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A B S T R A C T

One of the most challenging requirements for the proposed Electron–Ion Collider is the strong cooling of
the proton beam, which is key to achieving the collider’s desired luminosity of order 1033–1034 cm−2 s−1.
Magnetized bunched-beam electron cooling could be a means to achieve the required high luminosity, where
strong cooling is accomplished inside a cooling solenoid where the ions co-propagate with an electron beam
generated from a source immersed in a magnetic field. To increase the cooling efficiency, a bunched electron
beam with high bunch charge and high repetition rate is required. This work describes the production and
characterization of magnetized electron beam using a compact 300 kV DC high voltage photogun and bi-alkali
antimonide photocathode. Beam magnetization was studied using a diagnostic beamline that includes viewer
screens for measuring the shearing angle of the electron beamlet passing through a narrow upstream slit.
Simulations and corresponding measurements of beam magnetization are presented as a function of laser spot
size and magnetic field strength. Correlated beam emittance with magnetic field (0–0.15 T) at the photocathode
was measured for various laser spot sizes. Measurements of photocathode lifetime were carried out at different
magnetized electron beam currents up to 28 mA, and bunch charge up to 0.7 nC (not simultaneously).
1. Introduction

The proposed high-energy, high-luminosity, polarized Electron–
Ion Collider (EIC) is one of the highest priorities for future nuclear
physics research [1]. One of the critical requirements of the proposed
collider design is to obtain ultra-high luminosity, exceeding 1033 cm−2

s−1, which is a few hundred times larger than the luminosity achieved
at the Hadron–Electron Ring Accelerator (HERA) at DESY [2]. Key
to achieving the EIC’s desired luminosity is strong cooling of the ion
beams to counteract emittance degradation induced by intra-beam
scattering [3], maintain emittance during electron–ion collisions, and
to extend the luminosity lifetime.

Cooling can be explained as a reduction of the six-dimensional
(6D) phase space volume occupied by the beam (for the same number
of particles), or equivalently, cooling is a reduction in the random
motion of the beam. There are two main types of cooling mecha-
nisms for ion beams, some demonstrated and some only proposed:
conventional electron cooling (including DC beam cooling [4] and
bunched beam cooling [5,6], both with and without magnetized beams
[7,8]) and stochastic cooling (including microwave stochastic cooling

∗ Corresponding author at: Old Dominion University, Norfolk, VA 23529, USA.
E-mail address: sajini@jlab.org (S.A.K. Wijethunga).

[9–12], optical stochastic cooling [13,14], and coherent electron cool-
ing (CeC) which has several variants including free-electron laser [15],
plasma-cascade or microbunched [16–18]).

The proposed EIC cooler design requires strong cooling of hadrons
at energies up to 100 s of GeV and requiring less than one hour of cool-
ing time. Due to the unfavorable 1∕𝛾2.5 factor [19] in the cooling rate, it
is a challenging task to achieve these requirements because traditional
DC electron cooling, which has successfully cooled hadron beams below
10 GeV, is ineffective at the higher energies and conventional stochastic
cooling is not fast enough for bunched beam cooling [20,21]. The
successful development of different strong high energy proton cooling
options such as CeC and magnetized electron cooling with bunched
beams are needed to open a clear path to achieving high luminosity.
All of the proposed strong-hadron cooling methods require very high-
average-current unpolarized electron beams, at high bunch charge, and
with low emittance. Implementation necessitates that the electron gun
must exhibit a long lifetime.

G.I. Budker first proposed electron cooling in 1965 to increase the
luminosity of hadron colliders [22]. The idea behind this is when an
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electron beam with temperature 𝑇𝑒 co-propagates with an ion beam
with temperature 𝑇𝑖 with 𝑇𝑒 < 𝑇𝑖 and with the same average velocity,

oulomb collisions between ions and electrons lead to a transfer of
hermal energy from ions to the electrons. Thermal equilibrium is
eached when both particles have the same transverse kinetic energy.
he electron cooling method was successfully tested in 1974 at NAP-M
Russian acronym for Antiproton Accumulator Model) with low-energy
on-relativistic protons [23]. In 2005, Fermilab demonstrated relativis-
ic electron cooling of 8.9 GeV/c antiprotons at its Recycler facility
ith a 4.3 MeV electron beam [4]. A collaboration between Jefferson
ab (USA) and Institute of Modern Physics (IMP, China) successfully
emonstrated for the first-time cooling in both the longitudinal and
ransverse directions using a beam of electron bunches [5]. Brookhaven
ational Lab (BNL) recently demonstrated the world’s first bunched-
eam electron cooling of Au ions of energy 4.6 GeV/nucleon at its
ow Energy Relativistic Heavy Ion Collider (RHIC) electron Cooler
LEReC) facility with electron beams of energies 1.6–2.6 MeV obtained
ia radio-frequency (RF) acceleration [6]. However, none of these
xperiments have met the extremely demanding conditions required by
he EIC.

In 1977, Ya. S. Derbenev predicted that electron cooling efficiency
ould increase by up to two orders of magnitude if the process oc-
urs inside a uniform longitudinal magnetic field, a process known as
‘magnetized electron cooling’’ [7,8]. The basic principle is as follows:
hen an electron beam travels through a long solenoid magnet through
hich the ion beam passes, the magnetic field forces the electrons

o follow small helical trajectories thereby increasing the electron–
on interaction time while suppressing the electron–ion recombination,
hich is a severe problem, especially for heavy ions.

However, delivering the electron beam into the cooling solenoid
oses a significant challenge. The radial fringe field at the entrance of
he cooling solenoid exerts a large transverse momentum ‘‘kick’’ onto
he electron beam making it impossible to obtain the desired electron
rajectories inside the solenoid. However, as Ya. S. Derbenev proposed,
he ill effects of the fringe field can be canceled if the electron beam is
orn in a similar solenoid magnetic field (aka magnetized beam) and
assing through a fringe field at the exit of the photogun that produces
beam motion with equal transverse momentum but of opposite sign,

uch that the two fringe-field effects cancel [24]. Another way to
xplain this is to consider Busch’s theorem [25], which states that
he canonical angular momentum of a charged particle moving in an
xially symmetric magnetic field is conserved. Therefore, to implement
ooling inside a solenoid, the electron beam must be generated inside
magnetic field. To implement cooling at relatively high energy, the

lectron beam must be bunched and accelerated in a superconducting
adio-frequency (SRF) linac, which might pose an additional challenge.
he technique is shown schematically in Fig. 1.

Table 1 lists the magnetized electron beam specifications for Jeffer-
on Lab’s EIC (JLEIC) cooler design [26]. Although the JLEIC design
as not adopted, magnetized cooling represents a compelling research

opic and might be applicable over some range of operating conditions
f the EIC design at Brookhaven National Lab (BNL). The maximum
roton beam energy of the JLEIC design was 100 GeV, whereas the EIC
equires 275 GeV proton beams. For the higher proton beam energies,
he applicability of magnetized beams for cooling suffers limitations,
oth with technology and cost. To implement magnetized beam cooling
or 275 GeV protons, very high solenoid fields and very long coolers
re required. The number of Larmor periods within the solenoid must
emain the same as the proton energy increases and eventually the
olenoid becomes too long and too strong to afford. Though techni-
ally feasible, other cooling options might be preferable. Today’s EIC
aseline design depends on microbunched CeC [17,18].

Referring to Table 1, the reason for the loose requirement on the
ransverse normalized emittance is because cooling rates of a magne-
ized electron beam are ultimately determined by electron longitudinal

nergy spread rather than the transverse emittance. This is because the

2

Table 1
The magnetized electron beam requirements of JLEIC cooler.

Parameter JLEIC requirements

Bunch charge [nC] 3.2
Average current [mA] 140 (at > 400 kV)
Repetition rate [MHz] 43.3
Transverse normalized emittance (uncorrelated) [mm mrad] <19
Normalized drift emittance (correlated) [mm mrad] 36
Photocathode spot radius - flat top [mm] 2.2
Bunch length - flat top [ps] 60
Magnetic field at photocathode [T] 0.1

transverse motion of the electrons is significantly diminished by the
strong longitudinal magnetic field. No further discussion of the energy
spread will be presented here since the main contribution to energy
spread comes from microbunching and space charge in the high energy
circulator in the current cooler design for JLEIC [26]. Very high average
current and bunch charge at relatively high bunch repetition rate are
the noteworthy requirements that highlight the technical challenges of
producing this beam. Delivering high average current and high bunch
charge electron beam has been a topic of study at many accelerator
facilities worldwide (some specific references are cited below).

