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Two electron lenses (e-lenses) have been in operation during the 2015 RHIC physics run as part of a
head-on beam-beam compensation scheme. While the RHIC lattice was chosen to reduce the beam-beam-
induced resonance-driving terms, the electron lenses reduced the beam-beam-induced tune spread. This has
been demonstrated for the first time. The beam-beam compensation scheme allows for higher beam-beam
parameters and therefore higher intensities and luminosity. In this paper, we detail the design considerations
and verification of the electron beam parameters of the RHIC e-lenses. Longitudinal and transverse
alignments with ion beams and the transverse beam transfer function measurement with head-on electron-

proton beam are presented.
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I. INTRODUCTION

To compensate for the beam-beam effects from the
proton-proton interactions at the two interaction points in
the Relativistic Heavy Ion Collider (RHIC) of Brookhaven
National Laboratory, a beam-beam compensation scheme
has been implemented and made fully operational in 2015
[1]. This scheme includes two electron lenses (e-lenses). The
beam-beam compensation in conjunction with the intensity
upgrade in the injectors [2] led to an increase of the proton
bunch intensity in the RHIC [3,4] as well as increases of the
beam-beam parameter and the peak and the average lumi-
nosities [1,5].

After the first experiments at the four-beam collider
Dispositif de Collisions dans 1'Igloo (DCI) [6], head-on
beam-beam compensation using electron lenses had been
proposed for the superconducting supercollider (SSC) [7],
Tevatron [8], and LHC [9]. Two electron lenses were
installed in the Tevatron [10,11] that improved the lifetime
of colliding bunches in tests [12] and were routinely used as
abort gap cleaners [13]. The Tevatron electron lenses were
also used in beam-beam compensation studies [14] and as a
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hollow electron lens for halo scraping [15]. Recently, an e-
lens has also been proposed at the LHC to control beam
halo [16] and, at the Integrable Optics Test Accelerator
(IOTA), a ring to demonstrate a nonlinear integrable
lattice [17].
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FIG. 1. The layout for head-on beam-beam compensation in the
RHIC. Head-on proton-proton beam-beam interactions occur in
IP6 and IP8, while head-on electron-proton beam-beam com-
pensation is achieved in IP10.
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- o IP|10 DX 2 TABLE I. The parameters for the RHIC electron lenses.
P8 <— == | éu Parameter Unit Value Value
Blue E-lens Yellow E-lens
Pt~ SO Proton beam parameters Design 2015
operated
Total proton energy E, GeV 250 100
10mm - Relativistic factor y,, 266.4 106.8
" . . l l
l‘""""""“\ ) Bunch intensity N, 10 3.0 225
ERTRTRTRTETR T fxy at IP6, IP8 (p-p) m 0.5 0.85
\‘V"‘W"‘W’ fey at IP10 (p-e) m 100 150
OOOLL00 Lattice tunes (Qy, Qy) (0.695,  (0.695,
. . . 0.685) 0.685)
FIG. 2. Schematic not-to-scale illustration of the two e-lens Phase advance (IPS-IP10) Degree 180 180
locations. The top figure shows the plan view, while the bottom ms emittance .. initial mm mrad 2.5 28
}f;lgure shows the side view, which 1pdlcates the vertical offset rms beam size at IP6, IP8, o*, ym 70 150
etween the blue (left) and yellow (right) e-lenses. rms beam size at TP10. o* 4m 310 630
»Op
rms bunch length o m 0.50 0.70
In the RHIC, the two electron lenses are located near Eiﬁ:}ei?biﬁﬁaeﬁg 02'04{417 02'0_'(_)917
interaction point IP10 (Fig. 1) between the beam separation gy, ... 1. parameters
dipoles (Fig. 2, top). The RHIC has two rings (“blue” and D . from IP | s
“yellow”), and counterrotating proton beams collide at the Ei{fséigf/i (l)encgetﬁteLr rom $ 2'? 2' 1
. . :

two interaction points IP6 and IP8. Both the blue and the
yellow proton beams pass through the superconducting
solenoids of both electron lenses. The two superconducting
solenoid fields have opposite polarity and therefore locally
compensate each other for linear coupling and spin effects.
The two superconducting solenoids have vertical offsets
(blue, +5 mm; yellow, —5 mm), while each electron beam
propagates through the center of its associated super-
conducting solenoid and collides head-on with the appro-
priate proton beam (Fig. 2, bottom).

A list of RHIC electron lens parameters including the
proton beam and the electron beam for the 2015 100 GeV
proton run and for the nominal 250 GeV proton beam are
given in Table I.

The theory of the head-on beam-beam compensation has
been addressed in several references [3,7-10]. According to
these theories, to minimize the beam-beam resonance-
driving terms during compensation, the phase advance
between the center of the e-lenses (not IP10) and IP8 was
designed as kx (k is an integer). To reduce the beam-beam-
induced tune spread, the electron beam size was designed to
have the same transverse size as the proton beam. And the
number of protons equals N,(1 + f3,), where N, is the
electron number encountered by a proton in the e-lens.
Other requirements for the RHIC electron lens system have
been presented in Ref. [3].

The lattice design and measurement, the head-on beam-
beam-induced resonance-driving terms, and tune spread
compensation will be presented in another paper [18]. In
this paper, the design considerations of the RHIC e-lenses
needed to satisfy these requirements are presented as well
as e-lens commissioning results.

