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A hollow electron beam has been proposed as an active control tool to remove the beam halo from high-
energy, high-current hadron or ion machines (such as the High-Luminosity Large Hadron Collider). To
study the halo removal rate and assess the effect on the ion beam core, one of the two electron lenses in the
Relativistic Heavy Ion Collider was changed from a Gaussian beam profile to a hollow profile. We describe
the design and verification of the hollow electron beam parameters as well as the methods to minimize the
hollow beam profile distortions, which can result in an ion beam emittance increase. The hollow beam
alignment with the ion beam by using a backscattered electron detector has been demonstrated.
Furthermore, experiments were carried out to explore the efficiency of the halo removal by scanning
the current and inner radius of the hollow electron beam, which is pulsed either every turn or every nth turn.
The effects of the hollow electron beam on the ion beam emittance and luminosity were also assessed
experimentally by scanning the inner radius of the electron beam.
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I. INTRODUCTION

Hollow electron beams have been studied for about
70 years for different applications. Nonmagnetized hollow
electron beams have been used or proposed for several
acceleration schemes, such as in linear induction acceler-
ators [1] and, more recently, plasma wakefield accelerators
[2-3]. Furthermore, to improve the stability and perfor-
mance of a free-electron laser, an electron beam with a
hollow transverse distribution instead of the usual Gaussian
is under investigation [4]. To get better transverse cooling
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rates and avoid electron heating, as well as to increase the ion
beam lifetime, a magnetized hollow electron beam has been
proposed and used for an electron cooler [5—11].

More recently, hollow electron lenses were proposed as a
novel technique for active beam collimation and halo
control with application for the High-Luminosity Large
Hadron Collider (HL-LHC) at CERN [12—15]. Concerns
related to the operation with high stored beam energies at
the HL-LHC motivated studies for the integration of this
technique in the baseline upgrade program of the LHC.
A first conceptual design [13] was followed by detailed
integration studies [15].

The hollow electron beam can be used as an active control
method to remove the beam halo via increasing the diffusion
rate within a certain amplitude range, which results in a
higher collimation efficiency. This reduces the beam energy
stored between the beam core and the collimator edges and
reduces the risk of a sudden energy release from the beam
halo, by controlling the moments in time during the opera-
tional cycle when beams are lost. The beam halo is sensitive
to both beam condition changes, such as orbit jitters, and

Published by the American Physical Society
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machine configuration changes, such as tune adjustments,
optics changes (squeeze), collimator position movements,
and fast crab cavity parameter changes.

The technique was first tested experimentally at the
Fermilab Tevatron collider [16—-19]. During these experi-
ments, the same electron-lens current was seen by the
antiprotons at each turn (the so-called “dc mode” of
operation). More studies have followed, such as the
calculation of the transverse kicks from the hollow elec-
tron-lens bends [20], the beam diocotron instability control
[21], and the hollow electron gun characterization [22], as
well as experimental and numerical studies for a hollow
electron-lens system [23-28]. The above studies, as well as
the existing electron-lens experience from Tevatron and
RHIC [29-34], provide information for the design of a
hollow electron-lens system that meets the halo removal
requirements for the HL-LHC, as well as the future appli-
cations of beam collimation in the FCC-hh [35] at CERN or
Super Proton-Proton Collider (SPPC) [36] in China.

Following the conceptual design of hollow electron
lenses for beam halo control in the LHC, the preliminary
mechanical design and simulation study of hollow electron
beam collimation in the HL-LHC has been finished.
Meanwhile, the effect of the pulsed hollow beam on the
proton beam core (emittance), the halo population, and the
halo removal rate in the LHC were simulated in detail
[24,25]. In the above study, in order to obtain a higher halo
removal rate, two different pulsing patterns instead of the
dc mode are considered: a random mode and a resonant
mode. For the random mode, the electron beam is pulsed
randomly. For the resonant mode, the electron beam is
turned on every nth turn.

For the pulsed mode, there are concerns about potential
emittance growth due to electron beam profile distortions,
field asymmetries between the entrance and the exit
bending region of the hollow electron-lens system, and
beam alignment errors. There currently is an effort ongoing
to improve the beam transverse profile via simulation by
reducing the hollow electron beam diocotron instabil-
ity [21].

electron gun

FIG. 1.

Superconducting Magnet

To find a method to reduce the hollow electron beam
profile distortions and to study the halo removal rate with
different operating configurations, as well as testing a better
method for the hollow beam alignment, the yellow ring
electron lens in the Relativistic Heavy Ion Collider (RHIC)
was modified from providing a Gaussian electron beam to a
hollow electron beam.

The RHIC consists of two rings on a common horizontal
plane: the blue ring for clockwise and the yellow ring for
counterclockwise beams. The two RHIC electron lenses
(e-lenses) with Gaussian transverse profiles, both located
near the interaction point (IP) IP10, were designed to
compensate for the beam-beam effects from the proton-
proton interactions at the two interaction points IP6 and
IP8 [29-34].

