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Linear colliders: main linacs

• The main linac is the heart of the linear collider
• TESLA, NLC/JLC, and CLIC have chosen very

different technical solutions for the main linac rf.
• The differences in rf technology profoundly

influence the beam dynamics issues related to the
dominant challenge for achieving luminosity,
which is emittance preservation.



Linear colliders: main linacs
500 GeV CM

Parameter TESLA NLC CLIC
Initial energy (GeV) 5 8 9
Rf frequency (GHz) 1.3 11.4 30
Unloaded/loaded gradient (MV/m) 23.4/23.4 70/55 172/150
Active two-linac length (km) 21.6 10.1 3.7
Number of rf cavities/length (m) 20592/1.0 11232/0.9 7300/0.5
Total number of klystrons 572 1872 332
Klystron peak power (MW) 9.7 75 50
Rf pulse length (ms) 1370 0.4 0.13
vg/c 5.1-1.1 10.4-5.2
Unloaded Q 1010 ~8500 ~3600
Total AC power for linac rf (MW) 95 120 100
Wall plug->rf efficiency (%) 37 37 40
Rf->beam efficiency (%) 62 27 21



Main linacs-TESLA-rf technology

• TESLA solution: low frequency (1.3 GHz)
superconducting rf

• Pros:
– Low frequency, superconducting rf=>large iris radius (35

mm)=>low transverse wakefields (22 V/pC/m2)=>reduced
alignment tolerances

– High rf->beam power conversion efficiency (62%)
– Rf power requirements modest (600 10 MW peak power klystrons)

• Cons:
– Limited accelerating gradient (24 MV/m)=>longer linac for a

given energy (11 km for 250 GeV)
– Extensive 2K cryogenic system required (scale of LHC)

• CM Energy upgrade goal: 800 GeV (35 MV/m 9-cell
cavities+superstructures)







Twelve 9-cell cavitites per cryomodule







Superstructure concept: gains 6% in filling factor
Number of power couplers reduced by 2



Main linacs-NLC/JLC-rf
technology

• NLC/JLC solution: high frequency (11.4 GHz) normal
conducting rf

• Pros:
– High accelerating gradient (55 MV/m)=>shorter linac for a given

energy (6.8 km for 250 GeV)
• Cons:

– High frequency,  normal conducting rf=>small iris radius (5
mm)=>high transverse wakefields (11, 500 V/pC/m2)=>tight
alignment tolerances

– Low rf->beam power conversion efficiency (27%)
– Significant rf power requirements: 1900 75 MW klystrons (500

GeV)+pulse compression system
• CM energy upgrade goal: 1 TeV (2x12 km linacs)











NLC pulse distribution system







Main linacs:CLIC-rf technology
• CLIC solution: even higher frequency (30 GHz) normal conducting rf
• Pros:

– Very high accelerating gradient (150 MV/m)=>shorter linac for a given
energy (2 km for 250 GeV)

• Cons:
– Very high frequency,  normal conducting rf=>small iris radius (2

mm)=>very high transverse wakefields (81,000 V/pC/m2)=>very tight
alignment tolerances

– Low rf->beam power conversion efficiency (21%)
– There are no existing power sources of the required size at 30 GHz. rf

power must be delivered via a novel “two-beam” scheme. An elaborate
drive beam complex is required, in which rf power is delivered to the high
energy beam by deceleration of a high-current (150 A), low energy (2
GeV) beam.

• CM energy goal: 3 TeV (2x14 km linacs)





CLIC scale



CLIC main linac “Tapered damped structures”



CLIC Power source



CLIC drive beam accelerating structure: “Slotted-iris
constant aperture” (SICA)  Slots reduce Q of dipole
modes. Outer diameter 550 mm @937 MHz.



For CTF3-not CLIC-but idea is similar



For CTF3-not CLIC-but idea is similar



CLIC power source’s power sources





Circular Power Extraction and Transfer Structure (C-PETS)
for CLIC drive beam decelerator. The drive beam will excite
the TM01 mode at 30 GHz, and the rf power is collected at the
downstream end of the structure by the Power Extractor (not
shown) and conveyed to the Main Linac TDS structures by
rectangular waveguides.