When considering electron guns for the production of high average
current and high bunch charge, there are different options to choose
from, each with advantages and disadvantages: a normal conducting
RF gun with a photocathode or rf-gridded thermionic emitter, an SRF
gun with photocathode, and DC high-voltage guns with a photocathode
or rf-gridded thermionic emitter.

In general, RF guns are used for high bunch charge applications,
producing ‘‘stiff’’ MeV beams very quickly over a short distance. For
many years, the world record for highest average current was the
demonstration of the Boeing gun, with average current 32 mA [27]
but thermal heat load management represents a significant challenge
for normal conducting RF guns operating in CW mode [28].

The Fermilab Accelerator Science and Technology (FAST) facil-
ity [29] has successfully demonstrated the production of a magnetized
electron beam using a normal conducting RF photogun in pulsed mode
and at very low average current (<7.5 μA), with a solenoid magnet
providing a strong longitudinal magnetic field at the photocathode [30,
31]. Recently, FAST demonstrated the generation of magnetized elec-
tron beams with 3 ps electron bunches at high bunch charge, 1.6 and
3.2 nC [32].

SRF guns promise CW operation with high average current and
producing beam at MeV energy, but so far, only 0.15 mA average
current has been demonstrated [33]. However, even if SRF guns could
provide high average current, this technology might not be viable for
magnetized beam applications because the Meissner effect [34] would
oppose the application of the magnetic field at the photocathode from
outside the SRF cavity. However, applying a magnetic field from inside
the SRF cavity could be considered.

A DC high-voltage electron gun with rf-gridded emitter is a viable
option, with many examples in operation or under development [35–
37]. These types of electron guns can operate at modest vacuum levels
and promise high reliability at high average current, but typically emit
long electron bunches resulting in comparatively large energy spread.
DC high voltage photoguns represent another viable option, providing
great flexibility over bunch charge, repetition rates, and bunch length
and in recent demonstrations (described below) have provided very
high average current and approaching the ∼100 mA specification for
EIC cooling applications. Ion back bombardment of the photocath-
ode [38] can limit the operating lifetime of the DC high voltage
photogun, but there is wide ranging acceptance that alkali-antimonide
photocathodes can be made impervious to ion bombardment. Both
of these electron gun options were developed at Jefferson Lab for
the JLEIC magnetized-beam cooler. The DC high voltage gun with

rf-gridded thermionic gun operating at 90 kV bias voltage has so
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Fig. 1. Illustration of magnetized cooling: generation of magnetized beam inside the cathode solenoid, beam acceleration, and inside the cooling solenoid where the electron and
ion co-propagate together at the same average velocity.
far demonstrated magnetized beam at average current 20 mA with
electron bunch length of the order 300 ps and is described in Ref. [37].
The production of magnetized electron beam using a DC high voltage
photogun is the focus of this paper.

Recent work at Jefferson Lab and Cornell University [39] has shown
that DC high-voltage photoguns followed by superconducting accelerat-
ing cavities produce beams as good or better than RF guns with similar
parameters. The DC gun used for the Jefferson Lab’s Free-Electron Laser
reliably provided 135 pC bunches at an average current of up to 9 mA
for many years [40]. Cornell University holds the world record for
high average current (65 mA) and very short nC bunch charges, but
not simultaneously [39]. BNL has also has made significant progress
generating 30 mA electron beams for the LEReC program [41].

We generated magnetized electron beam (i.e., beam dominated by
canonical-angular-momentum (CAM)) using a 300 kV DC high-voltage
photogun employing an inverted insulator geometry and bi-alkali an-
timonide (K2CsSb) photocathode. Initially the work supported JLEIC

hich was not adopted, but the work remains relevant today in support
f the broader EIC effort. Characterization of the magnetized beam
as done by measuring the beam size and rotation angle variation
s a function of the magnetic field at photocathode, with measure-
ents compared to simulation predictions from General Particle Tracer

GPT) [42]. We studied the transverse emittance associated with the
agnetized beam by measuring and simulating the emittance for dif-

erent magnetic fields at photocathode and for various laser spot sizes.
igh current magnetized electron beams were produced to study the
hotocathode lifetime. We also investigated the space charge effect in
ow energy magnetized beams as a function of magnetic field strength,
un high-voltage, laser pulse width, and spot size with measurements
ompared to simulations.

. Magnetized electron source

The prototype magnetized electron source is located at the Gun Test
tand (GTS) inside the Low Energy Recirculator Facility (LERF) build-
ng at Jefferson Lab. Key subsystems include the bi-alkali antimonide
hotocathode preparation chamber, the DC high-voltage photogun, two
ifferent drive laser systems, cathode solenoid used to magnetize the
eam, and diagnostic beamline. Some of these systems are shown in

ig. 2: descriptions follow.

3

2.1. Photocathode preparation chamber

The electron cooler application requires a stable and reliable high
average current magnetized electron beam. As such, alkali-antimonide
photocathodes were chosen because the material provides high quan-
tum efficiency (QE), fast response-time and robustness at high aver-
age current. A load-locked bi-alkali antimonide CsxKySb photocathode
preparation chamber was built and installed behind the gun high-
voltage chamber [43]. Two different substrates, GaAs and Mo were
used to fabricate the photocathodes. GaAs was initially used since it was
readily available and the Mo substrate was used for high current beam
delivery, as it has superior thermal conductivity, which helps avoid QE
degradation due to associated alkali loss by laser-induced heating [44].
Photocathodes were fabricated using a two-step sequential deposition
technique [45]. The first thin Sb film was deposited from a heated cru-
cible. The thickness was varied by choosing different deposition times.
Then Cs and K were deposited using an effusion source containing both
species [43]. A stainless-steel mask with 1, 3, and 5 mm diameter
holes was used to limit the active area of the photocathode. Alkali
deposition was discontinued when the photoemission current reached
a maximum, providing QE of 5% or higher [45]. The chamber also
consists of four magnetically coupled sample manipulators of different
sizes. The main long manipulator was used to move pucks in and out of
the gun chamber. Two short manipulators were used to move pucks to
and from the heater and transfer the pucks to the long manipulator. The
other short manipulator was used to store the pucks. Non-evaporable
getter (NEG) and ion pumps maintained the vacuum in the 10−11

Torr range, and an RGA mass spectrometer (SRS model RGA200)
was used to monitor the vacuum gas composition continuously during
photocathode fabrication [43].

2.2. High-voltage dc photogun

A load-locked compact DC high-voltage photogun with inverted
insulator geometry and spherical cathode electrode operating at or
below 300 kV was built and installed for the study. The inverted-
insulator design helps to minimize field emission because it reduces
the total metallic area biased at high voltage. A specially designed
screening electrode was attached to the cathode electrode to maintain
the electric field less than 1 MV/m at the triple-point junction [46,47].

The maximum electric field strength inside the photogun is <10 MV/m.
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Fig. 2. The magnetized electron source and diagnostic beamline.
‘
o

However, the asymmetric photogun design with the inverted insu-
ator geometry and screening electrode creates an asymmetric electric
ield in the anode–cathode gap, deflecting the beam at the exit of
he gun and making it difficult to center in a nearby downstream
olenoid [48]. Because of this, it was important to use 3D field maps
f the cathode–anode gap in simulations.

The anode, with an aperture diameter of 2 cm, located 9.0 cm
rom the photocathode was electrically isolated from ground potential
o enable measurement of field emission from the cathode electrode
nd to enable biasing to repel downstream ions created by the beam.
he drive laser beam passed through entrance and exit holes in the
node electrode with light delivered to the photocathode at 25◦ angle of
ncidence. A cylindrical focusing lens was used to adjust the laser beam
patial profile to account for the incident angle. Two different high-
oltage power supplies were used at the GTS to energize the photogun:
500 kV, 5 mA Cockcroft–Walton SF6 gas-insulated DC high-voltage

ower supply and a Spellman high-voltage power supply with 225 kV
iased voltage and 30 mA average current with a power limit of 3 kW.
he photogun was high voltage conditioned to 360 kV using krypton
as to eliminate field emitters. After high-voltage (HV) conditioning the
un with cathode solenoid off, we found that powering the solenoid
an trigger field emission when gun is biased at nominal HV. The gun
as re-conditioned with solenoid currents up to 400 A (0.15 T at the
hotocathode) in steps of 25 A. To ensure cathode solenoid does not
rigger new field emission, we avoided turning on the solenoid when
he gun is biased at nominal HV by first lowering the gun HV to 100
V. The vacuum pressure inside the photogun while delivering electron
eam was about 1 × 10−11 Torr achieved using NEG sheet and ion
umps [46].