The paper is organized as follows. In Sec. II, the RHIC
electron-lens system is briefly described. In Sec. III, the
design considerations and characteristics of the hollow
electron beam are presented. In Sec. IV, the methods to
reduce the hollow beam distortions are discussed. In Sec. V,
the alignment between a hollow electron beam and a
hadron beam is demonstrated using a backscattered elec-
tron detector [37]. Results of dedicated beam-beam experi-
ments with the hollow electron beam are presented in
Sec. VI. A summary and discussion are given in Sec. VL

II. RHIC ELECTRON-LENS SYSTEM

Figure 1 is a schematic horizontal sectional view of one
of the two RHIC electron lenses [33]. Each RHIC electron
lens includes an electron gun and a collector [38] as the
electron beam source and dump. They are on the same side,
which forms a U shape along with the superconducting
solenoid (Fig. 1), while the LHC design plans an S-shape
layout with the gun and collectors at opposite sides to self-
compensate edge effects seen by the proton beam at the
entrance and exit of the electron beam. It also has magnets
[39-40] for beam trajectory control and beam size modu-
lation. There is instrumentation [41-42] for the beam
diagnostic and the alignment of the electron and ion beams.

Solenoid CSB
Solenoid CS2

Solenoid CS1

Schematic layout of one of the RHIC electron lenses [33].
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TABLE I. Main electron and ion beam parameters for the RHIC hollow lens experiments.

Parameter Unit Value

Ton beam parameters Ru (2018)* Au (2018)* Au (2019)
Total ion beam energy E,,, GeV/nucleon 100 13.5 90
Relativistic factor y;,, 107.5 14.5 96.8
pry at IP10 m 5.0 7.0 5.0
rms emittance ¢, mm mrad 1.5 2.0 2.0
rms beam size at IP10, ¢*, mm 0.26 0.98 0.32
Electron-lens parameters

Gun, inner radius r mm 4.0 4.0 4.0
Gun, outer radius r, mm 5.5 5.5 5.5
Main solenoid field T 3.0 1.0 3.0
Gun solenoid field T 0.14-0.56 0.14-0.56 0.14-0.56
E-lens, inner radius b mm 0.86-1.73 1.50-3.00 0.86-1.73
E-lens, outer radius d mm 1.19-2.38 2.064.12 1.19-2.38
Beam pipe radius at the gun mm 12.7 12.7 12.7
Beam pipe radius in the solenoid mm 54.6 54.6 54.6

2018 and 2019 are the years for the experiments.

As shown in Fig. 1, the electron beam is emitted from the
electron gun, which is immersed in the magnetic field of the
gun-side solenoid GS1. Then it goes through the gun-side
warm solenoids GS2 and GSB and propagates through the
superconducting solenoid magnet in which the interaction
with the hadron beam takes place. This is followed by
another set of three solenoids, CSB, CS2, and CS1, that is
symmetric with the gun-side solenoids, and the beam is
absorbed in the collector. The combined fields of the GSB
and CSB and the superconducting magnet as well as the
four dipole correctors (GSX, GSY, CSX, and CSY) are
used for the beam trajectory control during the beam
propagation.

The transverse beam radius of a hollow electron beam
inside of magnets can be calculated as

B cathode
I = Tcathode B ’ (1)
0

where r and rgpoq. are the beam radius of the hollow
electron beam in the magnet and at the cathode, respec-
tively, while By and B ,04c are the magnetic fields during
propagation and at the cathode, respectively.

For the electron beam profile measurement, there is a
yttrium-aluminum-garnet (YAG) screen located between
CS2 and CS1. There are two beam position monitors
(BPMs) installed inside the superconducting magnet for the
initial electron beam alignment with the hadron beam. For
the final beam alignment, the backscattered electron detec-
tor [37] is used, which is located between GS1 and GS2
above the electron beam.

Lists of RHIC hollow electron gun and beam parameters,
as well as the ion parameters in the experiments, are given in
Table I. Ion beam parameters are listed for the 100 GeV/

nucleon Ru (ruthenium) and 13.5 and 90 GeV /nucleon Au
(gold) beams.

III. HOLLOW ELECTRON GUN
A. Hollow cathode design

To have a hollow electron beam in one of the RHIC
electron lenses, one of two existing Gaussian electron guns
was modified. To reduce the risks and cost of the modi-
fication, the existing control electrode, anode, and cathode
holder remained unchanged. These were designed for a 7.5-
mm-radius cathode. The newly designed hollow cathode
has a 4 mm inner radius and 5.5 mm outer radius.

