¢ Brookhaven

National Laboratory
BNL-229019-2025-TECH
EIC-ADD-TN-148

Electron cloud predictions for the Hadron Storage Ring of the Electron-Ion
Collider and planned mitigations

S. Verdu-Andres

September 2025

Electron-Ion Collider

Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Nuclear Physics (NP)

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the technical note for
publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-

wide license to publish or reproduce the published form of this technical note, or allow others to do so, for United
States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



Electron cloud predictions for the Hadron Storage Ring
of the Electron-Ion Collider and planned mitigations

Silvia Verdu-Andréd
Brookhaven National Laboratory, Upton, NY 11973, USA

(EIC Project)

This paper reports on a collection of electron cloud studies to determine the electron cloud thresh-
old for different sections along the beampipe of the Hadron Storage Ring (HSR) for the Electron-Ion
Collider (EIC), presents the results of a study of the interaction of the beam with the electron clouds,
and discusses the limitation of potential solutions like scrubbing and Landau damping.

I. ELECTRON CLOUDS IN HIGH-INTENSITY
POSITIVELY-CHARGED PARTICLE
ACCELERATORS

Electron cloud buildup is the avalanche electron mul-
tiplication in the vacuum chamber of a particle acceler-
ator which results from the emission of secondary elec-
trons from the walls of the vacuum chamber after the
impact of a primary electron and establish resonant tra-
jectories due to coupling with the electromagnetic field
generated by the passing beam bunches that extract fur-
ther electrons. The electron cloud buildup mechanism is
analogous to the multipacting effect in RF components.
Whereas multipacting is fed by the electromagnetic en-
ergy stored in the RF component, in particle accelerators
the beam feeds the electron cloud buildup.

Electron clouds have been observed in almost ev-
ery particle accelerator operating with high-intensity
positively-charged beams (positrons, protrons, heavy
ions) [1L2]: the Proton Storage Ring (PSR) at Budker In-
stitute of Nuclear Physics (BINP) [3HD]; ZGS at Argonne
National Laboratory; the PSR at Los Alamos National
Laboratory (LANL) [6Hg]; PEP-II in 2000 at SLAC; the
Alternating Gradient Synchrotron (AGS) [9] and the Rel-
ativisitic Heavy Ton Collider (RHIC) at Brookhaven Na-
tional Laboratory (BNL); Bevatron at Lawrence Berke-
ley National Laboratory; the Intersecting Storage Rings
(ISR), the Proton Synchrotron (PS) [I0, I1], the Super
Proton Synchrotron (SPS) [12] and the Large Hadron
Collider (LHC) [13, 14] at CERN; on SNS in 2006 at
Oak Ridge National Laboratory; the DA®NE electron-
positron collider at INFN Frascati in Italy; on PETRA-
IIT at DESY in 2009; ISIS at RAL in 2008; the photon
and B factories at KEK; the Cornell Electron Storage
Ring (CESR) at Cornell during a dedicated study pro-
gram with a positron beam; and in the Main injector and
the Recycler proton storage ring at Fermilab [15].

Electron clouds can heat up the vacuum chamber [16],
deteriorate vacuum [I7] and beam quality [16] 18], [19],
and in some cases lead to beam loss [16].

II. THE HADRON STORAGE RING
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OF THE ELECTRON-ION COLLIDER

The Electron-Ion Collider (EIC) will provide high-
luminosity collisions of polarized electrons with polarized
protons and light ions as well as with heavier stable nuclei
in a center-of-mass energy range from 20 to 140 GeV. A
sketch of the EIC accelerator complex is shown in Fig.
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FIG. 1. Sketch of the EIC accelerator complex at BNL.

