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SC - superconducting
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X-FEL - X-Ray Free Electron Laser,
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Chapter 1. Introduction

During the last century the understanding of theunea especially at the level of its smallest

constituents have been significantly improved. Tast achievement — the so-called Standard
Model becomes a fundamental theory for the parpblgsics. However, the presented model needs
to be verified by experiment. The only method tdidate the hypothesis covered in Standard

Model is to design particle accelerators, which abde to provide an extremely high energy

of range of millions of millions of eV and higher.

The first precursor of nowadays machines — theotymh — was constructed by E. Lawrence
in 1929. This device was operated at energy up Ke¥. For comparison, the Large Hadron
Collider (LHC), which is constructed at CERN, Swittand will be able to provide the centre-of-
mass energy of 14 TeV. However, there is neednark that during the collision this energy will
be shared with quarks of protons therefore theggnef the collision will be much lower. In other
words, products of collision will capture part afeegy. This “energy sharing” might be eliminated
by using the fundamental particles, which make lutha other particles found in Nature, and are
not themselves made up of smaller particles. Asrs@quence, thé € colliders are promising for
the current and future research. The advantagesiaf a machine were proved by the biggest
storage ring called Large Electron-Positron Cotlild=P). Its energy was around 200GeV and the
beam luminosity was in range of*(@ms’. In high energy physics community is strong bediev
that after the great success of previous machireeetis need to build new accelerator, which will

be able to provide an energy of collision over YTe

Across the world there are several groups, whiehveorking on the successor of LEP. One of
them is a TESLA Technology Collaboration, which gwees to use a nine-cell superconducting
standing wave accelerating structures made of pgum [Brinkmann 2001]. The cavities will
be operated at 1.3 GHz and the average accelerfaidggradient in each cavity will be above
35 MV/m. The over 30 km long accelerator will bdeato provide the required energy of collision

of positrons and electrons of 1 TeV.

The proposed machine is a linear accelerator. thésonly solution to eliminate the synchrotron
radiation, which prevent reaching the high energyedtectrons and positrons. This radiation
is generated while the electrons, which move neaispeed of light, flight through magnetic fields
perpendicular to the direction of movement. Them ghotons are generated, which carry out part
of electron energy. In case of ring acceleratorntagnetic field are used to change the direction

of beam.

The reason of using the superconducting cavitieissigfficiency. The small power dissipation

in the cavity walls is guaranteed by using the pune-cell niobium cavities cooled by superfluid
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helium to 2 K. As a consequence, the unloaded tyuactor of single cavity is in order of 0
However, for high accelerating gradients (above2®® V/m) there is need to operate the machine
in pulse mode to keep the average cryogenic loss@xceptable limits. In case of proposed
solution, the pulse length is set to 1.3 ms, whieeefirst 500us is used for filling the cavity with
RF field and during the next 8Q® the field is kept constant (so-called flat-tophis is also

a great advantage of the superconducting struottgethe normal conducting ones, in which only

microseconds pulses might be reached.

The performance of TESLA technology significantiyakiated since last decade. Since the first
test of single cavity, through TTF | - the 100 mSIEA Test Facility and TTF 1l (its 260 m long
upgrade), to VUV-FEL (Vacuum Ultra Violet Free Electron Laser), the imyement in reliability
and performance of used technology has been dolheof Ahese machines were constructed

at DESY-Hamburg, Germany with international colledimn of many countries including Poland.

As it was mentioned above the TESLA technologyvedlduilding not only the linear collider,
but also a free electron laser. In the second tfphe device the fast high-energy electrons are
moving through undulators in which a high magndteld forces the particles to undergo
oscillations and radiate. As a consequence, thexgshenon of synchrotron radiation, which
prevents from reaching high energy in ring accébesa is used to generate a high brilliant and
coherent light of very short wavelength. Currentthe wavelength of FLASH is in range
of several nanometers. The next machine of lenfghkan will be able to provide a light of X-ray
regime — X-FEL (X-ray Free Electron Laser). The gibke application of FEL is not limited

to high-energy physics but also covers the biologgdicine, solid physic and many others.

The cavities used in TESLA and X-FEL projects aosvered by the wave with constant radio
frequency equal to 1.3 GHz (RF). This frequency agjsisted to internal frequency of the TESLA
cavity, because the cavity should work on resonaAseit was mentioned, the quality factor
of unloaded cavity is more thanf@vhereas the quality factor of loaded cavity (Withuplers,
tuner, etc) is Q=3*10°. It corresponds to cavity measured half-bandwattbundow,, = 230 Hz.
There is need to point, that each cavity is sligtifferent, what causes that each cavity needeto b

tuned before operation.

The resonant frequency of the cavity depends odintgension. As a result, a sophisticated system,
which can shrink and stretch the single cavity, vadld to reach the frequency of master

oscillator. The tuning system consists of a steppator, which adjust the shape of the cavity after
cooling down and pumping. Because there is ne¢drn® cavities before operating, therefore this

process is commonly named pre-detuning. The sysemiso equipped with piezoelectric stack,

1 VUV-FEL was recently renamed to FLASHrée-Electror. ASer inHamburg)
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which are using for Lorentz force and microphoruaacellation. The second part of the system is

commonly named a fast tuner.

The principle of fast tuner operation is descriloedhesis of M. Liepe [Liepe 2001b]. However,
the presented solution was checked with only onéyaand the driving signal was set manually.
In case of FLASH, there will be six modules, budlmably only two of them will be equipped with
the fast tuners. It means that there will be astld® compensation systems. In case of future
machine, like X-FEL there will be at least 100Qtwfiers. For longer machines, like ILC few teens
of thousands of tuners is predicted. As a consamyeahere is need to automate the algorithm
for compensation. Another important issue is aabdlity of used actuator. According to the
literature [Zickgraf 1995, Pl web] the lifetime thfe piezoelectric stacks depends on preload force.

As a result, a static force measurement at cryagamiironment becomes an important topic.

The main objective of the thesis is to presentrdeent development of the fast tuner attached

to TESLA type cavities assembled in FLASH accetatdEspecially the thesis proofs, that:

e it is possible to automate the Lorentz force compéion system used for Vacuum Ultra

Violet Free Electron Laser,

* it is possible to use a piezoelectric stack itseineasure the static force (preload) applied

to the actuator in wide range of temperatures f2aim 300 K,

The dissertation is organized in seven chapterghétbeginning the general information about
the accelerator technology is presented. The secbagter provide also a terminology used
in the high-energy physics field, which allows easyderstanding for experts from other
disciplines. Moreover, the TESLA type cavity is ggated with its dimensions and mechanical
properties. Beside of that, it also covers therimfition about alternative development of tuners,

which might be used for TESLA type cavities fonuitg machines.

Chapter 3 summarizes the information about detunisgurces. The mechanical
and electromechanical models of cavity compargaetéormed measurements are presented. Also

the old (multi-pulse) and new (single pulse) methotidetuning measurement are described.

In chapter 4 the smart materials, which might bedufor fast tuning system, are presented.
Especially, there results of experiments performesd cryogenic and room temperature
of piezoelectric stacks from five different manutaers and two types of magnetostrictive rods are

shown. Moreover, the problems related with religbof the active element are investigated.

The lifetime of the piezoelectric actuator depeadshe preload force. As a result there is need to

measure the static force applied to the piezoelenidre innovative method of using the active
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element itself to estimate the preload is preseimé&thapter 5. Moreover, t is compared to existing

method, which relays on the strain gauges.

Next chapter is dedicated to the fast tuning systesed for FLASH accelerator.
At the beginning the mechanical part is briefly qmeted. The main part of this chapter is

the automation of Lorentz force compensation system

At the end a summary and plan for the further neteés presented. Moreover, a list of used
bibliography is attached. The thesis is finishethwio appendixes. The first of them describes
the control panel used for Lorentz force compensaAppendix A). The second one presents

a study of linearized detuning coefficients foifelient accelerating field gradient (Appendix B).
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Chapter 2. State of the art of the cavity tuners

2.1. Introduction

The main aim of this chapter is to give a briefraduction to the accelerators technology,
especially for the experts from non-high-energygity fields. At the beginning, the principle
of superconducting cavities (SC) is presented. émegal, the work covered in the thesis is
connected with TESLA type cavities and as a resullf this type of the structure will be presented
in this Chapter. Then, the Vacuum Ultra Violet Figectron Laser is described as the example
of machine, which uses the SC cavities. At the @ntthis chapter different variation of proposed

tuners are shown

2.2.  Superconducting accelerators

Nowadays, the physics of accelerator is well esthbtl and described in plenty of books
and papers. The most interesting, valuable and lexmgre the one presented by A. W. Chao
and H. Padamsee [Padamsee 1998, Chao 1999]. The psesented in the thesis focuses on
the recent development done at DESY in Hamburgm@ry. Especially, the recent development
connected with Vacuum Ultra Violet Free Electrors&awill be presented. Nevertheless, several

references to other machines are given.

As it was written in the introduction the supercocihg SC technology becomes more and more
interesting for low current, pulsed mode machire$oa the one developed at DESY in Hamburg,
Germany [Schmueser 2003]. The key part of any ecatlr is a resonant cavity. In technology
developed at DESY, commonly named TESLA, it is @ertell structure build of pure niobium
(seeFigure 2.1) [Brinkmann 2001]. The niobium of higtRR¢ (over 300) used for the design
becomes a superconductor when cooled below 9.hKnKs to superconductivity, the particles in
an accelerator can be brought up to highest ersevgitd hardly any power loss (the efficiency of
energy transmission between the accelerating &altlthe beam is almost 100 %). However, the
cavity operation temperature is set to 1.8 K toniglate temporary surface warm up (called
quench), caused by imperfection of the surfacetdaghd electromagnetic fields. Additionally, the
lower temperature causes lower power losses. Tdistaace of niobium decreases by almost two

orders of magnitude when cooled down from 4 K ®K..

2 RRR - the Residual Resistivity Ratio is definedtlas ratio of electrical resistivity at 295K to efical
resistivity at 4.2K
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HOM coupler

power coupler

115, 4mm

1036mm

1256mm

Figure 2.1 Nine-cell cavity used at FLASH. [Brinkmann 2001]

The power losses in the resonator walls are néigigind almost all the power can be transferred
to the particle beam. As a consequence the enemgumption is vastly decreased. The energy is
mainly spending on the cryogenic system. However averall energy consumed to accelerate low
current beam remains lower than for normal condgchiC systems. It is hard to judge which

technology is better because it depends on theoparfor what the accelerator is used. Moreover,
both NC and SC technologies are still developing i@ breakthroughs open new possibilities of

application.

Additional advantage of SC technology is extremiaigh quality of so created particle beam.
Thanks to vanishing electrical resistance, fewtgrfarence fields arise and thus the resonator can
be made bigger than for NC’s one. As a consequénisgyossible to produce a particle beam with
higher energy and smaller cross-section. This alloftaining higher collision rate at the detector,

and the energy of the collision is also higher.

The cavity is powered by 1.3 GHz radio frequencyeyaupplied from klystrons via waveguides
and couplers. The cavity shape is adjusted in auehy, that the given RF field creates a standing
wave inside it. The quality factor of presentedtsysis over 18 without any load (§ and more
than 3*10 when equipped with couplers and pick-up antennd. (Que to the high quality factor
the half-bandwidth is reasonably small and it isonder of few hundreds of Hertz. In case of
FLASH it is only 230 Hz and slightly varies fromvity to cavity. Nevertheless, it is very
important to precisely adjust the shape of thetgdhdécause any geometry disturbance changes the
frequency of cavity resonance. The system detungss a result the quality factor of resonator is

reduced.

Tesla Test Facility | (TTF I), which was succedsfdommissioned in 1997, proved the principle
of operation of TESLA technology. The laser radiativas generated for the first time using the
free-electron laser on February 2000. During newtd tyears the test facility was used for

experiments in physics. Since late 2002 an upgtad260-meter-long test facility was began.
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Nowadays, the machine, after major upgrade anchguof used devices (i.e. klystrons, LLRF
control system,), evaluated to Vacuum Ultra Vidteee Electron Laser (VUV-FEL). Beside the
improvement and expansion of the system, the miesi of operation remain untouched.
Furthermore, it is already decided that for X-Rased- Electron Laser (X-FEL) the same
technology will be used. To continue, a new bigdestar accelerator called International Linear

Collider (ILC) will base on the current development

2.3.  Vacuum Ultra Violet Free Electron Laser

The free-electron laser (FEL) that provides tuneahtiation from the vacuum-ultraviolet (VUV)

to soft X-rays is built at Deutsche Elektronen-Symtron (DESY) laboratory in Hamburg,

Germany. It is a 260 meter-long extension of TT&dHitionally equipped with undulators, in

which the accelerated electrons are induced to #asites of X-ray laser light [Brinkmann 2002].

The first system ended lasing operation in MarctD2Qvith great success. The SASE
(self amplified spontaneous emission) principle haen proven for wavelengths from 180 nm

down to 80 nm.

However, after minor modification the VUV-FEL wible able to operate at energy of 1 GeV.
Then it should serve the light of the wavelengtbsimto 6 nm in the first harmonic of the SASE
FEL. However, the most recent achievement (mid @62 indicates that the VUV-FEL stably
lasing at wavelength of 13 nm. The overview of thachine with localization of each section

is presented ifigure 2.2.

Experimental Hall P EH A
s

Accelerating
Modules #4 - #8

Accelerating
Modules #1 - #3

Seed Undulator
Monochromator
25 m Undulator

100 m

TESLA
Test Facility

Figure 2.2 Overview of VUV-FEL localization. [DESY web]
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Simultaneously, the VUV-FEL is an experimental ligcifor future generations of lasers and
accelerators. After success of SASE operationctimstruction of European X-Ray Free Electron
Laser (X-FEL) was scheduled for years 2008-2012wilk consist of almost 2000-meter-long
accelerator ended with several undulators. The lesergy is planed to be over 20 GeV. To reach
higher energy either a longer accelerator need tbuilt or cavities, which will allow obtaining

higher gradients needs to be used (or at leastioatidn of both parameters).

At the moment, at VUV-FEL there are five moduleallgd ACC1+ACC5) equipped with eight
cavities each. The average accelerating field gradif single module varies from 15 to 20 MV/m.
However, particular cavities (i.e. module ACC1, ibaw) might reach higher gradients up to
25 MV/m. On the other hand, at horizontal test dtaamed CHECHIA, which can hold a single
fully dressed cavity, nine-cell structure were Btabperated at field gradient of 37 MV/m
[Lilje 2004a]. Moreover, at the end of 2006 a newdue (ACC6) equipped with 8 high gradient
cavities will be inserted in line to VUV-FEL. Nevbeless, there is still a room for cavity
development because the theoretical limit of sup®tactivity allows operation at 50 MV/m.
[Liepe 2001b]

All cavities used for TESLA technology has similaine-cell shape presented Higure 2.3.

However, the first and the last cell are slightiffestent that the one in the middle to ensure equal
field amplitudes in all 9 cells. Moreover, theraislight asymmetry between left (closer to the gun
- endcupl) and right end cell (farther to the guemecup2), which prevents trapping of higher-

order modes [Aune 2000]. The contour of single isefiresented ifrigure 2.3 and the appropriate

values of dimension are gatheredable 2.1 [Brinkmann 2001].
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Requator

axis of cavity

Figure 2.3 Dimension of single cell used in TESLA technology

Table2.1 Dimensionin mm of single cell used in TESL A technology

Parameters of cavity shape Midcup Endcupl Endcu;lZ
Length 57.7 56.0 57.0
Equator radius Ruator 103.3 103.3 103.3

Iris radius R;s 35.0 39.0 39.0

Radius of circular arc R 42.0 40.3 42.0
Horizontal axis a 24.0 20.0 18.0
Vertical axis b 38.0 27.0 25.6

The thickness of the cavity walls is only 2.8 mrhefefore stiffening rings are assembled between
the single cells to improve the cavity stiffnessieTstiffness of the cavity with rings is slightly
above 3 kN/mm, whereas the without them is twicalln [Gassot 2001]. The stiffness of the
cavity varies from one to another because of tlegymtion procedure (i.e. the wall thickness

control).