To reduce the possibility of a diocotron instability at the
edges, the cathode geometry was optimized with the 2D
package Tricomp from Field Precision [43]. The final
design is shown in Fig. 2. The left schematic shows the
hollow gun components, electrostatic field, and beam
trajectory. The optimization procedure was done with
the RCDsS code [44]. The optimization reduced the total
oscillation amplitude of the outermost and innermost beam
trajectories. The right plot shows the oscillation amplitude
of the outermost trajectory. At the end of the optimization,
the oscillation amplitude of the outermost trajectory was
reduced from the beginning of the optimization. Each line
between them represents one simulation.

A dispenser cathode (a porous tungsten matrix impreg-
nated with a barium-based emission-enhancing material)
was selected as the hollow cathode material [45].

B. Beam current and Pierce instability

The gun perveance Pg,, gives the current for a certain
anode voltage expressed by Child’s law [46—49]

3/2
I, = Pgun : Uaéode’ (2)
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FIG. 2. Simulated hollow cathode geometry (left) and trajectory optimization with simulation (right).

where [, is the electron beam current and U, 1S the
anode potential difference to the cathode. The gun per-
veance is determined by the geometry.

The perveance of the RHIC hollow electron gun was
measured in pulsed mode (Fig. 3, left). A fit to Eq. (2) gives
Py =1.15+£0.01 gAV=3/2. A maximum current of
1.5 A was drawn from the hollow gun.

The drift space perveance and the Pierce instability
threshold are other characteristics of the machine setup,
which can be used to determine the minimum required
beam energy or the maximum current for electron beam
propagation without space charge or virtual cathode effects.
Any current exceeding this maximum value will result in
the formation of a virtual cathode and reflection of a part of
the electron beam.

For a nonrelativistic low-energy beam propagating
through a vacuum chamber, it is assumed that the beam
is accelerated in a stationary electric field. In this case, the
drift space perveance can be written as

32
I max = Parite * Ui

(3)

where Uy is the potential difference between the drift
tube (or vacuum chamber) and the cathode and 7, ., is the
maximum current that can propagate through the drift tube.
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FIG. 3.
different GS1 magnetic fields (right).

In the case of the Brillouin hollow beam, where the
particles move with a constant radius, the drift space
perveance can be expressed as (see Ref. [49], p. 289)

p 1+ b*/d* 167¢ e 1
W02/ 36 \m 1+2In(R/d)

(4)

where b, d, and R are the hollow beam inner radius, the
outer radius, and the vacuum pipe radius, respectively.
Equation (4) can be used to estimate the minimum energy
needed for a specified current limit, with the constraints of
beam pipe radius and cathode geometry.

To measure the drift space perveance and the Pierce
instability threshold, the maximum current was recorded as
a function of the beam energy until the noise on the scraper
is detectable [31]. Two signals in the RHIC e-lens were
used as indicators for the maximum current and the
formation of a virtual cathode. They were the noise on
the waveform signal from the scrapers (collector side) [31]
and the anode (gun side).

This maximum current is plotted as a function of the
beam energy in Fig. 3 (right) for a hollow electron beam.
After fitting, the measured drift space perveances are
3.3540.10, 3.65+0.05 and 4.01 £0.04 uAV/2
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Electron gun perveance measurement for a hollow electron beam (left) and measurement of drift space perveance with
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respectively, for 0.125, 0.188, and 0.376 T GS1 mag-
netic field.

For the case of the RHIC hollow electron lens, the
conditions for Brillouin flow are not exactly satisfied
because of a strong magnetic field modulation. But from
Eq. (4) it is found qualitatively that increasing the GS1
magnetic field increases the drift space perveance, since it
increases the beam size during beam propagation. This has
been demonstrated for Gaussian beams as reported in
Ref. [31] and verified here again with the hollow electron
beam experimentally.

IV. HOLLOW BEAM DISTORTIONS

A. Theoretical studies

In beam halo control with a pulsed hollow electron
beam, one of the main concerns is the possibility of ion
beam emittance growth. For an ideal radially symmetric
hollow electron lens with an S-shaped geometry and perfect
alignment, the beam core would experience a zero-net kick.

In reality, there are three primary deviations from this
ideal case. The first is the beam merger region, where the
ion beam crosses the electron beam edge and gets inside of
the hollow electron beam. This has been discussed in
Refs. [20,26]. The second is the misalignment between the
hollow electron beam and the ion beam, which will be
addressed in Sec. V. The third is a distorted transverse hollow
electron beam profile, which will be discussed below.

For an ideal radially symmetric hollow electron beam,
there is a zero-net force. In the presence of a hollow beam
profile distortions, in the central region overlapped to the
beam core, the force is nonzero and could possibly cause
ion beam emittance growth.

Distortions of a hollow electron beam profile can stem
from cathode surface defects, misalignment during gun
installation, and the asymmetry of the bending magnetic
field during propagation, as well as the so-called diocotron
instability. The diocotron instability can be the dominating
factor for the distortions if the other effects are minimized.

