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Crab-waist collision

FIG. 1 (color). Crab-waist collision scheme. The color straight lines show directions of motion for particles with different horizontal
deviations from the central orbit. The arrows indicate the corresponding £ function variations along these trajectories.

" Sextupole :
;o NG £ o NyB;/ey - N [,6 : IP e (Antl)se;tu;ole
ﬁf ' Y .0 ' * (0.:9)2’ 1 X ly * Py I i
_ o, tan(e) o, 0 ¢ — - :
oy 2] 0.2 Aty = - A, = >
Aﬂx =7 A/"t =

FIG. 2 (color). Crab sextupole locations.
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Beamstrahlung Effect & 3D flip-flop

« Synchrotron radiation during beam-beam interaction
* High energy photon -> Momentum acceptance -> Lifetime

* Longer bunch length and Higher energy spread
« Beam blowup: 3D flip-flop
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Coherent Beam-Beam Instability

with a Large Crossing Angle

5e+34 T T 0.8 T
0.6
4e+34
0.4
7 > 02
7 3e+34 S
5 8
el 2e+34 . X -0.2
-0.4
1e+34 -
(0.54,0.61) -0.6
(0.56,0.61)
0 1 1 1 1 1 1 -0.8
0 200 400 600 800 100012001400 1000 1050 1100 1150 1200
turn turn
Fig. 5. Luminosity and (xz) evolutions given by a strong—strong simulation using BBSS code.

* Usual wake force gives correlation between bunch
head to tail. Head-tail instability is induced by
synchrotron motion

Ap(z) = — / W(z = 2" pa(2")d2'

* Cross wake field gives correlation of two colliding
beam by convolution of each dipole moment.
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FIG. 1. Tllustrative representation of the evaluation of the cross-
wake force.

* Cross wake force induced by the beam-beam
interaction is localized at IP.
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Why have we started with the longitudinal impedance
and transverse impedance?

1. In the collision scheme with Crab Waist and Large Piwinski Angle the luminosity
and tune shifts strongly depend on the bunch length
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2. For the future circular colliders with extreme beam parameters in collision
several new effects become important such as beamstrahlung, coherent X-Z
instability and 3D flip-flop. The longitudinal beam dynamics plays an essential role
for these effects

3. Considering transverse impeadance is very natural:
« Why not transverse impedance, since longitudinal impedance is included
« Transverse impedance change the coherent betatron tune
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 Linear Arc Map with SR radiation

* One turn map including general chromaticity

* Horizontal crossing angle: Lorentz boost map

* Bunch slice number is about 10 times Piwinski angle

* Slice-Slice collision: Synchro-beam mapping method (or PIC)
* Synchrotron radiation during collision

 Longitudinal wake potential is calculated in frequency domain before
IP each turn

* Transverse wake field kick may be applied once or many times each
turn



Machine Parameter (CDR version)
. fcrcz  JFCCeeZ

Beam Energy 455 GeV 45.6 GeV

Bunch Population 8el0 17e10

Arc Cell 90°/90° 60°/60°

B 0.2 m/ Imm 0.15 m/0.8 mm
€x/€y 0.18 nm/1.6 pm 0.27 nm/1.0 pm
vs/superperiod 0.014 0.0125

0, [SR/BS] 2.42 /8.5 mm 3.5/12.1 mm
gy [SR/BS] 3.80/8 x10~* 3.8/132 x10~*
¢x [BS] 0.004 0.004

$y [BS] 0.079 0.133

Piwinski Angle [SR/BS] 6.6 / 23 8.2/28.5



o, [x1073]

G, [mm]

1.32 =

1.31

1.3

1.29

1.28 &
1.27 3
1.26 §

1.25

1.24

12.8

12.7 {5

12.6

12.5 18

12.4 2%

12.3

12.2

134

12

11.9

D.Leshenok and et al. PHYS. REV. ACCEL. BEAMS 23, 101003 (2020)

Combined effect of beamstrahlung and longitudinal
Impedance in stable tune areas
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Semi-analytical calculations are in reasonable
agreement with numerical modeling
TABLEIV. The FCC-ee beam energy spread and length as well

as the synchrotron tune parameter due to the combined effect of
SR, BS, and PWD.

E [GeV] 45.6
CE 0.00126"
0.00132°
6. [mm] 1 2.2:
12.6
Vs/Us 0.964°

“Beam-beam simulation [21].
*Semianalytical model (SR + BS + PWD).