The cavities used in VUV-FEL are operated in thisgadi mode. The single pulse of RF field lasts
1300us. During the first 50Qs the cavity is filled up and the accelerating gatis increasing
exponentially. During the next 8Q® the field need to be kept constant. For the gesfeso-called
‘flat-top’ the beam is activated. During each RHspuup to 800 electron bunches of few nano
Coulombs with lus delay between each might be passed through twesaator. After that the
forward power decrease to zero and the gradiemdeénsavity decays. The curves of the input

power, the beam current, the accelerating voltagkphase of the field inside the cavity during
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the single pulse are presentedrigure 2.4. The cavity during the pulse needs toeb@aded with
frequency of 1.3 GHz. The macroscopic effect ot tha dynamic Lorentz forces, which changes
the shape of the cavity. As a consequence theydauvitetuned. The example of detuning is marked

in Figure 2.4 as a dashed line. The above-describeigpienon is presented in detailOhapter 3.

A filtime flat top duration
i

= accelerating
= k. .- voltage
< . input power
— —- - - ™ " 1
= *. |
= . |
= .
= s, beam current |
s v,
LY ™
—t— 1 -
500 +, 1000 1500 2000 time [us]
. accelerating
.. phase = .

-

-
-
~~----

cavity detuning

Figure 2.4 Structure of pulse used in VUV-FEL accelerator Hifsher 1998]

Nowadays, the RF pulses are repeated with frequehByHz. However, the maximum repetition
rate will be increased in the future. The goaloigdach in current machine 10 Hz. On the other
hand, for further accelerators based on the TESg#hriology it is planned to operate with
repetition rate of 50 Hz (or even 75 Hz).

The main parameters of VUV-FEL are gatheredable 2.2. However, it is worth to mention that
it is a test facility and therefore these valueghhichange when any breakthrough is done.
As an example the accelerating gradient of singhaty might be given. Few years ago, it was
planned to install the cavities, which can holda@d5 MV/m, but nowadays the ones, which may
be operated at 35 MV/m, are mounted.

Table2.2 Parametersof VUV-FEL

Parameter name Value
Energy 1 GeV
Bunch to Bunch energy spreafi/E < 2*10
RF frequency 1.3 GHz
Accelerating gradient 15 (25, 30) MV/m
RF pulse length 130gs (flat-top 80Qus)
Repetition Rate 10 Hz
Particles per Bunch 5.4 %0
Bunch Separation s
Number of bunches per pulse 800
Beam current 8 mA
Cavity fill time 510us
Cavity Q 310
Cavity Q 310
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Cells per cavit 9
Active cavity length 1.036 m
Number of cavities 64 (8 modules)
Number of cavities per klystron 32
RF power per cavity @ 25 MV/m 200 kwW

As it was mentioned before, the cavity must be afger at resonance. That is the reason to use
a tuner. It must perform two different types of @imns. On one hand, it must be able to tune
cavity, just after cooling down and pumping, in @ichnge. On the other hand, it must be able to
act very fast during pulse duration, especiallyirurthe ‘flat-top’. It is very hard to design
electromechanical system, which will be able tdilfidoth requirements using only one active
device. Therefore, in the presented solution, @pstg motor and piezostack are assembled
together. The mechanical design was done by CEAagac France and is called Cold Tuning
System (CTS).

The slow tuner, based on stepping motor and Harridrive gearbox, is used for pre-tuning stage.
The engine is made by PHYTRON. Due to some spend@ifications it might work at LHe
temperature (i.e. dedicated ball bearings). It vadlo moving the cavity by £5mm,
which corresponds to frequency shift of £2.6 MHheTtheoretical resolution of stepper motor is
1.5 nm for one step. However, due a mechanicallasiclof system, effect of motion is visible
only when stepping motor is moving by thousandteps. Moreover, the device is too slow for fast
tuning, which is necessary for microphonics andebhtr force deformation. As a consequence, a

fast tuner based on smart materials is combined.

The previous described part of tuner was desigradIdw gradient cavities used before.
During these time the most important thing was ¢octbse enough to the resonance frequency
(bandwidth of these cavities was wider). Howeveithviield gradient improvement and cavity
bandwidth narrowing, other effect like Lorentz ferand microphonics become more and more
important. Currently, not only cavity initial freqoncy needs to be controlled, but also its shift
during RF pulse needs to be guarded and then nze@niThus, the old tuner was slightly
modified. Instead of one of the support, a fixttorea piezostack was assembled. Depending of its
type it may hold one or two piezoelements (Be&gire 2.5). Elongation of piezoelements is too
small to use them for pre-tuning stage, howevely thee enough fast for Lorentz force
and microphonics compensation. The solution wapgsed and initially tested by M. Liepe

[Liepe 2001]. The author continues the developraandtproposes automation of control system.
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piezoelectric stacks

helium tank,
which holds cavity =,

anchor

for piezostack fixture slow tuner mechanism

Figure 2.5 Fixture for two piezoelements attached insteadafuner support.

The whole tuner attached to the end of the cawty & presented iRigure 2.6. On the right photo
a bellow is visible, which connects two nearestit@s: It allows adjusting shape of single cavity

without significant interference to the other ones.

bellow connection
between nearest cavities

stepper motor

double lever mechanism

cavity flange

piezostackfixture

Figure 2.6 Photographs of cavity tuner.
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The above-presented solution is not the only orfeclhwwas proposed for TESLA type cavities.
Several other designs are developed at KEK, INFNAGnd Thomas Jefferson Laboratory.

The summary of current designs is presented insubdhapter.

2.4.  Current tuners development

Since the decision that International Linear CellidILC) will be based on superconducting
TESLA-like cavities several different tuner desigas been proposed [Liepe 2005]. Beside the
presented-above two other solutions are developedEuropean Union in framework of
Coordinated Accelerator Research in Europe (CARfBpgnmam. The fist of them is the Piezo
Tuning System (PTS) proposed by CEA-Saclay (Sgare 2.7) and the second is a coaxial blade
tuner projected by INFN-Milan (shown iRigure 2.8). Also o KEK, Japan proposed two tuner
prototypes — the Slide Jack Tuner and the coaxillderew one (both presentedFkigure 2.9).
The last but not least, is a tuner from TILAF medypgrade called renascence tuiiégre 2.10).
The main parameters of all tuners are presentédlire 2.3.

Table2.3 Different tunersfor TESLA type cavities[Liepe 2005]

Europe
developed in framework of CARE project Japan .
KEK KEK TILAF
CEA-Saclay| CEA-Saclay INFN ; ; {
CTS PTS Blade tuner Slide Jack | coaxial ball| Renascenct
Tuner screw tuner
CoaiLsﬁz?a”g‘ +220 +250 +250 +550 +2760 +250
Coarse Res. <1 <1 <1 <1 <1
[HZ]
Fast actuator P B Piezo Piezo Piezo Piezo Piezo or
magnetostr. magnetostr
Fast range 1000/
[Hz] 500 1000 1200 1200 2500 30000
Tuning Tensile and| Tensile and| Tensile and
direction compressionl compression compression
Position of 4K, 4K, 5K, 80 K, 5K,
4 K, vacuum
fast actuator| vacuum vacuum vacuum vacuum vacuum
Position of 4K, 4K, 80 K, 5K,
4 K, vacuum Warm
motor vacuum vacuum vacuum vacuum
Position of Atthe end | Atthe end | Inthe middle !n the !n the !n the
: : : middle of middle of | middle of
tuner of the cavity| of the cavity| of the cavity . ; .
the cavity | the cavity | the cavity

All of the presented tuners might work either dieavith TESLA type cavities or need some
minor modification (i.e. the anchor interface). Bvsingle one has two mechanisms — for slow and
fast tuning. In general for fast tuning a piezostace used. However, for some of them it is
possible to exchange the piezoelements with magmigtive rods (se€hapter 4 for details). The
range of fast tuning is quite similar and staysrdv&Hz, except the one, which is used nowadays
(CTS) and the second one, which is designed forARJ{it might have much higher fast tuning
range up to 30 kHz, but test of prototype is negded
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According the experience, the fast tuning of 10@0alows to compensate Lorentz force caused
by RF field of gradient below 25 MV/m. In case dfl CEA design, where fast tuning range is
even smaller, the operation is limited to gradiehi5 MV/m. However, the method presented in
Chapter 6 allows to counteract to the dynamic Lardarce generated by accelerating field of
gradient of 20 MV/m.

Regarding position of the tuner it is possible pitgshem into two groups. In one of them (CEA-
Saclay’s designs) the tuner is mounted at the énkeocavity and therefore there is need to keep
more space between nearest cavities. In the otbapdhe tuner is mounted around cavity and as a
consequence there is no need to leave additiopallgaase of INFN solution, it allows to reduce
the total length of the whole accelerator by 5%s Itequired to perform a financial calculation to
find, what is more reasonable - use more complaek expensive tuner or to provide extra cost

needed for longer machine.

Concerning the position of active elements of tanénere are three main classes. In the first
solution, both stepper motor and piezoelement aserabled in cryogenic temperature of 2+5 K
(European and US designs). Two other ideas ardaima in KEK. In one of them the motor is

mounted outside the cryostat and therefore the ter@amce is possible, but the piezoelectric
actuators are located close to the cavity (opegaemperature of 5 K). In second solution (Slide
Jack Tuner), both piezostacks and stepper moterplaced at intermediate temperature inside of

the vacuum vessel.

The localization of active elements of fast andashkoner is extremely important due to the
maintenance and replacement in case of failurey @m solution proposed by KEK allows
exchanging the stepper motor without warming upctiyemodule. However, as it is expected the

price of such solution is the highest.

Nevertheless, any of the presented solutions all@xshanging the piezoelement. As a
consequence the lifetime of the actuator is onth@fmajor issues. If the piezoelectric element is
breakdown, the cavity will not be able to operatdigh gradient (over 30 MV/m). On the other

hand the lifetime of the actuator is strongly dejseon the preload force [Zickgraf 1995]. As a
consequence, one of the important issues is maasateand control of static force applied to the

element. The innovative methods developed by awttropresented i@hapter 5.
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The double lever syste

Stepper motor with
Harmonic Drive gear
box

The piezo frame with 2
NOLIAC piezo stacks

Figure 2.7 Drawing and photo of new design of CEA-Saclay - Ringr. [Bosland 2005]

——

Figure 2.8 Drawing and photo of INFN blade coaxial tuner [Pag2005]
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Titanium Jacket

Motor drive shaft

Guide slider (G10)

Slide Jack

Figure 2.9 KEK tuners - coaxiaball screw tuner (left) and slide jack tuner (rigfitiepe 2005]
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b Mbtor-PhytronVSS52, 52 in*oz.,
— Hanmornic Drive: HDETG100-2ASP
‘With 100:1 Reduction

316L

Stainless Stecl

1000/ 1640 VS2:

Figure 2.10 TJNAF tuner [Liepe 2005]

At the end of this chapter, there is need to st@msse again, that the theoretical limit of
accelerating field gradient, which might be obtdiria TESLA-like cavity, is slightly below
50 MV/m. Currently, the VUV-FEL operates with musimaller gradients, which is set up to
20 MV/m, due to the technological processes coraesith cavity preparations and due to the RF
losses described below. However, next module c#ilé@6, which will be inserted to VUV-FEL
in 2007 will consist of eight high gradient cavetiand will be probably operated with average
gradient of 35 MV/m.

Since the VUV-FEL is operated by the end user, eheas the decision made by DESY
government to rename the accelerator to FLASH. &bisreviation stands for Free Electron Laser
in Hamburg. As a result of this decision, in furtipart of the dissertation, the new name will be
used even if the experiments refer to the previaumse of the machine.
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Chapter 3. Detuning sources

In this chapter a detailed description of the delgirsources are given. As it was mentioned
previously, it is possible to split the cavity defation sources into two main groups. One of them
is a Lorentz force, which is predictable and degemthe cavity parameters and accelerating field
gradient. The second one is microphonics — mechhribrations of surrounding environment,
which is fully stochastic. Both types of perturloatiare presented in subsectidhd and3.2

respectively.

Both phenomena were investigated previously in regév@apers and thesis. The most important
works in the field are the thesis of H. Gassot Ea8a2001], M. Liepe [Liepe 2001b] and M.

Doleans [Doleans 2003a]. The first of them coneaton the mechanical aspects of the Lorentz
force and as a result of the research the stiféeniimgs were introduced. These special rings are
mounted between the cells to improve the stiffrrsd reduce the detuning caused by Lorentz
force by factor of 2. The second thesis focusethermanual method of compensation of Lorentz
force. The author proposes to use a piezostacthépurpose. He also proved the principle of the
method. The third one is focused on the systemcdésti for the medium-beta cavities used for
Spallation Neutron Source SNS project. However gitytical investigation can be applied to the

TESLA type cavities.

3.1. Lorentz force phenomenon description

The accelerating field gradients inside the singdd are equal to teens of MV/m. In case of
TESLA type cavity the RF reloaded frequency isteet.3GHz. As a consequence, a huge charge
flow through the thin surface layer of the cavitalls is caused. The movement of charges in
electromagnetic field is affected by the Lorentzcé The pressure, which is caused by these
forces, acts on the cavity wall. The radiation pues Ris calculated from equation:

-2 _2
P, =%(,uo‘H‘ _EO‘E‘ ) 3.1)

where H and E are correspondently the magnetic and electricovedf field

The distribution of Lorentz forces is presentedrigure 3.1. As it is shown the forces act inward
near the cell equator and outward near the celf.doue to the coaxial symmetry a 2 dimensional
model might be regarded. Only a single cell is stigated analytically due to the complexity of
calculation. The full nine-cell cavity was examinesing Finite Element Method in PhD thesis of
H. Gassot [Gassot 2001].
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Repulsive
magnetic
forces

Attractive
electric
forces

Figure 3.1 Single cell deformation due to the internal eleatemnetic forces (left side) and the

volume change caused by Lorentz fote(right side).

As a result of the radiation pressure the cavitiomhes, leading to a change in its shape. The
resonance frequency depends on the geometricalndiores of the cavity; therefore finally the
Lorentz forces cause the resonance frequency matidgn. According to the Slater theory the

change of frequency caused by small change ofdghane is given by formula [Slater 1950]:

4Ef° [ (B2 - poH2Jav

stored AV (32)

Af =

where 1 ) ) ] ) )
Eqored = ZI(EOE - U,H )dV is a stored energy in no deformed cavity

\
V is a volume of no deformed cavity
AV is a change of the cavity volume caused by Larémice (sed-igure 3.1)
fo is a resonance frequency of unperturbed cavity

The distribution of the electromagnetic field iretavity shows that close to the cell iris the
electric field dominates, but near the equatomtiaginetic part is larger. The calculation done for a
field gradient equal to 25 MV/m shows that the freacy shift is around 900 Hz. The computation
was performed using two assumptions. First of tigethat the cavity is not stiffened. The second
necessary statement is the value of wall thickméghe cavity, which was set to 2.8 mm. The
frequency shift of less than 1 kHz seems to be sergll comparing with the resonance frequency
of the cavity, which is 1.3 GHz. However, the loddgiality factor Q of cavity (equipped with the
main coupler and antennas) is equal to $*Therefore the full bandwidth of the cavity is wnl
430 Hz. As a consequence, the reinforcement otdhéy is needed. To make the cavity stiffer it

is possibly to increase the thickness of the widhwever, this is a very expensive solution because
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of cost of pure niobium used for cavities. It ismtlation for searching a new type of the cavities

i.e. the one made of copper and coated insideibyayer of niobium [Bousson 2000].

Another disadvantage of this solution is a probieith the pre-detuning. There is need to adjust
the frequency of the cavity, after cooling down dmdium pumping, to the frequency of master
oscillator. For TESLA type cavities the stiffnessgs are used which are welded in between the
adjacent cells. However, the welded ring reducesiéformation of the cavity close to the iris, but
the cavity elasticity remains unchanged close t d@fjuator of each cell. This simple solution
reduces the frequency shift caused by RF fieldraflignt of 25 MV/m to only 500 Hz [Gassot
2001].

Measurement of the static detuning was done at (HHEGtand test at DESY [Schilcher 1998].
The cavity D39 was driven by continues RF wave.dkding to experiment the static detuning is

proportional to square of the magnitude of accélegdield gradient:

Af ~-K EZ.
(3.3)

where K is a Lorentz force detuning constant equal taHzgMV/m)?
E..cis @ magnitude of accelerating field

The value of Lorentz force detuning constaptwas measured on the cavity ($@gure 3.2). This

constant varies slightly from cavity to cavity. Nasays, it is assumed to be around 1 Hz/(M\/m)

7

n

gradient [MV/m]
WA

0 . »* q«# . : .
-80 -60 -40 -20 O 20 40
Af [Hz]

Figure 3.2 Static Lorentz force detuning and Lorentz forcefficent. [Schilcher 1998]

In case of normal operation of FLASH, the cavites operated in pulsed mode with repetition of
RF pulse between 1 to 10Hz. As a result, a dyn&mientz forces detuning need to be taken under

consideration. Proper measurements for differenelacation gradients were performed several
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times. The example of detuning caused by the dym&mientz force is presented Figure 3.3. It
is visible that for gradients above the 20 MV/m frequency change is higher than cavity half-
bandwidth (~230 Hz).

