A General
Introduction to

International Linear Collider
Machine Issues

Nick Walker — DESY

J.A.l. Lecture
3" February 2005

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Energy Frontier e*e- Colliders

THE ENERGY FRONTIER
(Discoveries)

1000 m Hadron Colliders

(top quark) Tevatron

i S
(W~ Z bosons)  SppS

100 pu

Constituent Center-of-Mass Energy  (GeV)

1860 1970 1980 1930
Year of First Physics

W-a1
Ll riiee ]

Nick Walker - DESY

Y EPL
ra

.
MSLC,LEP (ve3) -
ATRISTAN
.f’PETHﬂ, PEP (gluon)

ete- Colliders % GS

~ 4 LEP at CERN,
5 E.n =180 GeV

ra
f,.rf *CESH
&
U /SSPEAR I
SSPEAR  (charm quark, T lepton)
#ADONE
1

Nt

CH

s

Per = 30 MW e

e -

" JAL Lecture * Oxford * 3.02.2005



Why a Linear Collider?

Synchrotron Radiation from
an electron in a magnetic field:

Enerqgy loss per turn of a
machine with an average
bending radius p:

C E®

AE /rev = —
p

Energy loss must be replaced by RF system
cost scaling $ «<E_ 2
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Solution: Linear Collider
No Bends, but lots of RF!

bang!
AN *;”q AN e
SOOI P X
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Fora E_,, =1 TeV machine:
Effective gradient G = 500 GV / 15 km

= 34 MV/m

Note: for LC, $,,; o« E
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A Little History

A Possible Apparatus for Electron-Clashing Experiments (*).

M. Tigner

Laboratory of Nuclear Studies. Cornell University - Ithaca, N.Y.

M. Tigner,
Nuovo Cimento 37 (1965) 1228

“While the storage ring concept for providing clashing-
beam experiments () is very elegant in concept it seems
worth-while at the present juncture to investigate other
methods which, while less elegant and superficially more
complex may prove more tractable.”
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A Little History: 1994

E. =500 GeV.
TESLA | SBLC | JLC-S | jLc-c | JLc-x | NLC | VLEPP | cLIC

f
- 1.3 30 | 28 5.7 114 | 114 | 140 | 300

33
o 6 4 4 9 5 7 9 1-5
[cm2s1]
Phean 165 | 7.3 1.3 4.3 3.2 4.2 24 | ~1-4
e . . . . . . .
PAC
o 164 | 139 | 118 209 114 103 57 100
'YS
o pomy | 100 50 4.8 4.8 48 5 75 15
G*
y 64 28 3 3 3 3.2 4 7.4
[nm]
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A Little History: 2003

E._=500 GeV
TESLA | SBLC | JLc-S | JLc-c | JLe-x/NLC | VLEPP | cLIC
f
- 1.3 5.7 114 30.0
33
xal 34 14 20 21
[cm-2s1]
Phean 11.3 5.8 6.9 4.9
de . . . .
I:)AC
o 140 233 195 175
'YS
[x10%m] 3 4 4 1
G,* 5 4 3 1.2
[nm]
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As of August 20t 2004

E_ =500 GeV.
TESLA | SBLC | JLC-S | JLc-C | JLc-X/NLC | VLEPP | cLIC

]EGHZ] 1.3
[L(;}?:f] 34
E\t;ﬁf;\ry] 11.3
F[’/R/?W] 140
E/::{O'%] 3
s °
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As of August 20t 2004

E,..=500-1000 GeV

ILC |SBLC| JLC-S | JLC-C JLC-X/NLC | VLEPP | CLIC
f

[GHZ] 13
| x1033

[cm2s1] ==
[Pl\t;ﬁjl\r;] 5-23
Pac 140-300
[MW] )
ve )
[X%II.O'8m] o
G*

[nym] 3-8
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As of August 20t 2004

E,..=500-1000 GeV

ILC |SBLC| JLC-S | JLC-C | JLC-X/NLC | VLEPP | CLIC

f

- 1.3 30.0

L x1033

oz | 220 21

E\t;ﬁ';\r;] 5-23 4.9

Pac 140-300 175

[MW] )

ye _

[x%II.O‘sm] o 1
*

E]vm] 3-8 1.2
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ILC Design Issues

Energy Reach
Ecm — 2bfi|l LlinacGRF
Luminosity
2
nN°f
b rep
L I * # X H D)
47zc7X0'y
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The Luminosity Issue

