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ICFA Beam–Beam Workshop CERN 2013

Beam–Beam Effects in HERA–e±/p (HERA–II)

Mathias Vogt (DESY–MFL)

• HERA–II Overview

• Hadrons vs. Leptons (HERA–slang: the little red ones vs. the big blue ones :-)

• Highlights: Lumi–Procedure (& occasional problems),

Polarization vs. Lumi, Mirror Tunes (e±), Low–Ep Run,. . .

• Unstable Collective Modes or Driven Coherent Oscillations?

FLASH
Free−Electron Laser

in Hamburg
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Overview (1)

• superconducting 6.3km 920GeV p–ring

(HERA–p) on top off :

• normal conducting 6.3km 27.6GeV e±–

ring (HERA–e)

• 4 halls: West,North,East,South

• 2 collider experiments:

H1 & ZEUS

• 1 internal target experiment:

HERMES (27.6GeV e± on gas jet: H,

D, Kr,. . . )
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“Parc = 4”, P = 1, M(S↔ N) ≈ +1

• longitudinal e±–polarization at all 3 experiments

• 2 e±–polarimeters (long.=East & transv.=West)

• (until 2003: 4-th experiment (HERA–B) in West–hall : scattering of p–halo at wire)
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Overview (2) : Proton Fillpattern

• 3× (6× (10 + 1) + 4) + 10 = 220 “nominal buckets” → 96 ns spacing

• frf,1 = 5× 220× f0 ≈ 52.05 MHz, f0 = 47.317 kHz

frf,2 = 20× 220× f0 ≈ 208.20 MHz

Train−of−10 (DESY−III)

10 bunches + 1 empty (PP−inj−kicker)

Train−of−60 (PETRA−p)

6 trains−of−10 + 4 empty bunches (5−>HP−inj−kicker)

HERA−p fill (180 p−bunches / 176 colliding)

3 trains−of−60 + 10 empty bunches (15−> Dump−kicker)
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Overview (3) : e±/p Collision Scheme

• 2 collision points (North & South)

• 180◦ apart

• no long–range (parasitics)

• no crossing–angle (ideally)

⇒ Same 2 bunches collide in N & S

⇒ Only one collision–class

⇒ BB–Simulation : “One-on-One”

e+/−

p

p

e+/−

N−IP (H1)

S−IP (ZEUS)
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Overview (4) : Lumi–Parameters

• beams matched ⇒

L = 1
4πe2f0

Ie〈Ibunch
p 〉
σxσy

h(σpl )

• HERA–e: total Ie limited by RF–power.

Up to 45mA @ 27.6 GeV→8× (left & right

of each straight) 1.2MV RF–transmitters.

• HERA–p: maximum Ibunchp limited to ≈
650µA ⇐ injector chain →up to 115

mA in 180 bunches

• p–rms-bunchlength ≈1.0–1.8ns ↙

⇒h(σpl ) ≈ 0.92—0.95

HERA–II IP–parameters:

x y

βe /m 0.63 0.26

βp /m 2.45 0.18

εe1σ /nm 22 3–4

εp1σβγ /µm 4–5 4–5

σmatched /µm ≈ 120 ≈ 30

incoherent beam–beam tune shifts:

ξe per IP at 670µA 0.037 0.056

ξp per IP at 250µA 1.2 · 10−3 3.3 · 10−4

HERA-II Luminosities :

Lpeak max
∫
L dt (run) max

∫
L dt (24h) Lpeak

s

4.9 0.9 1.5 2.1† , 1.8∗

1031 Hz cm−2 pb−1 pb−1 1030 Hz cm−2 mA−2

†: e− tunes above integer, (e+ below ??) ∗: e+ tunes above integer, (e− below !!)
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Hadrons Vs. Leptons

Hadrons

• WS: Hamiltonian

• SS: Vlasov–Poisson

⇒ Memory : “p’s don’t forget”

