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1. 1. 1. 1. ははははじじじじめめめめにににに
電子陽電子衝突実験の特徴:『クリーン』
全重心系エネルギーが反応の素過程に使用される。
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例）　e+e-　衝突 (LC)　　　　　　p p 衝突 (LHC)

それぞれのシミュレーション図を見れば明らか。

（１）反応の終状態の明確な識別
（２）精密実験

注：予想外の大きなビームテールによるバッ
クグランド  ⇐  SLC 実験
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1. Introduction
Characteristics of e+e- collisions
The total energy is used in an elementary process.

e.g. Higgs production at LC         LHC      

(1) Clear identification of the final state 
(2) Precision measurements

Caveat :  There could be “un-expected 
backgrounds” at Linear colliders for 
frontier machines as well as experiments.

Their cleanness are certainly seen in simulations.

(dominant process is  gg→h)

T.Tauchi, OHO1995, IR issues - final focus doublet and the detector at JLC, KEK, 28 Aug. - 1 Sep. 1995
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 Mtop = 175 GeV

T.Tauchi, OHO1995, IR issues - final focus doublet and the detector at JLC, KEK, 28 Aug. - 1 Sep. 1995

125GeV Higgs  discovered
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Figure 4: Metastability region of the Standard Model vacuum in the (mH , mt) plane, for
αs(mZ) = 0.118 (solid curves). Dashed and dot-dashed curves are obtained for αs(mZ) =
0.118±0.002. The shaded area indicates the experimental range for mt. Sub-leading effects
could shift the bounds by ±2 GeV in mt.

Final result for the gauge sector

Summing the regularized gauge and Goldstone corrections, we finally obtain

∆Sgauge = 2fg

!
g2
2

|λ|

"

+ fg

!
g2

Z

|λ|

"

+ f (2)
h + 3f (3)

h , (4.58)

where
f (3)

h = lim
g→0

#
(∆S ′

j=0 − ln R) + ∆Sj>0 − ∆S [2]
$A

≈ 2 (4.59)

and
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&
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#
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j=0 − ln R) + ∆Sj>0 − ∆S [2]
$A

− f (3)
h , (4.60)

so that fg(0) = 0. The function fg, obtained by means of numerical integration, is plotted

in Fig. 2. The constants f (2)
h , f (3)

h can finally be combined with f (1)
h in Eq. (4.22) and with

the translation prefactors S2
0/(2π)2 to yield

fh = f (1)
h + f (2)

h + 3f (3)
h − ln

16π2

9λ2
=

7

2
ln |λ|− 8 ± 1 . (4.61)

This numerical estimate has been obtained with Rv = 10−14, but it is very mildly sensitive
to the value of Rv.

17

G. Isidori, G.Ridolfi and A.Strumia, On the metastability of the Standard Model vacuum, hep-ph/0104016

ICHEP2012 : mt=173.18±0.94GeV by CDF,D0
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R.B. Palmer, "Prospects for high energy e+e- linear colliders", Annu. Rev. Nucl. Part. Sci. 1990. 40: 529-92

LHC

International LC

CLIC

CLIC

cancelled October 1993

guided by “No-Loose theorem” 
 (Higgs discovery)



ILC
as an example



International Linear Collider(ILC)
31km long Linear accelerator based on the SC-RF

Aug. 2004   Choice of the COLD technology ( ICFA ) 
Mar. 2005    ILC GDE (Global Design Effort) organized 
                   Barry Barish is the GDE director 

Mar. 2006   BCD (Baseline Configuration Document) 
Aug. 2007   RDR(Reference Design Report) completed 
                   with the cost estimations, R&D test facilities

Oct. 2007  Sakue Yamada is the Research Director(RD), call for LOI 
Dec. 2007  Black December 
Summer 2009  Two LOI’s(detector concept groups) approved 
Jun. 2011  GDE Interim report of ILC TDR R＆D completed 
Dec. 2012  Final draft of TDR with the Detailed Baseline Design Report(DBD for the detectors) 
Feb. 2013  GDE resolved and Linear Collider Collaboration (LCC) organized, Lyn Evans is the LCC director 
Jun. 2013  TDR completed
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What is MDI ?
MDI  is Machine Detector Interface

Detector : Interaction Region

Machine : Beam Delivery System (BDS) 
                from LINAC-end to  beam dump                     

collimation, energy/polarization, final focus,        
extraction (energy/polarization) and beam dump                     

luminosity, background and minimum veto-angle

experiment (physics; Higgs, Top, W/Z, SUSY, extra-D ...)



Detector 
/Physics 
LCC-physics 
Common task 
groups :MDI

Machine 
LCC -  

Accelerator 
Systems :BDS

MDI

collective  
view of 

requirements 
from detector 

/physics

International Linear Colliders 
ILC and CLIC



Characteristics of beams at ILC

(1) Beam sizes and shape at the beam energy of 250GeV, i.e. very flat

vertical beam size :　
σy*=5.9nm 

horizontal beam size : σx*=474nm

bunch length ：σz*= 300μm

(3) Beam intensity
number of electrons (positrons) = 2 x 1010 / bunch

(4) Collision frequency
The two beams collide with a train of 1,312 bunches separating by 554 ns at 
the repetition rate of 5Hz and the horizontal crossing angle of 14 mradian.

upgrade option with 2,625 bunches/train,  366 ns of bunch interval at 5Hz

(2) Beam polarization
80% for electron beam  and 30% for positron beam

beam focussed with βx*=1.1cm, βy*=480μm and the distance of final Q from IP L*=4.1m 
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It is in good agreement with the CAIN results : η = 0.15  and the full recovery is 
confirmed.
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(5) Horizontal crossing

The crossing angle is needed for the extraction of beams down to the beam dump

The 14m radian was chosen in the optimization with the physics performances.

Approximation for the geometric reduction
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Fig. 2 Crab-wise crossing. 
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As in the case in Section 3.1, less effort has been spent 
on the low energy examples than on the TeV case, and 
there are the same problems in the B factory case. Never- 
theless, the general trend is probably correct: a significant 

- gain in luminosity is obtained in all cases, with the larger 
gain being realized in the lower energy examples. 

4. POSSIBLE IMPROVEMENTS 

1. Some improvements in the damping ring perfor- 
mance are probably possible. In the examples con- 
sidered I used a wiggler ring but did not consider a 

.- combined function lattice that could alter the parti- 
tion functions. If a combined function wiggler lattice 
is possible, we might gain a factor of two in the final 
luminosity. 

2. I have assumed that not more than 25% of the energy 
stored in the cavities can be extracted with multiple 
bunches. This may be true for a traveling wave struc- 
ture, but need not be so in a standing wave structure. 
A factor of two increase in efficiency, and thus lumi- 
nosity, might be possible. 

3. I assumed only 36% efficiency for the power source. 
Clusters of low perveance mini-klystrons might have 
much better efficiency. Another factor of two? 

4. One can always hope that the dilutions that have 
been assumed are overly pessemistic. A maximum 
gain of about three is possible. 

5. One can consider asymmetric arrangements in which 
a higher electron than positron current is employed. 
If electrons are available from a high brightness gun 
whose brightness is higher than that available from a 
damping ring then some gain in luminosity might be 
possible. For the low energy machines, one could also 
consider asymmetric energies with the same possible 
advantage. 

At best there might be another order of magnitude to 
be won, but it will not be easy. Maybe there are other 
ideas! 

Table 3. Parameters for colliders with crab-wise crossing. 

Geneml 
c.m>- energy 
RF ‘aavelength 
repetition rate 
accel gradient 
number bunches 
particles/bunch 
wall power 
damping 
emittance z/y 
emittance y 
emittance 2 (cn) 
bunch spacing 
ring Energy 
ring radius 
(avg B)/(peak B) 
damping time 
RF 
pulse length 
peak power/length 
total RF enerev 
Linac 
loading n 
iris radius a 
section length 
dp/p for BNS 
dpfp from wakes 
dp/p incl emit 
RF phase for BNS 
Linac tolemnces 

vibration 
Final focus 

@,’ 
crossing angle 
AZ tolerance 
disruption angle 
chrom corr factor 
quad rad 
free length 
Intersection 
WY 
Oide min by 
~z/“v (RI 
‘2 
disruption 
lum enhance H 
beamstrahlung 6 
ip/p physics 
uminosity loss 

TeV 
cm 
kHz 

MV/m 

10’0 
MW 

.Ol .l 1.0 
15 5 1.75 

1.8 1.0 .36 
46 93 186 
20 10 10 
19 6 1.4 

200 200 200 

Pm 
m dplp Y 

m 
GeV 

m 

msec 

100 100 100 
2.7 .36 .05 

.004 .016 .04 
1.2 .5 .2 
.64 .8 1.0 

1 *** 4 15 
2 *** .7 .24 

3.5 2.8 2.3 

ns 680 150 60 
MW/m 260 380 580 

KJ 40 70 210 

% 1.25 2.5 2.5 
mm 44 10 3.5 
m 57 *** 4 1.6 
% .02 .15 .4 
% .07 .07 .12 
% .19 .15 .08 

deg 14 28 15 

8000 340 30 
3.8 .16 .012 

mm 
mrad 
Pm 

mrad 

mm 
m 

.34 .27 .2 
150 45 9.2 
50 24 18 
17 2.3 .58 
26 23 28 

200 18 1.8 
1.7 1.6 1.6 

nm 
nm 

Pm 
D 

% 
% 

mm2 see-’ 

300 32 3.3 
28 7 1.7 
24 35 49 

340 150 70 
15 14 10 

1.7 1.9 2 
.03 2.7 33 

.2 .8 10 
6 14 20 

B 
factory 

Z 
factory TLC 

*** See text. 
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R.B. Palmer, “Energy scaling, crab crossing and the pair problem”, SLAC-PUB-4707, December 1988
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Particles at the opposite side are deflected in the opposite direction

The deflection is given by the electromagnetic field in the RF cavity 
(magnetic field in the TM110 mode)

E.g.   for f=3.9GHz, L=13.4m, θc=14mrad and E(beam)=250GeV

VRF = 1.6MV

Ref : Maximum amplitude at Ecm=1TeV = 2.64MV
C. Adolphsen et al., “Design of the ILC Crab Cavity System, EUROTeV-Report-2007-010
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Part II - The ILC Baseline Reference 10.9. Accelerator Components

Figure 10.17. Tentative spoiler candidate design [171, 195].

Figure 10.18. Field distribution for the operating mode of the 3.9GHz crab cavity
[155].

⇠ 3 kW per cavity for about 10msec, with a Qext of ⇠ 106 [154, 155, 180, 181].
The crab cavity is placed in a cryostat with tuner, x-y and roll adjustment which
provides proper mechanical stability and microphonic rejection. The cryostat also
accommodates the beampipe of the extraction line which passes about 19 cm from
the center of the cavity axis.

10.9 Accelerator Components

The total counts of the BDS accelerator components are summarized in Table 10.3.

—DRAFT for EC— Last built: September 19, 2012 193

Crab Cavities

ILC : 2 cavities at 13.4m from IP,  2~3m long, the phase jitter < 61fsec[TDR}

CLIC :  ~3m long, the phase jitter < 0.02o(4.6fsec) and amplitude<2% at 12GHz
2% luminosity loss

wakefield dampers

9cell SC cavities
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Table 3.1. Summary table of the 250–500 GeV baseline and luminosity and energy upgrade parameters. Also included is a possible 1st stage 250 GeV parameter set (half the original main
linac length)

.

Baseline 500 GeV Machine 1st Stage L Upgrade ECM Upgrade

A B
Centre-of-mass energy ECM GeV 250 350 500 250 500 1000 1000

Collision rate frep Hz 5 5 5 5 5 4 4
Electron linac rate flinac Hz 10 5 5 10 5 4 4
Number of bunches nb 1312 1312 1312 1312 2625 2450 2450
Bunch population N ◊1010 2.0 2.0 2.0 2.0 2.0 1.74 1.74
Bunch separation �tb ns 554 554 554 554 366 366 366
Pulse current Ibeam mA 5.8 5.8 5.8 5.8 8.8 7.6 7.6

Main linac average gradient Ga MV m≠1 14.7 21.4 31.5 31.5 31.5 38.2 39.2
Average total beam power Pbeam MW 5.9 7.3 10.5 5.9 21.0 27.2 27.2
Estimated AC power PAC MW 122 121 163 129 204 300 300

RMS bunch length ‡z mm 0.3 0.3 0.3 0.3 0.3 0.250 0.225
Electron RMS energy spread �p/p % 0.190 0.158 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread �p/p % 0.152 0.100 0.070 0.152 0.070 0.043 0.047
Electron polarisation P≠ % 80 80 80 80 80 80 80
Positron polarisation P+ % 30 30 30 30 30 20 20

Horizontal emittance “‘x µm 10 10 10 10 10 10 10
Vertical emittance “‘y nm 35 35 35 35 35 30 30

IP horizontal beta function —ú
x mm 13.0 16.0 11.0 13.0 11.0 22.6 11.0

IP vertical beta function —ú
y mm 0.41 0.34 0.48 0.41 0.48 0.25 0.23

IP RMS horizontal beam size ‡ú
x nm 729.0 683.5 474 729 474 481 335

IP RMS veritcal beam size ‡ú
y nm 7.7 5.9 5.9 7.7 5.9 2.8 2.7

Luminosity L ◊1034 cm≠2s≠1 0.75 1.0 1.8 0.75 3.6 3.6 4.9
Fraction of luminosity in top 1% L0.01/L 87.1% 77.4% 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss ”BS 0.97% 1.9% 4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing Npairs ◊103 62.4 93.6 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing Epairs TeV 46.5 115.0 344.1 46.5 344.1 1338.0 3441.0

Executive
Sum
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ILC
TechnicalD

esign
Report:

Volum
e

1
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ILC  TDR  parameters

Luminosity/bunch L/bunch x 10-3 nb-1 1.14 1.52 2.74 1.14 5.49 5.49 7.47

minijet generation by Pythia, http://home.thep.lu.se/~torbjorn/pythia82php/Welcome.php

http://home.thep.lu.se/~torbjorn/pythia82php/Welcome.php


4 CLIC staging baseline

Table 9: Parameters for the CLIC energy stages. The power consumptions for the 1.5 and 3 TeV stages
are from the CDR; depending on the details of the upgrade they can change at the percent level.

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Centre-of-mass energy
p

s GeV 380 1500 3000
Repetition frequency frep Hz 50 50 50
Number of bunches per train nb 352 312 312
Bunch separation D t ns 0.5 0.5 0.5
Pulse length tRF ns 244 244 244

Accelerating gradient G MV/m 72 72/100 72/100

Total luminosity L 1034 cm�2s�1 1.5 3.7 5.9
Luminosity above 99% of

p
s L0.01 1034 cm�2s�1 0.9 1.4 2

Main tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 109 5.2 3.7 3.7
Bunch length sz µm 70 44 44
IP beam size sx/sy nm 149/2.9 ⇠ 60/1.5 ⇠ 40/1
Normalised emittance (end of linac) ex/ey nm 920/20 660/20 660/20
Normalised emittance (at IP) ex/ey nm 950/30 — —
Estimated power consumption Pwall MW 252 364 589

UPDATED BASELINE FOR A STAGED COMPACT LINEAR COLLIDER , CERN‒2016‒004 12 August 2016 



Table A.4: Beam Delivery System, IP and background parameters

Parameter Symbol Value Unit

Beam Delivery System + IP
Total diagnostic section length lcoll 2x 0.37 km
Total collimation system length lcoll 2x 1.92 km
Total final focus system length lFF 2x 0.46 km
Input transverse horizontal emittance ex 660 nm rad
Input transverse vertical emittance ey 20 nm rad
Nominal horizontal IP beta function b

⇤
x 6.9 mm

Nominal vertical IP beta function b

⇤
y 0.068 mm

Horizontal IP core beam size s

⇤
x ⇠45 nm

Vertical IP core beam size s

⇤
y ⇠0.9 nm

Bunch length s s,inj 44 µm
Initial r.m.s. energy spread s

⇤
DE/E 0.34 %

Total energy spread 1 %
Crossing angle at IP qC 20 mrad
Beamstrahlung energy loss d B 28 %
No. of photons / electron n

g

2.1
No. of coherent pairs / bunch crossing Ncoh 68 107

No. of incoherent pairs / bunch crossing Nincoh 0.03 107

Hadronic events / crossing Nhadron 3.2
Total luminosity Lpk 5.9 1034cm�2s�1

Luminosity (in 1% of energy) L99% 2.0 1034cm�2s�1

Table A.5: Decelerator and PETS parameters

Parameter Symbol Value Unit

Decelerator
No. of Drive Beam sectors / linac NS 24
Average decelerator length (total) Ldec 878 m
No. of PETS / sector NPETS,unit 1492
Length of PETS (active) lPETS 0.213 m
Nominal output RF Power / PETS Pout 134 MW
Transfer efficiency PETS ! AS 93.8 %
Number of accelerating structures / PETS 2
Main Beam energy gain / sector DEmain 62.125 GeV
Drive Beam ! RF efficiency (AS input) hdecRF 65 %

805

2.1 CLIC SCHEME OVERVIEW AND PARAMETER OPTIMIZATION

– Normalized vertical emittance: ey = 2⇥10�8 m
The luminosity is directly proportional to 1/

p

(ey) (Eq. 2.6). The target value of 2⇥ 10�8 mrad
is challenging but consistent with the latest-generation of light sources. The bunch length will be
reduced below the smallest-obtainable vertical beta function at the IP. In the case of 3 TeV, even
further shortening is beneficial since the beamstrahlung is suppressed.

– Vertical beam size at IP: sy = 0.9 nm
The luminosity is directly proportional to 1/sy. The small beam size is achieved by a combination
of small emittance and beta function. A particular challenge is to keep the small beams in collision.

– Vertical beta-function at IP: by = 68 µm
The vertical beta function needs to be reduced as much as the Beam Delivery System design allows.

– Horizontal emittance
The horizontal emittance is a challenge for the Damping Ring, which is met by use of strong
wigglers.

– Horizontal beam size at IP
The total luminosity is proportional to the 1/sx but the peak luminosity depends less on the hor-
izontal beam size, since an increase in size leads to an improvement in the spectrum quality. The
combination of bunch charge, length, and horizontal size has been chosen as to optimize the total
peak luminosity. The horizontal beam size requires a limited beta-function and horizontal emit-
tance.

– Horizontal beta function at IP
The horizontal beta function is important for the beam size. The challenge consists in achieving
the horizontal beta function in combination with the small vertical beta function.

Main Beam and Main Linac parameters are summarized in Table 2.1 below. Detailed parameters
can be found in Appendix A

Table 2.1: CLIC main parameters for 500 GeV and 3 TeV

Description [units] 500 GeV 3 TeV

Total (peak 1%) luminosity 2.3 (1.4)⇥1034 5.9 (2.0)⇥1034

Total site length [km] 13.0 48.4
Loaded accel. gradient [MV/m] 80 100
Main Linac RF frequency [GHz] 12
Beam power/beam [MW] 4.9 14
Bunch charge [109 e+/e�] 6.8 3.72
Bunch separation [ns] 0.5
Bunch length [µm] 72 44
Beam pulse duration [ns] 177 156
Repetition rate [Hz] 50
Hor./vert. norm. emitt. [10�6/10�9m] 2.4/25 0.66/20
Hor./vert. IP beam size [nm] 202/2.3 40/1
Beamstrahlung photons/electron 1.3 2.2
Hadronic events/crossing at IP 0.3 3.2
Coherent pairs at IP 200 6.8⇥108

The quest for beam performance beyond both current energy and luminosity frontiers at an af-
fordable cost and power consumption imposes the development of an innovative two-beam acceleration
scheme with parameters well beyond the present state-of-the-art, specifically:

15

CLIC  CDR  parameters
3 ACCELERATOR PHYSICS DESCRIPTION OF THE MAIN BEAM COMPLEX

Fig. 3.48: Simplified MDI layout view showing a representation of part of the final-focus quadrupole, QD0,
integrated into the CLIC_SiD detector

Table 3.26: Beam parameters of interest to the MDI region

Beam parameter Value

Centre-of-mass energy 3 TeV
Total luminosity 5.9⇥1034 cm�2s�1

Luminosity L99 (within 1% of energy) 2⇥1034 cm�2s�1

Linac repetition rate 50 Hz
Number of bunches per train 312
Number of particles per bunch 3.72⇥109

Bunch separation 0.5 ns
Bunch-train length 156 ns
Beam power per beam 14 MW
Nominal horizontal IP b function 6.9 mm
Nominal vertical IP b function 0.068 mm
Horizontal IP beam size 45 nm
Vertical IP beam size 1 nm
Bunch length 44 µm

conical shape with a half opening angle of 10 mrad.
A major consequence of this geometry is that the post-collision vacuum pipe is inside the QD0 en-

velope and subsequent magnets until the point where the separation of the two vacuum pipes is sufficient
to allow the post-collision line to run alongside the magnets.

QD0 main parameters

The design parameters for the QD0 quadrupole [139] are defined by the Beam Delivery System (BDS)
and listed in Table 3.27:

Rather than using a superconducting magnet, the QD0 is a compact ‘hybrid’ magnet with per-
manent magnet (PM) inserts and classical electro-magnetic (EM) coils (see §5.12.2.1 for details of the
magnet design). This choice was motivated by the following considerations:
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Part II- Chapter 10. Beam Delivery System and Machine Detector Interface

10.2 Lattice description

The BDS lattice [166] hast its starting point 2254m away from the Interaction Point;
on the electron side, the BDS follows the target bypass section of the positron source’s
undulatory section, on the positron side it starts after the Machine Protection and
Collimation section of the Main Linac [167].

10.2.1 Diagnostics, Tune-up dump, Machine Protection

The initial part of the BDS, from the end of the main linac to the start of the
collimation system, is responsible for measuring and correcting the properties of
the beam before it enters the Collimation and Final Focus systems. In addition,
errant beams must be detected here and safely extracted in order to protect the
downstream systems. Starting at the exit of the main linac, the system includes
the skew correction section, emittance diagnostic section, polarimeter with energy
diagnostics, fast extraction/tuning system and beta matching section.
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Figure 10.1. BDS layout showing functional subsystems, starting from the linac exit;
X – horizontal position of elements, Z – distance measured from the IP.
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Chapter 8. Beam Delivery System and Machine Detector Interface

8.3.3 Final focus

The role of the final-focus (FF) system is to demagnify the beam to the required
size (⇠ 474 nm (horiz) and ⇠ 5.9 nm (vert)) at the IP. The FF optics creates a
large and almost parallel beam at the entrance to the final doublet (FD) of strong
quadrupoles. Since particles of di↵erent energies have di↵erent focal points, even a
relatively small energy spread of ⇠ 0.1 % significantly dilutes the beam size, unless
adequate corrections are applied. The design of the FF is thus mainly driven by
the need to cancel the chromaticity of the FD. The ILC FF has local chromaticity
correction [171] using sextupoles next to the final doublets. A bend upstream gen-
erates dispersion across the FD, which is required for the sextupoles to cancel the
chromaticity. The dispersion at the IP is zero and the angular dispersion is about
⌘0x ⇠0.009, i.e. small enough that it does not significantly increase the beam diver-
gence. Half of the total horizontal chromaticity of the whole final focus is generated
upstream of the bend in order for the sextupoles to cancel the chromaticity and the
second-order dispersion simultaneously [172].
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Figure 8.3. BDS optics, subsystems and vacuum chamber aperture; S is the distance
measured from the entrance.

The horizontal and the vertical sextupoles are interleaved in this design, so
they generate third-order geometric aberrations. Additional upstream sextupoles
in proper phase with the FD sextupoles partially cancel the third-order aberrations.
The residual higher-order aberrations can be minimised further with octupoles and
decapoles. The final-focus optics is shown in Fig. 8.3.

Synchrotron radiation from the bending magnets causes emittance dilution, so it
is important to maximize the bending radius, especially at higher energies. The FF
includes bending magnets for 500 GeV centre-of-mass energy and space for additional
bending magnets that are necessary at higher energies. At 500 GeV, every fifth
bending magnet is installed, leading to an emittance dilution of 0.5 %; at 1 TeV,
with all bending magnets implemented, the figure is 1 %.

In addition to the final-doublet and chromaticity-correction magnets, the final
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Part II- Chapter 10. Beam Delivery System and Machine Detector Interface

10.2 Lattice description

The BDS lattice [166] hast its starting point 2254m away from the Interaction Point;
on the electron side, the BDS follows the target bypass section of the positron source’s
undulatory section, on the positron side it starts after the Machine Protection and
Collimation section of the Main Linac [167].

10.2.1 Diagnostics, Tune-up dump, Machine Protection

The initial part of the BDS, from the end of the main linac to the start of the
collimation system, is responsible for measuring and correcting the properties of
the beam before it enters the Collimation and Final Focus systems. In addition,
errant beams must be detected here and safely extracted in order to protect the
downstream systems. Starting at the exit of the main linac, the system includes
the skew correction section, emittance diagnostic section, polarimeter with energy
diagnostics, fast extraction/tuning system and beta matching section.
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X – horizontal position of elements, Z – distance measured from the IP.
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Table 1: Key parameters of the BDS. The range of L∗, the distance from the final quadrupole to the IP, corresponds
to values considered for different detector and FFS concepts.

