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1. Introduction of EicC accelerators ﬂ%ﬁ? <A E

Electron-lon Collider in China

pRing

» Collisions of electrons with a large range of light to heavy
lon beams in the medium energy region.

» Center-of-mass energy is between 12~23 GeV at specific
points for electron-proton collisions.

eRing > With e@3.5 GeV and p@19.08 GeV (CM energy 16.67 GeV),

peak luminosity is (2~4)x103% cm-2s,

Polarized ® High luminosity, high polarization

e Source

eLinac ® Quasi-full acceptance for reaction
product detections
Polarized . . .
o
HIAF & T T Rapid cycling operation mode and
- - swap-out injection

Layout of EicC accelerator complex CeE W More details in Jie Liu’s talk. 3/24



1. Introduction of EicC accelerators

Old parameters

S HIAF

V\J

/

New parameters

Parameter electron proton
Circumference(m) 1341.59 T67.47
Kinetic energy(GeV) 3.5 19.08
Momentum(GeV/c) 3.5 20
Total energy(GeV) 3.5 20.02
CM energy(GeV) 16.76

feollision (MHz) 100
Polarization 80% 70%
Bp(T - m) 11.7 67.2
Bunch intensity(x10'!) 1.70 1.25
Ex, €y (nm - rad, rms) 60/60 300/180
Bx /By (cm) 20/6 4/2
RMS divergence(mrad) 0.55/1 2m0
Bunch length(cm, rms) 2 _4
Beam-beam parameter & /& 0.088/0.048 0.004/0.004
Laslett tune shift Av, /Avy - 0.06/0.09
Average current(A) 2.72 2.00
Crossing angle(mrad) 50

Hourglass

Peak luminosity (cm 257 1)

2.00 x 10%3

Parameter electron proton
Circumference(m) 1151.20 1149.07
Kinetic energy(GeV) 3.5 19.08
Momentum(GeV/c) 3.5 20
Total energy(GeV) 3.5 20.02
CM energy(GeV) 16.76

feollision (MHz) 100
Polarization 80% T70%
Bp(T - m) 11.7 67.2
Bunch intensity(x10'!) 1.70 1.05
Ex, €y (nm - rad, rms) 50/15 100/50
Bx /By (cm) 10/4 5/1.2
RMS divergence(mrad) 0.71/0.61 1.4?0
Bunch length(cm, rms) 0.75 8

Beam-beam parameter &, /&,
Laslett tune shift Avy/Awvy
Average current(A)
Crossing angle(mrad)
Hourglass

Peak luminosity (cm2s~1)

0.102/0.118 0.0144/0.01
- 0.066/0.105
2.7 1.68
50

4.25 x 10?3

Both designs adopt asymmetric beam parameters and feature very strong hourglass effects.
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1. Hourglass effect in EicC

<P
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» Geometric effect: Hourglass effect will lead to beam sizes growth, lower beam density and
therefore cause peak luminosity reduction.

» Dynamic effect: Beam size mismatch will induce a very strong modulation of proton beam-
beam parameters, interplay with transverse wakefield? Most protons will see the nonlinear
part of electron beam-beam forces, excite resonances?

Hourglass factor

0.8

0.7

0.6

0.5

0.4

0.3

g

Beam-beam parameter

0.16

0.12

0.08

0.04

0.00

Intra-bunch motion is
strongly modulated

—— proton
— electron

1 " 1 L 1 " 1

-2 -1 0 1 2

Longitudinal position (c,)

E, (arbitrary unit)

1.0

0.0 |

Electron field

| @ Proton distribution

1

Collision at 10,
" 1 "

0.0 0.5 1.0
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2. Simulation model
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2. GOAT code and numerical model

&N

- <HIAE, ()

J?

cmz> <HIA
N —

» Developed for interplays of multiple high-intensity single-bunch beam dynamics, including
beam-beam, impedance, electron-cloud, and space charge.