.3. Drive lasers

Two different drive lasers were used throughout this project: one
or high average current generation and one for high bunch charge
elivery [49]. For high current generation, a master-oscillator-power-
mplifier system, composed of a 1066 nm gain-switched diode laser and
ultistage Yb-fiber amplifier chain followed by a harmonic converter,
as constructed [50]. It provided Watts of power with picosecond light
ulses at 533 nm, adjustable pulse repetition rates from 10 s of MHz
o a few GHz, variable pulse width from 10 s to 100 s of picoseconds
ull-width at half-maximum (FWHM), and direct synchronization to
n external RF signal without requiring laser cavity length feedback
r rf-laser phase locking systems. The second laser was a commercial
ltrafast laser with pulse duration ∼1 ps (FWHM), 20 μJ pulse energy,
4

operating at 50 kHz pulse repetition and 1030 nm wavelength (NKT
Origami). The infrared beam was converted to 515 nm using a BBO
crystal. To meet the pulse length requirement, a pulse stretcher consist-
ing of two diffraction gratings and reflectors arranged in a double pass
configuration was built. The sub-picosecond pulses were lengthened to
values between 75–120 ps (FWHM) by changing the dispersion length
of the stretcher. An image-relaying optical transport was shared by both
lasers to deliver the light beams from the drive laser enclosure to an
optical diagnostic hutch before reaching the photogun chamber. The
average power and laser pulse energy were continuously varied using a
rotating waveplate attenuator. A low duty factor, machine-safe electron
beam was produced using a rubidium titanyl phosphate Pockels cell and
a mechanical shutter to protect the beamline yttrium aluminum garnet
(YAG) viewer screens [43,49].

The transverse profile and size of the laser spot on the photocathode
were measured and monitored by placing a beam splitter between
the last lens and the viewport in the photogun high-voltage vacuum
chamber. The diverted laser beam was guided to a charge-coupled
device (CCD) camera positioned equidistant from the beam splitter and
the photocathode. The image from the CCD camera was processed by
Spiricon laser beam profiler software [49,51].

2.4. Cathode solenoid magnet

To magnetize the electrons, a solenoid magnet was positioned at
the front of the gun chamber, 21.0 cm away from the photocathode.
The solenoid has an inner diameter of 30.0 cm, outer diameter of
70.0 cm, and length 15.75 cm comprised of 16 layers of 20 turn water-
cooled copper conductor with a cross section area of 0.53 cm2 and total
conductor length of 500 m. The conductor has 0.18 Ω resistance at
65 ◦C average temperature. The solenoid was energized with a magnet
power supply (400 A, 80 V) to produce magnetic fields up to 0.15 T at
the photocathode. The option of adding a yoke to the cathode solenoid
magnet was studied but found to be impractical, as much for cost as
magnetic and mechanical reasons. Fig. 3 shows a photograph of the
cathode solenoid.

2.5. Diagnostic beamline

The beamline extends 4.6 m from the gun photocathode with YAG
viewer screens located at 1.5, 2.0 and 3.75 m. The first two YAG viewer
screen actuators also include slits (50 μm in y), used to create narrow
‘beamlets’’ oriented in the horizontal plane to enable measurement
f beam rotation angles. Fig. 4 shows the YAG viewer screen, slit,
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Fig. 3. The solenoid used to provide a longitudinal magnetic field at the photocathode, to magnetize the electron beam. Also shown is the first beamline focusing solenoid.
Fig. 4. The YAG viewer screen, slit, and shield tube combination.

and shield tube combination. The beamline also contains four focusing
solenoids, nine steering magnets, two ion collectors, two differential
pumps, five ion pumps, two NEG pumps, a wire scanner, a Faraday
cup, and a beam dump. The beamline diameter varied between 5 and
7 cm.

3. Modeling and simulations

CST Studio Suite’s electromagnetic field solver [52] was used to
create 3D electrostatic field map of the photogun with the maps ex-
tending from the photocathode surface to 0.14 m downstream (see
Fig. 5). Opera [53] was used to provide 2D magnetic field map of the
magnetizing solenoid which extend from the photocathode surface to
the end of the beamline, including the entire beam pipe radius (see
Fig. 6). Notice how the steel covers of the first two beamline solenoids
distort the magnetic field of the magnetizing solenoid. These field maps
were then used for particle tracking simulations in GPT program, with
post-processing of results performed using MATLAB [54].
5

Fig. 5. Longitudinal electric field of the photogun at 350 kV.

Since real life laser beams do not always possess Gaussian or flat top
profiles, a grayscale bitmap image of the actual laser profile was used to
create the initial electron distribution of the beam at the photocathode.
Similarly, the photocathode QE was not always uniform across the
photocathode active area. QE maps were obtained by scanning a low
power laser across the photocathode while monitoring the emitted elec-
tron beam current. The initial beam distribution at the photocathode
represents the actual laser spatial profile weighted by the QE profile
sampled by the drive laser as shown in Fig. 7. This was a necessary
step to see agreement between simulation and measurement.

To center the beam in the vacuum pipe, steering magnets were
used in the GPT simulation, with settings optimized for each cathode
magnetic field using the ‘‘GDFMGO’’ program [42], a multi-objective
genetic global optimizer. The three YAG viewer screens were included
in the simulation as well as the actual beampipe diameter. As a result,
the GPT simulation tracks beam loss along the beamline.

4. Characterization of the magnetized electron beam

Two types of electron beams are shown in Fig. 8: a non-magnetized
electron beam (left) with the electrons simply diverging, and a mag-
netized electron beam (right) generated inside a uniform longitudinal
magnetic field, with electrons acquiring angular momentum at the
exit of the magnetic field. The motion of a magnetized beam can
be explained by the principle of conservation of canonical angular
momentum, . Because canonical angular momentum is conserved,
charged particle beams generated inside a solenoid field acquire a
mechanical angular momentum outside of the magnetic field. Busch’s
theorem [25] explains the relationship between acquired orbital angu-
lar momentum, the applied magnetic field strength and the beam size
at the photocathode.
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Fig. 6. Cathode solenoid field map at 400 A and the field maps of the three beamline solenoids.
For a cylindrically symmetric system, the canonical angular momen-
um of an electron in cylindrical coordinates is given by,

= 𝛾𝑚𝑟2�̇� + 1
2
𝑒𝐵𝑧 (𝑧) 𝑟2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, (1)

here, 𝐵𝑧 (z) is the longitudinal magnetic field, 𝛾 is the Lorentz factor,
̇ is the time derivative of the azimuthal angle 𝜙, and m and e are

the electron rest mass and charge, respectively. The average canonical
angular momentum ⟨⟩ can be calculated by averaging Eq. (1) over the
beam distribution. At the photocathode ⟨�̇�⟩ = 0. Thus,

⟩ = 1
2
𝑒𝐵0⟨𝑟

2
⟩ = 𝑒𝐵0𝑟

2
0, (2)

here 𝐵0 = 𝐵𝑧 (𝑧 = 0) is the longitudinal magnetic field at the pho-
ocathode, and 𝑟0 is the transverse root-mean-square (rms) beam size
t the photocathode (for a Gaussian beam, ⟨𝑟2⟩ = 2𝑟20). Outside the
agnetic field region 𝐵𝑧 = 0 and the second term of the Eq. (1)

anishes. Thus,

⟩ = 𝛾𝑚⟨𝑟2⟩�̇�, (3)

roducing a mechanical angular momentum. The average angular ve-
ocity in this region is given by,

̇ = 𝜔𝐿 =
𝑒𝐵0
2𝛾𝑚

, (4)

which is also known as the Larmor frequency. In the sections below,
we characterize the magnetized beam in terms of electron beam size,
beam rotation angle, and correlated/drift emittance, as a function of
the applied magnetic field at the photocathode.

4.1. Beam size variation with the magnetic field at the photocathode

Magnetized beam was generated from the photogun and delivered
to the beam dump at the end of the diagnostic beamline. In the
laboratory and in simulation, beam size measurements were made
along the length of the diagnostic beamline using the three YAG viewer
screens, for magnetic fields at the photocathode ranging from 0 to 0.15
T obtained by changing the cathode solenoid current from 0 to 400
6

A. For the tests described in this section, the beamline solenoids were
not powered: only the magnetizing solenoid affected beam size at the
YAG viewer screens. For simplicity, we are presenting the rms beam
size calculated as 𝜎 = √

𝜎𝑥𝜎𝑦 where, 𝜎𝑥 and 𝜎𝑦 represents beam sizes
at the viewers in x and y directions, respectively. The photogun bias
voltage was 300 kV with laser settings adjusted to provide a low bunch
charge beam that was not impacted by space charge forces: 1 fC bunch
charge, 50 ps (FWHM) pulse width, and 0.3 mm rms laser spot size.

