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Existierende, zukünftige und alternative Beschleunigerkonzepte
� Existierende, zukünftige und alternative Beschleunigerkonzepte

1. LEP, SLC

2. Tevatron, PEP-II, KEK-B, HERA, RHIC, CESR, DA � NE

3. LHC

4. Linear-Collider: NLC, TESLA, CLIC

5. Neutrino-“Beschleuniger”

6. Myon-Beschleuniger

7. Free-Elektron-Laser

8. Laser/Teilchenstrahl-Plasma-Beschleuniger
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Übersicht der Beschleuniger-Projekte 15.2

Übersicht der Beschleuniger-Projekte

Davon noch in Betrieb, u.a.:

CERN PS : p, e� , Ionen
(Teststrahlen, Vorbeschl. SPS)

CERN SPS : p, e� , Ionen
(Teststrahlen, Vorbeschl. LHC)

KEK : e� �� e�

(für b-Quark-Fabrik KEK-B)

DORIS II : e

�

(Synchrotron-Strahlungsquelle)

PETRA : p, e� (Vorbeschl. HERA)

PEP : e� �� e

�

(für b-Quark-Fabrik PEP-II)

CESR : e� �� e

�

(für CLEO-Exp.)

Tevatron : p �� p
(für DØ-& CDF-Exp., 2� 1000 GeV)

HERA : p �� e�

(für H1-& ZEUS-Exp.)

RHIC :� 	
 Au �� � 	 
 Au
(100 GeV/Nukleon)
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Large Hadron Collider 15.3

Large Hadron Collider

Genfer
See

Jura

CERN

LHC

CMS

ATLAS
SPS

Im Tunnel des LEP-e� e

�

-Beschleunigers:

� LHC: größter & höchstenergetischster

Beschleuniger weltweit

� Proton �� Proton

� zwei separate Ringe

� 2� 7 TeV Energie

� 4 Experimente:

� ATLAS, CMS (Vielzweck-Experimente)

� LHC-b (CP-Verletzung bei b-Quarks)

� ALICE (Quark-Gluon-Plasma)

Chronologie von LHC:

�
 1984 erstes Konzept

� 1991 konkrete Design-Studie

� Dez. 1994 Zustimmung des CERN Councils

� 1999 Beginn der Erdarbeiten

� 2000/1 Demontage von LEP & Experimenten

� 2004-6 Installation Beschleuniger&Experimente
� 2004 LHC-Sektor- & Injektionstest

� Herbst 2006 Testlauf Beschleuniger

� Frühjahr 2007 Beginn des regulären Messprogramms

��� � 15 Jahre Laufzeit des Messprogramms

Prof. Dr. O. Biebel WS 2003/04



Large Hadron Collider 15.4

LHC-Parameter:
Injektion Kollision

Ringumfang [m] 26658.883

Ringabstand [mm] 194

Anzahl Ablenkmagnete 1232

Länge je Magnet [m] 14.3

� -Ablenkfeldstärke [T] 0.535 8.33

Protonenergie [GeV] 450 7000

Protonen/Bunch 1.15� 10� �
Bunchanzahl 2808

Strahlstrom [A] 0.584

Energie im Strahl [MJ] 23.3 362

Synchrotron-

Strahlungsleistung

[W] 0.06 3600

Energieverlust/Umlauf [eV] 0.12 6710

RF-Frequenz [MHz] 400.8

ges. RF-Spannung [MV] 8 16

Injektion Kollision

Energiestreuung �

(RMS)

[10

� � ] 3.06 1.11

��� in IP1&5 [m] 18 0.55

transv. Emittanz � � � � [ � m rad] 3.5 3.75

Bunchlänge (RMS) [cm] 17.5 7.7

Strahldurchmesser

an IP1&5 (RMS)

[ � m] 375.2 16.7

Betatron-Tunes � � � � (hori, vert) 64.28, 59.31 64.31, 59.32

Synchrotron-Tune �� 5.5� 10

� � 1.9� 10

� �

Übergangsenergie � 55.68

Spitzenluminosität [cm

� ! s

� � ] — 1.0� 10 � �

Strahllebensdauer [h] — 14.9
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Large Hadron Collider 15.5

LHC-Ring:

Figure 3.1: Schematic layout of an LHC half-cell

Figure 3.2: Schematic layout of the LHC. The blue line indicates Beam1 and the red line Beam 2. Beam 1
circulates clockwise and Beam 2 counter clockwise.

