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DISCLAIMER: 
A lot of work being done, can’t possibly include everything… 
I will focus on experimental progress. 
I am not immune to bias… 



The X-Ray Free-Electron Laser

X-FEL shares properties of conventional 
lasers: 

-High Power (up to 100s GW ) 
-Short Pulse (0.2-100 fs ) 
-Narrow Bandwidth (~0.1% to 0.005%) 
-Transverse Coherence

Philip H. Bucksbaum; Nora Berrah; Physics Today  68, 26-32 (2015)
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Working Principle

Resonant Interaction 

Energy Modulation 

Density Modulation 

Coherent Radiation

Net energy exchange between electron and wave
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LCLS/LCLS-II

SwissFEL 

European XFEL 
FLASH

SACLA

PAL XFEL
FERMI

SXFEL

XFELs of the World

We define X-rays as anything around or above carbon K-edge (280 eV)

David Attwood 
Soft X-Rays and Extreme Ultraviolet Radiation 
Cambridge University Press 1999
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Why X-Rays?

X-ray diffraction imaging

Resolution limited by wavelength 
1 Angstrom ~ size of an atom

X-ray spectroscopy

Core electron energies are  
Element specific!

21 February 2013, SPIE Newsroom. DOI: 10.1117/2.1201302.004713
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FEL R&D: A few Thoughts

X-ray FELs are a revolutionary technology. 
We are still learning how to best use them. 

FEL R&D is geared towards: 

1) Making things a little better for everyone 
(i.e. improve spectral brightness, peak power) 

2) Making things a lot better for a few people 
(targeted R&D: attosecond FELs, two-colors, polarization control) 
  

In my experience doing something new is easier than doing something better… 

Recent breakthroughs have come through strong collaboration between users and 
accelerator experts. 

My dream: educating the next generation of FEL physicists to be users AND machine 
experts.  



One Machine, Many FELs!

!X

ESASE with IR Laser Modulator

Lasing  OFF Lasing  ON

• Lasing localized to spikes 
• Control number of lasing spikes with dechirper 
• 10s of microjoules per pulse 

Dechirper

Accelerator is the most flexible device used in the experiment! 
Accelerator physicist in an excellent position to drive new science…
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Status of FEL R&D

Attosecond Science Femtosecond Shaping/ 
Seeding

Higher Power

3 AREAS OF FOCUS
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Tapering enhanced stimulated superradiant amplification
J Duris1,AMurokh2 and P Musumeci1
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Tapering enhanced stimulated superradiant amplification
J Duris1,AMurokh2 and P Musumeci1



Attosecond Pulse



Laser Pump-X-ray Probe Experiments

Laser pump 
X-ray probe

Appl. Sci. , 7(5), 519 (2017) 

Jitter is dominant contribution at LCLS  
(150 fs rms jitter) 
Measure T at every shot!  

New FELs showing ~10-20 fs jitter  
with no time-sorting (PAL and XFEL)

T

Δt1
2 + Δt2

2 +σ T
2

Time resolution

Harmand, M., et al. Nature Photonics 7.3 (2013): 215 Kang, Heung-Sik, et al. Nature Photonics 11.11 (2017): 708.



X-ray Pump/X-ray Probe

Nat. Comm. Vol 6,  6369 (2015)

λ1,2 = λw
1+K 2

2γ 21,2

λ1,2 = λw
1+K1,2

2

2γ 2
Lutman, A. A., et al. Physical review letters 110.13 (2013): 134801. 
Hara, Toru, et al. Nature communications 4 (2013): 2919. 
Marinelli, A., et al. Physical review letters 111.13 (2013): 134801. 
Lutman, Alberto A., et al. Nature Photonics 10.11 (2016): 745. 
Ferrari, Eugenio, et al. Nature Communications 7 (2016): 10343.

Allaria, E., et al. Nature communications 4 (2013): 2476. 
Marinelli, A., et al. Nature communications 6 (2015): 6369. 
Petralia, A., et al. Physical review letters 115.1 (2015): 014801.



