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1 Abstract

Study the ion effects in the PEP-II electron ring
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2 Basics

Ion production rate

S0 =
d2Ni

dsdt
= σ+

i ngNB
c

sb
. (1)

Typical σ+ ' 2 Mbarn. At normal temperature

ng = 3.2 107 P

nTorr
cm−3. (2)

Ions are trapped and oscillate with the frequency Ωi
x,y,

(
Ω

(i)
x,y

c
)2 =

2Nbrp
Aσx,y(σx + σy)sb

. (3)
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Criterion of stability:

Ω
(i)
x,ysb

2c
< 1, (uniform train)

| cos(ψx,y + αx,y)| < cos(α), (with a gap)

ψx,y = Ω(i)
x,yT0(1 − Tg

T0
),

sin(αx,y) =
Ω

(i)
x,yTg/2

√

1 + (Ω
(i)
x,yT0/2)2

.

The tune shift for last bunch

∆Qy =
πre
γ

(
c

ωy
)2 niQy. (4)
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Quasi-static distribution (continuity equation +

Poisson equations + energy conservation)

0 0.25 0.5 0.75 1
r�Σ

7

8.5

10

L
og

@n�cm3 D

Figure 1: Density profile for round geometry. The den-

sity rolls off from n(0) = 1.3 1010 cm−3 on the beam

line given by the condition of neutrality to the average

density across the beam pipe n ' 107 cm−3
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3 Linear theory

The phase modulation y(s, z) ∝ cos[ωβs/c− Ωiz/c],

gives the force for ions located at s = ct− z

F (s, t) ∝ y(s, z)z−>ct−s = cos[Ωit− (Ω + ωβ)s/c],

in resonance with ion oscillations.

In turns, for the beam

F (s, z) ∝ Y (s, t)t−>(s+z)/c = cos(ωβs/c− Ωiz/c),

in resonance with β-oscillations.

Use:

τ =
ωys

c
, ζ =

Ω
(i)
y z

c
,
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Beam-Ion Instability:

Zenkevich-Koshkarev: uniform fill, no gap: a ∝ eΓnt,

Γn =
2π2rec

2

γ
ni
nω0 − ωy

ωy
ρ(|nω0 − ωy|)

ωβ < nω0 < Ωi + ωβ , max growthnω0 ' Ωi.

Raubenheimer-Zimmermann: large clearing gap,

non-resonance growth

a ∝ e
√

τ/τ0 ,
1

τ0
= Λ0ζ

2,

Λ0 =
2re
γ Ωi,y

〈 S0

σy(σx + σy)
〉 (

c

ωy
)2.

Stupakov: (R-Z) + Ω-variation along the ring

a ∝ eτ/τS ,
1

τS
=

Λ0ζ
2

εζ
, ε =

∆Ω

Ω
, (5)

the same as Z-K, if S0z
2πσxσy

→ ni.

Pestrikov: (R-Z) + ωβ-variation along the train

The growth is limited by Λ0τ
8 < 1.
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4 PEP-II parameters

Typical parameters HER:

E = 9.1 GeV, Nb = 4.5 1010, Ib = 1.75 A,

T0 = 7.3µs, h/2 = 1746, sb = 4.2 ns,

σx,y = 800/150µm,

P = 2 nTorr.

Then,

S0 = 1.4 109 1/(cms), Ωi,y = 50 MHz for A = 28,

Ωi,xsb/2c = 0.04, Ωi,ysb/2c = 0.10 (one-turn stable).

One turn ions: nturn
i = 1.3 106 cm−3 gives

tune shift ∆Qy = 0.0030.
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Figure 2: Variation of the rms σy in HER PEP-II (90o

phase advance optics).
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∆Ω/Ω = 0.141, (90o lattice),

∆Ω/Ω = 0.109, (60o lattice).

Stupakov’s theory gives τS = 192µs, or less than 20

turns.

Pestrikov’s theory can be ignored for first 350 ms.

Much earlier the linear theory is not applicable.
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Nonlinear theory:

a ∝ (τ − τ0)
1/3 when the beam amplitude a reaches few

rms σy.

Example of such behavior is shown in Fig. (3).
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Figure 3: Nonlinear growth of instability. The power

law a ∝ (τ − τ0)
1/3 at large τ > τ0 replaces the initial

exponential growth of the amplitude for a bunch at the

tail of the train. Numerical results (red line) agrees with

analytic estimate for the envelope of oscillations (blue

line).
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5 Effect on rms:

The optical model predicts transverse rms factor 2-3

smaller than measured 4 − 5µm.

s(m) σx (µ m, MAD) σy (µ m, MAD)

733.10 128.93 1.103

Can it be result of ions?

The TFB has limit τFB ' 0.1 ms.