� Ring besteht aus 8 Oktanden

� 4 Wechselwirkungszonen: IP1, IP2, IP5, IP8

� Strahlinjektion in IP2 und IP8

� Strahlextraktion (Dump) in IP6

� RF-Beschleunigungsstrukturen in IP4

� Reduktion der Impulsstreuung in IP3

(große Dispersionsfunktion " #%$ & :
Teilchen mit großer Impulsstreuung �' Kollimator)

� Reduktion der Betatron-Amplitude in IP7

(kleine Dispersionsfunktion " #%$ & :
Teilchen mit großer Betatron-Ampl. � � � �' Kollimator)
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Large Hadron Collider 15.6

Strahloptik in Kollisionspunkten IP1&5:
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Figure 4.3: Injection (top) and collision (bottom) optics of the high-luminosity insertions at IP1 and IP5 for a
β∗ of 18 m and 0.55 m.
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Large Hadron Collider 15.7

Strahlinjektionsprinzip IP2&8:
� zu injizierender Strahl besteht aus Abfol-

ge von vielen Bunchen

(so genannter Bunchzug von( 7.4 � s Dauer

mit 3 oder 4� 72 Einzelbunchen)

� neuer Strahl wird in freie Lücke in LHC-

Strahl eingefügt

� zu injizierender Strahl kommt von außer-

halb des Rings

� liegt unterhalb der Ebene des Sollorbits

� Septummagnet bringt zu injizierenden

Strahl auf LHC-Sollorbit aber noch unter-

halb der Ebene (12 mrad Ablenkwinkel)

The injection process H

V

12 mrad

1.24 mrad

0.39 mrad

Q5 Septum (H)Kicker (V)

LHC orbit

LHC orbit

Require:
< 1µs rise time (gap between SPS injections), 
<3 µs fall time (abort gap),

8 µs flat-top length (1 SPS batch)

� Strahl läuft von unten auf LHC-Sollorbit zu (1.24 mrad Winkel)

� Quadrupol Q5 reduziert Annäherungswinkel (um 0.39 mrad)

� Kickermagnet bringt zu injizierenden Strahl auf LHC-Sollorbit (0.85 mrad Kickwinkel)

� Kickermagnet: Anstiegszeit des ) -Feldes * 1 + s, Plateaulänge 8 + s, Abfallzeit des ) -Feldes * 3 + s

(Abfallszeit = Länge der Zeitlücke für Strahldump-Kicker)
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Large Hadron Collider 15.8
LHC Bunch-Struktur des Strahls:
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Large Hadron Collider 15.9

Septum- und Kickermagnete:

INJECTION SYSTEMS

V. Mertens / SL-BT

Abstract

The LHC injection systems consist of horizontally de-
flecting steel septum magnets followed by vertically
deflecting kickers. A mobile beam stopper is placed
downstream of the kickers for setting up with single
bunches and to protect the superconducting machine ele-
ments during normal injection in case of a malfunctioning
of the kickers. Adequate beam instrumentation and tra-
jectory correction are needed for injection tuning. After
an overview the status of the major components is given,
together with their fabrication and installation schedule.
Special integration issues and open points are addressed.
A concept for the temporary warm line between the injec-
tion point and IP8 is presented, intended to replace this
part of the LHC during the sector test.

1  OVERVIEW
Two new transfer lines, TI 2 and TI 8, are under con-

struction to transport beams from SPS to LHC. TI 2 leads
to an injection point (kicker centre) approximately 154 m
left of IP2 where beam will be injected into LHC ring 1.
TI 8 brings the beam to a point at the same distance right
of IP8 (note that this IP is displaced by 11.22 m) where it
will be injected into ring 2. An overview of TI 2, TI 8 and
their injection systems has been given in [1]. Comprehen-
sive status information and further details are accessible
from the home page of the LTI Project [2]. According to
the present draft planning [3] the first of these lines, TI 8,
including its injection should be installed by 04/2004, to
provide beam to the LHC during the following sector test.

T
C

Figure 1: Schematic view of the injection near IP2.

A schematic view of the IP2 injection zone is given in
Figure 1 (note that both injections are kept geometrically

(mirror-)symmetric, except slight differences in the de-
flections due to differing optics and orbit bumps). Beam
arriving through the transfer line will be horizontally de-
flected by 12 [mrad] by a series of 5 Lambertson type
steel septum magnets (MSI). The vertical deflection onto
the nominal orbit (by around 0.85 [mrad]) is achieved by
a series of 4 kicker modules (MKI). To be able to set up
the injection and to protect the LHC in case of kicker fail-
ures a mobile beam stopper (TDI) is placed at 90° phase
advance downstream. To further protect the separation
dipole D1 this stopper is complemented by a mobile
shielding (TCDD). Appropriate beam instrumentation has
been foreseen to permit to tune the injection to the re-
quired precision [1]. Various constraints put high
demands on the proper vacuum integration in this whole
area. The main ingredients will be discussed in more de-
tail below.

