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Preface

This thesis is submitted to the Faculty of Science at the University of Aarhus, Denmark to
fulfill the requirements for the Ph.D. degree. The thesisis the product of a joint industrial
Ph.D. project between the company Danfysik A/S and the Institute for Storage Ring Facili-
ties at the University of Aarhus (ISA) concerning the design and characterization of the
injector for the Angstrom Karlsruhe (ANKA) synchrotron radiation source at
Forschungszentrum Karlsruhe, Germany. The injector consists of a 500-MeV booster syn-
chrotron, a 53-MeV racetrack microtron, and associated transfer lines.

The first chapter of the thesis puts the ANKA injector into the context of the signifi-
cant development in the application of synchrotron radiation in the last decade, which has
initiated the construction of numerous synchrotron radiation sources world-wide. In chapter
2, the racetrack microtron is described theoretically with emphass on longitudina dyna-
mics, transverse dynamics, and the interaction between the beam and the accelerating struc-
ture. Chapter 3 provides a theoretical account of the booster synchrotron, in particular, the
injection process of the racetrack microtron beam in the booster synchrotron and the subse-
guent capture of the beam by the rf system. In chapter 4, the experimental investigation of
the racetrack microtron is presented with the main focus on a characterization of the output
beam because the quality of the output beam is essential for the multi-turn injection effi-
ciency of the booster synchrotron. In addition, the observed properties of the output beam
are compared with the results of the theoretical discussion in chapter 2 and the beam
properties of other racetrack microtrons and linear accelerators. Finally, chapter 5 is de-
voted to a detailed experimental investigation of the booster synchrotron. The chapter be-
ginswith a study of the lattice parameters of the booster synchrotron, providing information
about the deviations from the ideal lattice. Next, the beam properties of the circulating
beam are characterized throughout the entire one-second cycle of the injector and compared
with both the theoretical investigation in chapter 3 and the performance of other booster
synchrotrons. In addition, the injection and extraction processes are examined in detail.
These experimental results are used to examine where and why beam loss do occur, provi-
ding valuable information about how to improve the performance of the injector.

Throughout the Ph.D. project, | have received excellent support from my two supervi-
sors Seren Pape Mdller and Bjarne Roger Nidlsen. Sgren has been a great assistance during
my training in accelerator physics, and has been a pleasant working partner during the com-
missioning of both the racetrack microtron and the booster synchrotron. Bjarne has been
helpful with information about Danfysik relating to the commercia aspects of the Ph.D.
project. | aso appreciate the competent assistance of the employees of Danfysik and 1SA
during the commissioning of the ANKA injector, in particular, Niels Hertel, Jargen S.
Nielsen, and Povl Abrahamsen. Besides, | would like to thank Ulrik Vindelev Pedersen for
his pleasant company in our office, and for his and Jergen's proofreading of this thesis. A
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sincere thanks also goes to the staff at Forschungszentrum Karlsruhe, in particular, Montse
Pont, Francisco Pérez, Erhard Huttel, and Dieter Einfeld for their invaluable help during the
commissioning of the ANKA injector and during the two and a haf weeks in May-June
2000 when | performed al measurements presented in this thesis. Findly, | am deeply
grateful for the support of my wife Betina, especially during the long staysin Karlsruhe.

During the Ph.D. project, | have contributed to the following scientific papersrelating
to the contents of the present thesis:

1. L. Prasstegaard et al., in Proc. European Part. Acc. Conf., Stockholm, 1998, p. 632
2. D.Einfeld et al., in Proc. Part. Acc. Conf., New York, 1999, p. 2427

3. F Pé&rezetal., in Proc. European Part. Acc. Conf., Vienna, 2000, p. 1996

4. L. Presstegaard et al., in Proc. European Part. Acc. Conf., Vienna, 2000, p. 678

Lars Praestegaard, April 2001



Contents

O 1 1 oo [ X T o R 1
2. The ANKA racetraCk MiCrotrON ....c.coceeieeeiieenie e e 5
P2 R 014 oo [1 e (' O TP U R PTPRTPROPTT 5
2.2 Thedesign of the ANK A racetrack miCrotron ......ccooeveveeveeseeseesie e eee e 6
2.2.1 General description of the racetrack Microtron...........ccvvvvvevveevcenneeseeseeneenn 6

222 RE SYSIBIM oo 8

ARG A DT 1o s oSSR 9

2.3 Synchronous acceler ation and phase stability ..........ccooveviveiiienii i 9
2.3.1 Theoretical AESCriptioN........cocvvieiiiiiiiiii it 9

2.3.2 Smulation of longitudina dynamicCs..........ccccevveeviieiiieniiene e 1

2.4 Transver 2 beam AYNAMICS.......cviieiie et sree e seee 14
2.5 Mechanismslimiting the beam current.............ccooviiiiinn e, 17
R 2Tl o= o ] o TR 17

2.5.2 BEaM BreakUD.....ccvee ittt 19

. The ANKA booster SynChrotron ..........cccceeeieeiiiee e 21
30 A 1 014 oo [1 (oo O PO P URTPTR P PRTUPTORRPRN 21
3.2 The design of the ANK A booster synchrotron ... 21
3.2.1 The booster synchrotron [attiCe.........ccvevvevieiie e 21

B2 2 Therf SYSBM .o e 25

I DT [0S o TS 26

3.2.4 Closed Orbit deVIatiONS........ccviirieeierierie e 26

3.3 The MUIti-turn iNjeCLiON PrOCESS.......cciiiiiiiiieiie st see e neeas 28
3.3.1Theinjection transfer lINE.........ccoiieiieii i 28

3.3.2 Smulations of the iNjection PrOCESS ......cccivveiiveiieriee e 28

3.3.3 Capture efficiency of the rf System ..o 33

3.3.4 Influence of beam loading on the injection Process........cccoovevivevieeneenieeeenes 35

3.4 BEAM ACCE O @LION ....veviiiieiiitiiteeiee ettt b et sb e sre e 38
3.4.1Theramping SChEME........ccuviiiiiiiiiiie et be e e 38

3.4.2 Eddy current effects in the dipole magnet vacuum chamber ..............cccc.e.e. 38

3.5 THEEXEFACHION.....coiiiii et ee 40



Contents

3.5.1 The EXIraCtioN PrOCESS .....ccveieeiieesieesieesieesteesteesteesteesreesteesteesbeesteesteesseenseens 40
3.5.2 The extraction transfer lINe..........ccooiiiiiiieics e 40

4. Experimental investigation of the ANKA racetrack microtron.................. 43
A1 INEFOAUCTION ..ottt r e bbb b neennesre s 43
4.2 BEAM CUI TN ettt an e sanesenenan e 43
4.2.1 Characterization of the current transformers.........ccocevvveneneenene s 43
4.2.2 Beam CUrrent MEASUMEMENES.........coieiieereereesieesieesiee e sseesseesseesseesseesneesnees 44
4.3 MOMENTUM SPIEAA ....o.vviviiiiiiiiieiie st e e sa e s e snaessaesneeenes 46
4.4 Transver se emittances of electron beam ... 48
4.4.1 The extended variable quadrupole magnet method ............ccccvevvenieneennen, 48
4.4.2 Measurement of the transverse emittances by the extended variable quadru-
POle MagNEt MELNOU..........ccueiie e 49
4.4.3 Determination of the transverse emittances using synchrotron light ............. 52
4.5 Investigation of the longitudinal dynamics.........cccocevveviiiniiniisie e 54
4.5.1 Dependence of the beam current on the generator power ...........coccevveveeenen. 54
4.5.2 Beam cUrrent OSCHIBEIONS.........coviiieieiise et 55
4.5.3 Variation of the momentum spread with the generator power .............cc.c...... 56

4.6 The performance of the ANKA racetrack microtron .........cccocevvevecvecesiennenns 58
4.6.1 Comparison with other racetrack miCrotrons...........ccvevvvveeninnieseeseenenn 58
4.6.2 Comparison with the performance of linear accderators..........cccoovvvvrnnnnen. 58
4.6.3 Improvements of the ANKA racetrack microtron...........cocceveeevevneenensennnn, 60

5. Experimental investigation of the ANK A booster synchrotron.................. 63
B.L INEFOUUCTION 1ttt bbbt sb e b sne e nre e 63
5.2 Investigation of the lattice of the booster synchrotron ..........cccoccovvviviieiinnen, 63
5.2.1 Transverse tunes and lattice fuNCLiONS .........cceviiiieene s 63
5.2.2 Closed Orbit deViationS..........oieiueeeeriie et 67
R N © a0 01T 1 Lol | SR SRRSO 68
5.2.4 Momentum compaction faCLON .........cccevieiieiiie e 71

5.3 Properties of the electron DA ...........ccceviviiiiin i 72
5.3.1 Beam current and lifelime..........ccccoiiiininiei e 72
5.3.2BUNCh IENGEN ...t 75
5.3.3 MOMENLUM SPrEBA........ccueiiiieiiieiie ettt ettt 77
5.3.4 Transverse EMItLANCES. ......cc.ovviiirieie sttt 78

5.4 ThEINJECLION PIrOCESS.....veiiiieiiieitieitiesteesteesiee st e st et e e e teesreesteesteesseesseesbeesseenneas 82
5.4.1 Investigation of the multi-turn injection scheme...........ccccvev e veiieeneeniens 82



Contents

5.4.2 Capture of the beam by therf System.........cccovviiviniiin 84

5.4.3 Anaysisof largeinitial beam loss after injection ...........ccocevevivevv e e, 86

5.5 The eXtraClion PrOCESS......ccuiiieieerieesieesieesie et et teete e sae e sseesreesressreesreesreens 87
5.5.1 Investigation of the leak field of the extraction septum magnet .................... 87

5.5.2 Beam behavior after the activation of the extraction kicker magnet............... 90

5.6 The propertiesof theextracted beam ...........cccocvviiiiii e, 92
5.6.1 Beam current and pulSelength .........ccovveiieii i 92

5.6.2 Transverse emittances and momentum SPread........cooceeveeveeceeseeniescie e 93

5.7 Performance and improvements of the ANK A booster syn-chrotron............... 97
5.7.1 Comparison with other booster synchrotrons.........ccocceecveveeve e cie e 97

5.7.2 Improvements of the lattice of the booster synchrotron..........ccccoevveivenenee 98

5.7.3 Improvements of the capture efficiency of therf system ........cccccvevveirennne 99

5.7.4 Improvements of the extraction ProCESS.........ccvvvviiriiriieiinnen e see e 101

B. SUMMAIY .eeeeieieiie ettt e e e e s e e e e e e s s e e e e e e e e e s sasrnneeeaeaeas 103
Appendix A Detailed drawing of the ANKA injector ........coceeeeveevceeccveenee 107
Appendix B Storage ring synchrotron radiation SOUrCes.........cccceeeveeeiuveennee. 109
Appendix C Lattice input filES.......uioiir i 113
C.1 Latticeinput file of the ANKA racetrack microtron (OPTIM 2.0 format)....... 113

C.2 Lattice input file of the ANKA booster synchrotron (OPTIM 2.0 format) ...... 114

Appendix D Sextupole field of eddy currentsin a rectangular vacuum cham-

0] TSRS RPPPRTPRTRPPN 17
D.1 Eddy current-induced field from top and bottom walls...........cccccovevveinennnn 117
D.2 Eddy current-induced field from sides of vacuum chamber ............ccccccveneeee 119
D.3 Sextupole strength of field produced by eddy currents............cccoevevveveeniene 120
Appendix E Analysis of the synchrotron light imaging system..................... 121
E.1 Waist of synchrotron light cone originating from asingledectron................ 121
E.2 Blur of CCD image dueto an extended sOUrCeregion .........cccoceeveeveenieenenns 122






Chapter 1

| ntroduction

In the mid-1940s, it was discovered that a reativistic electron during deflection in a mag-
netic field emits intense broad band UV and X-ray radiation along the tangent of its trgjec-
tory, the so-called synchrotron radiation. For a modern electron accelerator, the intensity of
the synchrotron radiation is many orders of magnitude more intense and much more direc-
tional than traditional x-ray sources. Therefore, synchrotron radiation has become an
invaluable tool for diverse applications in surface physics, material science, chemistry, geo-
physics, molecular biology, medicine etc. For example, synchrotron radiation is the most
important tool for identifying the structure and partly also the functioning of proteins on an
atomic scale; a very active field of research owing to the recent decoding of the human ge-
nome.

Originaly, the application of synchrotron radiation was a secondary activity at high-
energy electron accelerators utilized for fundamental research in nuclear and particle phy-
sics. However, these machines are not optimized for the generation of synchrotron radia-
tion. Therefore, owing to the increasing interest in the application of synchrotron radiation,
research institutes all over the world have started to construct dedicated storage ring-based
synchrotron radiation sources, fulfilling the specific requirements of a high quality synchro-
tron radiation beam. In particular, these accelerators have long straight sections alowing
insertion of long periodic magnetic structures, called undulators or wigglers, which en-
hance the synchrotron radiation intensty per wavelength interval tremendoudy. With the
excellent performance of these new highly specialized synchrotron radiation facilities,
many new applications of synchrotron radiation have emerged, boosting the interest in syn-
chrotron radiation even further. As aresult, a large number of synchrotron radiation facili-
ties are currently in the design phase or under construction world-wide, as shown in the
table of storage ring synchrotron radiation sources in appendix B (18 sources are in the de-
sign phase and 13 sources are under construction in comparison with 45 sources already in
operation).

The ANKA synchrotron radiation source which recently was brought into operation at
Forschungszentrum Karlsruhe, Germany is a good example of the new generation of dedi-
cated synchrotron radiation sources. The synchrotron radiation source includes a 2.5-GeV
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storage ring synchrotron with a circumference of 110 m, in which intense synchrotron
radiation is produced by a circulating el ectron beam, and tangentia beam lines and mono-
chromators for transport of the synchrotron radiation to the experimental setups [1]. The
electrons in the storage ring are delivered by a 500-MeV e ectron injector, which is shown
in figure 1.1. The main components of the injector are a 53-MeV racetrack microtron, a
500-MeV booster synchrotron, a transfer line between the racetrack microtron and the
booster synchrotron, and a transfer line between the booster synchrotron and the storage
ring [2].

In the autumn of 1997, the company Danfysik A/S was awarded the order for the com-
plete ANKA injector. Although, Danfysik had a significant expertise of most of the single
components of the injector, it was lacking knowledge of the design and the beam dynamics
of acircular accelerator. Therefore, the company made an agreement with the Ingtitute for
Storage Ring Facilities, University of Aarhus (ISA) according to which I SA should provide
Danfysik with the required know-how for the R&D and commissioning of the ANKA injec-
tor. An important part of the collaboration was the initiation of a joint industrial Ph.D.
project concerning the design and characterization of the ANKA injector. The present thesis
is the result of this Ph.D. project. The main objective of the thesisis to perform a detailed
characterization of the lattices and the beam properties of the racetrack microtron and the
booster synchrotron with emphasis on where and why beam loss occur. This information is
used to propose how to improve the performance of the ANKA injector.

Injection septum

[ rf cavity

Figure 1.1: The ANKA injector (a detailed drawing of theinjector isfound in appendix A).
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The ANK A racetrack microtron

2.1 Introduction

Since the 1970s, the nuclear physics community has strongly demanded high intensity elec-
tron beams in the range of 50 MeV to 2 GeV with high energy resolution because such
beams are excellent el ectromagnetic probes of nuclear sructure. Furthermore, nuclear phy-
sics researchers wish to perform coincidence measurements of the scattered electron and a
possible fragment. To achieve this, a high duty factor electron beam is favorable since the
number of unwanted accidental coincidencesis proportional to the number of incident elec-
trons squared while the number of real coincidences only is proportiona to the number of
incident electrons [1]. A synchrotron cannot provide the required beam properties as its
injection-extraction cycle resultsin arather low duty factor. Linacs are also not appropriate
due to their poor energy resolution and their extensive size, even for electron energies well
below 1 GeV.

Accderator physicists have proposed two different schemes for obtaining the desired
beam properties. The first isto employ the synchrotron as a pul se stretcher by extracting the
beam at a constant rate between two successive injections from a low energy and low duty
factor electron accelerator. The slow extraction is usualy achieved by exciting the beam by
means of a third order betatron resonance [2]. Secondly, and in this context more relevant,
the demanded beam properties can be realized by recirculating the electron beam multiple
times through the same linac via an external arrangement of magnets [3]. This is a much
more economical scheme than the conventional linac because the size of the machine is
much smaler and the same rf voltage accelerates the beam multiple times, making the
conversion of rf power into beam power very efficient. Most recirculaing accelerators are
so-called racetrack microtrons which are defined as recirculating accelerators for which all
recirculating orbits pass through the same arrangement of constant field magnets. The most
popular racetrack microtron is the two-magnet racetrack microtron or standard racetrack
microtron which consists of one linac and two 180° dipole magnets for recirculation of the
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beam through the linac. Thisis a rather flexible design which offers considerable freedom
for optimization of the accelerator for specific experimental requirements’. In addition, the
recirculation produces an eectron beam with very high energy resolution. As a conse-
guence, the racetrack microtron became a popular tool for nuclear physics research in the
1970s and 1980s [2,4]. Besides, owing to the high qudity beam properties of the racetrack
microtron, it has also found applications as an injector for eectron synchrotrons’, a genera-
tor for free-electron lasers [5,6], a generator of ultra-short x-ray pulses [7], and asatoal for
radiation treatment [8,9]. For most of these more recent applications, the racetrack micro-
tron is operated in a pulsed mode, yielding intense electron pulses with a typical duration of
one microsecond.

Danfysik has chosen a pulsed 53-MeV racetrack microtron as injector for the
500-MeV ANKA booster synchrotron because the racetrack microtron is relaively cheap,
compact, and offers beam characteristics which areideal for injection into the booster syn-
chrotron. In addition, the components of the racetrack microtron fit much better with the
product range of Danfysik than the components of a linac. Finally, it has been important for
the choice of injector that Danfysik collaborates with the Ingtitute for Storage Ring Facili-
ties, University of Aarhus which utilizes a 100-MeV racetrack microtron as injector for the
storage ring ASTRID [10].

2.2 The design of the ANKA racetrack microtron

2.2.1 General description of the racetrack microtron

A schematic of the 53-MeV ANKA racetrack microtron is presented in figure 2.1 and its
main parameters are listed in table 2.1. The accelerator is very similar to the 100-MeV
racetrack microtron which was ingalled at the University of Aarhusin 1990 [10]. The only
significant difference is the lower final energy of the ANKA racetrack microtron owing to
fewer recirculations.

The electron gun of the ANKA racetrack microtron is of the standard spherical-pierce
type with a BaO cathode, providing up to ~500 mA of electrons at 70keV in a4 uslong
pulse. After passing a 500-MHz e ectrostatic chopper, the electron beam is focused by two
solenoids and subsequently deflected onto the linac axis by an achromatic bending, consist-
ing of two 45° dipole magnets and a horizontally-focusing quadrupole magnet. Following
the passage of an additional focusing solenoid at the entrance of the linac, the el ectrons pass

®For convenience, 'racetrack microtron’ refers to the two-magnet racetrack microtron in the
remainder of thethesis.

PExamples of synchrotron light facilities which uses racetrack microtrons as injectors are
foundin table 5.1.
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through the linac with an energy gain of 5.3 MeV in both directions. Subsequently, the elec-
tron beam is recycled by two 180° solid core C-type dipole magnets with a field strength of

i (A
© © ©
inversion of Iy
1 direction of
m recirculation
CT5-8
\V
Tl ! extraction magnet
| cCD camera
Klystron o I
cho
. ﬂpper P JCT]
- rf waveguide

Figure 2.1: Schematic of the ANKA racetrack microtron.

h 0
7@ @\f}

Table2.1: Design and achieved parameters of the ANK A racetrack microtron.

Design Achieved
180° dipole magnets  Field strength 1127 1127
Injection Injection energy 70 keV 56 keV
Electron gun current ~500 mA ~400 mA
Accderation Rf frequency 29986 GHz  2.9979 GHz
Energy gain 5.3 MeV 5.3 MeV
Number of linac passages 10 10
Output beam Electron energy 53 MeV 53 MeV
Average pulse current 10mA 16 mA
Pulse length 0.5-1us 0-1.6 us
Repetition rate 0-10 Hz 0-10 Hz

Rel ative momentum spread
Horizonta emittance
Vertical emittance

<0.003 0.0011+0.0001
0.2mmmrad 0.21+0.08 mm
0.2mmmrad 0.21+0.05 mm
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1.12T, providing electron orbits with the characteristic racetrack geometry. In the fringe
field of the dipole magnets, reverse field clamps in a Babic-Sedlacek configuration are
introduced, and a 0.1-mm thick fail in the back of each dipole magnet produces a small
field gradient of about 4 G/cm with decreasing field strength towards the back of the dipole
magnets. Furthermore, a horizontally-focusing quadrupole magnet on the linac axis ensures
horizontal beam stability and ten window frame x/y corrector magnets have been installed
in the machine for correction of non-ideal aignment of magnets, imperfections in the mag-
net homogeneity and magnetic stray fields.

After the first passage of the linac, the eectron speed differs from the speed of light by
0.5 percent. Thisis enough to induce a severe phase dip between the electrons and the linac
field at the second passage of the linac if the electrons are recirculated in aracetrack orbit.
The problem is solved by inverting the direction of recirculation after the first linac passage
by means of the 180° dipole magnet and two small dipole magnets following the linac as
indicated by the small loop of the beam trajectory in figure 2.1 [11]. With this modification,
a proper adjustment of the linac position will eliminate the phase dip at the second linac
passage without interfering with the synchronous conditions of the subsequent racetrack
orbits. In addition, the change of the direction of recirculation has the advantage that the
first real racetrack orbit is sufficiently far away from the linac axis to clear the linac. After
two passages of the linac, the velocity of the eectrons is sufficiently close to the speed of
light that no further phase-dlip correction is needed. Finally, after ten passages of the linac,
the 53-MeV electron beam is extracted by a 15° bending magnet.

2.2.2 Rf system

The linac is of the Los Alamos side-coupled type with seven cavities, two half cavities in
each end of the linac, and eight coupling cavities [12]. The haf cavities improve the accep-
tance of the low energy eectrons from the gun because the distance between the centers of
the first two cavities is reduced. The acceleration is achieved by a n/2 standing wave mode
with a resonant frequency of 2.9979 GHz, permitting acceleration in both directionswith an
energy gain of 5.3 MeV. The /2 mode has been selected because its field profile is less
sensitive to tuning errors than the other modes.

Firg, the rf wave is generated by a combined 3-GHz oscillator and amplifier which
produce a 1-kW rf pulse with a duration of 0-10 pus. After passing a variable attenuator, the
rf pulse is amplified by a 6-MW klystron and transmitted to the linac via a rectangular
waveguide. At the same time, a 10-Hz pulse-modulated 30-kV high-voltage supply gene-
rates a 4 us long pulse with an amplitude of -26.5 kV. The pulse is sent to a pulse trans-
former in an oil-filled tank below the klystron in which its amplitude is transformed up to
-130 kV, and finally employed as accel eration voltage for the el ectron beam in the klystron.
A separate bifilar winding of the pulse transformer supplies the electron gun with a 4 us
long -56-kV high voltage pulse and filament power. Antennas in the waveguide makes it
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possible to monitor the forward rf power from the klystron and the reflected rf power from
the linac, whereas the rf power in the linac can be measured with an antennain thelinac.

2.2.3 Diagnostics

The eight beam current transformers are the most important diagnostic tools of the race-
track microtron because they allow an absolute measurement of the tempora profile of the
beam current throughout the entire recirculation (CT 1-8 in figure 2.1). Each current trans-
former has a very smple design consisting of a high permeability toroid with a copper win-
ding (25 turns) and a bnc connector. In addition, three chromium-doped Al,O; beam view-
ers monitoring the beam position, the beam profile, and the beam intensity are very helpful
during the initia adjustment of the first few racetrack orbits. The image of each viewer is
recorded by a CCD camera and the viewers can be moved in and out of the beam by pneu-
matically-operated actuators. Finally, the synchrotron light which is emitted from the beam
in one of the 180° bends can be observed with a CCD camera (see figure 2.1). Theimage of
the synchrotron light provides the relative orbit position, the beam intendty, and the beam
profile.

2.3 Synchronous acceleration and phase stability

2.3.1 Theoretical description

Only electrons which have a certain phase, the synchronous phase, with respect to the crest
of the rf field will acquire the nominal 5.3 MeV acceleration during the passage of the li-
nac. All other electrons will gain different energies and will be lost during the following
orbits. As a consequence, the beam will be divided into bunches with one rf wavelength
separation. The synchronous energy gain of 5.3 MeV is therefore only obtained at a given
linac passage if the duration of the previous recirculation is an integer number of rf periods.
For the first racetrack orhit, this condition of synchronismis

21R, + 2L

= integer, (2.2)
xrf BZ

where R; is the bending radius of the beam trajectory in the 180° dipole magnets after two
linac passages, L is the distance between the 180° dipole magnets, A is the rf wavel ength,
and B, is the relativistic B parameter after two linac passages. In order to obtain synchro-
nous acceleration in the following racetrack orbits, the recirculation period should be an
integra number v of rf periods longer than the previous orbit, resulting in the following
condition of synchronism [3**:

AE B, 2L[1 1

B2 __Jzu  2<n<10 . (22)
I’T’bC Bo 7\4rf Bn+1 Bn
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Here AE=AEqc0ss is the synchronous energy gain of the linac, ¢ is the synchronous phase,
AEg/e is the amplitude of the linac voltage, my is the rest mass of the eectron,
B.=2nmyc/(€Ly) is the cyclotron field, and By is the field strength of the 180° dipole mag-
nets. Dencting the el ectron energy after n passages of the linac, E;=AE(n+i), where iAE is
the injection energy, one obtains

2R,  E, B

= —< = v(n+i) , 2<n<10 , 2.3
At moC2 By ( ) &3

where it has been employed that AE/my,c®>>1. In case of the ANKA racetrack microtron,
one has E;;=53 MeV and R;;=160 mm, yielding B,=1.12 T and v=1 according to (2.3). The
parameter v has been chosen to unity because this choice gives the best longitudinal stabi-
lity (see equation (2.7) below), less stringent mechanical tolerances, the most compact linac
structure, and a more convenient rf frequency in terms of the commercially available kly-
strons.

