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The Low Energy RHIC electron Cooling (LEReC) project at Brookhaven National Laboratory recently
demonstrated for the first time cooling of hadron bunches with radio-frequency (rf) accelerated electron
bunches. LEReC uses a high-voltage photoemission electron gun with stringent requirements for beam
current, beam quality, and stability. The electron gun has a photocathode with a high-power fiber laser, and
a novel cathode production, transport, and exchange system. It has been demonstrated that the high-voltage
photoemission gun can continually produce a high-current electron beam with a beam quality suitable for
electron cooling. We describe the operational experience with the LEReC dc photoemission gun in RHIC
and discuss the important aspects needed to achieve the required beam current, beam quality, and stability.
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I. INTRODUCTION

A. Motivation

The Relativistic Heavy Ion Collider (RHIC) [1–4] at
Brookhaven National Laboratory (BNL) is a circular
collider that has operated successfully for almost two
decades. It has two rings in a horizontal plane with two
head-on beam-beam interaction points (IP6 and IP8) and
four crossing points without collisions (IP2, IP4, IP10, and
IP12). To explore the QCD phase diagram, which is one of
the important issues in the nuclear physics field [5,6], a
Beam Energy Scan (BES) program is carried out in RHIC
[7,8]. The BES program operates at various ion beam
energies [8] which are below the normal operating range of
the collider.
For a collider, the luminosity is one of the most important

figures of merit. The luminosity formula for round
Gaussian and equal beams at the interaction point (IP),
as is the case in RHIC, can be expressed [9] as

L ¼ nb
fc
4π

N2

σ2
H; ð1Þ

where nb is the collision bunch number, fc is the collision
frequency, σ is the transverse rms beam size at the IP, and N
is the particle number per ion bunch. H is a geometric
factor that accounts for the hourglass and crossing angle
effect. For the head-on beam-beam collisions in RHIC, H
includes only the hourglass effect. For a symmetric, round
Gaussian beam with equal beta functions at the IP, it can be
detailed as

H ¼
Z

∞

−∞
dtffiffiffi
π

p e−t2

1þ ð tthÞ2
ð2Þ

where th ¼ β�=σl. β� is the beta function at the IP. The
geometric factor H increases with increasing th.
Therefore, a smaller longitudinal beam size σl, as well
as a smaller transverse beam size σ will both increase the
luminosity.
For the BES program, the planned beam energies are

3.85, 4.59, 5.75, 7.3, and 9.8 GeV=nucleon. At these
energies, the luminosity is limited due to the relatively
short ion beam lifetime and fast growth of both the
transverse and longitudinal beam emittance because of
several physical effects [10–13], such as intrabeam scatter-
ing (IBS), space charge, and beam-beam effects.
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To improve the ion beam lifetime, affected by space
charge and beam-beam effects, three new 9 MHz rf cavities
were installed in each RHIC ring and new working
points were explored [14]. To improve the integrated
luminosity and lifetime limited by IBS, a reduction of
the transverse and longitudinal beam sizes σ and σl, will be
achieved using the Low Energy RHIC electron Cooler
(LEReC) [15–22] located in IR2 (see Fig. 1).

B. The LEReC Accelerator

The required LEReC beam parameters for cooling at the
lowest BES energy are summarized in Table I. A photo-
emission electron gun injector, followed by a supercon-
ducting rf cavity for acceleration [23–28], was adapted as
an electron source for LEReC. This choice took advantage
of the high-voltage electron gun experience and the
excellent beam quality achieved at Cornell University
[29–37], in Japan [38–44] and at Jefferson National Lab
[45–48]. It has been demonstrated that a high-voltage dc
photoemission gun can have good beam quality, such as
low emittance [30,31] and high average current [29].
The LEReC dc photoemission gun commissioning

started in 2017 and the required beam parameters were
successfully achieved during the commissioning in 2018
[15–20]. LEReC operated with an average current of up to
30 mA and demonstrated the design beam quality with
low emittance and energy spread. Recently, using the
LEReC accelerated electron beam, 3-dimensional bunched

beam cooling was successfully demonstrated for the first
time [21,22].
Figure 2 shows a simplified schematic view of the