2  SEPTUM MAGNETS
The 5 steel septum magnets for injection (MSI) are

each 4 m long, and placed with an inter-magnet distance
of 0.45 [m], resulting in an overall length of the MSI en-
semble of 21.8 [m]. A schematic cross section of an MSI,
showing also the flux lines, is given in Figure 2. Two
different types will be used: MSIA with a septum thick-
ness of 6 [mm] and MSIB with 15.5 [mm]. Seen in beam
direction 3 MSIB are followed by 2 MSIA. The LHC
beams circulate in shielded vacuum chambers inside two
holes of 64 [mm] diameter. The gap height is 25 [mm].

Figure 2: Cross section of an MSI magnet.

The Technical Specification of the magnets is con-
tained in [4]. Results from calculations on the expected
field quality can be found in [5], results on calculations

concerning the efficiency of the magnetic shielding for the
circulating beams are given in [6].

The magnets are presently being built at the Institute
for High Energy Physics (IHEP), Protvino, in the frame-
work of the participation of the Russian Federation in the
LHC Project. One MSIB pre-series magnet has been built
in 2000; its magnetic measurement programme is cur-
rently underway. The results are so far in pretty good
agreement with the expected performance [7]. It is esti-
mated that all required MSI magnets will be delivered by
the beginning of 2002.

Design work is going on for their vacuum integration
which must take into account a large number of require-
ments and constraints. First of all have the given beam
holes to accommodate mechanically sufficiently stable
vacuum chambers. The required beam aperture must be
guaranteed taking various tolerances into account. Appro-
priate magnetic shielding needs to be foreseen in order not
to influence the circulating beams. Impedance considera-
tions demand a sufficiently thick highly conductive layer
to be seen by the beams. The vacua in the main rings
(<10-10 Torr) and the injection lines (~10-8 Torr) are quite
different, requiring sufficient pumping capacity. Finally
need the chambers to be bakeable in situ to reduce out-
gassing during operation.

The present reference design, of which the feasibility
needs still to be confirmed, departs from chambers
mounted concentrically in the beam holes to ease align-
ment. In this design the chamber consists of a 1.4 [mm]
thick µ-metal tube, inside plated with 0.6 mm copper. The
nominal inner diameter stands at 52.2 [mm]. Kapton sup-
ported foil resistances are foreseen for in situ heating,
wrapped into a 3 [mm] thermal and electrical insulation.
The layout of the interconnects including the pumping
ports is still in an early stage.

3  KICKERS
A schematic view of an LHC injection kicker [8] is

given in Figure 3. A resonant charging power supply
(RCPS) charges rapidly a pulse forming LC network
(PFN). When the trigger arrives a thyratron based main
switch is closed and the then generated pulse propagates
through a set of coaxial cables into a travelling wave
magnet. After passing through the magnet the energy is
dumped into a termination resistor. The pulse length is
defined by the time when the dump switch is closed. The
impedance of all elements carrying the pulse current is
matched (at 5 [Ω]) to avoid reflections.

Figure 3: Schematic view of an injection kicker.

Per injection there are 4 magnets of 2.65 [m] magnetic
length each with a nominal kick strength of  0.325 [Tm].

Each magnet has its own PFN, but two PFNs are charged
simultaneously from one RCPS. The rise time (0.5 % -
99.5 %) is 0.9 [µs], the fall time 3.0 [µs]. The flat top du-
ration can vary up to 7.8 [µs] to be able to accommodate
various possible injection schemes. The flat top ripple is ±
0.5 %. The charging voltage is 54 [kV], the pulse current
is 5.4 [kA]. A cross section of the magnet is shown in
Figure 4.

Figure 4: Kicker magnet cross section.

The beam to be injected passes through a ceramic vac-
uum chamber with metallic stripes inside for beam
impedance reasons, and an inner diameter of 38 [mm].
The other beam passes in a tube through the same vacuum
tank.

The RCPS, the necessary electronics and the PFNs will
be housed in the galleries adjacent to the kickers. The
transmission lines will be fed through the holes used for
the LEP waveguides.

The vacuum tanks are being recuperated from the LEP
separators. All major series components with the excep-
tion of the magnets and the electronics are fabricated at
TRIUMF, Vancouver. The RCPS have already been built;
their tests should be finished soon. Delivery is scheduled
for 05/2001. The first series PFN has been built and the
full series construction is expected to be accomplished by
mid 2001. For the switches some more tests have to be
made on the prototypes at CERN before the series pro-
duction is launched. This should be finished by 05/2002.
The series switches will be tested to-gether with the PFNs
and shipped to CERN by 02/2003.