• HERA–p: p0 = 920 GeV

• HERA–p: Ibup ≈ 500 . . . 600 µA

• HERA–p: στ ≈ 1 ns

• εpx ≈ εpy ⇒ ideally σpx ≈ σpy
• HERA–p: σpx/σ

p
y ≈ 4

Leptons

• WS:Hamiltonian+damping+excitation

• SS:Vlasov–Poisson–Fokker–Planck

⇒ Equilibrium Distribution assumed/

restored in few damping times

• HERA–e: p0 = 27.5 GeV

• HERA–e: Ibue ≈ 170 . . . 250 µA

• HERA–e: στ ≈ 20 ps

• εex � εey ⇒ ideally σex � σey

• HERA–e: σex/σ
e
y ≈ 4
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p–Tunes with Collisions

• p tune measurement by chirp excitation and extremely sensitive pick up

• p lifetime & diffusion rates extremely sensitive to (Qx, Qy)

• nice “calm” signal

• good τp, Ls, background conditions,

. . .

• tune peaks enhanced ⇒instability

during set up of collisions :

e±–tunes too close to synchro-β

sideband

⇒ transverse p emittance blow up

(typically ×1.5 . . . 2)
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e±–Tunes

• e±tune controller : PLL added

to transverse multi bunch feed-

back

• luminosity working point →

• careful of (Qx, Qy) adjustment

needed (adapted to e±–orbit &

p–brilliance)

→ e±–lifetime

→ experimental background

→ polarization

→ p–excitation has been observed

for e±–tunes too close to 3-rd

sideband
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e± Excitations & Dynamic Aperture under Collisions

(1) uncompensated chromatic beta–beat

drives 2Qx ± 1Qs = n

(2) oscillatory closed orbit drives

Qx ± 2Qs = n

→ interference of the above drives

Qx ± 3Qs = n

⇒ not enough space for footprint
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IP (beam−beam)

mini−beta
(chromatic
kick)

ZEUS
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West

µ

µ

East

• cure (1) : optic with intrinsic compens. of beta–

beat from the IP’s (special choice of µWest −

µEast)

• cure (2) : orbit & dispersion control

• left ← : tune–map for uncompens. optic

• right ← : tune–map for compensated optic
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Polarization with e−/p Collisions

• Non-colliding bunches:

(6/182)

→ Pnon−coll ≈ 50%

→ reach stationary state

⇒
equilibrium–polarization

≈const.
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• colliding bunches: (176/182)

→ Pcoll ≈ 35 – 45 %

→ equilibrium polarization grows slowly ⇐ decaying Ls
⇔ decaying beam–beam tune shift
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Beam–Beam Polarization Experiment

• 23.03.05 : end-of-run:

• measure coherent ∆Qe’s

• p–dump

• move incoherent Qe’s to Qe,coll

• wait for equilibrium

pilots

p−dump

but coll.−tunes
no collisions

time

po
la

riz
at

io
n

colliding bunches

HTC−on coll. (incoherent !)

• Main reason for b–b depolarization seemed to be tune shift

• . . . at least for moderate beam–beam tune shifts

→ small residual non–linear effects ⇒ non–linear polarization simulations
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Electron Tune Space Above and Below the Integer

• Above Integer: Limited by

→ 2-nd and 3-rd satellite (x)

→ coupling resonance and 4-th in-

teger (y)

• Below the Integer:

→ x: 2-nd and 3-rd satellite inter-

changed & sum →difference

→ y: coupling resonance and 4-th

integer “interchanged”
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• Electrons Above the Integer : beam–beam tune shift pushes tunes of

colliding bunches up away from integer

• Electrons Below the Integer : up towards integer
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e+/p–Collisions : Mirror Tunes for Luminosity

e+/p–collisions : beam–beam tune shift is negative
• Mirror Tunes :

• colliding bunches :

further away from

dangerous/lumi-

degrading resonances

• beam–beam beta beat

decreases β at IP

• Standard Tunes :

• colliding bunches :

closer to

dangerous/lumi-

degrading resonances

• beam–beam beta beat

increases β at IP
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e+/p–Collisions : Standard Tunes for Polarization

• Polarization likes tunes

close to the integer (be-

low or above)

• Mirror Tunes :

• colliding bunches :

further away from integer

⇒Pcolliding < Pnon−coll

• Standard Tunes :

• colliding bunches :

closer to integer

⇒Pnon−coll < Pcolliding
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Crossing the Beam–Beam
∑

–Resonance while Setting Up Collisions

• Wanted to run Qpx,y above integer and Qex,y below.

