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Discovery of a New Boson at 125 GeV

• Now have to establish the nature of the 
observed boson!

7.2 Mass of the observed boson 27
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Figure 16: The observed local p-value for decay modes with high mass-resolution channels, gg
and ZZ, as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

suggested in Ref. [111], and corresponds to 4.6 s (4.5 s). These results confirm the very low
probability for an excess as large or larger than that observed to arise from a statistical fluctu-
ation of the background. The excess constitutes the observation of a new particle with a mass
near 125 GeV, manifesting itself in decays to two photons or ZZ. These two decay modes in-
dicate that the new particle is a boson; the two-photon decay implies that its spin is different
from one [129, 130].

7.2 Mass of the observed boson

The mass mX of the observed boson is determined using the gg and ZZ decay modes, with
the former dominating the precision of the measurement. The calibration of the energy scale
in the gg decay mode is achieved with reference to the known Z boson mass, as described
in Section 5.1. There are two main sources of systematic uncertainty: (i) imperfect simulation
of the differences between electrons and photons and (ii) the need to extrapolate from mZ to
mH ⇡ 125 GeV. The systematic uncertainties are evaluated by making comparisons between
data and simulated samples of Z ! ee and H ! gg (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated between all the gg event
categories in the 7 and 8 TeV data. For the ZZ ! 4` decay mode the energy scale (for electrons)
and momentum scale (for muons) are calibrated using the leptonic decays of the Z boson, with
an assigned uncertainty of 0.4%.

Figure 17 shows the two-dimensional 68% CL regions for the signal strength s/sSM versus mX
for the three channels (untagged gg, dijet-tagged gg, and ZZ ! 4`). The combined 68% CL
contour shown in Fig. 17 assumes that the relative event yields among the three channels are
those expected from the standard model, while the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the signal yields of the three channels
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1σ and ±2σ uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H→WW (∗)→ "ν"ν channel, as
shown in Fig. 8(c).
The observed local p0 values from the combination

of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.
The largest local significance for the combination of

the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5GeV, where it reaches
6.0σ, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9σ (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H→ZZ(∗)→ 4", H→ γγ and
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Figure 8: The observed local p0 as a function of the hypothesized
Higgs boson mass for the (a) H→ZZ(∗)→ 4", (b) H→ γγ and (c)
H→WW(∗)→ "ν"ν channels. The dashed curves show the expected
local p0 under the hypothesis of a SMHiggs boson signal at that mass.
Results are shown separately for the

√
s = 7TeV data (dark, blue), the√

s = 8TeV data (light, red), and their combination (black).

H→WW (∗)→ eνµν channels combined is 4.9σ, and oc-
curs at mH = 126.5GeV (3.8σ expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
effect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9σ.

The global significance of a local 5.9σ excess any-
where in the mass range 110–600GeV is estimated to
be approximately 5.1σ, increasing to 5.3σ in the range
110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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Hadron and Lepton Colliders

• Proton (anti-) proton colliders:
• Energy range high (limited by 

bending magnets power)
• Composite particles, different 

initial state constituents and 
energies in each collision

• Difficult hadronic final states
• Discovery machines
• Precision measurement potential

• Electron positron colliders:
• Energy range limited (by RF 

power)
• Pointlike particles, well defined 

initial state quantum numbers 
and energies

• Easier final states
• Precision machines
• Discovery potential

p p e+ e-



Hadron or Lepton Colliders

pp ! H + X e+e- ! HZ



Collider History



Future Lepton Collider Requirements

• The e+e- cross section drops 
~1/s; some t-channel processes 
rise logarithmically

• The key parameters are:
• the right energy window
• luminosity

SUPERSYMMETRY

backgrounds from the SM and, more importantly, from SUSY itself. At the LHC, sparticle
mass differences can be determined by measuring the endpoints or edges of invariant mass
spectra (with some assumptions on particle identification within the chains) and this results
in a strong correlation between the extracted masses; in particular, the LSP mass can be
constrained only weakly [15]. Therefore, only in specific constrained scenarios with a handful
of input parameters, that some elements of SUSY can be reconstructed in the complicated
environment of the LHC.
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FIGURE 5.1. The spectrum of SUSY and Higgs particles in the benchmark SPS1a′ cMSSM point [179]
(left) and the production cross sections for various SM and SUSY processes in e+e− collisions as a function
of the c.m. energy in this scenario (right).

On the other hand, the non–colored SUSY particles (and certainly the lightest Higgs
boson) would be accessible at the ILC with a c.m. energy of

√
s = 500 GeV, to be eventually

upgraded to 1 TeV. This is, for instance the case in a cMSSM typical scenario called SPS1a′

[179] as shown in Fig. 5.1. The cross sections for chargino, neutralino and slepton pair
production, when the states are kinematically accessible, are at the level of 10–100 fb, which
is only a few orders of magnitude below the dominant SM background processes; Fig. 5.1.
Given the expected high–luminosity and the very clean environment of the machine, large
samples of events will be available for physics analyses [7, 180]. At the ILC, it will be thus
easy to directly observe and clearly identify the new states which appeared only through
cascade decays at the LHC. Most importantly, thanks to the unique features of the ILC,
tunable energy which allows threshold scans, the availability of beam polarization to select
given physics channels and additional collider options such as e−e− which allow for new
processes, very thorough tests of SUSY can be performed: masses and cross sections can be
measured precisely and couplings, mixing angles and quantum numbers can be determined
unambiguously. Furthermore, the ILC will provide crucial information which can be used as
additional input for the LHC analyses, as would be e.g. the case with the LSP mass. The
coherent analyses of data obtained at the LHC and the ILC would allow for a better and
model independent reconstruction of the low energy SUSY parameters, connect weak–scale
SUSY with the more fundamental underlying physics at the GUT scale, and provide the
necessary input to predict the LSP relic density and the connection with cosmology.

II-60 ILC-Reference Design Report



Higgs Physics
• Model independent Higgs 

measurement
• recoil independent of branching ratios 

of Higgs particle

Is this the SM Higgs?
Chapter 2. Higgs Boson

Figure 2.8
Higgs recoil mass distri-
bution in the Higgs-
strahlung process
e+e≠ æ Zh, with
(a) Z æ µ+µ≠ and
(b) Z æ e+e≠

(n“).
The results are shown
for P (e+, e≠

) =

(+30%, ≠80%) beam
polarization.
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of 32 MeV is obtained [74, 75]. The corresponding model independent uncertainty on the Higgs
production cross section is 2.5%. Similar results were obtained from SiD [76]. It should be emphasized
that these measurements only used the information from the leptonic decay products of the Z and
are independent of the Higgs decay mode. As such this analysis technique could be applied even if
the Higgs decayed invisibly and hence allows us to determine the absolute branching ratios including
that of invisible Higgs decays. By combining the branching ratio to ZZ with the production cross
section, which involves the same ghZZ coupling, one can determine the total width and the absolute
scale of partial widths with no need for the theoretical assumptions needed for the LHC case. We will
return to this point later.

It is worth noting that, for the µ+µ≠X channel, the width of the recoil mass peak is dominated
by the beam energy spread. In the above study Gaussian beam energy spreads of 0.28 % and 0.18 %
are assumed for the incoming electron and positron beams respectively. For ILD the detector response
leads to the broadening of the recoil mass peak from 560 MeV to 650 MeV. The contribution from
momentum resolution is therefore estimated to be 330 MeV. Although the e�ect of the detector
resolution is not negligible, the dominant contribution to the observed width arises from the incoming
beam energy spread rather than the detector response. This is no coincidence; the measurement
of mh from the µ+µ≠X recoil mass distribution was one of the benchmarks used to determine the
momentum resolution requirement for a detector at the ILC.

If there are additional Higgs fields with vacuum expectation values that contribute to the mass of
the Z, the corresponding Higgs particles will also appear in reactions e+e≠ æ ZhÕ, and their masses
can be determined in the same way.

We now turn to the determination of the spin and CP properties of the Higgs boson. The h æ ““

decay observed at the LHC rules out the possibility of spin 1 and restricts the charge conjugation C
to be positive. We have already noted that the discrete choice between the CP even and CP odd
charge assignments can be settled by the study of Higgs decay to ZZú to 4 leptons at the LHC.

The ILC o�ers an additional, orthogonal, test of these assignments. The threshold behavior
of the Zh cross section has a characteristic shape for each spin and each possible CP parity. For
spin 0, the cross section rises as — near the threshold for a CP even state and as —3 for a CP odd
state. For spin 2, for the canonical form of the coupling to the energy-momentum tensor, the rise
is also —3. If the spin is higher than 2, the cross section will grow as a higher power of —. With a
three-20 fb≠1-point threshold scan of the e+e≠ æ Zh production cross section we can separate these
possibilities as shown in Fig. 2.9 (left) [77]. The discrimination of more general forms of the coupling
is possible by the use of angular correlations in the boson decay; this is discussed in detail in [78].

At energies well above the Zh threshold, the Zh process will be dominated by longitudinal
Z production as implied by the equivalence theorem. The reaction will then behave like a scalar
pair production, showing the characteristic ≥ sin2 ◊ dependence if the h particle’s spin is zero. The

30 ILC Technical Design Report: Volume 2



Establishing the Higgs-Mechanism

• Measuring the couplings of the Higgs to massive particles
• Check coupling-mass relation

• The key feature of the Higgs particle A Higgs at 125 GeV has 
favourable BR to several 

particles

Chapter 2. Higgs Boson

Figure 2.21
Expected precision
from the full ILC pro-
gram of tests of the
Standard Model pre-
diction that the Higgs
coupling to each parti-
cle is proportional to its
mass.
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in Fig. 2.4, falls short of that goal.
We then presented the capabilities of the ILC for precision measurements of the Higgs boson

couplings. The ILC program for Higgs couplings can begin at a center of mass energy of 250 GeV,
near the peak of the cross section for e+e≠ æ Z0h0. This program allows a direct measurement of
the cross section, rather than measurement that includes branching ratios, already eliminating an
important source of ambiguity from the LHC data. The program also allows the measurement of
individual branching channels, observed in recoil against the Z0 boson. The excellent flavor tagging
capabilities of the ILC experiments allow access to the cc decay mode of the Higgs boson and sharpen
the observation of many other modes. The ILC experiments are highly sensitive to possible invisible
or other unexpected decay modes of the Higgs boson, with sensitivity at the percent level.

A later stage of ILC running at the full energy of 500 GeV will enhance these capabilities. At
500 GeV, the W fusion reaction e+e≠ æ ‹‹h turns on fully, giving a very precise constraint on the
Higgs boson coupling to WW . The increased statistics sharpens the measurement of rare branching
channels such as ““. Higher energy also gives improved g/c/b separation in the hadronic decay
models. Running at 500 GeV allows the first direct measurements of the Higgs coupling to tt and the
Higgs self-coupling.

The technology of the ILC will eventually allow extended running at higher energies, up to 1 TeV
in the center of mass. A 1 TeV program will add further statistics to the branching ratio measurements
in all channels, using the increasing e+e≠ æ ‹‹h cross section. It also very much increases the
sensitivity of the determinations of the Higgs coupling to tt and the Higgs self-coupling.