Main linacs-rf technology-issues
• Accelerating gradient

– TESLA-
• scrf gradient goal 35 MV/m->(800 GeV); needs to be

demonstrated in multi-cell cavities (TTF2, 2003+)
– NLC/JLC-

• Major concerns recently with breakdown/field
emission limits, forced redesign of structures;
wakefield design pending

– CLIC-
• Major concerns recently with breakdown/field

emission limits, forced redesign of structures; tests
and wakefield design pending



Main linacs-rf technology-issues
• Power sources

– NLC/JLC-
• DLDS pulse compression scheme needs high power

testing
• High power system test (“8-pack”) scheduled for

2004+ test at NLCTA
– CLIC-

• “Two-beam” power source scheme needs to be tested
at CTF3: 2005+



Main linacs-beam dynamics
• To achieve high luminosity, very small vertical

emittances must be accelerated in very long linacs
with small emittance growth and small beam jitter

• Normalized vertical emittance budget (500 GeV
CM, units are mm)

Location NLC/JLC TESLA CLIC
Damping ring
exit

0.02 0.02 0.003

Linac entrance 0.022 0.02 0.005
Linac exit 0.032 0.01
IP 0.04 0.03 0.02

• Jitter budgets typically 0.1s  (1000 nm to
60 nm in main linacs)



Main Linacs-beam dynamics

• Emittance growth is a quasi-static problem-
requires component alignment at the micron
level.

• Jitter is a dynamic problem, but control is
needed at the tens of nanometer level.

• For both problems, beam diagnostics,
tuning algorithms, and feedback are the
keys to achieving the requirements.



Main linacs-beam dynamics:
Sources of emittance growth

• Dispersive filamentation due to beam energy spread,
together with
– Quadrupole position misalignments and rolls, and BPM errors,

resulting in the generation of coupling and vertical dispersion.
– coherent oscillations at injection and/or component jitter

• Head-tail relative motion caused by transverse short-range
wakefields, and relative motion of bunches in the train
caused by transverse long-range wakefields, together with
– rf structure misalignments
– coherent oscillations at injection and/or component jitter

(in what follows, blue background slides have been
 ripped off from Snowmass ‘01 talk by Ralph Assmann)









Main Linac-Beam dynamics-
dispersive emittance growth

• Quadrupole and BPM position alignment at the micron
level is required- the initial survey cannot be done with
sufficient accuracy to satisfy this requirement.

• The beam itself (via the BPM’s) must be used to find the
centers of the quadrupoles.

• One of many possible methods: vary the strength of a
quad, measure the orbit change, deduce the center of the
quad.  Quads are then moved onto the reference orbit using
movable stands.

• Procedure is limited by systematic errors: e.g., motion of
quad center with quad strength



Ballistic alignment: Divide beam line into bins with 12 quads
each. Switch off all quads but one, steer to last BPM, align all
other BPM’s in bin to the beam. Switch on quads, align to
BPMS’s

From CLIC design study:





Main linacs-beam dynamics -
dispersive emittance growth

• Errors in this procedure (due to finite BPM
resolution, beam jitter, etc). lead to some residual
dispersion, which can be further reduced by
“DFS” (“dispersion-free steering”). This
procedure looks at linac trajectories at different
energies and adjusts the quadrupole positions to
achieve a “gold orbit” for which the dispersion is
minimized.





Main linacs: beam dynamics-
short range wakefields

• The “beam breakup instability” refers to a
collective effect in which the head of the bunch,
when moving off-axis through an rf structure,
generates a force on the tail via short range
transverse wakefields associated with the rf
structures.

• If the head and the tail have the same natural
oscillation frequency, the tail will be resonantly
driven and can acquire a large amplitude. This
causes the effective emittance of the bunch to
grow.









Main linacs: beam dynamics -
short range wakefields

• The development of head-tail growth due to coherent
oscillations at injection is controlled through the use of
“BNS damping”: this is the establishment of a tune
difference between the head and tail of the bunch, which
suppresses the resonant driving of the tail.

• The tune difference is typically established by phasing the
bunch off-crest in the rf wave, which results in a difference
in energy between the head and the tail. The dependence of
the tune on energy (chromaticity) then produces a tune
difference between the head and the tail.

• The required energy spread, however, makes the dispersive
effects noted above worse.







Main linacs: beam dynamics -
short range wakefields

• Rf structure misalignments are minimized by the
use of “structure BPM’s” which measure directly
the beam offset in the rf structure.

• The remaining residual effects may be partially
cancelled by the introduction of “non-dispersive
bumps” which produce wakefield effects which
just cancel those of the structure misalignments.

