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The successful development in the last two decades of X-ray free electron lasers (FELs) with their revolutionary brightness performance has been tightly dependent on the parallel development of electron guns and injectors capable of providing the high-brightness electron beams required by FELs lasing at these short wavelengths. The ultimate brightness delivered by a linear accelerator (linac) is already set at its injector and the remaining part of the accelerator can be only designed to preserve the injector performance. The technology to be used for the accelerator part of an X-Ray FEL strongly depends on the duty-cycle at which the FEL operates. Normal-conducting, room-temperature, copper-based radio frequency (RF) technology is typically used for low duty-cycles of up to approximately 10−3. For higher duty-cycles and up to continuous wave (CW) operation, the linac must rely on superconductive RF technology because, with the higher duty-cycle, the increasingly higher power dissipated in normal conducting RF structures becomes excessive for the warm technology. The situation changes in the lower energy part of the accelerator, where injector schemes, based on direct current, normal-conducting, and superconducting RF electron guns, are demonstrating the beam quality performance required by high-duty-cycle X-ray FELs. In this paper we start with a description of the requirements for such injectors, followed by an overview of the pursued technologies and schemes, and by a discussion on the main differences in terms of beam dynamics between low and high duty-cycle injectors.
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1 INTRODUCTION
The X-ray free electron laser (XFEL) revolution that initiated in 2009 with the first lasing at these short wavelengths by the LCLS at the Stanford Linear Accelerator Center (SLAC) [1], provided new opportunities for scientific experiments that were not accessible before. Based on this successful achievement, investments all over the world allowed to create what is now a significant number of such facilities [2]. The LCLS and most of the presently operational XFELs, were designed to operate at relatively low duty cycle (typically less than 10−3—typically with a few microseconds radio frequency (RF) pulses at a few hundred Hz repetition rates). Such a choice was largely driven by the availability of the well-established GHz-class RF technology based on room-temperature copper structures which could be readily used for the linac accelerating sections. Duty-cycles higher than 10−3 were beyond the warm RF technology capability of dissipating the increasing ohmic losses on the accelerating sections walls. Therefore, higher duty-cycle schemes required the use of superconducting RF technology for their linac sections. Indeed, in 2017, the European XFEL at DESY in Germany used superconducting 1.3 GHz niobium accelerating sections in their linac to operate at approximately 10−2 duty cycle [3].
Nevertheless, even before LCLS first lasing, the scientific case for XFELs was already asking for XFELs capable to operate at much high higher duty-cycles, including in continuous wave mode (CW) [4] and several groups around the world started to work for making that possible and projects based on CW linacs, as the LCLS-II at SLAC [5] and SHINE in Shanghai [6], were funded to develop XFELs capable to generate equally spaced laser pulses at MHz-class repetition-rates, and the already operational European XFEL [3] started to consider a higher duty-cycle upgrade [7].
For the sake of this paper scope, before diving into the discussion about the requirements that an XFEL and its injector must satisfy to operate at high-duty-cycles, it is necessary to remind some crucial aspects of the high gain FEL theory. The electron beam brightness B, proportional to the electron beam density in the 6-dimensional phase space, plays a central role in the physics and performance of an FEL:
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with Ne is the number of electrons in a bunch, and εnx, εny and εnz are respectively the horizontal, vertical, and longitudinal normalized emittances of the bunch. In general, for optimizing an FEL performance it is necessary to maximize the electron brightness. For the high-gain single-pass FEL applications discussed here, it is in general sufficient to maximize the 4-dimensional transverse component of the brightness by maximizing the number of electrons and minimizing the horizontal and vertical emittances, while using the longitudinal emittance as a knob to control and mitigate the undesired effects of space charge forces inside the bunch.
In the 1-dimensional FEL theory [8], which neglects the effects of the energy spread, diffraction and transverse size of the beam, the overall performance of an FEL is regulated by the parameter ρ defined, in the case of a planar horizontal undulator, as:
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where γ in the electron beam energy in rest mass units, Ipeak is the bunch peak current, IA is the Alfven current constant, λu and K are respectively the undulator wavelength and parameter (with K proportional to the undulator peak magnetic field B), JJ is a slow varying function of K (which typically assumes values between 0.6 and 1), βx is the average horizontal beta function and εx is the geometric emittance, with all beam quantities measured inside the undulator. The parameter ρ, which defines among other things, the efficiency and the gain length of an FEL, needs to be maximized for the best FEL performance.
According to the undulator resonant condition λ = λu/2γ2 (1 + K2/2) and considering the technologically available cm-class undulator wavelengths, lasing at the short X-ray wavelengths (λ ∼0.1 to ∼1 nm) requires GeV-class electron beam energies. Unfortunately, Eq. 2 shows that when accounting for the technological limits of undulators in terms of minimum period and maximum B field, higher beam energies lead to smaller ρ parameters.
FELs generates transverse diffraction limited light pulses, so for an efficient lasing the transverse geometric emittance εw of the electron beam must be smaller than or comparable to the photon diffraction limit:
[image: image]
where λ the FEL photon wavelength.
When targeting a particular λ, the beam energy is fixed by the undulator technology and resonance condition. Equation 3 then indicates the requirement that the electron beam emittance must satisfy, and Eq. 2 indicates that the emittance needs to be minimized to optimize the FEL performance. Now, considering that the forces the beam experiences in a linac are with good approximation Hamiltonian, then, for the Liouville theorem, the normalized emittance generated at the injector cannot be decreased along the linac and can only be at best maintained.
In summary, lasing at X-ray wavelengths requires high-energy, high-brightness electron beams, and the ultimate brightness achievable by a linac is already set at its injector (and, as it will be shown, at its electron gun in particular).
Indeed, the development of FELs widely relied on the invention of the RF photo-gun [9], which for the first time allowed to generate electron beams with the brightness required by FELs. It will be shown later in the paper that the brightness of an electron gun beam increases with the electric field intensity that the electrons experience during emission from the cathode and depends on the cathode characteristics, and on the capability of controlling the 3D distribution of the beam during emission [10, 11]. In RF photo-guns, the beam distribution is controlled by the shape of the laser pulse that drives the photoemission, while the required high fields are generated by the resonant RF structures of the gun. Higher RF frequencies generate higher electric fields and hence higher brightness electron beams, which is the reason why most RF guns, built for driving low-duty-cycle FELs and XFELs, are based on GHz-class room-temperature RF technology. This type of guns can operate at high accelerating electric fields (with peak fields beyond 100 MV/m) but with duty-cycles limited to a maximum of approximately 10−2.
