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The Compact Linear Collider (CLIC) is a future high energy electron positron collider, which
is the next step in examining the nature of matter. The CLIC is based on the two-beam
acceleration concept, the high RF power to accelerate the main beam is extracted from a
second high-intensity relativistic electron beam, the so-called drive beam that runs parallel to
the main beam. The drive beam is decelerated to provide the RF power to accelerate the main
beam itself. Photoinjector (PHIN) Lasers are used to achieve higher precision of the drive

beam. The subject of this Thesis is to control this PHIN laser beam using phase coding.

e Describe the purpose and principle of the phase coding system of the Photoinjector

(PHIN) laser based on the available literature
e Propose and implement a measurement method to enable precise adjustment of
o the time delay in the phase coding system and

o the amplitude balance of odd and even buckets of the phase coded laser beam

o Evaluate the precision of the two proposals and document your work
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Abstract

In this thesis first the CLIC concept is introduced explaining the need for a new
linear collider. The concept of two beam acceleration is described: the drive beam
interleaving with delay loops, and the specific time structure of the electron beam
needed for this. The purpose of CTF3 and the advantages of a photo injector as an
electron source for the drive beam is explained.

A great advantage of the photo injector is that the special time structure required
in the electron beam can be created in the laser beam. The fiber optic system at the head
of the laser used to create the required time structure is described. This process is called
phase-coding. The phase-coding requires the accurate adjustment of a delay line, and an
optical attenuator, as these settings effect the timing accuracy and amplitude stability of
the phase-coded beam.

A measurement method to determine the accuracy of the delay and amplitude
balance is required for the adjustment of this delay and attenuation. Two methods are
proposed: a frequency domain method using a spectrum analyzer and a time domain
method using an oscilloscope.

Extensive measurements with both methods were carried out. Both methods
proved to be accurate ways of determining the accuracy of the delay and amplitude
balance. The frequency domain method is well suited for an easy setup of the system,
and the time domain method was used for verification. Further developments are
proposed to ensure that the timing and amplitude accuracy of the phase-coding is

optimal.



Osszefoglalo

Ebben a szakdolgozatban ismertetésre keriil a CLIC koncepciodja, elmagyarazva
az igényt egy Uj linedris gyorsitora. Bemutatom a két elektron nyalabos gyorsitas
koncepcidjat: a gyorsitd elektronsugar késlelteté hurkokkal torténé onmagara lapolasat,
¢s az ehhez sziikséges kiilonleges 1d6 strukturat az elektronnyalabban. Taglalasra kertil a
CTEF3 szerepe és a photo-injektornak, mint elektronforrasnak, a hasznalatanak elényei.

A photo-injektor egyik nagy el6nye, hogy az elektron nyalab sziikséges
idOstruktirajat mar a lézernyalabban létre lehet hozni. Az ehhez sziikséges a
1ézerrendszer elején alkalmazott iivegszal optikas rendszert részletesen leirom. Ennek az
idéstruktaranak a létrehozasat faziskddolasnak hivjuk. A faziskddolas egy késleltetés és
egy optikai csillapitdé finom bedllitasat igényeli, mivel ezek a beallitdsok kozvetlen
hatassal vannak a faziskodolt nyalab i1d6zitési viszonyainak pontossagéara és amplitudo
stabilitasara.

Ezért sziikséges egy mérési modszer a késleltetés és amplitidd egyensuly
pontossdganak meghatarozasara, a késleltetés és csillapitas bedllitdsa végett. Két
modszert javasolunk egy frekvencia tartoméanybelit egy spektrum analizator
segitségével és egy idOtartomanybelit egy oszcilloszkop segitségével.

Mindkeét modszerrel végeztem méréseket. Mindkettd j6 mddszernek bizonyult a
késleltetés és amplitudd egyenstly pontossaganak meghatarozasara. A frekvencia
tartomanybeli modszer jol alkalmazhaté a faziskodoldas konnyli beallitasara, az
id6tartomédnybeli modszerrel pedig ellendrzésre hasznaltuk. Tovéabbi fejlesztéseket

javasolunk a faziskodolas id6zitési és amplitidd pontossaganak novelésére.



1. The CLIC concept

The particle physics of the 21% century aims to probe deeper into nature of
matter, beyond the standard model. Major experiments of accelerator laboratories such
as CERN are all aimed in this direction [1].

The TeV energy range is expected to open up a whole new range of physics, in
particular that connected with the origin of particle masses. This new physics might
include an elementary Higgs boson, but most physicists would expect the new physics
to be more complex, perhaps including new spectroscopy of supersymmetric particles
or other excitations [1].

The first exploration of the TeV energy range will be made with the Large
Hadron Collider (LHC), and what it will find cannot be foreseen. However, it is
impossible to expect that experiments at the LHC will actually answer all the questions
concerning this new physics. For example, research physicists are likely to want more
information about any kind of Higgs boson than what the LHC can tell us. Moreover, if
nature chooses supersymmetry, it can be expected that the LHC will reveal a number of
supersymmetric particles but not all of them. If nature chooses to replace an elementary
Higgs boson by new strong interactions, the hints that the LHC would provide should be
followed up by other experiments. Many of the open questions may best be addressed
by a lepton-antilepton collider [1]. The LHC is a discovery machine; a machine for
precise measurements is required. CLIC (Compact Linear Collider) is a high energy
electron positron collider, designed to fulfill this demand.

The highest energy electron positron collider to date is LEP with an energy of
209 GeV in the center of mass system. In this system the circulating particles lost 3.4%
of their energy per turn due to synchrotron radiation. A powerful RF system provides a
circumferential voltage of 3.6 GeV to compensate this effect [2]. Since the energy loss
due to synchrotron radiation is proportional to the fourth power of the energy and
inversely proportional to the radius, a circular electron positron collider in the TeV
range is not feasible, this is the prime reason for CLIC being a linear collider.

Acceleration in a linear collider is achieved by using disc loaded RF accelerating
structures. RF power is guided into a cavity, through which the electron beam travels.

The cavity is shaped so that the phase velocity of the RF wave is equal to the velocity of



the electron beam, so that the electric field of the RF wave can accelerate the electrons

[3].
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Figure 1.1.: Accelerating structure schematic [3]

These RF structures can be divided into two basic types superconducting and
room temperature. Superconducting RF structures are more efficient, and can be used to
accelerate longer pulse trains, however they have a smaller accelerating gradient
(around 20-30 MV/m). Because of the large accelerating gradient required to achieve
the high energies in a reasonable length, CLIC uses room temperature accelerating

structures, to achieve a nominal accelerating gradient of 100 MV/m.

Figure 1.2.: A superconducting accelarating structure [2]



Figure 1.3.: A room temperature accelerating structure [2]

A large amount of RF power is required along the whole length of the
accelerator, CLIC tackles this issue with a novel two beam accelerating scheme. The
power needed is produced centrally and used to accelerate a second electron beam the
drive beam. The drive beam travels alongside the main beam in the tunnel, and is
converted through power extraction structures (PETS) to RF which powers the
accelerating structures of the main beam. By interleaving the bunches of the drive beam
through a delay loop and combiner rings before entering the tunnel, this scheme allows
high peak RF power at 12 GHz to be created locally. This leads to a compact design

where there are no active components or additional structures required along the tunnel.
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Figure 1.4.: The two beam acceleration scheme [4]

The CLIC study aims at collider with center of mass energy from 0.5 TeV to
5 TeV, with 3 TeV being the nominal value. The following will be written with the
3 TeV scenario in mind. It is important to note that many CLIC parameters are subject

to change as the work progresses. The conceptual design report is expected this year.