• During preparation of collisions :

⇒ TuneStep-1 →TuneStep-4 : potentially cross beam–beam
∑

–resonance

(though usually with well separated beams)

⇒ potentially unstable centroid oscillations

• crossing of
∑

–resonance with protons in (separation optics) and

electrons in (lumi-optic with mirror tunes)

• ξpsep = ξplum

β
p
sep

β
p
lum

≈ 2.7ξplum ξepsep = ξeplum

β
p
y,lum

(β
p
x,lum

+β
p
y,lum

)

β
p
y,sep(β

p
x,sep+β

p
y,sep)

≈ 0.22ξeplum

• 1−Qpy =0.700–0.705 2π∆ = φO − φW

y : Q− [Q] [Q] ∆

p sep 32 0.295-0.300 0.996

e pre-lumi 50 0.685 0.297

e lumi 50 0.804-0.850 0.297

e : Qx Qy

std. tunes 54.12 51.20

mirror tunes 53.87 50.80
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The Linear Rigid Bunch Model

• study only linear centroid motion

& phase planes decoupled:

• Mi
j =

(
cosµij βi sinµij

−(sinµij)/β
i cosµij

)
i = e, p , j = O,W , βiN =: βi := βiS ,

µiW = π(Qi0−∆i) , µiO = π(Qi0+∆i)

• Ki(~z∗)(~z) =
(

1
−κi

0
1

)
~z+
(

0
+κiq∗

)
κi := 4πξi

βi

Mp
O

Me
W Me

O

Mp
W

eK p
N

K (z  )e
N

(z  )e
S

e(z  )S

(z  )

p

p

pK K

• MN→S := Me
O ⊕Mp

W , MS→N := Me
W ⊕Mp

O ,

A⊕ B :=

 A 0

0 B



• KN ≡ KS :=


1 0 0 0

−κe 1 +κe 0

0 0 1 0

+κp 0 −κp 1

 ← K ∈ SP (4) iff κe = κp !!!

• study eigenvalues (λ) of T := MS→N KS MN→S KN

unstable ⇔ ∃|λ|> 1



BeamBeam–2013 : CERN 18.03.2013/ M.Vogt DESY-MFL : HERA 18

Eigenvalues in the LRBM : the Symplectic Limit

IF 4πξe

βe
= 4πξp

βp
THEN T ∈ SP (4,R) (not in HERA. . . )

• counting multiplicity, T has exactly 4 EVal’s ∈ C
• if EVal λ 6∈ R ⇒λ? is EVal (T real)

• λ is EVal ⇒1/λ is EVal (T symplectic)

• ∀λ : λ(T ) ∈ C0 (λ’s continuous!)

S

2*1

(+2*−1)

U U

2*2*

S

4*1

(+4*−1)

S

2*

2*

S+

U
2*

UU

stable EVal
unstable EVal

λ 1/λ
λ λ∗

connected
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non–HERA Example: Unstable Regions in Qe0-Qp0 space
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Eigenvalues in the LRBM : the Nonsymplectic Case (HERA-e/p)

IF 4πξe

βe
6= 4πξp

βp
THEN T 6∈SP (4,R) (as in HERA!)

BUT: detK = 1 ⇒T,K ∈ SL(4,R)

• counting multiplicity, T has exactly 4 EVal’s ∈ C
• if EVal λ 6∈ R ⇒λ? is EVal (T real)

•
∏
i λ
µi
i = 1 (T has det=1)

• ∀λ : λ(T ) ∈ C0 (λ’s continuous!)

