currents will also be determined. These signals are required for further calculation of the
errors of the measured mirror position.

Assumptions
- The laser power and the visibility of the three ideal signals at the photodiodes
are determined for the situation where no other disturbances influence the
signal.
- The photodiode readout can be simplified to a single transimpedance amplifier
and a first order active low pass filter.
- ADC doesn't clip.

Modeling

For certain calculations on the accuracy of the measurement system it is required to
predict what the laser power and the visibility of the three ideal signals will be at the
photodiodes if no other disturbances influence the signal. The three signals all consist of
the interference pattern between the reflected light of the measurement mirror and the
reference mirror. In the splitter and after the splitter the phase of the three signals has
been changed with respect to each other. The offset and the amplitude of the three
signals are different from each other as a consequence of the difference in attenuation
or each signal exiting the splitter. Between the splitter and the detector the signals also
have a different attenuation. Photocurrents are the currents created by the photodiodes.
The ratio of the measurement signal over the reference signal after the splitter will be
the same as on the photodiode. This relation is used in combination with the calculated
photocurrents to determine the signals at the detector.

Next example one of the three cables after the splitter leading the detector is considered
to be P;. For the attenuation of the splitter, (2.1) can be applied.

T, T,|[P 0318 0357 0.259][P

Pl T;l 1 meas meas
sp,uut: })2 = 7—'21 7—'22 T23 Pref = 0301 0'305 0'318 Pref
P| |1, T, T,|| 0 0.352 0.305 0.280| 0

Where:
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P ... (W) =Power of the laser returned from the measurement arm

P_. (W) =Power of the laser returned from the reference arm

P, (W)= Power of the laser in detector arm 1
P, (W) =Power of the laser in detector arm 2
P, (W) =Power of the laser in detector arm 3

The signal within P; consists of an interference pattern of two signals.

Pl = Pl,meas + Pl,ref (C18)
Where:
P, .. (W) =Laser power returned from the measurement arm in detector arm 1

P, .. (W) =Power of the laser returned from the reference arm in detector arm 1

If these two signals are calculated separately before they interfere, then the equations
(C.19) and (C.20) could be written for the visibility and the laser power of the signal at
photodiode 1 described in equation (4.16). If the maximal value of this signal results
from constructive interference the next equation can be written:

P

1,ref

+P

1,meas = Al + AIVI (Clg)
Similar if the minimal value of this signal results from destructive interference in the
case that the signal from the reference arm is bigger than the signal from the
measurement arm the next equation can be written:

P -P

1,meas

— A - AV, (C.20)

Jref -

Solving equations (C.19) and (C.20) for the visibility and the laser power results in the
next equations:

Al = Pl,ref (C21)
And
R,meas
Vi= B (C.22)

1,ref

For the current at the photodiodes the following relation can be written.
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Al‘/l + Al = Iphoto,l (C23)

As mentioned before, the ratio of the laser power and visibility does not change by the
attenuation of the light in the detector arm. With this ratio the visibility and the laser
power can be calculated at all the photodiodes using the following formula.

=7 (C.24)

From the results displayed in Table B-2 the exact values of the currents on the three
photodiodes and the power of the two interfering signals after the splitter can be
obtained. Combining equations (C.23) and (C.24) for the given returned laser power in
the reference arm and the measurement arm results in the next values.

P, =161.2(uW)

P =157.8(uW)

meas

Table C-1 Parameters for the calculated current signals defined by equations
(C.9),(C.10) and (C.11).

Photocurrent Current offset Visibility of the contrast
Lyo0r = 56.3(1A) A =32.4(uA) V. =0.74
Lpoor =87.3(1A) A =44.5(uA) V, =0.96
L ooz = 85.4(uA) A =48.3(uA) V. =0.77

For noise calculations it is desired to express the signals generated in the photodiodes in
rms currents. The rms values of the signals at the photodiodes can be determined with
equation (C.25). This equation could also be used for signal 2 and 3.

_Amp AV,

rms,1 \/5 \/5 (CZS)

Where:
Amp (A) = Amplitude of the signal

I...(A

I

) = Rms current amplitude of the signal

rms, 1 rms

This gives:
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. :% ~16.9(1A)
AV,

L = =30.3(uA

2,rms \/E (ltl )

I3,rms = Ij;_‘;; = 262(IUA)

The maximal voltages at the ADC can be determined taking the gains of the
transimpedance amplifier and the gain of the low pass filter into account.

Vmax = I photoGtrans Gfilter (C26)
Where:
V... (V) =Maximal voltage at the ADC

14 (A) = Current created in the photodiode

G,... (V/A)=Gain of the transimpedance amplifier

G, (V /V)=Gain of the low pass filter

The gains for equation (C.26) are determined with the electrical scheme displayed in
Figure C-2 and the component values given in Table C-2.

C
| | f1 c
FD100 with FC-APC ol [
connector Rl
S =
I —
Iphoto,l R2 -
¥ + &
Us <> OPA656 +

- OoP2177 Vl ,max

i 4

Figure C-2 Simplified electrical scheme used for the photodiode readout in the
detector system.

The resistor and capacitor values used in Figure C-2 are given in the table below.
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Table C-2 Values of the electrical components used in Figure C-2

Component |R; R, Rs C, Cr,
Value 12.4 (kQ) [3.33 (kQ) | 10 (kQ) |1 (pF) | 680 (pF)

The gains described in equation (C.26) are:

Gy =R =12.4-10°(V / A)
R,
=—==3(V/V
R (vrv)

2

G,

filter

Applying equation (C.26) results in the following maximal voltages at the ADC.

‘/l,max = 238(V)
Vy o =3.68(V)
V3,max = 364(V)

The range of the ADC is 0-3 Volts so a few signals at the ADC will clip. For now it is
assumed that the ADC won't clip.

A plot of the three voltage signals resulting from equations (4.16), (4.17) and (4.18) for
a mirror moving at constant velocity is shown in Figure C-3.

4 :

- . — = Signal 1
35 N e — =Signal 2|
/ \\ / \ = Signal 3
L / 3 4
3 “/ \\‘ /’// \\
/ \ / \
— 25F / \ / \ ]
= \ /
(0] f
g e ]
S
5 15 4
C
=)
n i

-

-

A\
\ /’
AN . /,// \\ o /

| | | | | |
0 500 1000 1500 2000 2500 3000 3500
Sample [-]

Figure C-3 Non-calibrated simulated signals in the ADC for a mirror moving with
constant velocity

Similar to the current signals described in equations (C.27), (C.28) and (C.29) now at the
ADC three voltage signals are obtained.

151




; Improving a fiber optic interferometer for the
- Appendix C SAFARI instrument

U,(OPD)=A, (1+Vv1 cos (Z—;L.OPDD (C.27)
2r 2r

U,(OPD)=A, (1+Vv2 COS(TOPD+?JJ (C.28)
2 4r

U,(OPD)=A,, (1+Vv3 005(7 0PD+?D (C.29)

For calibration of the voltage signals described in equations (C.27), (C.28) and (C.29) the
next equation is applied:

(v (0rD)-4)
AVVV

U,(OPD)= (C.30)

Where:
U, (V)= Calibrated voltage signal

U (V) = Voltage signal at the ADC
A, (V) = Voltage offset of the voltage signal at the ADC
V. (—) = Visibility of the voltage signal at the ADC

Rewriting this equation in Matlab results in the next algorithm:

U(OPD)_;[maX(U(0PD))+min(U(0PD))]
U,(OPD)= i (C.31)
5[max(U(OPD))—rnin(U(01”’1)))]

Performing the calibration on the three voltage signals at the ADC, results in the three
signals below. After calibration the signal U; becomes U, U, becomes U, and Us;

becomes U..
27

U, (OPD) =A,| 1+V, cos 70PDD (C.32)
27 27

U, (OPD)=A,| 14V, cos 70PD+?D (C.33)
27 iy

U_(OPD)=A,| 14V, cos 70PD+? (C.34)

A plot of these three signals is shown in Figure C-4 below:
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/ /N —— =Signal 1
0.8 / \ / — = Signal 2|
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Figure C-4 Calibrated simulated signals in the ADC for a mirror moving with constant
velocity
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C.4 Interference signal
The Poynting vector is described by:
S =c’¢,ExB (C.35)

The magnitude of Sis the power per unit area crossing a surface whose normal is

parallel to S .
Now consider a linear polarized harmonic plane wave of an electric field and a magnetic

field traveling through free space in the direction of  :

E = E cos (E? - a)t) (C.36)
B =B,cos(k 7 - ax) (C.37)

Now filling in the equations (C.36) and (C.37) into (C.35) results into the next equation,
that describes the instantaneous flow of energy per unit area per unit time.

S = c2€0E0 ><1§0c0s2 (IEF - a)t) (C.38)
The irradiance is defined as the average energy per unit area per unit time. The time
averaged value of the magnitude of the Poynting vector, symbolized by (S}T, is a
measure of the irradiance. Over a time interval T that is much larger than the period 7
of the electromagnetic wave (7 >> 7) there could be written:

2
1=(S), =“|E,xB,| (C.39)

The previous equation could be written, because the next two relations are valid.
t+7T/2

— '[ cosz(lg-F—a)t)dt:l for (T>>7)
t=T/2 2

|E|=c|B]

The irradiance is proportional to the square of the electric field. An alternative way of
describing equation (C.39) as a function of the electric field is given below.

I=ce, <E2>T (C.40)

Consider now the superposition of two electromagnetic waves that are out of phase by
kAxradians. The parameter Axcould be considered as the OPD of the two waves.
Figure C-5 that is shown below, shows two these waves.
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: Ax E
_ / / —
N\ N\ N\ —E

Figure C-5 Interference of two electromagnetic waves

The two waves are described by the next two equations.

E,(x,t)=E, sin(@ —k(x+Ax)) (C.41)
E, (x,t)=E,, sin(@x —kx) (C.42)
Where:

Ax(m) = Optical path difference

It now the amplitudes of the waves have the same magnitude and the difference
between the space parts of the phase of the waves is defined by kAx as shown below:

E,=E, and a,—a =kAx

Then by combining equations (C.43), (C.44), (D.34) and (D.35) and taking the
assumptions mentioned above into account it can be proven that the resultant wave is
described in equation (C.43) For this the next trigonometric relation is used:

sin f—sin y = 2c0s%(ﬁ—7)sin%(ﬁ+ ¥)

The resultant wave is described below.

E =2E cos (k—ixjsin[a)t—k(x+%ﬂ (C.43)

The irradiance of the resultant wave described in equation (C.40) can be determined by
combining equation (C.40) and (C.43). This leads to the next result.
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I, =cg, <E2>T

)

ecoletco225) (if-s{ o)
i)

Rewriting the result obtained above gives:
I, =2c¢,E,’ cos’ (k%“j (C.44)
In general there is defined

k=— and Ax=O0PD

I, =2c€,E,’ [cosz (2—”@)} (C.45)

By using the next trigonometric relation the irradiance could be rewritten:

cos? A:l+10032A
2 2

I, =2c¢,E,’| cos’ (Z—ﬂ@j
A 2

I,=2c,E,’ {%+%cos(27ﬂ- OPDH

I, =c¢g,E,’ {1 +cos (2—; OPDH (C.46)

The equation below is the relation for the signal at the three photodiodes obtained from
SRON; it seemed that this relation is not implemented correctly in the software by
SRON.
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I(x)=A, (1+VO cos(%”xjj

The parameter x should be replaced by OPD.
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Appendix D Errors

D.1 Intensity noise

Introduction

Due to the presence of noise, the signals that are used for the algorithm to determine
the displacement deviate from the mean measured value and this causes an uncertainty
in the measurement. This uncertainty can be expressed as a factor that influences the
precision of the mirror position.

In the content of this report by intensity noise there is meant; the noise on the detected
signal that seems to be a fluctuation of the intensity of the signal. This includes all
different noise sources that have an effect on the value of the processed signal into the
algorithm, except for phase noise of the laser.

In this paragraph the effect of intensity noise on three simulated signals from appendix
C.3 will be modeled. By comparing these noise signals to ideal signals the effect of the
intensity noise on the precision of the measured mirror position is estimated.

Assumptions

- The noise sources are assumed to be white; this means that they have a
constant voltage spectral density (VSD) over the entire frequency spectrum

- The influence of the diode capacitance and resistance is neglected

- Active electronic components of analogue electronics besides the active first
order low pass filter don't affect the VSD of the noise

- The influence of noise and/or jitter on the digital electronics is negligible

- Other noise sources besides intensity noise are neglected

- Itis assumed that the filter transfer functions are the same for all three signals

- The dark current of the photodiode is neglected

- The temperature of the electronics is assumed to be at room temperature. That
is 293 (K).