According to (2.3), an electron with an excess energy of OE follows a racetrack orbit
with a longer path length, leading to an increase of the phase of the eectron relative to a
synchronous particle during the next passage of the linac. More precisdly, it follows from
(2.3) that the relationship between phase and energy excess of an electron with respect to a
synchronous particleis

O = 00, + er% (2.9)

OEny = O, +AE cos(0s +80) ~ AE, COSO (2.5)

where 30, and OE, are the phase and energy excess relative to a synchronous particle
immediately after the n" passage of the linac [3™ ™). Assuming 8¢ <<¢s equation (2.4) and
(2.5) can to firgt order in 8¢, and SE, be summarized by the matrix equation [3*]:

%011 = 1 2mo/ AR 3n , 2<n<9 . (2.6)
OB 1 —AEtang, 1-2mvtanog )\ O,

Hence, 50, and SE, trace out an dlipsein (8¢,0E) space throughout the recirculation with a
phase advance per racetrack orhit, x, given by cosg=1-nvtangs [3*%]. Stability of the
phase motion requires that the absolute value of the trace of the matrix in (2.6) is smaller
than 2, resulting in the stability criteria

O<moutangg <2 . (2.7)

The beam of the ANKA racetrack microtron is thus performing stable phase motion for
0<(.<32.48°. However, athough o is within the stable interval, the region of phase space
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The ANKA racetrack microtron

in which stable phase motion occurs is restricted due to non-linear perturbations and cou-
pling between the longitudinal and the transverse motion in the rea racetrack microtron
lattice, resulting in unstable phase motion for large values of ¢, and 6E,. From the rms
value of &¢, the relative energy spread of the electron beam at full energy can be estimated:

8 ElO rms
ElO

AE,

= (COS(])S - COS(S(PS + 8¢10,rrrs))E_0 ) (2-8)
10

where ¢10rms and 8Ejo;ms a@re the rms values of 8¢9 and 6E;p. Assuming ¢=19° and

S010rms~D° for the ANKA racetrack microtron, one obtains a relative energy spread of

~0.003 at full energy. The inverse dependence of the relative energy spread on energy in

(2.8) is a consequence of the fixed shape of a particular elipse in (6¢,0E) space for all
recirculations.

2.3.2 Simulation of longitudinal dynamics

In order to investigate the longitudinal dynamics in greater detail, the phase and energy
excess of an electron (with respect to a synchronous particle) immediately after the last
passage of the linac, d¢19 and OE;o, have been calculated for various initia values of 3¢,
and OE; using (2.4) and (2.5) (the initial values cannot be chosen prior to the second pas-

OE /E , (6.=17 degrees)
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0.002000
1E-3

-1E-3
-0.002000
-0.008000
-0.004000
-0.006000
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-0.007000
-0.008000
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Figure 2.2: Relative energy excess with respect to the synchronous energy at full energy.
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sage of the linac due to the change of the direction of circulation). For example, the relative
electron energy excess, 0E;0/E1q, for a wide range of 8¢, and oE; values is presented in fi-
gure 2.2 for a synchronous angle of 17°. The figure clearly demonstrates the rather complex
dependence of the phase space variables at full energy on theinitial phase space variables at
low energy. It is observed that the energy spread of the electron beam is smallest for initia
values of 6¢, and dE, near -5° and 0.05 MeV, respectively. In practice, the values of 6¢, and
OE; can be optimized by changing the position of thelinac.

In order to obtain a better understanding of the energy distribution of the output beam
of the racetrack microtron, all the 0E;o/E;o values in figure 2.2 are projected into a histo-
gram, revealing a narrow peak of eectrons in the vicinity of the synchronous energy. The
peak structure is attributed to those e ectrons which are caught in the longitudinal bucket.
Assuming that all initial values associated with eectrons in the peak are equally popul ated
and no eectrons in the peak are lost during the beam transport, the total number of eec-
trons in the longitudinal bucket at full energy is proportional to the area of the peak. Hence,
an evaluation of the area of the peak readily yields the variation of the output beam current
as a function of the synchronous phase ¢s, which is plotted in figure 2.3. As expected, the
beam current (or number of electronsin the longitudinal bucket) has a maximum for ¢e~19°
in the middle of the interval which provides stable phase motion. On the contrary, the maxi-

11 — 17— 11
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1.0+ 10 =
1 g o}
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] {5
0.8+ 08 ®
. 1 c
) IJ)
£ 0.7 07 E
> . B
£ 0.6 06 5
% o 052
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é 0.4-_ / 04 L
& 034 0.3 §
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_ —— Beam current 1 §
01q4— e Max. beam current per unit energy inteval 4 0.1 2
; 1. &
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0 5 10 15 20 25 30
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Figure 2.3: Beam current at full energy as a function of the synchronous phase. The graph also indi-
cates the variation of the maximum beam current per unit energy interval at full energy.
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The ANKA racetrack microtron

mum beam current per unit energy interval almost is constant down to a synchronous phase
of 10 degrees since the decline of the beam current is balanced by a decline of the energy
spread.
The shape of the peak also provides the energy distribution of the electron beam at full
energy (if the assumptions above are valid). The found relative energy spread as a function
of ¢s is shown in figure 2.4, demonstrating a reasonable agreement with the result found
above using (2.8). The observed increase of the relative energy spread as a function of ¢sis
attributed to the fact that close to ¢.=0 (the crest of the rf field), the increment of SE is con-
strained from above by

AEy(1-cosds) =~ $AEq0Z . (2.9)

However, the relative energy spread increases dightly below ¢.=10° due to a long tail of
electrons to the low-energy side of the peak, associated with electrons which are not cap-
tured in the longitudinal bucket. Finally, the position of the peak also provides the change
of the center eectron energy as a function of ¢s presented in figure 2.4. It is noticed that the
center electron energy has arather modest dependence on the synchronous phase.

The discussion above provides a good qualitative insight into the longitudinal dyna-
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Figure 2.4: Relative energy spread (one standard deviation) and center energy of the electron beam a
full energy versus the synchronous phase ¢s.
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mics. However, an accurate quantitative knowledge of the longitudinal propertiesrequires a
detailed knowledge of the linac fields, a field mapping of the 180° dipole magnets, and a
full tracking of the eectrons in the accelerator, including both the longitudinal and trans-
verse degrees of freedom.

2.4 Transverse beam dynamics

Originally, the most severe problem of the racetrack microtron design was the vertical defo-
cusing due to the fringe fields of the 180° dipole magnets, having a focal length, ffinge,
given by

2 2
1 :iz _ J‘ E{l_ijds+ J‘ 2L£d8—/dSJ ds+..| , (210
fy,fringe R fringe Bo Bo fringe 3 Bo
field field

where the integration is along the linac axis in the fringe field region, R is the bending ra-
dius of the beam trgjectory in the homogeneous region of the 180° dipole magnets, B is the
field strength of the 180° dipole magnetsin the fringe field region, By isthefield strength of
the 180° dipole magnets in the homogeneous region, and y isthe vertica deviation from the
median plane of the 180° dipole magnets [13]. It appears that especially for the first few
orbits, the fringe field is a problem because the defocusing focal length is of the same
magnitude as the bending radius. The difficulty was solved by Babic and Sedlacek in 1967
by introducing field clamps with a field direction opposite to that of the 180° dipole mag-
nets in the fringe field region, canceling the first term in (2.10) for all energies [14]. In
addition, this scheme results in racetrack orbits which resemble those of a hard edge field
model, thus satisfying the conditions of synchronism. Due to the cancellation, the action of
the fringe field is determined by the second term in (2.10) which provides vertica focusing
of second order as the term is proportional to y squared. Thefocal strength of this term de-
creases unfortunately quadratically with energy, making it only effective at low energy. It
cannot be allowed to increase the excitation of the reverse field for more vertical focusing
at high energy since this would result in a too short focal length at low energy. Instead,
vertical focusing at high energy is provided by a gradient of the dipole field (~4 G/cm) of
the 180° dipole magnets (the field strength decreases towards the back of the dipole mag-
nets), providing a vertically-focusing quadrupole field [15,16]. The gradient does not affect
the horizontal focusing because a horizontal displacement of the beam at the entrance of the
180° dipole magnet simply yields a shift of the entire trgjectory inside the dipole magnet.
However, the gradient should be kept small since it gradually increases the synchronous
phase. Assuming a hard edge mode of the dipole field, the vertical focusing strength of the
gradient correspondsto alens with afocal length of
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fy,gradient B0 R 0 dx

anB T
1 1 [=2ds = Bijgsnede = % =14m , (2.11)
0 o 0

where g isthe gradient of dipole field. Hence, the gradient focusing is ideally independent
of energy and therefore dominates at high energy. At low energy, however, the electrons are
bent in the fringe region of the 180° dipole magnets with a gradient of the opposite sign of
that in the homogenous region, resulting in a defocusing effect for the firgt three racetrack
orbits. Finaly, the horizontal focusing is provided by a horizontaly-focusing quadrupole
magnet on the linac axis.

To avoid over-focusing at low energy, the focal length in both the horizonta and verti-
cal planes are much longer than the race track orbit, at least at high energy. Hence, the
behavior of the lattice functions can be understood qualitative by representing a sngle race-
track obit by a drift space, a thin lens, and a drift space. Both drift spaces have a length of
half of the racetrack orbit and the thin lens represents the effective focusing of all focusing
elements. Assuming that the lattice functions only vary slowly from one racetrack orhit to
the next, a single racetrack orbit can be considered as a closed lattice, and the lattice func-
tions can be determined by identifying the simple transfer matrix of the racetrack orbit with
the Twiss parameter transfer matrix [17]:

(1 C/ZJ{ 1 Oj(l c/2} _ [1-(:/2 C—CZ/4fj :(oosu BS'HHJ’ (212)

0 1 )-yYf 1jJl0 1 ~1f 1-Cf /2 snu/B  cosu

where C isthe circumference of the racetrack orhit, f isthe focal length of thethin lens B is

the beta function, and p isthe phase advance of the racetrack orbit. Solving the equation for
f>>C, one obtains

u=.,C/f and B =,Cf. (2.13)

The focal strength of the horizontally-focusing quadrupole magnet decreases linearly with
energy. The horizontal phase advance of the racetrack orbit is thus expected to decrease as
E Y2 whereas the horizontal beta function is expected to increase as E?, where E is the
electron energy. In contrast, the vertical focusing is energy independent (at least a high
energy), resulting in rather moderate changes of the vertica phase advance and beta func-
tion with energy.

An accurate calculation of the lattice functions requires a tracking of the individual
electron trgjectories which takes the actual fringe fields into account. However, assuming
that the fringe field-induced reduction of the vertical focusing of the dipole field gradient is
balanced by the fringe field focusing at low energy, the overall vertical focusing is given by
the ideal focusing of the dipole field gradient (hard edge model). Thus, the vertical focusing
can be approximated by three only vertically-focusing thin lenses in each of the 180° dipole
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magnets at a deflection angle of 30°, 90° and 150°. Integrating the idea dipole field gradi-
ent in a+30° interval around each thin lens, the inverse vertical focal lengths of the three
thin lenses are found to be g/(2By), 9/(By), and g/(2By), respectively. With this simplifica-
tion, the lattice functions of the ANKA racetrack microtron can be determined by means of
atraditional lattice program with hard edge dipole magnets. The resulting lattice functions
are shown in figure 2.5 (the lattice input file is provided in appendix C), demonstrating a
good overall agreement with the simple lattice calculaion above. However, the characteri-
stic narrow minima of the horizontal betatron functions in the center of the 180° dipole
magnets due to geometrical focusing are not revealed by the smple calculation. The initial
parameters of By, dB./ds, B, and dB,/ds in figure 2.5 have been chosen as those which give
the smallest and most uniform envelope of B« and B, since this choice corresponds to a
well-optimized racetrack microtron with a minimum of beam loss during the beam trans-
port. Any other choice of initial parameters leads to larger and oscillating beta functions.
Hence, the condition of a well-optimized racetrack microtron provides a unique set of ini-
tial parameters, just as periodicity yields a unique set of initial parametersin a closed lat-
tice. Furthermore, the initial parameters for the horizontal dispersion are D,=0 m and
dD,/ds=0 because this choice leads to zero dispersion on the linac axis, which is preferable
because the accelerating field decreases for a large transverse displacement from the linac
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6 ~~~ Horizontd dispersion (D) m
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Figure 2.5: Lattice functions of the ANKA racetrack microtron after the second passage of the linac.
The number of linac passages are indicated bel ow the lattice functions.
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axis.

The periodic form of the lattice functions in figure 2.5 and the slow variation of the
envelope of the lattice functions suggest that each racetrack orbit to a good approximation
can be considered as a closed lattice, confirming the assumption of the smple lattice
calculation above. According to the lattice calculation in figure 2.5, the horizontal and verti-
cal tunes of the of the racetrack orbit are Q,=0.171, Q,=0.128 and Q,=0.062, Q,=0.100 for
the first and last racetrack orbits, respectively. Again in good qualitative agreement with the
simple model above. The proximity to the Q=0 betatron resonance reveals a high sensitivity
to dipole perturbations in terms of inhomogeneous dipolefields, dignment errors, and stray
fields. This is the reason why corrector magnets have been installed in all racetrack orbits.
Fortunately, integer resonances are not as harmful as in a circular accelerator due to the
adiabatic damping and the small number of revolutions.

2.5 Mechanismslimiting the beam current

2.5.1 Beam loading

The presence of an intense el ectron beam in a cavity structure induces a significant voltage.
This phenomenon, called beam loading, may impose restrictions on the maximum obtain-
able beam current because the beam-induced voltage perturb the accelerating rf voltage. If
the rf frequency and the resonant frequency of the cavity structure coincides, the amplitude
of theinduced voltageis

2 2
Vy = 2R 1, exp{_ Cl)oavfsj ' (2.14)
1+ x 2c

where |}, is the average beam current of all beam recirculations, Rs is the shunt impedance
of the cavity structure, k is coupling coefficient between the rf waveguide and the cavity
structure, oy IS the resonant angular frequency of the cavity structure, and o; is the Gaus-
sian bunch length [18]. In case of the linac of the ANKA racetrack microtron for which
I,~300 mA, R=18 MQ and k=3.0, the induced voltage is |,R/(1+Kx)~1.4 MV at resonance,
using the electron bunches are much shorter than the rf wave length. Hence, the beam-in-
duced field has a magnitude comparable to the accelerating field of the linac, clearly
demonstrating the importance of beam loading. Taking into account the effect of beam
loading, the required rf generator power in steady state to sustain an energy gain of
AE=AEqcosps is

1 (1+x)?

_ 2
= —cos(q)L)z ey (AE,/e+V,, cosds)” | (2.15)

Py

where ¢, is the loading angle describing the phase difference between the generator-in-

17



Chapter 2

duced voltage at resonance and the cavity voltage [18]. Utilizing that o5 is much shorter
than the rf wave length and assuming an optimum tuning angle (¢, =0) for which the linac
appears purely resistive to the rf generator, one finds from (2.15) that the generator power-
limited maximum beam current of all recirculations is 825 mA for the ANKA racetrack
microtron (¢<=19°, AE=5.3 MeV, R=18 MQ, P,=6 MW, and k=3).

For an optimum tuning angle, there exist one choice of the coupling parameter x,

2Rl
AE, /e

Kopt = 1+ cosdg , (2.16)
for which there is no reflected rf power from the linac [18]. According to (2.16), an increase
of the beam current gives rise to a better matching of the waveguide and linac for K>k
Hence, the beam-induced decline of the rf power in the linac is counteracted by an en-
hanced power transfer to the linac as aresult of the improved matching. As a consequence,
for k>Kqy there exists a negative feedback mechanism which attempts to keep the linac
field at a constant value in presence of any beam current fluctuation. The same s true for rf
power fluctuations in the linac since the rf power is intimately linked to the beam current
via the longitudina acceptance. An abrupt change of the beam current or rf power thusin-
duces damped oscillations of the beam current and rf power in the linac for «>kqy. For
K<Kop the situation is reversed to a positive feedback mechanism: the matching is enhanced
if the beam current decreases, leading to a higher linac voltage which results in a reduced
longitudina acceptance and accordingly further beam current decline etc. As a
consequence, the longitudina dynamicsis unstable for K<k

The characterigtic time scale for building up the instahility is partly given by the time
constant of the linac as this quantity determines the time scale for correcting the rf power
level after a change of the waveguide-linac matching. For the ANKA racetrack microtron,
the L/e time congtant of the linac field is 2Q/(m(1+x))=0.29 us, where Q is the quality fac-
tor of the linac and wy; isthe angular rf frequency. In addition, the ingability is governed by
the time scale for devel oping beam losses after a change of the longitudinal acceptance re-
sulting from a modification of the linac voltage. The time constant for appearance of beam
loss is approximately given by half of the total recirculation time of ~50 ns. However, the
combined build-up time of the ingtability is expected to be only about 100 ns as rather small
changes of the linac voltage change the longitudinal acceptance considerably. Therefore,
the build-up time is significantly smaller than the duration of the microtron pulse, suggest-
ing that the total beam current through the linac of the ANKA racetrack microtron is limited
by the constraint k=K. According to (2.16), the corresponding maximum beam current is
329 mA for the parameters ¢s=19°, AE=5.3 MeV, R=18 MQ and «=3. Ideally a total beam
current of 329 mA corresponds to an output beam current of 31 mA for the 10 beam
passages of the linac, but in practice significant beam loss at low energy is expected to
reduce the output beam current significantly below 31 mA.
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2.5.2 Beam breakup

The interaction between the beam and the electromagnetic field of the accelerating structure
may also lead to an amplification of transverse modes which can be harmful for the beam,
the so-called regenerative beam breakup [3*®- °,19]. The mechanism of regenerative beam
breakup is the following: A beam, initially on axis, is deflected in the accel erating structure
by the transverse magnetic field of a HEMy; mode, a mode with mixed TMy; and TEy
properties due to small deviations of the cavities from the smple cylindrica geometry. The
deflection results in a displacement of the beam during the next passage of the accelerating
structure which causes a transfer of energy into the HEM1; mode, via interaction with its
longitudina electrical field component, provided the relative phase of the beam modulation
and the HEMy, field is appropriate. If the exchange of energy to the HEM1; mode exceeds
its resigtive loss in the accelerating structure, the amplitude of the HEM; mode will in-
crease exponentially until beam loss occur. The time constant of the exponential growth is
2Q./m, where Q. is the loaded quality factor of the HEM; mode and  is the angular fre-
quency of the HEM; mode [3¥%-9).

It can be shown that the threshold current for regenerative beam breakup by a particu-
lar HEM1; mode approximately is given by

E N s E -
_ inj inj . _
lopu = KQ, {5_2—2 ;Zl(Rlz)rs{ Einj n (r—_ 1)AEJSIH(WS—1 Wr—l)] ) (2.17)

where K:eFlZ/(4ksoc), F, can be calculated from a detailed knowledge of the HEM1; mode,
Ein is the energy of the injected beam in the center of the first cavity, N is the number of
passages of the accelerating structure, (Ryo):s is the transport matrix from the r' to the s"
passage of the accelerating structure, and v;.; is the accumulated phase of the HEM1; mode
from the first to the | passage of the accelerating structure [3” *77,19]. It follows that the
threshold is a rather complex function of the recirculating lattice e ements and the proper-
ties of the transverse HEM; mode. Unfortunately, the threshold cannot be calculated for
the ANKA racetrack microtron since no information about HEM4; modes of the linac is
available. A detailed knowledge of the HEM; modes is essential as only a small shift of the
frequency of the HEMy; mode may change the threshold dramatically due to the depen-
dence on the accumulated phase in (2.17). However, equation (2.17) show that the thres-
hold for regenerative beam breakup can be increased by choosing a high injection energy
and by designing a beam recirculation with small (Ry).s entries in the transport matrix.
Actually, the smple transport matrix for one racetrack orbit in (2.12) shows that the ANKA
racetrack microtron has small (Rp)s matrix entries owing to the long transverse focal
length. Thisisa general property of racetrack microtrons with small transverse tunes.
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The ANKA booster synchrotron

3.1 Introduction

The preliminary design of the ANKA booster synchrotron was performed in collaboration
between Danfysik A/S, Forschungszentrum Karlsruhe, and the Institute for Storage Ring
Facilities at the University of Aarhus (ISA) in the spring of 1997 following the invitation
for tenders for the 500-MeV ANKA injector. From the very beginning, a synchrotron was
chosen to bring the eectron energy up to 500 MeV because linacs and racetrack microtrons
for this energy are rather large and expensive. In addition, a synchrotron produces a beam
with excellent beam properties as a result of the synchrotron light damping of the beam in
the bending magnets. After Danfysik was awarded the order for the ANKA injector in Au-
gust 1997, the design of the ANKA booster synchrotron was completed by Danfysik and
| SA the following year.

3.2 Thedesign of the ANK A booster synchrotron

3.2.1 The booster synchrotron lattice

The four-fold symmetric ANKA booster synchrotron is shown in figure 1.1 and a detailed
drawing with component names is found in appendix A. In addition, the main design
parameters of the booster synchrotron are presented in table 3.1. The booster synchrotron
has eight 45° rectangular dipole magnets, defining a 26.4-m circumference with four short
and four long straight sections. One family of eight horizontally-focusing quadrupole mag-
netsis located symmetrically in each of the long straight sections while vertical focusing is
provided by the fringe fields at the entrance and exit of the dipole magnets. The focusing
properties of the fringe field can be represented by a thin lens with afocal length of

fface p p2 COS(G/ 2)3 ’ B g fringe BO
field

1 tan(e/Z) B oK (1+Sin(9/2)2) K = 1 B {1_3} ds (3.2)
By) '
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Table 3.1: Design parameters and the corresponding achieved parameters of the ANKA booster
synchrotron.

Design Achieved
Lattice Periodicity 4 4
Circumference 26.4m 26.4m
Revolution period 88 ns 88 ns
Bending field at 500 MeV 1.00T 1.00T
Rf frequency 499.65 MHz  499.65 MHz
Horizontal tune 1.775 1.83
Vertical tune 1.173 1.22
Horizontal chromaticity (53 MeV) -0.3 2.27+0.17
Vertical chromaticity (53 MeV) -2.7 -11+1
Momentum compaction factor 0.27 0.246+0.018
Max. booster energy 500 MeV 500 MeV
Repetition frequency 1Hz 1Hz
53MeV beam  Circulating current >15mA 35mA
500 MeV beam  Circulating current >7.5mA 12mA
Horizontal emittance 150 nm 165+22 nm
Vertical emittance 2.3:0.8 nm
Relative momentum spread 3.410* (3.6+0.4)-10*
Extracted beam  Extracted current >7.5mA 9.5mA
Pulse length 56 ns 52 ns
Horizontal emittance <200 nm 153+12 nm
Vertical emittance 1142 nm
Relative momentum spread <0.001 (3.0£0.6)-10*

where p isthe bending radius of the beam trajectory in the dipole magnets, 6 is the bending
angle of the dipole magnets, g is the height of the dipole magnet gap, and B and B, are the
field strengths of the dipole magnetsin the fringe field region and in the homogeneous re-
gion, respectively [1]. The defocusing second term in (3.1) is identical to the first term in
(2.10) for a perpendicular entrance of the beam. For the parameters of the dipole magnets,
p=1.67 m, 6=22.5°, g=30 mm, and K=0.61 (according to the field mapping of the dipole
magnets), the vertical focal length is 4.2 m, and the first term in (3.1) dominates completely
over the second term since gK<<p. The resulting proportionality of frce ON p demonstrates
that vertica edge focusing only is feasible in small synchrotrons, having dipole magnets
with rather small bending radii. No sextupoles are included in the lattice for chromaticity
correction because the natural chromaticities are not large enough to cause a serious tune
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Figure 3.1: Beta and dispersion functions in one super-period of the | attice of the ANKA booster syn-
chrotron (1/4 of the circumference).

spread. In addition, thereis no need for positive chromaticities since operational experience
at |SA suggests that the head-tail ingtability should not cause problems for beam currents
below 40 mA. Finaly, the booster synchrotron has four window frame x/y corrector mag-
nets which can be ramped for correction of the closed orbit at all beam energies (these are
not shown in figure A.1 since they were not foreseen in the original design).

The length of the long straight sections is selected with the aim of locating the
horizontal and vertical betatron tunes, Qx and Q,, between the systematic resonances
3Q«+2Q,=8 and Q+2Q,=4. This choice of length also ensures clearance between the trans-
fer lines and the nearby quadrupole magnets. For this working point one obtains Q=1.775
and Q,=1.216, the horizontal and vertical chromaticities &=-0.32 and &,=-2.80, a momen-
tum compaction factor of 0.265, and the lattice functions shown in figure 3.1%. A disadvan-
tage of the lattice is the limited tune flexibility arising from only one family of quadrupole

®These lattice parameters deviate from the original design in table 3.1 because the actua
properties of the magnetic elements and their actual position in the lattice are taken into
account.
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magnets, constraining the working point to a single curve in the tune diagram. If the lattice
elements deviate from the design, it may therefore be difficult to avoid a resonance line in
the tune diagram. In particular, if the resonancelineisamost parallel with theworking line,
an adjustment of the horizontal quadrupole magnet will not move the working point away
from the resonance. Hence, the limited tune flexibility calls for strict machining and align-
ment tolerances of the magnetic e ements, requiring a detailed characterization of the mag-
netic elementsin the production phase in order to verify the magnetic properties. For exam-
ple, the vertical tune changes significantly even for small changes of the field boundary
angle of the dipole magnets (a change of 1° resultsin a vertical tune shift of 0.13), giving
rise to a tolerance of the effective field boundary angle of only ~0.3°. Unfortunately, it is
difficult to manufacture the field boundary angle with this high precision without a re-ma-
chining of the end-poles of the dipole magnets after a field mapping in an iterative process,
making the production of the end-poles the most critical component of the lattice.