» Upgrade to GPU version for better performance, extension to cover multi-bunch dynamics
are in progress.

oo

Freq. analysis
Distribution

Post-
processing

oo

Statistics
Phase space

*‘ Monitor \

‘ Element ||

oo

Generator

‘Uniform length’ and
‘Uniform density’ slicing
method

Dynamical management
of particles

—‘ Beam \

Wakefield is lumped at the IP and
kicks are applied to the particles
once per turn

Arbitrary impedance model

o

earized EC force
Beam tracking
using PIC method

) O 6D linear optics
Transfer O Chroma., nonlinear \/
\ J Elem., feedback
) O Linear tracking
RF O Time-dependent rf
\ manipulation
) O Longi. Mono. wake v
]mpedance O Trans. dipolar and
quadrupolar wake
) O Head-on frame v
- Beam-Beam O Lorentz boost, local
) crab crossing
)
O IGF and FD based
SpaceCharge Poisson solver
— O Elem. by elem. SC
) O Build-up process
E-Cloud O Beam tracking
\ ) based on the lin- v

Only strong-strong model, slice-
by-slice collisions for hourglass
effect, integrated Green function
and linear interpolation methods
for beam-beam potential

Particles are transferred from IP

to IP using 6D linear matrix
7124



2. GOAT code and numerical model

> Benchmarks

2.0

1.0

g 0.0
=
< .o
2.0
-3.0
R, (MQ/m)
T T ) T T T
o016 - ® PyHEADTAIL| i
' | 4 GOAT |
~0012 } f' 1
‘= -
5 )
N 3
E: 0.008 | :
< ¢
2 .
© 0.004 ¢
¢
A
0000 00000000000000000000000000006

0 2 4 6
R, (MCY/m)

(Q-QY/Q

1.0

0.0

PYyHEADTAIL

R, (MQ/m)

Benchmarks with the
PyHEADTAIL using a
broadband resonator
Impedance model

Spectra and growth
rates are the same

Ell(l

8
electron electron
proton E: 4 proton
E
0
1 GOAT
-8
0 2 4 6 8 10 12 0 2 4 6 8 10 1
Turns I
electron 24 electron
proton £ proton
<21
218
515
. A . 12 .
0 2 4 6 g8 10 12 0 2 4 6 g8 10 12
Tumns Turns

x][)'u
j" 235 cna, I
5 JOAT, Hea
> 230
£ 225
3 220
0 10 1 0
Turns (x10%)

Benchmarks with BBSS
(copy from other slides)
and AthenaGPU codes
for beam-beam effect

Luminosities and beam
motions are the same
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3. Head-tall instability of asymmetric colliding beams

Numerical observations
Key parameter scans and instability mechanism
Mitigation methods
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Vertical centroid (um)

Horizontal centroid (um)

Instability observation i HIAF

30

Beam-beam + Wakefield

Beam-beam
Wakefield

Vertical unstable

5000

10000 15000 20000

Turn

T 4 T

Beam-beam + Wakefield
- Beam-beam
Wakefield

11 .

| B 4

Horizontal stable

5000

10000 15000 20000

Turn

<yz>/(c,G,)

0.10

0.05

0.00

-0.05

-0.10

1.0 T T T T T T T
0.5 F
[}
]
2
E
< 00 F
[
N
=
()
-
-0.5
Head-tail instability
" 1 M 1 " 1 " _100 " 1 " 1 i 1 M 1 " 1 " 1 M 1 1
0 5000 10000 15000 20000 -4 -3 -2 -1 0 1 2 3 4
Turn z(o,)

Old designs, beam-beam for e+p and wakefield only for p

With beam-beam interactions or transverse wakefields (below
TMCI threshold) alone, the beam keeps stable, but a head-tail
type instability is stimulated by their interplay.