The main electron beam is created with a photo injector and then after
acceleration to 9 GeV is injected into the main linac (linear particle accelerator). The
bunch spacing of the main beam is 12 GHz.

The concurring technologies for the drive beam injector are a photo injector or a
thermionic injector. The drive beam is accelerated to 2.38 GeV along the drive beam
linac with 0.5 GHz bunch repetition rate, which is increased by interleaving the
bunches, to 1 GHz then in the two combiner rings to 12 GHz, to be used to power the
12 GHz main beam. The delay loop used and the combiner ring require a special time

structure to achieve the 12 GHz equally spaced bunches of the drive beam.
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Figure 1.5.: CLIC plans [5]
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The high accelerating gradient of 100 MV/m allows CLIC 3 TeV to be built
with a length less than 50 kilometers for the main linac. By comparison the LEP (large
electron positron collider) was a circular collider with a total energy of 45 GeV, and
with a circumference of 27 kilometers. The former LEP tunnel now accommodates the
LHC.



1.1 CTF 3 - The study so far

At the moment the some of the most important parts of the CLIC study are
investigated in CLIC test facility 3 (CTF3). In CTF3 power production, 12 GHz beam
combination and the two beam acceleration scheme are being tested.

The drive beam used is generated with a thermionic gun. A thermionic gun is a
continuous electron source, so the beam it creates has to go through a bunching system

to produce the short electron bunches required.
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Figure 1.6.: The CLIC Test Facility 3 [6]

The power from the drive beam extracted through the so called PETS (Power
Extraction Structure) by deceleration of the beam. The main beam produced by a photo-
injector is then accelerated using this power in the TBTS (Two Beam Test Stand)
accelerating structures.

The nominal CLIC bunch repetition rate is 468.5 MHz [7] which is then
interleaved to approximately 15 GHz, but CTF3 uses 1.5 GHz which is then interleaved
times two in the delay loop and times four in the combiner ring, resulting in a pulse
repetition rate of 12 GHz, which corresponds to the CLIC accelerating structures. The
two beam test stand has already demonstrated the 100 MV/m acceleration gradient

necessary for CLIC.
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1.2 Photo injector

A photo injector is a special electron source working on the principle of photo-
emission. A typically multi alkali cathode is placed in vacuum and illuminated by a
laser of light, where the frequency of light is chosen, so that photoemission can occur. A
DC or RF field is applied to the cathode to pull the electrons out thus forming a beam
(figure: 1.7.). The light source is typically a pulsed laser source. The timestructure of the

laser beam determines the bunch structure produced.

Waveguide
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Figure 1.7.: A photo injector cavity - a 1.6 cell RF gun [8]

Although the baseline design of CTF3 and CLIC assumes a thermionic drive-
beam injector, an option for a photo-injector is kept open because of its advantages. [9]

In the thermionic gun manipulating the time structure of the electron beam is
hard task for the bunching system. The time structure required involves a train of pulses
at a given frequency of which certain groups are required to be delayed 180° in phase.
This manipulation of the time structure of the beam is referred to as phase-coding. In the
thermionic gun this cannot be perfectly implemented. The switching is not
instantaneous the pulses in phase gradually decrease in magnitude while the pulses out
of phase gradually increase in amplitude, resulting in unwanted pulses, called satellites.
This unwanted charge can cause considerable radiation problems and efficiency loss,
and causes transient beam-loading in the CLIC main beam. [9]

One of the major advantages of using a photo injector is the flexibility in

manipulating the time structure of the beam in the laser directly before the production of
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the electrons. Laser beams can be switched almost instantaneously thanks to recent
telecommunication development. Further advantages of the photo injector are: smaller
transverse and longitudinal emittance and thus easier beam transport and bunch length
manipulation. [9]

In CTF3 main beam is created using the photo-injector CALIFES. The same
laser is also used to investigate the possibility of using a photo-injector to generate the
drive beam, for this the PHIN photo-injector is used. The nominal beam for CTF3 drive
beam has an average current of 3.5 A, at 1.5 GHz bunch repetition frequency and a
pulse length of 1.5 us, with 2332 10 ps long bunches). This can be produced in the gun
of PHIN, which has 2.5 cells and works at an RF frequency of 3 GHz [10]. The cathode
is a Cs,Te which offers quantum efficiencies (QE) of over 1.5% for several months, and
can be used with UV wavelength of 262 nm [10].

A fiber-optic solution at the beginning of the laser amplification system is
used to achieve phase-coding. The subject of this thesis is to develop a method for
the precision setup of the timing and amplitude balance of the phase-coding

system.
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2. The LASER

The laser system is custom built specifically for this application (see figure 2.1).
The front end of the system was manufactured by HighQ laser, including the oscillator
and the preamplifier, which are synchronized to the RF frequency of the CTF3 machine.
The laser medium is Neodymium doped ytterbium-lithium-fluorite (Nd:YLF and used
at 1047 nm wavelength emission. The preamp is a diode pumped slab amplifier. The
laser light in these stages is quasi-continuous-wave (quasi-cw); consisting of 5.5 ps
pulses at a repetition rate of 1.5 GHz with 10W of average power.

The IR light is then amplified by two diode pumped laser amplifiers (see figure
2.2.). These are 5 fold side diode pumped Nd:YLF rod amplifiers . These amplifiers are
pumped for a few hundred microseconds, during which time the output slowly reaches a
steady-state. Only the end of pulse train is used, to take advantage of the steady state
operation. This is achieved by selecting a desired length of pulsetrain with a Pockel’s
cell from the end of the amplified pulse train. The system is designed so that the input
of the amplifiers is sufficient to reach saturation. This is useful because the marginal
gain of increasing the input power to the amplifier is very small, thus the amplifiers
have a stabilizing effect to slow input variations.

If very short pulse trains or single pulse are desired the beam can be sent through
further two Pockel’s cells called pulse pickers. A two cell scheme is required to enable
one of them to open, the other to close very fast in between consecutive pulses.

The photocathode used for high charge production is made out of cesium
tellurite Cs,Te so the light needs to be converted to UV for the photo-emission process
to work. This is achieved by first converting the light to 523 nm by doubling its
frequency in a conversion crystal (for example: KTP Potassium Titanium Oxide
Phosphate). This green light is then frequency doubled again to create the necessary
UV, this can be done with an ADP (Ammonium Dihydrogen Phosphate) or KDP

(Potassium Dihydrogen Phosphate) crystals for example.
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3. Phase-coding

3.1 The purpose of phase-coding

As previously stated the drive beams power density is increased by interleaving
it with itself through the use of a delay loop and combiner rings. The delay loop works
on the principle of using a transverse RF deflector to send split the beam along two

beam paths, and then uses the same principle to combine the beams again.

Po. Vo
Transverse
RF Deflector, vq

2xPy,2xvg

/\/\/‘\/ Deflecting
Field
Figure 3.1.1.: A transverse deflector [7]

This can be achieved by defecting the bunches in phase with the deflector field
one way and the ones 180° out of phase to go straight. This technique results in a clean
extraction of the bunches if the phase is accurate. A series of bunches in phase with the
RF field is called an odd sub-train, and a series of bunches 180° out of phase is called an

even sub-train.