The paper is organized as follows. In Sec. I, we give an
introduction to the RHIC electron lens system and the
characteristics of the electron beam, such as the transverse

Kinetic energy E. kV 5 5

Relativistic factor f, 0.14 0.14

Relativistic factor y, 1.0002 1.0002

Current 1, A 1.0 0.43/0.60

Electron beam size at pm 350 650
interaction

Linear tune shift 0.0147 0.01

density profile, current, energy, beam size, and beam angle
control. In Sec. III, we present results from the commis-
sioning and operation of the RHIC electron lenses. Results
from a dedicated head-on beam-beam experiment will be
presented in Sec. IV. Section V provides information on
machine protection and reliability. A summary about all
demonstrated requirements is given in Sec. VL

II. RHIC ELECTRON LENS SYSTEMS AND
CHARACTERISTICS OF THE ELECTRON BEAM

Figure 3 is a schematic horizontal sectional view of one
RHIC electron lens. Each RHIC electron lens includes an
electron gun and collector [19], magnets [20,21], instru-
mentation [22], drift tubes, vacuum pipes, and high-voltage
power supplies. The electron beam trajectory is shown in
Fig. 3 as a dashed line.

To achieve successful operation of the electron lenses,
according to the simulation [3] as well as the Tevatron
experience [23], a smooth transverse distribution of the
electron current density is required. An electron beam with
a Gaussian transverse profile was designed for the RHIC
e-lenses which has the same transverse distribution as the
RHIC proton beam.

In addition, the electron beam should have a high current
to compensate up to 3.0 x 10!! protons per bunch, a variable
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FIG. 3. Schematic layout of the RHIC electron lens.

electron beam size to match the proton beam size, and a good
alignment of the electron beam on the beam of interest.

In the following section, the individual systems and their
design consideration are discussed, and some electron
beam characteristics are presented.

A. Cathode size and material

To satisfy a 1.0 A dc electron beam current requirement, an
emission current density on the cathode surface of 10 A /cm?
is needed [18]. The choice for this electron source is a high-
temperature thermionic cathode electron gun.

For head-on beam-beam compensation with 250 GeV
proton beams, IrCe (iridium-cerium alloy) is selected as the
4.1 mm radius cathode material [18]. IrCe offers a
comfortable combination of a high-emission current den-
sity and a long lifetime. A LaBg (monocrystalline lantha-
num hexaboride) cathode was also tested on the RHIC
electron lens test bench [24]. These cathodes were manu-
factured by the Budker Institute of Nuclear Physics and
have an expected lifetime of more than 20 000 h under
nominal operating conditions [25,26].

In order to match a proton beam size that is larger at
100 GeV than at 250 GeV, a cathode with a 7.5 mm radius was
installed and used during the 2015 RHIC run [27,28]. This
cathode was a dispenser cathode (porous tungsten matrix
impregnated with a barium-based emission-enhancing
material). The cathode was powered with an ac power supply
instead of a dc power supply and had to be activated properly

according to a detailed procedure to avoid potential poisoning
through contamination with particles [27].

B. Beam profile and electron gun design

To get the required beam transverse profile, the designed
electron gun uses a control electrode in addition to the
cathode and anode—similar to the Fermilab gun design
[10]. But to meet the required Gaussian emission profile,
the initial spherical cathode surface was modified as well as
the geometries of the control electrode and the anode.

The simulation of the electron gun was done with the 2D
package Tricomp from Field Precision [29]. As is shown in
Fig. 4 (left plot), after multiple iterations, the geometry and
dimension of the control electrode, the anode, and the shape
of the cathode are designed to achieve a Gaussian emission
current density profile with small deviations.

During the above iterations, the distances between these
elements were optimized, which is shown in the right plot
in Fig. 4. The quality criterion of these parameters, as well
as the cathode surface shaping, is an error parameter
defined as

Zrll (iGauss B iSim)2

ER = A , (1)

where ig;,, is the emission current density at the surface of
the cathode for one simulated particle trajectory; iguss 1S
the Gaussian fit of emission current density for the radius
of the same particle trajectory; n is the total number of
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trajectories from the simulation; and A is the amplitude of
the fitted Gaussian profile.

The optimization of the cathode surface and other
dimensions was done manually. In this process, the
coordinates of the cathode surface were optimized for each
radius, and the mismatch between the simulated and
Gaussian distributions is just a result of this process.

In addition to the cathode design, the manufacturing
quality of the cathode is another ingredient to ensure the
transverse Gaussian beam profile. Therefore, after the
cathodes were manufactured, their surface curves were
measured via the optical comparator method and inspected
using an optical go—no go gauge. Then, these measured
cathode profiles were used as inputs to simulate the electron
beam profile from these cathodes. Several of the best
cathodes were chosen based on the simulation results. All
the above-mentioned procedures ensure that the beam
profile is as close as possible to a Gaussian profile.

0.8

0.6

FIG. 5.

T T T T T T
The distance between cathode - control electrode
1
) i
1
1
1 The distance between cathode - anode
1
1
1 i
1
\ 1
\ 1
\ ! |
\ 1
\ ]
\ ! 7
\ 1
\ !
\ ! 4
\_7
1 1 1 1 1 1
2 4 6 8 10 12

Distance [mm]

Electron gun design and optimization.

Figure 5 shows electron beam profiles and their Gaussian
fits for the IrCe cathode and the tungsten dispenser cathode,
measured using a YAG screen near the e-lens collector. The
residuals as a function of the radial coordinate are also
shown at the right bottom plot in Fig. 5. It was demon-
strated that the measured profiles were fitted to Gaussian
distributions very well. The measured cathode radius to rms
beam size ratio r/c was 2.8 for the IrCe and 2.7 for the
tungsten cathode, while the design value was 2.8.