600 . . . . . ' ' '
— 37 MV/m
i i — 35 MV/m
400 | FLAT TOP | 33 MVim 1
' > | — 31 MV/m
i i — 30 MV/m
SN : | | — 29.8 Mv/m 1
N | | | — 267 Mv/m
\ | L | — 23.4Mv/m
T o \ _ : 20 MV/m |
T Nh Low field i | — 11 MVim
2 ! '
g0 | |
| |
| |
: |
400 | _
(
|
|
-600F ; I
High field ;

- | | | | | | | |
80800 400 600 800 1000 1200 1400 1600 1800 2000
Time [us]

Figure 3.3 Detuning caused by Lorentz force for different émeging field gradients

3.2.  Microphonics

The cavity is also deformed by the mechanical vibns caused by external sources, which are
commonly called microphonics. There are plenty sesirof them, for instance both the liquid
hydrogen and water cooling systems — especiallygsugenerates noise. Even a nonlinear flow of
LHe itself might disturb the geometry of the cavifyjnother source is a human activity: walking
people, car traffic above the tunnel, civil workss;. At last but not least, the seismic movement of

ground need to be taken under consideration.

The change of cavity frequency caused by microptsois very low in comparison to Lorentz
force, and usually remains below 20 Hz. The measen¢ of microphonics influence was
performed in CHECHIA cryostat. The cavity was opedain continuous-wave (cw) mode. Both,
the detuning caused by microphonics in functiontiofe and the distribution of resonance

frequency are presentedhigure 3.4 [Liepe 2001b].

It is also possible to measure the vibrations ahumelorentz force and microphonics using the

piezoelectric element, which is inserted in fastetu The typical spectrum of the actuator response
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for CHECHIA stand test is presentedhigure 3.6. The left figure shows the spectrumighal
response when cavity was operated in cw mode. ifihe figure shows the ordinary spectrum of
piezostack output voltage excited by RF pulse. dteelerating field gradient was set 30 MV/m.
The RF pulse length was 808.

The mechanical resonance around 287 Hz is cle@i@le in both figures. It will be used later in

automatic Lorentz force compensation systébhapter 6). Nevertheless, there are also others
frequencies, which correspond to microphonics e system, pumps). It is also visible that above
500 Hz there are no other resonances. As a consegjuthe cavity damp higher frequencies and

the mechanical resonance cannot be excited.

(a) m=-mode frequency variation (b) frequency spread
40 T) | Cri )'r 200 (b) q y sp
SV I R N ! - -
30 i | : i O 201z
20 bbbt b M foM G e LE 1504
¥ Tl
L 10 il alle 1L L
=]
= 0 #+ 100
5 [l
@ =10 PHE-f - g (GG i
- i i
20 Pk L B 50
-0 f o
40 N N N 0
0 005 01 015 02 025 03 =100 -50 0 50 100

time [s] detuning [Hz]

Figure 3.4 Noise measured in cavity and distribution of fraggyecaused by microphonics. The cavity
was operated in cw mode in CHECHIA cryostat [Liep@1b].
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Figure 3.5 Spectrum of piezostack output voltage. Data fronECHIA stand test. Figure shows the
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response in cw mode [Liepe 2001]

Spectrum of piezostack response (CHECHIA 30 MV/m)
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Figure 3.6 Spectrum of piezostack output voltage. Data fronECHIA stand test. Figure shows the

response to RF field, accelerating field gradiedt\8v/m.
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The microphonics might be compensated only by faekilsystem. The PID controllers cannot be
used because according to performed study, sysieabservable but not controllable. At this
moment study of single cell cavity is performedNfEN Milan [Paparella 2005]. Further work will

be soon published by the team, which is leaded .dgyo5otti.

3.3.  Mechanical model of cavity

The mechanical model of the cavity was investigatedetails by Hui Min Gassot in her thesis
[Gassot 2001]. Due to the complexity of mechankmathaviour of the nine-cell cavity the finite
element method implemented in CAST3M software weexdu Furthermore, the comparison of the
model simulations and measurements was done. Bo#gare presented kigure 3.8 andrigure
3.8. It is visible a good correlation between thkglation and reality. It is important to remahlat
due to the symmetry of the cavity only a two dimenal model of half-cavity might be

considered.

However, also a full nine-cell model was investgghto find mechanical modes of the cavity. The
results of the simulation are very close to the ohtined from measurement and presented in

Figure 3.6.

g 300
L
Y— WO\ .
Eﬁ 200 . 15 M \,//m
E
g 100 20 MV /m
0 B
25 MV /m
-100
30MV/m
IPN/H.Gassot S
-300
0 500 1000 1500 2000

time [us]

Figure 3.7 The cavity detuning obtained from FEM simulatiomelosing CAST3M [Gassot 2001].
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Figure 3.8 The cavity detuning obtained from measurement doD¥ESY .

3.3.2. Direct and inverse transfer functions between piezo stack and RF field
For optimal controller of piezoelement it would bery helpful to measure the transfer functions
between the RF field and the piezostack and therggvone. Since, it is easy to measure the

piezoelement response to particular field gigure 3.9), it is hard to measure the oppositeceff

Piezostack output voltage

T T T T

voltage [V]

Y:-0.2646

Y:-0.2961

| | |

‘ l l l

| | | |

0.4 I I I I
-1 0 1 2 3 4 5

Figure 3.9 Output voltage of piezostack inserted in CHECHBdttest. (red line represents the RF

field, blue line is a piezostack response).
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The transfer function between the piezostack ardRh field might be measured when cavity is
operated in continuous wave (cw) mode. Prelimirattgmpts were performed by L. Lilje in the

“Cryo Workshop” (workbench in the warm) in 2002 €$agure 3.10). The attempts to measure
this transfer function in the cold in CHECHIA cryasfails due to insufficient coupling caused by

incorrect antenna configuration for the high-powest.

The research group, which works for SNS, was ableptrate their cavities (similar to the TESLA
one) in cw mode at the cold. The results of theystare presented in several papers [Dalayen 2001
and Doleans 2003a/b]. Especially interesting is itlentification of cavity response, analytical

approximation and usage for feedback loop closing.

— Piezo to RF 14062002
Piezo to RF 17062002

— Piezo-Piezo 19062002
— Piezo-Piezo 20062002

Ampl. [a.u]

Figure 3.10 The measurement of transfer function between tezopiements and piezoelement and the
RF field. [from L. Lilje]

Another attempt to measure the response of thayc&wvithe pulse applied to piezostack was
performed with cavity 5, ACC1 by the author. Théf&me wave pulse was used as a signal pulse.
Using the single-pulse detuning measurement algurirefer to chapteB.5.2) the frequency
change during the flat-top (800 us) was measuredt,Xhe pulse was delayed versus the RF pulse
and another measurement was performed. As a tbsuttneasurement window” was swept over
the whole time between the nearest pulses (500Ths)measured detuning was glued with respect
to the time. As a consequence, a response to sappled to piezostack and RF field was

measured.

Then the same measurement was performed, but ghalsapplied to the piezostack was zero.

Assuming linearity of the system, there is possibilo subtract both responses. As a result, the
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frequency change caused by only piezostack wasiradqurhe spectrum of this response is
presented ifrigure 3.11. There are several main resonanceshveiresponds to the one obtained

in the warm experiment.

14
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i] 100 200 300 400 500 00 oo 800 900 1000
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Figure 3.11 Spectrum of pulse response. A half-sine wave sigfrfeéquency of 800Hz was used as an

input pulse.

3.4.  Cavity model description

The cavity with the klystron and coupler might bedelled as it presented iRigure 3.12
[Schilcher 1998]. This model was initially designémt vector sum controller. The klystron is
represented as a current souggg, Which is coupled to transmission line of impedarequal to &
(usually it is a waveguide, but in particular s@uatit could be also a coaxial cable). The cirauat
which is inserted between the coupler and the kdystprotects the last mentioned one from
reflecting waves. All waves that travel back frohe tcavity are deviated to the load, which is
matched with the transmission line impedangeThe coupler is modelled as an ideal transformer
of ratio of 1:N. At the second side of the couptage cavity of impedance 4 is represented as an

RLC circuit. At least the beam is showed as a cirseurce oam
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Figure 3.12 The model of cavity connected to a RF generatadoypler and transmission lines
[Schilcher 1998]

For further investigations, it is more useful toeogde with the model, which is seen from cavity
side (sed-igure 3.13). As previously, the resonant cavitgassidered as a special case of resonant
RLC circuit where the inductance L and the capacigaC represent a lumped element or its
distributed equivalent, and the resistance R syin®lthe losses in the circuit connected with
capacitance and inductance imperfection as wellitisthe wall losses of the cavity resonator. The
Zex represents external losses (in example coaxidd cabgeneral Z,= N?- Z,). As previously the
current sources represent the RF field sourgg énd the beam .. Due to the circulator and

the coupler the current, which represents RF saarequal to n=21ge/N.

ICaV

Igen Ibea )

@ @ Zext Uca

X, = jel
1
€7 jac

Xg =R

Figure 3.13 The simplified model of cavity circuit.

Since the cavity is a resonance device it is udefuhtroduce the parameter, which describes its

efficiency — a quality factor Q. From the generafinition of Q factor, it is given as:
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Totalstoredenergyatresonancéequency _ W, eq
Energydissipatecitoneperiodof resonancé&equency P,

Q=2

issipated (34)

where: oo IS the resonant frequency.

In case of circuit showed irigure 3.13 the quality factor of unloaded cavityfdis rewritten to:

;Cvnfax W= R
Qunioad = %1— = %RCZ—L
~vV2 “ (3.5)
R =t
where R, L and C are the resistance, the inductamcethe capacitance of model

presented ifrigure 3.12
Vmax is a maximal voltage applied to the cavity

The above equation is true if the circuit will béven by sinusoidal wave as it is in case of FLASH

(or any other one which fulfill the following relanh V., = x/E\/rms).

In case of superconducting TESLA type cavitiesgbality factor of unloaded cavity is very high
and stays in range of 5°0t is necessary to calculate the external quéitgor Q, to determine
the quality factor of load cavity s The stored energy remains constant, whereasisbipated
energy might be treated as a sum of the one loosegternal devices and in cavity itself. Using

the definition, the loaded cavity Q factor is désed by formula:

1 1 + 1
Qload Qunload Qext (3 . 6)
where QhioadiS quality factor of unloaded cavity,

Qext IS @ quality factor of external circuit.

In case of cavities used for FLASH purpose thgs@actor is around 3-£0As a result, it might be
found that the TESLA shape superconducting cavities limited by the external devices (i.e.

couplers) rather than by the cavities itself(&>>Qoad 2> Qoad= Qexy)-

The admittance of the modelled cavity is given dayrfula:

Y = 1 + J(C«ﬁ _ij
R ol (3.7)
where R, L and C are the resistance, the inductamcethe capacitance of model

presented ifrigure 3.12

The resonance appears when both reactive compoXeatsl X compensate each other. Then the

resonance frequenay, is found from equation:
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1
ab =
viLe (3.8)
For TESLA shape cavity the resonance frequepcy $et to 1.3GHz. The steady-state description
of the circuit showed ifigure 3.13 is given by equation:

dz\/(t)+(1+ 1 jidva)+ 1 V(D = 1 di(t)

dt (R Z,JC dt LC C dt 3.9)

ext

where [ = lpheamt I geniS @ sum of the beam current and the RF fieldeuirr

The above equation may be rewritten using the tyui@ctor and resonance frequency to:

dV@O), @ dVO A = @R A0
dt  Q,, dt ° Qoag  dt (3.10)

where R is a parallel connection of resistance R agg Z

However, the system is operated in pulse modegefitier there is need to introduce a transient

behaviour description instead of steady-state 8aeeral assumptions have to be made:

the beam and the RF generator current are turneidroam long time compared to characteristic

filling time of the cavity,

the cavity is weakly damped system (3{&<1) therefore the resonance frequengy equal to:

Wee =y [1- L is approximated t®
i ’

the second order time derivatives are neglected.

By applying the above assumption to equafi0), a state space equation might be written:
E(VRe j — (_ wuz _Aw]{VRe j_'_(RLa)l/Z 0 ]{I Re j
dt Vlmg AC() _0)1/2 Vlmg O RLC({IZ IImg
— —V —V—
X A X B u

where V(1) = Vao (1) iV, ()6
1) = (1 aet) +il g (1))

represents a complex field vector,

w,, = Yo is the bandwidth of cavity resonator equal to P¥6

load

the measured value is around 230 Hz
Aw= @) — w is a detuning of the cavity.

Using the matrix notification the differential edio& becomes:
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X(t) = Ax(t) + Bu(t)

(3.12)
where A andB matrices are the one from equation
The general solution of equati¢®.10) is given as:
t
x(t) = e*x(0) + j e Byt dt
0 (3.13)
where T cosQat) -—sin(Aat)
sin(Aat) cos@at) )’
the initial state forge0 = x(0) = Vee©)
i Ving 0))°

The above equation introduces the cavity detunioigp fimaster oscillator frequenéyw. The cavity
shape determines the resonance frequency. Thusmaaolanical perturbation influences on the
electrical parameters of the resonator. From measemt performed at DESY, one can find that if
the over-one-meter-long cavity is compressed Ipynl then the resonance frequency change is
around 300 Hz.

3.5. Detuning measurement

Measurement of detuning is one of the mayor isfoeduning system. There is possibly to
estimate the detuning using the piezoelement, hewévis more reasonable to use forward,
reflected and probe signal acquired from the cavilself. The second solution uses

electromechanical model presented in previous safieh

There are two methods of detuning measurementi-pulke and single pulse one. First of them
was proposed by T. Schilcher in his thesis [Sckilcd®98]. The second one was developed during
the research with A. Brandt. Both methods are hpresented bellow and then a comparison is

given.

3.5.1. Multi-pulse detuning measurement

During the operation the cavity is pulsed with R#Hd. However, when forward power is removed
the stored RF field starts oscillation with freqogrof the detuned cavity. The frequency shift
might be measured by comparison of phase of fregng cavity versus the master oscillator clock.

The slope of the phase is proportional to the detu(see~igure 3.14) [Schilcher 1998].
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Figure 3.14 Principle of detuning measurement in multi-pulsehoe [Schilcher 1998].

Using this method it is possible to measure theirdey during whole pulse. However, there is
need to shorten the forward power pulse and medkarslope of the phase for each time. As a
consequence there is need to perform several usually around 100) with different RF pulse
length to obtain the detuning change in time. Odiree, the presented method is invasive and
cannot be used during the normal operation. Itavamspiration for developing a single pulse non-

perturbing method of the detuning measurement.

3.5.2. Single pulse detuning measurement

The single pulse method base on the electromediamiadel of the cavity presented in section
3.4. Rewriting the equation (3.10) it is possilidind the value of the detuning in respect to the
amplitude and phase of the signal applied to thatycéforward power) and the one measured
inside it (probe signal). The formula for the detgnis given as:

1 | d@rope P ‘U for‘

Aw= _ET dt ), mSin( for wprobe)

(3.14)

where Uor is @ magnitude of forward power,
@, is a phase of forward power,
Uprobe IS @ magnitude of probe signal,

Porobe IS @ phase of probe signal,
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Using the above equation, there is possibility asure the detuning on-line. In case of algorithm
presented irChapter 6 it was implemented in MATLAB script. Hovee, the algorithm might be
easily implemented in FPGA chip [Jalmuzna 2006]e Dleard, which was used, is equipped with
powerful programmable IC Virtex Il Pro. Originaliyis used for LLRF control purpose and only
few percent of resources is used for presentedritign The results obtained with hardware

implementation of algorithm are presentedrigure 3.15.

One of the important issues, which need to be dofee future usage of this method, is noise
elimination. The presented method base on derwativthe phase, and as a consequence of that it
is very sensitive to all changes of signal. Thesghaoise is visible as two glitches in the begignin
an in the end of the flat top. There is need toauseooth filter, but then the additional delaychee

to be taken into account.

Detuning

time [ps]
. ! : I
Maasire P franf1) P2 nknkiC1y P3miniC1) Pd'maniC1y

Figure 3.15 The cavity detuning measured using FPGA board.stbpe screenshot [Jalmuzna 2006].