The progression of this program is shown graphically in Fig. 2.20. For each Higgs boson coupling,
four sets of error bars are shown, always assuming that the underlying value of the coupling is that of
the Standard Model. The first is the estimate of the LHC capability, from Fig. 2.4. The second is the
error that would be obtained by adding the data from a 250 fb≠1 run of the ILC at 250 GeV. The
third is the error that would be obtained by adding to this the data from a 500 fb≠1 run of the ILC

44 ILC Technical Design Report: Volume 2

2.1. The Higgs mechanism in the Standard Model

Figure 2.1
Branching fractions of
the Standard Model
Higgs as a function of
the Higgs mass.
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The photon remains massless and has no tree-level coupling to the Higgs.
The couplings of the quarks and charged leptons to the Higgs arise from the Yukawa terms,

L ∏ ≠yu
ijuRi�̃†QLj ≠ yd

ijdRi�†QLj ≠ y¸
ij¸Ri�†LLj + h.c., (2.8)

where QL = (uL, dL)T , LL = (‹L, eL)T , �̃ = i‡2�ú is the conjugate Higgs doublet, and yu, yd,
and y¸ are 3 ◊ 3 Yukawa coupling matrices for the up-type quarks, down-type quarks, and charged
leptons, respectively. The Yukawa matrices can be eliminated in favor of the fermion masses, yielding
Higgs couplings to fermions proportional to the fermion mass,

hff : ≠i
yfÔ

2
= ≠i

mf

v
, (2.9)

where yf v/
Ô

2 = mf is the relevant fermion mass eigenvalue.
Thus we see that, in the SM, all the couplings of the Higgs are predicted with no free parameters

once the Higgs mass is known. This allows the Higgs production cross sections and decay branching
ratios to be unambiguously predicted. The key regularity is that each Higgs coupling is proportional
to the mass of the corresponding particle. One-loop diagrams provide additional couplings and decay
modes to gg, ““, and “Z. In the SM, the Higgs coupling to gg arises mainly from the one-loop
diagram involving a top quark. The Higgs couplings to ““ and “Z arise at the one-loop level mainly
from diagrams with W bosons and top quarks in the loop.

The Higgs boson branching fractions in the Standard Model are currently predicted with relatively
small errors, of the order of 5% in most cases. A current assessment is given in [5]. These errors
may be improved to below the 1% level in the era in which the ILC experiments will run. A case
of particular interest is the partial width for h æ bb The uncertainty estimated in [5] is 3%. The
estimate is dominated by errors of order 1% on the measured values of mb and –s and by errors
from missing electroweak radiative corrections at NLO. The uncertainty from truncation of the QCD
perturbation series is much smaller, 0.2%, since this series is known to N4LO from a heroic calculation
by Baikov, Chetyrkin, and Kühn [6]. The MS bottom quark mass is already known better than the
estimate used in [5]. QCD sum rules [7] and lattice gauge theory calculations [8] give consistent
estimates with errors below 0.6%. The same papers also give consistent estimates of the MS charm
quark mass at 3 GeV, with an error on the lattice side of 0.6%. The lattice results, based on our

Physics ILC Technical Design Report: Volume 2 15



The Need for Precision

• H. Rzehak (ECFA WS 2013):

2.8. Conclusion
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Figure 2.20. Estimate of the sensitivity of the ILC experiments to Higgs boson couplings in a model-independent
analysis. The plot shows the 1 ‡ confidence intervals as they emerge from the fit described in the text. Deviation
of the central values from zero indicates a bias, which can be corrected for. The upper limit on the W W and ZZ
couplings arises from the constraints (2.31). The bar for the invisible channel gives the 1 ‡ upper limit on the
branching ratio. The four sets of errors for each Higgs coupling represent the results for LHC (300 fb≠1, 1 detector),
the threshold ILC Higgs program at 250 GeV, the full ILC program up to 500 GeV, and the extension of the ILC
program to 1 TeV. The methodology leading to this figure is explained in [65].

2.8 Conclusion

The landscape of elementary particle physics has been altered by the discovery by the ATLAS and
CMS experiments of a new boson that decays to ““, ZZ, and WW final states [2, 3]. The question
of the identity of this bosons and its connection to the Standard Model of particle physics has become
the number one question for our field. In this section, we have presented the capabilities of the ILC
to study this particle in detail. The ILC can access the new boson through the reactions e+e≠ æ Zh

and through the WW fusion reaction e+e≠ æ ‹‹h. Though our current knowledge of this particle is
still limited, we already know that these reactions are available at rates close to those predicted for
the Higgs boson in the Standard Model. The ILC is ideally situated to give us a full understanding of
this particle, whatever its nature.

The leading hypothesis for the identity of the new particle is that it is the Higgs boson of the
Standard Model, or a similar particle responsible for electroweak symmetry breaking in a model that
includes new physics at the TeV energy scale. We have argued that, if this identification proves correct,
the requirements for experiments on the nature of this boson are extremely challenging. Though there
are new physics models that predict large deviations of the boson couplings from the Standard Model
predictions, the typical expectation in new physics models is that the largest deviations from the
Standard Model are at the 5–10% level. Depending on the model, these deviations can occur in any
of the boson’s couplings. Thus, a comprehensive program of measurements is needed, one capable of
being interpreted in a model-independent way. Our estimate of the eventual LHC capabilities, given
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2.3. Status and prospects for Higgs measurements at LHC

Figure 2.5. Estimate of the sensitivity of the LHC experiments to Higgs boson couplings in a model-independent
analysis with one detector and varying luminosity sample, from the SFitter group [59].

simultaneously determine the Higgs couplings to Standard Model particle in a way that is, if not
completely model-independent, at least relies onlly on the minimal theoretical assumptions described
above. These determinations should be accurate enough to confirm or refute the hypothesis that
the particle recently observed has the profile of the Standard Model Higgs boson. However, these
experiments will not provide su�cient accuracy in the Higgs couplings to test for the deviations
expected in new physics models in the Decoupling Limit. That is, they will not be able to access the
deviation of Higgs couplings from the Standard Model for most of the e�ects described in Section 2.2.
To reach the level required for this, a stronger tool is needed.

2.3.4 Prospects for measurement of the triple Higgs coupling at the LHC

Measurement of the Higgs quartic coupling parameter ⁄ provides a test of the electroweak symmetry
breaking mechanism through the structure of the Higgs potential. This coupling can be probed via a
measurement of the triple-Higgs vertex, which contributes along with other diagrams to Higgs pair
production. This coupling can be significantly modified in models with extended Higgs sectors, in
particular in models that increase the strength of the electroweak phase transition to provide viable
baryogenesis [66]. For Higgs pair production via gg æ hh, low-mass new physics in the loops can
rather significantly a�ect the cross section even if it does not have a large e�ect on the gg æ h cross
section [67,68].

Measuring the triple Higgs coupling at the LHC is very challenging for a 125 GeV Higgs boson.
The largest production cross section is gg æ hh, with other potential production modes (VBF
qq æ qqhh, qq æ V hh, and gg, qq æ tthh) being severely rate-limited. The 4W final state has
been studied for mh > 150 GeV [69] and was found to be promising for mh ƒ 170–200 GeV at
the high-luminosity (1035 cm≠2s≠1) LHC [70]; however, this final state is suppressed by the falling
h æ WW branching ratio at lower masses (a factor of (0.22)2 = 0.048 at mh = 125 GeV, compared
to 0.92 (0.55) at mh = 170 (200) GeV). This suppression will be compensated somewhat by an
enhanced production cross section at lower masses, but no LHC study has been done in the 4W final
state for a low-mass Higgs.

The 4b and bb·· final states were studied for a 120 GeV Higgs in Ref. [71, 72] and the more
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Conclusion

How large can the maximal deviations from the SM Higgs couplings be
if no new physics is discovered by the LHC?

The answer in the context of 3 different models:

|�hVV | |�ht̄t | |�hb̄b| |�hhh|

Mixed-in Singlet 6% 6% 6% 18%

Composite Higgs 8% tens of % tens of % tens of %

MSSM < 1% 3% 10%, 100% 2%, 15%

tan� > 20
no superpartners

all other
cases

How well do we need to measure the Higgs boson couplings? Heidi Rzehak Linear Collider Workshop, 28 May 2013

M. Peskin `13

LHC/LHC Upgrades
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ILC Physics Studies - Exploring the Higgs Sector 

>  After the CERN discovery: understand how well a LC can do in detail: 



Accelerator Issues



The Limits of Storage Rings

• Charged particles radiate on curved trajectories

• Energy loss per revolution ~1/m4

• RF power for acceleration: PRF ~E4/r



Cost Scaling for Storage Rings

• Cost for RF:

• €RF ~E4/r

• Linear cost (tunneling, beam lines, etc.):

• €lin ~ r

• Total cost optimum:

• €tot = €RF+€lin ~ E2

• ropt~E2

• For details: B. Richter, NIM 136 (1976) oo. 47-60



Scaling LEP

• The next high energy e+e- collider will 
be linear:

• €LC ~ E + const.



Cost Scaling

• Linear colliders are the economical choice above ~220± GeV cms energy
• TLEP pushes this limit...
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Linear Collider - an Old Story

• First e+e- collider: AdA (1961)
• First proposal for a linear collider: M. Tigner (1965)

• „While the storage ring technique for 
performing clashing-beam experiments
is very elegant in concept it seems
worth-wile at the present juncture to 
investigate other methods which, while
less elegant or superficially more 
complex may prove more tractable.“

L E T T E R E  A L L A  R E D A Z I O N E  
(La responsabilitd sctentifica degli seritti inseritt in ~uesta rubrica ~ completamente lasctafa 

dalla Direzlone del periodico ai singolt autori) 

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

M. TIGX:ER 

Laboratory o] =ATuclear Studies, Cor,~ell University - Ithaca, _~T. y .  

(ricevuto il 2 Febbraio 1965) 

While the storage ring technique 
for performing clashing-beam experi- 
ments (1) is very elegant in concept it 
seems worth-while at the present junc- 
ture to investigate other methods which, 
while less elegant or superficially more 
complex may prove more tractable. 

In  order to be useful for clashing- 
beam work an acceleration device must 
produce beams of small cross-section or 
beams of high enough quali ty that  they 
may be focused to a small spot in the 
interaction region or regions. Such beams 
are well known to be produced by linear 
radio-frequency accelerators. Figure 1 
depicts a rudimentary type of arrange- 
ment for performing a clashing beam 
experiment with standard traveling wave 
linaes. For purposes of illustration let 
as consider two linaes having energy 
gains of 500 MeV each and producing 
continuous beam currents of 50 to 
100 milliampere. (As we shall see cur- 
rents of this order would be necessary 
r obtain useful interaction rates at this 

(*) Work supported in par t  by  the  United 
SLates Nat ional  Science Foundation. 

(1) See for in s t ance  G. K. O'NEILL: Phys. 
Rev.,  102, 1418 (1956). 

energy.) Under these conditions the rf 
power necessary to establish the accel- 
erating field in the guides would be of 
the order of 100 megawatt in a standard 

~ \  intecaction ceg/on / . "  

/ 

O- smaa crossing angle 

Fig. 1. 

design while an additional 25 to 50 mega- 
watt  would be carried away by each 
beam. Although in principle it may be 
possible to produce and handle this 
large power the sheer brutishness of the 
scheme robs it of all appeal. 