C. Beam current and electron gun perveance

For the beam-beam compensation, the required current
in the electron lens is [3]
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where N, is the number of protons encountered by a
electron in the electron lens; L, is the effective length of the
electron lens; and f.c is the speed of the electrons. The
required electron beam current for an N, =3 x 10"
proton beam is 1 A for 5 keV electron kinetic energy.
For an electron gun operating at the space charge limit,
the gun perveance is a key parameter. It gives the current for
a certain anode voltage expressed by Child’s law [30-33]

U2

anode’

=P

= Poun (3)
where Pg,, is the gun perveance determined by the
geometry of the electron gun for a specific cathode material
and U,,.q 1s the anode potential difference with respect to
the cathode.

The perveances of the 7.5 mm cathode radius electron
lens electron guns were measured and shown in Fig. 6.
They are 2.7 and 2.55 uAV~>/2 for the blue and yellow
electron guns, respectively, with a pulsed beam. With these
perveances, the 1 A design dc electron beam current was
demonstrated.

During the commissioning and operation, the current and
voltage of the cathode filament heater for the 4.1 mm radius
IrCe cathode were 10 A and 9.3 V, respectively, while for
the 7.5 mm radius tungsten cathode they were 2.7 A and
14 'V, respectively.

D. Electron beam propagation and solenoids

As shown in Fig. 3, after the electron beam is emitted
from the electron gun, which is immersed in the gun side
solenoid 1 (GS1) magnetic field, it is propagated towards the
interaction region inside the superconducting magnet, by
means of the conventional warm solenoids GS2 and GSB.

After the interaction region, the electron beam passes
through CSB and the collector side solenoids CS2 and CS1
and is finally absorbed by a collector. The dashed line with

1200

= Blue Elens Beam Current

~—Perveance Fit = 0.95 uA v1e
@ Yellow E-lens Beam Current

Perveance Fit = 0.99 yA V'®

1000 -

800
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400

Electron Beam Current [mA]

200

Anode Voltage [kV]

arrow in Fig. 3 indicates the electron beam trajectory. For
the 5 keV low-energy electron beam in the RHIC electron
lens, the electron beam closely follows the magnetic field

lines, with small distortions due to the E x B drift from

self-fields and B x VB in the toroidal bends.

The combined fields of the GSB and the superconduct-
ing magnet dominate the horizontal electron beam position.
Four correctors, the gun side horizontal corrector (GSX),
gun side vertical corrector (GSY), collector side horizontal
corrector (CSX), and collector side vertical corrector
(CSY), are used for the beam position adjustment.

To avoid unwanted transverse profile distortion [34] and
electron beam instabilities, the minimum magnetic field
from the electron gun to the interaction region was
designed to be >0.3 T.

In order to control the electron beam size and position
inside the superconducting magnet without affecting the
beam trajectory, GS1 is placed away from the entrance of
the superconducting magnet. GS2 provides a >0.3 T
magnetic field between GS1 and GSB, as well as longi-
tudinal space for the GSX and GSY dipole correctors,
which are mounted inside GS2.

The power supply connections for the two electron
lenses, the magnetic field, the electron beam, and the
proton beam direction are shown in Fig. 7. To reduce
the number of power supplies, for each ring (blue or
yellow), the GSB and CSB magnets share the same power
supply, as well as the GS2 and CS2 magnets. The blue GS1
and yellow GS1 share one power supply, as well as the blue
CS1 and yellow CS1. Therefore, the beam size before the
collector entrance can be controlled independently from the
gun side [19].

E. Superconducting magnet and correctors

A strong magnetic field in the interaction region is
needed to stabilize the low-energy electron beam during the

1200

T
—yellow current
yellow Perveance fit
—Blue current
—=—blue Perveance fit
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FIG. 6. Electron gun perveance for the 4.1 mm radius cathode (left) and 7.5 mm radius cathode (right).

023501-5



X. GU et al.

PHYS. REV. ACCEL. BEAMS 20, 023501 (2017)

A o GS2/CS2
\ ? > ™
LN GSB/CSB
cs1/

Blue proton beam w——)
B Field (blue) &———2

6604 mm

o

FIG. 7.

interaction with the proton beam [10]. The up to 6 T strong
field is also used to magnetically compress the electron
beam to the proton beam size [18].

Figure 8 shows the cross section of the superconducting
magnet, which includes the main coil, trim coil, fringe coil,
antifringe coil, and a total of 12 dipole correctors. The ends
of the main coil have an additional four layers wound in the
“trim” area as a trim coil, for better field quality and better
force distribution inside the conductor. The main coil and
trim coil use the same conductor; therefore, they are
energized with the same power supply to provide the
6 T magnetic field. The fringe coil was designed to

=

Schematic layout of the two RHIC e-lenses and shared warm solenoid power supply connection.

maintain the minimum 0.3 T magnetic field between the
GSB and the superconducting magnet. It is located outside
the shielding yoke.

According to Opera [35] simulations, the effects of the
magnetic field on the beam trajectory from the main coil
and trim coil can be neglected. The beam position is
dominated by the combined fields of the GSB and fringe
coil. Therefore, during commissioning and operation, it
was convenient to change the main coil magnetic field
without retuning the beam trajectory. The antifringe
coil was designed and installed to compensate the main
coil field distortion because of the fringe coil. However,
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FIG. 8.

Cross section of the RHIC electron lens superconducting magnet.
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after magnetic field measurements it was found that the
effects of the fringe coil on the main magnetic field are
negligible.

In order to prevent the superconducting magnetic field
straightness from being affected by the magnetic field
outside, a layer of shielding yoke was added to the design.
Thus, we established small magnetic field leakage and a
greater length with good field quality.