Model:

da(τ)

dτ
=

Γ a(τ)

1 + α (a(τ)/σy)3
− ΓFB a(τ), (6)

Linear growth a(τ) = a(0)eΓτ . With TFB off,

a(τ) ' τ1/3 for α ' 0.1.

For large ΓFB > Γ, the asymptotic a∞ = 0.
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Figure 4: Saturation of the instability with the TFB

turned on. a(0) = 10−3, ΓFB/Γ = 0.1 and 0.2.
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Another model: a∞− > const,

a(t) = a0 + (a∞ − a0) tanh( t
τ0

) provided g = 0:

da(t)

dt
=
a∞ − a0

τ0
[1 − (

a(t) − a0

a∞ − a0
)2] − gFB a(t). (7)
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Figure 5: Asymptotic value of a(t) for the second model

vs. the TFB damping parameter gFB . Parameters: a0 =

0.1, τ0 = 1.0.
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Cross-talk beam-ion/beam-beam

The beam-beam tune spread ∆ωβ is equivalent to

increasing TFB damping effectively replacing ΓFB by

ΓFB + ∆ωβ .

For reasonable 1/Γ ' 200µs, 1/ΓFB = 500µs, the

beam can be stabilized by quite low beam-beam tune

spread ξBB = 0.005.
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6 Gap instability

Motivation: reduce rf transients reducing the ion gap.

The transients were, indeed, reduced.

However (U. Wienand), the beam became unstable

when the gap was less than 15 bunches.

The gap instability had character of the transient

phenomena starting from the head of the train and

spreading toward the tail.

The beam oscillates with large amplitude but the beam

is not lost for hours.

The coherent oscillations have frequency consistent

with the ion Ωi.

The oscillations affect the luminosity. Some of the

experimental results are shown in Figure
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Figure 6: Gap instability. Variation of the number of

bunches (top pane), the vertical rms σy of the electron

beam, and the luminosity (bottom pane) with time. The

total time span about 3 hours.
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Possible explanation: ions trigger the instability. Ions

are stable if Tg/T0 < 0.002 and 0.012 < Tg/T0 < 0.014,

which is in a reasonable agreement with experiment.
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Figure 7: Multi-turn criterion of stability in x-plane

(top) and y-plane (middle). The bottom pane shows

zooming for both planes. Positive values correspond to

unstable ions. For large gaps, almost all ions are unsta-

ble. For the gaps Tg/T0 < 0.002 and 0.012 < Tg/T0 <

0.0143, ions are stable in both planes. Note that stability

first starts in x-plane.
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Condition of neutrality: dNi/ds = Nb/sb, ni = 4.7 1010

cm−3 for PEP-II parameters.

Even if the actual density is only on the level of few

percent of that, the tune shift is huge.

The growth rate ∝ ni, and beam-beam is insufficient to

stabilize the beam with reduced gap.

The time it takes to build up such density,

t = (dNi/ds)/S0. For PEP-II, t = 0.26 s, quite a

macroscopic time for observations.

For large tune shifts, it is possible to hit a coupling

resonance. Such a resonance does not kill the beam but

can induce oscillations observed in experiment.

Ions change the beam optics, including D∗

x at IP and

may lead to s− β resonances and the flip-flop

beam-beam behavior.

The beam spectrum also depends on the gap. In Z-K

theory the strongest harmonics is nω0 = ∓Ω0 + ωy. For

uniformly distributed bunches harmonics separated by

∆ω = 2π/τb, ' 238 MHz. For the train with a gap Tg,

each of these harmonics is surrounded by the revolution

harmonics with the number of modes δnω0 ' π/Tg.

One of the revolution harmonics can hit the resonance

causing the beam instability.
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However, in reality, some level of revolution harmonics

is always present due to uneven fill of rf buckets or the

residual coherent longitudinal motion of bunches, and

such an explanation seems to be unlikely.

If the gap was reduced also in LER, the e-cloud

instability was affected as well. This may explain the

difference of stability of a single and colliding beams.
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Figure 8: Relative offset of colliding beams modulated

with the ion- and electron-frequencies. Result may

be relevant for understanding the pattern of instability

along the train.

Available results should be considered as preliminary

and more studies are needed.
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7 Summary

Existing linear theory of beam-ion interaction should

be extended to nonlinear regime.

The saturation level may depends on the TFB and

affect luminosity and rms beam size.

The gap instability is the result of transition from the

regime of the FII to the resonance

Koshkarev-Zenkevich regime.

Questions:

why a single beam is stable?

why the tune seems to be locked on 1/2?

what is the mechanism of the cross-talk between

beam-beam and beam-ion instabilities?

is there cross-talk between e-cloud/ion-instabilities

dependencies on gap length?
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