In 1955, it was discovered experimentally that a hollow
electron beam could break up into discrete current bundles
during propagation within a magnetic field [50]. The term
“diocotron instability” was then coined in the following
theoretical studies [51-54] to describe this instability,
which is analogous to the Kelvin-Helmholtz phenomenon
in fluid dynamics. It is driven by the shear motion of the
beam when both an external magnetic field and the self-
electric field are present.

For the hollow electron beam without an inner inductor
[55], the angular velocity can be simplified as (see
Ref. [55], p. 298)

o) = () (1-%) 5

Equation (5) indicates that the beam angular velocities
are different at different radii, which results in the relative
motion of different beam layers. In Eq. (5), b is the inner
radius of the electron beam, while wp(r) is the effective
diocotron frequency for the electrons defined [55] as

w%t’ o e-ne(r)

(6)

a)D(r) B zwce N 2‘EVOJ/ZBO ’
where n,(r) is the electron density of the hollow electron
beam while By, is the longitudinal magnetic field.

The electron gun for the hollow electron beam is
immersed in a magnetic field through which the electron
beam is propagated. Therefore, according to the adiabatic
theorem of magnetic flux conservation, B - AS = const
[49], and, provided there is no current loss during propa-
gation, the electron beam density inside the electron-lens
system can be written as

ne(r) _ ncathode(r) (7)
BO Bcathode '

where nggmode (1) and Beynode are the electron density and
the magnetic field at the cathode, respectively. The effective
diocotron frequency of the electrons, which is determined
only by the electron density and the magnetic field at the
cathode, is finally expressed as

€ . ncathode(r )

wp = — .
2
2€0 v Bcathode

(8)

The temporal evolution frequency @, and the instability
growth rate y; of the diocotron instability are both propor-
tional to the effective diocotron frequency wp(r) and can
be expressed as [56-57]

@p

r b2 JZI b21
o= [(1-%) 7 (1)
and

bZl [ b2 l
PILY Pl TP A
2 d21 I d2 R2!

b2 dZI b2l 21 1/2
DR 0

respectively, where [ is the azimuthal mode number
of the perturbation. From Eq. (10), the instability exists
for [ > 2 when the growth rate y; is a real number, which
means [56-57]

b21 b2 Jll
4ﬁ{1—l<1—?>ﬁ}
b2 d2l b2l 2
> [2_1(1_?>_ﬁ<1_ﬁ>] . (11)

Equation (11) shows that, for a uniform density of
the hollow electron beam with an external conducting

©)
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FIG. 4. Measured hollow beam profiles with different electron
beam currents and energy. The color scale represents the relative
intensity of the pixels with arbitrary units.

boundary, the beam stability condition depends on [, b, d,
and R. During the hollow electron gun design, one can
optimize the above parameters to increase the diocotron
instability threshold. But the RHIC hollow cathode was

designed to fit into the existing cathode holder, restricting
the choice of the three geometry parameters b, d, and R.

If the vacuum pipe radius is much greater than the beam
size, Eq. (11) can be simplified to [56-57]

21 2\ 12
4%> [2—1(1—22” . (12)
For a nonuniform density of the electron beam, the recent
hollow beam diocotron instability study [56] shows that
small azimuthally initial disturbances or the asymmetry of
the electron density may lead to significant beam density
distortions.
After the above theoretical estimates, the beam stability

under various conditions was studied experimentally and
compared with the theoretical model, as described below.

B. Experimental studies

To reduce the hollow beam profile distortions, and
therefore the potential for emittance growth from a residual
field in the core, profiles were recorded for different
machine conditions. These include the variations in the
beam density ncgmode(7) and the magnetic field B ygoqe for
the diocotron instability growth rate control and the beam
energy (y) for the instability developing in time from the
cathode to the YAG screen.

Figure 4 shows the beam profiles for different electron
beam currents as a function of the electron beam energy.
At a beam energy of 5 keV, distortions started to appear
already at 0.82 A and increased at higher currents. The

FIG. 5.

Measured hollow beam profiles with different electron beam energy (a), GS1 magnetic field (b), and superconducting solenoid

magnetic field (c). The color scale represents the relative intensity of the pixels with arbitrary units.
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FIG. 6. Measured hollow beam profiles with 0.27 A current and 5 keV energy.

diocotron instability can be suppressed by increasing the
electron beam energy. This is shown for a current of 1.15 A
when going from 5 to 6 to 7 keV and at 1.42 A when going
from 7 to § keV.

Figure 5(a) depicts a similar plot that demonstrates that
the higher electron beam energy can suppress the diocotron
instability for an electron beam current of 0.67 A. The
superconducting magnetic field was 3 T, and the GS1 field
was 0.32 T.