Ultrafast Timescales

100 fs 

10 fs 

1 fs 

0.1 fs 

1 ps 

10 ps 

Our goal

[J. Chem Phys. 8 129(10):104305 (2008)]

Molecular vibration ~10s fs 

Molecular rearrangement ~100s fs 

Valence electron motion ~ 100s as

Inner electron motion ~ 10 as

Molecular rotation ~ ps
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XLEAP: X-ray Laser-Enhanced Attosecond Pulse 
Generation

Collaboration: 
SLAC (AD, LCLS, PULSE), ANL 
LMU, Imperial, Max Planck, U. Kassel,  
TU Dortmund, TU Munich 

-Energy modulation from resonant radiation-
electron interaction 

-Compression with small chicane~10 kA in 1 fs 

-Sub-fs X-ray pulse in undulator 

J. Duris, S. Li  et al. to be  
published in Nature Photonics

Original concept using laser: Zholents PRSTAB 8, 040701 (2005).
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XLEAP Streaking Measurements
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Scientific Impact

J. O’Neil, J. Cryan, In Preparation
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Scientific Impact

J. O’Neil, J. Cryan, In Preparation

COST PER PHOTON 
1000 TIMES CHEAPER  

FOR FELS!!
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Seeded FELs
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Temporal Coherence of SASE (or Lack Thereof…)

Signal starts from noise 
(totally uncorrelated)

Correlation grows  
due to slippage

lc =1/ 2krρ

At saturation 
Coherence length~lc



!26

Solutions

Seeding:  
Establish phase coherence by  
triggering instability with a coherent 
pulse.

Slippage boosting: 
Establish phase coherence by  
enhancing slippage.

Self-Seeding

Harmonic Generation

Schneidmiller, E. A., and M. V. Yurkov. "Harmonic lasing in x-ray  
free electron lasers." Physical Review Special Topics-Accelerators  
and Beams 15.8 (2012): 080702. 

Wu, Juhao, et al. "X-ray spectra and peak power control with iSASE."  
(IPAC 2013): WEODB101. 

McNeil, B. W. J., N. R. Thompson, and D. J. Dunning.  
"Transform-limited X-ray pulse generation from a high-brightness 
 self-amplified spontaneous-emission free-electron laser."  
Physical review letters 110.13 (2013): 134802. 

Xiang, Dao, et al. "Purified self-amplified spontaneous emission free-
electron lasers with slippage-boosted filtering." Physical Review Special 
Topics-Accelerators and Beams 16.1 (2013): 010703. 

Schneidmiller, E. A., et al. "First operation of a harmonic lasing self-
seeded free electron laser." Physical Review Accelerators and 
Beams 20.2 (2017): 020705. 
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McNeil, B. W. J., N. R. Thompson, and D. J. Dunning.  
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Schneidmiller, E. A., et al. "First operation of a harmonic lasing self-
seeded free electron laser." Physical Review Accelerators and 
Beams 20.2 (2017): 020705. 