The vacuum system of the booster synchrotron consist of al-metal vacuum chambers
with conflat flanges which is evacuated by 12 ion pumps distributed uniformly over the
circumference. The capacity of each ion pumpsis 75 liter/s, facilitating a vacuum level be-
low 10" mbar, which is enough to achieve a residual gas-induced beam lifetime above one
second. No bake-out of the vacuum system is thus required.
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Figure 3.2: Block diagram of the booster synchrotron's rf system.
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3.2.2Therf system

The main features of the rf system of the booster synchrotron are presented in figure 3.2
(seeref. 2 for more details). The cavity isasingle-cell bell-shaped cavity which was manu-
factured by Elettrain Trieste. The resonant frequency of the cavity is 499.65 MHz in order
to produce a bunch structure of the beam which fits to the 499.65-MHz rf system of the
ANKA storage ring. In addition, the cavity has a shunt impedance of 3.4 MQ, an unloaded
quality factor of 39500, and a coupling factor between the rf transmission line and the rf
cavity of 1.04. The cavity is powered by a 200-W solid-state amplifier producing a maxi-
mum cavity voltage of 36 kV which is sufficient to achieve a good quantum lifetime at full
energy and counteract the energy loss due to synchrotron radiation. In order to maintain a
stable voltage in the cavity, a pickup signal from the cavity is compared with a reference
voltage set by the control system, and the resulting error signal is utilized to control a vari-
able attenuator which regulate the low level drive power. This is the so-called amplitude
loop. In addition, the resonant frequency of the cavity is controlled by a frequency loop
which compare two pickups signals from the cavity (180° out of phase) with a small frac-
tion of the rf signal transmitted to the cavity. The error sgnal of the comparison is ampli-
fied and sent to the control unit of the plunger which controls the frequency and phase shift
of the cavity. In case of interlocks due to a high cavity pressure, large cavity reflections etc,
therf switch will disable the rf power.

During the commissioning of the rf system, an additional fast rf feedback loop was in-
stalled in order to reduce the beam-induced voltage in the cavity [3,4]. The loop combines
an amplified pickup signal from the cavity with the low-level drive signa coming from the
main oscillator. The phase of the pickup signa is adjusted by means of a phase shifter in
such away that the two signals are 180° out of phase at the combiner. In this case, the vol-
tage at the input of main the amplifier is given by

Vilnoop = Vin _e_iAmeOCVcav J (3.2)

where al actual voltages are the real part of the corresponding complex quantity, Vi, is the
voltage at the input of the main amplifier without fast rf feedback loop, Aw is the angular
frequency deviation from the resonant angular frequency oy Of the cavity, Ti, is the
transmission delay from the cavity to the input of the main amplifier, and a is the attenua-
tion factor of the pickup signal relative to the cavity voltage Veay. Assuming that Am<<cay,
the cavity voltage with fast rf feedback becomes

_ KVin =V
1+ 2iQ, At/ 0y, +€ 2T oK

(3.3)

cav

where K isthe amplification factor of the main amplifier, V, is the beam-induced voltage in
the cavity, Q.=Q/(1+x) is the loaded quality factor of the cavity (x is the coupling coeffi-
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cient between the cavity and the transmission ling), and T isthe total delay of the loop (the
delay of the cavity is not included) [5]. Hence, the effect of the fast rf feedback loop is to
reduce the beam induced voltage by 1+aK at resonance, equivalent to a similar reduction of
the shunt impedance seen by the beam. Another consequence of the fast rf feedback loop is
that the voltage of the low-level drive signal from the main oscillator, Vi, has to be in-
creased by a factor 1+Ko in order to produce the same cavity voltage as without the loop.
However, this is a minor disadvantage because the low-level drive power usually can be
enhanced significantly for only a very moderate investment. According to the Nyquist crite-
rion, the loop becomes unstable if the loop gain islarger than unity for a frequency compo-
nent in the pickup signal with a phase shift, relative to the low level drive signa, which
deviates more than ~135° from the nominal value of 180° [6]. As the cavity itself produces
a phase shift of £90° for even a very modest frequency shift, loop stability requires that the
loop gain is less than unity for an additional phase shift of TAw =45°, produced by the a
frequency shift Aw and the total loop delay T:

Ioopgajn:| aK | ] 20k |

~ < 3.4
14+2iQ 17/Twe| | QUT/ T | 34

Hence, thefinite delay of the fast rf feedback loop constrains aK below Q. /(4fcay T).

3.2.3 Diagnostics

During the first roundtrip of the electron beam in the booster synchrotron, three chromium-
doped Al,O; beam viewers are employed for beam positioning and monitoring of the beam
profile. The image of each viewer is recorded by a CCD camera and the viewers can be
moved in and out of the beam by pneumatically-operated actuators. Subsequently, the beam
current is monitored by the stripline units DSL_B.01 and DSL_B.02 (see figure A.1), each
with four striplines, in order to complete the storage of the beam. Once the beam is stored
in the booster synchrotron, a dc current transformer is employed for optimization of the
circulating current since it provides the absolute beam current. In addition, the transverse
position of the beam can be determined at eight positions by a unit of four button pickups.
Finally, the beam position and the transverse profile of the circulating beam can beinferred
from the synchrotron light extracted through windows in the vacuum chamber at two of the
dipole magnets.

3.2.4 Closed or bit deviations

Field and length errors of the dipole magnets causes a horizontal displacement of the closed
orbit in the booster synchrotron, the so-called closed orbit deviation, which is given by

“BX(S) Z BxiKi COS(|(Px,i_(Px(S)|_TCQx) J Ki:% J (3.5)

= 2anira,)
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where g =

L [aBas (3.6)
ByLq dipolei

istherelative integrated field error of thei™ dipole magnet, By; is the value of the horizontal
beta function at the i dipole magnet, ¢,(s) is the horizontal betatron phase, ¢y; is the
horizontal betatron phase at the i dipole magnet, AB; is the absolute field error of the i
dipole magnet, L4 is the effective length of the dipole magnets, and p is the bending radius
of the beam trajectory in the dipole magnets [7" %°]. Assuming a Gaussian distribution of
the relative integrated field errors with a standard deviation of c,, an ensemble of random
closed orbits can be calculated with the help of (3.5). According to the simulation of the
multi-turn injection process in paragraph 3.3.2 below, a horizontal closed orbit deviation of
3 mm towards both the injection and extraction septa results in a ~25 percent reduction of
the injected beam current. Hence, a reasonable requirement is that at maximum 10 percent
of the orbits in the ensemble deviate more than 3 mm towards either of the septa, resulting
in the tolerance: 6.<5-10™*. Another class of di pole field errors arises from horizontal mis-
alignment of the quadrupole magnets with a standard deviation of 64y In this case, the hori-
zontal closed orbit deviation is given by (3.5) with Ki=AxksLq, Where Ax; is the horizontal
misalignment error of thei™ quadrupole magnet, k, is the quadrupole strength, and L is the
effective length of the quadrupol e magnets. With the same requirement to the injection effi-
ciency as above, one obtains the tolerance: 6,,<0.5 mm.

The vertical closed orbit deviation due to a vertica misalignment of the quadrupole
magnets is given by the vertical analogue of (3.5) with Ki=Ayik,L,, Where Ay; isthe vertical
misalignment error of the i™ quadrupole magnet. In addition, rotational errors of the dipole
magnets around the beam axis produces a vertical closed orbit deviation which is given by
(3.5) with Ki=LsA6i/p, where A9 is the rotational error of the ith dipole magnet. From the
requirement that no more than 10 percent of the vertica closed orbits should deviate in ex-
cess of 10 mm from the design orbit, one obtains the following standard deviation of the
tolerances of Ay and AB: 6,y<0.6 mm and c,,<0.2 mrad. The tolerance of the rotational
error A9 israther strict for small rings with a small bending radius.

Actual measurements of the integrated field strength of the booster dipole magnets
yield 6,=5.1:10* and 6,=3.6-10" for excitations of the magnets corresponding to 53 MeV
and 500 MeV, respectively (average over trgjectories with x=-20 mm, -10 mm, O mm,
10 mm, 20 mm). Since these values of o, almost fulfil the requirement established above
and magnets with low and large integrated field strengths are paired, the resulting closed
orbit should not cause any problems.
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3.3 The multi-turn injection process

3.3.1 Theinjection transfer line

The injection transfer line transports the 53-MeV dectron beam from the racetrack micro-
tron to the booster synchrotron and matches it to the lattice functions of the booster
synchrotron. The design of the transfer line is shown in the drawing of the ANKA injector
in figure A.1. The transfer line consists of two 45° dipole magnets, two quadrupole doub-
lets, one quadrupole singlet, and four window frame x/y corrector magnets for adjustment
of the beam position and angle. The magnetic elements facilitate a good matching of the
beta functions to those of the booster synchrotron as well as a dispersion of zero at the end
of thetransfer line.

The transverse position and profile of the beam in the transfer line can be determined
with two chromium-doped Al,Os; beam viewers. The viewers are monitored by CCD ca-
meras and can be moved in and out of the beam by pneumatically-operated actuators. Fi-
nally, the absolute pulse current of the beam leaving the microtron can be measured with
the help of afast beam current transformer in the beginning of the transfer line.

3.3.2 Simulations of the injection process

In order to store as many electrons as possible in the booster synchrotron, the racetrack
microtron beam isinjected over several revolution periods of the booster synchrotron, a so-
called multi-turn injection process [8]. The strategy of the multi-turn injection processisto
displace the closed orbit, and thereby the transverse acceptance, beyond the injection sep-
tum sheet by one or more injection kicker magnets. If the closed orbit displacement is re-
duced while injecting, a significant fraction of the transverse acceptance can be filled with-
out loosing the aready injected beam on the inside of the injection septum sheet. In case of
the ANKA booster synchrotron, the multi-turn injection process is performed with only one
injection kicker magnet located diametrically opposite to the 15° injection septum magnet
which is shielded from the design orbit by a 1.5 mm thick septum blade (see figure 1.1 or
A.1). The position, X, Of theinside of the septum blade facing the design orbit is-21 mm.
The kicker magnet is excited by a half cosine-shaped current pulse which facilitates a multi-
turn injection on the falling edge of the excitation pulse of the kicker magnet.

If the horizontal and vertical beta functions of the injection transfer line are not
matched to those of the booster lattice, the horizontal and vertical betatron functions of the
booster synchrotron will oscillate with larger amplitudes than those of the closed lattice.
Eventually the modulation of the beam envelope will filament and cause an emittance
blowup due to small non-linearities in the actual lattice of the booster synchrotron. As a
consequence, the multi-turn injection is investigated for well-matched beta functions in
which case the horizontal beam sze (one standard deviation) of the injected beam becomes
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cx<)=Jxmﬁ< [ )+ AJB (S coslo(s )+x)j2. @7

where A= ;&(Dx,bl - Dx(si )) ! (3.8)

By(s)cosh P

tanh = _B (S_)%Dx,bl _%Dx(si)
o Dyw —D «(s)

—o(s) | (3.9)

€xm isthehorizontal emittance of the racetrack microtron beam, 6,/p isthe relative momen-
tum spread of the racetrack microtron beam (one standard deviation), B(s) is the horizontal
beta function of the booster synchrotron lattice, a(s) is the horizontal afa function of the
booster synchrotron lattice, Dy(s) is the horizontal disperson of the booster synchrotron
lattice, Dy isthe horizontal disperson at the end of the injection transfer ling, @(s) isthe
horizontal betatron phase of the booster synchrotron lattice, and § is the position of the
injection septum. Utilizing (3.7), the horizontal extent of the beam at the injection septum,
Ex:(n)=x(s+NC)xox(s+NC), can be determined for all septum passages, where n is the num-
ber of septum passages after the beam enters the booster synchrotron and C is the circumfe-
rence of the booster synchrotron. Defining a successful injection as one for which
Ex.(n)>Xsr+1 mm for all n=1 (1 mm contingency is added to the injection septum), the qua-
lity of the whole multi-injection process can expressed quantitatively in terms of the
following two quality parameters:

Q

J‘dti and Q,= j (mm(E )— (xsep+1)jdti , (3.10)

>1
Eyx_(Nt)> Xegp+L, n=1 Ey_ (Nt )> Xegp+L, n=1

wheret; is the time of injection relative to the center of the excitation pulse of the injection
kicker pulse magnet. Thus, Q; is simply the time over which the injection process is
successful whereas Q, weights both the duration of a successful injection process and how
far the injected beam is from the injection septum. Obvioudly, large values of Q; and Q,
reflect a good injection. Using the expression (3.7), Q; and Q. can be maximized by vary-
ing the amplitude AX'x mx Of the excitation pulse of injection kicker magnet, the full width 7,
of the excitation pulse of injection kicker magnet, and the initial angle x' of the injected
beam relative to the design orbit. It is found that the multi-turn injection process is most
efficient if Dy iS zero, corresponding to a non-matched dispersion at the injection. A hori-
zontal dispersion of zero at the injection septum is advantageous since it permits an injec-
tion closer to the design orbit and results in less beam loss in the septum channel because
the horizontal beam size is smaller. However, a dispersion of zero at the injection septum
causes the dispersion inside the booster synchrotron to oscillate around the dispersion of the
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closed lattice as demondtrated by the last term under the sguare root in equation (3.7).
Fortunately, for the optimum choice of AXk max, Tk @0d X', the dispersion is small when the
beam is close to the injection septum resulting in an injection with less beam loss than in
case of a matched dispersion. In fact, the optimum value of Q. is decreases by 20-50 per-
cent (the exact value depends on the emittance and momentum spread of the racetrack
microtron beam) if the dispersion is matched. The emittance blowup resulting from the
dispersion mismatch do not influence the injection process significantly as the filamenta-
tion of the phase space takes place after the injection kicker magnet has relaxed the
transverse oscillation of the beam.

As an example of the maximization procedure, the optimum values of Q; and Q, for
Dyp=0.2m are shown in figure 3.3 for severd values of the horizontal tune Q.. According
to the figure, the injection is successful for more than 0.5 us in a rather large Q, interval,
corresponding to a high injection efficiency for more than six revolution periods of the
booster. Theinjection is best in theinterval Q,=1.75-1.85 whereas it declinesin the vicinity
of 2Q,=3, 3Q,=5, and Q,=2 because the beam for these tunes returns close to the injection
septum within only two or three roundtrips after injection. Typical values of the free
parameters are AX'y =5 mrad, t,=1.5 us, and x'=-1 mrad. The associated tolerances of the
kicker magnet and septum magnet power supplies are established by demanding that the
values of Q; and Q, should not decrease by more than 25 percent.
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Figure 3.3: The maximum values of Q; and Q. as afunction of the horizontal tune. The parameters of
the injected beam are Dy 3=0.2 m, dDy,/ds=0, &, ~=0.1 mm mrad, and ¢,/p=0.002.
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Figure 3.4: Multi-turn injection efficiency versus the time of injection (relative to the center of the
excitation pulse of the injection kicker magnet) for Q,=1.776 and various values of the added contin-
gency to inner sides of the injection and extraction septa. The parameters of the injected beam are
Dypi=0.2 m, dDy/ds=0, &,=0.2 mm mrad, and c,/p=0.001. (8) AX'xmax, T, and X' associated with a
maximum value of Q. (b) AXkmax, Tk, @nd X' associated with a maximum value of Q..
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Besides the semi-analytical investigation of the injection process above, the injection
process is also studied by tracking an ensemble of 1000 electrons from the instant they
leave the injection transfer line until the excitation pulse of the injection kicker magnet has
ended. The initial values of the horizontal coordinate and its derivative with respect to the
longitudinal position, x and X, respectively, of each electron are assumed to have a Gaus-
sian distribution with a standard deviation reflecting the lattice functions at the end of the
transfer line. After tracking, the injection of a particular electron in the ensemble is inter-
preted as successful if the eectron did not enter the contingency added to the inner side of
both the injection and extraction septa (the inner sde of the extraction septum is 25 mm
from the design orbit), and the multi-turn injection efficiency is defined as the percentage of
the electrons which are successfully injected. In figure 3.4 the injection efficiency is plotted
as a function of the time of injection for various values of the added septum contingency
and for the values of AX'xmax, Tk, @nd X' which produce the maximum values of Q; and Q..
According to the figure, the injection efficiency in case of an optimum value of Q; declines
considerable for an extra contingency of only 2 mm, demonstrating that the beam passes
very closeto the ingde of the two septa during the injection process. On the other hand, the
injection process associated with an optimum value of Q. is much less sensitive to the
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Figure 3.5: Horizontal density profile of the beam at the injection septum for optimum Q; and Q.
after the excitation pulse of the injection kicker magnet has ended. The parameters of the injection
process are the same as those figure 3.4 and the added contingency is 2 mm.
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added contingency as expected from the definition of Q, which favors an injected beam far
from the injection septum. Besides, the distribution of the eectrons in the transverse phase
space after the tracking provides the horizontal density profile of the beam resulting from
the injection process, which shown in figure 3.5 for injection parameters associated with
the optimum values of Q; and Q.. The figure reveals that the injection process produces a
beam with a small dip in the center, reflecting a hollow distribution of electrons in the hori-
zontal phase space (al eectrons have a finite betatron amplitude). As anticipated the in-
jected beam has the smallest horizontal size for the injection parameters associated with a
maximum value of Q..

The tracking simulations suggest that the Q, quality parameter produces injection pa-
rameters of significantly more practical relevance than those of Q;. In fact, figure 3.4b sug-
gests that an injection efficiency of about 80 percent for 4-5 revolutions is feasible for va-
lues of AX'kmax» Tk, @Nd X' related to the maximum of Q,. For a racetrack microtron pulse
with a current of 10 mA, thiswould yield a stored electron current of roughly 35 mA. Addi-
tional tracking simulations demondtrate that the injection efficiency is rather insensitive to
the horizontal betatron functions of the injection transfer line. Thisis attributed to the small
horizontal emittance of the racetrack microtron beam which gives rise to a modest betatron
oscillation induced beam size in the booster synchrotron.

3.3.3 Capture efficiency of therf system

The simulation of the injection process above only considers the transverse motion of the
beam the first few hundred revolutions after it isinjected into the ring. However, long-term
storage of the beam is strongly influenced by the longitudinal acceptance of the booster
synchrotron. In particular, an eectron which isnot injected into the longitudina bucket will
eventually be lost due to synchrotron radiation-induced energy loss. The stable longitudina
phase space within the bucket is separated from unstable regions of phase space by the
separatrix, which is given by

2
[ﬂj =+ _22cha\, 1+ cos¢ , oe[-mn] (3.12)
P s nh‘y -o p‘Bcpo 2

for a stationary rf bucket, where Ap/p isthe relative momentum deviation, Ve, is the ampli-
tude of the cavity voltage, h is the number of bunches in the booster synchrotron, y and 3
are the relativistic gamma and beta factors, o, is the momentum compaction factor of the
booster synchrotron, and ¢ is the phase deviation from the synchronous phase ¢s which is
defined as Ug/e=V.,c0shs, Where Up is the synchrotron radiation loss per revolution
[7%-8] 1t follows from (3.11) that most electrons which are injected close to a phase
deviation of it are not captured by the rf bucket.

Assuming that the 3 GHz structure of the racetrack microtron beam has disappeared
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during the multi-turn injection process, the fraction of electrons which are captured in the rf
bucket becomes

" (AP/ Po)egp
o J‘pinj (Ap/po)d(Ap/ po)do (312
T ~(Ap/Po)gp

where pin(Ap/p) is the normalized relative momentum distribution of the injected beam.
Assuming a Gaussian momentum distribution of the injected beam with a standard devia-
tion of op, one obtains the capture efficiency which is plotted in figure 3.6 as a function of
Ve fOr several values of 6,. As expected the capture efficiency is high for a large cavity
voltage and a small momentum spread of the injected beam. However, the injection process
will not benefit from atoo large cavity voltage because the voltage according to (3.11) pro-
duces a momentum spread and therefore an enlarged horizontal beam size via the horizontal
dispersion D,. In fact, owing to the rather large horizontal beam size following the injection
process (see figure 3.5), the contribution of the momentum spread to the horizontal beam
size at the injection septum should not be larger than ~5 mm. Thisis equivalent to a maxi-
mum tolerable momentum spread of 0.005 /D, =2.8-10° and thus a maximum acceptable
cavity voltage of 6.8 kV using (3.11). Accordingly, a good compromise between a good
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Figure 3.6: Fraction of electrons captured in the stationary rf bucket versus the amplitude of cavity
voltage and the relative momentum spread of the injected beam
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capture efficiency and a modest rf-induced beam loss is a cavity voltage of 5 kV (ardative
momentum spread of the injected beam of 0.001 is assumed). In this case the capture effi-
ciency is ~75 percent corresponding to a captured beam current of ~25 mA by the rf sy-
stem.

3.3.4 Influence of beam loading on the inj ection process

In addition to the rf voltage produced by the externa generator, the beam itself will also
induce a 500-MHz rf voltage in the cavity once the beam starts forming a 500-MHz bunch
structure. For a bunch length much shorter than the rf wave length, one obtains with the
help of (2.14) a beam-induced voltage of Vi,=2Rly/((1+x)(1+0K)) for a generator fre-
quency at the cavity resonance, where oK is the open loop gain of the fast rf feedback | oop.
Hence, for the expected beam current of 25 mA, the beam-induced voltageis 83/(1+Ko) kV
at resonance, suggesting a strong perturbation of the longitudina dynamics by the beam. In
fact, the beam-cavity interaction only has a steady-state solution provided the equations
relating the cavity voltage, the cavity detuning, and the generator power have a solution [9]:

8K
Vgr cos¢ = Veu +Viy COSO or 1+Kﬂ RsP, g (3.13)
Wcay — O _ br
2Qu ——— = (1+Viy /Veay COSO5 Jtang, ——*—cosos (314)
Wcay cav

where Vg, isthe amplitude of the generator-induced voltage in the cavity at resonance, ¢ is
the phase between the generator-induced voltage at resonance and the cavity voltage, Rsis
the shunt impedance of the cavity, Py is the power delivered by the generator to the cavity,
QL=Q/(1+x) isthe loaded quality factor of the cavity, « is the coupling coefficient between
the transmission line and the cavity, oy isthe angular rf frequency, and wg,, IS the resonant
angular frequency of the cavity. Combining (3.13) and (3.14), the condition for stable
steady-state operation at injection can be formulated as

2 ®.. P
1- Vo b 4 4Q? —( — ) >0 (Ocay < @) (3.15)
Vgr Ocay
Vbr S Vgr (U)cav > (fo) ’ (316)

where it has been employed that the synchronous phase is very close to n/2 at injection be-
cause the synchrotron radiation loss per revolution only is 0.435eV. It follows that the
beam-cavity interaction for the maximum generator power of 200 W only is stable at reso-
nance if Vp <V, corresponding to [,<11.1(1+oK) mA. Alternatively, stability can be
achieved without fast rf feedback by detuning the cavity resonance sufficiently far below
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therf frequency.

Although the beam-cavity interaction is stable, the generator may not be able to pro-
duce a sufficiently high cavity voltage. The required generator power to produce a cavity
voltage of Vi, for an arbitrary detuning and synchronous phase is according to (3.13) and
(3.14)

g 1+(Vbr /Vcav)cosq)s

1+ x)?
%(Vcav +Vbr Cosq)s)z .
S

. [1+[2QL (60 — 1t )/ Oy + Ve Nm)gn%ﬂx

(3.17)

The rf system of the booster synchrotron should be able to maintain a quantum lifetime of
at least one second at 500 MeV equivalent to a cavity voltage of 14 kV. Combining this
condition with (3.17) a resonance, one finds that the generator only is capable of delivering
enough rf power at 500 MeV provided the beam-induced voltage is less than 30.9kV,
corresponding to the condition 1,<9.3(1+aK) mA. If on the other hand the beam loading
only is suppressed by detuning the cavity, it follows from (3.17) that a minimum detuning
of 120 kHz below the rf frequency is necessary at injection (for the optimum cavity voltage
of 5kV at injection and the expected beam current of 25 mA) for the available generator
power of 200 W. A large detuning is not advantageous, however, because the optimum de-
tuning depends on the beam current, the synchronous phase and the cavity voltage which
all change significantly throughout the one-second cycle of the injector. As a consequence,
the required generator power increases far above the capability of the solid-state amplifier
due to large reflections from the cavity. Therefore, without sufficient gain of the fast rf
feedback loop, the rf system cannot provide a cavity voltage which is appropriate for an
efficient capture of the beam with the result that significant beam loss will occur. However,
a small detuning below resonance will reduce reflections and assist the effect of the fast rf
feedback loop throughout the whole one-second cycle of the booster synchrotron. The opti-
mum detuning decreases with the gain of the fast rf feedback |oop.

Until now, the beam-cavity interaction has only been analyzed under steady-state
conditions. Thisformalism cannot describe the abrupt increase of the beam loading at injec-
tion which causes a transient behavior of the beam-cavity interaction. In fact, if the tran-
sient behavior isnot damped within less than asmall fraction of a synchrotron period, beam
blow-up and beam lossis likely to occur as aresult of the strong distortion of the longitudi-
nal phase space. Unfortunately, the minimum response time of 2 ms of the amplitude loop
of the booster synchrotron is more than three orders of magnitude to sow to correct for the
transient beam loading. However, the required generator power in (3.17) is unchanged at
injection if the cavity is detuned
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Relp

O+ — O = —F—0 .
R T o1+ aK)QV,,

(3.18)
bel ow resonance. Hence, for the optimum cavity voltage of 5kV and the expected beam
current of 25 mA, the transent behavior of the beam-cavity interaction do not emerge if the
cavity is detuned 108/(1+aK) kHz below the rf frequency at injection. Again, this is not
possibl e with the available generator power without suppression of the beam loading by the
fast rf feedback loop.

Besides the stability criterion (3.15) above, the derivative of the acceleration voltage
VeavC0S0s should be negative throughout the passage of the eectron bunch in order to pro-
duce a restoring force for non-synchronous particles, the so-called Robinson's phase-stabi-
lity criterion [9]:

Q] -
N, SN +V,, Sn2y)>0 , tany = 2Q —=> T . (3.19)
(O]

cav
According to the criterion, longitudina beam instability may occur at injection (¢«=~90°) if
the beam-induced voltage is more than twice as large as the cavity voltage The detunings
for which the longitudinal dynamics is stable and unstable at injection is plotted in figure
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Figure 3.7: Stable and unstable detunings at injection (¢«~90°) according to Robinson's phase-stability
criterion as afunction of the amplitude of the beam-induced voltage.
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3.7 as a function of the beam induced voltage. For the optimum cavity voltage of 5kV at
injection and the expected beam current of 25mA, the criterion requires that
- Wey<0.78 kHz without fast rf feedback loop. At the same time, the cavity resonance
should be detuned below the rf frequency in order to avoid the Robinson instability [10].
Consequently, beam stability confines me,, within avery narrow interval.