- The maximal signal voltage at the ADC is equal to the peak to peak voltage

- Phase of the three signals is not affected by the filters

Modeling

Noise must be treated as power, so the sum of two uncorrelated noise sources is a
superposition of the powers. The resulting value for the power dissipated in a resistor is
P,,. The voltages over an impedance or voltage sources in series are called v, and

currents through an impedance or parallel current sources are called i, .
P,=P+P, (D.1)

For the total noise voltage there can be written:

158



TU Delft | Technobis TFT-FOS

2 2 2
vmtz\/v1 +v, +..t+v, (D.2)

And for the total noise current:
N L (D.3)

Where
v, (V,..)=Rms noise voltage

i (A

n rms

) = Rms noise current

The relation between Power spectral density and the voltage spectral density is given in
equation (D.4).

PSD =VSD? (D.4)

Where:
PSD (V2 / Hz) = Power spectral density

VSD (V /N Hz ) =Votage spectral density

The relation between the noise power and the noise power spectral density is described
in relation (D.5) from [4].

/s
CPS = [ PSD-df (D.5)

Where:
CPS (W) = Cumulative power spectrum

f5 (Hz) = Spectral bandwidth

In Figure D-1 a simplified model is made for the intensity noise generated within the
analogue electronics for the detector system of the fiber optic interferometer based on
[14] and [15]. Referring to Appendix C.3, the electronic schematic for the readout of
signal 1 is modeled. It is assumed that all filter transfer functions are the same for each
signal.
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Figure D-1 Simplified intensity noise model of the analogue electronics based on the
electronic circuit shown in Appendix A.1

The working principle of a decimation filter basically works as follows. A signal is
oversampled and a low-pass anti-aliasing filter is applied. Then the bit stream exiting the
ADC is averaged and down sampled. The filter takes ns samples, adds the values
together, and then divides them by ns again. The difference equation is described in
equation (D.6).

1M—1
nl=—>» x|n—k D.6
y[n] M%[ ] (D.6)

Where:
M (—) = Number of samples that are averaged

n, (—) =Sample number

Now a Discrete Time Fourier Transform (DTFT) is performed on equation (D.6). For a
DTFT the next formula is used.

=

X(Q)= > x[n]e™ (D.7)

n=—oo0

Where:

160



Finn van Rij
TU Delft | Technobis TFT-FOS

Q(rad / s) = Frequency in the digital domain

The DTFT of equation (D.6) results in:

lM

Y — .
() M 2 (D.8)

Using this formula the following frequency response in the digital domain of the
decimation filter can be obtained.

M-l

1
X (Q M Z e’ (D.9)

(=}

Note that by applying a z-transform to the difference equation (D.6) and using relation
(D.10) the same result should be obtained.

7= (D.10)

The magnitude of the decimation filter | H, (Q)| described in (D.9) is shown in the figure
below for a sample frequency of the ADC of 100 (kHz).

Magnitude [-]

o o © o o o o
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Frequency [Hz]

o

hallé)]

x10
Figure D-2 Frequency response of the digital decimation filter

Off coarse only the positive frequencies of the decimation filter are considered. These
are shown in a logarithmic plot below. Also indicated is the required sample frequency of
439 (Hz) in order to prevent aliasing.
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Figure D-3 Frequency response of the digital decimation filter plotted on a

logarithmic scale

So basically a decimation filter effectively reduces the amount of noise by averaging.
This effect could easily be illustrated by showing two PSD plots for a white noise source.
When a PSD is plotted against the spectral bandwidth and the signal is sampled with
sample frequency fs;, then the area under the curve corresponds to the cumulative
power spectrum of the noise. If now the signal is oversampled with a sample frequency
fs;, then the power spectral density of the noise is lower but the power of the noise is
the same. It's just “spread out” over a larger bandwidth. If now an ideal digital low pass
filter is applied at frequency f; = f;, clearly the surface under the PSD curve is much
less, depending on how much the signal is oversampled.

Ts2>> 1

PSD,

CES] PSD

CP)SZ/
0

0 fSl fF:fSl fSZ

Figure D-4 Effect of oversampling and applying a digital low pass filter, on the power
spectral density of a white noise source
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The other filter used in Figure D-1 is an analogue first order active low pass filter. The
transfer function for this filter is given below.

R 1
H,(0)=—=+——
A (D.11)
R, (14+RC,,)
The magnitude of this low pass filter | H, (w)| is shown in Figure D-5.
10ﬂ Bode‘Dagram‘
5r ‘Evy:r:ig‘rv\; (Hz): 2.342+004 i
Magnitude (dB): 6.53
0, —
oy
T 5 |
3
2
5-10- .
©
=
-15- :
-20- .
-25 L P S S S R R | L T S S S SR | L P S S S S !
10° 10* 10° 10°

Frequency (Hz)
Figure D-5 Frequency response of the active first order analogue low pass filter

By combining equations (D.4) and (D.5) the cumulative power spectrum can be
expressed as a function of the voltage- or current spectral densities of the different
noise sources given in Figure D-1. This results in the next equation.

B
CPS = jVSDde (D.12)

Because it is desired to know what the voltage root mean square value of the intensity
noise is after the decimation filter, the cumulative amplitude spectrum at fz can be used.
This is at the fully cumulated end value [4]. The same conclusion could be taken when
looking at the equivalent noise bandwidth [13].

CAS(fB):\/CPS(fB) (D.13)

Where:
CAS (V.,,) = Cumulative amplitude spectrum

With this newly obtained relation, equation (D.12) can be rewritten into:

163



; Improving a fiber optic interferometer for the
- Appendix D SAFARI instrument

/3
CAS(fy)= || VsD, df (D.14)

out

Where:
VSD (V/ \/Hz) = Voltage spectral density on the output of the decimation filter

out

Now it needs to be determined what the spectral bandwidth of the noise is. The ADC
samples the signal at 100 (kHz), but the digital filter only works until 50 (kHz). This is
because of the next reason: “When sampling, the signal frequency is not allowed to
contain frequencies above the Nyquist frequency” [4]. So as a consequence of this, the
spectral bandwidth for the intensity noise is defined as:

£, :Wﬂo(km)

The different noise sources shown in Figure D-1 are all placed in the noise model at
different points. For the effect of the filters on the voltage spectral density, two
situations are described in Figure D-6. A VSD of a noise source entering before the
analogue low pass filter and a VSD of a noise source entering after the analogue low

pass filter.
H,(@) ”@
Digital VSD

Analog low »  ADC » decimation s Algorithm ——»

’—} pass filter F araton
e BN

Figure D-6 Two given possible configurations for the noise VSD generated within the
analogue electronics that affect the measured signal before it enters the algorithm.
The plots in this figure are made for the signal from photocurrent 1.

H, (o)

I

photo, 1 (X)

The contribution of all the noise based sources on the total noise v; . on the voltage
signal before the algorithm can be determined by calculating the effect of each noise
source on the output separately.

vn,tot

_ 2 2 2 2 2 2 2 2 2
—\/vn1 T e e AT S e L B ATRIE B VS (D.15)

Where:
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Vi tot (V.. )= Total noise contribution on the processed data signal on photodiode n

rms

When reading out the photodiode different types of noise are generated within the
readout. Some noise sources are specified in datasheets of the components and some
noise sources need to be calculated. First the types of noise that need to be calculated
are given. The first is thermal noise. Thermal noise arises from the thermally induced
random motion of charge carriers like electrons. For the amount of thermal noise within
a resistor equation (D.16) is given [12].

Vtherm = \I4kBTRR (D16)

Where:

Virorm (V/ v Hz) = Thermal noise voltage spectral density
k, (J/ K)=Boltzmann's constant =1.380-10 (J / K)
T,

« (K ) = Resistor temperature

R(Q) = Electrical resistance

The shot noise results from the random passage of individual charge carriers across a
potential barrier. The amount of shot noise generated within a photodiode is described
in the next formula [12].

Lo = 241 e (D.17)

Where:
Lo (A/\/ Hz ) = Shot noise current spectral density

q(C) =Charge of the electron =1,602-10"" (C)
I, (A) = Average DC diode current

Finally the quantization noise of an ADC is described by (D.18) according to [12] and
[23].

_ Usignal
Vaae = o (D18)
2”bm n
bits J s,adc

Where:
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Vo (V/ v Hz) = Quantization noise voltage spectral density

f.... (Hz) = Sample frequency of the ADC
1. (—) = Number of bits in the ADC
U ;0 (V') = Total peak to peak voltage range of the signal at the ADC

According to [14] and [15] the static amplification of noise v,mp, through the analogue
low pass filter can be written as:

R, + R,

1% —_—
amp?2 R
2

=v (D.19)

n6

Where:
Va2 (V/\/ Hz) = Amplifier 2 noise voltage spectral density

For this noise source the frequency dependent amplification by the analogue low pass
filter can be rewritten.

Vs = Voo (14 H 4 (@))) (D.20)

From the datasheet of the OPA656, the opamp used for the transimpedance amplifier,
the VSD is shown in the next plot.

7

10

Magnitude [V/sqrt(Hz)]
=)
L

p
Frequency [Hz]

Figure D-7 Voltage spectral density of the voltage noise generated in the OPA656

The noise calculations for v will be performed for the voltage spectral density shown

ampl

in Figure D-7.
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With all these given equations, the effect of each noise source displayed in Figure D-1
on the output of the decimation filter before the algorithm v, «« can be modeled. This is
done in Table D-1 below. The surroundings of the electronics will be at a temperature of
253 (K). For the calculation it is assumed that the temperature of the electronics is very
high, 293(K), due to heating of the electronics. Furthermore it is assumed that the
maximal signal voltage at the ADC is equal to the peak to peak voltage. Also the phase
of the three signals is not affected by the filters, because the frequency of the fringe
signals is the same, the phase shift due to filtering is also the same.

Table D-1 an overview of the contribution of all different intensity noise sources on
the output voltage signal before the algorithm. These formulas are made for the
readout of photodiode 1 and could also be applied to the readout of photodiodes 2
and 3

Noise source Formula Output noise

I3
:5.3(pA/\/FZ) Vot :\/I (\lquﬁhmJRl‘H HH ‘) daf v, =3.1(uVv,,.)

i1 = 1.3( A1 VHZ) (iR | (0)||H, (Q)]) af

I3

7.0(nv V) @|H (@) dr | ve=141(aV,,)

amp 1= ampl

Ji

=142(nV /VH)| f\/W\H OH (@) dr | va=084(uv,.)

therm 1

I3

amp2

=0.2(pA/Hz) (iympas |H o ()| |H, (Q)]) df Vs =0.04(4V,,,.)

I8

=73(nV /VH) | (VAkTR, |, (0)||H, (Q)) df | v =0.43(4V,)

thermZ

I3

Viorns :12.7(nV/\/FZ) ’—4kTR ‘H ‘) =0.25(uVv,,)

Vi :725(nV/\/Fz)

o
e
-~
|
7N | = st @)ty )| =000
o\
=l
=l

2
]‘R range ADC |H |] df Vo= 9.2(,UVrms )
2%[

\/ bits sadc
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The result for the noise rms voltages on the output of the decimation filter before the
algorithm is determined with numerical integration in Matlab. The total noise follows by
applying equation (D.15) to the result shown in Table D-1.

As discussed in appendix C.3 the irradiance of the light on the three photodiodes differs
from each other. Therefore the photocurrents created in the photodiodes also have
different values. As a consequence of this the shot noise in the three photodiodes is
different and the voltage signal on the three ADC’'s that is proportional to the
photocurrent will also be different from each other. This can be seen in Table D-2,
where the noise contributions of all the intensity noise sources on the output after the
decimation filter are given for the three photodiode readouts.

Table D-2 Noise VSD on the output signal before the algorithm

VSD Number Vni V2 Vi3 Vh4 Vs Vhe Vh7 Vhs Vho

VSD photodiode 1 (uV/sqrt(Hz)) | 3.1} 0.0 1.4| 0.8| 0.0 40| 04| 03| 9.3
VSD photodiode 2 (uV/sqrt(Hz)) | 3.9, 0.0, 1.4, 0.8 0.0{16.1| 0.4| 0.3| 144
VSD photodiode 3 (uV/sqrt(Hz)) | 3.8/ 0.0/ 1.4| 0.8] 0.0/ 16.1| 0.4| 0.3|14.0

The total noise contribution of the three signals after filtering on the main signal is given
below in Table D-3 by similar calculations performed for photodiode 1.

Table D-3 CAS voltages on the output signal before the algorithm

Total noise voltage Vitot
CAS photodiode 1 (pV) 11.0
CAS photodiode 2 (uV) 24.3
CAS photodiode 3 (uV) 24.1

Now it will be explained how this noise is coupled on the precision of the signal.
Consider again the three non-calibrated signals shown in Figure C-3. For each signal the
noise is calculated separately and a different noise source is added to each signal. If the
total calculated intensity noise is added to the signal before the algorithm, the result is
shown in Figure D-8. Note that the noise is so small that it is not visible in the signal on
this scale.
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— =Signal 1

/\\ — =Signal 2

/ \ = Signal 3
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2500 3000 3500
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Figure D-8 Non-calibrated simulated signals in the ADC with added noise for a mirror
moving with constant velocity.