• To tune the bumps: must measure the emittance-
>laser devices. Beam size at b=50 m is about 1
micron->want to measure size to 10%, need
resolution of 100 nm=>laser interferometer
devices (resolution 60 nm seen at FFTB)



Non-dispersive bumps in TESLA



Main linacs-beam dynamics-
single bunch emittance growth

• Tolerance/instrumentation requirements:
Machine Quad BPM

resolution
BNS energy
spread

Structure
misalignment

Structure BPM
resolution

TESLA 10 mm 0.35% 300 mm
NLC/JLC 0.3 mm 0.8% 30 mm 5 mm
CLIC 0.1 mm 2% 10 mm

• Emittance growth:
Machine Static Quadrupole

misalignments, after orbit
correction with DFS

Transverse wakes from
structure misalignment, after
ND bumps

TESLA 2% 2%
NLC/JLC 25% 7%
CLIC Small 22%







Main linacs: beam dynamics-
ground motion

• Ground motion- at frequencies above 1 Hz,
typically it is at the 10 nm level or less. OK
for most of main linacs-final doublet  needs
active stabilization.

• At lower frequencies (< 1Hz)-can be large,
up to 100 nm-1 mm. However, such motion
tends to be highly correlated (long-
wavelength)-tolerance is greater.



Frequency (Hz)



From Daniel Schulte
(CERN)





Main linacs-beam dynamics-
ground motion

• It is possible to use beam-based feedback (using
BPMs’ and linac correction dipoles) at low
frequencies  (~5 %  of the cycle rate) to suppress
jitter.

• Suppression of low frequency noise comes at the
expense of high frequency noise amplification.

• Collision feedback at the IP within the bunch train
will be very effective for high frequencies, but is
difficult, except for TESLA, because of the small
bunch separation.





Main linacs-beam dynamics-
ground motion

• At very low frequencies (hour-day-month time
scale), ground motion is diffusive:

• ATL law: Dx2 =A*T*L: amplitudes can be large.
• May also have systematic long term motion such

as settling.
•  This large amplitude motion can cause

misalignments to develop, leading to emittance
dilution. It requires periodic realignment. The time
between (invasive) realignments can be increased
by the use of steering feedback.







CLIC emittance growth-500 GeV CM





Main linacs: beam dynamics-
multibunch emittance growth

• Multibunch emittance growth is driven by long-
range wakefields

• Long-range wakefields in the warm structures
(NLC/JLC, CLIC) are suppressed using damped,
detuned cells: Cells are fabricated with a range of
dipole frequencies=>destructive interference. In
addition, dipole modes are also damped.

• Long range wakefields at TESLA are suppressed
using HOM dampers at the ends of the cavities.





RDDS1 NLC structure long range wakefield





CLIC TDS structure





Long-range wakefield at TESLA





Main linacs: beam dynamics
Issues

• Long range wakefield suppression in rf structures.
• Beam diagnostic device requirements for beam-

based alignment.
• Tuning algorithms for beam-based alignment.
• Simulations-are they accurate and inclusive?
• Feedback system development.
• Vibration and beam jitter suppression.



Main linacs: bunch compressors
Parameter TESLA NLC CLIC
First stage input energy (GeV) 5 1.98 2
First stage input bunch length (mm) 6 4 3
First stage length (m) 140 51 35
First stage RF frequency (GHz) 1.3 1.4 3
First stage RF voltage (MV) 890 139 103
First stage output bunch length (mm) 0.3 0.5 0.25
Second stage input energy (GeV) 8 9
Second stage length (m) 212 80
Second stage RF frequency (GHz) 11.4 30
Second stage RF voltage (MV) 583 1026
Second stage output bunch length (mm) 0.1 0.03



TESLA bunch compressor

• 3 TESLA rf modules are used to establish an
energy-longitudinal position correlation in the
bunch

• A 90 m wiggler section is used to establish an
energy dependence to the path length, which,
together with the energy-position correlation,
compresses the bunch length (by a factor of 20).

• Energy spread reaches 3% in the wiggler





NLC/JLC bunch compressor

• A two stage system-first stage compression
by a factor of 8, second stage a factor of 5.

• The stages are separated by a 6 GeV linac.
• The design decouples multibunch phase

errors generated in the damping ring from
energy variations at the final focus.

• Two-stage design limits energy spread to
less than 2%.





CLIC bunch compressor

• A two stage system-first stage compresses
by 12, second stage by 8.

• Stages are separated by a 7 GeV linac.
• Two stage system limits energy spread to

less than 2%.





Bunch compressors-issues

• Emittance growth in the bunch compressors
can result from
– Chromatic aberrations in the dispersive

elements
– Coherent and incoherent synchrotron radiation.

• CSR will produce a correlation between longitudinal
position and transverse position, similar to the effect
of short-range wakefields.