⇒ non–symplectic T has many more possible combinations of eigenvalues

• some unstable examples :

U U U U

λ   λ   λ   =11 1 2
∗ 2 λ   λ   λ   λ   =11

∗
1∗ 2 3 λ   λ   λ   =12

1 2 2
∗ λ   λ   λ   λ   =11 2 3 3∗

stable EValunstable EValλ λ∗

2* 2*
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Unstable Regions : HERA-e/p : Vertical

Design: Optimized:

softened stop band in our quadrant [0, 1]× [0, 1]]
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Summary : Lumi Procedure & Maintenance (Beam–Beam Related Only!)

• Even when both beams happily reached 920/27.5 GeV. . .

• carefully set e± “lumi tunes”,

• w/ e± mirror tunes : don’t cross the
∑

–resonance during spurious

collisions,

• optimize & control p tunes, coupling and chromaticity,

• establish collisions at one IP after the other, smoothly!, w/o having the

e±–necktie touch the satellites.

• τp from > 300 h w/o coll. → 50 h (sometimes lower!) ← action

diffusion

• Elliptic beams (4:1) ⇒ partial separation quickly degrades

p–emittance/lifetime

→ In fact : keep collisions head–on & w/o crossing angle !!!
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Low Ep run (Wanted by Experiments)

• Ep = 460GeV (& Ee =27.5GeV)

• L ∝ IeI
bunch
p

σxσy

(matched beams : σpi = σei =: σi)

Ie: RF limited →no increase

Ibunchp : injector chain→no increase

1: σi =
√
εiβi (i = x, y)

• normalized emittance:

εp,Ni := εpi β
p
Lγ

p
L = const

⇒ εpi ∝ 1/γpL (since βpL ≈ 1)

2: waist at IP

βpi (s) = βpi

(
1 + s2

(β
p
i )

2

)
⇒ aperture limit (σ!!!) in mini-beta

magnets require βpi ∝ 1/γpL

⇒ σpi ∝ 1/γpL

⇒ matching (beam-beam) : σei ∝ 1/γpL

⇒ L ∝ (γpL)2

L(460GeV) = L(920GeV)/4

• beam–beam tune shift

ξi ∝ βi
γLσ

∗
i (σ
∗
x+σ

∗
y)

(∗ :=other beam)

⇒ ξpi stays ⇒τp OK 2
(1/2)·2·2 = 1

• choose βei ∝ 1/γpL and εei ∝ 1/γpL
(σ′i =

√
εi/βi all stay the same)

⇒ ξei ∝ γpL 2
1·2·2 = 1/2

⇒Pcoll turned out better
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Unstable Collective BB–Modes or Driven Coherent Oscillations?

• p & e± tunes are well separated under collisions,

• p & e± tune shift parameters differ by at more than a factor of 20.

• The collisions are one-on-one (no multibunch coupling through

beam–beam, maybe though through LR impedances?)

⇒ SSBB Theory predicts neither growing nor stable collective modes in

this regime.

• In fact the plain π/σ–modes for Gaussian beams typically appear to be

neutrally stable. . .

• In HERA, 2–beam instabilities were observed in transient regimes

only. . .

. . . when one beam (mostly e±) got excited by external sources (coherent

synchro–β satellite,. . . )

• Of course the p blew up when we had the e±dance on them !!

. . . but is this a SSBB driven collective instability ? Rather not, I’d say.
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Summary : Beam Beam Experience w/ HERA–II

• Hadrons vs. Leptons !

• maximum tune shift parameters per IP in HERA–II: ξex = 0.037,

ξey = 0.056 ξpx = 1.2 · 10−3 ξpy = 3.3 · 10−4 .

• e±: beam beam tune spread hard to accommodate (sidebands → beam

loss) ⇐improved by compensated chromatic β–beat.

• p: WSBB driven action diffusion → lifetime reduction, exp–background.

• Setting up collisions required optimized conditions and full control over

both beams — otherwise: bad conditions and/or beam–loss.

• Problems with apparent instabilities in transient regimes could m.o.l. all

be explained by external excitation and WS beam-to-beam coupling.

• e±–polarization: beam–beam tune shift was the major limiting factor

• Ran with e±–tunes on both sides if the integer : Luminosity ↔
Polarization