The existing TESLA superconducting RF technology [12], successfully used for operating the linac of the European XFEL, was adapted to CW operation and adopted by the LCLS-II and the SHINE projects. Contrarily to the linac case, existing technologies for the electron gun were not available and in response to that, a significant number of groups around the world started to pursue the development of electron guns capable to operate at very high duty-cycles and up to CW.
2 HIGH-DUTY-CYCLE INJECTOR REQUIREMENTS
Figure 1 shows the schematics with the main components of two typical injector configurations used in high-duty-cycle XFEL applications. The layout with the RF prebuncher is typically used when the energy of the beam at the gun exit is low and the electrons are not fully relativistic yet.
[image: Figure 1]FIGURE 1 | Simplified schematics of a high-duty-cycle electron injector in two typical configurations.
Table 1 summarizes the requirements for the main parameters that an electron injector must satisfy to drive a high-duty-cycle XFEL. The ranges of values in the table are based on the results of experimental and/or simulated studies from operational and proposed injectors for high-duty-cycle XFELs (see, for example, [13–20]), and account for the technological limitations that the high duty cycle imposes (more in Section 3). A deeper discussion on the requirements shown in the table, joined, when necessary, by a high-brightness injector physics recap, follows.
TABLE 1 | Ranges for the main parameters of high-brightness, high-duty-cycle electron injectors.
[image: Table 1]As mentioned in the Introduction, the transverse brightness performance of an electron gun directly depends on the intensity of the electric field that the beam experiences at the cathode during emission (often referred to as the launching field intensity). From an intuitive point of view, higher fields, at the time when the very low energy electrons are emitted from the cathode, allow for a faster acceleration and for an increased rigidity of the newly created electron beam.
The higher rigidity reduces the emittance increase due to intra-bunch space charge forces and Coulomb scattering within the beam particles. Two different operational regimes can be identified, the pancake beam case, where the transverse beam size of the emitted beam is significantly bigger than its longitudinal size, and the cigar beam case, where the opposite is true. In both cases, higher fields at emission (Eemission) lead to higher brightness. For the pancake regime the transverse brightness is [10]:
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where k is the Boltzmann constant, and T is the transverse temperature of the electrons in the bunch. While for the cigar regime B is [11]:
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where σp is the root mean square (r.m.s.) transverse momentum spread of the particles at extraction, r and Δt are respectively the radius and the pulse length of the laser driving the photoemission.
These expressions indicate two of the most important parameters to focus on when designing high-brightness electron guns: high electric fields at emission and low values for the terms kT and σp, which are just different representations of the r.m.s. momentum component of the intrinsic (sometimes also referred as thermal) emittance of the cathode. Their value depends on the cathode material and on the energy of the photon used for the photoemission.
Equation 5 shows that in the cigar regime, longer laser pulses can be used for increasing the transverse brightness, but at the expense of an increase of the longitudinal emittance. Nevertheless, in most XFEL schemes, this is an acceptable tradeoff because, as mentioned earlier, the lasing performance is mostly defined by the transverse brightness as long as the quality of the longitudinal phase space does not prevent the required bunch compression downstream in the linac. Clearly, there are limits on how long a bunch can be, longer bunches require more compression in the linac, and they also sample more nonlinearities from the time-variable RF fields in the gun and in the linac.
Such nonlinearities introduce correlations in the phase space longitudinal distribution and can also lead to transverse emittance increase [21, 22]. First and second order correlation terms in the longitudinal phase space can be respectively controlled and corrected by properly phasing part of the linac RF and by using higher-harmonic RF linearizers [23] or nonlinear optical systems [24]. Correlations with order higher than 2 cannot be directly controlled and can limit the level of compression in the linac necessary to achieve the few kA peak currents required at the undulator. Simulations indicate that at the injector exit, the residual r.m.s. energy spread associated with the higher order correlations (calculated by removing the linear and quadratic terms) should be contained between several keV and a few tens of keV (with values increasing with charge) [13, 14]. A compensation scheme for the correlations in the longitudinal phase space, based on a buncher with dual RF modes has been recently proposed and planned for the SHINE project [25]. From the transverse plane point of view, a compromise value for the bunch length at the cathode must be struck to balance between minimizing space charge effects, pushing towards longer bunches, and reducing both the compression requirement in the linac and the effects of time-variable RF nonlinearities, which push towards shorter bunches.
Very high electric fields at emission allow to operate the beam in the so-called beam blowout regime where pancake like beams, with very small bunch length to transverse bunch size aspect ratios, are created at the cathode. During the propagation of this beams after the photoemission, space charge forces gradually expand the beam longitudinal and transverse distributions creating an ellipsoidal 3D distribution characterized by dominantly linear internal space charge forces [26]. Linear forces allow for a better emittance compensation (described later in the paper) and also facilitate bunch compression. For a given bunch charge, the blowout regime tends to generate beams with a better longitudinal phase space but with larger transverse emittances when compared with the more conventional regimes previously described. Furthermore, this special regime requires quite high gun fields, and cathode materials with fast photoemission responsivity (metals). Such limitations make the blowout regime a poor match to the requirements of a high-duty-cycle XFEL.
The regimes described by Eqs 4, 5 define the maximum transverse brightness that can be obtained at the cathode and accounts for the cathode contribution to the transverse momentum component of the beam emittance. However, the final normalized emittance εn at end of an injector depends also on other emittance components as shown in the following expression [21]:
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where εsc is the space charge component of the emittance, εin is the cathode intrinsic emittance, εRF is the emittance associated with the nonlinear nature of the RF fields used for acceleration, εsol is the result of the quadratic sum of the geometric and chromatic aberrations introduced by the solenoid magnet(s), and εBz Cathode indicates the emittance increase if solenoidal magnetic fields are present on the cathode surface.