The field lines in the superconducting magnet should not
deviate from a straight line by more than 10% of an rms
beam size [3]. Therefore, five horizontal and five vertical
short correctors (SSCX and SSCY) were included for
straightness correction. The design also includes one
horizontal and one vertical long corrector (SLCX and
SLCY), to control the electron beam angle inside the
superconducting magnet. All dipole correctors are super-
conducting in the same cryostat and wired in the same
corrector coil tube slot [20], which is located outside the
superconducting solenoid.

When we measured the superconducting magnetic field
straightness [36], we found the magnetic field straightness
is sufficient without any correction.

The specifications for the superconducting magnet are
listed in Table II. More information can be found in some
conference proceedings about the conceptual design [20],
mechanical design [37], and vertical test [38]. The power
supplies are described in Ref. [39].

TABLE II. Parameters for the RHIC electron lens supercon-
ducting solenoid.
Parameters Unit Value
Effective compensation length m 2.1
Maximum field T 6
Operated field T 1.5-6
Designed current A 470 A (blue),
424 A (yellow)
Number of main coil layers 20 (blue),
22 (yellow)
Inner diameter mm 200
Outer diameter mm 274
Coil length (main and trim) mm 2360
Yoke length mm 2450
Total cryostat length mm 2810
Long correctors number 2 (horizontal
and vertical)
Long correctors field mT 6

Long correctors length m 2.5

Beam angle changed by mrad 2 (3 T main field)
long corrector
Short correctors number 10 (horizontal
and vertical)
Short correctors field mT 20

0.5
6.7 (3 T main field)

Short correctors length m
Beam angle changed by mrad
short correctors

F. Beam overlap and field quality measurement

Optimal overlap of the electron and proton beam is
essential for the head-on beam-beam compensation [3].

The trajectory of spiraling low-energy electrons
(~5 keV) follows the field lines in the interaction region.
Any deviation of the magnetic field from a straight line will
cause the electron trajectories to deviate from the straight
proton beam trajectory by the same value. The effect of
such an offset was studied with simulations and reported in
Ref. [3]. According to the simulations for 250 GeV protons,
the beam lifetime is tolerable in the offset range up to
30 um. This tolerance was later relaxed to 50 ym, because
30 um were difficult to achieve by any manufacturer. For
the 100 GeV proton beam, the tolerance could be further
relaxed to 80 um due to the larger beam size at this energy.

The straightness of the magnetic field in the super-
conducting solenoid was measured with the same technique
as was used for the Tevatron electron lens [10], and the
results are shown in Fig. 9 for a 4 T main coil field. For the
blue magnet horizontal plane, the deviation falls between
+50 pm from —1200 to 1000 mm. For the blue magnet
vertical plane and yellow magnets, the deviations are less
than +50 ym inside a +850 mm range and less than
4+100 ym within a 1000 mm range. During the field
measurement it was found that the warm solenoids (GSB)
do not affect the straightness of the field. Similar field
straightness measurements for 2 and 3 T magnetic fields
were also performed with similar results.

G. Beam size and solenoid field

For operational beam-beam compensation, the electron
beam size should be 1.2—1.4 times the proton beam size [3].
The transverse rms size of the electron beam in the
interaction region is given by
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FIG. 9. Field straightness measurements of the main super-
conducting magnet.
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Ocenter — Ocathode >

BCCHtCl‘

where 6 eier aNd Gamoge are the rms sizes of the Gaussian
distribution in the superconducting solenoid (interaction
region) and at the cathode, respectively, while B ., and
Biathode are the magnetic fields in the superconducting
solenoid and at the cathode, respectively.

The magnetic fields at the cathode and the interaction
region were measured. However, there was no field meas-
urement made at the YAG screen where the beam profile is
obtained. Instead, the rms beam size 6,404 ON the cathode
surface is calculated from the r/o ratio, which was measured
on the YAG screen. After that, the electron beam size at the
interaction region is calculated from the magnetic field ratio
between the interaction region and the cathode.

Here it was assumed that the beam profile distortion
between the cathode and the YAG screen is negligible [34].
Therefore, the r/c ratio, which is measured on the YAG
screen, can be used on the cathode side to calculate the
beam size with a known cathode radius r.

The specifications for the cathode and the electron beam
size are listed in Table III. The minimum gun magnetic field
B athodae achieved in the yellow electron lens was 0.07 T with
Beenter = 4.92 T for 500 mA. During the test, the 7.5 mm
radius cathode was used, and the electron beam energy was
5 keV. According to Table III, adjusting the electron beam
size appropriately can accommodate a wide range of proton
beam sizes.

Electron beam position variations were dominated by a
current ripple of the GSB, the fringe and the main coil, and
the warm correctors. Their power supplies have a current
ripple specification of 10~*. With this specification, the
electron beam position jitter was calculated to be 3 um,
which is less than the design requirement of 9 ym [3] for
250 GeV proton beams. For this calculation, the transfer
functions between the magnet current and beam position
were obtained with Opera [35] simulations.

H. Beam energy and potential control

The electron beam energy is not only a parameter in the
head-on beam-beam tune shift calculation, it is also a factor
in the electron beam propagation. The electron beam
energy is controlled by the electron lens potential control
system shown in Fig. 3.

The vacuum pipe and drift tube are at the ground
potential. The cathode is connected to the cathode bias
power supply (6 kV), and the cathode bias platform
potential (—6 kV) is below the ground potential.

The anode modulator power supplies (anode power
supply one and two, Fig. 3, 0-12 kV), cathode heater,
and collector power supplies (4 kV) are on the cathode bias
platform with a potential above the cathode bias. At the
same time, the reflector power supply (3 kV) forms a
potential (—9 kV) below the cathode bias. This configu-
ration brings the reflector potential further below the
cathode potential to reflect the electron beam back to the
collector.

