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The International Linear Collider is a majestic Hidgenergy Physics particle accelerator that
will give physicists a new cosmic doorway to explenergy regimes beyond the reach of
today's accelerators. ILC will complement the Latgadron Collider (LHC), a proton-proton
collider at the European Center for Nuclear Reséa(€ERN) in Geneva, Switzerland, by
producing electron-positron collisions at center ofass energy of about 500 GeV. In
particular, the subject of this dissertation is tR&D for a solid state Marx Modulator and
relative switching power supply for the Internatdbriinear Collider Main LINAC Radio
Frequency stations.
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Enrico Fermi
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Chapter 1

Physics motivations for the International
Linear Collider

The International Linear Collider (ILC) is the ndatge project in accelerator based particle
physics. It is complementary to the Large Hadronli@ (LHC) in many aspects.
Measurements from both machines together will knadhed light onto the known
deficiencies of the Standard Model of particle ptysand allow to unveil a possible
underlying more fundamental theory. Here, the folgses of the ILC will be discussed with
special emphasis on the Higgs sector and on teyitbsa strong connection to cosmological
guestions like extra dimensions or dark matter chates.

1.1 Introduction

The Standard Model of particle physics (SM) prosideunified and precise description of all
known subatomic phenomena. It is consistent atghantum loop level and it covers
distances down to I8 m and times from today until 18 s after the Big Bang. Despite its
success, the SM has some deficiencies which ireibat it is only the effective low energy
limit of a more fundamental theory. These deficieacomprise the absence of experimental
evidence for the Higgs particle, its number of fpggameters and their values, fine—tuning
and stability problems above energies of about\l, Bad, last but not least, its ignorance of
gravity. Furthermore, the SM contains no particleiocl could account for the cold dark
matter observed in the universe. There are goabnsao expect phenomena beyond the SM
at the TeV scale, i.e. in the reach of the immedgeneration of new accelerators. Any new
physics which solves the hierarchy problem betwienelectroweak and the Planck scale
needs to be close to the former. Experimental hamse from the fits to electroweak
precision data, which require either a Higgs basass below 250 GeVlor something else
which causes similar loop corrections. Furthermorest cold dark matter scenarios based on
the hypothesis of a weakly interacting massiveigiartavour masses of about 100 GeV/ié
there are new particles “around the corner”, theCLiBl likely to discover them. The ultimate
goal, however, is not only to discover new parsiclbut to measure their properties and
interaction with high precision in order to pin dowhe underlying theory and to determine
its parameters. In the unlikely case that the LHC mot find any new particles, the task of
the ILC would be to measure the SM parameters extn higher precision than before [5,6]
in order to find out what is wrong with today fitgat point to a light Higgs and new physics
at the TeV scale. In any case, an electron postailider will provide an invaluable tool
complementary to the LHC.
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Figure 1.1: Left: Feynman diagrams for Higgsstrahlung (top) i/ fusion (bottom).
Right: cross sections of the pvocesses as function of the center of mass
energy for Higgs masses of 200 320 GeV/g[1].

1.2 Higgs Boson Physics

The last unobserved ingredient of the SM is thegsligoson. It gives mass to the originally
mass-less weak gauge bosons and to all quarkshamnged leptons, and it is essential to keep
the theory finite. The most characteristic prop@tyhis fundamental scalar field is that its
couplings have to be proportional to the mass ef glrticles it interacts with — if the
interaction with the Higgs field is indeed resptiesifor the mass generation. If the SM
Higgs boson exists, it will be discovered at thed_Hnce the data from about one year of
running time have been analysed. The LHC experiseiit also be able to measure quite
precisely its mass and the ratios of couplings. [Lizon the other hand would be a factory
for Higgs bosons, with as many Higgs events expepir day as the LHC experiments
collect per year. The high production rate anddlean environment of an electron positron
collider will allow to determine very precisely tltemplete profile of the Higgs boson and
thus to establish the Higgs mechanism experimgntaill to prove that this new particle
really is the SM Higgs boson. If it turns out tliais not, it might be one of several Higgs
bosons appearing in alternative models, e.g. ire8&ymmetry (SUSY). Then it is even more
important to analyse the profile of all accessidlggs bosons in order to determine the type
and the parameters of the underlying theory. At itt€, the SM Higgs boson will be
produced by two processes Higgsstrahlung and W\iériusvhose Feynman diagrams and
cross sections are shown in Figure 1.1. The Higasising process, which dominates for
center of mass energies up to about 300 Gewhove the Higgs mass, provides the
possibility of a decay mode independent mass mea=nt via the recoil mass against tfle Z
boson produced together with the Higgs, which everks for decays to invisible particles.
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With the detectors planned for the ILC, precisibetow 0.1% are achievable over the mass
range favoured by the SM. The WW fusion processusique tool for determining the total
width of the Higgs boson even for low Higgs massesm, < 200 GeV/¢, by measuring the
total WW fusion cross section and the branchinpnaBR (H— WW). At high masses, the

Higgs is so broad that its width can be determidedctly from its line-shape. The total
width then gives access to all couplings via meaguthe branching fractions. Figure 1.2
shows the expected precision for the different Miglgranching ratios. Especially
disentangling decays téb , ¢ and gg is challenging and requires an excellentexe
detector.The only coupling not accessible in decays is dipeHiggs Yukawa coupling; glue

to the high mass of the top quark. At the ILC ajomee would need to collect 1000 flat
800 GeV/é to produce enough'@ — ti H events to reach a precision of 5% to 10% for g

A more elegant way to extract gl would be to combine the rate measuremenfdfjg— tt
H (with the Higgs decaying further # or W'W") from the LHC, which is proportional to

g°gr2w With the absolute measurements gfagd gy from the ILC. The mass of the top
quark is one of the most important SM parametemsdier to check the overall consistency of
the Higgs mechanism. With a scan of the produdtioeshold, the top mass can be measured
at the ILC to 50+100 MeV and its width to 3+5%. Théiimate proof of the Higgs
mechanism is the measurement of the Higgs selflicaujp, which allows to map the Higgs
potential and check the relation betweéethe Higgs mass and its vacuum expectation value:
A= my?/2V2. This needs Higgsstrahlung events, where the Higg# radiates off a second
Higgs boson, which leads to 6-fermion final statasluding 6-jet final states. These require
an excellent jet energy resolution, much supendiot example the LEP detectors. Once all
Higgs parameters are measured, a global fit tbligljs properties will answer the question if
it really is the SM Higgs boson - or for examplsupersymmetric one - even if no other new
particle should be observed at the LHC. Even ifeotparticles will have been already
discovered, a careful analysis of the Higgs seistessential to unveil the model beneath the
new phenomena and to determine its parametersteFig shows the SM and some MSSM
expectations in the -gw plane and the precisions achievable at LHC andL@&t If
Supersymmetry is realised in nature, there willabdeast five physical Higgs bosons: two
CP-even bosons h and H, similar to the SM oneu&rale CP-odd boson A, and two charged
Higgs bosons H In contrast to the SM case, the Higgs massesaréree parameters, but
depend in on other SUSY and SM parameters.

-3-
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At the ILC, associated hA and HA production allowery precise measurements of the
SUSY Higgs bosons. As an example, figure 1.3 shtwsreconstructed mass sum and
difference for HA— 4b for masses of g= 250 GeV/é and m = 300 GeV/€ at a center of
mass energy of 800 GeV/cThe determination of the spin and the CP quaniumbers of
the Higgs bosons via their threshold behaviouriy theoduction angles or even via decays
into t pairs will then allow disentangling the variougybié bosons. If there is no light Higgs
boson found at the LHC, then the serious questisns‘what makes today precision
observables behave as if there were a light Higghe loops?” In this case, it is especially
important to use the ILC’s precision to probe \aiteffects. For those, the sensitivity of the
ILC reaches far beyond its center of mass energgytie multi-TeV range, in many cases
substantially beyond even the LHC reach.

1.3 Dark Matter & Extra Dimension

The notion of additional space-time dimensions appen many theories beyond the
Standard Model of particle physics. Especially nmiedewhich only gravity can propagate in
the extra dimensions, while all other particles amdractions are confined in the usual four
dimensional world, are very attractive because twyd explain why gravity appears to be
so much weaker than the other interactions. Inrowtads, it provides a solution to the
problem of the large hierarchy between the eleataknand the Planck scale. If such a model
is realised in nature, then some of the gravitansipced at the ILC via'e — yG will escape
into the extra dimension, producing events withhatpn and missing energy and momentum
with respect to the initial beam particles. Therggelependence of the cross section for this
process is closely correlated to the number ofaedimensions. The main background for
such processes is SM neutrino production with atitiatial hard initial state photon, which
can be suppressed by one order of magnitude bysoigpahe right beam polarisations,
allowing thus to determine the number of extra disi@ns as shown in Figure 1.4. Another
intriguing topic for the ILC is the understandinfjtibe dark matter [7] which makes up 23%
of our universe according to recent cosmologicadeoations [2]. The Standard Model of
particle physics does not contain a suitable catditb explain this large amount. One type
of candidates which is predicted in many modelsobdythe SM are Weakly Interacting
Massive Particles (WIMPS). In Supersymmetry forregée, the Lightest Supersymmetric
Particle (LSP) can be such a WIMP candidate, pexVitlis electrically neutral, not coloured
and stable, i.e. if R—parity @Ris conserved

-5-
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Physics motivations for the International Linear Collider

The lightest CP-even Higgs h, for example, musehmwnass of less than about 135 G&V/c
Despite its large center of mass energy, thereegiens in the SUSY parameter space where
the LHC can see only one of the Higgs bosons, dbBpgron the parameters of the Higgs
sector, for example in maximal mixing scenario rdeimediate values of tgh In these
cases, the additional precision information frore thC will be especially important. In
many SUSY scenarios the lightest neutralino plays tole, which would be discovered at
the LHC. The observation and even the mass measuateatone however do not answer the
question whether the LSP accounts for the darkenatt the universe. This can only be
clarified when all relevant parameters of the matel determined, so that the cross section
for all reactions of the WIMPs with themselves amddther particles and thus the relic
density can be calculated. This is illustrated iguFe 1.5, which shows the calculated relic
density as a function of the mass of the lightesttralino in the so called LCC1 scenario.
The yellow band shows the current knowledge of tékc density from the WMAP
experiment, which is expected to be improved sigaiftly by the Planck satellite in the
future (green band). The scattered points resoihfa scan over the free parameters of this
scenario, which can for the same LSP mass yieltge lvariation in the relic density. The
light blue and dark blue boxes indicate the preni®f the measurements at the LHC and
ILC, respectively. It is evident that only the ps#en of the ILC can match in an appropriate
way the precision of the cosmological observations.

Another unique opportunity for dark matter searchiethe ILC opens up independently from
specific models. By only assuming that WIMPs arlatkiinto SM particles, one can use the
observed relic density and crossing symmetriesatoutate an expected rate for WIMP pair
production via & — yy. The predicted rates [3] show that such eventéddoe observed at
the ILC by the detection of an additional hardiatistate radiation photon, however further
more detailed studies are needed.



Chapter 2

The ILC Accelerator Design

In the past century, physicists have explored smahd smaller scales, cataloguing and
understanding the fundamental components of theetse, trying to explain the origin of
mass and probing the theory of extra dimensionsd Anrecent years, experiments and
observations have pointed to evidence that we ainaxcount for a surprising five percent
of the universe. The International Linear Collid@LC) is a proposed linear particle
accelerator, consisting of two linear acceleratbes face each other (Figure 2.1). ILC will
hurl some 10 billion electrons and their anti-pes, positrons, toward each other at nearly
the speed of light. Superconducting acceleratoiitieavoperating at temperatures near
absolute zero give the particles more and moreggnentil they smash in a blazing crossfire
at the centre of the machine. Stretching approxtye®l kilometers in length, the beams
collide 14,000 times every second at extremely l@igargies 500 GeV. Each collision will
create an array of new particles that could anseare of the most fundamental questions of
all time. The current baseline design allows forupgrade to a 50-kilometre, 1 trillion-
electron-volt (TeV) machine during the second stafehe project. ILC would collide
electrons with positrons. The ILC is based on 1 Guperconducting RF cavities operating
at a nominal gradient of 35 MeV/m. The collider gies at a repetition rate of 5+10 Hz. The
site length is 31 km for center of mass energyQ8f &6eV; the site would have to be extended
to reach 1 TeV. The International Linear Collide{flLC) most important requirements are:

e an initial center-of-mass (cms) energy up to 50¥ @th the ability to upgrade to 1
TeV;

e an integrated luminosity in the first four years 500 fb' at 500 GeV cms or
equivalent at lower energies;

e the ability to scan in energy between 200 andG8U cms.

The installed RF system is capable of accelerdigagmns for collisions up to center of mass
energy of 500 GeV. The design peak luminosity 40% cm? s* at 500 GeV and a collider
availability of 75% should enable to the delivertptal integrated luminosity of about 500
fb™!, in the first four years of physics operationsumsing an annual physics run of 9 months,
and a gradual ramp up of luminosity over the faearg.



The ILC Accelerator Design

Electrons Detectors  Electron source Positrons
Undula_l_tor B

Beam delivery system

Main Linac Damping Rings Main Linac

Figure 2.1: A schematic layout of the International Linear iZiglr.

Figure 2.2: Cutaway view of the linac dual-tunnel configuoati On the left you can see the
Main Linac tunnel, on the right the service tunhekting the klystrons, the
klystron modulators and switching power supplies.
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Figura 2.3:Schematic view of the polarized Electron Source.

The energy flexibility has been a consideratiortiyghout the design and essential items to
facilitate a future upgrade to 1 TeV, such as #rggth of the beam delivery system and the
power rating of the main beam dumps, have beerrpocated. The beams are prepared in
low energy damping rings that operate at 5 GeVamed6.7 km in circumference. They are
then accelerated in the main linacs which are atduinkm per side. Finally, they are focused
down to very small spot sizes at the collision paiith a beam delivery system that is about
2.2 km per side. To obtain a peak luminosity ef0® cm? s, the collider requires
approximately 230 MW of electrical power.

2.1 Electron and Positron Sources

The ILC polarized electron source (Figure 2.3) nprsduce the required train of polarized
electron bunches and transport them to the DamRimg. The nominal train is 2625
bunches of 2.0*1% electrons at 5 Hz with polarization greater th@¥3(Table 2.1). The
beam is produced by a laser illuminating a photomde in a DC gun. Two independent laser
and gun systems provide redundancy. Normal-conulyiiructures are used for bunching
and pre-acceleration to 76 MeV, after which thenbeia accelerated to 5 GeV in a
superconducting linac. Before injection into themgéng ring, superconducting solenoids
rotate the spin vector into the vertical, and aasai@ superconducting RF structure is used for
energy compression.
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Parameter Symbol Value Units
Electrons per bunch (at gun exit) e 3x 1010 Number
Electrons per bunch (at DR injection) e 2% 1010 Number
Number of bunches N, 2625 Number
Bunch repetition rate Fup 3 MHz
Bunch train repetition rate Fou 5 Hz
Bunch length at source At 1 ns
Peak current. in bunch at source Lavg 3.2 A
Energy stability S <5 %o rms
Polarization F, 80 (min) %
Photocathode Quantum Efficiency QE 0.5 %
Drive laser wavelength A 790+20 (tunable) nm
Single bunch laser energy E 5 pd
Table 2.1: Electrons Source System parameters.

Beam Parameters Symbol Value Units

Positrons per bunch at IP ny 21010 number

Bunches per pulse Ny 2625 number

Pulse repetition rate frep 5 Hz

Positron energy (DR injection) Ey 5 GeV

DR transverse acceptance Y AztAy) 0.09 m-rad

DR energy acceptance ) +0.5 %

DR longitudinal acceptance A +3.4x £25 | cm-MeV

Electron drive beam energy E, 150 GeV

Electron heam energy loss in undulator AFE, 3.01 GeV

Positron polarization T P ~60 %

Table 2.2: Nominal Positron Source parameters.

A third polarized electron source (500 MeV) dritee Positron Keep Alive Source (KAS).
Polarization is not required in the baseline, bilk e required for either the e € ory —y

options. The SLC polarized electron source alreadgts the requirements for polarization,
charge and lifetime. The primary challenge for ih& source is the long bunch train, which
demands a laser system beyond that used at aning»xascelerator, and normal conducting
structures which can handle high RF power. Both R&Evelopments are considered

manageable. In other hand, ILC Positron Source piset-production to generate positrons
(Figure 2.4).
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Figura 2.4: Overall layout of the Positron Source.

The electron main linac beam passes through a hefigal undulator to generate a multi-
MeV photon beam which then strikes a thin metabdarto generate positrons in an
electromagnetic shower. The positrons are captwecklerated, separated from the shower
constituents and unused photon beam and then ansported to the Damping Ring.
Although the baseline design only requires unppéali positrons, the positron beam
produced by the baseline source has a polarizafiet80%, and beam-line space has been
reserved for an eventual upgrade to ~60% polaozgiiable 2.2). The positron source must
perform three critical functions:
e generate a high power multi-MeV photon productiomedbeam in a suitable short
period, high K-value helical undulator;
e produce the needed positron bunches in a metattdrgt can reliably deal with the
beam power and induced radioactivity;
e capture and transport the positron bunch to theDla@ping Rings with minimal
beam loss.

In addition, the Positron Source requires sufficieatrumentation, diagnostics and feedback
(feed-forward) systems to ensure optimal operatiaine source and ILC.