!28

Externally Seeded FELs

First undulator tuned at λ Second undulator tuned at λ/n

Proposed and demonstrated 
by L.H. Yu at BNL
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External Seeding
1) Yu, L-H., et al. "High-gain harmonic-generation free-electron laser." Science 289.5481 (2000): 932-934. 
2) Lambert, G., et al. "Injection of harmonics generated in gas in a free-electron laser  
providing intense and coherent extreme-ultraviolet light." Nature physics 4.4 (2008): 296 
3) Stupakov, Gennady. "Using the beam-echo effect for generation of short-wavelength radiation."  
Physical review letters 102.7 (2009): 074801. 
4) Xiang, D., et al. "Demonstration of the echo-enabled harmonic generation technique for short-wavelength 
 seeded free electron lasers." Physical review letters 105.11 (2010): 114801 
5) Allaria, E., et al. "Highly coherent and stable pulses from the FERMI seeded free-electron  
laser in the extreme ultraviolet." Nature Photonics 6.10 (2012): 699. 
6) Allaria, E., et al. "Two-stage seeded soft-X-ray free-electron laser." Nature Photonics 7.11 (2013): 913. 
7) Zhao, Z. T., et al. "First lasing of an echo-enabled harmonic generation free-electron laser."  
Nature Photonics 6.6 (2012): 360. 
8) Hemsing, E., et al. "Echo-enabled harmonics up to the 75th order from precisely tailored electron beams."  
Nature Photonics 10.8 (2016): 512. 
9) Grattoni, Vanessa, et al. "Status of Seeding Development at sFLASH." (2018): MOP042. 
10) Ribič, Primož Rebernik, et al. "Coherent soft X-ray pulses from an echo-enabled harmonic  
generation free-electron laser." Nature Photonics (2019): 1. 
MORE EXPERIMENTS COMING FROM FLASH!!



Self-Seeding

1) Feldhaus, J., et al. "Possible application of X-ray optical elements for reducing the  
spectral bandwidth of an X-ray SASE FEL." Optics Communications 140.4-6 (1997): 341-352. 
2) Geloni, Gianluca, Vitali Kocharyan, and Evgeni Saldin. "A novel self-seeding scheme for hard 
 X-ray FELs." Journal of Modern Optics 58.16 (2011): 1391-1403 
3) Amann, J., et al. "Demonstration of self-seeding in a hard-X-ray free-electron laser."  
Nature photonics 6.10 (2012): 693. 
4) Ratner, Daniel, et al. "Experimental demonstration of a soft x-ray self-seeded free-electron laser.” 
 Physical review letters 114.5 (2015): 054801. 
5) Inoue, Ichiro, et al. "Generation of narrow-band X-ray free-electron laser via reflection self-seeding."  
Nature Photonics 13.5 (2019): 319.

Seeding vs Self-seeding

Shorter wavelength


Higher spectral 

brightness 

Less sensitive

To non-linear beams

Synchronization

with pump lasers


Exotic intra-pulse 

phase control

 

Marinelli, Agostino, et al. "Comparative study of nonideal beam  
effects in high gain harmonic generation and self-seeded free electron  
lasers." Physical Review Special Topics-Accelerators and Beams  
13.7 (2010): 070701.

Hemsing, Erik. "Minimum Spectral Bandwidth in Echo Seeded  
Free Electron Lasers." Frontiers in Physics 7 (2019).



Future R&D
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Attosecond Pump/Probe
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Demonstrated 2-color attosecond operation

Z. Zhang et al. Phys. Rev. Accel. Beams 22, 050701
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The Dream Attosecond Experiment

Nitrogen 
 K-edge

Oxygen 
 K-edge

T

ISXRS: localized  
valence excitation

Localized  
Probe

Probe coupled electron/nuclear dynamics 
Currently beyond theoretical and  
numerical models!
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TW-Scale Attosecond Pulses

Tanaka, Takashi. "Proposal for a pulse-compression scheme in X-ray free-electron lasers to generate a  
multiterawatt, attosecond X-ray pulse." Physical review letters 110.8 (2013): 084801.

Multi-stage amplification leads 
To superradiant regime: 
Power grows ~ z2 
Pulse duration ~z-1/2 
Multi-TW 50 as pulse

Bonifacio, R., et al. "Physics of the high-gain FEL and superradiance." La Rivista del Nuovo Cimento (1978-1999) 13.9 (1990): 1-69.
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TW-Scale Attosecond Pulses: Simplified Approaches

“In comparison with a similar scheme proposed in a previous paper … simplifies the accelerator layout.” 
(T. Tanaka et al. J Synchrotron Radiat. 2016 Nov 1; 23(Pt 6): 1273–1281.) 