The intensity of the space charge forces is directly proportional to the beam charge density. Therefore, in general decreasing the charge density decreases the emittance space charge contribution εsc in Eq. 6. Additionally, the linear component of the space charge force that contributes to εsc can be controlled and eliminated by the technique known as emittance compensation. A qualitative description of the process is provided here and more rigorous descriptions of it can be found in [26, 27]. Longitudinal bunch distributions at the gun exit are generally non-uniform showing current profiles that vary along the bunch. If the beam distribution is conceptually divided into slices, each of such slices will contain a different amount of charge and have a different charge density. Therefore, the intensity of the defocusing space charge force that the particles in the slice experience, which in the linear case is proportional to their radial position, will be different in each of the slices and also different will be the consequent expansion and rotation in the transverse phase space that each slice experiences during the beam propagation. Such differential phase space rotation along the bunch generates an undesired increase of the projected transverse emittance of the bunch. A linear focusing lens, and in particular a solenoid in case of cylindrically symmetric beams, can reverse the slice expansion/rotation and, if its focal length is properly set, also realign the slices phase space at a certain position downstream of the lens minimizing the projected emittance. Such a technique is widely exploited in electron guns where the solenoid(s), visible in Figure 1, is (are) used to perform the just described emittance compensation to get the full slice realignment right at the entrance of the RF booster that, by accelerating the bunch, “freezes” the realigned bunch distribution. Although this technique compensates only for the effects of the linear component of the space charge force, it is still quite important because that component is typically dominant in the core of the bunch.
It was previously mentioned that the cathode intrinsic emittance term εin in Eq. 6 is proportional to the r.m.s. transverse momentum of the beam at the cathode, which depends on the cathode material and on the photon energy used for the photoemission. The term is also proportional to the beam transverse size, which is instead defined by the transverse size of the laser pulse. This last dependence indicates that using the transverse beam size at the cathode as a knob for controlling the bunch charge density is not advisable and must be minimized to avoid increasing the cathode intrinsic emittance contribution. As Eq. 5 suggests, varying the laser pulse length, and consequently the electron bunch length, is a better way to control the charge density in the bunch.
The RF emittance term εRF in Equation 6 is the consequence of the time dependent RF defocusing associated with the accelerating RF fields in the injector. Such a term is proportional to the square of the ratio between the bunch length and the RF wavelength [21, 22] and must be properly accounted because it can potentially limit the use of the bunch length for controlling the bunch charge density. In most XFEL schemes and layouts, but in particular in high-duty-cycle ones, bunch compression starts already in the injector by either using a prebuncher [28] or the so-called velocity bunching technique [29]. Higher compression factors in the injector reduce and simplify the final compression in the downstream main linac. On the other hand, high levels of compression increase the bunch charge density and the associated space charge forces, which applied to the injector beam when it is not fully relativistic, can cause, as was described earlier, emittance degradation and generation of higher order correlations in the longitudinal phase-space distribution. Again, a proper bunch length that balances these contrasting effects must be found.
The term εsol in Eq. 6 indicates that the field of the main solenoid(s) can directly affect the emittance performance of the injector. The magnetic field profile in this critical component must be designed to minimize geometric and chromatic aberrations. Such aberrations strongly depend on the transverse beam size, with fourth and second power dependencies respectively [21, 30]. This also implies that the optics to transport the electron beam to the solenoid must be carefully designed to minimize the beam size inside the magnet. In particular, the distance between the cathode and the first solenoid needs to be minimized to avoid a large transverse expansion of the beam before entering the solenoid.
The last term in Eq. 6 is εBz Cathode. Solenoidal fields at the cathode plane during photoemission add an additional magnetic component to the transverse canonical momentum of the electrons, which is later converted to classical momentum when the electrons propagate to a region where the solenoidal field is zero [31]. This resulting extra momentum component is responsible for the εBz Cathode term in Eq. 6 and consequently, solenoidal fields at the cathode surface must be avoided.
A detailed derivation of the emittance terms in Eq. 6 can be found elsewhere [21, 22, 31].
Minimizing εsc requires, besides a correctly executed emittance compensation, a decrease of the bunch charge density at the gun. This is in part done by increasing the transverse beam size of the beam at the cathode, but by small amounts because as it was said before, larger beam sizes increase the εin term. Most of the charge density control is instead performed by lengthening the bunches, which on the other hand can also increase εRF. Additionally, minimizing the beam size inside the solenoid(s) to control εsol increases the charge density. In summary, all the terms in Eq. 6 that define the final injector emittance depend on the charge density of the bunch (εBz Cathode can be ignored because, as it will be shown in Section 3.4, it can be completely canceled using solenoidal bucking coils). Higher charges per bunch, in general require beams with larger volumes to maintain acceptable charge density, and this, for what has been just described, increases the total beam emittance at the end of the injector. In other words, the final normalized emittance obtainable by an injector depends on the charge of the bunch that is being generated, the larger the charge, the larger the emittance. A quantitative analytical description on how the emittance scales with bunch charge can be found in [32] but it should be remarked that, in designing a real injector, extensive simulation studies are necessary to optimize the final performance in terms of minimal emittance and quality of the longitudinal phase space.
At this point, it is worth reminding the distinction between slice and projected emittances. To that scope, it is useful to conceptually divide the electron bunch into longitudinal slices with length comparable to the FEL cooperation length [8]. The emittance calculated over the particles in a slice is referred to as the slice emittance of that slice. In the 1D FEL theory, the ρ parameter shown in Eq. 2 depends locally on the slice emittances but does not account for potential transverse misalignments between different slices. In the real case, the manipulation that the beam undergoes in the injector and along the linac can generate a significant misalignment among slices. The projected emittance is calculated over the whole bunch. Its value is in general larger than the ones of the slices and assumes a minimum only when no slice misalignment exists. In a well-designed FEL (and injector), the projected and slice emittance values should be as close as possible. A beam with misaligned slices is difficult to transport and does not properly overlap with the photon beam inside the undulator ultimately degrading the FEL performance.
The intensity of the space charge force scales with the inverse square of the beam energy measured in rest mass units, so sufficiently high beam energies at the gun and at the injector exits are necessary for controlling the effects of space charge forces. Experimental and simulation studies indicate that electron gun energies greater than approximately 400 keV are necessary to provide to the beam travelling from the gun to the booster, a sufficient rigidity to undergo the transport, focusing and emittance compensation process with acceptable emittance and longitudinal phase space degradation induced by space charge forces. The energy at the injector exit must be sufficiently high to make space charge effects negligible, but small enough to allow for realistic laser powers and chicane settings at the laser heater [33] [required for controlling the microbunching instability (MBI) [34] during the compression process along the linac]. The energy value of ∼100 MeV in Table 1 represents the compromise typically used in most of the existing operating XFELs.