If this signal with the noise on it is calibrated, and on the calibrated signal the Clarke
transformation is applied and the displacement of the mirror is calculated, then this will
give the displacement x, If for an ideal signal without noise the displacement x_is

noise *

calculated, then the error resulting from the difference between these two
displacements can be described according to equation (D.12)

eint,n = xideal - xnoise (DZ 1)
Where:
€., (nm) = Displacement error due to the intensity noise
Xeq (71m) = Simulated ideal displacement
X, (nM) = Simulated displacement with intensity noise within the signal
Result

Simulating the noise and the three signals on the photodiode for a mirror moving with
constant velocity and applying equation (D.21) gives the simulated error shown in Figure
D-9.
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Figure D-9 Simulated error signal due to the presence of intensity noise on the three
signals that are used to calculate the displacement

The standard deviation of this noise signal is equal to the error caused by the analogue
electronics:

eint,n = 17(pm)

Validation
The dark current of the photodiode is maximal 3 (nA), compared to the smallest noise
current from the photodiodes of 56.3 (pA) this is negligible.

All diodes have a certain parasitic capacitance called the junction capacitance [36]. The
junction capacitance of the photodiode is 1.5 (pF), if the frequency behavior of this
parasitic capacitance is modeled then the effect of this capacitance on the voltage
spectral density of the opamp noise can be modeled. For stability of the opamp a
feedback capacitance G is placed in the feedback path of the transimpedance amplifier.
This can be seen in Figure D-10.

Cf 1

Iil

1 ey v
— <> OPA656 U,

Figure D-10 Voltage noise model of the transimpedance amplifier

N
| |
m<
=]
=1

The transfer function for the voltage noise to the output is determined below.
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R, !
1 Cps
+ ' RC. s
Cs R+ ! L A% ,
u,, :Cj+R1//Cf1: Cps :st 1+R1Cfs:1+RleCf1s
vampl C] L L 1+R1Cfs
C;s C;s
H, (5)= Uy _1+RCs+RCCs°
Vemp1 1+R1Cfs

An asymptotic approximation of the magnitude bode plot of H.m, is shown below in
Figure D-11.

VSD

+1

O f‘\.ADC f+| f
Figure D-11 Asymptotic approximation for the frequency behavior of the opamp noise
caused by the junction capacitance of the photodiode

The frequency of f,; could be algebraically determined by stating:

|H,, (s)|=~2

But with Matlab it is calculated that f,; is in the order of (Ghz). Clearly the effect of the
junction capacitance is negligible. A similar result could be obtained for the noise current
of the opamp and the shot noise of the photodiode. If the impedance of the two
capacitances has about the same order of magnitude as the resistor, then the effect of
the parasitic capacitance of the diode would become visible. Then the photocurrent
would be split up in a current component that goes directly to the ground and another
part that is amplified by the transimpedance amplifier. Roughly speaking this happens
when the impedance of the junction capacitance 1 (pF) of the diode is about the same
order as the impedance of the resistor 10 (kQ).

Z,=7,
1 ®=10°(rad/s) = f=10"(Hz)

10 =———
wl0™"

Because this frequency is also much higher than the sample frequency of the ADC, the
effect of the diode capacitance is also negligible.

The anti aliasing filter (passive low pass filter) before the ADC, is not included into the
noise model, because the cutoff frequency of this filter is much higher than the sample
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frequency of the ADC. This will not affect the noise VSD. The anti aliasing filter is shown
in appendix A.1. R = 22 (Q) and C = 0.01 (uF). This gives:

1 s
f;iliasing,fiher = ﬁ = 72 ’ 10 (HZ)

The effect of the anti aliasing filter is shown in the asymptotic approach of the
magnitude plot. Figure D-12 shows that the cutoff frequency of this filter is higher than
the sample frequency of then ADC, so the effect of the anti aliasing filter should not be
taken into account.

VSD

Figure D-12 Asymptotic approach of the magnitude plot for the anti aliasing filter

From the performed drift measurements that are shown in appendix E.4 the peak to
peak precision error could be seen. In the figure below the black circle shows the region
of the graph where there is zoomed in on the graph.

225

Measured position drift [nm]

Time [s] x10*

Figure D-13 Drift measurement 3 with the black circle indicating the area of the
graph where there is zoomed into

The region that is zoomed into in Figure D-13 is shown in the next figure.
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Figure D-14 Zoomed in on an area of drift measurement 3

In this figure mainly two effects can be seen: Thermal effects that are low frequent of
nature and electric effects that are high frequent of nature. These electric effects are a
good indication of the precision of the measurement system. It is presumed that the
precision is mainly caused by electric noise.

From this figure it seems that the measured peak to peak noise amplitude is about 5
(nm). Expressed in nmy, this is about:

5
e =—-—=(nm_)=18(nm
int,n 2 / 2 ( rms ) ( rms )

This value is 3 orders of magnitude higher than the calculated noise in this appendix.

During an experiment a 50 (mA) input for the laser is used, one voltage signal over time
is considered on one of the ADC's (ADC3).This signal is shown in the figure below.

signal [V]

. . I . . . .
0 5 10 15 20 25 30 35 40
time [s]

Figure D-15 Voltage signal on an ADC measured over time, during a noise experiment

This noise signal is analyzed in Matlab by making a FFT of this signal. The result is
plotted on a linear scale below
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Figure D-16 FFT of the voltage signal on the ADC, during a noise experiment
In this figure it can clearly be seen that there are low frequency components present in

the signal, but the signal is dominated by frequency component between 15 (Hz) and 22
(Hz).

The same figure is plotted on a logarithmic scale in the figure below. The red dashed
line indicates an ideal 1/f line.

10%=
10°%
10

10 E

[Y(f)l [V]

107

107

8 . | . | . | . L
105 0 1 2 3

10 10 10 10 10
Frequency [Hz]

Figure D-17 of the voltage signal on the ADC plotted on a logarithmic scale, during a
noise experiment
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In this plot it can be seen clearly that signal is not only dominated by frequency
components between 15 (Hz) and 22 (Hz), but it also shows strong 1/f characteristics.

This result indicates that it was not valid to model most of the noise sources as white
noise sources or another 1/f noise source was not modeled.

Probably the photon noise is the cause of this 1/f characteristic. Photon noise results
from the inherent statistical variation in the arrival rate of photons incident on the
photodiode.

Discussion
By using a Delta Sigma ADC in combination with a digital filter even lower noise levels
can be reached [4].

The noise in the opamps has a 1/f noise component in the noise spectrum; this can be
seen in the datasheets of the opamps. Therefore it is not correct to assume that the
opamp VSD is completely white. An asymptotic approach of the effect on a logarithmic
scale is shown in Figure D-18. This spectral noise distribution is applicable for the noise
voltage spectral density in the opamp.

VSD

0 f
Figure D-18 Asymptotic approach of the VSD of the opamp noise

The 1/f noise for the OPA656 has been modeled, but the 1/f behavior of the OP2177 is
specified in the datasheet as 0.1 (Hz) to 10 (Hz) as 0.4 (pV) p-p. If this value was
amplified by the analogue low pass filter by three, the noise voltage from this OPAMP at
the ADC would be 5.4 (pV) instead of 4.0 (V). The effect of this on the total noise
would still be very small.

Also it should be noted that the analogue low pass filter should be filtering but in fact it
is only amplifying the noise. This effect is most clearly seen for the input voltage noise in
this amplifier. From Table D-1 it can be seen:

v =7.9(nV/\/Hz) gives: Ve =4.0(uV,..)

amp?2

While the ADC noise is a lot bigger but in the final noise signal after filtering the
amplification is less compared to the input voltage noise of the amplifier.

v =725(nV I\Hz) gives: Vg =9:2(4V,0,)

Utilizing a higher order low pass filter would result in a lower noise on the output. Then
the ADC noise would become dominant. The ADC noise could be reduced by increasing
the number of bits of the ADC.

On 29-11-2011 it became known to me that the decimation filter is not implemented in
the system as mentioned in this report. The decimation filter treated in this report
averages the last M samples and the latest sample is equal to the average of the
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previous 127 (which have been averaged already). Continuing like this would give 128
averaged samples. In this report it is assumed that the 127 are not used and the one
sample left is used. In the implemented filter 128 samples saved in a buffer, these
samples are averaged and the averaged value is used. Then the buffer is cleared and
the process is repeated. This means that the transfer function for the decimation filter is
not correct and therefore the estimation of the noise is not correct for the initial
configuration of the fiber optic interferometer. In fact the noise in the current setup will
be higher than the estimated noise in this thesis report.
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D.2 Optical disturbance signals

Introduction

Undesired reflections and cross talk can create undesired optical signals within the
measurement system that interact with the optical signal that's containing the
information about the measured position of the moving mirror. The position error
caused by these optical disturbances is modeled and determined in this appendix.

Assumptions

- Losses in the fiber optic cables are neglected

- The reflections on the grin lens are also modeled on the way back from the
moving mirror. Other reflections on the way back from the moving mirror are
neglected

- All optical disturbance signals interfere constructively with the ideal signal

- The phase between the disturbance signal and the ideal signal doesn’t change in
time

Modeling

The error caused by optical disturbance signals is modeled as followed. The influence of
an optical disturbance signal on the accuracy is determined when the ideal signal
interferes constructively or destructively with the optical disturbance signal. The
attenuation of all these optical signals can be calculated in the same way as in equation
(B.36) in appendix B.2. In Figure D-19 the location of the place where the optical
disturbance signals arise are shown. In Table D-4 the magnitude with respect to the
main optical signal, source, the type and the source of the optical disturbance signals
are given. Also the name of the optical disturbance signal in Figure D-19 is given.

Table D-4 Information about the optical disturbance signals

Part Information source Description Name | Magnitude(dB)

Circulator test datasheet circulator directivity luq 50.00

Connector 2 | datasheet connector return loss lyo 75.00
test datasheet 3x3 splitter and

3x3 splitter datasheet 3x3 splitter directivity lus 65.00

Con. + end

stop Datasheet fiber optic cable End stop return lua 82.20

Connector 3 | datasheet connector return loss lus 60.00
datasheet connector return loss lue 60.00

Connector 4 | measurements from Technobis without AR coating ly7 11.55

without AR coating way
Grin lens measurements from Technobis back lus 11.55
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By applying equation (B.36) on the disturbance signals like in appendix B.2, the power
of each disturbance signal can be calculated for each photodiode. The result of this
calculation is displayed as a ratio of the power of the original signal in Table D-5. Also
the ratio of the ideal signal over the sum of all optical disturbance signals (the total
disturbance) is shown in this table for all three photodiodes.

Table D-5 Ratio of each disturbance signal over the ideal calculated signal that has
been calculated in appendix C.3. This ratio is given for all three photodiodes

Disturbance # Ratio photodiode 1 | Ratio photodiode 2 | Ratio photodiode 3
lu1 1.4E-04 0.0E+00 0.0E+00
luo 2.6E-07 0.0E+00 0.0E+00
lus 0.0E+00 2.0E-06 2.0E-06
lua 4.4E-09 3.4E-09 3.5E-09
lus 6.9E-07 7.0E-07 6.1E-07
lue 6.2E-07 6.1E-07 7.1E-07
lu7 3.6E-02 3.6E-02 4.2E-02
lus 3.0E-02 3.0E-02 3.5E-02
Total disturbance | 6.7E-02 6.6E-02 7.6E-02

Now these disturbances need to be coupled to the error that they cause in the
measurement system. The ideal current signals defined by equations (C.9), (C.10) and
(C.11) with the parameters given in Table C-1 are used as the ideal signal and then the
signal is calibrated. Now with this ideal signal the displacement X4 is simulated with
the algorithm for a mirror moving over a distance of 1550 (nm) with constant velocity.

A new simulation is performed for the situation where the disturbance signals are added
to the ideal signal as it is assumed that they constructively interfere with each other.
Then the system is calibrated for this ideal signal with the disturbances and the
displacement Xopqis iS calculated for this signal. Again the signal is simulated with the
algorithm for @ mirror moving over a distance of 1550 (nm) with constant velocity. The
simulated error signal can be determined by subtracting these two signals from each
other like in (D.21).

eopt,dis = xideal - xopt,dis (DZZ)

Where:
€,ais (nm) = Displacement error due to optical disturbances

X optdis (nm) = Simulated displacement with optical disturbances within the signal

Result

The error due to the optical disturbance signals for a mirror moving over a distance of
1550 (nm) with constant velocity is shown below in Figure D-20.
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Figure D-20 Simulated error of the measurement system due to the influence of
optical disturbance signals

The resulting error is a systematic error. The maximal error that can occur is equal to:

e :4.9(nm)

opt,dis
Validation

The losses in the fiber optic cables are neglected for this model. In appendix B.2 the
power losses within the fiber optic cables seemed to be very small compared to the
other optical losses. From the modeled results in Table B-2 the exact loss is calculated:

Ploss,ﬁbers _ 5 8 (/lW)

P 758.9(uw)

loss ,total

-100% = 0.8%

As expected this is very low compared to the other losses, so the assumption to neglect
the losses for this model is valid.

