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Various continuous-wave (CW) electron gun technologies are reviewed, including DC, superconducting radio frequency RF (SRF), hybrid DC-SRF and normal-conducting RF. Also, the SLAC Linac Coherent Light Source II (LCLS-II) normal-conducting RF gun and injector are described, and the performance to date, including the bunch emittance achieved and the dark current observed, is presented.
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1 INTRODUCTION
X-ray free electron lasers (XFELs) [1–4] have proven to be a revolutionary tool for scientific studies of material properties. However, existing XFEL facilities typically operate at repetition rates below a few hundred Hertz (Hz) due to power handling limitations of their normal-conducting guns and accelerator structures. To push to photon science Frontier, MHz rate beams are needed with continuous-wave (CW) radiofrequency (RF) operation. One of the major challenges for such MHz XFELs is to find a CW electron gun technology that can produce high-brightness electron bunches.
CW gun R&D has been pursued worldwide since the 1980s. The gun technologies include DC [5–8], Superconducting RF (SRF) [9–18], hybrid DC-SRF [19] and normal-conducting (NC) RF [20, 21]. This paper first surveys these technologies and then discusses the design and performance of the NC RF gun and injector at the SLAC Linac Coherent Light Source II (LCLS-II). Finally, the performance of representative guns is summarized.
2 CW GUN DEVELOPMENT
Significant progress has been made for each gun technology noted above [22–24]. The labs that have been involved are listed below and more information is provided in the following subsections.
DC gun
 • Cornell University in the United States of America [5, 6].
 • Daresbury Laboratory in the United Kingdom [8].
 • JAEA/KEK in Japan [7].
Hybrid DC-SRF gun
 • Peking University in China [19].
SRF gun with 1.3 GHz Elliptical Cells
 • Helmholtz-Zentrum Dresden-Rossendorf (HZDR) in Germany [11].
 • Helmholtz-Zentrum Berlin (HZB) in Germany [12].
 • DESY in Germany [13].
 • KEK in Japan [14].
SRF gun with 100–200 MHz Quarter-Wave Resonator (QWR) cavity
 • Wisconsin University in the US [15].
 • BNL in the US [16].
 • SLAC/MSU/HZDR [17, 18].
NC gun (185.7 MHz)
 • LBNL in the US [20, 21].
A version of the LBNL NC gun is currently being used at LCLS-II and will be used at the Shanghai XFEL facility [25]. The SLAC/MSU/HZDR 185.7 MHz SRF gun is currently being developed for use in a low projected emittance (∼0.1 μm) injector that has been proposed for the high energy upgrade of LCLS-II (LCLS-II-HE).
2.1 DC guns
The DC guns have been developed for high current Energy Recovery Linac (ERL) applications. The Cornell DC gun is the most advanced and can routinely operate with a 400 kV cathode-to-anode potential, which produces a ∼4.4 MV/m gradient at the photocathode. It has successfully produced 75 mA low-emittance beams, which is a world’s record for average current [5]. Green light photocathodes (e.g., K2CsSb, NaKSb) are typically used and the dark current is generally negligible.
At Cornell, 100 pC bunches with an emittance of about 0.4 μm [6] have been produced with ten’s-of-ps-long flattop-like laser pulses. However, because the flattop-like laser pulses were obtained through stacking ps-level short pulses, a small intensity modulation on the flattop is generated, which can be significantly amplified after the ∼100 times bunch compression required for XFELs, thereby compromising the longitudinal phase space [26]. Thus, smooth Gaussian temporal laser pulses are typically used for XFELs although the transverse emittance is not optimum compared to that achievable with a stacked laser pulse.
The 400 kV gun voltage is near the high voltage limit without major advances in high voltage insulator and electrode materials. The relatively low gradient on the cathode and the low gun energy that results limit the ultimate electron peak current after bunch compression. Preliminary simulations [27] have shown that the peak bunch current is notably limited after two stages of bunch compression due to the highly non-linear energy spread.
2.2 Superconducting RF guns
SRF guns are promising candidates for CW operation with at least 30 MV/m of gradient at the photocathode and energy gains of a few MeV. There are two main categories of SRF guns in use: one uses 1.3 GHz elliptical cells, for example, those developed by HZDR, HZB, KEK and DESY, while the other uses 100–200 MHz single-cell QWR cavities, and have been, or are being developed by U. of Wisconsin, BNL and a SLAC/MSU/HZDR collaboration.
Among the first category of guns, the DESY 1.6 cell SRF-Gun has a metallic photocathode (niobium plug coated with lead, which becomes superconducting below 7.2 K) that attaches to the cavity half-cell shorting plate. Thus, no in-situ photocathode exchange is possible and no loadlock system is required. The quantum efficiency of the lead photocathode is about 2 orders lower than that for the semiconductor photocathodes used in most CW guns, which imposes a challenge for MHz-rate electron beam operation. The gun has achieved a 40 MV/m gradient at the photocathode based on vertical test [13, 24].
The HZDR, HZB and KEK guns use removable semiconductor photocathodes that are thermally isolated from the niobium cavity and include a choke cell to limit RF leakage into the gap between the cathode stalk that holds the photocathode and the niobium. Their cryostats contain a superconducting solenoid magnet for emittance compensation, and there is an upstream load-lock system for warm photocathode exchange.