Beam-beam
_ . enhancement
particles pegaiticim rate ¢, 1oy

No. bunches in bunch tfain (pinch effect)

LEPf., =40 kHz

rep

beam cross-section at  ILEF, ] 3056Hzin
Interaction Point (IP) ILC: 5505 nm?
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Luminosity Scaling Law

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Luminosity Scaling Law

=E n Nf [2

conversion efficiency
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Luminosity Scaling Law

tiny vertical emittance
strong focusing at IP (short bunch length o)

Gy:\/gyﬂyly’ﬂyzaz
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Luminosity Scaling Law

Beamstrahlung S, oo —om ) —
acy

degrades luminosity spectrum
beam-beam backgrounds (pair production)
generally constrained to a few %
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Why SCRF?

e | ow RF losses in resonator walls
(Q, =~ 10%° compared to Cu ~ 10%)

— high efficiency nac pean

— long beam pulses (many bunches) — low RF peak
power

— large bunch spacing allowing feedback correction
within bunch train.
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Why SCRF?

» Low-frequency accelerating structures
(1.3 GHz, for Cu 6-30 GHz)

— very small wakefields
— relaxed alignment tolerances

— high beam stability
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TESLA Nine-Cell 1.3GHz Cavity

L i ool vl i i ol o s

G S o . &11 % Lé o A\ ‘eg

Goal of TESLA Collaboration for the last 10 years:

Reduction of cost by factor of 20! (achieved!)
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|LC Possibilities

>

{ TESLA TDR (2001)
500 GeV (800 GeV)

33km

47 km
v
US Options Study (2003) }
500 GeV (1.3 TeV) !
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|ILC Baseline Design
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Main SCRF Linac

.f/#...-u“-..“, D 2 e e -....H\I
( ain Linag )

¥ cryomodule
IR variants

RF Power source 7
y & Distribution

" cryo-plants J

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Cavity Shape

minor enhancement &

" cavity shape ]

radical change
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Reference Cavity Design

1 9-cell 1.3GHz Niobium Cavity
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Minor Enhancement

slight adyustrnent

A TamFE

P R S -
= = P Tl L R [ T Lk P —
=y e L | W, = S ! = +
] B =] T ] L= e l = '| I. | P
Ry 4 LN vl LA L [LT Loy (LN 1}
I 4 = &

minor enhancement G

Baseline

TESLA shape LL

Low Loss Shape

Small modification to
cavity shape reduces peak
B field.

~10% in field
(almost for free).

Consider as safety margin.
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Radical Change

Re-entrant

reentrant RE shape
. ( super-structure(s;
radical change —

Example: 2x8-cells based on the RE-shape.

SESSSSSS SSSSSS8E
L4 A 4 44 il A1 Q1 2 1 ]

RE 2x8-cells; Contour of B field

More radical concepts potentially offer
greater benefits.

But require major new infrastructure to
develop.

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Cryomodule Variants

s TTF ILC
number of cavities
’ cryomodule Y ntercavity spacing # cavities 8 127
, variants spacing M2 AI27?
quadrupole position quad loc. end centre?

He gas return plpe a . '
) D ‘f!
2 K He pipe:

\.‘5._‘

Maln‘“emphasns |
: - Industrialisation
eneration N
J - reliability XFEL

- cost optimisation
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Auxiliaries

e

N ——

I@def,t\:qg\er- _—
e »*""""}W

bl 5

P | - Fl oy R s
o i AR =
2 ‘."'.'3."1 ais’ ==

)

TTF TYPE-III
HP Coupler

SACLAY tuner (type I11) _ N .
Industrialisation — cost — reliability
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RF Power source & Distribution

klystron design

7' RF Power source Y

& Distribution modulator design

RF distribution concept
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Klystron Development
THALUS [in use at TTF]

i

10MW 1.4ms Multibeam Klystrons
~650 for 500 GeV
+650 for 1 TeV upgrade
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Klystron Development

» Some alternatives to existing MBKs
being discussed:

- ~3600 (E,,, = 500GeV) pencil bea || li‘
1.7MW klystrons

— 10MW PPM focused MBK

— 10MW PPM focused SBK —
(sheet-beam klystron)

XFEL R&D at DESY is currently pursuing mdustrlallsatlon and
mass-production of existing 10MW MBK klystron technology
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The Malin Linac