2.2 Service Rings

2.2.1 Damping Rings

The ILC damping rings include one electron and gositron ring, each 6.7 km long,
operating at beam energy of 5 GeV. The two ringslarused in a single tunnel near the
center of the site, with one ring positioned dieabove the other. The damping rings must
perform three critical functions:
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Parameter Units Value
Energy Gel 5.0
Cireumference km 6.605
Mominal # of bunches 2625
Mominal bunch population 2.0 = 107
Maximum # of bunches 5534
Bunch population at max # of bunches 1.0 5 1010
Average current A (.40
Energy loss per turn eV 8.7
Beam power MW 3.5
MNominal bunch current mi 0.14
RF Frequency IMHz 650
Total BF voltage MV 24
RF bucket height % 1.5
Injected betatron amplitude, A, 4+ A, m.rad 0,09
Equilibrinm ~yes pimn.rad 5.0
Chromaticity, 25 /2, -63/-62
Partition Numbers, J. /.1, /Jg 0.9998,/1.0000 /2.0002
h 14,516
Vs 0067
fe kHz 3.0
o 4.2 = 107
vy 52.40 /49.31
et mIm 9.0
TP 1.28 « 1073
T ms 2h.7
Ts ms 12,9

Table 2.3:Positron Damping Ring parameters; the Electron pagnRing is identical
except for a smaller injected téamce.

e Accept éand e+ beams with large transverse and longitbdmétances and produce
the low-emittance beams required for luminositydordion;

e Damp incoming beam jitter (transverse and longitatjiand provide highly stable
beams for downstream systems;

e Delay bunches from the source to allow feed-forwgsydtems to compensate for
pulse- to-pulse variations in parameters suchabtimch charge;
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Figure 2.5: Dynamic aperture of ILC Damping Ring (without 8edr alignment error) for
relative momentum errors of ;X% and 1% atx =44 mand y =18 m. The
tick green line representssize of the injected positron beam.
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Figure 2.6:Schematic of RTML.
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Parameter Nominal Value | Low Charee Value
Initial energy 5.0 GeV

Initial energy spread 0.15%

Initial emittances 8.0um =« 20 nm

Initial horizontal beam jitter la

Initial bunch length 9.0 mm

Final bunch length 0.3 mm 0.2 mm
Final energy 15.0 GeV 13.7 GeV
Final energy spread 1.5%, 2.7 %
Final horizontal beam jitter 0.1

ISR emittance growth 0.9 pm (L8 pm
Emittance budget lpm = 4 nm

Table 2.4:Basic beam parameters of the RTML.

The damping ring system includes the injection amtraction systems, which includes
sections of transport lines matching to the sou(apstream of the damping rings) and the
RTML system (downstream of the damping rings).

2.2.2 Ring to Main Linac

The ILC Ring to Main Linac (RTML) is responsiblerfmansporting and matching the beam
from the Damping Ring to the entrance of the Maimak.
The RTML must perform several critical functions:

e transport of the electron and positron beams fiwgrdaamping rings, at the center of
the ILC accelerator complex, to thetrgean ends of their respective linacs
(“geometry matching");

e collimation of the beam halo generated in the dagping;

e rotation of the spin polarization vector from thertical to any arbitrary angle
required at the IP;

e compression of the long Damping Ring bunch length actor of 30 ~ 45 to provide
the short bunches required by the Manac and the IP;
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Parameter Value | Units || Parameter Value | Units
Initial beam energy 15 | GeV | Initial e, 84 | pm
Final beam energy 250 | GeV || Final ~e, 0.4 | pm
Particles per Bunch |2 « 101 Initial ~e, 24 | nm
Beam enrrent 9.0 |mA | Final ~e, 3 | nm
Bunch spacing 369 | ns T, 0.3 | mm
Bunch train length 060 | s Initial o /E 15| %
Number of bunches 2625 | Final op/E (e=.et) 0.14,0.10 | %
Pulse repetition rate 5| Hz || Beam phase wrt RF crest 5l

Table 2.5:Nominal beam parameters in the ILC Main Linac.

2.3 Main Linacs

The two main linacs accelerate the electron andrpasheams from their injected energy of
15 GeV to the final beam energy of 250 GeV oveomluined length of 23 km. This must be
accomplished while preserving the small bunch emas, which requires precise orbit
control based on data from high resolution beanitipagmonitors. The linacs utilize L-band
(1.3 GHz) superconducting technology, with nind-cganding-wave niobium cavities
operating at an average gradient of 31.5 MV/m RKasuper-fluid helium bath. The choice
of operating frequency is a balance between thé& le@vity cost due to size at lower
frequency and the lower sustainable gradient dumdreased surface resistivity at higher
frequency. The accelerator gradient is somewhdtenighan that typically achievable today
and assumes that further progress will be madengluhie next few years in the aggressive
program that is being pursued to improve cavityfqgremrance. The Table 2.5 lists the key
beam parameters in the main linac. The rms buraftihleremains constant along the linacs,
while the bunch fractional energy spread decreasaghly as B/E, where E is the beam
energy and Eis the initial main linac beam energy. Bunches phased 5off-crest to
minimize their energy spread. No BNS energy spigaacluded to suppress resonant head-
to-tail bunch trajectory growth as the short-ramggke-field is fairly weak. For this same
reason, the focusing strength of the quadrupot&datn the linacs is kept fairly weak to
reduce emittance growth from quadrupole misaligrisien
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Figure 2.7:9-cells Superconducting RF Cavity.

2.4 The ILC Accelerating System

2.4.1 Superconducting cavities

The accelerating gradient in the ILC main linac sgpplied by over 16,000 9-cell
superconducting RF cavities (Figure 2.7), groupeatb iapproximately 12.6 m long
cryomodules. Another ~1200 9-cell cavities provabeeleration in the sources and bunch
compressors. The baseline cavities use the TESIsigaeleveloped at DESY over the past
10 years. The cavities are qualified at 35 MV/mdggat in a vertical test and operated at an
average gradient of 31.5 MV/m. At these gradiepiszoelectric tuners are required to
compensate for Lorentz force detuning. The TESLA&eB-superconducting cavity was
chosen as the baseline design because it has edhies highest qualification gradients to
date for multi-cell cavities, approximately withite range required for ILC. There is
significant operational experience with these ¢asiand it has been demonstrated with beam
that accelerating gradients of greater then 30 M¥ha possible after full installation in a
cryomodule. Each 9 cell cavity consists of nineeterating cells between two end group
sections. One end group has a port for couplingoBker from the power source into the
structure, and the other end has a port for a fsalchpling probe used to determine and
control the accelerating gradient. Each of thesespaccepts an electric field antenna
required for qualification and operation. Each gmdup also has a resonant higher order
mode (HOM) coupler structure with a probe port amall electric field antenna for
extracting HOM power and for diagnostics. In thegass of building a cryomodule, these
cavity structures are cleaned, tested and placedhelium jacket for cooling together with
additional peripheral components assembled on thressing the cavity.
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Tararmeter

Value

Type of accelerating structure

Standing Wave

Accelerating Mode

ThMpgo. ™ mode

Fundamental Frequency

1.300 GHz

Average installed gradient

31.5 MV, /m

Oualification gradient

35.00 MV /m

Iretalled quality factor =1x10M"
Ouality factor during qualification >0.8x 1010
Active length 1.03%8 m
Number of cells 9
Cell to eell coupling 1L.ET%
Iris diameter 70 mm
R/Q 1036
Geometry factor 270 0
a0

E[\-ﬁni. ."'.E-H:c

Biaak/Eace

4.26 mT MV~1;m™!

Tuning range

+300 kHz

Af/AL

315 kHa/mm

Number of HOM couplers 2

Table 2.6:1LC 9-cell Superconducting Cavity layout paramster

Element Impurity content Property Value
in ppm (wt)

Ta <500 RRR =300

w =70 Grain size =50 pm

Ti <hll Yield strength =G0 MPa

Fe =30 Tensile strength =100 MPa

Mo <Al Elongation at break 30%

Ni =30 Vickers hardness

H <2 HV 10 <50

N =10

O <10

C <10

Table 2.7:Properties of high-RRR (residual resistivity ratidipbium suitable for use in ILC
Cauvities.

A dressed cavity contains one 9-cell niobium castyucture, coarse and fine tuners for
adjusting the frequency of the structure, magngtielding material to minimize the cavity
losses, a variable coupling high power input artefion powering the cavity, an electric field
sampling antenna and two higher order mode elefitid antennas. Nine of these dressed
cavities are usually connected into a string arel assubcomponent of a superconducting
cryomodule. The basic design parameters for thgycare listed in Table 2.6 and 2.7.
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Figure 2.8: RF unit diagram showing the basic waveguide iBistion layout between
the klystron and 26itias in three cryomodules.

2.4.2 RF distribution system

The main linacs are composed of RF units whoseulaigallustrated in Figure 2.8 and whose
parameters are listed in Table 2.8. Each unit hstarad-alone RF source that powers three
contiguous cryomodules containing a total of 26itees/ (with 9, 8 and 9 cavities in each
cryomodule, respectively). The RF source includeSigh-voltage modulator, a 10 MW
klystron and a waveguide system that distributedRf power to the cavities. It also includes
the low-level RF (LLRF) system to regulate the tavield levels, interlock systems to
protect the source components, and the power sspphd support electronics associated
with the operation of the source. To facilitate m@nance and limit radiation exposure, the
RF source is housed mainly in a separate serviggetuhat runs parallel to the beam tunnel.
The modulator is a conventional pulse-transforrgee twith a bouncer circuit to compensate
the voltage droop that occurs in the main storagecitor during the pulse. The modulator
produces 120 kV, 130 A, 1.6 ms, 5-10 Hz pulses waihefficiency of 83%, including the
charging supply and rise time losses. These hidfag® pulses power a multi-beam klystron
(MBK) that amplifies ~ 100 W, 1.6 ms RF pulses frém LLRF system up to 10 MW. This
klystron has higher power and improved efficien89% goal) relative to commercial 5 MW
tubes (40-45%). The dual outputs of the klystroedfento two waveguides, each carrying
half the power, which runs roughly 11 m to the dirthrough a penetration between the
service tunnel and the main tunnel. High-powerine-lattenuators allow more power to be
sent through one arm than the other to accommalifféeent average gradient capabilities in
the sets of cavities they feed. The penetrationrgeseapproximately at the center of the
middle cryomodule of the unit. Here, a hybrid $ptfitdivides the power in each waveguide
with a 4:9 ratio (-5.12 dB).
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Parameter Value [Init=
Modulator cverall efficiency 8528 b
Maximmum kyston output power 10 MW
Klystron efficiency 65 o

RF distribution svstem power Joss ] M

Mumber of cavities 20

Effective cavity length 1,038 M
Mominal eradient with 229 tuning overhead 31.5 MV /m
Power limited gradient with 16% cuning overhead 34,0 MV /m
RF pulse power per cavily 203.7 EW
RF pulse length 1.565 s
Avernge RF power to 26 cavities 50.8 EW
Average power transferved to beam 6.0 kW

Table 2.8:RF Unit parameters.

The lower power output of each splitter feeds hidf center cryomodule and the higher
power output is carried approximately 6 m to oné¢hefouter cryomodules (see Figure 2.8)
Along each cryomodule, RF power is equally distrdoliamong the cavities in a linear
waveguide system, passing through a series of dingdbyle 4-port tap-offs. These tap-offs
couple the appropriate sequential fraction (1/g,.1/, 1/2 or 1/4,1/3,1/2) of the power
remaining in the line to all but the last cavityhieh is directly fed the remainder. The
nominal power required in each cavity is 293.7 Kétween the tap-offs, the remainder of
the 1.326 m coupler spacing is filled with modifigilaight waveguide sections whose width
is symmetrically tapered, with 1/4-wave transfornmeatching steps, varying the guide
wavelength to roughly yield the proper inter-caytyasing. Between each tap-off output and
its associated cavity coupler are a circulatolrad-stub tuner, and a diagnostic directional
coupler (see Figure 2.9). The three-stub tunewallitne adjustment of both cavity phase and
external coupling. The circulator, with a load ¢ third port (thus technically an isolator),
absorbs RF power reflected from the standing-wawéty during filling and emitted during
discharge. It provides protection to the klystrowl @solation between cavities. A couple of
E-plane waveguide U-bends are also needed to keepystem compact and feed into the
downward pointed coupler flange, and a short séemifle section is included to relieve

stress and ease alignment tolerances.
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Figure 2.9: Waveguide circuit from tap-off hybrid to couplaput, showing the various
components (except for thectional coupler).

Figure 2.10: Toshiba 3736 Multi-Beam Klystron.

2.4.3 Klystron

The accelerating gradient for the ILC main linagssuipplied by superconducting 1.3 GHz
cavities powered by 560 10 MW RF stations, eachh wit modulator, klystron and RF
distribution system. Another 86 identical klystnmadulator systems are used in the e+ and
e Sources and RTML bunch compressors. The dampmgRF power is supplied by 650
MHz superconducting cavities powered by 1.2 MW CMstkons. These are fed from a DC
charging supply and do not have modulators. Therelso a few special purpose S-band RF
stations for instrumentation and a 3.9 GHz RF @tato power the crab cavities near the
Interaction Point.
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Parameter Specification
Frequency 1.3 GHz
Peak Power Output 10 MW

RF Pulse Width 1.565 ms
Repetition Rate 5 Hz
Average Power Cutput T8 kW
Efficiency 65
Saturated Gain =47 db
Instantanesous 1 db BW 3 MHz
Cathode Voltage <120 kV
Cathode Current <140 A
Power Asvmmetry <1%
Lifetime = 40,000 hours

Table 2.9:10MW MBK parameters.

The 10 MW L-band source in the ILC baseline desgga Multi-Beam Toshiba Klystron
(MBK) [8, 9, 10, 11], chosen as a result of tenrgeaf R&D for TESLA and the European
XFEL. The MBK is a design approach for linear ioe@mbes that achieves higher efficiency
by using multiple low space charge (low perveamagms. This allows MBKs to operate at a
lower voltage yet with a higher efficiency than pier single round beam klystrons, and
provides a cost-effective and simplified designfapmation for the ILC RF systems. MBK
prototypes have been successfully built for the KHBy three major electron tube
manufacturers: Thales, CPIl and Toshiba (Figure)2Tfiese prototypes were designed for
essentially the same peak RF output power speitfitaas required at ILC, yet with nearly
twice the duty cycle as required for the XFEL. Aflthese manufacturers have extensive
past experience in bringing prototype klystronsstaite- of-the-art designs into production
models, and they are regarded as fully capablemipmg up and producing the required
quantities of MBKs to meet the delivery scheduletfe construction of the ILC. A summary
of the MBK specifications is shown in Table 2.9.eTRF design of the MBK klystron has
matured through several iterations of design asting and today essentially all aspects of
the electrical design are considered solved, itiquaar, the choice of resonant frequencies to
use for the cavities within the klystron body, tream focusing and others. Test results for all
three manufacturers are summarized in Figure ZA& three most important technical issues
for the MBK are lifetime, manufacturability, andiability. Lifetime for linear beam tubes is
dominated by cathode performance. Both the CPITarshiba MBKs have gun designs with
cathode loading close to 2 A/ém

-22-



The ILC Accelerator Design

a) b) c)

Figure 2.11(a) CPI VKL-8301 (b) Thales TH 1801 (c) Toshiba KIE3736.

For an M-type dispenser cathode, this low curremisdy corresponds to a lifetime in excess
of 50,000 hours. However, this lifetime has to beftmed by suitable long-term operation
tests. The “lifetime" quoted in Table 2.9 is tiva¢ during which the klystron can operate at
the design performance specifications.

Construction of the MBK is inherently more comptéan that of single-beam klystrons due
to the several linear beam tubes being built insingle vacuum envelope. The number of
braze joints, the fixturing and tooling, and th@gasses required to successfully construct,
bakeout, and test an MBK are issues that requirentain in developing an efficient
assembly procedure that reduces the unit costrdiiable performance, a robust thermal
design of the output circuit (output cavity, wavielly and RF window) is important. Since
ILC MBK Klystrons are being built for the EuropedREL, where they will operate at nearly
twice the duty cycle of the ILC, there will be sifigant thermal/mechanical margin when
operated for ILC specifications. The XFEL, howevdoes not require operation at full
power, so reliability at 10 MW must also be demmatsd. A remaining open issue is that the
existing prototypes are vertical klystrons but aizemtal version is required for installation
in the tunnel. While this is an engineering chajlenDESY is already working with the
manufacturers to produce a horizontal klystrontfer XFEL. An alternate design is being
developed to improve on the manufacturability agléability of the MBK. The Sheet Beam
Klystron (SBK) has fewer parts and processes tmaMBK. It is focused with a periodic
permanent magnet (PPM) system and, as a ressifhaier and weighs less than an MBK.

-23-



The ILC Accelerator Design

Y
1
|

10

¥

Fout MW
FO- -]

L I L I L I L I L
RF Ot put Poweer (W)

= b

] ] ]
] 500 1000 150 200 250 ] 0 Tga 150 200 0 50 1 150 200 250
5307 Cirive Poweer (W) Fin (W) RF Dirive Poweer (W)

Figure 2.12: Test results for: (a) CPI VKL-8301 at reduced puisdth; (b) Toshiba MBK
E3736 at full spec pulse Wwjdt) Thales TH1801 at reduced pulse width.

Figure 2.13: (a) Capacitor Stack, (b) Dual IGBT Switch, (c) Boar Choke, (d) Pulse
transformer.

DESY is already working with the manufacturers toduce a horizontal klystron for the
XFEL. An alternate design is being developed toromp on the manufacturability and
reliability of the MBK. The Sheet Beam Klystron (EBhas fewer parts and processes than
an MBK. It is focused with a periodic permanent metg(PPM) system and, as a result, is
smaller and weighs less than an MBK.

