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LHC
Present: long shutdown 2
2019-2020 →2021

goals –upgrade of the LHC injectors
- preparation for E=7 TeV

Cooldown started in Oct.2020
several short circuit etc, requiring warm-up,
delay > 4 month

Training to 7 TeV takes time, 
there is risk, 6.8 as target is discussed

The start of Run 3     March 2022
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LHC
Run 2 summary

Lmax~2 x1034 (design 1x1034)

Total integrated luminosity
30 fb-1 Run  1,   E=3.5-4 TeV
160 fb-1 Run  2,   E=6.5 TeV

performance in 2011-2018

more stability, β*=25 cm, optimized crossing angle
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LHC
Run 3 -plans

N=1.15×1011 → N=2×1011

ε =3.5 μm        → ε =2.1 μm
Lpeak(1034)    ~2                   → 4.5

The luminosity is too high (pile up), will be lavelled dynamically:

1) offset (2011)

2) crossing angle (2017)

3) β*(at the IP)

In 2022                        ∫Ldt ~ 30-40 fb-1 (reduced length 2022 run)
2022-2024                         70-80 fb-1/year

Total 2022-2024                       160-200 fb-1 –doubled (Run-1+Run-2)

In Run 3 levelled L=2×1034    up to 12 hours
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HL-LHC

Goal:  ~250 fb-1/year   in ATLAS and CMS 
3000 fb-1     ~2038-2040

Methods: 
N, β*, ε + crab crossing    

NH ~2×108
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For that e+e- collider is needed !
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History 

Linear colliders
approval

Approval is always on the “Horizon”
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Линейные е+е- коллайдеры (проекты)
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ILC TDR
6.2013

L=31 km
2E=500 GeV

2E=250-500 GeV, upgradable to 1000 GeV

International linear collider (ILC) – since 2004
(based on SC TESLA technology)
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ILC TDR published in 2013 

Japan is interested to host
-decision ~2018 ???
-construction ~2019?? (~10 years)
-physics ~2030 ???

Now 2021, no decisions yet !
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ILC, since LCWS 2017
At present Japan consider ILC with 2E=250 GeV, without any words about 
possible upgrade (but possible). Thus the cost was reduced by 40% 
compared to 500 GeV.

This energy is OK for e+e-→ZH (no tt) and for γγ→H as well
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ILC construction cost = 6.35 -7 G$
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ILC superconducting cavities, ν=1.3 GHz

Q>1010
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Present plans:

the initial energy 2E=380 GeV (H and top)
2019-20+? – decision
2020-2025+? – preparation phase
2025+? – construction starts
2035+? – first beams 

CLIC

Cost ~6700 SFr
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ILC and CLIC parameters upgrage to (3-4)1034

is possible
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Both LC have  L~1034, collision rate ~10 kHz,
difference only in distance between bunches
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Circular 100 km e+e- collider (FCC-ee, CEPC)  vs ILC and CLIC

The luminosity at the Higgs energy 2E=250 GeV is higher at FCC-ee by
one order of magnitude

ILC
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Higgs physics in e+e- collisions

Tagging Z in e+e-→ZH one can measure all Br(H), even invisible decays width. 
One can measure the Higgs total width:
Г(H) ~ σ(e+e-→ZH)/Br(H→ZZ)         and       Г(H) ~ σ(WW→H)/Br(H→WW)

At linear colliders L ~ 1034,  NH ~ 20000/year or 105 for life of the experiment;
At circular collider with C~100 km and several IP one can have NH~106.
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ILC-last news from LCWS 2021
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ILC organization

Near goal:
International Development team
should organize ILC Pre-Lab
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ILC and CLIC pulse structure

•ILC ~1312 bunch/train (0.72 ms~220 km), ∆ct~165 m,  f=5 Hz
•CLIC 354 bunch/train (177 ns~53 m)       ∆ct~15 cm    f=50 Hz

Beams are used only once 

The ILC duty cycle (DC) = 0.00072*5=3.6·10-3

CLIC                                                9·10-6

Most of time the colliders do nothing!
(only prepare new beams in damping rings)

The main advantage of LC 
– no synch. radiation → higher accessible energies

Main disadvantage of LC
– beams are used only once → inefficient use of electricity
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M. Tigner, ``A possible apparatus for electron clashing-beam experiments,''
Nuovo Cim. 37, 1228 (1965). 

