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Supplementary Figures 23 

Supplementary Figure 1 shows the averaged slice witness emittance and energy spread stability 24 

as key beam quality parameters and performance indicators for the subsequent r  1.5 Å X-25 

FEL process, over the entire 23 m length of the plasma-X-FEL. At the start of the 3D PIC 26 

simulation the plasma density is ramped up to its maximum value and remains constant until 27 

the extraction section (Supplementary Figure 1a). After 2.5 cm of acclimatization phase, where 28 

the driver and the plasma tune in, the witness beam is released by a plasma photocathode. After 29 

the formed witness beam is trapped within the wakefield with 100% charge capture efficiency, 30 

its slice emittance arrives and remains at the 20 nm-rad level, while the slice energy spread 31 

decreases adiabatically with increasing beam energy. At the plasma exit, an extraction plasma 32 

density down ramp releases the witness beam into vacuum with normalized averaged slice 33 

emittance n,(x,y)  20 nm-rad and averaged slice energy spread W/W 34 

   (Supplementary Figure 1b and 1c).  35 

The subsequent transport line captures and collimates (PMQ triplet), isolates (chicane), and 36 

refocuses (EMQ-triplet) the witness beam without quality degradation. Normalized slice 37 

emittance and slice energy spread remain at the initial values after the ~10 m transport line 38 

(Supplementary Figure 1b and 1c). This nm-rad level emittance and 0.01% level slice energy 39 

spread preservation is an unprecedented feature of the present plasma-X-FEL approach. The 40 

EMQ triplet focuses the witness beam achromatically into the undulator section 41 

(Supplementary Figure 1b). The electron beam reaches its focal point at z  7.5 m in the 42 

undulating plane at a beam size y   µm corresponding to   m, this is approximately 43 

at the exponential gain region of the radiation amplification (Supplementary Figure 1c). The 44 

additional focusing on the y-plane comes from the natural undulator focusing. 45 
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The SASE radiation gain starts with the typical lethargy regime where in the first few power 46 

gain lengths up to z  16.0 m the X-FEL is in the start-up mode (Supplementary Figure 1c). 47 

When the FEL process kicks in, the radiation gain increases dramatically in few metres and 48 

saturates at around z  21.0 m. Due to the energy exchange between electron beam and 49 

radiation pulse, the slice energy spread of the beam increases by a factor of two 50 

(W/W)    at saturation; the observed increase is approximately of the order of the FEL 51 

efficiency parameter . Meanwhile, the normalized slice emittance of the electron beam stays 52 

nearly at its initial value of 20 nm-rad. Jointly, this means that the quality of the electron beam 53 

is still extremely high even after the X-FEL interaction, thanks to the initial electron beam 54 

quality budget. Witness beam parameters at relevant positions are summarized in 55 

Supplementary Table 1, and Supplementary Table 2 condenses corresponding plasma-X-FEL 56 

performances for the two cases presented in this work. It is worthwhile to emphasize that the 57 

slice emittance growth from injection to the undulator entrance is of the order of few nm-rad 58 

(see Supplementary Table 1). 59 

 60 

Supplementary Figure 1 | Key witness beam parameter evolution along the plasma-X-61 

FEL.  A, representation of different building blocks of the plasma-X-FEL. From left to 62 

right, the plasma density profile (grey solid line), electron beam transport line elements 63 

(red and blue blocks), and undulator section (grey block) are shown. B, normalized 64 

average slice emittance evolution over the 23 m propagation distance (green solid line), 65 

and witness beam focusing inside the undulator (black solid (horizontal plane) and 66 

dashed (vertical plane) line). C, slice energy spread evolution along the three building 67 

blocks (green solid line) and X-FEL gain curve in the undulator (orange solid line).  68 

The unaveraged integration of the FEL equations provides the capability to model the radiation 69 

spectrum over an extended range. This allows modeling self-consistently higher harmonics. 70 

