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Electron sources are essential to an array of electron accelerator supporting research in

high-energy physics and beyond. This report summarizes the“Snowmass 2021 Electron

Source Workshop” [1] which reviewed the current state-of-the art research and identified

some possible research directions.

1. INTRODUCTION

Electron sources are critical components of accelerators used for high energy physics, nuclear

physics, and light-sources. In conventional accelerators for particle and nuclear physics, the elec-

tron sources deliver bright, highly spin-polarized, high-charge electron beams, or “main bunches”,

which are ultimately employed as probes for physics. In addition to the main bunches, advanced

accelerators based on beam-driven schemes also require electron sources capable of producing

high-charge unpolarized “drive” bunches necessary to establishing large electromagnetic wakes

in beam-driven plasma wakefield accelerator (PWFA) and structure-based wakefield accelerators

(SWFA). Fututher more, high average current, unpolarized electron beams with low transverse

emittance are used to “cool” other “warm” charged particle beams with larger thermal motion and

transverse momentum, and thus increase the brightness of the particle beams for their applications

in accelerators and colliders. Electron sources also plays an important role in accelerator-based

light sources, where electron beams with extremely small transverse emittance are often required.

In this White Paper, we outline the electron source requirements and the challenges in meeting

these requirements for various components of electron sources, and discuss the directions for future
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research and development in different areas.

2. ELECTRON SOURCE REQUIREMENTS

Future electron-positron colliders such as CLIC, ILC, FCC-ee, CEPC etc are all designed to

have high luminosity which implies high average current and small beam emittance beams. For

a linear collider without damping rings, a flat beam with small vertical emittance will help to

improve the luminosity as well. In addition, highly polarized electron sources are often required,

which can be generated from a strained GaAs photocathode driven by a spin-polarized laser.

2.1. Bright-bunch generation

Attaining high luminosity in a collider is contingent on the production of bright bunches. We

identify two complementary research areas listed below.

a. Photocathodes and RF-gun selection: The electron bunch would benefit from low-MTE

photocathode such as the one currently investigated by other groups [2, 3] while high QE is not

critical given the low charges (2-3 orders of magnitude smaller than for the drive bunch). An

additional challenge associated with the main-bunch production regards the requirement for spin-

polarization often realized using NEA GaAs photocathodes, which is predominated utilized in a DC

gun environment. The ultra-high-vacuum (UHV) required for GaAs photocathode has prevented

their prolonged operation in RF guns [4]. However, SRF guns could provide a path toward the

reliable operation of spin-polarized photocathodes due to their excellent UHV levels sustained via

cryo pumping. Ultimately, the 6D phase-space volume attainable in state-of-the-art photoinjectors

combined with emittance-repartioning techniques could alleviate the need for an electron damping

ring.

b. Bunch shaping and beam manipulations: Further improvements in the efficiency of an

SWFA- and PWFA-based accelerators could be realized by shaping the main bunch current profile

to load the wakefield generated by the drive bunch and significantly enhance the overall effi-

ciency [5]. Controlling the bunch temporal distribution relies on similar laser-shaping techniques

than the ones described above. Finally, the final beam distribution at the IP may be dominated

by physics requirements (asymmetric “flat” beams [6] or ultrashort bunches [7] for bremsstrahlung

mitigation). These requirements call for small 6D phase-space volumes. Given the low bunch

charge and shorter laser pulse involved in the emission process, a path to enhanced brightness are
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high-frequency RF guns capable of sustaining 100’s MV/m accelerating fields.

2.2. High-charge drive-bunch generation

In SWFA and PWFA-based colliders, the drive bunch exciting the wakefields is a high-charge

electron beam with transverse emittance sufficient for transport through the structure(s). The

formation of high-charge bunches shares many similarities with the main-bunch generation albeit

at a much higher charge (but lower brightness). Producing such electron bunches relies on L-

band photoinjectors and puts stringent demands on the associated photocathode and laser system

especially when a high-repetition-rate is desired. Below we advocated three complementary paths

for drive bunch research.

a. Laser and photocathode To keep the photocathode-laser energy to sub-mJ level, the de-

velopment of photocathodes with high-quantum-efficient (QE) and long lifetimes [O(week)] are

needed. Also, photocathodes operating at wavelengths near available laser-media lasing range [typ-

ically in the infrared (IR) region of the spectrum] would be desirable to improve laser-to-electron

wall-plug efficiency (by reducing the number of laser frequency conversion stages). Currently,

Alkali-antimonide photocathodes are the most suited for high-charge bunches generation: CsK2Sb

operates with 530-nm laser pulses and has an acceptable mean transverse energy (MTE) of 200

meV [8]. Finally, improving the photocathode QE would be beneficial to further reduce the power

requirement on the laser system and could be accomplished by, e.g., engineering the photocathode

topology to enable plasmonic effects as demonstrated with metals [9].