Longitudinal Impedance induces
* Longer bunch length
« Lower energy spread

« Lower incoherent synchrotron tune




N. Wang and et al., in Proccedings of MCBI2019 Workshop
Review of CDR parameters of CEPC-Z Considering Impedance
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Figure 13: Horizontal beam size blow up m collision
obtained by simulation with and without impedance.
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X-Z instability tune scan with and without
beam coupling impedance (CEPC)

By including the impedance stable areas become
narrower and are shifted

Without Impedance

After the horizontal beta function reduction

10 0.012
from 0.2 m down to 0.15 m o 0.01
A —— g 7 0.008
_0.014 W/ ZL, W/ BS —+— - = 6 0.006
= 5 ! x5 '
S 0.012 H . w/o ZL, W/ BS —"— _
3 ' W.5+3vg ()S+4\:S 05+5\)S : o 7 0.004
= 0.01 —*\ - : < 3
. ' 0.002
£ 0.008 2 -
£ .006 L % .0 @, u ca ‘b 4 0
g 0.004 E) ’C)
5 0.002 Qx W|th |mpedance
| , 10 0.012
0 9 —
0.54 0.55 0.56 0.57 0.58 0.59 8 || 001
QX S 7 —~ @ 0.008
o 6 —]
| . e 1 o.00
FIG. 3. The horizontal beam size growth rate versus horizontal o 18 5004
tune with and without longitudinal coupling impedance (ZL) 3 E 0002
Beamstrahlung (BS) effect is turned on. f 10 4

11



X-Z instability tune scan with and without

coupling impedance (FCC-ee, CDR) Only with RW
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Parameter Optimization | , «-
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ldea of using harmonic cavities

» Lower synchrotron tune

* Longer bunches reduce the horizontal
tune shift, which helps in suppressing

the X-Z instability.

» Longer bunches in collision result in a
smaller energy spread due to

beamstrahlung.

* Higher order X-Z resonances

» Landau damping due to higher
synchrotron frequency spread
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D. Shatilov, 133rd FCC-ee optics design meeting

Higher Momentum Compaction

« CEPC-Z: 90°/90° (CDR) to 60°/60°
« FCC-ee-Z CDR: 60°/60° FODO cell

* Switching from 60°/60° to 45°/45° arc cell lattice has been proposed
for FCC-ee Z. The lattice for 45°/45° does not exist yet™.

* To restore the luminosity of CDR, higher bunch population (28e10)

has been proposed.
FCCee
Arc €,y 0,0 L/IP &x
Cell 10-5 nm] pm] [mm] 10 103¢
5° 0.0163 4.5 11.5 18.2 0.004
1.48 0.27 1.0 0.0125 3.5 12 13 2.3 28.5 0.004

* This is info in 2021, not updated here. The parameters are also old ones estimated by D. Shatilov.  1°



doi:10.18429/JACOW-IPAC2021-MOXC01
Fur. Phys. J. Plus (2021) 136:1190

Bootstrapping Injection

* Good tune area
oy i .. _ » Higher synchrotron frequency is
* |Instability growth rate during injection better for the energy calibration
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Y. Zhang et al., FCC WEEK 2022

Effect of Chromaticity on X-Z instability
(FCCee)

4 [ T
u * Non-zero tune chromaticity bring
3.5 K — new resonance
- In the high order resonance region
3 I 7 (0.5+n*nus), some resonance may
2_ 2.5 fH{\; y be suppressed or weakened
E : \“
B 2 I R Future work :
1] ! « Analysis work considering linear
1.5 ! tune chromaticity
y I « Simulation work considering realistic
LK LR ‘ I .. :
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C. Lin, K. Ohmi and Y. Zhang, PRAB 25, 011001 (2022)

Analysis with PWD

« Azimuthal Mode Expansion x(4,0) = > x(Ne", pd0)= Y pi(J)e

I=—o0 |I=—o0

» Synchro-betatron motion in Arc (50} ) =< ( i b ) (50 ) =m( 1))

—Sin fix  COS Lix

° ACtIOﬂ Dlscretlzatlon we truncate / at +/,.x, and discretize J at Ji, /o, ..., JnJ. For example

( X| (J,') ) o e_27”'/,/s(_jl.)< COS [ix sin x ) ( Xi (J,') ) =M ( X| (J,‘) ) ny =40 , lhax = 8
pi(di) ) —Sinfix  COS fix pi(4) )~ 0\ pi(d)
* Momentum Kick due to localized Wake force(beam-beam)
_ 1 0
Ty = A ATy Wi (Ji, Ji )b (Ji) 2y (T
M (,Bme 1 ) | i D

= /817]\[lzl’z’a-/l’(']z )

* Stability analysis of My My Wi (Ji. Jy) ZZ HBTW, (2 (i, 6) = = (Jir, 670)) Db Ay
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C. Lin, K. Ohmi and Y. Zhang, PRAB 25, 011001 (2022)

Figen-Mode Analysis w/o and w/ ZL
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CEPC-Z, w/ ZT

* No stable working points
* There exist very strong blowup in both X/Y direction

10000 F
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10 |
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Stable tune area is large enough (w/ZT)
Simulation and analysis agrees qualitatively.