The analysis above suggests that the rf system in steady state is capable of capturing a
beam current of 25 mA and accel erating a beam current of 20 mA to 500 MeV if the beam-
induced voltage is reduced by at least factor of 2.3 by means of the fast rf feedback loop,
corresponding to oK=1.25. However, for the optimum cavity voltage of 5kV at injection
and the expected beam current of 25 mA, a much higher gain of the loop, corresponding to
oK=7.3, is necessary to simultaneously suppress the transient beam loading and fulfill
Robinson's phase-stability criterion. If the loop gain is not large enough for a stable beam-
cavity interaction, the bunch length will increase or/and beam loss will occur until the beam
induced voltage is small enough that stable longitudinal dynamicsisfeasible.

3.4 Beam acceleration

3.4.1 The ramping scheme

The ramping of the beam energy from the injection energy of 53 MeV to the extraction
energy of 500 MeV is controlled by a ramping curve which sets the current of the dipole
magnet power supply. The ramping curve is loaded from a computer into the control board
of the dipole magnet power supply, enabling an arbitrary curve form of the ramping curve.
Similarly, the ramping of the horizontally-focusing quadrupole magnet family is controlled
by an another ramping curve which can be manipulated separately, facilitating an accurate
control of the tunes throughout the ramping. Thisis necessary in order to correct for satura-
tion effects in the dipole and quadrupole magnets during ramping. At the same time, the rf
voltage is increased from its optimum value at injection with the help of a programmable
function generator in order to obtain a quantum lifetime in excess of one second for all
electron energies.

The maximum ramping speed of the dipole and quadrupole magnet power suppliesis
0-100 percent in 400 ms, facilitating ramping of the energy from 53 MeV to 500 MeV with
a smooth ramping curve in less than 600 ms. This is sufficient for achieving a repetition
rate of 1 Hz for the full cycle of theinjector.

3.4.2 Eddy current effectsin the dipole magnet vacuum chamber

During ramping the magnetic flux through the vacuum chamber inside a dipole magnet
changes with the excitation of the dipole magnet. According to Faraday's law of induction,
the time-dependent magnetic flux will induce eddy currents in the walls of the vacuum
chamber. In appendix D it is shown that the eddy currents produce a magnetic field at the
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position of the beam with a sextupole component. If the modified boundary conditions
originating from the iron yoke of the dipole magnet are neglected and the vacuum chamber
walls are much thinner than the dimensons of the vacuum chamber, it is shown in appendix
D that the strength of the sextupole component in the center of a rectangular vacuum
chamber is

4 b* pyod dBy/dt
T (h2 + b2)2 P By

Mgy = (3.20)

Here o is the conductivity of the vacuum chamber materia, p is the bending radius of the
beam trajectory in the dipole magnets, B, is the vertical component of the dipole magnet
field, d is the wall thickness of the vacuum chamber, and h and b are the half height and
half width of the vacuum chamber, respectively.

If the presence of the magnetic materias in vicinity of the vacuum chamber cannot be
disregarded, the problem of finding the sextupole strength becomes much more complex
and one has to resolve to numerical techniques. However, if the pole faces of the dipole
magnet are approximated by two infinitely large iron plates with an infinite permeability,
analytical properties of the sextupole strength can be established [11]. For example, it can
be shown that the sextupole strength for al vacuum chamber geometries scales as me<g™ if
the dipole magnet gap g and the dimensions of vacuum chamber are scaled together. In
addition, it can be shown that the sextupol e strength approaches the value

2 ugod dB, /dt

(3.21)
g p B,

Megay =
if the width of the vacuum chamber is much larger than the gap g[11,12]. For awide cham-
ber (b>>h) this expression is roughly afactor of b/g larger than that in (3.20). Thisis attri-
buted to an enhancement of the sextupole field by the surrounding magnetic material. Fi-
nally, the analytical investigation of the sextupole strength reveals that the sextupole
strength generally is larger for arectangular vacuum chamber than for an éliptica vacuum
chamber.

The sextupole field produced by the eddy currents can be harmful to the beam because
the field gives rise to a shift of the horizontal and vertical chromaticities which may induce
alarge tune spread. The horizontal and vertical chromaticity shiftsare

A, = 4_1n§meddyBxDde = meeddy = 2'47meddy (322)

Agy = _4_ln§meddyBnydS = KyMeygy = —6.28Megqy (3.23)

where the integration is through the entire lattice, meqy IS zero except in the dipole magnets,
Dy is the horizontal dispersion, and B, and 3, are the horizontal and vertical beta functions,
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respectivdy [7" ®°]. For the booster synchrotron one has b=35mm, h=13.25mm,
d=1.5mm, g=30 mm, p=1.67 m, max((dB,/dt)/B,)~7 s*, and 6=1.4510° Q'm™, yielding
maximum chromaticity shifts of AE,=0.8 , A&=-2.0 and A&=1.9 , A&,=-4.8 for expression
(3.20) and (3.21) for the sextupole strength, respectively. The eddy currents in the dipole
magnet vacuum chamber is thus expected to modify the chromaticities of the booster syn-
chrotron substantially during ramping.

3.5 Theextraction

3.5.1 The extraction process

Shortly after the beam has reached the fina energy of 500 MeV, the electron beam is ex-
tracted from the booster synchrotron in a one-turn process in which a fast kicker magnet
displaces the beam to the outside of the extraction septum sheet after 3/4 revolution (the
positions of the kicker magnet and the extraction septum areindicated in figure 1.1). Subse-
quently, the beam is transported to the extraction transfer line by the extraction septum
magnet. The demands to the kicker magnet is reduced by locating the kicker magnet and
the septum a maxima of the horizontal betatron function and by choosing a phase advance
from the kicker magnet to the septum which is a multiple of = plus n/2. Furthermore, the
required strength of the kicker magnet is reduced by almost an order of magnitude by dis-
placing the closed orbit to a horizontal position only 2-3 mm from the extraction septum
sheet during the last 40 ms before extraction. The displacement is produced by separate
windings in the four dipole magnets closest to the extraction septum. In order to extract as
many electrons as possible, the kicker magnet supply is designed to provide a very short
rise time of less than 30 ns and a longer flattop of more than 100 ns, facilitating an ex-
tracted electron pulse with a duration of more than 58 ns.

3.5.2 The extraction transfer line

The extraction transfer line transports the electron beam from the extraction septum of the
booster synchrotron to the injection septum of the storagering. Asillustrated in figure 1.1
and A.1, the beam path is defined by two 27.5° dipole magnets while a good matching be-
tween the lattice functions of the booster synchrotron and those of the storage ring is en-
sured by nine quadrupole magnets. In addition, four window frame x/y corrector magnets
are utilized for small adjustments of the beam position and angle.

The position and profile of the beam in the transfer line can be determined by three
chromium-doped Al,O; beam viewers. Each viewer is monitored by a CCD camera through
a window in the vacuum chamber and can be moved in and out of the beam by means of
pressurized air. Furthermore, the beam current of the electron pulse is monitored by a beam
current transformer just after the extraction septum (same design as in the racetrack micro-
tron) and a fast beam current transformer just before the injection septum of the ANKA
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storagering.
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Chapter 4

Experimental investigation of the
ANKA racetrack microtron

4.1 Introduction

The ANKA racetrack microtron was assembled at Danfysik in the autumn of 1998, and
subsequently moved to the department of the Niels Bohr Ingitute at Risg Nationa Labora-
tory for testing. Here it delivered the first output pulse with a beam current of 2 mA and a
duration of 200 ns in December 1998. In February 1999, the racetrack microtron was
moved to its final destination at Forschungszentrum Karlsruhe for commissioning. The
commissioning ended in the beginning of March 1999 when the racetrack microtron was
able to produce an eectron pulse with an average current of 16 mA and a pulse duration of
1.6 us. Since then, the racetrack microtron has continuoudy been delivering an eectron
beam to the ANKA booster synchrotron.

4.2 Beam current

4.2.1 Characterization of the current transfor mers

For a step-shaped current pulse with an abrupt onset at t=0 s, an ideal passive current trans-
former produces the voltage

Valt) = JeReRU (4.0)
N
where |, is the beam current, R is the impedance of the external load (typically an oscillo-
scope with 50 Q termination), N is the number of turns of the secondary winding, and L is
the inductance of the secondary winding [1]. As an example, the voltage signa of current
transformer 1 of the racetrack microtron is shown in figure 4.1. The decline of the voltage
throughout the current pulse and the subsequent decay of the negative signal towards zero
beyond 5 s are both attributed to the exponential decay in (4.1). Fitting each decay with
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Figure 4.1: Voltage signa of current transformer 1 (CT 1 in figure 2.1). The signal is measured with
an oscilloscope terminated in 50 Q (R=50 Q). In addition, the corresponding beam current is plotted.

the exponential decay of (4.1), one obtains a 1/e decay time of 21 us for both decays, corre-
sponding to an inductance of the secondary winding of 1.1 mH. Knowing the decay time,
the measured voltage signd of al the current transformers of the racetrack microtron are
easily converted into an absolute beam current using (4.1).

4.2.2 Beam current measurements

The beam current is the most significant property of the racetrack microtron beam because
the circulating current of the booster synchrotron is proportional to the output beam current
of the racetrack microtron. Therefore, the beam current of the racetrack microtron is moni-
tored throughout the entire beam recirculation. Initially, the beam current is determined by
current transformer 1 shortly after the electron gun. A typical current pulse is plotted in
figure 4.1, revealing a gun current of 215 mA and a pulse duration of 4 us. Subsequently,
current transformer 3 and 4 measure the total recirculating current on the linac axis. The
beam currents of both current transformers are presented in figure 4.2. Current transformer
3 has one large negative contribution from the first beam passage, before the direction of
recirculation isreversed, and multiple positive contributions from the subsequent nine beam
passages. The signal from current transformer 4 is larger than that of current transformer 3
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Figure 4.2: Beam current at current transformer 3and 4 (CT 3 and CT 4 in figure 2.1).

because all nine beam passages contribute with a positive beam current. The current pulses
of both current transformer 3 and 4 are significantly shorter than the initial electron pulse
from the electron gun because the timing of the linac field only provides the correct
acceleration voltage for ~1.5 us. Furthermore, the beam currents in racetrack orbit 3 to 6
(21.2 MeV to 37.1 MeV) and the output beam current of the racetrack microtron are shown
in figure 4.3, demongrating very small beam losses from an energy of 20 MeV to the final
energy of 53 MeV. In fact, a comparison of the observed output current of 14 mA with the
total beam current of 143 mA at current transformer 4 (corresponds to an average beam
current per beam passage of 16 mA) reveals that dmost all beam loss occurs before the
second linac passage is completed. The significant initial beam loss is attributed to the large
fraction of the electronswhich are not injected into the longitudinal acceptance.
According to energy conservation, the power delivered to the beam by therf field is

(AE/e)?
2R(cosos

where |, is the total beam current in the linac, AE is the synchronous energy gain in the li-
nac, Py is the forward power delivered by the klystron, Pyas is the power dissipated in the
linac walls, P; isthe reflected power from the linac, Rs is the shunt impedance of the linac,

IbAE/e = IDg_Pwalls_Pr =R - -B

9 4.2
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Figure 4.3: Beam current in racetrack orbit 3 to 6 (measured by current transformer CT 5-8 in figure
2.1) and the output beam current of the racetrack microtron (determined by the current transformer in
theinjection transfer line).

and ¢s is the synchronous phase. Solving (4.2) for the total beam current in the linac, one
obtains a total beam current of 283 mA for a synchronous phase of 19° and measured for-
ward and reflected powers of 2.46 MW and 0.11 MW, respectively. Thisisvery closeto the
maximum beam current of 329 mA in the linac which was established by means of beam-
cavity stability arguments in paragraph 2.5.1, suggesting that an output beam current
significantly higher than 15 mA cannot be expected.

4.3 Momentum spread
The momentum spread of the racetrack microtron beam dominates the horizontal beam size
of the output beam for a sufficient large momentum spread and horizonta dispersion. In
fact, the smulation of the injection process in paragraph 3.3.2 reveal s that the injection effi-
ciency is significantly more sensitive to the momentum spread than to the horizontal emit-
tance and beta function.

If the rf system of the booster synchrotron isturned off and the rf cavity is detuned far
from resonance in order to suppress the interaction between the beam and the cavity, the
momentum distribution of the output beam of the racetrack microtron can be determined by
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recording the revolution frequency distribution of the beam after it is injected into the
booster synchrotron. More precisely, assuming that all momentum components of the beam
have the same injection efficiency, the frequency spectrum can easily be converted into a
momentum digtribution using the relation between a momentum deviation Ap and arevolu-
tion frequency deviation Afie, in presence of constant bending field:

ﬁ = _iAfi , (4.3

P Op frev

where fie, iS the center revolution frequency and o, is the momentum compaction factor of
the booster synchrotron [2]. The revolution frequency spectrum of the beam is determined
by a spectrum analyzer connected to the sum signal of all four striplines at the stripline unit
DSL_B.02. The spectrum analyzer is operated in a time-gated mode in which the stripline
signal only is analyzed from 1 msto 2 ms after injection, alowing a good time resolution
and a small resolution bandwidth of only 1 kHz (equivalent to a relative momentum resolu-
tion of 0.4-10"* according to (4.3)). In this mode of operation, however, only one data point
of the spectrum is recorded for each injection, requiring a measurement over at least 100
injections for a satisfactory frequency spectrum. Accordingly, the momentum spectrum
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Figure 4.4: Average momentum distribution of the injected beam 1-2 ms after injection.
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includes the shot-to-shot momentum variation of the microtron beam.

A typical average momentum distribution of the injected beam is shown in figure 4.4.
A datistical anadysis of the distribution yidlds a relative momentum spread of
0.0011+0.0001 (one standard deviation) for the nominal setting of the racetrack microtron.
Single-shot measurements of the momentum distribution with a resolution bandwidth of
3 kHz yields the same momentum spread and reveal s pulse-to-pulse variations of the center
momentum and the relative momentum spread of ~0.2-10™ (likely to be dominated by mea-
surement uncertainties).

4.4 Transverse emittances of electron beam

4.4.1 The extended variable quadr upole magnet method

Assume the beam has a Gaussian distribution of betatron amplitudes in the transverse phase
space of the form

, N 1 2,2 ’ /Zj [011 012j
plz,7)=———exp| ————— 052 — 261,722 —C14Z ,0 = , 4.4
( ) 2n/det & ( 2det¢r( 2 u ) G, Oy (44

where N is the total number of electrons, o is the symmetric beam matrix, and z, Z are one
of the transverse coordinates and its derivative with respect to the longitudinal position,
respectively [3]. In this case the transver se emittance of the beam is usualy defined as

e = Jdete = /6105 0% (4.5)

corresponding to U/r times the area of the liptical contour in phase space which encloses
39.3 percent of the electrons. Furthermore, the lattice functions are related to the beam ma
trix by the following relations:

B=opy/e , a=-0p/e and vy = (1+oc2)/[3 = Oy/t , (4.6)

where f3 is the beta function, o is the alfa function, and vy is the gamma function [4]. Thus,
the emittance and all lattice functions can be determined if the beam matrix is known.

The diagnostic tools of the racetrack microtron and the following injection transfer
line only provide the means for determining the two-dimensional transverse profile of the
beam at specific positions. Projecting the two-dimensional transverse profile onto the z
axis, one obtains according to (4.4) a one-dimensional Gaussian density distribution of the
form

pi(2) = [p(z2)z = N(2noy)* expl-22/20y) (4.7
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which has a one standard deviation width of /G, . Hence, only the matrix element 61, can

be established directly from the measured transverse profile. According to the theory of
linear beam optics, the value of 64, at a specific position s; isgiven by

ou(s) = (RO'(SO)RT )11 = R121011(30)+ 2Ry; R0, (Sp ) + Rlzzczz(so) . (4.8)

Here R isthe transfer matrix from areference position s, to s, defined as

v4 =R| 7 , (4.9)
Ap/p 5 Ap/p S

where Ap/p is the relative momentum deviation of the particle. All the matrix elements of
the beam matrix at the reference position can therefore be inferred if 614 is measured for
several settings of the lattice between s and s; with known transfer matrices. Since the
beam matrix has three unknown matrix elements, at least three different lattice settings are
required for a full determination of the beam matrix. For example, the lattice can easily be
changed by scanning an intermediate quadrupole magnet situated between s, and sy, the so-
called variable quadrupole magnet method [3].

So far the enlargement of the transverse beam size by a finite disperson and momen-
tum spread has been neglected. Including this effect and assuming a Gaussian momentum
distribution, thetota transverse beam size at s; finally becomes

Sul(s) = youls)+lop/pP D) (4.10)

where 6,/p is the one standard deviation relative momentum spread and D(s;) is the disper-
sion at s, whichisgiven by [5]

D(s;) = D(sp)Ru +D'(s)Ry + Ris - (4.11)

Thus, if both the beam size and the dispersion at s is measured for each setting of the inter-
mediate quadrupole magnet, both the momentum spread and the beam matrix at the refe-
rence point can be determined provided cix(S;) is determined for at least four different qua-
drupole magnet settings. Thisis arather general method for determining the quality of the
beam which will be called the extended variable quadrupole magnet method.

4.4.2 Measurement of the transver se emittances by the extended variable qua-
drupole magnet method

The transverse emittances characterizes the quality of the beam in terms of beam size and
divergence. For thisreason, small transverse emittances of the output beam of the racetrack
microtron are advantageous for the multi-turn injection process of the booster synchrotron.
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According to the discussion in the previous paragraph, the transverse emittances of the
output beam can be determined by utilizing the extended variable quadrupole magnet
method in the injection transfer line. First, the transverse profile of the beam is measured at
viewer DCCDFS |.02 at the end of the injection transfer line for various excitations of qua-
drupole magnet MQ_1.01 (the positions of the viewer and the quadrupole magnet are indi-
cated in figure A.1). The beam-induced light spot in the fluorescent material of the viewer
isrecorded by a CCD camera through a window in the vacuum chamber. The image of the
spot is transferred to a computer by means of a frame grabber system which also synchro-
nizes the triggering of the camera with the electron pulse. The absolute spot size is cali-
brated by recording the image of aruler at the same distance from the camera as the viewer.
For each quadrupole magnet excitation, the intensity distribution of the camera image is
projected into both the horizontal and vertical planes, and the one-dimensional projected
distributions are characterized in terms of their welghted mean and one standard deviation
width.

Furthermore, for each quadrupole magnet excitation, the transverse profile is recorded
for both the nominal setting of the racetrack microtron and for a setting with a reduced
excitation of the 180° dipole magnets by 0.77 percent. According to (2.3), the reduced di-
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Figure 4.5: Horizontal and vertical dispersions at viewer DCCDFS_1.02 versus the excitation of the
quadrupole magnet MQ _1.01. The line graph is a fit of (4.11) to the horizontal dispersion, yielding
Dy(S0)=-0.418+0.014 m and D,(Sp)=0.134+0.004.
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pole magnet excitation is equivalent to a reduction of the output energy of the racetrack
microtron by 0.77 percent. Therefore, from the shift of the beam profile when the dipole
magnet excitation is reduced, one can easily calculate the horizontal and vertical disper-
sions at the viewer for all excitations of the quadrupole magnet. The resulting dispersions at
the viewer are shown in figure 4.5, demonstrating a much larger dispersion in the horizontal
plane than in the vertical plane as expected. A fit of (4.11) to the horizontal dispersion (with
a reference point at the exit of the bottom 180° dipole magnet in figure 2.1) gives a good
agreement with the measured dispersion. However, the determined horizontal dispersion at
the reference point is not in agreement with the lattice calculation in figure 2.5, suggesting a
non-zero initial dispersion in figure 2.5.

The measured transverse beam sizes as a function of the quadrupole strength are
shown in figure 4.6. Unfortunately, the data cannot be modeled satisfactory with the
theoretical beam size in (4.10) because the imaging system has a significant minimum
resolution which smears the measured beam profiles. Assuming a Gaussian shape of the
minimum spot size with a width o, the theoretical model (4.10) is modified to

404 m  Horizontd
i O Veticd .

Beam size (mm)

Excitation of quadrupole MQ_1.01 (A)

Figure 4.6: Transverse beam sizes (one standard deviation) a viewer DCCDFS _1.02 versus the
excitation of the quadrupole magnet MQ _1.01. The line graphs indicate fits of (4.12) to the data for
6,/p=0.0011 and 6,=0.6 mm. The determined fit parameters are £,=0.4+0.2 mm mrad, B,=10+2m,
0,=1.4+0.5, £,=0.6+0.4 mm mrad, B,=5+2 m, and 0, =0.0+0.4.
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2 1+ 0‘(30 )2

Ot (S1) =, €] RAB(So)— 2Ry Rip0(sg )+ RS +(Gp/po)2D(31)2+Gr2es , (4.12)

where D(sy) is the measured dispersion in figure 4.5. Unfortunately, the model now has five free
parameters while the curve form of the data only justifies three free parameters. Therefore, o,/p is
chosen to the momentum spread of 0.0011 found in paragraph 4.3 and the resolution of the imaging
system is chosen to 0.6 mm as in paragraph 5.6.2. Using these values, the model (4.12) (with a
reference point at the exit of the bottom 180° dipole magnet in figure 2.1) is fitted to the dataiin figure
4.6, providing a horizontal emittance of 0.4+0.2 mm mrad, a vertical emittance of 0.6+0.4 mm mrad,
and the lattice functions listed in the caption of figure 4.6. The found verticd lattice functions are in
good agreement with the lattice calculation in figure 2.5. However, the horizontal lattice functions are
not consistent with those in figure 2.5, which is attributed to a non-ideal setting of the racetrack
microtron. In fact, the synchrotron light imaging system which monitors the beam profile provides
very limited information about the horizontal envelope of the beam because the synchrotron light is
emitted close to the minima of the betatron function in the center of the 180° dipole magnets,
impeding an accurate control of the horizontal beam envol ope.

The uncertainties of the fit parameters are rather large because the correct value of Gy is
somewhat uncertain as the imaging system and the beam properties are not identical to those in
paragraph 5.6.2. In addition, alarge correlation between the fit parameters makes the fit sensitiveto a
calibration error of the quadrupole gradient and small measurement errors of the beam size. An
additional scan of another quadrupole magnet between the reference point and the viewer would
significantly improve the accuracy of the fit parameters because the curve form of the additional scan
would provide enough constraints for an accurate determination of all fit parameters.

4.4.3 Deter mination of the transver se emittances using synchrotron light

Throughout the 180° bend of the main dipole magnets of the racetrack microtron, the elec-
trons emit synchrotron light which is recorded by a CCD camera through a small window
in the vacuum chamber (see figure 2.1). As described in paragraph 4.4.2, the cameraimages
are sent to a frame grabber and stored in a computer. Utilizing the CAD drawings of the
racetrack microtron, the camera is focused on the source point of the synchrotron light
emission (the intersection of the racetrack orbit and the tangent of the orbit passing through
the camera) for each racetrack orhit, and the size of each image is calibrated by recording
the image of aruler at the same distance from the camera. Subsequently, the recorded two-
dimensional intensity distributions are projected into the horizontal and vertical planes, and
the one standard deviation beam sizeis determined for each plane.

Assuming a Gaussian distribution of betatron amplitudes and a Gaussian momentum
distribution of the beam, each transverse beam sizeis given by (4.10):

Ot = eB+(Gp/p)2D2 . (4.13)
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Hence, the normalized horizontal emittance (Bye, where B and y are the relativistic beta and
gamma factors) can be established if the horizontal beta function, the horizonta dispersion,
and the relative momentum spread are known. Using the horizontal beta function and
dispersion of the lattice calculation in figure 2.5, the normalized horizontal emittances for
the last three recirculations are determined and shown in figure 4.7 for three different abso-
lute momentum spreads. According to the figure, the measurements are most consistent
with a conserved normalized emittance (the normalized emittance represents a genuine
phase space area) for a relative momentum spread of ~0.001 at full energy in good agree-
ment with the value of 0.0011 found in paragraph 4.3. For an momentum spread of 0.0011,
the average normalized horizonta emittance is 21+8 mm mrad, equivalent to a horizonta
emittance at full energy of 0.21+0.08 mm mrad. Besides, the normalized vertical emittance
can be inferred using only the vertica betatron function in figure 2.5 since the vertical
dispersion isvery closeto zero. Theresult is plotted in figure 4.8, revealing an average nor-
malized vertica emittance of 22+5 mm mrad corresponding to a vertical emittance at full
energy of 0.21+0.05 mm mrad. The specified errors of the horizontal and vertical emit-
tances take into account the estimated accuracy of the lattice functions. In particular, the
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Figure 4.7: Normalized horizontal emittances for the last three recirculaions assuming an absolute
momentum spread of 26.5 keV/c, 53 keV/c, 79.5 keV/c (corresponds to a relative momentum spread
of 0.0005, 0.001, and 0.0015 at full energy).
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Figure 4.8: Normalized vertical emittance for the last three recirculations.

horizontal beta function is uncertain since only a small displacement of the source point
will change the beta function significantly as a result of the narrow minima of the beta
function in the center of the 180° dipole magnets (see figure 2.5). The horizontal smearing
of the transverse beam profile due to an extended source region of synchrotron light emis
sion can be neglected compared to the actual beam size at the source points (see paragraph
E.2).

4.5 Investigation of the longitudinal dynamics

4.5.1 Dependence of the beam current on the gener ator power

The output beam current of the racetrack microtron is shown in figure 4.9 as a function of
the forward rf power trangmitted to the linac. For a given amplitude of the accelerating vol-
tage AEy/e, the corresponding forward power is given by (2.15). The forward power is
therefore closdly linked to the synchronous phase, ¢s=arccos(AE/AEy), where AE is the
fixed synchronous energy gain of the linac. In particular, the theoretical estimate of the total
current as a function of ¢ in figure 2.3 suggests that the optimum forward power of
2.46 MW in figure 4.9 corresponds to a synchronous phase of 19°. In addition, the good
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Figure 4.9: Output beam current of the racetrack microtron as a function of the forward rf power. In
addition, the associated circulating beam current in the booster synchrotron 1 ms after injection is
shown.

gualitative agreement between figure 2.3 and 4.9 indicates that a forward power of
~2.00 MW is equivalent to a synchronous phase of zero. However, the change of beam
loading balances the change of forward power to some extent. Nevertheless, the effect is
small because the total beam current in the linac is dominated by the first few beam pas-
sages, which are rather insenstive to the change of forward power. For a forward power
exceeding 2.46 MW, the synchronous phase goes beyond the optimum value of 19°, reduc-
ing the longitudinal acceptance compared to the maximum acceptance at 19°. As a result,
beam loss occurs which further increases the field in the linac due to less beam loading,
producing an even larger synchronous phase etc. Consequently, the output beam of the
racetrack microtron abruptly disappears for aforward power above 2.46 MW.