Acceleration - 937 MHz / -7-7-\\\
ANANAARANRA f Delay Loop :I
JVVVVV VA \ /

even buckets /

Deflection - 468.5 MHz

s \
JANEVAN /.\ /'\ odd buckets / \:\_;
VOV WV T e

RF transverse deflectors - 468.5 MHz
Figure 3.1.2.: The delay loop operation [7]

The drive beam consists of a series of odd and even sub-trains. The even sub-
trains are deflected towards the delay loop the odd ones travel the shorter path, the delay

is chosen such that the consecutive odd and even sub-trains are interleaved, doubling
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the bunch repetition frequency, and halving the fill factor. In the combiner ring the
pulses, each consisting of an odd and an even sub-train, are combined even further: four
consecutive pulses are interleaved to quadruple the frequency. The resulting pulse train
consists of a number of pulses equal to the number of decelerating sections along the
main linac. In these decelerating sections the RF power for the acceleration of the main
beam is produced with PETS (Power Extraction Structure). In CTF3 1.5 GHz is
interleaved to make 12 GHz, times 2 in the delay loop and times 4 in the single

combiner ring.
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Figure 3.1.3.: The operation of transverse RF deflectors

used in the combiner rings [12]

Similarly in CLIC, the bunch repetition frequency of 500 MHz will be increased
to 12 GHz in by interleaving times 2 in the delay loop and times 3 and times 4 in the
combiner rings. Creating the odd- and even sub-trains directly in the laser allows very

high precision switching, when photo-injector option is used.
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3.2 The phase-coding fiber optics

A small portion of the preamplifier output is diverted to the phase-coding test
stand phase-coding. In the first PHIN run this year the phase-coding was integrated into
the laser system for the first time. The phase-coding was driven with the preamp output

and joined back into the system through the booster amp to the input of amplifier 1.

Oscillator
320 mwW

119 209 11¢ 11¢

_______ D Modulator 4 s0% 1%
’_F!:r 2 Booster

»—4 £ o 333pildelav IR o omplifier s o
Fiberinput N ‘h Ml Modulator ) 340mwW
- L |
Waveplate Splitter  Variable attenuator 1 Combiner

and PBS

Figure 3.2.1.: Phase-coding scheme

The phase-coding is implemented at the front end of the laser system because
here the power is sufficiently small for fiber optic modulators to handle.

This solution using fiber optic modulators was chosen, because conventional
Pockel’s cells (which are used in other parts of the system) work with much higher
switching voltage of few kV’s. To be able apply such voltages to the electro-optic
crystals with the necessary switching speeds would have required far more power and
thus more complicated electronics. The fiber optic modulators are smaller in size and
require a switching voltage of only a few volts but have limited power input handling.

The laser light at the front end of the system is gcw (quasi-continuous wave), so
it consists of 5.5 ps wide pulses with a repetition rate of 1.5 GHz. The laser light is
focused onto the input of a fiber through a lens system. The light is then split into two,
using a polarization maintaining splitter. The splitter has two output arms, one of which
is delayed with a variable delay line, consisting of an air gap with a size adjustable by
screw. This arm is delayed 333 ps compared to the other to create the required 180°
phase-shift. The other arm contains a variable attenuator to match the attenuation of the
delay arm. Then the electro-optic modulators are used to switch the transmission
between 0% and 100% with a fill factor of 50%.

18
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The output of the modulators is then added using a non-polarizing beam splitter
in reverse. This results in a signal in which every second sub train is delayed by 180° in
phase (333 ps in time). Later in the laser system the gcw signal is only amplified for a
few hundred ps, from this amplified part 8 sub trains are cut out with a Pockel’s cell to
be used for PHIN. In this manner the required phase coded time structure is created.

Originally the phase-coding was planned to be directly connected to the
oscillator output however by using the preamp as well the amount of power to the
modulators could be always set to be just under the damage threshold. The booster
amplifier would have seeded the preamp, but due to the great beam quality of the
booster amplifier output, it can be used to power amplifier 1 directly, despite its low
power.

All fibers used in the system are single mode, panda type polarization
maintaining fibers, with a core diameter of 6 um and a clad diameter of 125 um. The
used splitter is 50-50% pigtail style non-polarizing splitter from Ozoptics. The variable
delay (ODL-100) also from Ozoptics only has a delay range of 330 ps this range is
unfortunately insufficient to guarantee that the delay can be set to 333 ps, it is important
to note that due to the differences in fiber length between the two arms the delay
between them does not come solely from the air gap. The solution to this is that a short
fiber introducing a delay of about 220 or 440 ps can be inserted if necessary (7/13 cm).
The variable attenuator also from Ozoptics (BB-700) works on a principle of
collimating the beam with two lenses and physically blocking a part of the beam with a
screw. The combiner is not a polarizing combiner so it combines regardless of
polarization, but inherently has a loss of more than 50%.

The two modulators are manufactured by Photline technologies, the newer
model is: NIR-MX-LN-03, the older model is practically equivalent. The modulators
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recommended maximum CW input power is 100 mW. The modulators are LiNbO;
Mach-Zender intensity modulators. Such a modulator splits the input light into two
paths, phase shifts one of the paths, the two paths rejoin, and the output intensity is
modulated by their constructive or deconstructive interference. Thus the output of a
modulator is a sine function of the applied voltage (see figure 3.2.3.). A bias voltage is
required to set the operating point of such a modulator. This bias voltage and power
supply voltage is provided by an MBC benchtop bias controller, this controller also has
a feedback system to compensate for the drift of the operating point. This feedback does
not work well with our fill factor of 50%, and because the drift was found to be not very
significant, this function was not used. It is important to note that these modulators only
work with a single polarization. The required RF modulating signal was provided by an
AC amplifier (DR-PL-10-MO-LR) which, designed for short pulses, this is not the case
in our application as we have a 50% fill ratio square wave however it provides the fast
rise times necessary efficiently and will also dampen variations on the driving voltage.

The input of the amplifier was provided by a custom made electronic made at
CERN designed to fit the phase-coding to local timing signals. This box produces two
50% fill ratio square waves both in the same phase, and also houses the RF amplifiers to
reach the required drive voltage for the modulators. The two modulators are used in
opposite operating point; QUAD+ and QUAD-.

Figure 3.2.3.: Modulator transmission vs. drive voltage — modes of operation [13]

As the modulating singles can be used with one off and the other on, only 333 ps
relative delay is required between the two arms. This delay and an appropriate common
delay is setup so that the modulators switch in between laser pulses. The two required
delays to the modulators are setup by varying the cable length carrying the signal to the
modulators. This method was chosen because it provides a very stable delay without

further active electronics. Unfortunately setting this is very time consuming and
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requires cable cuts with 100ps accuracy. The amplitude of the modulation is set by

changing gain of the amplifiers.

3.3 The task at hand

The phase-coding requires the fiber optic attenuator and delay to be set with
high accuracy. (The time structure can be seen on figure 3.2.2.). The stability
requirements of the resulting phase-coded electron beam are 0.1% RMS in intensity and
less than 1 ps RMS timing error/jitter. Both quantities can are directly inherited from the
laser beam properties. The timing jitter originates from the synchronization of the
oscillator and is almost constant throughout the laser system with about 0.5 ps RMS
jitter. The prime goal of this work is to develop a method to adjust the delay as
accurately as possible so as to cause virtually no increase in timing jitter.