3.5.3. Comparison of single and multi-pulse detuning measu rement

Both presented above methods — single and mulsiepwlas compared to each other. The results
are presented iRigure 3.16. There is need to note that they afeedhn time by 10Qis because of
the delay of ADC board.

The main difference between these two methodseidatt, that the multi-pulse method requires
changing the pulse length, whereas the single paigeis non invasive. As a consequence, it is
possible to monitor the detuning all the time arthiris more important it does not interfere with
the experiment performed with the beam. Anothemathge of the second method is possibility of
implementation in FPGA-based system. As a reshdi, ibformation about the detuning will be

available on-line with a delay of hundreds ns. &tams that the cavity frequency might be monitor
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with 1 MHz, which is set as a main sample repetifar LLRF system. Such a promising outcome,
allows compensating even the microphonics.

Cietuning measuremant

a8l T [
| mullipulss
\ ./“J\\MI Frigthad
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Figure 3.16 Comparison of single and multi-pulse detuning mesment method. FLASH, accelerating

field gradient is set to 10.85 MV/m (left) and 15&\(right). LLRF feedback is switched off. A

100 s shift between the measurements is caused by D&@ Helay.

3.6. Conclusion
In this chapter the information about detuning searwere presented. They were classified to two

groups — to the periodic and predictive one, wiiind connected with Lorentz-force effect, and to
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the stochastic one, which are caused by micropkorite Lorentz-force phenomenon was
described in details. Moreover, the mechanical ystadd electromechanical model of the
superconducting TESLA type cavity were explainede hew method of detuning measurement,
which base on the presented model, was describetheAend, it was compared to the previous

method, which requires pulse length changing.

Using the knowledge presented in previous chajttespossible to clearly define the requirements
for the electromechanical system required for fiasing. The actuator, used for this purpose, need
to compensate the few microns of cavity length geatMoreover, the active elements must react
at least with speed of 0.Qn/us. The stiffness of the tuning system should be d@um/kN,
whereas the blocking force of the actuator needietabove 3 kN. Next chapter is dedicated to the
active elements, which fulfils the above requireteeand might be operated at 2 K in radiation

environment without the damage.
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Chapter 4. Smart materials

4.1. Introduction

Smart materials are ordinary name for wide groudifiérent substances. The common feature of
all of them is the fact that one or more propertigght be dramatically altered under controlled
condition. Most everyday materials have physicabpprties, which cannot be significantly
changed, for example if oil is heated it will beam little thinner, whereas a smart material with

variable viscosity may turn from a fluid which fleveasily to a solid.

For the purpose of tuning system used for lineaelecator, there is need to use a material, which
will change its length. The movement must be irgeaaf several micrometers, but the resolution
must be measured in teens of nanometres. The denisebe also quick and strong enough — the
slew rate of elongation should be over Qugi/us and the blocking force should be above 6 kN.
One can imagine a mechanical apparatus, which doifitithe above parameters, however the

final system must work reliable for f0cycles in high vacuum, radioactive environment of
temperature of 2K (below —2%0). That was the reason to explore different smaterials, which

could be later used for tuner design.

As a consequence, two type of smart materialsnaestigated as an actuator for tuner purpose:
e piezoelectric stacks,
e magnetostrictive rods.

Both phenomena are well known and they are usetbfgy time (piezoelectricity was discovered
by Pierre and Jacques Curie in 1880, and the maspnietion — by James Prescott Joule in 1840).
Both of them exist as a direct and an inversedcefBeside diverse material, in which given
phenomenon exist; the main difference is the stiswilThe piezoelectric stacks are driven by
electric fields supplied by metal plates, which bt in the stack, whereas the magnetostrictive
rods are controlled by magnetic flux usually getextadby the coil, which is assembled around the
active element. As the result, from electrical girgoint of view, the first group is commonly
treated as capacitors and are voltage driven coemisnwhereas the second set of used smart

materials are regarded as a current driven indoetagigure 4.1).
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Figure 4.1 Piezoelectric stack and magnetostrictive rod pipieiof operation.

This chapter describes both types of smart masenadetails. The parameters at room temperature
and at cryogenic environment are presented. Theegles are regarded as an actuator and sensor.
The parameters with high importance for fast tungpose are underlined. In sect@@ the
piezoelectric stack from EPCOS, NOLIAC, Physicalsttomente (Pl), PiezoJENA and
Piezomechanik manufacturers are investigated. @eti8 is dedicated to magnetostrictive rods
from ENERGEN and ETREMA.

4.2. Piezoelectric stacks

The piezoelectric elements have evaluated for rti@e 120 years. The Curie brothers discovered
the direct piezoelectric effect in 1880. The namdhe effect is a concatenation of two words
“piezo”, which stands in Greek for pressure, ang thlectricity”. It clearly defines that it is a
generation of electricity from applied stress. Toaverse piezoelectric effect was deduced from
fundamental thermodynamic principles by Lippmanri&81 and was immediately confirmed by
experiments. For next 20 years after the discoviug,core of piezoelectric applications science
was established. In 1910 Voigt's “Lehrbuch der t&iiphysics” was published which quickly
became the standard reference for the future dewmlot. Nowadays, the main reference for
piezoelectricity is publication of standards contegtof the Institute of Electrical and Electronics
Engineers [SC IEEE 1987]. It is the most widelyogtzed description of piezoelectric ceramic
behaviour.

From physics of solids, it is known that piezodiedly is very common effect. It exist in non-
centrosymmetric crystal classes materials excepttibic class 432 [Soluch 1980]. All of them
shows the dipole behavior. The reason of that charge separation between the positive and
negative ions. Groups of dipoles with parallel ptaion are called Weiss domains. In raw PZT
material the Weiss domains are randomly orientamlvéver it is possible to align them. For this

purpose the element is heated and the high eldatitis applied (over 2 kv/mm). Under this
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condition the material expands along the axis effteld and contracts perpendicular to that axis.
Moreover, the electric dipoles align. Then, thezpeement is cooled down, but the polarization of

element remaind={gure 4.2).

pulingforce |

O (& : !

& |

3,_
Pl Ve

W/

L

L

o| o

o T, Zr

Figure 4.2 Single crystal of PZT before (left) and after (méjgooling. On the right a legend of used

atoms is presented.

The main equation, which describes behaviour afq@éectric crystals, is given as:

D=exE
(4.2)

where D is electric flux density
¢ is the permittivity matrix
E is the electric field strength

The second equation, which is commonly used with fifrst one, is the Hooke's law, which
describes the relation between strain, stress amgblance. In matrix notification there is possible

to rewrite both equations to formula 4.2. The ysahmeters are usually given by manufacturers.
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S| [si si s 0 0 O[] [0 0 d
S| |s2 si s 0 0 0T 1 |0 0 dyl
S|_|ss ss 8% 0 0 O|T| |0 0 dyf
S, 0O 0 0 s 0 0T, 0 d, O 52
S| |0 o o o0 s O|T,| |ds O OF°
'Ss] [0 0 0 0 O sg| T/ O O O]
T (4.2)
1T,
D, 0 0 0 0 dg oT &g, 0 OT7E
D2=000d1500T3+05110E2
D,| [dy dy dy O O O T“ 0 0 &4]E,
5
_TG_
where S is a strain vector

s is a compliance matrix
T is a stress vector
d is a piezoelectric coefficient matrix

superscript E stands for measurement done at@econstant, electric field
E — E E
Se6 — 2(311 - 512)
Recent development in piezoelectric materials ési$ed on development of new materials, which
will have higher piezoelectric coefficients. Sinauleously, the very thin layers of crystal (around
100 um) are stacked together to improve the elomgaf whole actuator. The electrode is inserted

between the adjacent layers. As a consequencerieliégeld applied to the single layer is in range
of few MV/m (100 V over 100 um).

4.2.1. Piezoelement characterization and comparison

For purpose of FLASH a piezostack from EPCOS (LM80Q@2), Physik Instrumente (P-888.90
PIC255), Piezomechanik (PSt 150/10/60VS15 TT/UHdHd NOLIAC (SCMAS/S1/A/10/10/20
/200/42/6000) were investigated (deigure 4.3). All of them are the low voltage pielsotric
stacks, which might be operated up to 200 V. OmyRiezomechanik one was supplied with metal

cover and it was initially preloaded.
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(not in scale).

failure than the previous ones and therefore wetémvestigated in details.

Table4.1 Parametersof tested piezoelements
Parameter name Units EPCOS | NOLIAC Pl mF(;Ic(;atf;r;ik
[Materia PZT-Nd34 PZT pz2'| PZT 25¢ | PZT 5+
Case/preload no no No yes/400N
|Length mm 30 30 36 55
Cross-section mmn 7x7 10x10| 10x10|7.5x7.5
Young Module kN/mn? 51 45 48.3 55
Stroke (300K) pm 40 42 35 60
IMain resonance frequency |kHz 66 40 14
Stiffness N/um 83 150 105 56
[Blocking force kN 3.2 6.3 3.6 4
[pensity kg/n? 7800
[Minimum voltage @ 300Kk v 20
[Maximum voltage @ 300Kk |V 160 200 120 150
Slew rate \V/ms 1.6
|Load current A 20
Capacitance ”?QS;EN) uF 2.1 5.7 12.4 13.4
Capacitance m(eHe:jdu:(a)?\l ) UF 21 57 13.6
Capacitance  (§q=850N) |uF 3.4
Capacitance @10K nF 3.4 1.43
[Loss factor (taw) 0.015

Figure 4.3 Photographs of used piezostacks. From left to rigRCOS, PI, Piezomechanik, NOLIAC

The parameters of tested piezoelement are presenieble 4.1. The one from EPCOS was used
for FLASH tuner, however according to performed teg others — NOLIAC and PI should be

taken under consideration for next development. ®he from PiezoMechanik produces more
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Initially the actuators were studied at room terapsie of 300 K. Then the behaviours at LHe
temperature range were investigated [Sekalski 20@mple of result is presented in the thesis.
Full characterization will be covered in a detaileghort, which will soon be published by the

M. Fouaidy from IPN-Orsay.

In the Figure 4.4 displacement of PI piezostack at 300Kresented. The maximal elongation is
over 40 um for voltage of 120V. The stroke of edetn dramatically decreases with the
temperature, what is presentedrigure 4.5. For temperatures below 10K the elematonigates
only by 5um and drops more with temperature decreases. Tneraf reduction of stroke of 8
times is visible. It is important to remark that furpose of FLASH the elongation of 3 um at 2 K
is required (red dashed line). As a result, theraneed to use a piezostacks, which at room

temperature have stroke at least equal tpm0
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Figure 4.4 Displacement of Pl piezoelement at 300K
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Figure 4.5 Maximum displacement (stroke) versus temperaturei€2ostack)

Another parameters, which were detailed investijatge the magnitude and the phase of the
piezoelement impedance. The sample of measurempnésented irigure 4.6. The measurement
was done using a LCR Agilent 4293 B. The impedaatdhe actuator decreases with the

temperature whereas the phase remains almost nb(lstss than 1 degree).
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Figure 4.6 Magnitude and phase of impedance in function op&ature

The parallel capacitance and resistance of thee2bplectric stack in function of temperature is
shown inFigure 4.7. The capacitance decreases by fact@+éfwhen cooled down to LHe
temperatures. It is due to the contraction of feenent and, what is more important, it is due ® th

changing of properties of piezoelectric crystalelits The piezoelectric stack at cryogenic
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environment might be operated in wider range oftag#s. Moreover, the so-called butterfly
behavior of elongation in function of applied vgka which is visible at room temperatures,

becomes almost linear and as a result the actoagiint be operated with bipolar voltages.

10 T T T T T T T 160 T T T :
TCx (K) vs Cp (uF) .- ' ]
LIl ® TCx(K)vsCp (F) ] % ]
120 4 % % 3
__ 100§ Y ]
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= . By \ E
5 a b, ]
1 i ]
40 1 ]
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e TCx (K)vs Rp (KOhm) -
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0 50 100 150 200 250 300 350 01 1 10 100 1000
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Figure 4.7 Parallel capacitance and resistance of piezoelenefinction of temperature

The loss tangent was also studied during the plezent investigation. The sample of

measurement done for Pl piezoelement is presenteidure 4.8.

0.024 | : T T T
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Figure 4.8 Loss tangent in function of temperature,

Another important issue, which was investigateds waadiation hardness of the piezoelement. A
special experiment to check the behaviour of iatadi actuator was performed at CERI — Orleans,
France. The element was cooled down to 4.2 K aed é&xposed for 20h to the neutron radiation.
The total acquired dose was calculated to 1.76+3®®n/cmz2. The only visible effect was the

increasing the capacitance due to the heating ddystast neutron beam.
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Figure 4.10 Stroke in function of applied load before and afifetime test.

strongly depends on the static force applied toattteator. Higher preload causes a mechanical

According to the literature [Zickgraf 1995] and [®REDb] the lifetime of the piezoelectric stack
fatigue of material and significantly reduces th&B#F factor. Therefore, correct preload of one
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third of the blocking force is necessary for lomgeration of fast tuning system. Thus, Dieapter

5 is dedicated to static force measurement at Lildle@@ment.

The presented above issue is important especiatlyhie tuners in which the active element is
assembled inside the cryomodule and therefore tabeoeasily replaced with the new one.
Depending on the repetition rate the lifetime @f #ttuator should be aboved6ycles (20 Hz for

10 years of operation).

4.3. Magnetostrictive rods

At the current state two types of magnetostricél@ments seem to fulfil above requirements - one
of them is fabricated by ENERGEN INC, the otherBEBfREMA. Material from first company is
called KELVIN ALL®, the other GalFeNOL. There is etk to use special materials because the
ones commonly used at room temperature i.e. Ter@ndoes not work correctly at LHe
environment (se€igure 4.11). The others like TbDyZn are extrenmeipensive (even 5+10 times
more than Kelvin All). In general the magnetosivietrods are twice or three times more expensive

than piezoelectric stack of the same properties.
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Figure 4.11 Elongation of different materials in function ofrtperature [Mavanur 2003]

First of the magnetostrictive element rod is madematerial called KELVIN All®. Its
magnetostriction is range of thousands of ppm Egare 4.11) [Energen 2003]. Manufacturer
claims that the 18 mm length rod has a stroke ar@@um. The full-length elongation takes only

250ps, which stands for control speed of OO8/us. It may operate in radioactive, high vacuum
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environment. However, currently there is no dataualtlegradation in time caused by radiation.

Assumed lifetime is higher than 0 but a proper test needs to be performed to vatify

statement.
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Figure 4.13 Magnetostrictive element with metal frame — theftdreew with dimensions (left) and its
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ferrite

Kelvin All rod

copper heat plates

superconducting coil (Nj$n)

Figure 4.14 At the bottom a magnetostrictive rod with;8b coil and ferrite ring is presented.

The tuner was validated in the vertical cryostaki@ski 2005b]. A special insert was designed,
which consist of a frame in which, two active eletsewere assembled in series: the piezoelectric
one from NOLIAC, which works as a sensor, and tlegymetostrictive one from ENERGEN as an

actuator (seerigure 4.15). The special screw mounted on topwall@djusting the system

compression. The preload force was set at roomesaityre to 1.2 kN.

Screw for
| preload adjustment

NOLIAC
piezostack

Magnetostrictive
tuner

Figure 4.15 Photos of insert for the vertical cryostat.

Three temperature sensors were glued to base,dgoatwstrictive tuner frame, and to metal block
close to piezoelectric sensor. They allow contglliheat flow through the system during
experiment. Additionally, they indicate if the imsés well thermal stabilized. The whole system
was cooled down to 4 K. The coil was thermally #izdd by two thermal cooper connectors,
which were attached to the metal covEig@re 4.15 — in the middle). It allows keeping the

superconducting coil made of pn below critical temperature.
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To superconducting coil was driven by voltage taent transducer (device base on APEX PA93
linear power amplifier). The maximum output currenslightly over 8 Amps. Over this value the
amplifier saturates. Remarkable is fact, that tieictance of the coil is 2.4 mH, therefore alsdnhig
voltage is necessary to reload coil with frequenfyl kHz. Due to the heat dissipation, the
transducer might work only in pulse mode. The ingighal is set in Rhode & Schwartz function

generator.

The magnetic field inside the coil elongates thgmesostrictive rod. Noliac's piezoelement acts as
a displacement sensor. When pressed it generategyerowhich was registered on the scope.
Similar experiment with two Noliac piezostacks wasrformed previously. At that time, one

piezostack acted as a sensor, the second as aboactu

Comparing the results from both experiments, thengdtion of magnetostrictive tuner was
calculated [Sekalski 2005b]. The results is presgtimFigure 4.16. The coil was supplied by half-

sine current wave. The current amplitude was chédfgen 0.4 to 8.3 Amps.