The collector potential (—2 kV) is nominally above the
cathode bias potential and below the ground potential.
While the YAG screen or pinhole was used for the electron
beam profile measurement, the collector potential (1 kV)
was set above the ground potential. This was to prevent the
secondary electrons emitted by the YAG screen or pinhole
from going back to the cathode. All bipolar drift tube power
supplies are at the ground potential and can be controlled
individually.

The nominal anode potential is from —6 to 6 kV with
cathode platform potential —6 kV and anode voltage from
0 to 12 kV. When no beam is needed, the anode potential is
kept as —6.5 kV by switching the anode from the anode
power one and two (Fig. 3) to the anode bias power supply
(0.5 kV). The anode bias power supply negative terminal is
connected to the cathode bias platform (see Fig. 3).

With the above configuration, the electron beam energy
can be controlled by the cathode bias voltage, and the
electron beam power on the collector is controlled by the
collector voltage.

TABLE IIl. Parameters for the electron gun design.

Proton energy [GeV] 100 250
Cathode material Tungsten IrCe
Cathode radius [mm] 7.5 4.1
Measured r/c Ratio 2.7 2.8
E-beam size (cathode) [mm] 2.78 1.46

Designed gun field [T]
Superconducting field [T]
E-beam size compression ratio
E-beam size [mm)]

Achieved min. E-beam size [mm)] 0.35
Proton emittance [mm mrad] 2.5
Proton beam size [mm] 0.48

1.2-1.4* proton beam size [mm]

0.5 < Goeper < 1.74

0.58-0.67

0.2 < Beahoge < 0.8
2.0 < Beper < 6.0
1.6 < Cpio < 5.5
0.27 < Geenter < 0.92

25
0.31
0.37-0.43
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FIG. 10. Diagram of the RHIC e-lens potentials.

Figure 10 shows the configuration of potentials for
different components of the RHIC e-lenses used to control
the electron beam energy. Table IV shows the design high-
voltage power supply parameters and the potential for each
component as well as the electron beam energy.

As mentioned previously, without an electron beam, the
anode potential should be kept below the cathode potential
with the anode bias power supply. If the anode is floating
without the negative connection, the divided voltage on the
anode from the modulator [24] could result in a dark dc
electron beam current from the cathode. The dark dc
current could result in YAG screen damage and unwanted
beam-beam interaction during ion beam injection.

As part of the e-lens test bench [24], the gun dark current
was measured as a function of the gun solenoid current and
is shown in Fig. 11. For the installed RHIC electron lenses,
the modulator has been improved, and the resulting induced
dc current could be kept below 15 mA. After switching to
the anode bias, the anode potential (—6.5 kV) is lower than
the cathode potential (—6 kV); therefore, the dark current
has been eliminated.

I. Beam propagation and drift space perveance

As discussed in the previous section, the electron gun
perveance, which is a property of the electron gun, is used
to define how many electrons the anode can draw from the
cathode. After the electrons leave the cathode and start
propagating in the drift space, the drift space perveance can

be used to determine the minimum cathode bias voltage
required to overcome the space charge effect and propagate
the beam through a drift space.

For a nonrelativistic low-energy beam propagating
through a drift tube or 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 [33]

Pdrift non — Ie/ U?h(i%t’ (5 )

where I, is the maximum current that can propagate
through the drift tube, Uy, is the beam energy which
equals to U, — U(r), U, is the potential difference between
the cathode and drift tube (or cathode bias power supply
voltage), and U(r) is the space charge potential from the
electron beam itself. For a uniform density beam, the peak
potential from space charge on beam axis can be written as

1 b
0= ¢ . (1+2In- 6
Ur=o 4repfi,c < e a) ’ (6)

where b is the beam pipe radius, a is the beam radius, and ¢
is the beam filling factor.

For propagating relativistic beams, the contribution of
the space charge appears as a dimensionless parameter
called the generalized perveance [40].

The maximum electron beam current has been measured
with different beam energies using the RHIC electron lens
test bench [24]. During these measurements, the cathode
heater current was 10 A, and the beam pulse length was
10 ps. Any current above the maximum current curve in
Fig. 12 will result in a virtual cathode build-up, which is
indicated by the waveform of the halo scrapers [24]. For
GS1 with 0.31 T, the drift space perveance was found to be
Pusiti non = 2.15 uAV~! after fitting the curve in Fig. 12.
As shown in Fig. 12, the higher gun solenoid field, which
means a larger beam size inside the superconducting
magnet, leads to less space charge effect and increases
the drift perveance. But for the RHIC e-lens, the gun
solenoid field GS1 is predetermined because of the beam
size requirement. Therefore, the cathode bias power supply
was used to control the drift space perveance.

TABLE IV. Parameters for the beam potential and energy control.

Vacuum Cathode Anode Collector Reflector

No electron Beam PS voltage [kV] 0 6 0.5 4 3
Potential [kV] 0 -6 —6.5 -2 -9

With electron Beam PS voltage [kV] 0 6 0-12 4 3
Potential [kV] 0 -6 —6-6 -2 -9

Beam energy [keV] 6 0 0-12 4 e

Beam for profile measurement PS voltage [kV] 0 4 0-12 5 3
Potential [kV] 0 —4 —4-8 1 -9

Beam energy [keV] 4 0 0-12 5 e
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FIG. 11. Electron beam current caused by cathode bias.
To transmit all the electron-beam current that is produced
by the electron gun, the minimum required beam energy
can be calculated from the perveances of the gun and the
drift space. From Egs. (3) and (5), the minimum energy is

Pgun 2/3
Uenergy min — * Uanode- (7)

Pdrift non

According to the discussion above, although the lower
beam energy can provide higher head-on beam-beam
compensation [3] and space charge compensation effect
[41], there is a minimum energy for a certain current that
limits the maximum electron beam current that can propa-
gate in the e-lenses.