Independently from the operational duty-cycle of an XFEL, the optimal charge per bunch to be used depends on its specific mode of operation. In most of the schemes, such as self-amplified spontaneous emission (SASE), self-seeding, high gain harmonic generation (HGHG), echo enabled harmonic generation (EEHG), etc. [35, 36], the optimization of the XFEL performance typically converges to a charge per bunch of a few hundreds of pC, which compressed in the injector and along the linac to a few kA bunch peak current required in Eq. 2 to provide the necessary FEL gain [20, 37]. The peak current targeted at the injector exit depends on the bunch charge and on the electric field at the cathode, and from lower to higher charges, ranges from the lower to the higher values shown in Table 1. The final peak current at the end of the injector is controlled by the driving laser pulse length and by the level of compression performed at the injector.
In special XFEL modes of operations, for example, for those optimized for the generation of short photon pulses, lower charges per bunch are preferred. The reason for that starts from the observation that the FEL parameter ρ in Eq. 2 depends on the bunch peak current and not on the total bunch charge. Exploiting this fact, bunches with charges as low as a few tens of pC can be generated at the injector with lower normalized emittance and better longitudinal phase space quality than the ones in bunches with higher charge. These low charge bunches can then be compressed in the linac (with no laser heating and without exciting the MBI in the linac compressors) to kA-class peak currents to generate single-mode, high-power X-ray pulses with less than 10 fs duration [38].
The discussion in this section has pointed out the importance of controlling the bunch distribution at the cathode during electron emission. The most effective way to perform this task in a photo-gun is to properly shape the laser pulse to generate an electron bunch with a distribution that reproduces the one of the laser pulse. More on cathodes and lasers in the next section.
The high electric fields in the injector RF structures, and in particular in the gun, can cause extraction of electrons from the structure walls by field emission. Part of such electrons can then find the right RF phase and be accelerated in the gun and along the injector creating an undesired flux of electrons referred to as dark current. While in low-duty-cycle linacs the average dark current value is in general small and tolerable, in high-duty-cycle or CW injectors significantly large amounts of dark current can be created, which if not controlled, can damage and/or activate accelerator components, quench superconducting structures, generate large radiation doses that could require expensive additional shielding, and limit the maximum accelerating field at cathode. Field emission intensity increases exponentially with the intensity of the electric field [39] and depends on several factors: the material used, the fabrication processes that the material underwent, the surface roughness, the temperature at which the material operates, the contamination by particulates and/or hydrocarbons, and the shape of the components immersed in the high electric field. Dark current can be minimized by controlling/managing those factors but also by a proper design of the electron transport channel and the use of collimators and/or of fast electromagnetic deflectors to selectively remove dark current while minimally affecting the main beam [40].
3 HIGH-DUTY-CYCLE INJECTOR TECHNOLOGIES
The requirement for an injector to operate at high duty-cycles has a profound impact on the technology and schemes that must be used in the different injector subsystems and components. Ultimately, the technological constraints would often impact and define the beam dynamics regime at which the injector operates. XFELs are user facilities and as such, operation reliability at the level of approximately 98% for the whole complex are typically targeted. To be compatible with such a goal, the injectors must perform at reliability levels of ∼99%. This challenging requirement must be also taken into account when selecting the technology to be used for the injector components.
3.1 Photocathodes and lasers
In some materials, photoemission can be already triggered by photons in the near infrared. For example, GaAs-based photocathodes, which belong to this category, are widely used in guns in nuclear physics facilities because of their capability of generating polarized electron beams. In the case of FEL applications, where such a requirement is not necessary, a variety of materials emitting in the visible and in the near ultraviolet (UV), ranging from metals to semiconductors, are used instead. The parameters of a photocathode that are most important for an XFEL application, are the quantum efficiency (QE), indicating the number of electrons emitted per single impinging photon, the QE lifetime, and the work function of the cathode material, which defines the minimum photon energy required for generating photoemission. Another important quantity is σp, the r.m.s. transverse momentum component of the cathode intrinsic emittance, that for most cases depends on the difference between the actual laser photon energy εphoton and the cathode work function (see, for example, Ref. [10]). Most of these quantities are not independent and in general are correlated. In fact, QE increases with εphoton as does σp, so the choice of the photon energy (besides from accounting for the available laser technology) must target values high enough to get reasonably high QEs, but low enough to keep the cathode intrinsic emittance under control.
For high-duty-cycle applications, it is necessary to use cathode materials with high QE in the ∼10−2 range to operate with available and reasonable laser power amounts. Metal cathodes as copper, widely used in low-duty-cycle XFELs, emits in the near UV (∼250 nm) and are in general very robust, chemically stable and with long QE lifetimes, but cannot be used in high-duty-cycle applications because of their low QEs in the ∼10−6–10−4 range. Conversely, QEs in the ∼10−2 range are readily available in semiconductor materials such as, for example, cesium telluride that emits in the near UV or multi-alkali antimonides, which emit in the visible (green). The main disadvantage of semiconductor cathodes is that they are very reactive compounds and hence, to ensure a reasonable QE lifetime, they require very low gun vacuum pressures (as shown in Table 1) with extremely low partial pressures for contaminants such as O2, CO, CO2, hydrocarbons, etc. A thin layer of these semiconductor materials is deposited on a metal plug in separate cathode laboratories and transported to the gun location without exposing them to air in specially designed “vacuum suitcases” [41]. The metal plug is designed to be extracted and inserted into the gun to allow for the periodical replacement of cathodes at the end of their QE lifetime. Exchange of cathodes must be performed without exposing the cathode to air and without breaking vacuum in the gun. Special vacuum load-lock systems are necessary for the operation [41]. Cesium telluride and Multi-alkali antimonide cathodes have already demonstrated their capability of operating at high duty-cycle regimes with the required charge, QE, and QE lifetimes [42–44]. Detailed reviews of cathode materials and of their properties can be found elsewhere [45–47].
It was just discussed that in high-duty-cycle XFELs photocathodes with QEs in the 10−3 to 10−2 range are necessary to generate the required several hundreds of pC electron bunches. In terms of laser specifications that translates to the requirement of several tens of nJ pulse energy at the cathode. The typical scheme used to drive photoemission in photo-guns starts from pulses from near infrared (IR) lasers, which are frequency converted in the visible or in the near UV depending on the photocathode being used. The efficiency of the conversion process depends on how it is performed but in the case of multiple conversions can be as low as 20%. Additional manipulation is also required to control the 3D distribution of the pulses, and this process can also show relatively low efficiencies. Lastly, intensity losses in transporting the photon beam from the laser hall to the electron gun cathode must be considered as well. Accounting for all such inefficiencies conservatively translates into a pulse energy for the IR laser of a few tens of μJ, and, for example, for one MHz repetition rate an IR laser with a total average power of a few tens of W is then necessary. The good news is that lasers with those characteristics are well within the presently available technology and commercial options also exist. As an example, fiber lasers, like the one used by LCLS-II [48], represent a good and convenient option for this type of application.
