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® [ntroduction and motivation

® Monochromatization Principle

¢ FCC-ee Monochromatization IR Optics Design

® Performance Check of FCC-ee MonochroM Optics

® Summary and outlook
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Introduction: Physics Requirements
® FCC-ee modes:

® The FCC-ee standard modes: |
* Four different energy operation modes:

Z,W*, Zh and tt

® The optional fifth mode: s-channel Higgs production .y
mode P S S

® The measurement of the electron Yukawa coupling, in
dedicated runs at 125 GeV with center-of-mass (CM) energy P
spread (5-10 MeV). But the natural collision energy spread, A
due to the synchrotron radiation, is about 50 MeV.

N
o “lechnical site Betatron &
PF momentum
collimation

® Requirements:

® Reduce the CM energy spread from 50 MeV to 5 MeV, which is comparable to
the resonant width of the standard model Higgs Boson itself (4.2 MeV)
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Standard Monochromatization
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In the previous case for low-energy e*e- colliders, the relative energy spread is mainly given by SR in the colliders
arcs (o5=0;g)- Alternatively in high-energy e*e-, we have to take into account also the SR created by the strong
opposing EM field during collision or “beamstrahlung”(BS) (Ny < 1/ 6, (6", + G*y), with ¢, the bunch length).

Standard BS |D*, =0 Monochromatization BS | D*..=-D*.= D%
| D*y, = - D¥,=D¥,
1 1 g2 Energy spread . » B Coupled system to be
_ 2 4 8,SR o =0 + solved numerically
8,tot . 2 95,5R 4 96,SR 02cp D5" 05 ot

275 nptg 1, Ny y? npty  TONEY?
= 3 B = 50 e

\ Trev (acC/(2mQs))?

3 *
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Ex tot ~ €x,SR
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Horizontal emittance Extot ¥ Ex SRt 757 =
“ DXﬂxO-S,tOt
a.C

a.C
Oztot — 5_A O6tot
z 2mQs

Oztot = 50 T8 tot Bunch length
S

BS with monochromatization at high-energy, avoids the
blow up of the relative beam energy spread, which is

significant in standard mode with D, "=0.

BS at high-energy with D, *=0, has more impact

on energy spread in standard mode than in
monochromatization mode.

ion for direct Higgs production in fu
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Monochrom Implementation in FCC-ee GHC IR

Despite the simplicity of the monochromatization concept, the creation and the control of the necessary
H/V dispersion function of opposite signs at the IP could be rather difficult to implement.

+
/ ¢ mm)
LCCS Iny-plane ((S y pl

Monochromatization factor +Crab sextupoie IR GHC: Local

oo |{|-|M | 1-! | QW'I Chromaticity
A= 1+065R 0;; — 0 : 7 / . .

o Correction Section
(LCCS) with Crab

™ 2000 M \% } L’/ Sextupoles (CS) in the
e Y =. &x_ vertical to produce a crab

waist collision

800 600 R —400 200 0 200 400

» D', # 0 generation at the IP » D', # 0 generation at the IP

In FCC-ee IR region, the large crossing angle of 30 Because o'yy <<< o'y, about 100 times smaller D',
mrad in the H-plane and the local chromaticity (~mm) is needed to get the same monochromatization

correction system (LCCS) are achieved using H- factor. Therefore, D’y # 0 could be generated by
dipoles at both sides of the IP, creating some H- implementing skew quadrupoles around IP. These
dispersion D*, (D, # 0 in the LCCS and D, = 0 close to quadrupoles could be located where the chromatic
the IP for high-luminosity). D',# 0 can be generated sextupole (CS) pairs are located in the LCC system.