In this appendix it is assumed that the reflections on the way back from the moving
mirror besides the reflections from the grin lens can be neglected. From Table D-5 it can
be seen that the only significant reflection occurs from the grin lens. Other reflections
are at least two orders of magnitude smaller than the grin lens reflection.

It is assumed that the phase between the disturbance signal and the ideal signal doesn't
change in time. This assumption is not very realistic because this would mean that in
time all the waveguide material where the laser light passes through should have a
constant length. In reality temperature rates will occur and the influence of the optical
disturbance signals on the measurement signal will therefore also change in time.
However for a constant length of the light waveguide material this is a good
approximation for the error caused by optical disturbances in the system.

180



Finn van Rij
TU Delft | Technobis TFT-FOS

D.3 Laser frequency deviations

In order to determine the effect of frequency deviations on the error of the measured
position by the interferometer, these deviations need to be coupled to equation (C.7).
This equation couples the detected fringe pattern to the measured displacement. Now
first there need to be started from the basic light equations. The frequency of an
electromagnetic wave is described as:

c
=— D.23
V=" (D.23)

Where:
c(m/s)=Speed of light in vacuum =3.0-10°(m/s)

v(Hz) = Frequency

Another basic equation in optics is given below.

(D.24)

Where:
A, (m) = Wavelength in vacuum

Now defining the number m as the normalized phase for one wavelength:
@=27m (D.25)

Where:
m (—) = Parameter as a measure for the wavelengths fraction

o
T——1

Magnitude [-]

L L L { L L L {
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure D-21 plot of 2 sine periods as a function of parameter m
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In general the optical path difference for two electromagnetic waves (EM) traveling
through two different waveguide materials is defined as:

OPD =n,x, —nx, (D.26)

Where:
OPD(m) = Optical path difference

n, (—) = Refractive index of waveguide material 1

n, (=) = Refractive index of waveguide material 2
x, (m) = Distance travelled by EM wave 1
x, (m) = Distance travelled by EM wave 2

The optical path difference for two electromagnetic waves (EM) traveling through the
same waveguide with the refractive index n is defined as:

OPD =n(x,—x,) (D.27)

The dimensionless parameter m is related to the OPD as follows:

OPD
= D.28
m=— (D.28)

Now the model of the fiber optic interferometer given in Figure 2-3 is considered. The
relation between the displacement of the moving mirror of the fiber optic interferometer
and the measured phase of the fringe signal is described by equation (C.7) given below.

_Ag
4rn

(D.29)

The wavelength deviation needs to be expressed in terms of the frequency deviations of
the laser. The next two formulas are obtained by using equation (D.23).

c c
Ay=— and Vier =
Aﬂ/ ﬂ'laser

Where:
Av(Hz) = Frequency deviation from the center frequency of the laser

Viusor (Hz) = Frequency of the laser

Combining the two previous equations and rewriting:
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— vlaser — AV

ﬂlaser Aﬂ/
M=

vlaser

And now rewriting this result and rewriting the frequency deviation by using equation
(D.23), gives equation (D.30)

2

M= =B (D:30)
vlaser c

Now the wavelength of the laser is changing because the frequency of the laser
changes. As a result of this difference in frequency an error in the measured position is
caused. The effect of this error is modeled by assuming that the laser wavelength is
constant, but the measured phase of two situations changes due to the laser stability.
The first scenario is the ideal case when the measured phase as it should be. The
second case is a change of phase due to the fact that the frequency of the laser
changes. The difference in phase measured by these signals called ¢, is a measure
for the effect of the deviation of the frequency of the laser on the measured position of
the moving mirror. This process is described in the equation below. The deviation of the
frequency of the laser over time is called laser drift.

ﬂ'uver
xlaser drift = ‘11-72' (¢m)rmal - ¢drift ) (D31)

Where:
€ an (M) = Change of detected position due to laser drift

¢normal (r(ld) = Ideal Phase
@, (rad ) = Drifted phase

Rewriting equation (D.31) gives:

— ﬂYaser {q)n()rmal _ ¢d”ﬁ j

Claser drift — 9 7T 7T

Using equation (D.25) results in:

A

— “Maser

Claser drift — 7 (mnormal - mdrift )
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Now applying (D.28) and taking into account that the wavelength of the drifted signal is
equal to the laser wavelength plus a change in wavelength caused by the laser
frequency deviation. The optical path difference in both cases remains the same.

A, [OPD  OPD
elaser drift = = -
A 2 /1 ﬂ?aser + A/I

laser

Where:
AA(m)= Wavelength deviation from the center wavelength of the laser

Now applying simple algebra gives:

02y )

Claser drift —

2 /llaser + A/l
, B OPD ﬂYaser +AA . /llaser
laser drift 2 ﬂ?aser +AA ﬂ?aser +A4

And the final result is the relation between

., ___0OPD-M
laser drift 2(21[156, +M) (D32)
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D.4 Mirror and lens alignment

Introduction

Due to angular misalignment between the grin lens and the moving mirror the light
that's reflected from the moving mirror and coupled back into the fiber optic
interferometer, is dependent on the position of the moving mirror relative to the position
of the grin lens and the magnitude of the angular misalignment.

In this section, first it will be shown why the angular misalignment affects the accuracy
of the measurement system. Then a 2 dimensional geometric model of an angular
misalignment will be given and for this model it will be shown how the effect on the
accuracy is determined. Finally the error due to misalignment will be given.

Assumptions

- All optic parts are assumed to be ideal, in surface roughness, surface flatness,
aberrations etc. do not influence the accuracy

- The entire surface of the lens is used (the actual value is 90%)

- The distribution of the power density over the optic fiber core diameter is
homogeneous over the diameter of the fiber core. All power is in the core

- The grin lens cross section has a square shape

- The minimal misalignment of the grin lens and the measurement mirror is 0.5
degrees with the current alignment facilities for these parts

- The OPD is equal to 0.1 (m)

- The misalignment of the linear optical stage can be neglected

Modeling
The following configuration is used for the moving mirror and the measurement mirror
in this appendix.

GRIN lens 2 GRIN lens 2
Moving — ,Moving
mirror mirror

<>
L

lslroke 7 “stroke

Figure D-22 Configuration of the moving mirror and the grin lens.

The moving mirror is shown placed in two positions away from the grin lens, which is in
a fixed position.

Now consider an angular misalignment between the fixed grin lens and the moving
mirror in the 2 dimensional representation shown in Figure D-23.
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GRIN lens oﬁfvej

Mirror

d

lens

lstroke \

Figure D-23 Geometric model of the angular misalignment of the mirror with the grin
lens

The amount of light coupled back into the grin lens is dependent on the position of the
moving mirror. When the mirror moves away from the grin lens, the amount of light that
is coupled back into the grin lens is reduced. From the next equations it will be shown
that the phase of the fringe signal, which is a measure for the displacement of the
moving mirror, is influenced by the intensity of the two interfering waves.

The linear superposition of two waves can be written as [3]:
E,sin(@t+a)=E, sin(at+a,)+E,,sin(wt+a,) (D.33)

Where:
a(rad) = Wave phase

E(-)= Amplitude
The amplitude of the resultant wave can be written as [3]:

E

C

)2 = E'()l2 + E'()Z2 + 2E()1E()2 cos (a2 - al ) (D'34)

And the phase of the resultant wave can be written as [3]:

E, sina, + E, sin,

tan @ = (D.35)

E, cosa, +E,cosa,

From equation (D.35) it can be seen that the amplitude of the both waves influences the
phase of the resultant wave. So if there is an angular misalignment between the surface
of the grin lens and the mirror, the amount of light coupled back into the grin lens will
be dependent on the position of the measurement mirror and therefore the error will be
a function of the position of the measurement mirror. The error will be greatest when
the displacement is maximal.

It is assumed that the entire surface of the grin lens is used to couple light back into the
lens and that the OPD is 0.1 (m).
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By using standard geometry the angular misalignment of the lens and the moving mirror
can be calculated when no light couples back into the lens. The lens diameter can be
obtained from the datasheet of the grin lens from appendix G.7 and the length of the
stroke is equal to half the OPD.

d
l

zl(mm)
=50(mm)

offset

stroke

With these values the angular misalignment when no light couples back into the grin
lens can be calculated.

(y{fvet 0 5 5 °

Between the situations of a perfectly aligned mirror and a misaligned mirror, where all
light is lost into the surrounding, a part of the light is coupled back into the lens,
depending on the position of the mirror. In order to calculate how much light couples
back into the lens for a given angular misalignment, a few assumptions have to be
made. The first assumption is that the lens has a square cross section. The second
assumption is that the distribution of the power density over the lens is homogeneous
over the square surface of the lens. This means that the light intensity is not Gaussian
distributed over the lens surface.

With these assumptions it will be shown how misalignment between the grin lens and
the moving mirror will affect the accuracy.

The lost power of the light due to misalignment is expressed as a percentage of the light
that is coupled back into the lens, when there would be no misalignment. This can be
written as followed:

Poss ens
plmx,lens = # ’ 100% (D.36)

no loss,lens

Where:
Dioss.tens (%) Percentage of lost light

B 1ens ( ) = Power of lost light
W) = Power coupled back into the lens

no loss,lens (

The light just before the splitter interferes with the light from the reference arm. There
is a constant attenuation on the light entering back into the grin lens towards the splitter
(equation (B.36) applies). This means that the percentage of the lost light at the grin
lens is the same percentage of the lost light before the splitter.

The measurement system is calibrated for the case where no light is lost. Similar to
section D.1 two signals are simulated and the error is determined by calculating the
difference between the two signals. The first signal is the ideal signal when no light is
lost due to misalignment and the second signal is the signal where a certain percentage
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of the light is lost due to misalignment. The simulated error signal can be determined by
subtracting these two signals from each other like in (D.21).

e = xideal - xloss,lens (D3 7)

align

Where:
€lign (m) = Displacement error due to angular misalignment

Xowiens (1) = Simulated displacement with optical losses due to misalignment

The error is determined when the lost optical power is maximal; this is when the moving
mirror is in the most distant position away from the grin lens.

Result

The grin lens and the moving mirror are manually aligned with each other, without the
use of any optical alignment equipment. It is assumed that the moving mirror and the
grin lens have a maximal angular misalignment of 0.25 degrees.

The offset of the light bundle on the grin lens caused by this angle can be calculated by
applying basic geometry. This situation is graphically illustrated in Figure D-23.

d = O.44(mm)

offset
The offset of the light bundle on the grin lens is proportional to the optical loss of the
light. The result for an alignment error of 0.25 degrees between the lens surface and

the measurement mirror, corresponds to the loss percentage that can be calculated
using the following equation.

d
ploss,lens :MIOO% (D.38)

lens

Where:
d ;... (m) = Offset of the light bundle on the grin lens

d,,. (m) = Diameter of the grin lens

Applying equation (D.38) with the previous results gives:

ploss,lens = 44%

The maximal error due to the angular misalignment between the grin lens and the
moving mirror can be seen below in Figure D-24. The main causes for this error depend
on the exact distance between the grin lens and the moving mirror and the initial phase
of the optic wave when it exits the splitter towards the grin lens.

The maximal error is determined when the moving mirror is exactly 0.05 (m) away from
the grin lens. On this distance a plot of the maximal error is made for different initial
phases of the optic wave.
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For the simulation of the error the same signal inputs as determined in appendix C.3 are
used.

error [nm]

L L L L L L
0 500 1000 1500 2000 2500 3000
Samples [-]

Figure D-24 Error due to angular misalignment of the grin lens and the moving mirror

The maximal error due to misalignment is:

e :5.1(nm)

align

Validation

The misalignment of the linear optical stage is 100 — 200 (uprad). This corresponds to
0.0055 — 0.011 (degrees). Compared to the angular misalignment of the moving mirror
and the grin lens, this is negligible.
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Appendix E Experimental data

E.1 Specifications of the experimental setup

In order to read out the temperature sensors, the Fluke Data acquisition system 2640A
is used. The temperature is measured with a PT100 DM-301 class B temperature sensor
from company Labfacility. Four wire resistance measurements with sensor wires are
performed on the PT100 to read out the temperature. The DAQ system has 20 analogue
inputs, so this means that maximal 10 temperature sensors could be used. Furthermore
the PT100 sensors are set by using a calibration table [40].