For the 1.15 A-5 keV beam image in Fig. 4 and the
0.67 A-3 keV image in Fig. 5(a), the diocotron instability is
very clear, and the hollow electron beam starts to form three
clusters corresponding to the azimuthal wave number [/ = 3.
For the RHIC hollow electron lens, the beam inner radius is
b =4.0 mm, the beam outer radius d = 5.5 mm, and
vacuum pipe radius R = 54.6 mm; inequality (12) reads
0.592 > 0.344—i.e., the instability criterion is satisfied.

Figure 5(b) shows the electron beam images as a
function of the GS1 magnetic field. No diocotron instability
is found with the GS1 magnetic field at 0.107 T, but
distortions appear when the field is reduced. The energy
was 5 keV, the current was 400 mA, and the super-
conducting solenoid field was 3 T in Fig. 5(b).

The experiments confirmed the theoretical expectation
[Eq. (8)] that the diocotron instability can be suppressed
with two methods. One method is to have a higher cathode
field resulting in a lower diocotron temporal evolution
frequency and instability growth rate. The other is a higher
beam energy resulting in less time available for the
instability development, as well as a lower diocotron
temporal evolution frequency and instability growth rate.

The experiments also confirm the conclusion from
Eq. (8) that the magnetic fields other than at the cathode
do not affect the instability. In Fig. 5(c), the superconduct-
ing solenoid magnetic field was changed from 4 to 6 T
during the experiments, and the instability did not change.

The electron beam was 0.67 A, the electron beam energy
was 3.2 keV, and the GS1 field was 0.38 T.

Figure 6 shows the 3D and 2D plot of the nominal profile
during the experiments. From the plot, one can find that the
profile of the hollow lens is close to a round ring with
16.7% peak to peak intensity variation. The higher current
density at the rim comes from the geometry of the hollow
cathode, the control electrode, and the anode. This has been
confirmed by the hollow cathode simulation.

V. TRANSVERSE ALIGNMENT

The transverse alignment of a Gaussian electron with a
Gaussian ion beam, including the position alignment and
angle alignment, was demonstrated with an electron-back-
scattering detector (eBSD) [37] during the commissioning
and the operation of beam-beam compensation [29,34].

As discussed in the previous section, a misalignment
between the hollow electron and the ion beam could result
in ion beam emittance growth in pulsed mode operation.
Since the backscattered electrons were collected only above
the electron beam, the feasibility of using the eBSD for the
alignment needed to be demonstrated for hollow electron
beam distributions.

When the electron beam interacts with the hadron beam
within the superconducting magnet, backscattered electrons
stream back along the magnetic field lines from the super-
conducting magnet to GS2 in a curved magnetic field
(Fig. 1). Because of this curved magnetic field, the curvature
drift velocity of the backscattered electrons is [58]

_ mvﬁ 130 x B
gB> R;

(13)

VR

where B is the magnetic field, v is the transverse beam
velocity, and R, is the radius of the trajectory.
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The curvature drift velocity direction was designed to be
vertical upwards, and the eBSD was installed above the
electron beam. The asymmetric eBSD location reduces the
received signal for electrons backscattered from the bottom
of the hollow electron beam. Before the alignment with the
eBSD, both the hollow electron beam and the hadron beam
position were measured by the BPMs for the initial align-
ment. The hadron beam was then moved horizontally and
vertically across the electron beam.

During the transverse alignment, the gun solenoid field
GS1 was 0.32 T, and the superconducting magnet field was
3.0 T. With the cathode dimensions, this yields an inner
radius of 1.29 mm, an outer radius of 1.78 mm, and a
central diameter of 3.07 mm inside the superconducting
magnet (Fig. 7).

In the experiments, a ruthenium (Ru) beam was used
with a normalized rms emittance of 1.1-1.4 ym and an
energy of 100 GeV/nucleon. This corresponds to a
0.23-0.26 mm Ru beam size (both planes) inside the
superconducting solenoid. In the scans, the hollow electron
beam was kept unchanged, while the Ru beam was moved
in steps of 0.2 mm in both the vertical and the horizontal
planes by the RHIC Luminosity and IR Steering
Application (LISA) application [59]. The dc current of
the hollow electron beam was 40 mA. The eBSD counting
rate was recorded at the same time. Both horizontal and
vertical position scans are presented in Fig. 8.

In the horizontal scan, the eBSD signal shows two
peaks (Y =1.246 at X =0.161 mm and Y = 0.902 at
X = 3.363 mm). The vertical scan was carried out and is
shown as the blue curve in Fig. 8. The vertical data also
show two peaks (¥ = 0.693 at X = —5.707 mm and Y =
2.011 at X = —2.429 mm).

The distances between the horizontal and vertical peaks
(3.20 and 3.28 mm, respectively) are close to the calculated
hollow beam central diameter of 3.07 mm (Fig. 7). This
indicates that the Ru beam was already aligned to the center
of the hollow beam with the BPMs. If the beam was off

center, the distance between the two peaks will be less than
the central diameter.