LEReC system. The LEReC accelerator has several beam
lines: the injection line, the transport line, the diagnostic
line, the dogleg, the yellow and the blue cooling section,
and the extraction line. More details about the LEReC
system can be found in Refs. [17,21].
The injection line (∼7 m) was built with a low power

beam dump in 2017 while the other beamlines were still
under construction. It was used for the commissioning of
the dc photoemission gun systems as well as other systems,
such as the laser system, the magnets, the timing system,
the machine protection system and many diagnostic devi-
ces. The 704 MHz SRF booster acceleration cavity and the
2.1 GHz linearization cavity were installed in 2018.
The transport line (∼32 m) is used to propagate the

electron beam from the source to the cooling section while
preserving the beam quality. It also has two rf cavities; they
are the 9 MHz energy correction cavity and the 704 MHz
dechirping cavity.
The diagnostic line has a 704 MHz deflecting cavity and

a YAG screen for time-dependent energy spread measure-
ments. After beam matching in the dogleg (solenoids are
not shown in Fig. 2), the beam is propagated through the
yellow cooling section (∼20 m) and the blue cooling
section (∼20 m). At last, the electron beam is deflected
into the extraction line (magnets are not shown here) and
the high-power dump.
The time structure of the RHIC ion beam bunch and the

LEReC electron beam are depicted in Fig. 3. In RHIC, for

FIG. 1. Conceptual layout of RHIC showing the location for
the low-energy electron cooling. The head-on ion beam-beam
interactions occur in IP6 (STAR), while the electron-ion cooling
is achieved in IP2.

TABLE I. TheLEReC electron and ion beamparameters in 2019.

Parameters Unit Value Value

Electron beam Operated Designed
Kinetic energy MeV 1.6=2.0
Energy spread 10−4 <5 5
Bunch charge pC <130 130
Bunches per train 30 30
Macrobunch repetition
frequency

MHz 9.1

Microbunch repetition
frequency

MHz 704

CW beam current mA 14–20 35
rms emittance εn μm 0.9 (70 pC) 2.5

Ion beam
Species Au
Energy GeV=nucleon 3.85=4.59
Energy spread 10−4 4–4.5
Emittance (rms) μm 1.5 2.5
Intensity/bunch 109 0.7
rms bunch length σl Ns 10
Radio frequency MHz 9.1
rf voltage/turn kV 180
rf harmonic number 120
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the low-energy ion beam, the 9 MHz rf cavity was used
with a harmonic number of 120. There are 9 buckets left
empty for the beam abort gap and 111 buckets filled with
ion bunches. The top plot of Fig. 3 shows the structure of
the RHIC ion beam.
For the electron beam in LEReC, electron microbunches

are accelerated by the 704 MHz SRF booster cavity. To cool
an ion bunch with full length of about 50 ns, a macrobunch
of electrons consisting of 30 individual microbunches spaced
by 1.42 nsec is employed. The structure of one electron
macrobunch and one ion beam bunch are shown at the
bottom of Fig. 3. A 704MHz drive laser [49] and an ultrafast
pulse picker [50] have been developed to produce 9 MHz
optical macrobunches (30 pulses per bunch).
The LEReC accelerator has several beam modes. These

are pulsed mode, 76 kHz mode (1 pulse per RHIC turn),
and continuous-wave (CW) mode. The pulsed mode can
have 1–500 consecutive macrobunches with a repetition
rate of 1 Hz. This mode is used for optics work, beam
quality measurement, as well as hardware and software
commissioning. The 76 kHz mode can have several macro-
bunches with a repetition rate of 76 kHz. Typically, this
mode is used to overlap the electron beam (5 macro-
bunches) with the ion beam (6 bunches), for cooling
optimization. The CWmode has one macrobunch repeating
with a 9 MHz repetition rate. It can cover all 120 ion beam
rf buckets which have a 76 kHz revolution frequency. This
mode is used for nominal physics operation.
The paper is organized as follows. In Sec. I, the LEReC

project is introduced, as well as the requirements of
electron beam parameters and LEReC accelerator systems.

In Sec. II, the LEReC dc photoemission gun system with
some modifications and its conditioning experience are
presented. The electron gun high-voltage power supply
(HVPS) ripple and its effects on the electron beam energy
are evaluated in Sec. III. In Sec. IV, the beam slice
emittance is measured via a solenoid scan method. The
LEReC cathode insertion system, which is required for
the continuous RHIC physics operation, is introduced in
Sec. V. The experience of the HV dc photoemission gun
stable operation during 2019 is reviewed in Sec. VI and the
high-current CW beam operation experience is presented
in Sec. VII. Finally, a summary is given in Sec. VIII.