4.5.2 Beam current oscillations

If the forward rf power delivered by the generator is reduced with respect to its optimum
value, the linac voltage will not match the beam current of the electron gun. Theresult isa
non-stationary solution of the beam current and the linac voltage with an oscillating beha-
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Figure 4.10: Beam current oscillations of the output beam of the racetrack microtron in presence of
too low rf voltage.

vior according to the discussion in paragraph 2.5.1 (negative feedback). An example of the
beam current oscillation of the output pulse of the racetrack microtron is shown in figure
4.10. The oscillation period in the figure is 93 ns in good agreement with the discussion of
the time constant of the beam-linac feedback mechanism in paragraph 2.5.1. In addition, a
measurement of the oscillation period versus the forward power shows a modest increase of
only 5ns when the forward power is decreased from 2.46 MW to 2.08 MW. Thisis in
accordance with a characteristic time scale of the oscillation which is mainly determined by
the time constant of linac and the transit time of an electron in the racetrack microtron.

4.5.3 Variation of the momentum spread with the generator power

In figure 4.11 the measurement of the momentum spread, described in paragraph 4.3, is
repeated for several values of the forward rf power. It is observed that the momentum
spread decreases when the forward power (the synchronous phase) is reduced, in good
qualitative agreement with the theoretical prediction in figure 2.4. Even an increase of the
momentum spread below a synchronous phase of 10° is observed. However, the absolute
size of the measured momentum spread is significantly smaller than expected from the
theoretical calculation. The discrepancy is attributed to a significant loss of eectrons with
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Figure 4.11: Relative momentum spread (one standard deviation) and center momentum of the race-
track microtron beam as a function of the forward rf power.

large momentum deviations during beam recirculaion. In particular, beam loss occurs at
low energy because the dliptica path of a particular non-synchronous eectron in the
longitudina phase space is independent of energy according to (2.6), resulting in a huge
relative momentum spread at low energy and therefore a very large horizontal beam sizein
the presence of a finite dispersion. As a consequence, eectrons with large momentum
deviations are lost on physical or dynamical apertures at low energy. In addition, éectrons
with large momentum deviations may dominate the beam loss during the injection process
in the booster synchrotron due to the large horizontal displacement of the beam, resulting in
an underestimation of the actual momentum spread of the racetrack microtron beam. How-
ever, the very similar dependence of the output beam current of the racetrack microtron and
that of the circulating current in the booster synchrotron as a function of the forward power
in figure 4.9 strongly suggests that the momentum distribution of the beam is not dtered by
the injection process.

Furthermore, an analysis of the momentum distribution reveals that the maximum
beam current per unit momentum interval is amost independent of the forward power
down to 2.20 MW since the reduction of the total beam current is balanced by the smaller
momentum spread. Thisisin good agreement with the theoretical calculation in figure 2.3.
Finally, it is observed in figure 4.11 that the center momentum of the racetrack microtron
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beam only has a very moderate dependence on the forward power in reasonable accordance
with the theoretical smulation in figure 2.4.

4.6 The performance of the ANKA racetrack microtron

4.6.1 Comparison with other racetrack microtrons

The most important measured beam properties of the ANKA racetrack microtron are listed
in table 2.1 together with the design values, revealing that the racetrack microtron performs
according to specifications or better. In addition, the beam properties of the ANKA race-
track microtron are compared with other racetrack microtronsin table 4.1. According to the
table, the output current of the ANKA racetrack microtron is similar to that of the other
racetrack microtrons. However, the output current of the Stockholm and Lund racetrack
microtrons are somewhat higher (at 53 MeV the beam current of the Lund racetrack micro-
tron exceeds the value specified in the table). An appropriate choice of coupling coefficient
between the waveguide and the linac of the Stockholm and Lund racetrack microtrons is
likely to contribute to the better performance. In addition, the output beam current of the
Lund racetrack microtron has been enhanced by means of a pre-buncher working a the
fundamental frequency of the rf system [6].

In the literature, there exists surprisingly few measurements of the transverse emit-
tances and the momentum spread of the output beam of racetrack microtrons. In fact, in the
table only the Lund and Scanditronix racetrack microtrons have published data for the
transverse emittances and the momentum spread. The normalized horizontal emittance of
the Scanditronix racetrack microtron isin good agreement with that of the ANKA racetrack
microtron whereas the normalized vertical emittance of ANKA racetrack microtron is
considerable smaller than those of the Lund and Scanditronix racetrack microtrons. The
relative momentum spread of the ANKA racetrack microtron is also superior to that of the
Scanditronix racetrack microtron as the absolute momentum spread ideally is constant du-
ring the recirculation. Finally, all racetrack microtrons are able to produce an electron pulse
with aduration in excess of 1 us.

4.6.2 Comparison with the per formance of linear accelerators

In table 4.1 are a0 listed the main beam parameters of selected modern linear accelerators
at European synchrotron radiation facilities. All the linear accel erators are able to produce
peak currents well above 100 mA in single bunch operaion as a result of their large
longitudina acceptance. Thisis far above the capability of the ANKA racetrack microtron.
However, the average output current of the linear accelerators decrease dramatically with
the pulse length due to beam loading effects. In fact, for a pulse length of about 0.5 us,
which is appropriate for the multi-turn injection process of the ANKA booster synchrotron,
the average beam current of the ANKA racetrack microtron is higher than that of most of
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the linear accelerators. In addition, the table reveals that the ANKA racetrack microtron has
smaller transverse emittances and momentum spread than the linear accelerators which is
important in the present application since the efficiency of the multi-turn injection process
decreases for a large transverse beam size of the injected beam. The rather small momen-
tum spread of the ANKA racetrack microtron is a consequence of the recirculation of the
beam which preserves the momentum spread characteristic of a single linac passage, cau-
sing the relative momentum spread to decline inversely with the number of linac passages
(see paragraph 2.3.1). In addition, the recirculation of the beam makes the beam momentum
insensitive to power fluctuations from the rf generator as demonstrated by the measure-
ments in figure 4.11 for which the amplitude of the linac field is changed by almost 6 per-
cent. On the other hand, the momentum of linear acceleratorsis directly linked to the ampli-
tude of the rf field, making the momentum and the momentum spread very sensitive to the
stability of the rf generator and beam loading of the accelerating field.

Table 4.1: Measured beam properties of sdected racetrack microtrons (rtm) and linear accelerators.

Max. Beam Bunch Norm. Relative  Max.
Beam current train  emittance momentum pulse
energy (mA) charge (hor./ver) spread length

(MeV) (nC)  (mm mrad) (us)
ANKA rtm 53 15 21/21 0.0011 1.7
Stockholm rtm [7] 50 30 5
BESSY Il rtm [8] 50 15 1
Aarhus rtm 100 11 1
Lund rtm [9,10] 100 20 145 1
Scanditronix rtm [11] 100 15 20/39 0.001 1.2
SLSlinac*[12] 102 2.0 50 0.002
SLSlinac’ [12] 103 2.2 40 0.003 0.5
ESRF linac® [13] 200 250 200 0.005
ESRF linac® [13] 200 25 200 0.001 1
ELETTRA linac® [14] 1100 30 0.005 0.07
DELTA linac®[15] 75 0.36 <120 0.0021
DELTA linac® [15] 75 0.09

#Single bunch operation.
®Multiple bunch operation.

Besides its high quality beam properties, the racetrack microtron is aso attractive be-
cause the recirculation causes the accelerator to be much smaller than a linear accelerator
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with the same beam energy. In addition, the recirculation ensures an effective conversion of
rf power into beam power, reducing the investment in rf power sources in comparison with
linear accelerators. The construction and operation expenses of racetrack microtrons are
thus usually less than those of linear acceerators. Racetrack microtrons are therefore in
many respects superior to linear accelerators as injectors for booster synchrotrons.

4.6.3 lmprovements of the ANKA racetrack microtron

In presence of regenerative beam breakup, the growth time of the destructive HEM; mode
is expected to be about 1 us (see paragraph 2.5.2). Since no decrease of the beam current
throughout the electron pulse is observed, the output beam current of the racetrack micro-
tron is not believed to be influenced by regenerative beam breakup. On the other hand, the
output beam current of the ANKA racetrack microtron is likely to be limited by a beam-
linac feedback instability when the optimum coupling coefficient between the waveguide
and the linac exceeds the actual coupling coefficient (see discussion in paragraph 2.5.1 and
4.2.2). As a consequence, an output beam current significantly above 15 mA cannot be ex-
pected. According to (2.16), the beam current threshold for the beam-linac feedback instabi-
lity can be doubled by increasing the coupling coefficient from 3 to 5. This also increases
the threshold current for regenerative beam breakup [16]. The higher coupling coefficient
requires more generator power for the same beam current due to more reflected power from
the linac, but this should not cause any problems since the generator is capable of
producing an output power of 6 MW. At the same time, it would be advantageous to ex-
change the combined 3 GHz oscillator and amplifier to a more reliable design because its
tubes have a limited lifetime, resulting in a decline of the output power of the klystron. In
fact, more than a 50 percent decline of the output of the oscillator was observed within the
first half year of operation. Alternatively, the onset current of the beam-linac feedback
instability can be enlarged by increasing AE/R; using higher generator power and lower
shunt impedance.

A higher output beam current can also be realized by installing a pre-buncher, opera-
ting a the fundamental rf frequency, in theinjection transfer line of the racetrack microtron.
The pre-buncher would enhance the output current because more el ectrons are injected into
the longitudinal acceptance of the rf system without increasing the average beam current in
the linac which determines the beam loading and the onset of the beam-cavity instabilities.
This modification of the racetrack microtron requires a new low-level rf system which can
be synchronized with the pre-buncher, making the improvement somewhat expensive. In
addition, the running-in of the racetrack microtron will become more complicated. How-
ever, a pre-buncher is the ideal approach for achieving a high output beam current and a
low beam loss during recirculation.

At present, most vacuum chamber components of the racetrack microtron are assem-
bled by o-ring type vacuum seals. Unfortunately, the o-rings are susceptible to radiation
damage, resulting in vacuum problems. In particular, the large o-rings between the poles of
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the 180° dipole magnets and the walls of the dipole magnet vacuum chambers are proble-
matic because the magnets have to be disassembled in order to exchange the o-rings. Al-
though, radiation resistant o-rings have increased the lifetime of the o-rings, the reliability
of the racetrack microtron would profit if a separate vacuum chamber isinstalled inside the
dipoles magnets and full-metal vacuum seals are employed everywhere. The improvements
increase the cost of microtron, but they are a modest investment for obtaining a more reli-
able machine which needs less service. It would also be advantageous to exchange the pre-
sent three beam viewers with a single horizontally-moving viewer which can be positioned
in all racetrack orbits. In particular, this would improve the diagnostics of the horizontal
beam envelope compared with the present synchrotron light imaging system which suffers
from the minima of the horizontal betatron function in the center of the 180° dipole mag-
nets. In addition, the running-in time of the machine can be reduced if remote controls of
the linac position and the distance between the 180° dipole magnets are implemented.
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Experimental investigation of the
ANKA booster synchrotron

5.1 Introduction

The ANKA booster synchrotron was assembled and tested at Forschungszentrum Karlsruhe
in April-May 1999 following the commissioning of the ANKA racetrack microtron.
Immediately hereafter, the running-in of the booster synchrotron proceeded until the begin-
ning of December 1999 (with several stops due to the ingtallation of the ANKA storage
ring) at which point a circulating current of 10 mA routinely was accelerated to a beam
energy of 500 MeV and subsequently extracted from the booster synchrotron. The final
commissioning of the booster synchrotron was carried out in the end of February 2000.
Here all important accelerator and beam parameters were demonstrated to fulfil or exceed
the design values.

5.2 Investigation of the lattice of the booster synchrotron

5.2.1 Transversetunes and lattice functions

The horizontal and vertical tunes, Qy and Q,, respectively, of the booster synchrotron are
determined by measuring the frequency spectrum of the horizontal and vertical difference
signals of all four striplines a the stripline unit DSL_B.02 by a spectrum analyzer, while
the betatron oscillation of the beam is excited by the other stripline unit DSL_B.01. During
a measurement, the excitation frequency is controlled by a swept-frequency generator
which is synchronized with the spectrum analyzer. The excited coherent betatron oscillation
of the beam gives rise to peaks in the recorded spectrum at

(M +p+Q)fo ., P20

(M -p-Q)fre, , p>0" 6.

where p is an integer, M is the number of bunches, u=0,1,2,...,M-1 is the mode index of the
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Figure 5.1: Transverse tunes of the booster synchrotron at the injection energy (53 MeV) for several
different excitations of the quadrupole magnets. For each value of the excitation, the corresponding
circulating current 100 ms after injection is indicated (the beam current is the maximum value after
~15 minutes of optimization). The design working point and the expected working point are also
shown (the latter takes into account the actual position and the field mapping of all magnetic ele-
ments). Finaly, al significant betatron resonance lines are indicated.

M coherent transverse modes of the beam, Q is the transverse tune, and f,e, is the revolution
frequency of the booster synchrotron [1]. Hence, the peak positions immediately provide
the fractional part of the transverse tune whereas the integer part can be inferred from the
beam position a the viewers during the first roundtrip of the beam.

The measured transverse tunes at the injection energy for several different excitations
of the quadrupole magnets are shown in the tune diagram in figure 5.1. It is observed that
the working lineisfairly close to the expected tunes while it deviates significantly from the
design tunes due to an insufficient knowledge of the magnetic elements in the design phase
(see paragraph 3.2.1). The deviation from the expected working point can be explained by
an angle error of 0.3 degrees of the effective fidld boundary of the dipole magnets or a
small vertically-focusing quadrupole gradient of 9.8-10 T/m in the dipole magnets, again
demonstrating that the limited tune flexibility causes a large sensitivity towards non-ideal
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magnetic el ements. In the remaining analysis of the booster synchrotron, lattice calculations
assume an angle error of 0.3 degrees of the effective field boundary of the dipole magnets
in order to reproduce the measured tunes (the lattice input file is provided in appendix C).
At full excitation, the static working point is expected to differ from its position at the injec-
tion energy owing to the rectangular shape of the iron block of the dipole magnets which
dueto the relatively small bending radius of the magnet gives rise rather different widths of
the two return yokes in the center of magnet and at the pole-ends. The result is a finite
guadrupole component at these locations at full excitation due to a larger saturation of the
thin return yoke. Fortunately, the sign of the quadrupole component is opposite in the center
and at the end-poles, reducing the effective quadrupol e component somewhat.

Knowing the shift AQ of the transverse tune for a given change of the strength of the
quadrupole magnets Ak, the beta function can also determined. Adopting the thin lens ap-
proximation for the quadrupole magnets, the average beta function at the quadrupole mag-
netsis given by

2L foot(2nQ) (- cos(2nAQ)) + Sn(2xAQ)} | (52)
q

Bq:i

where the * sign refers to the horizontal and vertical planes, respectively, and L is the
length of the quadrupole magnets [2]. Applying the expression to the working point
(1.827,1.223) in figure 5.1, the horizontal and vertical beta functions at the quadrupole
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Figure 5.2: Transverse tunes during the beam accel eration.
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magnets are found to be 8.5+0.3 m and 2.8+0.4 m, respectively. A lattice calculation yields
horizontal and vertical beta functions of 8.2m and 24 m at the quadrupole magnets,
respectively, in good agreement with the measured values.

For each point on the working line in figure 5.1, the circulating current in the booster
synchrotron 100 ms after injection isalso indicated. It is observed that the second and third
order resonances 2Q,-Q,=2, 3Q,=5, Q,+Q,=3, and 2Q,+Q,=5 (possibly also the fourth order
resonances 2Q,-2Q,=1 and 3Q,-Q,=4) are harmful to the beam whereas the fifth order reso-
nances 4Q,+Q,=6 and 3Q,+2Q,=8 do not cause any harm to the beam. Furthermore, the
beam current declines above Q,=1.93 as the size of the horizonta beta function increases
dramatically (thelattice isnot closed in the horizontal plane for Q,>2).

The transverse tunes can also be determined at a specific time during beam accelera-
tion by performing a spectral analysis which is much faster than the dynamic change of the
tunes. The resulting transverse tunes throughout the whole beam acceleration are shown in
figure 5.2, and the associated ramping curve is plotted in figure 5.3. The maximum horizon-
tal and vertical tune variations are 0.022 and 0.007, respectively, demonstrating a good con-
trol of the transverse tunes by the individual ramping curve for the quadrupole magnets.
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Figure 5.3: Energy ramping curve of the booster synchrotron throughout the complete one-second
cycle of the injector. The relative ramping speed in terms of (dB/dt)/B is also plotted, where B is the
strength of the bending field.
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The smooth shape of the ramping curve is necessary for an accurate control of the tunes
since the dipole and quadrupole magnet power supplies do not produce well-defined cur-
rentsin presence of an abrupt change of the ramping curve.

5.2.2 Closed or bit deviations

The transverse position of the beam in the booster synchrotron is determined by means of
the button pickup units, each consisting of four buttons. These beam position monitors
(bpms) are digtributed uniformly over the circumference of the booster synchrotron
(DBPM_B.01-8 in figure A.1). The bpms can be sampled at 1 kHz, providing dynamic
information about the beam position. For example, the horizontal and vertical closed orbit
deviations throughout the ramping of the beam energy are plotted in figure 5.4 and 5.5,
respectively. It is observed that the horizontal closed orbit deviation at injection is about a
factor of two larger than the expected maximum deviation of +£3 mm, arising from the tole-
rance of the integrated field of the dipole magnets (see paragraph 3.2.4). The disagreement
is partly caused by the shift of the working line found in paragraph 5.2.1, giving rise to both
a larger horizontal tune and beta function which results in a ~50 percent larger maximum
closed orbit deviation according to (3.5). In addition, the non-linear properties of the bpms
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Figure 5.4: Horizontal closed orbit deviation during ramping of the beam energy (the bpm positio-
ning tolerance is about 2 mm).
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Figure 5.5: Vertical closed orbit deviation during ramping of the beam energy (the bpm positioning
toleranceis about 2 mm).

may lead to an overestimation the closed orbit deviation due to the large horizontal beam
size following the injection. After the injection, the horizonta closed orbit deviation in-
creases ~2 mm with a maximum after ~150 ms. The resemblance to the relative ramping
speed in figure 5.3 suggests that this behavior is caused by eddy currentsin the walls of the
dipole magnet vacuum chamber or in the iron yoke and coils of the dipole magnet itsalf.
For the maximum beam energy of 500 MeV (>560 ms after injection), the horizontal closed
orbit deviation is about £3 mm in agreement with a smaller tolerance of the integrated ben-
ding field at full excitation compared with that at 10 percent excitation. The vertica closed
orbit deviation is only about £1.5 mm. Thisis far below the required +£10 mm, demonstra-
ting that the alignment tolerance of the rotation of the dipole magnets around the beam axis
is much smaller than the required 0.2 mrad.

5.2.3 Chromaticity
For a bunched beam, the total orbit length is an integer number of rf wavelengths. Accor-

ding to the definition of the momentum compaction factor o, a shift of the rf frequency
thus givesrise to a corresponding shift of the relative average beam momentum of
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Af
Ap _ 1 Al ' (5.3)
p o, f

where fi; is the rf frequency. Therefore, the chromaticity, £=AQ/(Ap/p), can be determined
by measuring the tune variation as a function of the rf frequency. The found horizontd and
vertical datic chromaticities at the injection energy are 2.27+0.17 and -11+1, respectively.
The corresponding values of a lattice calculation are -0.40 and -2.89 for the horizontal and
vertical planes, respectively. The large disagreement is attributed to a finite curvature of the
effective field boundary at the end-poles of the dipole magnets equivalent to a significant
positive sextupole component. The curvature is a consequence of an optimization of the
effective field boundary at full excitation, compensating the saturation of the return yokes
at the end-poles of the magnet by increasing the mechanical length the magnet off-axis. In
addition, the effect is amplified by the rectangular shape of the iron block which makes the
inner return yoke at the end-poles more susceptible to saturation, resulting in somewhat
different shapes of the effective field boundary at low and high excitation of the dipole
magnets. The measured datic chromaticities can amost be reproduced within the
uncertainties by a lattice calculation if a sextupole with an integrated strength of 0.105 T/m
is added at each end-pole of the dipole magnets. This sextupole strength corresponds to a
change of the angle of the effective field boundary of only 0.3 degrees 10 mm off-axis, em-
phasizing the need for a very accurate field mapping of the fringe field of the dipole mag-
nets. The small disagreement with the lattice calculation is ascribed to the significant sextu-
pole component of the window frame corrector magnets.

The chromaticities are also determined during the ramping of the beam energy by
carrying out tune measurements as those in figure 5.2 for two different rf frequencies. The
horizontal and vertical chromaticities found throughout the whole ramp are shown in figure
5.6. The significant variation of the chromaticities during ramping is attributed to the varia-
tion of the static chromaticities with the excitation of the dipole magnets and the sextupole
field generated by the eddy currents in walls of the dipole magnet vacuum chamber (see
paragraph 3.4.2 and appendix D). Using (3.20)-(3.23) and assuming alinear dependence of
the static chromaticity on the strength B of the bending field, the expected chromaticity
shiftis

AE = &y +o(B-Byy) +7LKdBfédt , (5.9
where &y is the static chromaticity at the injection energy, o accounts for the linear varia-
tion of the static chromaticity as a function of the bending field, Biy is the strength of the
bending field at injection, and A=meqB/(dB/dt). Performing fits of the model (5.4) to the
measured chromaticities in figure 5.6, one obtains &,=1.9740.12, o,=-1.52+0.14,
A=0.0793+0.008 and &;;,=-11.6+0.6, 0,,=8.6+1.0, A=0.0747+0.015 for the horizontal and
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Figure 5.6: Horizontal and vertical chromaticities throughout ramping of the beam energy. The line
graphs arefits of (5.4) to the measured chromaticities.

vertical planes, respectively. The good agreement between the measured chromaticities and
the model demonstrates that the shifts of the chromaticities indeed are strongly influenced
by eddy-currents in the walls of the dipole magnet vacuum chamber. In addition, the accu-
rate modeling of the data suggests that alinear model for the static chromaticity is a good
approximation. Thisisalso confirmed by the good agreement with the static measurements
of the chromaticity at the injection energy above. Furthermore, the horizonta and vertical
static chromaticities found at full excitation of 0.61 and -3.9, respectively, reveals that the
curvature of the effective field boundary at the end-poles of the dipole magnets is much
smaller at full excitation than at low excitation as expected.

The values of A associated with the horizontal and vertical chromaticities, respectively,
differ more than can be justified from the uncertainties. The disagreement is ascribed to
small deviations of the static chromaticity from alinear behavior, the sextupole strength of
the corrector magnets, and eddy currents in the coils and iron yokes of the dipole and
guadrupole magnets. Assuming that the presence of all magnetic materials nearby the
rectangular vacuum chamber inside the dipole magnets can be neglected, A=0.046 accor-
ding to (3.20) (the values of all parametersin (3.20) are given in paragraph 3.4.2). On the
other hand, in the limit the vacuum chamber is much wider than the pole gap, A=0.109 ac-
cording to (3.21). A comparison with the experimental value of A revealsthat A is underesti-
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mated if the presence of the magnetic materialsis neglected. Thisisnot surprising since the
iron yoke of the dipole magnet is expected to amplify the eddy current-induced sextupole
field. In contrast, A is overestimated if the vacuum chamber is assumed to be much wider
than the pole gap. In fact, the average value of (3.20) and (3.21) is very close to the
measured value of A. Thisinterpretation of (3.20) and (3.21) is a general behavior which is
applicable for al rectangular vacuum chambers.

5.2.4 Momentum compaction factor

If the rf system of the booster synchrotron is turned off and the cavity is detuned far from
the 44™ harmonic of the revol ution frequency, the circulating beam will not interact with the
cavity. In this case, a small change of the bending field produces a shift of the revolution
frequency which is given by

My _ ap[A_B_gj _ %[A_'_&j , 55
Frev B p P

where the last term assumes an ideal linear dependence of the bending field B on the excita-
tion current 1, f,e, is the average revolution frequency, p is the average electron momentum,
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Figure 5.7: Revolution frequency 10 ms after injection (no ramping) as a function of the excitation of
the dipole magnets. Theline graph is afit of (5.5) with Ap/p=0 to the data.
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and oy, is the momentum compaction factor [3]. Hence, if the average e ectron momentum
is fixed, the momentum compaction factor can be determined by measuring the revolution
frequency as a function of the excitation of the bending magnets. In order to implement this
technique for the booster synchrotron, a stripline signal from the stripline unit DSL_B.02 is
feed into a spectrum analyzer and the revolution frequency of the circulating beam is deter-
mined only 10 ms after injection since the beam rapidly is lost owing to the synchrotron
radiation-induced energy loss. The resulting dependence of the revolution frequency on the
dipole magnet excitation is shown in figure 5.7. The deviation from the expected linear
behavior for excitations below 92.1 A is attributed to a significant loss of eectrons with
large momenta during injection (the decrease of B is balanced by a decrease of p). A fit of
(5.5) with Ap/p=0 to the data above an excitation of 92.1 A yields a momentum compaction
factor of 0.246+0.018 in good agreement with a lattice calculation which produces a value
of 0.252. Figure 5.7 displays a linear behavior of the revolution frequency over at least
~12 kHz which is equivalent to a span of relative momentum of ~4-10 in which all elec-
trons experience the same injection efficiency. This suggests that the measurement of the
momentum spread in paragraph 4.3 is not influenced by the limited momentum acceptance
of the booster synchrotron.

The technique for measuring the momentum compaction factor presented above can
also be utilized for circular eectrons accelerators with considerable higher injection ener-
gies if the beam signal is recorded with an oscilloscope shortly after the injection, before
the beam is lost due to synchrotron light emission. Subsequently, the revolution frequency
can be determined from a harmonic of the revolution frequency in the FFT spectrum of the
beam signal.

5.3 Propertiesof the electron beam

5.3.1 Beam current and lifetime

Figure 5.8 shows the circulating beam current for both norma and dc operation of the
booster synchrotron. According to the figure, it is possible to inject a beam current of more
than 30 mA and subsequently accelerate a beam current of more than 10 mA to the full
beam energy of 500 MeV, exceeding the design goalsin table 3.1.