Parameter Units Value
Length (linac exit to IP distance)/side m 2750
Maximum Energy/beam TeV 1.5
Distance from IP to first quad, L* m 3.5-6
Crossing angle at the IP mrad 20
Nominal core beam size at IP, σ∗, x/y nm 45/1
Nominal beam divergence at IP, θ∗, x/y µrad 7.7/10.3
Nominal beta-function at IP, β∗, x/y mm 10/0.07
Nominal bunch length, σz µm 44
Nominal disruption parameters, x/y 0.15/8.4
Nominal bunch population, N 3.7 × 109

Beam power in each beam MW 14
Preferred entrance train to train jitter σ < 0.2
Preferred entrance bunch to bunch jitter σ < 0.05
Typical nominal collimation aperture, x/y σx/σy 15/55
Vacuum pressure level, near/far from IP nTorr 1000/1
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Fig. 1: CLIC 3 TeV layout. Dipoles, quadrupoles and collimators are shown in blue, red and black, respectively.
The tune-up dump and its extraction line are also displayed.

The emittance diagnostic section contains 4 laser wires which are capable of measuring horizon-
tal and vertical RMS beam sizes down to 1 µm. The wire scanners are separated by 45◦ in betatron
phase to allow a complete measurement of 2D transverse phase space and determination of the projected
horizontal and vertical emittances.

The energy measurement has been designed to minimize the required space due to the tight con-
straints on the CLIC total length. The deflection of the first dipole in the energy collimation section
together with high precision BPM pairs at both sides of the dipole provides the most compact energy
measurement. The integrated magnetic field is assumed to have a calibration error of 0.01% and the
BPM resolution must be 50 nm or better with a maximum calibration error of 0.1%. This set-up provides
a relative energy resolution below 0.1%. Reference trajectories can be regularly established by zeroing
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Figure 2. Schematic view of the extraction line up to the downstream polarimeter. From [12].

2.2 Beam parameters and interaction region

Table 1 lists the design beam parameters at the IP according to the Reference Design Report
(RDR) [13] and the more recent Technical Design Report (TDR) [1]. Most of the studies pre-
sented in this paper have been performed with the RDR parameters, since they match the available
lattice.1 For the current TDR parameter set, the number of bunches per train is reduced with respect
to the RDR. In order to restore the luminosity, the beams are focussed more strongly at the IP. This
results in more intense collisions, which might also affect the polarsation. Therefore, the collision
effects and the spin transport to the downstream polarimeter have been studied for both parameter
sets. The electron and positron beam parameters are identical apart from the beam energy spread
sE/E, which is slightly increased for the electrons during their passage through the undulator of
the positron source.

Table 1. Selected beam parameters at the IP for Ecm = 500GeV according to RDR [13, volume 3] (nominal
parameter set) and TDR [1, volume 3.II] (baseline parameters).

Parameter Symbol RDR TDR
Bunches per train 2625 1312
Train frequency [Hz] 5 5
Horizontal bunch size sxe [nm] 639 474
Vertical bunch size sye [nm] 5.7 5.9
Horizontal angular spread qx [µrad] 32 43
Vertical angular spread qy [µrad] 14 12
Horizontal norm. emittance gex [µm] 10 10
Vertical norm. emittance gey [nm] 40 35
Horizontal disruption parameter Dx 0.17 0.3
Vertical disruption parameter Dy 19.4 24.6
Beam energy spread (e�,e+) sE/E [10�3] 1.4,1.0 1.24,0.7
e+e� luminosity L [1034 cm�2 s�1] 2 1.8

1The lattice describes the layout of a beamline, e.g. positions and strengths of the magnets.

– 4 –

ILC : extraction line up to the downstream polarimeter

M.Beckmann, J.List, A.Vauth and B.Vormwald, Spin transport and polarimetry in the beam delivery system of the international linear collider, JINST 9 P07003, 2014
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Figure 6: Beamstrahlung angular distribution (µrad) at IP with the TDR parameters for 3.6 · 104
photons.

The quadrupole focusing in the beginning of the line is designed to provide a secondary focal point
with an optimal transformation for polarization measurement, and large chromatic and geometric
acceptance for the electron and photon beams. Downstream of the quadrupoles, the optics includes
six vertical dipoles providing conditions for measurements of beam energy, polarization and lumi-
nosity [8]. After the last dipole, there are 5 horizontal and 5 vertical fast sweeping kickers which
function is to increase the effective beam area at the dump for protecting the dump window from
high beam power density and preventing water boiling in the dump. The extraction collimation
system includes two protection collimators within the dipole region and three collimators within
the final 100 m before the dump. The latter protect the sweeping kickers and limit beam area to
within 15 cm radius at the dump window.
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Figure 7: Extraction line layout (top) and optics functions with the TDR parameters.
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Figure 10: Power losses of the disrupted electron beam in the extraction line magnets and diagnos-
tics (blue), and collimators (red) with the TDR parameters without detector solenoid.

Figure 11: Initial energy and angular distribution of tail electrons with E < 0.7E0 or x or y angles
> 0.5 mrad at IP (red), and distribution of lost electrons in the extraction line (blue) with the
TDR parameters and SiD detector solenoid.

The electron power losses with the TDR parameters and the SiD solenoid are shown in Fig. 13.
Most of the losses occur in the protection collimators due to their tighter apertures. No loss was
observed in the SC quadrupoles, and losses in the warm magnets are below 12 W/m which should
be acceptable. The maximum power loss in a collimator is 3 kW which is acceptable.

8

Figure 12: Initial disrupted electron energy distribution (blue), and distribution of lost electrons
in the extraction line (red) with the TDR parameters and SiD detector solenoid.

Figure 13: Power losses of the disrupted electron beam in the extraction line magnets and diagnos-
tics (blue), and collimators (red) with the TDR parameters and SiD detector solenoid.

6 Electron beam power losses in the RDR nominal and low-P
options with SiD detector solenoid

For comparison, the electron beam power losses were also calculated for the RDR nominal and low-
P options, including the SiD detector solenoid and the anti-DiD dipole coil field. In the nominal
option, the tracking was performed using a beam tail extracted from 3.5 ·107 beam data. In case of
the low-P parameters, where disruption is much stronger, the tracking was done with a full beam
containing 7 · 104 particles. The same incoming vertical angle of 100 µrad at IP was used as in the
TDR tracking.

Power losses in the RDR nominal and low-P options are shown in Fig. 14 and 15. The losses

9
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3 ACCELERATOR PHYSICS DESCRIPTION OF THE MAIN BEAM COMPLEX

Fig. 3.54: Schematic layout of the CLIC post-collision line.

traverse four vertically bending C-type magnets, that reduce the derivative of the dispersion to zero. At
this point, both the electrons/positrons and beamstrahlung photons are transported in parallel towards the
main dump. Due to the vertical magnetic chicane the beamstrahlung photons hit the Main Beam dump
vertically separated by about 12 cm from the disrupted Main Beam and the same-sign coherent pairs.
Figure 3.55 shows the vertical distribution of the beams at the front face of the Main Beam dump. The
main dump is located at a distance of 315 m from the IP.
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Fig. 3.55: Vertical distribution of the beamstrahlung photons (blue), the disrupted beam (black) and the same-sign
coherent pairs (red) at the front face of the Main Beam dump.

Magnets

There are strong geometrical constraints on the post-collision line beam layout due to the presence of
the opposite incoming beam. The first magnets in the post-collision line are located upstream of the
intermediate dump; these are five rectangular window frame warm dipole magnets with a magnetic
strength of 0.8 T. The aperture of the magnets needs to increase along the beamline as the separation
between particles of different momenta increases in order to avoid excessive losses (see Table 3.31). The
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3.7 POST-COLLISION LINE

biggest of these magnets is Mag4, with a full aperture of 0.444 m horizontally and 1.531 m vertically.
The outer dimensions are 1.344 m horizontally and 2.84 m vertically. A cross-section of the ‘Mag4’
dipole and a list of its main parameters are shown in §5.2.5.1.

The deflection provided by the window frame magnets must be followed by a bend in the opposite
direction at the exit of the intermediate dump, in order to transport the beam and photons in parallel to
the Main Beam dump. Four C-type magnets are used, each of them with a magnetic strength of 0.8 T
and a magnetic length of 4 m.

Table 3.31 summarizes the properties of the required magnets. Details of the magnet design criteria
and the parameter lists for all magnets can be found in [158].

Table 3.31: List of magnets for the CLIC post-collision line.

Name Quantity Magnetic Full magnet Good field Tuning Rel. Field Higher
Length aperture H/V region H/V Range Accuracy Harmonics

bn/b1
[m] [m] [m] [%]

Mag1a 2⇥2 2 0.222/0.577* 0.2/0.44 10 10�2 <10%
Mag1b
Mag2 1⇥2 4 0.296/0.839* 0.27/0.702 10 10�2 <10%
Mag3 1⇥2 4 0.37/1.157* 0.34/1.02 10 10�2 <10%
Mag4 1⇥2 4 0.444/1.531* 0.41/1.394 10 10�2 <10%
Mag C-type 4⇥2 4 0.45/0.75** 0.428/0.74 10 10�2 <10%

Magnet protection absorbers and intermediate dump

A set of four pairs of carbon absorbers in the upstream part of the post-collision line protect the ver-
tical bending magnets from the low energy tail of the coherent e+e� pairs (see Fig. 3.54). The latest
simulations show that a denser material such as iron is required in order to stop the particles. Iron ab-
sorbers significantly increase the predicted lifetime of the magnet coils [159]. The lifetime could be
further increased by using radiation hardened materials. The absorbers are mounted in fixed positions
outside the post-collision line vacuum. The collimator between Mag3 and Mag4 absorbs the most en-
ergy, 10.7±0.4 kW. Further studies and modifications to the magnet shielding design will be part of the
project preparation phase.

The intermediate dump is located 67 m from the interaction point and vertically offset with respect
to the post-collision line. The dump consists of a carbon-based absorber with water-cooled aluminum
plates and an iron jacket. The minimum vertical half-aperture is 5 cm for the upper aperture and 49 cm
for the lower aperture, centred on the beamstrahlung photon axis. This asymmetric aperture allows all
coherently produced electrons/positrons of the opposite charge to be absorbed. Beamstrahlung photons
pass through the aperture, as well as all electrons/positrons of the same charge as the Main Beam that have
at least 14% of the nominal beam energy. Electrons/positrons below this energy threshold are stopped in
the lower half of the dump. The total power deposition in the intermediate dump is 527±8 kW.

While a dump with a few-100 kW continuous power deposition is non-trivial, examples of possible
designs exist. For example, the dumps in neutrino experiments (water-cooled with a graphite core and
copper/iron mantle) have to withstand up to 4 MW proton beams [160].

Beam Instrumentation

An overview of the beam instrumentation foreseen for each post-collision line is presented Table 3.32.
Four beam position monitors (BPMs) measure the Main Beam through the post-collision line: one

at the entrance of the line, one each upstream and downstream of the intermediate dump, and the last
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CLIC Post Collision Line

a carbon-based absorber with water-cooled 
aluminum plates and an iron jacket

14MW

537±8 kW

beamstrahlung photon monitor 
(muons) behind the dump
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8.8 Beam dumps and Collimators

8.8.1 Main Dumps

The beam-delivery system contains two tune-up dumps and two main beam dumps.
These four dumps are all designed for a peak beam power at nominal parameters of
18 MW at 500 GeV per beam, which is also adequate for the 14 MW beam power of
the 1 TeV upgrade. The dumps consist of 1.8 m-diameter cylindrical stainless-steel
high-pressure (10 bar) water vessels with a 30 cm diameter, 1 mm-thick Ti window
and also include their shielding and associated water systems (Fig. 8.15). The de-
sign [196] is based on the SLAC 2.2 MW water dump [197, 198].

Figure 8.15. Left: Schematic of the 18MW water dump. Right: Temperature dis-
tribution at the shower maximum of the beam in the dump just after passage of the
beam train. The colour bar shows temperature in Kelvin; the maximum temperature
is 155 �C. The water inlets and sink are shown by white areas [199].

The dumps absorb the energy of the electromagnetic shower cascade in 11 m
(30 X0) of water. Each dump incorporates a beam-sweeping magnet system to move
the charged beam spot in a circular arc of 6 cm radius during the passage of the 1 ms-
long bunch train. Each dump operates at 10 bar pressure and also incorporates a
vortex-flow system to keep the water moving across the beam. In normal operation
with 500 GeV beam energy, the combination of the water velocity and the beam
sweepers limits the water temperature rise during a bunch train to 155 �C [199].
The pressurisation raises the boiling temperature of the dump water; in the event
of a failure of the sweeper, the dump can absorb up to 250 bunches without boiling
the dump water.

The integrity of the dump window, the processing of the radiolytically evolved
hydrogen and oxygen, and containment of the activated water are important is-
sues for the full-power dumps. The dump service caverns include three-loop pump-
driven 145 L/ s heat-exchanger systems, devices to remotely exchange dump windows
during periodic maintenance, catalytic H2-O2 recombiners, mixed-bed ion-exchange
columns for filtering of 7Be, and su�cient storage to house the volume of tritiated
water during maintenance operations.
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Beam dump for 18MW/500GeV per beam
1.8 m-diameter cylindrical stainless-steel high-pressure (10 bar) water vessels 
with a 30 cm diameter, 11m(30X0) length, 1 mm-thick Ti (Ti 6Al-4V) window.

temp in K

Maximum temperature = 155℃ 
with the beam train passage 
and ~1kHz sweep radius 6cm 

(beam :σx=2.42mm,σy=0.27mm)

The pressurization raises the boiling 
temperature of the dump water; in the 
event of a failure of the sweeper, the 
dump can absorb up to 250 bunches 
without boiling the dump water

50℃

~71℃

at z=2.9m (8.1X0, shower max.)
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spread it over a larger distance. This will have only positive effect
on cooling.

7. Preliminary cooling loop details

The required coolant circuit has been designed, based on
thermal analysis. It was decided to adopt the basic scheme
implemented in the SLAC radioactive cooling water systems [9].
The schematic of the envisioned loop is shown in Fig. 28. The
major subsystems are (i) the primary water loop; (ii) the coolant
loop; (iii) the LCW makeup loop; and (iv) the main pump seal
cooling water circuit. Other auxiliary loops are for accidental
leakage from the dump tank, surge tank, bypass loop for polish-
ing, and removal of 7Be etc. Diagnostics include pressure and
temperature monitoring at various locations, water level indica-
tors, hydrogen detectors, and mass flow meters. A brief descrip-
tion is presented below.

7.1. Primary water loop

The major components of the loop are (i) the Beam Dump, (ii)
the Surge Tank, (iii) the Hydrogen Recombiners, (iv) the Heat
Exchanger, (v) the Pump, (vi) the Bypass line for the H2 Recombi-
ner, and (vii) the Piping.

Beam interactions with water, primarily photo-spallation on
16O, result in production of 3H, 7Be, and other more short-lived
radioactive isotopes; the latter decays to negligible levels in less
than 3 h. Table 2 presents estimated activities in the ILC Dumps
(scaled from the Stanford Two Mile Accelerator [9]), and Table 3
provides the anticipated activity after 3 h of cooling.

Most of the 7Be is filtered out in the deionizer column and can
be mechanically removed at the time of regeneration. Some 7Be
will deposit on all water-exposed surfaces. Tritium in the form of
tritiated water will slowly build up to saturation levels. Addition-
ally, radiolysis will result in a net evolution of hydrogen and

oxygen at the stoichiometric ratio. Thus, the primary water loop
must be designed to safely and reliably function to remove the
beam-generated heat in the presence of these constraints. All
water in the primary loop becomes radioactive. Any conceivable
accidental scenarios have to be evaluated and appropriate mitiga-
tion schemes implemented.

The heated water from the beam dump returns to the surge tank
through a 16 in. pipe header. For an average beam power of 18 MW
and a flow rate of 209 kg/s, the bulk water temperature rise is 21 1C.
The expected maximum operating temperature is 71 1C. The surge
tank contains a cover gas (N2) which is maintained at 10 bar
pressure, subject to surge tank location, to ensure a beam dump
pressure at 10 bar. Should the beam dump be located 100 m below
ground level with surge tank and other equipment at ground level,
the cover gas pressure can be at!atmospheric pressure. A centri-
fugal pump takes water from the bottom of the surge tank and
pumps it through the heat exchanger. There, it is cooled to 50 1C and
then brought back to the beam dump.

Fig. 28. Coolant circuit details.

Table 2
Activities in the Beam Dump.

Isotope Half life Saturation activity, Bq

15O 2.03 min 23"1015

13N 9.96 min 9"1014

11C 20.30 min 9"1014

Table 3
Activity after 3 h of cooling.

Isotope Half life Saturation activity, Bq Radiation

7Be 53.4 day 19"1013 480 keV g
3H 12.35 years 26"1013 o20 keV b
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Beam interactions with water, primarily photo-spallation on 16O, result in 
production of 3H, 7Be, and other more short-lived radioactive isotopes; the latter 
decays to negligible levels in less than 3 h.

Radioactivities

Most of the 7Be is filtered out in the deionizer column and can be mechanically removed at the time 
of regeneration. Some 7Be will deposit on all water-exposed surfaces. Tritium in the form of 
tritiated water will slowly build up to saturation levels.



Power depositions in the entire dump region (average of y=-342.5 cm and +342.5 cm). 

50cm,   42.5kW

200cm,  0.76kWconcrete + 5% boron

Shielding and protection of site ground water

P. Satyamurthy et al., NIM A679 (2012) 67-81
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Backgrounds for experiments (1)
1. Synchrotron radiations

The intensity is almost same as the beam, i.e. ~1010 photons/bunch, where the 
photon energy continuously distributes up to MeV.  It must be very serious 
problem if they enter into detectors.  For an example, all readout channels are 
fulfilled with them in a gas drift chamber.

2. Bremsstrahlung photons from beam interaction with residual gas in 
the beam pipes

The rate is proportional to vacuum pressure in the beam pipes at the beam 
delivery system

3. Muons produced at the collimators

The rate depends on the collimation depths and the beam halo/tail intensity, 
where the collimation is absolutely needed to control the synchrotron radiations.

4.  Backscattered photons and neutrons at downstream components,  
       especially the beam dump

about 1 neutron/100MeV produced, e.g.  3 x 1017 neutrons /sec at the beam dump



vertical SR

vertical SR

horizontal SR

horizontal SR

6σx

55σy

mm

mIP

Synchrotron Radiations  
     especially from the final doublet (QD0, QF1)
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Envelop of the collimated beam profiles

The synchrotron radiations spread along the envelop of the 
collimated beam profiles as shown.  They should not hit the beam 
pipe for the exit hole with 38mm diameter inside of the detector.

The collimation depth must be determined or optimized to fulfill the 
above requirement.
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F(x) is factorized as a constant, F(x)=F(y)=4.5 .

(1) Ee <150GeV, LBDS=200m, ILC-Note-2007-016, L/Keller, T.Maruyama, and T.Markiewicz 

N = 2.9 x107・P(Torr) / bunch  = 2.2 x 105・P(Pa) /bunch

N = 0.29 / bunch  at 10nTorr    →  0.02 (0.04) by GEANT3 (TURTLE)

(2) IR  within  ± L* =4.5 m   for  Xray background in TPC ?

If  kmin = 10keV   and kmax = 0.26GeV  ( me/kmax = Rex/2L* , Rex=1.75cm)

N = 1.5 x107・P(Torr) / bunch  = 1.1 x 105・P(Pa) /bunch

N = 0.15 / bunch  at 10nTorr

But,  X-rays much go through the beam pipe, so they should be irrelevant .
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Figure 4 shows the points of origin of coulomb single-scattered beam particles which hit the FD 
protection collimator.  They all have the beam energy and originate mostly within 300 m from the 
IP. 

 

 
  

Figure 4.  Points of origin of single coulomb-scattered electrons which hit the FD protection 
collimator.   

 
Figure 5 shows the points of origin and the energies of charged particles from bremsstrahlung 
interactions which hit within the drift section +/-3.51 m of the IP.  These are the source of most of 
the detector background.  These are primarily beam particles which have lost at least 40% of their 
energy, are deflected away from the beam axis by the final focus soft bend strings, and over-focused 
by the FD. They originate in within about 200 m from the IP, a region which includes the FD, a 75 m 
drift section, and about 100 m of the soft bend string.  No bremsstrahlung photons or coulomb 
single-scatters hit within this region. 

 
    (a)       (b) 

   
  

Figure 5.  Points of origin (a) and energies (b) of bremsstrahlung interactions for those which hit 
within the drift section +/-3.51 m of the IP. 
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Table 1.  Summary of GEANT3 and TURTLE simulations of BGB and coulomb single-scatters 
resulting in hits on apertures in the IP region for both beams and 10 nTorr.  The upper 
(blue) entries are Hits/bunch; the lower (red) entries have been multiplied by 160. 

 
GEANT3 simulations of electromagnetic showers created by electrons with the full beam energy 
hitting the thick FD protection collimator (1st row of Table 1) and inside the FD (2nd row of Table 1) 
show that they cause little background in the detector, whereas a beam particle hitting the inner 
surface of the upstream Beam Cal, about 3 m upstream from the IP, (see Figures 5 and 6) causes 
thousands of background interactions in the vertex detector (VXD), a condition which is assumed to 
be intolerable.  Similarly, there are very few VXD hits from backscattered particles arising from the 
impact of a full energy electron in the downstream Beam Cal.  To be comparable to the luminosity 
background in the VXD from e+/e- pairs hitting the downstream Beam Cal, ~ one hundred, 250 GeV 
beam particles/bunch would need to hit the FD collimator within 10 microns of the edge. 
 
The bottom row of Table 1 shows that 2-4% of the bunch crossings are accompanied by a BGB hit 
within the IP region for 10 nTorr pressure.  Assuming for now the worst case that every BGB 
produced interaction in the IP region produces enough secondaries to make the VXD useless for 
physics on that bunch crossing, 2-4% corresponds to the luminosity lost to physics.  Using presumed 
luminosity loss as the metric, we therefore recommend, considering the origin of BGB hits on 
apertures in the IP region (Figure 5a), that the pressure specification in the BDS be 1 nTorr out to 
200 m, which would bring the luminosity loss down a corresponding factor of 10 to 0.2-0.4%.  
Similarly the origin of BGB and single coulomb scattered particles hitting the FD protection 
collimator (Figures 2a, 3a and 4a) together with the non-consequence to the VXD stated in the 
paragraph above, implies that a vacuum specification of 10 nTorr is adequate from 200 to 800 m, 
after which it can be relaxed to a value presumably easy to engineer.  We suggest then that 50 nTorr 
be the vacuum specification beyond 800 m from the IP. 
 
This discussion should make it clear that integrated beam loss and detector studies need to be 
performed to solidify the level to which detectors are or are not made inoperable by the secondaries 
from lost beam particles.  Regarding the reconstruction of TPC tracks, it is difficult for the authors of 
this note to estimate the effects of high energy, near-IP hits within the TPC sensitivity time (see the 
red entries in the bottom row of Table 1).  Such a study may indicate the need for an even tighter 
vacuum specification.  

L/Keller, T.Maruyama, 
and T.Markiewicz  

ILC-Note-2007-016LBDS < 200m Ee < 150GeV

Eb = 250GeV

Assuming , 
PBDS = 10nTorr (10-6Pa)

background relevant for



Update on Conclusion 1

BeamCal

These are most serious.

Track those 0.02-0.04 particles/BX in the SiD detector.

4246 particles

3158

346

7

• NH =   0:  3158/4246  = 74%
• NH < 15:    742/4246  = 17%
• NH > 15:    346/4246  =   8%

No. of Charged Hits

Only 10% of particles would generate
significant number of hits.
→ 10 nTorr is acceptable.

T. Maruyama, LCWA2009, Alburquerque, October 2, 2009



Halo	Collimation	Systems

• Primary	spoilers	&	absorbers	source	of	
muons	in	BDS	

• Collimation	apertures	set	to	protect	IR	
region	from	SR	
– Calculated	from	6d	particle	tracking	
– Collimation	types	and	settings	recorded	in	

BDS	decks	in	ILC2015b

Betatron	COLL	SP2	&	SP4

Energy	COLL	SPEX

IR	SR	Fan	in	x-z	plane

Glen White, Lew Keller, SLAC, ECFA LC, Santander, Spain, June 1, 2016
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MECHANICAL DESIGN OF COLLIMATORS FOR THE ILC�
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Abstract

Much attention has been paid to the optimisation of the
geometry and material of collimators in the ILC to mitigate
the effects of both short-range transverse wakefields and
errant beam impacts. We discuss the competing demands
imposed by realistic engineering constraints and present a
preliminary engineering design for adjustable jaw spoilers
for the ILC.

INTRODUCTION

Collimators are essential to remove beam halo and avoid
beam losses in the vicinity of the interaction point that
could lead to unacceptable backgrounds for particle detec-
tors. In the case of the International Linear Collider (ILC),
the collimation system consists of a series of adjustable jaw
spoilers and absorbers, and fixed aperture protection colli-
mators.
Of the 14 types of absorber, spoiler or protection colli-

mator included in the ILC Beam Delivery System (BDS),
six distinct devices with adjustable apertures are identified.
These are shown in Table 1, together with representative
values for their key parameters.

