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Study of the beam-beam effects in SPPC

* Beam-beam simulation using weak-strong model
* HH/HV crossing without long range
* HH/HV crossing with long rage

* Resonances caused by the beam-beam interactions
* HH crossing (single collision) with long rage
* HV crossing with long range



Weak-strong simulation

* Round beam collision
ZN‘,”}F, ] r?
Ap,(s;) =——=|1 —exp =
y r 2(_}'},(5'!‘)“

N}: g I 2 "% Si
Ap.(s;) = Yea v Qexp(— }v 2)({7(—3)
Y ﬁr(“’f} 2(-7.*"(55) dz

* Integrate along bunch length, Long range, assume round beam

N—-1 .
, Operated left to right
M(s*1 = H e_Ubb(‘E’si)M(si, Sit1)
1=0
— —Ups(x,81) *
— H M~ Y(s;,s M{(s;, s )] M (s*)
Transfer IP to LR (longrange  pb LR to IP Revolution matrix

interaction point) Simplified model



Simulation results
* Np=10°, 10° turns
* Fit luminosity decay rate, emittance growth
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Luminosity decrement, beam lifetime in the
simulation

HH crossing, w or wo crossing angle HV crossing
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Resonances induced by the beam-beam
iInteractions

* Beam-beam force (round beam) | iz N,r,
Fr(r) = 2C, Cp = =
Y
* Beam-beam potential ; F e
Upp(r) = —f F(r'ydr' = -2C, f

* Integral over bunch length, long range, multi-IP
N-—-1
M(s*) = H e_[;j.s,(x,s;.)Mr(ShSi_l__l)
t=0
N —1
_ H M’_l(sﬁ S*)eUj'j'(:c'&)ﬂf(si;,s*)] ﬂf(s*)
L 2=0

— _(?_ ¢ [‘rhh(ﬂ'f(s.*rsf)xrsf )dsf ﬂ[(s)



One turn map, resonance driving term for
beam-beam interactions

* Integrated beam-beam interaction
5{ Upp(M(s*, 8" )z, 8" )ds" = Uy,
e Hamiltonian describing one turn map
H=p-J+p(s)Up U, is represented by x,p,,y,p,,z.
* Fourier expansion of Hamiltonian, resonance driving term

f dgydp,Uppe'™?P

Um = Gy

* Analytic integration for ¢, , is complex for a long range and crossing
collisions.

* Direct integration for ¢, , is used now.



Integration for ¢,,

* Choose A(I)Xy=27t/ 100-21t/400

1 ‘
Um = ) fdcﬁxdﬁi’yUbbe‘m‘p
0 | 0 '
Uo _ fd¢xd¢y Upp(r) 0x
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X
_ dé——F (x — y—v
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1
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x(8) = 2B (8)Jx cos(@x(s) + ¢x)
v(s) = \fzﬁy(-'?)-ly cos(y (5) + dy).

Betatron function [3(s) and phase ¢x(s) at
the long range interaction (s)

1
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Integration (summation) along s

514 Upp(M(s*,s")x, s")ds'

* Integrate along s with taking account of bunch length and long range

Un(J,z) =

(2m)?

x(8) = V2B (5)Jx cos(gx(s) + ¢x)

A, (ZNds | doyd eime r
f P( ) f ¢x ¢’} Ubb() V(8) = J2B,(5)Jy cosey (5) + ¢y).

s = (z—2")/2 )\(’): ~

exp

Um =

(2m)?

Zf d¢xd¢} ULRe ‘;b

202 xX(SLR) = (2B, 1rJx cOS(@x, LR + Px)
y(sLR) = \fzﬁy.i'r-]y cos(@y, LR + dy)

* Tune shift and its slope (2" derivatives) are calculated by U,,.



Tune shift (direct integral for Ud¢)
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Uxx, Uxy, Uyy
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Resonances

* A resonance occurs when the betatron amplitude satisfying
MyVe(JR) +myvy(Jr) =n

* The resonance line crosses the tune spread area.

* Resonance base 0.656
Jo—J.
p, = X xR Wi = mydy + myp, 0854
Iy -
* Fixed point P,=0. 0652

* For larger P, (J,), v, movesdueto . "

. ey e 0648 |
detuning from the resonance condition.

. . 0.646 -
* Motion in P, (J, around J ), v,

0.644

space depicts separatrix.

0.642
015801570.1580.159 016 016101620183 0.1640.1650.166

* Keep P=(),-Jg)/m+(J,-p)/m,

Vy
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Betatron amplitude satisfying resonance

horizontal crossing

conditions
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* The beam-beam force is
symmetric for y in the
horizontal crossing.