(~10 cm) by intentionally mismatching D, in the LCCS.
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FCCee H Monochromatization optic design

® Comparison between Standard Survey and Horizontal Monochromatization Survey

* Standard Survey Plot
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e By
Standard Standard 625 Monochrom h 4ip | Monochrom v opt| Monochrom v

irn n Phyminyem

Beam Energy E 45.6 62.5 62.5
ircumference 90658.816 90658.816 90658.816
nergy Loss/turn 39.4 138.1791153 138.1791153

SR power loss 50.0 50.0 50.0

Beam current 1270 360 360

Bunches/beam ny, 15880 12000 12000

[Bunch population N, 1.51 0.56 0.56
orizontal emittance (SR/BS) &, 0.71/0.71 1.317/1.317 1.31/1.31

Vertical emittance (SR/BS) &, 14/1.4 2.64/2.64 4/533.9
Tomentum compaction a, 28.6 28.0 27.9

By 110/0.7 110/0.7 110/0.7

D, 0/0 0/0 0/0.001

Energy Spread (SR/BS) o5 0.039 /0.089 0.0537/0.074 0.0537/0.0689
TonochroM Factor (SR/BS) 4 1/1 1/1 10.23/1.5
M energy spread (SR/BS) oy, 25.3/57.4 47.47 / 65 4/40

Bunch length (SR/BS) o, 5.6/13 5.4/7.25 54/6.8

Sychrotron tune Q 0.0288 0.041069085 0.041069085

1158 452 452

ongitudinal damping time

uminosity (SR/BS) 10**em? 57! 360/140

28.9/18 23/09
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Performance Check of FCC-ee MonochroM Optics

Luminosity and CM Energy Spread Calculations in Guinea-pig (with BS)

FCC-ee Monochromatization Optics based on Z mode lattice

Parameters Standard MonochroM MonochroM
ZES V23 ZH V23 ZV V23

RMS CM energy spread g, (with crab cavity) [MeV] 64.90 27.17 29.90

Luminosity per IP (with crab cavity) [1034cm2s1] 18 9 1.35

FCC-ee Monochromatization Optics based on ttbar mode lattice

Parameters Standard MonochroM MonochroM
TES V22 TH V22 TV V22

RMS CM energy spread o,, (with crab cavity) [MeV] 67.25 29.59 15.85

Luminosity per IP (with crab cavity) [1034cm2s!] 57.9 12.01 1.57
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Summary and Outlook

v Parametric analysis for monochrome optimization (future optimization using ML)
v Design optics update of the monochromatization IR optics in the whole ring GHC lattice (future LCC lattice)

v Dynamic aperture and beam-beam studies in the case of the monochrom scheme with Xsuite tracking (brute
force)

Scanned beam-beam studies with the Circulant Matrix Model (semi-analytical)

» Exploration of possible experimental implementation on SuperKEKB, BEPC, and BEPCII
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Thanks for you attention!
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Back-up
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w: The FCC-ee GHC Standard Lattice & Performances () &