With some modification we may be 
able to retain the basic advantages of 
the linear device while avoiding the 
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ILC History
• Pre-ILC:

• since early 90s different LC studies
• TESLA (SCRF)
• NLC/JLC (normal conducting)
• CLIC (two beam)

• 2004: technology decision: SCRF
• since 2005:

• ILC Global Design Effort founded
• 2007 ILC Reference Design Report

• first cost estimate
• 2012/13 ILC Technical Design Report

• cost update
• since 2012/13:

• Linear Collider Collaboration (LCC)
• ILC: Higgs/Top factory 

• towards possible realisation in Japan
• CLIC: multi-TeV option on longer timescale

• option for next energy frontier project in Europe

2001 

2006 

2007 

2011 
R&D status 
report 

2013 



ILC History
• Pre-ILC:

• since early 90s different LC studies
• TESLA (SCRF)
• NLC/JLC (normal conducting)
• CLIC (two beam)

• 2004: technology decision: SCRF
• since 2005:

• ILC Global Design Effort founded
• 2007 ILC Reference Design Report

• first cost estimate
• 2012/13 ILC Technical Design Report

• cost update
• since 2012/13:

• Linear Collider Collaboration (LCC)
• ILC: Higgs/Top factory 

• towards possible realisation in Japan
• CLIC: multi-TeV option on longer timescale

• option for next energy frontier project in Europe

Resources since 2005 (GDE):
~250 FTE/a
~2000 person years

(~5000 person years in total)
~300 M$ globally

2400 signatories for the TDR



The Luminosity Challenge

• The luminosity (cm-2s-1) for a collider with Gaussian beams is given by:

• nb = bunches per train
• N = particles per bunch
• frep = repetition frequency
• 4πσxσy = beam cross section at the interaction point
• HD = beam-beam enhancement factor

2

4
b rep

D
x y

n N f
L H

πσ σ
=



The Luminosity Challenge

• Introducing the beam power:

• yields

• η RF⟶beam : conversion efficiency RF to beam 

b rep cm beams

RF beam RF

n Nf E P
Pη →

=

=

( )
4
cm b rep

D
x y cm

E n Nf N
L H

Eπσ σ
=

4
RF RF

D
x y cm

P NL H
E

η
πσ σ

=



RF Power

• Some numbers:
• Ecm  = 500 GeV
• N     = 1010

• nb    = 1000
• frep   = 10 Hz
• ⇒ Pbeams = 8 MW

• adding efficiencies
• Wall plug ⟶ RF ⟶ beam

• yields AC power needs >100 MW just to accelerate beams
and maintain luminosity!!!

4
RF RF

D
x y cm

P NL H
E

η
πσ σ

=
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x y

n N f
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Storage Ring vs Linear Collider

• LEP frep: 44 kHz
• ILC frep: few to 100 Hz (power limited)

• Factor ~1000 in Luminosity already lost!
• Recover by pushing hard on the beam spot

sizes at collision:
• LEP: 130 x 6 μm2

• ILC: 500 x 5 nm2

• Needed to achieve L=O(1034 cm-2 s-1)

2

4
b rep

D
x y

n N f
L H

πσ σ
=

x

y



Beamstrahlung

• Strong mutual focusing of beam gives rise 
to significant luminosity enhancement 
(Hd≈2): pinch effect

• electrons/positrons pass through intense 
field of opposite beam, radiate hard 
photons: Beamstrahlung
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Chose flat beams!



Beam-Beam Interaction



Beam-Beam Interaction



ILC Baseline Design (500 GeV)

Max. Ecm  500 GeV 
Luminosity  1.8×1034 cm-2s-1 

Polarisation (e-/e+)  80% / 30% 
δBS  4.5% 

Physics 

σx / σy  574 nm / 6 nm 
σz  300 µm 
γεx / γεy  10 µm / 35 nm 
βx / βy  11 mm / 0.48 mm 
bunch charge  2×1010  

Beam 
(interaction point) 

Number of bunches / pulse  1312 
Bunch spacing  554 ns 
Pulse current  5.8 mA 
Beam pulse length  727 µs 
Pulse repetition rate  5 Hz   

Beam 
(time structure) 

Average beam power  10.5 MW (total) 
Total AC power  163 MW 
(linacs AC power  107 MW) 

Accelerator 
(general) 

central
region



ILC Bunch Structure

• Superconducting RF has small dissipation losses in cavity walls
• ⇒ long pulses (~1ms) with large bunch spacing

1312 bunches

554 ns

727 μs



ILC Beam Parameters 2.2. Top-Level Parameters

Table 2.1. Summary table of the 200–500 GeV baseline parameters for the ILC. The reported luminosity numbers are
results of simulation [12]

Centre-of-mass energy E

CM

GeV 200 230 250 350 500

Luminosity pulse repetition rate Hz 5 5 5 5 5
Positron production mode 10 Hz 10 Hz 10 Hz nom. nom.
Estimated AC power P

AC

MW 114 119 122 121 163
Bunch population N ◊1010 2 2 2 2 2
Number of bunches n

b

1312 1312 1312 1312 1312
Linac bunch interval �t

b

ns 554 554 554 554 554
RMS bunch length ‡

z

µm 300 300 300 300 300
Normalized horizontal emittance at IP “‘

x

µm 10 10 10 10 10
Normalized vertical emittance at IP “‘

y

nm 35 35 35 35 35
Horizontal beta function at IP —

ú
x

mm 16 14 13 16 11
Vertical beta function at IP —

ú
y

mm 0.34 0.38 0.41 0.34 0.48
RMS horizontal beam size at IP ‡

ú
x

nm 904 789 729 684 474
RMS vertical beam size at IP ‡

ú
y

nm 7.8 7.7 7.7 5.9 5.9
Vertical disruption parameter D

y

24.3 24.5 24.5 24.3 24.6
Fractional RMS energy loss to beamstrahlung ”

BS

% 0.65 0.83 0.97 1.9 4.5
Luminosity L ◊1034 cm≠2 s≠1 0.56 0.67 0.75 1.0 1.8
Fraction of L in top 1% E

CM

L

0.01

% 91 89 87 77 58
Electron polarisation P≠ % 80 80 80 80 80
Positron polarisation P

+

% 30 30 30 30 30
Electron relative energy spread at IP �p/p % 0.20 0.19 0.19 0.16 0.13
Positron relative energy spread at IP �p/p % 0.19 0.17 0.15 0.10 0.07

• The maximum length of the beam pulse is constrained by the decision to limit the length of the
Main Linac RF pulse to the ≥ 1.6 ms now routinely achieved in the available 1.3 GHz 10 MW
multi-beam klystrons and modulators. The beam current is further constrained by the need
to minimise the required number of klystrons (peak power), as well as from consideration of
high-order modes (cryogenic load and beam dynamics). Dynamic cryogenic load (refrigeration)
is also a cost driver, and limits the repetition rate of the machine.

• Both the electron and positron sources set constraints on the achievable beam-pulse parameters.
For the laser-driven photo-cathode polarised electron source, the limits are set by the laser; for
the undulator-based positron source, the limits are set by consideration of power deposition in
the photon target. The beam-pulse length is further constrained by the achievable performance
of the warm RF capture sections (both sources).

• At the interaction points, single bunch parameters are limited by the strong beam-beam e�ects
and a desire to control both beam-beam backgrounds and the kink instability.

Finally, a careful reevaluation of the cost-performance balance has resulted in a choice of
parameters which are considered relatively low risk and cost e�ective. All the primary cost related
parameters have been either directly demonstrated, or represent justifiable extrapolations from the
current state of the art.

2.2.2 Special considerations for running at low centre-of-mass energy

While the maximum energy performance requirement dictates many of the key parameters and the
overall geometry and cost of the machine, attention needs to be given to providing su�cient luminosity
at the lower centre-of-mass-energy range, and in particular <300 GeV. Two issues limit the possible
performance at these lower energies:

• positron production from the undulator-based source is significantly degraded for electron beam
energy below 150 GeV;

• the beam divergence at the interaction point is nominally constrained by the collimation depth,
which results in a “2 scaling of the luminosity, rather than the traditionally assumed “-scaling.

The solution adopted for the current baseline for the positron source is to have an additional
electron pulse at 150 GeV energy to make positrons. This additional pulse would be interleaved with

Accelerator: Baseline Design ILC Technical Design Report: Volume 3, Part II 9
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Electron Source
• Laser driven photo injector based on SLC design
• Circular polarised photons on GaAs cathode produce 

longitudinal polarised electrons
• very high vacuum requirements to protect cathode 

from impurities and ion backdrift
• 140 keV electron energy at exit
• 1ns bunch length at 2 MHz
• ~5 nC/ns peak current

120 kV

electrons

laser photons

GaAs
cathode

λ = 840 nm

20 mm

Chapter 4. Electron source

4.3 System Description

Figure 4.1 depicts schematically the layout of the polarized electron source. The key beam parameters
are listed in Table 4.1. Two independent laser systems are located in a surface building. The
light is transported down an evacuated light pipe to the DC guns. The beam from either gun is
deflected on line by a magnet system which includes a spectrometer, and it then passes through the
normal-conducting subharmonic bunchers, travelling wave bunchers and pre-accelerating sections.
This is followed by the 5 GeV superconducting linac. The SC linac has 8 10MW klystrons each feeding
3 cryomodules, giving 24 cryomodules, 21 required and 3 spares. The Linac-to-Ring transfer line that
brings the beam to the damping rings provides spin rotation and energy compression.

Figure 4.1
Schematic view of
the polarized Electron
Source.
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4.3.1 Photocathodes for Polarized Beams

Figure 4.2
Structure of a strained
GaAs/GaAsP superlat-
tice photocathode for
polarized electrons. Active Region
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Photocathode materials have been the subject of intense R&D e�orts for more than 20 years.
The most promising candidates for the ILC polarized electron source are strained GaAs/GaAsP
superlattice structures (see Fig. 4.2). GaAs/GaAsP superlattice photocathodes routinely yield at
least 85 % polarization with a maximum QE of ≥1 % (routinely 0.3 to 0.5 %) [62–64]. The present
cathodes consist of very thin quantum-well layers (GaAs) alternating with lattice-mismatched barrier
layers (GaAsP). Each layer of the superlattice (typically 4 nm) is considerably thinner than the critical
thickness (≥10 nm) for the onset of strain relaxation, while the transport e�ciency for electrons
in the conduction band can still be high [65]. The structures are p-doped using a high-gradient
doping technique, consisting of a thin (10 nm), very highly doped (5 ◊ 1019cm≠3) surface layer
with a lower density doping (5 ◊ 1017cm≠3) in the remaining active layer(s). A high-surface doping
density is necessary to achieve high QE while reducing the surface-charge-limit problem [66,67]. A
lower doping density is used to maximize the polarization [68]. With bunch spacing of ≥500 ns, the
surface-charge-limit problem for the ILC is not expected to be a major issue. The optimum doping
level remains to be determined. An alternative under study is the InAlGaAs/GaAs strained superlattice
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4.2. Polarised electron source

tests at the ATF2. However, there are several other key R&D programmes not directly related to this.
The GDE team is pursuing design and prototyping of the ILC superconducting final doublet, with
most of the relevant ILC features reproduced. This prototype is not intended for a beam test but
rather for laboratory studies with various instruments. A second focus is the engineering design work
associated with the machine-detector interface, in support of the detector push-pull option. Finally,
simulation work on the main beam dump has been done [214].

4.2 Polarised electron source

The R&D for the ILC polarised electron source has been focused on two aspects: first, to build a
prototype of the source laser system and to use the laser system to generate an electron beam with
ILC beam parameters (Section 4.2.1); secondly, R&D on the electron gun itself, the goal being to
achieve the ILC specification for a gun voltage of 200 kV while maintaining a low dark current to
ensure a long cathode lifetime. This development has been done at the Je�erson Laboratory’s injector
facility. Both the prototype of the ILC source laser and the high-voltage gun have been demonstrated.

4.2.1 Beam Parameters

The key beam parameters for the electron source are listed in Table 4.1.

Table 4.1
Electron Source system
parameters.

Parameter Symbol Value Units

Electrons per bunch (at gun exit) N≠ 3 ◊ 1010

Electrons per bunch (at DR injection) N≠ 2 ◊ 1010

Number of bunches n
b

1312
Bunch repetition rate f

b

1.8 MHz
Bunch-train repetition rate f

rep

5 Hz
FW Bunch length at source �t 1 ns
Peak current in bunch at source I

avg

3.2 A
Energy stability ‡

E

/E <5 % rms
Polarisation P

e

80 (min) %
Photocathode Quantum E�ciency QE 0.5 %
Drive laser wavelength ⁄ 790±20 (tunable) nm
Single-bunch laser energy u

b

5 µJ

4.2.2 System Description

Results from previous photocathode R&D projects have demonstrated that materials are available that
can provide the ILC beam charge and polarisation. The ILC source will use a strained gallium-arsenide
phosphide (GaAsP) highly doped photocathode. Figure 4.1 illustrates the performance of such a
cathode. With bunch spacing of ≥500 ns, the surface-charge limit is not expected to be an issue.
The optimum doping level remains to be determined. The prototype laser system could be used to
help clarify this issue.