2.4.4 Klystron Modulator

Modulator operation is straightforward: the chargelivers a DC voltage to the storage
capacitors of approximately 11 kV. The modulatorimmawitch is then triggered and held
closed for about 1.7 msec. Capacitor current flatu®ugh the switch to the step-up
transformer input. At the same time, an auxiliargap compensation “bouncer” circuit is
fired to maintain the pulse top at to within ~ 0.8Uring the RF drive period. The slightly
above 10 kV drive pulse (to compensate for Bounodinge) is delivered to the input of the
pulse transformer in order to produce at least1k¥, 133.0 A to the klystron for rated 10
MW peak output. Principal devices of a klystron miador are shown in Figure 2.13.
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Figure 2.14: Damping Ring 1.2 MW RF station (1 of 20).

Specification Twvpical Maximmun
Charger input voltage kV RMS T.6T 8
Charger average power input kW 147.9 161.7
Charger efficiency 0.93 0.93
Charger DC output voltage = Modulator kV;, 108 11.3
Charger DT ave output current = Modulator A;, 13.26 13.26
Charger average power output @ 5 Hz KW 137.5 150.3
Modulator efficiency .04 0.94
Modulator pulse valtage output = Pulse Transformer KV, 10.16 10,18
Modulator pulse current ontput = Pulse Transformer A, 1560 1680
Modulator sverage power output @ 5 Hz kW 120.3 141.3
Pulse transformer step-up ratio 12 12
Pulse transformer efficiency 0.97 0.97
Pulse transformer voltage out = Klystron kVp, 115.7 120
Pulse transformer current out = Klvstron Apy, 133.0 140
Pulse transformer average power output @ 5 Hz kW 1254 137.1
High voltage pulse duration (70% to 70%) ms 1.631 1.7
High voltage rise and fall time (0 to 995%) ms <(.23 0.23
High voltage flat top (999, to 99%) ms 1.565 1.565
Pulse flatness during flat top % = 0.5 +0.5
Pulse to pulse voltage fluctuation % < 0.5 +0.5
Energyv deposit in klvstron from gun spark I = 20 20
Pulse repetition rate, Hz il lil
Klystron filament woltage V' q 11
Klystron filament current A Al il

Table 2.10:Modulator Specifications & Requirements Assuming#ilonuP= 3.38,
Efficiency= 65%.
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Figure 2.15: The overall layout concept for the cryogenic syste

The Damping Rings have 650 MHz CW stations usigMW peak power klystrons, 20 in
total for 2 rings. Power is supplied from a DC dypgf 2.0 MW delivering 50-75 kV at 17-
10 A DC. The RF envelope is controlled by the lewel RF and timing to maintain stability
and clearing gaps as needed. The station blockadtags shown in Figure 2.14. There are no
major technical issues with the L-Band modulatoloag as the entire system has sufficient
overhead (redundancy) to compensate for a failediost To achieve an acceptable
availability, the linac energy and beam currentapaters must be chosen to provide some
RF spare stations. Redundancy of internal compsrsrth as IGBT switches and sectioning
of chargers for N+1 redundancy is also importanurréhtly this is only partially
implemented in the prototypes. The present desigiciwdevelops the drive pulse at low
voltage and high current has larger losses tharldMo® experienced with a higher voltage
design. This is not a major technical issue, bobst, size and weight issue. Installation and
repair during operations will be more difficult Witmulti-ton components such as the
transformer and main capacitor switch multi-cabiaessembly.An alternative modulator
design is being investigated to address these dssu@uding the possibility of significant
cost reduction. The design would reduce the ovdoatprint and eliminate the step-up
transformer and other oil-filled components.

2.4.5 The cryogenic systems

With superconducting equipment throughout the lc@/ogenic systems of extensive size
and capacity will be required (Figure 2.15). Supadtcting RF cavities operating at 2 K in
the main linacs are the primary accelerating stmest in the ILC and comprise the largest
cryogenic cooling load. Although not as extensitlee positron and electron sources,
damping rings, RTML, and beam delivery systemsuidel a large number and variety of
superconducting RF cavities.
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Cryomodules Total
(eavities/eryomonle) 8-C 9-C B-C 6-C 1-C 2-C
{quads/eryomodule) 1-0) 0-C) 2-Q 6-Q
(frequency, MHz) 1300 1300 1300 1300 1300 650 3900

Main Linac e 282 564 846

Main Linac et 278 556 834

RTML e~ 18 30 48

RTML et 18 30 48

e source 24 24

et booster 12 [§ 4 22

et Keep Alive 2 2

e~ Damping Ring 18

et Damping Ring 18

Beam Deliverv System 2

Total 634 1180 G 4 1824 36 2

Table 2.11: Superconducting RF modules in the ILC, excludimgtwo 6-cavity energy
compressor cryomodules locatetie electron and positron LTRs.

Table 2.11 summarizes the numbers of various tgpasiperconducting RF modules in the
ILC. In addition to the RF modules listed in Tab®ll, there are a variety of
superconducting (SC) magnets in the ILC. About ¢imed of the 1.3 GHz cryogenic
modules contain SC magnets. As part of the posgoumce, the electron linac includes about
150 meters of SC helical undulators in 2 to 4 mketiegth units. The Damping Rings have 8
strings of superconducting wiggler magnets, andethee special SC magnets in the sources,
RTML, and beam delivery system. Figure 2.15 illatts the concept for the cryogenic
system arrangement in ILC. Ten large cryogenictplanth 2 Kelvin refrigeration cool the
main linac, RTML and the electron and positron sear Three smaller cryogenic plants with
mostly 4.5 K loads cool the damping rings and belslivery system. The ILC cryogenic
systems are defined to include cryogen distribusisrwell as production. Thus, components
of the cryogenic system include the cryogenic glamtistribution and interface boxes,
transfer lines, and non-magnetic, non-RF cold tumoenponents. Although cryomodules,
SC magnets, and production test systems also iadighificant cryogenics, those are not
considered in this section of the RDR. Main linagogenic modules each containing eight
(with magnet package) or nine (without magnet pgekanine-cell niobium cavities, cold
helium pipes, and thermal shields are the domihaatl to be cooled by the cryogenic
system. The magnet package, in one third of thensoglules, includes a superconducting
quadrupole and corrector magnets. The ILC cryonedekign for the 1.3 GHz RF is based
on the TESLA Test Facility (TTF) type Ill design izh contains all the cryogenic pipe-work
inside its vacuum enclosure. There are approxima& km of 1.3 GHz cryomodules
including main linac, RTML, and sources. Seried@ecture is mostly used in the cryogenic
unit cooling scheme.
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Figure 2.16: Cooling scheme of a cryo-string.

Like for the TESLA cryogenic concept, saturatedIHeools RF cavities at 2 K, and helium
gas cooled shields intercept thermal radiationthedmal conduction at 5 - 8 K and at 40 - 80
K. A two-phase line (liquid helium supply and con@&mt vapor return) connects to each
helium vessel and connects to the major gas réieaider once per module. A small diameter
warm-up/cool-down line connects the bottoms oflfeevessels. A subcooled helium supply
line connects to the two-phase line via a JouleAT$un valve once per string (typically 12
modules). The 5 K and 40 K heat intercepts andatich screens are cooled in series through
an entire cryogenic unit of up to 2.5 km in lengfor the 2 K cooling of the RF cavities, a
parallel architecture is implemented with the pafatooling of cryo-strings resulting in
operational flexibility. Consequently, each cryoigeunit is subdivided into about 14 to 16
cryo-strings, each of which corresponds to the frteter length elementary block of the
cryogenic refrigeration system. Figure 2.16 shdwesdooling scheme of a cryo-string, which
contains 12 cryomodules. The cavities are immeiséxdiths of saturated super-fluid helium
gravity filled from a 2 K two phase header. Satedasuper-fluid helium owes all along the
two-phase header for filling the cavities and pheesgarators located at both ends of the two-
phase header. The first phase separator is ussthbdize the saturated liquid produced
during the final expansion. The second phase sgpaira used to recover the excess of
liquid, which is vaporized by a heater. At the mtennection of each cryomodule, the two-
phase header is connected to the pumping retuen Tihe division of the Main Linac into
cryogenic units is driven by various plant sizeitgvand a practical size for the low pressure
return pipe. A cryogenic plant of 25 kW equivaldib K capacity is a practical limit due to
industrial production for heat exchanger sizes awer-the-road shipping size restrictions.
Cryomodule piping pressure drops also start to imeccather large with more than 2.5 km
distances. Practical plant size and gas returnemga@ssure drop limits are reached with 192
modules in a 16-string cryogenic unit, 2.47 km long
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Liquid supply Vapor refin

Horizental string (12 modules) with 2-phase pipe half full of liguid
Large liquid surface area for evaporstion in 2-phase pipe.

This 1= the way that TTF has been nonming, with liquad partially filling (he 2-phase pipe.

Liquid supply

. ) L., Vapor retum
Sleped string (12 modules), 2-phase pipe nearly empty of louid. l
Liquid swface area for evaporation in down-pipe cross-sections.

This is the way that a sleped ILC (and XFEL) would operate, with liquid ruming down
the 2-phase pipe, filling each helium vessel, and excess loquid dropping mito a vessel
al the string end where it is boiled away by a small electric heater.

Figure 2.17Two-phase helium flow for level and for slopedtsyss.

Five cryogenic units divide the main linac conveilig for placing the positron source
undulators at 150 GeV. As the ILC site has not lye¢n selected, the cryogenic system
concept must accommodate different configuratiohsuonel and civil works. The tunnel
may follow the earth's curvature or be laser-shiaigith a maximum slope of up to 0.6%
creating large elevation differences. To avoid Hatnmstabilities, all fluid should ideally be
transported over large distances in a mono-phese. stocal two-phase circulation of
saturated liquid can be tolerated over limited teeagwithin a controlled range of vapor
quality. Figure 2.17 illustrates two methods ol management in the two-phase supply
pipe for main linac cryogenic modules, one caseafeloped system and the other for a level
system. As listed above in Table 2.10, electrongosgitron sources each include just over 20
SRF modules containing 1.3 GHz RF cavities coote@ Kelvin. The sources also include
several superconducting magnets, as well as aliuindeters of superconducting positron
source undulators. These undulators are cooledbybthe cryogenic plants in the electron
linac cryogenic system. Damping ring cryogenic kddclude 4.5 K superconducting
wigglers, 4.5 K 650 MHz cryomodules, associategenic distribution systems, and 70 K
thermal shields for all of these. Two cryogenicnpdaserve the damping rings. The beam
delivery system has one 3.9 GHz cryomodule (coimgitwo cavities) on each side of the
interaction point, superconducting final focus qugales, and other special superconducting
magnets spaced several hundred meters from tf@n&cryogenic plant serves both sides of
the interaction region.
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Figure 2.18 Distribution of the ILC value estimate by areastsyn and common
infrastructure, in ILC Units. The estimate for teeperimental detectors for
particle physics is not included.

2.6 Estimate for construction of ILC

The value and explicit labor estimates are curasrif February 1, 2007, and will be updated
in the final report. The preliminary value is fiwetcost of the ILC in its present design and at
the present level of engineering and industrialiratThe estimate contains three elements:
e 1.83 Billion (ILC Units) for site-dependent cosssich as the costs for tunneling in a
specific region;
e 4.79 Billion (ILC Units) for shared value of theghi technology and conventional
components;
e 14,200 person-years for the required supportingpoaer (= 24 million person-
hours)
A common estimate was used for all non site-spetdchnical components, regardless of
region. The three regional site-specific estimatese based on local costs for civil
engineering and the primary high voltage electnimaler connections, feeds, substations and
primary cooling water systems. All three site-degeat estimates are within a few percent of
the average. There are many possible models fadidg/ the responsibilities among the
collaborating regions. The numbers below preseet possible model where the estimates
are divided into site-specific and shared partsthia model, the host region is expected to
provide the site-specific parts, because of the, stemplexity, and specific nature of these
elements.
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Region Site-Specific Shared Total
Asia 1.75 B 478 B 6.53 B
Americas 1.80 B 4.79 B 6.68 B
Europe .85 B 4.79 B 6.64 B
and Average 1.83 B 479 B 6.62 B
plus 14 K person-vears of explicit labor
or 24 M person-hours 1,700 hours/vear

Table 2.12 Possible division of responsibilities for the&@ple sites (ILC Units).

The site-specific elements include all the civigg®ering (tunnels, shafts, underground halls
and caverns, surface buildings, and site developmenk); the primary high-voltage
electrical power equipment, main substations, nmadioltage distribution, and transmission
lines; and the primary water cooling towers, priyngrumping stations, and piping.
Responsibilities for the other parts of the conierdl facilities: low-voltage electrical power
distribution, emergency power, communications, HVA@lumbing, fire suppression,
secondary water-cooling systems, elevators, cramasts, safety systems, and survey and
alignment, along with the other technical composgobuld be shared between the host and
non-host regions. Such a model may be summarizesh@sn in Table 2.12. The value
estimates broken down by Area System are shownraepa for both the conventional
facilities and the components in Figure 2.18 andlg2.13. Common refers to infrastructure
elements such as computing infrastructure, higkagel transmission lines and main
substation, common control system, general instatiaequipment, site-wide alignment
monuments, temporary construction utilities, saribgs and site characterization, safety
systems and communications. The component valuenass for each of the Area
(Accelerator) Systems include their respective REraes and cryomodules, cryogenics,
magnets and power supplies, vacuum system, begos siad collimators, controls, Low
Level RF, instrumentation, installation, etc.. Thgerconducting RF components represent
about 69% of the estimate for all non- CF&S compiselnitial cursory analysis of the
uncertainties in the individual estimates from Trechnical Systems indicates that the RMS
for the current RDR value estimate for the preskiuaseline design is likely to be in the
o= *10-15% range, and that the 95th percentile for thtsme¢e is no larger than +25%
above the mean. The explicit labor for the Globgt&ms, Technical Systems, and specific
specialty items for Electron Source, Positron Seuf@amping Rings, and Ring to Main
Linac, include the scientific, engineering, andhtaécal staff needed to plan, execute, and
manage those elements including specification, ggesprocurement oversight, vendor
liaison, quality assurance, acceptance testingegiation, installation oversight, and
preliminary check-out of the installed systems.
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Conventional
Area - M ILC Units Total Components Facilities
Main Linac 3,804 2,723 1,172
DR G630 395 231
RTML 554 320 234
et source 308 232 166
BDS 408 157 252
Common 369 229 140
Exp Hall 200 0 200
e source 165 BT T8
Sum | 6615 | 4146 | 2,472 |

Table 2.13

Distribution of the ILC Value Estimate by areastgm and common
infrastructure, in ILC Units. The estimate for teeperimental detectors for
particle physics is not included.

® 800
3
2 104
5 6.00
I
o 5004
=
. 400
2 3004
[44]
= 200
o
= 1.00
" I n e e s e =
0.00 I I I I I I T T T I I I I I'_| I'_| T T I T
A SR ARG SR g S . St T I
FL I FNFTS FETF L S
@ @“—"ﬁ Dﬁ@ :\C’Q c-{‘_g E—"A'rﬂ?g‘\c’ &Q C’s& # & & $ & {i‘é\ & - @B@ 590 *
5 Y - K. ) y
*'\}'3'0 %\'b & ﬁ&\'ﬁ..@d G‘h@"‘lﬂ QT';'\ OO e s \}k,;_pok HC,- q-}rg’@@@.df‘ \.ﬁﬁ"
B L0 w QY o e CAl (SRS
@3‘% ST GEC P & ¢ o & & @
] P é?‘}?'db& of %c;,\ o \_\\@\
X I fz‘?’
<
Figure 2.19: Explicit labor, which may be supplied by collabangt laboratories or

institutions listed by Global, Technical, and sofftea-specific Systems.
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Explicit labor M person-hours
Installation (all labor) 6.91
Management 4.00
Controls & computing 2.76
Magnets & Power Supplies 2.60
Cavities & cryvomodules 2.23
RF Power Systems 1.12
Beam Delivery System specific 0.59
CF&S (construction phase) 0.60
Cryogenics 0.56
DR specific 0.46
Instrumentation 0.44
Alignment 0.42
e Source specific 0.31
e~ Source specific 0.24
Dumps & Collimators 0.19
Accelerator Physics 0.11
RTML specific 0.09
Ops, Reliability, Commissioning 0.07
Main Linac specific 0.06
Vacuum 0.05
Sum 24.19

Table 2.14 Explicit labor, which may be supplied by collahtng laboratories or
institutions, listed by Glob@kchnical, and some Area-specific Systems.

Installation is the largest fraction of explicitolar, about 29%. Management is the second
largest fraction at about 17%. At this stage of lttfé design, it is too early for a complete
analysis of installation requirements. Instead, REBR estimate was based on scaled
information from a variety of sources, including thctual manpower used for the installation
of recent accelerator projects. There was also téog-up study for installation of the
cryomodules for the Main Linac done by two sepasatgineering teams, with comparable
results. The estimates were reviewed by expedscansschecked for reasonability. In the
present estimate, the installation task is charizet® almost exclusively as explicit labor,
with minimum costs for material-handling equipmerttis is on the assumption that much of
the installation and system check-out labor atltl@ site can be contributed by the staffs of
collaborating institutions or laboratories. Theid#y of this assumption depends on the
availability of the necessary skilled manpower #wchl labor regulations. Because of the
size of the project, it is likely that many taskeelelectrical and plumbing work will need to
be outsourced to industry.
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Unit Responsibilities

Diirectorate (30): Directors Office, Planning, ES&H Over-
sight, Legal. External Affairs, Educa-
tion, International Coordination, Technol-
ogy Transfer;

Management Division (13): Cality Assurance, ES&H;

Laboratory Technical Services (125): Facilities Services, Engineering Support,
Material and Logistical Services, Labora-
tory Fabrication Shops, Staff Services;

Administrative Services (94): Personnel, Finance, Procurement, Minor-
ity Affairs;
Project Management Division (83): Management, Administrative, Project

Management Division Office.

