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Abstract

The kink instability presents one of the limiting factors
from achieving higher luminosity in an ERL based elec-
tron ion collider (EIC). We present two possible dedicated
feedback systems to suppress the instability, both of which
benefit from the latest development of beam instrumen-
tation. The first takes advantage of the flexibility of the
linac-ring scheme to adjust the initial condition of the elec-
tron beam; the second uses a pickup and kicker setup with
proper bandwidth on the ion ring. Both schemes raise the
threshold of the kink instability dramatically and provide
opportunities for higher luminosity. We studied the effec-
tiveness of the systems and their dependence on the feed-
back parameters and beam parameters.

INTRODUCTION

The main advantage of an energy recovery linac (ERL)
based electron ion collider (EIC) over a ring-ring type
counterpart is the higher achievable luminosity[1]. In ERL-
based version, one electron bunch collides with the oppos-
ing ion beam only once so that the beam-beam parame-
ter can largely exceed the usual limitation in an electron
collider ring, while the beam-beam parameter for the ion
beam remains small. In this, so called, linac-ring collision
scheme the resulting luminosity may be enhanced by one
order of magnitude.

The beam dynamics related challenges also arise as the
luminosity boost in the ERL based EIC due to the signif-
icant beam-beam effect on the electron beam. The effects
on the electron beam are discussed in [2]. The ion beam
may develop a head-tail type instability, referred as "kink
instability’, through the interaction with the electron beam.
Feedback systems are necessary to suppress the instability
of the ion beam to achieve the desire luminosity.

In this paper, we discuss two possible feedback system
to mitigate the kink instability. The first system, taking
advantage of the flexibility of the linac-ring scheme, adjusts
the electron beam position at IR based on the information
of last collisions. The second system adopts the similar
hardware of transverse stochastic cooling with the proper
bandwidth of the kink instability.

THE KINK INSTABILITY OVERVIEW

With the presence of proton beam offset, the electron
beam transverse motion can be written under the linear
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beam-beam approximation as:
2+ k2 (s) [xe — Tp (5,2 =25)] =0 (1)

Here, the ion beam transverse offset reads Z,, which is a
function of the longitudinal coordinate s and the position
z within the ion bunch with respect to the reference parti-
cle. We assume the electron bunch is very short so that the
electron bunch meet the ion at s = z/2. The beam-beam
interaction strength % (s) depends the proton beam current
and longitudinal distribution [2, 3]. It can be expressed as:

_2d.) (2 = 2s)

Opz

K (s) @)
where d. = o/ fe is the disruption parameter with o,
as the rms proton bunch length and f. = 47&. /3% is the
beam-beam focal length for the electron beam, A (z) is the
normalized longitudinal proton beam distribution function.
The boundary condition for Eq. 1 can be setas Z. (L/2) =
0 and Z/, (L/2) = 0. Here, we assume the electron beam
travels along —§ with zero offset initially and the proton
bunch (IR) has total length of L. In this case, the offset
of the electron beam at position s solely depends on the
imperfection of the portion of proton beam at region [s, L],
which it passed.

By taking the average of the entire electron beam, the
electron beam centroid 7. (s) also follows Eq. 1. In one
turn, The proton beam follows

al (s,z) + Kjwp = 6 (s — %)

Tp — Ze (8)
o

where K is the betatron wave number, f}, is the beam-
beam focal length for the proton beam. On the right hand
side, the first term is beam-beam focusing force, and the
second one corresponds to electron beam offset, which is
the function of the proton beam offset ahead, i.e., can be
characterized by a wake field. The wake field can be ob-
tained by simulation results. In simulation code, the long
proton beam is cut into longitudinal slices. We can calcu-
late the transverse kick at s’ due to an offset set in slice at
s, and get the wake field as:

3)

W (s, ) = 1o ST L) )

Nppyro Az (s)

A examples of the wake field are illustrated in Figure 1
when the disruption parameter is 27.1.

Using a two-particle model, we can calculate the thresh-
old of strong head-tail (SHT) instability due to the beam-
beam interaction as £,d. < 4vs/m, where &, is the beam-
beam parameter for proton beam and v is the synchrotron
tune of the proton ring.
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Figure 1: Example of the kink wake field with the beam-
beam parameter of the proton beam £, = 0.015 and d. =
27.1.

The typical design parameters of the proposed ERL
based EIC exceed the threshold. Therefore the instability
develops and the countermeasures are necessary to mitigate
the emittance growth and luminosity losses. Nonlinearities
introduce transverse tune spread to the ion beam transverse
motion. However, the resulting Landau damping do not
fully mitigate the emittance growth when large disruption
parameter is present.

FEEDBACK SYSTEM 1

By taking advantage of the flexibility of the linac-ring
scheme, we can introduce a feedback system by reading the
electron beam centroid position and angle after collision
and feeding forward to the kick of the next fresh bunch
that interacting with the same proton bunch. Therefore the

SCheme I'eadS,
l'c 1, .Z'c , £

here, M is the map that representing the algorithm of the
feedback system, subscripts ¢ and f denote the electron
beam centroid phase space coordinates before (n + 1)th
turn and after n*" turn respectively. Generally M can be
complicated nonlinear map, however in this paper, we only
discuss simple cases linear feedback scheme.