- ] FeApdr8E Y ----' ‘%}
‘ p— I
)
B

10MW Klystron

RF distribution also
being re-discussed
(ideas for cost
reduction)

36 9-cell 1.3GHz Niobium Cavity
3 Cryomodule

1 10MW Multi-Beam Klystron
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Cryohalls

LINAC

Refrigerators tunnel
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Main Linac: The Cost Driver

 Biggest single cost item

10 years of R&D by the TESLA collaboration
has produced a mature technology

— But we’re not quite there yet...
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Main Linac: The Cost Driver

» Primary focus of future R&D should be
— successful tech. transfer to industry
— cost reduction through industrialisation
— need extensive effort to achieve high reliability !!

« XFEL project is already doing much of this within
Europe

e Within ‘brave new ILC world’, there 1s still room
for discussion

— One Important question:
“What should the design gradient be?”

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Gradient

cost optimal gradient

30 MV/m - safe
35MV/m - baseline
40 MV/m - ambitious

gradient
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Gradient versus Length

- Higher gradient gives shorter linac ©
— cheaper tunnel / civil engineering
— less cavities

— (but still need same # klystrons)

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



Gradient versus Length

« Higher gradient gives shorter linac ©
— cheaper tunnel / civil engineering
— less cavities
— (but still need same # klystrons)

» Higher gradient needs more refrigeration @
— ‘cryo-power’ scales as G?/Q,
— cost of cryoplants goes up!
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Simple Cost Scaling

general
consensus that
35MV/m is
close to
optimum

However
Japanese are
still pushing
for 40-
45MV/m

1S0D dAIR|9Y

30 MV/m
would give
safety margin

C. Adolphsen (SLAC)

Gradient MV/m
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Global SCRF Test Facilities

. TESLA Test Facility (TTF) A
currently unique in the world
VUV-FEL user facility
test-bed for both XFEL & ILC

All facilities will
be discussed at

« US proposed SMTF TESLA
Cornell, JLab, ANL, FNAL, LBNL, LANL, MIT, >Co|laboration

MSU, SNS, UPenn, NIU, BNL, SLAC Meeting
currently requesting funding 30/3-1/4 at
TF for ILC, Proton Driver (and more) DESY

« STF@ KEK
aggressive schedule to produce high-gradient
(45MV/m) cavities / cryomodules

J
Others (UK proposals?)
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|ILC Baseline Design
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ILC Damping RIngs

» Long pulse: 950ms x ¢ = 285km!!
» Compress bunch train into 18km (or less) “ring”

« Minimum circumference set by speed of
ejection/injection kicker (<20ns)

« TESLA TDR solution: unique “dog-bone”
design with 90% of ‘circumference’ in linac
tunnel.
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Damping RiIngs

,- . ---..-.H“x
- E 'll [ — _I Ct = _ll:f -\.:.
L Pamping Rings )

Need to compress 300 km (~1ms) bunch train into ring

Compression ratio (i.e. ring circumference) depends on speed of
Injection/extraction Kkicker.
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DR Design Approaches: Example #1, the TESLA TDR lattice

5 GeV, 17 km lattice (arcs 1 km each, straights 15 km total).
Bunches spaced by 20 ns, injected and extracted individually.

Positron damping ring requires 440 m of wiggler to achieve damping time of 27 ms.

-
-::._-’.
iy

()

f;r.
o,

€
o
e

+ ~
e tolP o . )
- . RF wigglel,  straightsection ~ wiggler '\

LINAC tunnel X

Schematic of Dogbone Damping Ring from TESLA TDR

Strengths:
- Relatively small amount of extra tunnel required.
- Large circumference reduces average current, and helps mitigate some instabilities.
- Flexibility in modes of operation (e.g. could double number of bunches)

Weaknesses:
- Large space-charge tune shift needs to be corrected using coupling-bumps.
- Sensitive to stray magnetic fields.

see A. Wolski’s talk: http://Icdev.kek.jp/ILCWS/Talks/14wg3-10-WG3-10_DR_Wolski.pdf
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DP Maoacian Annraacrhacy Evamnla H1 +tha TECI A TND Iattica

DR Design Approaches: Example #2, the FNAL 6 km lattice

5 GeV, 6 km lattice (six-fold symmetry).

Injection/extraction scheme uses 6 ns rise-time, 60 ns fall-time kicker.
Lattice documented in FERMILAB-TM-2272-AD-TD

http:/fwww.hep.uiuc.edu/home/g-gollin/linear_collider/Fermilab_damping_ring_report.pdf

filled buckets

extraction
line

RF cavities
transfer kicker

injection
line

Thanks to J. Rogers
and G. Dugan (Cornell)
Strengths:
- Relatively small circumference reduces space-charge effects.