Under similar conditions (the same § and AQ..,)- The instability
occurs only in the vertical plane, but not seen in the horizontal

plane (even a damping effect).
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(v-v,)/v,

(v-v)/vg

ransverse wakefield scan

W, (x10" vC'm™)

Horizontal

(v-v, ) AA

(v-vy)/vS

2

4 6
W, (x10" VC'm™)

Vertical

107
T

12 -[—e—W,, w/o BB
W, w/BB

I Still TMCI
threshold ~ 95% w/o BB

4
qg'ln

6 -
4 :5' J
2+ 0.0p

20 25 3.0 35 4.0 45

Growth rate (turn™)

Growth rate (turn™)

107
T

T
I (—=— W),. w/o BB

Wy, w/ BB

Head-tail instability
far below TMCI

0.0 —

W, (x10"8 vC'm™)

W, (x10"¥ vC'm™)

» Constant wakefield is used to exclude the effect
of bunch length on TMCI threshold (< W, ,xB, )
same AQ,,, when W, =2W,.

» With beam-beam, longitudinal sidebands become
more spread. The widening is more evident in the

vertical direction.

» Beam-beam is responsible for the difference in
the horizontal and vertical directions.
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(V-v /v,
(V-v /v,

The -1 sideband grows much faster than
the coherent mode, very different from
the case for symmetric colliding beams

Mode
frequency shift

W, =-2.50E18 V/(Cm)

W, =-3.75E18 V/(Cm)

Coherent mode 0.56348 &, 0.56537 &,
W,=-2.50E18 V/(Cm) W,=-3.75E18 V/(Cm)
55% threshold 83% threshold
05 1.0 1.5 20 2.5 3.0 35 40 45 50 55 & 0.5 1.0 1.5 2.0 25 3.0 35 40 45 50 55 _1 Sldeband 152035 §X 149056 §X
/8, €8x,

> Beam is stable at small wakefield, and
gets unstable at higher wakefield.

» With large wakefield, beam instabilities
appear only in the first 2000 turns and
then they are self-damped.

» Need further understandings.

Horizontal centroid (um)

# L 1 . 1
0 5000 10000 15000 20000

T
W, =-3.75x10" vC'm™!
Fitting curve

Turn

x10*
T

30 |

20 F

Growth rate (turn™)
=

Damping?

— W, =-3.75x10" VC'm"
W, =-2.50x10" vC'm™

I 1 L 1 L L | L 1 ! L
05 1.0 1.5 20 25 30 35 40 45 50 55

&%, 12/24



3. Vertical beam-beam parameter scan %,/j; HIAFE> E

The vertical -1 sideband moves 4 times
faster than the coherent mode, and the
beam stabilities are different

(v-vy)/vS
<

Mode

frequency shift | "Wo="5-00E18 V/(Cm) | W, =-7.50E18 V/(Cm)

2 2 Coherent mode 0.60242 §, 0.61566 §,
W,=-5.00E18 V/(Cm) W,=-7.50E18 V/(Cm)
. 5I5%l>thlreslhol|d : .. 83% thlres.holld . _
0.5 1.0 1.5 20 25 3.0 35 40 45 50 5.5 B 7T05 10 15 20 25 30 35 40 45 50 55 -1 sideband 2.33555¢%, 2.46351§,
ay/éy” a)'/g)'o
100 : . x10% —_—
» The -1 sideband interacts with coherent Vo = 7306107 VCr wr W, = 75310 VC I ]

Fiiting curve (1000 turns)

"W, =-5.0x10" VC'm’!

Fitting curve (5000 turns)

mode much earlier, and therefore result . .
in head-tail instabilities far below TMCI -%‘ E
threshold. : : é
» Instability occurs without threshold and 8L :
weakens as the overlaps of -1 sideband s N N ]
and coherent mode become larger. e o YR LR

Tum £ 8, 13/24



3. Tracking vs circulant matrix model i HIAE> [

x10™

20 L[®— CMM Successwe coupllng

| Tracking and decoupling
10 -
L : \‘

20 F

Growth rate (turn™)
(e

0.0 0.5 1.0 1:5 2.0 25 3.0

Mode frequenc . . » Predictions of the beam spectra and the instability
. . Y| sSimulation CMM o

shift growth rates are qualitatively the same for the two

methods.