M.Tigner (1965):

This paper did not attract attention, there were no citations until 1979, 
when U.Amaldi discovered this paper

...”by the introduction of super-conducting accelerator 
sections one may avoid the high power necessary to 
establish the accelerating field
.…it can be arranged that electrons leaving
accelerator 1 arrive at accelerator 2 at just the right
phase to be decelerated in accelerator 2, thus
giving back their energy to the field”

energy recovery
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A. Skrinsky (1971)
Seminar Morges, Switzerland

From U. Amaldi (Saariselka, 1991):

Suggestion of high energy linear colliders, but there was no specific 
scheme in mind at the time. There was no publication.
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In this scheme the electron and positron bunches are dumped after one-pass 
energy recovery

In this scheme the electron bunches are dumped after a single traversal while, 
to save positron current, the positrons are recirculated in a low energy ring.

U. Amaldi (1976) Phys. Lett. 61B, 313
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H. Gerke and K. Steffen, Note on a 45 - 100 GeV electron swing colliding
beam accelerator, DESY-PET 79/06 (1979).

SC linear collider, working in continues mode (with a duty cicle ~1/30)

Here bunchers-debanchers reduce the energy spread in damping rings.

Only one bunch presents in each moment in the half linac, that restricts the
collision rate f~30 kHz. The luminosity, with account of duty cycle 1/30, is low enough.

One remark:
nobody noticed that the same final focus system cannot focus both e+ and e- !
May be it will work, but with additional factor 1/2 in the luminosity (each second 
collision). L=3.6×1031 - not interesting
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Problems of SC LC with energy recovery

1) Q-factor is not high enough to work continuously with highest 
accel. field (only with some duty cycle). 

2) The FF-system works only for bunches with one charge sign.
3) Parasitic collisions in linac do not allow a high collision rate.

In continuous mode (like circular colliders) the luminosity 
is restricted by beam-beam strength parameter at the 
interaction point (IP)
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Collisions inside the linac are more severe for beam stability, 
therefore should be avoided.
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The proposed LC scheme

1) LC consists of two parallel SC linac connected with each other with rf-coulpers, 
so that the fields are equal at any time. One line is for acceleration, the other for 
deceleration.

2) Damping is provided by wigglers (no damping rings) at the “return” energy 
about E~5 GeV. The energy loss per turn dE/E~1/200. Damping is needed to 
reduce  the energy spread arising from collision of beams.

3) In the presence of a return path, e + and e- are always correctly focused by their
own FF.

4) The duration of one cycle (several seconds) is determined by the refrigeration 
system  (rise of temperature on  ~0.1 K at 1.8 K). 

Telnov, LCWS21 
arXiv:2105.11015
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a)

b)

c)

a) good for continuous mode
b) and c) for DC(duty cycle)<1, beams are saved in storage rings when ERLC is resting
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KEK Preprint 2003-130, 11-th Workshop (SRF2003)  

References on dual/twin cavities (received after my talk at LCWS 2021)
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Energy spread in beam collisions
The increase of the beam energy spread in one beam collision (nγ<1)
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Beam lifetime due to tails of beamstrahlumg
This is a third limitation on beam parameters. It is important for FCC. 
In ERLC it is important because the beam is decelerated E0/5=10-100 times,
and in 5 GeV arcs we require the energy acceptance about 3%.
We require 1-3% loss during 1-3 second active collision cycle (~104 collisions),
that correspond to beam lifetime ncol~106 revolutions.

This requirement (3) differs from (1) on the energy spread at the IP, but 
in all further practical cases when (1) is fulfilled, then (3) as well, but very 
close to its limit. 

So, we derived previous formulas for beam parameters and luminosity 
from (1),(2), but (3) should be also checked.

(3)
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Luminosity
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For  N=109, d=λRF=0.23 m →
(I=0.21 A)

36 2 11.9 10  cmL s   at PSR=10.4 MW

6.1 nm ,    y 

Such L is for continuous operation, should be multiplied by a duty cycle 
DC, if the power is not sufficient for continuous operation. 
N~109  is near to optimum (see below).
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High order mode losses
2a=7cm

When particles are accelerated (∆ε=eE0∆z) it takes energy from the cavity due to
interference of E0 and the wave Er, radiated by the bunch to the cavity.  

When particles are decelerated (∆ε=-eE0∆z) it returns the energy to the cavity back, 
but only that in fundamental cavity mode. 

However, higher radiation modes (longitudinal wake fields ~ bunch charge) lead to  
energy losses both during acceleration and deceleration → energy recovery not 100%.

The energy loss by one electron per unit length (in the long cavity structure), incl.
the main mode  2

2 iris radius   (R.Palmer), very weak de2~ , pen    dence on .z
d e N a
dz a
 

TESLA-ILC, 1.3 GHz

Numerical simulation for TESLA structures gives wakefield energy losses for σz=400 μm

9

keV2.2
10 m

d N
dz
    

 
that is ~0.1% of the acceleration gradient MeV(20 30)

m
G  

For N=109 the efficiency of energy recovery ~99.98%.