The HZDR 1.3 GHz SRF gun with a Mg photocathode began routine operation in 2017 as part of an accelerator for Tera Hertz (THz) RF production [11]. Cs2Te photocathodes were tested in 2020 [28] but strong QE degradation occurred soon after CW RF operation began. Currently, the gun is operating in CW mode with a 14 MV/m of gradient at the photocathode for the user program, and typically produces bunch charges of 200 pC at 50–100 kHz. The bunch transverse emittance is ∼3 µm and the rms bunch length is 300 fs after the linac and chicane, which meets the THz program requirements. The L-Band gun has the potential to provide a higher gradient at the photocathode, but it is currently gradient limited due to cavity contamination from a photocathode failure in 2017.
BNL developed their QWR SRF gun for an electron cooling project. The gun consists of a 112 MHz QWR cavity with a warm photocathode, which can be exchanged via a load-lock system under ultra-low vacuum pressure. The gun is typically operated with a photocathode gradient of 15–18 MV/m. A low intrinsic emittance green light photocathode (K2CsSb) is used, whose lifetime benefits from the low vacuum pressure afforded by the cryogenic environment. An emittance of about 0.3 μm has been demonstrated for 100 pC bunches but with a very long bunch length (∼400 ps), more than 100 times longer than that required for XFELs.
The SRF guns have common challenges including.
 • Complex/fragile photocathode exchange systems, which can readily cause gun contamination/degradation during photocathode insertion into the gun body
 • Non-optimal emittance compensation
 • Much lower-than-expected gradient on the photocathode with the photocathode inserted.
The need to keep the photocathode plugs from contacting the cold cavity walls creates complexity for the SRF gun design and operation. The compatibility of SRF cavities with insertable photocathodes remains a challenge for robust SRF gun operation, particularly when frequent photocathode exchanges are required, which can introduce particulates. Also, semiconductor photocathodes pose a contamination risk from the diffusion/sputtering of their chemical components during operation. Contaminants can create field emission on the cavity surface that results in significant performance degradation due to dark current generation and enhanced secondary electron emission. BNL finds that in-situ helium processing helps recover from such degradation [29] although the cleaning process is not-trivial.
A solenoid magnet is typically used just downstream of the gun as part of a compensation process to reduce space charge related emittance growth. SRF guns have a notable drawback in this regard as the magnetic field on the niobium cavity surfaces must be kept lower than the critical magnetic field. As a result, the solenoid must be located farther away from the cathode in an SRF gun cavity, which can compromise emittance compensation compared to a NC gun. This distance is longer for 3.5-cell 1.3 GHz SRF guns than for a QWR SRF gun, which is disadvantageous for producing the sub-micron emittance bunches required for XFELs [30, 31].
To date, SRF guns have not routinely demonstrated e-beam operation with >20 MV/m gradient on photocathode. Multipacting and particle-contaminant-induced field emission are the major factors limiting the gradient. However, there are ongoing SRF gun R&D programs that are pursuing higher than 30 MV/m of gradients on the photocathode for e-beam operation [12–14, 17, 18].
2.3 Hybrid DC-SRF gun
A DC-SRF gun has been under development by Peking University for about 3 decades. It has evolved to combine a 100 kV DC cell (5 MV/m of gradient on the photocathode) and a 1.3 GHz, 13 MV/m, 1.5-cell SRF cavity. They are connected by a drift tube that is about 1 cm long, and the resulting energy gain is 2.2 MeV. With the DC cell, the photocathode is moved out from the cryogenically cooled cavity, which lessens the compatibility issues noted above. The emittance compensation solenoid is in a warm beamline section that is about 0.5 m downstream of the cavity. K2CsSb photocathodes are used, and recently sub-micron emittances have been achieved with 50–100 pC bunches generated by stacked laser pulses [19]. The dark current is small (pA level) and the bunch length has yet to be measured.
2.4 NC RF guns
High-frequency (>1 GHz), high gradient NC RF guns are being used to produce high-brightness beams for pulsed XFELs. The average power loss density in such cavities limits the practical repetition rate to less than 1 kHz. By decreasing the RF frequency to hundreds MHz, the size of the cavities increases with a beneficial reduction of the power density, allowing higher duty RF operation [32, 33].
In 2006, a LBNL team proposed and later developed [20, 34] a 186 MHz CW QWR NC RF gun for high repetition rate XFELs. The power load on the cavity walls at the nominal 20 MV/m of gradient on photocathode is removed by conventional cooling techniques. Good vacuum (∼10−10 Torr) is achievable and long lifetime operation with Cs2Te photocathodes has been demonstrated, but practical lifetimes with K2CsSb photocathodes have yet to be realized. An emittance of 0.25 μm has been achieved with 20 pC bunches [21] but μA level dark current has been an issue [35]. Given the good performance with Cs2Te photocathodes, the gun design was adopted for LCLS-II.
3 LCLS-II GUN SYSTEMS
This section provides an overview of the LCLS-II CW electron injector and summarizes the beam performance and the dark current measurements and mitigations.
3.1 Layout and parameters