II. HIGH VOLTAGE DC PHOTOEMISSION
ELECTRON GUN

A. DC photoemission gun system

Based on its existing high-voltage photoemission gun,
the LEReC electron gun was built by Cornell University
with some small refinements. The mechanical components
and design of the high-voltage dc photoemission gun
system have been described in Refs. [29–36]. A schematic
view of the LEReC high-voltage electron gun system is
given in Fig. 4.
It includes a high-voltage power supply and some

electron gun components. The HVPS has three compo-
nents: controller, inverter, and multiplier. The multiplier is
inside of the SF6 chamber at 6.9 kPa (70 psi). The HVPS is
rated at 700 kV and was tested to 600 kV without load.
On the electron gun chamber side, there is a cathode that

connects to the HVPS through a stem electrode. There is an

FIG. 2. Schematic layout of the LEReC Accelerator. The electron beam trajectory is shown as a green dashed line. The blue and yellow
ion beam directions are also shown in the plot. Dimensions not to scale.
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anode which is connected to the ground through an anode
bias power supply and an ampere meter. To prevent ions
from streaming back to the cathode during the CWelectron
beam operation, the anode bias power is set to 2 kV. To
simplify the electron gun system for LEReC operation, the
gap between the anode and cathode is fixed at 50 mm
instead of a variable gap.
Between the electron gun chamber and the SF6 chamber,

there is a 500 Ω running resistor (R2) to connect the
cathode to the HVPS. If conditions with high radiation
(≥200 mrad=h) in the electron gun persisted during oper-
ation, the dc photoemission gun needed to be recondi-
tioned. For conditioning or reconditioning the gun, the
resistor between them is changed to a 66.7 MΩ resistor
(R1), to limit the discharge currents, thus avoiding damage
to the cathode and anode surface.
In the past, this change required opening the SF6 tank for

the resistor replacement which required a minimum of
12 hours. A resistor switch mechanism was designed
and implemented between the gun electrodes and the
HVPS, to avoid the time-consumed SF6 pumping and
evacuating each time the resistors needed to be exchanged.
With this switchable resistor design, the mode switch
can be done within 45 minutes. This significantly reduced
the access time when a different operation mode was
required.
In this system both resistors (R1 and R2) are perma-

nently connected in series (Fig. 4). The resistor R1 can be

bypassed by shorting it out with a movable conductor (MC)
which is a metal ball. The metal ball connects to a steel
cable which is pulled out of a spring-loaded reel and an
insulated string (red wire in Fig. 5). When the MC is moved
to the P1 position, the switch around R1 in Fig. 4 is open
and the electron gun is in the conditioning mode; when the
movable conductor is at the P2 position, the running
resistor (R2) is connected between the electron gun and
the HVPS.
As shown in Fig. 5, the other end of this insulating string

is attached to another reel driven by a stepper motor. At
present, this stepper motor is locally controlled, but adding

FIG. 3. Time structure of a RHIC ion bunch and a LEReC electron macrobunch.

FIG. 4. Schematic view of the LEReC high-voltage dc photo-
emission gun. There are four major components: the HVPS, the
switchable resistors, the gun electrodes, and the resistor chains.
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remote control to the moter is planned in order to avoid
having to access the RHIC tunnel, which is a radiation area.
There are two resistor chains outside of the electron

gun ceramic insulator. To measure the HVPS voltage, each
resistor chain has a smaller resistor (R4 ¼ 72 Ω) for an
output voltage. The voltage measured from the V chain can
be used for HVPS voltage ripple regulation as well as for
machine protection. To have a higher output voltage signal
for regulation, the resistor R3 has been changed from
its original design value of 7000 MΩ to 650 MΩ. The
parameters of the LEReC electron gun system are listed in
Table II.
The total HVPS output current has three components. It

includes the leakage current through the electron gun
vacuum chamber and anode during the gun conditioning;
it includes the current through the two resistor chains
caused by the high voltage in the circuit; and it also
includes the electron beam current from the cathode during
operation. The total HVPS output current is measured by a
power-over-fiber (POF) system [51]. The sampling rate of
the POF is 850 Hz, and the resolution is 0.1 μA.
The total output current can also be obtained from

the HVPS itself with a resolution of 0.1 mA. The current
from the HVPS is used for self-protection by setting a
current limit. The current limit is set to 2 mA during

nominal pulsed mode operation and is increased during
CW operation.
The LEReC electron gun system is located inside the

RHIC tunnel, where it is exposed to potential radiation
from beam losses. At the beginning of the 2017 RHIC run,
there were several HVPS inverter upsets. It is suspected that
radiation caused the malfunction or failure of the controller,
which resulted in the inverter upset. To avoid this issue, the
controller and the inverter were first shielded by a 10 cm
thick concrete wall. Later, the controller was moved out
of the tunnel. After that, no more inverter faults were
observed.

B. Photoemission gun conditioning

The high-voltage photoemission gun was assembled and
first conditioned at Cornell University. After disassembling
and moving it into the RHIC tunnel, it was conditioned
again. Figure 6 shows the voltage progress during two
conditioning periods. During the gun conditioning at BNL,
a script was created to automate the conditioning process.
In both Cornell University and BNL cases, it took about
45 hours to reach 440 kV.
Several signals are monitored during the dc photoemis-

sion gun conditioning. They are the HVPS voltage, the gun
vacuum level, the radiation level, and the POF current.
These four signals are shown in Fig. 7. The radiation is
measured by a Canberra detector [50] placed at the exit of
the electron gun chamber.
The total average leakage current from the HVPS is

measured by the POF. It is notable that the POF signal (red
line), which may indicate the discharge spikes inside of the
electron gun, has a low noise level at a low HVPS voltage.
With the HVPS voltage increasing, the noise level on the
POF signal grows, as well as the base line which is the
leakage current from the HVPS to the two resistor chains.