1,8
1,6 »

14 - /
12

1 v

0.8 1
0.6
0.4
0.2

0+@ ‘ ‘ ‘ ‘
0 2 4 6 8 10

displacement [um]

input current [A]
Figure 4.16 Calculated displacement of magnetostrictive rodsusrapplied current.

First of all, the experiment indicates that KELVIALL material works at 4K. Nevertheless,
the elongation of the magnetostrictive rod is semalhan presented in datasheet (4 um for 8 A).
However, it might happen that the preload force waswell controlled and it was higher than

1kN, because stiffness of fixture was unknown.

Figure 4.17 Photo of GalFeNOL rod of cross-section of 7x7 muahlangth of 18 mm.
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The second set of actuators is made of GalFeNGiHigeire 4.17). It is a composition of gal, iron
and rare earth minerals. Its dimensions are 6x6x20m has smaller magnetostriction than
KELVIN ALL® by factor of 2+3. Moreover, it has n@mination to reduce the edgy current, as the
previous one. On the other hand, it is at leastdwheaper than ENERGEN solution. According to
the manufacturer, it will fulfil the requiremenstj but till now it was tested only in liquid nityen.
The precise characterization of GalFeNOL rods at lgfivironment will be done in the nearest

future.

4.4. Conclusion

Two types of smart materials have been investigate@n actuator for fast tuning system for
TESLA type cavities. The piezoelectric stacks asedufor longer time and therefore their
behaviour is better understanding. The influencesemperature and neutron radiation were
studied in details. As well, the lifetime issuesrevéaken under consideration. As a result two
stacks — one from NOLIAC, the other from Pl — weh®sen for further validation. Both of them
fulfils requirement for fast tuning components. Tdre important remark which need to be stressed
is the fact, that both element must be correctblgaded to guarantee the required lifetime. It is a
reason of study presented in next chapter, in whidifferent method of static force measurement

at LHe environment is investigated.

The alternative solution base on the magnetosteidtiner. However, the research on these devices
is not as well advanced as on the piezoelectric Negertheless, the magnetostrictive rods were
successfully operated at cryogenic temperaturd€) @nd the stroke was in the required range of

2 um. In the nearest future, a test with cavity iniramtal cryostat is planed.
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Chapter 5. Force measurement

5.1. Introduction

One of the most important parameter, which needsetéaken under consideration, is the static
force applied to the piezostack, when it is codliesvn to the desired temperature. It not only
indicates the stroke of the actuator as it is desdrin Chapted.2. But also according to the

literature it also changes the lifetime of the atbu [Zickgraf 1995].

The active elements are assembled in the cryomeadulom temperature. After that, the structure
is closed and then it is pumped to gain a high wacin the module. The tank is filled up with
helium. Due to the pressure difference the forstribution is modified. Moreover, the system is
also cooled down to the desired operation tempexaifl 1.8 K. The temperature coefficient of
expansion (TCE) of materials used for cryomodugeihconstruction is diverse; therefore shared
stresses are generated when temperature is vaAsgng.consequence, both processes lead to shift

of the force applied to piezostack.

If the displacement of the internal elements ofoampdule is huge it may happen that the
piezostack will be completely released and, inwlest case, it may fall out from the fixture. It

was the reason to design special holdings for aa@lement, which have four fingers. Moreover,
the metal handle helps to arrange the actuatopirect position during assembling process. In
contrary, if the piezostack are preloaded too nthehstroke is reduced. At the limit, if the preload

force is higher than blocking force, the elementammer elongates.

There is possible to roughly estimate the prelamdef, but due to the complexity of the system the
error could be enormous. That is the reason todnice the force sensor. The commercial solutions
are either too big to fit into the tuner or theg @aoo expensive. In this chapter different method
developed by authors and CARE project co-workeespaesented. Part of the measurements was
done at IPN Orsay, France and INFN Milan, Italyréléntypes of method are presented. There is
possibility to use a strain gauge sensor, as describe in sectiorb.2. However it is more
convenient to use one of the two other methodschvido not require additional sensor and base
only on the piezostack itself. The first methodyeleped by author, which base on shift of
resonance on the impedance curve is describectiinsé.3’. The second one, showed in section
5.4, bases on the capacitance change in functiappfed force. This method is developed in IPN

Orsay and arises as the consequence of the fiest on

® For this invention the author gained a Gold Mextab4" The World Exhibition of Innovation, Research
and New Technologies, “BRUSSELS EUREKA 2005” andgof Ministry of Education and Science in
Poland.
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5.2.  Strain gauge

Strain gauge is a well-known device whose eledtriesistance varies in proportion to the amount
of strain in the device. One of the most widelydugauges is the bonded metallic strain gauge. The
metallic strain gauge consists of a thin wire ageghin a grid pattern or, what is more often
nowadays, the metallic foil is used. To improve skasor response, the amount of metallic wire or
foil subject to strain in the parallel directionimsproved, whereas the cross-section of single igire
minimized to reduce the effect of shear strain Radson Strain. The whole grid structure is tied to
the thin carrier, which is attached directly to tilement on which stress is measured (Sgare
5.1). To increase the range of measured forcepibssible to use as a basement a metallic structure
of known stiffness — in example a membrane or wmr. Whole strain experienced by the test
specimen is transferred directly to the strain gaughich responds with a linear change in
electrical resistance. The sensors available cowiatlgr have nominal resistance in range of few

hundreds to few thousand of Ohms.

S

End loops — =
G

I <

il g|

©

2

/ g

Grid E U <\

v
/I? \ Thin carrier i.e. foil

Solder tabs;

Figure 5.1 Overview of metallic strain gauge sensor

One of the most important parameters of strain gaug gauge factor (GF). It is the ratio of
fractional change in electrical resistance to tlaetfonal change in length (strain), what is writte
as:

_AR/R _AR/R

GF = =

where gis a strain

The gauge factor of typical metallic strain gaugases from 1 to 5 and it is relatively low in
comparison to the semiconductor-based one in wgacige factor due to the piezoresistive effect is
usually above 100. The piezoresistive effect beside advantages has several negative attributes.

First of all, it is a nonlinear thus the outputregis not direct proportional to the strain. ltalso
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very dependent to the temperature. Another disadgaris the semiconductor itself, which usually
is very fragile and therefore it might be exposedeiatively limited strain range (typically 300® t

10,000 microstrain units compared to the 100,00 astrain units for a metallic resistance gauge).

The Wheatstone bridge configuration is used toeiase the sensor sensibility (degure 5.2).
There are at least three types of possible cordtogur: quarter, half and full bridge. The output

voltage versus supplied voltage is given by formula

ZA
V2

Figure 5.2 Gauge placement on measured plate (top) and camfign of strain gauges (bottom)
- quarter (left), half (center) and full Wheatstdmédge circuit (right)

Gauge in tensic
(R+AR)

I_—l ) ] Force
Gauge ircompresio llv
(R-AR)

for quarter bridge circuit configuration:

V,, _ GF*e 1
Vo, 4 |1+GF*lg (5.2)

for half bridge circuit configuration:

Vou _ _GF*e¢

Voo 2 (5.3)
for full bridge circuit configuration:

V,

—M =_GF*¢

Voo (5.4)

It is important to locate the strain gauges in gtawhere strain is maximal. Moreover, if a full
bridge or half bridge configuration is used, soraeiges must work in tension whereas the other

must work in compression to unbalance the bridgeRigure 5.2).

Another important issue, which need to be takeneurmbnsideration when strain gauges are
operated, is a thermal compensation of the serSommonly used technique bases on the

placement on the inflexible area the second s&Vio¢atstone bridge of the same type of gauges.
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As the consequence, the temperature change adistiorsets of bridges, but only one of them is
affected by applied stress. The final signal praopoal only to applied stress is calculated as a

difference of response of both bridges.

During the research, both types of strain gaugesvievestigated — metallic and semiconductor
ones. The metallic foil type gauges from FLEX compaere tested in the beginning. These small
and cheap sensors have high sensitivity for lowieggorces (se€igure 5.3), but unfortunately
they were too fragile for our purpose. The staticcé, which is applied to piezostack, might be
equal even up to 6 kN. For this strength the fakwdeformed permanently. This is the reason to
use a metal support on which gauges was glued eTigpes of devices are more complex and as a

consequence more expensive but allow operatinghigier preloads.

F[N] 4
100,05( "7
100473
b Y=-0,033 X +100,1
R .
15 3 3000 R [kQ]

Figure 5.3 Resistance change of FLEX strain gauge sensomictifun of applied force.

The commercial available sensors are designedofum rtemperature and the materials used for
their construction were unstable at LHe environnieat the glue crystallizes and crumbles). The
test of standard load cell from BURSTER manufacti8415-6002 at LHe temperature were
performed at DESY-Hamburg and at INFN Milan indegesmtly. The output signal was unstable
and was not repeatable. The main problems weregldstic deformations of the glue and the
choice of the strain gauges. In further researadystom load cell has been realized and tested in
order to verify the performances of cryogenic desicThe tests made in LHe on the prototype
have been successful and proved that this loaccaelwork in cryogenic environment with good

sensitivity and repeatability (s€&gure 5.4) [Bosotti 2005b].

The presented force sensor has a linear responskaile applied load range. Due to the cryostat
limitation higher loads could not be measured. S8dv@erformed run shows that the sensitivity is
constant and equal to 0.02 mV/kg (~0.2 mV/N). Meexo what is also important the same

sensitivity is for room temperature and only offéaiue varies with temperature.
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One of the main disadvantages of the sensor isiazts The cell presented Figure 5.4 has a
diameter of 10 cm and will not fit to current desigf PTS or CTS tuner. The smaller device is
under design and will be available in the mid 0d&0

—Ciyo 1
44 ——Cryo 2
{——Cryo 3|
Cryo 4 o
——Cryo 5 - S
s 4
34 A o
e
7
S
|§. 2~ /“
ROGM TEMPERATURE
5 P LHe
o - 7
- P )
14 5
,e".' 2 7 7
& o
o
4
g |
T T T T 1
0 50 100 150 200 250

Applied Load [kg]

Figure 5.4 Load cell developed for cryogenic operation andriassfer characteristics.
[Bosotti 2005b]

One of the disadvantages of strain gauge sensifehies price is an offset voltage, which needs to
be annulling. Since now, two samples of load cell fHe temperature operation have been
manufactured. First measurements performed at Advs that the output voltage is linear in
function of applied force (above 300 N), but thésef of both devices is different (sEgure 5.5).

As a consequence, the independent characterizaitiesch force sensor is highly recommended.
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Figure 5.5 Output voltage of two samples of strain gauge setisdicated for LHe temperature
operation. [Bosotti 2005b]

5.3.  Shift of piezoelectric stack resonant frequency

Another method of measurement of static force egplio piezostack is the investigation of
characteristic parameters of actuator itself. Agas described in chaptér2 the piezoelement is a
dynamic force sensor. Thus, it might measure ontglatively fast change of applied load and
cannot be used for static force evaluation. The hawical energy of stress is transferred to
electrical energy because of positive and negativarges centre shifts (refer ©@hapter 4).
Unfortunately, due to the measurement and the ttitaelf, the charges are dissipated, and the
voltage decays to zero value. The relaxation tirapedds on the size and material of actuator
(which determines the capacitance) and the resistahexternal circuit and parasitic resistance of
sensor. When piezostack is connected to the sdepeMQ of input resistance), the charge on
piezoelectric plates remains only for few seco®e of the solutions to improve the time is using
a MOS transistor. The piezostack output voltageedrithe gate of transistor. The resistance of
MOS channel is proportional to the gate voltagerdfore it might be used for force estimation.
Due to the fact that the leakage current betweda gad source is very low, then the setup,

presented irigure 5.6, might be used even for quasi-staticsmeanent.
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force applied to actuator I | I: C*) DC voltage source
piezostack

)

Figure 5.6 Overview of circuit configuration for quasi-stafiarce measurement using the piezostack.

However, the above-presented solution cannot be fmethe case of FLASH. The actuator are
assembled into the cryomodule in room temperathes the module is placed in the line with the
others, cooled down, and at least the stepper naméoused to tune the cavity to desired 1.3GHz.
Whole process is extremely long and takes few welekghis time the charge generated by force
applied to piezostack dissipates. Moreover, thepgmes of piezoactuator are changing with
temperature so the output signal will be influencé&tiat is the reason to search for other

techniques of static force measurement.

According to the literature the piezoelectric elaimeas two resonances — parallel and series one
(seeFigure 5.7). The frequencies are commonly callesbmance (§f and anti-resonance ,\f
However, according to the performed measuremeatnthltilayer piezostack has several pairs of
the resonances. The typical measured impedancesw® NOLIAC, EPCOS and PI active
elements are presentedfigure 5.8. It is worth to notice that the resorenobserved by author
are well below the main resonance of piezostackghwhsually appears in range of few hundreds

kHz (depends on material, size and constructicactfator).

100 f

Q]

iy

Impedance [

0,1

0,01 +—— T
10 100

frequency [kHz]

Figure 5.7 Typical example of an impedance-versus-frequeratyf@l piezoelement that indicates the

resonance frequencyXand the antiresonance frequengy.(f
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Figure 5.8 Multilayer piezostacks impedances. EPCOS (blug,IPRECMA (green dotted line) and
NOLIAC (red dashed line).

The method, developed by author, permit to useeaogiack as a static force sensor. During the
measurement, it was observed that the impedanee esichanging in function of applied force.

Especially, the position and amplitude of resonanaere varying. The precise measurement
performed at room and cryogenic temperature prdkatthis method might be used for case of

FLASH. The results are presented in next subsextion

5.3.1. Measurement at room temperature

The effect was initially observed at room tempeamt§300 K), during the piezoelement
classification. At that time, the impedance was ohthe parameters, which was investigated. Each
piezoelement was examined individually. The expental setup is presented figure 5.9. The
active element was assembled in series with pieminee force sensor — model 8415-6002 from
BURSTER Company. At the top of the fixture, theeseifor force adjustment was mounted. The
stiffness of the fixture is well above the stiffeesf the actuator and force sensor therefore it is
possible to assume that all force generated bysdhew is transferred to the DUT (device under
test).
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Screw for force
adjustment

Multilayer
piezoelement

Force sensor

Figure 5.9 Setup for impedance change measurement

The actuator impedance was measured using Sigralyzer SR785 for frequency range from
50 Hz up to 100 kHz. The voltage amplitude appt@giezostack was constant and equal to 1 V.
The elongation of actuator and the force generdtedto the 1V applied to active device was
neglected. The current flow was measured on resistaof 50 Ohms connected in series to

actuator. The static force applied to piezostack vaaying from ON to 2 kN.

The example of impedance curve of two EPCOS piaz&ss presented iRigure 5.10. The colour
represents different preload force in BGR notifmat(blue smallest values of force — 0 N, green-
middle, red-large values — up to 2 kN). Severabmances are visible, which are shifting right (to
higher frequencies) when the preload is increasifige behaviours of resonances are also
changing. Some of them decrease in amplitude whettea other increases. From performed
experiments, the author found that the frequencyesbnance is shifting in function of applied
force. Figure 5.11 illustrates behaviour of two resonanceme around 30 kHz and the second

around 65 kHz, in function of preload.
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Impedance magnitude of EPCOS vs preload 0-2kN
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Figure 5.10 Impedance of two EPCOS piezostacks (dashed amtllis@s) in function of preload from

0 N (blue) to 2kN (red). Measurements performewaitn temperature.

resonance position versus preload force
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Figure 5.11 Resonance frequencies shift in function of prefoadEPCOS piezostack- left figure for

the resonance around 30kHz, the right for the resoe around 65kHz.

