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Abstract
The Electron-Ion Collider (EIC) requires crab cavities

to compensate for a 25 mrad crossing angle and achieve
maximum luminosity. The crab cavity Radio Frequency
(RF) system will inject low levels of noise to the crabbing
field, generating transverse emittance growth and potentially
limiting luminosity lifetime. In this work, we estimate the
transverse emittance growth rate as a function of the Crab
Cavity RF noise and quantify RF noise specifications for
reasonable performance. Finally, we evaluate the possible
mitigation of the RF noise induced emittance growth via a
dedicated feedback system.

INTRODUCTION AND SIMULATIONS
A theoretical formalism evaluating the transverse emit-

tance growth rate due to RF phase (𝜎Δ𝜙) and amplitude
(𝜎Δ𝐴, Δ𝐴 = Δ𝑉/𝑉) noise was derived in [1]. The emittance
growth rate depends on:

• Operational and accelerator parameters. There is little
or no control of these values. This term is effectively
inversely proportional to 1/𝛽∗ for a given full crabbing
angle 𝜃𝑐𝑐.

• The bunch length. This term is almost constant over
the EIC operational range.

• The RF noise power spectral density sampled by the
beam. This term depends on the RF and LLRF tech-
nology.

Simulations were performed [2] to confirm the above rela-
tionships for the EIC, using PyHEADTAIL, a macro-particle
tracking code that simulates collective beam dynamics [3].
There was very good agreement between simulations and
the theoretical expressions.

BUNCH LENGTH EFFECTS
The EIC Electron Storage Ring (ESR) and Hadron Storage

Ring (HSR) bunch lengths vary depending on the collision
energy and hadron species. The verified theoretical expres-
sions were used to estimate the effect of the planned EIC
bunch lengths on the EIC transverse emittance growth rates
due to RF noise, shown in Table 1. The results were also
compared to the High-Luminosity Large Hadron Collider
(HL-LHC). The terms𝐶Δ𝜙 (𝜎𝜙) and𝐶Δ𝐴(𝜎𝜙) show the scal-
ing of the phase and amplitude noise effects respectively due
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Table 1: HL-LHC and EIC ESR/HSR Bunch Length and
𝐶Δ𝜙 (𝜎𝜙), 𝐶Δ𝐴(𝜎𝜙) Terms

𝝈𝒛 (cm) 𝝈𝝓 (rad) 𝑪𝚫𝝓 𝑪𝚫𝑨

HL-LHC 7.5 0.630 0.726 0.137
ESR 5 GeV 0.7 0.058 0.996 0.002
ESR 10 GeV 0.7 0.058 0.996 0.002
ESR 18 GeV 0.9 0.074 0.995 0.003
HSR 41 GeV 7.5 0.309 0.913 0.043
HSR 100 GeV 7 0.289 0.922 0.038
HSR 275 GeV 6 0.248 0.942 0.029
Au 41 GeV 11.6 0.479 0.816 0.092
Au 110 GeV 7 0.289 0.922 0.038

to the bunch length. 𝜎𝜙 is the bunch length in radians with
respect to the crab cavity frequency.

Clearly, there is lower sensitivity to amplitude noise in the
EIC than in the HL-LHC due to the shorter bunch length, es-
pecially for the ESR. This is significant if a bunch-by-bunch
transverse feedback system is employed in the EIC. Such a
system acts on the bunch centroid and can thus only counter-
act the effects of phase noise in the crabbing system. Since
phase noise is dominant in the EIC, a bunch-by-bunch trans-
verse feedback can considerably reduce transverse emittance
growth due to crab cavity RF noise.

RF NOISE REQUIREMENTS
Using the verified theoretical expressions, we can then set

an RF noise requirement to achieve a target transverse emit-
tance growth rate. The target emittance growth rate for the
HL-LHC is 1%/hr to minimize the impact on luminosity. For
the EIC ESR, the emittance growth rate must be lower than
the emittance damping time due to synchrotron radiation.
For the HSR, the emittance growth rate target is set equal to
the Intra-Beam Scattering (IBS) growth rate. This is possibly
an optimistic threshold since the EIC Strong Hadron Cooling
is designed to just counteract the IBS to maintain luminosity.
There are also additional sources of growth (beam-beam
effects for example). So, the HSR thresholds might have to
be lowered further in the future.