The Hadron Storage Ring (HSR) of the EIC will host
up to 1160 bunches, 1 A beam current of proton and ion
beams with an energy range from 40 to 275 GeV. The
asymmetric collisions between beams of different species
and energies require to adjust the path length of the
hadron beams in order to synchronize the collision of
hadrons and ultra-relativistic electrons at the interaction
point. The path length of the hadron beams is done by
a horizontal orbit offset for the 100 and 275 GeV beams
and by a by-pass for the 41 GeV beams. Flat beams with
a small vertical beam emittance of 1.5 nm are necessary
to match the beam size of hadron and electron beams at
the interaction point in order to maintain proton beam
stability and ensure proton beam lifetime.


mailto:Contact author: sverdu@bnl.gov

The HSR will be built from one of the two supercon-
ducting storage rings of the existing Relativistic Heavy
Ton Collider (RHIC) of Brookhaven National Labora-
tory (BNL). In operation since 2001, RHIC has exceeded
design luminosity by a factor of 44 and is the world’s
only polarized proton collider. RHIC can collide up to
110 bunches of diverse ion species ranging from protons
to uranium with an energy of up to 255 GeV for proton
beams and 100 GeV/n for gold beams.

Electron cloud effects were first observed in RHIC in
2001 [20] 21I]. Over the years, several mitigation strate-
gies were adopted [22]. NEG coating in the warm,
straight sections suppressed the dynamic pressure surges
attributed to electron clouds. Electron clouds still ap-
pear during transition crossing with gold beams. The
main suspicion is that electron clouds build up in the arc
dipoles as the bunch shortens during transition cross-
ing. The superconducting arcs of RHIC have a round,
69 mm diameter, stainless steel 316LN grade beam pipe,
which under beam scrubbing can reach a maximum sec-
ondary electron yield (SEY) at normal incidence of about
1.35 [23].

On the other hand, LHC has encountered major limi-
tations to operate with 25 ns bunch spacing due to elec-
tron clouds. Lengthy scrubbing campaigns to decrease
the bunch spacing from 50 to 25 ns and low SEY coat-
ings are planned for HL-LHC. The superconducting arcs
of LHC have a beam screen with an inner surface of cop-
per inserted in the bore hole. The main purpose of the
LHC beam screens is to shield the dynamic heat load
contributed by the beam from the 2 K beam pipe of the
superconducting magnets.

The HSR will host proton beams with bunch charge
comparable to RHIC and the LHC, and much closely
spaced bunches — see Table [l These two beam param-
eters are believed to be main drivers for electron cloud
buildup. Electron clouds have made their appearance in
both RHIC and the LHC, which leads us to suspect that
electron clouds may also appear in the HSR unless the
RHIC beam pipe is upgraded.

TABLE 1. Relevant beam parameters of selected high-
intensity proton accelerators where electron cloud was ob-
served.

Machine RHIC LHC EIC HSR
Bunch spacing (ns) 108 50 — 25 10.15
Bunch charge (x10"' ppb) 1.35 1.15 0.69

The studies presented in this paper focus on the pro-
ton beam for the highest-luminosity scenario as it is the
highest-intensity, shortest bunch spacing beam that the
HSR will host, although the beam for the highest center-
of-mass scenario is also discussed given its relevance for
the commissioning of the machine. Table[[]]lists the main
parameter values for both beams. Ramp up from injec-
tion energy to store will be performed with the beam
circulating on-center of the beam pipe. At store, the

beam orbit aligns with the center of the EIC HSR vac-
uum chamber. In collision mode, for synchronicity of the
electron bunches with ultra-relativistic proton bunches
at the interaction point, the 275 GeV proton beams cir-
culate through the arcs with an offset of up to 21 mm.
The maximum orbit excursion will be at arc quadrupoles
and arc sextupoles.

TABLE II. Proton beam parameter values for the highest
center-of-mass energy (Ecwm) and the highest luminosity (£)
beam scenarios.