The amplitude noise of the laser system, changes throughout the system, the
amplitude noise in the oscillator and preamplifier are suppressed at low frequencies in
amplifier 1 and 2, due to the fact that these amplifiers are used in saturated steady state.
This means that increasing the input power on these amplifiers only marginally
increases the output power. As the passes through the harmonic stages any instability is
increased due to the nonlinear nature of the conversion processes. At first estimate this
causes the amplitude noise to double on each conversion stage. The noise of the laser
beam going to the photo-injector was measured at 1% RMS in the UV. However the
since the acceptance test of the oscillator, Q switching instabilities have appeared at
~400MHz region. This is a phenomena is known to appear in high repetition rate
passively mode-locked lasers [14], often due to degradation of the optics. This has a
huge effect on the stability of the laser beam, before the latest oscillator and preamp
service, the noise was as high as 8% after the preamplifier increasing to 14 and 22% in
amplifiers 1 and 2. After the service this noise has decreased to less than four percent, at
the preamp. This problem will be hopefully fixed soon and the stability of the laser is to
be further increased through a feedback system in the near future. Despite this noise
performance of the laser at the moment the added amplitude noise of the phase-coding
is important, for the demonstration of the phase-coding.

Thus he phase coding has to achieve a good amplitude balance between odd and

even sub trains compared to 0.1%.
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So the second goal of this work is to achieve the best possible amplitude
balance between the odd and even sub trains of the phase coded laser beam. This is
made harder by the relatively high amplitude noise that is observable on the laser beam

at the time.
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4. Two methods for alignment of the phase-coding

4.1 Introduction

The goal is to give an easy and accurate method for adjusting the delay and
amplitude balance of the phase-coding system. It is a great advantage if used method
gives instant visual feedback to the laser operator, as this is the method used throughout
the laser system for alignment and other purposes. It is of interest to us that while
alignment procedures can be automated using picomotors to move the mirrors with even
the beam position being monitored automatically, it is usually preferred to do these
procedures manually if high precision is needed. Similarly the used optic delay can be
ordered with a picomotor to adjust the delay, however this does not provide a higher
resolution than the manual version and once the system is set further adjustment is not
necessary.

First the optical signal has to be measured this is most accurately done by
photodiode. Our highest bandwidth photodiodes are the New Focus 1024 with an
impulse response of 12 ps FWHM, and the New Focus 1014 with a 3 dB bandwidth of
45 GHz. The New focus 1024 is optimized for time domain measurements and the 1014
is optimized for frequency domain measurements, however they were both found to be
well suited for both. They are particularly practical for this propose because they have
fiber optic inputs. Knowing this we can clearly see that the 5.5 ps laser pulses cannot be
fully resolved with these detectors. For high temporal resolution an autocorrelator is

used for pulse width measurement.

4.2 The problem

While the delay can be roughly set using the digital oscilloscope, this does not
provide an accurate, measurement because of the timing jitter already present. For
instance the first pulse in a sub-train can be one picosecond late compared to the
average phase of all the other pulses, due to timing jitter; this would result in our delay
being a whole picosecond off. Furthermore the oscilloscope has to trigger at a phase
shift this can not be ensured on a balanced train, so a single trace has to be recorded and
a phase shift has to be found in the trace, this can be very tedious. Of course these

difficulties can be overcome as described later.
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It can be also possible to check the output signal in the frequency domain. The
Fourier transform of a train of Gaussian pulses, consists of spectral lines at multiples of
1.5 GHz and of course at DC. If a part of this signal is phase shifted other frequency
components also appear, depending on the sub train length. By varying the phase shift
the spectrum changes only slightly. The resulting spectrum of a phase-coding with the
correct delay and with a 30 ps offset on the delay, can be seen in figure 4.2.1. and in
figure 4.2.2. These graphs were numerically calculated by using FFT in MATLAB.
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Figure 4.2.1.: Spectrum of phase coded beam
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Figure 4.2.2.: Spectrum of phase coded beam with 30 ps error
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4.3 The frequency domain method

If the RF input to the modulators is turned off, both modulators will be
constantly at a QUAD operating point, at 50% transmission. This results in the output of
the phase-coding being a train of equally spaced pulses with a repetition rate of 3 GHz.
If the delay is set incorrectly every second pulse will be phase shifted compared to this
3 GHz. This is very useful for us, because in this mode of operation a small error in the
delay results in a significant change in the spectrum.

The Fourier transform of a Gaussian of form (1) is a Gaussian of the form of (2)

12

f(t)=a-e = 1)

c2w?

f(w)=a-c-e 2 )

The Fourier transform of a comb function (3) is a comb function (4).

q(t) = kiS(t—kT) ®)
6(0) = kié(w— keop) (4

A series Gaussian pulses is the convolution of a Gaussian pulse and a comb function, so

the Fourier transform is the multiplication of the two:

Foan = F{f(X) *9(¥)} = V27 - F(00)- §(o) ()
I:train =g 'a'C'e_CTm +2.08((0_k0‘)0) (6)

In our case phase-coding we take two of these trains delay one of them and then add

them together then their Fourier transform will be:

I:sum train Ftrain +€ UTO ’ l:t/rain (7)
,i.(p.g Lo 40
I:sumtrain [a_'_a/'e mOJ'(DO'C'e ? ZS((D—kO)O) (8)
k=—0
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Where the amplitude of the trains area and a’, and the second train is delayed by ¢ .

If there is no delay ((p:0°) then the spectrum consists of the DC component

and 1.5 GHz and its multiples. As the delay increases to 180° the spectral line at

1.5 GHz decreases and the spectral line at 3 GHz increases, until the spectral line at
1.5 GHz disappears. The odd multiples of 1.5 GHz also disappear at ((p =180°), giving

us the spectrum of a 3 GHz repetition rate train of Gaussians, as expected.

The absolute value of the Fourier transform is:

c?w? +o0 2 2
Mag{Fsumtrain }:woc'ei ? 8(0)_k(00)'\/(a+a/ Cosw_(PJ +£a/ 'Sin w_(P] (9)

k=—o0 0‘)0 (DO

If a=a’ this can be further simplified to:

Mag{Fsumtram}: \/2+2-cos(%j-moc-e 2 -iS(co—kmo) (10)
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The amplitudes are compared to the maximum of the 3 GHz peak and e 2 s

considered to be constant in this range. This assumption is valid because the width of
the Gaussian envelope of the spectrum is 146 Hz (FWHM), this is determined by the
pulse length.
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Changing the amplitude of the delayed sub pulse train pulse, changes the size of
the spectral lines at 1.5 GHz or any of its multiples in the same way: the amplitude
increases linearly to the unbalance regardless of the direction in which the arms are
unbalanced. The effect of time delay on the spectrum is greater if we look at higher

multiples of 1.5 GHz, unlike the effect of the amplitude unbalance between the arms.

4.3.1 The procedure

The laser signal can be measured anywhere along the fibers before the booster
amp, simply by disconnecting the fiber of interest and connecting it to the photodiode,
usually using an intermediate fiber. The photodiode is connected to the spectrum
analyzer or oscilloscope directly, requiring no cable.

1. The delay is set roughly with the oscilloscope, using an unbalanced train with
modulators on, this allows the oscilloscope to trigger at the change in amplitude

between odd and even sub-trains. The signal before the booster amp is used.