Fig. 9 shows the beam size measurements at each of the three
YAG viewer screens over the entire range of the solenoid magnetic
field with maximum field at the photocathode 0.15 T. GPT beam size
predictions are also included for comparison. Overall, there is very
good agreement between measured and predicted beam sizes at each
viewer. Note, 3%, 5%, and 7% errors were assigned to beam size
measurements for viewers 1, 2, and 3, respectively, to account for fluc-
tuations in beam stability and possible beam loss. Instrumental errors,
i.e. due to camera resolution are negligible when compared to beam
jitter. For GPT simulations, systematic error analysis was conducted
by identifying possible sources (e.g., laser instability, uncertainty in
assigning photocathode mean-transverse energy (MTE), and imprecise
knowledge of 𝐵𝑧 along the beamline) and assigning reasonable error
bars. Finally, it was important to consider the exact position of the
photocathode surface relative to the back face of the photogun cathode
electrode. After experiments described in this report, we found the
photocathode recessed by ∼1 mm from its ideal intended position [48],
which resulted in additional Pierce-electrode focusing of the beam.

Notice in Fig. 9 how beam size at each of the viewers grows and
shrinks with the magnetic field, a behavior known as mismatch oscil-
lations [25]. The magnetic force from the cathode solenoid, with its
non-uniform magnetic field near the photocathode, as shown in Fig. 10,
does not match the initial emittance force, and these imbalanced forces
result in repeated focusing of the beam within the solenoid [25,55]. The
radial equation of motion provides added insight [25] (for simplicity,
we assume here there is no axial electric field components, i.e., 𝛾 ′ = 𝛾 ′′
= 0, in other words, this equation is only valid outside the gun (z >
0.09 m));

𝑟′′ +
(

𝑒𝐵
)2

𝑟 −
( 𝑝𝜙

)2 1 = 0, (5)

2𝑚𝑐𝛽𝛾 𝑚𝑐𝛽𝛾 𝑟3
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Fig. 7. (a) Laser profile. (b) QE profile. (c) GPT input gray scale image from the laser profile weighted by the QE profile. (d) Initial electron distribution from the laser profile
eighted by the QE profile. (e) 𝑥-distribution at the photocathode with Gaussian fit. (f) 𝑦-distribution at the photocathode with Gaussian fit.
Fig. 8. Motion of the non-magnetized divergent beam (left) and magnetized beam (right). The random thermal motion of the individual electrons is relatively very small to display.
isplayed beam sizes are typical for conditions described below.
here 𝑟′′ represents the change of slope of the particle trajectory, c
is the speed of light, and 𝛽 is the Lorentz factor. The second term
epresents the transverse confining force from the magnetic field and
he third term represents the centrifugal de-confining force due to the
7

canonical angular momentum 𝑝𝜙;

𝑝𝜙 =
𝑒𝐵0𝑟2

2
= 𝜔𝐿 (𝑧 = 0) 𝛾𝑚𝑟2. (6)



S.A.K. Wijethunga, M.A. Mamun, R. Suleiman et al. Nuclear Inst. and Methods in Physics Research, A 1051 (2023) 168194

m
w

W
𝜔

r
p
l
i

Fig. 9. Beam size (rms) variation at each of the three viewers as a function of the
agnetic field at the photocathode. For these measurements the beamline solenoids
ere not powered.

hen 𝜔′
𝐿 = 0, corresponding to a longitudinally uniform magnetic field,

𝐿 (𝑧) = 𝜔𝐿 (0). Hence the confining and de-confining terms cancel,
𝑟′′ = 0 and particles move along the field lines. However, when 𝜔′

𝐿 ≠ 0,
the confining and de-confining terms do not cancel (𝜔 𝑧 ≠ 𝜔 (0)) and
𝐿 ( ) 𝐿

8

mismatch oscillations occur,

𝑟′′ +
(

𝜔𝐿(𝑧)
𝛽𝑐

)2
𝑟 −

(

𝜔𝐿 (𝑧 = 0)
𝛽𝑐

)2
𝑟 = 0. (7)

This same radial equation of motion, through an envelope-type
analysis, gives the evolution of the rms beam size in simulations as
illustrated in Fig. 10. The figure shows predicted electron beam size
starting from the photocathode and along a section of the diagnostic
beamline dominated by the cathode solenoid magnetic field, for a wide
range of solenoid currents. In all instances, the electron beam size
oscillates compared to the smooth beam size profile associated with no
applied magnetic field (blue curve), showing only the focusing of the
beam due to the Pierce electrode geometry.

4.2. Rotation angle variation with the magnetic field at the photocathode

The rotation angle (shearing angle) of the magnetized beam was
measured as a function of applied magnetic field at the photocathode.
The rotation angle was obtained by inserting a slit at the location of
the first YAG viewer screen and measuring the corresponding beamlet
angle at the second and third YAG viewer screens (referred to as ‘‘slit
1 to viewer 2’’, and ‘‘slit 1 to viewer 3’’, respectively), and by inserting
a slit at the second YAG viewer screen location and measuring the
rotation angle at the third YAG viewer screen (‘‘slit 2 to viewer 3’’).
The rotation of the magnetized beam is not purely radial (angular
momentum would then be zero), nor purely azimuthal (since there is
only a small longitudinal magnetic field at the locations of viewers),
but it is the result of both radial and azimuthal expansions.

The simulations were done using the GPT program employing the
same parameters as before. A virtual slit was created at each slit
location, and the electrons were numerically tracked to the downstream
YAG viewer screens assuming the two momentum components 𝑝𝑥 and
𝑝𝑦 are constants for each electron after they exit electromagnetic fields
since no additional forces are acting on them afterward. Linear fits were
done for the slit image at the slit location and the viewer location. The
rotation angle was calculated from the gradients of the two fits.

Fig. 11 shows the measured beamlet rotation angles and predictions
from GPT simulations, versus magnetic field at the photocathode for
the three possible measurement conditions: ‘‘slit 1 to viewer 2’’, ‘‘slit
1 to viewer 3’’, and ‘‘slit 2 to viewer 3’’ together with the beam
size variations presented previously in Fig. 9, and presented again to
highlight the important correspondence between rotation angle and
beam size.

In all instances, beam size minima correspond to more beamlet
rotation (correlation denoted by vertical dashed lines). This shows
the conservation of angular momentum: as the beam expands, its
angular velocity decreases resulting in smaller rotation angles. Though
there is good overall agreement between measurement and simulation,
measurements indicate more rotation than predicted by simulation for
solenoid fields in the range of 566 and 660 G. This could be a result of
the too small beam size and thus the small beamlet at each measure-
ment location, making the measurements harder and less certain. The
error analysis was done the same way as described previously.

Next, we compare and contrast the magnitude and sign (positive
or negative) of the rotation angles shown in Fig. 11. In our setup, the
direction of the longitudinal magnetic field at the photocathode is in the
+z direction, which when considered alone, should yield a clockwise
otation of the beamlet (i.e., negative angular velocity). As the beamlet
ropagates downstream of the slit, because the vertical velocity is
inearly correlated with the horizontal position, the beamlet will rotate
nto the 4th quadrant of the Cartesian plane, ultimately to −90◦, as

the propagation distance gets larger and larger. This is illustrated in
Fig. 12 which shows beamlet rotation into the 4th quadrant for all three
slit-viewer combinations. There was however one condition when the
beamlet was observed to rotate past −90◦ (i.e., into the 3rd quadrant)
and a range of conditions that provide positive rotation angles (i.e., in
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Fig. 10. Predicted electron beam size (rms) from GPT simulation showing mismatch oscillations inside the cathode solenoid (first 0.5 m of the beam path).
Fig. 11. Beam size (rms) variation and beamlet rotation angle versus magnetic field at the photocathode: (a) beam passing through slit 1 and evaluated at viewer 2, (b) beam
assing through slit 1 and evaluated at viewer 3, (c) beam passing through slit 2 and evaluated at viewer 3.
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st quadrant), as shown in Fig. 13. Explanations for these behaviors
ollow.