Coherent mode 0.60242 g, 0.59746 §,

» The analytical approach confirms the existence of
such a head-tail type instability.

-1 sideband 2.33555 §, 2.32447 §,
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3. Instability mechanism

F\ | £l
> <HIA
W -

J?

» For flat asymmetric colliding beams, these four B* grow at different rates due to hourglass effect, and

beam sizes are no longer matched at CP (NOT IP). This results in a significant growth and modulation

of proton beam-beam parameters.

Beam-beam parameter &/¢,

2
Z
—_ * o~
B@) =B+ ) Sulzl=]
1.4 - = = = Electron horizontal T
Electron vertical
1.2 Proton horizontal Al
Proton vertical
1.0 | .
‘Z’ 0.8 | i
.2

5§ Proton /
é 0.6 \ /
s | grows faster /f .
04 | \\ / T

RN B

02 L e N AN o o i s O O 2 -1

N\
0.0 7
-4 -3 2 1 0 1 2 3 4

1Pe(8) By () {11

Zﬂ)/p Ocxy (S) [O'e,x (S) + Oc,y (S)] fis

Horizontal
Vertical

Proton beam-beam
parameter growth

rotons with larger synchrotron
mplitude will experience much
tronger bb forces.

v O T

~ Responsible for the broadening
of the longitudinal sidebands.

: Vertical bb parameter growth and
'modulation are more severe.

~ Responsible for beam stability
iand spectrum differences in two

rtransverse planes.

» Hourglass effect is a possible
mechanism for this newfound
head-tail instability.

e o o o e i — —— ———————————————————— -



3. Mitigation methods %%‘z’ﬁiﬁfﬁ B

e » Chromaticity
| % =6 ——E =8 g, =10
= | —&-12 1
B £ 20 | v' Above transition, a positive
3 3 | chromaticity larger than +8
3 g 20 , : :
3 5 can suppress this head-tail
instability
> "J 4
150 — i v' Significant emittance growth
0 l 5000 ‘ 10000 ‘ 15000 ‘ 20000 ‘ IO(I)OO ‘ 15(1)00 ‘ 20000 IS present
Turn Turn
50 v T T T 205 T T T T
gid:mﬂs)?:—0=l><10“‘—0=2xm“ —go=d:>‘:1li())‘?:—0=l><10" G=2x10" > Ideal feedbaCk
—— G =4x10* G=1x10° ——G=2x10° 200 LG =4x10* G=1x10° ——G=2x10° f
——G=4x10° ——G=1x10* ——G =2x10? G =4x107° ——G = %102 —— G = 2x107 J |

195

v' Exponential centroid motion
IS mitigated with a feedback
gain higher than 4x10+4

190

185

Vertical centroid (pm)
Vertical emittance (nm rad)

v’ Beam emittance is preserved

180

v" A more efficient method

" " " " 175 " 1 " 1 " 1 "
0 5000 10000 15000 20000 0 5000 10000 15000 20000

Turn Turn 16/ 24
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4. Float waist collision scheme

Compensation principles of the hourglass effect
Numerical proofs and application to the head-tail instability