FIG. 5. The resistor switch mechanism located between the dc
photoemission gun and the HVPS.

TABLE II. LEReC dc photoemission gun parameters.

Parameters Unit Value

HVPS kV 700
Operating voltage kV 375
R1 Ω 500
R2 MΩ 100=66.7
R3 MΩ 650
Gun voltage/HVPSa

0.87=0.91
Gun capacitance pF 200
Anode voltage kV 2
rms ripple kV 0.05@17 mA
R4 Ω 72

aConditioning mode.

FIG. 6. HVPS voltage progress during the dc photoemission
gun conditioning. The top and bottom plot depict the results from
Cornell University and BNL, respectively.
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During high-voltage dc photoemission gun conditioning,
the vacuum trip limit is set to 5 × 10−8 Torr, the radiation
trip limit is set to 5 rad=h, and the POF current trip limit is
set to 2 mA.
In 2018, to save commissioning time, the gun has been

conditioned with the running resistor without swapping to
the conditioning resistor. With the running resistor (500 Ω),
if there is a discharge in the gun vacuum, the transient
current is higher than with the conditioning resistor.
Therefore, the HVPS is more prone to trips due to
HVPS overcurrent fault. Because of this, the gun con-
ditioning is normally stopped after 5 HVPS trips. With this
kind of conditioning with the running resistor, most of the
time the gun can be successfully conditioned to a radiation
level of less than 100 mrad=h which is a requirement for
the gun operation.

During gun conditioning or operation, sometimes the
gun can have higher radiation (up to as much as 10 rad=h).
It implies the gun is contaminated by additional field
emitters. They normally could not be removed by the
nominal UHV conditioning procedure.
There are several scenarios that can cause higher

radiation in the gun. Firstly, it could be generated during
the gun conditioning after increasing the electron gun
to a higher voltage followed by a gun trip. The left plot
of Fig. 8 shows a typical example of how the radiation
increases after a gun trip. The radiation at a gun voltage
of 397 kV went up from 70 mrad=h to 49;300 mrad=h,
a 700-fold increase. At the same time, the current from
the power supply measured by the POF increased from
600 to 1500 μA.
Secondly, inadvertently closing or opening the gun

vacuum valves while the HVPS is still on could be another
reason. When the vacuum valve is closed with the HVPS
high voltage on, particles or emitters can move to the
surface of the cathode or the anode electrode, by following
the electrostatic field.
Thirdly, during the LEReC dc photoemission gun

operation, the radiation could slowly increase to a level
higher than 200 mrad=h from its initial radiation level
(right plot of Fig. 8). Particles generated during cathode
insertion or possible reversed gas conditioning [48] could
be the reason. Finally, a CW beam that caused a gun trip
could also result in higher radiation.
If the above four scenarios occur, noble gas processing

with helium or krypton can be used to remove the emitters
without recleaning the electrodes. The mechanisms of
helium or krypton conditioning can be found in
Ref. [48]. As indicated in the top plot of Fig. 6 by the
red line, the helium gas conditioning has been applied when
the gun was conditioned at Cornell.

FIG. 7. Four signals are monitored during the dc photoemission
gun conditioning: the HVPS voltage, the POF current, the gun
radiation level, and the gun vacuum.

FIG. 8. The gun conditioning and reconditioning with noble gases. Left: radiation and the POF current as a function of the HVPS
voltage before and after a gun trip (31 January 2019). Right: radiation as a function of gun voltage after gun conditioning on three
different occasions.

X. GU et al. PHYS. REV. ACCEL. BEAMS 23, 013401 (2020)

013401-6



When conditioning the LEReC electron gun with gas,
the pressure is set to 5 × 10−5 Torr for helium, and it is
2 × 10−5 Torr for krypton. Once several gun trips with
lower and lower trip voltage occurred, gas conditioning was
stopped and followed by a nominal vacuum conditioning.
With the operational voltage (375 kV) gas conditioning is
also stopped when the radiation is less than 100 mrad=h,
which is also the gun radiation requirement in vacuum.
Most of the time, to reach the radiation requirement in
vacuum, a second or third gas conditioning cycle followed
by another vacuum conditioning is necessary.
To achieve lower radiation, a gas filter (Nanochem UHP

N2) is used when noble gases are injected, to obtain a gas
purity of better than 100 ppt (parts per trillion).
After several helium gas conditionings with filtered gas,

a lower radiation level was achieved. The right plot of
Fig. 8 shows the radiation as a function of gun voltage after
a successful dc gun conditioning cycle on three different
occasions. It shows that on 21 February 2019, the radiation
was significantly reduced to 30 mrad=h (375 kV gun
voltage). Given more conditioning time, it could be con-
ditioned to even lower radiation. As low as 8 mrad=h was
achieved in 2018.

