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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.
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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
« Asymmetrical beam blowup: 3D flip-flop
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Why have we started with the longitudinal 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



Interplay between beam-beam interaction,
beamstrahlung and longitudinal impedance

X-Z Instability

1. Tune shift of stable tune areas due to the impedance related
synchrotron frequency reduction

2. Reduction of sizes of the stable tune areas

3. Smaller beam blowup presumably due to the synchrotron
frequency spread induced by the impedance

In Stable Areas

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

2. Smaller energy spread than that due to beamstrahlung alone

3. Eventual damping of the microwave instability due to longer
bunches and overall higher energy spread
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 Linear Arc Map with SR radiation

« Horizontal crossing angle: Lorentz boost map

* Bunch slice number is about 10 times Piwinski angle
» Slice-Slice collision: Synchro-beam mapping and PIC
« Synchrotron radiation during collision

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



Try to answer:
f the machine parameter Is reasonable

Limit of bunch population by beam-beam interaction:

Beamstrahlung lifetime (ttbar/Higgs)

It X-Z instability is suppressed (ttbar/Higgs/W/Z)

* If asymmetric bunch current collision is stable

* |f there exist large enough stable working point space



tthar

* Very strong SR damping (longitudinal damping time: 20 turns)
* Instability may be suppressed?

* Medium Piwinski Angle ~ 1, BEPCII/KEKB: 0.5, CEPC-Z> 20

* Beam-beam resonance could not be well suppressed by Crab-Waist
* Horizontal beam-beam parameter: 0.07, still very high

* |t I1s very different from H/W/Z



Luminosity and horizontal beam size versus Qx (ttbar,CW=0.5)
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* e+, w/ZL + Excited coherent modes are associated with s
L a ynchrotron

1.4 X * » e, w/ZL X satellites of half-integer resonance:
1.2 % )K)K 1 2v.-2mv_=n

1+ %)K - | Since the wavelength cannot be less than 2L, we get the

* condition: m<¢
0.8 X 3K % ¥ ¥ ¥ -
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3D flip-flop is suppressed considering longitudinal impedance
Dynamic effect squeeze horizontal beam size
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ttbar: Asymmetrical Collision

* Beam lifetime is increased due to longitudinal impedance
* ~10% asymmetry of bunch po
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* Large Piwinski Angle~6 (CW=0.8)
* Beamstrahlung Lifetime
I—I | g gS e X-Z instability
* Design Lum=5e34 )
* Stable width of Qx~0.004 considering ZL

Beam lifetime is increased due to longitudinal impedance
* 10% asymmetry of bunch population could be accepted.
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* Piwinski angle is similar to that of Higgs(CW=0.8)
* Beamstrahlung lifetime Is not an issue
* X-Z instabllity

Design Lum=16e34
The optimized nux is near 0.57 w/ and w/o longitudinal impedance.
Stable tune width ~ 0.007 considering ZL

Beam lifetime is increased due to longitudinal impedance
10% asymmetry of bunch population could be accepted.
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Lum/IP [1034 cm2s1]
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With FCCee Parameters

Evolutlon of Parameters durlng Injectlon

0.16 ; — 0.0045
0.14 _éy _ QYeﬁg_ WWV;VM 0.004
0.12 | Ny fo e . 0.0035
e 0T I ] _ 0.003
= 0.08 N . W
W 7 0.0025
0.06 F g~ w/o ZL —+— ]
0.04 + / w/ RW —>¢— 0.002 | W/ RW —5¢— -
0.02 L& w/ full ZL | 0.0015 F+ w/ full ZL _
' w/ full ZL,fodo45 w/ full ZL,fodo45
0 | | | | | | | | 0001 ] ] ] ] | | | |
0O 2 4 6 8 10 12 14 16 18 0O 2 4 6 8 10 12 14 16 18
Bunch Population [*1el0] Bunch Population [*1el0]
13 | | T T T T T Yz ig I
12 | w B
11 | b 12 |
J":‘_F
4 ‘4"':‘!‘ 11 -
10 s - — i
E 9 B ‘-;‘us,l n @ 9 |
E 8 < i £ st
S >4 W/o ZL —— | s Tt _ Wjo ZL —+—
6r A w/ RW —¢— | 6 - Gk w/ RW —¢— -
S A w/ full ZL i 51 ufn w/ full ZL .
4% w/full ZLfodod5 —i— T 4 [#F7T  w/ful ZLfodods 1
3
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