Here, we set the wavelength cut-off at the 4th harmonics due to increasing computing demand 71 

for shorter wavelength at higher harmonics. Overall, this makes the modelling of the FEL 72 

process extremely accurate and provides additional insights into the physics of the FEL 73 

interaction. Supplementary Figure 2 shows the unfiltered spectra of the two respective cases 74 

modeled in this work. One can see the fundamental modes for n = 1, namely r = 75 

u/(n22)[1+K2/2]  1.5 Å and r   Å in Supplementary Figure 2a and 2b, respectively. We 76 

can also see that due to the clean X-FEL process, sideband amplification is strongly minimized 77 

near the pronounced spectral peaks and beyond. Further, excitation of higher harmonics up to 78 
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cut-off n = 4 are present. The odd on-axis harmonics with n = 1,3 are more pronounced 79 

compared with the off-axis even harmonics with n = 2,4. For the r   Å case, radiation 80 

mode excitation down to r/4   Å is evident. This indicates that there is a potential for even 81 

shorter radiation wavelengths. Future work may elaborate on this capability for X-FEL pulse 82 

production at even shorter wavelengths. 83 

 84 

Supplementary Figure 2 | Full radiation spectra for the two X-FEL cases at saturation. 85 

The full spectra of the r   Å and r   Å cases are presented in a and b, 86 

respectively. Further even and odd harmonics following the r /n scaling up to n = 4 of 87 

the fundamental modes are highlighted. The shortest radiation wavelengths observable 88 

are r / 4   Å and r / 4   Å for the two respective cases.  89 

 90 

Supplementary Tables 91 

Supplementary Table 1 | Summary of the ultra-high quality witness beam parameters at 92 

the different locations W1-W5, and incoming driver beam properties. The z-positions 93 

correspond to the scale in Supplementary Figure 1. Witness beam parameters are 94 

displayed just after plasma photocathode injection and trapping (W1), before escort 95 

bunch release (W2), at the optimum dechirping and plasma stage exit (W3), at the 96 

undulator entrance (W4) and post X-FEL interaction (W5). 97 

  Incoming 

Driver  
W1  W2  W3  W4  W5  

Z-position (m) 0 0.032 0.08 0.12 10.5 23 

Energy (GeV) 2.5 0.230 1.750 2.725 2.725 2.725 

Duration (fs) 42 0.52 0.52 0.52 0.57 0.57 

Peak Current (kA) ~5.5 ~1.2 ~1.2 ~1.2 ~1.2 ~1.2 

Projected and (slice) 

normalized emittance 

(nm-rad) 

2×103  

(2×103) 
23 (17) 32 (~20) 45 (~20) 46.6 (~20) 46.6 (~20) 
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Projected and (slice) 

energy spread (%) 
2.0 (2.0) 1.1 (0.4) 1.1 (0.05) 0.08 (0.04) 0.08 (0.026) 0.08 (0.05) 

Projected and (slice) 

6D brightness      

(Am-2rad2/0.1%bw) 

7.0×1013           

(7.0×1013) 

4.0×1017          

(1.0×1018) 

2.0×1017   

(6.6×1018) 

1.3×1018     

(7.5×1018) 

1.3×1018    

(1.1×1019) 

1.3×1018      

(6×1018) 

 98 

Supplementary Table 2 | Summary of the plasma-X-FEL performance for the two 99 

respective cases C1 and C2 presented in this work. 100 

 
u 

(mm) 

K 
r  

(nm) 

Eph 

(keV) 
1D                

× 10-4 

L1D 

(m) 

LG,th  

(m) 

LG,sim 

(m) 

Pr,th 

(GW) 

Pr,sim 

(GW) 

    

 (as) 

 

(m) 

C1 5 1.18 0.149   0.30 0.49 0.54 4.0 4.0 ~100 ~2.4 

C2 3 1.0 0.079   0.25 0.42 0.62 2.8 0.5 ~100 ~2.4 

 101 

Supplementary Discussion 1: Improvements and prospects 102 

Supplementary Figure 1 suggests that the beam quality after the FEL interaction is still 103 

extremely high. One may consider utilizing the post-FEL electron beam further, in a subsequent 104 