b. Space-charge mitigation: The beam-dynamics associated with high-charge bunches is

space-charge dominated during the bunch-formation process, initial acceleration, and transport to

relativistic energy). Mitigating the impact of space-charge effects is critical to the generation of

undisrupted beam distributions with reduced nonlinearities and improved emittances. Altering

the photocathode topology was recently proposed as a way to alleviate the space-charge limit

during the photoemission process [10] but a practical implementation and experimental validation

remain unexplored. Likewise, shaping the laser distribution to linearize the space-charge fields

offers a promising path to forming low-emittance high-charge bunches. The demonstrated blow-out

regime [11, 12] sets a stringent condition on the source size which ultimately limits the transverse

emittance and alternative methods proposed to directly generate uniformly-filled 3D electron bunch

by proper shaping of the laser distribution [13–15] should be experimentally tested. Likewise, laser

shaping may also be adapted to program the laser temporal distribution to ultimately produce
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shaped drive bunches required for efficient beam-driven acceleration (improvement of transformer

ratio (TR) [16]); see example in Ref. [17, 18]. Some of these laser-shaping techniques require

precise control over the laser-pulse spectrum and would also benefit from photocathode operating

close to the fundamental wavelength of the laser system.

c. RF-gun design & beam dynamics: The L-band RF guns typically employed to generate

high-charge bunches provide a limited accelerating field on the cathode [typically O(50 MV/m)]

with 3-5-MeV final energy at the RF-gun exit. RF guns operating at higher frequencies could

provide higher-field to mitigate collective effects but the smaller RF wavelength limit the bunch

duration. Lower-frequency (VHF) RF-gun could offer a viable path owing to the long RF wave-

length as long as the bunch exit energy remains high enough. For instance, numerical simulations

indicate that a 200-MHz SRF gun with a 40-MV/m peak field [19] is capable of producing a

preshaped 10-nC electron bunch with parameters suitable to ultimately support an enhanced TR

of ∼ 5 [17] in an SWFA. These tradeoffs between RF-gun frequency choice and bunch quality

should be studied quantitatively via precise numerical algorithms properly accounting for space

charge effects during the emission process. The validity of the quasi-static models often employed

to simulate the beam dynamics in photoinjectors should be investigated and validated against

first-principle-physics algorithms (e.g. FDTD PIC algorithms).

3. CATHODES

Photocathodes have very stringent and often conflicting requirements on the quantum efficiency

(QE), the mean transverse energy (MTE) or the intrinsic emittance, robustness or operational

lifetime, quick response time and spin-polarization [20]. For example, reduction in MTE can be

obtained by operating at laser wavelengths closer to the threshold, however, this typically comes at

the cost of the quantum efficiency. Due to such trade-offs there is no particular photocathode that

suits all applications and cathode materials have to be chosen based on the needs of the specific

application. The choice of the photocathode material is very closely related to the choice of the

drive laser wavelength and the kind of electron gun used to extract electrons and in several cases

also the design of the entire electron injector. For example, electron beams to be used as probes for

high energy physics applications often need to be highly polarized with polarization exceeding 85%

[21]. The only existing technology to obtain such highly polarized electrons is requires GaAs based

photocathodes activated to negative electron affinity (NEA) operated at a specific wavelength close

to the band-gap to optimize the QE and spin polarization. These cathodes are extremely sensitive
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to vacuum conditions and have only been successfully operated in DC guns for extended periods

of time. Thus research on photocathode materials is very strongly linked to the developments in

electron guns and laser technologies. This is true for all high average current, high charge, high

peak brightness and high spin-polarization applications.

Many particle and nuclear physics experiments demand photocathodes with emitted electron

spin-polarization exceeding 85-90% along with a high QE in the single-digit-percent range to gener-

ate the probe beam [22]. This level of performance has become the norm. Easily available p-doped

GaAs wafers activated to negative electron affinity can provide polarization only as high as 35%

along with the required high QE. The higher polarization is typically obtained by growing strained

GaAs and GaAsP hetero-structures which cause the splitting of the valence energy bands with

different spins resulting in the very high polarization. However, due to the small market demand

for such hetero-structures, a reliable source for obtaining such high-polarization cathodes no longer

exists. This is likely to cause severe operational issues for existing and planned accelerator based

particle and nuclear physics experiments. Thus developing a steady, reliable source of this existing

hetero-structure based technology in the near-term is of utmost importance.

The second most critical issue is that of robustness and operational lifetime. These GaAs based

cathodes are extremely sensitive to vacuum conditions and can only be operated in UHV DC high

voltage guns with relatively low cathode fields at modest beam currents of <1 mA [23]. The ability

to produce >100 mA of highly spin-polarized electron beam current from the cathode along with

the robustness to operate in higher accelerating gradient SRF or RF guns to maximize brightness

will enable novel designs of particle colliders which can achieve higher luminosity and are cheaper.

The ERL-based design of the EIC where higher average current from the cathode is essential and

the damping ring free design of the ILC where higher peak brightness from the cathode is essential

are two examples of this. Thus developing robust sources of high QE, spin polarized electrons is

a critical research direction for photocathodes. Lower MTE for spin-polarized sources will also be

useful for increased luminosity.