A Class B PT100 has a tolerance band of +0.3 degrees Celsius at 0 degrees Celsius and
a temperature error of 0.8 degrees Celsius at 200 degrees Celsius. It is assumed that
the temperature error is about 0.3 degrees Celsius over the used temperature range.
The temperature could be calculated from the measured resistance with equation (E.1).

T,=aR, +b (E1)

Where:
T, (°C)= Measured temperature

R, (Q)= Measured resistance
a(K/Q)= Sensitivity of the PT100

b(K) = Conversion factor

From [40]:

T, (100(Q))=0°C =273.15(K)
And the sensitivity is:

a= !
0.385055(Q/K)

=2.597(K/Q)

The conversion factor becomes:
b(°C) = —2.597(°C/Q) . IOO(Q) =-259.7032°C

By using these calculated values, equation (E.1) becomes:
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1
~0.385055(Q/°C)

Z,(°C)

R, —259.7032(°C) (E.2)

The measurement system of the inteferometer measured 5 minutes longer than the
DAQ for the temperature sensors. So when the data has been processed in Matlab the
last 5 minutes of measurements are not used.

The temperature signal is sampled at 2 (Hz) and the signal of the fiber optic
interferometer is plotted at 5 (Hz).
Because the signal of the temperature sensors suffers a lot from noise the calculated
drift signal has to be filtered with a low pass filter. A digital tenth order butterworth low
pass filter is used. The cutoff frequency of this filter is 0.025 (Hz), the same filter is
applied for all three measurements.
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E.2 Drift measurement 1
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Figure E-1 Measured temperatures on the different fiber segments for drift
measurement 1
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Figure E-2 Measured position drift and calculated unfiltered position drift for drift
measurement 1
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Figure E-3 Measured position drift and calculated filtered position drift for drift
measurement 1

193



: Improving a fiber optic interferometer for the
- Appendix E SAFARI instrument

0.45

0.4

0.35

0.3

0.25

Raw data [-]
o
n

o
-
[$)]

©
s

0.05

L L 1 L L 1 L
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [s]

Figure E-4 Raw data from the three ADC's for drift measurement 1
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Figure E-5 Calibrated data from the three ADC’s for drift measurement 1
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E.3 Drift measurement 2
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Figure E-6 Measured temperatures on the different fiber segments for drift
measurement 2
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Figure E-7 Measured position drift and calculated unfiltered position drift for drift
measurement 2
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Figure E-8 Measured position drift and calculated filtered position drift for drift
measurement 2
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Figure E-9 Raw data from the three ADC’s for drift measurement 2
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Figure E-10 Calibrated data from the three ADC's for drift measurement 2
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E.4 Drift measurement 3
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Figure E-11 Measured temperatures on the different fiber segments for drift
measurement 3
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Appendix F System improvements

F.1 Stray light maze

Figure F-1 Stray light maze in folded out configuration

Figure F-2 Stray light maze in folded in configuration

202



Finn van Rij

(9]
o
[T
n
o
0
e
o
c
e
O
(O]
-
=
(]
[a)
)
ot

imensions

F.2 Stray light maze d

_.
!
1
B

e e m ey

AR

oo

—
1

e e A R S
2 o e
]

A o e L T iy L T

0%

[ T A e e

3 [ri

TR o e e

s

(I

L e e S T e A

c

0 &

Eades

LT

=

TS (S P

T Rl

fm B ral

ceth

Figure F-3 Dimensions of the stray light maze

203



Appendix G

Improving a fiber optic interferometer for the
SAFARI instrument

Appendix G Datasheets

G.1 Laser datasheets

REDFERN INTEGRATED OFTICS INC.

/ RIO

RIO ORION™ Series 1550nm Low Phase Noise Narrow Linewidth

Laser Module
Key features

+ Single longitudinal mode

+ Center wavelength: 1530nm-1565nm, ITU-T

DWDM 100 GHz C-band or custom

* Low phase noise

« Very narrow linewidth, long coherence
length

« Ultra low RIN

« Excellent SMSR

+ Unmatched wavelength stability over life
and temperature

+ Wavelength tunability

« Direct power modulation

* Extremely low sensitivity to vibration and
acoustic noise

* SMF and PM fiber pigtail options

+ Compact size, low power dissipation

+ Easy to set-up and use

« Digital controller and firmware with multiple
(SPI, RS-232, RS-485) interface options

» Telcordia GR-468 qualified

* RoHS compliant

Applications

+ Interferometric fiber optic sensing

+ Brillouin Distributed Temperature
and Strain Sensors (DTSS)

+ LIDAR

+ Test & Measurement

Rev.0.1.1

Data Sheet
May 2011

Description

The ORION™ devices are compact laser modules employing the
RIO high-performance External Cavity Laser (ECL). This laser
design is based on RIO's proprietary planar technology
(PLANEX™) and consists of a gain chip and a planar lightwave
circuit including waveguide with Bragg grating, forming a laser
cavity with significant advantages, such as:

+ Low phase and frequency noise, narrow linewidth
* Low relative intensity noise (RIN)

+ High stability, compact planar mechanical design
« Small form factor, low power dissipation package
« Fastwavelength tuning and power modulation

These features enable the ORION™ module to provide a stable,
self-contained, easy-to-use alternative to complicated, sensitive to
the ambient environment and expensive fiber laser sources.

The ORION™ module uses reliable, Telcordia qualified and
industry proven components, and employs low noise, digital laser
bias current and temperature control circuitry to set and monitor
laser performance. External monitoring and control can be
employed via a standard interfaces, using RIO-supplied software.
The ORION™ module is an ideal source for commercial and
military fiber optic sensing applications, such as interferometric
and Brillouin DTSS systems for oil & gas, security and smart
infrastructure.

. . All prefiminary information contained hesein is believed 1o be sccurate and is subject to
Pmprletary Information Tel (408) 970 3500 change without noice. No responsibiity s assumed for its uss. Fedism Integrassd _;-.'_&’f
i Optics, Inc., its subsidianes and affiliates, or manufactuser, reserve the right to make -
?3?805???"'8}:3@% %gms (RIO), Inc. Fax (408) 970 3200 changes, without naban, lu!pludur.l design, pmdudooam:'.'nrll and product 7 R I O
. Bldg io-inc.com methods. Some spe dific combinations of options may nat be avaiable
Santa Clara, CA 95054 USA Please contact Rediem Integrated Optics for more information. ©Rsdism Inegrated

204

Opfics, Inc.. Al ights resened.




Finn van Rij
TU Delft | Technobis TFT-FOS

Absolute Maximum Ratings
Operation of the device beyond these maximum conditions may degrade device performance, lead
to device failure, shorter lifetime, and will invalidate the device warranty.

Parameter Min Max Unit
Storage temperature -40 +85 «C
Module supply voltage 5.5 vV
ESD-susceptibility 500 vV
Fiber bend radius 35 mm
Tensile strength, fiber to the package 5 N

Optical and Electrical Specifications
At recommended TEC set temperature Ts and bias current Iy

Parameter Symbol Condition Min [ Typ | Max Unit
Output Optical Power Pout CW See ordering information mw
- 010 +70 °C +10
lF’m\l@r Sttab\hty over case AP 1010 +55 1C i 9
lemperature range PEEES Ty
Center Wavelength (ITU grid) I + 40 pm standard ° 1530 1565 nm
Wavelength tuning rang&93 ht via TEC temperature change 30 pm
- 0to +70 °C +10
‘lu'\cfavelentgth stab|||t¥ over case a 1010455 G = pm
lemperature range —= T 05
) - > 1kHz 140 )
Relative Intensity Noise RIN 500 kHz Shot noise Tmited dB/Hz
Side Mode Suppression Ratio SMSR CW, at specified Pow 40 dB
Optical S/N Ratio S/IN > 500 pm from A 60 dB
Polarization Extinction Ratio * PER E-field along slow axis 20 dB
Optical Isolation 1SO 40 dB
Voltage Supply Vee 4.75 5 5.25 v

1. Customized power and wavelength stability requirements are available upon request.

2. Customized center wavelength and set resclution, including ITU-T C-band is available. See ordering information page
3. Phase continuous wavelength tuning by changing TEC temperature settings. Some performance parameters will

change over tuning range.
4. With PM-fiber PANDA option. See ordering information page.

Frequency Stability and Modulation Specifications

Parameter Symbo Condition Min Typ | Max Unit

e g Vi Free running, over 1 hour +2 +4
Frequency stability Vig Free running, over 8 hours +3 +6 MHz
Fast frequency modulation bandwidth im Sinusoidal modulation DC 1007 kHz

. 2,3 ) Sinusoidal modulation at 10 kHz;

Frequency fast tuning range Ay input voltage 4V p-p 100 200 MHz p-p
Frequency fast tuning efficiency Mm Sinusoidal modulation at 10 kHz 25 50 MHz/V
Tuning voltage magnitude Viune -4 +4 v
QOutput power modulation index? M Sinusoidal modulation at 10 kHz; 5 10 %

wavelength tuning 100 MHz p-p

Rev.0.1.1

Proprietary Information

@ Redfern

3350 Scott Bivd, Bldg 62 | i
Santa Clara, CA 95054 USA sales@rio-inc.com Please contact Rediem Integrated Optics for mare information. ©Rediem Integrated

1. After 1 hour stabilization, tested with heterodyning of two lasers at constant case temperature.
2. Frequency will lead to modulation of output power.
3. Tuning efficiency will vary over modulation bandwidth. Contact RIO for more information.

Al prefiminary informaticn contained hersin is believed to be accurate andis subject to
changs without notice. No responsibility is assumed for its uss. Redier Integrated
Integrated Optics (RIO), Inc. 12! (408) 970 3500 Opfics, Inc, ite subsidianes and affiiates, or manufacturer, reserve the right to make
' Fax (408) 970 3200 changes, without notice, to product design, product components, and product
manufacturing methods Some spedific combinations of options may not be available

Optics, Inc.. All rights resened.
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Linewidth and Phase Noise Specifications
For Product Performance Grades see ordering information. At recommended TEC set temperature Ts and bias

current I,

Parameter Symbol Conditions Grade 1 | Grade 3 | Grade4 Unit
Spectral Linewidth, FWHM ' Al Measured @ -20 15 5 3 kHz
Phase Noise PAN @10Hz 123 41 20 urad/r-Hz
Typical Values @ 200 Hz 22 8 4 1m OPD
1. As measured with RIO's self-heterodyne test setup, value for Lorentzian model.
2. As measured with RIO’s interferometric phase noise test sefup, OPD in the SM fiber length.
Thermal Specifications
Parameter Symbol Condition Min | Typ | Max | Unit
Operating temperature range (case) Te 0 + 70 °"c
Power Dissipation Pa At 50 °C case temperature 4 w
Power Dissipation Pa Ower case temperature range 6 w
Total current Imax Over case temperature range 15 A
Connectors
# Description
A | FC/APC connector on pigtailed fiber.
B | Interface D-9 Female connector for power supply, external monitoring and control. Control Interface
Interface connector B
Pin# Function SPI Function RS-232 Function RS-485 Note
4.75V Min, 5.25V Max, Regulated, Low
1| vecssv Vee +85 Voo +5V nolee (aDmuppy o oguad.
2 MISO (output) T Data +; 1 Kk diff imp ce
3 MOSI (input) Rx Data -; 1 k£ diff impedance
4 Modulation (input) Modulation (input) Modulation (input) 1 ki impedance
5 | GND GND GND
6 /Ready-Waming (output) /Ready-Warning (output) | /Ready-Warning (output) Active low, needs exiernal pull up
7 /SPI 85 (input) Mot used Mot used 3.3 to 5V TTL compatible
8 SPI CLK (input) Not used Not used 3.3 to 5V TTL compatible
a /Enable (input) /Enable (input) /Enable (input) 12K internal pull up to Vee (active low)
4-wire SP slave. 9600 Baud. 8600 Baud.
Bit order: MSB first. 8 Data Bits. 8 Data Bits.
Bit rate: <=2 MHz . No Parity Bit. No Parity Bit.
g MISO and MOSI: 3.3V drive, 1 Stop Bit. 1 Stop Bit.
= TTL level compatible, data No Flow Control. No Flow Control.
L] centered on rising clk.
< | /35: Slave Select (active TTL asynchronous serial
& | low). option available at
O | GLK: idle state is low, data request
clocked on rising edge.
Rev.0.1.1

Proprietary Information

Tel (408) 970 3500

All prefiminary information contained herein is believed 1o be accurste and is subject to
change without nofice. Mo responsibility is assumed for its use. Rediam Inlegrated

Optics, Inc., its subsidianes and affilates. or manufacturer, ressrve the right to maks
changes, without notice, to product design, product componengs, and product
mamacturing metheds. Some speafic combinations of spions may not be availabie.
Please contact Rediem Integrated Opfics for more information. ©Re-diem Integrated
Optics, Inc_. Al nights ressrved.

