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2016 Parameters

energy/beam [GeV] 45 120 175 45 120* 105
bunches/beam 91500 |30180| 770 78 1100 67 4
beam current [mA] 1450 30 6.6 45 .4 16.9 3
energy loss/turn [GeV] 0.03 1.67 | 7.55 0.062 2.96 3.34
synchrotron power [MW] 100 2.8 100 22
RF voltage [GV] 0.2 0.4 3.0 10 0.12 3.6 3.5
rms bunch length (SR,+BS) 16, 12 2.0 2 1 3 31 12,
[mm] 3.8 6.7 2.4 2.5 4.0 4.1 12
rms emittance €,, [nm, pm] | 0.1,10.2,1| 0.6,1 |1.3,2.5/0.62,2.8 | 2.45,7.4 |22, 250
B xy [Mm, mm] 1.2 105, 14 1.2 12 0.1,1 [0.25,14}1.5 58
long. damping time [turns] 1320 72 23 726 41 31
crossing angle [mrad] 30 30 0
beam lifetime [min] 185 67 57 79 20 434
luminosity/IP x 1034 cm?s1| 70 207 | 5.1 1.3 3.6 2.96 |0.0012

FCC-ee: 2 separate ring

CEPC: Partial double ring (PDR), 120*: high-lumi version




Strong-Strong beam-beam instability (FCC-ee @ 7,

+ X-z coherent instability is seen in early stage and beam size blow up.

<+ Residual x-z motion remains.

+ Luminosity is reduced to 60% of the design.
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Design constraints & assumptions (FCC-ee) @ 5

+ C =100 km, fits to the FCC-hh tunnel and footprint as much as possible.
+ 2 IPs / ring.

+ 30 mrad crossing angle at the IP with crab waist.

+ Common lattice for all energies, except for the detector solenoid.

+ & = 1.3 nm @ 175 GeV, basically scaling with energy.

+ 2% momentum acceptance at 175 GeV to hold the large energy spread
caused by beamstrahlung.

+ Vertical emittance less than 2.5 pm at 175 GeV before collision.

# PByy = (1m, 2mm)at 175 GeV, (0.5 m, 1 mm) at 45.6 GeV as the baseline.

+ Suppress the critical energy of the synchrotron radiation to the I’ below

100 keV, up to 500 m upstream. No dipole magnets 100m upstream from
the IP.

+ “tapering” to cure the sawtooth at high energy:.

Phys. Rev. Accel. Beams 19, 111005 (2016)



Parameters

Circumference [km]

Vending radius of arc dimple [km]

Number of IPs / ring
Crossing angle at IP [mrad]
Solenoid field at the IP [T]

¢* [m]

Local chromaticity correction
Arc cell

Arc sextuple families

99.984
11.190
2
30
+2
2.2

y-plane with crab sextuple effect
FODO, 90°/90°
292 (paired)

mom. comp. [10-9] 6.99
Tunes (x/y) 387.08 / 387.14
RF frequency [MHZ] 400

Ebeam [GeV] 45.6 175
SR energy loss per turn [GeV] 0.0346 7.47
Current / beam [mA] 1450 6.6
Bunches / ring 30180 (91500) 81
Psrtot [MW] 100.3 98.6
€x [NnmM] 0.86 1.26
B'x [m] 0.5(1) 1 (0.5)
B’y [mm] 1(2) 2.(1)
Os,sR [%0] 0.038 0.141
Oz.sr [mMm] 2.6 @ V¢ =88 MV 2.4 @V =9.04 GV

Synchrotron tune
RF bucket height [%0]

Luminosity [1034/cm?s]

-0.0163 @ V¢ = 88 MV
2.3 @ V=88 MV

210 (90)

-0.0657 @ Ve = 9.04 GV

11.6 @ V¢ = 9.04 GV
1.3(1.5)
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Layout of FCC-ee IP (A) FCC

30 mrad

L * B “Middle straight”
~1570 m

FCC-hh/
119m 9.4 m Booster

1.4km

== ArcC (L=16km,R=13km)
== Mini-arc (L=3.2km,R=13km)
== DS (L=0.4km,R=17.3km)

== Straight

Coll 2.8km Coll 2.8km
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Beams must cross over through the common RF
(@ tt) to enter the IP from inside.
Only a half of each ring is filled with bunches.