The beam current tracesin figure 5.8 aso provide information about the lifetime of the
beam. In fact, the decay constant of the beam is -(dl/dt)/I,, where I, is the beam current.
The found decay constants for both normal and dc operation of the booster synchrotron are
shown in figure 5.9. After a substantial beam loss the first ~100 ms after the injection pro-
cess, the decay constant associated with dc operation approaches an asymptotic value of
~1.6 s* equivalent to alifetime of ~0.6 s. Measurements of the asymptotic lifetime for vari-
ous residual gas pressures demonstrates that the asymptotic lifetime is approximately
proportional to the residual gas pressure, suggesting that the asymptotic lifetime is domi-
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nated by elastic scattering of the electrons on the residual gas (the cross section for inelagtic
scattering can be neglected). For a relativistic electron beam, the elastic scattering decay
constant is approximately given by

r2z%c  (B)
72 (AZ/BA)min

where n=7.24-10°n,-P(mbar)/T(K) is the density of scattering centers in the residual gas, n,
is the number of atoms per gas molecule, P is the residua gas pressure, T is the tempera-
ture, re is the classical radius of the electron, Z is the charge of the scattering nucleus, vy is
the relativistic gamma factor for the electron beam, <> is the average beta function, A is
the limiting transverse aperture, and B, is the beta function at the position of the limiting
aperture [4] (in the horizontal plane, the injection septum is the limiting aperture while the
dipole magnet vacuum chamber is the limiting aperture in the vertical plane). For the mea-
sured residual gas pressure of ~5-10° mbar of two-atomic nitrogen (n;=2 and Z=7), the
horizontal and vertical elastic scattering lifetimes become ~66 s and ~20 s, respectively,
which both are significantly longer than the measured lifetime The disagreement can partly
be explained by the closed orbit deviation observed in figure 5.4 and 5.5 which reduces the

v = 2mn , (5.6)
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Figure 5.8: Circulating beam current in the booster synchrotron for both normal operation (ramping
of the beam energy) and dc operation (53 MeV) as a function of time after the injection.
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Figure 5.9: Decay constant of the circulating beam for both normal operation (ramping of the beam
energy) and dc operation (53 MeV) as afunction of time after theinjection.

effective transverse aperture. However, the observed closed orhit deviation cannot account
for a decrease of the lifetime by more than afactor of ~2. Theresidual gas pressureisthere-
fore believed to be somewhat higher than anticipated. The reason for the underestimation of
the pressure is ascribed to the position of the vacuum gauges directly above the ion pumps.
In addition, the lifetime would decrease by a factor 1.5 if CO, dominates the residual gas.
Trapping of ions in the negative potentia of the beam is not believed to affect the lifetime
because the maximum density of trapped ions (the density cannot exceed the electron den-
sity) is at least two orders of magnitude lower than the residual gas pressure for a circula-
ting beam current of 10 mA.

As suggested by (5.6), the lifetime in norma operation of the booster synchrotron,
increases dramatically during ramping due to the increase of the beam energy and the de-
crease of the transverse beam size which enhances the effective aperture. According to fi-
gure 5.9, the lifetime reaches a maximum of ~50 s 300 ms after injection (257 MeV). For a
beam energy above 450 MeV (490 ms after injection), the lifetime starts to decrease owing
to a decline of the quantum lifetime, resulting from an insufficient cavity voltage. Unfortu-
nately, the cavity voltage cannot be increased further owing to inadequate low-level drive
power. Thisis a consegquence of the need for additional low-leve rf power after theingdla-
tion of the fast rf feedback |oop (see paragraph 3.2.2).
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5.3.2 Bunch length

The time structure of the circulating beam in the booster synchrotron provides information
about the longitudina properties of the beam. Assuming a uniform filling pattern in the
booster synchrotron and bunches with a Gaussian longitudinal density distribution, the
beam current has the following form in frequency domain [5]:

1o(®) = Qo 8()+ 2Q0y expl-3 (w0, ?) S s(o-noy ) | (5.7)
n=1

where the synchrotron sidebands have been omitted, o is the angular frequency, Q the total
charge of a single bunch, w is the angular rf frequency, and o is the bunch length (one
standard deviation). Hence, the bunch length can be determined if the relative amplitude of
all rf harmonics up to a frequency well above 1/(2ncs) are measured. Utilizing a spectrum
analyzer, the amplitude of a given rf harmonic can be inferred from the button pickup or the
gripline signals. In particular, the observed signa by the spectrum anadyzer is
T(@)Zp(w)lp(w)+B(w), where T(w) is the overall transmission coefficient of the vacuum
feedthrough (only the striplines) and the cable connecting the pickup and the spectrum ana-
lyzer, Z, is the transfer impedance of the pickup, and B is the background noise of signal.
The tranamission coefficient of the cable is characterized up to a frequency of 5 GHz by
measuring the tranamitted power from an oscillator versus frequency, and the properties of
the stripline feedthrough is specified by the manufacturer. In addition, the frequency depen-
dence of the transfer impedance of a single button pickup and striplineis given by

Q) . .
Z, o« ——— single button pick 5.8
P~ Trjezc  (Snolebution pickup) (58)

Z, o expli(n/2-lw/c))sin(lw/c) (singlestripline pickup) , (5.9)

where Z, istheimpedance of the output line, C is the capacitance of the button pickup, and
| is the length of the stripline [6]. Finally, the background noise for the high frequency rf
harmonics is determined at injection at which point the bunch lengthis large.

Having determined Z,,, T, and B, the relative amplitude of all rf harmonics up to 5 GHz
are readily established by a spectrum andysis of the signa of a single button pickup or the
sum signal of all four striplines at the stripline unit DSL_B.02. The resulting bunch length
during ramping of the beam energy is shown in figure 5.10. It is observed that the bunch
length the first 200 ms after injection, corresponding to a beam energy below 150 MeV,
approximately follows the bunch length dictated by adiabatic damping according to which
o<V, Ycosps V4p Y4, where V¢ is the amplitude of the rf voltage, ¢s is synchronous phase,
and p is the dectron momentum. Subsequently, the synchrotron light damping is strong
enough to reduce the bunch length below what is expected of adiabatic damping. In fact,
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Figure 5.10: Bunch length (one standard deviation) of the individual electron bunches in the booster
synchrotron throughout the ramping of the beam energy. The bunch length given by adiabatic damp-
ing and synchrotron radiation damping/excitation are a so indicated.

beyond 350 ms after injection (above 300 MeV), the bunch length is in good agreement
with the equilibrium between synchrotron light damping and excitation. This behavior fits
well with the theoretica longitudinal damping time of 0.12s for a beam energy of
300 MeV. The measured bunch length at full beam energy is 0.170+£0.017 ns.

The button pickup measurement is believed to be more accurate than the stripline mea-
surement because the transfer impedance (5.9) of a striplineis zero for al equal multiples
of the rf frequency (1=150 mm), reducing the available rf harmonics by a factor of two (in
practice, however, the amplitude the rf harmonics at equal multiples of the rf frequency are
only reduced about a factor of two due to a non-perfect matching of the impedance of the
striplines to the output line). The small discrepancy between of the button pickup measure-
ment and the theoretical bunch length given by synchrotron light damping and excitation is
likely to be due to anon-ideal transfer impedance of the button pickup. In addition, the but-
ton pickup is more sensitive to the electrons with large transverse amplitudes because it
covers a rather small space angle, resulting in a higher sensitivity towards off-momentum
particles due to a finite horizontal dispersion. This effect could explain why the button
pickup measurement at high energy is dightly larger than the theoretical bunch length.
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5.3.3 Momentum spread

Assuming the electrons only occupy the linear region of the longitudinal phase space, the
relative momentum spread is related to the bunch length by the relation

c heV,; cos
L = 0 er—%cs , (5.10)
p 27c‘y —ocp‘Bcp

where ay, isthe angular revolution frequency, h is the number of electron bunches, y and
are the relativistic gamma and beta factors, and p is the electron momentum [7]. The mea
surement of the bunch length in figure 5.10 can therefore be transformed into a relative
momentum spread, which is plotted in figure 5.11 throughout the ramping of the beam
energy. The behavior of the relative momentum spread versus time after injection is the
same as that discussed in paragraph 5.3.2. The measured relative momentum spread at full

energy is (3.6£0.4)-10*,
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Figure 5.11: Relative momentum spread (one standard deviation) of the circulating beam in the
booster synchrotron during ramping of the beam energy. The relative momentum spread given by
adiabatic damping and synchrotron radiation damping/excitation are aso indicated.
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Figure 5.12: Schematic of the synchrotron light imaging system of the booster synchrotron
(de=689 mm and d;=51 mm).

5.3.4 Transver se emittances

In analogy with the determination of the transverse emittances of the racetrack microtron
beam utilizing synchrotron light in paragraph 4.4.3, the synchrotron light emitted in the
bending magnets of the booster synchrotron provides information about the transverse
beam profile from which the transverse emittances can be established. Theimaging system
which records the synchrotron light of the booster synchrotron is illustrated in figure 5.12.
It consists of a pinhole with aradius of 2 mm which reduces the transverse size of the syn-
chrotron light cone, a CCD camera without lens equipped with a density filter and an
ultraviolet color filter, and alens with a focal length of 240 mm which focuses the synchro-
tron light on the CCD chip. Owing to the color filter, the imaging system only records syn-
chrotron light in a narrow wavelength band around 384 nm. In order to determine the ca-
mera position which produces the smallest synchrotron light spot on the CCD chip, images
of the synchrotron light are recorded for various positions of the CCD camera. For each
image, the two-dimensiona intensity distribution is projected into the horizontal and verti-
cal planes, enabling a determination of the center and the transverse sizes of the synchro-
tron light spot a the CCD chip. The found transverse spot sizes for a beam energy of
500 MeV as a function of the camera position are plotted in figure 5.13, revealing a mini-
mum of the transverse spot size in both planes which are separated by ~30 mm. The separa-
tion is ascribed to a larger region from where synchrotron light isrecorded in the horizontal
plane (the beam tragjectory bends horizontally), causing a deviation from ideal imaging in
the horizonta plane.

In order to smplify the analysis of the one-dimensiona profiles of the synchrotron
light spat, it is assumed that the synchrotron light cone, originating from a sngle electron,
after the pinhole can be described by a Gaussian beam with a minimum waist of w, at a
distance d,, behind the pinhole. In this way, the complex nature of the synchrotron light
emission and the subsequent diffraction effects at the pinhole is parameterized by a Gaus-
sian beam. Adopting this approximation, the one standard deviation transverse size of the
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Figure 5.13: Transverse sizes (one standard deviation) of the synchrotron light spot at the CCD chip
as afunction of the camera paosition for a beam energy of 500 MeV. The line graphs are fits of (5.12)
to the data

synchrotron light spot at the CCD chip, originating from a single electron, is (see appendix
E)

=W, = =
2 CCD 2

_ 252 _ 2.2
1 ) 1\/(f(dw+d1+d22) 2dzz(dw+0|1)) v dzz) Wo o (511)
T wg f

where f is the focal length of the lens and A is the wavelength of the synchrotron light (is
well-defined due to the color filter). Summing over al eectronsin the beam, the one stan-
dard deviation transverse size of the synchrotron light spot at the CCD chip becomes

d 2
— |12 f 2 2
Ccep = ZWCCD +[Gbeam d-+d J +Gr$,1+cr$,2 ' (5-12)
0 1

where 6peam iS the transverse size of the ectron beam, d; is the distance from the lensto the
position of the focus (the position of the minimum vertical synchrotron light spot), and Gres1
and ores represent finite resolutions of the image arising from the extended source region
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(see appendix E). The model (5.12) is fitted to the data in figure 5.13, providing the fit re-
SUItS Oheamx=0.69+0.04 mm and Gpeam=0.13£0.02 mm for the horizontal and vertica
planes, respectively. In comparison, the minimum waist of the synchrotron light cone, origi-
nating from a single el ectron, at the CCD chip is 0.021 mm and 0.024 mm for the horizon-
tal and vertical planes, respectively, demonstrating that the diffraction of the synchrotron
light only has a modest influence on the vertical spot size. The sameistrue for the effect of
the extended source region SiNCe Gres1=0.0133 MM and G;e52,=0.0094 mm, indicating a
resolution of the imaging system of ~0.01 mm in the image plane which is equivalent of a
resolution of ~0.02 mm in the object plane. The high resolution is a result of the small
detection wavelength of the imaging system, which reduces diffraction effects, and the fact
that the diffraction of the synchrotron light and the extended source region have been taken
into account in the analysis.

The position of the electron beam for two different rf frequencies are also measured.
Employing the definition of the dispersion and the expression (5.3), one obtains a horizon-
tal dispersion of 0.88+0.09 m in reasonable agreement with a lattice calculation which
yields a horizontal dispersion of 1.03 m. Combining thisresult with expression (4.13), rela-
ting the transverse size the electron beam and the transverse emittance, the horizontal and
vertical emittances of the electron beam at 500 MeV arefinally found to be 165+22 nm and
2.3+0.8 nm, respectively. In the computation of the emittances, the beta functions and the
momentum spread are provided by a lattice calculation because the actual beta functions
and momentum spread have been found to agree well with the theoretical vaues. The deter-
mined horizontal emittance isin good agreement with the theoretical value of 152 nm given
by the equilibrium between synchrotron radiation damping and excitation. Furthermore, the
rather low vertical emittance demonstrates a low coupling between the two transverse
planes.

In order to determine the variation of the transverse emittances throughout the
acceleration of the beam, the transverse density distribution of the beam is recorded for
various delays after injection with the help of the synchrotron light imaging system. The
density distributions are shown in figure 5.14, revealing a dramatic decrease of the beam
size during ramping due to the synchrotron radiation damping of the betatron oscillations.
Having aready determined the contributions of the diffraction of the synchrotron light and
the extended source region to the recorded intensity distributions, the transverse emittances
arereadily determined for all the imagesin figure 5.14. The resulting transverse emittances
are shown in figure 5.15, displaying an efficient radiation damping of the emittance of both
transverse planes, providing a good agreement of the horizonta emittance with the equili-
brium between radiation damping and excitation beyond 0.4 s. In addition, the initial value
of the vertica emittance of 175125 nm isin excellent agreement with the found vertical
emittance of 0.21+0.05 mm mrad of the racetrack microtron beam in paragraph 4.4.3.
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Figure 5.14: Transverse dendty distribution of the eectron beam in the center of the dipole magnet
versus time after theinjection.
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Figure 5.15: Transverse emittances of the circulating beam in the booster synchrotron as a function of
time after injection. The expected horizontd emittance due to the equilibrium between synchrotron
radiation damping and excitation is aso plotted.

5.4 Theinjection process

5.4.1 Investigation of the multi-tur n injection scheme

The beam current in the booster synchrotron shortly after the injection process is shown in
figure 5.8 (dc operation zoom-in), demonstrating that a beam current of more than 30 mA
can be injected into the booster synchrotron. Assuming an injection efficiency of ~80 per-
cent, this corresponds to a multi-turn injection process which proceeds over 3-4 revolutions
of the booster synchrotron for an output beam current of 12 mA of the racetrack microtron.
The horizontal tune dependence of the injection process has also been studied by recording
the circulating beam current 100 ms after the injection in dc operation as a function of the
horizontal tune Q.. The results presented in figure 5.1 resemble the behavior of the opti-
mum Q, parameter in figure 3.3 if the influence of the betatron resonances is ignored. In
particular, the injected beam current for Q,=1.85 is dightly larger than for Q,=1.75, and the
injected beam current decreases abruptly above Q,=1.90.

In order to determine the horizontal profile of the beam shortly after the injection pro-
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Figure 5.16: Measured horizontal profile of the beam at the injection septum 50 ms and 150 ms after
injection inferred from the density distributions in figure 5.14. The profiles have been transformed
from the center of the dipole magnet to the position of the injection septum by scaling the horizontal
axis by afactor of 1.80. In addition, the beam densities of the two profiles have been scaed indepen-
dently.

cess, the two first images in figure 5.14 are projected into the horizontal plane and the one-
dimensional profiles are transformed to the position of the injection septum for a compari-
son with figure 3.5. The found horizontal profiles of the beam 50 ms and 150 ms after the
injection are shown in figure 5.16, revealing a samall dip in the center of the beam profiles
similar to those in the smulations in figure 3.5. However, the width of the observed
horizontal profile 50 ms after the injection is considerable smaller than those in figure 3.5.
The discrepancy is partly accredited to arather short dastic scattering lifetime of the elec-
trons performing large betatron oscillations (small effective aperture in (5.6)), causing the
horizontal width of the beam to decrease the first 50 ms after injection. In addition, the
optimization of the beam current at 500 MeV is likely to favor injection parameters which
produce a smaller beam size after injection than those in figure 3.5 because many of the
electrons far from the center orbit will be lost due to elastic scattering at low energy before
synchrotron light damping becomes effective. In fact, the quality parameters of the injec-
tion process in paragraph 3.3.2 would provide more realigtic injection parameters if the
added contingency of the septa was increased to ~10 mm. The preference for a small
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horizontal beam size which requires a shorter excitation pulse of the injection kicker mag-
net explains why the injection process proceeds over fewer turns than anticipated in para-
graph 3.3.2.

5.4.2 Capture of the beam by therf system

In paragraph 3.3.4 it was concluded that a fast rf feedback loop with ahigh gain is essentia
for an efficient capture of the injected beam by the rf system. According to (3.3), the low-
level drive signal Vi, increases by a factor 1+Ko. after installation of the fast rf feedback
loop in order to produce the same voltage in the cavity (at resonance of the cavity). Hence,
the phase shifter and amplifier of the loop can be optimized for the highest possible loop
gain by maximizing V;, without beam in the booster synchrotron since the amplitude loop
maintains a constant cavity voltage by changing V.. Performing this measurement, theratio
between the maximum value of V;, and the corresponding value without fast rf feedback
loop yields a maximum value of Kot of 15.8 for the rf system of the booster synchrotron.
This is somewhat less than the theoretical maximum of Q_/(4f,T)=41.4 derived in para-
graph 3.3.4 (thetotal delay T of theloop is measured to be 234 ns). The discrepancy is attri-
buted to pick-up of noise of the loop from the surrounding environment which probably can

HH

Circulating beam current & 500 MeV (mA)
o

Figure5.17: Circulating beam current at 500 MeV as afunction of Ko (the attenuation of the variable
attenuator in the fast rf feedback loop is changed).

84



Experimental investigation of the ANKA booster synchrotron

be reduced by locating the amplifier of the loop closer to the cavity.

In order to test the effect of the fast rf feedback loop, the circulating beam current in
the booster synchrotron at 500 MeV is measured as a function of Ko.. The result in figure
5.17 reveals an improvement of the beam current by a factor ~2.5 with the loop, clearly
demonstrating the harmful effect of beam loading on the capture efficiency. In addition, the
figure indicates that the negative effect of the beam loading disappears for Ko>8 in excel-
lent agreement with the analysisin paragraph 3.3.4. The capture efficiency with fast rf feed-
back |oop versusthe cavity voltage is also studied by recording the circulating beam current
100 ms after the injection as a function of the amplitude of the cavity voltage. The result of
the measurement is shown in figure 5.18 (the beam current is not shown for amplitudes of
the cavity voltage above 12 kV as the amplitude loop for higher voltages gets unstable at
injection due to the limited low-level power). According to the figure, the captured beam
current has a maximum for a cavity voltage of 8 kV which is dightly higher than the ex-
pected value of 5kV in paragraph 3.3.3. The difference is attributed to the fact that the
measured horizontal beam size in figure 5.16 is smaller than that estimated by the simula-
tions in paragraph 3.3.2, increasing the acceptable enlargement of the horizontal beam size
by the induced momentum spread of the cavity voltage.

10+ —

Beam current 100 msafter injection (mA)

0 T y T y T y T y T y T y T
0 2 4 6 8 10 12

Amplitude of cavity voltage (kV)

Figure 5.18: Circulating beam current 100 ms after the injection (dc operation) as a function of the
amplitude of the cavity voltage.
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5.4.3 Analysis of large initial beam loss after injection

According to figure 5.8, a significant beam loss occurs the first ~100 ms after injection. The
beam loss can partly be ascribed to a large transverse beam size following the injection,
resulting in a low eastic scattering lifetime according to (5.6) due to the low effective
transverse aperture for the particles with large betatron amplitudes. However, eastic scatte-
ring can only account for the entire beam loss provided the effective horizontal and vertical
apertures immediately after injection is about a factor of ten and six smaller, respectively,
than those associated with the asymptotic lifetime discussed in paragraph 5.3.1. However,
the observed transverse beam profiles in figure 5.14 and 5.16 together with the measured
closed orbit deviations in figure 5.4 and 5.5 show that the effective transverse apertures
following the injection are at least haf of those associated with the asymptotic lifetime,
suggesting that elastic scattering only is responsible for a small part of the initial beam loss.
In addition, measurements reveal that the asymptotic lifetime decreases much faster for
increasing residual gas pressure than the initial lifetime, aso indicating that elastic scatte-
ring only accounts for a small fraction of theinitial beam loss.

Those electrons which are not captured by the rf system of the booster synchrotron do
also contribute to beam loss the first ~100 ms after injection. For the optimum cavity vol-
tage of 8 kV in figure 5.18, ideally 80 percent of the injected electrons are captured in the
longitudina rf bucket according to figure 3.6, corresponding to a 20 percent beam loss. On
the other hand, the enhanced horizontal beam size resulting from the increased momentum
spread produced by the rf cavity is not expected to contribute to the beam loss owing to the
small horizontal beam size observed in figure 5.16. Nevertheess, the large initial beam loss
in figure 5.8 indicates that less than 50 percent of the electrons are captured by the rf sy-
stem. The reason is likely to be the abrupt change of beam loading at injection which
strongly perturbs the longitudinal phase space (see paragraph 3.3.4). In addition, the tran-
sient beam loading may cause the amplitude loop to overcorrect the cavity voltage with the
result that the longitudina phase space is distorted even further. In fact, the oscillating
behavior of the stripline sum signal the first millisecond after injection in figure 5.19 sug-
gests a strong perturbation of the longitudinal dynamics by the transient beam loading. This
does not lead to instant beam loss because electrons which are not captured by the rf system
may circulate several tens of milliseconds as a result of the rather weak synchrotron radia-
tion emission.

As demonstrated in paragraph 3.3.4, the harmful effect of the transient beam loading
can be suppressed by detuning the cavity 108/(1+0K) kHz below the rf frequency, corre-
sponding to an optimum detuning of 6.43 kHz for the measured gain of the fast rf feedback
loop above. Unfortunately, the detuning was fixed at -10 kHz after the installation of the
fast rf feedback loop, causing a transient behavior of the beam-cavity interaction as sug-
gested by figure 5.19. Even after an optimization of the detuning, the longitudinal phase
space and amplitude loop will be somewhat perturbed by the transient beam loading be-
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Figure 5.19: 500-MHz component of the sum signal of al striplines at DSL_B.02 the firg 1.5 ms
after injection.

cause the beam current and thus the optimum detuning changes considerable during the
injection process.

On the other hand, collective beam instabilities are not believed to contribute to the in-
itial beam loss since a non-uniform filling pattern of the electron bunches and abrupt beam
losses resulting in large variations of the circulating beam current from injection to injec-
tion are not observed. Furthermore, a thorough search for peaks in the beam spectrum
linked to coherent beam oscillations has not reveal ed any col lective beam ingabilities.

5.5 Theextraction process

5.5.1 Investigation of the leak field of the extraction septum magnet

As described in paragraph 3.5.1, the beam is bumped towards the extraction septum before
the extraction process in order to reduce the required strength of the extraction kicker mag-
net. In order to study this horizontal displacement of the beam shortly before the extraction,
the horizontal difference signal of all four striplines close to the injection septum is re-
corded with a spectrum analyzer in zero span mode at the rf frequency. Assuming a linear

87



Chapter 5

Activation of the extraction kicker magnet _

0 - ™
Displacerment of the closed orbit by the
. leak field of extraction septum megnet
2 14 -
[
>
g \
)
c -2 -
§e)
B
o
B
L)
0
B
o
N
5
I

I ' I ' I '
-150 -100 -50 0

Time rdativetothe extraction (us)

Figure 5.20: Horizontd beam position shortly before the extraction inferred from al four striplines at
DSL_B.02. The corrector magnet at the extraction septum is ramped (see text).

response of the stripline signal to a transverse displacement of the beam, the resulting hori-
zontal beam position is shown in figure 5.20, revealing a sgnificant displacement of the
beam by the leak field of the extraction septum magnet (the septum magnet is excited by a
half sine-shaped current pulse with a half width of 135 ps). The observed closed orbit dis-
placement by the leak field can be modeled by a kick at the extraction septum as shown in
figure 5.21. According to the figure, the leak field displaces the beam closer to the extrac-
tion septum where the leak field islarger, resulting in an even larger effect of the leak field.
If the beam is sufficiently close to the extraction septum, this sel f-amplifying displacement
of the closed orbit will produce a rapidly increasing displacement of the closed orbit. Ini-
tidly, this effect caused the beam to be lost on the extraction septum sheet or the extraction
kicker magnet when the beam was bumped towards the extraction (see figure 5.21), preven-
ting an extraction of the beam because the leak field peaks 50 us before the field of the sep-
tum magnet is appropriate for extraction (see figure 5.20). The shift of the leak field maxi-
mum with respect to the field of the septum magnet is ascribed to a large inductive
contribution to the leak field.
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Figure 5.21: Caculated horizontal closed orbit displacement by the leak field (the field direction of
the leak field is oppaosite of that of the extraction septum magnet).

The harmful effect of the leak field was reduced by improving the shielding of the ex-
traction septum magnet and by ramping the horizontal corrector magnet close to the extrac-
tion septum synchronously with the bumper windings, but with a field of opposite polarity
to that of the leak fidld. The compensation of the leak field isalmost perfect at extraction if
the integrated strength of the corrector magnet is the same as that of the leak field. How-
ever, the leak field peaks 50 us before the extraction, preventing the beam from being
bumped as closed to the septum sheet prior to the extraction as desired. Even with a higher
excitation of the corrector magnet this is not possible as the compensation will be too large
at extraction, resulting in a displacement of the beam away from the septum sheet. In addi-
tion, there exists an excitation maximum above which the corrector magnet causes beam
loss before the leak field appears owing to the closed orbit deviation produced by the
corrector magnet itself. Nevertheless, the corrector magnet reduces the effect of the leak
field considerable, facilitating an extraction of the electron beam.