Table 1: ILC BDS adjustable jaw collimators
Device Absorber (cm) Power Full gap (mm)

material (kW) min, max
SPEX 3.6, Ti 0.01 1, 10
SP1–5 2.1, Ti 0.01 1, 10
AB2–5 42.9, Cu 1–20 0, 10
ABE 10.5, W 0.1 0, 10
MSK1 10.5, W 0.01 NA
MSK2 10.5, W 0.01 NA

The spoilers present a particular problem having the
largest sensitivity to wakefields and we therefore concen-
trate on developing a preliminary design that, although hav-
ing many features which are applicable to other adjustable
jaw collimators, is specific to devices SP1–5.

�Work supported by the EC under the FP6 Research Infrasctructure
Action - Structuring the European Research Area EUROTeV DS Project
Contract no.011899 RIDS and STFC

† B.D.Fell@dl.ac.uk

REQUIREMENTS FOR ILC SPOILERS
The jaws of the spoilers must be able to withstand two

(one) bunch impacts at 250 (500)GeV beam energy follow-
ing asynchronous beam aborts without causing excessive
increases in emittance due primarily to short range trans-
verse wakefields. The optimisation of spoiler jaws is on-
going with simulations [1] and recently completed exper-
imental tests for wakefields [2], complemented by initial
experimental tests of material damage [3].
The baseline design for the SP2 spoiler jaws in the

ILC Reference Design Report (RDR) [4] is a Ti spoiler
block 21mm in longitudinal extent, with Be tapers up- and
downstream to reduce wakefield effects and prevent signifi-
cant electromagnetic showering owing to its large radiation
length. In this design, we assume that:

• spoiler jaws will be rectangular in transverse section,
hence transition flare from circular beam pipe;

• spoilers will be peripherally cooled;
• occasional access will be necessary to replace jaws af-
ter beam damage;

• spoilers will be required to open to a full gap of 20mm;
• overall design will be parametric to allow for both
evolution in jaw design and extension to devices other
than SP2.

KNOWN CONSTRAINTS
The location of the spoilers close to sensitive machine

elements limits their maximum length, therefore designs of
the jaws which are shorter than that achieved by a single,
constant angle taper are desirable. It is essential that inte-
gration of the jaws into the vessel does not lead to an radio
frequency (RF) cavity-like geometry, and this is the subject
of a related study [5].
Although the design goal is to have passive survival of

spoilers up to two full charge bunch impacts at 250 GeV
beam energy, the integrity of both the surface and bulk of
the jaws would have to be validated after potentially dam-
aging incidents. The current design does not include any
scheme for such in situ study, leaving this as an option to
be studied in the future.

DESIGN APPROACH
There are aspects of the design which are not fully speci-

fied, most notably the final structure of the jaws. A baseline
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21mm long Ti spoiler block with 
Be tapers up- and downstream

 passive survival of spoilers up to 
two full charge bunch impacts at 
250 GeV beam energy

side walls with pumping 
slots (1:1 aspect ratio, 
about 40% transparency)

Figure 2: Detailed isometric view of baseline spoiler can-
didate design.

B

B

C

C

Figure 3: Plan view of transition flare between beam pipe
and tapered collimator jaws, showing cross-section planes
B-B and C-C

Option 2: Minimal Taper Angle
This differs from the baseline in that the two-step taper is

replaced by a constant 19mrad tapered longitudinal profile
(as in the ILC RDR). This reduces the widest opening at
the entrance of the collimator jaws to 23.5mm, only 3.5mm
larger than the incoming beam pipe diameter. This may
be useful in reducing further the possibility of disruptive
“cavity modes” occuring due to the diverging/converging
section between the entrance flare and the collimator jaws.
If the maximum collimator aperture could be reduced

from the assumed 20mm full gap to 16.5mm, an extension
of this optionwould be to dispense with the divergingflared
section altogether, at least in the collimating plane.

Option 3: onstant onverging aper
In this, the tapered sections leading to the Ti spoiler are

replaced by flexible pieces alone. This has advantages in
that RF cavity-like modes are unlikely, and the overall col-
limator length is a simple parameter of the taper angle that

XXX-XXXXX

SECTION B-B

O 20

SECTION C-C

2
0

30

40

Figure 4: Along beam elevations: (Section B-B) at circular
entrance to flared transition, and (Section C-C) at rectangu-
lar exit from flared transition; see also Figure 3.

can be tolerated by beam dynamics considerations, but has
a taper angle which increases as the aperture of the colli-
mators is reduced. There are also concerns about radiation
load which could be tolerated by the flexible pieces.

Option 4: Wide Aperture
The final option increases significantly the non-

collimating transverse dimenion of the jaws, from a full
width of 40mm to 120mm, if such were beneficial from
considerations of RF design.

OUTPUT
The preliminary designs in their current stages of devel-

opment are made available to collaborators [6].

CONCLUSIONS
A preliminary, conceptual design for the adjustable jaw

spoilers for the ILC BDS is presented, to serve as a starting
point towards a complete engineering design which can be
achieved when design of the jaws themselves has been fi-
nalised. Generic features of this design can be extended to
other collimators in the ILC BDS.
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Muons from the collimation section

The beam halo can be collimated by the collimators, where electromagnetic 
showers are generated in the absorbers.   At the same time, muon pairs (μ+,μ-) 
are produced in the showers because the incident electron ( positron) energy is 
large compared with the muon mass. 

Nµ = 3.9 ⇠ 2.3⇥ 10�4

✓
Ebeam(GeV)

250

◆
Roughly estimated production rate is

So the total number of muons are estimated to be produced 
for 0.1% beam halo as follows;

7.8 ⇠ 4.6⇥ 10

3/bunch crossing

for Eµ± > 2 ⇠ 5GeV

Question :  How many muons can be tolerable in the detector ?

Question :  How do we suppress the muons if not tolerable ?



February 4, 07 Global Design Effort IR&MDI: 

Muon walls

5m muon wall installed initially 

If muon background measured too 
high, the 5m wall can be lengthened to 
18m and additional 9m wall installed 
(Local toroids could be used also) 

•  Purpose: 
– Personnel Protection: Limit 

dose rates in IR when beam 
sent to the tune-up beam 
dump 

– Physics: Reduce the muon 
background in the detectors



Muon	Shielding	–	Toroid	Spoilers
5	muon	spoilers	at	z	
locations	from	IP:	
• 800	m	
• 973	m	
• 1143	m	
• 1231	m	
• 1370	m

5m

Betatron	COLL	SP2	&	SP4	(0.6rl	Ti)
Energy	COLL	SPEX	(1rl	Ti)

Glen White, SLAC, LCWS2016, Morioka, Iwate, Japan, December 5-9, 2016

Muon wall 
at ~ -349m



Muon	Tracking

• Spoilers	scatter	one	charge	sign	of	muon	
preferentially.

Glen White, SLAC, LCWS2016, Morioka, Iwate, Japan, December 5-9, 2016



Calculated	Muon	Rates	at	Detector

• Total	muon	rates	(from	e-	and	e+	BDS	sides)	per	bunch	crossing	
• Halo	interception	rate	used	=	0.1	%	of	main	beam	charge	
• MUCARLO	predicts	more	muons	than	GEANT4,	mainly	from	d/s	SPEX	source.	MUCARLO	

uses	more	generic	magnet	model,	but	uses	much	higher	statistics	and	semi-analytic	
model	for	muon	production.	
– 60k	MUCARLO	IP	hitting	mu	tracks	for	5	spoiler	case	compared	with	~150	(from	500k	generated)	for	GEANT4	
– Increased	stats	for	GEANT4	model	requires	more	work	on	process	biasing	and	parallelization	of	muon	tracking	

code

Tunnel	Condition R	<	6.5	m	(rate/bunch	
crossing)

R	<	2.5	m	(rate/bunch	
crossing)

GEANT4 MUCARLO GEANT4 MUCARLO

No	Spoilers 39.4 130 20.5 40
5	μ	Spoilers	 2.8 4.3 1.4 2.0
5	μ	Spoilers	+	5m	Wall -- 0.6 -- 0.1

Glen White, SLAC, LCWS2016, Morioka, Iwate, Japan, December 5-9, 2016



Results Event displays of muons in the SiD detector

WIRED4 event display - 5 Spoilers
1 train’s worth of muons (≥ 2961 muons) from the positron line only:

xy-view zy-view

Together with the muons from the e- line, there will be ≥ 5600 muons
per train in the ’5 Spoilers’ scenario.
The spatial distribution is due to the tunnel shape and its shielding e�ects.

Anne Schütz (DESY) ILC & Muons from spoilers 8th December 2016 14 / 38



Muon Attenuator
E.A.Kushnirenko, LC92

µ

+

−

µ

Collimator

Beam

B 
(1

Te
sl

a)

B

120 m

60 cmφ

20cmφ

2cmφ Beam Pipe

(meam range of a 250GeV muon)

(with 120m length at JLC study)

Suppression of muons = 10-3~10-4 w.r.t. “no-shield case”



Luminosity degradation due to the collimators

1. Collimation depth (Cdep,y), amplification(Ay) by wakefield and emittance growth

2. Bunch-to-bunch jitter effect on the luminosity

Values in ILC-TDR (CLIC-CDR) ; 
θymax  = 1 mrad,  e.g.  no syn.rad hit 20mmφ beam pipe for ±10m around IP 
(safety factor) = 1.5 
Jittertrain = 0.2 (0.2), scaled by beam size   with “FONT” feedback 
                                                     note:  emittance growth ∝  Jitter2

→  0.12

→  34.6(y), 6.6(x)@Eb=100GeV

→  4.4

→ 0.95

→ 0.45

Jitterbunch = 0.1 (0.05), scaled by beam size 

ILC-TDR

 55(y), 15(x)@CLIC

~0.95

ILC-TDR : collimation depth = 9σx x 65σy, Δεx/y/εx/y=0.08%/4.4%

3. Energy jitter at the collimators 1% jitter             → 2.2% emittance growth

C
dep,y

=

✓max

y

�⇤0
y

· (safety factor)

Ay = 0.0482��1C�1.5
dep,y"

�0.75
y

Emittance growth in y = (0.4 · Jittertrain ·Ay)
2

�bunch = Jitterbunch ·
q
1 +A2

y

Lbunch ��Lbunch = exp

�
��2

bunch/4
�



Nominal 200 Nominal 250 Nominal 350 Nominal 500 HL 500 Nominal 1000
Ecms [GeV] 200 250 350 500 500 1000
gamma 1.96E+05 2.45E+05 3.42E+05 4.89E+05 4.89E+05 9.78E+05
N e- 2.00E+10 2.00E+10 2.00E+10 2.00E+10 2.00E+10 1.74E+10
N e+ 2.00E+10 2.00E+10 2.00E+10 2.00E+10 2.00E+10 1.74E+10
nb 1312 1312 1312 1312 2625 2450 All numbers in red are input 
Tsep [ns] 554.0 554.0 554.0 554.0 366.0 366.0 All numbers in black or blue are calculated
Iave in train [A] e- 0.0058 0.0058 0.0058 0.0058 0.0087 0.0076
f 5 5 5 5 5 4
Pb [W] e- 2.10E+06 2.63E+06 3.68E+06 5.25E+06 1.05E+07 1.37E+07
Electron polarization, % 80 80 80 80 80 80
Positron polarization, % 31 31 29 22 22 30
Electron E-spread, % 0.220 0.190 0.158 0.125 0.125 0.083
Positron E-spread, % 0.170 0.150 0.100 0.065 0.065 0.043
IP Parameters
gamepsX incoming 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05  
gamepsY incoming 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.00E-08 Constants:
bx 1.60E-02 1.30E-02 1.60E-02 1.10E-02 1.10E-02 1.10E-02 alpha 7.2974E-03
by 3.40E-04 4.10E-04 3.40E-04 4.80E-04 4.80E-04 2.30E-04 re 2.8510E-15
sigx_geom 9.04E-07 7.29E-07 6.84E-07 4.74E-07 4.74E-07 3.35E-07 me 5.1100E+05
sigy_geom 7.8E-09 7.7E-09 5.9E-09 5.9E-09 5.9E-09 2.7E-09 c 2.9980E+08
sigx_effective 9.04E-07 7.29E-07 6.84E-07 4.74E-07 4.74E-07 3.35E-07 me 5.1100E+05
sigy_effective 7.8E-09 7.7E-09 5.9E-09 5.9E-09 5.9E-09 2.7E-09 c 2.9980E+08 sigy_eff=
sigxp 5.65E-05 5.61E-05 4.27E-05 4.31E-05 4.31E-05 3.05E-05 e 1.6020E-19
sigyp 2.29E-05 1.87E-05 1.73E-05 1.22E-05 1.22E-05 1.15E-05
gamepsX effective 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05  
gamepsY effective 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.00E-08 emitY_eff=sigy_eff^2/by
L* [m] 3.50 3.50 3.50 3.50 3.50 3.50
Max divergence X 4.00E-04 4.00E-04 4.00E-04 4.00E-04 4.00E-04 4.00E-04 Magenta -- input which needs to be justified
Max divergence Y 1.00E-03 1.00E-03 1.00E-03 1.00E-03 1.00E-03 1.00E-03
Collim safety factor 1.5 1.5 1.5 1.5 1.5 1.5
Coll depth X 6.6 6.6 6.2 6.2 6.2 8.7 assume 6 is limit Dark green -- calculated, and need to be justified
Coll depth Y 34.6 42.5 38.5 54.6 54.6 57.7 CdepY=
BDS Inc. t-t jitter, sigma 0.2 0.2 0.2 0.2 0.2 0.2 FD-split effect x: 1.38888889
BDS Inc. b-b jitter, sigma 0.1 0.1 0.1 0.1 0.1 0.1 FD-split effect y: 1.19047619
Coll wake kick power xi, K~1/r^xi/ga 1.5 1.5 1.5 1.5 1.5 1.5
Coll wake Ay 4.4 3.1 3.3 1.8 1.8 1.5 Ay=
Coll wake Y-emit growth 0.124 0.060 0.068 0.020 0.020 0.015 emittance growth Y-grwth=
Increased b-b jitter, sigma 0.451 0.322 0.341 0.203 0.203 0.183 sg_b_b=
Lum reduct due to b-b jitter 0.950 0.974 0.971 0.990 0.990 0.992 DL_bb=
sigz 3.00E-04 3.00E-04 3.00E-04 3.00E-04 3.00E-04 3.00E-04
Dx e+ 0.2 0.3 0.2 0.3 0.3 0.3
Dy e+ 24.6 24.8 24.6 24.9 24.9 33.9  to set the vertical beta function for each Ecm to give D_y ~ 25
Theta0 6.39E-04 6.33E-04 4.83E-04 4.86E-04 4.86E-04 3.00E-04
xp_max_out 4.89E-04 4.84E-04 3.70E-04 3.71E-04 3.71E-04 2.30E-04
yp_max_out 1.09E-04 1.07E-04 8.21E-05 8.18E-05 8.18E-05 3.90E-05
Uave e+ 0.013 0.021 0.031 0.063 0.063 0.156
Umax e+
delta_B 0.0055 0.0100 0.0151 0.0389 0.0389 0.0910

TDR : Assume gamepsX,Y incoming already include emittance growth due to wakefields etc.
and no effect of b-b jitter

All numbers are analytic calculations but Guinea
Pig usually agrees within +/- few percent

Taken from J. Clarke presentation to Dec. AD&I meeting
(DESY)

Collimator Wakefield Theory

Wakefields from collimators deflect offset beams, leading to jitter amplification 
and emittance dilution.

Theoretical models exist for geometric and resistive contributions to the kick.

Wakefields in NLC design are within specifications.

Jitter amplification:  beam with n sigmas jitter !

n ( 1 + A2)1/2 sigmas (offset beam receives kick)

Emittance growth:  beam with n sigmas jitter ! fractional emittance 

growth of (0.4An)2 (tail kicked more than head)

How do we calculate A?

“Shallow  Taper”:
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Rectangular collimator

Geometric Wakefields:
Depend on gap height, gap 

width, taper angle, bunch length

Complex theory with 3 regimes

Resistive Wakefields:
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FG = 1, round collimator

= 2/8, rectangular collimator

Simpler theory with bunch 

length, collimator gap and 

length, conductivity

NLC Collimation System:

2.841.202.26Total Ay

--0.530.38FF absorbers

0.32--0.73FF spoilers

0.330.0140.51 absorbers

1.670.590.55 spoilers

0.370.0160.034 absorbers

0.160.0450.054 spoilers

CLICNLCTESLA

Ay " 0.7 @ 500 GeV CM with tail-folding 

octupoles – Emittance growth < 1%

Ay  1/Ebeam – may limit luminosity at lower 

energies and preclude 1/E lumi scaling!

From TR C Report, Chapter 7 (2003):

ILC

Collimation depth

emittance growth
Lum degradation

Split FD at Ecm=200 
and 250GeV

CLIC
15 (x)
55 (y)

Lum loss 
  5%



P_Beamstrahlung [W] 1.15E+04 2.62E+04 5.55E+04 2.04E+05 4.09E+05 1.24E+06
ngamma e+ 0.94 1.15 1.22 1.71 1.71 2.00
Hdx 1.1 1.1 1.1 1.2 1.2 1.1
Hdy 4.5 5.4 4.5 6.1 6.1 3.3
Hd 1.7 1.8 1.7 2.0 2.0 1.6
Geo Lum (cm-2 s-1) 2.96E+33 3.74E+33 5.18E+33 7.51E+33 1.50E+34 2.65E+34
Lum. dil. 0.950 0.974 0.971 0.990 0.990 0.992
Lum. (cm-2 s-1) 5.02E+33 6.85E+33 8.79E+33 1.47E+34 2.95E+34 4.13E+34
Lum/bc 7.66E+29 1.04E+30 1.34E+30 2.25E+30 2.25E+30 4.21E+30
Coherent pairs/bc 5.36E-167 4.31E-105 1.15E-67 1.00E-28 1.00E-28 9.82E-07
Inc. pairs/bc (LL) 1.39E+04 2.00E+04 2.80E+04 5.12E+04 5.12E+04 1.13E+05
Inc. pairs/bc (BW) 1.63E+03 2.23E+03 2.05E+03 3.55E+03 3.55E+03 3.69E+03
Inc. pairs/bc (BH) 1.22E+05 1.81E+05 2.23E+05 4.33E+05 4.33E+05 7.80E+05
Inc. Pairs/bc (tot) 1.38E+05 2.04E+05 2.53E+05 4.88E+05 4.88E+05 8.97E+05
Caliculations by CAIN
Lum. (cm-2 s-1) 5.08E+33 7.11E+33 8.90E+33 1.55E+34 3.10.E+34 3.54E+34
Lum. (cm-2 s-1) w/ waist shift 5.71E+33 7.85E+33 1.00E+34 1.68E+34 3.37.E+34 4.19E+34 0.6 sigma_y
Lum  top 1% : L(0.01)/L 0.914 0.841 0.790 0.613 0.613 0.476
Lum  top 1% w/ waist shift 0.911 0.840 0.784 0.612 0.612 0.463 0.6 sigma_y
Lum 1nm offsetY : L(1nm)/L 0.969 0.959 0.949 0.927 0.927 0.854
Lum 1nm offsetY w/ waist shift 0.959 0.952 0.937 0.916 0.916 0.828 0.6 sigma_y
energy loss 0.034 0.046 0.044 0.072 0.072 0.084
energy loss w/ waist shift 0.034 0.045 0.044 0.072 0.072 0.083 0.6 sigma_y
Inc. Pairs/bc (tot) 2.54E+04 4.17E+04 5.50E+04 1.23E+05 1.23.E+05 2.13E+05
Inc. Pairs/bc (tot) w/ waist shift 2.84E+04 4.45E+04 6.11E+04 1.30E+05 1.30.E+05 2.44E+05 0.6 sigma_y
Caliculations by GP
Lum -ratio : analytic/GP 0.85 0.86 0.84 0.87 0.87 0.92
Date of run 25.Sep.12 25.Sep.12 25.Sep.12 25.Sep.12 25.Sep.12 25.Sep.12
Lum GP-beam-beam   ( cm-2 s-1 ) 5.89E+33 7.96E+33 1.04E+34 1.70E+34 3.40E+34 4.47E+34 0.6 sigma_y
Lum  top 1%  :   L(0.01)/L 0.922 0.846 0.790 0.615 0.615 0.460
Lum(Ecms) /Lum (500GeV) 0.35 0.47 0.61 1.00 2.00 2.63
Ecms/500 0.4 0.5 0.7 1 1 2
relative to the scaled Lum 0.87 0.94 0.88 1.00 2.00 1.31
Inc. pairs/bc (LL) 18,811 25,793 34,409 111,658 223,316 101,258
Inc. pairs/bc (BW) 1,481 2,270 2,256 4,242 8,485 4,648
Inc. pairs/bc (BH) 20,974 35,687 49,000 111,658 223,316 218,083
Inc. Pairs/bc (tot) 41,266 63,751 85,666 227,558 455,117 323,989
energy loss 0.0060 0.0113 0.0165 0.0422 0.0422 0.0896

Nominal 200 Nominal 250 Nominal 350 Nominal 500 HL 500 Nominal 1000
TDR : Assume gamepsX,Y incoming already include emittance growth due to wakefields etc.

and no effect of b-b jitter

Collimator Wakefield Theory

Wakefields from collimators deflect offset beams, leading to jitter amplification 
and emittance dilution.

Theoretical models exist for geometric and resistive contributions to the kick.

Wakefields in NLC design are within specifications.

Jitter amplification:  beam with n sigmas jitter !

n ( 1 + A2)1/2 sigmas (offset beam receives kick)

Emittance growth:  beam with n sigmas jitter ! fractional emittance 

growth of (0.4An)2 (tail kicked more than head)

How do we calculate A?
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NLC Collimation System:

2.841.202.26Total Ay

--0.530.38FF absorbers

0.32--0.73FF spoilers

0.330.0140.51 absorbers

1.670.590.55 spoilers

0.370.0160.034 absorbers

0.160.0450.054 spoilers

CLICNLCTESLA

Ay " 0.7 @ 500 GeV CM with tail-folding 

octupoles – Emittance growth < 1%

Ay  1/Ebeam – may limit luminosity at lower 

energies and preclude 1/E lumi scaling!

From TR C Report, Chapter 7 (2003):
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International Large Detector ( ILD )

Part II 1.2. ILD Layout and Performance

Figure 1.1.1: Left: View of the ILD detector concept. Right: Quadrant
view of the ILD detector concept.

is optimised. The ILD concept group has tried to develop a detector which strives
for optimal performance within a sensible budget envelope. ILD has tried to develop
novel technologies which promise to deliver better performance. In many cases, like
for example the highly granular calorimeters, new technologies were needed to make
the proposed detector at all feasible.

1.2 ILD Layout and Performance

The ILD concept is designed as a multi-purpose detector. Key characteristics are a
central detector, including tracking and calorimetry, which is fully contained within
a magentic field, hermetic coverage down to very small angles, and minimised cracks
and dead zones. ILD is a big detector to fully utilize the potential of the particle
flow approach, and to allow extension of the detector to higher energies as part of
an upgrade program of the collider. ILD has the following main components:

• A multi-layer pixel-vertex detector (VTX), with three super-layers each com-
prising two layers. To minimise the occupancy from background hits, the first
super-layer is only half as long as the outer two. Whilst the underlying detec-
tor technology has not yet been decided, the VTX is optimised for excellent
point resolution and minimum material thickness. A five layer geometry, VTX-

—DRAFT— Last built: November 30, 2012 3

Detector solenoid : 3.5T
ILD is on purpose a large detector.  At large radii particles within a jet are more separated, thus 
making it easier to measure them precisely. Having a large inner radius of the calorimeter does open 
the possibility to use a technology like the TPC as a central tracker. Last but not the least a large 
detector adapts more easily to higher energies of the collider than originally designed for.

QD0 
support 
relative 
vertical 
jitter < 
50nm



e+

e- IPδL/L=0.1%

 for beam tuning

Forward Calorimeter System for MDI

Pair Monitor



Silicon Detector ( SID )

QD0 support 
relative vertical 
jitter < 50nm

Detector solenoid : 5T
a powerful silicon pixel vertex detector, silicon tracking, 
silicon-tungsten electromagnetic calorimetry and highly 
segmented hadronic calorimetry. 

A. Robson, LCWS2016, 5th December, Morioka, Iwate, Japan



SiD!

2/23!Aidan!Robson!

A compact, cost-constrained detector!

return yoke & 
muon 
chambers"

vertex detector"
5 layers barrel+disk"
rinner=1.4cm"

silicon strip tracker 
5 layers"
router=1.25m"

ECAL  
30 layers"

HCAL  
40 layers"

5T coil  
rinner=2.6m"

designed to make precision measurements and 
be sensitive to a wide range of new phenomena!