(Global Hybrid Correction)
4 operation modes: Z, WW, ZH, ttbar

FCC-ee GHC Performance Table for V22

'i_'lﬁ?b

Machine tunnel 5.5 m in diameter Beam energy [GeV] 45.6 | 80 | 120 | 182.5
e S Booster ring Layout PA31-3.0
e - A ; # of IPs 4
- N [ Circumference [km] 90.658816
Transport Bend. radius of arc dipole [km] 9.936
Energy loss / turn [GeV] 0.0394 | 0.374 | 1.89 | 10.42
SR power / beam [MW] 50
Collder g Beam current [mA] 1270 137 26.7 4.9
Cryomodule 800 MHz Colliding bunches / beam 15880 1780 440 60
Colliding bunch population [104] 1.51 1.45 1.15 1.55
Hor. emittance at collision &, [nm)] 0.71 2.17 0.71 1.59
Ver. emittance at collision g, [pm] 1.4 2.2 1.4 1.6
Lattice ver. emittance ey lastice [pm] 0.75 1.25 0.85 0.9
e Arc cell Long 90/90 90/90
into booster Momentum compaction ap, [1079] 28.6 7.4
' Arc sext families 75 146
ey [mm] 110 / 0.7 220 / 1 240 / 1 1000 / 1.6
Transverse tunes @y, 218.158 / 222.200 | 218.186 / 222.220 | 398.192 / 398.358 | 398.148 / 398.182
Chromaticities @, /, 0/+5 0/+2 0/0 0/0
: Energy spread (SR/BS) o5 % 0.039 / 0.089 0.070 / 0.109 0.104 / 0.143 0.160 / 0.192
Long week dipoles Bunch length (éR/{SS))az [I[nn]]] 5.60 ; 12.7 3.47 ; 5.41 3.40 ; 470 1.81 / 2.17
\ ‘ and antisymmetric RF voltage 400/800 MHz [GV] 0.079 /0 1.00 /0 2.08 /0 2.1/938
——————————————— . . Harm. number for 400 MHz 121200
IR to avoid SR RF freqeuncy (400 MHz) MHz 400.786684
Synchrotron tune @, 0.0288 0.081 0.032 0.091
Long. damping time [turns] 1158 219 64 18.3
s RF acceptance (%) 1.05 115 1.8 2.9
L85 =2160m //i;Fm.mn. ;e::'t;:::n i (S Y gnergy a.ccx?ptancel(D.i&)IP » : [%]d] +1.0 +1.0 s +1.6 -2.8/+2.5
o eam crossing angle a . mra
celimater J N Piwinski angle (6,0, ps)/0 21.7 3.7 5.4 0.82
_ O 5 e A Crab waist ratio (%] 70 55 50 40
£ o 2 Beam-beam ¢, /£, 0.0023 / 0.096 0.013 / 0.128 0.010 / 0.088 0.073 / 0.134
v N N s : Lifetime (q + BS + lattice) [sec] 15000 4000 6000 6000
angle (0 :30 mrad) at IP *r ) L IP / B Lifetime (lum)b [sec] 1340 970 840 730
. 3 Luminosity / IP [1034/cm?s) 140 20 5.0 1.25
Luminosity / IP (CDR, 2 IP) [10%4/cm?s) 230 28 8.5 1.8




FUTURE

Yea@.» H-Monochrom Implementation in FCC-ee GHC IR (1) O &

R .;“? Standard IR Cprcs P e LOC H-dipole slicing and chicane implementation
_ _ v s B B2 P Inserted quadrupoles
Step 1: All LCCS H-dipoles (blue) are cut into three £ b
pieces and quadrupoles (red) are inserted between 2ol N[ e
them for matching flexibility. Additional chicanes are - ‘ 1“; "“‘. w" ;'| " Standard © -
implemented in each upstream and downstream A1 Ik e
LCCS H-dipole to create the dispersion at the IP while SIS Va B VRN oy e —
keeping the orbit. — Chicane ‘.A
. Angle Sl 2 3
Step 2: To mitigate the horizontal emittance blowup, e 2 o
two long chicanes are implemented to each upstream ot
and downstream. And each angle of chicane is equally T Angte s
distributed to all the three pieces of each LCCS H- e
dipole. B . S S
= WL LT W

Step 3: The IP beam parameters are matched to . 3; MongchroM IR Optics P 05 & pr=90mm
FCC-ee Monochrom self-consistent parameters® s o 00 = Sy T
while keeping the beam parameters at the entrance = 0000 o0 D*=0.105m
and exit of the IR similar to those of standard mode, o 02 [
including phase advances between sextupoles and 5000, - 03
rap_s:extupoles. | -

aldivia Garcia, F. Zimmermann, The challenge of ";';

ion: e+te- — H, Eur. Phys. J. Plus
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Step 4: Compatibility orbit checking for the standard mode with D, = 0. = 0. “"’é“‘”“ﬁ‘*’"“n o
T 9.4 ' L 09 g
5 T 8. - 0.8
® 7. 07
= 6. - 06
D E 5 L 0.5
=
4 | -
£ e’ . 3 | _'\ | - 0.3
< = — Mamachrot o 2 || / HERY
3l VN
-10 1 0050 27, “eio” " tos0 13507
5 (m}
-8on =750 -600 =450 =300 | =150 o 150 300 450 ms mmD*x:ﬂD*y: g
Tlm
1 e+
o | — I
Step 5: IR Monochrom is implemented in the four IPs and global 5 8o M"'g?C’i"’“Elf@""“g?’“’- T 100 &
matChlng < 7000. - ] ’ x r0.72 o]
& L 0.44
« LCCS chromaticity correction < 60001 ‘ 016
* Global arc chromaticity correction 50009 L 012
* Tune correction w000, L 040
+ Emittance checks and SR-RF strategy compensation 3000. - [ -0.68
* Preliminary Tracking and DA calculations 2000, ] [ -0.96
1000. -