2. The amplitude balance is restored by adjusting the fiber optic attenuator.

3. Then the delays of the RF signals to the modulators are checked.

4. The operating point of the modulators is also adjusted.

5. The modulation is turned off. The signal before the booster amp is connected to
the spectrum analyzer through the photodiode.

6. The fiber optic attenuator is adjusted; first increasing the attenuation, if the peak
at 4.5 GHz decreases the attenuation is further increased until the peak at
4.5GHz is minimized. If the peak at 4.5 GHz starts to increase, then the
attenuation is instead increased until the peak is minimized.

7. Then the time delay is adjusted in a simulate manner, to decrease the peak at
4.5 GHz on the oscilloscope.

8. Steps 6 and 7 are repeated until noise floor is reached.

9. Then the modulation is turned back on to check amplitude balance with

oscilloscope.
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4.4 The time domain method

As previously mentioned the delay can also be measured by oscilloscope, the
best oscilloscope available in the lab is the LeCroy Serial Data Analyzer SDA18000.
This oscilloscope has a bandwidth of 18 GHz our photodiode (the New Focus 1024) has
an impulse response of 12 ps FWHM.
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Figure 4.4.1.: An oscilloscope trace and four times sin(x)/x interpolation

This results in our 5.5ps pulse appearing as a roughly 35 ps wide pulse
(FWHM), with some oscillations after it. Also the sample rate is 60 GSamples/s, so it
samples around every 16.7 ps this means that 4-5 points are recorded during a whole
pulse. The interval accuracy is 1 ps (for a short duration such as 666 ps). (The trigger
jitter is specified to be 2.5 ps RMS.) As mentioned earlier the jitter of the laser is about
0.5 ps RMS.

All this effectively results in the fact that the delay cannot be directly measured
accurately. This can be solved by saving a trace and post processing using the following
algorithm. The time of each pulse is recorded; a phase for each pulse is calculated using

the oscilloscopes internal clock as reference. The average phase of the pulses from the
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attenuator arm is then subtracted from the average phase of the pulses from the delay
arm.

This is a good method because with a large number of pulses the phase jitter of
the laser pulses and the phase jitter of the sampling average out. Also the inaccuracy of
the time base of the oscilloscope can be compensated for. This method works well both
with the modulation on and the modulation off, the following description refers to the

implementation of the latter, but the method can be easily applied to the former.

4.4.1 The algorithm in detail

A four times sin(x)/x interleaving is applied directly on the oscilloscope. The
trace is saved and copied from the oscilloscope and processed on a PC with MATLAB.
The trace is processed linearly. A trigger level is set. The first sample point above this
level and the previous point are used, with a linear fit, to determine the time when the
signal crosses the trigger level. From this time the pulses expected time, according to
the oscilloscopes time base, is subtracted. The expected time of a pulse in this sense is
the number of pulses so far times the nominal time between two pulses. The result of
the subtraction is phase of the pulse. It is important to note that this is implemented in a

way to avoid underflow even with a large number of pulses.
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Figure 4.4.2.: A trigger event
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Because the pulse repetition rate is not exactly 1.5 GHz and because the
oscilloscope time base is not perfect the measured phase is constantly drifting in one
direction. This can be corrected by applying a linear fit to the phase and then subtracting
values of the fitted curve. The resulting corrected phases for the pulses from the delay
arm and the pulses from the attenuator arm both follow more or less Gaussian
distributions. The difference between the mean of these phases gives us the delay.

The difference in amplitude can also be measured by integrating the pulses from
each arm separately, however this in more accurately done on phase coded signal.

The method described above can also be used with the modulation on; in this
case it is important to use an equal and integer number of odd and even sub trains, as

input.
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5. Measurements

5.1 Phase-coding in operation, the signal along the path

The input signal is a 1.5 GHz repetition rate pulsed laser signal with 5.5 ps
FWHM pulses. As previously mentioned the pulses seen on the oscilloscope through the
photodiode appear much longer due to limited bandwidth. This and the relatively high
amplitude noise can be observed in figure 4.4.1. Oscillations after the initial pulse can
also be observed.

For the phase-coding to operate the modulators in the two arms need to be set to
their operation point, and the delay between the timing signals needs to be set up. An
excellent extinction ratio of around 40 dB can be achieved. This is shown on figure

Figure 5.1.1. with the signal from the photodiode without signal shown in red.
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Figure 5.1.1.: The modulated signal from a single arm,

and photodiode noise floor in red

Adding the two modulated signals together the in the combiner results in the

phase-coded signal (figure 5.1.2.).
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Figure 5.1.2.: The phase coded signal

To visualize the result the amplitude balance of the arm can be skewed, as seen

on figure 5.1.3.
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Figure 5.1.3.: The phase coded signal arms with the arms unbalanced
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In the phase coded signal there are 333 ps and 1000 ps gap can
periodically, see figure Figure 5.1.4 and figure Figure 5.1.5.
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Figure 5.1.4.: The phase coded signal with a 333 ps gap
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Figure 5.1.5.: The phase coded signal with a 1000 ps gap

be observed

As mentioned earlier the method using the spectrum analyzer is designed to be

used with the modulators off and the time domain method is for both with or without
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modulation. The following measurements however where not carried out on coded
signal, but with the modulators off in both cases. The resulting ~3 GHz repetition rate
signal can be seen on figure Figure 5.1.6.
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Figure 5.1.6.: An error in delay, causes a visible change in the pulse spacing
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5.2 Measurements with spectrum analyzer

The first measurements where carried out with the frequency domain method,
with the modulators not installed.

First let us consider a measurement from the 10™ of October 2010. In this case
the peak at 4.5 GHz was minimized by optimizing delay and amplitude balance. The
4.5 GHz peak was found to be a maximum of 38.7 dB under the 3 GHz peak.

Frequency Signal (dBuV)
3 GHz 58
4.5 GHz 19.3
Noise floor 18
Table 5.2.1.

As first approximation; from equation (10) this ratio is equal to amplitude
balance error if the delay error is zero. This results in at most a ~1.16% amplitude
unbalance between the arms, if the delay error was zero. It is also possible to state that
the timing delay error is at the most ~1.11 ps this being the case if the amplitude balance
was perfect. This is a simple and quick way to estimate the difference from a single
measurement point (plus reference).

Of course this can be done more exactly by varying the delay as seen on figure
5.2.1. The amplitude error in this measurement was constant, the attenuator was not

adjusted, and the delay was changed by turning the delay screw.
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Figure 5.2.1.: Spectrum analyzer measurement and fitting

The fitting was done in MATLAB according to equation (9). The amplitude
error was found to be 1.76% the delay error at the minimum was about 0.1 ps and the
delay per turn of the delay micrometer 1.223 ps. This later value also verified with the
oscilloscope and was found to be around 1.15 ps. The delay screw does not have a scale
so the half turns are not exact.

The amplitude error measurement of 1% is rather high, this was due to the
attenuator, its attenuation would drift with time. The relatively large drift meant that the
attenuation would not stay exactly the same, at a higher error of 1% the drifts effect is
less significant. Thus this larger amplitude error of less than 1% allows us to consider
the attenuation roughly constant throughout the measurement. This drift also causes the
amplitude of the 4.5 GHz peak to fluctuate slightly. In our experience the fluctuation
increases as the peak decreases, this is at mostly due to the nonlinearity of the decibel
scale, on the spectrum analyzer.