Remark: small part of HOMs dissipate in cavities but most of it is removed by special couplers and 
absorbers to a high-T region, that need a lot of refrigeration power. 
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High order mode losses (continue)

For 2E0=250 GeV, G=20 MeV/m and continuous operation
2

HOM 9

2.65 MW
(m) 10

NP
d

   
 

For N=109, d=0.23 m  PHOM=11.5 MW  (while PSR=10.4 MW). 

Due to quadratic dependence on N, it is profitable to reduce N and d, keeping 
L=const, that is why d should be small as possible, d=λRF. 

For compensation beam energy due to HOM losses we need electric power (with 
efficiency) about PHOM,beam=2PHOM.. But much more energy is needed for cooling this 
power, which dissipated mostly at T=77 K, and some at 2K.
At T=77 K, ε~0.3*77/(300-77)~0.1, at 2K  ε~0.0018. Assuming that only 1.5% of 

HOM power is dissipated in SC cavities the total power for removal of HOM losses
is about 18×PHOM..

Full extra power from wall plug due HOMs is 

PHOM,wall-plug ~ 20PHOM~ 230(N/109)2  MW

(for continuous operation)  
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S. Rosen et al, arxiv 1907.00147
Eacc ~20 MV/m: 
Q0 of (3-4)1011 at T<1.5 K 
Q0 ~5·1010 at 2.0 K.

World Record Eacc= 46.4 MV/m, CW

H.Padamsee:  Q0 values between (3–4)×1010 at 2 K and 8×1010

at 1.8 K can be obtained at 15–20 MV m−1

Following LCLS-II assume Q=3·1010 at T=1.8 K, 
at E=20 MeV/m the heat is 680 W/GeV. 
The refrigeration efficiency (1.8/300)×0.3=1/550.
Twin LC(250) in continues mode needs 

PRF,refr~190 MW. 

Refrigeration of RF losses2

Surface resistance R
in ideal

16.2ex

 case

Quality fac or

p

1t  

B S

s

C

s

fR
T T

Q R

   
 




40

Duration of continues operation 
in the case of working with duty cycle
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Total power 
2

tot 9 920 187 230
10 10
N NP DC

                

SR in wigglers
refrig.
RF losses

refrig.
HOM losses

Optimum N/109~0.8 for P=130 MW and very weakly depends on P, 
but DC prop. to P. When working with DC<1

Luminosity (for DC<1)

For P=130 MW (as ILC) L=0.5×1036 cm-2s-1 at DCopt~0.35
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If power is larger than RF dissipation in SC cavities the continuous
operation is possible. In this case

36 36 2 1
cont

1871.9 10 1.9 10  cm s
230

P b PL
c

  
   
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Ways to higher energies
The main problem are particle losses in 5 GeV arcs (with assumed energy 
acceptance ~ 3%) due to large energy spread after deceleration. For 2E<250 GeV
we  assumed σE/E0=0.002 at the IP and particle losses at ~1% after 10000 turns. 
To have similar losses at higher energies we take σE/E0=0.002 ×(125/E0) at the IP. 

According to formulas given above in this case the optimum σz ~0.3×(E/125)11/7 mm 
for E>125 GeV. Add. requirements 0.3mm <σz <2.4 mm.

2E=500 GeV L~0.45×1036

2E=1000 GeV L~0.15×1036
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Conclusion

 At present, the SC ILC design is similar to any room-temperature LC,  
beams are used only once, superconductivity is not used (only gives some 
increase of efficiency). This scheme was laid down 40 years ago.

 Since that time there was a big progress in SC cavities, Q~3·1010 is a 
reality and Q~6·1010 in reach. 

 L~ 1036 is possible (?) already now.

 The proposed “twin” LC scheme opens a way to super high luminosity 
SC LC! 
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Results
N=0.8·109, d=0.23 m

0.68

1.4

4.3

7.1

12.8

11.4

7.1

L,1035

0.14

0.21

0.43

0.58

0.8

1

1

DC

3000.0620.32.471.91500

3000.0930.632.48.61.11000

3000.191.90.97.40.88500

3000.253.10.546.80.81360

3000.375.60.36.10.73250

3000.555.30.37.60.91160

3000.7240.3101.290

P,MWDCL,1035σz, 
mm

σy, 
nm

σx, 
μm

2E

P=140 MW Pmax=300 MW

Looks very attractive

1.08

1.6 N=1.05·109

N=0.95·109