It was previously discussed that in an electron bunch with an uniform ellipsoidal 3D charge distribution, space charge forces are fully linear and that their effects on beam emittance can be completely mitigated by the emittance compensation process. Generating ellipsoidal electron beams requires either ellipsoidal laser pulses or operating in the previously described beam blowout regime [49] that, for what it was said before, does not represent a good match for XFEL applications. Consequently, a significant R&D effort by various groups around the world is being dedicated to the difficult task of developing pulse shaping techniques capable of generating ellipsoidal laser pulses [50]. In the meantime, significantly simpler techniques are used in FELs to generate “hard-hat” transverse and trapezoidal longitudinal distributions, as compromise distributions that allows to reduce the nonlinear space charge force component in the bunch. A review of laser pulse shaping techniques can be found in [51].
3.2 Photo-guns
Present and proposed low-duty cycle XFELs largely rely on NC high-frequency (GHz-class) copper RF guns to generate their electron beams. These successful types of guns can deliver the electron beam brightness required for an efficient XFEL lasing. Unfortunately, as mentioned before, such schemes cannot be scaled up to the duty cycles values indicated in Table 1 because of the excessive power density that would be dissipated on the gun cavity walls due to ohmic losses [52]. For addressing the need of a high-brightness electron gun capable of driving a high-duty-cycle XFEL, a significant number of groups and resources around the world were dedicated (and are still dedicated) to the development of such an electron source. Schemes based on direct current (DC), super-conducting RF (SRF), and low frequency (100–300 MHz) normal conducting RF (NCRF) technologies were and are pursued, as well as a few hybrid schemes combining some of those technologies.
3.2.1 Normal-conducting room-temperature low-frequency RF guns
A natural extension of the successful high-frequency NC copper gun is represented by schemes where the RF frequency is lowered from the several GHz range down to ∼100–300 MHz, in the so-called very high frequency (VHF) band. The idea behind this scheme consists in exploiting the different scaling with RF frequency (f) existing between the power density dissipated on the RF structure walls and the voltage breakdown threshold in the same structures, which respectively scales as f5/2 and f1/2 [53, 54]. This favorable scaling allows to lower the RF frequency at a point where the power dissipated on the gun walls becomes manageable permitting CW operation while still maintaining the high electric fields at the cathode required for the high brightness performance [55].
Indeed, a NCRF gun, developed for a lower brightness application, was able, using extreme cooling techniques, to run in CW at 700 MHz [56]. On the other hand, by lowering the frequency in the VHF range, the power dissipated in the gun becomes removeable by well-established and reliable conventional water-cooling schemes. Accelerating fields at the cathode during photoemission at approximately and beyond 20 MV/m have been already demonstrated by two NCRF guns operating in CW at ∼200 MHz (VHF-guns in short) [18, 57, 58], and new upgraded configurations targeting fields at and beyond 30 MV/m [59–61] have been proposed. Such fields are approximately a factor two smaller than the ones present at the cathode during photoemission in low-duty-cycle, high frequency NC copper RF guns, and are comparable with those targeted by the SRF guns described in the next sub-section.
At the field levels generated by existing and proposed VHF-guns, the optimal mode of operation for a high-brightness performance is the cigar regime described in Section 1. CW VHF guns can operate at beam repetition rates of hundreds of MHz (limited only by their own RF frequency) but, high-duty-cycle XFEL applications typically require MHz-class repetition rates. NCRF guns are compatible with magnetic fields in the cathode/gun area as necessary for the emittance compensation process. The long period associated with VHF frequencies makes the beam dynamics practically identical to that of a DC gun case, but with much higher gradients and beam energies. The long period also allows for a launching phase at the peak of the RF field, contrarily to the significant de-phasing typically required in GHz-class RF and SRF guns to account for the time it takes to the beam to become sufficiently relativistic inside the gun. High electric fields at the cathode decrease that time and the related de-phasing, but for a fixed electric field, higher RF frequencies increase the de-phasing. The combination of field and RF frequency values in the present GHz-class RF guns produces larger de-phasing with respect to the VHF-gun case.
Additionally, the meter-class long VHF wavelengths permit the inclusion of relatively large apertures in the cavity walls with minimal RF field distortion and so allowing to create a high-conductance vacuum path to externally located pumps, setting the conditions for the very low vacuum pressures required by semiconductor cathodes [62]. Due to resistive losses on the RF structures walls, operating the gun in CW requires RF sources with 100 kW-class power. Such CW power levels are readily achievable/available by solid-state or tetrode-based RF amplifiers.
The first prototype of a VHF-gun, developed at the Berkeley Lab in the framework of the APEX project, demonstrated the high transverse brightness and longitudinal phase space quality required by the LCLS-II high-duty-cycle XFEL [14]. The beam tests were performed only at the charge per bunch of 20 pC due to LCLS-II deadline requirements. The results of these tests validated the simulation predictions providing confidence in the performance predicted also at higher charges. A close version of the APEX gun is now driving the commissioning of the LCLS-II [18] and recently demonstrated XFEL-level brightness with 50 pC charge per bunch [63], A different frequency VHF-gun is also being developed for the SHINE XFELs [64].
3.2.2 Superconducting RF guns
Electron guns based on SRF structures present several important advantages: they are potentially capable of high accelerating fields; the superconducting operation ensures an excellent power efficiency that strongly reduces the RF power requirements; the effective cryo-pumping by the superconducting walls allows for a very good vacuum performance; and the cryogenic temperatures reduce nuclear vibrations that are responsible for the migration of imperfections (dislocations) from the bulk of the cavity walls to their surface where they can potentially become a source of dark current.
On the other hand, they also present challenges. In Section 2, it was shown that the distance between the cathode and the first solenoid is critical for the brightness performance and for the emittance compensation process, and that in general such a distance needs to be minimized. Meissner field exclusion prevents the use of externally applied magnetic fields forcing the use of either cryogenic solenoids or to locate room temperature solenoids downstream of a specially designed compact cold-to-warm transition.