1) Prat, Eduard, and Sven Reiche. Physical review letters 114.24 (2015): 244801. 
2) Prat, Eduard, Florian Löhl, and Sven Reiche. Physical Review Special Topics-Accelerators and Beams 18.10 (2015): 100701. 
3) Kumar, Sandeep, et al. Scientific reports 6 (2016): 37700. 
4) Huang, Senlin, et al. Physical Review Accelerators and Beams 19.8 (2016): 080702. 
5) Wang, Zhen, Chao Feng, and Zhentang Zhao. Physical Review Accelerators and Beams 20.4 (2017): 040701.

E. Prat

Transverse tilt

Experiment at LCLS ~3 fs  ~200 GW
Lutman, Alberto A., et al.  Physical review letters 120.26 (2018): 264801.

Double chirp-taper

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5357007/#
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The Brightness Frontier: Cavity-Based FELs

X-RAY FEL OSCILLATOR (XFELO): A CANDIDATE FOR 
FUTURE LIGHT SOURCE BEYOND DLRS & LCLS-II-HE

▪ XFELO is a low-gain, multi-pass device producing fully coherent, ultra-narrow spectrum to be 
contrasted with the high-gain, single-pass SASE XFEL producing quasi-coherent, ultrafast X-
ray pulses 
▪ During the APS-U CD-2 review in Fall 2018, BES advised us of the opportunity for funding of 

an XFELO demo preparing a new types of sources after high-gain FEL and MBA rings.

!19

XFELO is tunable a few % about an arbitrary 
reference in photon energy 

Diamond (3,1,1), 8 keV photonsDiamond (4,0,0), 9.8 keV photons

LCLS-II HXR undulator
First bunch

Second bunch (4 kA, 0.4 um emittance, 2.5 MeV σE)

Diamond crystal
Q-switched 

crystal

1. First bunch generates 
SASE signal 

2. Second bunch is seeded 
with reflected 
monochromatic X-ray 
pulse

TW RD with 2 bunches (Phase 2, out of scope) 

C. Pellegrini, A. Halavanau

~ 700 GW

~ 250 GW

TW Pulses with copper linac 
(2-pass RAFEL)

Improve peak brightness by  
2 orders of magnitude 
For LCLS-II HE

Collaboration SLAC - ANL 
G. Marcus, Z. Huang / K-J. Kim, J. Byrd
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X-RAY FEL OSCILLATOR (XFELO): A CANDIDATE FOR 
FUTURE LIGHT SOURCE BEYOND DLRS & LCLS-II-HE

▪ XFELO is a low-gain, multi-pass device producing fully coherent, ultra-narrow spectrum to be 
contrasted with the high-gain, single-pass SASE XFEL producing quasi-coherent, ultrafast X-
ray pulses 
▪ During the APS-U CD-2 review in Fall 2018, BES advised us of the opportunity for funding of 

an XFELO demo preparing a new types of sources after high-gain FEL and MBA rings.
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XFELO is tunable a few % about an arbitrary 
reference in photon energy 

Oscillator with superconducting linac: 
Increased spectral brightness



Opportunities for 
Advanced Accelerators
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How Much FEL Power Actually Used

High-energy FEL facilities can generate 
Few mJ of pulse energy. 

Tall order for compact machines! 
Convert energy from laser to electrons to x-rays, 
small chance you find a mJ at the other end… 

However: 
XFELs ~1010 x brighter than synchrotrons… 
Surely 108 is still revolutionary!

Zhu, Diling, et al. "Performance of a beam-multiplexing diamond crystal monochromator at the Linac Coherent Light Source."  
Review of Scientific Instruments 85.6 (2014): 063106.

~50% HXR beamtimes use beam-sharing mode -> ~1% of pulse energy 
~35% of SXR beamtime uses 90% attenuation or more 

(underestimate of actual use of attenuators since HXR attenuators 
are not archived…)
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Opportunities in Attosecond Science

Saldin, Evgeny L., Evgeny A. Schneidmiller, and Mikhail V. Yurkov. 
 "Design formulas for short-wavelength FELs." Optics communications 235.4-6 (2004): 415-420.