Table 2.15 Composition of the management structure at ILC.

Trade-offs and translations are likely between gismhouse labor and external contracts. It
is estimated that a minimum of 10% of the instalattask must be management and
supervision by in-house manpower. The ILC staffsisis of 345 persons, divided as shown
in Table 2.15. Personnel for the Area, Global, &adhnical System groups are not included
in the Project Management Division. This explicitbbr estimate is very preliminary.
Producing a more realistic explicit labor estimait be a priority in the Engineering Design
phase. It is the practice in some regions to agpelyeral and administrative overheads to
purchases and labor for projects. These overheeglsapplied as a multiplier on the
underlying LABOR and VALUE, and cover the costs thé behind-the-scenes support
personnel. In this estimate, such personnel ardicélp enumerated as labor under
Directorate, Management Division, Laboratory TechhiService, and Administrative
Services in Table 2.15. Therefore, the overheadsmafuded as additional explicit LABOR,
rather than as a multiplier on VALUE. This explitabor corresponds to 35% scientists and
engineers, 14% administrative personnel, 27% teehrstaff, and 24% installation staff
which could be either institutional or laboratoapbr or contract labor or some combination.
Operating costs are not included in the estimatettie construction project, but a very
preliminary estimate is given. It is also to beewthat spare components (those stored in
warehouses and not the installed redundant compg)nafthough fabricated along with the
installed components, are assumed to be financexigh operating funds, and are not
considered part of the construction projects. Mdpmtors in the operating cost include
personnel costs, electrical power, maintenanceepars, helium and nitrogen consumables,
and components that have a limited life expectaaey need continuous replacement or
refurbishment, like klystrons. The model assumem@ths of machine operations per year at
full power of about 227 MW, corresponding to 500MGx design luminosity, plus 3 months
standby at reduced power (25 MW) with the superactidg cavities maintained at 4.5K,
which is above their operating temperature. At¢heent electrical power rate of $0.1 per
kW-hr, the operating costs for these materials sewdices are estimated to be approximately
150-270 M$ per year in 2007 Dollars.
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Chapter 3

Klystron Modulator Power Supplies

3.1 Modulator charging PS design requirements

The baseline design for the International Linealli@r, outlined in the Reference Design

Report [8], envisions two parallel tunnels for eachin linac, an accelerator tunnel housing
the beamline itself and a service tunnel containing RF sources — power supplies,
modulators, and klystrons — that power it througtveguide penetrations. A primary goal of
the current ILC design phase is to identify andiwate cost-saving options. The Modulators
are used to generate the pulsed power for theréhystof 1.3 GHz Radio Frequency

superconducting cavities of the International Lm€allider. They have been able to produce
rectangular high voltage pulses of with amplitui@20 kV corresponding a nominal current

of 120 A, 2 ms of pulse width and a repetition ratel0 Hz. Besides the droop of high

voltage pulses must be around 1% of nominal vale. electrical power during the pulse is

typically 15 MW and can be at maximum 16.8 MW. STl@ads to a needed pulsed power of
8.9 GW. It is obvious that this energy can notddeh from the mains directly. Therefore it is

stored in capacitor banks to be released duringtitge. DC/DC switching power supply is

needed to recharge the main capacitor banks addcmuple the low repetition rate from the

mains.

General requirements of a DC/DC switching powerpsudo the charge the klystron
modulators are mentioned as follows:

e Maximum charge voltage= 12 kV;

e Pulse repetition rate = 10 Hz;

e Average power per modulator = 300 kW;

e Power factor ~94 % ;

e Total line voltage variation at 5+10 Hz = £0.5 %;

e Maximum efficiency;

e The Main Capacitor Bank (MCB) loaded with constaoiver, minimum ripple, phase
distortions and an accuracy of 0.5 %;

e Maximum power factor of the rectifier, feeding ttiearge device by both decreasing
the harmonic composition of the consumed curredttarnthe high value of cos

e The low repetition rate (5+10 Hz) has to be supgedsn order not to produce
disturbances to the mains.
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Figure 3.1Shematic of the series resonance sine converter.
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Figure 3.4: Voltage and current function of the half bridge.

3.2 Modulator power supply design analysis

3.2.1 TESLA design

The power supply shown in Figure 3.1 was develagaddESY [12]. This topology is known
for small power supplies for auxiliary voltages. faoit has not been used as power supply to
charge large capacitive loads in a constant powsetenThe equivalent circuit of the switch
mode power supply (Figure 3.2) is a resistor R Wwhécconstant when the period time T of
the switching frequency f (10 — 20 kHz) is constarttis resistance is independent of the
capacitor voltage &hagand the pulse repetition rate of the modulatortiBy the input power

is (in a wide range) independent from the voltageth® main capacitor bank of the
modulator. To study the circuit in Figure 3.1 wa cansider the circuit in Figure 3.3.
Assumption: =0V, IL.=0A and S turning on. Because of the stray inductance L & th
transformer the current keeps zero while turningi1®n (zero current switching power
supply).Then the currentraises and the resonance capacditas charged. While charging
the resonance capacitor C the supply curtgsieguivalent to the resonance capacitor current
i.. When the resonance capacitor voltagesaches the supply voltages diode D will start

to conduct. The current tontinues flowing forced by the energy stored ie ttray
inductance L of the transformer. Since the pattihef current.iis no longer through the
resonance capacitor C and the supply curremfjuals zero. The energy stored in the stray
inductance L of the transformer will slowly be peddo the load Gad and the current. i
decreases linearly to zero. After that a new cyele start by turning ff and S on. The
corresponding voltage and current waveforms casee® in Figure 3.4. With each loading
and unloading period the same amount of energwissiitted from the primary side of the
transformer to the main capacitor bank. This amdatite energy of the resonance capacitor
loaded to the voltageddr unloaded to O.
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Figure 3.5: Voltage and current waveform of power supply.

While charging the resonance capacitor C the supyisent i is equivalent to the resonance
capacitor current i Therefore the charge Q taken from the power sufpthe resonance
capacitor C equal® = CUs. The charge Q can also be expressed as follows:

.
Q=[isdt=UC, (3.1)
0
Multiplication of the integral with the ter/T with T = period time of the switching time:
T
Q=T*DQd%=CUB 3.
0
.
The term in brackets is equivalent to the averaggly current| ; = Iint.
0

Q=T#l,=CU, 3.3)

The resulting expression for the average supplsecuis:

|, =——2="8 (3.4)

The voltage and current wave forms for the haltidggei shown in Figure 3.4 are given in
Figure 3.5. The same principle as for the halfdpics valid. The difference is that the
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Figure 3.6: Simplified circuit diagram of a charge device wéth electron protection.

frequency of the current it doubled and the cusemte decreased. When one of the
capacitors is loaded, the second capacitor is dimigaand vice versa. The required power is
with today's technique hard to fulfill with just enpower part. A 300 kW prototype

consisting of four modules having 75 kW each isngoio be tested in TTF. One 75 kW

module was tested successfully.

3.2.2 A Russian design for TESLA

The basic part of the module is a thyristor invedenverting the input voltage into current
pulses at a high repetition rate, charging in podithe capacitor up to the required voltage
through the step-up transformer (Figure 3.6). Theeiter consists of two loops. The first
loop consist of a main rectifier G, thyristorg dhd |, a choke k and dosing capacitors,C
the second loop includes capacitorg Ghyristors § and T, diodes @+D, and a storage
capacitor G. The step-up transformer, Tsed only to transform the inverter output voltage
The inverter works in the following way. Capacit@gsare charged in succession from a low-
voltage mains rectifier G up to its two-fold voleadpy switching on thyristors Tand &
through the inductance;LEvery half-period of the inverter operation thegnsfer their
energy to the capacitor,Cbeing discharged by switching &nd T, through the inductance
L. to the primary winding of the transformey. For a complete energy transfer frogt€ G,
they are shunted by diodes &nd B. With the help of these diodes there is no overgimg

of the capacitors & the energy is completely transferred to capadigrand there are
provided initial conditions for the next charge leycThe last process is the most principle
one in the inverter operation. W e have situatioinen the rectifier inside the charge interval
works to dosing capacitors with zero initial corahs: Ug = 0. But the capacitorsGare
discharged completely with a full energy transtethe storage capacitor Gnly to the value
Uc, = Ug - n (Ug = 500 V is the voltage at the rectifier,is the transformation ratio of the
transformer ).
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With a further increase in the voltage op @e capacitors £don’t discharge completely,
which leads to a reduction in the average valud®tonsumed current and a violation of the
constant power consumption from the mains. The @tpacharging is finished dtic, ~
(1.05+1.1)Us'n, which is the maximum tolerable over-voltage ia tircuit. Thus, the range
0 < Uc, < Ug'nis the condition for the optimal operation at astant power consumption.
The control of the charge voltage level is perfadrbg varying the pulse repetition rate of the
inverter. The maximum pulse repetition rate coroesfs to the continuous inverter operation
and the maximum charge voltage. The voltage deeseagh the pulse repetition rate. The
thyristors are triggered by means of a functionadltage-frequency” converter which is
controlled with the help of a variable referencétage. The operation of a single charging
device, provided the mean power consumed from thimsns constant, is characterized by
ripples with drops to zero in the intervals betweée charge pulses. At a maximum
repetition rate the phase shift between the sidlascharge pulse of the current is equat.to
In this case, the efficiency coefficieifés = lay/ Imax (Imacmaximum value of current) is equal
to 0.637 and decrease with the increase in theepshast during the voltage drop in the
process of control. The multi phase design of therge system decreases fluctuations and
makes the efficiency coefficient equal ter& 0.9 in the two-phase variant for the phase shift
by n/2, 0.95 and 0.97 in the three - and four - phaseants, respectively. The inverter
doesn’t require an insulating mains transformethm rectifier G; Either one, or a number
(10+20) of inverters can operate from one high-enirrectifier. Between the rectifier and the
inverter an electron switch is used. It works tbgetwith emergency switches which are of a
comparatively slow action. The protection circupeoates as follows: the capacitor C,
charged from the low power rectifier (50+100 W)(tlve indicated polarity, is in a waiting
mode. During the alarm situation, for example, wttenoperation fails or inverter sticks, the
rectifier current feeding the inverter goes outltéd design mode. In this moment, when it
reaches the determinate level, the thyristor Twigcbied on by a comparator signal and the
reverse voltage from the capacitor C is appliedeoiverter thyristors Tand T, at the same
time the trigger pulses are taken off. The thyristhich was switched on at that moment (T
or T,), switches off, the inverter alarm current is t@ak&er by the circuit: the capacitor C, the
thyristor T and one of diodes D. After the polarigversal of the C, the thyristor T is
switched off and the protection circuit is restaréddseems advantageous to employ the
following scheme of a power supply for the TESLAdutators:

e Each inverter is located near the modulator. itkasnected to the rectifier through
contactor;

e The contactor is remote-controlled; in emergendyasions it is automatically
disconnected.

Many of charge devices are based on thyristorfrexstj where the capacitor charge mode is
preset by a thyristor switch phase. As a rule,thyeistor switch phase is close #oat the
beginning of the charge interval and as the capadt being charged, it decrease,
approaching at the best value of the mains phaser/8. This fact impairs the harmonic
composition of the consumed current and leadscteaege of cog inside the charge interval.
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Figure 3.7Fermilab DC power supply 10.6 kV @ 14 A.

factorv:

7 =V*COsQ

So some disadvantages of the charge system deksaribe

(3.5)

= =)

The charge device is based on the inverter, thaisia powerful frequency converter,
a source of radio interference voltage. That is Whis necessary to connect an
interference filter at its input. The industry puogs a great number of interference
filters for different currents and voltages witlwarking damping of 60, 80 and 100

dB;

The inverter is a source of noises of the soundeathe main sources of noises are
the chokes L L, and the transformer,T We partially decrease this disadvantage

placing these elements in a tank filled with transfer oil.
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Figure 3.8:PS Voltage / Current and Capacitor Voltage.

3.2.3 Fermilab power supply

The Figure 3.7 represents the Fermilab modulatopB@er supply now under test in a ILC
test facility called Meson Area.

The principal parts of the DC power supply are:

e A rectifier transformer, composed by a step-up df@mer to increase the voltage
primary (420 Vac) with a three-phase rectifier momntrolled bridge to straighten the
current waveform;

¢ A big choke to level the charging current at 5 Hthwhese specifications:

3 Henries + 7 % at 60 Hz;
Less than 3 kW total losses under the operatingitons;
A current of 28.5 Amps RMS maximum, 32 Amps peak;
No less than 90 % of nominal inductance at 36 Amps.

e A primary phase controller to regulate the opeatioltage.

The advantages of this power supply are:
e Simplicity;
e Relative low cost;
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Figure 3.10:Voltage curve form of the main capacitor bank i& thodulator.

In other hand the disadvantages of the device are :
e The necessity to have an holding current netwankttfe SCRs use;
e The burden and the price of the large 3H choke;
e The high variation of the power supply output cotneaveform as shown in Figure
3.8;

3.2.4 SCR series with a diode rectifier

When we looks at the waveform of the capacitor bém&k modulator voltage (Figure. 3.10)
can be divided into two parts. There is a condbDtpart and a part of varying voltage. The
basic idea is to produce the constant DC part withunregulated diode rectifier. The
changing part will be produced by a switched mooeer supply e.g. a buck converter. By
this combination the full regulation dynamic of theitched mode supply can be used. Since
the price of the diode rectifier is app. 40 % to%m®f the price of a switched mode supply,
an overall price reduction of 20 % to 30 % seenssiie depending on the chosen value of
the DC voltage.
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Figure 3.11:Voltage curve of series connection of diode and BORge.

The same basic idea as for the hybrid supply ismasd. Here the switched mode supply
shall be replaced by SCR technology to further cedtost. The voltage of the diode rectifier
is at 10 kV. The SCR has to be in inverter modéhatbeginning of the loading period to
decrease the voltage. At the end of the loadingp@dehe power supply has to add voltage. A
principle schematic is shown in Figure. 3.9. Théage curves are shown in Figure. 3.11.

3.2.4.1 SCR bridge with a single phase control

The power of the SCR supply can be calculated:

P: real power P=Ug*I_*cosx
Q: reactive power Q= m
S: apparent power S=,P*+Q?

Qu: fundamental reactive power Q =U,*I *sina
Qo: harmonics reactive power Q, =031*U,* 1,
Si: fundamental apparent power S =U,;*I,

a: trigger angle
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Figure 3.12:Real and reactive power in dependence of the pageo.

The correspondence of the reactive power to thepeaer in dependence of the trigger
angle is shown in Figure 3.12.
The overall real power is? = R, +P,

* * *
thyristor Udit I L Cosx + Ud I L

iode —

P 1
For a constant power can be calculatedr = Arcco{[l— -U didj* U—J

L dit

o : P 1 .
The arccos function is only valid WhE‘IH- -U,q *— is between -1 and 1.
L dit
If the relation:
P P

LN (i QU —
U gia +U g Ugia =Yg

IA

(3.6)

is not valid, no phase shift angles can be caledl&ir a constant power mode.

The simulation shows that a constant power mogessible when having a nominal voltage
of 3 kV of the SCR supply. The power diagram isvaman Figure 3.13. The power was
calculated in periods of 20 ms the repetition igtE0 Hz.

3.2.4.2 Digital regulation

The regulation is a major part of a constant posugaply. The voltage of the capacitor bank
at the trigger time of the pulses has to have aetd pulse repetition accuracy of +/- 0.5%.
This in combination with the demand of constant povequires a digital regulation. To be
able to react on variations of the mains, tempeeaeffects or non linear behavior of
components the regulation is self learning. A sifigal modulator circuit is shown in Figure

3.14. The regulator contains a RAM wherein the gimay curve of the capacitor voltage
UcioadiS stored. It is driven according to the RAM curvfast regulator ensures that the
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Figure 3.13: Power diagram of a series connection of a diodeS€id bridex(P).
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Figure 3.14: Simplified modulator circuit.
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Figure 3.17:Input power of the modulator.

RAM curve and the capacitor voltageddsare equal despite of even fast voltage variations
of the mains voltage WAins. For this reason it is obvious that the final &gk W= Ucjoaqat
time & remains the same at each charging cycle becatesgudls the well known RAM

curve. Figure 3.15 shows again the voltage cuntheomain capacitor bank.

For achieving constant input power a learning pgeds introduced. A voltage charging
curve for Guagis determined. With this curve the final chargirgtage equals the nominal
voltage (MapendVeapendrer- This charging curve is stored in the memory. pbssible starting
curve is shown in Figure 3.16. With this referenbarging curve the input power is not yet
constant but looks e.g. like the curve shown inuF@g3.17. The aim is to have a constant
power. With the self learning algorithm the storeférence curve is modified in such a way
that the reference values are increased or dedresdé the input power is constant. The
result of the learning process is equal outputagatldi.a= U= constant after each charging

cycle T and constant input power consumpti@rr Payerage= CONSstant.
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Figure 3.2@utput signal of the regulation.

To be independent from changes in the charging finfehanges in repetition rate) or the
output voltage Wa unit curve is stored in the RAM. By this it istm@cessary to relearn this
curve in case of change. The unit charging curgmply scaled to the real time and voltage
axis. To linearize the regulation the capacitotagegs are used as squared values. This is
because the energy stored in the capacii@sq @ proportional to the squared capacitor
voltage Wiead. The linearized curve is stored as RAM curve.