Photocathodes producing unpolarized electrons are important not only as electron probes for

experiments that don’t demand spin-polarization, but are also useful for producing cold electron

beams for hardon cooling and producing wakefields for advanced wakefield-based acceleration tech-

niques. Unpolarized electron beams used as electron probes and for hadron cooling applications are

required to have average currents exceeding 100 mA. Due to practical limitations on the achievable

laser power cathodes required for high average current operation must have a QE exceeding 1% in

the visible wavelengths. Smaller intrinsic emittance is also beneficial. Alkali-antimonides (Cs3Sb,
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K2CsSb and Na2KSb) have emerged as a strong contenders for such applications and have demon-

strated average currents as high as 65 mA for several hours in a DC gun without significant QE

degradation [23]. Despite their relative robustness to vacuum conditions compared to NEA-GaAs,

these cathodes are still very sensitive to any oxidizing species and have demonstrated sustained

operation only in DC and SRF guns. Ion-back bombardment and laser heating of the cathode are

major causes of degradation at higher operating currents. Higher QE cathodes could alleviate the

need for higher laser power addressing the latter. Effects of ion back-bombardment can be allevi-

ated through use of more robust cathode materials and/or appropriate gun and injector designs to

minimize it.

Unpolarized electron bunches needed for exciting wakefields in advanced accelerator schemes

require several nA of bunch charges, however, they do not require very large average currents due

to lower repetition rates. This allows use of high QE, UV photocathodes like Cs2Te [24]. Despite

the fact that Cs2Te thin films require UHV, they are quite robust to vacuum conditions and have

demonstrated successful operation in RF guns for extended periods of time of several months to

over a year.

Research into developing robust high QE visible cathodes capable of operating in adverse vac-

uum environments, ideally air-stable, is critical for production of electron beams with average

currents exceeding 100s of mA and beneficial for high bunch charge generation.

Finally, beyond particle and nuclear physics applications, X-ray Free Electron Lasers (XFELs)

and Ultrafast Electron Diffraction (UED) and Microscopy (UEM) require the brightest possible

electron bunches and hence the smallest possible intrinsic emittace and operation of cathodes under

the largest possible accelerating gradients [20]. Brighter electron bunches will result in higher lasing

photon energies and higher pulse energies from XFELs and also enable the development of com-

pact XFELs. Higher brightness will increase the k-space resolution in UED experiments allowing

studies of small crystals with larger lattice sizes and enable higher spatio-temporal resolution for

UEM. Minimizing MTE requires tuning the incident laser wavelength very close to threshold, us-

ing materials with band-structure optimized for lower MTE, using cathodes with high QE close to

threshold to minimize effects of non-linear photoemission and minimizing surface non-uniformities

of physical roughness and work-function variations.

Research towards future cathode technologies for all the above applications calls for a col-

laborative theoretical and experimental effort between the fields of materials science, condensed

matter physics and accelerator physics. Materials diagnostics techniques like Reflective High En-

ergy Electron Diffraction, X-ray Absorption Spectroscopy, X-ray Reflectivity, X-ray Photoemission
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Spectroscopy, Auger Electron spectroscopy, Atomic Force Microscopy, optical characterization and

several others can be used to characterize and control the growth of high QE thin film cathodes

like alkali-antimonides and Cs2Te. Efforts to develop epitaxial heterostructures of these materials

can result in increased QE. Development of protective overlayers for activating GaAs to NEA and

protecting vacuum sensitive alkali-antimonide cathodes also presents a promising area of future

development. Exploration of other III-V materials especially in the III-nitrides family could result

in more robust spin-polarized electron emitters. Theoretical and ab-initio modeling of photoemi-

sison can allow virtual investigation of 10s of thousands of potential photocathode materials in a

high throughput manner through the use of advanced materials databases and high performance

computing. This can act as an efficient way of down selecting materials for detailed experimental

investigations [25, 26]. Finally, testing the performance of novel photocathode candidate materials

in electron guns under realistic operating conditions is critical. Development of cathode testing

facilities is critical to achieve this.

4. ELECTRON GUNS FOR HIGH ENERGY PHYSICS APPLICATIONS

4.1. Physics requirements

The extreme beam parameters proposed for advanced collider concepts pose very stringent

requirements on the electron source. This is particularly true for advanced linear collider, where

the lower average current is balanced by much smaller beam sizes at the interaction point, and

the beam-beam effects mitigated by compressing the pulses down below the picosecond. Here the

initial beam 6D brightness, and the maximum average current achievable determine the achievable

collider luminosity. In copper-based design (such as CCC [27] and CLIC [28]) the driving RF pulse

length is limited to < 1-to-few µs, at repetition rates of 50-120 Hz. A single RF pulse accelerates

hundreds of bunches spaced by a few nanoseconds. Collider designs based on plasma wakefield

acceleration techniques plan for a very different pulse format, with equidistant pulses at tens of

kHz repetition rates [29]. An electron source for such accelerators would therefore need to be able

to provide high brightness electron beams capable of being efficiently squeezed into the micrometer-

size accelerating region, at high repetition rates. When used for hadron cooling, the requirement

for average current generated by the electron source becomes even larger(>100 mA) [30].