For the RHIC electron lens, with a 6 kV cathode bias and
1 A electron beam, no space-charge-induced electron beam
instability was found. During the 2015 RHIC run, a 5 kV
cathode bias was used for the e-beam currents below
700 mA.

1200 T T T T
—+—Gun Solenoid Field =0.19 T

——Gun Solenoid Field =0.31 T

1000

800

600

400

Maximum Beam Current [mA]

200

0 . . . .
1 2 3 4 5 6

Beam Energy [kV]

FIG. 12. Measurement of drift space perveance with different
GS1 currents.

J. Electron collector

The RHIC electron lens collector design is based on the
Electron Beam Ion Source (EBIS) collector [42], which has
a reflector to reflect the electron beam towards the collector
inner wall and an open exit in the back for an ion vacuum
pump, which can handle a heavy gas load. This open exit
also provides the path for electron beam imaging with a
CCD camera that can be placed behind the collector
(see Fig. 3).

The electron collector must dissipate the power of the
electron beam. The nominal current of the electron beam is
1 A, and the maximum is close to 2 A. For a 2 A electron
beam, the maximum temperature on the inner surface of
the shell is 102 °C. This temperature is acceptable for the
material (copper) and for UHV conditions in the RHIC.
Twenty tubes with an inner diameter (ID) of 8 mm are
brazed to the outside of the cylindrical shell and are
connected in parallel for water flow. The total power
dissipation on the collector can be reduced with a lower
collector voltage.

To monitor the dissipated electron beam distribution
inside the collector via measuring the collector temperature
distribution, eight resistive thermal device type temperature
sensors are mounted on the outside surface of the collector.
This system provides information about the alignment of
the electron beam to the collector.

K. Instrumentation and diagnostics

Some instrumentation [21,22] is designed for the elec-
tron beam parameter measurements, such as the beam
current, beam position, and beam profile [24]. Besides the
beam parameter measurements, some system statuses
should be monitored, such as the anode voltage, the cathode
potential, the losses of electron beam current, the collector
temperature, the ion current, and drift tube signal. These
diagnostics can provide useful information during the
commissioning and operation.

The beam currents are measured by the four current
transformers (FCT and DCCT; see Fig. 3) for both a pulsed
and a dc beam.

For the beam position, there are two beam position
monitors (strip line BPMs, Fig. 3); both have horizontal and
vertical planes and are located inside the superconducting
magnet. The distance between these two BPMs is 1.54 m.
Both the electron beam and proton beam position can be
measured by these BPMs, and they are used for the initial
electron and proton beam alignment. A novel new electron
backscattering detector (eBSD) [43] on the gun side is
designed for a precise overlap alignment of the electron and
proton beams.

Outside the entrance of the collector, four quadrant
scrapers [24] are used to help align the electron beam into
the collector. By steering the beam horizontally (CSX)
or vertically (CSY) to both sides until there is a beam
signal on one of the scrapers, the center of the electron
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beam can be estimated by the average of the CSX and CSY
current.

Variations of the cathode bias power supply current are
used as a beam current loss measurement. If there is any
electron beam loss between the cathode and the collector in
the vacuum, the lost current is compensated from the
ground. For this compensated current, the cathode bias
power supply provides the only path (see Fig. 3). If the
absolute current in the cathode bias is over 5 mA, the
electron beam will be turned off by the RHIC electron
lenses machine protection system.

The profile of the electron beam is measured by means
of two insertion devices: a YAG screen and a pinhole
detector [24]. The anode voltage is measured locally by the
electron beam modulator, which is close to the electron
gun. The anode voltage can be used for gun perveance
calculation as well as providing a diagnostic signal on an
oscilloscope.

Ion accumulation in the interaction region within the
superconducting solenoid was one of the concerns when
the electron lens was designed. A biased drift-tube system
(DTO1-05) with a high-voltage gradient is designed
to extract any accumulated ions from the interaction
region [44]. The extracted ion current is measured
by the ion collector (Fig. 3). So far, no signal was seen
on the ion collector, during either commissioning or
operation.

III. COMMISSIONING AND OPERATION

A. Longitudinal alignment

The electron lenses were commissioned parasitically to
RHIC physics operation before they were used for head-on
beam-beam compensation. In 2014, we aligned the electron
beam with the hadron beam to gain the first experience with
electron-hadron beam-beam interactions. The demonstra-
tion of the electron and gold beam overlap was achieved by
use of the eBSD [43]. In the parasitic commissioning mode,
the 78 kHz pulsed electron beam can be propagated
through the interaction region such that it does not interact
with the RHIC beam.

Fall Time s

" !\]‘

Rise Time == Anode Voltage Ucd s /v
Ul=10.8 kV
| A U2=-0.5 kv
................................ \ WRDARDRNS ISR, AN, AUIES SR \ EN———
! S R A S
|
‘ ‘50ns/div

As mentioned in Ref. [24], the parasitic mode needs a
fast rise and fall time for the electron beam pulse to align
with the abort gap [24] and thus avoid interacting with the
circulating ion beam. The 5%-95% rise and fall time
(50 ns) has been measured via the anode voltage waveform
as well as the BPM response time. Both are shown in
Fig. 13.