Concerning the magnets all pieces have now been re-
ceived to assemble the prototype, after heat and surface
treatment. Problems in industry with the welding of the
high voltage and ground plates have meanwhile been
overcome, but have produced a delay of about 1 year with
respect to the initial planning. The prototype should be
assembled and tested by 10/2001, the series production be
finished by 12/2002 and all modules be ready by 10/2003.
If this planning could not be maintained the function of
the injection kickers could of course be simulated, for the
sector test, by a small bending magnet.

� (Lambertson)-Septummagnet:

� Dipolfeld für Injektionsstrahl

� Strahl auf Sollorbit verläuft in ) -feldfreien Raum

( � -Feldabschirmung durch Mu-Metall)

� Septummagnetlänge: 4 m

� Anzahl Septummagnete: 5/Injektionszone

� Kickermagnet:

� kurzzeitiges Dipolfeld � Kick (=kleine Ablenkung) des Injekti-

onsstrahls

� Konzept: Kondensator (54 kV) über Stromschiene entladen

� Pulsform-Schaltungen für notwendiges Zeitprofil:
Anstiegszeit 0.5%-99.5%: 0.9 + s

Plateauzeit : bis zu 7.9 + s

Plateaurippel : *, 0.5%

Abfallzeit 99.5%-0.5%: 3.0 + s
� HV-Versorgung, Pulsformung, HV-Schalter:

außerhalb des LHC-Tunnels

� Zuleitung über 35 m lange Koaxialkabel (10 Stück parallel)

� Kickermagnetlänge: 2.65 m

� Anzahl Kickermagnete: 4/Injektionszone
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Strahldump in IP6:

Strahldump: 7 TeV Strahlen in einem Umlauf

(88 � s) aus LHC extrahieren & absorbieren

� 15 Kickermagnete

( - Anstieg ./ � s, - Plateau 01 2 � s)

� 15 Septummagneten

(vergleichbar zu Injektionsseptum)

� 10 Dilution-Kickermagnete

(verteilen Strahlintensität auf Absorber)

discharge pulse will be an attenuated sinusoidal oscillation of 25 kA maximum amplitude with a period of 

70 �Ps. The required damping coefficient of the magnet current is adjusted with the resistor RH.  

The oscillation in the MKBV vertical magnet system is started by resonantly charging capacitor CV2 from 

capacitor CV1 via the fast solid-state closing switch SV, diode DV and charging inductance LV. The 

resonant charging time is 26 �Ps. The circuit LMV-CV2 can then swing freely with attenuated oscillations. 

Also in this case the required damping coefficient of the magnet current is adjusted with the resistor RV. 

Figure 17.6  Beam spot figure on absorber block. 

Figure 17.7. Basic circuit diagram for MKBH and MKBV systems. 

The damping coefficient of the magnet current will be adjusted with the resistor RV. The main advantage 

of the circuit of the MKBV system is the absence of a switch in the oscillation between CV2 and LMV. A 

current amplitude of 25 kA and a maximum hold off DC voltage of 27 kV will be required. The fast 30 kV 

solid-state switches, developed for the LHC beam extraction generator, will be used. 

All switches and damping diodes will be mounted with grounded cathodes. This will permit to check 

remotely the state of each complete stack of FHCTs and diodes by comparing the voltage over the first 

device at earth potential with the voltage of a separate divider over the complete stack. 

Transmission Lines 

The low inductive cable link between generators and magnets will use a specially developed coaxial cable. 

The construction mixes the inner conductor of an RG-220/U cable and the outer conductor of an RG-218/U 

with two braids of bare copper wires without joints. Each braid will have an optical coverage of 90 %. Two 

layers of PETP foil are wrapped between the braids. The dielectric is low-density polyethylene of high purity 

with semi-conducting layers. The cable is flame retardant and free from halogens and sulphur according to 

The extraction process

V
2.4 mrad

0.06 mrad

Q4 Kicker (H)Septum (V)

LHC orbit

H

0.33 mrad

LHC orbit

Require:
<3 µs extraction kicker rise time (abort gap),
>89 µs extraction kicker flat-top length (full LHC turn)

� Absorberblock je: � 7.7 m langer, segmentierter Kohlenstoff-Zylinder mit Ø0.7m

� in Stahlmantel eingeschlossen

� rund 6 t Eigengewicht

� umgeben von
 900 t Eisen-Stahl-Strahlungsschilde

� muss 428 MJ absorbieren

� max. Temperatur 1050-1250 3 C

� wassergekühlt

� muss 20 Jahre halten
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Linea-Collider: NLC, TESLA, CLIC
� Elektron-Positron-Collider limitiert durch Synchrotron-

Strahlung (Energieverlust 45 � 687 )