CEPC Only Zx(+ZL)

Courtesy of Chuntao Lin and Na Wang

Simulation Analysis, ZT kick applied at IP
10000 g “wlo 2T, wi 2L 0.025[ o mede ozt
N ] o mode :w/o'ZL, bb+ZT
X )"'E'J-\Z"‘f‘a ), W/ 7’,"\ > " J _ ;
1000 ¢ W/ Zx (ed kick), w/igL —%— 7 o 2 |
% ; ] £ 0.015|
4 100 F E £
X : : =
© ; : S 0.010} _
: | g 0.005f |
1] — — W 0.000 L e~ . :
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Qx Vx
Kick number of wake field affect the result In horizontal direction, considering ZX

* In horizontal direction, smooth distributed impedance ~ * the instability growth rate is faster,
nearly does not squeeze the stable tune area serious  ° unstable tune area increases
« Avery local impedance may squeeze the stable area. 21



CEPC Only Zx(+ZL) @ Qx=0.56

<X>/0y o

<y>/oy

100

50

-50

-100

1.5

0.5

-0.5

-1.5

100

T %

| | |
w/o ZT, w/ ZL +
w/iZx (1 Vick), w/ ZL X
w/ (64 Fick), w/ ZL

13 | | |
i%. whH ZT, w/ZL  +
wiZx (1 fick), w/ ZL ‘
- w/ £x (64 Hick), w/ ZL -
|
| §‘ | ] ]
0 2000 4000 6000 8000 10000
| | | |
« W/ ZT,w/ZL +
- whiZx (1 kick), w/ ZL -
w/ ix (64 kick), w/ ZL
‘ = anl e
" , e
*
n % _
| 1 1 |
0 2000 4000 6000 8000 10000

turns

2000 4000 6000 800010000

L~

| |
w/o ZT, w/ +

2000 4000 6000 8000 10000
turns

It has been simulated that w/o BS (but

2 keep same bunch length), the TMCI-like

instability would not appear.

_ 1. X-Z instability is first excited

2..Bunch length is shorter

3. X-TMCl-like instability is then
excited
4.Y 1s blowup due to stronger
beam-beam interaction
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* No stable working point (w/ZT)
* Simulation and analysis agrees qualitatively.

CEPC Only Zy(+ZL) Qx=0.567

Courtesy of Chuntao Lin and Na Wang

Simulation Analysis, ZT kick applied at IP
1000 ¢ 0.04 F—————s
[:=%— O mode, w/o ZL, bb
[ o mode, w/o ZL, bb+ZT
0.03}:
9
9 E
100 - £ 002 K
- s E
O :
© 0.01 -
10 11 | T T D N S
0.58 - - . - 0.590 0.595 0.600 0.605 0.610 0.615 0.620

Vy

» pure beam-beam is unstable due to ignorance of
» Kick number of wake field affect the result strong nonlinearity
* No stable tune area « enhancement of instability when considering ZY
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Behavior at unstable working point o mode

It has been simulated that w/o BS (but
keep same bunch length), the X-Z

CEPC Only Zy(+ZL) QX O 567 instability would not appear.
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C. Lin, N. Wang 4 10°

y (V/pC)

T-mode IS not sensitive to ZT
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Lum/IP [10%* cm™2s]

0y/0y,0

Qy’ ~10 could help suppress the strong TMCI-like instability induced by BB+ZT

Effect of Vertical Chromaticity (Lum & oay)

ZX+ZY+ZL, Qx=0.567
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Qy Difference > 0.01 could help suppress instability with Qy’ =5

Thanks: K.

Oide, K. Ohmi

Effect of different vertical tune (Qy+=0.610)
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Growth Rate

Some analysis results of mitigation method

Vertical Chromaticity
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Different Horizontal tune
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SKEKB Collision versus vy, -
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* There exist vertical instability when

we consider transverse wake.
It does not matter that the local
transverse is put at IP or DO6V1.
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Moment evolution - Ler: dipole+quad wake + ZL, HER: ZL
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Specific Lum. [1031lcm2s-1/mA?]

SKEKB: Effect of vertical tune chromaticity

It Is assumed same between LER/HER

* Qy’ could help suppress the instability
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Summary

* Interplay between longitudinal coupling impedance and beam-beam
interaction has a great influence on the behavior of X-Z instability in
both CEPC/FCCee

« Combined effect of beam-beam interaction and transverse
Impedance may induce strong head-tail instability in vertical direction

* In the presence of Beamstrahlung, X-Z instability may induce strong
TMCI instability in horizontal direction with conventional impedance.
TMCI instability in vertical direction could induce X-Z instability

* Finite chromaticity and asymmetric tunes help mitigate instability

* The interplay between beam-beam and other dynamics effect
must be considered in future high performance e+e- colliders