The target transverse emittance growth rate for all EIC
energy cases are presented in [2]. In summary, the ESR
target growth rate is many orders of magnitude higher than
the rate for the HSR due to the strong synchrotron radiation
damping. The HSR also has much higher target rates than the
HL-LHC. This is due to the very tight HL-LHC specification
to achieve minimal impact on luminosity and the much lower
transverse emittance. Using these targets and the theoretical
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Table 2: HL-LHC and EIC ESR/HSR Crab Cavity RF Noise
Thresholds

𝝈𝚫𝝓 (µrad) 𝝈𝚫𝑨 (1e-6)
HL-LHC 8.17 13.30
ESR 5 GeV 805 12700
ESR 10 GeV 860 13600
ESR 18 GeV 548 7060
HSR 41 GeV 3.09 10.1
HSR 100 GeV 2.69 9.36
HSR 275 GeV 1.75 7.07
Au 41 GeV 18.7 39.4
Au 110 GeV 5.12 17.8

formalism, RF noise thresholds for phase and amplitude
noise were calculated for the HL-LHC, and the EIC ESR
and HSR and are shown in Table 2. The much higher EIC
crabbing angle leads to a significantly higher sensitivity to
noise compared to the HL-LHC. The transverse emittance
growth rate scales as 𝜃2

𝑐𝑐, the EIC sensitivity to RF noise
power is 4000 times higher than the HL-LHC. On the other
hand, the emittance growth rate target for the HL-LHC is
three orders of magnitude lower than for the EIC HSR, and
eight orders of magnitude lower than the EIC ESR. Most
other parameters are comparable, and as a result, the EIC
HSR noise thresholds are in the same order of magnitude,
but still lower than the already challenging levels required
for the HL-LHC. The EIC ESR thresholds are much higher
due to the fast transverse radiation damping time.

RF NOISE SPECTRUM
For the purposes of the Low-Level RF (LLRF) design,

these noise levels should be converted to a power spectral
density. The higher EIC revolution frequency reduces the
beam sampled power, since there are fewer revolution har-
monics within the closed loop bandwidth of the crab cavity
response.

Figure 1 shows the LHC accelerating cavities noise power
spectral density 𝑆Δ𝜙 ( 𝑓 ) for reference, and the HL-LHC and
EIC crab cavity RF noise estimates, as well as the corre-
sponding beam sampling. The EIC beam would sample
6.5 times lower noise power than the HL-LHC beam for the
same spectrum.

The resulting rms sampled noise is 𝜎𝜙 = 27 µrad for
the HL-LHC and 11 µrad for the EIC. So, even with this
extremely low RF noise PSD, the rms sampled noise is an
order of magnitude higher than the target.

CRAB CAVITY RF NOISE FEEDBACK
The RF noise sensitivity is therefore very high in the EIC.

The RF noise threshold for the HSR is significantly lower
than the technological state of the art.

A dedicated feedback system could mitigate these effects.
A similar system is planned for the HL-LHC [4,5]. A sim-
plified block diagram of this system is shown in Figure 2.

Figure 1: RF noise power spectral density 𝑆Δ𝜙 ( 𝑓 ) for LHC
accelerating cavities and HL-LHC/EIC crab cavity estimate.
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Figure 2: Block diagram for proposed crab cavity RF noise
feedback system.

The bunch head and tail position would be extracted from
the pickup signal. Since we are concerned with the resid-
ual noise after all the crabbing and uncrabbing cavities, the
pickup should be outside the IR region. The head/tail dif-
ference and sum estimate the bunch tilt and offset (due to
amplitude and phase noise respectively).

We conducted simulations of such a system for the EIC
HSR to study its potential performance and limitations. As
shown in Figure 3, an ideal Crab Cavity Noise Feedback
system has the potential to significantly reduce the phase
noise effects on transverse emittance growth. Simulations
on amplitude noise effects show similarly promising results.
It should be noted that even though the emittance growth
rates might appear unreasonably high, the total emittance
growth over the course of the simulation is comparable to
an EIC coast.

The feedback system can mitigate the noise effects if the
feedback damping time is shorter than the decoherence time.
As the tune spread is increased, the system’s effectiveness
is reduced (for a fixed system delay). Simulations were
performed to quantify the tune spread effect on emittance
growth reduction and showed that any changes of the opera-
tional tune spread value will negatively impact the perfor-
mance of the crab cavity noise feedback system.