Parameter Highest Ecm Highest £
Species pr pr
Energy (GeV) 275 275
No. bunches 290 1160
Bunch spacing (ns) 40.59 10.15
Bunch charge (10'°) 19.1 6.9
RMS bunch length (cm) 6 6
Center-of-Mass Energy (GeV) 140.7 104.9
Luminosity (10** cm™2?s™1) 1.54 10

III. NUMERICAL PREDICTIONS OF
ELECTRON CLOUD BUILDUP THRESHOLDS
IN THE HSR

Evaluation of the electron cloud buildup thresholds is
essential during the design phase to lay out proper miti-
gation plans and define design system requirements and
specifications. The electron cloud thresholds are set by
the heat load budget allocated to the electron cloud con-
tribution to ensure beam quality.

A. Background

The uppermost atomic layers of the vacuum chamber
surface will determine the number of secondary electrons
emitted (Ny) relative to the number of incident electrons
(Np) at a certain impact energy (E,) and incidence angle
(9), or secondary electron yield (SEY):

N
SEY (E,,0) = —— 1
( p ) ]\[p(Ep7 9) ( )

The SEY of a surface depends on its topography and
electronic structure, as well as the presence of absorbates.

B. Method

In this section, the heat load deposited by the elec-
tron cloud is used as a monitor to determine the electron
cloud buildup threshold. Electron density and heat load
are well correlated. The electron cloud buildup threshold,
i.e. the SEY value at which the electron cloud initiates



its exponential build up, is identified with the electron
density onset. This approach is followed because elec-
tron cloud buildup simulations are less computationally
expensive than beam - electron cloud interaction simula-
tions. The validity of this approach is later discussed in
Section [[V1

The electron cloud buildup thresholds are determined
by PyECLOUD [24] simulations. The simulations in-
spect how the electron cloud buildup threshold varies
in function of the SEY value (variable ”SEY”) using
the default SEY curve model in the PyECLOUD code
(‘ECLOUD’) |24] 28], with the model parameters taking
the values shown in Table [[TI] for amorphous carbon [26].

TABLE III. Parameters from PyECLOUD SEY curve model
‘ECLOUD’ and measured values for amorphous carbon [26].

Ro 0.7-0.9

Eq (eV) 150

Ermax (€V) 275.1

s 1.773

Omax (variable “SEY”) 1.06
C. Results

1. Arc dipoles, quadrupoles, and sextupole magnets

The superconducting magnets in the HSR arcs will be
equipped with a beam screen. The screen profile adopts
the racetrack cross section shown in Fig. 2] In the past,
electron cloud thresholds were investigated for round and
polygonal profiles [27,28]. These designs were abandoned
with the adoption of the actively-cooled screen as a base-
line [29]. Some electron cloud can be tolerated as long
as the electron cloud does not compromise beam quality
and stability and the heat load from electron cloud does
not exceed the about 50-80 W budgeted per sextant.
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FIG. 2. Racetrack profile of the HSR beam screen.

Fig. [3| shows the heat load deposited by the electron
cloud for the highest luminosity and highest Ecm beams

when traveling 18 mm off-center. The highest luminosity
beam — with 1160 bunches — shows lower SEY thresholds
(around 1.02) than the highest Ecm beam — which con-
tains 290 bunches with larger bunch charge. The screens
at the arc quadrupoles show the lowest SEY threshold
for the highest Ecm beam while those at the arc sex-
tupoles show the lowest SEY threshold for the highest
luminosity beam. The difference in SEY threshold for
the focusing and defocusing magnets arises from differ-
ences in the magnet strength — see Table [V} The lowest
SEY threshold for the arc dipoles is found when the high-
est luminosity beam travels on axis, as shown in Fig. [
Beam offset scans for the highest luminosity beam and
the strongest gradient magnets of each type — the most
demanding scenario — are shown in Fig. [5] [6] and [] The
electron cloud buildup response to different beam offsets
depends on the magnet type. The known behaviour of
higher order magnets as magnetic bottles is enhanced by
the beam offset.
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FIG. 3. Heat load due to electron cloud buildup for high-
est luminosity (top) and highest Ecm (bottom) beams trav-
eling at 18 mm off-center through arc dipoles (DF, DD), arc
quadrupoles (QF, QD), and arc sextupoles (SF, SD).
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FIG. 5. Heat load due to electron cloud buildup for high

luminosity beam in screens of the arc dipole magnets.