© Redfern Integrated Optics (RIO), Inc.
3350 Scott Bivd, Bldg 62
Santa Clara, CA 95054 USA

Fax (408) 970 3200
sales@rio-inc.com

N
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Outline Diagram
Optional Heatsink

*‘ — __ApoNARGaANOAANGALAALANGGLD

~ { ol >

i - 25 -

ORION Housing Material Options:
*  Aluminum (standard)
* Nickel-plated Copper (optional)

Reliability and Certifications

+ Qualified according to Telcordia GR-468-CORE
* CE certified

Ordering Information

[R[1To o [xTxTx] - [x]- [x]x]- [x]
I

Modulation Phase Noise / Linewidth
0 |Ccw 1_| Grade 1 (=15 kHz)
1 | DM Tunable 3 | Grade 3 (= 5 kHz)
- 4 | Grade 4 (= 3kHz)
Controller interface
8 | SPI
7_|RS-232 Wavelength
6 | RS-485 00 | 1550 + 10 nm
Fiber/Connector g; Custom
4 | SMF/FC-APC 1550 + 2 nm
ITU | See DWDM ITU table
5 | PM/FC-APC
Qutput Power (min.)
3 10 mW
4 | Custom
5 20 mW
Rev.0.1.1 5 : . s
Proprietary Information g ﬂ.'.‘_:::';.'m"’_.::'mug.@f:ﬂuhﬁ:mm:dﬁf.ﬁ?ﬁf:ﬁgﬁm Ny
© Redtern negraled Optcs (I0) I PRI e it o ol et e e et ? RI O
Santa Clara, CA 95084 USA Sl IO GO e e acraiad Opies 1o mave Iformation. Grdom negeed /

Optics, Inc.. All fights reserved.
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Accessories

Accessory PN Description

RIO008X-KIT | 5V DC power supply, CD w/ GUI & USB/SPI| Aardvark adaptor with cable

RIO018X-KIT | 5V DC power supply, CD w/ GUI & USBE/SPI Aardvark adaptor with cable (DM Tunable)
RIO007X-KIT | 5V DC power supply, CD w/ GUI & R5232 interface cable

RIO017X-KIT | 5V DC power supply, CD w/ GUI & RS5232 interface cable (DM Tunable)

RIO006X-KIT | 5V DC power supply, CD w/ GUI & RS485 interface cable

RIO016X-KIT | 5V DC power supply, CD w/ GUI & RS485 interface cable (DM Tunable)

RIOOHS External heatsink w/ hardware

DWDM ITU Wavelength

ITU ITu ITU ITU ITU ITU
channel | Frequency | Wavelength |channel| Frequency | Wavelength |channel| Frequency | Wavelength
number THz nm number THz nm number THz nm
15 191.50 1565.50 30 193.00 1553.33 45 194.50 1541.35
16 191.60 1564.68 31 193.10 1552.52 46 194.60 1540.56
17 191.70 1563.86 32 193.20 1551.72 47 194.70 1539.77
18 191.80 1563.05 33 193.30 1550.92 48 194.80 1538.98
19 191.90 1562.23 34 193.40 1550.12 49 194.90 1538.19
20 192.00 1561.42 35 193.50 1549.32 50 195.00 1537 .40
21 192.10 1560.61 36 193.60 1548.51 51 195.10 1536.61
22 192.20 1559.79 37 193.70 1547.72 o2 195.20 1535.82
23 192.30 1558.98 38 193.80 1546.92 53 195.30 1535.04
24 192.40 1558.17 39 193.90 1546.12 54 195.40 1534.25
25 192.50 1557.36 40 194.00 1545.32 55 195.50 1533.47
26 192.60 1556.55 £l 194.10 1544 .53 56 195.60 1532.68
27 192.70 1555.75 42 194.20 1543.73 57 195.70 1531.90
28 192.80 1554.94 43 194.30 1542.94 58 195.80 1531.12
29 192.90 1554.13 44 194.40 1542.14 59 195.90 1530.33
Laser Safety Information
LASER APERTURE
Laser Modules are classified as FDA/CDRH Class
Illb laser products per CDRH, 21 CFR 1040 laser INVISIELE LASER RADIATION
safety requirements. BEAM i
AVOID EXPOSURE
MAX. DUTPUT POWER: 20 mW nvisible laser
WAVELENGTH:1.5um radiation is emitied
CLASS lllb LASER PRCDUCT from end of fiber or
connector

REV,O.] n . All prefiminary information contained herein is believed to be accurate and is subject to \
Proprietary Information change without natice. Mo respansibility is assumed for its use. Fediem Inegrated M
© Redfern Integrated Optics (RIO), Inc. 1= (408) 870 3500 Ciptics, Inc., its subsidiaries and affiiates, or manufscturer, reserve the right to make -

' : Fax (408) 970 3200 changes, without nofice, to product design, product components, and product
3350 Scott Bivd, Bldg 62 (

10 manutacturing methods. Some spedific combinations of options may not be available.
Santa Clara, CA 95054 USA sales@rio-inc.com Please contact Rediem Integrated Optics for more information. ©Rediem Imegrated
Optics, Inc.. All nights reserved.
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G.2 Laser test report

Test Report
RIO ORION™ Laser Module

REDFERN INTESRATED OPTICS INC

Serial Number 800473
Part Number RIO0174-3-00-1
Test Date 11/23/2010
Operator PB
QA GM
Parameter Value Units
Firmware Version 0.9.3 -
Operating thermistor resistance (Rset)* 6.05 (¥
Operating bias current {Ibias) 110 mA,
Maximum bias current (Imax) 130 ma
Output Power at Rset and Ibias 113 mw
Center wavelength at Rset and lbias 1560.148 nm
Linewidth (FWHM from Lorentzian —204dB) 138 kHz
Side Mode Suppression Ratio at Rset and |bias 56 dB
“Cefresponding to aperating temperature of 37400
Rev.0.1.0
Proprietary Information "
@ Redfern Integrated Optics, Inc. (RIO) Tal (408) 870 3500 ;.L—*'RIO
3350 Scott Bivd, Bldg 62 Fax (408) 970 3200 800473 //

Saenta Clara, CA 95054 LISA sales@nrio! com
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Fig.1 Spectrum (CW, Rset, Ibias)
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Fig.2: Laser Qutput Power and Imonitor vs. Bias Current at Rset
=i e T G D B e et e 1
Proprietary Information
1) Redfem Integratad Optics, Inc. (RIO) Tal (408) 70 3500 ;‘}T‘.y"
=
3350 Seott Bivd. Bidy 82 Fax (408) 970 2200 200473 -’7 RIO
Santa Clara, CA 95054 LISA sales@riol.com
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Fig.3: Phase Noise at Rset, Ibias, normalized to 1m path difference
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Fig. 4: Linewidth (CW, Rset, Ibias) measured using self-haterodyne, 100 MHz IF frequency

Rev.0.1.0 T S
Proprietary Information
& Redfen Integrated Optics, Inc. (RIO) Tel (408) 870 3500 ;nRIO
3350 Scolt Blvd, Bldg 52 Fax (408) 970 2200 800473 //
Santa Clara, CA 895064 USA sales@rinl. cam
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G.3 Datasheet circulator

A4 Polarization Independent Optical Circulators
T T T —

Opto-Link
Corporation Ltd

Fiber Optic Circulator is a non-reciprocal device that redirects light from
port to port in one direction. The device is designed for use in WDM
systems, optical amplifiers and sensor applications. The component
features high power, high isolation, high return loss, and excellent
environmental stability.

Types
3 & 4 Ports
High Power (300/1000mW)
1310nm/1550nm Window
Applications Features
WDM Systems Excellent Stability and Reliability
Dispersion Compensation High Isolation
Sensor Applications High Return Loss
Optical Amplifiers Low Insertion Loss
OTDR Applications Low Polarization Dependent Loss

Low Polarization Mode Dispersion

COPYRIGHT © 2002-2007 Opto-Link Corporation Ltd
Tel: +852 2480-6106 Fax: +852 2480-1621 Email: contact@optolinkcorp.com  Website: www.optolinkcorp.com
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SPECIFICATIONS

Polarization Independent Optical Circulators (1310nm, 1550nm)

Opo-Link W e e e T

Corporation Ltd Wavelength Range 1310, 1550 1310, 1550
Ti itting Direction 1->2 2->3 12, 2->3, 34 -
Loss <08 <08 de
Channel Isolati =50 >45 dB
POL <0.1 <0.15 B
PMD <0.05 <0.05 ps
TOL 0.15 0.15 d8
WDL 0.15 015 dB
Retum Loss > 50 > 50 oB
Cross Talk > 50 (up to B0) > 50 (up to 60) a8
Handling Power 300, 1000 300, 1000 mW
Op g T 0to +70 0o +70 *C
Storage Temperatura -40 to +85 <40 to +85 C

*Above specifications are for device without connectors.

Polarization Independent Optical Circulators (C+L Band)

Parameter 3 ports 4 ports | unis
gth Range 1525 - 1610 1525 - 1610 nm
Transmitting Direction 1->2 2.>3 i 1->2, 2.>3. 3->4
Insertion Loss <09 <12 dB
- Eevsa Motation ) >40 | >30 | d8
PDL <0.15 <02 dB
PMD < 0.05 < 0.05 s
e 1 = .. - T
WOL 04 0.4 dB
Retumn Loss >50 > 50 dB
Cross Talk > 50 = 50 dB
Handling Power 500 500 mwW
Operating Temperature 0 to+70 0o +70 °C
Storage Temperature 4010 +85 40 1o +85 C

*Above specifications are for device without connectors.

4 Port Optical Circulator

Port1 . \_ / Port 2
\ 2 55 +-0.1mm o

A .
e S
.I‘_“ - — 55 +/- Imm - - n
'y g
Port 3 Direction of Ports: 110 2, 210 3, 3o 4 -

Port 4

RDERING CODE

Connector Type |Code

525 {6100

W Opto-Link Corporation Lid. reserves the right to make changes to the products described herein without notice.

COPYRIGHT © 2002-2007 Opto-Link Corporation Ltd.
Tel: +852 2480-6106 Fax: +852 2480-1621 Email: contact@optolinkcorp.com  Website: www.optolinkcorp.com
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CIRCULATOR TEST DATA SHEET

Description:  3-port 1550nm circulator, P grade, SMI*-28e
with 900um loose tube, 1m, FC/APC connector, 200mw

Part Number:OLCIR-1-3-155-300-90-FA
SMN:10000185

Parameters Unit Specitication Test Data

Operating Wavelength (nm) 1550 = 30 1530+ 30
Max. Insertion Loss(Portl to Port2) | =52 (dB) = 1.1 099 -
Max. Insertion Loss(Port2 to Pori3) L=23 (dB) = 1.1 0.98 |
PDL(Port! to Port2) A r(. T; s (dB) < 0,10 0.03
PDT (Port2 to Port3) (dB) = 0.10 0.05
Minimum Isolation e (dB) =40 53
DIR  dicectiala {1 32) =ctoss Yalk (dB) =50 60
Return Loss by | == ! {dB) = 60 60
PMD  Folujpakion Mo disperion (ps) (SEIN 0.03
Mower Handling (mW) 300
Operating Temperature (' -40-70
Storage Temperature (] -40-85
imension mm ¢ 5.5%50

Port] {red) "

SN: XXXXXX

Portdiehie - PortZ(blue)

Tested By: Xie Xialing Date:2010-10-06 Reviewed hy: Gong Jia Diate:2010-10-06
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G.5 Datasheet 3x3 splitter

Specifications for 1xN, MxN Truly Fused Tree & Star Couplers

Port Configuration | 1x3 |  3x3 | I1xd | 2xdordxd
nsertion Loss  |< 550  [<6.2dB [<70d8  [=30dB
Uniformity = 1048 |= 2.04B = 10d6  |= 2.04B
'Wavelength | 1310 or 1550nm

I = 65dB for Nal
Typical Directivity = 40dB flzi 1
gﬁkﬂﬁ?‘e‘m‘ﬂ < +0.14B

Specifications for 1X3 couplers and 1x4 couplers

|Desi.1‘ed Split Ratio | Insertion Loss(dB) | Product Number
10/45/45 | 1154545 | 23-4033{¢-13-11201
[20/40/40 | B0S.05.0 | 23-4033%-13-21201
130/35/35 | 6.25.665.6 | 23-403XX-13-31201
133/33/33 | 585858 | 23-4033%-13-01201
40/30/30 | 5.0/6.2/6. 2 | 23-403300-13-41201
150/25/25 | 4.0/7.0/.0 | 23-403XX-13-51201
160/20/20 | 38282 | 23-4033%-13-61201
1101515 | 21.5/0.600.6 | 23-403302-13-71201
80/10/10 | 20115115 | 23-4033X-13-81201
(25/25/25/25 | TATATHTS | 23-403303(-14-01201
40/20/20/20 | ADEEIE3 | 23-40330(14-41201
140/20/20/20 | 5530303 | 23-4033-24-41201
40/20/20/20 | 5530303 | 23-403303(-34-41201
40/20/20/20 | 5530303 | 23-40330(-34-41201

XX=31 for 1310

XX=55 for 1550

Ordering Information

Product Number: (For Corning SMF-28 Fiber)

23-4

03 = 100 kpsi Wavelength

32 = 200 kpsi 31 =1310nm
55 = 1550nm

Port con-
figuration
13=1X3
33=3X3
14=1X4
44 = 4X4

Split
ratio

122 1
Package Connector
Style Style
12, or 0 =MNone
Modular See connectors
Boxes link below
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Specifications

|Cent1‘al ‘Wavelenths |127"D-135E| OF. 1510-1590nm
|Insert.iuu Loss |See chart below

|Um'furn‘|it§r |E£ 1.5 dB for 33/33/33 split
Typical Directivity = 504B

Typical Thermal Stability  [< 0.1dB over -40°C to 85°C

Comes in package 12 and can be repackaged
into modular boxzes. See package link below.