25 T T T T T T T I T
[ [--=FCC-hh ]
20— +FCC-B- ,,,,,,,,, "]
C e FCC-§e+

T N Y -

Axpp (M)

“90/270 straight” ] | - -
~4.7 km - =

_ FCCee_t_74_11.sad _ L T T

jaee-ring_roundracefrack_Ihc_39.983 143 _000.ring.svy > T 7000 500 0 500 1000
Pl g o X (m)
2_ | The separation of 3(4) rings is about 12 m:
pa E wide tunnel and two tunnels are necessary
6_ around the IR, for £1.2 km.

F . ] A more compact layout/optics around the IP is
12_ " - IP—> I R H also possible(A. Bogomyagkov). F

- : g f 1

0 20 40 60 80 100

s (km)

Relative distance to FCC-hh 1P (G)



N

o

o
lllIlll

-20000 -15000 -10000 -5000 0 5000 10000 15000 20000 m

. Above are the half optics f*xy =1 m /2 mm.

. 2 IP/ring.

. The optics for straight sections except for the IR are tentative, to be customized for
infection/extraction/collimation/beam instumentation, etc.



I CC-ee Interaction Region (G )
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* The optics in the interaction region are asymmetric.
* The synchrotron radiation from the upstream dipoles are below 100 keV up to 450 m from the IP.

* The crab sextuples are integrated in the local chromaticity correction system in the vertical plane.



Optics at the FCC-ee 1P (FES))

175 GeV, f*xy = (1 m, 2 mm)
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e The effect of detector solenoid field is locally compensated by counter
solenoids.

e The solenoid field is shielded on the quadrupoles.

e If the compensation/shielding is perfect, their effects on the beam optics is
minimal. No coupling, no vertical dispersion leak to the outside.



HOM trapping by the CaVity structure at IP, FCC-ee

cavity
structure

?

26 mm

e HOM is trapped in the IP beam pipe, if all beam pipes are narrower than
the IP, which needs to be larger that 40 mm (M. Sullivan).

* Heating, esp. at Z.

e Leak of HOM to the detector, through the thin Be beam pipe at the IP.



A solution: larger outgoing beam pipe & thinner final quads

Lout™ = 2.0m
<

177.2 T/m
1.6 m

no cavity
structure 40 mm

26 mm

e The most of HOM can escape to the outside through the outgoing
beam pipe, which has a diameter not smaller than IP.
e L* depends on the design of the final quadrupole.



Asymmetric L.* at the FCC-ee 1P

Asymmetric L*
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e Even with the asymmetric L*, the optics, so as the chromaticity, look

similar.

e The solenoid compensation is unchanged: locally compensated up to 2.2 m

from the IP,

e Longer L* downstream has no merit on the luminometer.



The Are Cell (FCC-ee) (FEDH)
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+ Basically a 90/90 degree FODO cell.

+ The quadrupoles QF /QD are 3.5 m/1.8 m long, respectively, to reduce the synchrotron radiation.
They also depends on the design of quads and the beam pipe (A. Milanese, F. Zimmermann).

+ All sextupoles are paired with -I transformation.

+ 292 sextupole pairs per half ring.



The RF section (FCC-ee @ 175 GeV) ((FED))
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An electrostatic separator, combined with a dipole magnet

+ The usage of the straights on the both sides of the RF is to be determined.
+  If the nominal strengths of quads are symmetrical in the common section, it matches to the optics of
both beam.

+ This section is compatible with the RF staging scenario. For lower energy, the common RF and cross
over will not be necessary.



The Sawtooth & Tapering (FCC-ee @ 175 GeV)
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The change of the orbit due to energy loss along the arc causes serious deformation
on the optics, causing the loss of the dynamic aperture.

Everything can be cured almost completely by “tapering”, i.e. scaling the strengths

of all magnets along the local energy of the beam: this is one of the best merits of a

double-ring collider (F. Zimmermann).



Dynamic Aperture satisfies the requirements (FCC-ee).
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All effects in the next slide are included except for radiation fluctuation and beam-beam.
Effects by the radiation fluctuation will be shown in the later slides.