This first attenuator preformed badly and so was replaced by a new attenuator of
the same model, and later using a variable neutral density attenuator wheel. Such an

attenuator wheel is good for our application, because it is finely adjustable and provides
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a constant with the small beam size. (With a larger beam the attenuation would be
different across the cross section of the laser beam.)

The attenuation can be set to higher accuracy for example on the 12 of October
2010, the 4.5 GHz peak was 67.15 dB below the 3 GHz reference. This corresponds to
an amplitude error of 0.044% with no timing error or a timing error of 0.016 ps with no
amplitude error. This was achieved with finer tuning of the attenuation and more light

on the photodiode and different oscilloscope settings to decrease the noise floor.

Frequency Signal (dBuV)
3 GHz 90.15
4.5 GHz 23
Noise floor -3
Table 5.2.2.

In this case the achieved accuracy almost only limited by the accuracy of
adjusting the attenuator and delay by hand. Of course this amplitude error may increases
slightly if the attenuation drifts, but this suggests that phase-coding can be implemented
to keep the amplitude error between pulses under 0.1%, as specified, if the input light
has good stability. Unfortunately the addition of the modulators to the system greatly

increases amplitude drift between the arms, if high temperature stability is not achieved.

5.3 Measurements with the oscilloscope

The used oscilloscope has a bandwidth of 18 GHz and a maximum sampling rate
of 60 Gsamples/s as explained earlier this results in 4-5 samples per pulse. This is then
interpolated with sin(x)/x interpolation to quadruple the number of samples. The
measured signal is post processed and the delay time and amplitude unbalance is
determined.

For a first example we will investigate the measurement of the 1% of December
2010. The delay line and amplitude balance was first set up with the spectrum analyzer
and the oscilloscope was used to verify, the correctness of the setup. The delay was
varied by half turns of the delay line screw. Then returning the screw to the initial delay
position the setup was checked with the spectrum analyzer again.

After the initial setup the 4.5 GHz peak was found to be 49.6 dB under the
3 GHz reference, but at the end of the measurement it was only 26.6 dB under the
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reference due to amplitude drifts. From this we can conclude that the timing error is
under 0.11 ps (from the initial value) and that the amplitude error is under 7.4%
throughout the measurement. On figure 5.3.1. the measured delay can be seen as a
function of the turns on the delay screw. Two methods are used for determining the
delay: triggering on odd and even pulses on the same level and triggering on different
levels for odd and even pulses. The use of two different trigger levels was required,
because the amplitude error is so large in this case. The two methods are practically the

same if the amplitude error is small as can be seen later.
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Figure 5.3.1.: Time domain measurement

The two methods give us the following parameters at the initial delay (train A

and B mark the odd and even pulses grouped separately):

Phase jitter Amplitude Amplitude noise
Delay error ) )
train A/B error train A/B
_ 1.66 ps 5.08%
1 trigger level 0.551 ps 6.69%
1.55 ps 5.21%
_ 1,66 ps 5.08%
2 trigger levels -0.274 ps 6.81%
1,54 ps 5.21%
Table 5.3.1.
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The delay error can be measured accurately despite the phase jitter due to the
large number of pulses processed, almost 300,000. (This results in input file sizes of
almost 360 MB, the size of the samples are limited by the memory of the machine and
the size of arrays MATLAB can process.) The amplitude error is measured by
integrating over a period around each trigger to sum the contribution of every pulse.
This could be measured more accurately on the modulated train.

Since the signal is measured without modulation, the sign of the delay error
cannot be determined, it is adjusted to fit the expected linear relationship between the
number of turn and the delay error.

The measured delay error is slightly larger (-0.2 ps) than our expectation from

the spectrum analyzer measurement, and the amplitude error is as expected (6.8%).
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5.4 Measurements both in time and frequency domain

The first measurement of the 5™ of April 2011 was done by setting up the delay
with the spectrum analyzer and then varying the delay. After each turn on the delay line
screw the amplitude balance was optimized with the spectrum analyzer, and the signal
was measured both in the frequency and time domain.

This is advantageous because it is possible to keep the amplitude error low, and
compensate for any drift that may occur. The attenuator wheel was used for this

measurement, with the modulators in the system, but set to 100% transmission.
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Figure 5.4.1.: Spectrum analyzer measurement and fittiong

The amplitude error was considered constant to be able to obtain a fit in
MATLAB, this is not necessarily true, and so the quality of this fit is worse than in the
previous example. The parameters of the fit are 0.9% amplitude error ~0.1 ps delay
error at the minimum and 0.96 ps per turn of the delay line.

The signal level was 48 dB under the 3 GHz reference this corresponds to an
amplitude error of 0.4% with no delay error or a 0.14 ps delay error with no amplitude

error.
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Figure 5.4.2.: First time domain measurement of the 5™ of April 2011

Almost 80,000 pulses per point were processed in this measurement, but without

interpolation.

Phase jitter ) Amplitude noise
Delay error ) Amplitude error )
train A/B train A/B
_ 0.86 ps 0.45%
1 trigger level 0.041 ps 0.65%
0.84 ps 0.45%
) 1.66 ps 0.45%
2 trigger levels 0.056 ps 0.53%
1.54 ps 0.45%
Table 5.4.1.

Both the delay and amplitude error are around our expectations from the
spectrum analyzer measurement. The amplitude error is slightly higher then calculated
but within expected accuracy, the accuracy of the amplitude measurement can be
greatly improved by applying the same method to the phase-coded train.

The second experiment from the 5™ of April 2011 was done slightly differently,
after the initial setup the delay was varied, and after each change of the delay the signal

was measured both on the oscilloscope and the spectrum analyzer, with the exception
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that the spectrum analyzer measurement was done on a wider range. Unlike in the
previous experiment the amplitude balance was not changed throughout the experiment.

The 10.5 GHz peak was used for the spectrum analyzer measurements to
demonstrate the increased delay sensitivity. At the initial setup the 10.5 GHz peak was

44.1 dB below the 9 GHz reference. This corresponds to a maximum of 0.6% amplitude

error or a maximum delay error of about 0.19 ps.
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Figure 5.4.3.: Second time domain measurement of the 5™ of April 2011

These measurements (seen on figure 5.4.3.) where done with 4 times

interpolation and calculated from almost 300,000 pulses for each point.

Phase jitter ) Amplitude noise
Delay error ) Amplitude error )
train A/B train A/B
] 0.943 ps 1.32%
1 trigger level -0.027 ps 1.31%
0.925 ps 1.33%
_ 0.924 ps 1.32%
2 trigger levels -0.136 ps 1.31%
0.936 ps 1.33%
Table 5.4.2.
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From the delay error and the amplitude error determined in the time domain the

expected magnitude of the 10.5 GHz peak can be calculated, using equation (8).

Turns
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Magnitude of 10.5 GHz peak
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—&— Spectrum analy zer measurement Calculated from time domain measurement

Figure 5.4.4.: Measured and calculated magnitude of the 10.5 GHz peak

As seen on figure 5.4.4. the calculated and measured values fit each other very
well, except at -0.25 turns. The only other discrepancy between the two is at zero and
plus a quarter turns. From this we can conclude that amplitude error measured in the
time domain is larger than in reality. As mentioned before the accuracy of the amplitude

error measurement can be greatly improved by applying this method to the phase-coded
train.
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5.5 Accuracy and other considerations

5.5.1 The frequency domain method

The frequency domain method is capable of setting the delay and amplitude
balance to an accuracy significantly better than 0.1 ps and 0.1% as seen in the
measurement of the10™ of October 2010. The great accuracy can be achieved due to the
high dynamic range of the spectrum analyzer. A great advantage of this measurement
method is that noise such as detector noise generally increases the measured peak and
thus makes our calculations of maximum amplitude balance and delay error
conservative. The limiting factors are the increasing fluctuation of the measured peak
with its intensity decreasing, the accuracy to which the delay and attenuator can be set.
And most importantly the drift of the amplitude balance due to the attenuator and
modulators.