1
Wcload = Ecload *U 2c|0ad KB

Uciadret(t) (reference curve) is the linearized referermleie of the squared capacitor voltage
Ucioad(t) (actual curve) .
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Figure 3.21:Block diagram of the digital self-learning regudati

The reference valueddadre? and the linearized squared capacitor voltage.® are passed
to a P(l) regulator. The signalHs the signal steering the power consumption ofpihveer
supply (Figure 3.20). It is necessary that the actoput power R is proportional to the
steering signal & (Pn ~ Pef). In some power supplies a pre- filter has to seduto ensure
that fh ~ Pr. Droops of the mains voltagevkins are the most disturbing error signals for
the P(I) regulator. The pre filter in the propogexver supply for TESLA guarantees the
independence of the input power ffom the mains voltagemins (Pt~ Bn# f(Umains)).

The hardware of the regulation is based on a pnograble ALTERA device. The device
contains the complete regulation software, theefittng generation of the switched mode
power supply and the interlocks for the power sypphe designed board is able to work in
local mode. A VME interface allows communicatingiwa control computer to feed in pre-
calculated curve forms for the modulator. By thig tlearning time is decreased. The
regulation scheme is shown in Figure 3.21.
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Figure 3.22: Power supplies with stacked buck converters.

3.2.5 Series connection of buck converters (stackeuhit)

To achieve the high voltage level of the main cépabank it is possible to stack a group of
low voltage power supplies. This topology is useddower supplies that manufactured in
industry. The units are now under construction aill be used for some of the TTF
modulators. The power supplies are buck convedach having a nominal voltage of app.
750V each. 16 modules are stacked to deliver tipained voltage of 12 kV. The transformer
has a 400 V input and 16 outputs of which 8 outpuésin delta, the other 8 outputs are in
star to get less mains harmonics. Figure 3.22 shbgprinciple diagram of such a power
supply. The buck converters are working with a @Wgidth Modulation (PWM). The
overlaid regulation for the voltage and the consiaput power is accomplished on an
external board that is developed and provided b DEThe internal regulation of the power
supply is a power regulation. The units will reeeithe power reference signal from the
DESY regulation and transforms this into voltagd anrrent values.
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Figure 3.23:The overall layout of buck converter.

3.3 The Buck converter solution

The previous chapter has shown several modulateepsupply design analysis. At this
point the basic idea is to realize a modulator postgply project constituted by a high
voltage buck converter (or step down) single uhite device, that is supplied by an input
stabilized high voltage of 14 kV, must charge timain capacitor bank (with a project value
of 1.4 mF) of each single modulator with a maximunitage of about 12 kV as request by
ILC reference design report. Initially will be shovand explained the schematic of device
and in particular will be exposed the requiremeoksbuck converter. After, a circuit
simulation will be implemented to analyze the ajppaieness of device functionality with
the requirements.

3.3.1 Buck converter schematic and design requireamts
The requirements of buck converter are mentionddliasvs:

¢ Constant power functionality;

¢ Aninput voltage of 14 kV and output voltage of2-kV;

e The high voltage storage capacitor of the mairaciéqr bank charged in 100 ms
from 10 kV to ~12 kV considering 10 kV as initiabltage value of main capacitor
bank;

e The main capacitor bank discharged in 1.5 ms frah k¥ to 10 kV;

¢ A switching frequency of 25 kHz ( and a switchireyipd of 40us);

e A duty factor D of 0.75 + 0.86.
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The Figure 3.23 shows the circuital structure efdbvice that will be analyzed. The
principal parts of buck converter and them fundidies are:

= Aninput LC filter that isolates power lines frorarmonics generated during the main
switch turn-on/off; the value of input inductancenlis 10 uH while the value of
input capacitor €is 1 mF;

= A main switch characterized by an IGBT stacked dwtorking in hard switching. It
produces a variable voltage proportional to dutydg

= A free-wheeling diode Pthat allows path of inductor current during theimsaswitch
turn-off;

= The main switch and diode RC snubber circuits timait overvoltage on switches
during them turn-off; the value of snubber resiseaand capacitor chosen are Z00
and 1InF;

= A charging inductanceslthat reduces the main capacitor bank chargingentiripple
to an appropriate value. TheMalue can be calculated in the following way.

The main capacitor bankids must be charge in 100 ms from 10 kV to 12 kV. Its
charging current is

AV
Ic =C,q *—==214mF = 2kV
At 0Cms

~ 30A (3.8)

Now considering the inductance charging curreniatian of 10%, we can calculate
the Lirer Value as

1 1
o *2kV * 2kV
LAtV 2t ~50kHz . q35mH (3.9)
Al 3A 3A

» The Roaqrepresents the modulator resistance and in phatithe value chosenis 7.6
Q.

3.3.2 Circuit simulations and analysis

The circuit simulation have been implemented uditigSpice3 (version 11/2004) a general-
purpose circuit simulation for non-linear DC, namelr transient and linear AC analyses. It
is based on Spice3 developed by Department of riglactEngineering and Computer

Sciences, University of California, Berkeley. Weveagperformed a transient analysis to

computes the transient output variables as a fumobf time over a user-specified time
interval.
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Figure 3.24: a) RC Circuit for carrier waveform; b) RC Circudrfmodulating waveform.

The initial conditions are automatically determirigda DC analysis that determines the DC
operating point of the circuit with inductors slemitand capacitors opened. The circuit to be
analyzed is described to WinSpice3 by a set of efgnlines, which define the circuit
topology and elements values and a set of contre$,| which define the model parameters
and the run controls.

The main circuit elements and simulation paramaisesl are:
e Linear resistors, capacitors and inductors;
e Diode and voltage controlled switches;
e DC voltage sources and independent sources asgnusees to switches control;
e A transient period of iis + 220 ms;

Also the use of an ideal element that is highly-tio@ar such as a switch can cause large
discontinuities to occur in the circuit node voktagh rapid change such as that associated
with a switch changing state can cause numeriecaideff or tolerance problems leading to
erroneous results or time-step difficulties. Samiprove this situation was used:

e A tolerance on transient errors of10
e A relative tolerance of 1t

3.3.3 Main switch control for constant power

The core of project is to generate the control i@ve of the main switch to obtain the buck
converter constant power functionality. The badeaiis to generate a square root waveform
with a variable duty factor D variation in the r@n@.75+ 0.86 to guarantee the charging
voltage of capacitor from 10 kV to about 12 kV. Tdguare root can be obtained comparing
two waveforms: a carrier waveform and a modulatuageform.
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Figure 3.25: The main capacitor bank as black box.

As shown in Figure 3.24 a), a first RC circuit puods a sawtooth waveform or the carrier
waveform that increases linearly eachp#0(switching period of stacked switch) from O V to
10 V and discharge immediately in about#) Now is important to understand what the
modulating waveform to obtain constant power is.

Seeing the storage capacitor as a black box wevdsathe following system of equations

P(t) =V () = 1. (1)

dv 18)
[.(1)=Clog —=
c( ) laod dt
To obtain constant power means
\Y/
PO =k=1 (1) =K =K dv, (3.11)

VO V.M dt

and integrating the two members we obtain

Vv K t
V[V°dv == jdt 13)

load t,

where \4 is the initial voltage of capacitor and V its finaltage while § is the initial time
and t is the final time of charge. Resolving theegnal we have the expression of voltage
waveform to charge the capacitor for constant pdwectionality as

b
2 t+(\/0)2—§—Kto (3.13)

load load

Ve(t) =
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™ MODULATING WAVEFORM SWITCH ON/OFF
CARRIER WAVEFORM
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100.0 110.0 1z0.0 Ejs]ﬂ
Figure 3.26: Control waveform of main switch for constant power.
. 2k , 2k :
Consideringa = and g=(V,)" - e t, the equation becomes
load load

Vo) =[xt + B2 3.14)
The relation (3.14) represents the analytical smiuat our problem.
In our casex = 177.1 ang = 56.25 and so

V. (t) =+1771%t +5625 (3.15)

is the modulating signal to have constant power.

At this point a second RC circuit (see Figure 24produces another saw tooth waveform
that increases linearly each 100 ms from 0 V toM 4nd it discharges in 1.5 ms. And so
with the sqrt command WinSpice3, we have implenterntee square root waveform of

voltage capacitor described in the relation (3.15).
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Figure 3.27: Buck converter input current.
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Figure 3.28:Main switch output voltage.
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Figure 3.29: Main capacitor bank voltage.
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Figure 3.30: Modulator output pulses.
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Figure 3.31 SILC Converter schematic.

3.3.4 Buck converter waveforms

In this paragraph we will analyzed the resultsimidation and in particular will be analyzed

the following waveforms: input current, main switolitput voltage, main capacitor bank
voltage and the modulator output voltage. The FEgBr27 shows the modulator power
supply current; it has a maximum value of 18 A.eAfan initial transitory, the current

becomes constant in each period of 100 ms. And $beainput voltage and the input current
are constants in 100 ms, the buck converter warksonstant power. While as shown in
Figure 3.28 the main switch output voltage is gretod and this is proof that the switch
works well. In particular it's a square root wavefowith a duty factor in the range 0.75 +
0.86, with zero initial voltage and a final valué X3! kV. The Figure 3.29 represents the
modulator main cap bank voltage. The voltage irsggd@n 100 ms from ~ 10 kV to 11.6 kV
and it discharges in 1.5 ms. Moreover the waveféosliows the reference or modulating

signal to obtain constant power. In the end thes@.30 illustrates the modulator output
voltage characterized by pulses with a periodroétof 1.5 ms, a maximum voltage value of
about 12 kV and a pulse repetition rate of 10 Hz.
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3.4 The Switch In Line Converter

Innovation in the field of switched power suppliaad DC/DC converters has recently
acquired a new impulse by the phase-shift (PS)rabntnherent advantages of this
technique, in term of constant operating frequesoyt switching and dynamic simplicity,
emerge from proposal of new topologies suited fliaations in different ranges of power.
This chapter will explain an high power DC/DC phabéted converter: the “Switch In Line
Converter” (SILC) [13, 14, 15, 16], characterizegldisposition in line of IGBTs and good
soft switching performance.

ot Lt
oy _Tz
Te,
S40N S30N
520N SLON
IL..nnl Il_,
L]
'll-.-
hae (/R I
P
T oeax

Figure 3.32: SILC switching commands and current waveforms.

3.4.1 Operation Principle of the SILC Converter

In the Figure 3.31, the proposed circuit topolofiyhe SILC Converter is shown. It consists
in the series connection of two switched half besldlower HB and upper HB). The inductor
current | is controlled by the phase-lead shift of the comdsato S3, S4 relative to the
commands to S1, S2. In the Figure 3.32, the idedtclsing sequence and the current
waveforms in the windings T1' and into T1 are reyerged. Reference is made to the typical
bias condition W= 4Vo, which means that there is the same steady-stétege on each HB.
The initial status, at= ty" , of the switches is: S1 OFF, S2 ON, S3 OFF an®&N4
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Figure 3.33: Dependence f the output current on the phasedsity.
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Figure 3.34:Phase-shift control characteristic.

At t=to", S4 turns OFF: the current flows through G, and G during the soft switching
interval until D3 clamps; S3 turn ON &t t;. Then, since the voltage across L is o2Y
decreases and reverses its polarity until it rem¢he value <l att= t,, when S2 turns
OFF and the output rectifiers too. Current balandée transformer implies thdt; + 1= 1 11

- ILma= O, hencelt1= I max Another resonant voltage clamped transition, idahto the
previous one, occurs at node 1. Switch S1 turnsa@N ts after clamping of D1. From to
t4 the current|l remains constant; in this interval the Kirchhafivlimplies that+; + I .= 1o,
where § is the output current reflected to the primaryesaf the transformer. When S3
switches OFFtE t4), the second half period begins and it exactly mérthe first one. The
period ends at tg= to + T. Power transfer to the load occurs during the sioést; — t, and
tz — g only and it is P= ¥ Q/T, where Q is the charge in the shaded areaquir&i6.0.To
simplify, let's make reference to a single equinéleutput voltage ¥ur= Vo corresponding
to a unity winding ratio supplying an output cuttrésur= lo , so that P=¥+lo . Being and

g — z‘rl,mrzx (E - TIP} - %E(E_ T'p) (316)
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assuming zero ripple in the capacitor, thaf is: =, the output current referred ta\6 given
by :

—_ Virlzr:o
I, =

w(ion) =52 (1) o

The parabolic dependence @f on T, is shown in the Figure 3.33, where the operative

control range emerges to be G << T/4. The advantages of the SILC topology are:

the input voltage partition due the series conoectf the half bridges reduces the

stress of the power switches and the voltage gahsimplitude at the switching

resonance;

¢ the converter acts like@ntrolled current generatar

e increased ZVS range and efficiency;

e ‘“integrated-magnetic” feasibility, as L can be ob¢a by the leakage inductance of
T1;

e non isolated feedback;

e suitability for multiple output in series or in @dlel;

e nearly symmetrical soft switching;

e inherent power limitation and short circuit protent

e natural output voltage clamping;

¢ high failure tolerance because of the in-line dsfan of the switches;

¢ single pole dynamics.

3.4.2 The 30 kW SILC Project

The previous chapter has shown the detailed Sil&2atjon. At this point the basic idea is to
realize a high DC/DC switching power supply comgét by a Switch In Line Converter of
30 kW. The device, that's supplied by an input #itsddl low voltage of 560 V, must charge a
main capacitor bank with a maximum voltage of 1M knitially will be exposed the
requirements of SILC. After, a circuit simulationillwbe implemented to analyze the
appropriateness of device functionality with thguieements.
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3.4.2.1 SILC Design Requirements and Project

The requirements of SILC converter are mentionefdlésys:
e Constant power functionality;
e Aninput voltage of 560 V and an output voltagelo# kV;
e The main capacitor bank charged in 100 ms up.4lIKV;
e The main capacitor bank discharged in 2 ms fromkl/4o 1.3 kV considering a
droop voltage of 100 V;
e Aload current of 1200 A;
e A switching frequency of 15 kHz ( and a switchirgyipd of 66us);
e Adutycycle D of ~50 % .

According with these requirements, the values offgonents was chosen as follows:

o the final level voltage of main capacitor bankligd kV. Also, the main capacitor
bank supplies load with 1200 A in 2 ms. Assumindraop voltage of the main
capacitor bank equals to 100 V the value of thecipr is :

I_=AT 1200 A2 m=
Crona = L_gv = o0 v = 24 mF (3.18)
e the value of load resistance is :
1400 WV
R!oﬂd = 1700 A =116 1n 3:(9)

e assuming that at the end of transient time thetimppacitors are charged to a level
voltage of 140 V the transformer has a turns ratiol:10. Besides, being the
charging current of the main capacitor bank is ab@b A, the primary current of
the transformer is about ~250 A. At this point, thmagnetizing inductance of
transformer can be determined by the followingagigun :

_ VpsAT _ 560V:33ps
L,=-"t—=>""C 400uH (3.20)

consideringAT =T /2 andAl ~ 20% [

primary’

o the value of input capacitors is 50 mF and of itdut is SuH.

-62 -



Klystron Modulator Power Supplies

0V(S3:1)- V(S3:2) o V(S4:1)- V(S4:2)

20V

SEL>>
- 20V
1. 00ms 1. 018 1.0

0 V(S1i1)- V(S1:2) o V(S2:1)-

25 1. 035 1. 04ns 1.05m8 1. 06m5 1.07ns 1. 08n5 1. 0915 1. 108
V(S2:2) —> | | <+

Time

Tdemj =1 us

Figure 3.35: Switches control signals in the range time 0<<Ll00 ms.
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Figure 3.36: Switches control signals after 100 ms.
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3.4.2.2 Circuit Simulations and Analysis

The circuit simulations have been implemented usiegSchematic session of OrCad 9.2 a
general-purpose circuit simulation for non-linea€,Dnon-linear transient and linear AC
analyses. We have performed a transient analyssrigputes the transient output variables
as a function of time over a user-specified timéerwal. The initial conditions are
automatically determined by a DC analysis that mieitees the DC operating point of the
circuit with inductors shorted and capacitors openghe main circuit elements and
simulation parameters used are:

e Linear resistors, capacitors and inductors;

e Power diode and power switches (IGBT);

e A step-up transformer with a coupling factor k=989

e DC voltage sources and independent sources asgnusees to switches control;
e A transient period of 3 s;

Also the use of an ideal element that is highly-tio@ar such as a switch can cause large
discontinuities to occur in the circuit node voktagh rapid change such as that associated
with a switch changing state can cause numeriecaideff or tolerance problems leading to
erroneous results or time-step difficulties. Saniprove this situation was used:

e A tolerance on transient errors of 10
e A relative tolerance of 1t

3.4.2.3 Control Signals of Switches

According to the relation (3.17), the control cdrtsfer power with the SILC topology is
obtained with the control of the phase-lead shifthe commands to S3, S4 relative to the
commands to S1, S2. In particular the maximum fearower is achieved whenp¥ T/4 as
well shown in the Figure 3.34. In the project wasuaned a topology of control that consists
to lead the switches commutation with a high vaiti&, until 100 ms and after the switches
are controlled with a less, 50 that it is possible to control that the maipawtor bank is
charged at level of voltage required. Accuratbb/values of Jchosen are:

- Te1= T/6=11ps (0 < t< 100 ms);
- Ty~ T/7=9ps (after 100 ms).