High average current and low emittance requirements inevitably lead to the use of semiconductor

photo-cathodes, capable of providing higher quantum efficiency and lower MTE with respect to
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metal cathodes. The presence of such materials in the electron gun poses strict requirements

on the absolute and partial vacuum levels in the accelerating gap. Indeed the high chemical

reactivity of these photo-cathodes severely limits their lifetime, and requires the installation of load-

lock systems for in-vacuum exchange of photocathode plugs, adding mechanical complexity to the

electron gun region and to the electromagnetic design of the electron gun. Generation of polarized

electron beams, included in most schemes of electron-based colliders to further enhance the collider

luminosity and improve the experiment signal-to-noise, would require even more extreme vacuum

performance, which can only be presently met in DC guns, as we will see below.

Compatibility with strong magnetic fields at the cathode plane could also lead to an advantage

in the design of electron guns for future colliders. Indeed, large beam transverse ratios are desired

at the IP to minimize the luminosity degradation from beamstrahlung effects. The ratio between

horizontal and vertical emittance required to obtain this asymmetry at the IP is obtained via the

use of large damping rings. On the other hand, the same effect could be achieved by generation of

”flat beams”, via the use of strong magnetic fields at the cathode. The strong coupling between

transverse planes can be used to produce a final beam with a large emittance ratio between the

two transverse planes [31].

In the following we provide a brief summary of the main electron gun technologies, highlighting

the main advantages and challenges of relevance for collider applications.

4.2. Electron gun technologies

4.2.1. DC guns

a. Polarized electron beam sources DC photoguns are the only currently available technology

that has demonstrated – in the presence of accelerating gradients – the extreme high vacuum

conditions (10−12 Torr) required by delicate strain super lattice (SSL) GaAs-based photocathodes.

Today, only the photoguns at CEBAF and Mainz still regularly produce spin-polarized beams with

∼10 pC bunch charge in ∼50 ps-long FWHM pulses at 130 and 100 keV, respectively [32, 33].

These voltages are sufficient to satisfy the electron beam requirements of the accelerators they

serve, with no observable field emission hindering photocathode lifetime. However, meeting the

stringent requirements of the EIC spin-polarized electron beam (5-7 nC per bunch, 4.5 A peak

in a bunch train with 8 bunches per second) entails operating above 280 kV to manage space

charge forces [34]. Higher operating voltage and extreme high vacuum conditions are competing
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factors. The best possible vacuum conditions in the accelerating gap are necessary to maximize

the photocathode charge lifetime, which is limited by ion back-bombardment [35]. Extending the

photocathode lifetime by repelling ions incoming from the downstream beam line with a biased

anode has proven very successful at CEBAF [36] and more recently at BNL [34]. These two

polarized electron beam sources represent the state of the art in DC photoguns for production

of spin-polarized electron beams. Both employ conical ceramic insulators that extend from the

top into the vacuum chamber (inverted insulator design) reducing overall gas load, in contrast

with photoguns that employ large bore cylindrical insulators [23, 37–39]. The CEBAF photogun

operating at 130 kV has generated ∼0.2 mA CW of highly polarized (85%) beam for nuclear physics

experiments in more than a decade of operations, with a charge lifetime of 200-400 Coulombs [35].

Extending this lifetime to 1000 Coulombs and ∼1 mA CW for an envisioned spin-polarized positron

beam program at JLab presents a technological challenge [40], but it is clear that managing

ion back-bombardment is an essential factor in the photogun design. Operating at 300 kV DC

without measurable field emission, and a novel cathode active cooling system integrated into the

high voltage cable connector, the BNL polarized electron source represents the pinnacle of design

incorporating many features for ion-back bombardment management such as: a biased anode, large

anode aperture for clean beam transmission, large cathode electrode to reduce gradient and allowing

large laser illumination area for distributing ion damage, and vacuum conditions approaching those

in the CEBAF photogun [32, 34]. The BNL photogun has surpassed the EIC beam requirements

using bulk GaAs photocathodes (gap voltage, peak and average current, and bunch charge) in a test

beam line at Stoney Brook University. Yet to be demonstrated using SSL GaAs photocathodes is

generation of >85% spin polarization electron beams, spin angle manipulation/measurements, and

demonstration of >14 days photocathode lifetime at 56 nA average current. Preliminary results are

promising after observing no measurable QE decay at ∼1000X that beam current from bulk GaAs

photocathodes with biased anode [34]. At 20 mA average current, the LHeC proposed polarized

source lays beyond the state of the art.

b. Unpolarized electron beam sources DC photoguns are also a mature technology for gener-

ating tens of mA CW un-polarized beams. The maximum achievable CW current is limited by

photocathode lifetime. The Cornell photogun operating at 250 kV demonstrated 65 mA CW from a

CsK2Sb photocathode with ∼1 day lifetime [23]. A copy of the Cornell photogun developed at BNL

for bunched beam cooling at RHIC demonstrated sustained 20 mA CW beam delivery operating at

375 kV with ∼6 days photocathode lifetime [41]. These photoguns represent the state-of-the-art

in high CW beam current generation, requiring higher voltage than polarized sources to manage
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space charge. Based on large bore cylindrical segmented insulator rings with interior metal shields,

this type of photoguns are capable of higher bias voltage than the inverted insulator designs, but

achieving the extreme vacuum conditions typical of inverted insulator photogun is very challenging

due to their larger surface area. The robustness of multi-alkali photocathodes allows for less strin-

gent vacuum conditions, but UHV conditions during high current beam operations is still essential

to minimize photocathode ion-back bombardment. Demonstrating the EIC requirements (100 mA,

1.5 nC bunch charge, 1.5 mm-mrad emittance and >3 days photocathode lifetime) is still beyond

the state-of-the-art large-bore insulator DC photoguns.