The fluctuation of the peak is due to the amplitude and phase noise of the laser
signal and the measurement error of the photodiode. The photodiode preformed
surprisingly well, allowing us to decrease the 4.5 GHz peak more than 60 dB under the
reference 3 GHz peak. But perhaps the most important cause of the fluctuation is the
drift of the amplitude balance. The fluctuation is greater when the amplitude of the peak
is smaller, this partly due to the nonlinearity of the decibel scale, and partly due to the
fact that the fluctuation in an arm becomes more significant compared to the peaks
average value as the peak gets smaller (the peak linearly increases with amplitude
balance error if the timing error is small).

It is a very good sign that when adjusting the delay or amplitude the measured
value changes very sensitively, this is further confirmation that the method works as
expected.

The drift of the attenuators was a major problem, but this was solved by
changing to the variable neutral density attenuator wheel. An other solution would have
been to temperature stabilize the previous attenuator. However the drift of the
modulators is more significant, these modulators where designed to keep there
operating point stable with a feedback system, this system needs to be implemented for
our application.

The calculation of maximum amplitude balance error with no timing error and

maximum timing error with no amplitude balance error can be considered very good
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indicators of the accuracy of the setup. It can be safely assumed that the both errors are
not significantly larger than these values. Varying the delay and measuring the 4.5 GHz
peak results in a graph that fits well to our expectation as can be seen in the
measurement of the 10™ of October 2010. This provides a confirmation of our
theoretical model. Unfortunately the fit does not provide much more information than
the calculation of expected time and amplitude error from a single point.

5.5.2 The time domain method

In the time domain method a phase is determined for each pulse, a single such
phase for each pulse train does not provide much information regarding the delay
between the two pulse trains due to phase jitter and measurement error. The principle of
the measurement is that with a very large number of pulses the measurement error
decreases and the effect of phase jitter decreases.

The resulting delay error is actually calculated in phase with the pulse trains
determining the frequency; and then is converted to picoseconds for convenience, from
the pulse repetition frequency (1.5 GHz). This means that the result is independent of
the oscilloscope time base.

The time domain measurement algorithm assumes a long sample with a large
number of pulses. Each pulses phase is measured with a significant error, the RMS of
the phase values in a single train is about is about 1-2 ps and the required accuracy is
about 0.1 ps. So the goal is not to have any systematic error, and use a large number of
pulses. This phase jitter comes from two sources the phase jitter of the laser pulses and
the error of the measurement. The phase jitter of the laser pulses is specified to be under
0.5 ps, according to these measurements this could be more in reality. But the main
source of the phase error is the phase error of the measurement, the phase error of the
measurement is mostly caused by the amplitude noise and amplitude balance error.

To confirm that we have enough samples and our phase measurement is working
properly, it is worth studying the histogram of the measured phases. We can expect a
roughly Gaussian distribution. Even if the distribution is not Gaussian we would expect
the distribution for the two trains from a single measurement to have the same
distribution. The histogram of the phases of the trains from measurement of the 1% of
December 2010 can be seen on figure 5.5.1. The measured delay error is 0.27 ps.
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Figure 5.5.1.: Phase histograms at the initial delay setting the measurement of the
1° of December 2010

As we can see both distributions are roughly Gaussian as expected. If there
would have been a pulse that would have been too small to trigger on or some other
anomaly, we could observe some large phase error measurements in the bins on the
edges of the histogram.

The algorithm also assumes that the pulses are identical in amplitude and shape.
This causes substantial amplitude error, because smaller pulses appear delayed and
larger pulses appear early. To further understand the measurement it is important to that
essentially what we see on the oscilloscope output is the impulse response of the
photodiode, bandwidth limited by the oscilloscope input filter which has a bandwidth of
18 GHz.

The measured amplitude of a pulse needs a dT time to rise before it triggers. As
a first approximation we can model our pulse as having a straight rising edge as seen on

figure 5.5.2. This means that the time of:

_ trigger level
peak

dT (11)

rise
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Passes before each trigger event this is however dependent on amplitude errors
of the pulses. A typical dT would be about 10 ps with a trigger at 40% of the peak and
a rise time of 25 ps. This is a very rough estimate but it gives us an idea of how much
the amplitude variation effect the measured phase. For instance an amplitude error of

1% would cause a delay change of the magnitude of 0.1 ps.
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Figure 5.5.2.

This is the reason a different trigger level needs to be set for the two pulse trains.
For instance in the second measurement of 5" of April 2011 the initial delay was
-0.027 ps, taking into account the amplitude balance error of 1.31% and using two
triggers the measured delay error changes to -0.136 ps this corresponds well with our
estimated effect of amplitude difference which would be a change of 1.3 ps.

An other assumption made is that the oscillations after the pulses die away by
the time the next pulse arrives, otherwise there can be coupling between the odd and
even pulse trains. As seen on figure 4.4.1. the oscillations die almost completely by the
next pulse. Such coupling could increase error, though with 0 ps delay error and 0%
amplitude balance error the two trains disturb each other symmetrically. To avoid this
problem only a part of the signal around the trigger is used tom determine the
amplitude. This problem would be solved by applying the time domain method to the
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phase coded train, and the amplitude error would also be measured more accurately,
using the effective values of whole sub trains to determine the amplitude balance.

The time domain method was not applied to the phase coded pulse train, because
the phase-coding was only fully operational during and before an experiment known as
the PHIN run. The PHIN experiment only runs for a few weeks a few times a year as
the laser cannot be used to produce the main beam in CALIFES, at the same time.
During the PHIN run laser time was crucial, and perfect setup was not yet important for
the measurements in question. After the PHIN run the laser system was used in a
different manner with booster amplifier — which is a fiber optic amplifier at the phase-
coding output — incorporated into the system. So the phase-coding was not fully setup

again, because of the time required.
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6. Conclusions

The goal of this thesis was to develop a method to accurately set up the delay in
the delay arm of the phase coding and the amplitude balance between the two arms of
the phase-coding. The ultimate requirement for the phase coded laser beam is phase
jitter of 0.1 ps and an amplitude stability of 0.1%.

A frequency domain method was developed, theoretically explained and
experimentally investigated. Our experience shows that without the modulators and
with a good attenuator a delay error and amplitude balance significantly better than the
above parameters can be achieved (see: measurement of the 12" of October 2010). Thus
the developed method ensures that the measurement of the delay and amplitude balance
is not a limiting factor for the phase-coding signal quality.

The requirements for an optimal stability and amplitude balance were also
determined: the attenuator has to be very stable, and the modulators have to be
improved by temperature and possibly implementation of feedback.

The advantage of this method is a real time visual feedback from the spectrum
analyzer while manually adjusting the delay line and attenuator. This kind of
optimization is a routine task in laser rooms.