A low SEY is required for the vacuum chamber of
the HSR superconducting magnets. The baseline plan
is to apply a thin layer of amorphous carbon (SEY~1,
no need for activation by baking) to the screen. In prac-
tice, the produced amorphous carbon films will feature
an SEY that follows a bell curve like distribution [30, [3T].
Physisorbed molecules on the amorphous carbon surface
may also increase the apparent SEY [32]. Table lists
the heat deposited by the electron cloud for selected SEY
values. Scrubbing might be needed during commission-
ing / pre-operations and there should be some budget
allocated to the heat deposited by the scrubbing beam.
As the spatial distribution of delivered dose depends as
well on the magnet type and beam offset, operation at
different beam offsets entails consequences for the scrub-
bing campaign. Scrubbing beams may be required to
clear electron cloud in the superconducting arcs (see Sec-
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FIG. 6. Heat load due to electron cloud buildup for high
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tion .

2. Cold mass interconnects

The cold mass interconnects will host new button beam
position monitors (BPM) and RF shielded bellows. In
presence of no external fields and during operation with
colliding (off-centered) beams, Fig. |8 shows that electron
cloud will build up in presence of the highest luminosity
beam for SEY values featured by conventional metallic
surfaces like copper (up to 1.7) and scrubbed stainless
steel (1.48).

The beam offset at the cold mass interconnects will
vary in a broad range, depending on their location along



TABLE IV. Heat loads (W/m) for selected SEY values of
the screens at the magnets (from Fig.[3] 18 mm beam offset)
and drifts (from Fig. |8 on-axis beam) of the HSR arcs.

SEY 1.1 1.2 1.3
Highest £
Drift 0.0040 3.4362 9.2767
Arc dipole 0.0003 0.0004 0.0007
Arc quadrupole 0.2478 3.1756 5.7655
Arc sextupole 2.4035 5.4965 8.0734
Highest Ecm
Drift 0.0032 0.0037 0.0043
Arc dipole 0.0012 0.0015 0.0022
Arc quadrupole 0.0008 0.0017 0.5161
Arc sextupole 0.0017 0.0023 0.0047
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FIG. 8. Heat load due to electron cloud buildup by the high-
est luminosity beam for no field section with nominal aperture
racetrack profile.

the lattice. The lowest SEY threshold is found for the
passage of the beam on-axis, as shown in Fig. [0

The fringe fields of the magnets could make the elec-
tron cloud stronger. This result suggests that the sur-
faces exposed to the beam in the cold mass interconnects
must have amorphous carbon coating or any other solu-
tion that shows a sufficiently low SEY to prevent electron
cloud buildup. The HSR will be warmed up every year,
with the fingers of the RF shielded bellows scratching
against the edge of the cuff during thermal cycles and risk
to flake if coated with amorphous carbon. The coating
hardness should be assessed. From Fig. the highest
Ecm beam does not seem to build up an electron cloud.

Figures[11] and [I2] show the heat deposited by the elec-
tron cloud generated by the highest luminosity beam to
the screen profile and to the 20-mm diameter BPM but-
ton which is farthest away from the beam for different
SEY values of the racetrack profile chamber, respectively.
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FIG. 9. Heat load due to electron cloud buildup by centered
(x=0) and off-axis (x = 18 mm) highest luminosity beam (top)
for no field section with nominal aperture racetrack profile.
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3. D0 magnets in IR0S