, LCWS2016, 5th December, Morioka, Iwate, Japan



Post-CDR CLIC detector model

• Two detector models, 
CLIC_ILD and CLIC_SiD, were 
used in the CDR and for 
physics studies 

• A new optimised model, 
CLICdet, has been developed 
for the next round of 
benchmark studies 

• Implemented in simulation/
reconstruction software in 
DD4Hep (Detector Description 
for HEP) 

• Public note under collaboration 
review at the moment

8

11.4 m

12.9 m

N. van der Kolk, LCWS2016, 5th December, Morioka, Iwate, Japan



A single detector at CLIC
• Single detector  

• All silicon tracker 

• 4 Tesla magnet 

• Return yoke:  

• Smaller outer radius due to 
less stringent requirements 
on stray fields 

• Last quadrupole magnet 
(QD0) now outside of the 
detector at L* = 6 m allowed 
by the thinner yoke endcaps 

• Provides significantly 
better forward HCAL 
coverage

9

3 Overall Dimensions and Parameters

3 Overall Dimensions and Parameters

This section provides information about the general considerations leading to the choice of main detector
parameters such as tracker radius and magnetic field. Comparison to the CDR detector models is made in
Table 22. Since the CLICdet model has an all-silicon tracker, the comparison with CLIC_SiD is relevant
and is illustrated in Figures 1 and 2.

Table 1: Some key parameters of the CLIC detector concepts. CLIC_ILD and CLIC_SiD values are
from the CDR [3]. The inner radius of the electromagnetic calorimeter is given by the smallest
distance of the calorimeter to the main detector axis. For the hadronic calorimeter, materials are
given separately for the barrel and the endcap.

Concept CLICdet CLIC_ILD CLIC_SiD

Vertex inner radius [mm] 31 31 27
Tracker technology Silicon TPC/Silicon Silicon
Tracker half length [m] 2.2 2.3 1.5
Tracker outer radius [m] 1.5 1.8 1.3
ECAL barrel rmin [m] 1.5 1.8 1.3
ECAL barrel Dr [mm] 202 172 139
ECAL endcap zmin [m] 2.31 2.45 1.66
ECAL endcap Dz [mm] 202 172 139
HCAL absorber barrel / endcap Fe / Fe W / Fe W / Fe
HCAL lI 7.5 7.5 7.5
HCAL barrel rmin [m] 1.74 2.06 1.45
HCAL barrel Dr [mm] 1590 1238 1177
HCAL endcap zmin [m] 2.45 2.65 1.80
HCAL endcap Dz [mm] 1590 1590 1595
Solenoid field [T] 4 4 5
Solenoid bore radius [m] 3.5 3.4 2.7
Solenoid length [m] 8.3 8.3 6.5
Overall height [m] 12.9 14.0 14.0
Overall length [m] 11.4 12.8 12.8
Overall weight [t] 8100 10800 12500

3.1 Tracker volume radius vs. magnetic field

Transverse momentum resolution, angular track resolution and jet energy resolution using particle flow [8]
benefit from a larger tracker radius. The dependence on tracker radius is stronger than that for a change in
the magnetic field strength, as anticipated by the Gluckstern formula 2 [9]. Results from fast simulation
are shown in Figure 3 for 500 GeV muons at q=90o. Finally, a tracker radius of 1.5 m was chosen as
a promising compromise between CLIC_SiD (1.3 m) and CLIC_ILD (1.8 m). (In fact, 1.5 m was later
defined as the inner radius of the inscribed circle of the ECAL barrel, see section 6). In a first stage, a
magnetic field of between 3.5 and 4.5 T was being discussed.

2The multiple scattering contribution to the track momentum resolution is proportional to 1/(BL). For variations of B and L
considered in the options for the CLIC detector, the changes in the multiple scattering contribution are minor.

4

N. van der Kolk, LCWS2016, 5th December, Morioka, Iwate, Japan



Backgrounds for experiments (2)

1. Incoherent low energy electron-positron pairs

They are produced by electromagnetic beam-beam interactions during collisions 
with beamstrahlung process.  They are deflected into detectors by the strong 
magnetic field of oncoming beam. The rate is proportional to the luminosity, but 
the deflection depends on the beam parameters so that they are also used to 
estimate the beam parameters as online information to the accelerator operation.

2. Mini-jets

They are produced by “hadronic” interactions during collisions actually between 
real photons which have hadronic components consisting of vector mesons ρ, ω, 
φ etc. in the vector meson dominance model.  The rate is proportional to the 
luminosity and becomes larger at the higher center-of-mass energy.  The mini-
jets may overlap with interesting physics events.  So, an identification of 
interacting bunch is important to resolve such overlaps. 



Beam-beam
Interaction



Beam-beam Interactions

ビビビビーーーームムムムビビビビーーーームムムム相相相相互互互互作作作作用用用用
相手側のビームの作る電磁場によって、ビーム電子がど
れくらい曲げられるか考える。先ず簡単のためにビームの
断面は円形であると仮定する。

陽電子ビーム（シリンダー形）電子ビーム
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アンペールの法則により、
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⋅
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πR 2

H
φ
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2N*eb
LR2

 ≈ O 10,000 Tesla( )

N*は粒子数で1010個、R～b～10-9 m、バンチ長Lは約
100µmである。

electron beam
positron beam with 
a cylindrical shape

orbit of an electron

synchrotron 
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“beamstrahlung”IP

Estimation of the magnetic field produced by oncoming beam
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Estimation of the deflection by the magnetic field

the Lorentz force is given by Fr = �ev ⇥H� in the radial direction

the impact Δp in Δt is given by  �p = Fr ⇥�t = �evH� · L/(2c)

∴  the deflection angle  Δr’ can be estimated by 

�r0 =
�p

p
= �evH�L/(2c)
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Nre
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R2
⇠ �0.11 radian
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Ref : K.Yokoya and P.Chen, Lecture at US CERN School on Particle Accelerators, Nov. 7-14, 1990, Hilton Head 
Island  So. Carolina  USA. Lecture Notes in Physics 400. Frontiers of Particle Beams: Intensity Limitations,  
Springer Verlag,  pp. 415-445
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The disruption parameter D is defined as the ratio of the r.m.s. bunch length σz 
to the focal length, i.e. D = �z/(focal length) R ⌘ �
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Coulomb potential :

K and K’ are the same position at t=0,  i.e. the origin of K’ = (0, 0, vt) in K coordinates. 
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Estimation of electromagnetic fields generated in the moving system
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The electric field in the K’ frame

The electromagnetic fields in the K frame are calculated by 
the Lorentz transformation from ~E0

for

~H 0
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Therefore only the transverse fields are effectively applied,  becoming 2 dimensional 
Coulomb potential problem.    
The size and time of Lorentz contraction are given by,
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Forces from on- and co-coming beams are calculated by,



Two major effects in the beam-beam interactions 

(1) Luminosity enhancement due to the focussing force from on-coming beam, i.e. Pinch effect

The luminosity enhancement : HD = L/L0

H
DX(DY ) = 1 +D
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HDX(DY ) = ones by the Pinch e↵ects in the horizontal (vertical) directions

Assuming the disruption is not large, the analytic formulas are approximately given by,

HDX = 1.2, HDY = 6.1 and HD ⇡ 2.0 at
p
s = 500GeV, ILC
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= 14mrad at ILC, which is fully recovered by the Crab crossing

It is good agreement with the CAIN results : η = 0.15  and the full recovery is confirmed.

assuming rigid elliptical beams
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(2) Kink instability and deflection with collisions with an off-set

the vertical center-of-mass beam position v.s. time

The instability suppress the luminosity enhancement.  So, the initial vertical 
offset must be zeroed by a fast feedback  (e.g. FONT) . 

Actually the beam beam interactions must be estimated by simulations of CAIN and Guineapig.

CAIN : the version of 2.42 can be downloaded from https://ilc.kek.jp/~yokoya/CAIN/Cain242  
           the author is Kaoru Yokoya (KEK)

GuineaPig : the homepage is http://www-project.slac.stanford.edu/lc/bdir/programs/guinea_pig/
gp_index.html ,  the author is Daniel Schulte (CERN)

http://www-project.slac.stanford.edu/lc/bdir/programs/guinea_pig/gp_index.html
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Particles in a bunch are deflected by the electromagnetic fields of the on-coming beam, 
whose the deflection angles depend on their locations in the bunch and from the on-coming 
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The angle is characterized by a parameter of
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Ecm=500GeV 
14mr, crab 

crossing, waist 
scan 

Δy=0nm 
δ=Δy/σy=0
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positron beam

electron beam

2.2μrad

IP

IP

IP

disrupted electron beam :  y  v.s.  θy

σy= 5.9nm 
σz=300μm
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animation of collisions with 2σ*y offset,  calculated by CAIN and made by K.Kubo

offset with 2σy





0.00.E+00%

5.00.E'05%

1.00.E'04%

1.50.E'04%

2.00.E'04%

2.50.E'04%

3.00.E'04%

3.50.E'04%

4.00.E'04%

4.50.E'04%

5.00.E'04%

0% 50% 100% 150% 200% 250% 300% 350% 400% 450% 500%

Be
am

-b
ea
m
 k
ic
k 
(r
ad

) 

y-offset Δy (nm)

ILC TDR  at Ecm=500,250GeV and 1TeV

calculated by CAIN V2.42
14mr crab crossing with the waist scan ( by ±0.6σz)

nominal 
Ecm=250GeV

1/2 intensity 
Ecm=500GeV

nominal 
Ecm=500GeV

nominal 
Ecm=1TeV



Be
am

-b
ea
m
 k
ic
k 
(r
ad

) 

y-offset  Δy (nm)

ILC TDR  at Ecm=500GeV

calculated by CAIN V2.42

14mr crab crossing with the waist scan

1/2 intensity

nominal

2�
x

p
2�

x

2�y

0.00E+00%

5.00E'05%

1.00E'04%

1.50E'04%

2.00E'04%

2.50E'04%

3.00E'04%

3.50E'04%

4.00E'04%

0% 50% 100% 150% 200% 250% 300% 350% 400% 450% 500%

⇥y =
1

2
✓0F (�y/�y)



0.00001$

0.0001$

0.001$

0.01$

0.1$

1$

0$ 50$ 100$ 150$ 200$ 250$ 300$ 350$ 400$ 450$ 500$

Lu
m
in
os
ity

 R
at
io
 n
or
m
al
ize

d 
by

 L
0 

y-offset  Δy (nm)

ILC TDR  at Ecm=500GeV

calculated by CAIN V2.42
14mr crab crossing with the waist scan

nominal parameters



1.00.E%07'

1.00.E%06'

1.00.E%05'

1.00.E%04'

0.1' 1' 10'

Lu
m
in
os
ity

 R
at
io
 n
or
m
al
ize

d 
by

 L
0 

y-offset   Δy (nm)

ILC TDR  at Ecm=500GeV calculated by CAIN V2.42
14mr crab crossing with the waist scan

nominal

Be
am

-b
ea
m
 k
ic
k 
(r
ad

) 

0.0#

0.1#

0.2#

0.3#

0.4#

0.5#

0.6#

0.7#

0.8#

0.9#

1.0#

1.1#

0.1# 1# 10#



Intra-Pulse IP Feedback
• Use ILC IP FFB, tuned for ‘noisy’ conditions (like those simulated for TESLA)
• Assume BDS-entrance FFB has perfectly flattened beam train (flat 

trajectory into Final Doublet).
• No systematic or random intra-pulse distortions.
• Calculate Luminosity from measured bunches, with mean of last 50 

weighted to account for the rest of the beam train (1320 bunches).
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Luminosity Loss vs. QD0 Jitter 

• Data shown gives % 
nominal luminosity 
for different levels 
of uncorrelated 
QD0 jitter.
– 100 pulses 

simulated per 
jitter cases with 
FFB

– Mean, 10% & 90% 
CL results shown 
for each jitter 
point from 100 
pulse simulations

• Tolerance to keep 
luminosity loss <1% 
is <50nm RMS QD0 
jitter.

G.White, ALCPG11, RDR parameters



Quantum Beamstrahlung
(1) magnetic field produced by the beam

H = about 2,800 Tesla at ILC (√s=500GeV )

bending radius ρ=p/(eH)=p[250GeV]/(0.3 H[Tesla])=0.3m

radiation coherent length lR= ρ/γ =0.6μm

(2) critical energy and the dimensionless Lorentz invariant parameter Υ
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e+e- Pairs



Low energy electron-positron pair creation
(1) Coherent process

Electric field at the rest frame of e+e- pairs E =
!

2me
H�

At the pair creation, a virtual electron acquires the electron mass when it is accelerated in the 
Compton wavelength, i.e. 

The beamstrahlung photons interact with the magnetic field produced by the on-coming 
beam, then create e+e- pairs  which is called the coherent process.

for the Lorentz boost of the photon energy ω divided by the invariant mass (W = 2me)

eE�̄e = me, �̄e = 3.86⇥ 10�13m

) W 2 = 2me · 2eE�̄e = 2e!H��̄e
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The invariant mass W of the final state in the laboratory frame is given by,
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to calculate the threshold energy

as the naive or intuitive estimation
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(2) Incoherent process

The pairs are created by individual scatterings.

T.Tauchi,K.Yokoya and P.Chen, Particle Accelerators 41 (1993) 29
T.Tauchi and K.Yokoya, Phys. Rev. E51 (1993) 6119

P. Chen, T. Tauchi, and D. V. Schroeder, proceedings of Snowmass 1990, ed. E. L. 
Berger, World Scientific, Singapore, 1992

(a) BW ( Breit-Wheeler ) process
beamstrahlung photon

beamstrahlung photon

e+

e-

(a) BH ( Bethe-Heitler ) process
beamstrahlung photon

e+

e-virtual photon

(a) LL ( Landau-Lifshits ) process
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the total cross section and pairs 
based on the equivalent photon approximation
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Equivalent photon approximation  to regard virtual photons as real ones in scattering
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y1, y2 are the photon energies scaled each by the beam energy, and

n�(y) is the energy distribution of the virtual photons during collisions.
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the fractional energy of positron (or electron) with the scattered angle θ,  c=cosθ,

, where c should be replaced with βc in the exact formulas.
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Estimation of the minimum transverse energy of the virtual photons

V.B. Berestetskii, E.M.Lifshitz and L.P.Pitaevskii, Quantum Electrodynamics, Pergamon Press
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k
(!,~k)

p’(", ~p)

due to a soft photon emission

("0, ~p0)

�q = (p0 � k � p)� (p0 � p) = �p0 � k, �p0 = !
@p0

@"0
= !/�

(1) in the non-relativistic case, i.e.  β~ 0
b = impact parameter
τ = characteristic time

(2) in the relativistic case, i.e.  β~ 1

the minimum transverse momentum

! ⌧ " for soft photon emission

�q

|~q| ⌧ 1 and

for a virtual photon is regarded as a soft photon with the transverse momentum

�q ⇡ �p0 ) �p0
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�c

�q = !/� � k = !(1/� � 1) ⇡ !/(2�2) ! !/�2

bremsstrahlung process



Two important effects in the incoherent process

(1) Geometric Reduction

The transverse momentum (      ) of the virtual photons are equivalent to the impact 
parameter (b)  by conversion of  

k?
b = ~c/k?, ~c = 197MeV · fm

For the experimental verification : A.E.Blinov et al., Phys.Lett. 113B (1982) 423

If the impact parameter exceeds the beam size, the pair creation is suppressed.  The 
vertical beam size (σy) is the relevant one  for the flat beam at linear colliders.  so,  the 
cut-off        is approximately estimated to be k? k?cut�off

= ~c/(2�
z

)
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log(�y/�̄e)

2 log �
⇡ 0.37�LL at ILC

ref :  V.N.Baier et al., Phys. Lett. 229B (1989) 135



(2) Effect of the strong external field

The incoherent pair creation processes are suppressed if the electron is radiated 
in the strong electromagnetic field produced by the on-coming beam, the former 
processes can be regards as the virtual photon radiation in free space while the 
latter is one in the strong field. 

Comparing the two radiation coherent (photon formation) lengths,  

lR > lRH to take place the incoherent pair creations

) ✓ > ✓H for lR = ⇢✓, lRH = ⇢✓H

) k? > !✓H =
!

�

⇣!c

!

⌘1/3
, and y? >

y

�

✓
⌥

y

◆1/3

So the strong external field suppresses the virtual photons with small transverse 
transverse momenta similar to the geometric reduction.

lR = ⇢/� and lRH = (⇢/�)(!c/!)
1/3

for ! ⌧ !c, respectively,

i.e. longer the coherent length for photons with larger the transverse momentum
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The low energy pair particles are deflected by the on-coming beams.

simulations of the ILC (head-on collisions) at √s =500GeV by CAIN v2.42
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コヒーレント過程との際立った違い
生成される(陽)電子のエネルギーにしきい値が存在しな
い。むしろ、ひじょうに低いエネルギーに多く生成される。
例: LL過程のエネルギー分布は、x=Ee/Ebeam<<1とすると；
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低エネルギー電子⇒ Hφにより大きな曲げ
ビームエネルギーに対して、0.0001 ラジアンの曲がり

⇓
250MeV(x=0.001)の電子に対して、0.1 ラジアンの曲がり

⇓
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ビームビーム効果を含めてAAAABBBBEEEELLLLプログラムによりシミュ
レーションで詳しく研究されている。
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Helical movements of charged particles in the magnetic field
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e-e+
B

B with anti-DID 
(Detector Integrated Dipole)

z

x

14mrad IP

B with DID

good for the incoming beams

good for the scattered low energy particles

no synchrotron radiation, no spin precession …



head-on collisions

14mrad collisions

in/out

out
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beam pipe

4cmφ

4cmφ

3.2cmφ

(anti-DID)



Minimum Veto Angle
Primary requirement from SUSY

e+e- + -~ ~
L(R) L(R)

Importance of small veto angle
for

GeV
m GeV GeV= =

s =
 m
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150 100

1
0τ

,

M.Nojiri,K.Fujii and T.Tsukamoto, Phys. Rev. D54(1996)6756.

τ τ→

χ~ ~

 Pt
jet   (GeV)

M.Nojiri, K.Fujii and 
T.Tsukamoto, Phys. Rev. 
D54(1996)6756.

Δm=50GeV
θveto =50mrad

Δm=5GeV
θveto =5mrad

mSUGRA 

WMAP data

ΩCDM h2 =0.094 - 0.129 
                  ( 2 σ )

P. Bambade et al.   
hep-ph/0406010

more stringent
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Figure 2: Left: Electron energy and spatial distribution of the 2-photon background events passed
all selection cuts except the BeamCal veto. Right: The efficiency to veto an electron of energy 75,
150, 250 GeV as a function of the radius in the BeamCal.

For each beam parameter set in table 1 veto efficiencies are estimated from simulations in the
instrumented area of the BeamCal (see figure 1). These efficiencies were used to determine the
number of remaining non-vetoed two-photon background events in the stau analysis, see table 2.
Results are given for energy cuts of 50 and 75 GeV, showing that a relatively low energy cut of
50 GeV reduces considerably this background contribution. For the chosen benchmark physics
scenario the chances to see τ̃ particles are very good for most of the accelerator designs, except
the Low P scheme in which this remaining background completely dominates the selected event
sample. By far the best situation is obtained for the Low Q scheme.

Energy cut [GeV] 75 50
Nominal, 0 mrad 45 5
LowQ, 0 mrad 40 0.1
LargeY, 0 mrad 50 9
LowP, 0 mrad 364 321
Nominal, 20 mrad, DID 396 349

Table 2: The number of un-vetoed background events. The number of τ̃ events is 20.

In the cases of 2 mrad or 20 mrad with the anti-DID field configuration we expect the BeamCal
performance to be similar to that in the head-on scheme, as the corresponding pairs deposition
distributions are similar. In case of 20 mrad crossing angle with a DID field configuration, we
would have no chance to see τ̃ production for this benchmark scenario.

For the 20 mrad crossing angle geometry, an additional reduction in expected signal-to-
background ratio arises independent of choosing a DID or anti-DID magnetic field configuration,
because removing events with electrons missed in the larger un-instrumented part of the BeamCal
(see figure 1) requires additional special selection cuts [4] and because of the increased fake veto
rate from Bhabha processes with only a single electron seen [2]. Estimations have shown that these
additional effects would amount to about 30-50% in total for the present super-symmetric scenario,
which could be compensated for with additional luminosity.

4

The BeamCal is located 370 cm from the interaction point. The inner radius is 1.5 cm for 0 mrad 
crossing angle and 2 cm for 20 mrad. The outer radius is 16.5 cm.

P.Bambade, V.Drugakov and W. Lohmann, The impact of BeamCal performance at different ILC beam parameters and closing 
angles on stay searches, LAL 06-145, October 2006

Electron tagging efficiency by BeamCal

for head-on collision

studies with the RDR nominal parameter



Pair background & BeamCal (2005, RDR nominal)

~ 14mrad with antiDID ~ without antiDID

Conclusion in 2005: 
"" background for 

stau search increases  
by factor ~ 8.5

8

J.List, Physics impact of the anti-DID, ILD Technical task forces meeting, LAL Orsay,Nov. 7, 2016



… and with ILD 2009  [Bechtle et al Phys.Rev. D82 (2010) 055016, Berggren 1308.1461]

• with parametrised BeamCal 
response from full sim with pair 
background (14mrad, antiDID) 

• gamma-gamma bkg: fake missing 
pt if beam electron goes down the 
incoming beam pipe - or not 
visible above pair background! / 10 deg
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• “grey band” similar to what SiD calls 
“plug region” 

• more background => grey band turns 
black => can’t use this kinematic region 

• loose low-delta-M region (at diagonal)  
=> loose complementarity with LHC

10

J.List, Physics impact of the anti-DID, ILD Technical task forces meeting, LAL Orsay,Nov. 7, 2016

due to two holes of 32 and 40mm diameter in BeamCal 
for the incoming and out-going beams, respectively.



WIMP Dark Matter

• model-independent dark matter searches using mono-
photon signature 

• complementary to LHC, direct detection, indirect detection 
[arxiv:1604.02230] 

• backgrounds: 

• $$ +(n)#: reduced by 1/100 with P=(+80%,-30%) 

• rad. Bhabhas: crucially depends on hermeticity

?
+e

-e

χ

χ

γ

11

WIMPs  
(+soft activity)

Bhabha  
(+soft activity)

how close 
to beam pipe 

are we sensitive ?

J.List, Physics impact of the anti-DID, ILD Technical task forces meeting, LAL Orsay,Nov. 7, 2016

so called Single Photon Events



Near-degenerate New Particles (e.g. Higgsinos)

15

• “blind spot” of LHC  
=> ILC direct discovery potential 

• ILC precision spectroscopy allows 
determination of gaugino masses  
even if in multi-TeV regime 

• visible part of event: 

• very few, very soft tracks

Higgsino signal event in ILD  
(w/o pair background)

mass unificationImportant input for 
next generation pp 

collider!