‘Parkaging

Specifications for 1X3 couplers and 1x4 coupler

|Desi1‘eﬂ Split Ratio |Inseniun Loss(dB) | Product Number
120/40/40 | B5.252 | 46-403XX-13-21201
130/35/35 | B2S656 | 46-403XX-13-31201
133/33/33 | BD0M0 | 4640331301201
40/30/30 | 476464 | 46-40330X-13-41201
150/25/25 | 367373 | 46-403X-13-51201
160/20/20 | 27B4iE4 | 46-403XK-13-61201
1101515 | LOMGME | 4640331371201
80/10/10 | LIILTALT | 46-4033%-13-81201
|25/25/25/25 | 7555 | 46-4033K-14-01201

XX=31 for 1310+40

XX=55 for 155040

Ordering Information

Product Number: (For Corning SMF-28 Fiber)

46 - 4 - -0 1
Fiber code Wavelength Port con- Package style Connector
03=100kpsi 31=1310nm figuration Use modular  Style
32=200kpsi 55=1550nm 13=1X3 box enclosures () = None

14 = 1X4 only. Seelink  gee Jink below
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G.6 Test datasheet 3x3 splitter

For information or questions: e

Gould Fiber Optics G D U I D
11_?1 B@niialu Boulavard

Millorsville, MD 21108 LLS.A . Fiber Optics

lelephune; 410-987-5600
FaX: 410-387-1201

DEFINITION OF COUPLER TERMS

. COUPLERS/SPLITTERS
= 11 o1 Bz
R m o
,_-———:::'{ = GOULD SN b-—‘::___‘___
e gy =

A.  EXCESS LOSS (dB):-10 Log [%]

B.  COUPLING RATIO (%) (57 a5)

C.  COUPLING LOSS (dB): 01 Port = -10 Log [D1O+102.l‘ 02 Port = -10 Log [01{1%2]

D. INSERTION LOSS (dB): Excess Loss + Coupling Loss + Polarization Effects (singlemode only)
E. UNIFORMITY (dB): Maximum Insertion Loss - Minimum Insertion Loss

F DIRECTIVITY (dB): -10 Log [%1 {with all cutputs terminated for zero reflection)

G. POLARIZATION (singlemode only) AND THERMAL STABILITY: Maximum change in coupling
ratio through all polarization orientations and/or specified temperature ranges.

H. Gould multimode and large core couplers are manufactured and tested under fully filled launch
conditions.
1. SINGLEMODE WAVELENGTH DIVISION MULTIPLEXERS/DEMULTIPLEXERS
; Al +32 _ o1
1 =g e e
—— . __,_r"""
___— =* GOULDSIN b
2 Not used T

A INSERTION LOSS (dB): Excess Loss + Coupling Loss at A1 and A2.

B. ISOLATION (dB): The optical power separation in channels 1 and O2 between the specified
wavelengths. Assumes input levels are the same for each wavelength.

Gould praducts may be manufactured under ane or more of the lellowing U.S, palents: Re. 33298 (4.632 513). 4,795,438, 4,834 481, 4.772,085,
5 355,428, 5,644 886, 5 500,017, 5 B82 453, k809,198 Procuct may be manufacturad under licensa from British Telecommunicalions. ple. US,
patent 4,798 436 and correspanding faraign patants may apply. 44-0149 Rav. B
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TEST RESULTS

Tesk Wav

CIFAR

m

im

4B

e
£l

Lf this product is supplied with bare fiber leads, it is the responsibilily of the end-user ta handle the
product with the apprapriate care. Especially when Installing connectors or routing the fibers in trays
and racks. Geuld will nat henor any warranty claims for damage Lo any device caused by mishandling of
bare fiber leads,

serial Number suffixes; some Gould products may contain serial numbers that
contain an 'R' or '8' suffix, 'R' indicates that the coupler contdins red
identificatien markings on the input and output leads. °'B' indicares Lhat
the coupler contains blue identification markings on the input and output
leads

NATASHTYTEMPLATEY 3X3. XLY
Tssue 970721

Gould Techrology LLC Tel: 410-087-5600
1121 Benfield Bivd Fax: 410-987-1201
Millersville, MD 21108 Email: mfoi@gouldfo.com
Usa 00-0848 G.xls Web; www.gouldfo.com
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G.7 Datasheet Grin lens

_ GRIN[ Flrech

Gradient Index Optics Technology

Customized GRIN Lens Assemblies

GRIN Fiber Pigtails

Applications: fiber optical sensors, biophotonic probes, optical
switches, fiber coupling

= Fiber Pigtails using Gradient Index Rod Lenses

= Focussing, collimating and imaging GRIN lenses

= Use of special fibers on request

= AR and beam splitting coatings on request

= B° angled facet of fiber and optics possible

Please ask for customized solutions

Fiber Spacer GRIN Lers. Prism

Examples:

Fiber optic sensor

= mounted in stainless steel
tube

= GRIN lens diameter: 0.5/
10/18nm

= Tube diameter: 0.7 /1.2
20 mm

= Side opening for prism
exit possible

= SMF Pigtail using glass ferrule
and capillary

= GRIN lens diameter: 1.8 mm

= Capillary diameter: 2.8 mm

= SMF Pigtail using glass ferrule,
mounted in stainless steel tube

= GRIN lens diameter: 0.5/ 1.0/
1.8mm

= Tube diameter: 0.7/ 1.2/ 2.0 mm

= Multimode Fiber Pigtail using
customized SMA 905 connector
and integrated GRIN lens

Variations due to modifications of the production process are possible.
It is the user s responsibility to determine suitability for the user s purpose.

GRIN Arrays

Linear Lens Arrays for collimation | imaging of fiber bundles
Application: telecom components, optical switches, sensar
arays

= 1xB, 1x12, 1x16 GRIN Rod Lens Arrays

= Pitches 250 {+ 1) um [ 500 (+ 1} um

= Lensdiameter: 240 (+ 1) um [ 480 {+ 1) um

= lensNA:035/05/02

Please ask for customized solutions

Example:

lens diameter: 0.48 mm

———

00000006

e
pitch: 0.50 mm

v-groove array mads by dicing In glass

20 Lens Arrays
Application: multi-imaging sensors, read-out of biochips

Examples:
= 4xb GRIN Rod Lens
= Armay Pitch: 1.60 (+ 0.01) mm
= Lens diameter: 1.0 mm
= LlensNA: D5
= Mount: machinable ceramic

= Pitch: 4.50 (+ 0.02) mm
= Lens diameter: 1.8 nm
= LensNA: 05

= Mount: brass

Cylindrical Lens Amays
Application: line pattern generation, 1:1 imaging, slow axis
divergence reduction of HPDL-bars (SAC arrays)

= Pitch: 0.6/1.0/1.3 mm

= NA of single lens: 0.2/ 0.6

= Suppression of crosstalk by
absorber layers possible

= Beam homogenization

fedsan 052009

GRINTECH GmbH

Schillerstrae 1
07745 Jena, Germany Fax:  +49 (0 3641/ 2276-11

Phone: +49 (0] 3641/ 2276-0 www grintech de
info@grintech. de
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G.9 Datasheet optical fiber

Corning” SMF-28e+" Photonic Optical Fiber

A full spectrum fiber
for components and
assemblies with

CORNING

tighter geometry for
more consistent
splicing

Applications:

+ Connectors

Comning’s SMF28e+"
) ) « EDFA
photonic fiber provides « Couplers
further evidence of « Pigtails
Corning’s long history of « DWDM components
service to original  Other components
equipment Features:
* Industry-leading optical and geometry specifications
manufacturers (OEMs). _ o
» Exceptional performance and splice-ability
Th;sﬁber s attributes are « Suitable for all transmission systems and fully compatible with SMF-28e+*
specﬂ‘fcafﬁl customized fOF optical fiber, the world's most widely demanded full-spectrum fiber
. oy * In compliance with, or exceeds the mdustry’s most stringent requirements
optical connectorization including:
and component = ITU-T Recommendations G.652 (Tables A, B, C & D)

= JEC Specifications 60793-2-50 Type B1.3

= TIA/EIA 492-CAAB

OEM:s to reduce = Telcordia Generic Requirements GR-20-Core
= IS0 11801 OS2

* Improved macro-bend specification from less than 0.05 dB to less than 0.03 dB,
allowing better handling and ease of mstallation

applications, allowing

manufacturing costs,

standardize processes, and
improve pe(fom‘.lance_ » Tighter zero dispersion wavelength specification

* New coating for improved micro-bending
* Smaller coating outside diameter (242 pm nomunal) for improved usage n
ribbon applications

M1100025
Issued: March 2010
Page 33 Supersedes: October 2008
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SMF-28e+" Photonic
Optical Specifications

Wavelength (nm) Maximum Value* (dB k)
1310 <035
1383 £ 3** <0.35
Maximum Attenuation 1490 024
1550 <0.20
1625 <023
* Maom cified ! e available within the stated
= ioa post-kydrogen aging according to IEC 60793-2-50 Section C.5 for B.1.3 fibars.

Wavelength (nm) Dispersion Value [ps/(nm-km)]
Dispersion 1550 =180
1625 =220

Zero Dispersion Wavelengh (hg): 1304 nm = hp 1324 5m
Zero Dispersion Slope (So): = 0,088 ps/(nm’skm)

Point Discontinuity 1310 =0.05
1550 =0.05

M1100025

Issued: March 2010

Page 34 Supersedes: May 2006
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SMF-28e+" Photonic
Key Geometric, Mechanical and Environmental Specifications

Core-Clad Concentricity (pm) =03

Core Diameter (um) 82
Coating-Cladding Concentricity (um) <12

Fiber Curl (m) 2 5.0 radius of curvature
* If applicable

Temperature Dependence (°C) -60 10 85 * <0.05

Water Immersion (°C) 23*x2 =0.05

Damp Heat (°C) 85 * at 85% RH <0.05

5

Proof Test (kpsi)

#* Reference temperatme: 23°C

Performance Characterizations"

Refractive Index Difference (%)

Fatigue Resistance Parameter (N,) 20

Rayleigh Backscatter Coefficient

-77dB @ 1310 am
-82 dB @1550 am

* Values in this table are nominal or calculated values
** The induced attenuation due to fiber wrapped around a mandrel of a specified diamater.

Page 35 M1100025
Issued: March 2010
Supersedes: May 2006
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The Single-Mode Fiber for Connectors and Components

Corning uses its legendary geometry control and quality leadership to manufacture SMF-28e+" photonic fiber. We focus
on tailoring product attributes that allow OEMs to minimize scrap and overall insertion loss while improving active and
splice performance. Through precise manufacturing techniques, we assure geometric performance along the entire
length of fiber while maintaining nominal mode-field performance.

We proof stress the entire length of SMF-28e+" photonic fiber to = 200 kpsi, which provides OEMs with increased
reliability and reduced handling concerns. In addition, we specify a fiber cutoff wavelength of 1280 nm, enabling
operability at both 1310 nm and 1550 nm in bare fiber applications.

Designed for Versatility and Performance

For better understanding of the applicable value to customers, Corning has completed studies using active and passive
alignment techniques as well as modeled results. This research shows that significant splice performance improvement
can result from focusing on nominal geometry performance and reducing deviation of a fiber's core-clad concentricity,
cladding diameter, cladding non-circularity and fiber curl. This improvement minimizes high-loss outliers and reduces
the average splice loss, contributing to maximized OEM process efficiencies.