In this feedback scheme, the equation 1 has initial con-
dition Z. (L/2) = z. and &, (L/2) = x.. The electron
beam propagation inside the proton beam has two terms in
additional to Eq. ?? in the simplified case,

zecos |k (L/2 —s)] —alsin[k(L/2—s)]/k (6)

These two terms provide beam-beam kick to the proton
beam for correcting the offset. The main goal is correct-
ing the mode [ = 1, which has the fastest growth rate.
It is ideal that electron oscillate only half betatron oscil-
lation inside the proton beam to have the largest feedback
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Figure 2: Comparison of instability stabilization scheme.
Plot shows the transverse rms proton emittance growth.
The energy spread of the proton beam in the simulation
is 5 x 10~%. In the two feedback schemes, the chromaticity
is set to zero.

efficiency. From the previous study in [2], the number of
electron beam oscillation in a proton beam with longitudi-
nal Gaussian distribution is \/d, /4. Therefore, the scheme
would work best at d. ~ 4. For larger disruption parameter
(de > 10), this feedback system suppress the mode | = 1
and excite zero mode simultaneously. The zero mode must
be eliminate by separate bunch by bunch orbit feedback
system in the ion ring.

The simulation code EPIC[3] calculates the effect of
beam-beam interaction with the linear feedback scheme
implemented. As an example, we demonstrate the case
with parameters d. = 5.7 and £, = 0.015. We virtually
measure the electron beam centroid displacement at L = 3
m downstream of IP z . ;, and feed the information toward
the next electron bunch before collision at L = —3m up-
stream with two cases: (i) a position change 6z j11 =
Miz. ; or (ii) an angle kick 5xg7j+1 = Moz ;.

Figure 2 demonstrates the effect of the feedback scheme
and compare it with the stabilization scheme using Lan-
dau damping due to chromaticity. We identified that either
M, or Ms; mitigate the emittance growth due to the kink
instability with zero tune spread (zero chromaticity). Sim-
ulation also shows the initial offsets does not degrade the
luminosity because it is much smaller than the rms beam
size of both beams. Further studies show that the feedback
kicks can be less frequent and slower response. The infor-
mation of the j** turn can be delayed to (5 + n) ™ turn; and
the feedback kick can be enabled only every m turns. Fig-
ure 3 indicates the scheme that enable the feedback kick to
the proton beam every m = 5 turns with cases of no delay
(measurement and kick are in successive turns) and n = 3
turn delays. With lower feedback frequency and signal de-
lays, the emittance growth due to kink instability still can
be eliminated. In the example, we need use larger feed-
back strength (M;; = —0.06 compared with —0.03 as in
the previous examples) when we only enable the scheme
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Figure 3: Feedback with lower frequency and slow re-
sponse.

every 5 turns, since the more time instability accumulates,
the larger feedback strength is necessary. When we delay
the signal from 1 turn to 3 turns, the feedback strength be-
comes positive because of the betatron oscillation phase of
the proton beam differs for various delays.

FEEDBACK SYSTEM II

The feedback system I loose its efficiency when the dis-
ruption parameter is high. Simulation study shows that it
stop working when d. is greater than 20. In such high d.
cases, the phase advance of the electron beam inside the
proton beam become significant and destroy the informa-
tion we want to carry through the electron beam.. A tradi-
tional pick-up and kicker system (the feedback system II)
overcomes this limitation. This feedback system consists
a high bandwidth pick-up (BPMs) that samples the offset
within one ion bunch, and a set of wide bandwidth kicker
(usually RF cavities or strip lines) that correct the offsets
accordingly. It is expected that the instability will be sup-
press if the instability mode frequencies fall in the band-
width of the feedback system.

Consider the feedback system as a bandpass filter with
sharp edges at lower frequency limit f, and high frequency
limit fr;. The corresponding wake field of this system
reads [4] :

Ju
W(r)=R / cos (27 f7) df ™

In simulations using the same code, we choose the pro-
ton beam with 8.3cm bunch length and beam-beam param-
eter 0.015. As we will demonstrate with d,. value 36 and
144, this system works for different disruption parameters
of the electron beam. In figure 4, we show that with same
frequency range (1-3 GHz), the instability is successfully
suppress for both d. = 36 and 144. Further study is un-
dergoing to find the required band width and performance
degradation due to the noise.
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Figure 4: Feedback system with pickup and kicker with
fr = 1GHz and fig = 3 GHz. Top: disruption parameter
is 36; bottom: disruption parameter is 144.

CONCLUSION

We present two feedback scheme for eliminating the
kink instability in ERL based EIC. We demonstrate that,
the feedback system on the electron beam, with very easy
setup, can suppress the instability up to disruption parame-
ter 20. The pickup and kicker setup with proper bandwidth
can suppress the instability regardless the value of disrup-
tion parameter.
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