The Figures 3.35 and 3.36 show the control wavesdonswitches.
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Figure 3.37:Transformer primary current windings T1’ and T1.
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Figure 3.38: Transformer primary voltage windings T1’ and T1.
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Figure 3.39: Voltage of the transformers secondary windingsdrid T1 in the configuration
with center-tapped transformer.
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Figure 3.40: Voltage on the rectifier diodes in the configuratiovith center-tapped
transformer.
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Figure 3.41: Voltage of the transformers secondary windingstietly at Graetz bridge
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Figure 3.42:Voltage on the rectifier diodes in the configuratwith Graetz bridge.
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Figure 3.43:Main capacitor bank voltage.
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Figure 3.44:Charging and discharging current of the main capabiank.
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3.4.2.4 SILC Project Waveforms

This paragraph analyzes the SILC waveform obtaimigd circuit simulations. Figure 3.37
shows the current in the transformer primary wigdifl’ and T1. It's important to see as
the peak value of the current in the primary wiggdim1’ is approximately 250 A. Figures
3.38 and 3.39 show the voltage of the transformengyy windings T1' and T1 and of
secondary windings; it can be notice that transésmmorks well. While is fundamental to see
the voltage on the rectifier diodes. It possiblelenstands as the voltage stress on the diodes
is more less in the Graetz bridge than in the gométion with center-tapped transformer. In
fact as possible well to see in the Figure 3.42nth&imum voltage value on a rectifier diode
is 1.4 kV, while the Figure 3.40 shows that theifiec diode is submitted to an hard voltage
stress with a voltage value that is perfectly deubkpect to Graetz bridge configuration.

Also an important particular is shown in the Fig®&9. They represent the waveforms
relatively at voltage across the transformer seaondvindings in the Graetz bridge
configuration of the rectifier. And so it is impart to see as the voltage stress is not
presented differently as shown in the Figure 3Hdure 3.43 represents the main cap bank
voltage. The voltage increases in 100 ms from }.3dk1.4 kV and it discharges in 2 ms
with a droop voltage of 100 V. While as shown ie fiigure 3.44 the main capacitor bank
absorbs in 100 ms a constant charging current arldesconverter is functioning constant
power, besides in 2 ms the capacitor supplies the la#tdavpeak current of 1200 A.

3.4.2.5 Soft Switching Commutation

Power semiconductors are the heart of switching enpower supplies. A soft switching
commutation in several power converters it's imanottto reduce the conduction losses and
switching losses. There are two main soft-switchapgproaches that are the zero-current
switching (ZCS) and the zero-voltage switching (ZVShe choice depends on the
semiconductor device technology that will be udedr example, Mosfet's present better
performance under ZVS. This is because under ZE$adhacitive turn-on losses increase the
switching losses and the electromagnetic interisgdEMI).

3.4.2.5.1 Snubbers circuits

To perform a soft switching commutation in the powenverters, typically are used the
snubber circuits [17]. Snubbers are circuits wharle placed across the semiconductor
devices to reduce the electrical stresses placed davice during switching by a power
electronics converter top levels that are withie #ectrical ratings of the device. More
explicitly a snubber circuit reduces the switchstigesses to safe levels by:

e Limiting voltages applied to devices during turiénsients;

e Limiting device currents during turn-on transients;
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Figure 3.47:Circuit configuration of turn-off snubber
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Figure 3.48: Circuit configuration of turn-on snubber.
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Figure 3.49: Switching trajectories with and without turn-orubber.
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Figure 3.50:IGBT circuit symbol and equivalent circuit.

Limiting the rate of risedi/dt) of currents through devices at device turn-on;
Limiting the rate of riseqv/di) of voltages across devices during its turn-oftlaring
reapplied forward blocking voltages (e.g., SCRsrduthe forward blocking state);
Shaping of switching trajectory of the device aguitns on and off to keep the
functioning of the devise inside its safe operatinga (SOA);

Limiting total losses due to switching;

Limiting EMI by damping voltage and current ringing

From circuit topology perspective, there are thbeead classes of snubber circuits. These
classes include:

Unpolarized series R-C snubbers used to protededi@and thyristors by limiting the
maximum voltage andv/dtat reverse recovery;

Polarized R-C snubbers. These snubbers are ustthpe the turn-off portion of the
switching trajectory of controllable switches, tarap voltage applied to the device to
safe levels, or to limitlv/dtduring device turn-off. The Figure 3.47 shows saneple

of this type of snubbers.

Polarized L-R snubbers. These snubbers are usethape the turn-on switching
trajectory of controllable switches and/or to linoitdt during device turn-on. The
Figure 3.48 shows an example of this type of snusbhrd the Figure 3.49 shows the
shape of switching trajectory of the device usimg turn-on snubber.

It must be emphasized that snubbers are not funatair@art of a power electronic converter
circuit. The snubber circuit is an addition to asibaconverter, which is added to reduce
stresses on an electrical component, usually a psaaiconductor device. Snubbers may be
used singly or in combination depending on the iregquents. The additional complexity and
cost added to converter circuit by the presencth®fsnubber must be balanced against the
benefits of limiting the electrical stresses otical components.
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MITSUBISHI IGBT MODULES

CM600HA-12H

HIGH POWER SWITCHING USE
INSULATED TYPE

Description:

Mitsubishi IGBT Modules

- are designed for use in switching
applications. Each module consists
of one IGBT in a single configura-
tion with & reverse-connected su-
per-fast recovery free-wheel diode.
All compenents and inferconnects
are izolated from the heat sinking
baseplate, offering simplified sys-
tem assembiy and thermal man-
agement.

Features:

[ Low Drive Power

O Low Yep(sa)

[0 Discrete Super-Fast Recovery

Free-Wheel Dicde

High Frequency Operation

[ Isolated Baseplate for Easy
Heat Sinking

Applications:

Owtline Drawing and Circuit Diagram

0 AC Motor Controd
| Motion/Servo Control

Dimensions  Inches Millimeters Dimensions  Inches Millimeters 0 uPs
A 433 10.0 N &0 175 ] Welding Power Supplies
8 315 800 B g1 155 Ordering Information:
c 2.00:0.008  83.0+0.25 a 851 130 Example: Select the complete part
O 2.44+0.003 §2.040.25 R 048 125 modufe number you desire from
E 157 400 5 045 115 the table below -i.e. CMBODHA-
F 142 Max. 36.0 Max. T 043 10 12H is a 600V (VcEes), B00 Am-
= 1.14 0.0 u 035 1) pere Single IGBT Module.
H 1 .I:IEI’M.:.x. 25.5 Max. v M3 Mbetric _ME- Type Curent Rating Voes
J 024 245 W 0ze i} Amperes 50
K 0.2 40 X 0.256 Dia. Dia. 6.50 o B 5
L 0.E3 21.0 ¥ 14 Metric M4
M o7 180 i 012 30
Sep 1885
MITSUEISHI
ELECTRIC
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MITSUBISHI IGET MODULES

CM600HA-12H

HIGH POWER SWITCHING USE
INSULATED TYPE

Absolute Maximum Ratings, Tj = 25 “C unless otherwise specified

Ratings Symbol CME0OHU-12H Unmits
Junction Temperature ™| -40 to 150 C
Storage Temperature ng -40 to 125 C
Collector-Emitter Voltage [G-E SHORT) VieEs 800 Wolts
Gate-Emitter Voltage (C-E SHORT) Vizes 20 Wolts
Collector Cument (T = 257C) I 800 Amperes
Feak Collector Current (T) = 150°C) lowm 1200 Amperes
Emitter Current™ (T = 256°C) 13 G0 Amperes
Peak Emitter Cumrent"* EM 1200" Armperes
Maximum Collector Dissipation (T = 25°C) Pa 2100 Watts
Mounting Torgue, MB Main Temminal - 8.83~10.8 M - m
Mounting Torque, ME Mounting - 1.88~2.94 M - m
Mounting Torgue, M4 Termina - 0.83~1.47 M - m
Weight - 560 Grams
Isolation Voltage (Main Terminal to Baseplate, AC 1 min_) Vigo 2500 Vimms
* Fuise width and repetifon raie shouid be such thal the devics junclion temperature (T)1 does not exreed Ty, Ring
"“"Represents characieristics of the ant-pamiie], emither-fo-coledor free—wieed diode (FIWDIL N
Static Electrical Characteristics, Tj = 25 °C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ Max.  Units
Collector-Cutoff Cument cES Ve =Vegs Vge =0V - - 10 mA
Gate Leakage Cument lges Viog =Vges. Vg =0V - — 0s I
Gate-Emitter Threshold Voltage YEERN) = 80maA, Vi = 10V 45 6.0 Th Wolts.
Colector-Emitter Saturation Violtage VCE:sal] o = B00A, Ve = 15V - 2. 28™ Wolts
Ic = 8004, Vgg = 15V, T) = 150°C - 2.15 - Volts
Total Gate Charge Qg Vo = 300V, Ig = 800A, Vige = 15V 1200 - nC
Emitter-Collector Voltage VEC Ig = G00A, Vge = 0V - — 28 Wolts
" Puize width and repeftion rate showld be such that device Junction temperafiire rise is negigibie
Dynamic Electrical Characteristics, Tj =25 °C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ Max. Units
Input Capacitance Cies - — 60 nF
Output Capacitance Coes Vg =V Vge= 10V - - by | nF
Rewerse Transfer Capacitance Creg - - 12 nF
Resistive Tum-on Delay Time tajon) - - 350 ns
Load Rise Time fr Vo = 200V, I = G00A, - - T0o ns
Switching Tum-off Delay Time tdioem Vige)=Vae2= 15V, Rz = 1.002 - - 350 ns
Times Fall Time tr - — 300 ns
Diode Reverse Recovery Time tr E = G004, dig/dt = —1200A/ s - — 110 ns
Diode Reverse Recovery Charge Ty £ = G004, dig/dt = —1200A/ s - 1.62 — pc
Thermal and Mechanical Characteristics, Tj= 25 “C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ Max. Units
Thermmal Resistance. Junction to Case Ringpe) Per IGBT - — 0106 CAW
Thermmal Resistance. Junction to Case Ringpe) Per FWDi - - 012 W
Contact Thermal Resistance R-_p:.}f] Per Module, Thermal Grease Applied - - 0.035 CAW
Sep 1888

! MITSUBISHI
ELECTRIC

Figure 3.51: Datasheet of CM600HA-12H Power IGBT.
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Csnubber [nF] | Pigbtl [W] | Pigbt2 [W] | Pigbt3 [W] | Pigbt4 [W] | Ptot [W] |
120 1200 1290 210 278,5 2978,5
300 1143 1215 124,05 201,9|  2683,95
500 1088 1161 84,94 167,65  2501,59
800 1021 1101 70,21 144,7| 233691
1000 1000 1075 63,4 140 2278,4
2000 923 1015 251,9 725,8 2915,7

Table 3.52:Mean power losses and total power losses valuesndam of snubber capacity.

3000 T

2900 —

2800 —

2700 —
g 2600 —
o

2500 —

2400 —

2300 —

[ [

T T

Pz1+Pz2+Pz3+Pz4

2200 L
o 200

400 600

800

1000

1200

Csnubber [nF]

1400 1600

1800

Figure 3.53: Total power losses depending of snubber capacity.

3.4.2.6 Select of SILC'’s switches

2000

This paragraph will explain what type of switch wsedected for the project. In particular,
after a short description of the switch, will beosim the datasheet of device, the selection of
the snubber circuit in particular the calculatidrsnubber capacitance and in the end will be
illustrated the commutation waveforms of switches verified if the soft switching
requirement is satisfied.
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3.4.2.6.1 Insulated Gate Bipolar Transistors ( IGB¥)

As previously illustrated, we have need of fourtehes that work with high values of
voltage and current and with a low switching fremmye (15 kHz). For this reasons, IGBT
switches was chosen. The circuit symbol and egemiatircuit for an IGBT is shown in
Figure 3.50.

The IGBTs have some advantages of the MOSFETs ([#etide-Semiconductor Field-
Effect Transistor), the BJT (Bipolar Junction Trat®), and the GTO (Gate Turn-On
Thyristor) combined. Similar to the MOSFET, theBlGhas a high impedance gate, which
requires only a small amount of energy to switah dlevice. Like the BJT, the IGBT has a
small on-state voltage even in devices with larigeldng voltage ratings (for exampleoMs
2-3Vin 1000 V device). While similar to the GTIGBTs can be designed to block negative
voltages, as their idealized switch characteristBssides, insulated gate bipolar transistors
have turn-on and turn-off times on the order qfsland are available in module ratings as
large as 1700 V and 1200 A. Voltages ratings otaup-4 kV are projected and utilized. In
the SILC project was utilized the Spice Model of @MHA-12H, the Mitsubishi IGBT
modules with a collector-emitter voltage of 600kRdaa collector current of 600 A. The
datasheet of device is proposed [18].

3.4.2.6.2 Choose of Snubber Capacity and Switchif@pmmutations

The aim of this paragraph is explain the procedorethe selection of the the snubber
capacity to guarantee the soft switching of deviogbeir turn-offs. The particular procedure
that was followed is to fix a value of snubber @lyeand after a simulation take the value of
mean power loss of a single device considering ttm@-on and turn-off. The dates
concerning this aspect are listed in the first foalumns of the Table 3.51, while the last
column, represent for a particular value of snuldagracity, the total mean power loss of all
devices. Besides it's important to observe that ttthy@ology of SILC converter produce
always in any different case a major stress omswitches of the low half bridge ( IGBT1 and
IGBT2). In fact the Table 3.52 shows well as thempart of switching power losses derive
from these switches. In the end, considering tlgaifel 3.53 the value of snubber capacity
that was chosen for the project is Cs = 1000 nF .

Figures 3.54, 3.55, 3.56, 3.57, 3.58, 3.59, 3.60 a1l show the turn-on and turn-off
commutations of IGBTs and in particular it's impant to see as ZVS and ZCS commutation
on all IGBTs are guaranteed.
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Figure 3.58: IGBT1 turn-on.
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Figure 3.61: IGBT4 turn-on.
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Chapter 4

A Solid State Marx Modulator for ILC

4.1 Introduction

The Main Linac of the International Linear Collideill require, in order to accelerating
electrons and positron up to center of mass enefdd00 GeV, per collision, 576 Radio
Frequency (RF) stations. Each RF station will poaet0 MW L-band klystron that will
provide the acceleration energy to 26 niobium stgueducting cavities. Each cavity has a
design accelerating gradient of 35 MeV/m. The 10 MAvand klystron will be supplied by a
modulator which have to be capable to produce #pubpulsed signal with a width of 2 ms,
a repetition rate of 10 Hz, an amplitude of 120 fiov a current of 120 A. These design
parameters correspond to output energy of abowt)2The output pulse droop have to stay
under the nominal value of about 1%. In the existermilab Baseline Conceptual Design
(BCD), the klystron modulator, generally called Boar Modulator, has a transformer-based
topology. The Bouncer Modulator was developed & fermi National Accelerator
Laboratory (FNAL) near to Batavia, lllinois (USAIL. will be tested, starting from summer
2010, in the Fermilab ILC Test Facility at New Mubab (Figure 4.1.a, 4.1.b and Figure
4.2). The large size, weight, and cost of thisgfarmer, the large capacitors banks as well as
the large and expensive oil cooled inductor hawenleetween the motivations of the present
R&D work, where we want to find alternative topadlesythat do not employ the use of all
these massive and expensive components. In ordéit tthe ILC modulator design
requirements, we developed a Solid State Marx Maidul (SM) that uses solid state
switches (IGBTs) and isolation elements to congapicitors in parallel, while charging and
in series during the capacitor discharge.

4.2 The Fermilab Bouncer Modulator

The Bouncer Modulator is a transformer based landector modulator, developed by the
Fermilab Accelerator Division [26, 27, 28, 29, 30he main layout of this apparatus is
shown in Figure 4.3. This modulator uses a large switched capacitor bank of 1.4 mF, that
droops approximately of 20% during the full pulseltv. This very large droop is then
compensated by using a resonant LC circuit. Ifdgacitor bank is connected to the high
side of the pulse transformer primary, using aeseof GTO switches, instead, the resonant
circuit is connected to the low side of the pulss$former primary. The resulting output
pulse is flat within 1% for 1.9 ms of the full 213s pulse width, fitting the design request.
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Figure 4.1: a) The New Muon Lab building; b) the ILC Test Hiagiat the New Muon Lab.
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Modulator, etc. in the New Mulbab complex.
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The Fermilab Bouncer Modulator has been testedtascefficiency measured, from breaker
to klystron, including energy losses, in the riseet These measurements show that the
Bouncer Modulator has an efficiency of 85%.