Lg ∝ ϵ5/6
n → Δtmin ∝ ϵ5/6

n

After optimizing all parameters cooperation length almost proportional to 1/emittance. 
Attosecond pulses from plasma photo-injectors!

Beam from FACET-II plasma photo-injector sim. 
Assuming transport and ESASE compression 
are feasible ~5-10 times shorter pulses than LCLS: 
42 as - 2 TW at 1 nm

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

and D. L. Bruhwiler Phys. Rev. Lett. 108, 035001

Courtesy C. Emma
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Does it Have to be an FEL?

Longitudinal Space Charge Amplifier driven by a Laser-Plasma Accelerator
Martin Dohlusa, Evgeny Schneidmillera, Mikhail V. Yurkova, Christoph Henninga and Florian
J. Grunerb

E. A. Schneidmiller and M. V. Yurkov 
Phys. Rev. ST Accel. Beams 13, 110701 (2010) - Published 13 November 2010 

-Insensitive to pointing instability 
-Insensitive to correlated e-spread 
-Scalable to XUV 

Marinelli, A., et al. Physical review letters 110.26 (2013): 264802
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Chirp-Tapered FEL

E

z

Radiation slips forward 
Photons move to electrons 
with different energy. 

Change undulator K to 
keep resonance

!!

1
γ

Δγ

cΔt
λr =

ΔK
Δz

K
1+K2 λw

Chirp-taper compensation allows preserving gain while increasing 
bandwidth

Saldin, Evgenij L., Evgeny A. Schneidmiller, and Mikhail V. Yurkov. 
 Physical Review Special Topics-Accelerators and Beams 9.5 (2006): 050702.

Giannessi, L., et al. Physical review letters 106.14 (2011): 144801.

Couprie, Marie-Emmanuelle, et al. "Towards a free electron laser based on laser plasma accelerators." Journal of Physics B: Atomic, Molecular and Optical Physics 47.23 
(2014): 234001.
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Summary

- Advanced X-ray FEL modes subject of intense investigation at 
XFEL facilities worldwide 

- Accelerator physicist driving new science by accessing more extreme 
Parameters 

- Things to look forward to: 

           Attosecond pump/probe 
           Cavity based FELs (RAFEL, XFELO) 
           TW attosecond pulses with superradiant operation 

- Advanced accelerators present unique opportunities (and lots of challenges…) 



QUESTIONS?
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Terawatt X-ray FELs

Pulse requirements: 1 TW - 10 fs

e.g. diffraction signal from crystal  
~Intensity x (#cells)2 

Single molecule image requires large  
Intensity! 

Duris, Joseph, Alex Murokh, and Pietro Musumeci. "Tapering enhanced stimulated  
superradiant amplification." New Journal of Physics 17.6 (2015): 063036. 

Emma, Claudio, et al. "High efficiency, multiterawatt x-ray free electron lasers."  
Physical Review Accelerators and Beams 19.2 (2016): 020705. 
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Femtosecond X-ray Pump/X-ray Probe

which is much smaller than the minimum value expected from the
Xe Lennard-Jones potential of 6.2 Å (17) and still smaller than the
average 5.84 Å we observed after 80 fs.

In general, a system undergoing massive electronic excitations will
force cold ions to experience a new energy landscape, which will then
force a structural bond readjustment. However, the directionality of the
bond change may depend on the initial bonding character and struc-

tural arrangement of the system. Previous studies of large samples
subjected to electronic stress show both an expansive and a contractive
character (18, 19). Further, we note that the observed transient lattice
contraction may be specific to finite systems. In an infinite system, the
net force on any atom is zero. In the nanoplasma, a stress gradient
exists from the center atom to the surface. The well-defined Bragg
peaks in Fig. 2A indicate that a large fraction of the atoms must have
adjusted to a new lattice constant. In the present experiment, the outer
third of the atomic shells contain 70% of the atoms. Along these lines,
the observed lattice contraction is not completely homogeneous, even
though it is based on a collective change in bond character, as we ob-
served increasing disorder in the time evolution of the system as de-
scribed by the DWF in Fig. 2C.