Effects included in the dynamic aperture survey

)

@IC

Effects Included? Significance at ¢

Synchrotron motion Yes Essential

Radiation loss in dipoles Yes Essential — improves the
aperture

Radiation loss in Yes Essential — reduces the

quadrupoles aperture

Radiation fluctuation Yes Essential

Tapering Yes Essential

Crab waist Yes transverse aperture 1s
reduced by ~ 20%

Solenoids Yes minimal, if locally
compensated

Maxwellian fringes Yes small

Kinematical terms Yes small

Beam-beam effects
(strong-weak model)
Higher order

fields /errors/misalignments

Yes (D. Zhou)

No

affects the litetime for

5, =1 mm

Essential, development of
correction /tuning scheme is
necessary




Several effects on the dynamic aperture

FeE

JFCCee_t_74_11.sad: gy = 1.34 nm, g,/ey = 0.2%, O, = 0.144%, O, = 2.4 mm,

JFCCee_t_74_11sad: gy =134 nm, gy/ey = 0.2%, O, = 0.144%, O, = 2.4 mm,
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FeE

Several effects on the dynamic aperture (2)

* *
by o m 1 mmn) B*xy = (1 m, 2 mm)
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The reduction of the vertical aperture for B*y = 1 mm is due to the synchrotron
radiation in the final quads. K. Oide



Eftect of Radiation Fluctuation

FeE

E =175 GeV, B v — (1 m, 2 mm)

Radiation damping only

FCCee_t 82 _symls_by2 1a.sad: €y =1.26 nm, & /€, = 0.2%, O, = 0.141%, 0, = 2.9 mm,
ﬁx ={1m,2mm}, vy, ={387.0800, 387. 1400 -0. 0658} Crab Waist = 100/
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Radiation damping + fluctuation
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50 turns Damplng each element
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- (Right figure) 100 samples are taken to evaluate the dynamic aperture with radiation fluctuation.

. Within the lines: particles survive for 75% of the samples.

- Error bars correspond to the range of survival between 50% and 100% of the samples.

- It may reasonable that the 50% loss corresponds to the original aperture.

. The thickness between 50% and 100% survival can be attributed to the fractal structure of

unstable orbits or resonances in the phase space.



Effect of Radiation Fluctuation (2) e

E-— 175 GeV, Bx vy (WIB5 . L)
Radiation damping only Radiation damping + fluctuation
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- (Right figure) 100 samples are taken to evaluate the dynamic aperture with radiation
fluctuation.

- Within the lines: particles survive for 75% of the samples.
- Error bars correspond to the range of survival between 50% and 100% of the samples.

- The reduction of the 100% survival aperture is more significant than fx,y = (2 m, 2 mm).
However, it still maintains £2% momentum acceptance.



Beam-beam effect + Lattice (FCC-ee, D. Zhou) (GCEED,

2. Simulations: SAD: ttpar

» Luminosity for Bx =0.5m, By =1mm
e Lattice ver. FCCee_t 65 26
e Small gain from CW
e Small loss(order of a few percents) due to BB+LN
e Allow lower beam current to achieve the same lum.

Specific lum.
Design Lum. e Design Lum.  e—
BBWS w/0 CW W/ BS ==t | BBWS w/o CW w/ BS =t

BBWS w/ CW w/ BS  ==ttem i BBWS w/ CW w/ BS === |
SAD w/ CW w/ BS ==l SAD w/ CW w/ BS  ==iiie

Total lum.

(o)}

63
w

I

Specific Lum./IP [10%*cm™2s 'mA™?]
w
Lum./IP [103%cm™@s™]
N

N

—h
—
T

o
o

0.005 .. 0.01 D.015 0.02 0 0.005 .. 0.01 D.015 0.02

Ibunch(e )XIbunCh(e-) [mA ] 16 Ibunch(e )xlbunch(e-) [mA ]



The new layout for FCC-hh

A

L B
R R ]

: EXp. i
Inj. + EXp. Inj. + EXp.
+ The short straights B,L /FH came closer to the \ T /
IP A /G by about 550 m. 14 ke
+ The length of straights D and ] becomes shorter
by about 1.4 km each.

% The circumference: FCC-hh: 97.75 km = 11/3 of J I I B-coll  «— 28km — extraction ' l“ D
LHC. FCC-ee (this design): 97.747 km :

+ The average radius of curvature was nearly 1.4 km
unchanged. / \
+ The usage for each straight sections are changed l
as in the figure. RF e
= o
;\I/-’
B e

A. Langner



The new FCC-ee with the new layout
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The wiggling in Axhh in the arc of new geometry may be due to coarse data points in the new layout file.