Comparing the closed orbit deviation in figure 5.21 with the horizontal apertures a the
extraction septum and kicker magnet, the integrated field of the leak field with shielding is
estimated to ~50 Gm &t the center orbit.
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5.5.2 Beam behavior after the activation of the extraction kicker magnet

The horizontal beam position after the extraction kicker magnet is triggered is investigated
by recording the horizontal difference signal of all four striplines at the stripline unit
DSL_B.02 by means of an oscilloscope with a time division of 25 ns. The recorded signal
is sampled with the rf period, providing the signal amplitude for each passage of an electron
bunch. Assuming a linear response of the difference signa to the transverse position of the
beam, the horizontal position of each bunch passing the striplines is obtained. In figure 5.22
the measured horizontal beam position is plotted as a function of the number of revolution
periods after the first beam displacement by the kicker magnet is observed. According to
the figure, the beam acquires the full deflection of the extraction kicker magnet 0.32 revolu-
tion after the first displacement of the beam is observed, corresponding to a 10%-90% rise
time of the field of the extraction kicker magnet of 24 ns. Subsequently, the horizontal posi-
tion of the beam stays constant until the part of beam which only received at partia de-
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Figure 5.22: Horizontd paosition of each electron bunch passing the gtripline unit DSL_B.02 as a
function of the number of revolution periods after the first beam displacement by the extraction
kicker magnet is observed. The shgpe of the excitation pulse of the kicker magnet is sketched in the
upper right corner.
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flected by kicker magnet experiences a second kick of full magnitude (1-1.32 in the figure
5.22). In contragt, the part of the beam which is subjected to a full deflection at the first
passage of the kicker magnet is expected to enter the extraction septum channd and leave
the booster synchrotron at the first passage of the extraction septum after the kick (see para-
graph 3.5.1). Nevertheless, this part of the beam is observed at the stripline unit DSL_B.02
after two passages of the kicker magnet (1.32-2 in the figure 5.22), displaying a decreasing
horizontal beam position as the length of the flattop of the excitation pulse of the kicker
magnet only is ~110 ns. Ingtead, the part of the beam which experiences a full deflection a
the first passage of the kicker magnet is observed to leave the booster synchrotron at its
second passage of the extraction septum after the initial deflection by the kicker magnet (no
beam in the interval 2.32-3 in figure 5.22), corresponding to an extraction 7/4 revolutions
after the initial kick (two-turn extraction process) in contrast to the expected 3/4 of a
revolution (one-turn extraction process). Thiswas not recognized during the commissioning
of the ANKA injector.

In order to understand the unexpected behavior of the beam during the extraction pro-
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Figure 5.23: (a) Calculated horizontal paosition of the beam severd revolutions after the kick for the
part of the beam which passes the kicker magnet at the start of its excitation flattop. (b) As (), but for
part of the beam which passes the kicker magnet at the very beginning of the excitation pulse.
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cess, the horizontal position of the beam is calculated for several revolutions after the kick
for the part of the beam which passes the kicker magnet in the beginning of the excitation
flattop (two full deflections of the beam by the kicker magnet). The result is shown in fi-
gure 5.23a, demonstrating that the horizontal displacement of the beam at the second pas-
sage of the extraction septum is a factor of two larger than that of the first passage. Hence,
the two-turn extraction process is a result of a too small bump of the beam towards the
extraction septum prior to the extraction, preventing a single-turn extraction due to a limi-
ted strength of the extraction kicker magnet. This finding isin good agreement with excita-
tions of the bumper windings and the extraction kicker magnet of only 50 and 70 percent,
respectively, suggesting that a one-turn extraction process is feasible, unless the bump can-
not be moved closer to the extraction septum without loosing the beam due to the leak field.
In addition, the theoretical position of the beam in figure 5.23a is in excellent agreement
with the observed horizontal position of the beam in figure 5.22. This confirms that the sig-
nal observed in theinterval 1.28-2 in figure 5.22 is not produced by atail of an already ex-
tracted beam (one-turn extraction process).

5.6 The properties of the extracted beam

5.6.1 Beam current and pulse length

The beam current of the extracted electron pulse isthe single most important beam property
of the ANKA injector since it to a large extent determines the filling time of the ANKA
storage ring. An example of the beam current of the extracted electron pulse versustime is
shown in figure 5.24, clearly displaying the 500-MHz bunch structure of the electron pulse.
The average beam current of the pulseis 9.5 mA, which is better than the design value of
7.5mA in table 3.1. In addition, a comparison with the circulating current of the booster
synchrotron demongtrates that the extraction efficiency is ~90 percent. The two-turn extrac-
tion process thus does not appear to affect the extraction efficiency significantly.

According to figure 5.24, the FWHM length of the eectron pulse is 52 ns which is
dightly below the design value of 56 nsin table 3.1. The reason is that the part of the elec-
tron pulse which at the first beam passage is subjected to a full deflection of the kicker
magnet at the second passage of the extraction kicker magnet experiences a decreasing
deflection due to the finite length of the flattop of the excitation pulse (see figure 5.22),
resulting in an insufficient deflection of the last part of the electron pulse to enable an
extraction. In contrast, the one-turn extraction process is not influenced by the finite length
of the flattop of the excitation pulse, facilitating an extracted electron pulse with a pulse
length of at least 60 ns because the extraction kicker magnet reaches its maximum deflec-
tion within 28 ns and the revolution period of the booster synchrotron is 88 ns. The small
beam current observed beyond 80 ns in figure 5.24 is attributed to those e ectrons which
pass the kicker magnet in the very beginning of the excitation pulse. This is confirmed by
figure 5.23b which shows that these electrons not until the third passage of the extraction
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Figure 5.24: Beam current of the extracted eectron pulse versus time measured with current trans-
former DPCT_E.O1 (see figure A.1). The circulating beam current in the booster synchrotron is
10 mA &t extraction.

septum experience a large enough horizontal deflection to be extracted (three-turn extrac-
tion process).

5.6.2 Transver se emittances and momentum spread

Besides the beam current of the extracted beam, its transverse emittances and momentum
spread are also important for an efficient filling of the ANKA storage ring as these proper-
ties affect the transverse size of the beam in the storage ring. The transverse emittances and
the momentum spread of the extracted beam are most conveniently determined by the ex-
tended variable quadrupole magnet method described in paragraph 4.4.1 and 4.4.2. Fird,
the transverse profile of the extracted beam is recorded at viewer DFS_E.03 (see figure
A.1) by means of a CCD camera synchronized with the extraction kicker magnet for three
series of measurements associated with scans of the quadrupole magnets MQ_E.O1,
MQ_E.03, and MQ_E.06 (dl other quadrupole magnets than the magnet which is being
scanned has zero excitation). The intensity distribution of each camera image is projected
into the horizontal and vertical planes, and the resulting one-dimensional intensity distribu-
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Figure 5.25: Horizontd dispersion & viewer DFS _E.03 for scans of quadrupole magnet MQ_E.O1,
MQ_E.03, and MQ_E.06. The line graphs indicate a single fit of the model (4.11) to the data of all
three quadrupol e magnet scans.
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Figure 5.26: Vertical dispersion at viewer DFS E.03 for scans of quadrupole magnet MQ _E.O1,
MQ_E.03, and MQ_E.06.
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tions are characterized in terms of their weighted means and one standard deviation widths.
In addition, for each quadrupole magnet setting, the transverse profile of the beam is
recorded for areduced fina excitation of the dipole magnets of the booster synchrotron of
2 A, equivalent to a beam momentum which is 1.16 MeV/c lower than that of the nominal
setting. The associated displacement of the transverse beam profile readily provides the
horizontal and vertical dispersions of the extracted beam at viewer DFS_E.03 for the each
setting of the quadrupole magnets. The found transverse dispersions a viewer DFS_E.03
for all three quadrupole magnet scans are presented in figure 5.25 and 5.26, revealing that
the vertical dispersion is much smaller than the horizontal dispersion as expected. The line
graphsin figure 5.25 represent a single fit of the model (4.11) to the horizontal dispersion
of al three quadrupole magnet scans with areference point at the exit of the extraction sep-
tum magnet, yielding D,=-0.12+0.02 m D,'=-0.175+0.005 at the reference point. The excel-
lent agreement of the model with all three scans for only two fit parameters demonstrates
that the theoretica description of the extraction transfer line is accurate. However, the
determined dispersion at the exit of the extraction septum is not in agreement with the

Horizontal beam size (mm)

T T T T T T T T
-60 -40 -20 0 20 40 60
Excitation of quadrupolemagnet (A)
Figure 5.27: Horizontd beam size (one standard deviation) at viewer DFS_E.03 for scans of quadru-

pole magnet MQ_E.O01, MQ_E.03, and MQ_E.06. The line graphs represent a single fit of the model
(4.12) to the data of all three quadrupol e magnet scans.
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Figure 5.28: Vertical beam size (one standard deviation) at viewer DFS_E.O3 for scans of quadru-
pole magnet MQ_E.O1, MQ_E.03, and MQ_E.06. The line graphs indicate a single fit of the model
(4.12) to the data of al three quadrupol e magnet scans.

calculated dispersion of the booster synchrotron for unknown reasons.

In figure 5.27 and 5.28, the measured transverse beam sizes are plotted for al three
guadrupole magnet scans. As in paragraph 4.4.2, it turns out that the data can only be mo-
deled satisfactory if a finite resolution of the imaging system is built into the extended vari-
able quadrupole magnet method. The minimum value of the vertical beam size of 0.6 mm
for all three scans in figure 5.28 clearly demonstrates the effect of the finite resolution. A
detailed investigation of the beam profile, for a setting of the quadrupole magnets for which
the finite resolution dominates the vertical profile, reveals an asymmetric vertical intensity
distribution which is attributed to the partia transparency of the fluorescent material, cau-
sing light from the interaction between the beam and the fluorescent materia inside the
viewer to be trangmitted to the camera. As a result of the 45° rotation of the viewer with
respect to the observation axis of the camera, the light emitted from inside of the fluores-
cent material produces atail to the side of the viewer which is closest to the camera. The
minimum vertical beam profile also has a small tail to the other side which is expected to
be produced by scattering of the fluorescent light within the viewer.
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For the horizontal plane, only scattering of the light within the fluorescent material
contributes to resolution of the imaging system since the viewer is monitored from above
by the camera, resulting in a horizontal resolution with a Gaussian width of 0.54 mm accor-
ding to the minimum vertical profile. Using this result, a fit of the modd (4.12) to al the
three scans of the horizontal beam size in figure 5.27 yields the fit results £,=153+12 nm
and 6,/p=(3.0+0.6)-10“. The found horizontal emittance of the extracted beam is in excel-
lent agreement with the design value in table 3.1 and the horizontal emittance of the
circulating beam determined in paragraph 5.3.4. Hence, the two-turn extraction process do
not enlarge the horizontal emittance of the extracted beam notable. In addition, the imaging
of the beam profile do not reveal any transverse displacement of the beam from shot to
shot, demongtrating a good shot-to-shot stability of the kicker magnet. Finally, the found
relative momentum spread is in good agreement with the design value in table 3.1 and the
measured value for the circulating beam at 500 MeV in paragraph 5.3.3.

For the vertical plane, the Gaussian resolution is less well-defined due to the asymme-
try induced by the tilt of the viewer. It is therefore considered as a free parameter of the fit
of the model (4.12) to al three scans of the vertical beam sizein figure 5.28. Asthe vertical
dispersion can be neglected the fit results are £,=11+2 nm and 6,,=0.602+0.011 mm. The
determined vertical emittance of the extracted beam is significantly larger than that of the
circulating beam established in paragraph 5.3.4. The disagreement is ascribed to a horizon-
tal field of the extraction kicker magnet which vary throughout the passage of the extracted
electron pulse, leading to a vertica emittance blowup. In fact, a horizontal field of the
extraction kicker magnet has been observed by monitoring the coherent vertical oscillation
of the beam in the booster synchrotron after a small excitation of the extraction kicker mag-
net, revealing a vertical field component of ~5 percent rdative to the horizontal component.

5.7 Performance and improvements of the ANKA booster syn-
chrotron

5.7.1 Comparison with other booster synchrotrons

In table 5.1, the main parameters of the ANKA booster synchrotron are compared with
those of other booster synchrotrons at selected European synchrotron radiation facilities.
The table reveals that the booster synchrotrons are very diverse in terms of circumference
and beam energy, which makes a comparison difficult. However, it isinteresting to compare
the accelerated charge to full energy per second as this parameter essentialy determines the
filling time of the associated storage ring. The performance of the ANKA booster synchro-
tron with respect to this parameter is comparable to significantly larger and more expensive
booster synchrotrons, as for example the SLS booster synchrotron. In fact, in terms of the
accelerated charge to full energy per second per cost price, the ANKA booster synchrotron
is comparable to or better than all the other booster synchrotrons. Thisisnot only a conse-
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guence of the good performance of the ANKA booster synchrotron, but also to a large ex-
tent aresult of the excellent beam properties of the ANKA racetrack microtron.

Table5.1: Main parameters of booster synchrotrons at selected European synchrotron radiation
facilities.

BESSY Il MAXIlI ERSF SLS Ddta

Qol\(i;eAr booster  Booster Booster booster booster
[8,9] [10,11] [12] [13,24] [15,16]

Circumference (m) 26.4 96 324 300 270 50.4
Injection energy (MeV) 53 50 100 200 100 75
Extraction energy (MeV) 500 1900 500 6000 2400 1500
Repetition frequency (Hz) 1 10 ~0.01 10 3 ~0.15
Quadrupole magnet families 1 2 3 2 3 5
Sextupole magnets no yes yes yes yes yes
Beam current at full 12 3 2007 3 110 4
energy (mA)
Accelerated charge to full 11 9.6 0.2 30 2 01
energy per second (nA)
Type of pre-injector rtm° rtm rtm linac  linac  linac

#The booster synchrotron is operated in accumulation mode.

*The maximum charge of the extracted pulse train is 1 nC. It is assumed that the extraction
efficiency is 100 percent and the length of the pulse train equal s the circumference.

“rtm" is an abbreviation for "racetrack microtron".

5.7.2 Improvements of the lattice of the booster synchrotron

A disadvantage of the lattice of the booster synchrotron is the limited flexibility of the
transverse tunes (see paragraph 3.2.1). The problem can be solved by exciting every second
quadrupole magnet with two independent quadrupole supplies, facilitating an independent
fine adjustment of the working point in both transverse planes without compromising the
four-fold symmetry of booster synchrotron. The extra expense for this solution is rather
small because the size of the two independent suppliesis smaller than the present supply of
all gquadrupole magnets.

Another problem of the lattice is the rectangular shape of the iron block of the dipole
magnets which at full excitation causes a finite quadrupole component at the center and at
the end-poles of the magnet (see paragraph 5.2.1). Fortunately, the focusing effect of the
quadrupole fields can to some extent be compensated by an adjustment of the ramping
curve of the quadrupole magnets. The problem can be solved completely, however, if the
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shape the iron block follows the curvature of the beam trajectory. Furthermore, the dipole
magnets have a significant sextupole component a low excitation owing to a curvature of
the effective field boundary at the end-poles which produces large static chromaticities. The
problem can be reduced by adopting the curved shape of the iron block since this would
reduce the saturation of the inner return yoke at the end-poles, providing a smaller variation
of the effective field boundary with excitation. In addition, it would be an advantage to
optimize the shape of the effective field boundary at low excitation because the beam here
is much more sensitive to a small dynamic aperture and large chromaticities (the transverse
beam size and the momentum spread are large at injection). Fortunately, the investigation of
the booster synchrotron does not indicate that the large static chromaticities affect the per-
formance of the machine. The eddy currents in the walls of the rectangular vacuum cham-
ber insde the dipole magnet further increase the chromaticities during ramping (see para-
graph 5.2.3). This contribution to the chromaticities can be reduced by employing an dlipti-
cal vacuum chamber which both facilitates a thinner wall thickness and has a geometry
which gives rise to a smaller sextupole component at the position of the beam. Besides, the
negative sextupole component of high conductivity metal strips along the sides of the va-
cuum chamber may balance the positive sextupole component of the vacuum chamber (see
appendix D).

Finally, the alignment of the booster synchrotron would benefit from an alignment sy-
stem of the magnetic components in which an adjustment in any of the three dimensions is
not correlated to the two others. In addition, more bellows would provide a fully uncorre-
lated alignment of all magnetic el ements. These improvements would facilitate a faster and
more accurate alignment of all magnetic elements.

5.7.3 Improvements of the capture efficiency of therf system

The large beam loss the first ~100 ms after injection, arising from a poor capture efficiency
of the beam in the longitudinal rf bucket, is significantly reducing the circulating beam cur-
rent in the booster synchrotron at full energy. The beam loss is likely to be reduced if the
cavity is detuned according to (3.18) because this would suppress the effect of the transient
beam loading at injection. In addition, the capture efficiency is expected to benefit if the
amplitude loop is disabled throughout the injection process because the amplitude loop is
believed to be perturbed by the large variations of the beam loading at injection which can-
not be avoided even for the ideal detuning of (3.18).

In order to reach a capture efficiency close to 100 percent, the injected beam hasto be
pre-bunched at the rf frequency of the booster synchrotron. This can be achieved by a
499.65-MHz subharmonic pre-buncher in the injection transfer line of the racetrack micro-
tron which longitudinally-focuses the beam in every sixth rf bucket of the rf system of the
racetrack microtron (the resonance frequency of the racetrack microtron linac is exactly a
factor of six larger than the rf frequency of the booster synchrotron), ideally without
compromising the average output beam current of the racetrack microtron because the
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beam loading is given by the average beam current in the linac. In this way, all eectrons of
the racetrack microtron beam can be injected into the center of the rf bucket of the booster
synchrotron thus avoiding the loss of those e ectrons which otherwise are injected close to
180 degrees from the center of the bucket. In addition, the capture efficiency is enlarged
since an eectron in the center of the rf bucket is much less susceptible to small maladjust-
ments of the injection process and perturbations of the longitudina phase space by beam
loading. This will aso relax the settings of the injection process considerable, making the
optimization of the injection process significantly easier. A subharmonic pre-buncher sy-
stem has successfully been installed in the racetrack microtron in Lund, enhancing the cap-
ture efficiency of the MAX | synchrotron by a factor of four even though the total injected
current decreased ~25 percent [17]. The only disadvantage of a subharmonic pre-buncher
system is the additional cost for the pre-buncher and a new low-level rf generator for the
racetrack microtron linac which can be phase-locked to the pre-buncher and the rf system
of the booster synchrotron. The duration of the ingtallation and running-in of the pre-
buncher is not expected to prolong the commissioning period as the optimization of the
booster synchrotron becomes easier with the pre-buncher.

The ANKA racetrack microtron has a 500-MHz eectrostatic chopper in the injection
transfer line which also could increase the fraction of eectrons injected into the center of
the rf bucket of the booster synchrotron. The chopper dumps those e ectrons which are not
at the correct phase in the 500-MHz cycle, enabling an enhanced electron gun current for
the same average beam loading of the racetrack microtron linac. This may increase the
charge of every sixth rf bucket of the racetrack microtron linac by up to a factor of two,
resulting in a higher capture efficiency in the booster synchrotron. However, the total cap-
tured beam current will only increase provided those eectrons which are dumped by the
chopper anyway are not captured by the rf system of the booster synchrotron. In practice,
only a modest increase of the captured beam current is expected with the chopper. At least,
a synchronization of the chopper and the linac of the racetrack microtron is foreseen for any
improvements, requiring the installation of a new low-level rf generator of thelinac.

Alternatively, the injection efficiency can be increased by adopting a new lattice of the
booster synchrotron with a much smaller horizontal dispersion, in particular at the two
septa, increasing the momentum acceptance of the lattice. As aresult, the acceptable rf vol-
tage at injection can be increased considerable according to (3.11), reducing the harmful
effect of beam loading. This can most conveniently be achieved by inserting strong
horizontally-focusing quadrupole magnets between the dipole magnets and including a
vertically-focusing gradient in the dipole magnets, facilitating dispersion-free long straight
sections without compromising the length of thelong straight sections or the total length of
the lattice. The lattice is similar to that of a proposal for a new booster synchrotron of MAX
I1 [18]. It is also believed that the lattice will enhance the performance of the multi-turn
injection process since a zero horizontal dispersion at the injection septum is expected to
reduce the beam loss of the already injected beam on the inside of the injection septum
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shest. Finally, the new lattice has a much smaller horizontal emittance than the present lat-
tice of the ANKA booster synchrotron. Although, the new lattice will increase the cost price
of the ANKA injector owing to more magnetic el ements, more complicated dipole magnets,
and the requirement of two relatively large quadrupole supplies, the extra cost is modest in
comparison with the benefits of the new lattice.

Finally, a higher injection energy is likely to increase the capture efficiency due to a
larger rf voltage for the same longitudinal acceptance (see (3.11)) and a more effective syn-
chrotron radiation damping of all degrees of freedom. However, the advantages are likely to
be balanced by a lower output beam current of the racetrack microtron. Hence, the cost for
increasing the injection energy is more effectively used for, for example, implementation of
a subharmonic pre-buncher.

5.7.4 Improvements of the extraction process

The main problem of the extraction process of the booster synchrotron is the large inte-
grated leak field of the extraction septum magnet of ~50 Gm. A detailed smulation of the
extraction septum magnet reveals that the leak field at the position of the beam can be re-
duced radicaly if the present stainless sted vacuum chamber, separating the septum magnet
and the beam, is replaced by a highly permeable iron vacuum chamber because the iron
effectively trap the magnetic flux of the leak field before it penetrates into the vacuum
chamber. Unfortunately, the installation of iron vacuum chamber requires a difficult rebuil-
ding of the septum magnet and the associated vacuum chambers. Alternatively, the closed
orbit deviation produced by the leak field can be reduced by a factor 3.5 without any hard-
ware modifications by decreasing the horizontal tune to 1.7 because the leak field is a di-
pole field error of the lattice (see (3.5)). For thisworking point, a beam current comparable
to that of the nominal working point can be stored according to figure 5.1.

As a conseguence of the leak field, the beam cannot be bumped as close to the extrac-
tion septum sheet as desired, even with the compensation of the leak field by the ramped
corrector magnet. This could be the reason why the two-turn extraction process was first
observed to provide an extracted beam. However, the large extra reserve of the power sup-
plies of the bumper windings and the extraction kicker magnet in case of the two-turn
extraction process suggests that a one-turn extraction process is feasible. At least, the one-
turn extraction process is possible if the shielding of the leak field is improved or the
horizontal tuneisdecreased to 1.70. The one-turn extraction processis preferable because it
isless sensitive to variations of the magnet field of the kicker magnet during the passage of
the electron pulse (see paragraph 5.5.2) and produces a longer extracted el ectron pulse. In
addition, the constant flattop of the excitation pulse of the kicker magnet throughout the
passage of the part of the beam which is extracted may increase the extraction efficiency to
100 percent.

Finally, the extracted current can be enlarged ~5 percent by increasing the low-level
drive power which a present is to low to produce a sufficient quantum lifetime at full beam
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energy. In particular, ahigher low-level drive power isimportant if the capture efficiency is
improved, resulting in a higher beam current at full energy. The available generator power
can aso be enlarged by increasing the coupling coefficient k between the rf transmission
line and the rf cavity from 1.04 to 1.4 which is the optimum value for a beam current of
10 mA and a cavity voltage of 25 kV.
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Summary

The 500-MeV ANKA injector is the pre-accderator of the 2.5-GeV ANKA synchrotron
radiation source at Forschungszentrum Karlsruhe. The injector consists of a 53-MeV race-
track microtron, a 500-MeV booster synchrotron, and associated transfer lines.

A 53-MeV racetrack microtron has been chosen as injector of the booster synchrotron
because it is a compact design which produces an eectron beam of very high quality. The
most significant design parameters of the ANKA racetrack microtron and the corresponding
achieved parameters are listed in table 2.1, demongtrating that the racetrack microtron per-
forms according to specifications or better. For example, the observed output beam current
of the ANKA racetrack microtron of 16 mA is significantly beyond the associated design
value of 10 mA. According to table 4.1, the output beam current is comparable to that of
other racetrack microtrons, and even matches that of most of the modern linear accelerators
in table 4.1, except for very short electron pulses. The theoretical analysis of the beam-linac
interaction suggests that the total beam current in the linac of the ANKA racetrack micro-
tron cannot exceed 329 mA as aresult of a positive feedback mechanism between the elec-
tron beam and the linac field, causing beam instability. The observed beam current in the
linac is dightly below 300 mA for an output beam current of 14 mA, indicating that an out-
put beam current significantly above 16 mA cannot be expected. However, it should be
possibl e to increase the output beam current if the threshold for the beam instability is en-
larged by a larger coupling coefficient between the waveguide and the linac. Besides, the
output beam current can be increased substantially by longitudinally focusing the cw beam
of the electron gun into the longitudinal acceptance of the rf system by a fundamental-fre-
guency pre-buncher in the injection transfer line of the racetrack microtron. This will re-
duce the large | oss of electrons outside the longitudinal acceptance at low energy, providing
more output beam current for the same total beam current in the linac. Nevertheless, this
modification of the racetrack microtron requires a new low-leve rf system which can be
synchronized with the pre-buncher.

According to table 4.1, the measured momentum spread and transverse emittances of
the output beam are smaller than those of other selected racetrack microtrons, and signifi-
cantly smaller than those of selected modern linear accelerators. For the present application,
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this is a considerable advantage as the injection efficiency of the multi-turn injection
process in the booster synchrotron strongly favors a small momentum spread and small
transverse emittances of the output beam of the pre-injector. A theoretica study of the
longitudina dynamics of the racetrack microtron reveals that the small momentum spread
is aresult of the recirculation of the beam which preserves the characteristic momentum
spread of a single linac passage, causing the relative momentum spread to decrease in-
versely with the number of recirculaions. In addition, the recirculation facilitates a more
efficient conversion of rf power into beam power than that of linear accelerators. Therefore,
the ANKA racetrack microtron is superior to linear accelerators of comparable cost as an
injector for synchrotrons.