Both presented resonance shift shows the logatidependency to the force applied to the

piezostack. However, the coefficients of approxioratare different for both resonances, what

indicates that the higher resonance is not a fiesstmonic of the lower one. Moreover, several

performed run shows that the resonance frequeraiesshifting in the same manner with no

respect of the fact that the element was stresseslaxed.
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Another advantage of this method is the informattbat for piezoelements from the same
manufacturer line the shift of resonance remainsiamt. The proper test was performed for Pl
piezostack from ch0201 (3 samples), ch0214 (2 sssh@nd ch0215 (3 samples) series. It is
obvious that because of different element typepbsitions of resonance are different than for
EPCOS piezoelement (around 30 kHz and 60 kHz réspBg. However, for known manufacturer

the resonance shift is similar in function of apglforce and vary for given preload by 2 kHz. The
estimation of force is even more precise when imesmanufacturer line of active element is used.
Then the spread of resonance frequencies remaliow ffew hundreds of Hertz what corresponds

to force estimation error below 100 N.
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= P1ch0215 2

resonance frequency [Hz]

resonance frequency [Hz]
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4.5

.......... Pl ch0215 1
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Figure 5.12 Resonance frequency shift in function of appliededor Pl piezostack from ch0201,

ch0214 and ch0215 series. Top figure shows resenaraund 30kHz, bottom figure presents

resonance shift around 60kHz.
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One of the most interesting questions, which appeahe one about the source of the described
phenomenon. The author considers that the resosianghich are visible in multilayer
piezoelements, are caused by acoustic waves [B8R].18pplied force changes the boundary
condition of each layer and thus it interacts wvilibse waves. The effect is visible as a shift of
resonances. Moreover, the amplitude of resonarreeshanging due the fact that wave reflection
coefficient is strongly depended on the boundamyddmn of actuator volume. When element is
relaxed at the end there is a loop of the wave redwewhen the end of element is fixed there is the

node.

5.3.2. Measurement at LHe temperature

Next step for the estimation of force applied te thezoelectric element inserted into the fixture

assembled in tuner for FLASH is characterizationr@$onance shift at desired temperature.

According to performed test, it is possible to dade that the phenomenon does not disappear
with decrease of temperature but due to changea@nmeters of active elements the position of

resonances are different.

The experiment at LHe temperature might be divitetivo parts. First of all, there is need to
characterize the piezoelement in function of défdrpreload, and then, it is possible to perforen th
test ‘in-situ’ of the actuators assembled in tunErs the first part, a special cryostat was design

INFN Milan, ltaly to characterize the piezostacksity it, there is possible to cool down the

actuator to desired 4K and then apply preload footside of cryostat.

Basically the insert grants the possibility to éxaknown force on the piezostack, keeping it in
cryogenic conditions. This is achieved via an exdkdevice, placed at the top of the insert, in
which spring-washers are coupled to a screwedtdrgenerate the test force (up to 2.5 kN). This
force is transferred, by a long steel & G10 rodih®e device under test (DUT). A calibrated load
cell, working at room temperature, is assembledsémies. It is used for generated force

measurement.

The insert for a vertical cryostat has been redlire host measurements in liquid helium
environment. This insert hosts the DUT (in thisecasthe piezoelectric element) in a box under
isolation vacuum. The box is immersed in liquid ideorder to bring and keep the DUT at the
temperature of 4.18 K. This satisfactionary valae be considered as a good approximation of the
real operating temperature of the piezoelementdsti® K, super fluid He condition), at least for

what concerns electro-mechanical properties optbeostack itself.

For piezostack impedance measurements, each piezed to be tested is hosted in a properly

shaped aluminium support to avoid any non-vertigede component on the ceramic element; the
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support element is then fixed inside the cold bidxe thermal contact between the DUT and the

LHe bath is also provided by four copper stringsicl connect it to the bottom of the box.

The results of experiment are presentedrigure 5.13. It represents the resonance positfon o
EPCOS piezostack at 4 K in function of applied éoldowever, the axes of figure are swapped. It

allows to using this curve for estimation of foaggplied to piezoelement in CHECHIA stand test.
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Figure 5.13 Resonance shift of EPCOS piezostack at 4K in famcti applied force. [Bosotti 2005a]

The previous measurement allows estimating theefapplied to piezostack, which are located in
fixture of cavity tuner assembled in CHECHIA cryais{seeFigure 5.14). As previously, the

EPCOS piezostack was used. There was a possitalichange the preload force by moving the
position of stepper motor (used for so called stomer). The stepper motor might be moved from
0 up to 1 million of steps. The resonance positias monitored in function of location of stepper

motor. The shift of resonance around 70 kHz isqesd inFigure 5.15.

Przemystaw gkalski 65
Technical University of £62 Poland
Department of Microelectronics and Computer Science



Smart Materials as Sensors and Actuators for Lareatce Tuning System

Figure 5.14 Photo of single fixture with EPCOS piezostack. fitare is assembled to the cavity tuner
in CHECHIA cryostat.

A comparison of the result froffigure 5.13 andrigure 5.15 allows estimating of preload change.
Proper calculation is illustrated Figure 5.16. As a result one can judge that theefapplied to

piezostack was changed from almost 850 N down td.30urther movement of stepper motor was

dangerous because the piezoelement could falkour the fixture.

The presented above method is not very preciselaridt allows to roughly estimating the force
applied to piezoelement. It does not require argitahal sensor assembled inside the test stand
but relays only on parameters of the piezostackthEtmore, it do not requires an expensive
lifetime test for static force sensor, which arewdt be performed in case of using the strain gauge
device. It is worth to remind that the whole tumélt be mounted to cavity and closed inside the
cryomodule. Any part might be exchanged or repladedng the module operation, which is

planed for at least ten years.
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Figure 5.16 Change of force applied to piezostack in functibpasition of stepper motor

(CHECHIA stand test) when motor moved upward amdndeard. Red dotted line is smoothed

estimation of force.
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Simultaneously, the measurement of resonance fnegue the cavity was performed for different
position of stepper motor. The curve presentedrigure 5.17 is a result of this test. The
dependency between cavity resonance frequencytapdes movement is fully linear {Rs equal

to 0.9998). There is need to move stepper motorl®43 steps for 1 kHz change of cavity
frequency. This information will be also used fes@jn of multi-pulse algorithm for Lorentz force

compensation described in chapiet.2.

From the same figure it is possible to find thatooper pre-tuning in which cavity should reach
desired 1.3 GHz frequency, the force applied tagstack is equal to 378 N. These value comes

from information covered ifrigure 5.17, where 1.3 GHz corresponds to 61798&ssfThe results

is finding by applying this value to the data presd inFigure 5.16.
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Figure 5.17 Resonance frequency of cavity in function of pwsitif Stepper motor.

It seems that piezoelement was not enough preloadiszbrding to manufacturers the preload
force should be set to one third of the blockingeéoto ensure maximal lifetime. The blocking

force in case of used piezostack is 3.2 kN, thagptieload should be slightly over 1 kN.

5.4. Capacitance change

As it was mention at the beginning the impedancs wly one of the parameter, which was

investigated. One of the other parameters was dpeaaitance of the piezostack. From electrical

point of view it is a key element of the impedanBeoper measurement of capacitance change
versus applied force at 4 K was performed in INZB3ay, France. As it was expected, the

preliminary results done with Piezo JENA (#9222ckt shows that, the capacitance is also
changing versus the piezostack preload E8gere 5.18). The behaviour of change is exponkntia

the same manner as it was with impedance resorsiiteThe main disadvantage of this method
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is small change of capacitance (0.71nF/1N) eduby applied force in comparison to

capacitance of the active elemenufd. During measurement there is need to minimizeases.

experimental data

linear fit y=71*x - 47
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Figure 5.18 The change of capacitance of Piezo JENA (9222)saapplied force at RT.
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Figure 5.19 Capacitance of PICMA piezoelectric actuator vergredoading force at T=4.4 K, vacuum

pressure 18mBar. Test performed at IPN-Orsay in July 2005.[&oly 2005]

The sensitivity of capacitance change to appliedefoAC,/AF) of the PICMA piezoelectric

actuator was measured in the wide temperature rfmogel.68 K up to 300 K. As it was expected

the AC,/AF decreases monotonously with temperature. Themadxialue is for room temperature
and is equal to 426 nF/kN @ T=295 K, whereas theimim is for T=1.7 K and is equal to

16nF/KN. The change of sensitivity is presenteBigure 5.20.
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Figure 5.20 Sensitivity of piezoelectric actuator to preloaccversus temperature

5.5. Conclusion

In the chapter different methods of static forceasugement was presented. The standard solution,
which base on strain gauges demands additionaigvikiloreover, the device, which will hold this
sensor, needs some additional place. Furthermbee,sénsor needs to be tested to check its
lifetime. At least, additional element requiresraxtost. It is a reason to use presented solution,
which base on characterization of piezoelectrickstdself. Two methods were described —
resonant frequency shift on the impedance curvecapdcitance change. Both methods might be
used in parallel to guarantee proper measuremeglinfhary results show that the sensibility is
sufficient for case of preload determination anidved to measure the force with resolution of
hundreds of Newtons. As a consequence, it is peswbapply the correct — optimal — preload to

piezostack and therefore it is possibly to increhsdifetime of the actuator.
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Chapter 6. Fast tuning system

6.1. Introduction

As it was proven in previous chapters (2 and 4gsa tuning system to counteract Lorentz force
and microphonics is necessary to operate cavitieigh field. The system must be fully integrated
with existing slow tuner used for pre-tuning pumpoiuthors propose to use a smart material based
actuator. Multilayer piezoelectric stacks, whicle atescribed irChapter 4 are suitable for fast
tuning function. These devices are reliable enoungght work at required hard environment and

what is the most important they fulfil design reguents.

Depending on the maximal gradient the differentiaitirs might be used. For example, for FLASH
purpose (for gradient up to 20 MV/m <200 Hz of detuning) an EPCOS’s piezoelement o$sr
section of 8x8 mm is sufficient. However, for higlggadients there is need to use active devices,
which have higher stroke. In example for X-FEL trea35 MV/m cavities are planned, therefore a
600+800 Hz of detuning is expected. For this puepmpiezoelement with higher cross-section and
higher blocking force, as the ones from Pl or Nol{aross-section of 10x10 mm), are needed.
Nevertheless, the main concept for compensatiorair@mthe same. In this chapter a detailed

description of electromechanical tuning systemivemy

The overview of the system is presenteéFigure 6.1. It can be divided into three main pabtse
of them is a software part, which consists of Gbieiface, MATLAB script including all
functions, as well as implemented algorithms andlfy DOOCS servers dedicated for electronic

device control (drivers). This part is describedubchapte6.4.

The middle part of control system is an electrdracdware part. It consist of a function generator
(D/A converter), a filter, PZD and PZM amplifier8/D converters and probes antennas. It is
presented in details in subchapse8. The piezostack which is driven by PZD amplifgeinserted
into the fixture, which is internal part of mecheadi tuner. In theFigure 6.1 the piezostack is
connected directly to the cavity, but there is néedkeep in mind that there is a complex
mechanical system of tuner itself and the wholetgasnvironment assembled in cryomodule.

More details might be found in next subchap&gJ).
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Figure 6.1 Overview of control system

At the end ofChapter 6 two experiments with single pulse andtirpulse compensation are
presented. Moreover, a feed forward control alparitised for automatic operation is described in
subchapteb.4. The results of the performed experiments withaustive description are collected

in next chapter.

6.2. Mechanical part — Cold Tuning System

During the research, the author has an opportunitgooperate with Commissariat a I'Energie
Atomique (CEA) from Saclay, France. The laboratisrinvolved mainly in mechanical design of
the tuners. They developed and produced the CahdiiT8ystem (CTS) used in module ACC1 in
FLASH accelerator.

Initially, the CTS was able to work only as a slawmer. For this purpose a double lever system
with ratio 1 to 17 was designed (s€gure 6.2). To move the arms a stepper motor from
PHYTRON with harmonic drive gearbox is used. Orra af tuner is attached to helium tank with
three anchors. The second one is attached to déatye. The cavity is attached to helium tank at
the opposite side to the tuner. When stepper nmgtstimulated then depending on the direction of
movement the cavity is pushed or pulled. The themaeresolution of system is 1.5 nm/step but
due to the mechanical backlash system might beatgmerwith teens of steps. The maximal

displacement is 5 mm, what corresponds to +2.6 MHrzequency change.
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Figure 6.2 Photograph of CTS tuning system attached to thiéycav

The presented system proved its functionality atoa tuner. Nowadays, each FLASH cavity is
equipped with such a device, which allows adjustraémesonance frequency to desired 1.3 GHz.
However, the stepper motor is too slow to use fimduthe RF pulse and it cannot be used for
Lorentz force compensation. That is the reasomioldment the active element build of smart
materials. The principle idea of fast tuner is sedwnFigure 6.3. The piezoelement is assembled
between the helium tank and the slow tuner mechanis the original design there was one of
three anchors, which hold a tuner at right positidepending on the type of fixture it can hold one

or two piezoelements. There is also a possibititseplace it by the magnetostrictive tuner.

Fixture
with piezostack

Tuning mechanism

Cavi
Helium tank ty

Figure 6.3 The idea of fast tuner based on piezoelectric stack

The same laboratory is also responsible for the wesign of Piezo Tuner System (PTS)
[Bosland 2005]. The fast and slow tuners are futiyegrated and problems with the previous
version of device (CTS) are solved. The test ofttimer is scheduled for beginning of 2006 year.

Piezoelectric devices assembled either in CTS @& Rilght be connected to the same electronic
control system. Its detailed description is preseéiim next subchapter.
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6.3. Electronic part

The hardware (electronic) part might be separatetivb subsystems. One of them is used for
signal generation; the other ons is dedicateddading of system response. The first one consists
of the function generator, low pass filter and P&fplifier; the second one is a readout system,

which includes PZM amplifier, probe antennas and éénverters.

The function generator FG is a D/A converter [RethlL999]. It is compatible with VME standard
and might be controlled via DOOCS system. It hags s@parate output channels. Each of them
might store up to 32 kB of 16 bits words (8 bankgl &B for each channel). The data might be
loaded through DOOCS system i.e. from MATLAB. Thésea possibility to load each bank
separately or to upload all banks at once. In @luti®n, the second method was chosen to

eliminate any error values, which might appearrdyoperation.

The system is connected to clock signal of 9 MHaxmal clock frequency up to 10 MHz). To
slow down the system, there is a possibility to aisriild-in clock divider. In the presented tuning
control system, the value of the divider is setNWXTLAB script in the initialization stage. It
depends on the repetition rate of RF system. ThasrFtAggered with the RF field (from 1 to
10 Hz). Thus, the period of clock signal multiplied number of words stored in memory and the
value of divider must be always higher than theetlmetween two pulses. It is due the fact that the
pulse applied to the piezostack is generated befmdrRF system trigger. As a consequence, the
function calculated in MATLAB is written usually tihe last and first bank of FG in such a way
that the last value of last memory bank must eyamttch the first value of first bank. It is a weak
point of the presented solution, however the réipatrate is very stable and the deviation of time
is much below 10@is. As a consequence, the low pass filter will elimbé the noise caused by this

misalignment.

Another disadvantage of FG is a quantization opoutoltage. If the FG has been connected
directly to piezostack through PZD amplifier, therent peaks would appear. It is due the fact that
actuators used in the current solution might benmged as capacitors, which need to be reloaded in
very short time and consume current. The valueeakpcurrent might be calculated. The parallel
capacitance of the active element at LHe tempezataiies from 1.%iF to 3.3uF (refer to Chapter
4.2.1). The FG might store one of 65536 valuesl(it$). The output voltage might be in range
15 V. The signal is then amplified by PZD with gai0 V/V. The quantization step is then around
6.1 mV. If we assume that the rise time of clockL@0 times shorter than its width, the peak

current might be in range of 100 Amps. That isrdeson to implement a low pass filter.

The bandwidth of low pass active filter is set ® & 1kHz. From mechanical simulation and

experiment, one can find that higher modes do astha strong impact on the cavity behaviour.
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The filter is inserted between the output of FG amqit of PZD amplifier. The input and output

impedance are adjusted in such a way that theigaiqual to 1V/V.

Next element of the control system is a PZD transduThe device base on APEX power booster
PB-58a. The gain of amplifier is —40 V/V. The outpoltage might vary from —60 V to 160 V.
The current is limited to 2 Amps for up to 5 msipér The rise and fall time (full scale) is slightl
over 200us for 1uF load. The device was initially designed to worikhwcapacitance load up to
3 uF. Such a parameters of piezostack driver allowsptrate the piezostack presente€iapter

4 and to obtain a slew rate of elongation highanttequired value of im/100ys.

Between the output of PZD transducer and the cryleo there is a distance of around 120 m. A
pair of coaxial cables with common shields is ueddifferential signal transmissions to reduce
noise and signal degradation. A special feed-throcgnnector is used to send signal into the
cryomodules. Inside the module a standard low teatpee tolerance Teflon wires are used to

connect piezostack with feed-through connector.

The read-out part of electronic system consistdevices used commonly at FLASH. The probe
signal antenna measures the accelerating fieldegrathside the cavity. Moreover, forward and
reflected power antennas are used. All three aneextded to A/D converters assembled in VME

crate and might be operated through DOOCS.