4.2.1 Operational Principle

The Bouncer Modulator operational principle is tbkowing. The main capacitor bank,;,C

is charged approximately at a value that is 109ghdri than what required output voltage,
while the bouncer circuit elements; (600pH) and G (2 mF), in Figure 4.3, are charged to
10% of the required output voltage. In order toduwe a long output pulse width, the
bouncer resonant circuits switch, Ss closed, and the capacitor starts to ring with
inductor. At the appropriate time, the GTO swit€h, connecting the main capacitor bank to
the pulse transformer, is closed. Then, after 2 thes, GTO switch is opened. The bouncer
circuit then continues to ring through is full ogcl

4.2.2 The Bouncer Modulator key components and cast

The Fermilab Bouncer Modulator is done by seveoahponents that are custom. A reliable
and robust closing and opening switches are redjus@ a series stack of six Gate Turn Off
Thyristors (GTO) are used. Recently, IGBTs switches used as a replacement for GTOs
switches because of their higher reliability, loweeist and better switch control [27]. Figure
4.4 shows the Bouncer Modulator with a series stdckeven IGBTs. The bouncer circuit
must be designed with low loss and the maximum dapee consistent with effective output
regulation. The main capacitor bank must be dedigoea crowbar operation and capacitor
fault conditions. The pulse transformer (with 1fi@ns ratio) must have a very large volt
second rating and a relatively low leakage indwsa(B17 uH). Moreover, mechanical
vibration, from the system, must be kept to a miummbecause the RF superconducting
cavities are nearby. The cost for the Bouncer Maidulcomponents have been of about 370
k$. This prize includes approximately 20 k$ spenttuying the control system, 50 k$ for
the GTO switches, 75 k$ for the 400V AC phase adletr and for the power transformer and
90 k$ for the pulse transformer. Fermilab facilitgsting and the labor costs have not been
included in the present list of the costs.
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4.3 The Marx Generator Concept

4.3.1 Introduction

A Marx generator is an electrical circuit, introédcfor the first time by Erwin Otto Marx in
1924, whose purpose is to generate high-voltageepulln a Marx generator, a setNf
capacitors are charged in parallel to a low inpltage, \;,, and discharged in series to apply
a high voltageVo: = N Vin to the target load. Marx generators are widelyduisepulsed
power technologies due to their simplicity, scdlaband low voltage input requirements.
Applications include medical accelerators, weldamgl cutting, laser supplies, radar systems
and particle accelerators. Emerging uses includesthrilization of liquids and foods (via
electroporation) [19,20], juice extraction [21],cko crushing [22], electromagnetically-
powered transportation [23]. Marx generators anerestvely used also for simulating the
effects of lightning during high voltage and foriation equipment testing. Recently, a bank
of 36 Marx generators have been used by the Saddimnal Laboratories, located in
Albuquerque, New Mexico (USA), to generate X-raysheir so called Z Machine. The Z
machine is the largest X ray source in the wotichadd been designed to test materials in
conditions of extreme temperatures and pressufieis. Machine can be used also as an
ignition switch for thermonuclear devices. At theegent, Marx generators are also used in
order to produce short high-power pulses for Packells, for driving a Transversely Excited
Atmospheric Pressure (TEA) Laser, for the ignitminconventional explosive used in the
nuclear weapons, and to produce radar pulses. ifigegpeed of such a kind of devices is
relatively large, as the switching times, of eveghkspeed versions, is greater than 1 ns when
many low-power electronic devices are faster. Bndlesign of high-speed circuits, classical
electrodynamics effects may be important; thisasthe case of Marx generators, where the
basic design is nevertheless essentially an eldatio one. As matter of fact, if the first gap
breaks down, pure electrostatic theory predicts tha voltage across all stages rises.
However, stages are coupled capacitively to graamttiserially to each other, and thus each
stage encounters a voltage rise that is increasingbker the further the stage is, from the
switching one.The adjacent stage, to the switching one, thesefencounters the largest
voltage rise, and thus switches in turn. As mowges switch, the voltage rise to the
remainder increases, which speeds up their oparafibus a voltage rise fed into the first
stage becomes amplified and steepened at the samelhe speed of a switch is determined
by the speed of the charge carriers, which getsehigith higher voltages and by the current
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Figure 4.5: A classical 4-stages Marx generator circuit.

available to charge the inevitable parasitic cagabn solid-state avalanche devices, a high
voltage automatically, leads to high currents. Beeathe high voltage is applied, only for a
short amount of time, solid-state switches will heat up excessively. As compensation, for
the higher voltages encountered, the later sta@esto carry lower charge too. Stage cooling
and capacitor recharging also go well together.

4.3.2 The classical layout

A Marx generator, in his classical configuratioashessentially, a resistive-based topology.
Figure 4.5 shows an example of a 4-stages clagdiaat generator circuit. The operation
principle of this design is characterized by a ci@pa C, which charges through two
resistances, fand R, when the spark gaps S are opened. When fullygelatthe lowest gap
breaks down from overvoltage (or an external tniggehich puts the lowest two capacitors
in series and then over-voltages the second gapsandn. Eventually, the erected load
voltage is equal to the number of stages N, midtpby the input voltage ¥ Likewise, the
total erected capacitance, at that point, is egu@&/N. The major advantages of this topology
are low voltage input requirements, while disadagat are energy losses through passive
charging elements as well as through charging/digghg stacked stray capacitances.
Further issues may arise from stacking such asrmiefmn of the pulse shape at higher
currents, due to increased parasitic inductanckardihg resistors may also limit the pulse
fall time as they act as high resistance shunudin which stray capacitances must
discharge.
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4.3.3 Solid State Marx Generator

In recent years, the classical Marx layout has biegporoved by using semiconductor
switches that increase control, efficiency and @utsrm [24, 25]. In a Marx design, the
danger of overvoltage is also minimized becauséckes don’t hold-off large potentials and
remain isolated within the subsystems. In many <dle improvements consist solely of
replacing traditional switches (e.g. spark gapshwolid-state devices, but traditional passive
elements (inductive chokes of resistors) are keptpriovide charging paths and stage
isolation. This is an improvement only half-compleWhile newer switching technologies
bring certain advantages to the fore, passive el&neontinue to inhibit performances
through an inherent trade-off between efficiencyg danty cycle. Charging resistances must
be large enough to isolate stages during the digeh@dorce energy through the load) but
small enough to allow rapid recharging in the deae between pulses. This trade-off is the
reason for why chokes are now typically used irbted resistors, yet they become
themselves impractical when longer pulse widths racpired. To balance the trade-off,
components are selected for a specific duty cy&leleviation from this configuration is
detrimental to performance. A solid state Marx gatee design is outlined in Figure 4.6 and
in Figure 4.7. The first shows the general desigmcept where the passive elementsaRd

R, in Figure 4.5 have been replaced by a solid stadege and discharge switchesa®d $
respectively. In order to charge the storagpacitors, all switchesgSare opened and all
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Figure 4.8: Klystron power supply complex, using our Solid 8titarx Modulator (S¥).

switches g are closed. Once the capacitors are charged, éme bénk is fired into the load,
by opening switchescSand closing switchespSAt the end of the high voltage pulse, their
states invert once again to recharge the storagactars. Figure 4.3 shows how an ideal
Marx bank may be realized through solid-state poweemponents alone. In this
implementation, the charging element Bf a classical Marx modulator has been replaged b
a high voltage switching diode and Ry an IGBT-based switch. The diode has a low
impedance path for charging storage capacitorsanmaliel, but provides high impedance
isolation during their discharging in series. B@provides a bypass path when thes®itch
fails to close, during the discharge. In such a&gc#se system output is simply reduced and
the amount of energy remains in the isolated stdbes configuration allows the stages to
charge simultaneously and therefore enforces aalstpare of electrical stresses at all times.
Note that an active “pull-down” through the chasyétches & is inherent in the designs of
Figure 4.6 and Figure 4.7. Such a feature rapigigtdirges stray and load capacitances at the
beginning of the charge cycle, to give a sharpé&epuailing edge.

4.4 SMF a Solid State Marx Modulator for ILC

SM?, Solid-State Marx Modulator is a transformerlessdd solid state Marx generator,
developed by a group of physicist and engineetb®tUniversity of Cassino (ltaly) working
inside the Istituto Nazionale di Fisica NucleafdRN) NTA-ILC Collaboration.
A solid state Marx topology will not need to use/dmgh voltage transformeAs matter of
fact this design has several advantages over tiveational klystron modulator designs:
% itis physically smaller;
+« there is no pulse transformer (quite massive femgeded voltages and currents);
“ no need of large energy storage capadianks, owing to the active droop
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compensation;
% itis oil-free;

R/
0.0

voltage hold-off is achieved by using air insulatio

it is air cooled;

secondary air-water heat exchanger is physicaliyaied from the electronic
components.

R/
0.0

R/
0.0

Figure 4.8 shows a block diagram of the klystromveosupply complex. In particular is
shown a 300 kW DC/DC switching power supply whicvd to be capable to produce a
stabilized input voltage for SM The Solid-State Marx Modulator, that supplies hwit
particular requirements, already mentioned, thél@l L-band klystron, is constituted by a
series of two specific circuits. The first circuitat will be called also Main Marx (MM), is a
solid state switch Marx generator that uses 24 tidanfundamental cells. The MM is
supplied by an input voltage stabilized of 5 kV @ngroduces an output pulsed signal with a
width of 2 ms, a repetition rate of 10 Hz, an atouple of 120 kV with a output current of 120
A and a output signal droop of about 13%. The seéa@meuit, that will be call also Flattener,
is a solid state switch smaller Marx generator thsgs 19 identical fundamental cells to
achieve an output drop compensation of about 1s%gguired by the ILC design report. The
Flattener is supplied by an input stabilized vodtag 1.2 kV and it is opportunely fired to
reduce the output pulse droop.
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Figure 4.10: The Main Marx block layout.

4.4.1 The SM fundamental cell design

The layout of the single cell of the Svhodulator, the fundamental ce$, shown in Figure
4.9. The key components of each fundamental ceil ar

a charge diode ({J that provides a path for charging the main capag¢Cchargd 10
input voltage;

an isolation diode () that provides isolation between a single cell #mel other
cells during erection;

a charge switch (charge) that provides the chargath for the main capacitor during
a charging period of 100 ms;

a fire switch (fire) which closure will produce & output pulse from the cell of a 2
ms pulse length;

a by-pass diode () that provides a conduction path to the loadubh the cell or
the cells that have not been fired,;

a series inductor L to limit di/dt in the outputient.
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4.4.2 The SM Main Marx Generator

In the previous chapter, we discussed the layoatfahdamental cell of the SMModulator.

In this paragraph, we will describe the developnena Marx modulator able to produce
output pulsed signals of 120 kV, for a current @ 1A, 2 ms base pulse width and a
repetition rate of 10 Hz. We will start reviewiniget circuit requirements and then we will
discuss the results of the simulations performedoider to study the behavior of a
fundamental cell and of the full Main Marx generato

4.4.2.1 The Main Marx Layout and Design Requiremerst

The Main Marx modulator is a Marx generator thagsusolid state switches. MM uses 24
identical fundamental cells. The MM design requieaits are the following:

e An input stabilized high voltage of 5 kV and anthmutput voltage of 120 kV;
e An output voltage droop of about 13%;
e An output current of 120 A;
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e The main capacitors must charge in parallel inrb80at input voltage level,
e The main capacitors must discharge in series tdym® an output pulse of 2 ms base
pulse width;

Because of these requirements, we end up to h&dfe aircuit with a number of cell equal
to 24 and a Main Capacitor, for storing the cir@nergy, of 350 pUF (&argein Figure 4.9).
The cells have been designed also in an way tlwdt @athem accumulate an energy below
the value of 1.18 kJ. As matter of fact, this gyevalue is below to the maximum energy
that can be reversed to the klystron without rigkimdamaging it.

4.4.2.2 Stray Capacitance Charging Losses

Some of the Marx-stored energy is required to iitpelty charge stray capacitances that
might be present in the bus work of a modulatois Bmergy cannot be recycled and is lost
during the active pull-down. The higher modulatesides on the potential ladder, the more
energy is required to charge inherent stray camao#sCp per stage with respect to ground.
So the total power lost to this process, assuntiray sapacitances are well balanced is,

f N
Pstray = E;Cp (k\/m)2 (121)

Inefficiencies relating to stray capacitance inseequadratically with the number of stages N
and as such impose an upper practical limit omthmber of stages in a Marx modulator. In
order to minimize stray capacitances, design effomtist reduce the physical size of the
modulator footprint, components and stage intereots Curves of efficiencies for various
values of stray capacitance are plotted versus asumbstages in Figure 4.11. From this
graph it is apparent that at 10 kV the efficieneynains above 90%, even with liberal
amounts of internal stray capacitances. In thé 8all layout (Figure 4.9) the value of stray
capacitance was assumed equal to 10 pF.

4.4.2.3 Main Marx output response

The circuit simulations have been implemented bgguithe schematic session of the OrCad
9.2 program. OrCad is a general-purpose circuiukition for non-linear DC, non-linear
transient and linear AC analyses fully owned by €&ma& Design Systems. We have
performed a transient analysis to computes theigahoutput variables as a function of time
over a user-specified time interval. The initiahddions were automatically determined by a
DC analysis that determines the DC operating pafihe circuit with inductors shorted and
capacitors opened. The main circuit elements andlation parameters used are:
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Figure 4.15: Simulated Main Marx output voltage; the droop ia tutput voltage has a
value of about 13%.
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Figure 4.17: Simulated Main Marx output energy.
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¢ Linear resistors, capacitors and inductors;

e Stray resistance and capacitance;

¢ Real power diode and real power IGBTS;

e DC voltage sources and independent sources asgmusees to switches control;
¢ Atransient period of 50 ms;

Also the use of an ideal element that is highly-hie@ar such as a switch can cause large
discontinuities to occur in the circuit node voktag\ rapid change such as that associated
with a switch changing state can cause numericaild@ff or tolerance problems leading to
erroneous results or time-step difficulties. Sariprove this situation was used:

« A step ceiling of 10;
e A relative tolerance of I

In order to perform a realistic study of the citdoéhavior, we used, in the simulation, real
circuital elements by implementing real switched by adding, to each circuital component,
parasitic capacitance and resistance as well &®iegnces. These quantities have been also
used, later, in the Montecarlo simulations of thk $M? Modulator behavior under different
operational conditions.

The output response of our simulations, perfornred single fundamental MM cell, is given
in Figure 4.12, 4.13 and 4.14, where the outputagel, the output current and the output
energy are plotted. Figure 4.15, 4.16 and 4.1herother hand, show the behavior of the
full Main Marx generator. As it is possible to sé® droop in the output voltage and in the
output current is around 13 % of the total voltagd current value (120 kV, 120 A).

4.4.3 The Flattener circuit

In the SM Modulator, the droop regulation of the output palsip to a value of +0.5% is
achieved bydding a small Marx in series with the Main MarkisTsmall Marx generator,
the Flattener circuit, is composed of 19 fundameh®@kV cells similar to the one used for
the Main Marx. The flattener cells are then firedgentially in order to be able to generate a
series of discrete corrections on the Main Marxpousignal droop. If we compare this
droop compensation strategy to the droop compemsatichieved in a bouncer-like
correction, the conclusions are that our schenmuish smaller and less expensive than the
other. Figure 4.18 shows the overall modulatoryatttarized by the Flattener in series with
the Main Marx. The time regulation of such a systemery crucial in order to achieve the
droop compensation up to the design requirementthd next paragraph, we will describe
how the Flattener charging and discharging switeredired and in particular we will show
the control driving law that must be implementedyether with the trigger system, in order
to obtain a good performance of Flattener circuit.

-94 -



A Solid-State Marx Modulator for ILC

1 ™ e s

Muain Marx Cirenit

T e T )

G e T o

|

pid iyl
_ TWJTWJTW'
PO oo o
g |l Nl £
s | ]

BT
L £ 21
T | | a

8 BT BT

Figure 4.18: Overall SM Marx Modulator layout. As it is possible see in the circuit
schematic, the Flattener circuit is in senwish the Main Marx generator.
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Figure 4.19: Full SM Modulator conceptual design, where STS is thetc®ivig Trigger
System for the SKmodulator, MM is the S Main Marx modulator, the
MMDS is the Main Marxriing System, FDS is the Flattener Driving
System and the KEDOS®ésKlystron Energy Droop Out Safety System.
PS is the SNDC/DC switching power supply.

4.4.4 The SM Switching Trigger System

The implementation of the S\VBwitch Trigger System (STS) is an important pdrouar
solid state Marx generator complex. It is mainlgdzhon a general controller that acts on two
different digital trigger systems:

e The Main Marx Driving System (MMDS) that is useddenerate the control signal
sequence, for the Main Marx Generator switch clmargand discharging. The
MMDS controls the closing of all charging switcliging a period time of 100 ms,
to allow the main capacitor chargingc(&ge in parallel and the closing of all the
discharging switches during the output signal aveah a period of time of 2 ms.

¢ the Flattener Driving System (FDS) that is usedriter to fire, with an appropriate
time control sequence, the charging and dischargvitghes of the Flattener circuit
in order to open and close sequentially the swicfee the Main Marx droop
compensation in the high voltage output pulses.

It has to be noticed that the MMDS and the FDS mhestaccurate in order to fire
simultaneously all charging switches during thergimg time and all discharging switches
during discharging period. Nowadays, the implent@nteof such an apparatus can be easily
achieved by using Field-Programmable Gate Arrayicgsv(FPGA) and optical fibers for
trigger signal transport. Figure 4.19 gives a sctenoverview of the full Solid State Marx
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Figure 4.20: Sequence of the trigger signals necessary to @#rat-lattener charging
switches.
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Figure 4.21: Pulse width of the trigger signals necessary taaipehe Flattener discharging
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Figure 4.22: Simulated Flattener output voltage.

Modulator and Switching Trigger System. In Figur204 4.21 we report the time sequence
needed to trigger the charging and dischargingched of the Flattener. In particular, Figure
4.20 shows the sequence of the trigger signalsseacgto operate the Flattener charging
switches, while in Figure 4.21 the pulse widthshef trigger signals, necessary to operate the
Flattener discharging switches, are illustrateshally, the simulated output signal coming
from the Flattener circuit is given in Figure 4.22.

4.5 Solid State Marx Modulator single Failure Risks

The probability of critical component failure inases directly with the number of elements.
In the basic design scheme, the failure of anylsil@BT or capacitor will fail the entire
modulator by shorting out the input DC power. Theg#cal single-point failures must be
eliminated in any practical design by using a langenbers of cells with a lower ripple
voltage. The transmission scheme, for vital conttata and timing fiducials, must also be
massively parallel in nature, to avoid single-paiantrol-induced failures. Failures of any
IGBT or capacitor, in a basic Solid State Marx Miador design, will fail the entire
modulator. These single-point risks can be mitiddig adding a simplified high-side IGBT
buck regulator to each cell. This regulator sethese vital functions:

1. Control of inrush currents during the chargiggle;
2. Local regulation of the cell operating voltage;
3. Isolation of the cell from the main DC chargpegh, in the event of a cell failure.

Another important characteristic of any klystronduatator have the protection from arcs,
when the klystron faults. The klystron is a verpensive device and it will probably arc at
some time of its life. Regarding the ILC TDR klystr model: Toshiba MBK 3736, that
works typically with the following voltage and currents ¢ 120 kV, kL= 120 A,
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Figure 4.23: Simulated voltage (a) and current (b) droop asation of number of cell that
failed in the SM modulator.