III. BEAM ENERGY AND THE
GUN VOLTAGE RIPPLE

The electron beam energy stability is a critical factor
affecting the ion beam cooling efficiency. Therefore, the
effect on the electron beam energy from the dc photoemis-
sion gun HVPS voltage ripple needs to be addressed. To
evaluate the size of effects, the changes in the mean kinetic
energy are measured via scanning the gun voltage and
recording the horizontal beam position at a dispersive
location.
The position change on the deflecting diagnostic line

YAG screen can be expressed as

dx ¼ DðxÞ dp
p

¼ DðxÞβ−2 dE
E

; ð3Þ

where DðxÞ is the dispersion at the YAG screen, E is the
beam total energy, dE is the change in the energy, and β is
the velocity relative to the speed of light. The measured
dispersion at the YAG screen is 0.8 m. During the
measurement, the phase and voltage of all cavities are
optimized to minimize the energy spread.
With the dechirping 704 MHz warm cavity, the beam

energy changes by 0.1 keV per 1 kV requested gun voltage
change at the operating voltage. The operating voltage
corresponds to aΔV at 0 kVon the horizontal axis in Fig. 9.
This is close to the average measurement error and could
be an indicator that the energy spread has been minimized
and is dominated by the beam space charge.
For comparison, the beam energy scan without the

704 MHz dechirping warm cavity is also shown in

Fig. 9 (red line). For the ΔV from �7 to 3 kV at the
gun, the change in the electron beam energy is 35 and
1.25 keV without and with the warm 704 MHz cavity,
respectively.
The above results can be explained by Fig. 10. The

LEReC rf system is designed to stretch the beam by
implementing an energy chirp to the bunch in the
704 MHz SRF booster cavity. Electrons in the head of
the bunch will have higher energy, and those in the tail will
have lower energy. The warm 704 MHz cavity removes the
chirp by decelerating the head and accelerating the tail.
As a side effect, this configuration also reduces the effect of
the gun HV ripple (Fig. 9). A bunch that receives too little
energy from the gun will arrive later at the booster, where it
is accelerated even less and arrives much later at the warm
704 MHz cavity, which then applies more energy to the
bunch at the low energy, hence reducing the energy ripple.

FIG. 9. Change in beam energy as function of change in gun
voltage with and without the warm 704 MHz cavity.

FIG. 10. The phase setup for the 704 MHz SRF booster
cavity (red), the 2.1 GHz linearization cavity (green) and warm
704 MHz cavity (blue).
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We now turn to HVPS ripple during CW beam operation.
The gun voltage ripple can be measured via a gun capacitor
pick up (CPU), which is a dedicated system [52] installed
on the gun side (see Fig. 5). A schematic of the CPU system
is shown in Fig. 11(a). The very small signal from the CPU
is amplified in a low-noise amplifier used together with a
dummy cable to cancel the noise picked up by the long
cable run from the RHC tunnel to the instrumentation rack.
The signal from the CPU is proportional to the derivative of
the voltage fluctuations and is therefore integrated to yield a
signal that can be calibrated.
Figure 11(b) shows the voltage ripple measurement with

the CPU during 17 mA CW beam operation. The standard
deviation of the ripple is about 0.25 kV. This corresponds to
a 0.025 keV beam energy change caused by the HVPS
ripple at the nominal operation voltage (375 kV), or less
than 6.7 × 10−5 relative HVPS gun voltage. This value
means it is the space charge effect, not the HVPS voltage
ripple, that dominates the measured energy spread which is
less than 5 × 10−4 [21,22].
Figure 11(b) also shows the 360 Hz power line frequency

(i.e., 2.8 ms) component of the gun HVPS ripple. The gun
HVPS ripple also has a 166 kHz power supply switching
frequency component with an rms ripple of 0.04 kV [not
shown in Fig. 11(b)].