The lattice of the 500-MeV booster synchrotron is different from that of all existing
booster synchrotrons. In comparison with other booster synchrotrons, the lattice is rela
tively smple with only one quadrupole magnet family and no sextupole magnets (see table
5.1), reflecting a compromise between flexibility and cost price. The limited tune flexibility
resulting from only one family of quadrupole magnets gives rise to very strict tolerances of
the magnetic components, in particular, the dipole magnets. In fact, small deviations of the
present dipole magnets from the design have shifted the working point, fortunately without
any significant decline of the performance of the booster synchrotron. The problem can be
solved by a fine-tuning of the working point by means of two independent quadrupole sup-
plies, exciting every second quadrupole magnet, considerably improving the tune flexibility
of the lattice. In addition, a curvature of the effective field boundaries at the end-poles of
the dipole magnets produce large static chromaticities at the injection energy which cannot
be corrected (no sextupole magnets), but fortunately no significant negative effect on the
beam quality is observed. The curvature of the effective field boundary can be reduced con-
siderable if the rectangular shape iron yokes of dipole magnets is changed to a curved de-
sign which follows the curvature of the beam trajectory. In addition, the field boundary
should be optimized at the injection energy at which point the momentum spread and size
of the beam arelargest.

All the measured lattice and beam properties of the ANKA booster synchrotron and the
associated design values are summarized in table 3.1. The observed horizontal emittance
and momentum spread of the circulating beam in the booster synchrotron are in excellent
agreement with lattice calculations. In addition, the beam current at full beam energy ex-
ceeds the design value by ~60 percent. A comparison with the other booster synchrotronsin
table 5.1 reveals that the charge accelerated to full energy per second is comparable to or
better than that of more expensive booster synchrotrons. The impressive performance of the
ANKA booster synchrotron isto alarge extent a consequence of the excellent beam proper-
ties of the ANKA racetrack microtron.

An investigation of the substantia beam loss the first ~100 ms after injection, resulting
from a poor capture efficiency, indicates that the output beam current of the ANKA injector
can be increased by a careful adjustment of the detuning of the cavity, reducing the harmful
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effect of transient beam loading at injection. Disabling the amplitude loop during the injec-
tion isaso likely to bring down the negative influence of transient beam loading. Neverthe-
less, in order to achieve a capture efficiency close to 100 percent, a subharmonic pre-
buncher operating at the rf frequency of the booster synchrotron should be installed in the
injection transfer line of the racetrack microtron. The pre-buncher would facilitate an injec-
tion of all electrons of the racetrack microtron beam in the center of the longitudinal bucket
of the booster synchrotron (ideally without compromising the output beam current of the
racetrack microtron), resulting in a capture of all eectrons and a lower sengitivity of the
electrons towards perturbations of the longitudina phase space by beam loading effects.
However, the pre-buncher necessitates a new low-level rf system of the racetrack microtron
which can be synchronized with the rf system of the booster synchrotron. Although this
increases the cost price of the subharmonic pre-buncher considerably, the expense is modest
relative to that of the whole injector considering the significant enhancement of both the
performance and the reliability of the injector.

The leak field of the extraction septum magnet is observed to produce a large closed
orbit displacement prior to the extraction of the beam from the booster synchrotron. At fird,
this hindered an extraction of the beam because the leak field peaks before the septum mag-
net field is appropriate for beam extraction. The problem was reduced by additional shiel-
ding the septum magnet and by exciting a corrector magnet close to the leak field, making
an extraction of the beam possible. However, a detailed analysis of the beam behavior after
the activation of the extraction kicker magnet reveals that the beam is extracted 7/4 revolu-
tions after the first deflection by the kicker magnet (two-turn extraction process) as opposed
to the expected 3/4 revolution (one-turn extraction process). The reason is a combination of
atoo small displacement of the beam towards the extraction septum prior to the extraction
process and an additive effect of two successive deflections by the extraction kicker mag-
net. Fortunately, even for the two-turn extraction process, the extraction efficiency is about
90 percent, and measurements of the horizontal emittance and the momentum spread of the
extracted beam agree with the those of the circulating beam, demonstrating that the two-
turn extraction process does not deteriorate the beam quality. Only the vertical emittance in-
creases during the extraction process due to a finite horizontal component of the magnet
field of the extraction kicker magnet. Nevertheless, the one-turn extraction processis more
advantageous because it produces a longer extracted electron pulse and reduces the
sensitivity of the electron pulse towards a variation of the kicker magnet field. Owing to the
large excitation reserve of both the bumper windings and the kicker magnet supply, the one-
turn extraction process should be feasible, unless the leak field impedes the beam from be-
ing displaced close enough to the extraction septum. At least, the one-turn extraction pro-
cess can be accomplished if the shidlding of the septum magnet is improved by a highly
permeable iron vacuum chamber or the horizontal tune is decreased to 1.7 for which the
closed orbit displacement by the leak field isafactor 3.5 smaller.

In conclusion, although the lattice of the booster ANKA synchrotron isrelatively sm-
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ple, the ANKA injector provides an intense el ectron beam of very high quality, comparable
to that of more expensive injectors. However, the simplicity has the price of a limited tune
flexibility and large static chromaticities. Fortunately, these disadvantages can be reduced
significantly in a future design by two independent quadrupole magnet supplies and by
adopting dipole magnets with a curved shape in combination with a careful field mapping
the dipole magnets in the production phase. Finaly, the analysis of both the racetrack
microtron and the booster synchrotron suggests that the performance and the reliability of
the ANKA injector can be increased significantly for a modest extra investment. It is redi-
stic that these revisions of the injector design will increase the output charge of the injector
by a factor of two. This will make the ANKA injector an even more attractive injector for
future synchrotron light sources.
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Detailed drawing of the ANKA In-
jector

Figure A.1: Detailed drawing of the ANKA injector, including names for all magnetic and diagnostic
components (except for the racetrack microtron).
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Sorage ring synchrotron radiation

SOUr ces
Electron
Location Ring energy Type Satus
(GeV)
ARMENIA
Yerevan Candle 3.2 dedicated design
AUSTRALIA
Boomerang 3 dedicated design
BRAZIL
Campinas LNLS1 1.35 dedicated in operation
LNLS-2 2 dedicated design
CANADA
Saskatoon CLS 2.9 dedicated under constr.®
CHINA
Beijing BSRF 15-2.8 partly dedicated in operation
BLS 2.2-25 dedicated design
Hefei NSRL 0.8 dedicated in operation
Shanghai SSRF 35 dedicated design
DENMARK
Aarhus ASTRID 0.58 partly dedicated  in operation
ASTRID 2000 0.8 dedi cated design
FRANCE
Grenoble ESRF 6 dedicated in operation
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GERMANY
Berlin

Bonn
Dortmund
Hamburg

Karlsruhe
INDIA
Indore

ITALY
Frascati
Trieste
JAPAN
Hiroshima
Ichihara
Kashiwa
Kusatsu
Kyoto

Nishi Harima

Okasaki

Osaka

Sendai
Tsukuba

DCI
SuperACO
SOLEIL

BESSY I
ELSA
DELTA
DORISIII
PETRA 11
ANKA

INDUC-I
INDUC-II

DAFNE
ELETTRA

HISOR

NANO-HANA

VSX
Rits SR
KSR
SPring-8

NewSUBARU

NIJI 1T
UVSOR
UV SOR-I1
Kansai SR
TLS
TERAS
NIJI 11
NIJ IV

Photon Factory (KEK)

Accum. Ring (KEK)
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18
0.8
2.5-2.75

1.7-1.9
15-35
15
4.5
7-14
25

0.45
2

0.51
2-2.4

0.7
15-2
1-1.6
0.575

0.3

1-15
0.6
0.75
1.0
18
15
0.8
0.6
0.5
25

6
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dedi cated
dedi cated
dedli cated

dedicated
partly dedicated
dedicated
dedi cated
partly dedicated
dedi cated

dedli cated
dedi cated

parasitic
dedicated

dedi cated
dedli cated
dedi cated
dedi cated
dedli cated
dedi cated
dedi cated
dedli cated
dedi cated
dedi cated
dedli cated
dedi cated
dedli cated
dedi cated
dedi cated
dedi cated

in operation
in operation
design

in operation
in operation
in operation
in operation
in operation
in operation

in operation
under constr.?

in operation
in operation

under constr.®
design
design
design
under constr.®
in operation
under constr.®
in operation
in operation
design
design
design
in operation
in operation
in operation
in operation
planned re-
building



JORDAN
Allaan
KOREA
Pohang
Seoul
RUSSIA
Dubna

M oscow

Novosibirsk

Zelenograd
SINGAPORE
Singapore
SPAIN
Barcelona
SWEDEN
Lund

SWITZERLAND
Villigen
TAIWAN
Hsinchu
THAILAND

Nakhon
Ratchasma

UKRAINE
Kharkov
Kiev

UK
Daresbury

Sorage ring synchrotron radiation sources

SESAME

Pohang Light Source

CESS

DELSY
Siberial
Siberiall

VEPP-2M
VEPP-3
VEPP-4M
Siberia-SM
TNK

HELIOS 2

LLS

MAX |

MAX 11

MAX 11

SLS

SRRC

SIAM

1SI-800

SRS
DIAMOND

1.0

0.1
12
0.45
2.5
0.7
2.2

0.8
1.2-1.6

0.7

25

0.55

15

0.7

24

1.3-15

1-1.3

0.75-2
0.7-1.0

3.0

m

dedi cated

dedi cated
dedi cated

dedi cated
dedicated
dedicated
partly dedicated
partly dedicated
partly dedicated
dedicated
dedicated

dedi cated
dedicated
dedi cated
partly dedicated
dedicated

dedi cated

dedi cated

dedi cated

partly dedicated
dedi cated

dedi cated
dedi cated

design

in operation
in operation

under constr.®
in operation
in operation
in operation
in operation
in operation
under constr.®
under constr.®

under constr.?
design

in operation

in operation

under constr.?

under constr.?

in operation

under constr.?

in operation
design

in operation
design



USA

Argonne, IL
Baton Rouge, LA
Berkeley, CA
Durham, NC
Gaithersburg, MD
Ithaca, NY
Raleigh, NC
Sanford, CA
Stoughton, WI
Upton, NY
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APS 7
CAMD 1.3-15
ALS 15-1.9
DFELL 1-1.3
SURF 11 04
CESR 55
NC STAR 25
SPEAR 3
Aladdin 081
NSLSI 0.8
NSLSII 2528

dedi cated
dedi cated
dedi cated
dedi cated
dedi cated
partly dedicated
dedicated
dedi cated
dedi cated
dedi cated
dedi cated

in operation
in operation
in operation
in operation
in operation
in operation
design
in operation
in operation
in operation
in operation

a8As of March 2001.
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L attice input files

C.1 Latticeinput file of the ANKA racetrack microtron (OPTIM 2.0 for mat)
OptiM
Energy[MeV]=10.67 Mass[MeV]=0.511006
Emittance: ex[cm]=1.3e-05 ey[cm]=1e-06 DP/P=0.0007
Initial: BetaX[cm]=220 BetaY[cm]=300
AlfaxX=-0.02 AlfaY=0.42Qx=0 Qy=0
DispersX[cm]=0 DispersY[cm]=0
Dsp PrimeX=0 DspPrimeY=0
X[cm]=0.000 Y [cm]=0.000 Z[cm]=0.000 S[cm]=0.000
tetaX[deg]=0 tetaY [deg]=0

# Elements (from second passage of linac):

# O2: Drift from linac to solenoid

# O3: Drift from solenoid to horizontally-focusing quadrupol e magnet

# O4: Drift from horizontally-focusing quadrupole magnet to main dipole magnet

# O5: Drift between main dipole magnets

# O6: Drift from main dipole magnetsto linac

#AC: Linac

# CC: Solenoid (0.50 A excitation)

# QC: Horizontal ly-focusing quadrupole magnet (0.20 A excitation)

# D1-D10: Main dipole magnets (the field strength corresponds a 180 degrees defl ection)
# XQ1: Only vertically-focusing thin lens located 30/150 degrees within the main dipole.
# XQ2: Only vertically-focusing thin lenslocated 90 degrees within the main dipole.

begin lattice. Number of periods=1

02 CC0O3QC 04D2XQ1D2D2 XQ2D2D2 XQ1D205D2XQ1D2D2XQ2D2D2XQ1D206AC
02 CC 03 QC 04 D3 XQ1D3D3 XQ2D3D3 XQ1D305D3XQ1D3D3XQ2D3D3XQ1D306AC
02 CC 03 QC 04 D4 XQ1 D4 D4 XQ2 D4 D4 XQ1 D4 O5 D4 XQ1 D4 D4 XQ2 D4 D4 XQ1 D4 O6 AC
02 CC 03 QC 04 D5 XQ1 D5 D5 XQ2 D5 D5 XQ1 D5 O5 D5 XQ1 D5 D5 XQ2 D5 D5 XQ1 D5 O6 AC
02 CC 03 QC 04 D6 XQ1 D6 D6 XQ2 D6 D6 XQ1 D6 O5 D6 XQ1 D6 D6 XQ2 D6 D6 XQ1 D6 O6 AC
02 CC0O3QC 04D7 XQ1D7D7 XQ2D7D7 XQ1D7 05 D7 XQ1D7D7 XQ2D7D7 XQ1D7 O6 AC
02 CC 03 QC 04 D8 XQ1 D8 D8 XQ2 D8 D8 XQ1 D8 O5 D8 XQ1 D8 D8 XQ2 D8 D8 XQ1 D8 O6 AC
02 CC 03 QC 04 D9 XQ1 D9 D9 XQ2 D9 D9 XQ1 D9 05 D9 XQ1 D9 D9 XQ2 D9 D9 XQ1 D9 O6 AC
02 CC 03 QC 04 D10 XQ1 D10 D10 XQ2 D10 D10 XQ1 D10

end lattice
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begin list

02 L[cm]=9.5225

03 L[cm]=17.9625

04 L[cm]=14.355

05 L[cm]=124.4

06 L[cm]=34.83

AC L[cm]=40 Ncdl=8 Eff_L[cm]=2.4 A[MeV]=5.5422  Phase[deg]=17 WavelL[cm]=10
CC L[cm]=4 B[kG]=0.25

QC L[cm]=3.73 G[kG/cm]=0.02 Tilt[deg]=0

D2 L[cm]=1.6755 B[kG]=11.6429 G[kG/cm]=0 Tilt[deg]=0
D3 L[cm]=2.5133  B[kG]=11.4474 G[kG/cm]=0 Tilt[deg]=0
D4 L[cm]=3.351 B[kG]=11.3493 G[kG/cm]=0 Tilt[deg]=0
D5 L[cm]=4.1888 B[kG]=11.2893 G[kG/cm]=0 Tilt[deg]=0
D6 L[cm]=5.0265 B[kG]=11.2503 G[kG/cm]=0 Tilt[deg]=0
D7 L[cm]=5.8643 B[kG]=11.221  G[kG/cm]=0 Tilt[deg]=0
D8 L[cm]=6.702 B[kG]=11.2004 G[kG/cm]=0 Tilt[deg]=0
D9 L[cm]=7.5398 B[kG]=11.1832 G[kG/cm]=0 Tilt[deg]=0
D10 L[cm]=8.3776  B[kG]=11.17 G[kG/cm]=0 Tilt[deg]=0
XQ1 Energy increasefMeV]=0

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 -0.0001786 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

XQ2 Energy increasefMeV]=0

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 -0.0003571 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

end list of elements

C.2 Latticeinput file of the ANKA booster synchrotron (OPTIM 2.0 format)
OptiM
Energy[MeV]=500 Masq MeV]=0.511006
Emittance: ex[cm]=1.50009e-05 ey[cm]=1e-06 DP/P=0.000337131
Initial: BetaX[cm]=825.591  BetaY[cm]=166.916
AlfaX=4.07631e-16 ~ AlfaY=5.63012e-17
DispersX[cm]=181.27 DispersY[cm]=0
Dsp_PrimeX=7.39426e-17  DspPrimeY=0
X[cm]=0.000 Y [cm]=0.000 Z[cm]=0.000 S[cm]=0.000
tetaX[deg]=0 tetaY [deg]=0

# Elements:
#OL1: Drift
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#02: Drift
#03: Drift

Lattice input files

#QF: Horizontally-focusing quadrupole magnet
#D: Dipole magnet
#G: Edgefield of dipole magnet

begin lattice. Number of periods=1

O1QFO2GDGO3GDG0O2QFO01
O1QFO2GDGO3GDGO02QFO01
O1QFO2GDGO3GDG0O2QFO01
O1QFO2GDGO3GDG0O2QFO01

end lattice
begin list

o1
02
03
QF
D
G

L[cm]=99.18

L[cm]=48.3985

L[cm]=72.437

L[cm]=15.64 G[kG/cm]=0.497696  Tilt[deg]=0
L[cm]=130.724 B[kG]=10.031  G[kG/cm]=0 Tilt[deg]=0
B[kG]=10.031 Angle[deg]=22.74 EffLen[cm]=1.827 Tilt[deg]=0

end list of elements
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Appendix D

Sextupole field of eddy currents in
a rectangular vacuum chamber

D.1 Eddy current-induced field from top and bottom walls

Consider the infinitely long rectangular vacuum chamber of height 2h and width 2b shown
in figure D.1a, which is embedded in an time-dependent homogeneous magnetic field
B(t)=(0,By(t),0). According to Faraday's law of induction, thetime-variation of the magnetic
field will induce an eddy current density j(X,y,2) in the walls of the vacuum chamber. The
symmetry of the vacuum chamber requires the current density to fulfil the following
symmetry relationsin the top and bottom walls:

ixy.2) = (00,],(x) (D.1)

jz(X) = _jz(_x) . (D.2)

z
@ (b)
Figure D.1: Schematic of the rectangular vacuum chamber. () Profile. (b) Top view.
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curve Cin the top wall of the vacuum chamber (see figure D.1b), one finds

_9(B.nds = fE-dl = 1§j.dl =
dtg h Gz (D.3)

= 2 xaze - axaz) = -2 (ax)az

where n is anormal vector to the top wall, E is the dectric field in the wall, and ¢ is the

conductivity of the wall material. Since the area within the curve C is 2AxAz, the current
density in the upper and lower walls becomes

i(xy,2) = (00,0x&B,) . (D.4)

Using thisresult and assuming that the boundary conditions are not altered by any surroun-
ding magnetic materials, the y component of the magnetic field produced by the eddy cur-
rentsin thetop wall is

(itx y, 2)x(r =r”)

B (x,y,2) = i—:c ———d’r’
wall |r—r (D5
dB. bid hid e o '
- B9 "y J‘ J‘ X(x=x) 73 dz'dy’dx’
anodt g h S ((x—x’)2+(y— y)?+(z- z’)z)
where d isthe thickness of the wall [1]. Only considering x<<b, one obtains
B54(xy,2) = 199 B | g )+ dy - yerciar] 220
“xy,z) = ——= —4b+d)+4y-ylar +
y y 4n dt y=y ly-y]
(D.6)

4b+d)3x2 oy’
((b+ d) +y? -2y + y’z)2

If it also is assumed that d<<h and d<<b, the magnetic field produced by eddy currentsin
the top wall of the rectangular vacuum chamber finally becomes

dB °x?
Bsddyvl(xly'z):—uocd—y —b+|y—h|arctar{ b j+ b sdy|. (D.7)
nodt ly—Hh (b2+y2—2hy+h2)

The similar expression for the bottom wall is

dB 3,2
B2 (x,y, 7) = 1000 T —b+|y+h|arctan[ b j+ X dy|. 08)
™o |y+h (b2+y2+2hy+h2)
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Sextupole field of eddy currentsin a rectangular vacuum chamber

The x? terms in (D.7) and (D.8) demonstrate that the magnetic field produced by eddy cur-

rents in the top and bottom walls has a sextupole component in the center of the vacuum
chamber.

D.2 Eddy current-induced field from sides of vacuum chamber

For the wall of the rectangular vacuum chamber at x=b, the symmetry relations for the cur-
rent density are

i(xy,2) = (00, ],(x)) (D.9)

i,(x) = —j,(@+d=x) . (D.10)

In analogy with above, the eddy current density in the wall can be obtained from the
symmetry relations, Faraday's law of induction, and ohm's law:

i(xy,2) = (00,6(x-b-d/2)4B,) . (D.11)

Again assuming that the boundary conditions are not changed by any surrounding magnetic
materials, the y component of the magnetic field produced by the eddy currents in the wall
ax=bis

(i(xy, 2)x((x0,2)-1")), 4o

BS"™3(x0,2) = Ho 2

AT |(X,0,Z) -1

B, x4 M < —b? —bd-1d?—bx—Ldx+(2b+d+x)x - x?
= B0y ] Z 2+ ) dz dy’dx’ (D.12)
h —oo

4 dt | - ((X— KR +y?+(z- Z/)2)3/2
oo By b]id (2b+d +2x—2x)(- 2b—d + 2x)arctan(a/|x — X]

4 dt b

) o

dx

|x—x’

Assuming that d<<b, the magnetic field becomes

BE¥3(x0,7) = ood® dB, arctan(a/|x-b)

. D.13
12n  dt |x—b (b.13
and the analog expression for thewall a x=-bis
8 dB, arct
BE4(x,0,7) = —Ho0d” Ty HC an(a/x-+b) (D.14)

12n  dt |x+b|

A series expansion of (D.13) and (D.14) with respect to x reveals that the magnetic field
generated by the eddy currents in the walls at x=tb has a non-vanishing sextupole term in
the center of the rectangular vacuum chamber.
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D.3 Sextupole strength of field produced by eddy currents
In general, an upright sextupole field hasthe form

Biextupol = Bpmxy and BSQXIUPO'e - % m(x2 - yz) , (D.15)

where m is the sextupole strength, B is the strength of the dipole magnet field, and p isthe
bending radius of the beam trajectory in the dipole magnets. Hence, the total strength of the
sextupole field produced by the eddy currents in the top and bottom of the rectangular va-
cuum chamber is

1 [ d? [, edy, eddy,2
n1]2(0,y,z) = [_(By yl"'By ¢ )

Byp | dx?
(D.16)
_ 2uqo0d dBy b* N b°
mByp dt (h2 +b% —2hy+ yz)2 (h2 +b? +2hy + yz)2

for x<<b, d<<b, and d<<h, which at the center of the vacuum chamber simplifies to

40 dBy/dt  db’
np By (h2+b2)2

m,(0,0,2) = (D.17)

Similarly, for d<<b the eddy currents in the side walls of the rectangular vacuum chamber
produce a sextupole field in the center of the chamber with astrength of

1 u,0 0By, ¢ h® 2h  arctan(h/b
My (00,2) = — 22 =y & S L anlvb) | b g
3n Byp dt b (hz +b2) hc+b b

However, this contribution to the sextupole strength can be neglected for a usual vacuum
chamber design with thin walls because it is proportional to d* whereas the contribution
from the top and bottom wallsin (D.17) is proportional to d. In addition, it is observed that
the sides of the vacuum chamber gives rise to a sextupole strength with the opposite sign of
(D.17) as the term in brackets in (D.18) always is negative. This suggests that the total
sextupole strength originating from all walls can be reduced significantly if the contribu-
tions from (D.17) and (D.18) have the same absolute size. This can be achieved by placing
high conductivity metal strips along the sides of the vacuum chamber.

References:

[1] J. D. Jackson, Classical Electrodynamics, John Wiley & Sons, New York, 1975, p. 173
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Analysis of the synchrotron light
Imaging system

E.1 Waist of synchrotron light cone originating from a single electron

Assume that the synchrotron light cone, produced by a single electron, after the pinhole in
figure 5.12 can be described by a Gaussian beam with a minimum waist of w, at a distance
d,, behind the pinhole. The radius of curvature of the wave front and the waist of the Gaus-
sian beam at the pinhole are thus given by

R, = d,+2z5/d, (E.1)

w, = Wm/1+dvzv/z§ , (E.2)

where z=mw,%/) is the Rayleigh range of the Gaussian beam and A is the wave length of the
synchrotron light (is well-defined owing to the color filter in front of the CCD chip) [1].
Hence, the g parameter of the Gaussian beam at the pinhole is

a1
2
q, = [iﬂizj _d,-i™ E3)

Adopting the thin lens approximation, the transformation of the Gaussian beam from the
pinhole to the lens, through the lens with a focal length f, and from the lens to the CCD chip
is described by the matrix

A B) (1 dyY 1 0Yy1 d) (1-d,/f dy+d;—dyd,/f £
c o/ (0 1)l-yf 1)o 1) | -yf 1-d,/f - (ED

Therefore, the g parameter at the CCD chip becomes

121



Appendix E

-1
Y Aq, +B

Oeep = |5 Hl— = i (E.5)
Reeo  mWeep Cqp+D

which after some manipulations finaly provides the waist of the synchrotron light cone,
originating from a sngle eectron, at the CCD chip:

+
n?f 2w f2

s J(f(dw+d1+d2)—d2(dw+d1))27»2 (1-d.fwe oy

E.2 Blur of CCD image dueto an extended sourceregion

Due to the finite size of the pinhole, the observed synchrotron light at the CCD chip origi-
nates from an extended region as illustrated in figure E.1. According to the figure, the
length of the source region is approximately

L = pb = pl2r, /dy +205) |, (E.7)

where p is the bending radius of the beam trajectory, r,, is the radius of the pinhole, and o
is the divergence of the synchrotron light cone (one standard deviation), including both the
inherent divergence of the synchrotron light as well asthe divergence of the el ectron beam.
Asaresult of the finite size of the source, the ends of the source region are dightly out
of focus resulting in a finite resolution of the CCD image with an approximate magnitude

of

2
Ores1 = L/zddf rp| = L/2 f Zr_p ) (E.8)
| ddo d | (do+dy— )2 dy
d,
K i
T T extended source region
o, GT T ® e
— ——— ™ T Beam
_’Gi ””” \\ t /\\
\
. \ 0 1
pinhole \\ D ——|
P\\

|

|
|
|
/
I

Figure E.1: Schematic of the extended source region from which the observed synchrotron light
originates.
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Analysis of the synchrotron light imaging system

where d is the distance from the lens to the focus and the relation 1/(dg+d,)+1/d=1/f from
geometrical optics has been used. In addition, the horizontal width of the source region
givesrise to afinite horizontal resolution of the CCD image which according to figure E.1
approximately is

d d
= 1t—" = 1p5(1-cos(8/2))—
Gres,z 2 d0+d1 2p( (/ ))d0+dl (E 9)
df '
=~ %p(rp/d0+69)2 d0+dl y

where the factor di/(dot+d;) accounts for the transformation form the object plane to the
image plane.

References:

[1] P W. Milonni and J. H. Eberly, Lasers, John Wiley & Sons, New York, 1998, Chap. 14
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