The LCLS-II electron source, which comprises the first 3 m of the injector, was designed and built by the LBNL following their decade-long advanced photoinjector experiment (APEX) program to develop a 186 MHz NC, CW electron gun [20, 21, 34, 35]. For the LCLS-II project, modifications to the gun design were made based on lessons learned and specific LCLS-II requirements.
Figure 1 shows a schematic layout of the electron source, which includes a 185.7 MHz QWR-style CW NC RF gun, a 1.3 GHz two-cell NC cavity for compressing the bunch length, and two solenoid magnets for beam focusing and emittance compensation. Beam diagnostics include two beam position monitors (BPMs), a current monitor (toroid), and a newly installed multi-function insertion device that contains 4 circular collimators with different aperture sizes, an yttrium-aluminum-garnet (YAG) screen, and a YAG screen with a central hole. Electrons lost on the circular collimator plates are detected by a pico-ammeter, which serves to monitor gun dark current. A load lock for photocathode exchange is located upstream of the gun and mirror box is located 1.1 m downstream of the photocathode for injecting 257.5-nm-wavelength laser pulses. Cs2Te photocathodes produced at SLAC are being used for bunch charge generation.
[image: Figure 1]FIGURE 1 | Schematic of LCLS-II electron source.
Following the electron source is 1) a standard LCLS-II cryomodule, which has eight 9-cell cavities to boost the electron energy to more than 90 MeV, 2) an emittance station including four matching quads and a screen, 3) a laser heater chicane that increases the bunch slice energy spread to suppress micro-bunching, 4) two cavity-based average current monitors to measure electron beam current and dark current, and 5) a dedicated off-axis beamline for emittance and bunch length measurements. The LCLS-II electron source and injector parameters are summarized in Table 1.
TABLE 1 | LCLS-II gun and injector parameters.
[image: Table 1]3.2 NC RF gun and buncher systems
The single-cell gun cavity is designed for CW RF operation at 185.7 MHz, the seventh subharmonic of the 1.3 GHz superconducting linac frequency. The cavity has an R/Q of 198.2 Ω, a Q0 of 29,923, and two RF power coupling ports with a combined coupling coefficient of 1.1. The design gun voltage gain is 750 kV, but the gun is typically run with a voltage gain of ∼650 kV, corresponding to a photocathode gradient of ∼17.5 MV/m. The RF connection to each of the two-gun ports consists of an air-to-vacuum window followed by a 90° bend that terminates in a loop coupler, all implemented in coaxial waveguide. The bend keeps dark current from the gun interior from directly hitting the vacuum window. In each feed line, three permanent solenoid magnets are installed in the short section between the RF coupler and the vacuum window to suppress multipacting. Light detectors that view the rf windows and gun body will shut off the RF in the event of an arc, but none has occurred yet.
Each gun port is powered by a 60 kW solid state amplifier (SSA). The SSA output power is very stable in open loop, about 0.01% rms in amplitude and 0.1° rms in phase on a 1-s timescale [36]. The SSAs are installed in the SLAC linac gallery, and 6.125-inch rigid coaxial waveguide is used to transport the RF power from the SSAs to the gun in the linac tunnel. Although the SSA transistors are back terminated, high-power isolators are included in the transport lines in the gallery. For non-ionizing radiation safety, the gallery waveguide is pressurized at a few pounds per square inch, which requires the use of coaxial air barriers. The RF will shut off if there is a drop in pressure inside the waveguide.
The gun vacuum is maintained by six non-evaporable getters (NEGs) and six combined NEGs and ion pumps that are located around the outer cavity radius and connect to a cylindrical structure that is cut off to the RF. A vacuum pressure in the low 10−9 Torr scale, and a partial pressure of less than 10−11 Torr for specific harmful molecules like oxygen, are required to achieve reasonably long lifetimes of the Cs2Te photocathodes used in the gun. The gun is cooled via five separate water circuits that connect to the SLAC 30 °C low-conductance water system. The combined flow is about 40 gallons-per-minute, and the flow through the anode plate was adjusted so the steady-state cavity frequency was in a range that did not overstress the mechanical tuners.
The RF buncher [37] is a two-cell, p-mode, 1.3 GHz NC cavity with R/Q = 340 Ω and Qo = 25,700. It has four input power couplers with a combined coupling coefficient of unity. The cavity adds an energy chirp to the bunches and the resulting velocity variation compresses the bunch length by a factor of 3–5. Each input coupler is powered by an independent SSA. For the nominal combined input of power of 7.6 kW, the integrated buncher field voltage is measured to be about 200 kV.
3.3 Gun and buncher frequency tuners
With the large size of the gun cavity, there is a substantial frequency change due to RF heating, about 250 kHz, which is much larger than the 6 kHz cavity half-bandwidth. A system of four mechanical tuners is used to pull the anode plate outward to adjust the cavity frequency. For each tuner, a DC motor rotates a shuttle that screws onto a bolt connected to the anode plate. When the gun warms up, the anode plate bows outward, and the reactive force on the shuttle disk is transferred through a piezo actuator and load cell to a thick plate that is attached to the outer rim of the gun anode. The load cells provide a measure of the applied force. During the warm-up period, the Low Level RF system first employs a self-excited loop controller to track the cavity frequency until the anode temperature begins to stabilize, then the tuners are used to set and maintain the cavity frequency near the nominal 185.714 MHz value. Figure 2 shows an example of the initial gun cavity frequency evolution when the RF duty factor was ramped to near 100%.