In addition, especially if the tuner holds two melements, there is possibility to connect one of
active device as a sensor. The adjust impedanZdiatiRnsducer is used. The gain of the device is
0.5 V/V. The output of PZM might be connected te ADCs.

All signals are accessible from DOOCS system arghtibe observed frompc panel(it is a build
in software for DOOCS server investigations andpprty changing). The addresses of servers
depend on the location of devices. It is possibleead from and write to given device using a

MATLAB. The description of software part is preseshin next subchapter.

6.4. Software part

The control system for piezostacks must be relialnld easy to operate for end-user. It is the
reason that during the research the author detadase MATLAB environment. It not only allows
building a Graphical User Interface GUI using binlt GUIDE, but also permits easy
communication with DOOCS system, which is commardgd at DESY for operation of FLASH
accelerator. However, the main reason of choositgTMAB environment was flexibility of

algorithms design and model description.

Thanks to the GUI the end—user might easily opdtaecontrol system dedicated for fast tuning.

Clicking on the button invoke functions written im file. The used solutions help to build a
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modular script in which sets of separate functiamscollected. The main window of Piezo Control

Panel (PCP) is presentedriigure 6.4.
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Figure 6.4 Panel for piezoelectric devices control

The PCP allows to measure the forward and reflegteder as well as probe signal within given
cavity (top right subplot ifrigure 6.4). Using these parameters the detuninglisilated according
to the algorithm described i@hapter 2 (a blue curve on the second subplot). ddtening is
linearly approximated during the flat-top of RF gil The coefficients are written on the left side
of the subfigure. Moreover, a standard deviatiotwben the measurement and approximation is
calculated. To simplify the interpretation of thelymomial values, detuning during pulse duration
and offset of detuning in the middle of a pulsestrewn in Hertz. The two bottom subplots show a
signal stored in the memory of the function germrand the one applied to piezostack after

amplification.

The PCP communicates with the function generatat,ADCs through dedicated DOOCS servers.
Two MatLab functions are used: to redtfr} and to write ttfw) the properties to/from servers. The

names of the servers depend on the location.
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During the PCP initialization, the repetition rateRF pulses is checked and the divider in FG is
set to proper value (refer ®.3). The detailed description of PCP functionalgypresented in
Appendix A The experiments, which helped to depdlte feed forward algorithm, are presented

in next two subchapters, but the algorithm itseliéscribed separately in chap@et.3.

6.4.1. Single pulse compensation method

The easiest way compensate detuning caused by tzoFemce is to find a transfer function
between voltage applied to piezostack and deturaniged by this action. Unfortunately, due to the
fact that the system might work only in pulse mdtles very hard to perform such an experiment.
As a consequence, the author decided to investigatimfluence of different shapes of the pulse to
the detuning compensation. At the beginning a sipgilse method has been chosen. A piecewise
linear function was used. The following parametes been examined: rise tinmer{se), fall time
(t_fall), the shift time between the beginning of the pisignal and the RF pulsk {elay, width

of the pulse and two amplitudes A1 and A2 (8@&gure 6.5). Each parameter has been varied
independently and the coefficients of linearizatwere observed. Moreover, a standard deviation
between linear approximation and measurement rexs ceculated. This parameter has been used

to find if the estimate used for the purpose isigeht enough.

A
S o2 RF pulse
2. _=="""7 "notin scale
()] 4
7
= Al
= b Vs
e /
/
’
/
/
/
/
/
< i - nig - ai >
t_rise width of pulse t_fall E time [ms]
t_delay

Figure 6.5 Shape of the pulse with variable parameters.

At the beginning the both amplitudes of signal @i A2) were set to 80 V. The rise time was the
same as the fall time and was equal to 0.1ms. Titith wf the pulse was set to 1ms. The delay time
between the beginning of the signal applied togsezck and RF pulse was varying from —1.2 ms

to +1.3 ms. The coefficients of the linearizationdetuning during flat-top in function of delay

time are presented Figure 6.6.
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Linearization coefficients and standard deviation
in function of single pulse delay time
y=d Aa/dt*t+offset( Aw)

dAw/dt
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N
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standard deviation Aw

single pulse delay time [ms]

Figure 6.6 Coefficients of detuning linearization and standde¥iation from measurement

in function of delay time between beginnings ofpRISe and piezostack signal.

One can find that the value of slope is the higlte8t089<> 75 Hz of detuning during the 806
RF pulse duration) when the delay time is equél.2d ms. For further investigation the delay time
was set to this value. Then, the offset and stahdeviation is close to the minimum value (223 Hz

and 8 Hz respectively).

Next a width of the pulse was investigated. It waanged from 0.1 ms to 1.1 ms. The amplitudes
of signal (Al and A2), rise and fall times were set previously. The result of sweeping is

presented inFigure 6.7. The peak in standard deviation curveurad 0.9ms is caused by

measurement error.
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Linearization coefficients and standard deviation
in function of single pulse width
y=d Aa/dt*t+offset( Aw)
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Figure 6.7 Coefficients of detuning linearization and standde¥iation from measurement

in function of width of the piezostack signal.

From these measurements one can find that the igndse the more reduced the Lorentz force
effect. However, the saturation appears when tHeepis too long. It is easy to explain this
behaviour because the length of RF pulse is or8yn&. In other words it means that the pulse
applied to piezostack lasts longer than RF puksfitAnother effect that needs to be taken into
account is the fact that the piezostack work iryaathic mode. As a consequence, the constant
voltage does not mean that the piezo keeps itgatmm, but it means that it starts shrinking. For

further investigation a width of the pulse waste€d.8 ms.

After that, the rise time of the signal was invgsted. The rise time was varying from 0.1 ms to
1.1 ms. The point when the pulse reaches the ardpliAl was fixed. The result of sweeping is
showed inFigure 6.8. From this measurement one can findttigashortest rising time the stronger
piezoelectric stack action (it is also a proof thiazostack really works in dynamic mode). It i€du

to the fact, that piezos are driven by the eleaiiarges accumulated on plates inside the actuator.
For further investigation the rise time was seOtb ms. There is no reason to use shorter time

because the amplifier and the filter will not traniisthe signal.
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Linearization coefficients and standard deviation
in function of rise time
y=d Aa/dt*t+offset( Aw)
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Figure 6.8 Coefficients of detuning linearization and standde¥iation from measurement

in function of rise time of the piezostack signal.

Further, the amplitude of signal applied to piezoks was altered from 20 V to 120 V. The A2

was constant and equal to 80 V. The result is shawigure 6.9a. The experiment was performed
twice because during measurement the settings aasyed, what is visible as a step around 93 V
(red dashed curve). However, reproduction of expeni proofs that the piezostack behaves in the
same manner. Nevertheless, the most important,thihigh can be driven from the test, is the fact
that even for value of 120V the first linearizatiooefficient stays below the zero. It means that
even if piezostack is supplied by maximal voltage fction is too weak to compensate the
detuning caused by Lorentz force. The similar e¢ffeas observed when the Al amplitude was

constant (80 V) and A2 was varying from 20 V to 32(seeFigure 6.9b).
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Linearization coefficients and standard deviation
in function of amplitude Al voltage
y=d Aa/dt*t+offset( Aw)
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Figure 6.9 Coefficients of detuning linearization and standdaeyiation from measurement

in function of amplitude Al (a) and A2 (b) of thezostack signal, when changed independently.

To allow a full compensation one should apply a2@® V to the EPCOS piezostack. The actuator
is assembled in FLASH therefore the authors prefeto stay far from the limits not to destroy the

active element. Another option to increase the gatxck influence is to increase both voltages
simultaneously. For given parameters of pulse fednd previous test (rise time=fall time=0.1 ms,

width of pulse=0.8 ms and delay time=0.27 ms) aadyimg amplitude of both Al and A2

parameters the measurement of detuning was doeea€ghlts are shown Figure 6.10.
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Linearization coefficients and standard deviation
in function of both amplitudes Al and A2 voltages
y=d Ao/ dt*t+offset( Aw)
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Figure 6.10 Coefficients of detuning linearization and standdeiation from measurement

in function of amplitude Al and A2 increased siamdbusly.

On the top subfigure, above 110V the saturatioreapp It is due to the amplifier limitation. The
piezostack behaves as a capacitor. The capacimmeange of 2iF. When a voltage arises too
quickly (over 100 V/1us), the needed current to reload piezostack is 2vemps. To reduce the
heat dissipation the PZT driver has an internaitdition of current set to 2 Amps.

As a consequence, one can find that using a spgke method there is a need to use either a
stronger piezostack or higher power amplifier. Hegre the authors propose to use another
method, called multi-pulse, for which current setgpsufficient. The proposed algorithm is
presented in next subchapter.

6.4.2. Multi-pulse compensation method

Another method proposed by Authors is to use atiteestimulus. In this case if a proper signal
frequency is used a mechanical vibration will ariée a consequence, smaller voltage applied to
piezoelement might have a stronger influence. Topgr tests to prove this method are presented
in this subchapter.

As previously a set of parameters was investigatedsimplify the study a sinusoid function has
been chosen. Its frequency, amplitude, number Isieguand the delay time between the beginning

of the signal applied to piezostack and the RFg(ded-igure 6.11) are the variables.
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Figure 6.11 Shape of the pulse with variable parameters

Similar to single pulse research, also here eadanpeter was studied individually. The
accelerating field gradient at cavity 5 in ACC1 mwas set to maximal value 15.6 MV/m. At
the beginning 4 pulses of frequency of 294 Hz amplaude of 42 V has been used. The delay

time has been varying from —12.5 ms to —11.5 me. @ther settings came from experience of the

authors. The results are showrFigure 6.12.

Linearization coefficients and standard deviation
in function of multi pulse delay time
y=d Aa/dt*t+offset( Aw)
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Figure 6.12 Coefficients of detuning linearization and standdeviation from measurement

in function of delay time.

It is visible that the maximum of slope of detunisgor the delay time equal to —11,85 ms. The
offset detuning and standard deviation from linggproximation are then the smallest ones. One
more thing is also remarkable — the slope coefiicie higher than zero what indicates that the
system is overcompensated. In other words, it grdhat the system is able to compensate a

Lorentz Force detuning caused by accelerating geddlient of 20 MV/m.

Przemystaw gkalski 83
Technical University of £62 Poland
Department of Microelectronics and Computer Science



Smart Materials as Sensors and Actuators for Lareatce Tuning System

According to the previous measurement a delay tras been set to the —11.85ms and an
investigation of varying amplitude has been madee @amplitude has been changed from 30 V to
50 V (seeFigure 6.13). From the test one can find that thepes equal to 0 (the linear
approximation of detuning during the flat-top isaltg plane) is when the A=40.8 V. The peak
around the 39.5 V is due to the fact that functienerator was reset, when detuning measurement

has been performed.

Linearization coefficients and standard deviation
in function of multi pulse amplitude
y=d Ao/ dt*t+offset( Aw)

0.05

dAw/dt
o
o
o

-0.15

offset Awy

multi pulse amplitude [V]

Figure 6.13 Coefficients of detuning linearization and standdeviation from measurement

in function of amplitude of multi-pulse signal.

Further investigation was dedicated to optimizatéfrequency of the signal. For previous test, it
was set to 294 Hz. This value was found duringpileeious experiments, which were fully manual
ones. To check if the assumption was correct twasmements have been done. In the first of
them the end of the 4 pulses was fixed and theuéecy was varying from 100 Hz to 500 Hz
(Figure 6.14). Two maximums are visible; the firseds around 285Hz and the second around
430 Hz. For these values also the offset and stdmdlaviation go to the minimum value (below

100 Hz and 8 Hz respectively).
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Linearization coefficients and standard deviation

in function of pulse frequency (fixed end of the pu Ise)
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Figure 6.14 Coefficients of detuning linearization and standdeiation from measurement

in function of frequency of multi-pulse signal. Emal of the 4 pulses is fixed.

Furthermore, the experiment was performed oncenagéh the difference of the fixed point.
Instead of holding the end of the pulse, the paitdr 3.5 periods was rigid. In the other words, th
beginning of the last quarter part of the last puigs constant in respect to the beginning of the R
pulse (sed-igure 6.15). As previously a frequency was chanfgesh 100 Hz to 500 Hz and the

adequate parameters were measured. The resufireaented ifrigure 6.16.

g5

b= = =

Figure 6.15 lllustration of difference in fixing point. Lefgfire present situation when end of the pulse
is fixed in respect to RF pulse (not shown). Riigjure present situation when signal applied to

piezostack is fixed in respect to RF pulse aft&mp@riods.

From the zoom figures one can find that the demmais smaller than 8 Hz (for peaks around

281 Hz and 427 Hz), whereas the value of slopeir@atized detuning are zero or positive
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(overcompensation). The offset does not reach themal value, however the stepper motor used

for slow tuning might it easily compensate.

Linearization coefficients and standard deviation
in function of frequency of pulses (fixed after 3.5

pulse)

dAw/dt

offset Aw

y=d Aa/dt*t+offset( Aw)

k]
3
<
k=]
300kb—-—--+--—__ [ [ Y 4 W A A
3 ‘ ‘ | | ‘ | |
§ 2001 oAt e
3‘2 | | | | | | |
o 100f---- R T — I — (SN N - N JE—
| | | | | | | |
I I I I I I
3 150 200 250 300 350 400 450 500
<
c
S e e A e it R
8
BA5
B
B 10 v A AT W T -
° ) |
= 1 I
i 150 200 250 300 350 400 450 500

multi pulse frequency [Hz]

Linearization coefficients and standard deviation
in function of frequency of pulses (fixed after 3.5
y=d Aw/dt*t+offset( Aw)

pulse)

dAw/dt

Linearization coefficients and standard deviation
in function of frequency of pulses (fixed after 3.5
y=d Aa/dt*t+offset( Aw)

pulse)

300

IN)
=]
=]

300

IN)
Q
=]

offset Aw

=
Q
=]

=
Q
=]

20
15

=
o

standard deviation Aw
standard deviation Aw

420

270
multi pulse frequency [Hz]

multi pulse frequency [Hz]

Figure 6.16 Coefficients of detuning linearization and standdeviation from measurement
in function of frequency of multi-pulse signal. Twent after 3.5 pulses is fixed. Bottom plots are

the zoom of the top figure around 285 and 435 ldpeetively.

To summarize, a multi-pulse compensation permitotopensate the detuning caused by Lorentz
force for accelerating field gradients up to 15.6MMaccording to the DSP settings, the measured
value of probe signal was around 20MV/m). The rs&p was to find the correlation between the

field gradient and the amplitude of signal appltedpiezostack, to dump the Lorentz force to

minimum value. The proper experiment is presentedppendix B The optimal amplitude of

voltage applied to piezostack to reduce the Lorérize in function of accelerating field gradient
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IS shown inFigure 6.17. The measured points are marked adatsd The red curve is a quadratic

approximation of measured data:

y = 0.2718¢ - 2.632x+1506
(6.1)

The green lines illustrate the 95% confidence. Hawefor lower gradients it is better to use a

cubic approximation (se&ppendix B ).

Using the given formula, it is possible to prediot maximal gradient, for which a Lorentz force
effect might be compensated ($&gure 6.18). For gradient of 35MV/m, the amplitudeslightly
above 250V, which is much more than the limit adzoistack voltage. However, it is possible to

reduce the amplitude by increasing the number ed gsilses.
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Figure 6.17 Measured amplitude of signal applied to piezostaa¥ded for optimal compensation of

Lorentz force in function of accelerating field drent.
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Figure 6.18 Prediction of amplitude of signal applied to pieaak needed for optimal compensation of

Lorentz force in function of accelerating field drant.

6.4.3. Feed forward algorithm for Lorentz force compensati on

The experiments presented in subchafietsl ands.4.2 was used for the design of the automatic
method for Lorentz force compensation. The develapethod base on the adaptive feed forward
algorithm. It is possible to predict a distortioachuse Lorentz force depends on the accelerating
field gradients and the properties of the systehe Jecond set of parameters is constant, therefore
it is possible to develop algorithm, which will yabnly on the measurement of the field gradient.

This idea was proved in previous chapters.

The multi-pulse compensation is used. Four sineewauses of frequency of 284Hz are used. The
offset is equal to OV. The delay time between beigigs of RF pulse and signal applied to
piezostack is constant and equal to —11.84ms. hitialisetting for amplitude of sine signal is
taken from the preset table depending on the aetiglg gradient settings in DSP. The value of the

table represents the function showrrigure 6.17 with step of IMV/m.