J.List, Physics impact of the anti-DID, ILD Technical task forces meeting, LAL Orsay,Nov. 7, 2016



MiniJets



Mini-jets
High Pt jets in γγ collisions at e+e- colliders

VOLUME 67, NUMBER 10 PH YSICAL REVIEW LETTERS 2 SEPTEMBER 1991

Minijets and Large Hadronic Backgrounds at e +e Supercolliders
Manuel Drees

Theory Group, DESY, Notkestrasse 85, D-2000 Hamburg 52, Germany

Rohini M. Godbole
Department of Physics, University of Bombay, Vidyanagari, Bombay, 400 098, India

(Received 16 April 1991)
We show that the hadronic structure of the photon, along with the beamstrahlung phenomenon, leads

to a very large rate of yy jets at e+e supercolliders. At Js = I TeV, for round, dense bunches, we
expect —5-50 "minijet" events per bunch crossing, giving rise to an "underlying event. " Thus e+e
supercolliders will be "messier" than expected, unless beamstrahlung can be kept under control.
PACS numbers: 13.65.+i, 13.87.Ce

The main argument in favor of e+e (super)colliders
[1] as compared to pp supercolliders such as the Super-
conducting Super Collider or the CERN Large Hadron
Collider is the supposed "cleanliness" of the electron
machines, i.e., the absence of an "underlying event" pro-
duced by the spectator jets which are part of any hard in-
teraction event at hadron colliders, spraying a multitude
of usually soft hadrons over the detector, which cause
many background problems. In this Letter, we point out
that, due to the hadronic structure of (quasi)real photons
[2], hadronic two-photon interaction rates at future
e+e colliders will be very large, making such machines
much "messier" than usually anticipated. This problem
is aggravated by the beamstrahlung phenomenon [3],
which at center-of-mass energies Js around 1 TeV can
increase the effective single photon Aux by an order of
magnitude.
For the purpose of this Letter we need only discuss the

inclusive production of two high-pT jets in the collision of
two (quasi)real photons. Three different classes of pro-
cesses [4] contribute to this reaction. The "direct" pro-
cess of Fig. 1(a), yy qq is already present in the naive
quark-parton model. However, to first order in a the
photon develops [2] a nonvanishing quark and gluon con-
tent. It is thus possible to "pull" quarks or gluons out of
photons in much the same way they can be "pulled out"
of nucleons. In Fig. 1(b) only one photon is resolved into
its partonic components, which then interact with the oth-
er photon; we call these the "once-resolved" processes
("I-res" for short). Finally, in the "twice-resolved" ("2-
res") processes of Fig. 1(c) both photons are resolved, so
that the hard scattering is a pure QCD 2 2 process. It
is very important to note that every resolved photon pro-
duces [5] a spectator jet of hadrons with small transverse
momentum relative to the initial photon direction, which
coincides with the beam direction.
Schematically, the cross section for the twice-resolved

contributions can be written as [5]

do =frt, (x;)q'(x2, Q')f t, (x3)q'(x4, Q')dts,
where the ci are the cross sections for the hard 2 2 sub-
processes [6,7]. At present only two parametrizations of
the parton densities inside the photon q"=(u', d', G") ex-
ist. The DO parametrization [7] uses the "asymptotic"

prediction of Witten [2]. For our choice AQCD 400
MeV this has to be augmented [5] by a "hadronic" com-
ponent, which can be estimated from the vector meson
dominance (VMD) model, in order to describe data [8]
on the electromagnetic structure function Fq~ of the pho-
ton. However, this parametrization cannot (and was nev-
er intended to) be used at very small x, since it diverges
even worse than the x ' behavior of the exact asymp-
totic prediction for q'(x, Q ). We have therefore
modified the original parametrization of [7] in the region
x &0.05:

q "(x,g') =cln(Q'/A')x (2)

(a) A. q

(b)
q
G

(c)
G
G

e-
FIG. 1. Typical Feynman diagrams for the (a) direct, (b)

once-resolved, and (c) twice-resolved contributions to the pro-
duction of high-pT jets in yy collisions at e e colliders.

where c is fixed to give smooth transitions at x =0.05.
Note that the VMD contribution [5] is not alfected by
this modification, as it is well behaved for x 0. We call
this the "modified DO+ VMD" parametrization. The
DG parametrization [9] avoids the problem of x 0
divergencies, since it parametrizes the well-behaved [10]
Q evolution of some input distributions at scale Qo =1
GeV, which were chosen such that a preliminary version
of the data of [8] were reproduced; it also fits the final

1991 The American Physical Society 1189

2.4  ミニジェット　pp 衝突とよく似ている。
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ビームストラールング光子
仮想光子　　　　　　　
γ=ρ + ω + φ ...　　　    
ベクターメゾン             

⇓
光子の構造　　　  

断面積；(b),(c)が主。　重心系エネルギーとともに増大。
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direct process

once-resolved process

twice-resolved process

d� = f�/e(x1)q
�(x2, Q

2)f�/e(x3)q
�(x4, Q

2)d�̂

for the once-resolved process

, where the parton densities in a photon, i.e. the hadronic components are q� = (u� , d� , G�)

M.Drees, R.M.Godbole, PRL67(1991)1189

and the photon flux of an electron f�/e(xi) for the sum of bremmstrahlung and beamstrahlung

Problematic issue :  violation of unitarity condition



“Realistic” model with Eikonal approximation
P.Chen, T.L.Barklow, M.E.Peskin, PRD49(1994)3209

�(�� ! hadrons) = �0{1 + (6.30⇥ 10

�3
)[ln(s)]2.1 + (1.96)s�0.37}

�0 = 200µb

Total hadronic cross section of photon photon interaction based on the VMD

VMD ( Vector Meson Dominance ) model : γ=ρ+ω+φ+ …
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Jet yield is calculated by

F (z) = fg(z) +
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parton distribution of the photon

using the parametrization of Drees and Grassie  (DG)
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all of the parton cross sections are approximated by the gluon-gluon cross section:
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FIG. 2. Jet yields predicted by the formula (3.4), for p~ =1.6,
3.2, 5, and 8 GeV, shown as a function of the yy center-of-mass
energy. The dotted curves show the parametrization of this
quantity given in (3.7).

(E, ) '
&(S" Ec.m. )=~I (A3+p, )

This is, in fact, the theory applied by Drees and Godbole,
with the parameter choice p, =1.6 GeV [4). Note that
for any value ofp„ this prediction for the cross section
rises much faster at high energy than the expectation
from (3.1). In addition, this prediction for the cross sec-
tion is very small at low energy, since it does not include
the efFects of soft hadronic reactions. The dependence of
the jet yield on energy and p, is well described by the pa-
rameterization

deposition of transverse energy in a circle of radius 1 in
the plane of rapidity and azimuthal angle [42]. In this
paper, the experimenters argued that such minijet events
are well defined only for values of the transverse energy
of a cluster above 5 GeV. In Fig. 3(a), we show their re-
sults for the cross section for producing clusters of 5 GeV
transverse energy and the comparison of this cross sec-
tion to half the jet yield for a parton transverse momen-
tum cutoff p, =3.2 GeV. At the time of these measure-
ments, Pancheri and Srivastava [43] pointed out that this
cross section could be 6t by a simple QCD estimate with
a value ofp, reduced from the observed transverse ener-
gy. The comparison shown in Fig. 3 fixes the size of this
reduction for the Drees-Godbole conventions. To esti-
mate the cross section for events with clusters of 10 GeV
transverse energy, we will use p, =8 GeV.
The idea that minijets with only 5 GeV of transverse

energy are produced independently of the underlying
minimum-bias multiple-particle production is still con-
troversial. It is possible that a model with incoherently
produced jets makes sense at values of the transverse en-
ergy of 10 GeV or above. When we evaluate jet cross sec-
tions later is this paper, we will also illustrate the depen-
dence of our results on the transverse momentum cutoff
pg-

50

40

~ 30
E

X exp. — &)(p, )
a(

e 20

10
where P is given in nanobarns, energies are in GeV,
A I =4000 Ap =0.82 A3 =3.0, and
8,(p, )=14.2 tanh(0. 43p,"),
Bq(p, ) =0.48/p, '

(3.8) 200

This parametrization fits our numerical evaluation to
within 20% accuracy for p, &10 GeV and E, &10
TeV. As we have emphasized, the numerical evaluation
itself is considerably more uncertain. We used this pa-
rameterization in the computations reported in Sec. IV.
However, it has been argued that the photon cross sec-

tions cannot rise as fast as the jet yield is predicted to rise
in Fig. 2 [39,40]. The easiest way to argue to this con-
clusion is to redo the analysis just described for pp col-
lisions and compare the results to the data on the pp total
cross section. This comparison is shown in Fig. 3(a).
Note that the jet yield calculation using the Drees-
Godbole value ofp, is completely incompatible with the
pp total cross section in a region where this cross section
is well measured. A similar comparison can now be made
in photoproduction following the new HERA measure-
ments, and this in shown in Fig. 3(b).
In addition to the total cross section, the UA1 experi-

ment has reported measurements of the cross section for
events with jet activity, by counting events with a fixed

100—

0
10 10

EC ITI (GeV)
103

FIG. 3. (a) Comparison of the jet yield in pp collisions to the
observed total cross section. The data are taken from Ref. [42].
The upper set of data points represents measurements of the in-
elastic pp cross section; these measurements are well fit by the
formula of Ref. [28]. The lower set of data points represents the
UA1 measurements of the jet cross section as described in the
text. The two curves show the energy dependence of ~ 5'(p+ )
for pp collisions, for p+ =1.6 and 3.2 GeV. (b) Comparison of
the jet yield in yp coBismns to the observed tot@ cross section.
The data is taken from Refs. [41,9,10). The smooth curve
through these points is proportional to (3.1). The two rising
curves show the energy dependence of —'P(p~) for yp col-
lisions, for p ~ =1.6 and 3.2 GeV.

Jet yields in photon photon collisions
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FIG. 2. Jet yields predicted by the formula (3.4), for p~ =1.6,
3.2, 5, and 8 GeV, shown as a function of the yy center-of-mass
energy. The dotted curves show the parametrization of this
quantity given in (3.7).

(E, ) '
&(S" Ec.m. )=~I (A3+p, )

This is, in fact, the theory applied by Drees and Godbole,
with the parameter choice p, =1.6 GeV [4). Note that
for any value ofp„ this prediction for the cross section
rises much faster at high energy than the expectation
from (3.1). In addition, this prediction for the cross sec-
tion is very small at low energy, since it does not include
the efFects of soft hadronic reactions. The dependence of
the jet yield on energy and p, is well described by the pa-
rameterization

deposition of transverse energy in a circle of radius 1 in
the plane of rapidity and azimuthal angle [42]. In this
paper, the experimenters argued that such minijet events
are well defined only for values of the transverse energy
of a cluster above 5 GeV. In Fig. 3(a), we show their re-
sults for the cross section for producing clusters of 5 GeV
transverse energy and the comparison of this cross sec-
tion to half the jet yield for a parton transverse momen-
tum cutoff p, =3.2 GeV. At the time of these measure-
ments, Pancheri and Srivastava [43] pointed out that this
cross section could be 6t by a simple QCD estimate with
a value ofp, reduced from the observed transverse ener-
gy. The comparison shown in Fig. 3 fixes the size of this
reduction for the Drees-Godbole conventions. To esti-
mate the cross section for events with clusters of 10 GeV
transverse energy, we will use p, =8 GeV.
The idea that minijets with only 5 GeV of transverse

energy are produced independently of the underlying
minimum-bias multiple-particle production is still con-
troversial. It is possible that a model with incoherently
produced jets makes sense at values of the transverse en-
ergy of 10 GeV or above. When we evaluate jet cross sec-
tions later is this paper, we will also illustrate the depen-
dence of our results on the transverse momentum cutoff
pg-

50

40

~ 30
E

X exp. — &)(p, )
a(

e 20

10
where P is given in nanobarns, energies are in GeV,
A I =4000 Ap =0.82 A3 =3.0, and
8,(p, )=14.2 tanh(0. 43p,"),
Bq(p, ) =0.48/p, '

(3.8) 200

This parametrization fits our numerical evaluation to
within 20% accuracy for p, &10 GeV and E, &10
TeV. As we have emphasized, the numerical evaluation
itself is considerably more uncertain. We used this pa-
rameterization in the computations reported in Sec. IV.
However, it has been argued that the photon cross sec-

tions cannot rise as fast as the jet yield is predicted to rise
in Fig. 2 [39,40]. The easiest way to argue to this con-
clusion is to redo the analysis just described for pp col-
lisions and compare the results to the data on the pp total
cross section. This comparison is shown in Fig. 3(a).
Note that the jet yield calculation using the Drees-
Godbole value ofp, is completely incompatible with the
pp total cross section in a region where this cross section
is well measured. A similar comparison can now be made
in photoproduction following the new HERA measure-
ments, and this in shown in Fig. 3(b).
In addition to the total cross section, the UA1 experi-

ment has reported measurements of the cross section for
events with jet activity, by counting events with a fixed

100—

0
10 10

EC ITI (GeV)
103

FIG. 3. (a) Comparison of the jet yield in pp collisions to the
observed total cross section. The data are taken from Ref. [42].
The upper set of data points represents measurements of the in-
elastic pp cross section; these measurements are well fit by the
formula of Ref. [28]. The lower set of data points represents the
UA1 measurements of the jet cross section as described in the
text. The two curves show the energy dependence of ~ 5'(p+ )
for pp collisions, for p+ =1.6 and 3.2 GeV. (b) Comparison of
the jet yield in yp coBismns to the observed tot@ cross section.
The data is taken from Refs. [41,9,10). The smooth curve
through these points is proportional to (3.1). The two rising
curves show the energy dependence of —'P(p~) for yp col-
lisions, for p ~ =1.6 and 3.2 GeV.

UA1

data for clusters of 
5GeV transverse 
energy

total cross section

total cross section

minimum bias events + mini-jets, double counting ?

mini-jets cross sections exceed the total cross section ?

The rise of total cross section can be described by 
scattering with a disk, i.e.  the soft “gray” hadronic 
interactions become “black” by the effect of gluon-gluon 
scattering saturating the total cross section. 
“eikonalization” to produce multiple scatterings
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We will now argue that, in photon-photon collisions,
we should see the same disagreement between the actual
total cross section and the jet yield calculation at high en-
ergy. At low energies, photon-photon collisions have an
approximately constant hadronic cross section from vec-
tor dominance: Each photon resonates, with a certain
probability, to a hadron, and these hadrons collide with a
certain total cross section. Taking the probability that
the photon is a hadron to be the value ~ given above
and taking the maximum hadronic cross section to be
that of a disk of radius 1 fm, we obtain an estimate

o' r(yy~ hadrons)-300 nb, (3.9)
which is in reasonable agreement with (3.1). In order to
produce a significantly larger cross section, either the
photon must become larger or it must become a hadron
with higher probability. Resolving the hadronic com-
ponents of the photon into partons does not increase the
size of the photon. Altarelli-Parisi evolution can create
new hadronic components of the photon, through the di-
agram in which the photon, off shell by an amount Q,
splits to a qq pair. This diagram has a substantial effect
on the total number of gluons in the photon, but it has
only a small effect on the photon's hadronic cross section,
since the new hadronic component has the very small size
n/Q It is p. ossible to explain a slowly rising cross sec-
tion by making a model in which the soft hadron is a grey
scattering distribution which becomes black as the
gluon-gluon scattering becomes important. As the disk
becomes black, the effect of gluon-gluon scattering on the
total cross section must turn off. This physical effect can
be implemented in a calculational scheme called "eikon-
alization. " For the case of yp scattering, explicit models
of this sort have been constructed by Forshaw and Stor-
row [44] and Fletcher, Gaisser, and Halzen [45].
Forshaw and Storrow have also written an eikonalized
model of the yy cross section [11]. Qualitatively, these
eikonalized models have a slowly rising total cross sec-
tion similar to that of (3.1). An example of such a model
which fits the rise of the pp cross section has been given
in Ref. [46]. On the other hand, it is possible that parton
hard scattering has nothing to do with the observed rise
in the pp cross section at high energy. In this paper, we
will adopt the most straightforward course, that of taking
the formula (3.1) literally as a first approximation to the
energy dependence of the cross section for hadron pro-
duction in yy collisions.
However, we are also interested to know the cross sec-

tion for hadronic reactions which contain hard QCD jets.
It is quite possible that ordinary, low-p~ hadronic events
produce little complication when superposed on high-
energy e+e annihilation events, but that hadronic
events with jets produce troublesome complications.
Thus we need to estimate backgrounds from events with
jet production. We emphasize that we are concentrating
on the case of jets with transverse momentum below 20
GeV which appear as the result of a second collision at
the same beam crossing as the e+e annihilation. Above
this transverse momentum, parton-parton scattering de-
creases in importances as a source of hadronic jets rela-
tive to quark-photon and direct photon-photon scattering

The cross section for events with jets of p~ &p~, in this
model, is

o (p, )=o I 1
—exp[ —P(p, )/20 ]] . (3.11)

If the mechanism of scattering chases as a function of
the impact parameter, as is true in eikonal models, there
will be small corrections to this simple model. We will
ignore them.
The combination of these ideas has an interesting im-

plication. P(p} increases much more rapidly with energy
than 0. However, in this picture, the main effect of the
increase in P(p, } is not to increase the hadronic cross
section, but rather to increase the number of jets per
event. For photon-photon collisions and for hadron-
hadron collisions, above 1 TeV in the center of mass, we
expect that the typical event is bristling with jets of 10
GeV transverse momentum. In Fig. 4, we illustrate the
time structure of events at an e+e collider in a naive
model and in what we feel is a more correct model of jet
production. The latter case casts the problem of hadron-
ic jets underlying e+e annihilation events in a quite

(a)

time

FIG. 4. Time structure of e+e reactions in a linear collider.
The dots represent individual bunch crossings. In the naive
model (a), the minijet are distributed evenly among bunch cross-
ings. The model (b) has a much smaller yy hadronic cross sec-
tions, but the same large value of the jet- yield.

processes (the processes Drees and Godbole call "once-
resolved" and "direct" ) [3]. However, these latter events
are too rare to appear superposed on a significant number
of e+e annihilation events.
To a Srst approximation, the jet yield P(p, ) computed

from (3.4) should be a valid estimate of the total number
of jets produced even when the jet yield substantially
overestimates the total hadronic cross section. The
reason for this is that the individual parton-parton in-
teractions are relatively weak, and it is only because there
are many gluons in a hadron that the sum of these cross
sections saturates the geometrical limit on the cross sec-
tion. In other words, those events in which the hadronic
disks overlap typically contain a soft interaction plus
gluon-gluon scat terings; if P(p, )»o, typical en-
counters contain many individual gluon-gluon collisions.
If we assume that these collisions are completely indepen-
dent, we would expect the number of pairs of jets per
event to follow a Poisson distribution, such that the mean
number ofjets per event is

(3.10)

Approximation : The jet yield          should be a valid estimate of the total 
number of jets produced even when the jet yield substantially overestimated 
the total hadronic cross section.

Y(p⇤)

< njet >= Y(p⇤)/�

So, the number of pairs of jets per event is expected to follow a Poisson distribution 
with the mean number of jets per event is

�(p⇤) = �{1� exp[�Y(p⇤)/2�]}

The cross section for events with jets  of p? > p⇤

Time structure of e+ e- reactions in a linear collider, where the dots 
represent the bunch crossings

Reference Model (RM)

p? < p⇤
the soft interactions by minimum bias 
events (ISAJET)    for
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different form and one which is probably much easier to
ameliorate. In Fig. 5, we show the energy dependence of
the mean number of jets in yy collisions with hadron
production, according to our model, for various values of
the transverse momentum. In Fig. 6, we show the corre-
sponding predictions for the total cross section for a yy
collision to produce events with parton scattering at these
values of transverse momentum. We have already noted
that the results for the lowest value of p, are probably
academic, since such small minijets cannot be dis-
tinguished in hadron-hadron collisions. The two curves
with p„=3.2 and 8 GeV correspond to events with clus-
ters of 5 and 10 GeV transverse energy.
Since Fig. 5 predicts a relatively large number of jets

per hadronic event, one might hope that multiple jet
events could be recognized experimentally in yp or pp
collisions at accessible energies. Unfortunately, our mod-
el gives fewer jetlike events in these processes, since the
gluon distribution in the proton is softer than that in the
photon. For p, =3.2 GeV, we estimate an average of
0.15 jet pairs for yp collisions at 200 GeV and an average
of 0.6 jet pairs for pp collisions at 2 TeV. However, we ex-
pect two jet pairs per minimum-bias event at the Super-
conducting Super Collider (SSC) energy of 40 TeV, so
that the phenomenon of multiple minijets may become
observable at the SSC.
In our model, jet cross sections eventually saturate at

the value of the total cross section. Thus we must give
some thought to the value of Q we should use in comput-
ing yy total cross sections from the virtual photon distri-
bution function (2.3). The logarithm in (2.3) comes from
an integral over photon transverse momentum. Ordinari-
ly, to evaluate total cross sections due to soft processes,
one would cut off this integral at a momentum charac-
teristic of the soft momentum transfer, of order 1 GeV.
To compute the cross section for a hard process, one
would run this integral up to the momentum transfer of
the hard process and, therefore, take Q =p, . However,
when the cross section for a hard process with momen-
tum transfer P is comparable to the total cross section,
photons with transverse momenta up to this value con-
tribute strongly to the total cross section, and we must
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FIG. 6. Cross sections for hadron production in yy collisions
accompanied by jets of transverse momentum greater than p +,
for p~ =1.6, 3.2, 5, and 8 GeV, according to the model of Eq.
(3.11). The ordinate is the yy center-of-mass energy.

take Q -P also to compute the total cross section. Using
(3.7), we estimated this value as a function of energy.
Thus, in evaluating virtual photon cross sections for jets
with transverse momentum p„, we choose Q in f, (x, Q)
according to the prescription

Q =max[p„, QH(E), 1 GeV], (3.12)

where QH=(E/10. 0) and E is the yy center-of-mass
energy in the collision.
We will refer to the model for the yy hadronic cross

section given in (3.1), (3.4) or (3.7), (3.10), and (3.11) as
the reference model (RM). We feel that this model is the
best compromise available between simplicity and plausi-
bility in the theoretical extrapolation of the yy hadronic
cross section. We emphasize that the results of this mod-
el related to jet production are expected to be uncertain
to at least a factor of 2.
At some points in the following section, we will corn-

pare the predictions of this model to two additional mod-
els which represent the extreme behaviors possible for
this hadronic cross section. On the one hand, there is the
constant cross section (CC) model, in which we take

o (yy ~hadrons) =300 nb, (3.13)
20

C
0 15
Oc0
10

cd

5

0
102 103

Ec (YY) (GeV)

independent of energy. On the other hand, there is a
model which we will call the minijet dominance (MD)
model:

cr(yy~ hadrons)=300 nb+ —,'P(p, ), (3.14)

with the choice p, =1.6 GeV. This is not exactly the
model advocated by Drees and Godbole; they omit the
constant term, and at the end of Ref. [4], they argue that
the jet yield estimate should be modified in a manner
similar to what we have described above. However, this
model captures the spirit of the exphcit calculations that
they have performed, in a way that can be easily com-
pared with our reference point.

FIG. 5. Number of jets with transverse momentum greater
than p+ per hadronic yy event, for p~ = 1.6, 3.2, 5, and 8 GeV,
according to the model of Eq. (3.10). The ordinate is the yy
center-of-mass energy.

IV. HADRON PRODUt:j. xON RATES

Having now specified our model completely, we can
make use of it to predict the rate of hadronic yy events
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take Q -P also to compute the total cross section. Using
(3.7), we estimated this value as a function of energy.
Thus, in evaluating virtual photon cross sections for jets
with transverse momentum p„, we choose Q in f, (x, Q)
according to the prescription

Q =max[p„, QH(E), 1 GeV], (3.12)

where QH=(E/10. 0) and E is the yy center-of-mass
energy in the collision.
We will refer to the model for the yy hadronic cross
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the reference model (RM). We feel that this model is the
best compromise available between simplicity and plausi-
bility in the theoretical extrapolation of the yy hadronic
cross section. We emphasize that the results of this mod-
el related to jet production are expected to be uncertain
to at least a factor of 2.
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constant term, and at the end of Ref. [4], they argue that
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IV. HADRON PRODUt:j. xON RATES

Having now specified our model completely, we can
make use of it to predict the rate of hadronic yy events

< njet >= Y(p⇤)/� Eq. (3.10) �(p⇤) = �{1� exp[�Y(p⇤)/2�]} Eq. (3.11)
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TABLE II. Parameters and hadronic backgrounds for 1.0-TeV linear colliders.

Linear colliders
X (10' cm sec ')
f„p (Hz)
71b

X, (10 'nb ')
N (10' )
o „/o y (nm)
o., (pm)
P„/Py (mm)

D„/Dy
A„/Ay
o, /o„(nm)
HD
X (10' cm sec ')
X& (10 nb ')
Yo
Y
5g

DLC
2.5
50
50
0.99
2.8

223/28. 3
500
5/0. 8

1.40/11.0
0. 1/0. 625
100/17. 1

3.7
9.2
3.70
0.20
0.42
0.53
8.1

JLC
8.8

150
20
2.17
1.8

372/3. 2
113

24.6/0. 12
0.08/9. 7
0.005/0. 9
372/2. 2
1.5
12.8
3.10
0.38
0.38
0.14
1.7

NLC
12.8
90
90
1.58
1.3

425/2
100
40/0. 1
0.04/8. 5
0.0025/1. 0
425/1. 5

1.4
17.5
2.18
0.27
0.27
0.07
1.1

TESLA
10.6
10
800
1.31
5.8

404/50. 5
1100
8/2. 5

1.95/15. 6
0. 14/0. 44
172/27. 0

4.4
46.6
5.86
0.10
0.24
0.50
10.4

e+e mode
Nhad

N).ts
N;„io (10 )

mode
Nh, d

N~.tio (10 ')

15.3
1.53
5.53

0.42
0.31
2.50

0.83
0.09
0.37

0.93
0.68
5.61

0.34
0.03
0.12

0.68
0.50
4.10

40.1
2.65
8.54

0.56
0.41
3.40

ventional cavities, the length of a bunch train cannot be
greater than a few hundred nsec, and so the spacing of
bunches must be proportionately smaller. In the Next
Linear Collider (NLC) design, for example, the bunch
spacing is only 1.4 nsec. However, we do not feel that
this is unreasonably small. The drift chamber of the
Mark II experiment at the SLAC Linear Collider (SLC)
could time tracks to a resolution of 1 nsec, even though it
was not optimized for this feature. Energy clusters in a
calorimeter can be given time stamps with 1 nsec resolu-
tion or better by adding layers of timing detectors, such
as scintillation counters, to the calorimeter. The time be-
tween bunch train crossings is quite long (5.6 and 11.1
msec for the 500- and 1000-GeV NLC designs, respec-
tively) so that one can make use of timing detectors with
large recovery times.
Now we present our estimates of yy background rates

for the reference machine defined above, as a function of
its energy. We consider first e+e colliders, ignoring
beamstrahlung. In Fig. 7(a), we plot the total rate of yy
background events, as a function of the design energy of
the machine, assuming the specific luminosity (4.2). The
yy cross section is integrated over all solid angles and
down to a yy center-of-mass energy E&z of 5 GeV. Note
that the MD model predicts a much higher level of back-
ground, while the RM and CC models are actually quite
close in their predictions. Under the assumptions of the
RM model and assuming that the multibunch operation
called for in (4.2) is indeed feasible, the total rates of ha-
dronic background seem to be tolerable without a need
for further analysis for e+e colliders of energy up to 2

10'—

~~ ~ 10o
CC

Q) V)) V)0
o 10-~

C
z+ 102

V) {
0)
V)0~u 103

tD ~
c

10'
[ f I I I I

500 1000 5000
E~ ~(e'e- collider) (GeV)

FIG. 7. Comparison of the predictions of three models of the
yy total cross section for the rate of hadronic background
events in e+e colliders. Beamstrahlung is ignored, and the
luminosity per bunch crossing is taken to have the canonical
dependence (4.2): (a) predictions of the RM, MD, and CC mod-
els (described in the text) for the total rate of yy events; (b) pre-
dictions of the RM and MD models for the rate of events with
observable minijets of transverse energy 5 and 10GeV.
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to be expected at future colliders. In this section, we will
present the results of applying this model to a variety of
specific collider designs, for center-of-mass energies of
500 GeV and 1 TeV, both for e+e and for yy col-
lisions. Our set of sample collider parameters is given in
Tables I and II. Table I gives a set of designs for 0.5-TeV
colliders presented at the 1992 Linear Collider Confer-
ence [47]. Table II gives a set of designs corresponding to
extensions of the 0.5-TeV machines to 1.0 TeV in the
center of mass [48].
Before beginning the analysis of specific designs, we

would like to present some results which appear as gen-
eral scaling laws, independent of the details of the collid-
er. This will also give us an opportunity to compare our
reference model (RM) with the minijet dominance (MD)
model and constant cross section (CC) model defined at
the end of the previous section.
In a linear e+e collider, the rate of hadronic yy

events per bunch crossing is obtained as a convolution of
the photon spectra from bremsstrahlung and beam-
strahlung. If we ignore beamstrahlung and consider the
rate from bremsstrahlung alone, our results will be in-
dependent of the detailed collider design and, for a fixed
design energy, will simply be proportional to the luminos-
ity per electron-positron bunch crossing. This is also true
for the full rate of hadronic events in the case where the
machine is converted to a yy collider by backscattering
laser beams, since, in that case, the energy distribution of
backscattered photons is fixed by the physics of Compton
scattering. As a reference point close to most current
designs, we will assume a design luminosity of

E,Z= 10'4
1 TeV

'2

cm sec (4.1)

Ec.m.E,=X/( f„pnb) =10 1 TeV
nb '. (4.2)

For any specific machine, the results for bremsstrahlung-
or laser-photon-induced hadronic backgrounds can be
obtained by scaling the luminosity per bunch crossing up
or down from this value.
The assumption that the hadrons produced at each

bunch crossing can be distinguished in time is crucial to
our analysis and deserves some further comment. This
assumption is more or less restrictive depending on which
of the specific collider designs in the tables is being con-
sidered. In designs such as TeV Electron Superconduct-
ing Linear Accelerator (TESLA), based on superconduct-
ing rf cavities, the bunch spacing is typically of order 1

psec, and there is no problem timing tracks to much
higher accuracy. However, in the designs based on con-

In typical designs, this luminosity is divided into pulses
which are produced at a repetition rate of roughlyf„—100/sec. In the most recent designs, which have
been inspired by attempts both to raise the design lumi-
nosity and to reduce the Drees-Godbole background, the
electron and positron pulses are divided into trains of or-
der n& —100 bunches, which we will assume can be dis-
tinguished in time by the detector. Thus we take as our
reference value a luminosity per bunch crossing equal to
10 sec times (4.1), that is,

TABLE I. Parameters and hadronic backgrounds for 0.5-TeV linear colliders.