- Reduced amount of wiggler needed to achieve required damping rate.
- Injection/extraction scheme allows use of slow fall-time kicker.

Weaknesses:
- Higher average current makes electron-cloud and ion effects more difficult.

see A. Wolski’s talk: http://Icdev.kek.jp/ILCWS/Talks/14wg3-10-WG3-10_DR_Wolski.pdf
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DR Nacinn Annrnarhac Evamnla #2 +tha FMAI A Lr'em |atrica

DR Design Approaches: Example #3, the KEK 3 km lattice

5 GeV, 3.2 km lattice (racetrack design).

16:34: 18 Thursday 10,07 /2004
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Lattice layout and optical functions in
KEK 3 km damping ring.

S. Kuroda and 1. Urakawa (KEK)

see A. Wolski’s talk: http://Icdev.kek.jp/ILCWS/Talks/14wg3-10-WG3-10_DR_Wolski.pdf
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Beam Delivery System Functionality

* Focus and collide nanobeams at the
Interaction point (IP)

» Remove (collimate) the beam halo to reduce
detector background

* Provide beam diagnostics for the upstream
machine (linac)

Each one of these Is a challenge!
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Focusing and Colliding
Nanobeams

 Final Focus Systems (FFS) need to provide
very strong defocusing of the beams

 Correction of chromatic and geometric
aberrations becomes principle design
challenge

« A conseguence: systems have extremely
tight alignment (vibration) tolerances

— stabilisation techniques a must!
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Two Concepts

x8% cancellation

Local correction
with D’ at IP

geometric cancellation I [RaimOndi, 2000]

final lens P

l

Non-local
correction (CCS)

N | [Brown, 1985]

geometric cancellation K 1 BoKy

‘ ‘ ZBSDX
- » >

chromatic correction
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Real World Solutions

~-
----------

Local (Raimondi) design
First clear advantage:

200 400 600 800 1000 1200 1400 1600 1800

s (m) 500m versus 1800m
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|IP Fast (Orbit) Feedback

beamline axis (m)

Long bunch
train: w0

~3000 bunches
= 337 ns

eam-beam kick

Multiple feedback
systems will be
mandatory to
maintain the
nanobeams In
collision

b
e
C
]
£
(O]
Q
R
(o8
D
©
©
2
T
(]
>

Nick Walker - DESY



Beam Delivery System Issues

zero (head-on)

small (2mrad)

large (20mrad)

renewable spoilers
collimation system (NLC-like)

(machine protection)
Beam Deliver}r =) passive protection
10-20MW

main B8ams - variants

=\ gas (long)
high-powered dumps _HZ
beamstrahlung

now many!

HP water

tuning dumps - what power?

very active (international) group!
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BDS Strawman Model

Recommendations from the WG4
Tentative, not frozen configuration, working hypotheses, “strawman”

20 mrad

lm
2 i [z mad

Discussion on angles between the Linacs was again hot:
* Multi-TeV upgradeability argument is favoured by many
« Small crossing angle is disfavoured by some
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Positron Source

Hotly debated subject.

Must produce a very large e+ charge per pulse.
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Parameters of existing and planed
positron sources

# of # of # of
rep rate bunches positrons | positrons

per pulse |per bunch |per pulse
TESLA . 10 . 13
TDR 5 Hz 2820 210 5.6-10
NLC 120 Hz 192 0.75-1010 | 1.4-10%2
SLC 120 Hz 1 5-1010 5-10%
DESY
positron 50 Hz 1 1.5-10° 1.5-10°
source

Nick Walker - DESY
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Undulator-Based

& thin single-target

location in linac

impact on operations

impact on commissioning

solenoids

250 Gev NI A
electron -
beam

f Adiabatic  accelerating
undulator ~100 m A0 Matching  structure
Ti-alloy  Device
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Thin Single-Target

F N Presuction
smialler g+ emittance )—Kas single-target

Radiation damage levels may be reduced (under study)

6D e+ emittance small enough that no pre-DR needed
[shifts emphasis to DR acceptance]

Reliability: more reliable than a conventional source?
Need high-energy e- to make e+ (coupled ops) ®

Polarised positrons (almost) for free ©
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Conventional

multiple thick targets

@ large e+ emittance

_ conventional J

feasibility?