The present HSR design will use warm D0 magnets
in all the straight sections. At the time of this study, a
lattice solution for the DOs in TR08 was not available, so
we assumed a value of 100 m for both beta functions and
dispersion not larger than 10 cm, with a nominal field
in the DO of 3.698 T for the 275 GeV proton beam [33].
The DO beam pipe is 89 mm diameter. Fig. [13] and
show the heat load deposited by electron cloud in the DO
magnets of IR0O8 computed for a 89 mm-diameter round
chamber values in case a screen is deemed necessary. The
results indicate that some low SEY (< 1.2) surface is
needed to suppress electron cloud buildup in this region.
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IV. NUMERICAL SIMULATIONS OF BEAM -
ELECTRON CLOUD INTERACTION

The following beam-electron cloud interaction studies
intend to evaluate the impact of a forming electron cloud
on beam stability and, given that the dynamic heat load
budget can accommodate some contribution from elec-
tron cloud, find the most limiting threshold to electron
cloud buildup.

A. Method

The stability studies focus on the 275 GeV highest lu-
minosity proton beam in store (60 mm rms bunch length
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FIG. 13. Heat load due to electron cloud buildup for DO
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beam circulating on-axis). The studies evaluate the inter-
action of an already formed electron cloud with a bunch
at the end of the train tail. For the studied beam, the
electron cloud is still forming during the passage of the
first few hundred bunches before reaching saturation, as
shown in Fig. Following the approach in Ref. [? ], the
studies assume a uniform distribution of electrons at rest
in the vacuum chamber of an arc dipole, corresponding to
the electron density of an electron cloud in a saturation
regime generated by the last bunches of the train. The
assumption of uniform density at beam position is vali-
dated from Figl[T6 which shows the electron distribution
from a beam traveling on-axis in the vacuum chamber of
an HSR arc dipole, right before and after a bunch pas-
sage, with the electron cloud in saturation regime. The
beam screen surface has SEY = 1.1. The electron dis-
tribution in the surroundings of the beam right after the
bunch passage is uniform. The electron density depends



on the SEY value of the vacuum chamber surface, as
shown in Fig. PyECLOUD simulations are used to
find the correlation between electron density and SEY
value. Stability studies are performed for different elec-
tron densities (that is, SEY values). Noting that electron
clouds cause fast instabilities, the simulations track for
about 10000 turns (about 0.13 seconds) or until 10% of
the beam is lost. The electron cloud kick is computed by
PyECLOUD and incorporated into PyHEADTAIL [34]
as a thin lens element. PyHEADTAIL simulations then
track a single bunch around the ring.

Var. name: cen_density
electron density at the beam position

o1, SEY=1.1, beam on-axis

e~ density [m~3]
IS

T T T U T

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time [s] le-5

FIG. 15.  Electron density at the beam position for a full
train of the highest luminosity proton beam.
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FIG. 16. Electron distribution in the vacuum chamber of an

HSR arc dipole, right before and after a bunch passage, with
the electron cloud in saturation regime.
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B. Results
1. Effects of the interaction on the beam

A stability simulation considering the beam interaction
with the electron cloud generated in the beam screen of
every HSR arc dipole with SEY = 1.3 surface (electron

density of 1 x 1013 electrons/m3 at the beam location)
finds that the 10% particle loss limit is reached within few
thousand turns. The interaction of the beam with the
electron cloud leads to a fast (few tens of milliseconds)
vertical emittance blowup, as seen in Fig. An initial
bunch centroid wiggling leads to the subsequent vertical
emittance blowup, as observed from Fig.[I9] The vertical
coordinate is more impacted because the electron cloud
generated in the field of an arc dipole provides a vertical
kick. An inspection of the bunch at the end of the train
finds that its interaction with the electron cloud has re-
sulted in a fast growth, transverse head-tail, high-order
mode instability, as observed in Fig. 20| for SEY = 1.2.