Corning manufactures the family of SMF-28e+" fibers using an OQutside Vapor Deposition (OVD) process, which produces
a totally synthetic, ultra-pure fiber. As a result, Corning fibers have consistent geometric properties, high strength, and
low attenuation. OEMs can count on Corning SMF-28e+" photonic fiber to deliver excellent performance and reliability,
reel after reel. Measurement methods comply with ITU recommendations G650, IEC 60793-1, and Telcordia GR20-CORE.

Formulas

Dispersion:

4
S,

D(4)~ T" i- i;‘ ps/(nmekm)
For 1200 nm <4 <1625 nm

Cladding Non Circularity:

Cladding 1 MinCladdingDiameter £100
Non — Cladding MaxCladdingDiameter |

For more information about Comning’s leadership in Specialty Fiber technology visit our website at www.corning.com/specialtyfiber
To obtain additional technical information, an engineering sample or to place an order for this product, please contact us at:

Corning Incorporated Tel: +1-607-974-9974 ® 2010 Corning Incorporated
Fax: +1-607-974-4122
E-mail: specialtyfiber@corning.com

M1100025
Issued: March 2010
Supersedes: May 2006
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G.10 Datasheet photodiode

_, o SERIES NUMBER
.\J' Fermionics Opro-Technology FD100

Y

High Speed InGaAs PIN Photodiodes
diameter of active area=100 um

DESCRIPTION

High-speed, low dark current, low capacitance photodiode for high speed communication systems, LANs, and FDDI
applications. The photosensitive area 15 100 microns in diameter. Planar-passivated device structure

ABSOLUTE MAXIMUM RATINGS (T=25°C)

PARAMETER RATING UNITS

Storage Temperature 40 to +100 °C

Operating Temperature 40 to +85 °C

Forward Current 5 mA

Reverse Current 05 mA

Reverse Voltage 30 v
PARAMETER SYMBOL TEST CONDITIONS UNITS
Responsivity R A =1300 nm 080 | 090 - AW

A =1550 nm 085 | 095 -

Dark Cument l4 Vg=5V - 05 3 nA
Rise/Fall Time it V=5V - 03 | 07® ns
Capacitance C V=5V - 11 15® pF

91 <0 .4 ns for diodes mounted on ceramic submounts
@C=12 pF for diodes mounted on ceramic submounts

PACKAGE OPTIONS

PART NUMBER PACKAGE DESCRIPTION
FD100W TO-18 with AR-coated flat window cap
FD100L TO-18 with lens cap
FD10052 type S2 alumina ceramic submount
FD10053 type S3 alumina ceramic submount
FD100FC TO-style diode installed in FC-connector receptacle
FD100SC TO-style diode installed in SC-connector receptacle
FD100ST TO-style diode installed in ST-connector receptacle
FD100F(corefcladding) TO-style diode with integral fiber pigtail (specify fiber core/cladding)
Fermmomics Opto-Technology 4555 Runway Street Smm Valley, CA 93063
| 805-582-0155 fax 805-582-1623 www fermionics.com
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'\ o SERIES NUMBER
; \J Fermionics Opro-Technology FD100

High Speed InGaAs PIN Photodiodes

TYPICAL CHARACTERISTICS

Fig. 1 Spectral Response (R vs A) Fig. 2 Dark Current vs Reverse Voltage
_ ———————
f i i f f i
! %
—— : F — 5“%

Dark Curmrent. Id (A}

Responsivity, RIAW)
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0001 4 | | o 5 ] ] D =
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Wavelength, i{nm) Reverse Voitage, V_(V)
Fig. 3 Capacitance vs Reverse Voltage Fig. 4 Response to Optical Impulse
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01
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Reverse Voltage, V_(V) 100 psidiv
Fermionics Opio-Technology 4555 Runway Street Stm Valley, CA 93063
B 805-582-0155 fax 805-582-1623 www.fermiomes com
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Nomenclature and abbreviations

Nomenclature

Symbol Meaning SI Units
Pspout Power of the splitter on the output W

Psp,in Power of the splitter on the input w

Tp Splitter power transformation matrix -

fin Optic wave function entering the splitter -

fout Optic wave function exiting the splitter -

S Sensitivity of the fiber optic interferometer W/m
Pphoto Power incident on the photodiode W

X Displacement of the moving mirror m

I Emissive power W

A Wavelength of the electromagnetic wave m

T Temperature of the blackbody K

h Planck's constant m2kg/s
ke Boltzmann's constant m2kg/s’K
NEPget Allowable noise equivalent power at the focal plane array W/sqrt(Hz)
Ters Desired reference temperature in the MZFTS K

Trmax,FTs Maximum allowable temperature in the MZFTS K

tscan Scan time of the FTS mechanism S

P maxfrs Maximal available power for the FTS w

frpa Sample frequency Hz

fsignal Signal frequency Hz

Attopi foc 1550(nm) light attenuation, from the ODL to the focal plane array -

NEPop, Allowable noise equivalent power at the ODL W/sqrt(Hz)
NooL Noise level or stray light power at the ODL W/sqrt(Hz)
fringe Fringe signal frequency at the photodiode Hz

Vimax Maximal velocity of the moving mirror m/s
fsample,AC Sample frequency of the ADC Hz

res Resolution of the measurement system m

Nbits Number of bits in the ADC -

Urange Total voltage range of the ADC Vv

Usignal Total peak to peak voltage range of the signal Vv
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OPD
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feff
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Qout

Qtotal load
Qlaser load
Qstandard load
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Measure to what displacement Uggna COrresponds
Optical Path Difference

Laser wavelength

Effective sample frequency
Change of internal energy
Heat added to the system
Work done by the system

Power entering the cryogenic cooled zone

Power exiting the cryogenic cooled zone

Total heat load on the cryogenic cooled zone

Heat load on the cryogenic cooled zone caused by the laser
Standard heat load on the system

Laser power entering the cryogenic cooled zone

Laser power exiting the cryogenic cooled zone

Heat reaching the cryogenic cooled wall by conduction of the fiber
Stray light power within the cryogenic cooled zone

Current signal

Current offset

Visibility or contrast

Strain

Change of length

Initial length

Linear thermal expansion coefficient

Change of temperature

New Optical Path Difference

Time interval

Error due to a temperature disturbance on the reference arm
Number of bits in the ADC

Quantization error in the ADC

Standard deviation of the total random error

Error due to a change of refractive index

Total elongation of the fiber segment

Force
Length

Young's modulus
Surface

Resultant force acting on the fiber coating
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I:cl
Oleff
Nt
Ny
I-ref

Lmeas

m

Lom
T
€sensor
AT
A,

m,
r

ny

Qinc,2i

Qrad,on,i

Resultant force acting on the fiber cladding
Effective coefficient of thermal expansion
Refractive index of the fiber core
Refractive index of the air

Length of the measurement arm

Length of the reference arm
segment number

Initial length of segment humber m

Temperature of segment m

Error due to the tolerance band of the temperature sensors
Temperature of the tolerance band of the PT100's

Radiant energy leaving the fiber optic interferometer

Number of reflections
reflection

Refractive index of waveguide material 1
Refractive index of waveguide material 2
Difference in OPD for the two arms
Signal 1 measured at the detector system

Signal 2 measured at the detector system
Sensitivity of the fiber optic interferometer

Power incident on the photodiode
Displacement of the moving mirror
Internal energy density

Component of the heat flux in direction i
Mechanical stresses on surface i=1,2,3 in direction j=1,2,3

State of strain on surface i=1,2,3 in direction j=1,2,3

Density of the material
Specific heat capacity of the material

Surface

Radiant heat component k
Incident heat flux

Emissivity

Stefan Boltzmann constant
Pouter surface of element i
Temperature of element i
Incident heat flux on element i
Radiating heat entering element i

Improving a fiber optic interferometer for the
SAFARI instrument
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m
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Qrad,off,i

P3
Pl,meas

Pl,ref
Amp

Vmax
Irms,l

Iphoto

Radiating heat exiting element i
Number of discretized elements
Thermal coefficient of conduction of element i

Cross section of the fiber optic cable
Element length
Circumference of the fiber optic cable

Radiating heat exiting element i

Number of discretized elements

Optical power on the input of a subsystem

Optical power on the output of a subsystem
Attenuation of the subsystem due to insertion loss
Attenuation of the subsystem due to insertion loss in dB
Optical power lost in a subsystem

Amplitude of the harmonic disturbance

Wave frequency

Time

Wave number

Distance from the from the source of the wave to the emitter

Initial phase at the emitter
Wavelength

Phase

refractive index of the waveguide

Calibrated current offset

Calibrated visibility or calibrated contrast

Real component of the projection

Complex component of the projection

Power of the laser returned from the measurement arm
Power of the laser returned from the reference arm
Power of the laser in detector arm 1

Power of the laser in detector arm 2

Power of the laser in detector arm 3

Laser power returned from the measurement arm in detector arm 1
Laser power returned from the reference arm in detector arm 1

Amplitude of the signal

Maximal voltage at the ADC

Rms current amplitude of the signal
Current created in the photodiode

W/mK

= 33

= =

dB

N/C
rad/s

rad

rad

>

=Essszszszsz=z>»>
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Gtrans
Gfilter

PSD
VSD
CPS

N

CAS
VSDout

Vh,tot

Vtherm

Vade
fs,adc
Npits
Usignal
VampZ
eint,n
Xideal
Xnoise
eopt,dis

Xopt,dis
C
\")

Improving a fiber optic interferometer for the
SAFARI instrument

Gain of the transimpedance amplifier

Gain of the low pass filter

Calibrated voltage signal
Voltage signal at the ADC

Voltage offset of the voltage signal at the ADC
Visibility of the voltage signal at the ADC

Rms noise voltage
Rms noise current

Power spectral density
Voltage spectral density
Cumulative power spectrum

Spectral bandwidth

Number of samples that are averaged

Sample number

Frequency in the digital domain

Cumulative amplitude spectrum

Voltage spectral density on the output of the decimation filter

Total noise contribution on the processed data signal on photodiode n

Thermal noise voltage spectral density

Boltzmann's constant

Resistor temperature
Electrical resistance

Shot noise current spectral density

Charge of the electron
Average DC diode current

Quantization noise voltage spectral density

Sample frequency of the ADC
Number of bits in the ADC

Total peak to peak voltage range of the signal at the ADC
Amplifier 2 noise voltage spectral density
Displacement error due to intensity noise

Simulated ideal displacement

Simulated displacement with intensity noise within the signal
Displacement error due to optical disturbances

Simulated displacement with optical disturbances within the signal

Speed of Ight in vacuum

Frequency

A/V
VIV

< < <

Vrms

Arms

V?/Hz
V/sqrt(Hz)
w

Hz

rad/s

Vims
V/sqrt(Hz)
Vims
V/sqrt(Hz)
J/K

K

Q

I/sqrt(Hz)
C

A
V/sqrt(Hz)
Hz

v
V/sqrt(Hz)
nm

nm

nm

nm

nm
m/s
Hz
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Ao Wavelength in vacuum m
m Parameter as a measure for the wavelength fraction -
OPD Optical path difference m
X1 Distance travelled by EM wave 1 m
X2 Distance travelled by EM wave 2 m
©laser drift Change of detected position due to laser drift m
Prormal Ideal phase rad
Poarite Drifted phase rad
AN Wavelength deviation from the center wavelength of the laser m
Av Frequency deviation from the center frequency of the laser m
Viaser Laser frequency Hz
a Wave phase rad
E Amplitude -
AAewim Wavelength deviation due to the FWHM m
Ploss lens Percentage of lost light %
Ploss lens Power of lost light W
Pno loss lens Power coupled back into the lens W
€align Displacement error due to angular misalignment m
Simulated displacement with optical losses due to angular

Xioss lens misalignment m
offset Offset of the light bundle on the grin lens m
iens Diameter of the grin lens m
Tm Measured temperature C
Rm Measured resistance Q
a Sensitivity of the PT100 K/Q
b Conversion factor K
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Abbreviations

SPICA = Space Infrared telescope for Cosmology and Astrophysics
SAFARI = SpiCA far infrared Instrument

FTS = Fourier Transform Spectrometer

FTSM = Fourier Transform Spectrometer Mechanism
FOI = Fiber Optic Interferometer

ADC = Analogue to Digital Converter

FFT = Fast Fourier Transform

TBC = To Be Considered

OPD = Optical Path Difference

ODL = Optical Delay Line

GBW = Gain Bandwidth product

RMS = Root Mean Square

DTFT = Discrete time Fourier transform

FFT = Fast Fourier transform

ADC = Analogue to digital converter

EM = Electro magnetic

FC APC SM = Fixed connection angled physical contact single mode
FWHM = Full width at half maximum

MZFTS = Mach Zehnder Fourier Transform Spectrometer
TBC = To be considered

LSB = Least significant bit

EOM = Electro Optic Modulator

SPOF = Single Point Of Failure

238



Finn van Rij
TU Delft | Technobis TFT-FOS

239