A time domain method was also developed to verify the functionality and
accuracy of the frequency domain method. This method does not provide a real time
feedback. The algorithm could be ported to the oscilloscope, though processing a
sample of 300,000 points can take several minutes with the current algorithm. This
procedure provides us with a separate value for the amplitude balance and the delay
error, unlike the previous method. The delay value determined from the oscilloscope
trace was found to be not quite as accurate as the previous method but still accurate to
about 0.1 ps or less at its best.

Unfortunately determining the amplitude balance using this method is not
especially accurate, though it works quite as well especially at larger differences. This is
due only partly to the limited accuracy of the oscilloscope. The main limit of the
accuracy is the way the amplitude is determined: a small part surrounding the trigger is
used. The measurement could be far more trustworthy if the method where applied to

the phase-coded pulse train. This is how the method should be applied in the future.
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The two methods where compared directly in the second experiment from the 5"
of April 2011. The good agreement between the two results further confirms that the

two methods work as expected.
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9. Appendix

9.1 The MATLAB code used in the time domain method

A built in MATLAB gui (graphical user interface) is used to select files to be
processed. The procedure consists of several separate sections each clearing the memory
loading the necessary data saved by the previous section, an saves the data. This strange
structure was chosen to clear the memory of the unnecessary data from the previous
cycle, and for debugging purposes. By saving intermediate results as well if something

needs to be changed the, whole thing does not need to be recalculated.

interpRatio=4;

[filename, pathname] = uigetfile('*.mat', 'Select a OFE
data', '"MultiSelect', 'on');

if ~iscell (filename)
filename={filename};
s=1;

else
s=size (filename) ;
s=s(2);

end

x1lswrite('results.xls', {'ltrigger', 'Phase', 'Phase jitter

RMS', "', "', '"Ampl"', 'deviation (RMS)','','','2trigger"', 'Phase', 'Phase
jitter RMS','', "', 'Ampl', 'deviation (RMS)','','','';'Delay','Diff',"'A
','B','Both', 'Diff','A','B', 'Both','','Diff','A

','B', 'Both', 'Diff','A','B', 'Both', 'invert';}, 'raw', 'Al"');

for i=1:s
file=strcat (pathname, filename{i});
mkdir (filename{i} (1:end-4))
cd(filename{i} (l:end-4))

interp=load(file);
save interp

clear all
clc

load interp

Splot (interp, 'DisplayName’', 'interp', 'YDataSource', "interp', 'Marker','.
', 'MarkerSize',5);figure (gcf)
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data=interp(24:end, 1) ;%2);

data=data (l:end-mod(length (data),20*2*interpRatio)) ;
plot (data(1:1000)) ;

$test=2*mod([1l:1length(data)],80)-mod([1l:1length(data)],160);
$test=test/800;

save data data interpRatio

Phase calc 1 trigger

clear all
load data

phaseelements=length (data)/ (20*interpRatio) -200;
phase=zeros (phaseelements, 1) ;
ampl=zeros (phaseelements, 1) ;

compA=0.02;
%$1load AmplitudeRatio
compB=compA*1l; $AmplitudeRatio;

i=20*interpRatio;
n=1;
while n<=phaseelements
if (mod(n,2))
comp=CcOmpaA;

else
comp=compB;
end
/-"1"181%0 if (data (i)>comp)

microphase= (comp-data (i-1))/ (data(i)-data(i-1));
macrophase=i- (n-1)*20*interpRatio;
phase (n) =macrophase+microphase;

ampl (n)=sum(data (i-4:1+10)) ;

n=n+1;
i=i+15*interpRatio;
else
i=i+1;
end
end

save longphaseampltrigger phase ampl interpRatio

o\

o\

|
|Postproces 1 trigger
\

oe

clear all
%clc

load longphaseampltrigger
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phaseorig=phase;

Xphase=1:1length (phase) ;
correction=polyfit (Xphase,phase',1);

phase= (phase-correction(2));

sub=Xphase*correction (1) ;
phase=phase-sub';

phaseA=phase (1:2:end) ;
phaseB=phase (2:2:end) ;

amplA=ampl (1:2:end) ;
amplB=ampl (2:2:end) ;

B= (mean (phaseA) -mean (phaseB) )/ (20*interpRatio) * (1/3*1000) ;
/(20*interpRatio) * (1/3*1000) ;
/(20*interpRatio) * (1/3*1000) ;
(20*interpRatio) * (1/3*1000) ;

C=std (phaseA, 1)
D=std (phaseB, 1)
E=std (phase, 1)/

F=(mean (amplA) -mean (amplB) ) /mean (ampl) ;

AmplitudeRatio=mean (amplB) /mean (amplA) ;
save AmplitudeRatio AmplitudeRatio interpRatio

’

G=std(amplA,1);
H=std (amplB, 1)
I=std(ampl,1);

histA=hist (phaseA,-2:0.04:2);
histB=hist (phaseB,-2:0.04:2);
histX=(-2:0.04:2)/(20*interpRatio)* (1/3*1000) ;

save resultsl

Phase calc 2 trigger

clear all
load data

phaseelements=length (data)/ (20*interpRatio) -200;
phase=zeros (phaseelements, 1) ;
ampl=zeros (phaseelements, 1) ;

compA=0.02;
load AmplitudeRatio
compB=compA*AmplitudeRatio;

i=20*interpRatio;

n=1;

while n<=phaseelements
if (mod(n,2))
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comp=CcOmpA;

else
comp=compB;

end

if (data(i)>comp)
microphase=(comp-data (i-1))/ (data(i)-data(i-1));
macrophase=i-(n-1)*20*interpRatio;
phase (n) =macrophase+microphase;

ampl (n)=sum(data (i-1*interpRatio:i+2.5*interpRatio))

n=n+1;
i=i+l5*interpRatio;
else
i=i+1;
end
end

save longphaseamp2trigger phase ampl interpRatio

o\

|
s |
5\
clear all
%clc

o°

Postproces 2 trigger

o°

tic
load longphaseamp2trigger

phaseorig=phase;

Xphase=1:1length (phase) ;
correction=polyfit (Xphase,phase',1);

phase= (phase-correction(2));

sub=Xphase*correction (1) ;
phase=phase-sub’';

phaseA=phase (1l:2:end);
phaseB=phase (2:2:end) ;

amplA=ampl (1:2:end) ;
amplB=ampl (2:2:end) ;

K= (mean (phaselA) -mean (phaseB) )/ (20*interpRatio) * (1/3*1000) ;

’

L=std (phaseA, 1)/ (20*interpRatio) * (1/3*1000
M=std (phaseB, 1)/ (20*interpRatio) * (1/3*1000
N=std (phase, 1)/ (20*interpRatio) * (1/3*1000) ;

’

~_~ ~—

O= (mean (amplA) -mean (amplB) ) /mean (ampl) ;

AmplitudeRatio=mean (amplB) /mean (ampl3) ;
save AmplitudeRatio AmplitudeRatio interpRatio

P=std (amplA,1);
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Q=std(amplB, 1) ;
R=std (ampl, 1) ;

histA=hist (phaseA,-2:0.04:2);
histB=hist (phaseB,-2:0.04:2);
histX=(-2:0.04:2)/(20*interpRatio) * (1/3*1000) ;

save results?

load resultsl
load interp;
cd ..;
A=filename{i};

xlswrite('results.xl1s', {A,B,C,D,E,¥,G,H,I,"',K,L,M,N,O0,P,Q,R}, 'raw', st
rcat ("A',num2str (i+2)));

cd(filename{i} (l:end-4))

clear all

load interp;

cd

end

57