[image: Figure 2]FIGURE 2 | Example of the gun cavity frequency evolution during initial turn-on.
The frequency feedback system uses a two-tiered control loop in which a high-level feedback loop adjusts the tuner load cell set points based on the detuning relative to the nominal frequency, and four low-level feedback loops regulate the four tuner loads to their set point values. This control is critical as there is a subsequent −100 kHz frequency drift over a 4-h time period due to the slow heating of the outer cavity wall, which otherwise would pull the anode plate inward. During this period, the duty cycle is increased to 100% and cavity frequency is then computed based on the phase difference between the forward and probe signal RF. This control procedure typically regulates the frequency to within ±200 Hz of the nominal value, which is ∼ ± 3% of the cavity half-bandwidth. However, there are occasional larger frequency jumps when one of the tuner screws overcomes a frictional barrier. Figure 3 shows an example of the frequency regulation over a several-day period.
[image: Figure 3]FIGURE 3 | Example of the gun frequency regulation over a several-day period.
The four piezo actuators were originally meant to be used for fine frequency control, but they were damaged by radiation. Further investigation revealed that the piezos are readily radiation damaged when several hundred volts are applied for control. Upgrades to the tuner piezo system are underway, which should allow them to be used to improve the frequency regulation. Figure 4 shows schematics of the current and new tuners. The new piezo ceramic is 116 mm long and has a 56 mm outer diameter [38], making it considerably stronger than the original ceramic, which is 36 mm long with a 35 mm outer diameter. The new piezos are expected to require only one-fifth of the voltage of the original ones for same force generation, which should significantly extend their lifetimes.
[image: Figure 4]FIGURE 4 | New gun tuner design with a larger piezo (B) and the original design (A).
The process for buncher cavity frequency tracking during warm-up and subsequent frequency locking is similar to that for the gun except the cavity frequency is controlled by adjustments to the temperature of the cooling water, which is provided by a closed-loop chiller. The RF heating detunes the cavity by about 600 kHz, much larger than its 50 kHz half-bandwidth. The cavity frequency is regulated to within 2 kHz of the nominal 1.3 GHz frequency using a PID temperature controller where the setpoint changes are proportional to the measured frequency offset.
3.4 Beam measurements
During the past year, the Cs2Te photocathodes used in the gun are ones produced at SLAC, which have an initial QE of about 5%. Low charge (<1 pC) emittance measurements indicate the intrinsic emittance of Cs2Te photocathodes is about 1 μm/mm-rms [39] with a 258 nm UV laser, which is close to that expected.
The laser pulses at the photocathode are shaped to be roughly uniform in their transverse profile although the emittance can be likely improved using a truncated Gaussian profile [40]. A smooth Gaussian-like temporal laser shape is used as it is much easier to generate than a smooth flat pulse. However, efforts are underway to generate flat pulses as they should yield a lower emittance after space charge compensation.
The bunch emittance is measured using the conventional quadrupole-scan technique. The bunch sizes are measured at the first screen after the cryomodule, which currently increases beam energy to 80 MeV. The gun is currently operated with lower voltage gain (650 kV) than the design value (750 kV) to reduce dark current. Simulations suggest that the emittance is not compromised at this lower voltage. Trim-quad (both normal and skew quads) coils that are embedded in the two main solenoids play an important role in correcting for high-order fields in the solenoids and in the 1.3 GHz SRF cavity power couplers [41, 42]. Adjustment of these trim-quads are seen to improve the bunch shape and results in a lower emittance. Currently, the buncher is operated with a voltage gain of about 200 kV and a phase such that the bunches arrive −30° from the zero-crossing.
The emittance compensation process is particularly sensitive to the settings of the first and third cavities in the cryomodule: the second cavity is not powered by design. After optimization of the various parameters, an emittance of about 0.5 μm has been routinely achieved so far for 50 pC bunches, which is somewhat larger than the ∼0.4 μm simulated values.
The bunch length is measured with the well-known RF zero-phasing technique [43]. A large bunch energy chirp is added by operating the seventh cryomodule cavity near the zero crossing. This streaks the bunch in the off-axis diagnostics line where there a large vertical dispersion, and the bunch length is inferred from the vertical bunch size as measured on a screen. Bunch length values of about 1 mm rms have been measured, which are close to expectation. Systematic optimization of the emittance and bunch length is still in progress.
3.5 Dark current measurements and mitigation
The CW NC RF gun generates several μA of dark current that appears to originate from localized areas on the rim of the cathode plug hole, which is 10 mm in diameter [35, 39]. Figure 5 shows the dark current measured 3 m from the cathode as function of beam energy (the cryomodule was not installed at this time). Such large dark current, if transported through the 4 GeV SRF linac to the XFEL undulators, will degrade the permanent magnets used in these devices.