During the commissioning, the electron beam was first
aligned with the ion beam abort gap [24], as shown in
Fig. 14 for the yellow beam. In Fig. 14, the yellow ion beam
abort gap is shown by the RHIC fill pattern in the bottom
trace. One e-beam trigger (Fig. 14, trace 2) was first pulsed,
and then the resulting anode voltage pulse (trace 3) was
measured on the anode. The electron beam was measured
via the drift tube DT04 in Fig. 3 and shown with the top
green trace (trace 4) in Fig. 14, between the two red vertical
lines. This shows the electron beam was aligned within the
yellow ion beam abort gap (traces 1 and 4).

After the alignment with the ion beam abort gap, the
electron beam could be operated and commissioned while
the ion beam was circulating. Figure 15 shows the RHIC
ion beam intensity and the anode modulator power supply
currents for both electron lenses. The electron beam ran for
several hours without affecting the ion beam. The lack of a
disturbance in the ion beam indicates that the electron beam
was placed within the beam abort gap, while the modulator
power supply current (140 mA) indicates that both electron
beams were running in the parasitic mode. When the e-
lenses were running with the dc mode, the modulator power
supply current was negligible.

The electron beam can be moved earlier in time to collide
with the ion beam. Figure 16 shows the ion beam losses for
the last several bunches that collided with the electron
beam. The red trace is the anode voltage representing the
electron beam current. The last (bunch 111) and the second
to last bunch (bunch 110) had a clear response to the change
in electron beam current, while the fourth (bunch 108) from
the last shows no response to the electron beam. The third
bunch (bunch 109) from the last has higher losses than the
others. These higher losses could be reduced by further
adjusting the electron beam timing.

BPM Response Time

50 ns / div

Beam rise and fall time measurement via the anode voltage (left) and signals from the four BPM electrodes (right).
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FIG. 14. Longitudinal alignment of the electron beam pulse within the ion beam abort gap.

The ability of aligning the electron beam with the
last several bunches (nominal was the last two bunches)
means more commissioning time with a negligible effect on
machine luminosity. Then the electron lens could be used
for transverse alignment and other beam-beam studies.

B. Transverse alignment

The demonstration of electron and ion beam overlap was
achieved via the eBSD [43] during the commissioning.
Figure 17 shows the blue eBSD signal as a function of the
ion beam position. Both the horizontal and vertical eBSD
signals are fitted very well with Gaussian distributions.

The blue electron gun is located outside of the ring with a
positive position within the RHIC coordinate system. And

Pulse Mode 78 kHz

115+ ' ‘ —— Blue Modulator PS Current ' ‘ —'180
= Yellow Modulator PS Current
r —— RHIC Beam Intensity 4160 .
g 95 [ 40 S
= [ 1 z
§ 75 Blue 7. [IkHz 1A electron beam 1120 ‘@
3 1100 2
Yellow 78 kHz 1A electron bearp - o
g 55 180 E
s . | 1 5
% 350 60 oo
ER RHICionbeam [~~~ | = 2
o 1 o
s 15 El
L 120
-5 i 1 | I L | =)

0 2 4 6 8 10 12 14 16 18
Time [Hours]

FIG. 15. Anode modulator signals and ion beam intensity
during the parasitic mode.

the two horizontal data points on the right bottom corner
indicate this asymmetry of the electron beam trajectory
with respect to the RHIC ring [43].

C. Operation in the 2015 run

At the beginning of the 2015 RHIC 100 GeV polarized
proton run, the two electron lenses were ready for oper-
ation. They were used for 112 stores without any failure to
turn on. The electron lenses were turned on following
several steps as shown in Fig. 18.

At the beginning of the ion beam energy ramp (0 s from
the start of ramp), there are no horizontal bumps, but
45 mm vertical bumps at all IPs for the blue and yellow

500

T
——Bunch 108

Bunch 109 14
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’E‘ —
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FIG. 16. Alignment and collision with the last several bunches.
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FIG. 17. Demonstration of the electron and ion beam overlap.

beam. From 165 to 175 s, the vertical bump at IP6 and IP8
was changed to +4 mm, to prepare for a bump collapse.
Meanwhile, there were £5 mm horizontal bumps created at
IP10 to avoid the ion beam collision with the electron
beam.

Then, 300 s after the beginning of the ramp (reaching
storage energy), the electron beam current was increased to
its nominal operational current of 500 mA for the blue
electron lens and 650 mA for the yellow electron lens.

We experienced an electron beam instability issue with
blue electron beam currents greater than 750 mA [27], with

the symptoms of gun vacuum spike and electron beam
current drop. After inspecting the gun during RHIC shut-
down, the ceramic close to the anode and the cathode was
found to be contaminated. Reflected electrons from the
collector, caused by the electron beam striking the collector
at a large angle, could be another reason.

The static bump amplitudes for all IPs between 175 and
1180 s are shown in Fig. 19. From 1180 to 1195 s, the
vertical bump at IP6 was removed, first at the spectral
transmissometer and radiometer (STAR); then 5 s later,
both the vertical bumps at IP8 and the horizontal bump
at IP10 were removed at the same time: The beams
went into collision in the PHENIX and in the electron
lenses simultaneously. All the above bumps were
removed via the existing RHIC beam orbit feedback
system, and no additional commissioning time for IP10
was needed.

After establishing collisions at IP6, IP8, and IP10, the
RHIC Iuminosity and IR steering application (LISA) [45]
program started optimizing collision rates for these three
collision points. Then, the goal orbits were saved and used
for auto orbit correction, which is repeated regularly to
compensate for orbit drifts during store.