In the horizontal scan, the amplitude of one eBSD peak
is higher than the other, which could be caused by the
nonuniform electron beam intensity, the U-shape e-beam
trajectory, or an angle between the hadron and elec-
tron beam.

For the vertical plane, because the eBSD is installed
above the electron beam, the amplitude difference between
the two vertical peaks (the blue curve) is mainly due to the
different detection efficiency for electrons backscattered
from the bottom and the top of the hollow electron beam.
This position-dependent detection efficiency can be cali-
brated and corrected, but this was not done in the present
experiments. An even better method to avoid this effect is to
automate the vertical detector position control so as to
coordinate the motion of the detector with the motion of the
beam during a scan. To account for the different Larmor
radii, the displacement of the detector would be scaled up
by a factor B,/B,, where B; is the field in the solenoid and
B, is the field at the detector position. This system was not
implemented, because the position-sensitive efficiency
variations were much less significant during the normal
scans of electron beams with smaller radii and Gaussian
profiles.

Contributing factors to the observed asymmetry could
also be the ion beam intensity decay, the nonuniformity of
the e-beam intensity, or the angle between the hadron and
electron beam.

The angle alignment was also checked after the position
alignment, and the corresponding scans are shown in Fig. 9
for the vertical plane. The angle was changed by +0.1 mrad
to repeat the transverse position scan two more times. There
is no significant difference between vertical scans for the
different angle settings, which indicates a good angle
alignment. The horizontal plane has a similar result. The
angle alignments were carried out with a 90 GeV /nucleon
Au beam in 2019.
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FIG. 9. Angle alignment with the eBSD.

The results successfully demonstrated that the eBSD can
be used for the hollow beam alignment in both the
horizontal and vertical planes.

VI. EXPERIMENTS WITH COLLIDING BEAMS

A. Experiment setup

After demonstrating that the eBSD can be used for the
hollow beam alignment, the hollow electron beam was then
used for experiments with colliding beams.

To find fast halo diffusion rates while preserving the beam
core, the dependences of the beam loss rate (halo), emittance
(core), and beam distribution (halo and core) on the hollow
electron beam parameters, the pulse pattern of the electron
beam, and machine configuration were investigated.

In the experiments, two bunch trains were used: one with
the hollow lens acting on it and one which was not affected
by it (Fig. 10, top plot). Each bunch train had 53 bunches
with five empties between them. The pulsed hollow
electron beam was turned on for the affected bunch train
with a 78 kHz frequency, which is the RHIC revolution
frequency.

150 ' ' " Abort Gap

-
o
o

Affected

Loss Rate [Hz]

(o))

o
T

A

Y

Control

0 50 100 150 200 250 300 350 400
Bucket Number

FIG. 10. Yellow bunch-by-bunch (BBB) loss rate at the
collimator for bunches affected by the hollow lens and control
bunches.

Three beam energies (100, 90, and 13.5 GeV /nucleon)
were used in the experiments, and the ion beam species
were Ru (2018) and Au (2019). The main parameters of the
ion and electron beams are shown in Table I. During the
experiments, the ion beam in the yellow ring was used for
colliding with the hollow electron beam. The beam in the
blue ring was used to collide with the yellow beam and get a
collision signal at IPS.

B. Ion beam loss and e-beam parameters

To study the ion beam loss as a function of the electron
beam parameters, the hollow electron beam current and the
beam size were scanned. The ion beam loss rate was measured
bunch by bunch with p-i-n diodes at the collimator.

The beam losses as a function of the hollow electron
beam current for two different energies (100 GeV /nucleon
for the Ru beam and 13.5 GeV /nucleon for the Au beam)
are shown in Fig. 11. The bunch-by-bunch beam loss rate
for 13.5 GeV/nucleon is shown in the left plot as an
example, while the loss-rate ratio between the two bunch
trains is depicted in the right plot. For the 100 GeV/
nucleon Ru beam, the electron beam inner radius was 4o of
the rms ion beam size, and the collimator position was at
~To. o i1s the rms beam size of the ion beam. For the
13.5 GeV/nucleon beam, the inner radius was set to 3o,
and the collimator position was at 3.5¢. From these two
plots, it can be concluded that the control bunches are not
affected by the hollow electron beam current. For the
affected bunch train, the loss rate is linearly proportional to
the electron beam current.

Figure 12 depicts the average beam loss rate of the two
bunch trains (left) at 13.5 GeV/nucleon and the ratio
between the loss rates of the two bunch trains (right), as
a function of the electron beam inner radius expressed in
units of o.

Similar to the current scan results, there are no significant
effects on the control bunches. But the beam loss rate of the
affected bunch train increases as the electron beam size
decreases.