� größter e� e

�
-Beschleuniger: LEP (27 km Umfang,

2� 104 GeV,( 10 MW Synchrotron-Strahlungsverluste)

� höhere Teilchenenergie 9 � Lineare Collider (LC)

Unterscheidung i.W. durch Beschleunigungs-System:

: normalleitende Beschl.resonatoren (=Cavities)

� (nahezu) beliebig hohe Beschleunigungsgradienten

� hohe thermische Verluste in Cavities

� nur sehr kurze Strahlpulse möglich

� Strahllagekorrektur für aktuellen Strahl nicht möglich

� i.A. starke “Beam-Strahlung” (longit. Synch.-Strahlung)

: supraleitende Beschleunigungsresonatoren (TESLA)

� Beschl.gradienten theor. auf
 55 MV/m beschränkt

� praktisch erreicht
 35-40 MV/m

� geringste Verluste in Cavities

� lange Strahlpulse möglich

� Strahllagekorrektur für aktuellen Strahl möglich

� nur geringe “Beam-Strahlung”

: “Drive-beam”-Beschleunigung (CLIC)

� intensiver, niederenergetischer Strahl parallel zu

Linear-Collider erzeugt HF in Resonatoren im Multi-

GHz-Bereich

(entspricht langgestrecktem Klystron)

� HF-Leistung beschleunigt Teilchen im Haupt-

Beschleuniger

� (nahezu) beliebig hohe Beschleunigungsgradienten

( 0 60 MV/m)

� Multi-GHz-Bereich führt zu starken Wake-Feldern

(Effekte wachsen 4 Frequenz � )
� derzeit noch Research&Development (R&D)
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TESLA: Supraleitender Linearer e� e� Collider

II-14 1 Overview

TESLA-500

Accelerating gradient Eacc [MV/m] 23.4
RF-frequency fRF [GHz] 1.3
Fill factor 0.747
Total site length Ltot [km] 33
Active length [km] 21.8
No. of accelerator structures 21024
No. of klystrons 584
Klystron peak power [MW] 9.5
Repetition rate frep [Hz] 5
Beam pulse length TP [µs] 950
RF-pulse length TRF [µs] 1370
No. of bunches per pulse nb 2820
Bunch spacing ∆tb [ns] 337
Charge per bunch Ne [1010] 2
Emittance at IP γεx,y [10−6m] 10, 0.03
Beta at IP β∗

x,y [mm] 15, 0.4
Beam size at IP σ∗

x,y [nm] 553, 5
Bunch length at IP σz [mm] 0.3
Beamstrahlung δE [%] 3.2
Luminosity Le+e− [1034cm−2s−1] 3.4
Power per beam Pb/2 [MW] 11.3
Two-linac primary electric power PAC [MW] 97
(main linac RF and cryogenic systems)
e−e− collision mode:
Beamstrahlung δE,e−e− [%] 2.0
Luminosity Le−e− [1034cm−2s−1] 0.47

Table 1.3.1: TESLA parameters for the Ecm = 500GeV baseline design. The machine

length includes a 2% overhead for energy management. The klystron power and primary

electric power quoted include a 10% regulation reserve.

• Building the linac with superstructures (section 2.1) improves the fill factor —
and hence the maximum energy for a fixed accelerating gradient and site length
— by about 6%.

• The fundamental limit for the gradient in niobium structures at 2 K is above
50 MV/m, and at TTF several 9-cell cavities have already reached gradients
around 30 MV/m. Electropolishing followed by low-temperature bake-out has
yielded systematically high performance single-cell cavities (section 2.1), with
gradients up to 42 MV/m.

• The Lorentz force detuning (which increases as the square of the accelerating

1.2 General Layout II-7
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Figure 1.2.1: Sketch of the overall layout of TESLA.
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TESLA: Optik

� vor Wechselwirkungspunkt: Ablenkung des

Strahls aus Beschleunigungsstrecke, damit

so gen. “Beam-Strahlung” (> ? longitudinale

Synchrotron-Strahlung) nicht in Wechselwir-

kungszone gelangt

� Magnetgitter mit Dipolen & fokus./defokus.

Quardrupolen

� Fig.7.2.1: Betatron-Funktion, Dispersionsfunkti-

on, Magnetgitter auf einer Seite des Wechsel-

wirkungspunkts (engl. Interaction Point, IP)

� “Final Focus” ist spezielle Anordnung von Fo-

kussierungsmagneten (im Bild nicht detailliert)

� am IP Strahlgröße: 533 nm� 5 nm !