[image: Figure 5]FIGURE 5 | LCLS-II RF gun dark current 3 m from the cathode versus the gun energy gain.
As the dark current is well separated from the photobeam transversely [39], a circular collimator was installed to intercept it while the electron energy is low (<1 MeV) and thus the radiation produced is minimized. For this purpose, a ladder-like multi-function insertion device was designed and installed 1.5 m from the cathode [44]. This device includes four circular collimators with different aperture sizes (referred to as ‘LEB’ collimators), a YAG screen, and a YAG screen with a central hole to allow beam halo measurements (see Figure 6).
[image: Figure 6]FIGURE 6 | Ladder-like multi-function beamline insertion device that includes four circular collimators and two YAG screens.
An operator can remotely insert any one of the four LEB collimators, whose aperture sizes are 12, 16, 20 and 24 mm. The holes are machined in a 1.5 cm thick copper bar. The collimating function works well with the 20 mm aperture, which is sufficient to block the majority of the dark current while having a negligible impact on the photobeam. The copper bar is electrically isolated and connected to a pico-ammeter to monitor the intercepted current. Figure 7 shows an example of the measured dark current for different collimator settings when the gun energy gain was about 650 keV. More than 85% of the dark current is blocked with the 20 mm collimator.
[image: Figure 7]FIGURE 7 | Dark current measured 1.5 m from the cathode with different LEB collimator sizes. For the ‘Screen-In’ case, a thin YAG screen intercepts the full current.
The remainder of the dark current is accelerated through the cryomodule where it incurs losses due to the large energy spread it develops. It is further attenuated by a 12-mm diameter circular collimator (denoted ‘PC0H00’) located just downstream of cryomodule. The dark current loss on this collimator is estimated from the temperature rise of the water used to cool it. The transmitted dark current is measured downstream with an RF-cavity-based average current monitor (ACM). Figure 8 shows the dark current loss and transmission as a function of the strength of the solenoid magnet just after the gun (Solenoid-1). This solenoid affects the transverse separation of the dark current and photobeam at the LEB collimator and hence the effectiveness of the collimation there. As the Solenoid-1 strength is usually larger than 0.0435 kG-m for optimum emittance, only 10s nA of dark current make it through the ACM. This current is further attenuated by downstream collimators. Dark current tracking simulations are being performed to better optimize the collimation [45].
[image: Figure 8]FIGURE 8 | Measured dark current at the 20-mm LEB collimator and the PC0H00 collimator, and the dark current transported through an ACM as function of the strength of Solenoid-1.
Figure 9 shows the region on the copper cathode nose where the dark current is believed to originate. The electric field there is about 24% higher than that at the center of the plug [39]. At SLAC, a spare gun is being built that includes improvements for dark current reduction. One change is to make the cathode and anode opening edges elliptically shaped instead of round, and another is to add stainless steel (SS) inserts near the cathode and anode openings (see Figure 10) [46]. Using a minor-to-major axis ratio of 0.17 for the cathode plug and nose edges reduces the electric field enhancement from 24% to 10%. The SS inserts should increase the gradient of dark current onset. The spare gun fabrication is expected to be completed by the end of 2023.
[image: Figure 9]FIGURE 9 | Cross section of the molybdenum cathode plug when inserted into the copper cathode nose. The likely dark current emission region is indicated.
[image: Figure 10]FIGURE 10 | Improvements to the spare gun (A) elliptical shaped (b/a=0.17) edges on the cathode plug and nose, (B) stainless steel (SS) inserts at the cathode and anode openings.
4 SUMMARY
This paper has reviewed the four major CW gun technologies being developed for FELs and ERLs. Each technology has its advantages and disadvantages. The Cornell DC gun has produced 100 pC bunches with about 0.4 μm emittance although the longitudinal phase space may not be suitable for XEFL applications. As for ones using SRF technology, the BNL QWR SRF gun has achieved a 0.3 μm emittance with 100 pC bunches but with a bunch length more than 100 times longer than that required for XFELs, the HZDR SRF gun has routinely operated for a THz user program but has not yet demonstrated sub-micron emittance. And the DESY SRF gun with a superconducting lead photocathode can operate at higher gradients but the quantum efficiency is very low (<1 × 10−3). With a unique hybrid design, the Peking University DC-SRF gun has produced sub-micron emittance bunches, but the bunch length has yet to be characterized. Recently the LCLS-II NC RF-gun-based injector has routinely achieved 0.5 μm emittance for 50 pC bunches with the desired bunch length, and dark current mitigations that were implemented have been effective. Table 2 summarizes representative CW gun achieved parameters and challenges.
TABLE 2 | Representative CW gun parameters and challenges.
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Parameters DC gun Multi-cell SRF gun Quarter-wave SRF DC-SRF gun LCLS-Il NC RF gun
(cornell) (HZDR) gun (BNL) (peking U.) (SLAC)