FEL interaction, or for other radiation production schemes, such as an ion channel laser, inverse 105 

Compton scattering, and more1. A multi-use exploitation would allow further overall facility 106 

efficiency and capability improvements. Non-invasive post-FEL electron beam metrology 107 

would be a desirable feature in such scenarios, and plasma afterglow-based diagnostics2 may 108 

help provide those. 109 

There is significant potential to further improve the witness electron beam quality demonstrated 110 

here, for example simply by working at lower plasma densities n0. Reducing n0 means larger 111 

blowout sizes, flatter electrostatic potential distribution and reduced wakefield amplitudes. 112 

This has several advantages: Firstly, operating the plasma photocathode at such working points 113 

promises even better witness beam energy spreads and emittance3. Secondly, a larger blowout 114 

improves the relative spatiotemporal injection precision, thus increasing the stability and 115 

tunability3,4 of witness and escort beam generation. Thirdly, the blowout regime can be already 116 

reached by driver beams with lower charge and current density, and larger matched size. This 117 

can reduce the demands put on the driver beam generation. Fourthly, when driver and 118 

wakefield electric fields are reduced, gas species with lower ionization threshold can be 119 

employed, for example hydrogen as plasma wave medium, and helium as plasma photocathode 120 

medium. This extends the tunable plasma density range of the injector and reduces the required 121 

laser intensities. However, modelling acceleration at lower plasma densities requires an even 122 

larger simulation box, and longer simulation distances to reach a target witness beam energy. 123 

This is currently unaffordable even with our simulation setup being optimized for 124 

computational efficiency and precision.  125 

Such potential for further improvement of quality and tunability of the generated electron 126 

bunches, in turn would further extend the potential parameter range of producible photon 127 

pulses. For example, one could optimize the single-spike distinctness by decreasing the 128 

electron bunch length further, or by reducing the gain length further, or by both. Such a 129 

reduction of gain length would reduce the undulator periods required until saturation and hence 130 

reduce the slippage length. One could also improve the beam power, by increasing the electron 131 

beam energy or current. It shall be noted that while the electron beam quality in conventional 132 
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X-FELs is largely optimized, novel photon pulse modalities are continually being realized, due 133 

to highly innovative ways to exploit the electron beam5, for example via various seeding 134 

mechanisms or novel undulator configurations. Such methods are also applicable with the 135 

ultrabright electron bunches from the plasma photocathode for advanced photon pulse 136 

generation. Multi-colour X-FEL could also be realized, by producing more than one witness 137 

beam6.   138 

One could also attempt to push further towards harder photon energies. The diffusion rate of 139 

the energy spread scale as 4, and operation at reduced electron energy thus becomes crucial7,8. 140 

The combination of (further) reduced residual (slice) energy spread and (slice) emittance, 141 

increased brightness, and optical or advanced magnetic undulators could support generation of 142 

coherent pulses with increasingly higher photon energy. This direction is supported by the 143 

findings in Supplementary Figure 2 where higher harmonic lasing down to   Å is present 144 

within the modelled spectral range. However, towards even shorter radiation wavelength future 145 

studies need to address challenges, i.e., such as strong electromagnetic recoil effects, quantized 146 

nature of the radiation, and smaller electron density per FEL bucket. 147 

In turn, the miniaturization of hard plasma-based X-FELs will not only provide additional 148 

capacities, but in combination with new capabilities will enable to employ hard X-FELs 149 

ubiquitously, for example as diagnostics for plasma, nuclear, or high energy physics 150 

experiments and novel applications.    151 

Supplementary Discussion 2: Practical considerations 152 

The setup length from plasma photocathode PWFA stage to the end of undulator in the 153 

demonstrated showcases amounts to only ~25 m. In case of linac-driven PWFA, the total 154 

system length would then be dominated by the linac length. However, the fact that the quality 155 

requirements for a driver beam for a plasma photocathode PWFA system are dramatically 156 

lower in terms of emittance and energy spread as for driving an FEL directly4, opens additional 157 

pathways for mixed mode installations. For example, linac-generated electron beams that have 158 

powered an undulator in a traditional FEL setup can still be of high enough quality to power a 159 

plasma photocathode PWFA arm as brightness transformer. Such an afterburner plasma-X-160 