(horizontal� vertikal, notwendig für Luminosität)

7.2 Magnet Lattice and Optics II-175

Figure 7.2.1: Optics functions for the TESLA BDS (e−).
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TESLA: einige weitere Beschleuniger-Elemente

� Positron-Quelle:

� Undulator-Magnet erzeugt intensive @ -Strahlung

( � -Energie mehrere MeV)

� @ -Photonen auf Absorber-Target

� e� e� -Paarbildung (im Feld der Atomkerne)

� Einfangen der Positronen durch Solenoid-Magnet

� und Beschleunigung der Positronen

� Speicherung im Emittanz-Dämpfungsring

� Emittanz-Dämpfungsring:

� “hundknochen-förmiger” Ring

� ca. 17 km Umfang, 5 GeV Strahlenergie, bis zu 160 mA

Strahlstrom

� Emittanz @BA : Dämpfung durch Wiggler-Magnete

� Injektion: @ A C 0.01 m/10� 10� D m (e� /e

�

)

� Extraktion: @BA � / @BA � C 8� 10� E m / 0.02� 10� E m

� Dämpfungszeit 28 ms/50 ms für e� /e�

II-118 4 Injection Systems
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Figure 4.3.1: Sketch of the positron source layout.

source upstream of the IP has significantly simplified the extraction line and reduced
the associated losses (see section 7.6). In addition, using the very high quality elec-
tron beam from the linac as opposed to the severely disrupted beam after the IP has
increased the likelihood of realising a polarised positron source. The disadvantages of
the location in front of the IP are that extra space and a positron transfer line to the
other side of the interaction point (detector) are required. The undulator also slightly
degrades the quality of the incoming electron beam, but the effects are considered
acceptable.

The geometry of the source and the electron optics has been designed to accom-
modate the polarised source upgrade. For polarised positrons, the divergence of the
high-energy photons from the helical undulator must be dominated by the 1/γ char-
acteristic angle of the radiation, and only have a small contribution from the electron
phase space. With the opening angle of the photons fixed by the electron beam en-
ergy, the beam size on the target is then only a function of distance. With a 250 GeV
electron beam, corresponding to an angle of 1/γ ≈ 2 µrad, a drift length to the target
of 314 m is required to achieve the necessary target beam size of 0.7 mm (see section
4.3.7).

With the geometry and electron optics fixed by the polarised source, the unpolarised
source requires a rather weak, long planar undulator (K ≤ 1)1 to keep the 0.7 mm
beam size at the target. The photons are used to produce electron-positron pairs in
the thin conversion target. The conversion of photons — rather than electrons as in a
conventional source — leads to a small optimal target thickness of 0.4 of a radiation
length (X0). The conversion efficiency in a thin target depends only weakly on the
target material: thus a low Z material such as titanium with a high specific heat
capacity can be chosen. An additional advantage of the thin target is the smaller
multiple-scattering which results in a higher capture efficiency. Both effects help to
reduce the heat load on the target. The target has to rotate with a high velocity in
order to withstand the long beam pulse.

The capture optics behind the target is of a conventional design. Since the positrons

1The K-value of an undulator is defined as: K = eBλu/(2πmec), where B indicates the amplitude
of the magnetic field and λu the undulator period. The K-value determines the spectral charac-
teristics of the device and the opening angle of the radiation. For K > 1 the opening angle is
K/γ.

II-138 5 Damping Ring

Energy E 5 GeV
Circumference C 17 km
Hor. extracted emittance γεx 8 × 10−6 m
Ver. extracted emittance γεy 0.02 × 10−6 m
Injected emittance γεx(y) 0.01 m (10−5 m)
Number of damping times nτ 7.2 (4.0 )
Cycle time Tc 0.2 s
Damping time τd 28 ms (50 ms)
Number of bunches nb 2820
Bunch spacing ∆τb 20 × 10−9 s
Number of particles per bunch Ne 2.0 × 1010

Current 160 mA
Energy loss/turn 21 MeV (12 MeV)
Total radiated power 3.2 MW (1.8 MW)
Tunes Qx, Qy 72.28 , 44.18
Chromaticities ξx, ξy −125 , −68
Momentum compaction αc 0.12 × 10−3

Equilibrium bunch length σz 6 mm
Equilibrium momentum spread σp/P0 0.13 % (0.1 %)
Transverse acceptance Ax|y 0.05 m (0.012 m)
Momentum acceptance Ap 1 % (0.5 %)

Table 5.1.1: Parameters for the TESLA positron damping ring. Where different, values

for the electron damping ring are given in parentheses.