Note that as shown in Fig. 4, a mirror behind the viewer screen
t 45◦ reflected the beam image outside the beamline. Then a second
irror on the side of the beamline reflected the image down to a cam-

ra mounted on the floor. The second mirror caused right-left image
eversal. GPT uses right-handed coordinate system (beam propagates
long +z, +y is up, and +x is beam left). For measurements and GPT, +x
s beam left as indicated in Figs. 12 and 13. Both figures are presented
s if we look at the beam head.

The large variation in rotation angles, covering multiple quadrants,
an be explained by examining Eq. (8) as derived in Ref. [56], which
redicts the rotation angle, 𝜙𝑟𝑜𝑡, as a function of distance z between the
lit and viewer, and the beam parameters at each slit,

𝑟𝑜𝑡 = 𝑎𝑡𝑎𝑛2
(

�̇�𝑧∕𝑣𝑧
1 − 𝑧∕𝑓

)

, (8)

where �̇� is the angular velocity at the slit, 𝑣𝑧 is the velocity in z
direction, f is the focal length of the beam envelope, and the inverse
trigonometric function atan2 (y/x) returns the four-quadrant inverse
 C

9

tangent of its variables y and x. With 𝑥′ = − 𝑥0,𝑟𝑚𝑠
𝑓 and 𝛼𝜖 = −⟨𝑥𝑥′⟩,

1
𝑓 = 𝛼𝜖

𝑥20,𝑟𝑚𝑠
where 𝑥0,𝑟𝑚𝑠 is the beam size at the slit, 𝛼 is the Twiss

parameter that describes the beam convergence/divergence, and 𝜖 is
the transverse rms emittance [57]. Then Eq. (8) becomes

𝜙𝑟𝑜𝑡 = 𝑎𝑡𝑎𝑛2
⎛

⎜

⎜

⎝

�̇�𝑧∕𝑣𝑧
1 − 𝑧𝛼𝜖

𝑥20,𝑟𝑚𝑠

⎞

⎟

⎟

⎠

. (9)

Fig. 14 shows GPT predictions of Twiss parameter 𝛼 as a function
of the solenoid magnetic field at slits 1 and 2. At slit 1, 𝛼 is always
negative, which describes a diverging beam. At slit 2, 𝛼 is negative
except for a narrow range of photocathode magnetic fields between 547
and 588 G.

The GPT predictions of Twiss parameter 𝛼 at slits 1 and 2, together
ith Eq. (9), were then used to calculate the beamlet angular velocity,
̇ . The change in rotation direction seen in Fig. 15 when the beam
ize becomes very large, can be explained by noting that the magnetic
ield of the cathode solenoid extends along the entire beamline, and by
xamining the conservation of canonical angular momentum in Eq. (1).
onsider a beam inside the cathode solenoid where 𝐵 = B , �̇� = 0
𝑧 0 1
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Fig. 12. The beamlet is observed to rotate clockwise for low current applied to the solenoid: (a): slit 1 - viewer 2, (b): slit 1 - viewer 3, (c): slit 2 - viewer 3 for photocathode
magnetic field 113 G. Top images show the measured beamlet created by passing beam through a slit, and viewed on downstream YAG viewer screen. Bottom images are the
corresponding simulation results. Blue dots represent beam profile at the slit location, the green dots represent the beamlet produced by the slits, and the red dots represent the
predicted beamlet at the location of the referenced viewer.

Fig. 13. The beamlet is observed to rotate counterclockwise for high current applied to the solenoid: (a): slit 1 - viewer 2, (b): slit 1 - viewer 3, (c): slit 2 - viewer 3 for
photocathode magnetic field 1132 G. Top images show the measured beamlet created by passing beam through a slit and viewed on downstream YAG viewer screen. Bottom
images are the corresponding simulation results. Blue dots represent beam profile at the slit location, the green dots represent the beamlet produced by the slits, and the red dots
represent the predicted beamlet at the location of the referenced viewer.

Fig. 14. Twiss parameter 𝛼 variation at slit 1 (left) and at slit 2 (right) from GPT simulation. For slit 1, 𝛼 is negative for all photocathode magnetic fields except 547–588 G and
for slit 2, 𝛼 is always negative.

10
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Fig. 15. The angular velocity variation as a function of the photocathode magnetic field at slit 1 (left) and at slit 2 (right) from GPT simulation showing negative (clockwise,
CW) and positive (counterclockwise, CCW) velocities.
Table 2
Explanation of the magnitude and the sign (positive or negative) of the rotation angles shown in Fig. 11 and their quadrants.

Slit # Magnetic field at
photocathode [G]

𝛼 Angular velocity, �̇� [s−1] Rotation angle quadrant

1 0–547, 588–1509 Negative (diverging) Negative (CW) 4th

Positive (CCW) 1st

547–588 Positive (converging) Negative (CW) 4th for viewer 2
3rd for viewer 3 (determined
by z, 𝛼, 𝜖, and 𝑥0,𝑟𝑚𝑠)

2 0–1509 Negative (diverging) Negative (CW) 4th

Positive (CCW) 1st
and outside the solenoid where 𝐵𝑧 = B1, �̇�1 ≠ 0, 𝐵1 << B0. Beam size
inside the solenoid is 𝑟0 and outside the solenoid is 𝑟1. From Eq. (1),
the angular velocity can be re-written as [25],

�̇�1 =
𝑒

2𝛾𝑚

[

𝐵1 − 𝐵0

(

𝑟0
𝑟1

)2
]

. (10)

ccording to the above equation, �̇�1 is negative except when the beam
ize outside the solenoid becomes very large (𝑟1 >> r0).

The observations of beamlet rotation, together with information
leaned from Figs. 14 and 15, are summarized in Table 2.

.3. Conservation of canonical angular momentum

The canonical angular momentum of the electron beam moving in
ongitudinal magnetic field can be obtained by averaging Eq. (1) over
he beam distribution,

⟩ = 𝛾𝑚⟨𝑟2�̇�⟩ + 1
2
𝑒𝐵𝑧⟨𝑟

2
⟩, (11)

nd using ⟨𝑟2�̇�⟩ = ⟨𝑥𝑣𝑦 − 𝑦𝑣𝑥⟩. To verify conservation of canonical
ngular momentum, GPT simulations were conducted with similar
eam parameters used in beam size and rotation angle simulations
escribed above, and using weighted laser spatial and QE profiles.

According to GPT simulations, there is conservation of canonical
ngular momentum provided there is no beam loss along the beamline.
his is illustrated in Fig. 16: canonical angular momentum of the beam
t viewer 2 is equal to the canonical angular momentum of the beam
t the photocathode as long as electrons remain inside the magnetic
ield map of the region and contained by the beam pipe radius. For
olenoid magnetic fields between 754 and 1509 G, corresponding to
ngular momentum in the range ∼9 to 14 neV s, beam size exceeds the
iameter of the beampipe at viewer 2 and as such, canonical angular
omentum is not conserved.

Experimentally, we were unable to demonstrate the conservation
f the canonical angular momentum from measurements of beam sizes
11
Fig. 16. Canonical angular momentum at viewer 2 vs. canonical angular momentum at
the photocathode inferred from the magnetic field, as predicted from GPT simulation.

and rotation angles not only because of beam loss but also because we
only measured the rotation of the beamlet and not the whole beam. The
beamlet was not representative of the whole beam because the whole
beam was not a perfect Gaussian but rather a non-uniform distribution
resulting from the complicated laser and QE profiles. Furthermore,
we only measured the average beam size instead of ⟨𝑟2�̇�⟩. However,
measurements of the correlated emittance were possible and indicate
the conservation of the canonical angular momentum, as described in
the next sub-section.

4.4. Correlated emittance variation with the magnetic field at the photo-
cathode

According to Busch’s theorem, electrons born inside a magnetic
field will acquire mechanical angular momentum in the field free
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Fig. 17. Correlated emittance measurements and corresponding GPT simulations as a function of magnetic field at the photocathode. For setup 1, the measurements and simulations
lie on top of each other. The slopes of linear fits are summarized in Table 3.
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region which increases the emittance of the electron beam. This new
emittance is referred to as the drift or correlated emittance, 𝜖𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 .
The total normalized transverse emittance associated with the angular
momentum dominated beam is then given by [58];

𝜖𝑛,𝑟𝑚𝑠 =
√

𝜖2𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 + 𝜖2𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 , (12)

where the uncorrelated emittance 𝜖𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 combines the effect of
thermal and non-linear space charge components and the correlated
emittance 𝜖𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 represents the magnetization which is given by [25];

𝜖𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 =
⟨𝐿⟩
2𝑚𝑐

=
𝑒𝐵0⟨𝑟2⟩
4𝑚𝑐

. (13)

he photocathode thermal emittance per rms laser spot size was mea-
ured to be ∼0.4 mm mrad/mm) [43]. Thus, knowing the uncorre-
ated emittance, and measuring the normalized emittance, allows the
etermination of the correlated emittance.