The natural photocathode choice for SRF guns would be to use a superconducting cathode. Niobium, the material typically used for superconducting cavities, shows a low QE of ∼10−5 [65], which makes it not suitable for a high beam repetition rate application. Encouraging initial results from an R&D dedicated to the deposition of a layer of lead (a superconductor below 7.2 K) on niobium have demonstrated QE emissions of ∼10−3 that would allow operation at 100 kHz-class repetition rates [66]. The R&D effort now continues and focuses on improving the process reproducibility, the optimization of the surface roughness, and the characterization of the cathode intrinsic emittance and QE lifetime [47].
A solution in alternative to superconducting cathodes, which allows to satisfy MHz-class beam repetition rates (typically required by high-duty-cycle XFELs), is represented by the same high QE semiconductor cathodes used in the NC guns described in the previous sub-section. In order to use these types of cathodes in SRF guns, several technical issues need to be addressed. First, the warm cathode must be thermally isolated from the superconducting walls to avoid a reduction of the cathode QE and degradation of the SRF performance. Several solutions have been developed and successfully adopted to satisfy this requirement, including the use, in low frequency guns, of relatively simple geometry cathode stalks [17, 67, 68] and, in high frequency guns, the use of RF choke structures for the cathode stalk to minimize the RF loss in the vacuum gap that separates the stalk from the rest of the cavity [67, 69, 70]. Particular attention in designing these cathode support structures is placed in controlling and suppressing multipathing in the area. Second, and similarly to high-duty-cycle NC RF guns, the finite QE lifetimes of such cathodes requires a vacuum load-lock mechanism for swapping cathodes without air exposure. The additional complication in the SRF case is that the swapping operation must happen without generation of particulates that would degrade the SRF performance, potentially limiting the maximum achievable field.
A significant number of groups around the world have been working during the last three decades on the development of SRF photon-guns by pursuing different schemes and approaches. The R&D effort includes guns using SRF structures resonating at high, GHz-class RF frequencies [69, 70] or at low VHF frequencies [17, 68]. Compatibility of operation with semiconductor cathodes K2CsSb [71, 72] and Cs2Te [73] have been already demonstrated and several CW SRF guns are successfully being operated in non XFEL applications.
From the high-duty-cycle XFELs point of view, the simultaneous requirements shown in Table 1, and in particular, the cohabitation between the high-fields at the cathode (≳ 30–40 MV/m) promised by the SRF technology and high-QE semiconductor cathodes, have not been demonstrated yet and more R&D is necessary. From this perspective, the best results achieved so far include: the Wisconsin 200 MHz SRF gun [68], which achieved 20 MV/m at the cathode (corresponding to a beam energy of approximately 1.8 MeV) and that also showed encouraging emittance values with 100 pC charge while operating at a lower field at the cathode [74]; and the SRF 112 MHz gun at the Brookhaven National Laboratory [17], which operating with fields at the cathode of 18 MV/m and at a gun energy of 1.25 MeV, delivered 100 pC beam with a promising emittance but with very long bunches (the peak current at the injector exit was approximately 1–2 orders of magnitude smaller than the values in Table 1).
A recent R&D activity for the development of an SRF gun for an upgrade of the LCLS-II HE project [75] targets a design inspired by the Wisconsin 200 MHz SRF gun. The new gun is designed to generate a beam energy of 1.8 MeV and 30 MV/m fields at the cathode.
A recent review of existing and proposed SRF guns can be found in [75].
3.2.3 Direct current guns
Electron guns based on DC schemes present a number of appealing characteristics. They allow for arbitrarily high repetition rates. They are also compatible with the application of magnetic fields in the cathode/gun area, have demonstrated extremely low vacuum pressures (≲10−9 Pa) and are compatible with pretty much all photocathodes presently under consideration. From the point of view of XFELs, the challenge for DC schemes consists in satisfying the requirements for two of the parameters in Table 1, the electric field at the cathode and the energy at gun exit.
Over the last 20 years, significant R&D activity by many international groups was dedicated to the pursuit of higher beam energies at the gun exit and higher gradients at the cathode. The main limitation to the increase of these parameters is represented by electron field emission induced by the high voltage in the gun metallic parts, which can progressively create charge build up in the gun ceramic insulator that eventually induces a voltage breakdown and ceramic punctuation. Original high-brightness DC guns were designed to achieve beam energies as high as about 750 kV but despite the significant R&D effort, the beam energy at the gun exit was for many years limited to less than 400 keV. Only recently, in 2019, the successful operation at 500 kV was demonstrated by the DC gun developed for JAEA in Japan [76]. This successful step towards higher energies was based on the proper choice of materials and by a careful design of a segmented HV insulator (first proposed by Cornell [77]) composed of many (∼ten) ceramic rings and circular metallic screens assembled in an alternated fashion. The shape of the metallic screens is optimized to shield the ceramic from field emission.
An alternative approach undertaken by some other groups to mitigate field emission and hence to achieve higher DC voltages, is based on the so-called inverted-insulator geometry scheme in which, contrarily to the “classical” approach used in the other DC guns described above, the cathode assembly is supported by the HV ceramic itself. This configuration results in less metal biased at high voltage and consequently to less metal contributing to field emission. As an example, a DC gun with such a geometry developed at JLAB operates at 350 kV with fields at the cathode of about 10 MV/m [78].
With respect to the other schemes being discussed, DC guns are more subjected to cathode damage caused by ion back-bombardment. In general, in all gun schemes, the electron beam ionizes residual gas molecules inside the gun cavity creating positively charged ions. In the case of DC guns, the large majority of these ions are accelerated by the gun field back on the cathode with energies that can be as high as the gun high voltage [79]. In RF guns, due to the fast-varying fields, the number and energy of the ions that make their way back to the cathode are much smaller than those in the DC gun case making ion back bombardment less of an issue [80].
The JAEA gun, and in general most of the other existing or proposed high-voltage DC guns, are designed for driving energy recovery linacs (ERLs), which target operation at very high average currents (tens of mA) at GHz-class repetition rates. In this condition, where a few tens of pC per bunch are necessary, the requirement on the electric field at the cathode can be relaxed. Indeed, the JAEA gun operates at 500 kV at less than 6 MV/m [81], and the Cornell DC gun operates at 400 kV at about 4 MV/m [15, 82].
Despite the low accelerating field at the cathode and low gun energy of it DC gun, the Cornell team was able to demonstrate XFEL-level beam brightness at their injector test facility operating the gun at 395 kV [16]. This was made possible by a combination of several factors, the use of a low thermal emittance semiconductor cathode, and with the DC gun followed by a 1.3 GHz NC prebuncher and by a special capture section composed by a cryomodule with five 2-cell SRF cavities resonating at 1.3 GHz (specially designed for the injector [83]) to accelerate the beam to up 15 MeV [84]. The use of these special short cavities allows to reduce at acceptable levels the RF phase detuning associated with the transit time of the low-energy non-relativistic beam.