4.2.2. Normal-Conducting RF guns

Radiofrequency electron guns based on normal-conducting technology have reached a high level

of design maturity, and are today used as drivers in electron injectors for user facilities. Their

development can be separated by the final operational goal, in pulsed and CW systems. The scaling

of the breakdown field with RF frequency (Kilpatrick criterion [42]), makes high frequency (GHz)

RF guns suitable for high gradient operations, while the scaling of the power density dissipated on

the cavity wall with the frequency, favors lower frequency, in the VHF region, for high repetition

rate operations.

a. Pulsed RF guns: Pulsed electron gun using RF frequency in the GHz range operate

routinely with accelerating fields larger than ∼ 100 MV/m and output energies in the multi MeV

region, serving applications like FELs, inverse Compton scattering, and generating drive bunches

for wakefield accelerators [43]. The use of such technology allows the generation of low emittance,

with nC-scale charge beams and picosecond-long pulse lengths, with a larger beam density thanks

to order-of-magnitude increase in accelerating field respect to DC guns.

Most of the R&D on this topic has been directed towards increasing the accelerating gradient,

which would have a direct impact on the beam brightness. The breakdown limits for a specific cavity

are associated RF frequency, cavity vacuum levels, surface roughness driving field emission [44],

and with the RF pulse duration, which also affects the total integrated dark current generated

from the cavity walls and edges. Most of the electron guns are designed as standing wave cavities.

Here the minimum RF pulse duration is set by the cavity filling time τRF , ranging from a few to

few hundreds µs. Some RF designs utilize overcoupling to shorten τRF , at the expenses of reduced

power delivery to the cavity due to the consequent impedance mismatch. Typical cavities require

multi-MW peak RF power to establish 50-100 MV/m acceleration fields. Typical gun operations
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are limited to around 1000 Hz, due to the RF-induced heat load on the structure surfaces.

More recently electron beam acceleration from a high-gradient electron gun powered by ns-

long RF pulse has been demonstrated at the AWA complex [45], at Argonne National Laboratory.

In this experiment the short RF pulses were generated by extracting power from a high-charge

electron beam transported through the main AWA accelerator. The extracted 10 ns-long pulses at

11.7 GHz were then coupled into an X-band gun, establishing electric field on the cathode close to

∼ 400 MV/m. This result demonstrates the potential of powering cavities with nanoseconds RF

pulse to achieved gradients beyond current limitations.

Another very promising recent development in the context of pulsed RF electron guns is the

proposal of operating the structure at cryogenic temperatures, as copper at cryogenic temperatures

has significantly lower resistivity loss and can withstand much higher surface fields [46, 47]. Such

solution would also allow to increase at the same time the repetition rate of the source and its

maximum accelerating field, pushing the limits of both peak and average beam brightness [48].

Finally, Load-lock systems for advanced photocathodes are now starting to be implemented in

high-field pulsed RF guns, which will allow testing of semiconductor cathodes is such environments,

possibly leading to a further decrease of beam emittance.

b. CW RF guns: In order to increase the repetition rate and the average current further into

the MHz range, electron guns need to be operated in CW mode. In order to keep the power density

dissipated on the cavity wall to a manageable level (<100W/cm2), lower frequency designs have

been explored. For a given energy gain, the power density is a steep function of the RF frequency

(f
5/2
RF ), quantifying the tradeoff between higher fields (Breakdown limit, towards higher frequency)

and higher average currents, (power density limit, towards lower frequencies). Continuous-wave

room-temperature normal-conducting RF guns have been developed in the context of high rep-rate

X-FELs. For example, the VHF gun [49], is designed with a reentrant-cavity profile at 186 MHz,

enhancing the field in the accelerating gap, and obtaining fields in eccess of 20 MV/m with a kinetic

energy of up to 800 keV. The continuous input power needed to obtain such fields is of the order of

100 kW, with about 2 Joules of stored energy in the cavity. With this parameters, the power density

dissipated on the walls is maintained below 25 W/cm2 around the cavity. The gun is presently

been used in high rep-rate UED beamlines [50], and to drive the LCLS-II XFEL [51]. Intense

effort on the beam dynamics for the the VHF electron source (driven by LCLS-II needs) has led to

a design of a low energy beam transport and compression section deviating substantially from the

low-energy design for GHz guns. Taking advantage of the lower frequency and, therefore, of the

larger temporal acceptance, a typical VHF gun producing high-charge beams operates in the so-
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called “cigar” regime, with a small aspect ratio A=R/L (defined at the cathode). Such regime has

been shown to increase the maximum current density, and therefore the 5D transverse brightness,

extractable from the cathode [52]. This is the main reason why typical transverse emittance

performance of a VHF gun are comparable with the high-frequency guns. Such operating mode