A summary of the main parameters of the damping ring is given in table 5.1.1.
Figure 5.1.1 shows a sketch of the positron damping ring, with the long straight section,
injection/ejection sections, wigglers, and RF placed in the main linac tunnel. Slight
modifications of the arc geometry would allow the wiggler to be placed in the arc
tunnel.

injection

ejection

straight sectionRF wiggler wiggler

arc arc

e  to IP+

LINAC tunnel

Figure 5.1.1: Conceptual layout of the positron damping ring. The electron ring is similar

with the exception that the injection point is located close to the indicated ejection position

at the beginning of the linac.
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Neutrino-“Beschleuniger” 15.15

Neutrino-“Beschleuniger”
� Höchstintensiver Protonenstrahl

( 0� 2� � Protonen/ Schuss,� 2 - � 2 GeV)

� auf Target (muss� � MW absorbieren, z.Zt. Queck-

silber)

� produzierte Pion-Teilchen einfangen � Pion-

Zerfall in langem Flugtunnel � Myonen

� Kühlung des Myonstrahls (v.a. transversal)

� Phasenrotation des Myonstrahls (große Energie-

streuung �5 , kurze Pulsdauer � -%� ' geringes

�5 , großes � - � Bunchstruktur)

� speichern der Myonen in Kreisbeschleuniger

mit langen geraden Abschnitten

� Myonzerfall � Neutrinos, starke Bündelung in

geradem Abschnitt, wg. Lorentzfaktor @�� �

: große technologische Herausforderungen in �

� Neuentwicklungen erforderlich:

Research&Development (R&D)
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Myon-Beschleuniger 15.16

Myon-Beschleuniger
� Myon:
 � � � -fach höhere Masse gegenüber Elektron

� Synchrotron-Strahlung � � � � C � � � � 	 -fach geringer

� höhere Strahlenergie in Beschleuniger mit geringem Radius möglich

� Kollisionen: punktförmige Myonen � Protonen mit komplizierter Struktur

� hohe Myon-Masse � stärke Kopplung ans Higgs-Boson

� direkte Erzeugung und Präzisionsuntersuchung des Higgs-Bosons

: Myon-Collider benötigt + � und + � -Strahlen

� Neutrino-Fabrik ist erster Schritt zu Myon-Collider

� neue technologische Probleme bei Myon-Strahlenergie� � TeV, u.a.:

� Neutrinos aus Myon-Zerfall mit Energie � �
 TeV

� Wirkungsquerschnitt Neutrino-Nukleon wächst � � �

� signifikante Strahlungsbelastung durch Neutrinos

� Myon-Collider z.B. tief unterirdisch
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Free-Elektron-Laser (FEL) 15.17

Free-Elektron-Laser (FEL)
� Elektronenstrahl durchläuft Undulator

� Spontane Emission von Synchrotron-

Strahlungsphotonen

� Elektronenstrahl wechselwirkt mit

Synchrotron-Strahlungsphotonen

� Bunch wird durch Wechselwirkung in

Mikro-Bunche aufgeteilt

� Mikro-Bunche emittieren kohärent

Synchrotron-Strahlungsphotonen

� SASE-Prinzip:

Self-Amplified-Spontaneaous-Emission

� Intensität der Synchrotron-Strahlung

� (Teilchenzahl im Bunch) !

II-282 9 Free Electron Laser and its Sub-Systems

bunch in presence of the magnetic field of the undulator, a density modulation (micro-
bunching) of the electron bunches at the electro-magnetic wavelength builds up, which
enhances the power and coherence of radiation during the passage of the bunch through
the undulator. In this “high-gain mode” [5, 6, 7], the radiation power P (z) grows
exponentially with the distance z along the undulator:

P (z) = APin exp (2z/Lg) , (9.1.2)

where Lg is the gain length for the electro-magnetic radiation field, Pin is the effective
input power, and the constant A is equal to 1/9 in one-dimensional FEL theory with
an ideal electron beam [6, 7].

If the desired wavelength is very short, one can, instead of providing the “initially
existing radiation field” by a conventional laser, consider the undulator radiation ra-
diated spontaneously in the first part of the undulator as an input signal, see figure
9.1.1.

Figure 9.1.1: Schematic Diagram of a Single-Pass Free Electron Laser (FEL) operating

in the Self-Amplified-Spontaneous-Emission (SASE) mode. The bunch density modulation

(“micro-bunching”), growing up in parallel to the radiation power, is schematically shown

in the lower part of the figure. Note that in reality the number of slices is much larger.

This principle of Self-Amplified-Spontaneous-Emission (=SASE) [8, 9] does not
require the optical cavity resonator normally used in multi-pass, longer wavelength
FELs and can hence deliver light with wavelengths down to the Ångstrøm regime,
where optical mirrors are ineffective. One expects a transversely fully coherent beam,
larger average brilliance and, in particular, a pulse length of about 200 fs FWHM with

� FEL-Parameter:

� Photon-Energiebereich: 0.2-12.4 keV

� Photonstrahl-Leistung: 20-100 GW

� Zahl der Photonen/Bunch: (1-20)� 10� !