Figure 4.1
Performance of strained layers of GaAsP
photocathodes at di�erent doping levels.

640 680660 720 740700 760 780

Wavelength [nm]

10

1

0.1

90

80

70

60

50

40

30

20

10

Q
u

a
n

tu
m

 e
! 

ic
ie

n
c

y
 [

%
]

P
o

la
ri

s
a

ti
o

n
 [

%
]

800

5×10
19

5×10
18

1×10
19

2×10
19

5×10
19

5×10
18

1×10
19

2×10
19

Quantum

E!iciency

Polarisation

Accelerator: R&D in the Technical Design Phase ILC Technical Design Report: Volume 3, Part I 125



Positron Source

• Production of e± pairs from 30 MeV undulator photons hitting a thin (0.4 X0) 
target

• Thin target reduces multiple scattering, hence better emittance
• Needs >150 GeV electrons in undulator



Positron Source Design

Chapter 3. The International Linear Collider Accelerator

3.2.2 Electron source

The polarised electron source shares the central region accelerator tunnel with the positron Beam
Delivery System. The beam is produced by a laser illuminating a strained GaAs photocathode in a
DC gun, providing the necessary bunch train with 90% polarisation. Two independent laser and gun
systems provide redundancy. Normal-conducting structures are used for bunching and pre-acceleration
to 76 MeV, after which the beam is accelerated to 5 GeV in a superconducting linac. Before injection
into the damping ring, superconducting solenoids rotate the spin vector into the vertical, and a
separate Type-A superconducting RF cryomodule is used for energy compression.

3.2.3 Positron source

The major elements of the ILC positron source are shown in Fig. 3.4. After acceleration in the main
linac, the primary electron beam is transported through a 147 m superconducting helical undulator
that generates photons with maximum energies from ≥ 10 MeV up to ≥ 30 MeV depending on the
electron beam energy. The electron beam is then separated from the photon beam and displaced
horizontally by 1.5 m using a low-emittance-preserving chicane. The photons from the undulator are
directed onto a rotating 0.4 radiation-length Ti-alloy target ≥ 500 m downstream, producing a beam
of electron-positron pairs. This beam is then matched using an optical-matching device (a pulsed flux
concentrator) into a normal conducting (NC) L-band RF and solenoidal-focusing capture system and
accelerated to 125 MeV. The electrons and remaining photons are separated from the positrons and
dumped. The positrons are accelerated to 400 MeV in a NC L-band linac with solenoidal focusing.
Similar to the electron beam, the positron beam is then accelerated to 5 GeV in a superconducting
linac which uses modified Main Linac cryomodules, the spin is rotated into the vertical, and the
energy spread compressed before injection into the positron damping ring.

The target and capture sections are high-radiation areas which will require shielding and remote-
handling facilities.

Figure 3.4. Overall Layout of the Positron Source, located at the end of the electron Main Linac.

The baseline design provides a polarisation of 30%. Space for a ≥ 220 m undulator has been
reserved for an eventual upgrade to 60% polarisation, which would also require a photon collimator
upstream of the target.

A low-intensity auxiliary positron source supports commissioning and tuning of the positron
and downstream systems when the high-energy electron beam is not available. This is e�ectively a
conventional positron source, which uses a 500 MeV NC linac to provide an electron beam that is
directed onto the photon target, providing a few percent of the nominal positron current.

To accommodate the 10 Hz operation required to produce the required number of positrons at
centre-of-mass energies below 300 GeV (see Section 3.2.8), a separate pulsed extraction line is required
immediately after the undulator, to transport the 150 GeV electron pulse for positron-production to
the high-powered tune-up dump, located downstream in the Beam Delivery System.
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Positrons/bunch 2 x 1010

Undulator length 147 m
Undulator period 1.15 cm
Photon energy 10-40 MeV

Positron polarisation ~30%

Chapter 5. Positron source

cryopumping is adequate provided that the number of photons with energy >10 eV striking the vessel
surface is kept su�ciently low. Extensive calculations of the undulator photon output down to these
very low energies have been carried out. These indicate that low-power photon absorbers [93] should
be placed approximately every 12 m to provide an adequate shadowing of the cold vessel surfaces.
These absorbers are in room temperature sections.

The electron-beam transport through the complete undulator system is based on a simple FODO
arrangement with quadrupole spacing of ≥ 12 m (in the room temperature sections). There are
electron beam-position monitors at every quadrupole and two small horizontal and vertical corrector
magnets per cryomodule. Simple electron-beam transport calculations have shown that excellent
relative alignment between the quadrupoles and neighboring BPMs is required. In this simple model,
quadrupole to BPM misalignment of ≥ 5 µm leads to an emittance growth of ≥2%. It is important
to note however that this is not due to the undulator but to the e�ect of the quadrupoles and is
therefore a general problem for the ILC beam transport. Dispersion-free steering-correction algorithms
will be required, similar to those used for the Main Linacs (see Part I Section 4.6).

5.5.2 Target

Figure 5.7
Overall target layout.

The positron-production target is a rotating wheel made of titanium alloy (Ti6Al4V). The photon
beam from the undulator is incident on the rim of the spinning wheel. The diameter of the wheel is
1 m and the thickness is 0.4 radiation lengths (1.4 cm). During operation the outer edge of the rim
moves at 100 m/s. The combination of wheel size and speed o�sets radiation damage, heating and
the shock-stress in the wheel from the ≥ 300 kW photon beam. A picture of the conceptual target
layout is shown in Fig. 5.7. The motor is mounted on a single shaft, with a rotating water union to
allow cooling water to be fed into the wheel. The beam power is too high to allow a vacuum window
downstream of the target. The target wheels sit in a vacuum enclosure at 10≠8 Torr (needed for NC
RF operation), which requires vacuum seals for access to the vacuum chamber. The rotating shaft
penetrates the enclosure using one vacuum passthrough. The optical matching device (OMD – see
Section 5.5.3), is mounted on the target assembly, and operates at room temperature. The motor
driving the target wheel is designed to overcome forces due to eddy currents induced in the wheel by
the OMD.

The target-wheel assembly is designed for an operational life of two years. In the event that the
target fails during a run, the assembly can be replaced by a new assembly in less than a day using a
vertically removable target remote-handling scheme [94].

A series of sensors provides information on the target behavior. An infrared camera tracks
temperatures on the wheel, to allow for quick shutdown in case of a cooling failure. Flowmeters
monitor cooling water flow in and out of the wheel (to check for leaks), and thermocouples check
ingoing and outgoing flow temperature. There is a torque sensor on the shaft, and vibration sensors
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Damping Rings Purpose

• Emittance of beams from the 
sources are orders of 
magnitudes too big

• Beams need to be cooled 
• Use synchrotron radiation in 

damping rings to cool beams
• Particles lose longitudinal 

and transverse 
momentum

• replenish only longitudinal 
momentum



Damping Rings

• RF system in damping rings accelerates beam particles in longitudinal direction
• Interplay between radiation and RF reduces transverse emittance!
• Typical damping times are of order 100 ms

• Linac RD pulse length is 1ms!
• Whole bunch train (200 km @ 560 ns) needs to be stored in a damping ring 

O(3 km)!
• Bunch train, i.e. bunch-bunch spacing, needs to be compressed in damping 

ring



DR Injection/Extraction

5. Rise and fall time improvement by a waveform
compensator

The required rise and fall time must be shorter than the
bunch spacing, and only a very small residual kick for a
stored beam is allowed, as shown in Table 2. The measured
kick field profile, however, showed an unacceptable
residual field at 3 ns before the peak field and at 3 ns after
the peak field. In particular, a large residual field was
observed at the falling edge. In order to improve the rise
and fall time, a waveform compensator consisting of two
strip-line kicker units with opposite polarities and shifted
timing was developed. The combination of the main kick
field on one strip line and a compensating kick field on the
other strip-line results in a bipolar kick field. The
compensating kick field has the same pulse shape, but
with smaller amplitude and with the opposite polarity of
the main kick field. By adjusting the amplitude and timing
of the compensating kick field, the rise time of the resultant
kick field can be reduced. Fig. 10 shows the simulated kick
field of the waveform compensator. The open circles show
the main kick field with relative amplitude 1 in the positive
direction. The open squares show the compensating kick
field with relative amplitude 0.15 in the negative direction.
The timing is slightly shifted towards an earlier time from
the main kick. The sum of two kick fields is shown as filled
circles. The improvement of the rise time can be seen in the
resultant kick field compared to the main kick field. If we
select a relatively large negative amplitude with optimum
timing for the compensating kick, the resultant rise time
can be reduced to less than 2 ns; however, a large negative
kick will be produced in the early part of the kick. The

amplitude and the timing of the compensating kick field
should be optimized in order to minimize the kick field at
the position of the preceding bunch, to avoid any effect on
the circulating beam. This method can also be applied to
achieve an improvement in the fall time, by using a
compensating kick at the falling edge of the main kick.
Because the kicker system in the ILC design will use 15 or
more strip-line units, several units can easily be added to
provide the waveform compensation.
A simple scheme for a waveform compensator using two

strip-line units and two pulse power supplies were tested at
ATF DR. The main kick pulse was produced by the first
strip line powered by the same pulse power supply as
described in Section 4. The compensating kick pulse was
produced by the second strip line powered by an attenuated
pulse from another pulse power supply of the same type as
was used for the main kick. The field profile measurement
procedure was the same as that used for the kick profile
measurement described in Section 4. The field profile with
the waveform compensator is shown in Fig. 11; in this case,
the relative amplitude of the compensating kick was set to
!0.15 and the timing set to 2.8 ns earlier than the main
kick. The profile shows the absolute kick angle without any
polarity, i.e. even a negative-direction kick is shown as
being positive. The rise time was improved from 3.2 to
2.2 ns. The negative kick was several percent of the main
kick, which agreed with the simulation. The zero-crossing
point between the negative kick and the positive kick did
not reach zero in the measured profile; it is assumed that
this is a result of the timing jitter of the kick pulses and the
measurement step of 200 ps. The zero-crossing point can be
changed to an arbitrary timing position by shifting the
timing of the compensating kick. The negative kick
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ILC Damping Ring Design
Chapter 2. General Parameters, Layout and Systems Overview

Figure 2.10: Schematic of the damping ring layout. (Ed: The Phase trombone label
should have a small ”p”)

twelve 3.5m long cryomodules. The RF section of the lattice can accommodated up
to 16 cavities, of which 12 are assumed to be installed for the baseline.

(Author: NJW: Not sure if the next part is still true. CHECK!) The mo-
mentum compaction of the lattice is relatively large, which helps to maintain single
bunch stability, but requires a relatively high RF voltage to achieve the design RMS
bunch length (6mm). The dynamic aperture of the lattice is su�cient to allow the
large emittance injected beam to be captured with minimal loss.

The electron cloud e↵ect in the positron damping ring, which can cause insta-
bility, tune spread, and emittance growth, has been seen in a number of other rings
and is relatively well understood. Extensive R&D and simulations [Part I REF(Ed:
insert ref) ] indicate that it can be controlled by proper surface treatment and design
of the vacuum chamber to suppress secondary emission, and by the use of solenoids
and clearing electrodes to suppress the buildup of the cloud. A full specification of
mitigation techniques based on the R&D results is included in the baseline and cost
estimate.