IV. SOLENOID SCAN AND SLICE EMITTANCE

The emittance of the LEReC electron beam has been
measured via a multislit and a movable slit followed by a
YAG screen [52,53]. These measurements were done for
the macrobunches with 30 microbunches. To verify the
good longitudinal emittance distribution, the longitudinal
slice emittance is then measured with a solenoid scan
method, with the help of the 704 MHz deflecting cavity in
the diagnostic line.
The solenoid in the diagnostic line is used to change the

beam transport matrix and the YAG screen is used to record

the change in beam size. There is a dipole between the two
devices. The deflecting cavity kicks the electron beam
vertically up. Therefore, only the slice emittance in the
horizontal plane can be measured.
The beam size at the YAG screen includes two compo-

nents and can be expressed as

σ2measured ¼ σ2emittance þ
�
Dx

dp
p

�
2

: ð4Þ

When the energy spread is calculated, the emittance is
assumed to be zero. When the emittance is evaluated, the
contribution of the energy spread is omitted. Therefore,
both the energy spread and the emittance are overestimated.
The concept of a solenoid scan is similar to a quadrupole

scan. In a beam line, the downstream beam size is
calculated by the upstream Twiss parameter and the trans-
port matrix between them. The relation between them can
be described [54] as

σ2measured ¼ M2
11εβ0 − 2M11M12εα0 þM2

12εγ0 ð5Þ

where ε is the emittance and α0; β0; γ0 are the Twiss
parameters.M is the transport matrix between the upstream
solenoid and the YAG screen. Measuring the beam size on
the YAG screen with different solenoid currents (matrix)
yields the emittance and the Twiss parameters at the
initial position.
Without considering coupling between the vertical and

the horizontal plane and assuming the beam is round at the
solenoid, the transport matrix for the solenoid can be
expressed as

Msolenoid ¼
�

cos∅ 1
Q0
sin∅

−Q0 sin∅ cos∅

�
: ð6Þ

Q0 ¼ qB0=2p, while B0 is the magnetic field inside the
solenoid, q and p are the charge and momentum of the

FIG. 11. A dc photoemission gun ripple measurement with the capacitor pickup system (not to scale).
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particle. ∅ ¼ R
qB0ðsÞ=2pds is the beam rotation angle

with respect to the z axis.
The dipole matrix can be expressed as

Mdipole ¼
� cos θ ρ0 sin θ

− 1
ρ0
sin θ cos θ

�
; ð7Þ

where θ ¼ 20° is the beam angle change after the dipole.
ρ0 is the beam trajectory radius in the dipole and can be
calculated as

ρ0 ¼
L
θ
; ð8Þ

where L ¼ 30 cm is the path length in the dipole. The
dipole also has edge focusing and the matrix on each side
can be expressed as

Medge ¼
�

1 0
tanðδÞ
ρ0

1

�
; ð9Þ

where δ ¼ 5° is the pole-edge rotation angle of the dipole
magnet used in the diagnostic line. The drift space between
the solenoid and the dipole can be expressed as

Mdrift1 ¼
�
1 L1

0 1

�
; ð10Þ

and the drift space between the dipole and the YAG screen
is shown as

Mdrift2 ¼
�
1 L2

0 1

�
; ð11Þ

where the drift space lengths are L1 ¼ 0.78 m and L2 ¼
3.43 m, respectively. Therefore, the final matrix can be
written as

M ¼ Mdrift2MedgeMdipoleMedgeMdrift1Msolenoid: ð12Þ

FIG. 12. The change in beam size on the YAG screen during the solenoid slice emittance scan. The vertical axis is the time for the
beam’s longitudinal distribution; the horizontal axis is the beam energy.

FIG. 13. Solenoid emittances scan and norminalized longitudinal slice emittance.
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To make sure a set of sliced beam size measurement σi
corresponds to the same physical longitudinal slice along
the bunch, a rectangular area of interest covers the beam
region and the total slice number within the rectangle area
is set during the solenoid scan (Fig. 12). The slice beam size
is calculated by fitting a Gaussian distribution, which is a
fast and robust method [55]. During the emittance meas-
urement, the vertical beam is sliced as 24 beamlets for
different solenoid currents, as shown in the right plot
of Fig. 13.
The left of Fig. 13 is an example (40 pC microbunch)

that shows the beam size as the function of the solenoid
current for the different longitudinal positions (vertical time
slices in Fig. 12). The data can be fitted very well to Eq. (5).
The calculated slice emittances for the 40 and 70 pC
microbunch charges are shown in the right plot of Fig. 13.
This demonstrates that the electron beam emittance meets
the beam requirement for cooling.

V. CATHODE INSERTION SYSTEM

During RHIC operation with cooling, the LEReC
machine needs to run continuously without interrupting
the physics program frequently. It was estimated from the
existing CW beam operation (Cornell University) that the
cathode lifetime was as low as one day for high-current
operation. Therefore, the photocathode needs to be
exchanged frequently.
To minimize the cathode exchange time, and to ensure

that the LEReC electron beam can be continuously oper-
ated with little interruption, two cathode deposition sys-
tems, three multicathode carriers, and a rapid cathode
puck insertion system were built [56]. A schematic of
the LEReC cathode insertion system with a cathode carrier
attached is depicted in Fig. 14(a). The total time for a
cathode exchange is about 45 minutes.

