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Disclaimers:

I am here on behalf of myself
Discussing potential opportunities, no in-depth studies 



X-ray Free-Electron Lasers

P. Bucksbaum, Nora Berrah Physics Today 68 (7), 26–32 (2015);
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First proposal: Pellegrini, C. A 4 to 0.1nm FEL based on the SLAC linac. 
Proc. of the Workshop on 4th Generation Light Sources (1992)



Standard X-ray FEL operation

SASE FEL: partial temporal coherencePulse energy ~ 0.5 to few mJ

Temporal resolution ~ tens of femtoseconds

E. Prat et al. Nature Photonics 14.12 (2020): 748-754
N. Hartmann et al. 
Nature Photonics 12.4 (2018): 215-220.

W. Decking et. al.
 Nature photonics 14.6 (2020): 391-397. D. Zhu et al. 

Applied Physics Letters 101.3 (2012): 034103.



FEL R&D

Time-resolved
Capabilities

Seeded FELs Enhanced Performance

Improving FEL facilities

Nature Photonics 14.1 (2020): 30-36 G. Marcus Phys. Rev. Lett. 125, 254801



FEL R&D

Time-resolved
Capabilities

Seeded FELs Enhanced Performance

Improving FEL facilities

New kinds of FELs

Compact FELs Extreme performance

Nature Photonics 14.1 (2020): 30-36

C. Emma et al. APL Photonics 6.7 (2021)Wang, Wentao, et al. Nature 595.7868 (2021): 516-520

G. Marcus Phys. Rev. Lett. 125, 254801



Why an FEL Driven by Cold Copper Linac?   Compactness

Credible path towards university-scale FEL system

Based on largely proven beam dynamics concepts. Undulator is a challenge

J B Rosenzweig et al 2020 New J. Phys. 22 093067



Why an FEL Driven by Cold Copper Linac?   Compactness

Credible path towards university-scale FEL system

Based on largely proven beam dynamics concepts. Undulator is a challenge

Competition from laser-plasma community

J B Rosenzweig et al 2020 New J. Phys. 22 093067 Wang, Wentao, et al. Nature 595.7868 
(2021): 516-520



Why an FEL Driven by Cold Copper Linac? Performance

Saldin, Evgeny L., Evgeny A. Schneidmiller, and Mikhail V. Yurkov.

 "Design formulas for short-wavelength FELs." Optics communications 235.4-6 (2004): 415-420.

10 x reduction in emittance

Operation at higher energy and/or with more compact undulators

Improve pulse duration 
(Competition from plasma-wakefield acceleration)



Competition from Plasma Wakefield Accelerators

B. Hidding, G. Pretzler, J. B. Rosenzweig, T. Königstein, D. Schiller, 

and D. L. Bruhwiler Phys. Rev. Lett. 108, 035001
X. Xu et al. PRAB 20.11 (2017): 111303.



Competition from Plasma Wakefield Accelerators

B. Hidding, G. Pretzler, J. B. Rosenzweig, T. Königstein, D. Schiller, 

and D. L. Bruhwiler Phys. Rev. Lett. 108, 035001
X. Xu et al. PRAB 20.11 (2017): 111303.

Beam generated at ~1-10 kA peak current at the injector!



C. Emma et al. APL Photonics 6.7 (2021)



My Opinion: C3 vs Plasma

General considerations

- C3 technology relies on proven beam dynamics concepts and highly developed technology.

- Plasma and laser wakefield pose challenges in terms of stability and reliability.

In the context of FELs

C3 probably best bet for a compact XFEL today

Plasma holds more promise for future extreme performance scenarios (e.g. single-cycle x-ray pulses)

tuning of the machine will be the subject of separate
publications.
Electron beams, generated from the laser-plasma inter-

action, were captured by a pair of electromagnetic quadru-
poles and focused into the spectrometer—a permanent
magnet dipole, which disperses the electron beam onto a
scintillating screen. At 368-MeVelectron energy, the spec-
trometer resolution was 1%.
Focusing the electron beams into the spectrometer is

essential to achieve the energy resolution required for our
analysis. The electron-beam optic defines a spectral trans-
mission function [27]. The transmission dropped to 75%
for energies below 300 MeV and was more than 90% for
energies around !10% of the focused electron energy. We
carefully ensured that the transmission of the electron beam
line did not affect our analysis. However, it effectively
suppressed the low-energy tail of the spectrum, which is
typical for many ionization-injection schemes.
To noninvasively measure the transverse position of the

electron beam, we use cavity-type beam-position monitors
(BPM), which derive the beam position from the electric
field induced by the electron beam as it passes the cavity.
The BPMs are absolutely calibrated to provide the charge
of the passing electron bunch.