For the 100 GeV /nucleon Ru beam, the electron beam
current was 270 mA, and the collimator position was ~7c.
For the 13.5 GeV/nucleon beam, the electron beam current
was 200 mA, and the collimator position was 3.56.

C. nth turn excitation

The above experiments were carried out in the 78 kHz
mode, i.e., one electron-lens excitation per turn. To increase
the halo removal rate, a resonant excitation pattern was
tested where the electron beam was turned on every nth turn.

The average bunch-by-bunch beam loss rate is depicted
in Fig. 13 for the 13.5 GeV/nucleon ion beam, showing
that the maximum beam loss rate occurs with the ninth
turn excitation of the hollow electron beam for both the
affected and the control bunch trains. The yellow ring tunes
were (0.235, 0.227) for the horizontal and vertical plane,
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respectively, which were close to % = 0.222. The beam loss
rate is high if the RHIC lattice is operated near a
resonance line.

Although the nth turn excitation may have a higher halo
removal rate, the beam core and the emittance of the
affected ion beam could be excited as well. Further study
about this is needed.

During the excitation experiments, we found that the
blue beam had significant beam loss (Fig. 14). The loss
could be higher than the yellow ion beam in the other
modes. It could be directly affected by the yellow hollow e-
beam. During the experiments, the inner and outer radius of
the hollow electron beam are 3.02 and 4.15 mm, respec-
tively. Both blue and yellow ion beams share the same
beam pipe. The measured distance between the blue ion
beam and the yellow ion beam was 8.2 mm, which was
about 2 times the outer radius of the hollow electron beam.
Thus, the yellow hollow electron beam excited the blue ion
beam by means of a dipole kick.
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FIG. 14. Blue BBB loss rate affected by the yellow hollow lens
in the nth turn excitation mode because of dipole kicks at IP10.

Meanwhile, with the ninth turn excitation, there were
also some losses from the control bunch train (Fig. 13).
According to the RHIC fill pattern, the yellow control
bunch train was then affected from the blue through the
beam-beam interaction at IP6.

From Fig. 14, the yellow affected bunch train interacted
with part of the excited blue bunches (the bunches between
two vertical lines with higher blue beam loss). These
excited blue bunches (through the dipole kick at IP10)
caused a visible loss of the yellow affected bunch train
(through the beam-beam effect at IP6). The yellow control

bunch train also interacted with the other part excited blue
bunches. Therefore, both the affected and the control
yellow bunch trains had beam losses because of the blue
beam excitation at IP10.

D. Luminosity, intensity, and emittance

Although the transverse profile of the hollow electron
beam was very close to being round, the density of the
hollow beam was not uniform. The distorted hollow
cylinder, as well as the electron beam bending regions in
which the ion beam goes through the hollow beam, may
have some effect on the ion beam intensity, rms emittance,
and luminosity.

To explore these effects, the bunch-by-bunch luminosity
and the bunch-by-bunch beam intensity were recorded, and
the emittances averaged over the train. This experiment was
done with a 90 GeV /nucleon Au beam and a 516 mA and
5 keV hollow electron beam. With these parameters, the
hollow beam was round (Fig. 5). The operational mode was
the pulsed mode with 78 kHz (one excitation per turn). The
average beta function at the center of the electron lens
was 7.35 m.

The top plot in Fig. 15 depicts the average (horizontal
and vertical) emittance of the affected bunch train. Before
the radius scan, the emittance increases because of intra-
beam scattering (IBS) and a nonlinear effect including
the beam-beam interaction at IP6. With a reduction of the
hollow electron beam inner radius from 4.3¢ to 4.10, the
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emittance growth rate was reduced. At 3.60, it became
flat, because the transverse beam tail was removed by the
hollow lens. After the last step (2.70), there was a 0.2 um
(10%) emittance jump, indicating a significant effect on
the core.

The middle plot shows the electron beam current during
the alignment and the radius scan experiments. The bunch-
by-bunch beam loss ratio (log scale) between the affected
bunch train and the control bunch train is also presented.
The beam loss ratio has a clear step when the beam was
changed from dc mode to pulsed mode as well as every
time the beam inner radius changes. Both bunch trains were
affected by the hollow beam during the alignment with the
dc mode beam. We can see the losses of the affected train
are larger than the control bunch train by about 7% during
the beam alignment (4.5¢), for which the reasons are still
under investigation. When the hollow electron beam
interacted only with the affected bunch train in the pulsed
mode, the losses from the affected train are 25% and 61%
higher than the control bunch train for 4.3¢ and 4.1¢ inner
radius, respectively.

The bottom plot shows the normalized average bunch-
by-bunch intensity and the average bunch-by-bunch lumi-
nosity (averaged over 32 s) for the two bunch trains. It
contains the intensity and luminosity ratio (affected bunch
train/control bunch train) when the hollow beam inner
radius was changed from 4.36 to 3.26. Each step was
kept for about 20 min. The last scan (below 36) is not
considered, because the beam core was significantly
affected. The loss rate during the last step was 120%/hr.