Mitigation of the the fast ion instability in the electron damping ring is achieved
by limiting the pressure in the ring to below 1 nTorr, and by the use of short gaps
in the ring fill pattern.

For the baseline parameters, the bunch spacing within trains is approximately

20 —DRAFT— Last built: August 17, 2012

• Damping time by SR from bending magnets 
too large O(400ms)

• Include damping wigglers in the beam to 
reduce damping time to ~25ms
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Main Linac Components

• One RF Unit:



SCRF Cavities



RF Field Simulation



ILC Cavities

• Acceleration gradient goal:
• 35 MV/m in 9-cell cavities

with production yield >80%
• 50 MV/m have been reached 

with single cavities
• Mass production reliability is 

the key problem



Q Factor

• Superconducting cavity:
• surface resistance ~0
• Q0 ~ 1/δ

• Q0 > 1010

• decay times of seconds even at 
1.3 GHz

• A church bell (300 Hz) with
Q0 = 5 x 1010 would ring – once 
excited – longer than one year! 



Cavity Diagnostics

• Quality control and assurance
• Need 18.000 9 cell cavities for ILC
• Yield of 80% means to throw away 3600....
• Identifiying and reprocessing defunct cavities

might help



Cavity Production Yield
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Transverse Wakefields

• Bunch currents generate transverse deflecting modes when bunches are not 
on cavity axis:

• Fields build up resonantly and kick later bunches transversely
• Dilutes Emittance!



Wakefield Simulation



Tunnel Profile



Tunnel View (Simulation)
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Beam Delivery Systems



BDS Optics

8.2. Parameters and System Overview

On the electron side, the BDS starts at the end of the target bypass dogleg of the positron
source; on the positron side, it begins at the exit of the machine-protection system of the positron
main linac [131]. The main subsystems of the beam delivery are [156]: the fast extraction and
tuneup beam line; the betatron and energy collimation; the final focus; the interaction region; and
the extraction line. A diagnostic section to determine the beam properties is located at the end of
the main linacs. The layout of the beam delivery system is shown in Fig. 8.1. The BDS is designed
for 500 GeV centre-of-mass energy but can be upgraded to 1 TeV with additional magnets.
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Figure 8.1. BDS layout showing functional subsystems, starting from the linac exit; X – horizontal position of
elements, Z – distance measured from the IP.

There is a single collision point with a 14 mrad beam-crossing angle. To support future energy
upgrades the beam-delivery systems are in line with the linacs and the linacs are also oriented at a
14 mrad angle. The 14 mrad geometry provides space for separate extraction lines and requires crab
cavities to rotate the bunches into the horizontal for head-on collisions. There are two detectors
in a common IR hall which alternately occupy the single collision point, in a so-called “push-pull”
configuration. This approach, which is significantly more challenging for detector assembly and
operation than a configuration with two separate interaction regions, has been chosen for economic
reasons.
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Final Focus
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3.6. ATF2 Final-Focus Experiment

from 100 Monte Carlo seeds) and the results from ATF2 tuning shifts.

Figure 3.47
IP vertical beam-size tuning: experimen-
tal results and simulation. Shown are
the data points from 2010 & 2012, the
±1-sigma curves from the Monte Carlo
model; the tuning steps are indicated in
text. The required operation modes of
the IPBSM are also indicated for each
relevant section of the plot.
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3.6.4 Stability

The second goal of ATF2 is to achieve nanometer-level stability. Several R&D activities are currently
being actively pursued:

• feedback on a nanosecond time scale (FONT);

• nanometer resolution IP-BPM [209];

• fast nanosecond-rise-time kicker [210];

• cavity BPM optimised to monitor angular variations of the beam near the IP with high accuracy;

• development of robust laser-wire diagnostics [211].

The most recent FONT results are shown in Fig. 3.48, where measurement of the beam o�set at
the first of a three-bunch train is used to correct the subsequent two bunches. Bunch separation is
151.2 ns. The data clearly indicates a reduction of the beam jitter by a factor of 5 from the first to
the second bunch. The achieved 2.1 µm rms scales to 2.6 nm at the IP, given the demagnification of
the optics.

Figure 3.48
Recent results of FONT, the
intra-train fast feedback. The
three plots above are experi-
mental results, while the bot-
tom one is a simulated one to
demonstrate the nanometer sta-
bilisation at the IP assuming a
perfect lattice for the final-focus
beam line [212].
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• Use telescope optics to de-magnify 
beam by factor m = f1/f2
• typically m=300
• f2 = 3m ⇒ f1 = 900m

• More complicated: corrections for 
chromatic and geometric 
abberations

• Final-focus test experiment at ATF2 
facility at KEK
• reached ~64 nm spot size, 

design is 37 nm
• on-going work



Beam-Beam Orbit Feedback
 

IP 
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θbb 

FDBK 
kicker 

Δy 
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• Beam-beam kick transforms 
nanometre offsets at the IP to large 
measurable effects downstream

• Used in feedback system to 
optimise luminosity



Long Term Stability



IP Region



Detectors and Push/Pull

• Integrated luminosity at 
linear colliders does not 
scale with the number of 
interaction regions

• ILC has just one interaction 
beam line (cost issue) but 
should have two detectors

• Two detectors share one 
interaction region

! Push/Pull System

58

4.4. Two Detectors

Figure 4.1
Example layout of the
detector hall for the
Mountain Topogra-
phy site, showing the
location of the two de-
tectors in a push-pull
arrangement.

Beam delivery system
(Accelerator tunnel)

Access to 
damping ring

SiD detector
(parked)

ILD detector
(on beamline)

ILD garage

tracking for excellent e�ciency and robust pattern-recognition performance. A granular calorimeter
system contained inside a 3.5 T magnetic field provides very good particle-flow reconstruction. Both
detectors provide flexibility for operation at energies up to the TeV range.

The push-pull operation scheme calls for one detector taking data while the other is out of the
beam in a close-by maintenance position. At regular intervals, the data-taking detector is pushed
laterally out of the interaction region, while the other detector is being pulled in. These intervals are
short enough to ensure both acquire data on any potential discovery. The time for transition must be
on the order of one day to maximise ILC integrated luminosity.

A time-e�cient implementation of the push-pull operation sets specific requirements and chal-
lenges for many detector and machine systems, in particular the IR magnets, the cryogenics, the
alignment system, the beamline shielding, the detector design, and the overall integration. The
functional requirements and interface specifications for the push-pull IR have been developed, with a
detailed design of technical systems and the experimental area from detailed engineering specifications.

The detector motion and support system has to ensure reliable push-pull operation for roughly
one hundred moves over the life of the experiment, while preserving alignment of the detector’s
internal components and ensuring accuracy of detector positioning. The motion system must preserve
structural integrity of the collider hall floor and walls, be compatible with vibration stability of the
detector at the level of tens of nanometers and be compatible with earthquake-safety standards.

The detectors will be placed on platforms that preserve the detector alignment and distribute
the load evenly onto the floor. Details of the design of such platforms and the interfaces between the
platform and the detectors have been developed. The ILC detectors are self-shielding with respect to
ionising radiation from maximum credible beam-loss scenarios. Additional shielding must fill the gap
between the detector and the wall in the beam position.

The stray magnetic fields outside the iron return yokes of each detector must be small enough
not to disturb the other detector during operation or maintenance. A limit for the magnetic fields is
5 mT at a lateral distance of 15 m from the beam line. Fringe fields from the detector return yokes
have been carefully simulated and designs for both SiD and ILD have been developed to meet these
requirements.

The installation schemes for the detectors and the layout of the experimental areas on the surface
and underground depend on the geographical situation of the possible ILC sites. While the European
and American sample sites assume a flat surface area, the Asian sample sites in Japan are located in
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Beam Dumps

• Beam dumps designed for 1 TeV machine: 18 MW (!)
• 10 bar pressurised water (avoid boiling) plus copper sandwich
• Beam sweeped over entry window
• Heat exchange system (8500 l/min) removes power
• Significant challenges:

• Tritium production

• H2O radiolysis

59

Chapter 8. Beam Delivery System and Machine Detector Interface

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
design [188] is based on the SLAC 2.2 MW water dump [189,190].

Figure 8.15
Temperature distri-
bution at the shower
maximum of the beam
in the main 18 MW
dump just after passage
of the beam train (left).
(The geometry of the
dump is also shown on
the right.) The colour
bar shows temperature
in kelvin; the maxi-
mum temperature is
155 ¶C [191].
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The dumps absorb the energy of the electromagnetic shower cascade in 11 m (30 X
0

) 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 [191]. 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 issues 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 H

2

-O
2

recombiners,
mixed-bed ion-exchange columns for filtering of 7Be, and su�cient storage to house the volume of
tritiated water during maintenance operations.

8.8.1.1 Ensuring the integrity of the dump and dump window

The main vessel is welded using low-carbon stainless steel (316L) and all welds are radiographed
to ensure quality; the 10 bar radioactive-water cooling system is closed but communicates with the
atmosphere via a small diameter tube from the gas space on top of the surge tank to avoid it being
classified as a nuclear pressure vessel. Several materials are under consideration for use in the dump
window: 316L stainless, Ti-6Al-4V, and Inconel (A601,718,X750). All of these materials have been
extensively used in nuclear reactors; their mechanical properties, thermal properties, and reaction to
radiation damage have been thoroughly studied. As described above, the bunches in each train are
swept in a circle to reduce further the thermal stress and radiation damage to the dump windows; the
windows also have additional water cooling from multiple water jets in a separate cooling loop from
the main vessel. Each dump incorporates a remote-controlled mechanism for exchanging the highly
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FLASH@DESY



FLASH/TTF

• Complete System Test
• 1 GeV e- Linac
• 9 mA beams have 

been accelerated
• ILC-like pulse structure
• 0.5% prototype for the 

ILC....

• User facility:
• UV Free Electron 

Laser



The European XFEL

X-Ray Free Electron Laser
• ILC technology
• Length: 3,4 km
• Beam energy: 17,5 GeV
• Laser wavelength: 0,085 - 6 nm
• Laser pulse length: < 100 fs
• Construction start: 2009
• First beam: 2015
• Applied material research
• Linac: 10% prototype for 

ILC.....



Industrialisation for XFEL

• Mass production has started:
• 100 cryomodules
• 800 cavities

• Largest deployment of this SCRF 
technology to date....

• Large unbiased sample
• critical for ILC
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Industrialisation for XFEL

• Mass production has started:
• 100 cryomodules
• 800 cavities

• Largest deployment of this SCRF 
technology to date....

• Large unbiased sample
• critical for ILC
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Industrialisation for XFEL

• Mass production has started:
• 100 cryomodules
• 800 cavities

• Largest deployment of this SCRF 
technology to date....

• Large unbiased sample
• critical for ILC
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Status of European XFEL accelerator construction project 

Successful start of cavity production 

 Cavity production (DESY – 
INFN/Milano) and test stand operation 
(DESY – Wroclaw Univ. – IFJ-PAN 
Kracow) started few months late, but 
remarkably smooth 

 By now >30 cavities (Zanon is ahead 
of  RI…),  increasing  every  week 
 Average gradient 27.9MV/m well above 

XFEL spec 24 MV/m 
 3 cavities with field emission rinsed at 

DESY with ultrapure water  good 
performance afterwards 

 

 1st batch of 8 cavities was delayed 2 
months (for 1st pre-series module 
assembly), but by now have comforting 
buffer of cavities 

 

SCRF cavity production for European XFEL

• Start-up of mass production 
looks promising

• 800 cavities in ~2 years
• now receiving nominal rate for 

1 cryomodule/week; from both 
vendors

Status of XFEL Cavity Production 
E. Zanon 

- All 8 Pre-Series cavities fabricated, surface treated and delivered to DESY 
- 7 (of 8) pre-series cavities tested 
- First re-treatment by HPR necessary and successfully done 
- Series cavity fabrication started and first cavities arrived at DESY 

March 18-20, 2013                                     CRISP – WP4                                 Detlef Reschke /DESY  Industrial cavity production

4/2013
additional HPR



Detector Issues



Why not copy LHC detectors?