III. RESULTS

We operated the LUX accelerator continuously to
generate 100 000 consecutive electron beams at a 1-Hz
repetition rate, shown in Fig. 2. The electron beams had, on
average, a peak energy of 368 MeV (!2.4% rms), a charge
of 25 pC (!11% rms), and a FWHM energy spread of
54 MeV (!15 MeV rms). Statistics were calculated over
the full set of shots. The absolute number of consecutive

shots outperforms previously reported laser-plasma results
by orders of magnitude and enables studies with unprec-
edented statistics.
The electrons had a divergence of 1.8 mrad and a

pointing jitter of 0.8 mrad rms and 0.7 mrad rms in both
transverse planes.
Figure 2(b) shows the peak energy of individual shots

(dots) and the rolling average (solid line) over a 6-min
window, i.e., 360 shots, which we define as the energy drift.
On average, the electron energy remained constant over the
run and featured only slow drifts on a few-percent scale.
This steady performance indicates the robustness of the
machine, despite the slow change of the environmental
conditions due to the passage from day into night and back,
which is a common cause of a degrading performance.
Since energy stability is a crucial figure of merit for

accelerator performance, we focused on the electron energy
as the primary output parameter. Laser-plasma acceleration
is governed by complex, yet deterministic, dynamics. It can
be expected that variations in only a few laser properties are
responsible for the bulk of the variation in electron energy.
In the following, we present an analysis of both the long-

term stability (energy drift) and the shot-to-shot stability
(energy jitter). We used a 2-h window of approximately
7000 shots from the 24-h run presented in Fig. 2 as a
training set to determine correlations between electron
energy and a few selected laser parameters. The primary
factors determining the electron energy seemed to be (a) the
laser energy, (b) the longitudinal focus position, and (c) the
laser direction at the focusing parabola. The correlations,
presented in Fig. 3, can be understood as follows.
First, a higher-energy laser drives a stronger wakefield,

i.e., accelerating gradient, and thus supports higher electron

(a)

(b)

FIG. 2. Panel (a) shows the energy spectra of 100 000 consecutive laser-plasma generated electron beams. Here, each line represents
one single shot. The camera images of the electron spectrometer screen are background corrected, projected onto the dispersive axis, and
calibrated to a linear energy scale. The peak energy of each spectrum (dots) is shown in panel (b), together with the energy drift (solid
line) calculated as the rolling average over a 6-min window, i.e., 360 shots. The percent-level energy drift can be attributed to a drift in
drive laser parameters (compare Figs. 3 and 4).

DECODING SOURCES OF ENERGY VARIABILITY IN A LASER- … PHYS. REV. X 10, 031039 (2020)
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A. Meier et al. PRX 10, 
031039 (2020)



Seeded FELs
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with longitudinal position z, wave number k ¼ 2π=λ at the
point of measurement, bunch length L, and differential
current ΔIðzÞ≡ IðzÞ=I0ðzÞ − 1 defined as relative fluctua-
tions around a smoothed "average" current I0ðzÞ (see
Appendix A). All measurements in this paper are made
at the end of the accelerator at the XTCAV (Fig. 1), so
unless otherwise noted, wavelengths in this paper refer to
measured microbunching after bunch compression. The
bunching factor from a single MBI stage increases by a gain
factor (see e.g., [34])
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with compression factor C, chicane longitudinal dispersion
R56, accelerator length l, electron energy γ, accelerator
impedance Z, free space impedance Z0 ¼ 377 Ω, Alfven
current IA ¼ 17 kA, and relative SES before the chicane of
δ. In the low frequency regime, (kσr=Cγ ≪ 1 with beam
size σr), the impedance is approximately

Zðk=CÞ ≈ iZ0k
4πγ2C

½1þ 2 lnðγC=kσrÞ&: ð3Þ

Plugging into Eq. (2) we find that the bunching factor
increases as k2 until reaching a cutoff wave number,
kc ¼ 1=ðR56δÞ, where the energy spread suppresses gain
exponentially. To prevent MBI gain at the more damaging
shorter wavelengths, a laser heater increases δ before the
instability degrades the beam quality [6,7,20,23].