comes at the expenses of longitudinal emittance and beam current. In order to increase the peak

current at the exit of the injector (tens of Amperes at 100 MeV) a high frequency RF bunching

cavity is installed in the low energy region, close to the electron gun, with a second solenoid right

before entering the linac sections. While this setup has been shown (in simulations) to be suited for

driving an X-FEL, great care must be taken in managing non-linearities in the longitudinal phase

space, which could potentially drastically limit the final peak current. One of the main advantages

of Normal-conducting CW RF guns relates to the complexity of including systems for in-vacuum

exchange of high quantum efficiency cathodes (load-lock systems). As of today, such systems

have been routinely used to swap semiconductor cathodes including Cs2Te and CsK2Sb [53], with

cathode exchange times of 20 minutes. The vacuum in the load lock system is of the order of

1e-11, similar to the one in the cavity plenum in absence of RF field. CW operations increase the

temperature of the cavity walls, leading to a steady-state vacuum performance about one order

of magnitude larger. Lifetimes of Cs2Te in this configuration has been shown to be compatible

with user facility requirements. On the other hand, such electron guns have only been operated

at maximum average currents of 1 mA, and it remains to be seen whether the cathode would

suffer damage from back-bombardment during operations at higher currents, given the vacuum

performance at least one order of magnitude higher than in DC or SRF guns. It is worth noting

that the vacuum level reported here have not been exploiting the maximum pumping speed possible,

and vacuum performance could be improved easily by utilizing the many ports available to add

additional vacuum pumps. As a final comment, the VHF gun design was developed as a robust

and reliable source in the context of a user facility. As such the RF performance of the cavity are

not pushed to its maximum. There is ongoing effort to further improve the acceleration field to

beyond 30 MV/m, approaching the limit of the allowable surface heat density [54–56].

4.2.3. Superconducting RF guns

SRF guns have the capability to generate high current electron beams in continuous-wave (CW)

mode due to their cryogenic temperature operation, which reduces RF-induced wall heating at full

duty cycle compared to normal conducting RF guns. The operating vacuum level is comparable
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to that in state-of-the-art dc photoguns utilized for generation of spin-polarized electron beams

from SSL GaAs-based photocathodes. SRF guns represent the ultimate choice for generation of

high-brightness polarized electron beams thanks to the much higher gradient at the photocathode

compared to that in a DC guns. However, integrating a normal conducting photocathode into

the cryogenically cooled SRF cavity represents significant thermal and RF isolation technical chal-

lenges. Another reason for concern is contaminating the cavity with particulates during cathode

insertion and from the photocathode itself when subject to high gradient during operation. The

past decade has seen tremendous advances in SRF guns technologies [57], from proof of principle

using Pb films on the back wall of the Nb cavity [58], to the routine use of normal conducting

metal and semiconductor photocathodes for user-based accelerators at HZDR [59, 60], and for the

Coherent Electron Cooling (CeC) proof of principle project at BNL [61]. These two SRF guns

represent the state-of-the-art, demonstrating that both metal and semiconductor photocathodes

(cold or warm) can be safely operated to routinely deliver beam. The HZDR gun is an elliptical

3-1/2 cell cavity, with the capability to accept a NC Mg or Cu photocathode plugs, or a Cs2Te

semiconductor photocathode plug with RF choke. The cavity operates at 1.3 GHz at 2 K while the

photocathode temperature is kept at 80 K. Delivering CW beam at 200 pC at 100 kHz ( 20 µA

CW), this is the only SRF gun in existence that has provided beam for user-based FEL at ELBE.

This was first achieved with Mg cathode extracting 57 Coulombs in 1760 h of user beam time

between 2019 and 2020, and later 2020-2022 with a Cs2Te photocathode extracting 91 Coulombs

for over 3000 h of user beam time. The BNL SRF gun is an 112 MHz Quarter Wave Resonator

(QWR) cavity operating at 4 K while the CsK2Sb photocathode with RF choke remains at room

temperature. The gun has been in routine operation since 2016 and has demonstrated up to 10

nC bunch charge in ns-long pulses due to relatively low gradient at the photocathode. The highest

average current the gun can currently provide is 150 µA CW limited by available RF power

[62]. To meet the stringent emittance requirements for the LCLS-II-HE injector (≃ 100 nm at 100

pC), the proposed SRF gun is a QWR based on the WiFEL design ][63] but with higher cath-

ode gradient [57]. Although managing RF heat loads, photocathode thermal contact, minimizing

particulate generation during cathode insertion and operation, and suppressing multipacting are

active R&D efforts and critical technical aspects to resolve, tests at HZB BerlinPro, KEK, and PKU

continue to show steady progress for integrating multi-alkali photocathodes capable of delivering

high-average-current beams when illuminated with 530-nm laser pulses [57].
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4.2.4. Advanced source concepts

This topic is reviewed in depth in [64], where a complete list of experimental work and achieve-

ments can be found. Here we will just briefly summarize the main directions.

As noted in the previous sections, the presence of large accelerating fields at the ”photocath-

ode” plane lead to large beam brightness. In plasma-driven electron sources, the photocathode is

represented by a laser-ionized gas rather than by a solid surface.