Calorimetry

• Typical jet:
• 65% visible jet energy from 

charged hadrons
• 25% photons (from π0→γγ)
• 10% neutral hadrons

• Traditional approach:
• measure total visible jet 

energy in ECAL and HCAL
• Problem: large fluctuations



The Particle Flow Concept

• Idea: use the sub-detector with the best 
resolution for the energy measurement!

• Charged particles: tracking system
• Photons: ECAL
• Neutral Hadrons: HCAL

• Avoid double counting!
• Trace every single particle through the 

detector
• Ejet = Echarged + Ephotons + Eneutral hadr.

• σ2(Ejet)= σ2(Echarged) + σ2(Ephotons )+ σ2(Eneutral hadr.)
+σ2confusion



Particle Flow Challenge



Detector Performance

6.1. ILD performance

Figure III-6.4
Fractional jet energy
resolution plotted
against | cos ◊| where
theta is the thrust axis
of the event.
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rectly associate the calorimetric energy deposits to the particles and the confusion term increases.
The single jet energy resolution is also listed. The jet energy resolution (rms

90

) is better than 3.7 %
for jets of energy greater than 40 GeV. The resolutions quoted in terms of rms

90

should be multiplied
by a factor of approximately 1.1 to obtain an equivalent Gaussian analysing power[260]. Despite, the
inclusion of dead material in the Monte Carlo simulation, the resolutions achieved are between 2 %
and 7 % better than for the previous detector model described in [198]. In part this reflects a number
of improvements to the particle flow reconstruction software. Nevertheless, it can be concluded that
the additional dead material associated with services does not significantly degrade the jet energy
resolution.

Figure III-6.4 shows the jet energy resolution for Z æuds events plotted against the cosine
of the polar angle of the generated qq pair, cos ◊

qq

, for four di�erent values of
Ô

s. Due to the
calorimetric coverage in the forward region, the jet energy resolution remains good down to ◊ = 13¶

(cos ◊ = 0.975).

6.1.4 Flavour tagging performance

Identification of b-quark and c-quark jets plays an important role within the ILC physics programme.
The vertex detector design and the impact parameter resolution are of particular importance for
flavour tagging. The LCFIPlus flavour tagging software uses boosted decision trees to discriminate b
jets from udsc jets (b-tag), c jets from udsb jets (c-tag), and c jets from b jets (bc-tag).

The flavour tagging performance [371] of ILD was previously studied for the two vertex detector
geometries considered, three double-sided ladders (VTX-DL) and five single-sided (VTX-SL) ladders.
No significant di�erences in the input variables for the multivariate analysis were seen. Here results
are presented only for the double-layer layout. The flavour tagging performance is studied using
simulated and fully reconstructed samples for Z æ qq reactions, shown in Figure III-6.5a, and

Table III-6.1. Jet energy resolution for Z æuds events with | cos ◊
qq

| < 0.7, expressed as, rms

90

for the di-jet
energy distribution, the e�ective constant – in rms

90

/E = –(Ejj)/


Ejj/GeV, and the fractional jet energy
resolution for a single jets, ‡Ej /Ej . The jet energy resolution is calculated from rms

90

.

Jet Energy rms

90

rms

90

/


Ejj/GeV ‡Ej /Ej

45 GeV 2.4 GeV 24.7 % (3.66 ± 0.05) %

100 GeV 4.0 GeV 28.3 % (2.83 ± 0.04) %

180 GeV 7.3 GeV 38.5 % (2.86 ± 0.04) %

250 GeV 10.4 GeV 46.6 % (2.95 ± 0.04) %
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ZZZ æ qqqqqq reactions, shown in Figure III-6.5b. The latter process is forced to decay into the
same quark pairs for all three Z decays. The ““ æ hadrons backgrounds are not overlaid for this
study. The boosted decision trees are retrained for the di�erent energies and di�erent final states. A
slight performance degradation is seen by increasing the jet energy. The performance also degrades
by increasing the number of jets in the final state, which can be attributed to reconstruction e�ects
in busy environments.

Figure III-6.5
Flavour tagging per-
formance plots for
(a) Z æ qq sam-
ples at

Ô
s = 91 GeV

and 250 GeV, and (b)
ZZZ æ qqqqqq samples
at

Ô
s = 500 GeV and

1 TeV.
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6.1.5 Comparison of detector models

To compare the AHCAL and SDHCAL options, the e+e≠ æ tth benchmark signal samples were
simulated and fully reconstructed using dedicated detector models (ILD o1 v05 and ILD o2 v05,
respectively) and reconstruction software for each option, and analyzed as described in Sec. 6.3.4. It
was found that the there were no significant di�erences in the mass resolutions of the top and higgs
candidates.

6.2 ILD physics performance at 250 and 500 GeV

In this section the performance of ILD is described for
Ô

s = 250 GeV and
Ô

s = 500 GeV. More
details may be found in [198]. The results are summarised in Table III-6.2. These measurements
demonstrate the excellent performance of the ILD detector for many di�erent final states. In this
chapter three topics are reviewed in more detail, which stress in particular the detector performance.

6.2.1 Higgs recoil mass reconstruction

The precise determination of the properties of the higgs boson is one of the main goals of the ILC. In
particular, the model independent determination of the higgs boson branching ratios is central to the
physics goals of the ILC. Here the measurement of the e+e≠ æ hZ cross section from the recoil mass
distribution in Zh æ e+e≠X and Zh æ µ+µ≠X events, determines the absolute ghZZ

coupling.
In Zh æ µ+µ≠X events the recoil mass resolution is determined by the beam-energy spread and
the muon momentum resolution, whereas for Zh æ e+e≠X events Bremsstrahlung and final-state
radiation (FSR) dominate. The reconstructed recoil mass distributions for simulated events is shown
in Figure III-6.6. Measurement precisions on the hZ production cross section of 3.6 % and 4.3 % were
obtained from the respective µ+µ≠ and e+e≠(n“) final states. In the µ+µ≠ final state, the resolution
is limited by the beam energy spread rather than by the momentum resolution of the detector.
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Figure III-6.3. (Left) Transverse momentum resolution for single muon events as a function of the transverse mo-
mentum for di�erent polar angles. The lines show ‡

1/pT = 2 ◊ 10

≠5 ü 1 ◊ 10

≠3/(pT sin ◊) for ◊ = 30

¶ (green)
and ◊ = 85

¶ (blue). (Right) Impact parameter resolution for single muon events as a function of the transverse
momentum for di�erent polar angles. The lines show ‡r„ = 5 µm ü 10

p(GeV) sin

3/2 ◊
µm for ◊ = 20

¶ (red) and ◊ = 85

¶

(blue).

6.1.2.4 Impact parameter resolution

Figure III-6.3b shows r„ impact parameter resolution as a function of the transverse track momentum.
The required performance is achieved down to a track momentum of 1 GeV, whilst it is exceeded for
high momentum tracks where the asymptotic resolution is 2 µm. The rz impact parameter resolution
(not shown) is better than ≥ 10 µm down to momenta of 3 GeV and reaches an asymptotic value of
< 5 µm for the whole barrel region. Because of the relatively large distance of the innermost FTD disk
to the interaction point, the impact parameter resolution degrades for very shallow tracks, ◊ < 15¶.
The impact parameter resolution here assumes perfect alignment of the tracking systems.

6.1.2.5 Topological time-stamping

The hybrid tracking concept, combining a TPC with silicon tracking devices, is quite powerful also
in terms of time-stamping performance. Since the TPC drifts the tracks while the silicon pixels are
fixed in space, the silicon can act as an external z detector (T

0

device). Drifting TPC tracks are
well-measured in r„ and angle; extrapolating a TPC track to match related silicon hits establishes
where the track was in the z direction. An detailed description of this technique for a TPC and a
similar one for a standard drift chamber is found in [369]. The time-stamping in ILD is found to be
precise to ƒ 2 ns (to be compared to ƒ 300 ns between BXs at the ILC) so that the bunch crossing
which produced the track (the T0) can be uniquely identified. Cosmic background tracks can be
eliminated with this tool. It is also viable in the CLIC environment [370].

6.1.3 ILD particle flow performance

Many important physics channels at the ILC will consist of final states with at least six fermions,
setting a “typical” energy scale for ILC jets as approximately 85 GeV and 170 GeV at

Ô
s = 500 GeV andÔ

s =1 TeV respectively. Meeting the performance goal of a jet energy resolution of < 3.5 % ensures
an e�cient separation of hadronic decays from W, Z and H bosons. The current performance of
the PandoraPFA algorithm applied to ILD Monte Carlo simulated data is summarised in Table III-6.1.

The observed jet energy resolution (rms
90

) is not described by the expression ‡E/E =
–/


E/GeV. This is not surprising, as the particle density increases it becomes harder to cor-
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Figure III-6.1
(Left) Average number
of hits for simulated
charged particle tracks
as a function of polar
angle. (Right) Average
total radiation length
of the material in the
tracking detectors as a
function of polar angle.
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Kalman-filter based track reconstruction, MarlinTrk, the PandoraPFA particle flow algorithm and the
LCFIPlus flavour tagging package.

6.1.2 ILD tracking performance

ILD tracking is designed around three subsystems capable of standalone tracking: VTX, FTD and
the TPC. These are augmented by three auxiliary tracking systems, the SIT, SET and ETD, which
provide additional high resolution measurement points. The momentum resolution goal [367] is

‡
1/pT

¥ 2 ◊ 10≠5 GeV≠1.

This level of performance ensures that the model-independent selection of the higgsstrahlung events
from the recoil against leptonic Z æ µ+µ≠ decays is dominated by beam energy spread rather than
the detector resolution. The performance goal for the impact parameter resolution is

‡r„ = 5 µm ü 10
p(GeV) sin3/2 ◊

µm. (III-6.1)

Meeting this gaol is crucial for the flavour tagging performance, and in particular the e�cient
separation of charm and bottom quark decays of the higgs boson.

6.1.2.1 Coverage and material budget

Figure III-6.1a shows, as a function of polar angle, ◊, the average number of reconstructed hits
associated with simulated 100 GeV muons. The TPC provides full coverage down to ◊ = 37¶. Beyond
this the number of measurement points decreases. The last measurement point provided by the TPC
corresponds to ◊ ¥ 10¶. The central inner tracking system, consisting of the six layer VTX and the
two layer SIT, provides eight precise measurements down to ◊ = 26¶. The innermost and middle
double layer of the VTX extend the coverage down to ◊ ≥ 16¶. The FTD provides up to a maximum
of five measurement points for tracks at small polar angles. The SET and ETD provide a single high
precision measurement point with large lever arm outside of the TPC volume down to a ◊ ≥ 10¶. The
di�erent tracking system contributions to the detector material budget, including support structures,
is shown in Figure III-6.1b. The spikes at small polar angles correspond to the support structures,
electronics and cabling in the around the TPC endcap region. The bump at around 90¶ for the
TPC corresponds to the central cathode membrane. Compared to the letter of intent the material
has overall increased slightly due to the more detailed and realistic simulation, except for the TPC
endplate where it has grown by close to 50%. This is explained in more detail in the TPC section 2.3.
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Jet Energy Resolution Flavour Tagging



Imaging Detector



Imaging Detector

btw: no trigger!



ILD Detector



The Global Context



Timeline
• We live in interesting times for particle physics!