For similar reasons, an increase of the system’s delay,
leads to a performance reduction. In addition, high system
delay leads to feedback loop instability for high gain settings.
Simulations show that the system is unstable when the delay
exceeds 9 turns for a gain of 0.3 and when it exceeds 5 turns
for a gain of 0.5.
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Figure 3: Emittance growth rate with feedback gain (phase
noise).

Figure 4: Emittance growth rate with feedback gain in the
presence of measurement noise.

The most important limitation to the system performance
though is the pickup precision. Measurement noise was
injected in the simulation to study this effect. As expected,
the transverse emittance growth rate is dominated by the crab
cavity RF noise for low feedback gains but is dominated by
the measurement noise for high gains, as seen in Figure 4.
Simplistically, when the gain is high, the feedback system
can suppress the crab cavity RF noise, but it also amplifies
the measurement noise to the point that it leads to significant
emittance growth.

It should be noted that the sensitivity to measurement
noise will highly depend on the crab cavity and pickup 𝛽

function ratio. Ideally, the pickup would be placed at a high
𝛽 location to minimize the effect of measurement noise. The
pickup should also have a 𝜋/2 phase advance with respect
to the crab cavity.

CONCLUSIONS AND FUTURE STEPS
The sensitivity to RF noise is very high in the EIC. The

RF noise threshold for the HSR will be very hard to achieve
technologically.

A dedicated feedback system could reduce the crab cavity
RF noise effects and thus relax the crab cavity RF noise
threshold. The performance of the system will greatly de-
pend on the pickup precision, location, and additional tech-
nical specifications. The precision requirements could be
relaxed by averaging over many bunches, taking advantage
of the low crab cavity closed-loop bandwidth. To a lesser
extent, the crab cavity noise feedback system performance
will also depend on the tune spread and the system delay.

The pickup is a critical component for this system and
the immediate future steps should be focused on its specifi-
cations.

In parallel, the crab cavity LLRF design should be stud-
ied. The LLRF should regulate individual station voltages
and the total crabbing/uncrabbing voltage, while keeping
the noise injected to the beam as low as possible. Trade-
offs probably exist between low noise and high impedance
control architectures. These tradeoffs should be carefully
quantified.

It should be noted that the estimates and simulations pre-
sented here do not include coupling with the machine trans-
verse impedance. HL-LHC simulations have shown a poten-
tial reduction of RF noise effects due to this coupling. This
reduction is up to a factor of two for phase noise, but there
is no reduction for amplitude noise [6].

REFERENCES
[1] P. Baudrenghien and T. Mastoridis, “Transverse emittance

growth due to RF noise in the high-luminosity LHC crab cav-
ities,” Phys. Rev. ST Accel. Beams, vol. 18, p. 101001, 2015.
doi:10.1103/PhysRevSTAB.18.101001

[2] T. Mastoridis, P. Fuller, P. Mahvi, Y. Matsumura, and K. Smith, 
“EIC Transverse Emittance Growth due to Crab Cavity RF
Noise: Estimates and Mitigation,” EIC-ADD-TN-026 and
BNL-222748-2022-TECH, Feb. 2022.

[3] A. Oeftiger, “An Overview of PyHEADTAIL,” CERN-
ACC-NOTE-2019-0013, Apr. 2019.

[4] P. Baudrenghien and T. Mastoridis, “Crab Cavity RF Noise
Feedback and Transverse Damper Interaction,” CERN-ACC-
NOTE-2019-0006, Mar. 2019.

[5] T. Mastoridis and P. Baudrenghien, “Transverse emittance
growth due to RF Noise in Crab Cavities: Theory, Measure-
ments, Cure, and High-Luminosity LHC estimates,” in prepa-
ration for publication.

[6] N. Triantafyllou, F. Antoniou, H. Bartosik, P. Baudrenghien,
X. Buffat, R. Calaga, et al., “Investigation of Damping Effects
of the Crab Cavity Noise Induced Emittance Growth”, in Proc. 
IPAC’21, Campinas, Brazil, May 2021, pp. 2054–2057.
doi:10.18429/JACoW-IPAC2021-TUPAB256

5th North American Particle Accel. Conf. NAPAC2022, Albuquerque, NM, USA JACoW Publishing
ISBN: 978-3-95450-232-5 ISSN: 2673-7000 doi:10.18429/JACoW-NAPAC2022-MOYD3

MOYD3C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

8 01: Colliders