For the cathode deposition system, using a high quantum
efficiency (QE) CsK2Sb recipe [57], one cathode a day can
be grown with good repeatability. The deposition system
can grow several cathodes continuously without opening
the source chamber to exchange the alkali material. All the
cathodes have an acceptable QE in a range of 4%–8%.
The cathode carrier [58] can be attached to the cathode

deposition system. It takes about 14 days to prepare one
cathode carrier with 9 cathodes. After transport, the carrier
can then be attached to the rapid cathode puck insertion
system for cathode replacement.
The cathode carrier includes a multipuck storage device

[MPSD, Fig. 14(b)], a 10−11 Torr-scale vacuum chamber,
and a manipulator. The MPSD is a rotatable storage wheel
with 12 cathode holders inside the UHV chamber.
Normally, the MPSD has two empty positions to place
the used cathode from the electron gun or the used
cathode that is temporarily held in the cathode insertion
system. There is another dummy cathode for possible gun
conditioning [Fig. 14(b)]. To provide the capability of
checking the performance of each photocathode inside the
MPSD before insertion, a QE measurement device is also
provided in the MPSD.
During operation, we found that the cathode can last at

least for 3 days in 20 mA CW operation. Therefore, the
whole system, including two cathode deposition systems,
three cathode carriers, and a fast cathode insertion system
can ensure the timely supply of cathodes for continuous
LEReC operation.

VI. DC PHOTOEMISSION GUN OPERATION

During the LEReC 2019 run, the high-voltage dc
photoemission gun system provided stable operation for
more than 7 months. Figure 15(a) depicts the long-term gun
voltage evolution during the operation period. During gun

Fig. 14. Rapid cathode puck insertion system for the LEReC dc photoemission gun.
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conditioning, the HVPS voltage was raised to 575 kV. This
corresponds to 500 kV on the gun electrode with 100 MΩ
conditioning resistor. After 2 January 2019, the switchable
resistor mechanism was installed with a 66.7 MΩ resistor.
The electron gun was operated with the conditioning
resistor for a while, which is indicated by the 414 kV
HVPS voltage in the plot (375 kV gun voltage). The
nominal HVPS voltage was kept at 375 kV after
conditioning.
Figure 15(b) summarizes the POF-measured current

when the three operational modes are used. In pulsed
mode, the POF current is 0.586 mAwhich is essentially the
gun-side voltage divider (two resistor chains in Fig. 4)
current. In 76 kHz mode, the total POF current is between
1.0 and 1.6 mA. In 76 kHz mode, bunched beam non-
magnetized electron cooling was demonstrated on 5 April
2019 for the first time worldwide. The maximum CW
current during 2019 was 30 mAwhich is the same as 2018
operations. The CW beam used for the luminosity opti-
mization was 14–20 mA.
Figure 15(c) shows the radiation levels during the 2019

operation. With the constant gun voltage of 375 kV (after
28 February), it turns out that the radiation can drift from
30 to 200 mrad=h. A similar behavior was seen during the

2018 LEReC operation, although its initial radiation was
about 8 mrad=h for the same gun voltage.
Most of the time after gun conditioning, the gun

radiation is around 100 mrad=h. It is also confirmed that
some high radiation spikes were caused by other accel-
erator activities. There were several gun HVPS trips during
the 2019 operation, but these cannot be correlated with any
radiation activities. With the recorded radiation levels and
gun trips, negative effects on the cathode lifetime are
not found.
Figure 15(d) shows the gun vacuum pressure from the

ion gauge of the gun. It shows the dc photoemission
gun conditioning with the 2 × 10−5 Torr krypton and the
5 × 10−5 Torr helium. The gas filter was not used during
conditioning with the krypton gas, but it was used with the
helium gas. During 2018, the gun was conditioned with
krypton and the gas filter. Without the gas filter, the
radiation increases faster. One of the vacuum spikes in
Fig. 15(d) was caused by a SF6 leakage to the gun.
Figure 15(e) marks the time when the cathodes (vertical

black lines) and the cathode carrier (vertical blue lines)
were exchanged. The cathode lifetime is also shown (black
dots). It is roughly estimated from the pulsed beam charge
and the laser intensity recorded on the cathode YAG screen.