The present investigation reveals that in condensed matter systems,
a strong electronic excitation can lead to an ultrafast change in overall
bond character, inducing collective structural changes. We observed lat-
tice contraction on time scales comparable to chemical reactions in
small molecules such as electron dissociation dynamics and bond
restructuring. These results carry significance for any phenomena in-
volving a solid-to-plasma transition. An electronically driven transient
structural change in warm dense matter may influence possible igni-
tion methods (20). In ultrafast x-ray scattering experiments, lattice de-
formations will lead to smearing of Bragg peaks in series femtosecond
crystallography (21) and may ultimately limit the attainable resolution
in coherent diffractive imaging (22).

MATERIALS AND METHODS

The experiment was performed in the 100-nm focus chamber of the
Coherent X-ray Imaging (CXI) instrument at the Linac Coherent Light

Fig. 3. TOF spectra from Xe clusters and atomic Xe. The TOF spectrum
from Xe clusters shows high charge state ions with high kinetic energies,
indicative of a hot nanoplasma. Kinetic energy distributions are simulated
and fit with an ion optics Monte-Carlo software package. The Xe20+ peak
corresponds to amaximumkinetic energy of 45 keV and an average kinetic
energy of 10 keV. (Inset) Atomic Xe reference data show a most probable
charge state of Q = 9+. A maximum charge state of Q = 25+ is observed,
with more than 98% of collected ions having a charge state of 20+ or less.

Fig. 2. Evidence for atomic motion on the few-femtosecond time scale. (A) Bragg peaks from the (220) fcc reflection plane shift to higher scattering
vector q with increasing pump-probe delay (0-, 60-, and 80-fs delays pictured here). (B) The average unit cell lengths measured from the q value for the
(111) and (220) fcc reflection planes show a consistent decrease with increasing delay. (C) Apparent lattice disorder is calculated from the DWF. Two
distinct regimes show a fast disorder (region a) on the same time scale as electronic responses, and a slower change (region b) indicative of lattice
distortion. The teal marker is for the 50-fs delay average data set where single-shot data could not be filtered on single-grain clusters.

R E S EARCH ART I C L E

Ferguson et al. Sci. Adv. 2016; 2 : e1500837 29 January 2016 3 of 5
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X-ray induced cluster dynamics. 
K. Ferguson et al. 
Science Advances  29 Jan 2016:

Vol. 2, no. 1, e1500837

both are expressed here with the Debye-Waller factor (DWF), even
though the DWF only describes average lattice disorder. The DWF
is given by D = exp(−q2DX2/3), where D = I/I0 is the ratio of intensity
in the Bragg peaks, q is the scattering vector, and DX is the average
displacement of nodes in the crystal. The apparent lattice disorder
from the DWF is plotted as a function of pump-probe delay in Fig.
2C. The data show two distinct time constants, one with a fast rise
time between the 0- and 15-fs delay points (region a) and a slower
regime between 15 and 80 fs (region b). The rapid decrease in region
a is on a time scale comparable to the x-ray pulse length and major
Auger relaxation times. It is therefore interpreted to be dominated by
electronic damage. An upper bound for the signal attenuation from
electron damage can be estimated from cluster ionization; that is, a
reduction in the number of electrons participating in the scattering
process will decrease the peak intensity. Data from the time-of-flight
(TOF) spectrometer show a most probable Xe charge state of Xe9+

(see inset of Fig. 3), leaving a total electron fraction of 45/54 per atom.
Elastic scattering at high-momentum transfer q is dominated by
tightly bound inner shell electrons (11); thus, the attenuation in signal

from electronic damage is bounded by a maximum of 1 − (45/54)2

~30%. This intensity decrease would result in a DWF of 0.7 for the
(220) reflection and an apparent lattice disorder of 0.34 Å slightly larger
than the 0.2 Å apparent disorder we observed. In region b of Fig. 2C, the
DWF evolves much more slowly and indicates an increasing disorder in
the nanoplasma lattice compared to the cold van der Waals cluster.