17/24



4. Difficulties with new parameters i HIAE

N
5.5 X107 T . r . : . 40 ) T y T ' | : 0.18 | L L L A R
Simulation t  Collisions at Z, = -1.00xc, Without compensation| - ] BB parameter modulation 1
R ® Prot || 0.16 )
50 F —— Design value| - 20 Sl . 1 is more severe
’é; § 0.14 1 -
- _ 5] L
_wr i = 0 £ o2} : .
o [ S I
w40 i 20 - - ;' 0.10 | : .
5 A ] S L1 i
= as| 1 b _Z 008
& . . -8 8 S 006 1 -
= Degradation time ~ 200 ms 2 C 1
‘E 30t B o ooa| 1! T
= 40 . T ' T " T R
25k . +  Collisions at Z, = -0.50xc, Without compensation| - 0.02 : o
20 ® Proton ] R 4
20 | ~ Higetn 4 By ] [ P (G (S NNPORN | (VO N i
6 ol _ 4 3 2 I 0 I 2 3 4
15 " 1 " 1 L 1 " >‘ L Z(Gl)
0 10000 20000 30000 40000 20k | ’
Turn | SCP = _0_50‘2 | 0.52 T T T y T y T T T T T
I
) i i - - .4 Synchro-
» Simulation predicts very bad x (5,) i o i W
. . . . 40 . T r T . T . 7% LAV 1
I u min O S I ty I Ifetl m e' t  Collisions at Z, = -0.00xc, Without compensation| - > 044 F % resonances _
20k ® Proton | | 2 -
— Electron =
> B eam S I ZeS m I S m atC h C au S e g 0 - — g 0.40 - I I"O(IZO['IIal tune v? 7
> > BB tune spread up to
> A
severe BB parameter growth 201 S @IP T 036 | half-integer resonance . 1
and consequently large tune P sl . L
. -8 -4 0 4 8 ol i
spread and a fair number of x (o)) :

SB resonances. Beam sizes mismatch in collisions PR e a0 01335/24

Horizontal tune v,



4. Hourglass compensation principles

» Theoretical criterion

Beam direction

sep
B(scp) = Bip + i

i ine

O Without “X-element”, the transfer matrix from IP to
CPis,

M = M4M3M1—[1 SCP]

—— Bip
X element — X element
Tail st Head
cpoIp
0 —VBxB”
Step 1. IP — X M,=|_1 0
IV BxB”
Step 2: Kicks @ X~ M,=[¢ 7]
0 /B
Step 3: X — IP My=|_ _ 1 0
| VBxB”
Step 4: IP — CP M, = (1) S;P

The idea is initially proposed for HERA-TESLA collider.

O With additional defocusing force from “X-element”,
the transfer matrix becomes:

.

Scp IP is no longer the fixed focusing
K = BB point, proton beam waist locates
X at arbitrary CP

niip

Proton bunch is much longer than electron bunch,
K is foreknown:

1 1
Scp=5(2,—2,) = >Z

2 p

19/24



4. Hourglass compensation principles C%%’Eﬁﬁi E

» RF quadrupole magnets

1.0 F

Particle distribution
RFQ curve

Tail particle
Center particle
Head particle

05 |

000 | N

0.0 |

AQ (arbitrary unit)

-0.5

Horizontal compensation

Vertical compensation

—RFQ +RFQ —RFQ +RFQ

v N VN

| Single RFQ curv

-1.0

z(oc,)

1
-4 -3 -2 -1 0 1 2 3 4

RFQ _ b ( » E)
AQyy” = EPxy anBop cos gcZ t3

—+ﬂ b2 2nf
- —FXY 4nBop | Be

Z+ 0(z3)] =+K,z

Inverse focusing properties for two planes

theory _ = Z
AQx,y _ 8np*

Head defocusing, tail focusing for both planes

AV AV

3 1 1 3
Apy, Apy = - En' Apy, Apy, = _'Z'n Apy, Apy = i'": Apy, Apy = E”

» Float Waist collision scheme: Two pairs of RFQm with
phase advances of /2*(2n+1), one pair for x direction
and one pair for y direction

» Similar to chromaticity correction, the hourglass effect
IS compensated simultaneously in x and y directions if
@ *1/2 over-floating for y direction, and @ *31r/2 over-

floating for x direction
20/24



4. Numerical proofs

Luminosity (10°* ecm™s™)

8.0

7:5

7.0

6.5

‘f..

Luminosity with FW scheme

1 M 1 M
- Theoretical criterion
100 MHz RFQs

1 " 1

20000 30000 40000

Turn

» The theoretical criterion works very well, and two sets of
RFQm with frequencies of 100 MHz (up to 300 MHz) can
perfectly match the criterion.

» With Float Waist collision scheme, luminosity is partially
restored (H > 0.8) and luminosity lifetime is significantly
improved.

» The residual luminosity loss is caused by electron beam
size growth at CP (unable to compensate ®®).