The signal is applied to piezostack and the measeme of detuning is done. Usually, due to the
imperfections the detuning curve is not really hontal during the RF flat-top. As a consequence,
a fine-tuning is needed, which will cancel thesal®rrors. In the algorithm presented by authors,
the data obtained from experiment describedppendix B are used. One can find, that close to
the optimal compensation the amplitude of piezdssignal might be assumed as a linear function.
The slope of this line is almost constant for diéfg gradient (0.0048+-0.0083 V*Hz/s). As a
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consequence, the fine-tuning relays on this phenamié the slope is different from zero, then an

amplitude correction is calculated. The value efddjustmenAA is given by the formula:

AA = Aw/At * 0.0050 (6.2)

where Aw/At is the slope of the linearized detuning

Then, in next iteration a new signal is applied aad detuning is measured during RF pulse. If the
error is smaller than previous then new settingsstored in the preset table. If the error stilbesx

then a further correction is calculated and sigmatoperly modified. The last step is iterated.

The presented algorithm was tested in ACC1 cavityitB success. The detuning for accelerating
field gradient above 15MV/m, which if uncompensaiedround 180Hz, was usually reduced to

below 10Hz in 2 or 3 iterations. The results ar@ghin subchaptes.5.

Moreover, the presented algorithm tracks the chewo§@ccelerating field gradient. It also follows

the parameter change i.e. beam current or stepm@r osition. Another advantage of the

The main advantage of presented algorithm, bedidheofact that it suppress the Lorentz force
effect, is its simplicity. As a consequence, it Wbbe quite easy to implement the presented

algorithm in the low-level radio frequency contfbLRF) system realized either in DSP or FPGA.

6.5. Measurements and results

The system presented in previous subchapter wiesltes cavity 5 mounted in cryomodule ACC1
which is part of FLASH accelerator. The cavity wasver with RF field gradient of 20 MV/m.
The measurement of the detuning when system wadshsmi off and on is showFigure 6.19. The
detuning without the piezoelectric stack action veasund 180 Hz. When the fast tuner was
switched on the detuning was compensated and renh@iow 10 Hz in average. The offset of

50 Hz might be compensated by stepper motor.
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Figure 6.19 Cavity detuning with and without piezostack-basesesn measured in cavs, ACC1,
FLASH accelerator. The accelerating field gradien2OMV/m.

The presented experiment was performed severak time different accelerating field gradient
settings. The algorithm of detuning compensatioapésiin 4+6 steps, and after that the detuning

was below 10Hz. It is important to mark that aftes first step the detuning was below 20 Hz.

Moreover, the influence of the fast tuner on tharbevas tested. The mean energy of the beam
might be monitored after the first module using Bnch Compressor. The readout from the
device is presented Figure 6.20. The total energy gain in ACC1 modslé23 MeV. According

to performed measurement the beam gained additéfitakeV when the fast tuner was activated.
It is caused by the fact that the cavity 5, whisrequipped with the tuner, was operated on the
resonance and therefore the energy transfer fronfighito the beam was higher. It is easy to
calculate that using the fast tuner with only akgrcavity there is possibly to acquire 0.5% oélot

energy.
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Figure 6.20 Beam energy deviation from mean value in functfdinte measured after the ACC1

module. The fast piezostack-based tuner was swlitwhafter 160 s and switched off after 350 s.

There is need to take under consideration thatase of higher accelerating field gradients the
advantage of fast tuning will be higher because libeentz force effect is proportional to the
square of the field gradient. Some preliminary itsswith higher gradients were performed at
CHECHIA cryostat [Sekalski 2004c]. The performedttmdicates that there is possible to use a
current piezostack with resonant excitation alfong to compensate the detuning of 500Hz. For
higher detuning compensation, there is need toaus# or NOLIAC piezostacks, which were

described in chapter.2.

The amplitude and phase of the accelerating felprésented ifigure 6.21. It is visible that the

gradient during the flat-top stabilizes when th& taner is switched on.
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Figure 6.21 Amplitude and phase of accelerating field gradi€HECHIA horizontal cryostat,
35MV/m.
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Chapter 7. Summary and conclusion

During the last decade the TESLA superconductinchrtelogy significantly evaluates and
nowadays is the one of the most advanced. A fevelaators, which base on the nine-cells
niobium cavities were constructed and tested ictfm@ The most recent construction called Free
Electron Laser in Hamburg — FLASH (previously naméacuum Ultra Violet Free Electron
Laser) is nowadays operated by the end users whorpe sophisticated experiments in the
biology, the medicine and the crystallography felburing the summer 2006, it was operated with
laser wavelength of 13 nm. This is the shortestalength which can be reached with the present

maximum energy of the accelerator.

Meanwhile, the same machine is used for technotteyelopment by the engineers in framework
of CARE programme supported by the European Commuihe main aim of these common
efforts is to establish the technology for the rgateration of linear colliders. One of the pragect
— the XFEL — has been actually approved and willcbastructed between 2008 and 2012 in
Hamburg. It is a free-electron-accelerator basedrlavhich will be operated with X- ray regime.

The solutions and results, which are presentekisndissertation, will be used in this machine.

Since, the full system is extremely complicateddf@e the studies presented in this dissertation
focuses only on the one of subsystems, which isfdketuner. This electromechanical device,
equipped with the smart materials based actuatatssansors, is able to change the length of the
niobium cavity, which is cooled down to 1.8 degret Kelvin, within few hundreds of
microseconds. The tuner motion is extremely snmaiamparison to the full length of the cavity.
The stroke is below 4 microns whereas the cavitgtleis slightly above 1 meter. As a result, there
is need to control with high precision these exelmsmall action performed by the smart-
material-based actuators in order to compensatelLtnentz force effect. The Lorentz force

phenomenon is presented in detail in Chapter 3.

As it was proposed previously by M. Liepe, the authses piezoelectric stacks as an actuator to
counteract the Lorentz force generated by the aratéhg field. The thesis covers characterization
and comparisons of several different types of mézoents. All of them were tested in cryogenic
operation. After preliminary test, two types: PldaNOLIAC elements were selected as the best
candidates for future developments. Then, more isbpdited experiments as neutron irradiation
and lifetime test were done. Both types of elemsatisfactionary passed the test. Moreover, the
magnetostrictive actuators were tested with suc@essryogenic operation. These researches,
described in Chapter 4, were performed by the asthathin collaboration with IPN — Orsay
(France), INFN — Milan (Italy) and of course DESYaidburg (Germany).
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One of the important issues which were investigatdtie thesis is a measurement of preload force
applied to the active element. This pre-stressefatetermines the lifetime of the piezoelectric
actuator and the operation range. According to pdormed experiments and calculation the
initial load should be kept in quite narrow rangeusd 1.2 KN. As a result there was a need to
develop the method of force measurement in cryagdngh vacuum environment. The standard
solution, which base on strain gauges, requiregtiaddl wiring, space and of course founds. Two
other methods, developed by the author, are predéntthe dissertation. Both of them allow to
estimate the static force applied to the piezogteectuator. The first of them base on resonant
frequency shift on the impedance curve. In the sg@a@me, the capacitance variation in function of
applied load is investigated. Both methods wereckda in real system. Moreover, both methods
might be used in parallel to guarantee better measnt. Preliminary results show that the
sensibility of both techniques is sufficient forseaof preload determination and allows measuring
the force with resolution of hundreds of Newtons. & consequence, it is possible to apply the

optimal preload to piezostack and therefore itassibly to increase the lifetime of the actuator.

Another topic, which is covered in the dissertatisnconnected with Lorentz force compensation
algorithms. The author proposes to use a self-dpeel feed-forward based method which allows
reducing the detuning by 90%. The results, whiéh@esented in previous chapter indicates that
the system not only fulfils strict requirementst baiso might be successfully used for large scale
production. The presented solution allows autoraljic applying correct settings to the

piezoelectric stack in order to reduce the detubmgw 10 Hz. The system was successfully tested

in FLASH accelerator.

Moreover, the presented resonant excitation meffedhits to reduce the magnitude of applied
voltage to the value below 50 V. It is important tbe lifetime of the piezostack, because the
element is no longer excited to the limit (120+200depending on the piezostack). Such
compensation applied to only one cavity allowsnpriove the energy gain of whole module by
600 keV (it is half percent of total energy of mACC1 equipped with 8 cavities operated with
mean gradient of 15 MV/m).

Promising results was also obtained in CHECHIA &and. It is a facility, which can hold only
one niobium cavity which might be operated withthigradients (depending on the cavity) but
without the beam. During the test, in which cavétgcelerating field gradient was reached
35 MV/m, the phase decay was reduced from more Hifndegrees to below 15 degrees. This
experiment demonstrated the power of proposedisnluNevertheless, further investigation is
needed. Such an opportunity will be accessible whennew stand test will be finished. It will

consist of full module equipped with eight high mveavities which will be operated at gradients
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above 30 MV/m. The fast tuners with active elem@négposed by the author will be attached to all

cavities instead to only one (as it is at the madinen

Additionally, the new stand test allows to inveat® the crosstalk between the cavities. The
proposed resonant excitation method might causzaction between the nearest cavities. This
topic is in the interest of the author and the itelastudy of this phenomenon will be performed in
the future. Additionally, each tuner in this newstadlation will be equipped with two piezostacks.

As a consequence, it allows performing more studliesechanical behaviour of the cavity.

Two identical active elements mounted in one figtwf fast tuner significantly increases the
lifetime of device. In case of failure of any okth, the second one can be normally operated as it
is happened at this moment. However, without tleakaown the piezoelectric element might be
operated as a sensor. This actuator-sensor systgmime used to compensate not only the Lorentz
force effect but also to compensate the microptsonidhese small vibrations caused by the
environment are reasonably low (the detuning cabgdtie microphonics is below 10 Hz) but they
are unpredictable. In case of system which wilsben operated there will be a possibility to close

the feedback loop.

In perfect case, both Lorentz force and microph®eiempensation should be combined together
and the detuning during the pulse should be zerorebler, the fast and slow tuning methods
should be joined as well in order to operate thatgalways on resonance. Since, the research
presented in the dissertation helps to becomerctosbe ideal case, there is still a room forfert

development of next technologies.
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Appendix A Piezo Control Panel PCP description

The Piezo Control Panel is a MATLAB based GUI aggion. It was designed using the
embedded tool called GUIDE. The main aim of thdvsafe is to control the piezoelement using
the system described @hapter 6 in a way to minimize the detuning causethe Lorentz force.
Nevertheless, the PCP was also used for charaaieriz of the system, especially for

measurements presented in subchaidrd ands.4.2 as well as in thippendix B

The overview of the PCP is presentedrigure 6.4. The panel might be divide into fourteet as

it is presented ifrigure 7.1. The detailed description of each saasgresented bellow.
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Figure 7.1 Piezo Control Panel — division into four section

The first section presents the main informationuatibe system as the data about the module and
the cavity which is currently used, the acceleratiield gradient and phase, which is set for
particular cavity, repetition rate of RF high powmrses and at least the status of Piezo Control
System (seé&igure 7.2). Below there are four buttons. Twoham ‘start’ and ‘stop’ initiates and

finishes the functioning of PCP. The third of thénitiates the adaptive feed-forward based
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algorithm used for automatic control of piezoeletaert least, there is possibility to recall the

initial settings, which was measured by the auéimal which are presentedAppendix B
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Status )
Btatus: Ok 1520 MWm
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|- = algorithm activation
i
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Figure 7.2 Description of first section of PCP

= Recall initial settings

The second section of PCP is dedicated to repsembf the results (refer téigure 7.2). The top

plot illustrates the reflected power (red), forwaaver (blue) and probe signal (black). Below the
detuning and its linearization is presented. THaevaf the coefficients and the value of detuning
are showed left to the figures. Two bottom plotssirates the values saved in the function
generator with respect to the last and the firskband the signal which is applied to piezoelement

with respect to beginning of the RF field.
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Figure 7.3 Description of second section of PCP.
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Additionally, there is possibility to cumulate tfigures or shows only the recent one. Moreover,
the all above described plots might be saved irars¢@ windows and at least the value of the

linearization coefficient with settings of the pailspplied to piezoelement might be saved in
separate file (‘history’).

The third section of PCP is used to manually geretiae pulse. If the adaptive feed-forward
algorithm is switched off, the settings from thiangl is used to set the signal applied to
piezoelement. Two types of pulse are allowed —siaee like and the trapezoid like one. For sine
wave pulse there are five different values whiclghibe used — amplitude, offset, frequency,
delay time and number of pulses (refeiFtgure 6.11). For the trapezoid like signal there six

parameters — rise, fall, width and delay times, amglitude Al and A2 (refer téigure 6.5).

There are also several buttons called ‘sweep’. Merse used to change the given value in range
indicated in the script. These buttons were usedrieasurement presented in subchapietsl

and6.4.2 as well as in th&éppendix B
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Figure 7.4 Description of third section of PCP.

Bellow the settings there are set of four buttoased ‘view function’, ‘load to FG’, ‘clear FG’
and ‘load from FG'. The names of these buttonsciagis the function which are performed after
its activation. To set new value in the FG ther@meed to set desired settings, then click on the
‘view function’ button, ant then click on ‘load t6G’ button. These combination protects the
system from the incidentally change of settingsve\iheless, to protect the piezoelements there

are several restriction which are applied to thitirggs (i.e. the maximal signal must be below
160 V).
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At the end, the fourth section of PCP is used t@ sand restore previously saved data. There is

also a window, in which a results of performed candhare shown.
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Appendix B Measurements of coefficients of lineari zed detuning
for different accelerating field gradient.

The following pictures illustrate the coefficierdElinearization of detuning measured for different
field gradients from 3.6 MV/m to 15.6 MV/m (thislua corresponds to the settings in DSP, the
measured value of probe signal was higher). Thestdyplot of each single figure presents a slope
of Lorentz Force detuning during the RF pulse titgd-(which last 0.8ms). The middle subplot
shows an offset of this detuning measured in thddhaiof flat-top (after 0.4ms from beginning of
flat-top). The bottom subfigures illustrate a stamddeviation of measurement from the linear

approximation.

Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 15.6MV/m)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 13.6MV/m)

x10° y=d Aa/dt*t+offset( Aw)
. B[ y=00039"%-011 """ "1 T7C ro
k=l T ' T
3 4’?””‘\ ”””
A R S e I
B Orr---— g — -~ — -
'27777 777777777777777777777777777 ‘777777‘
28.5 29 29.5 30 30.5 31 315 32
WS T — S >
| | | | |
2170’\’””7 ””” I N -
- | | | | |
§ 165 ————5-~--—> i T B N .
S | | | | | | |
01607 ——— — I e E [ y I
3
<
o
8
8
3
©
B
]
©
3
* 28.5 29 29.5 30 30.5 31 315 32
multi pulse amplitude [V]
Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 12.6MV/m)
x10° y=d Ae/dt*t+offset( Aw)
. 151 L y=0.0063* -0.15 ~ ~ — — 4~~~ - — L B
2 10} ‘ ; | —
3
%I 5
0
3 200
b~
g 190
S
180
3
<
o
i=]
Eou
L
S 10.5
]
g 10
* 24.5 25 255 26 26.5 27 27.5 28

multi pulse amplitude [V]

Przemystaw gkalski
Technical University of £62 Poland
Department of Microelectronics and Computer Science

112



Smart Materials as Sensors and Actuators for Lareatce Tuning System

Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 11.6MV/m)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 9.6MV/m)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 6.6MV/m)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 5.6MV/m)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 4.6MV/m)
y=d Ac/dt*t+offset( Aw)
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Linearization coefficients and standard deviation
in function of multi pulse amplitude (for 3.6MV/m)
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It is possible to find a dependency between théagek applied to piezostack, when the slope of
detuning is equal to zero, and the acceleratinigl figadient. The measurement and different
approximation are shown in Figure B.1. Next figpresents the errors of each approximation for
given value. Moreover, norms of residuals are priesk The quadratic estimate is sufficient,

however the cubic one gives better correlationhliglegrees of approximation curves do not give

a significant improvement of norm of residuals.
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Figure 7.5 Amplitude of signal applied to piezostack to obtiitat detuning during the RF pulse and

its approximation for different accelerating figgdadients.
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Figure 7.6 Residuals and theirs norm for different approxiroas in function of accelerating field

gradients.

For higher gradients there is no important diffeeebetween cubic and quadratic approximation.

However, for low gradients it is more convenientise a cubic one.
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Another conclusion, which might be found from thregented experiment, is the fact that close to
the zero value of detuning slope one can find thetfirst derivative is almost stable for different
gradient. It varies from 0.0048 for the highestdgeat to 0.0083 for lower ones. This phenomenon
is used for fine-tuning implemented in feed forwalgorithm.
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