. 16
Bunch Population [*1e10] Bunch Population [*1e10]



X-Z instability tune scan with and without By including the impedance stable areas become

beam coupling impedance (CEPC CDR) narrower and are shifted in frequency
After the horizontal beta function reduction 10 Without impedancg .,
from 0.2 m down to 0.15 m : 0.01
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Potential well distortion with Longitudinal
mpedance
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Figure: Longitudinal beam dynmics with longitudinal impedance
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Analysis without PWD o= S [

* Azimuthal and Radial Mode Expansion: .

JH72101D 4yt
(1] + k)! (e

px(J, i t) = D pu(t)
I,k
* Synchrotron-betatron motion of dipole moment vector (xj, k) 1N Arc

. COSHU, SInpu, For example,
My = =758y ( :

: k = 80, lyhax = 8
—sIin )H'X cOS /"{'); max » VInax

* Momentum Kick due to localized Wake force(beam-beam)

| 0 8. e [
My = oM ) Apy(t) = _QZM ke Xy (1), Miewe =+5 / doZ(o) gy (o) gy (),
—<Myey 1 T S |
- _ where  gul(®) = STl : — (g) | {2](@—(*’2”2/2(‘2.
* Stability analysis of MMy, V2RI([1]+ BT AV2e
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Analysis with PWD

* Azimuthal Mode Expansion x(4,¢) = > x(Ne", pd.)= Y pi(J)e"?

|=—o00 |=—o00

+ Synchro-betatron motion in Arc () )= ( Gl Zh ) (29 ) =m(20))

e Action Discretization we truncate / at £/n.x, and discretize J at i, b, ..., Jp,. For example

xi(4i) \ o 2milvs(4) COS [Lx  SIN lix xi(Ji) ) _ v [ (Ji) ny =40, lhax = 8
pr(d) ) —sin i, oS fu pr(d) )~ 0\ pi(d)

* Momentum Kick due to localized Wake force(beam—beam)
1 0
Avx, — A /_\.JZ!H/ ’ .] .]11 ) JQ:’ iy J@‘r
e (.&EMW 1) | P9 =gy DS AW B )0 0
= B Myyriray (Jir).

* Stability analysis of My My, Wi (. Jy) ZZ WO W (2 (Jis ) = 2 (Jir, 01)) Db Ay
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Crosscheck between two analysis methods
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Growth rate

C. Lin, K. Ohmi and Y. Zhang, Submitted to PRAB v,,=0.546, CEPC CDR

Figen-Mode Analysis w/o and w/ ZL
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Tune Scan w/ ZL
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* Gap between neighboring peaks reduces from 0.014 to ~0.011
* New resonance structures appear
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Effects of Incoherent Synchrotron Tune Shift

0.025F " wiozL o mode 0.025} + wio2L mmade o
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* Phase space distortion Is not included w/ ZL
* Only Incoherent vg IS considered
* |Instability peak Is shifted and gap between peaks Is squeezed
* NO resonance structure between peaks
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Effects of Phase Space Distortion
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* Phase space distortion Is considered w/ ZL
* Synchrotron tune vs Is kept constant (0.014)
* gap between peaks Is unchanged

* new unstable tune appear
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Re x,(J)

C. Lin, K. Ohmi and Y. Zhang, Submitted to PRAB

Figen Vector Analysis w/o and w/ ZL
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Re x,(J)

N = Ny, v,=0.546, CEPC CDR
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summary

* Beamstrahlung lifetime is increased by ZL, while X-Z instability is
enhanced

* The X-Z instability i1s well suppressed at W/Z for newest machine
parameters.

* The stable working point space for CEPC-Higgs Is about
Qx~0.004 when considering ZL.

* 10% asymmetry of bunch population could be accepted for
ttbar/Higgs/W. But only 5% asymmtry for Z.

* New analysis method has been developed to understand the
combined effect (BB+ZL)