The normalized emittance was measured using the solenoid scan
echnique [59]. Before the measurements, beam was centered through-
ut the beamline and delivered to the dump. The first two focusing
olenoids were used to make a small beam to eliminate beam loss.
he third focusing solenoid was used as the scanning solenoid with
he beam size measured at the third viewer. At the location of the
hird focusing solenoid, the magnetic field from the cathode solenoid
ecomes very small. So, by making the beam size small, the beam has
nly mechanical angular momentum and the conservation of the canon-
cal angular momentum relates the measured correlated emittance to
he magnetic field and beam size at the photocathode [Eq. (13)]. Four
ifferent laser sizes were used and the emittance measurements were
aken for different magnetic fields at the photocathode from 0–1509 G.
or these measurements, we extracted beam with 1 fC bunch charge to
liminate space charge effects.

GPT was used to simulate the results. The 3D electric field map
f the photogun and the 2D magnetic field map of the gun solenoid
ere used in the simulations. Similarly, the GPT ‘‘GDFMGO’’ program
ptimized the steering magnets to keep the beam on-axis throughout
he beamline [42]. Also, as before, the weighted laser profiles were
enerated for each laser and QE combination and used as the initial
lectron distribution. Table 3 shows the different setups and the initial
lectron beam size rms values obtained from each Gaussian fit.

GPT rms emittance routines, ‘‘nemixrms’’ and ‘‘nemiyrms’’, were
sed to obtain the total emittances along the beamline. Further, ‘‘ne-
irrms’’ routine was used to obtain the uncorrelated emittance. The
12
ncorrelated emittance was calculated by removing the 𝑟− 𝑝𝜙 coupling
ue to the solenoid field from the normalized emittance [60] (see
Appendix).

Fig. 17 shows the correlated emittance measurements (after sub-
racting the thermal emittance from the measured normalized emit-
ance) and corresponding GPT simulations. There is a clear linear
ependence of the correlated emittance on the applied magnetic field
t the photocathode, consistent with Eq. (13). Table 3 shows that
easurement and simulation exhibit better agreement at 300 kV. At the

ower gun HV, beam transport is more challenging and beam loss re-
oves electrons from the peripheral extent of the beam. These electrons
ave larger mechanical angular momentum and thus have the most
ontribution to the correlated emittance. It was difficult to measure
arge beam sizes at the higher magnetic field strengths, and larger error
ars were assigned to these measurements. For GPT simulations, as
efore, systematic error analysis was conducted by identifying possible
ources (e.g., laser instability, uncertainty in assigning photocathode
ean-transverse energy (MTE), and imprecise knowledge of 𝐵𝑧 along

he beamline) and assigning reasonable error bars.

.5. High current runs

Photocathode lifetime was studied by delivering high current mag-
etized beams to the dump. Magnetized beams pose additional chal-
enges when compared to non-magnetized beams due to a significant
ncrease in beam size due to the additional correlated emittance when
xiting the cathode solenoid, which can cause beam loss and de-
raded vacuum levels. Although multi-alkali cathodes are very robust,
egraded vacuum can still cause degradation of the QE [43,61].

The photocathode QE charge lifetime is defined as the amount of
harge extracted before the QE falls to 1/e of its initial value;

𝐸 = 𝑄𝐸0𝑒
−𝐶∕𝜏 , (14)

where C is the charge extracted and 𝜏 is the charge lifetime in Coulomb.
able 4 lists the beam parameters and the measured lifetimes of various
onditions explored. The first run in the table was delivered from a
hotocathode grown on GaAs substrate with 10 min Sb deposition
hile all the other runs were delivered from a photocathode grown on
o substrate with 10 min Sb deposition.

The highest magnetized beam current produced was 28 mA with a
umulative extracted charge of 5200 C and an estimated 1/e charge life-
ime of 9400 C. For this run, the diode-based laser and fiber amplifier
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Table 3
Gun HV and initial beam size at the photocathode for each setup. The results of linear fits to both the measurements and GPT simulations are also summarized.

Setup Beam size (rms) at photocathode [mm] Gun HV [kV] Measurement 𝜖𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑
𝐵0

[mm mrad/G] GPT 𝜖𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑
𝐵0

[mm mrad/G]

1 0.22 300 0.00109 ± 0.00002 0.00109 ± 0.00003
2 0.43 200 0.00322 ± 0.00005 0.00356 ± 0.00011
3 0.84 200 0.0141 ± 0.0001 0.0180 ± 0.0003
4 0.76 300 0.0146 ± 0.0002 0.0145 ± 0.0002
Table 4
Beam parameters for high current runs and measured charge lifetimes. Photocathodes grown on Mo substrate were used for all the runs except the first run when the photocathode
was grown on GaAs substrate.

Electron
beam current
[mA]

Gun HV [kV] Magnetic field at
photocathode
[G]

Laser spot
size, rms
[mm]

Laser
repetition
rate [MHz]

Laser pulse
width,
FWHM [ps]

Bunch charge
[pC]

Run time
[hour]

Charge
extracted [C]

Charge
lifetime [C]

4.5 300 1514 0.4 DC – – 6 100 164
4.5 200 757 0.9 374.25 50 12 38 620 No QE decay
14 200 0 0.9 303.30 60 46 16 880 No QE decay
14 200 757 0.9 303.30 60 66 92 4500 No QE decay
20 100 568 0.9 303.30 60 66 22 1440 No QE decay
28 100 568 1.4 374.25 50 75 57 5200 9400
Fig. 18. QE vs. cumulative extracted charge for magnetized beam delivery at three
different average currents. The dashed line shows a fit to the 28 mA run according to
Eq. (14) with a charge lifetime of 9400 C.

system was used with a 1.4 mm (rms) laser spot size, 50 ps (FWHM)
pulse width and 374.25 MHz repetition rate. The photocathode mag-
netic field was set to 568 G. The bunch charge of the beam was 75
pC. Note, the photogun high voltage power supply used for the high
current runs was limited to 3 kW power. As such, to deliver 28 mA,
the photogun bias voltage was reduced to 100 kV.

The first run listed in Table 4 was taken with a photocathode grown
on GaAs substrate with 10 min Sb deposition: it provided the smallest
charge lifetime. All the other runs employed a photocathode grown on
a Mo substrate with 10 min Sb deposition. For these runs, QE decay
was observed only for the highest current at 28 mA (Fig. 18). Runs at
lower current showed no measurable QE decay.

According to previous work [43], ionized residual gas striking the
photocathode (ion back bombardment), and chemical desorption due
to heating caused by the high laser power needed to deliver high beam
currents, are the dominant mechanisms for photocathode QE decay.
The superior charge lifetime achieved from the sample prepared on the
Mo substrate, which has high thermal conductivity, supports the theory
that minimizing heating is essential for continuous delivery of high
current beams from an alkali-antimonide photocathode [44]. For the
28 mA run (which initially started as 26 mA run), the downward trend
in beam current seen in Fig. 19 after 24 h is likely due to photocathode
heating and associated bandgap shift [62], or chemical changes (due
to preferential evaporation of Cs), both of which indicate the need
for photocathode cooling for high average current delivery. Another
possibility is enhanced ion bombardment due to worsening vacuum due
to beam halo at this very high beam current. Although not studied
13
Fig. 19. Beam current variation with the time for magnetized beam delivery at three
different average currents.

as thoroughly as in ref [61], there was indication that the cathode
solenoid magnetic field and the biased anode (+1000 VDC) helped
prevent beamline ions from entering the gun, and possibly helping to
prevent high voltage arcing inside the gun that sometimes resulted in
stepwise decrease in QE.

5. Characterization of the space charge dominated magnetized
electron beam

Next, we attempted to extract high bunch charge from the magne-
tized photogun, to explore the interplay between space charge effects
and magnetization. We note that space charge effects represent a com-
plicated set of processes including the Coulomb repulsive forces that
change the electron bunch dimensions and impact beam transport,
Child’s Law [63–68] also known as the space charge limit, and the
possibility of photocathode phenomena, such as surface charge limit
[69–72]. However, as described below, we were handicapped by beam
loss – related to large magnetized beam sizes, made even larger by the
space charge forces – and exacerbated by the fact that we had to run
at lower gun high-voltage due to problematic field emission.