B. Laser heater

Prior studies of both FEL performance [20] and gain
length [35] gave indirect indications of the laser heater’s
effectiveness. Previous measurements of microbunching
relied onCOTR;when amicrobunchedbeampasses through
a thin metallic foil, the current modulations drive COTR at
the wavelength of the modulation [10,14,15]. Though
sensitive to small modulations, COTR is still an indirect
measurement that provides limited information. In this paper
we use the high resolution of the XTCAV to image the full
longitudinal phase space of the beam. Figure 2 shows a few

example images at different laser heater settings. Strong
microbunching is evident even by eye, as is the reduction in
microbunching as the laser heater amplitude increases.
Figure 3 shows a projection of the current density when
the laser heater is off; with modulations up to 50% of the
average current, compared to order of 0.01% from shot
noise, the MBI has essentially saturated.
We can now use the XTCAV to make a direct study of

the laser heater’s effect on MBI. Figure 4 shows measured
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FIG. 1. Schematic of the LCLS accelerator showing the accelerating/transport (blue) and dispersive regions (green) that contribute to
MBI. For dispersive regions, the R56 is given in mm. Diagram includes the laser heater (in red), accelerating sections (L0-L3), transport
sections (trans.), bunch compressors (BC1-BC2), doglegs (D1-D2), and the soft x-ray self-seeding chicane (SXRSS).
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FIG. 2. Measured electron phase space with different rms
energy spread induced by the laser heater (LH). Conditions
are 0.5 kA peak current, 44 MV XTCAV voltage, and bunch head
to the right.
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FIG. 3. Current taken from a projection of the upper left image
in Fig. 2. Strong modulations show that MBI is nearly saturated
without the laser heater.

D. RATNER et al. Phys. Rev. ST Accel. Beams 18, 030704 (2015)

030704-2

Main limitations of seeded XFELs:
- slice energy spread
- microbunching instability 
Seeded FEL limited to  <~ 500 eV
Hemsing et al. 22.11 (2019): 110701.
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Plugging into Eq. (2) we find that the bunching factor
increases as k2 until reaching a cutoff wave number,
kc ¼ 1=ðR56δÞ, where the energy spread suppresses gain
exponentially. To prevent MBI gain at the more damaging
shorter wavelengths, a laser heater increases δ before the
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Prior studies of both FEL performance [20] and gain
length [35] gave indirect indications of the laser heater’s
effectiveness. Previous measurements of microbunching
relied onCOTR;when amicrobunchedbeampasses through
a thin metallic foil, the current modulations drive COTR at
the wavelength of the modulation [10,14,15]. Though
sensitive to small modulations, COTR is still an indirect
measurement that provides limited information. In this paper
we use the high resolution of the XTCAV to image the full
longitudinal phase space of the beam. Figure 2 shows a few

example images at different laser heater settings. Strong
microbunching is evident even by eye, as is the reduction in
microbunching as the laser heater amplitude increases.
Figure 3 shows a projection of the current density when
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average current, compared to order of 0.01% from shot
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FIG. 2. Measured electron phase space with different rms
energy spread induced by the laser heater (LH). Conditions
are 0.5 kA peak current, 44 MV XTCAV voltage, and bunch head
to the right.
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FIG. 3. Current taken from a projection of the upper left image
in Fig. 2. Strong modulations show that MBI is nearly saturated
without the laser heater.

D. RATNER et al. Phys. Rev. ST Accel. Beams 18, 030704 (2015)

030704-2

Microbunching gain 

Strong reduction with cold copper

G Marcus et al. Phys. Rev. Accel. Beams 22, 080702

Nature Photonics volume 13, pages555–561 (2019)

D. Ratner et al. Phys. Rev. ST Accel. Beams 18, 030704

https://www.nature.com/nphoton


The LCLS Complex



…
Maximize utilization of superconducting linac infrastructure
Undulator farm with multiplexed undulators

R&D Priorities:
- High brightness operation with cavity-based XFELs 
- Beam “a la carte”
- Undulator multiplexing



MEC Upgrade
10 Hz Petawatt laser for the 
Matter under Extreme Conditions LCLS lab 

Strong interest in  > 50 keV X-rays for high-Z 
materials

Potential path forward for C3 technology: 
Multi GeV upgrade of LCLS copper linac

Double linac energy in ~100 m (150 MV/m)
4x increase in available photon energy 
(might require gun upgrade…)https://lcls.slac.stanford.edu/mec-u



Conclusions

Opportunities for C3 technology:

1) Compact FEL (high-gradient acceleration)

2) Improved beam brightness
 10x better emittance -> - 7x shorter pulses
           - Improved photon energy range
           - Improved peak power

3) Improved seeded FEL performance
 Reduced microbunching gain -> Extend externally seeded 
        FELs to > 500 eV? 

4) Potential opportunities for LCLS complex with MEC upgrade