Linear colliders CLIC DLC JLC NLC TESLA VLEPP

X (10 cm sec ')
f„p (Hz)
nb
X) (10 nb ')
N (10' )
0.„/0.~ (nm)
a, (pm)
P„/P» (mm)

D„/Dy
A„/Ay
0„/cr„(nm)
HD
X (10 cm sec ')
X, (10 nb ')
Yp
Y
5~
n~
e+e mode
Nh, d
NÃt ( 10 )
Nj tip ( 10 )

yy mode
Nh, d
N,„(10 )

2.7
1700
4
0.40
0.6

90/8
170

2.2/0. 16
1.3/15

0.08/1. 06
40/5. 5
3.3
8.80
1.30
0.16
0.35
0.36
4.6

1.37
5.80
16.4

0.15
6.90
32.4

2.4
50
172
0.27
2.1

400/32
500
16/1

0.70/8. 8
0.03/0. 5
246/19
2.8
6.67
0.76
0.043
0.071
0.08
3.1

0.32
0.44
1.16

0.10
4.72
22.3

6.8
150
90
0.50
0.7

260/3
80
10/0. 1
0.09/8. 2
0.008/0. 8
259/2. 0
1.5
10.1
0.74
0.15
0.15
0.05
1.0

0.07
0.22
0.69

0.19
8.61
40.7

6.0
180
90
0.37
0.65
300/3
100
10/0. 1
0.08/8. 2
0.01/1.0
300/2. 2
1.4
8.22
0.51
0.095
0.096
0.03
0.84

0.04
0.10
0.31

0.14
6.43
30.4

2.6
10
800
0.33
5.15

640/100
1000
10/5

1.25/8. 0
0. 1/0. 2
304/50
4.2
11.1
1.39
0.031
0.065
0.14
5.8

1.57
1.62
3.90

0.13
5.68
26.9

12
300

1
40
20
2000/4
750
100/0. 1
0.43/—
0.008/—
1587/4
1.3
15.1
50.2
0.059
0.074
0.14
5.1

45.3
56.2
139

15.2
685
3240
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TABLE II. Parameters and hadronic backgrounds for 1.0-TeV linear colliders.

Linear colliders
X (10' cm sec ')
f„p (Hz)
71b

X, (10 'nb ')
N (10' )
o „/o y (nm)
o., (pm)
P„/Py (mm)

D„/Dy
A„/Ay
o, /o„(nm)
HD
X (10' cm sec ')
X& (10 nb ')
Yo
Y
5g

DLC
2.5
50
50
0.99
2.8

223/28. 3
500
5/0. 8

1.40/11.0
0. 1/0. 625
100/17. 1

3.7
9.2
3.70
0.20
0.42
0.53
8.1

JLC
8.8

150
20
2.17
1.8

372/3. 2
113

24.6/0. 12
0.08/9. 7
0.005/0. 9
372/2. 2
1.5
12.8
3.10
0.38
0.38
0.14
1.7

NLC
12.8
90
90
1.58
1.3

425/2
100
40/0. 1
0.04/8. 5
0.0025/1. 0
425/1. 5

1.4
17.5
2.18
0.27
0.27
0.07
1.1

TESLA
10.6
10
800
1.31
5.8

404/50. 5
1100
8/2. 5

1.95/15. 6
0. 14/0. 44
172/27. 0

4.4
46.6
5.86
0.10
0.24
0.50
10.4

e+e mode
Nhad

N).ts
N;„io (10 )

mode
Nh, d

N~.tio (10 ')

15.3
1.53
5.53

0.42
0.31
2.50

0.83
0.09
0.37

0.93
0.68
5.61

0.34
0.03
0.12

0.68
0.50
4.10

40.1
2.65
8.54

0.56
0.41
3.40

ventional cavities, the length of a bunch train cannot be
greater than a few hundred nsec, and so the spacing of
bunches must be proportionately smaller. In the Next
Linear Collider (NLC) design, for example, the bunch
spacing is only 1.4 nsec. However, we do not feel that
this is unreasonably small. The drift chamber of the
Mark II experiment at the SLAC Linear Collider (SLC)
could time tracks to a resolution of 1 nsec, even though it
was not optimized for this feature. Energy clusters in a
calorimeter can be given time stamps with 1 nsec resolu-
tion or better by adding layers of timing detectors, such
as scintillation counters, to the calorimeter. The time be-
tween bunch train crossings is quite long (5.6 and 11.1
msec for the 500- and 1000-GeV NLC designs, respec-
tively) so that one can make use of timing detectors with
large recovery times.
Now we present our estimates of yy background rates

for the reference machine defined above, as a function of
its energy. We consider first e+e colliders, ignoring
beamstrahlung. In Fig. 7(a), we plot the total rate of yy
background events, as a function of the design energy of
the machine, assuming the specific luminosity (4.2). The
yy cross section is integrated over all solid angles and
down to a yy center-of-mass energy E&z of 5 GeV. Note
that the MD model predicts a much higher level of back-
ground, while the RM and CC models are actually quite
close in their predictions. Under the assumptions of the
RM model and assuming that the multibunch operation
called for in (4.2) is indeed feasible, the total rates of ha-
dronic background seem to be tolerable without a need
for further analysis for e+e colliders of energy up to 2

10'—

~~ ~ 10o
CC

Q) V)) V)0
o 10-~

C
z+ 102

V) {
0)
V)0~u 103

tD ~
c

10'
[ f I I I I

500 1000 5000
E~ ~(e'e- collider) (GeV)

FIG. 7. Comparison of the predictions of three models of the
yy total cross section for the rate of hadronic background
events in e+e colliders. Beamstrahlung is ignored, and the
luminosity per bunch crossing is taken to have the canonical
dependence (4.2): (a) predictions of the RM, MD, and CC mod-
els (described in the text) for the total rate of yy events; (b) pre-
dictions of the RM and MD models for the rate of events with
observable minijets of transverse energy 5 and 10GeV.
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FIG. 1. Parametrization of the photon-photon total hadronic
cross section, Eq. (3.1), compared to data from Refs. [29] (cir-
cles), [30] (squares), [31](dots).

be used in the calculation of hadronic backgrounds.
At the most naive level, the cross section for hadron

production by hard parton-parton scattering is given by
folding the parton scattering cross sections computed in
QCD with the experimentally determined parton distri-
butions. In general, this cross section is infrared diver-
gent and requires a cutoff at low momentum transfer or
transverse momentum. Drees and Halzen noted that one
can obtain cross sections of the order of the expected to-
tal cross section for hadron production if one takes this
cutoff to be a few GeV. In this calculation, the most im-
portant effect comes from gluon-gluon scattering at small
momentum fractions.
Let us define the jet yield P(p, ) as the expected num-

ber of jets with pj &p„divided by the luminosity. The
simplest hard-scattering theory of the total cross section
would be to take

tion above 100 GeV in the center of mass and that this
mechanism would lead to photon-hadron cross sections
which rise much faster than (3.1). This theory of the
photon-hadron cross section was then taken over by
Drees and Godbole to describe the photon-photon ha-
dronic cross section. However, this theory has been criti-
cized in both contexts by many authors. Let us first write
out a simple, quantitative version of the Halzen-Drees-
Godbole theory and then explain how this theory should

I

(3.3)

where oo is a constant soft-scattering cross section and
the cutoff p, is taken suSciently large that events con-
tributing to the jet yield are not also accounted as part of
oo. Let us first describe how we evaluate 5'(p, }and then
discuss its relation to the total cross section.
We compute P(p, }from the formula

1 1 1 do'
P(p, )=J dzIF(zi )I dz2F(z2) J d cos8 (gg~gg)8(pj —p, ) .

o o —I d cos8
(3.4)

In this formula, 8 is the center-of-mass parton-parton
scattering angle. We take the parton distribution F(z) to
be the sum of gluon and quark distributions [33],
F(z)=f,(z)+ ', g [f„(z)+f--„(z)], (3.5)

with the appropriate coeScient that we can approximate
all of the parton cross sections by the gluon-gluon cross
section:

der 9 ~~s (2+ cos 8)2

d cos8 16 g sin 8
(3.6}

where s =zlz2s is the square of the gluon-gluon center-
of-mass energy. The coupling constant a, is evaluated at
the momentum scale p~. We compute a, from leading-
order evolution with four fiavors and A=400 MeV [a, (3
GeV} = 0.37], the convention of Drees and Godbole.
For the parton distributions of the photon, we use the

parameterization of Drees and Grassie [34]. The gluon
distribution in the photon is poorly known experimental-
ly. However, this distribution should be calculable
theoretically to rough accuracy by integrating the
Altarelli-Parisi equations, taking as an initial condition at
Q-300 MeV the parton distributions of a meson, multi-
plied by the probability (in vector dominance) that the
photon resonates with a meson. Although Drees and
Grassie took their initial condition from the carly
photon-photon scattering data from the DESY e+e col-

lider PETRA, their result actually agrees with the result
of this more theoretical method. Unfortunately, deter-
minations of the photon structure functions directly from
two-photon data [35,36] have a larger spread than the er-
ror of about 30% that we assign to this method
The QCD result for the gluon-gluon scattering cross

section at low momentum transfer has much larger un-
certainties. First of all, the lowest-order QCD result re-
ceives large perturbative corrections. There are further
corrections which come from outside the standard
leading-logarithmic diagrams of QCD. On the one hand,
the summation of diagrams relevant to multiple gluon
production reveals that gluon-gluon scattering is con-
trolled by a Regge pole which increases the cross section
proportional to a (small} power of the gluon-gluon
center-of-mass energy [37]. On the other hand, because
the photon is a total color singlet, the amplitudes for
creating low-transverse-momentum gluons should exhibit
cancellations between the various color sources [38].
Both classes of corrections are beyond the scope of this
paper. From here on, we will consider (3.4) as a standard
reference point for the calculation of jet production. We
expect that it yields a calculation of 5'(p, ) up to an un-
certainty of about a factor of 2.
This said, we present in Fig. 2 the result of evaluating
P(p, ). From the simplest point of view, this is a theory
of the photon-photon hadronic cross section:
cr- 2I'P(p, ), for an appro—priately chosen value of p, .

cross-sections of eq. 3 and not the inelastic one. If we use the ‘total’ cross-
section formulation using the eqs. 3- 5, use the known inputs for the parton
densities from the photon structure function measurements and further fix
the unknown ad-hoc parameter pmin

T of the EMM using the data from σtot
γp ,

we then get the predictions given in Fig. 3. If we do the same using the
inelastic formulation, then we get a curve which at lower energies is higher,
but then rises less fast. In Fig.6 we have plotted the recent data from LEP
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LEP2-OPAL 189 GeV

Aspen
BSW
GLMN
Regge/Pomeron, SaS

Figure 6: The predictions from from factorization models, Regge-Pomeron
exchange and a QCD structure function models together with those from the
EMM and a comparison with present data.

and from lower energies with the predictions from “proton-like” models, la-
belled SaS[19], Aspen[24], BSW[25], as well as from QCD and Regge inspired
models, like the curve labelled GLMN[28] and the band labelled BKKS[27].

14

PLUTO (DESY)

TPC/Two gamma (SLAC)

�(�� ! hadrons) = �0{1 + (6.30⇥ 10

�3
)[ln(s)]2.1 + (1.96)s�0.37}

P.Chen et al., PRD49(1994)3209�0 = 200µb
based on VDM ( Vector Dominance Model)

Total cross section of γγ interactions

Ref : R.M. Godbole and G. Pancheri, Hadronic cross-sections in γγ processes and the next 
linear collider, Eur. Phys. J. C 19 (2001) 129 
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A Small SelectionA Small Selection
In total 64 new results prepared for ICHEP, 56 using 13 TeV data and 45 with 2015+2016

ATLAS has now submitted 40 papers with Run-2 data (576 total with collision data)

The flood-tide of Run-1 results has not yet ebbed
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Figure 5: Cross-sections for hadron production due to γγ interactions in e+e− reactions.

Here zmin = smin/s where
√

s is the c.m. energy of the e+e− collider. The WW spectrum
used is given by

fγ/e(z) =
αem

2πz

!
(1 + (1 − z)2) ln

P 2
max

P 2
min

− 2(1 − z)
"

, (6.2)

where

P 2
max = s/2 ∗ (1 − cos θtag)(1 − z), P 2

min = m2
e

z2

(1 − z)
.

Here, using θtag the maximal scattering angle for the outgoing electron, we have taken anti-
tagging into account and have included the suppression of the photonic parton densities
due to its virtuality following ref. [34].

To select e+e− → e+e−hadrons events, a minimum value of sγγ is required, select-
ing a region such that the value of sγγ can be corrected for smearing and losses with
sufficient precision. Also a maximum value is imposed, because the events resemble anni-
hilation events for too large a value of sγγ and cannot be easily separated. Additionally an
anti-tagging condition for the scattered electrons is imposed. SIMDET simulation stud-
ies lead to choose the region 50GeV2 < sγγ < 0.64see, and the anti-tagging cuts are
θtag = 0.025, Ee

min = 0.2Ebeam. With these cuts the total cross-section can be determined
with a precision of 5-10%.

In figure 5, we show the cross-section as a function of
√

s of the e+e− machine. The
top curve corresponds to the prediction for σγγ of the BKKS model [15] and the lower
curve corresponds to the prediction of the Aspen model [12]. Note that the difference of
about factor 2 (say) at

√
s = 700GeV, is reduced to about 30 − 40% after convolution

with the bremsstrahlung spectrum. The ‘data points’ are given with a pessimistic error
of 10%. Hence even in the worst of the cases (no photon collider, large uncertainties in

– 11 –

Ref: Rohini M. Godbole, Albert De Roeck, Agnes Grau and Giulia Pancheri, JHEP06(2003)061

only bremmstrahlung Photons

EMM : Eikonalized Minijet Model
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Table 3.1. Summary table of the 250–500 GeV baseline and luminosity and energy upgrade parameters. Also included is a possible 1st stage 250 GeV parameter set (half the original main
linac length)

.

Baseline 500 GeV Machine 1st Stage L Upgrade ECM Upgrade

A B
Centre-of-mass energy ECM GeV 250 350 500 250 500 1000 1000

Collision rate frep Hz 5 5 5 5 5 4 4
Electron linac rate flinac Hz 10 5 5 10 5 4 4
Number of bunches nb 1312 1312 1312 1312 2625 2450 2450
Bunch population N ◊1010 2.0 2.0 2.0 2.0 2.0 1.74 1.74
Bunch separation �tb ns 554 554 554 554 366 366 366
Pulse current Ibeam mA 5.8 5.8 5.8 5.8 8.8 7.6 7.6

Main linac average gradient Ga MV m≠1 14.7 21.4 31.5 31.5 31.5 38.2 39.2
Average total beam power Pbeam MW 5.9 7.3 10.5 5.9 21.0 27.2 27.2
Estimated AC power PAC MW 122 121 163 129 204 300 300

RMS bunch length ‡z mm 0.3 0.3 0.3 0.3 0.3 0.250 0.225
Electron RMS energy spread �p/p % 0.190 0.158 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread �p/p % 0.152 0.100 0.070 0.152 0.070 0.043 0.047
Electron polarisation P≠ % 80 80 80 80 80 80 80
Positron polarisation P+ % 30 30 30 30 30 20 20

Horizontal emittance “‘x µm 10 10 10 10 10 10 10
Vertical emittance “‘y nm 35 35 35 35 35 30 30

IP horizontal beta function —ú
x mm 13.0 16.0 11.0 13.0 11.0 22.6 11.0

IP vertical beta function —ú
y mm 0.41 0.34 0.48 0.41 0.48 0.25 0.23

IP RMS horizontal beam size ‡ú
x nm 729.0 683.5 474 729 474 481 335

IP RMS veritcal beam size ‡ú
y nm 7.7 5.9 5.9 7.7 5.9 2.8 2.7

Luminosity L ◊1034 cm≠2s≠1 0.75 1.0 1.8 0.75 3.6 3.6 4.9
Fraction of luminosity in top 1% L0.01/L 87.1% 77.4% 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss ”BS 0.97% 1.9% 4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing Npairs ◊103 62.4 93.6 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing Epairs TeV 46.5 115.0 344.1 46.5 344.1 1338.0 3441.0

Executive
Sum

m
ary
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TechnicalD

esign
Report:

Volum
e

1
11

ILC  TDR  parameters

Luminosity/bunch L/bunch x 10-3 nb-1 1.14 1.52 2.74 1.14 5.49 5.49 7.47

minijet generation by Pythia, http://home.thep.lu.se/~torbjorn/pythia82php/Welcome.php

http://home.thep.lu.se/~torbjorn/pythia82php/Welcome.php
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Polarization
Two polarimeter systems at the upstream and downstream, i.e. 
UP and DP, respectively at ILC.

(1) Cross calibration of the polarimeters in absence of collisions at IP

Key issues : the spin transportation, .i.e. the reversibility and imperfection 
of magnets, alignment etc. ,  in the BDS

Polarization differences between UP and DP  estimated by the simulation 
    Different beam angular divergence : 
   10% variation of the emittance : 
    Synchrotron radiations : negligibly small,                               by the orbit changes 
    Spin flip : 

M.Beckmann, J.List, A.Vauth and B.Vormwald, Spin transport and polarimetry in the beam delivery system of the international linear collider, JINST 9 P07003, 2014

However, any net bend angle produces the spin precession as

so, θbend=50μrad produces θspin=28.3mrad, cosθspin=0.9996 for the 250GeV beam.  
There are two error sources at the spin rotators in front of the main linac and the 
alignment error between UP and DP.  Since the both are the same contributions, 

✓spin =

✓
1 + �

g � 2

g

◆
✓bend ⇡ �

g � 2

g
✓bend =

E(GeV)

0.44065
✓bend

�Pz/Pz = 8⇥ 10�5

�Pz/Pz = 3⇥ 10�5

�Pz/Pz = 5⇥ 10�5

�Pz/Pz < 10�6

“envisaged precision”
�Pz/Pz(UP �DP ) < 1� cos

⇣p
2✓spin

⌘
= 0.8⇥ 10

�3
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The change of a particle spin vector ~S with time under the influence of electromagnetic fields

is described by the Thomas-Bargmann-Michel-Telegdi (T-BMT) equation [18, 19]. Since neither
the beam delivery system nor the extraction line contains components with sizable electric fields,
the full T-BMT equation simplifies to

d
dt

~S = ~WB

⇣
~B,~r,~p, t

⌘
⇥~S =� q

mg

 
(1+ag)~B� a~p ·~B

(g +1)m2c2 ~p

!
⇥~S. (3.1)

Here, ~B(~r, t) denotes the magnetic field, g the relativistic Lorentz factor, c the vacuum speed
of light and a ⌘ (g� 2)/2 the anomaly of the gyro-magnetic moment, with a ⇡ 0.001159652 for
electrons.

The expression for ~WB in equation (3.1) can be decomposed in two parts for the field compo-
nents, ~Bk parallel to ~p and ~B? perpendicular to it:

~WB

⇣
~B,~r,~p, t

⌘
=� q

mg

✓
(1+ag)~B? + (1+a)~Bk

◆
(3.2)

In presence of only perpendicular magnetic fields, the momentum ~p and the spin ~S behave
very similarly:

d
dt

~p =� q
mg

⇣
~B?
⌘
⇥~p (3.3)

d
dt

~S =� q
mg

⇣
(1+ag)~B?

⌘
⇥~S (3.4)

Thus, the spin vector precesses in a perpendicular magnetic field about ~B by the angle

xspin = (1+ag) xorbit, (3.5)

where xorbit is the deflection angle of the particle [20, 21]. For an electron beam with an energy of
250GeV, the amplification factor is (1+ag)⇡ 568; for an energy of 500GeV, it rises to ⇡ 1136.

For a particle beam with a spatial extension, an angular divergence and an energy spread in an
inhomogeneous magnetic field, the spin precessions for different particles can vary significantly.
One possible pattern emerging from non-uniform spin precession is referred to as “spin fan-out”
in the following and occurs in inhomogeneous magnetic fields or in the presence of a beam energy
spread. Figure 3 illustrates spin fan-out and its reversability using the example of a hypotheti-
cal two-particle bunch traversing quadrupole magnets: both particles are deflected into different
directions in the first quadrupole and the spin vectors precess correspondingly according to equa-
tion (3.5). Thus, the longitudinal polarisation decreases, but the transverse polarisation remains
zero since the transverse components of the two spin vectors cancel each other. Consequently, the
magnitude of the polarisation decreases: |~P 0| < |~P|. This can in principle be reversed by a second
quadrupole which rotates the spin vectors back to the original orientation.

In a beamline consisting of F0D0 cells,2 however, these spin precessions occur alternatingly
in the horizontal and the vertical plane. Rotations in two dimensions do generally not commute,

2Standard set of focussing (F) and defocussing (D) quadrupoles interleaved with drift spaces (0).

– 6 –

M.Beckmann, J.List, A.Vauth and B.Vormwald, Spin transport and polarimetry in the beam delivery system of the international linear collider, JINST 9 P07003, 2014



For very flat beam , i.e. 
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The final depolarization due to the spin precession is given by,

K.Yokoya, Pisin Chen, AIP Conference Proceedings 187, 938(1989)

h�P i = 1

2
(a�)2

⇥
✓2
x,rms

+ ✓2
y,rms

⇤
= 9.95⇥ 10�3

The final depolarization due to the spin flip is given by,

h�P i ⇡ 2n�Uf (⇠0)/U0(⇠0) !
7

27

n�⇠
2
0 for ⇠0 ⌧ 1 and ⇠ =

3

2

⌥

the luminosity weighted depolarization is given by [�P ] = 0.273h�P i = 3.3⇥ 10�3

Summing the above two depolarizations,

Depolarization during collisions

h�P i ⇡ 0.00229 for n� = 1.71, ⇠0 = 0.095,⌥0 = ⌥av = 0.063
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where we ignored the difference between (n~t / and ( n d l  2. By using the relation 
a = a/2~r in quantum electrodynamics, we get 

( A p ) =  3 2 0.0060Suez (25) 5---~2 n cl ~- 

and 
1 ^  [•P] = (26) 
6OO 

Thus, in order to have negligible beam-beam depolarization, it is necessary that 

ncz ~ 4 (27) 

If the actual n d  can be obtained by computer simulations or by other means, one 
can estimate the depolarization readily. The inequality in Eq. (27) is generally 
satisfied in several existing designs of linear colliders, although it is only marginal 
in some cases. 