Gun energy 0.4 MeV 35 MeV 1-15 MeV 22 MeV 065 MeV

Gradient on 44 MV/m 14 MV/m 18 MV/m 5 MV/m 17.5 MV/m

photocathode

Photocathode exchange Easy Difficult Difficult Fasy Easy

General operation Less difficult Difficult Difficult Less difficult Less difficult

Emittance Optimum Compromised Compromised Compromised Optimum

compensation

Laser wavelength Green uv Green Green uv

Laser temporal shape Stacked Flattop Gaussian Gaussian Stacked Flattop Gaussian

Photocathode NaKsb, K,CsSb Mg, Cs;Te Ky CsSb K,CsSb CsTe

Demonstrated ~0.4 um @ 100 pC >2 pum @ 200 pC ~0.3 um @ 100 pC ~0.85 um @ 100 pC ~0.5 um @ 50 pC

emittance

Bunch length rms 3ps 3ps 400 ps - <Sps

Dark current PA level PA level PA level PA level BA level
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Parameters Nominal

Gun energy (keV) 650-750
Gun gradient on the photocathode (MV/m) [ 175-19.5
Cs,Te photocathode QE (%) 505
Drive laser pulse: Gaussian shape, FWHM (ps) 15-20
Maximum bunch repetition rate (MHz) | 093
Bunch charge (pC) 20-100
Maximum average beam current (4A) | 30
Injector final energy (MeV) >90
Normalized emittance (jm, rms) @ 50-100 pC <05
RMS bunch length (mm) <1
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