(Ruoa= 1 k) the SM modulator is expected to deliver an energy tokifstron of about E=
RI?T= 28.8 kJ. Then, an arc protection system hagtonplemented. Figure 4.21 shows the
SM? modulator conceptual design where the Klystron rgneDrop-out Safety System
(KEDOSS) is also represented. The developmenteoKEBDOSS apparatus goes beyond the
goals of the present work. Anyhow there are sesaitions under consideration. The first
one that we considered is a conventional crowbauitithat suddenly quenches the klystron
arc into a discharge of the stored energy. Howekier crowbar circuit has false-firing
problems caused by electric noise and other crdedsmsolutions have been considered. In
Figure 4.23.a and in Figure 4.23.b we show the lsitad current and voltage droop as a
function of the number of cell that failed insidetSM Modulator. The behavior reflects
what expected as Marx generator adds, to eachlstegrly the same voltage step-upu¥
N-Vcei. As the probability of N independent failures iresiSM goes as Pthis plot show that

a failure of a single cell doesn’'t quench the mathrloutput response.

4.6 The SMMarx Modulator circuit simulation and analysis

In this paragraph we describe a part of the amddyais that has been performed in order to
study the behavior of our Solid State Marx Modulatesign. To begin, we will show that the
ILC TDR design requirements have been achievedir€ig.24 shows the simulated $L20
kV output train pulses; as it possible to see #ygetition rate fits the design of a 10 Hz
repetition rate modulator. Figure 4.25 shows theutited SM output voltage that goes to
power the klystron. This distribution has a maximainsolute value of 120 kV, a pulse width
of 2 ms and the output voltage droop stay belownttrainal TDR request of about 1% [31].
Figure 4.26 shows the simulated $Mutput current. The plot has a maximum value @ 12
A, a pulse width of 2 ms and an output current dridmt stays below the nominal TDR
request of about 1%. Besides, Figure 4.27 shoesStf produced output energy that
supplies the klystron of the needed energy to paimeR6 niobium superconducting cavities.
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Figure 4.24: Simulated SN 120 kV output train pulses; the repetition ratédsHz.

As already mentioned before, the klystron needsetpowered with an energy, per cycle (2
ms), of about 27 kJ.

As it was mention in the previous paragraphs, welemented a realistic simulation of our
Marx generator concept by accounting real parasiiistances and inductances for every
single component in the SMnodulator and by using real IGBT based switchesrtler to
get a more realistic output response we had thd te@erform a Montecarlo simulation.
Montecarlo simulation is a method of simulationhwitnknown variables. In Montecarlo
simulation values for unknowns are randomly setbctzcording to their statistical
distribution. The process is repeated for a nurbeseudo-experiments each with a new set
of values for the unknowns. The distribution of fhmal results is taken to be representative
of the “real” behavior over the range of inputseTontecarlo simulation method is a way
of dealing with the large number of correlated and-correlated and uncorrelated variables
involved in circuit design. Process parameters Haen characterized as a distribution of
single circuital object behaviors giving the desiga large amount of data to deal with.
Montecarlo simulation allows all of these variablese considered during simulation. The
Montecarlo simulation has then been performed oheoto predict our circuit yield and
sensitivity. The result of the Montecarlo simulatiothat required and intensive CPU
consuming parallel calculations, proofed that tmeppsed Solid State Marx Modulator
design is very much stable and fits all the ILC T@&sign requirements.

This very encouraging result was expected and dyrgmedicted. As matter of fact, we
evaluated, following another statistical approachich could be the worst possible scenario
(probable in less than a part orf)lBy setting all the real components values inwoest
+1lc and - edge. Before performing this analysis we firsifyehat the quantities were not
correlated or anti-correlated, and then we impldetera new set of simulations. These
simulations were carried out by assuming a cohealemtation of +& and -I, from the
nominal values of each single real circuital eletnés matter of fact we each circuital
element was implemented considering the faltasitic capacitance and resistance and
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Figure 4.25: Simulated SM output voltage with droop compensation; the vatdgpop is
about 1%.
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Figure 4.28: Simulated result on the output voltage, in theswetatistical scenario.

tolerances then in our simulation we had 2¢.§main capacitors, 24 L inductors and about
150 parasitic elements spread Marx bank that weoldiuctuate of +& around the single
electric component nominal tolerance. Figure 4128as the result of this analysis. In the
plot 4.28, X represents the result on the outpltage simulation obtained by assuming the
nominal values for all the electric components Iagd in the SM Marx modulator. Y +
loay is then what we get by making all the parasit@nednts, involved in the SMircuit,
fluctuating of +- and finally Z + .z represent is what we obtained but assuming, at the
same time, a fluctuation of the 24 Inductor valuesf the 24 Gnagemain capacitors and of
the 150 parasitic elements spread in our modul&een in the worst possible scenario the
simulations shows that the $Nunctionality is very stable and pretty much indegent by
the component tolerances, if values around 10%ssemed.

4.7 Conclusions

The development of the SMklystron modulator topology, for the Internationahear
Collider (ILC), it is under development. $Mnvisioned as a smaller, lower cost, and higher
reliability alternative to the present, Bouncer Midor, now under test at Fermi National
Accelerator Laboratory (Fermilab) near to Batavilnois (USA). The Solid State Marx
Modulator presents several advantages over coovertklystron modulator designs. It is
physically smaller; there is no pulse transforntgrité massive for the ILC parameters) and
the energy storage capacitor bank is quite smwadlg to the active droop compensation. It
is oil-free; voltage hold-off is achieved usingiasulation and it is air cooled. The secondary
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air-water heat exchanger is physically isolatedrfrihe electronic components. The SM
employs all solid state elements: IGBT based swicand diodes, to control the charge,
discharge and isolation of the cells. A generalirges of the SM Marx Modulator design
and relative simulations have been presented snvibrk. The SM solution is a Solid State
Marx Modulator based on double switch topology &ofgrm the energy loading and the
energy commutation to the klystron. This solutierbased on four baseline elements. The
first, the Main Marx (MM), that is a solid state issh Marx generator that uses 24 identical
fundamental cells. The MM is supplied by an inpoitage stabilized of 5 kV and it produces
an output pulsed signal with a width of 2 ms, aetityon rate of 10 Hz, an amplitude of 120
kV with a output current of 120 A and a output sigtroop of about 13%. A second part, the
Flattener, that is a solid state switch smaller Magenerator that uses 19 identical
fundamental cells to achieve an output droop cosgt@n of about 1%, as required by the
ILC design report. The Flattener is supplied byrgout stabilized voltage of 1.2 kV and it is
opportunely fired to reduce the output pulse drddge third fundamental component of our
modulator design is the SMSwitch Trigger System (STS) mainly based on a igéne
controller that acts on two different digital treggsystems:

e The Main Marx Driving System (MMDS) that is useddenerate the control signal
sequence, for the Main Marx Generator switch clmargand discharging. The
MMDS controls the closing of all charging switchiging a period time of 100 ms,
to allow the main capacitor chargingcfsd in parallel and then thee closing of all
the discharging switches during the output signediion in a period of time of 2 ms.

¢ the Flattener Driving System (FDS) that is usedriter to fire, with an appropriate
time control sequence, the charging and dischargwitches of the Flattener circuit
in order to open and close sequentially the swicfue the Main Marx droop
compensation in the high voltage output pulses.

At the end there is a need to develop the fourttelr@ component that is the Klystron
Energy Drop-Out Safety Systems (KEDOSS) that Widva the protection from arcs, when
the klystron faults, by suddenly quenching the tkbys arc into a discharge of the modulator
stored energy. Finally, in the present work we hareeved, at a simulation level that 3fils

all the ILC TDR expectations even after a severentdcarlo simulation of the circuit
behavior.
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Appendix A

A.1 The synchrotron radiation energy loss

If a charge is accelerated but is observed in ereate frame where its velocity is small
compared to that of light, the instantaneous enfiugyis given by the Poynting’s vector,

S=SExB=—|E|’n (A1)
4z A
This means that the power radiated per unit smigieais
dapP _
n n A.2
© - | E["= x ( ><ﬂ (A.2)

If ® is the angle between the acceleratiandn then the power radiated can be written
P __€ Sane A.3)
dQ  4ac®

This exhibits the characteristi&in®® angular dependence which is a well know result. The

total instantaneous power radiated is obtaineditagrating (A.3) over all solid angle. Thus
2
P:gév
3¢
This is the familiar Larmor result for a non reladtic, accelerated charge. Larmor’s formula
(A.4) can be generalized by arguments about cavegiainder Lorentz transformations to
yield a result which is valid for arbitrary veldeis of the charge. Radiated electromagnetic
energy behaves under Lorentz transformation likefolurth component of a 4-vector. Since

dE,, = Pdt, this means that the power P is a Lorentz inmamgantity. If we can find a

(A.4)

Lorentz invariant which reduces to the Larmor folan(A.4) forp << 1, then we have the
desired generalization. There are, of course, nhangntz invariant which reduce the desired
form when g — 0. For an appropriate generalization we write Larsidormula in the
suggestive form:

"3 ot at) &
wherem is the mass of the charge , gnils momentum. The Lorentz invariant generalization
is clearly

_2.¢ dndp,
3m’c® dr dr
where dr = dt/yis the proper time element , apd is the charged particle’s momentum-
energy 4-vector. To check that (A.6) reduces pigger(A.5) as g — 0 we evaluate the 4-
vector scalar product,
dp, dp, dp,, 1
dr dr _( ) -

) (A.6)

& )—(dp) —ﬂ( by: A7)
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Radiation losses are sometimes the limiting fadtorthe maximum practical energy
attainable. For a given applied force the radiéfe@) depends inversely on the square of the
mass of the particle involved. Consequently thesiérctive effects are largest for electrons.
So in a linear accelerator the motion is one dinogra. From (A.7) it is evident that in the
that case the radiated power is

2 & ,dp,,
- 3mic? (dt) (A8)
The rate of change of momentum is equal to the g#ham energy of the particle per unit
distance. Consequently
2 €
- 3mic®
showing that for linear motion the power radiategpehds only on the external forces which
determine the rate of change of particle energh distance, not on the actual or momentum
of the particle. The ratio of power radiated to powupplied by the external sources is
_ P 2 ¢ 1dE 2(e’/mc’)dE
TdE/dx 3mcvdx 3 md  dx
Where the last form holds for relativistic part&g — 1) . Equation (A.10) shows that the
radiation loss will be unimportant unless the gaienergy is of the ordenc = 0.511 MeV
in a distance o8/mc = 2.82*10™ cm or of the order 02*10"* MeV/meter Typical energy
gains less thahO MeV/meter In fact if we considered a gain G = 1 this is tdase in which
total energy that receive the particle is elimidads radiation and so

9Ey - §L_13 — 25*10“MeV/m (A.11)
dx~ 228*10 “crmr
In the ILC, the (dE/dx) = 31.5 MeV/m and so theulmelosses are unimportant. Moreover in

the ILC the gain is

dE,,
(5) (A.9)

(A.10)

_228%10"%cm

"3 0.51MeV
Circumstances change drastically in circular acesdes like the synchrotron or betatron. In
such machines the momentymthanges rapidly in direction as the particle egabut the
change in energy per revolution is small. Then rdmdiated power (A.10) can be written
approximately

315MeV/m~ 115* 10 (A.12)

2¢€’c
T 3mic 3 p?
Where we have used = (cg/ p), p being the orbit radius. This result was first aed by
Liénard in 1898. The radioactive-energy loss pefwgion is

P Byt (A.13)

7/2a)2|p|2 _

2ipp_4ne
cp 3 p

OE = i (A.14)
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For high-energy electrong£ ~ 1) this has the numerical value ,

<12 LE(BeV]”
SE(MeV) = 885+10 meier3 (A.15)

For a typical low-energy synchrotrop,~ 1 meter, Eax~ 0.3BeV. HencedEnax~ 1 KeV per

revolution. This is less than, but not negligiblempared to, the energy gain of a few
kilovolts per turn. In the largest electron syndhwo, the orbit radius is the order of 10
meters and the maximum energy is 5 BeV. Then tH®aative loss is about 5.5 MeV per
revolution. Since it extremely difficult to genesatadiofrequency power at levels high
enough to produce energy increments much greater this amount per revolution, it
appears that 5 — 10 BeV is an upper limit on thximam energy of circular electrons
accelerators. The power radiated in circular acatdes can be expressed numerically as

10° E(MeV) 5 omy (A.16)
2 p(meters
where J is the circulating beam current. This @quat valid if the emission of radiation
from the different electrons in the circulating bed incoherent. In the largest electron
synchrotron the radiated power amounts to 0.1 p&atimicroampere of beam.
For an accelerated charge in nonrelativistic motl@angular distribution shows a simple
sif® behavior, as given by (A.3), wher@ is measured relative to the direction of
acceleration. For relativistic motion the accelerafields depend on the velocity as well as
the acceleration and consequently the angularlgison is more complicated. | we imagine
a linear motion of charge during which the ordinaglocity and acceleration have same
magnitude, direction and are parallel so the paaeiated per unit solid angle, proportional
to the angular distribution of the energy radiaged
2
dP(t) e*v  sin%¢

dQ  4xc® (1- Bcosh)®
For g << 1, this is the Larmor result (A.4). But g — 1, the angular distribution is tipped
forward more and more increases in magnitude. Hige®max for which the intensity is a
maximum is

P(watts) =

(A.17)

= cos [— (\1+1582 -1)] - (A.18)

Where the last form is the limiting value fgr — 1. In this same limit the peak intensity is
proportional toy®. Even forf = 0.5, corresponding to electrons of ~ 80 KeV #mnenergy,

Omax = 38.2°. For relativistic particle@maxis very small, being of the order of the ratiatod
rest energy of the particles to its total energyud the angular distribution is confined to a
very narrow cone in the direction of motion. Foclsismall angles the angular distribution
(A.17) can be approximately

‘2
dP(t') 8e’v , (9)°

~ A.19
dao zr ¢t 4 1+ 7%0%)° ( )
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Figura A.1: Angular distribution of synchrotron radiation

The natural unit is evidently". The peak in the angular distribution occurs@t % and the

half-power points at@ = 023 and y9 = 091. The root mean square angle of emission of
radiation in the relativistic limit is

11 mc

The total power radiated can be obtained by integgydA.17) over all angles. Thus

2 2
Py =25y 4¢ A21)
3c
in agreement with (A.18).
Another example of angular distribution of radiatie that for a charge instantaneously
circular motions with its acceleration perpendicuta velocity. At this point we choose a
coordinate system such that instantaneously vglotihez direction and acceleration in the
x direction. With the customary polar angl@gb defining the direction of observation, the
formula is

dP(t')_eZVZ 1 {1 sinzé’coszqﬁ} (A.22)

dQ  4nc® (1 fcosd)®|” y2(l- fcosh)?
We note that, although the detailed angular distidm is different from the linear
acceleration case, the same characteristic redatipeaking at forward angles is present .In
the relativistic limit(y >> 1), the angular distribution can be written approxeha

dP(t')zgeZV . 1 {1 47/26’20052415} (A.23)

dt 7z & L 1+20°° | (1t 12%0°)
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The synchrotron radiation energy loss

The root mean square angle of emission in thiseimiation is given by (A.20), just as for

one-dimensional motion. The total power radiatadlmafound by integrating (A.22):
2
2e?v
P(t) == !
(t) 3 &
It is instructive to compare the power radiateddoceleration parallel to the velocity (A.23)
or (A.8) with the power radiated for acceleraticgrgendicular to the velocity (A.4) for the

same magnitude of applied force. For circular mmptibe magnitude of the rate of change of

(A.24)

momentum (which is equal to the applied forcejris. Consequently, (A.24) can be written

2 € dp
P, t')=— 2(=5)? A.25
cwcular( ) 3 mzc3 7/ (dt) ( )
When this is compared to the corresponding regu&)(for rectilinear motion, we find that
for a given magnitude of applied force the radmtmitted with a transverse acceleration is

a factor ofy *larger than with a parallel acceleration.
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Appendix B

B.1 Collider luminosity

The event rate R in a collider is proportionallie interaction cross sectief: and the factor
of proportionality is called thierminosity
R=Lo,, (B.1)

It two bunches containing; andn, particles collide with frequendythe luminosity is:

L—f_n (B.2)

4ro,0,

where ox and oy characterized the Gaussian transverse beam prafildse horizontal and
vertical directions and to simplify the expressibis assumed that the bunches are identical
in transverse profile, thet the profiles are indefent of position along the bunch, and the
particle distributions are not altered during gain. Whatever the distribution at the source,
by the time the beam reaches high energy, the ndoma is good approximation thanks to
the central limit theorem of probability ant theniliished importance of space charge effects.
The beam size can be expressed in terms of twotijeganone termed the transverse
emittante,€, and the other, the amplitude functiBnThe transverse emittance is a beam
quality concept reflecting the process of bunctparation, extending all the way back to the
source for hadrons and, in the case of electronstlyndependent on synchrotron radiation.
The amplitude function is a beam optics quantity sndetermined by the accelerator magnet
configuration. When expressed in terms@ndf the transverse emittance becomes

s=nc’lp (B.3)
Of particular significance is the value of the aitogle function at the interaction poir, .
Clearly one wantg" to be as small as possible; how small depends@rapability of the
hardware to make a near-focus at the interactiamt.po
Eq. (B.2) can now be recast in terms of emittameesamplitude function as

L=f——b 4.
41[€Xﬂ*x5yﬂ*y
Thus to achieve high luminosity, all one has toiglmake high population bunches of low
emittance to collide at high frequency at locatiarizere the beam optics provides as low
values of the amplitude functions as possible.
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