In the use of the above expressions, the following considerations should be 
taken: 

First, when the ratio ~ of the critical energy of radiation to the initial beam 
energy is large, i.e., when beamstrahlung is in the so-called quantum regime, n d  
is not equal to the actual average number of photons n~. The latter has to be 
calculated using the quantum theory. The two quantities are related by n~ = 
ndUo(~) ,  where U0(~), to be defined in the next section, is a slowly decreasing 
function of ~ and U0(0) = 1 (see Fig. 1). Therefore, if one uses n 7 instead of 
n d ,  Eqs. (25) and (26) will give an under estimation of depolarization. Since, 
however, the variation of U0 is very slow, the difference is only by a factor 0.7 
even for ~ ~0.5. 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:
130.87.233.108 On: Tue, 22 Nov 2016 01:51:05
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(2) The luminosity weighted polarization calculated with collisions at IP

|~PUP (before)|� |~P lum.wgt| = 0.273
⇣
|~PUP (before)|� |~PDP (after)|

⌘

The absolute polarization, i.e. the luminosity weight polarization, can be 
estimated by the physics events such the measurements of total cross 
section of fermion pair production for various polarization configurations 
i.e. so called the Blondel scheme, and the forward W+W- production.

Ref . K. Yokoya and P. Chen, Depolarization Due to Beam-beam Interaction in Electron - Positron Linear Colliders, AIP 
Conf. Proc. 187 (1989) 938

The difference is due to the Sokolov-Telnov effect in the collisions, e.g. the spins 
become to be align in parallel to the magnetic field due to the spin flip during 
synchrotron radiation. 

for head-on collisions with Dx<< 1

for actual collisions,  detailed simulation is needed.

~P lum.wgt
=

R
L(t)~P lum,1

(t)dtR
L(t)dt

, where

~P lum,1
(t) is the one for a single bunch collision



Polarization Measurement Using Collision Data Combination of Cross Section Measurements

Theoretical Limit of the Statistical Precision

Currently implemented processes:

Process Channel

singleW

±
e‹l‹, e‹qq̄

WW qq̄qq̄, qq̄l‹, l‹l‹

ZZ qq̄qq̄, qq̄ll, l l ll

ZZWW Mix qq̄qq̄, l‹l‹

Z qq̄, l l

I Same processes as for physics
analysis (DBD)

æ Classification
æ Cross section

I Any combination of processes
can be used

I Further Process can easily
added

Consider best case scenario using ‡tot:
I Assumption of a perfect 4fi detector
I No background
I No systematic uncertainties
I Using all implemented processes

Statistical precision H-20: �P/P [%]

E 500 350 250 500 250

L 500 200 500 3500 1500

P

≠
e≠ 0.2 0.3 0.1 0.08 0.09

P

+
e≠ 0.05 0.06 0.03 0.02 0.02

P

≠
e+ 0.1 0.1 0.06 0.04 0.04

P

+
e+ 0.2 0.3 0.1 0.08 0.08
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During the mutual distortion of the bunches, the deflected particles also emit beamstrahlung
photons, which can cause a flip of the electron spin by the Sokolov-Ternov effect [26]. Unlike
for the synchrotron radiation in the BDS, the radiative depolarisation in the collision could reach a
non-negligible level. Therefore, dedicated simulations of the bunch-bunch interaction are needed
in order to verify whether equation (3.10) holds for realistic ILC beam parameters. A detailed
description of the beamstrahlung-related effects on the polarisation can be found in section 5.9
of [27].

3.3 Simulation framework STALC

In order to study the spin transport in the beam delivery system of a linear collider, the simulation
framework STALC (Spin Transport at Linear Colliders) has been developed [22]. As sketched in
figure 4, it interfaces dedicated programs to simulate the beam transport including the polarisation
through the BDS, the collisions at the IP and the measurements of the polarimeters, respectively:

UP IP DP

beam-beam collision
Guinea-Pig++

data analysis

beamline layout

particle / spin transport along the BDS      Bmad

beam parameters

polarimeter simulation
LCPolMC

polarimeter simulation
LCPolMC

Spin Transport At Linear Colliders

Figure 4. Program flow in STALC. UP/DP denotes the up-/downstream polarimeter.

STALC generates electron/positron bunches and tracks them through a given lattice via Bmad [28,
29], a subroutine library for particle simulations in high-energy accelerators, which can take also
the polarisation into account. At the polarimeters, the particle information can be passed to LCPolMC,
which simulates the polarisation measurement in a Compton polarimeter from the Compton scat-
tering process to the detector response. At the IP, the particle information from one electron bunch
and one positron bunch is passed to Guinea-Pig++ [30] to simulate the beam-beam collisions at
the IP. Guinea-Pig++ is an extension of Guinea-Pig [31], which takes into account the polari-
sation and simulates T-BMT precession and Sokolov-Ternov effects. The spent bunches after the
collision are passed back to the accelerator simulation and tracked to the downstream polarimeter.
The final analysis is based on ROOT [32].

STALC is not inherently limited to the ILC, but can be run on any lattice and beam parame-
ter set.

– 9 –
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The decisive quantity for interpreting collision data is the luminosity-weighted polarsation
averaged over time ~P lumi for each of the beams, defined as

~P lumi =
R L(t)~P lumi,1(t)dtR L(t)dt

, (3.7)

and in particular its longitudinal component P lumi
z . Depending on the chiral structure of the studied

observable, it might also be advantageous to consider the time average of one of the effective
polarisations [6] listed in table 2 instead, which can all be defined in analogy to equation (3.7). The

Table 2. Effective polarisations minimising the impact of polarisation uncertainties on various observables.

effective polarisation observable type of interaction
Pe�+Pe+

1+Pe�Pe+
ALR s-channel vector exchange

Pe�Pe+ cross-section s-channel vector exchange
Pe� +Pe+�Pe�Pe+ cross-section t-channel W or ne production

gain in error reduction when using the appropriate effective polarisations depends on the degree of
correlation between the measurements of electron and positron polarisation. In this respect, it is
reasonable to assume that the instrumental uncertainties of the polarimeters as well as the influence
of misalignments in the BDS are uncorrelated. Collision effects on the other hand have to be
assumed to be highly correlated, since the intensity of the collision is reciprocal.

In head-on collisions, the already focussed bunches attract each other even further due to their
mutual electrical fields (pinch effect [11]). The T-BMT precession due to this mutual focussing of
the bunches leads to a spin fan-out like in a quadrupole magnet. For flat, longitudinally polarised
beams (sxe � sye, Pz = |~P|) and a small horizontal disruption parameter (Dx ⌧ 1), the polarisa-
tions before (|~P|bef

) and after (|~P|aft
) the collision as well as the luminosity-weighted polarisation

|~P|lumi,1
are related as follows (equation 16 in [23]):

|~P|bef� |~P|lumi,1
= 0.273

⇣
|~P|bef� |~P|aft⌘

(3.8)

If the angular divergence of the bunches before the collision is negligible in terms of spin
fan-out, the spin fan-out during the collision can be related to the angular divergence q

aft
r after the

collision (equation 31 in [23], see also equation (3.6)):

|~P|bef� |~P|aft ⇡ 1
2
|~P|bef · (1+ag)2 · (q aft

r )2 (3.9)

Merging these two equations, one obtains:

|~P|bef� |~P|lumi,1 ⇡ 1
2
|~P|bef · (1+ag)2 ·

✓
q

aft
r
2

◆2

(3.10)

As explained in [24] and [25], one can interpret this as about half of the T-BMT precession occur-
ring before the hard interaction. A comparison to equation (3.9) implies that one can reproduce the
luminosity-weighted polarisation at a point behind the IP where the angular divergence has to be
reduced by a factor 1/2 with respect to the divergence at the IP after the collision.

– 8 –
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) Eq.(3.6)

* 0.273 ⇡ 1
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“Spin fan-out”  due to non-uniform spin precession 
for beams with spatial, angular and energy spreads

For the angular divergence

f(✓
x

) = |~P
max

| cos ((1 + ah�i) ✓
x

) for the longitudinal polarization

a ⌘ (g � 2)/g ⇡ 0.001159652

for ILC, θx = 43.1μrad at IP, √s=500GeV with the electron beam polarization of 80%

0.8� f(✓
x

) = 0.24⇥ 10�3



Beam Polarisation and Crossing Angle & antiDID

incoming beams not parallel to 
solenoid field: 

• spin precession - longitudinal 
polarisation changes:  
only solenoid: 0.05% 
with antiDID: 0.6% 

• vertical “kick” on beam  
=> !(y) at IP increases by factor 
3-4   
(only solenoid, 50 with antiDID) 
=> “anti-solenoids” required 

Anti-solenoids will eliminate spin 
precession at the same time! 

(Alternative: skew quadrupoles -
would be bad for polarisation!)

4

[PhD Thesis M.Beckmann, Hamburg 2013]

only solenoid with antiDID

J.List, Physics impact of the anti-DID, ILD Technical task forces meeting, LAL Orsay,Nov. 7, 2016
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Table 8. Simulated samples for the investigation of the effects of magnet misalignments.

Sample name Description
no M No misalignments (same data as for figure 5).
M5 RMS size of all offsets 5 µm, RMS size of all rotations 5 µrad.
M10 RMS size of all offsets 10 µm, RMS size of all rotations 10 µrad.

For this purpose, random misalignments of the beamline magnets, i.e. offsets and rotations in
all three dimensions have been introduced into the simulation. Three data samples with different
RMS sizes of misalignments have been produced as listed in table 8. For each of the 1000 bunches
per sample, new misalignments are generated. Correlations in space or time have not been taken
into account for the misalignments. To correct the beam orbit, the corrector magnets foreseen in the
lattice are used. The magnet strengths are computed from the beam positions at the beam position
monitors (BPMs) [43] such that the beam position offsets measured by the BPMs are minimised.
For the current study, negligible BPM resolutions have been assumed. At the e+e� IP, the fast-
feedback correction is emulated which adjusts the beam position and incident angle according to
the foreseen tolerances. The correction procedure is described in detail in [22].
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Figure 6. Longitudinal polarisation Pz of the electron beam at the upstream polarimeter (UP, left part) and
between e+e� IP and downstream polarimeter (DP, right part) for the data samples listed in table 8. The
uncertainty bands correspond to the RMS spread of all runs. For the perfectly aligned case, the band is too
small to be visible.

Figure 6 shows the longitudinal polarisation Pz at the upstream polarimeter and between the
e+e� IP for the same data samples. In addition, table 9 lists selected bunch parameters of the
electron beam at the polarimeters for different sizes of misalignments for the data samples listed in
table 8. The uncertainties in the table and the shaded areas in the figure denote the RMS spread of
Pz of the simulated bunches. These spreads reflect the possible variations depending on the exact
misalignments of the individual magnets, which lead to different trajectories for each bunch.

While the norm of the polarisation vector is hardly affected by the misalignments, there is a
larger effect on the longitudinal component Pz. The values of |~P| remain consistent with f (qr) (cf.
section 3.1); thus, the behaviour of |~P| is still fully explained by spin fan-out. The increases in the
mean value and the uncertainty of Jbunch do, however, not suffice to explain the decrease in Pz by

– 16 –

Simulation results  with  mis-alignments of magnets in the BDS, where 
M5 (10) : alignment errors (RMS) 5(10)μm  and 5(10)μrad for magnets

 Results of ΔPz(UP-DP) : uncertainty of 0.09(035)x10-3 for “M5(M10)"
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due to instrumental effects of the polarimeters can be disentangled from effects caused by the
spin transport. Therefore, it is important to understand the individual impact of the various effects
which could influence the spin transport between the polarimeters. Both the cross calibration of the
polarimeters and the understanding of the spin transport are crucial to finally assess the collision
effects and to extract the luminosity-weighted polarisation.

We studied the spin transport with STALC based on the SB2009 Nov10 lattice [39], which
differs from the RDR lattice with respect to the new location of the upstream polarimeter.4 For the
positrons, the tracking starts at the beginning of the BDS (dashed line in figure 1). On the electron
side, the simulation starts at the beginning of the positron production system, thus including the
“dogleg” to bypass the positron source target area. In both cases, the beams are initialised according
to the twiss parameters of the lattice and the TDR beam energy spreads. However, the final focus
system of the SB2009 Nov10 lattice was not yet adapted to the TDR design and thus produces
the RDR beta functions at the e+e� IP. In absence of collisions, no significant impact on the spin
transport is expected due to this issue.

To avoid numerical problems, some magnets have been sliced into smaller units as described
in chapter 7 of [22]. In each studied configuration, 1000 individual bunches have been tracked,
each bunch with 40 000 macroparticles.5 To each macroparticle, a polarisation vector with a length
of |~P|max = 0.8 is assigned. At the beginning of the tracking, the polarisation vectors are assumed
to be oriented such that they are parallel to the orbit if the macroparticle trajectory is parallel to the
orbit as well, and rotated analogously to T-BMT precession otherwise. In this case, the spin fan-out
is expected to be described by equation (3.6). This spin configuration has already implicitly been
assumed in earlier studies [23, 41]. The effects of a slightly different spin configuration will be
examined in section 6.
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Figure 5. Longitudinal polarisation Pz (black, solid), magnitude of the polarisation vector |~P| (red, dashed)
and the function f (qr) of the angular divergence defined in equation (3.6) (green, dash-dotted) of the electron
beam at the upstream polarimeter (UP, left part) and between e+e� IP and downstream polarimeter (DP, right
part).

Figure 5 shows the polarisation |~P| and its longitudinal component Pz of the electron beam
at the upstream polarimeter and between the e+e� IP and the downstream polarimeter for perfect

4Due to its separation from the emittance measurement following earlier recommendations [40].
5Thus, for a design bunch population of Ne = 2 ·1010, one macroparticle represents 5 ·105 electrons.
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are known to 15 µrad (8%), the resulting uncertainty on the polarisation from this correction alone
amounts to 0.1%. Thus, it is very important to foresee sufficient orbit correction possibilities such
that not only the relative, but also the absolute angles of the beams at the e+e� IP can be adjusted
in presence of the detector magnets.

5.3.2 Crab cavities

To initiate the rotation of the particle bunches, the crab cavities generate a time-dependent elec-
tromagnetic field. In the centre of the cavity and at the time of the bunch passages, this field can
be approximated by a time-dependent magnetic dipole field, which deflects the bunch particles
horizontally by an angle proportional to the longitudinal distance from the bunch centre. This de-
flection goes along with the corresponding spin precession (equation (3.5)), which results in a spin
fan-out along the z-axis and thus in a decrease of the polarisation. The effect on the polarisation
can, however, be expected to be small, since the fan-out vanishes at the bunch centre, where the
majority of the particles is located. Simulations have shown that the effect on the polarisation is
smaller than 10�5 (section 8.1 in [22]).

5.4 Cross calibration of the polarimeters

Table 10 summarises the uncertainties on the spin transport between the polarimeters for the cross
calibration in absence of collisions and for a beam energy of 250GeV. The major contribution
comes from the alignment precision of the beam and the polarisation vector (section 5.1). A second
large contribution comes from the beam orbit correction (section 5.2), while all other contributions
listed are negligible. All contributions sum up to an uncertainty of 0.080%, which matches the
goal of at most 0.1%. For higher beam energies, many of the contributions can be expected to
increase. The contribution from the alignment precision alone rises to 1.9 ·10�3 for a beam energy
of 500GeV, which necessitates a better beam alignment.

Table 10. Contributions to the uncertainty of the spin transport from the upstream to the downstream po-
larimeter for a beam energy of 250 GeV in the absence of collisions.

Contribution dPz/Pz [10�3]

Beam and polarisation alignment at polarimeters 0.72

(assuming DJbunch = 50 µrad, DJpol = 25mrad)

Random misalignments (10 µm/µrad) with beam orbit correction 0.35

Variation in beam parameters (10% in the emittances) 0.03

Longitudinal precession in detector magnets 0.01

Bunch rotation to compensate the beam crossing angle < 0.01

Emission of synchrotron radiation 0.005

Total 0.80

– 19 –
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Figure 2. (a) Compton differential cross section versus scattered electron energy for same (black/red curve)
and opposite (grey/green curve) helicity configuration of laser photon and beam electron. The beam energy
is 250GeV and the laser photon energy is 2.3 eV. (b) Compton edge energy dependence on the beam energy.

must be delivered to the detector data acquisition system in real time to be logged and to permit
fast online analysis. On the other hand, fast online analysis results must also be provided to the
ILC control system for beam tuning and diagnostics.

The purpose of this paper is to describe the polarimeters and energy spectrometers which have
been designed in order to fulfil the precision requirements over the entire range of beam energies
from 45.6GeV up to 500GeV. Section 2 provides an overview of the functional principle of the
BDS polarimeters, discusses possible choices of Cherenkov detectors and the layouts of both mag-
netic chicanes, as well as the challenges caused by the forseen 14 mrad crossing angle of electron
and positron beams at the IP. Section 3 presents an overview of the layout and technology foreseen
for the upstream and downstream energy spectrometers, while also providing a short subsection on
alternative methods for beam energy measurements.

2 Polarimetry

Both upstream and downstream BDS polarimeters will use Compton scattering of high power lasers
with the electron and positron beams [1, 2]. Figure 2 shows the Compton cross section versus
scattered electron energy for 250 GeV beam energy and 2.3 eV photon energy. There is a large
polarization asymmetry for back-scattered electrons near 25.2GeV, the Compton edge energy.
The large asymmetry and the large difference between the Compton edge and the beam energy
facilitate precise polarimeter measurements. The Compton edge does not change significantly for
higher beam energies; this dependence is also shown in figure 2.

A spectrometer with segmented Cherenkov detectors that sample the flux of scattered elec-
trons near the Compton edge will be used to provide good polarization measurements with high
analyzing power. Compton polarimetry, utilizing measurements of back-scattered electrons near
the Compton edge, is chosen as the primary polarimetry technique for several reasons:
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Polarimeter principle
The opposite sign helicity configuration ( Pλ=-1), 
which has parallel spins ( mj=3/2) , dominates at 
the Compton edge over the other helicity and 
spin orientation ( Pλ=+1 and mj=1/2 ). 
σ=154(118)mb for Pλ=-1 (+1)

V. Gharibyan, N. Meyners and P. Schuler, “The TESLA Compton polarimeter,” LC-DET-2001-047
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4 Compton polarimetry at the ILC

In this section, we will summarise the working principle and the capabilities of the Laser-Compton
polarimeters at the ILC. A more detailed description of both polarimeters can be found in [12].

The single differential cross section ds/dE for Compton scattering [33] contains a term pro-
portional to the product of the longitudinal beam polarisation and the circular laser polarisation,
which can be isolated by measuring the count-rate asymmetry with respect to the laser helicity.

In order to quickly gather statistical precision, both polarimeters operate in a multi-event mode
with O(103) Compton interactions per bunch.

Table 3. Selected parameters of the electron and laser beams at the up- and downstream polarimeter.

e+/e� beam Laser beam
Upstream Downstream

Energy 45.6 - 500 GeV 2.33 eV 2.33 eV
Bunch charge/energy 2 ·1010 e 35 µJ 100 mJ
Bunches per train 1312 - 2625 1312 - 2625 1
Bunch length st 1.3 ps 10 ps 2 ns
Average power 0.2-0.5 W 0.5 W

Table 3 summarises specifications of the electron and laser beams relevant for the luminos-
ity calculation. A striking difference between the up- and downstream polarimeter lasers is the
energy per bunch, which differs by more than three orders of magnitude. At the location of the
downstream polarimeter, significant amounts of background are expected, at the level of O(103)
photons and O(102) charged particles per bunch crossing [34]. In order to maintain a suitable
signal-to-background ratio in presence of this background, a significantly higher laser power per
shot is needed, at the price of a much lower repetition rate and longer pulse durations. This al-
lows to shoot at one electron bunch per train, or a few if several laser are employed. In the nearly
background-free conditions of the upstream polarimeter, it is possible to cover every bunch in a
train, e.g. by employing similar lasers as for the electron source [35].

Table 4. Size and energy spread of electron and positron beams at the up- and downstream polarimeter
locations obtained from STALC.

UP DP DP with collisions
e+ e� e+ e� e+/e�

Horizontal bunch size sxe [µm] 24 32 7 15 ⇠ 3000
Vertical bunch size sye [µm] 3 3 33 39 ⇠ 1200
Beam energy spread sE/E [10�3] 0.7 1.2 0.7 1.3 ⇠ 44

The relevant electron beam sizes at the polarimeter location as obtained from STALC are shown
in table 4. It should be noted that after collisions, the beams are highly disrupted and have large
non-Gaussian tails, as will be discussed in more detail in section 6.1. Thus, the Gaussian beam
sizes listed here should be considered as indicative only.

– 10 –
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shot is needed, at the price of a much lower repetition rate and longer pulse durations. This al-
lows to shoot at one electron bunch per train, or a few if several laser are employed. In the nearly
background-free conditions of the upstream polarimeter, it is possible to cover every bunch in a
train, e.g. by employing similar lasers as for the electron source [35].

Table 4. Size and energy spread of electron and positron beams at the up- and downstream polarimeter
locations obtained from STALC.

UP DP DP with collisions
e+ e� e+ e� e+/e�

Horizontal bunch size sxe [µm] 24 32 7 15 ⇠ 3000
Vertical bunch size sye [µm] 3 3 33 39 ⇠ 1200
Beam energy spread sE/E [10�3] 0.7 1.2 0.7 1.3 ⇠ 44

The relevant electron beam sizes at the polarimeter location as obtained from STALC are shown
in table 4. It should be noted that after collisions, the beams are highly disrupted and have large
non-Gaussian tails, as will be discussed in more detail in section 6.1. Thus, the Gaussian beam
sizes listed here should be considered as indicative only.
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Table 5. Selected parameters of the up- and downstream polarimeters. For the downstream polarimeter, the
luminosities are based on the electron beam parameters in absence of collisions at the e+e� IP.

Upstream Downstream
Beam crossing angle a [mrad] 10 15.5
Crossing plane horizontal vertical
Laser beam size sxg

= syg

[µm] 50 100
Luminosity / bunch [104 b�1] 1.0 18
Luminosity [1029 cm�2s�1] 630 9.1
dPz/Pz (stat) < 1%/ s < 1%/ min
dPz/Pz (sys) 0.25% 0.25%

Table 5 finally shows the actual luminosities per bunch and per second, calculated for laser
crossing under a small angle a in the vertical plane according to

L=
NeN

g

2p

q
(s2

xe +s

2
xg

)
q

(s2
ye +s

2
yg

)+(s2
ze +s

2
zg

)(a/2)2
. (4.1)

As desired, the luminosity per bunch turns out to be a factor 20 larger at the downstream
polarimeter than at the upstream polarimeter, at the price of a much lower instantaneous luminosity.
This in turn leads to a longer time required to reach the same statistical precision. Nevertheless,
both measurements are expected to be systematically limited after a very short time.

Since the electron beam is much more energetic than the (optical) laser photons, all scattered
particles are forward directed within a narrow cone of 10� 20 µrad. For the relevant photon and
electron energies, the total Compton cross section amounts to 154 (118) mb for anti-parallel (paral-
lel) laser and electron polarisation. For the luminositiy of the upstream (downstream) polarimeter,
this results in O(103) (O(104)) Compton scatterings per bunch. The Compton scattered electrons
are momentum-analysed by a set of dipole magnets, and their flux is measured as a function of
position. The count-rate asymmetry expected for a fully polarised beam is called analysing power.
The magnets are arranged as part of a chicane such that the undisturbed beam resumes its origi-
nal trajectory after passing the whole polarimeter section, while the Compton-scattered electrons
should be kicked out sufficiently far from the main beam axis to allow detection.

In case of the upstream polarimeter, the chicane consists of four symmetric sets of dipole
magnets, with the Compton interaction point in the middle and the detector behind the forth set of
dipoles. Such a configuration offers the additional advantage of decoupling the detector acceptance
from the initial beam energy, since the Compton spectrum is projected onto the same area in the
detector plane for all beam energies. Instead the dispersion in the middle of the chicane and thus
the position of the Compton IP changes according to beam energy.

In case of the downstream polarimeter, the chicane is based on six dipoles, again with the
detector behind the forth dipole. In this case, the third and forth dipole are operated at a larger
magnetic field in order to kick the Compton signal sufficiently far out of the synchrotron radiation
fan from upstream magnets. The fifth and sixth dipole then bring the main beam back to its original
trajectory. Detailed specifications for both chicanes can be found in [12].
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The lattice between the IP and the downstream polarimeter has been designed such that the
angular divergence of the beam at the downstream polarimeter is by a factor two smaller than at
the end of the collision.3 Thus, the downstream polarimeter measurement is expected to relate di-
rectly to the luminosity-weighted average polarisation during collisions as explained in section 3.2.
Whether this picture holds e.g. in presence of beamstrahlung will be investigated in section 6.

Building on the successful experience at SLD [36], the baseline foresees an array of 20 gas-
Cherenkov detectors read-out by photomultiplier tubes [37]. The advantages of this technology
comprise radiation hardness, robustness against low-energetic backgrounds due to a Cherenkov
threshold in the MeV-regime and a low number of channels to be read-out.