FIG. 15. Overview of LEReC operation with the high-voltage dc photoemission gun.
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From the plot, one can find that the cathode life time is
not good after the gas conditioning. However, with more
time, the cathode lifetime improves. The cathode lifetime is
further improved after opening the gun entrance valve [red
vertical line in Fig. 15(e)], even though the radiation level is
slightly higher. The gun entrance valve is between the
cathode insertion system and the electron gun [Fig. 14(a)].
It is believed that opening the gun valve results in a better
vacuum condition in the gun although it could not be
measured by the ion gauges, thus a better cathode lifetime.
During operation, one cathode can be used more than

10 days in pulsed mode. Nominally, when the microbunch
charge is less than 100 pC with 100% of the available laser
intensity, the cathode was exchanged. Sometimes, the
cathode was exchanged even when it was still good for
operation because of a convenient RHIC ring access
opportunity.

VII. HIGH-CURRENT OPERATION

High-current dc photoemission gun operations were
studied using the LEReC injection line beginning in
2017. The 704 MHz SRF booster cavity was not installed
in the beam line at that time. An average current of 10 mA
was achieved on 11 August 2017. The CW beam was
provided for 40 minutes.
In 2018, the 704 MHz SRF booster cavity was installed.

By September 2018, we were able to deliver a 30 mA beam
to the injection beam dump for about 4 consecutive hours,
with reduced SRF booster voltage. As depicted in Fig. 16,
25 mA CW beam was delivered to the low-power dump for
7.8 h without interruptions. The cathode lifetime was
estimated to be 142 h. A 1.6 MeV high CW current beam
(20 mA) was also propagated to the high-power beam
dump during the 2018 commissioning.
During the 2019 cooling optimization period, it was

found that a bunch charge of 60 pC per microbunch yields

the best cooling results. Therefore, the 14–20 mA CW
beams [Fig. 15(b)], corresponding to 50–80 pC per micro-
bunch, were regularly used for operation. During these
activities, the high-voltage dc photoemission gun provided
stable CW beams without gun-caused CW beam trips.
Figure 17 depicts a typical CW beam current ramp-up

during cooling and luminosity optimization. The top plot
includes the gun voltage (blue line) measured by the
resistor chain (V chain) and the POF current (red line).
The gun voltage measurement indicates the presence of an
instability when the CW beam current is approximately
3.5 mA. Within the instability, the gun voltage oscillates
between 366 and 382 kVamplitude. The data also indicates
that there will be higher gun voltage ripples at higher CW
beam current. During this CW current ramp in 2019, the
laser intensity feedback is engaged. However, no such
feedback was engaged in the case shown in Fig. 16.
The bottom plot shows the beam loss for the end of the

blue cooling section and the high-power beam dump
region. Since the lattice is optimized for a high bunch
charge of 40–100 pC, higher beam losses occur at the two
locations (the blue cooling section and the high-power
beam dump) at the beginning of the CW current ramp.
After 14 mA, the beam loss in the blue cooling section stays
constant.
Sometimes, the gun high-voltage power supply stays on

during a CW beam caused machine protection system [18]
trip. Figure 18 shows a gun voltage spike during such a trip
while running 17.8 mA CW beam. The CW beam trip is
triggered by the LEReC machine protection system. The
CW beam current is the POF current (18.3 mA) minus its
background current (0.586 mA). After the trip, the voltage
is regulated back to its original setting by the HVPS with
less ripples. Therefore, a CW beam trip does not always
cause a gun voltage trip.
During periods of CW beam operation, we found that in

some cases the cathode QE increased at the beginning of

FIG. 16. Beam current in CW operation (red line) over
7.84 hours, and QE (blue line) with a fitted cathode current
lifetime of 142 h.

FIG. 17. Top: CW beam current ramp-up for cooling optimi-
zation. Bottom: beam loss in the blue cooling section and the
high-power beam dump.
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the CW beam operation. As is shown in Fig. 19, the cathode
QE increased by an absolute vaule of about 0.1% after
about 1 hour of operation. This has happened for different
initial cathode QE values (3%–9%) and different CW
beam currents (10 mA–20 mA) with varying increment
(0.1%–0.2%). The reason for the cathode QE increment can
be found in Refs. [59,60].

VIII. SUMMARY

A high-voltage dc photoemission gun, based on a
previous Cornell University gun, was built and commis-
sioned for the Low Energy RHIC electron Cooler. The
high-voltage dc photoemission gun has stringent require-
ments for the beam quality at high current and must be
operated reliably for the RHIC physics program. It was

successfully used in the world’s first demonstration of
hadron beam cooling with rf accelerated electron bunches.
In pulsed mode, the demonstrated slice emittance and

currents met the requirements for LEReC. In CW mode, it
has provided 25 mA over 7.8 h without interruption, and
14–20 mA routinely during cooling commissioning.
For the dc photoemission gun, a cathode production and

exchange system were developed consisting of two cathode
deposition systems, three multicathode carriers, and a
mechanism allowing for a cathode exchange in 45 minutes.
The LEReC dc photoemission gun has provided stable

beam operation in pulsed mode, 76 kHz mode, and CW
mode over a period of 7 months.
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