[*10**( 3)]
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Step 1: Therefore D’y#0 could be generated by [
implementing skew quadrupoles around IP. These | | S | |
. Crab Sextupoles (SY2)  Sextupoles (SY1) Sextupoles (SY1) Crab Sextupoles (SY2)
quadrupoles could be located where the CS pairs are
located in the LCC system. l l l \
TP A
- 10. HFD Standard IR Optics 08 : .
;— gl & B B o7 Q ‘
T 8. , |
It } 0.6 . o
g B Ll s Inspired in Local
< 6. - biel R . .
= 4] AN (L Tos Correction (LCC) IR - 10, MonochroM IR 06
il e 0L Loz optics solenoid ? o | B B s =
j \[\ Loz compensation scheme s 5 ] 04 3
id /o PN i 21 [ Q
00 ~ 400.  800. 1200. 1600. 2000 g 1 f 0.3
Ao [==% 6. [ |||
. . 7 | | 02
Step 2: IR Monochrom is implemented in the four IPs < 1 H ||' '| L os
and global matching: : il | vy
» LCCS chromaticity correction 5 | | lI |' --0.1
«  Global arc chromaticity correction ] |' 02 WEPR21 i
« Tune correction 0.0 Mo NN/ N 0.3 »

540, s8I0, T 1080, 1350,

. Emlttance checks and SR-RF strategy compensation . (o)

cking and DA calculatlons
- mm %= 0.8 mm D*= 0 D*=1mm



FUTURE

Yex @2  HV-Monochrom Implementation in FCC-ee GHC IR (gl

Lnbmapetrs oo Pyt eroraton Bty

Step 1: All LCCS H-dipoles (blue) are cut into three pieces and
quadrupoles (red) are inserted between them for matching
flexibility. Additional chicanes are implemented in each
upstream and downstream LCCS H-dipole to create the
dispersion at the IP while keeping the orbit.

Step 2: To mitigate the horizontal emittance blowup, two long
chicanes are implemented to each upstream and downstream.
And each angle of chicane is equally distributed to all the three
pieces of each LCCS H-dipole.

Step 3: The IP beam parameters are matched to FCC-ee M-:; Wﬂ s 8000. MO"?ChrOM IR. . ] . ] 0 8

& P dbmn

Monochrom self-consistent parameters* while keeping the e B I f o5 5 gy tmm - -
beal eters at the entra d exit of the IR similar to H | : 02 _
B e 2 M e g s S A= 90 mm
and crab oo | | i Y s —
o]k ' .
D* == petissapbda el e ek s et o h‘ \ 'HJ /"\’“\.‘\ m{“ ‘,'Z é_:- 7000. [\ i Cz.: ﬁ = 1 mm
X Sy i : = .' =~ y
WAL g | . 0 2 S
~ | \ : ~
@ 6000. .' S D*=0.105m
— x .

f T —
5000. — D*=0.001 m

0.2
L 0.5
0.8
|10
12

4000.

il

darg e
e

3000.

—con —T=0 —B00 —450 =T -130 [ 150 300 430 2000
ZImi -

—
= IO 1000. 1.5
w o -1.
Step 1: Therefore D°y#0 could be generated by implementing Crab Sexmopotes (SY2)  Sextupoles (SV1) Sexmpcies (SY1)  Coab Sextapeles (SV3)
skew quadrupoles around IP. These quadrupoles could to be l B
located where the CS pairs are located in the LCC system. 0 0 8
T

- EE Y00 270 540, 8i0. | 1080,  1350.
s (m)

Do, D ()

Step 2: IR Monochrom is implemented in the four IPs and global
matching:

Bim, B (10 5]

LCCS chromaticity cot
Global arc d\mlnahuty ‘correction

+  Preliminary Tracking and DA calculations

0.8 mm D=~ 0D*=1mm
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