Demonstrated advanced electron sources include self-injection regime in LWFA, where a high

intensity laser ionizes a gas and generated an ionic region with very strong longitudinal fields.

Electrons expelled from the region are then trapped, injected back into the region and accelerated

to ultra-relativistic energies. Many variants of this concept have been proposed and demonstrated

in the last decade, providing improved control of beam quality and stability [64]. Another very

promising advanced electron source recently demonstrated stems for the concept of PWFA, where

a high-density electron pulse is used to drive a plasma wave inside a gas. In order to generate

electron beams, an independent high intensity laser pulse is used to ionize the gas and inject

electrons in the wake left by the electron beam. As of today, many concepts have been proposed

for generation of polarized and unpolarized electron beams, but all schemes tested experimentally

focus on generation of unpolarized electron beams. Experiments demonstrated generation of very

bright beams, showcasing the enormous potential of the technique. On the other hand, many of

the outstanding parameters have been demonstrated separately rather than simultaneously, and

their use as drivers for high energy physics colliders, although of great interest, is still far from

becoming a reality.

5. INJECTORS

The electron injector includes the gun and subsequent beamline that boosts the energy of

the electron beam out of the space charge dominated regime. Depending on the charge of the

beam, the energy at the exit of the injector ranges from 10s to 100s of MeV. The design of the

injector varies according to the electron gun technology (see Section IV. Electron Guns), but in all

cases, the injector is designed to preserve the 6D phase space volume generated by the gun and

to manipulate the phase space to meet the specifications of the trailing linac. Injectors can be

classified into two categories: the continuous wave (CW) injector and the pulsed injector. Further,

CW injectors are based on three type of electron guns: high voltage direct current (HVDC) gun,
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superconducting Radio Frequency (SRF) gun and CW normal conducting RF gun while pulsed

injectors are typically based normal conducting RF guns. Small emittance can be achieved from the

gun with a appropriate combination of laser shaping, high gradient on the cathode and small MTE

cathode material. The gun emittance can be further controlled with phase space manipulation.

5.1. Laser shaping to control space charge in the injector

In the injector, space charge is the main source of emittance growth and occurs when high charge

bunches are still in the space charge dominated regime. This is the regime where the transport

of the beam is dominated by the space charge force compared with the emittance pressure. [65]

Therefore, the injector design must consider space charge. Emittance compensation is used to

handle the linear space charge forces and is done with a solenoid at the exit of the gun. However,

non-linear space charge forces, both transverse and longitudinal, cannot be compensated for with

the solenoid-based method. One way to handle the non-linear space charge forces is with laser

shaping. Laser shaping can be used to control that charge distribution of the electron bunch in

order to minimize the nonlinear space charge. The bunch shape that eliminates all non-linear

space charge forces is the uniformly filled ellipsoid. IR laser shaping has been demonstrated with a

spatial light modulator (SLM) shaper and 3D Volume chirp Bragg grating [66]. This main challenge

of this IR-based SLM method is converting the IR shape to UV for use on the Cs2Te or metal

photocathodes. Using green-light photocathodes such as multialkali can reduce the challenge in

laser shaping due to a single stage of frequency doubling. Other distributions, such as the truncated

Gaussian or quasi 3D shapes have already been generated and provide approximately linear space

charge.

5.2. Phase space manipulation in the injector

A small 6D emittance is essential for increasing the luminosity of the lepton collider. In addition,

to suppress beamstrahlung, current linear colliders designs require special phase space distributions.

For example, the International Linac Collider (ILC) [67, 68], requires a flat beam distribution where

the vertical emittance is much smaller than the horizontal while advanced linear colliders require

ultrashort bunches. The flat beam distribution has historically been generated with a damping

ring, but studies to use phase space manipulation to eliminate the high cost of the damping ring

are underway [69]. This 6D phase space manipulation can be achieved by a combination of a
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round to flat beam transformer (RFBT) and an emittance exchanger (EEX). The RFBT is done

in the injector by using a magnetized electron beam and round to flat converter, such as three

skew quads [70–72]. The RFBT method can be extended to develop a positron injector, which has

a much higher initial transverse emittance than electron injector or to electron cooling where the

injector is matched to the hadron beam shape in the ring [73]. EEX based beam manipulation is

also carried out in the injector which enables a longitudinal-transverse emittance exchange scheme

by placing a transverse deflector cavity in the middle of four dipoles staircase [74].

5.3. Pulsed and CW injectors

Low average current injectors are normally based on normal conducting pulsed RF guns, typ-

ically S-band or L-band. These guns offer several advantages over CW guns due to the ability

to operate with high-gradient electric fields on the photocathode, order 100 MV/m. This high

gradient allows the gun to directly generate a pancake shaped beams (i.e. short electron bunches

with large transverse dimensions) with smallest emittance at moderately relativistic energies, 4-8

MeV. Applications include linac-based free electron laser (FEL), ultrafast electron diffraction, and

wakefield accelerators. Since the bunch from the NCRF gun is relatively stiff and has an initial

short bunch length it is directly injected into a booster linac to accelerate the beam out of the

space charge dominated regime. If further bunch compression is needed, it can be done after the

injector section with a magnetic chicane compressor.