Magnetized beam at high bunch charge was produced using a pulsed
commercial laser. The laser pulse repetition rate was f = 50 kHz
and the optical pulse width was set to 75 ps (FWHM). Laser power
was increased in small steps from 0 to a maximum of 30 mW while
monitoring the beam current delivered to the dump. Laser pulse energy
was calculated by dividing the measured laser power at the entrance
of the gun by f. The bunch charge, Q, was calculated using the mea-

sured average beam current at the dump and knowing the laser pulse
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Fig. 20. Bunch charge (calculated using the average beam current measured at the dump) vs. laser pulse energy and the corresponding apparent QE for cathode solenoid magnetic
fields 0, 377, and 754 G. Photogun bias voltage was 225 kV.
repetition rate (𝑄=𝐼𝑎𝑣𝑔/f). The apparent QE was calculated using the
average beam current at the dump and the incident laser power. The
gun operated at high voltages up to 225 kV, lower than typical because
field emitters appeared after operating for a while at very high voltage.
The anode was biased at +1000 VDC.

In this section the ‘‘measured bunch charge’’ is what we measured
at the dump. The ‘‘initial bunch charge’’ is the bunch charge used in
GPT simulations and calculated using the measured initial QE at low
electron beam current and laser pulse energy. The ‘‘expected bunch
charge’’ is the result from GPT simulations at different locations along
the beamline.

5.1. As a function of magnetic field at the photocathode

At low bunch charge and average current, the focusing solenoids
and steering magnets were adjusted to optimize beam transport to
the dump, to maximize the measured dump average beam current
(𝐼𝑎𝑣𝑔). Fig. 20 shows the measured bunch charge and the apparent
photocathode QE calculated using the average beam current measured
at the dump, as a function of laser pulse energy, for cathode solenoid
magnetic fields 0, 377, and 754 G. The photogun bias voltage was 225
kV.

For each cathode solenoid magnetic field, the apparent QE falls
rapidly with increasing laser power. For laser pulse energy ∼10 nJ,
there is the hint of a plateau in delivered bunch charge, especially for
the 754 G cathode solenoid condition, suggesting the Child’s law space
charge limit was reached at ∼300 pC. Higher bunch charge could still
be extracted, but the charge exceeding ∼300 pC likely originates from
the edge of the laser profile. The oscillatory behavior seen at higher
pulse energies likely stems from mismatch oscillations and related beam
loss. The limited beamline aperture and insufficient strength of the
focusing solenoids prevented clean transport of the beam to the dump.

During tests at high bunch charge, beam loss was frequently very
significant as indicated by the beamline ion pumps which registered
higher operating current. The real QE dropped from 6.3% to 4.7%
following measurements with the gun solenoid set to provide 754 G at
the photocathode. Since the anode was biased during these measure-
ments – repelling ions produced downstream of the anode – the QE
reduction likely stems from beam loss within the gun, on the anode
electrode. Unmistakable evidence of beam loss, both at the anode and
along the beamline, highlights the problem of the present setup in terms
of measuring the extracted bunch charge and real photocathode QE.
Calculating the bunch charge and QE using measured average dump
current values was not reliable when the electron beam size became so
large that significant beam loss occurred, but the present test conditions

provide no alternative.
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Fig. 21. Measured bunch charge at the dump vs. expected bunch charge from GPT for
0, 377 and 754 G cathode solenoid magnetic fields under these conditions: 225 kV,
50 kHz, 75 ps (FWHM), 1.2 mm rms laser spot size.

Simulations of high bunch charge magnetized beam were performed
using GPT. The ‘‘GDFMGO’’ solver program was used for steering mag-
net optimization to maximize charge extraction and to center the beam
throughout the beamline [42]. The simulation parameters mimicked
the test conditions including the fields of the beamline solenoids and
the beam pipe radii. As before, a grayscale bitmap image of the laser
profile weighted by the real QE profile was implemented as the initial
electron distribution since all the laser spots were not proper Gaussian.

Fig. 21 presents delivered charge measured at the dump – the same
data as shown in Fig. 20 – but plotted as a function of the initial bunch
charge, together with the corresponding GPT simulation results for
different magnetic fields at the photocathode. For the non-magnetized
beam condition (0 G) there is modest agreement between simulation
and measurement but very poor agreement for magnetized beam (377
and 754 G). The GPT simulation predicts much higher charge extraction
when the cathode solenoid is energized, a prediction not observed by
measurements. Both of these observations will be discussed next.

Particle tracking results shown in Fig. 22 illustrate the simulated
particle trajectories (left) and the beam loss along the beamline for 0,
377, and 754 G cathode solenoid magnetic fields (right). The cathode
solenoid serves to quickly capture and focus the beam, improving trans-
mission to the dump, but because of mismatch oscillation described
above in Section 3, much higher beam extraction was estimated for
cathode solenoid magnetic field at 377 G than 754 G.

Fig. 23 shows GPT predictions of delivered charge for different cath-

ode solenoid magnetic fields at three beamline locations: 1 cm from the
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Fig. 22. Particle trajectories (left) and beam loss (right) along the beamline for cathode solenoid magnetic fields 0, 377, and 754 G. The anode aperture diameter is 2 cm (at z
= 0.09 cm) and beamline diameter varied between 5 and 7 cm. (225 kV, 50 kHz, 75 ps (FWHM), 14 nC, 1.2 mm rms laser spot size).
photocathode, after the anode, and at the dump, with gun bias voltage
225 kV, 75 ps (FWHM) laser pulse width, 1.2 mm (rms) laser beam
size, 6 nC initial bunch charge, and with focusing solenoids optimized
for maximum charge delivery. At 1 cm from the photocathode, charge
extracted is the same for all solenoid magnetic fields, implying the
charge extracted does not depend on the magnetization strength, at
least as indicated by GPT simulations. The GPT simulations predict sig-
nificant beam loss at the anode electrode for cathode solenoid magnetic
fields less than 200 G. At the dump, GPT predicts significant variation
in measured charge due to mismatch oscillations, with the highest
transmission obtained for cathode solenoid magnetic fields between
300 and 500 G. Importantly, GPT predicts there are no magnetized
beam conditions at the GTS that provide 100% transmission to the
dump, at least with the photogun biased at only 225 kV. Finally, it
must be said these simulations do not explain the near identical results
shown in Fig. 21, with maximum delivered charge of 0.7 nC for each
magnetized beam condition tested. In general, whereas measurements
and GPT simulations showed excellent agreement at low bunch charge,
this agreement disappeared during the high bunch charge tests and this
was likely a result of excessive beam loss along the entire beamline and
even near the photocathode itself.

5.2. As a function of gun voltage and bunch dimensions

According to Child’s law [63–68], the charge extracted from the
photocathode is limited by the gun high voltage, and the spatial and
temporal dimensions of the electron beam (which are related to laser
15
Fig. 23. GPT simulations of expected bunch charge delivered to three different
beamline locations as a function of magnetic field at the photocathode; 1 cm from the
photocathode, downstream of the anode, and at the beam dump. These simulations
were done under these conditions: 225 kV, 75 ps laser pulse width (FWHM), 1.2 mm
rms laser spot size, and 6 nC initial bunch charge.

beam size and pulse width). Hence, the above experimental procedure
was repeated using various gun high voltages, laser spot sizes at the
photocathode, and laser pulse widths, for non-magnetized and magne-
tized beams. As mentioned previously, the photogun developed field
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Fig. 24. (a) Measured bunch charge vs. expected bunch charge and (b) corresponding GPT simulations for different gun high voltages for magnetized and non-magnetized beam
1 ps (FWHM), 1.54 mm (rms)). (c) Measured bunch charge vs. expected bunch charge and (d) corresponding GPT simulations for different laser spot sizes for magnetized and
on-magnetized beam (100 kV, 70 ps (FWHM)). (e) Measured bunch charge vs. expected bunch charge and (f) corresponding GPT simulations for different laser pulse widths
FWHM) for magnetized and non-magnetized beam (100 kV, 1.54 mm (rms)).
mission which limited the gun bias voltage to 200 kV for this study.
imulations were performed using GPT software with the same beam
arameters and initial electron beam distributions at the photocathode.