The simultaneously recorded ion TOF spectra displayed in Fig. 3
yield information about the nanoplasma long-time dynamics (12–14).
The cluster is initially highly charged, and the nanoplasma subse-
quently disintegrates through surface explosion of highly charged ions
followed by rapid hydrodynamic expansion. X-ray ionization processes
in the cluster are similar to those in pure atoms (15), which means
that under similar conditions, a relevant maximum charge state in
Xe clusters of ~Xe20+ should be expected. Ion kinetic energy distribu-
tions from Xe20+ are simulated and fit to the cluster TOF data shown
in Fig. 3, indicating a maximum and average kinetic energy of 45 and
10 keV, respectively (see the Supplementary Materials). This ion charge
state and kinetic energy distribution specify an electron temperature of
~600 eV and an electron density of ~1028 e−/m3, which is consistent
with experiments on Xe clusters (7) and simulations on Xe ions (16).

DISCUSSION

We are now in the paradoxical situation in which the femtosecond
structural information shows a lattice contraction, whereas data from
the TOF spectrometer indicate a rapid cluster expansion with a vi-
olent surface explosion. While the expansion is in line with previous
knowledge (13, 14), lattice compression has neither been observed ex-
perimentally nor described by any theoretical models. In principle,
Coulomb explosion of surface ions can impart a momentum transfer
to the static cluster core, akin to a compression wave, but such dynam-
ics are phonon-driven and occur on a longer time scale than we ob-
served. Even in highly ionized plasmas, which have a speed of sound
of ~1 nm per 10 fs, a compression wave would move across the cluster
on the picosecond time scale. Furthermore, we observed clear Bragg spots
that are indicative of a collective contraction, whereas a compression
wave would nonuniformly squeeze the nanoplasma lattice.

In an alternative explanation, the observed and unanticipated lat-
tice compression during the solid-to-plasma transition is attributed to
transient bond contraction stemming from the strongly enhanced
electron mobility in the xenon nanoplasma. The delocalized valence
electrons in the nanoplasma core are quasi-free, converting the weakly
bound van der Waals cluster into a more “metallic-like” state and
leading to a transient bond length decrease resulting in an overall con-
traction of the lattice. Such a drastic change in the potential energy
landscape of the whole particle extends well beyond nearest-neighbor
interactions and could account for a collective lattice adjustment,
giving rise to shifting Bragg peaks as observed in the experimental data
(see Fig. 2A). In a more formal description of the “nanoplasma metal-
lization,” we used the Debye length, which describes the length scale
where an electric charge is shielded in a plasma. It is the plasma equiv-
alent to the Thomas-Fermi length in metals and can be estimated from
the ion TOF data to approximately 1 Å (see the SupplementaryMaterials).
This is close to the Thomas-Fermi lengths for common metals such as
copper (lTF = 0.75 Å) and gold (lTF = 0.6 Å). With a Debye length of
lD = 1 Å, the minimum size of the unit cell anticipated for a Xe nano-
plasma with metallic bonding is 4.8 Å (see the Supplementary Materials),

Fig. 1. Experimental scheme for the solid-to-plasma transition in
xenon nanoclusters. (A) An initial 10-fs hard x-ray pulse ionizes the Xe
cluster and forms a nanoplasma. A second 10-fs x-ray pulse at slightly
lower photon energy measures geometrical and electronic properties of
the plasma. Bragg peaks are recorded on an x-ray detector placed behind
a nickel filter that absorbs photons from the initial x-ray pulse but is trans-
parent to photons from the probe pulse. Coincident ion spectra are re-
corded with a TOF spectrometer. (B) Electrons are highly localized in the
initial van der Waals cluster, forming an ordered crystal lattice with a well-
defined neutral atomic spacing (dn). (C) During the nanoplasma transition, the
highly excited electrons become delocalized in the deep Coulomb potential,
affecting the overall lattice geometry with a new plasma spacing (dp).
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