Most of the normal conducting pulsed RF gun chose the standing wave mode due to its higher

(R/Q). A traveling wave (TW) photogun can reduce the RF filling time, therefore possible to

achieve higher repetition rate. RF guns with multiple cells allows the beam to become relativistic

at exit of the gun where the space charge induced emittance growth is reduced [75].

High average current injectors are normally based on CW electron guns. Applications for

these injectors include high power FELs, energy recovery Linac (ERL) based collider and electron

cooling. The CW SRF gun can generate high current, high bunch charge, and high brightness

electron beam. It advantages compared to other CW guns include operation with a high gradient

at the cathode (which allows the optimum emission phase to approach the crest of the accelerating

field with large gap voltage), excellent baseline vacuum due to the large surface of cryo pumping

at 4K operation. Very high frequency (VHF), quarter-wave (QW) SRF guns are used in several

projects including the BNL 113 MHz gun for Coherent electron cooling-X, 200 MHz WiFEL gun



17

for LCLS-II R&D, and 200 MHz gun for LCLS-II operation [19, 62]. Due to its low frequency,

it usually generates a Cigar-shape beam that is then compressed in a bunching section to achieve

high peak current and small emittance. The space charge compensation scheme is still needed

to reduce the emittance. Therefore, a solenoid is placed at the exit of the gun while carefully

avoiding generating a residual axial solenoidal field in the superconductor material. Using a high-

temperature superconducting (HTS) solenoid in the cryomodule can effectively generate sufficient

field to compensate the linear space charge. The challenges of using SRF gun is how to come

over the multipacting zones, get it operation stably and avoid contamination from semiconductor

cathode material.

The CW NCRF gun was considered to have poor vacuum and was not suitable for polarized

photocathodes (e.g. GaAs) before. Recent development shows a VHF NCRF gun can generate

MHz repetition rate electron beams using photocathode at the design energy as well [76]. Unlike

pulsed RF guns, both CW SRF and CW NCRF guns generate significant dark current in each

RF cycle when the cathode surface gradient is higher than the field emission threshold. Because

the semiconductor photocathode typically has a low work function, compared to the metal photo-

cathode, the average current of the dark current beam may be higher than the main beam. This

can cause an issue of the downstream beam diagnostics not being able to detect the signal over

the noise. Solution to reduce the dark current includes: polishing the cathode substrate, using

a collimator or a dark current kicker in the injector. Reducing the dark current in the injector

remains one of the most important topics for using CW electron source [62, 77, 78].

6. AN OUTLOOK FOR FUTURE ELECTRON SOURCES

We have reviewed the state-of-art for the various components of electron injectors. Area for

research and development on electron sources in the future can be summarized as the following:

6.1. Cathodes

• Highly-polarized electron sources are required as probes for high energy physics. Developing

a steady, robust, reliable source of the hetero-structure based cathode such as GaAs etc. in

the near-term is of utmost importance. The cathode lifetime study is strongly linked to the
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development in electron guns and drive laser technology.

• Unpolarized electron source with high quantum efficiency, small intrinsic emittance is another

area for cathode development. Research towards future cathode technologies calls for a

collaborative theoretical and experimental effort between the fields of materials science,

condense matter physics and accelerator physics.

• Development of cathode testing facilities is critical in testing the performance of novel pho-

tocathode candidate materials in electron guns under realistic operating conditions.

6.2. Guns

DC guns have better vacuum which allows a better lifetime for polarized GaAs cathode. Highest

average current under CW (continuous wave) operations were demonstrated with DC guns. RF

guns can reach higher accelerating gradient which is essential for low beam emittance and high

brightness. SCRF guns have comparable vacuum conditions with DC guns but can provide much

higher accelerating gradient.

• DC guns: reaching for high operating voltage to mitigate space-charge forces, maintaining

high vacuum conditions to preserve the GaAs-based photocathode life time, and managing

ion back-bombardment are important area for future R&D.

• NCRF guns: Pushing for high accelerating gradient in the direction of high RF frequency

(GHz) guns. Copper structures operated in cryogenic temperatures have the potential for

both higher gradient and repetition rate. Higher average current is more manageable in

lower frequency RF guns.

• SCRF guns: normal conducting photocathode insertion into a SCRF gun is a challenging

aspect in the SCRF gun technology. Collaborations with leading labs (such as HZDR and

BNL) should be encouraged for the development of SCRF guns in USA, such as the LCLS-

II-HE injector SCRF gun injector project.

6.3. Injectors

The electron injector delivers beam up to ∼ 100 MeV. The injectors can be either CW or pulsed.
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• Achieving high 6D phase-space brightness and manipulating the phase-space distribution

of the electron beam to fits it applications should be invested. This includes the photo-

injector drive-laser shaping, round-to-flat beam transformation, emittance exchange between

transverse and longitudinal phase space, pulse train generation etc.

• Reducing dark current is one of the most important topics for CW electron injectors.

6.4. Advanced concepts

LWFA and PWFA based electron sources focused on the generation of unpolarized electrons

have demonstrated impressive beam parameters but their application as a driver for HEP colliders

are still far from becoming a reality.
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