Approximately 1 h after the beginning of the store, the
lenses were gradually ramped down (Fig. 20) as the beam-
beam parameters are reduced to values that could be
supported by the lattice alone. During the ramp down
period, the lattice tune was also changed accordingly to
compensate for the linear tune shift introduced by the
electron lenses.
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FIG. 18. Separation bumps and electron beam current.
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in simulations [46], the incoherent tune distribution with FIG. 21. Blue electron beam and ion beam alignment procedure

p+p collisions could not be extracted due to strong

for the horizontal plane.
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electron beam was moved close to the ion beam by using
BPMs and then how fine alignment was achieved with the
eBSD. The alignment was done by following the steps
shown in Fig. 21. For the vertical plane, the same procedure
was followed but with less angle and position offset.

During the alignment procedure, the average electron
beam position was moved from 0.9 to 7.5 mm initially by
changing (reducing) the blue GSB current, as well as the
GSX and CSX for the beam trajectory adjustment. The
electron beam angle was changed from —2.09 to 1.54 mrad
by the long and short superconducting correctors. The long
horizontal superconducting corrector can change the elec-
tron beam angle by 2 mrad for a 3 T main magnetic field.
Then, the rest of the beam angle change was achieved by
the five short correctors, even though they were designed
only for correcting magnetic field straightness.

After that, the first p 4 Al store was put up, and the ion
beam angle was reduced from 3.25 to 1.89 mrad, which is
the minimum angle for the Al beam without any visible
beam loss. Meanwhile, its average position was changed
from 16.2 to 9.8 mm because of the angle change

At this moment, the horizontal separation bumps at IP10
were removed for the e + Al collision. Then both the BPMs
and the eBSD signal were used to monitor the electron
beam position movement from 7.5 to 9.9 mm. Thereafter,
the alignment proceeded with the ion beam position scan
via the LISA application, which uses the eBSD signal as an
optimizing signal [43].

Following that, the second p + Al store was ramped up
for the final alignment. It also included the same angle
change for Al at the beginning of the second store and is
followed by a LISA position scan. The angle alignment was
also executed by the LISA angle scan, which changed the
ion beam angle from 1.89 to 1.50 mrad.

Thereafter, the beam-beam experiment could be started
and the incoherent tune distribution due to the e-lenses
could be measured. Figure 22 illustrates that the Al beam
incoherent tune distribution changes with the different
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FIG. 22. Incoherent tune distributions for various electron beam

sizes and an electron beam current of 900 mA. The beam
distributions are measured with beam transfer functions and
are aligned to the left with an offset for better visibility of
the effect.

electron beam sizes. During this measurement, the Al
beam was collided only with the electron beam, and there
was no other beam-beam contribution at IP6 or IP8.

Figure 22 shows that a smaller electron beam size results
in a larger incoherent tune spread. More information about
the beam-beam experiment results can be found in
Refs. [1,28]. During the experiment, the electron beam
energy was 5 keV with 900 mA electron beam current. The
superconducting solenoid field was 3 T.

V. MACHINE PROTECTION AND RELIABILITY

Machine protection was another important part of the
electron lens system. The inputs for the machine protection
system included the status of all power supplies, their
current or voltage loss, vacuum pressure and valves status,
water flow and water temperature of warm solenoids,
global electron beam loss, beam losses on the eBSD
tungsten blocks [43], and the status of the high-voltage
switches. For the YAG screen and pinhole protection, there
is another input to limit the beam pulse frequency and pulse
width. To prevent the dark dc beam current, the anode bias
voltage measurement provides another input to turn off the
electron beam trigger and set the anode drift tube (DTOO in
Fig. 3) from the ground potential to the cathode potential
via another high-voltage switch. The machine protection
system has protected the electron lens system successfully,
and no damage occurred during operations.

The reliability and availability of the RHIC electron lens
system were high. The electron lenses were turned on for
every store. They did not fail during the run except for one
collector power supply trip during a store ramp up. The
electron beam was recovered within several minutes after
this trip.

VI. SUMMARY

In this paper, the design considerations for the RHIC
electron lens system were presented. Most electron beam
parameters were measured and satisfied the specified
requirements.

During design and commissioning, the 1 A dc electron
beam current requirement for both 100 and 250 GeV proton
beam has been achieved with less than 12 kV anode
voltages. Smooth transverse beam profile is another critical
factor of successful beam-beam compensation. The mea-
sured electron beam transverse profile for a 4.1 mm radius
cathode (for a 250 GeV proton beam) and a 7.5 mm radius
cathode (for a 100 GeV proton beam) could be fitted to
Gaussian distributions very well.

The field and straightness of the superconducting mag-
nets were also measured and satisfied the deviation require-
ment of £50 ym within a 850 mm range. This ensures
there is enough good field for an electron beam and proton
beam overlap. The 6 T magnetic field was achieved during
2015 operation.
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The electron beam position jitter was calculated to be
3 um with a magnet current ripple specification of 1074,
while the requirement is 9 ym. The achievement of 0.1%
current ripple requirement had been demonstrated via
anode voltage measurements on the RHIC e-lens test bench
[24]. Direct current ripple measurements are planned in
the future.

The transverse fine alignment was achieved with the
eBSD [43], which is a new system used as the main
diagnostic for accurately aligning the electron and ion
beams in the RHIC e-lenses. The maximum displacement
of 0.028 mm between the electron beam and ion beam has
been demonstrated [43], which is less than 10% of the rms
beam size requirement (for a 250 GeV proton beam).

From above, we see that the electron beam current, beam
profile, eBSD signal, and all other hardware are compatible
with the 250 GeV operations as well as 100 GeV operations.

At the end of the paper, the operation procedure and a
beam-beam experiment about incoherent tune distribution
with e-lenses are presented.

All the above electron beam characteristics as well as the
e-lens lattice [18] ensure the success of the RHIC e-lenses
for partial head-on beam-beam compensation leading to
higher luminosities.
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