The previous cases are chosen for illustrative purposes,
as the average SEY value for the beam screens of the
HSR arc dipoles, coated with amorphous carbon, should
present lower SEY values [31]. A study of how the num-
ber of dipoles with electron cloud impacts beam sta-
bility found that the associated emittance growth will
still appear even if the number of arc dipoles with elec-
tron clouds is smaller, although the buildup time will be
proportional to the number of arc dipoles with electron
cloud. Fig. shows that the evolution of the normal-
ized transverse emittance for 100% arc dipoles and 50%
arc dipoles with electron clouds overlap after properly
weighting number of turns and the total length with elec-
tron cloud, indicating that once a certain electron density
can trigger the electron cloud instability, the number of
turns it takes for the instability to grow is proportional to
the length of the region with electron cloud. The case of
10% arc dipoles with electron cloud requires more turns
to fully develop the electron cloud instability.
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2. Threshold from beam stability

The dynamic heat budget has margin to accommodate
some contribution from electron cloud. This margin can
also become handy for beam scrubbing. The electron
cloud thresholds are defined to guarantee reliable nom-
inal operations and thus must encompass the dynamic
heat load limitations as well as the effects that the inter-
action of beam and electron cloud have on beam quality
and stability.

The stability study is repeated for different values
of electron density at the beam location. The results
showed in Fig. suggest an alarmingly fast electron
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FIG. 20. Head tail instability result of the interaction of the
beam with the electron cloud generated by the highest lumi-
nosity beam in the vacuum chamber of the HSR arc dipoles
with SEY = 1.2.
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FIG. 21. Comparison of the evolution of normalized trans-
verse emittance comparison in fucntion of the number of arc
dipoles that present electron cloud. The evaluation assumes
electron density of 1e12 e-/m3 (SEY ~ 1.08).

cloud led emittance growth even if the SEY is as low
as 1.1 in every screen of an HSR arc dipole. The heat de-
posited by the electron cloud is pretty much proportional
to the electron density, as seen from Fig. The sharp
logarithmic slope indicates an abrupt increase of electron
density and deposited heat. Some slight difference on the
onset of this slope arises from the non-uniform electron
energy distribution. The stability study finds that the
threshold for beam stability coincides with the threshold
established from electron density to limit deposited heat.

V. POSSIBLE MITIGATIONS

Electron cloud buildup mitigations can be divided in
active and passive methods [35]. Active methods include



the use of weak solenoid fields (10 — 20 G) along the vac-
uum chamber, biased clearing electrodes, selected bunch
patterns, and beam ‘scrubbing’. Passive methods rely
on the use of low SEY materials and coatings, grooved
and LASE surfaces, specially shaped vacuum chambers,
and vacuum procedures to reduce residual gas by in-situ
baking and pre-pumping of cryogenic regions.

Electron cloud effect mitigations include Landau
damping to control the head-tail transverse instability
and the use of transverse bunch-by-bunch dampers.

A. Beam ‘scrubbing’

The SEY of a surface conditions with dose by several
processes which include the removal of adsorbates (con-
taminants, adsorbed gases, etc.) and the modification
of crystalline structure as it is the case with the carbon
film’s graphitization [36]. A literature search found that
typical doses to reduce the SEY of an amorphous carbon
film from 1.3 to 1.0 are in the order of few mC/mm? to
few tens of mC/mm? [377 ? ,[38] for an electron energy
comparable to that at which the SEY value reaches its
maximum, around 300 eV for amorphous carbon. Typi-
cally the removal of contaminants requires less dose than
the conversion of sp3 to sp2 bonds.

Beam ‘scrubbing’ consists on the generation of an elec-
tron cloud strong enough to induce dose conditioning in
practical times while ensuring that the undesired effects
of the electron cloud (deposited heat, beam stability) are
kept under acceptable levels. Fig. ?? shows that for SEY
values up to 1.2, the electron cloud generated by the
highest luminosity beam drives emittance growth, thus
preventing the delivery of the intended luminosity (lu-
minosity is inversely proportional to beam emittance);
however, the beam survives over many turns, opening its
potential use for ‘scrubbing’ assuming that we start with
a SEY = 1.2 surface for the beam screens at every HSR
arc dipole. Although the goal is to produce amorphous
carbon coatings with SEY close to 1, and store in Ng
back filled atmosphere while the beam screens await to
be installed, exposure to air during installation may in-
crease SEY. RHIC is warmed up every year but kept in
vacuum; similar approach will be followed by the HSR.
Occasional venting of some regions for installations, re-
pairs, or maintenance may also increase SEY.