The separation between e+e- rings was set to 32 cm for the new layout. It was 60 cm before.



Ax | 0y, Ap, | Opy

Dynamic Aperture @ 175 GeV

by — (1 m, 2 mm)
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FCCee _t_100_by2_nosol_18.sad: €, = 1.25 nm, /€, = 0.2%, O

={1m, 1.9 mm}, Vyy.z
gtu

=0.147%, O
={387.0782, 389. 1345 -0. 0659} Crab Waist = 100%
ms, Damping: each element, Touschek Lifetime: 10428 sec @ N = 1x1014
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+ The dynamic aperture at 175 GeV looks OK.

+ Solenoids have been temporarily removed.
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B*x,y = (0.5 m, 1 mm): in progress

FCCee_t_105_by1_nosol.sad: €, = 1.26 nm, /€y = 0.5%, O, = 0.147%, 0, = 2.9 mm,
Bx ={5m, 1 mm}, Vxy,z = {387.0881, 389. 1712 -0. 0659} Crab Walst 100%
50’ turns Damping: each element, Touschek Lifetime: 7.99E7 sec @ N = 1x1010
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+ Optimization for 45.6 GeV is to be done with smaller 3*x option (see next).



Synchrotron Radiation around 1P

bixy— (b5 m 1 mm)

FCCee t 105 by1 nosol.sad 175 GeV, 6.6 mA
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. . . Ohmi
Strong-strong beam-beam instability o

e The same 0,=10um, larger crossing angle for SuperKEKB.
e SuperKEKB ¢,=3.2nm, pB,=3.2cm FCCee-Z ¢,=0.2nm, 3, =50cm

e Change ¢,=2nm, 5, =5cm.  Coherent instability disappears!
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Let stryBXy 10 cm, 1mm)
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»  Divide QCI1 into three independent pieces. (suggested by D. Shatilov)

L(m) B @tt B"@Z L(m) B @tt

QCI1L1 12l -92.9 -102.4 QCIRI1 =l -92.9

QC1L2 0.9 -94.9 +44.1 QCI1R2 0.9 -99.9 076

QCIL3 155 -92.6 +11.4 QCIR3 13 -97.6 +29:0
QC2L1,2 pWwAs +62.6 +6.0 QGNP 1.25 7 1.6 -5.4
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Chromaticity

Pxy =(1m, 2 mm)@ tt
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IR Optics

Pxy =(1m, 2 mm) @ tt

Pxy =(10cm, 1 mm) @ Z
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# Only quadrupoles between dispersion suppressors are used to rematch (3

+ Solenoids are temporarily removed.



Dynamic Aperture

By =(1m, 2 mm)@ tt

FCCee_t_121_by2 nosol_10.sad: g, = 1.26 nm,
={1m,2mm}, vy, ={387.0900, 387.1

gy/ey = 0.5%, O, =0.141%, 0, = 2.6 mm,
800, -0.0689), Crab Waist = 100%

Px, :
50 Yurns, Damping: each element, Touschek Lifetime: 1.36E8 sec @ N = 1x1 010
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Pxy =(10cm, 1 mm)@Z

FCCee_z_121_by1_nosol_9.sad: €, =.09 nm, ¢,/ey = 0.5%, O, = 0.037%, O = 2.4 mm,

X
={.1'm, 1 mm}, vy, = { 387.0900, 389.1799, -0.0172}

, Crab Waist = 100%

Px , A
2656 turns, Damping: each element, Touschek Lifetime: 15281 sec @ N = 1x1010
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“  The momentum acceptance with .,* = (10 cm, 1 mm) @ Z has shrunk to
+1.6%, which is still allowable for beamstrahlung and injection @ Z.

* Further optimization should be done for the division of QC1.




Summary

The baseline optics for FCC-ee has been presented, satisfying
requirements on layout/luminosity /dynamic aperture / synchrotron
radiation.

Detailed matching to the new FCC-hh arc will be done when the FCC-
hh optics is ready.

The optics near the IP should be finalized considering synchrotron
radiation background, HOM trapping, design of quadrupole,
compensation solenoid, luminometer.

The mitigation for the strong-strong instability at Z needs further
investigation on the choice of parameters ($*x, emittances, etc.). This
will have a big impact on the optics near the IP.