FEL extension would increase the overall capabilities and efficiency of the facility, including 161 

existing FELs.  162 

In case of an LWFA-driven PWFA, the experimental section exploiting the X-ray pulses after 163 

the undulator may become the part with the largest spatial footprint.  164 

The ultralow emittance of the ultrashort bunches allows operation at low electron energy, due 165 

to the emittance criterion n < r  / 4. In order to fully exploit this, ideally short-period 166 

undulators are to be used. This allows operation at hard resonance wavelengths r = 167 

u/(22)[1+K2/2] already at the low energies, yielding direct advantages e.g. for gain, saturation 168 

and cooperation length minimization, and consequentially for photon pulse generation as 169 

discussed. In contrast, beams with larger emittances cannot be used to lase at these hard 170 

resonance wavelengths in such short-period undulators; this is a regime uniquely open to 171 

ultralow emittance beams. For full performance and capability maximization, low electron 172 

energy, low emittance and short period undulators belong together. Therefore, the undulator 173 

period lengths and fields considered here are ambitious but legitimated by increasingly 174 

successful R&D in this area9,10 and are following the trend and desire of operating the X-FEL 175 

at increasingly lower emittances, lower energy and shorter undulator periods. Longer undulator 176 

period lengths would require higher electron energies than ~2.7 GeV from PWFA for hard X-177 

FEL realization. Should short-period undulator technology not develop sufficiently fast, the 178 
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PWFA provides sufficient budget for operation at higher energies, which is an experimental 179 

reality achieved e.g. at SLAC FACET, and in turn allows operation at relaxed undulator 180 

parameters.  From the simulation point of view, lower electron energies are also very helpful 181 

to facilitate full start-to-end simulation. Higher energy beams require longer particle-in-cell 182 

simulation and would have exceeded computational resources here.  183 

Supplementary Discussion 3: Stability of electron beams from plasma photocathodes 184 

By virtue of principle of injection around the electrostatic maximum in the centre of the plasma 185 

wave, plasma photocathodes are robust regarding spatiotemporal injection precision, which 186 

nurtures prospects for shot-to-shot stability even when the synchronization between linac-187 

generated electron beams and plasma photocathode laser pulses amounts to tens of fs4. As 188 

commented in Supplementary Discussion 1, a larger blowout size improves relative 189 

spatiotemporal injection precision further. An absolute temporal injection precision 190 

improvement is provided by the intrinsic temporal synchronization in the hybrid LWFA-driven 191 

PWFA approach.  192 

The low energy spread already achieved in-plasma not only facilitates beam transport without 193 

significant brightness loss, but also makes extraction and beam capture robust versus against 194 

potential shot-to-shot variations of the plasma downramp profile that may be encountered in 195 

experiments. This further nurtures hopes for experimentally robust quality preservation during 196 

transport of the beam.     197 

Supplementary Discussion 4: Repetition rate and efficiency considerations 198 

Both PWFA11, 12 as well as LWFA13 may be operated at kHz or even MHz repetition rates; it 199 

may therefore be possible to realize the presented plasma-based X-FEL also at high repetition 200 

rates. However, more important than quantity considerations is the quality of producible output 201 

photon pulses. For example, the number of “useful” photons is a key characteristic to consider. 202 

Here we show a clean photon pulse resulting from a well-defined electron beam with ultra-203 

high quality. The combination of increased repetition rate in conjunction with elevated number 204 

of “useful” photons may dramatically improve the quality of experiments conducted compared 205 

with state-of-the-art X-FELs. Similarly, while wall-plug energy efficiency is important for an 206 

overall facility design, here we concentrate on the capabilities enabled by the approach. 207 

Without the brightness-transforming component of the approach, plasma-accelerated electron 208 

beams would not reach the required quality threshold for the hard X-FEL regime, and the 209 

overall efficiency in terms of coherent hard X-ray photons would be zero.   210 

    211 
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