However, does completely decouple electron and
positron systems!

-commissioning
-operability
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Reliability / Operability

. large number of components

. //.-_‘_..—" ) N "'-\\
PN/ Reliability £

1
\ Operability

)~ -

. machine protection

C cost issue

A major issue for ILC — needs much more work
Current state-of-the-art is Tom Himel study for USCWO
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Civil Engineering

g damping ring housing Zaml

" IR layout

A cost and reliability issue (for the most part)
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LINAC tunnel housing

Single tunnel solution
alaTESLATDR
(and for the XFEL)
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LINAC tunnel housing

1 o
o
(¢}

(A

Two-tunnel (possible) option
klystrons/modulators(?)/LLRF/PS is Service Tunnel to allow access
during operation (availability arguments).
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IR (BDS) Civil Engineering

T. Markiewicz (SLAC)

MATLAB Tool to study constraints from
civil engineering
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Much To Do?

— It would seem we still
- L have a great deal to do.

twe tunnels dynamic aperture

impedance issues

separate housing

same a3 linac tunnel tolerances
{dogbone} e — Civil Engineering

g T However, we can make

cost optimal gradient
{upgrade scenario dependent) 30 MVIm - safe

decisions towards a
= S Sra Daseline design

L Reliability / radical change -

— ]
IR layout )
—

T
ge number of components .
e

Operability

e
Crecovery from down
[pcovary from demn..

= > relatively quickly (—

high-power coupler

—
number of cavities D R
cryomodu
e intercavity spacing ( :
- thin single-target B
——

— quedrupale position
lecaticn in linac klystron design
T .
impact on operations FE::':;:‘:.;” madulator design

Impact an cammissioning RF distribution concept 14 (]
Positron Source ——
multiple thick targets | .
high n flux
] n

zero (head-on)
- large e+ emittance small (Zmrad)
feasibility? large (Z0mrad)

p— - industrialisation

imachine pro

" assive protection
b Beam Delivery 8 — B P

— o - cost reduction

beamstrahlung

— - ‘value engineering’

h-powered dumps
L[Eh powered dumps

don’t forget this one!!!
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The Global Design Effort GDE

» 3 Regional Design

European

Design Teams
Grou .
° - Central Group with
Director

* Goal: Produce an
Internal full costed
ILC Technical Design
Report by 2008
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ILC Projected Time Line

2005 2006 2007 2008 2010 2012 2015

E——

GDE process
construction

commissioning
physics

BN CDR
B (TR
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ILC Projected Time Line

2005 2006 2007 2008 2010 2012 2015

E——

GDE process

B COR
BEE (R .
construction
commissioning
physics
EURO XFEL
il I EUROTeV UK playing a significant role
_ I B CARE (both detector and machine)
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First Task for GDE

From chaos... ...comes order!

First major challenge for the GDE
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Summary

« The ILC is ambitious project which pushes the envelope in

every subsystem:
— Main SCRF linac cost driver
— sources
— damping rings L performance bottleneck

— beam delivery
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Summary

» The ILC is ambitious project which pushed the envelope In

every subsystem:
— Main SCRF linac cost driver
— sources
— damping rings L performance bottleneck

— beam delivery

« Still many accelerator physics issues to deal with, but
reliability and cost issues are probably the greater
challenge

* Probably in excess of 3000 man-years already invested in
design work.
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Some Personal Comments

e Still in ‘recoil’ from Aug. 20" ITRP decision
— the ILC world is still ringing
* Must make moves quickly to ‘suppress the rapid increase
in entropy’
— Dbadly need the GDE (and its director!) THIS MONTH ©
— formal structure required to contain and focus enthusiasm
 Should aim for baseline design by Snowmass Workshop in
August
— tough decisions to be made in next six months by WGs
— baseline design to be used for CDR (early 2006)
 We must learn to be ‘One Lab’
— perhaps more challenging than the machine itself ©

Nick Walker - DESY J.A L. Lecture * Oxford * 3.02.2005