� typ. Photonstrahl-Divergenz: 1 + rad

� typ. Photonstrahl-Durchmesser: 20 + m
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Free-Elektron-Laser (FEL) 15.18

II-284 9 Free Electron Laser and its Sub-Systems

Figure 9.1.2: Spectral peak brilliance of X-ray Free Electron Lasers (XFEL) and un-

dulators for spontaneous radiation at TESLA, in comparison with third-generation syn-

chrotron radiation sources. For comparison, also the spontaneous spectrum of an XFEL

undulator is shown. The label TTF-FEL indicates design values for the FEL at the

TESLA Test Facility, with (M) for the planned seeded version. First lasing was demon-

strated at TTF FEL in the year 2000 at 11 eV photon energy, and a peak brilliance of

(6 ± 4) · 1025 in the above units has been achieved up to now.

II-288 9 Free Electron Laser and its Sub-Systems

extent, since they use different injectors and since it is feasible for RF components to
change power and pulse length from pulse to pulse.

In principle, both pulse length and repetition rate of the XFEL pulse could be
increased within a certain limit, but one should keep in mind that, already in this
scheme, the average electron beam power of the XFEL pulse alone is of the order of
2 MW, resulting in AC power consumption of roughly 6 MW, see Table 9.1.1. In the
context of power efficiency it is certainly an advantage of TESLA that the AC power
for compensation of the static cryogenic losses have to be invested anyway for the
collider pulse, so that the overall power efficiency for the XFEL electron beam pulse
can be made as large as 28%. This optimum efficiency occurs at 18 MV/m accelerating
gradient.

Variable Unit Value

Linac Parameters
optimised gradient for XFEL operation MV/m 18
linac repetition rate frep for XFEL Hz 5
bunch length (rms) fs 80
bunch spacing ns 93
number of bunches per train 11500
bunch train length µs 1070
bunch charge nC 1
normalised emittance at undulator entrance mrad mm 1.6
uncorrelated rms energy spread MeV 5.1
RF duty cycle % 0.5
average electron beam power (27 GeV branch) MW ≤ 0.8
average electron beam power (50 GeV branch) MW ≤ 1.4
over-all power efficiency AC to electron beam % 28
FEL Parameters
typical saturation length m 100 - 220
photon energy range keV 0.2 - 12.4
photon beam power range GW 20 - 100
number of photons per bunch 1012 1 - 20
typical photon beam divergence (rms) µrad 1
typical photon beam diameter (rms) µm 20

Table 9.1.1: Key parameters for XFEL operation with TESLA. More detailed tables on

XFEL operation are given in part V.
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Laser/Teilchenstrahl-Plasma-Beschleuniger 15.19

Laser/Teilchenstrahl-Plasma-Beschleuniger
� Limitierung der Beschleunigungsgradienten in her-

kömmlichen Resonatoren auf typ. * 100 MV/m

(höhere Gradienten' stärkere HF-Felder' Feldemission

aus Resonatorwänden' Oberflächenbeschädigung)

� alternative Beschleunigungsmethoden gesucht,

z.B. mittels Plasma:

� Plasma: Elektronen e� & Ionen I� , im Mittel neutral

� Plasma: e

�

sehr beweglich, I� “träge”

� durchlaufender Teilchen- (a)/ Laserpuls (b)

� transv. Verschiebung der e� bzgl. I�

> � transversale Wake-Felder

� verschobene e

�

oszillieren transversal durch pos.

I� -Kanal

� Wake-Felder laufen durch Plasma

� zu beschleunigender Elektronenbunch “surft” auf

beschleunigendem Wake-Feld

� (theor.) Beschleunigungsgradienten:

bis zu
 100 GV/m !

transv. Wake-Felder durch nicht-zentrierten Teilchenstrahl

(a)

(b)
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Zusammenfassung 15.20

Zusammenfassung
� Physik der Beschleuniger: angewandte Elektrodynamik mit Berührungspunkten zu vielen weiteren Gebieten:

� Hochfrequenztechnik

� Magnettechnik

� Supraleitung für Magnete & Hochfrequenz-Resonatoren

� Nicht-lineare Theorie

� Chaos

� Laser

� Plasma

��� � �
� Prinzipien werden bis zur technologischen Grenze ausgereizt

� neue Prinzipien werden gesucht/untersucht, um zu höheren Strahlenergien & -intensitäten zu gelangen

� Teilchenführung basiert meist noch auf Magnete

(abgesehen von “Channeling” von Teilchen entlang Kristallebenen für Spezialanwendungen)

� Physik der Beschleunigung: immer noch weites Feld für neue Ideen & Konzepte !
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