• The 125 GeV „Higgs“ sets the first energy scale for possible new physics

• European Strategy for Particle Physics (CERN Council) supports the ILC in Japan as a 
Higgs factory

• The US „Snowmass Process“ concluded similarly
• ACFA/AsiaHEP statement along the same lines
• -> towards a global HEP strategy

ILC Timeline LHC Results
CLIC 

Feasibility 
Study



The Staged Linear Collider
• In principle, the ILC can run on any energy between ~90 GeV and several TeV

• linear colliders are scalable, it is mostly a question of cost....
• Develop a staged approach

• start where interesting physics is guaranteed, extend to higher energies later

• ILC250: Higgs measurements (mass, spin, couplings), EW physics, (...)
• ILC350: Top physics, (...)
• ILC500: Higgs self coupling, Top-Higgs Yukawa coupling, (...)
• ILC1000+: SUSY, whatever comes, (...)
• CLIC as multi-TeV option

ILC250 ILC350 ILC500 ILC1000 ILC1+++
CLIC1+++



The Staged Linear Collider
• In principle, the ILC can run on any energy between ~90 GeV and several TeV

• linear colliders are scalable, it is mostly a question of cost....
• Develop a staged approach

• start where interesting physics is guaranteed, extend to higher energies later

• ILC250: Higgs measurements (mass, spin, couplings), EW physics, (...)
• ILC350: Top physics, (...)
• ILC500: Higgs self coupling, Top-Higgs Yukawa coupling, (...)
• ILC1000+: SUSY, whatever comes, (...)
• CLIC as multi-TeV option

ILC250 ILC350 ILC500 ILC1000 ILC1+++

100%70% 150%
Cost scale

CLIC1+++



Staged construction: 250 GeV First Phase

• Complete civil construction for 500 GeV machine
• Install 50% of linacs for first stage (capital savings 25-30%)
• Adiabatic energy upgrade towards 500 GeV (lower rate cryomodule production)

ILC 250 GeV staging options
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Luminosity Upgrade

• Doubling the luminosity: 
• doubling the number of bunches per train
• need more RF  power (klystrons, modulators)
• possibly need third damping ring

Chapter 12. Possible upgrade and staging options

12.2 Parameters

Table 12.1 shows the main parameters for a possible first-stage 250 GeV centre-of-mass-energy
machine, the 500 GeV luminosity upgrade, and two possible parameter sets for the TeV upgrade. In
the remainder of this section, the parameter sets for the luminosity and TeV upgrade will be discussed.
The parameters for the first-stage 250 GeV machine are identical to the baseline parameter set for that
energy (see Section 2.2) with the exception of the AC power which will be discussed in Section 12.5.

Table 12.1. Primary parameters for a proposed 250 GeV centre-of-mass-energy first stage, the luminosity upgrade for
the 500 GeV baseline machine, and the two parameter sets for the TeV upgrade: low Beamstrahlung (A) and high
Beamstrahlung (B). The baseline 500 GeV parameters are included for reference.

1st
Stage

L
Upgrade

TeV Upgrade
Baseline A B

Centre-of-mass energy E

CM

GeV 500 250 500 1000 1000

Collision rate f

rep

Hz 5 5 5 4 4
Electron linac rate f

linac

Hz 5 10 5 4 4
Number of bunches n

b

1312 1312 2625 2450 2450
Bunch population N ◊1010 2.0 2.0 2.0 1.74 1.74
Bunch separation �t

b

ns 554 554 366 366 366
Pulse current I

beam

mA 5.79 5.8 8.75 7.6 7.6

Average total beam power P

beam

MW 10.5 5.9 21.0 27.2 27.2
Estimated AC power P

AC

MW 163 129 204 300 300

RMS bunch length ‡

z

mm 0.3 0.3 0.3 0.250 0.225
Electron RMS energy spread �p/p % 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread �p/p % 0.070 0.152 0.070 0.043 0.047
Electron polarisation P≠ % 80 80 80 80 80
Positron polarisation P

+

% 30 30 30 20 20

Horizontal emittance “‘

x

µm 10 10 10 10 10
Vertical emittance “‘

y

nm 35 35 35 30 30

IP horizontal beta function —

ú
x

mm 11.0 13.0 11.0 22.6 11.0
IP vertical beta function (no TF) —

ú
y

mm 0.48 0.41 0.48 0.25 0.23

IP RMS horizontal beam size ‡

ú
x

nm 474 729 474 481 335
IP RMS veritcal beam size (no TF) ‡

ú
y

nm 5.9 7.7 5.9 2.8 2.7

Luminosity (inc. waist shift) L ◊1034 cm≠2s≠1 1.8 0.75 3.6 3.6 4.9
Fraction of luminosity in top 1% L

0.01

/L 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss ”

BS

4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing N

pairs

◊103 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing E

pairs

TeV 344.1 46.5 344.1 1338.0 3441.0

12.2.1 Luminosity upgrade

The luminosity upgrade is achieved by a straightforward doubling of the number of bunches per
pulse from the baseline number of 1312 to 26251, resulting in a doubling of the average beam power
and hence luminosity. All other single-bunch parameters are assumed unchanged from their original
baseline values. The bunch spacing is reduced from 554 ns to 366 ns resulting in an increase in beam
current from 5.8 mA to 8.8 mA. The beam pulse length increases from 714 µs to 961 µs. The choice
of bunch spacing is consistent with both the damping ring harmonic number and the main linac RF
pulse length (see Section 12.3).

1The number in the original 2007 Reference Design Report nominal parameter set.
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12.3. Scope of the luminosity upgrade

HOM couplers/absorbers are specified in the baseline for the higher beam currents (power).

12.3.2 Damping Rings

For the high-luminosity upgrade, twice the number of bunches need to be stored in the damping
rings, requiring a 3.1 ns bunch spacing. The doubling of the current in the rings poses a particular
concern for the positron ring due to the e�ects of the electron-cloud instability. In the event that the
electron-cloud mitigations that have been recommended (see Section 6.5) are insu�cient to achieve
the required performance for this configuration, the baseline damping ring tunnel and associated
underground vaults have been designed to allow the possibility of installing a second positron ring
(three rings in total, see Fig. 12.2). The two positron rings would both operate with the baseline
parameters (i.e. 1312 bunches per ring). Space has also been provided for the additional power
supplies and klystrons in the respective caverns, and the injection and extraction lines (part of the
positron RTML system) are designed to accommodate pulsed vertical separation/combination of the
positron beam pulse into/from the two rings.

Figure 12.2
Damping ring config-
uration, showing the
location of the (op-
tional) positron ring for
the luminosity upgrade.

Part II - The ILC Baseline Reference 8.2. Lattice description

electron ring as indicated in Fig. 8.2a and Fig. 8.2b.
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Three ring optional upgrade shown 
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Three ring optional upgrade shown 
(b)

Figure 8.2: Damping ring arc magnet layout with positron ring at the bottom and
electron ring directly above. A second positron ring would be placed above the electron
ring if required: arc a) quadrupole section layout and b) dipole section layout.

The superconducting damping wigglers [30] are based on the CESR-c design, with 14
poles and 30 cm period. The peak field of the 54, 1.875m long wigglers is 1.51T for a 24ms
damping time in the 5Hz mode and 2.16T gives a 13ms transverse damping time for 10Hz
operation. The horizontal emittance is near 0.5 nm-rad over the range of relevant wiggler
fields. 10 single-cell 650MHz superconducting cavities will be deployed in the baseline
configuration. For 5Hz operation, 8 of these cavities can provide a total of 14MV for a
6mm bunch length, even in the event of a single klystron failure. For 10Hz operation the
number of cavities is increased to 12 and the accelerating voltage to 22MV for the same
6mm bunch length. A phase trombone provides for adjustment of betatron tune and a
chicane for small variations of the circumference.

8.2 Lattice description

(Ed: Give reference to lattice in EDMS) Each arc in the DR consists of 75 cells, each
with one focusing and two defocusing quadrupoles placed symmetrically about a single
3m bend. Focusing and defocusing sextupoles are located adjacent to the corresponding
quadrupoles. There are one vertical, one horizontal, and a skew quad corrector in each cell
as well as two beam position monitors adjacent to the defocusing sextupoles, as shown in
Fig. 8.3a. Dispersion suppressors, at the ends of the arc, match the finite dispersion in the
arcs to zero dispersion in the straights. The dispersion suppressor beam line includes two
dipole bending magnets and seven quadrupoles. There is a skew quad corrector at each of
the two dipoles.

Acceptable values of the momentum compaction are bounded from below by the single
bunch instability threshold, and from above by the RF voltage required to achieve the

—DRAFT EC Melbourne— Last built: July 6, 2012 93

Positron ring (baseline)

Electron ring (baseline)

Positron ring (upgrade)

Arc quadrupole section Dipole section

For a single ring storing the complete 2625 bunches (corresponding to an average beam current
of 0.78 mA and a 200 ms store time at 5 Hz operation), 12 RF cavities are required, supplying 294 kW
per cavity to the beam (total of 3.53 MW). However, this is compatible with the power required by
the 10 Hz baseline mode (1312 bunches, 0.39 mA). Running the 10 Hz mode with the higher beam
current would in principle require a factor of two higher RF power, requiring a doubling of the number
of cavities to 24 (since the power coupler is assumed to be limited to ≥300 kW). Currently there is
space foreseen for an additional 4 cavities, giving a total of 16; thus the number of bunches would be
limited to 1750 for low centre of mass running. Although provision is made for a second positron ring
should the electron cloud e�ect at the higher number of bunches prove prohibitive, it is assumed that
the electron ring will be able to run with the higher beam current. The principle beam instability issue
is the fast ion instability (FII), which becomes more critical at the shorter bunch spacing. However,
with the baseline pressure of 1 nTorr, simulations indicate that the FII will be manageable, although
the faster growth rate will prove challenging for the multibunch feedback systems (see Section 6.4.5).
The vacuum system and in particular the photon stops in the wigglers are all specified for the higher
synchrotron-radiation load.

12.3.3 Electron and positron sources

The baseline designs for both the electron and positron sources are specified for the production of
the higher number of bunches required for the upgrade (see Chapter 4 and Chapter 5 respectively).
This includes the DC gun and CW laser systems for the electron source, the photon target for
positron production, radiation shielding (positron source), power handling, and the room-temperature
RF capture and pre-accelerator sections for both sources. The 5 GeV SCRF booster linac for the
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Energy Upgrade Beyond 500 GeV

• Need longer tunnel
• and more cryomodules, etc.

• Adiabatic transformation possible
• Proposed sites are large enough

for 1 TeV machine

12.4. Scope of energy upgrade to 1 TeV centre-of-mass energy

Table 12.3
Comparison of main
linac upgrade scenarios
(gradient). Approxi-
mate cavity numbers
and linac lengths as-
sume the same cavity
length and packing
fraction (64%) as the
current baseline linac
design.

500 GeV TeV Upgrade

Baseline Scenario A Scenario B Scenario C

upgrade base

Energy range GeV 15–250 15–500 15–275 275–500 15–500
Gradient MV/m 31.5 31.5 45 31.5 45
Num. of cavities 7400 15 280 8190 7090 10 700

total cavities: 15280
Linac length km 12 25 9.5 11.5 17.5

total length: 21.0

more conservative approach, and assumes the maximum reuse of the existing baseline infrastructure.
Approximately 9 km of additional tunnel (two to three vertical shafts/horizontal access ways) per linac
are required (a total of an additional 18 km to the overall footprint). While not as space e�cient
as scenario C, the assumption of the higher gradient still reduces the overall footprint by 2◊4 km
as compared with a straightforward doubling of the baseline linacs (scenario A). Since scenario B
is the less disruptive of the existing hardware, it also opens the possibility of significantly reducing
interruption to physics running by allowing the construction and installation of the upgrade linac to
occur in parallel with operations. Fig. 12.3 shows a possible scenario for parallel construction based
on scenario B.