* Only even m, appears
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Resonance width

* Characterize emittance growth

Jx - J'_r,R

Pl = —— Y1 = myxdy + mydy
My

A
H = 5 P{ +Um(Jr) cosy.
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2
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Standard map

* Transfer (revolution) map for H
H = %P%+Um(JR)cos¢1.
I =AP,0 =y, t=s/L
e Standard map K = AUm
I;.1 = I, + Ksin6,
Ore1 = O+ 111

e Resonance half width

Al = 2-@_ AP1:2@ A.]z:ZmI@‘

* K, which is called “stochasticity
parameter” is very small, K<104,

Strong chaotic system is K>1.

K and half resonance width for (8,-2) resonance
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Resonance width in amplitude space

* SPPC, Np=1.5x10'!, 1-IP H crossing

y/cy
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Resonance width in amplitude space
* SPPC, Np=3x10"1, 2-IP, (v,, v,)=(0.29,1.30)
e 7-th order resonances, Sstudied numerically in K. Ohmi, F. Zimmermann, PRST-AB18,121003 (2015)

* The width is larger for finite z. Odd order resonances can be enhanced by
finite z.
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Avy

Synchrotron motion

=

* The beam-beam potential is calculated as function of z.

* Tune shift dependence on z
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Beam-beam potential

* Synchrotron motion is very slow compare with betatron motion.
* U is separated to average, synchrotron, synchro-betatron terms

Uso = Uool+ > Uogm.e ™% 2 = \/28.J.cos ¢
m; 70 o = Vng/r@zSinqbz
+ Z Um’mze—im-cﬁb—z‘mmz
TF#0,m .

* Fourier component for the synchrotron motion

1 [ o » db
U, (J, J2) = 5= [ Um(J, 2)e"™%do. Um(d.2) = [ s [ Gze ™t

* Resonance condition for synchro-beta resonances
Mave(J, J.) + myvy(J, J.) +m.v, =n



Resonance width for the synchro-betatron
resonances

* Resonance with (m,0) and its sideband (m,m,)
U(J,J.) =Uoo(J,J.)

N Z Um.D(J._Jz)g'_"".m'(i’—?ﬁm;,;ﬁ;
m+0,m.

Am
H=U-= TPIZ + Um,mz (JRa Jz) cos ¥ Resonance half with

2(3 Uo() ano 26 Uo.o
+ 2mym, +my 5
x oJ, (9] (9]

 Separation of the sideband

5P = =
Am 9 . _
 Overlapping condition APy > 0P 3y AmUm,m. > 2u.

Am = m

Empirical factor




Modulation due to the synchrotron motion

* Synchrotron motion should be considered even if the resonance
condition is not satisfied, because it is very slow.

n i . . U
O, Jes1) =| " Ugm e ™" 00Tty =0 + 57| (= Te)
mz;{:o JR
aUO&’”Z —im t
— Z (J _JR)e zMz
» Standard map for a synchro-beta iy 0]
resonance with the modulation = Wome b pimeper
aJ
Ity = I + Kmym. sinty me#0
8Uo,mz
Orir = i+ Ty + ) o7 Meos(mapst) I=APL6 =y 1=s/L
m. 70

* Chaotic area due to the modulation AP, = Max,, (%d?f .m)



No overlap or weak modulation diffusion

* SPPC, Np=1.5x10%1, 1-IP

 K¥2<4,/3=0.008 no overlap between synchrotron sidebands

* m.dU/dJ<<K¥2 stochastic area is narrower than the resonance width.
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Higher intensity
* SPPC, Np=3x10%, 2-IP, (v,, vy)=(0.29,1.30), (7,0) resonance

* Resonances m,=0 and 2 can overlap.

* m.dU/dJ<K¥2 stochastic area is narrower than the resonance width, but
contributes overlap of sidebands with m,=2.

* Many resonances overlap (7,0),(6,1)...(0,7) and their 2"9 synchrotron

sidebands.
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Chromaticity

* Hamiltonian

H = Mg - J+2m0€ - J —|—5P(S)Ubb

e Modulation term
Ue =21& - mPy\/2J /B, sin pst

* Stochastic area due to chromaticity

AP, — 2nos€E -m [2J
Am €2




summary

* Incoherent beam-beam effects have been studied for SPPC.

* Beam-beam simulation using weak-strong model showed the beam-
beam limit between £=0.03-0.045, where 82 long range interactions
were considered.

* Nonlinear resonances which cause the emittance growth have been
studied considering head-on and long range interaction.

* Weak resonance effect in the design parameter at (v,, v,)=(0.31,1.32).

* Synchrotron sideband effect was seen, but not very strong. The long
range interaction is independent of z.

* Higher intensity than the design and tune near a strong resonance
showed disaster, as is consistent with the weak-strong simulation.



Thank you for your attention
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