3.2.4 Hybrid guns
A hybrid DC-SRF scheme, developed at the Peking University [85], integrates a relatively low voltage (100) kV DC photo-gun in a cryostat containing a 3.5 cell 1.3 GHz SRF cavity. The field on the cathode is limited to about 5 MV/m and the beam energy at the cryostat exit is about 3.5 MeV. The idea behind the scheme is to exploit the advantages of both DC and SRF technologies while eliminating some of the disadvantages. Results of a beam measurement campaign at 2 MeV energy were recently presented at the FEL22 conference reporting normalized emittances of about 0.5, 0.85, and 1.25 μm, respectively achieved at bunch charges of 20 pC, 100 pC, and 260 pC [86].
More recently, a hybrid NC-SRF CW gun scheme, composed of a copper cryocooled NC 0.650 GHz re-entrant cavity followed by a 1.5-cell 1.3 GHz SRF cavity has been proposed [87]. The cathode is inserted in the NC part and the design targets accelerating fields at the cathode higher than the ones in the hybrid DC-SRF scheme described above.
3.3 RF booster and prebuncher
The RF booster accelerates the beam from the gun energy to the one at the exit of the injector. To operate at high-duty-cycle, the booster must use superconducting accelerating cavities to eliminate the RF power losses along the SRF structures and to essentially minimize the required RF power to just the amount necessary to accelerate the beam. The dominant geometry used for the SRF cavities is the 9-cell 1.3 GHz TESLA/TTF [12], but other geometries, as the one used in the Jefferson Lab 1.5 GHz SRF cavities [88], or in the Cornell 2-cell 1.3 GHz specially designed for operating with a low energy gun [83], are used as well. The booster section can be typically composed of one or two cryostats containing the SRF cavities. Two cryostats are mostly used when lower energies guns are present. For example, the Cornell test injector mentioned in the previous section, with its booster cryostat with five of their 2-cells 1.3 GHz cavities, accelerates the beam to approximately 15 MeV. To bring the energy to approximately 100 MeV, as required by an XFEL application, the addition of a second cryomodule with linac-optimized cavities would be necessary. Injectors with higher energy guns can use boosters with either one or two cryomodules. The SHINE injector [89], for example, plans to use a booster composed by a first cryomodule with just one standard 9-cell SRF cavity followed by a second module with eight standard 9-cell cavities. The LCLS-II injector booster uses instead a single standard linac cryomodule with eight standard 9-cell TESLA cavities [90].
Special attention in injectors must be placed to components that can break the cylindrical symmetry of the field inside the cavities. Such asymmetries generate time-dependent transverse kicks to the beam that can increase the beam emittance. An important example of symmetry-breaking component in the booster is represented by the RF couplers that individually feed the RF power to each of the cavities. If a single coupler per cavity is used, the field symmetry is broken and can generate emittance increase. Two options are currently used to mitigate such an effect, building cavities with diametrically opposed identical couplers [91], as in the 2-cell Cornell case, for example, or using a compensation scheme based on skew and normal small quadrupole coils as proposed in [92], demonstrated in [93] and adopted by the LCLS-II injector.
When the beam energy at the gun exit is not fully relativistic, injector layouts can typically include a prebuncher between the gun and the booster (as shown in the layout in the bottom part of Figure 1) to effectively initiate the bunch compression in the injector [28]. This is absolutely necessary in the case of DC gun injectors, see Cornell, for example, [84], but it is also beneficially used in the LCLS-II [90] and SHINE [89] injectors where the energy from their VHF guns is approximately 0.75 MeV. The ballistic compression that prebunchers perform requires an appropriate velocity spread among the bunch particles and for that reason prebunchers are usually not used with beams with energy greater than approximately 1 MeV. Because all injector schemes considered here use photo guns and hence produce electron bunches which are short compared to the period of the linac RF, the prebunchers are not required to operate at sub-harmonic frequencies and can operate at the same RF frequency of the linac. Indeed, prebunchers with different geometries but all operating in CW at 1.3 GHz are used in Cornell [94], APEX [57], LCLS-II [95] and SHINE [89] injector layouts. In all these cases, normal-conducting room-temperature RF cavities are used because of the relatively small RF power requirement.
3.4 Magnets
In the low beam energy part of an injector a major role in terms of beam dynamics is played by solenoidal magnetic fields. To avoid the associated emittance increase described in Section 2, the backing coil visible in Figure 1, is used for cancelling a possible solenoidal field at the cathode surface due to the fringe field of the first solenoid downstream of the gun. The function of the main solenoid(s) is to confine and focus the beam along the beam line and to perform the emittance compensation process previously described [26, 27]. These solenoids are of the electromagnetic type to allow for the required field tunability and, depending on the gun technology adopted in the injector, can be super or normal conducting [96, 97]. As it was discussed before, the design of the longitudinal magnetic field profile is critical because directly impacts the strength of the aberrations in the magnets [21, 30].
At the exit of the injector, the beam energy and rigidity are sufficiently high that the beam cylindrical symmetry can be broken and focusing and matching to the downstream accelerator can be performed by quadrupoles magnets.
Vertical and horizontal steering coils (a.k.a. corrector magnets) must be properly located along the beamline to perform the critical task of aligning the beam through the center of the injector components. Correctors are also used for compensating any orbit steering induced by magnetic and RF fields asymmetries. Steering coils in combination with a beam profile or a position monitor can be used for a first measurement of the beam energy.
Normal and skew quadrupole correcting coils, in general of low intensity, are important in high brightness injectors to compensate for undesired quadrupole components introduced by asymmetries in the RF and in magnetic injector components [92, 93].
A properly designed bend (dipole) magnet at the end of the injector is typically used as part of an energy spectrometer system to allow for accurate beam energy and energy spread measurements.
3.5 Beam diagnostics
The higher heat load associated with high-duty cycle electron beams can represent a challenge for intercepting beam diagnostics in the injector (and in the whole accelerator in general). On the other hand, high repetition rates allow for higher accuracy in non-intercepting beam diagnostics measurements, and for ‘bunch-stealing’ schemes, where one every n-th bunch (where n is a large number) is deflected out in an offline diagnostic beamline by a fast pulsed magnet, allowing for real-time sampling-mode beam measurements.