Figure 12.3
Parallel construction
stages for the TeV up-
grade (scenario B).
Construction of the
main linac (yellow)
extensions occurs in
parallel to 500 GeV op-
erations, requiring a
minimum interruption
to make the final con-
nections and necessary
installation work in
the RTML (orange),
positron source (green)
and BDS (blue). Note
that the serial approach
shown for the main
linac extension con-
struction is oversim-
plified, and sections
of tunnel would likely
be constructed and
installed in parallel.
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Making use of the existing baseline linac in this way has three key implications for the upgrade:

• The beam current and pulse length must be compatible with the existing RF installation and
cryogenic cooling capacity.

• The existing linac lattice — which is initially designed to transport a beam energy from
15–250 GeV — must now transport a beam energy of 265 GeV to 500 GeV. This will require the
replacement of the first 10 GeV of original linac, since these quadrupoles will not be capable of
transporting the higher energy beam (265 GeV to 500 GeV as opposed to 15 GeV to 250 GeV).
The remainder of the original linac will use a FoFoDoDo lattice as opposed to the baseline
FoDo lattice, resulting in weaker focusing and larger beta functions. Simulations of the beam
dynamics have indicated that the vertical-emittance growth can be contained within acceptable
limits (see Part I Section 4.6).
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12.2 Parameters

Table 12.1 shows the main parameters for a possible first-stage 250 GeV centre-of-mass-energy
machine, the 500 GeV luminosity upgrade, and two possible parameter sets for the TeV upgrade. In
the remainder of this section, the parameter sets for the luminosity and TeV upgrade will be discussed.
The parameters for the first-stage 250 GeV machine are identical to the baseline parameter set for that
energy (see Section 2.2) with the exception of the AC power which will be discussed in Section 12.5.

Table 12.1. Primary parameters for a proposed 250 GeV centre-of-mass-energy first stage, the luminosity upgrade for
the 500 GeV baseline machine, and the two parameter sets for the TeV upgrade: low Beamstrahlung (A) and high
Beamstrahlung (B). The baseline 500 GeV parameters are included for reference.

1st
Stage

L
Upgrade

TeV Upgrade
Baseline A B

Centre-of-mass energy E

CM

GeV 500 250 500 1000 1000

Collision rate f

rep

Hz 5 5 5 4 4
Electron linac rate f

linac

Hz 5 10 5 4 4
Number of bunches n

b

1312 1312 2625 2450 2450
Bunch population N ◊1010 2.0 2.0 2.0 1.74 1.74
Bunch separation �t

b

ns 554 554 366 366 366
Pulse current I

beam

mA 5.79 5.8 8.75 7.6 7.6

Average total beam power P

beam

MW 10.5 5.9 21.0 27.2 27.2
Estimated AC power P

AC

MW 163 129 204 300 300

RMS bunch length ‡

z

mm 0.3 0.3 0.3 0.250 0.225
Electron RMS energy spread �p/p % 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread �p/p % 0.070 0.152 0.070 0.043 0.047
Electron polarisation P≠ % 80 80 80 80 80
Positron polarisation P

+

% 30 30 30 20 20

Horizontal emittance “‘

x

µm 10 10 10 10 10
Vertical emittance “‘

y

nm 35 35 35 30 30

IP horizontal beta function —

ú
x

mm 11.0 13.0 11.0 22.6 11.0
IP vertical beta function (no TF) —

ú
y

mm 0.48 0.41 0.48 0.25 0.23

IP RMS horizontal beam size ‡

ú
x

nm 474 729 474 481 335
IP RMS veritcal beam size (no TF) ‡

ú
y

nm 5.9 7.7 5.9 2.8 2.7

Luminosity (inc. waist shift) L ◊1034 cm≠2s≠1 1.8 0.75 3.6 3.6 4.9
Fraction of luminosity in top 1% L

0.01

/L 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss ”

BS

4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing N

pairs

◊103 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing E

pairs

TeV 344.1 46.5 344.1 1338.0 3441.0

12.2.1 Luminosity upgrade

The luminosity upgrade is achieved by a straightforward doubling of the number of bunches per
pulse from the baseline number of 1312 to 26251, resulting in a doubling of the average beam power
and hence luminosity. All other single-bunch parameters are assumed unchanged from their original
baseline values. The bunch spacing is reduced from 554 ns to 366 ns resulting in an increase in beam
current from 5.8 mA to 8.8 mA. The beam pulse length increases from 714 µs to 961 µs. The choice
of bunch spacing is consistent with both the damping ring harmonic number and the main linac RF
pulse length (see Section 12.3).

1The number in the original 2007 Reference Design Report nominal parameter set.
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Pushing the Luminosity

• If one accepts higher energy consumptions, the luminosity at the ILC can be 
pushed to higher values (e.g. if physics requires):
• 250 GeV: increase by factor 4: 3x1034cm-2s-1

• double number of bunches, double repetition rate
• 120 → 200 MW wall plug power

• 500 GeV: increase by factor 2: 3.6x1034cm-2s-1

• double number of bunches
• 160 → 200 MW wall plug power

• 1 TeV: increase by factor 1.4: 5x1034cm-2s-1

• aggressive beam parameters
• same wall plug power (300 MW)
• Polarisation gives another factor of 2 for W-fusion....



Japanese Candidate Sites

• Intense competition between both regions
• „Winner“ has been announced on August 23rd: Kitakami

• decision based on technical issues, no government statement
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Many temples, gardens, and ruins that were built based on the 
philosophies of Pureland Buddhism remain in excellent condition 
in Hiraizumi. The temples and gardens were an attempt to make 
an ideal world in our own reality. While receiving influence from 
abroad, it accomplished its own original development so that 
Hiraizumi expresses an ideal world the like of which can be found 
nowhere else.
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The Cost

• Costing is a very complicated exercise in a global project....
• Technical Design Report (2012) cost estimate:

• 7.8 BILCUs (1 ILCU = 1 US$ in 2012)
• 22.6 Mh person labour

• Value estimate as real as possible:
• existing machines
• industrial studies
• vendour quotes
• lab/contractor estimates

3.2. Accelerator Layout & Design

Figure 3.5
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These totals represent an increase of 7% in value and a reduction of 8% in explicit labour relative
to the estimates made for the 2007 Reference Design Report (after adjustment for inflation from
2007 to 2012). The major contribution to the increase was the cryomodule cost which was based on
current industrial studies and actual European XFEL contracts extrapolated to ILC quantities, rather
than older industrial studies and engineering estimates. This increase was o�set in several areas due
in large part to the more e�cient TDR design.

Any schedule for a project such as the ILC is determined by the availability of resources and the
ability to utilise them e�ciently. Without knowledge of the chosen Governance and Project Manage-
ment structure and funding profiles, a more accurate schedule cannot be formulated. Nonetheless,
making some reasonable assumptions in these areas, it appears that the overall construction schedule
is determined by the civil construction activities in the central campus region covering the detector
halls, the damping rings, and the injectors. These elements are site dependent. The Main Linac
schedule is determined by the delivery of the SCRF cryomodules, which are the technical components
with the longest lead time. A funding profile which peaks at 15% of the total project cost in year four
is consistent with a nine-year period between ground breaking and the start of beam commissioning.
Machine installation starts in year seven. A representative schedule for a mountainous site is shown in
Fig. 3.7.
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Cost Distribution

• Most expensive:
• civil facilities:

• tunnel, halls, concrete
• technology:

• cavities and 
cryomodules

• klystrons

                                                                          plus two detectors....

3.2. Accelerator Layout & Design

Figure 3.5
ILC TDR Value esti-
mate cost basis.

Lab + contractor 
estimate  

24%

Lab engineering
estimate  

32%

Industrial 
Study
15%

EXFEL 
procurement
18%

Vendor 
quote
11%

 

 

Figure 3.6
Distribution of cost by
sub-system.

Instrumentation
Dumps & Collimators

ystems

Integrated Controls
and LLRF

Computing
Infrastructure

Other High Level RF

Cavities and
Cryomodules

L-band High
Level RF

Conventional
Facilities

Vacuum

Magnets and
Power Supplies

Cryogenics

Installation

These totals represent an increase of 7% in value and a reduction of 8% in explicit labour relative
to the estimates made for the 2007 Reference Design Report (after adjustment for inflation from
2007 to 2012). The major contribution to the increase was the cryomodule cost which was based on
current industrial studies and actual European XFEL contracts extrapolated to ILC quantities, rather
than older industrial studies and engineering estimates. This increase was o�set in several areas due
in large part to the more e�cient TDR design.

Any schedule for a project such as the ILC is determined by the availability of resources and the
ability to utilise them e�ciently. Without knowledge of the chosen Governance and Project Manage-
ment structure and funding profiles, a more accurate schedule cannot be formulated. Nonetheless,
making some reasonable assumptions in these areas, it appears that the overall construction schedule
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Construction Schedule

• first beam: 9 years after ground breaking

Chapter 3. The International Linear Collider Accelerator
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Figure 3.7. A possible ILC project construction schedule. Years from construction start are represented vertically,
while progress along the machine footprint is shown horizontally (not to scale). Vertical lines represent access tunnel
locations.

3.3 ILC R&D during the technical design phase

The ILC technical design, layout and parameters presented in Section 3.1 reflect the results of
the significant R&D that has been performed during the technical design phase. The global R&D
programme itself was prioritised based on an evaluation of the remaining technical risks in the published
2007 Reference Design. At that time, the five highest identified priority items were:

1. SCRF cavities capable of reproducibly achieving at least 35 MV/m;

2. a cryomodule consisting of nine cavities, operating at an average of gradient of 31.5 MV/m;

3. linac string test (or integration test) of more than one cryomodule with beam;

4. development of models and mitigation techniques for electron-cloud e�ects in the positron
damping ring;

5. demonstration of the small spot size and stability produced using the final focus optics that is
used in the baseline design of the beam delivery system.

Other R&D areas (for example the sources) were also identified. The first three priority R&D
items all relate to the SCRF linear-accelerator technology, the primary cost driver of the machine.
Although it was noted by the International Technology Review Panel that TESLA SRF technology
was ‘mature’, the ILC gradient goal had only been achieved in a handful of cavities (one of which
had accelerated beam at 35 MV/m in the TESLA Test Facility at DESY – a proof of principle). One
of the major technical aims has been the demonstration of large-scale production of reproducible
high-gradient SCRF cavities, which required a detailed fundamental understanding of the physics
involved in the technology. During the R&D programme from 2007–2012, more than 200 cavities
have been successfully manufactured and processed.

The successful development of industrial capacity in each of the three regions (Asia, the Americas
and Europe) resulted in multiple vendors capable of producing high-performance ILC cavities. In the
USA, these were tested at Fermilab, Argonne National Laboratory and Je�erson Lab; in Japan at
KEK; and in Europe at DESY, where development has been driven by the design and construction
of the European X-ray free-electron laser (XFEL). The 17.5 GeV SCRF linac of the European XFEL
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The Linear Collider Project

• The ILC is the most advanced future project for research at the energy frontier
• CLIC is a possible high-energy option (→ lecture by Lucie Linssen)
• New organisation under the supervision of ICFA: the Linear Collider Collaboration

• director: Lyn Evans (CERN)
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Conclusion

• LHC will need to be complemented by an 
e+e-- collider for precision measurements

• LHC has established the energy scale of 
the Higgs; this requires an e+e--collider at 
250-500 (1000) GeV energies 

• ILC is the most advanced collider design 
and ready for construction
• 20 year history of system R&D

• CLIC could be a high-energy option
• on a longer timescale though...

• Machine and experiments demand high-
tech solutions on yet untested scales