Scrubbing is most efficient by electrons with energies
around 300 — 1000 eV. Fig. 22 shows that unfortunately
most of the electrons in the electron clouds generated by
the highest luminosity beam have impact energies below
100 eV. In addition, as the surface gets scrubbed and the
SEY decreases, the electron cloud will become weaker,
and in turn, the deposited dose will be smaller, reduc-
ing the efficiency of the conditioning as the ‘scrubbing’
process progresses. Under both considerations, Fig. 77
provides an estimate of the time required for the elec-
tron cloud to provide a total dose of 32 mC/mm? that
conditions the surface of the beam screens in the HSR

arc dipoles from an initial SEY value of 1.2 down to 1.0.
The different colored lines represent the estimated time
to condition the surface to a particular SEY value. The
estimate considers that electrons with energy above the
threshold contribute equally to the conditioning of the
surface whereas electrons with energy below the thresh-
old do not contribute at all. Higher energy thresholds
result in higher conditioning times because there are less
electrons contributing to the conditioning, with the con-
ditioning time estimate ranging from a few days to several
weeks depending on the energy threshold.
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threshold energy.

The ‘scrubbing’ times required to condition the HSR
vacuum chambers and prepare them to host the high-
est luminosity beam might differ from predictions be-
cause the dose delivered by the electron cloud is not uni-
form, and depends on the beam offset and the magnetic
field pattern. The presented estimate assumes that the
delivered dose is uniformly distributed across 27, what
may overestimate the time required to condition the sur-
face. On the other hand, the collision mode requires the
hadron beams to travel with a horizontal offset as large
as 20 mm. Since the impact surfaces depend on the beam



offset, scrubbing needs to be performed for different beam
offsets.

Some heat load budget is required for scrubbing. Na-
ture sometimes helps and the heat deposited by electron
clouds is larger for the highest luminosity beam than for
the higher center-of-mass beam, whereas the heat from
resistive wall is the opposite. In addition, the available
heat load budget is contributed by all the cryomodules
in a cooling circuit and not all will receive the same heat.

B. Landau damping

Octupoles introduce an amplitude-dependent tune
shift which is proportional to the anharmonicity coef-
ficients «;;. For the HSR 275 GeV store optics, the
maximum available o is about 2x10* m™! with some
caveats [39]. As emittance is the average amplitude of all
particles in a bunch, € = (J;)n, the maximum detuning
by HSR octupoles to 275 GeV proton beam with design
normalized emittance is about 1 x 10~*. In comparison,
the tune spread experienced by the beam as a result of
its interaction with the electron cloud is in the order of
1x1072, about two orders of magnitude larger than what
the Landau octupoles can provide (see Fig. . While
the Landau damping cannot correct the dQ introduced
by the electron cloud, the HSR octupoles might still be
handy to mitigate head-tail motion for other beams.
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FIG. 24. Tune footprint of beam resulting from its interac-
tion with the electron cloud. Octupoles are off.

10

VI. CONCLUSION AND OVERVIEW

Electron cloud buildup thresholds for many HSR
beamline sections were estimated. The design of the com-
ponents includes passive solutions to suppress e-cloud.
Mitigation methods are being investigated such as ‘scrub-
bing’ to suppress electron cloud and Landau damping
to ‘tame’ the associated head-tail oscillations. Further
studies to determine electron cloud thresholds for other
locations continue.
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MAGNET STRENGTHS AND TWISS
PARAMETERS

Magnet strengths and Twiss parameters of the most
recent lattice EIC-HSR-220921a for the 275 GeV proton
beams in store (on-axis) are listed in Table E The lattice
for beams in collision is under preparation.
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