“ixed IP for all protons

_
Electron

_
Electron

Arbitrary unit

L
s ¢

after IP; Tail focus, waist before IP

2324




4. Mitigation of the head-tail instability i HIAE> ([}

50 T T v T - T . v T T T T T T T T T T T T T
No mitigation 188 ||~ Chromaticity = +12 | 0.030 Float Waist RFQs OFF
Chromaticity = +12 Float Waist scheme i Float Waist RFQs ON
30 Float Waist scheme S I ] o 0.025 -
< VA
- T 186 o}
g g 3
| = £ 0.020 | -
=10 v g
S 2 S
E g (=9
S S 184t
1 = £ 0015} -
— £ s
g -0 L 2
5 g wl £ oo} .
= 5 : 2
30 > Emittance preserved
0.005 al
Bunch centroid motion 180 - T
_50 M 1 N L " L o " 1 " 1 " 1 " 0000 1 1 1 1 1 1 1
0 5000 10000 15000 20000 0 5000 10000 15000 20000 -4 -3 -2 1 0 1 2 3 4
Turns Turns z(o,)

» With strong hourglass effect, the instability has actually been stimulated, chromaticity just provides
tune spread for decoherence and causes emittance growth.

> In the Float Waist collision scheme, the hourglass effect is partially compensated, the proton beam-
beam parameter modulation is significantly suppressed, so that this head-tail instability is avoided
fundamentally.

» This verifies the explanation of the hourglass-induced instability mechanism from the side. 29124
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1. Hourglass effect in EicC
2. Simulation model

3. Head-tall instability of asymmetric colliding beams

Numerical observations
Key parameter scans and instability mechanism
Mitigation methods

4. Float waist collision scheme

Compensation principles of the hourglass effect
Numerical proofs and application to the head-tail instability

5. Summary
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5. Summary S <HIAE> [

» The interplay of beam-beam interactions and transverse wakefields is studied self-consistently for
EicC with strong hourglass effect. A coherent head-tail instability is observed.

» The coherent head-tail instability is studied by tracking simulations and confirmed by the analytical
method. Different growth rates of the coherent mode and the -1 sideband are the main cause of this
instability and responsible for the difference between two transverse planes.

» The underlying mechanism is the hourglass effect for beam-beam parameters. For flat asymmetric
beams, different growth rates of the B-functions result in a strong growth and modulation of proton
beam-beam parameters.

» The Float Waist collision scheme is developed based on two-sets of RFQm on both sides of the IP.
The peak luminosity is partially restored, and the luminosity lifetime is significantly improved. This
collision scheme can fundamentally mitigate the newfound head-tail instability.

Thank you for your attention’
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Modifications to coherent beam-beam kicks o <HIAF E

(v-vy)/vS

1.5

&%y,

N,r
Simulation results AQcohxy = 2y ze pf;xj’_ )
pExy\sx T &y

coh,x,y zn-ypo- e,x,y(ae,x + o e,y)

y = \/ 2 4 g2 Y is the ratio of coherent tune shifts
Xy exy = Tpxy and incoherent tune shifts, Y is 0.35
in the vertical plane for old designs.

Do not consistent with simulations! Physics? Further studies!



Modifications to coherent beam-beam kicks ap> SO
0.008 = 0.345 | Simulation 7
. | | (———Eq. (11)
AL IR e Y 0340 F— Eq. (13)
0.006 ‘ B
0.335
§“ 0.004 - % 0.330
g o
0.325
0.002 ¢ Simulation |7
Linear Fitting| | 320
——Eq. (11)
0.000 —Eg. (13) ] 0.315 F i
0 . : l ; l ; . éll I 5 0.0 . 0?5 . ITO l ITS l 2?0 l 275 3.0
gy/g)ﬂl gy/g)ﬂl
Coherent mode frequency shifts obtained Mode frequencies of the upper bound of -1
by tracking simulations, coherent formula, sideband obtained by tracking simulations,

incoherent formula. coherent formula, incoherent formula.