In the bottom plot in Fig. 15, the intensity and luminosity
are linearly fitted for each step during the radius scan. The
slopes of the fits are shown in Fig. 16, containing the
gradients of the two ratios (luminosity and intensity), as a
function of the beam radius.
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FIG. 16. The slope (absolute value) of the intensity and
luminosity ratio of the two bunch trains as a function of the
hollow beam inner radius. The error bar is from the fitting error.

There is always a luminosity reduction with an intensity
reduction. With the inner hollow beam radius of 4.3¢, there
are clear bunch-by-bunch beam losses, while there are no
clear beam intensity and luminosity losses, the measure-
ments of which may not be sensitive to such a small
variation of total intensity. With the smaller inner beam
size, there is a clear difference between intensity and
luminosity loss rate.

Assuming Gaussian profiles in all dimensions and both
blue and yellow have the same beam size on both planes,
the ion beam intensity ratio between a hollow electron bean
truncated and a Gaussian beam can be expressed as

Ni _ (1 o)y, (14)

Ng
where R, is the inner radius of the hollow electron beam
and o is the rms beam size. It is assumed that all particles
with a position larger than the beam inner radius will lose
immediately. Therefore, the ion beam intensity loss ratio is
expressed as

A_N — ¢~ (RE/20%) (15)

Ng

While for the luminosity it has an integral of e~ (/o)

component [60] for a round Gaussian beam, the luminosity
loss ratio is written as

ﬂ — ¢~ (RE/) (16)
LG

Therefore, the intensity loss ratio is always higher than
the luminosity loss ratio. This can be qualitatively verified
in Fig. 16, although Egs. (15) and (16) are calculated
for a static state while it was a dynamic state during the
experiments.

The intensity and luminosity ratio loss rate with the dc
mode hollow electron beam (4.56) are also shown in the
plot. The luminosity ratio loss rate is close to the one with
the pulsed hollow beam on (4.3¢), which indicates that the
hollow e-lens could be operated without significantly
affecting the beam core or luminosity with the inner beam
size of 4.30. With a smaller inner radius of 3.6c, the
luminosity and beam loss are clearly affected.

VII. SUMMARY AND DISCUSSTION

Experiments with a hollow electron lens were carried out
in the RHIC to assess the halo removal rate and detrimental
effects on the beam core. A hollow lens can assist in beam
collimation in existing or future hadron rings including the
HL-LHC, Electron Ion Collider (EIC), FCC-hh, or SPPC.

The design of the RHIC hollow electron lens was
presented. Distortions of the hollow electron beam profile
were discussed, including the reasons for the distortions
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and ways to reduce them. Improvements were demon-
strated experimentally resulting in a more symmetric
hollow beam, which will have a smaller impact on the
ion beam core.

The alignment of the hollow electron beam with the ion
beam was demonstrated with the backscattered electron
detector, which had previously been used for Gaussian
beams. These two achievements reduce the possibility of
emittance growth.

For the pulsed operation, the U-shape design of the
RHIC lenses still results in a net kick experienced by the
beam core, because the entrance and exit kicks do not
cancel each other, which could result in additional emit-
tance growth during the experiments. In the HL-LHC,
thanks to an S-shape design, this effect will not be present.

With the hollow lens pulsed beam (turned on every turn
for the affected bunch train), the halo removal rate and
effect on the emittance were assessed for different currents
and radii. For the affected bunch train, the loss rate is
proportional to the electron beam current with the same
hollow electron beam inner radius, while the beam loss rate
of the affected bunch train increases as the inner electron
beam size decreases.

The removal rate of the ion beam halo was also
experimentally investigated with an excitation every nth
turn. The halo removal rate can be increased with a resonant
excitation every ninth turn, but the core emittance may
simultaneously be affected.

The experiments determined that the hollow electron
beam has no significant effect on the luminosity with a 4.36
inner beam radius and with a 16.7% measured peak-to-peak
hollow electron beam intensity variation at the YAG screen.
In the overlap region, the average beam density variation
should not exceed 10% to avoid visible emittance growth
caused by a hollow electron beam. This estimate is based
on the diocotron instability along the beam trajectory,
which means the electron beam density variation inside
the superconducting magnet should be smaller than at the
YAG screen.

With an inner radius of 3.6¢ and 3.26, some significantly
higher losses from the affected train by factor of 6.3 and
34.9 were found, respectively. This can be an indication
that the ion beam core was affected too much, and the
luminosity decreased. Finally, with an inner radius of 2.7,
the losses of the affected trains are a factor of 300 larger,
indicating once more that the beam core was affected. No
emittance blowup was found with an inner electron beam
radius down to a 3.2¢6.
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