Beam diagnostic stations in a high-duty-cycle injector are situated in two main locations, in the low beam energy area between the gun and the booster, and in the higher (∼100 MeV) energy part downstream of the booster. In the low energy area, besides the “standard” charge/current, position and profile measurements, the diagnostic suite must also be able of performing emittance measurements, characterizing cathode QE maps, imaging of dark current emitters, and possibly include an extractable Faraday cup to accurately measure dark current.
The high energy diagnostic suite should also allow for most of the measurements performed at the lower energy station, but it should include an energy spectrometer and a transverse deflecting cavity to allow for the characterization of the beam longitudinal phase space and for transverse slice emittance measurements. Examples of beam diagnostics in high-duty-cycle injectors can be found elsewhere [18, 98, 99].
4 BEAM DYNAMICS CONSIDERATIONS
In this section, the discussion on a few important beam dynamics topics, already touched in the previous sections, is expanded to remark the importance role that they play in high-duty-cycle injectors.
Presently operating CW injectors show a maximum field at the cathode during photoemission smaller or equal to approximately 20 MV/m and proposed upgraded NCRF schemes and SRF guns are now targeting fields in the 30–40 MV/m range. All such fields require the injector to operate from a deep to a moderate cigar regime with relatively long bunches at the cathode and significant compression already in the injector. In this situation, the emittance compensation process needs to be performed simultaneously with the longitudinal compression to progressively reduce the bunch length while accelerating the beam. Due to the complexity of the optimization, and the many parameters to be tuned in the injector, numerical simulations in combination with multi-objective genetic algorithms techniques [100] are typically used for the optimization of the injector performance. These studies, as well as experimental results [14, 16, 19], show that this complex beam manipulation at the injector is possible, and results from start-to-end simulations, where the electron beam is tracked and optimized from the injector exit to the entrance of the XFEL undulator, indicate the capability of these injectors schemes, with relatively low electric field guns, of delivering beams with the quality required by high-duty-cycle XFELs [20, 37].
It was extensively discussed how small transverse normalized emittances are important for the performance of XFELs. It must also be remarked, as evident from Eq. 1, that brightness also depends on the longitudinal emittance, and that a high 6D brightness is in general beneficial to the FEL performance. Indeed, we discussed how highly compressed bunches and hence high peak currents at the FEL undulators directly impact the lasing performance, and how a low uncorrelated energy spread is also preferred because, besides affecting the compression performance, it also affects the X-ray pulse bandwidth and the FEL gain (especially when undulator higher harmonics are considered). Additionally, it was also mentioned that the XFEL special mode of operation, where low charge bunches are used to generate single-mode short-photon pulses, directly benefits from low 6D brightness electron beams.
In the cigar regime, with its relatively long pulses, the longitudinal emittance at the gun is larger than in low-duty-cycle XFELs high field guns that operate closer to the pancake regime. Nevertheless, as it was also mentioned that in XFELs schemes such a disadvantage can often become of secondary importance. In fact, a too small uncorrelated energy spread favors the onset of the microbunching instability (MBI) in the linac magnetic compressors. Consequently, in high charge per bunch operation modes, which with their beam natural energy spread would typically operate beyond the MBI threshold, the uncorrelated energy spread must be purposely increased by a laser heater to control the MBI while preserving an acceptable gain for the FEL process. In such a situation, the uncorrelated energy spread requirements for the injector beam can be significantly relaxed.
5 CONCLUSION
The requirements for an electron injector to operate in a high-duty-cycle X-ray free electron laser were extensively discussed, with emphasis placed on the technological choices that the high duty-cycle imposes, and on the beam dynamics implications that such choices cause. In particular, it was shown that the generally lower electric fields at the cathode that high-duty-cycle guns typically generate when compared with their low-duty-cycle counterparts, force to relatively longer electron bunches at the gun to control space charge emittance degradation effects. In this regime, emittance compensation and a significant compression at the injector must be simultaneously performed for preserving the emittance and relaxing the compression requirements for the linac. The bunch length at the gun is here used for controlling the charge density minimizing the effects of space charge forces on the beam emittance. It was also pointed out the importance of reducing correlations in the longitudinal phase space, with order greater than two, to avoid limitations to the level of compression achievable in the linac and degradation of the FEL performance.
The most critical component in a photo-injector is in general the electron gun. Unfortunately, the high-frequency, normal-conducting, copper RF photo guns that successfully provide high-brightness beams to the existing low-duty-cycle XFELs, cannot be scaled up to high-duty-cycle operation. This circumstance triggered over the last two-three decades, a formidable R&D effort from various groups around the world to develop a photoinjector capable of the required brightness performance at high duty-cycle. Different schemes based on different technologies, notably direct current (DC), low-frequency normal conducting RF (NCRF), and superconductive RF (SRF), were pursued. All of them are potentially suitable to create a photo-gun able to operate in continuous wave mode and to potentially target the beam brightness required by high-duty-cycle XFELs. Some of these photo-injectors are already delivering beams with the required quality while others are gradually approaching that capability. The LCLS-II at Stanford and the SHINE in Shanghai, the only two high-duty-cycle X-ray FELs presently funded (with the LCLS-II presently under beam commissioning and already delivering high-brightness beams), have adopted injectors with photo-guns based on the NCRF technology. A DC photo-gun has already demonstrated in an especially designed test facility, XFEL quality beams. In general, because of their limited field at the cathode and the low energy of the beams they generate, DC guns require more complex injector layouts with booster sections composed by dual cryomodules housing different types of SRF cavities. A significant number of injectors based on SRF guns are running in CW mode, and several have demonstrated the capability to operate high quantum efficiency warm semiconductor cathodes. A few of these schemes have demonstrated in operation electric fields at the cathode comparable to the ones produced by NCRF guns.
Higher fields at the cathode respect to those presently available, would allow for higher brightness at the gun and, for the same linac energy, would permit to significantly extend the XFEL photon spectrum towards harder X-rays. For this reason, SLAC has initiated an R&D program for the development of an SRF gun targeting fields at the cathode greater than the one available in its present LCLS-II NCRF gun. An R&D at DESY in Hamburg is also pursuing a higher field SRF gun, to be used in a potential high-duty cycle upgrade of the European XFEL. Upgrades of the low frequency NCRF guns targeting electric fields at the cathode comparable to those targeted by the SRF schemes, have been also proposed.
Although a significant number of examples of existing CW injectors and electron guns have been discussed and referenced in this paper, more complete and detailed reviews of operational and R&D injectors can be found elsewhere [64, 82, 101].
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