Fig. 24(a) illustrates the measured bunch charge vs. expected bunch
harge and (b) corresponding GPT simulations for different gun high
oltages for non-magnetized and magnetized beam (0 and 566 G,
orresponding to 0 and 150 A solenoid currents). Both non-magnetized
nd magnetized beams show the expected results, namely, higher gun
oltage permits the delivery of a higher bunch charge beam.

Coulomb repulsive forces inside a bunch are inversely proportional
o its dimensions, i.e., the transverse and longitudinal bunch sizes.
ence, the above experimental procedure was repeated using a va-

iety of laser spot sizes (0.81, 0.44, and 0.24 mm), and laser pulse
idths (1 and 120 ps (FWHM)) for non-magnetized and magnetized
eam and corresponding simulations were performed using GPT soft-
are. Fig. 24(c) illustrates the measured bunch charge vs. expected
unch charge and (d) corresponding GPT simulations for different
aser spot sizes for non-magnetized and magnetized beams (0 and
66 G). Fig. 24(e) illustrates the measured bunch charge vs. expected
unch charge and (f) corresponding GPT simulations for different laser
ulse widths for non-magnetized and magnetized beams (0 and 566
). Results are consistent with expectation for both beams, namely,
y increasing the bunch dimensions, the space charge force can be
uppressed to increase the extracted charge. As discussed before, GPT
imulation predicts higher charge extraction when the cathode solenoid
s energized (as the cathode solenoid quickly captures and focuses
he beam, improving transmission to the dump and due to mismatch
scillations where for 566 G magnetic field at the cathode the beam
s small throughout the transportation), a prediction not observed by
easurements due to significant beam loss along the beamline which

s very hard to simulate accurately.

. Summary

A high current, high bunch charge magnetized electron source was
uccessfully developed and commissioned at Thomas Jefferson National

ccelerator Facility’s Gun Test Stand. The magnetized beam source
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consists of a compact 300 kV DC high voltage photogun with an
inverted insulator geometry and alkali-antimonide photocathode im-
mersed in a magnetic field. Beam size variations showed an oscillatory
behavior known as the ‘‘mismatch oscillations’’, due to the non-uniform
magnetic field that extends over a substantial portion of the beamline,
with some field regions serving to focus the beam, and other field
regions defocusing the beam. This in turn affected the rotation angle,
with large rotation angles observed for some cathode solenoid fields.
The emittance associated with the magnetized electron beam (drift
or correlated emittance) was studied and measured as a function of
the magnetic field at the photocathode, laser spot size, and gun high
voltage. Although loss at the higher magnetic field strengths prevented
us from reaching the desired emittance values, the trend agreed with
theoretical prediction. Beam size outside the cathode solenoid is related
to the correlated emittance and thus, larger correlated emittance helps
to reduce collective effects such as space charge blowup. A sustained
high average current magnetized beam at average current up to 28 mA
was demonstrated for a cathode solenoid magnetic field of 568 G
with a cumulative extracted charge of 5 kC and an estimated 1/e
charge lifetime of 9.4 kC. The superior thermal conductivity of the
Mo substrate improved charge lifetime over the same photocathode
grown on a GaAs wafer substrate. Further, this study showed that the
applied magnetic field prevents arcing and stops beamline ions from
entering the gun and contributing to the decay of the photocathode.
High bunch charge magnetized beams up to 0.7 nC at 50 kHz repetition
rate were also successfully generated, with clear indications of space
charge limitations and significant beam loss. Table 5 summarizes the
initial goals and what was achieved through this research.

The beamline was successfully modeled using GPT software by
employing the electric field map of the photogun generated using CST
Studio Suite’s electromagnetic field solver and magnetic field map of
the cathode solenoid generated using Opera software. MATLAB soft-
ware was used as the post-processing tool. For beams at low bunch
charge, simulations showed good agreement with measured values of
the beam size, rotation angle, and correlated emittance. Simulations
also verified the conservation of canonical angular momentum and pro-
vided explanations for observed mismatch oscillations, large rotation

angles, and the direction of rotation (CW or CCW).
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Table 5
Magnetized electron beam requirements and demonstrated results.

Parameter JLEIC requirement Demonstrated

Magnetic field at photocathode [T] 0.1 0.15
Bunch length [ps] 60 (Flat top) 1–120 (FWHM)
Repetition rate [MHz] 43.3 0.05, 303.30, 374.25
Laser spot radius [mm] 2.2 (Flat top) 1.4 mm (rms)
Normalized correlated emittance [mm mrad] 36 22
Average current [mA] 140 (at > 400 kV) 28 (50 ps (FWHM), 74.8 pC, 374.25 MHz, 100 kV, 570 G)
Bunch charge [nC] 3.2 0.7 (75 ps (FWHM), 50 kHz, 225 kV, 760 G)
a

e
b

n

To characterize space-charge dominated magnetized electron beam
ith nC bunch charge, measurements were made by varying the laser
ower and tracking the average current at the dump for different
athode solenoid magnetic fields. Space charge forces caused significant
eam blowup, and the finite beamline aperture and insufficient strength
f the focusing solenoids caused significant beam loss. Nearly identical
esults were obtained for three conditions (non-magnetized and two
agnetized beam conditions): slightly improved transmission to the
ump was obtained for bunch charge < ∼0.1 nC by increasing the

magnetic field at the photocathode, but in all cases the maximum bunch
charge delivered to the dump was ∼0.7 nC. In marked contrast, GPT
simulations indicated that significantly more charge could be extracted
with magnetized beam because of the added focusing provided by the
gun solenoid. Simulations showed that the beam loss also depends on
the cathode solenoid magnetic field due to the mismatch oscillations.
But in terms of space charge forces, both measurements and simulations
indicate that a magnetized beam behaves the same way as a non-
magnetized beam: higher bunch charge can be extracted with higher
gun voltage, larger laser beam spot size at the cathode, and long
laser pulse width. Overall, this project provided insight but it also
elucidates the challenges of magnetized beam production at high bunch
charge. High bunch charge operation using a DC high voltage photogun
represents the most significant challenge for a cooler design.

Future work will focus on the delivery of high bunch charge (a
few nC) at higher gun voltages using a modified photogun with cath-
ode/anode electrodes designed specifically for high bunch charge op-
eration [48]. In addition, the beamline will be modified by remov-
ing and replacing some of the components with small apertures that
cause beam loss. An insertable Faraday cup will be installed near the
gun exit to more accurately determine the extracted current from the
photocathode, to more accurately assess extracted bunch charge and
photocathode QE. Another choice is to measure the current from the
gun HV power supply, though this is a challenging technological task
with our inverted gun arrangement. GPT and the theoretical predictions
of Refs. [67,68] will be used in the design, optimization of the running
conditions, and finally in the comparison with the data.
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Appendix. Correlated and uncorrelated emittance calculations in
GPT

GPT [42] defines the total normalized rms emittances for the x−x′
nd y−y ′ phase space as

nemixrms = 𝜖𝑛,𝑥,𝑟𝑚𝑠 = 𝛾𝛽
√

⟨𝑥2𝑐 ⟩ ⋅ ⟨𝑥′2𝑐 ⟩ − ⟨𝑥𝑐𝑥′𝑐⟩
2 and

nemiyrms = 𝜖𝑛,𝑦,𝑟𝑚𝑠 = 𝛾𝛽
√

⟨𝑦2𝑐 ⟩ ⋅ ⟨𝑦′2𝑐 ⟩ − ⟨𝑦𝑐𝑦′𝑐⟩2.

where 𝑥𝑐 = 𝑥− ⟨𝑥⟩, 𝑦𝑐 = 𝑦− ⟨𝑦⟩, 𝑥′𝑐 = 𝑥′ − ⟨𝑥′⟩, 𝑦′𝑐 = 𝑦′ − ⟨𝑦′⟩. All param-
ters are centered around zero. The total emittance is then calculated
y taking the geometric mean of ‘‘nemixrms’’ and ‘‘nemiyrms’’.

Further, GPT defines the normalized uncorrelated emittance as

emirrms =
√

𝜖𝑛,𝑥,𝑟𝑚𝑠 ⋅ 𝜖𝑛,𝑦,𝑟𝑚𝑠 − (𝛾𝛽)2|⟨𝑥𝑐𝑦𝑐⟩ ⋅ ⟨𝑥′𝑐𝑦′𝑐⟩ − ⟨𝑥𝑐𝑦′𝑐⟩ ⋅ ⟨𝑥′𝑐𝑦𝑐⟩|

where the second term is the normalized correlated emittance. The
units of ‘‘nemixrms’’, ‘‘nemiyrms’’ and ‘‘nemirrms’’ are emittances in
m-rad.
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