The limiting systematic uncertainties of the SLD polarimeter were the knowledge of the
analysing power and the photo detector non-linearities. Both aspects have been studied for the ILC
polarimeters in a recent R&D effort: the dominating contribution to the analysing power, i.e. the
alignment of the detector with respect to the beam, has been studied in a testbeam campaign with a
prototype [37], and a calibration system for monitoring and correcting non-linearities to a sufficient
level has been developed [38]. Based on this experience, the uncertainty budget listed in table 6
seems achievable. Details on the online monitoring of the laser polarisation can be found in [34].
The total systematic uncertainty on the polarimeter measurements amounts to dPz/Pz = 0.25%.

Table 6. Uncertainty budget for the Compton polarimeters.

Source of uncertainty dPz/Pz

Detector analysing power 0.15�0.2%
Detector linearity 0.1%
Laser polarisation 0.1%
Electronic noise and beam jitter 0.05%
Total 0.25%

All the contributions in table 6 are expected to be uncorrelated between all four polarimeters.
Thus, additional precision could be gained from a cross calibration of the polarimeters in absence
of collisions, if the spin transport from one location to the other is sufficiently well understood. In
presence of collisions, both polarimeters fulfil very complementary tasks: while the downstream
polarimeter in principle gives access to the depolarisation in collision, the upstream polarimeter
provides a clean measurement of the initial polarisation and resolves possible time dependent pat-
terns, e.g. inside a bunch train.

5 Cross calibration of the polarimeters

In absence of collisions at the e+e� IP, the polarisation measurement at the upstream polarimeter
can be propagated by spin tracking along the BDS and predict the expected polarisation at the
downstream polarimeter. Provided that the spin propagation effects are well under control, the
two polarimeters can thus be cross calibrated. However, it is crucial to understand how deviations

3I.e. that the relevant element of the transfer matrix between e+e� IP and the downstream polarimeter Compton IP
is |R22| = 0.5.
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Table 1. Magnetic chicane parameters for the BDS Compton polarimeters. The magnet labels given in
parenthesis refer to figures 6 and 7.

Chicane Parameters Upstream Polarimeter Downstream Polarimeter
Chicane Length [m] 74.6 72.0
Number of magnets 12 6
Magnet Length [m] 2.4 2.0

0.4170 (1P, 2P)
Magnetic Field [T] 0.0982 (1P–12P) 0.6254 (3P, 4P)

0.4170 (1G, 2G)
11.7 (1P–3P)

Magnet 1/2-gap [cm] 1.25 (1P–12P) 13.2 (4P)
14.7 (1G, 2G)

10.0 (1P–3P) 40.0 (1P–3P)
Magnet pole-face width [cm] 20.0 (4P–9P) 54.0 (4P)

30.0 (10P–12P) 40.0 (1G, 2G)
Dispersion at mid-chicane
for 250GeV [mm] 20 20

Figure 4. Movable mirror and lens focussing the laser onto the electron beam.

The polarimeters employ magnetic chicanes with the parameters shown in table 1. The param-
eters where chosen such that a safe distance from the main beam can be ensured for the Cherenkov
detectors while simultaneously avoiding emittance blow-up and keeping the cost at minimum. Both
chicanes have been designed to spread the Compton spectrum horizontally over about 20 cm, while
allowing to keep a relatively low dispersion of 20mm at the mid-chicane point even for a beam en-
ergy of Eb = 250GeV. The spread of the Compton spectrum does not change and is independent of
the beam energy if the magnetic field is kept constant. This leads to a stable position distribution of
fixed shape and location at the surface of the Cherenkov detector. However, the Compton IP moves
laterally with the beam energy. Figure 4 shows a setup to adjust the laser accordingly, resulting in
a maximal dispersion of about 12 cm at Eb = 45.6GeV and a minimal dispersion of about 1 cm at
Eb = 500GeV.

– 5 –
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Figure 2.4.3: Schematic of the upstream polarimeter chicane.

trains (4 seconds). The average over two entire trains with opposite helicity will
have a statistical error of �P/P = 0.1%.

2.4.2.2 Downstream Polarimeter

The downstream polarimeter, shown in Figure 2.4.2, is located 150 m downstream
of the IP in the extraction line and on axis with the IP and IR magnets. It can
measure the beam polarization both with and without collisions, thereby testing the
calculated depolarization due to collisions and the spin tracking. The downstream
polarimeter chicane further accommodates a detector for the downstream energy
spectrometer and provides magnetic elements for the GAMCAL system.

In order for the downstream Cherenkov detector to avoid the synchrotron radia-
tion fan from the e+e� IP (extending about 15 cm from the beam pipe, see Fig.2.4.2),
the downstream dipole magnets are larger and have much higher fields. In addition,
magnets 3P and 4P are operated at higher fields (compared to magnets 1P and 2P)
in order to bend the scattered electrons further from the main beam axis. Therefore,
two additional magnets (1G and 2G) are needed to bring the main beam back to its
original trajectory.

The laser for the downstream polarimeter requires high pulse energies to over-
come the substantially larger backgrounds in the extraction line. Three 5-Hz laser
systems will be used to generate Compton collisions for three out of 2800 bunches in
a train. Each laser is an all solid-state diode-pumped Nd:YAG, with a fundamental
wavelength of 1064 nm that will be frequency-doubled to 532 nm. Each laser will
sample one particular bunch in a train for a time interval of a few seconds to a minute,
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Upstream Polarimeter
 δP/P ~ 0.25%  averaging over 2 entire trains 

with opposite helicity
~1650m upstream from IP

scattered 
electrons

It is capable to monitor the polarization in bunch by bunch  since the laser 
beam can have  the same bunch train structure in principle.
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Figure 2.4.2: Schematic of the ILC extraction line diagnostics for the energy
spectrometer and the Compton polarimeter.

With a total bend angle of 4 mrad, and a flight distance of nearly 100 m, the
synchrotron stripes will have a vertical separation of 400 mm, which must be mea-
sured to a precision of 40 µm to achieve the target accuracy of 10�4. In addition
to the transverse separation of the synchrotron stripes, the integrated bending field
of the analyzing dipole also needs to be measured and monitored to a comparable
precision of 10�4. The distance from the analyzing chicane to the detectors needs to
only be known to a modest accuracy of 1 cm. For the XLS spectrometer, it has been
proposed to use an array of radiation-hard 100 µm quartz fibers. These fibers do
not detect the synchrotron light directly, but rather detect Cherenkov radiation from
secondary electrons produced when the hard photons interact with material near the
detector. At ILC beam energies, the critical energy for the synchrotron radiation
produced in the XLS wigglers is several tens of MeV, well above the pair-production
threshold, and copious numbers of relativistic electrons can be produced with a thin
radiator in front of the fiber array. The leading candidates for reading out these
fibers are multi-anode PMs from Hamamatsu, similar in design to those used in
scintillating fiber calorimeters. The advantage of this scheme over wires (as used
in the SLC energy spectrometer) is to produce a reliable, passive, radiation-hard
detector which does not su↵er from cross talk or RF pickup, and still allows for easy
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Figure 3. Proposed configuration of laser room, penetration shaft and extraction line layout for the down-
stream Compton polarimeter.

• The physics of the scattering process is well understood from QED, with radiative correc-
tions of less than 0.1% [5];

• Detector backgrounds are easy to measure and correct for using “laser off” pulses;

• Compton-scattered electrons can be identified, measured and isolated from backgrounds us-
ing a magnetic spectrometer;

• Polarimetry data can be taken parasitic to physics data;

• The Compton scattering rate is high and small statistical errors can be achieved in a short
amount of time (sub-1% precision in one minute is feasible);

• The laser helicity can be selected on a pulse-by-pulse basis; and

• The laser polarization is readily determined with 0.1% accuracy.

It is expected that a systematic precision of ∆P/P = 0.25% or better can be achieved with the
largest uncertainties coming from the analyzing power calibration and the detector linearity, both
of which are in the range of 0.1% to 0.2% [9].

Each polarimeter requires a laser room on the surface with a transport line to the beamline
underground. A configuration proposed for the extraction line polarimeter is shown in figure 3. A
similar configuration is planned for the upstream polarimeter. The entire layout of the laser room
and penetration shaft is conceptual and still needs to be optimised to keep the radiation in the laser
room below required levels even for a worse case scenario of beam loss. It is possible, for example,
to pack the 80 cm wide penetration shaft with neutron absorbing material at the top and bottom,
which (togehter with its depth of about 100m) would reduce the neutron levels to a safe level in
the surface laser room.

– 4 –
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Figure 5. Schematic of a single gas tube (left) and the complete hodoscope array covering the tapered exit
window (right) as foreseen for the Cherekov detectors of both polarimeters.

In order to relate the measurements of the polarimeters to the polarization measured at the
actual e+e− IP, the depolarization along the accelerator and during the collisions has to be modelled
in theory and simulations, which have to be confronted finally with real data from the polarimeters
and e+e− collisions. Current studies predict a depolarization of about 0.2% for nominal parameters
of the ILC beams, i.e. P(e−) = 80%, P(e+) = 30%, dominated by spin precession effects [6].

2.1 Polarimeter detectors

Since both BDS polarimters will use Cherenkov detectors, but differ in the requirements, several
design options for the detectors are being studied. One uses gas tubes for the radiator with the
Cherenkov light detected by conventional photomultipliers (PMs), or newer types such as multi-
anode photomultipliers (MAPMs), both of which are suitable for the upstream and the downstream
polarimeter. Another option utilises silicon-based photomultipliers (SiPMs) coupled to quartz
fibers as radiator.

Figure 5 illustrates the first design option with one gas-filled detector channel shown on the
left-hand side and an arrangement ofO(20) channels covering the entire exit window for the Comp-
ton scattered electrons on the right-hand side. The gas tubes have a square cross section of about
1 cm2, where the actual value has to be optimised with respect to the effective area of the finally
chosen photodetector. The number of channels has been chosen taking into account the width
of the Compton spectrum provided by the chicane, typical photodetector sizes, the resolution re-
quired to resolve features like the zero-crossing of the asymmetry and, of course, the cost. One
of the Cherenkov gases being considered is perfluorobutane (C4F10) since it has a high Cherenkov
threshold of 10MeV and does not scintillate from lower energy particles. Other gases with sim-
ilar properties are also considered. Propane, for example, was chosen for the SLD polarimeter
detector [7], but it had the drawback of being flammable.

While the segmented anodes of MAPMs allow independent readout and thus a position reso-
lution even within detector channels, higher cross talk between those multiple anode pads might be
an issue and will need to be studied.

Silicon-based PMs have excellent single photon detection capabilities and outmatch conven-
tional PMs in terms of robustness, size and cost. However the quartz fibers constituting the radiator
material for this detector option have a much lower Cherenkov threshold of only about 200 keV
making them more susceptible to background radiation [8]. This might still be acceptable for the
upstream polarimeter, but is less likely to work for the downstream polarimeter due to the much
higher backgrounds.
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• The physics of the Compton scattering process is well understood in QED, with radiative
corrections less than 0.1%

• Detector backgrounds are easy to measure and correct for by using laser off pulses;
• Polarimetry data can be taken simulatanously with physics data;
• The Compton scattering rate is high and small statistical errors can be achieved in a short 
amount of time (sub-1% precision in one minute is feasible);
• The laser helicity can be selected on a pulse-by-pulse basis;
• The laser polarization is readily determined with 0.1% accuracy.

0.25%TOTAL

0.05%Electronic Noise and 
Background Subtraction

0.1%Laser Polarization

0.1%Detector Linearity

0.2%Detector Analyzing Power

δP/P
Uncertainty

Systematic Errors

Expected Polarimeter Systematic Errors

K. Moffeit, Workshop on polarization and energy measurements at ILC, 4/9-11, 2008, DESY, Zeuthen



Upstream Energy Spectrometer

Part II 2.4. Beam Instrumentation

2.4 Beam Instrumentation

2.4.1 Beam Energy Measurements

The ILC TDR design foresees redundant beam-based measurements of the incoming
beam energy, capable of achieving 10�4 accuracy, and of the energy spectrum of
the disrupted beam after collisions. The measurements will be available in real
time as a diagnostic tool to machine operators and will provide the basis for the
determination of the luminosity-weighted center-of-mass energy for physics analyses.
Physics reference channels, such as a final state muon pair resonant with the known
Z0 mass, are then foreseen to provide valuable cross checks of the collision scale, but
only long after the data has been recorded.

2.4.1.1 Upstream Energy Spectrometer

A BPM-based energy spectrometer is located about 700 m upstream of the interac-
tion point, just after the energy collimation system. The spectrometer consists of
four dipoles which introduce a fixed dispersion of ⌘ = 5 mm at the centre. Before,
after and at the centre the beam line is instrumented with 2 or more cavity BPMs
mounted on translation systems (so that the cavities can always be operated at their
electromagnetic centre), shown in Figure 2.4.1. With the four magnet chicane sys-

x ~ 500 nmδ
needed at least

δE / E ~ 10
η~ 5 mm at center

BPM

BPM

BPM

Figure 2.4.1: Schematic for the upstream energy spectrometer using BPMs.

tem, systematics associated to the magnets can be investigated, such as hysteresis
and residual fields. The four magnet chicane also allows the spectrometer to be
operated at di↵erent field strengths without disturbing the rest of the machine. It
is important that the energy spectrometer be able to make precision energy mea-
surements between 45.6 GeV (Z-pole) and the highest ILC energy of 500 GeV. A
precise measurement at Z-pole energies is of special importance since it defines the
absolute energy scale. When operating the spectrometer with a fixed dispersion over
the whole energy range, a BPM resolution of 0.5 µm is required.

A prototype test setup for such an energy spectrometer was commissioned in
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Reducing ILD Beam Height

• Beam height difference between SiD and ILD: 1.6m
• This results in different floor levels in the underground hall

5MDI/Integration meeting M. Joré – ILD beam height studies

How it looks like ?

18 m18 m

3.8 m2.2 m

From M. Oriunno @ SiD workshop 2010 after CERN workshop

� It seems interesting to reduce the difference as much as possible
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Preliminary  
ANSYS analysis of Platform

• First look of platform stability look rather promising: 
resonance frequencies are rather large (e.g. 58Hz) 
and additional vibration is only several nm 
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Fig 3-14-2 Revised ILD0 iron yoke design with chimney for liquid helium feed. 

Unit: mSv/hr/kW

Shielding capability of 250 mSv/h/18MW 
= 0.014mSv/h/kW is required 
everywhere to meet SLAC requirement 
(S3 - system failure).  
Because of detector design, total beam 
loss in the IR hall must be below 1 W 
from the requirement to reduce detector 
background. 
To meet KEK guideline for integral dose 
under accidental beam loss, beam should 
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= 1.4 seconds.
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Radiation Rules at KEK 
• Normal operation 

–  0.2 µSv/h for Non-designated area (K1) 

–  1.5 µSv/h for Supervised area (K2)  experimental hall 

–  20 µSv/h for Simple controlled area (K3) 
–  100mSv/h for access restricted  

• Shielding  100 µSv/event(K2) 
• Mis-steering beam loss 

–1 hour integration of dose rate should not exceed 1.5 
µSv/h using radiation monitor.  

 (Terminate injection and wait 1 hour)
SiD and ILD : Shielding capability of 250 mSv/h / 18 MW = 0.014 mSv/h/kW is required everywhere 
to meet SLAC requirement

In the KEK regulation, there is no explicit description 
of ambient dose limit for beam operation conditions 
and beam loss classification such as SLAC-RSS

1mSv/event (K3)



T.Sanami, IRENG 09/14/2007

Area classification : SLAC rule

• Normal operation (S1) 
–0.5 µSv/h for GERT (General Employ Radiation Training) 

–5 µSv/h for Radiation Worker (RW) 

• Mis-steering (S2) 
–4 mSv/h 

• Annual dose should be less than 10mSv/year (S1,S2). 
• System failure (S3) 

–250 mSv/h and 30 mSv/event

(from SLAC-I-720-0A05Z-002-R001 Radiation Safety Systems 
(Technical Basis Document, April 2006) )

including screen, wire-scanners

hardware failures, operator errors,..

beam stopper failure and/or electric power failure of 
important bending magnet



T.Sanami, IRENG 09/14/2007

Area classification : LHC design

• Normal operation 
–0.1 µSv/h for Non-designated area 
–1 µSv/h for Supervised area 
–3 µSv/h for Simple controlled area 

• Total beam loss 
–0.3 mSv/h for Non-designated area 
–2.5 mSv/h for Supervised area 
–50 mSv/h for Simple controlled area

(from http://indico.cern.ch/conferenceDisplay.py?confId=1561 talk of D. 
Forkel-Wirth)

http://indico.cern.ch/conferenceDisplay.py?confId=1561


Chapter 4. Accelerator Systems R&D

impregnation that is then fibre-compression wrapped and cured. The resulting structure handles
large magnetic Lorentz forces on the coil without the need for external clamping collars. Warm
field-harmonic measurements that are used to control harmonic errors are made between winding
di�erent coil layers.

Initially, short prototype quadrupole and sextupole test coils were wound and tested. These
coils exceeded ILC operational requirements by reaching the conductor short-sample limit in the
presence of deliberately enhanced solenoidal background fields. Subsequently an opposite-polarity
outer-quadrupole coil was added outside the main quadrupole so as to demonstrate active shielding
via external field cancellation. Studies showed that it is important to rotationally align the main and
cancellation coils in order to achieve the best performance; with proper adjustment the external field
was dramatically reduced, with only a small impact on the overall QD0 operating margin.

In parallel, prototype full-length coils suitable for FF operation were produced. A major challenge
in winding the full-length coil is that the aspect ratio (20 mm ID, 3.5 m length) of the coil support
tube results in droop in the middle under a combination of its own weight and pressure applied to the
tube during winding. This droop causes systematic conductor mis-positioning and modulation of the
coil pattern, which lead to the generation of unwanted field harmonics. However, based on earlier
work, small, consistent, support-tube o�set modulations can be compensated via software-based
corrections during coil winding. Rolling tube supports, that move along with the coil-winding head
and reduce local support-tube deflection, were hence implemented.

Despite these measurers, field harmonic variations symptomatic of significant residual tube-o�set
motion were observed. Unfortunately sti�ening the rolling support structure increased the risk of
damaging a coil already wound and, more problematically, was found to increase positioning hysteresis
that in turn made software compensation even more challenging. The moving support scheme was
hence abandoned in favour of a simple fixed central-tube support that was precisely aligned via a
laser system with the rest of the coil-winding mechanical structure.

The above approach requires that the quadrupole coil must be split into two parts. This has the
advantage that it is possible to energise the coil closer to the IP more strongly at low beam energy,
while reducing the gradient in the subcoil further from the IP. This causes the e�ective focusing
centre to be closer to the IP at low energy, and can be used to improve the FF optical performance.

Figure 4.25
QD0 cryostat

QD0 Non-IP End

QD0 IP End

Heat Shield Supports  
to Outer Cryostat

Cold Mass Supports  
to Heat Shield

Cold Mass  
Support Post

G-10 Support  
Insulator

Injection  
Line QD0
And Shield  
Quad

Geophone

Coil Platform

Another fundamental component of the R&D programme was to develop practical solutions
for installing and operating FF magnets located inside two di�erent particle detectors. The MDI
issues are especially challenging in light of the requirement for rapid push-pull swapping of the
detectors. The conclusion is that each experiment should carry its own customised pair of QD0 and
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ILC QD0 : SCQ

20mmφ beam pipe 

FD



5.12 MACHINE DETECTOR INTERFACE

Fig. 5.289: Hybrid QD0 short prototype

2. In the longer structure, the coils are supported independently of the magnet core. This simplifies
the active stabilization since the coils are the heaviest part of the magnet assembly and the cooling
water flow does not directly affect the magnet core, which requires active stabilization.

Fig. 5.290: QD0 with thermalization coils

The fundamental mechanical characteristics of the structure (fundamental resonance frequencies,
intrinsic structure stiffness, etc.) must be characterized for the design of proper stabilization. As an
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Fig. 6: Top: Luminosity performance for 100 statistical realizations of the CLIC FFS after tuning using 3 different
approaches. Bottom: Required number of luminosity measurements for the 3 different approaches.

Table 4: Specifications of the FD QD0 quadrupole for the different L∗ cases.

L∗ m 3.5 4.3 6.0 8.0
Gradient T/m 575 382 200 211
Length m 2.7 3.3 4.7 4.2
Beam aperture mm 3.8 6.7 8 8.5
Jitter tolerance nm 0.15 0.15 0.2 0.18
Gradient tol 10−6 5 5 - 3
Octupolar error 10−4@1mm 7 7 - 3
Prealignment µm 10 10 8 2

9

with the same cross section but 
shorter length, which performs 
close to the specifications

permanent 
magnets

CLIC QD0  : Hybrid magnet
with tenability of 80 - 100%

(r)



Baseline Review, Oct/2011 A. Seryi, 

QD0 supports in ILD and SiD
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Vibration Study (C.Collette, D.Thsilumba,ULB) 

QD0 

QF1 QF1 

Platform 

SID 

Ground 

1. Ground Motions measured at the SLD detector hall 
2. Conservative spectrum of the technical noise on the detector.  
3. The model predicts that the maximum level of r.m.s. vibration seen by 

QDO is well below the capture range of the IP feedback system 
available in the ILC. With the addiction of an active stabilization system 
on QD0, it is also possible to achieve the stability requirements of CLIC. 

4. Experimental measurements of the technical noise instrumenting CMS 
during LS1 with permanent vibration sensors 

Control OFF Control ON 

r.m
.s

. 

SID MDI, presented by M. Oriunno, LCWS2013  
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ANSYS model

QD0(700kg)

BeamCAL(100kg)
LHCAL(3000kg)

LumiCAL(250kg)

ECAL(420kg)

fixed or support bracket

1000kg

4000x(w/650)2kg
Self-weight

Outer tube is fixed to 
these plates. 
(Vertical plates and 
bottom plate)

outer tube

inner tube

ILD QD0 support,  by H. Yamaoka, LCWS2010, Beijing  

- Outer dimensions of 600x600mm  
- 25mm thick

3D CAD model
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Inner cylinder:  
Self-weight + 1,000kg(QD0)

0.6nm @ f>5Hz

3.8mm(Outer) 
8.6Hz(1st mode)

P.S.D.

54nm @ f>5Hz

Integ. Amp.

Outer cylinder: 4,000kg

1.3mm(inner) 
31Hz(1st mode)

Thicker, 400t

Fixed

Additional ribs

ILD QD0 support,  by H. Yamaoka, LCWS2010, Beijing  



"Parameters for the Linear Collider"
Update November 20, 2006 

The Parameters Subcommittee of ILCSC  
   Asia:  Sachio Komamiya, Dongchul Son  

   Europe : Rolf Heuer (chair), Francois Richard 
   North America: Paul Grannis, Mark Oreglia

Baseline machine 
"Luminosity and reliability of the machine should allow the collection of 
approximately Leq = 500 fb-1 in the first four years of running, not 
counting year zero which is assumed to mainly serve for machine 
commissioning and short pilot physics run(s).  ..... the full luminosity of 
2x1034 cm-2s-1 at 500 GeV....

It is assumed here that the design luminosity and the efficiency/reliability of the 
machine will only be reached gradually within the first years of operation (10, 30 and 
60% in years 1,2 and 3, resp.) and that the design luminosity and reliability will be 
reached in year four (i.e. 100% in year 4) of physics running, not counting year 0.

For LC operation at less than maximum energy, we assume that the 
luminosity scales as L ~ √s.



I.) A scenario  suggested by R.Settles and modified by T.Tauchi,  
--Notation: BPL=best possible luminosity. 
--Assumption: two detectors acquire BPL in 1.25x107 sec each year. 
  That is, 0.62 x 107 sec per detector. 
--Assumption: 1.25x107 sec = 145 days = 20 weeks running at BPL. 
  That is, 10 weeks per detector per year. 
--Assumption: Yearly long shutdown for yearend holidays and 
  machine work/detector work = 12 weeks (week 51 to week 10 ). 
--Scenario: -start week 11, det-1 on beam. 
            -det-1  BPL running        2 weeks + 1 week contingency 
                                                        for machine study 
                                                        and inefficiency 
            -push-pull+calib                  1 week 
            -det-2  BPL running       2 weeks + 1 week contingency 
                                                        for machine study 
                                                        and inefficiency 
            -push-pull+calib                  1 week 
--Therefore 1 cycle = 8 weeks. 
--Need 5 cycles so that each detector gets 10 weeks of BPL running. 
--Total running time = 40 weeks, meaning from week 11 to week 50.



II.) Evolution of BPL from “Parameters for the Linear 
Collider”, November 2006: 
-------------------------------------------- 
For 1.25 x107 sec of running in a year and Lgoal=2x1034cm-2sec-1, 
--Yr 0: commissioning of machine and detectors, i.e. no BPL running. 
--Yr 1: BPL = 10% of Lgoal =   25 fb-1     : 2.5 fb-1/push-pull 
--Yr 2: BPL = 30% of Lgoal =   75 fb-1     : 7.5 fb-1/push-pull 
--Yr 3: BPL = 60% of Lgoal = 150 fb-1     :  15 fb-1/push-pull 
--Yr 4: BPL =100% of Lgoal = 250 fb-1    :  25 fb-1/push-pull 
------------------------------------ 
                      total = 500 fb-1 (250 fb-1 each for two detectors)
This model involves 10 push-pulls per year while for precision-
physics measurements, we may need fewer push-pulls.

Do we need Gentleman's agreement between the two detectors 
for common publication of experimental results ? 
“Discovery papers” with all members of two collaborations plus 
accelerator physicists as authors


