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Outline	of	Today’s	Presentation	
•  Scientific	setting	and	background	

•  Roundtable	process	

•  Priority	Research	Opportunities	

•  Cross-cutting	Research	
	
	
	



Ultrafast	Science		
	

Ultrafast	time	scales	
	
Light:		 	 	300	nm/fs	
	
Electron:		 	0.3	nm/fs	
	
Nuclei:						 	0.003	nm/fs	

We	can	now	freeze	motion	of	relevant	fundamental	processes	
in	chemical	and	material	systems	
	
•  Examine	motion	of	electrons,	nuclei,	and		their	interactions	

to	address	fundamental	problems	in	material	and	chemical	
science			

•  Not	only	observe	motion,	but	drive	it	into	new	
nonequilbrium	regimes	

	
	
	



Ultrafast	Science:	X-rays		
	

Importance	of	ultrafast	x-rays	
	

•  	Structural	analysis	
	
	
•  	X-ray	spectroscopy:	chemical	specificity	

•  	Beyond	Fourier-transform	constraint	of	optical	radiation:		 	
				attosecond	time	resolution	

•  Light-matter	interactions	in	regime	of	high	x-ray	intensities	and	
nonlinear	x-ray	processes	



X-rays		Free	Electron	Lasers:		LCLS		

Coherent	x-rays	across	the	spectrum		
	 	 	with	pulse	durations	down	to	10’s	of	femtoseconds	
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LCSL	and	LCSL	II	

•  CW-SCRF linac (4 GeV) in 1st km of linac 
•  Two new tunable undulators 
•  Repetition rate up to 1 MHz 
•  Photon energy reach – 25 keV (120 Hz) 
•  Stability, coherence (seeding) 
 

LCLS-II: 
LCLS	

~10	msec	
~mJ,	~fs	

~microsec	
LCLS-II	

EuXFEL	
(FLASH)	

High	Average	Coherent	Power	

Average	Coherent	Power?	

LCLS	

LCLS-II	
4	GeV	

CW-SCRF	
SCRF	Cryo-module	

LCLS-II	Project	–	1st	Light	2020	
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DOE-BES	Ultrafast	Roundtable		
Charge	

The	focus	of	this	roundtable	 is	to	 identify	the	research	priorities,	key	science	
drivers	and	research	strategies	for	the	BES	research	portfolio	that	uses	LCLS,	
including	 its	 prospective	 upgrades.	 The	 roundtable	 will	 provide	 input	 to	
optimize	 BES’	 research	 investment	 in	 ultrafast	 x-ray	 science	 research	 and	
ensure	the	scientific	impact	of	this	research	to	the	broader	BES	mission.		
	
Also	 to	 be	 explored	 are	 opportunities	 for	 enhanced	 ultrafast	 community	
synergy	across	BES	scientific	disciplines.	The	roundtable	and	subsequent	report	
will	provide	an	assessment	of	the	current	status	of	BES	ultrafast	x-ray	science,	
and	define	 a	 path	 for	 optimal	 utilization	of	 future	 LCLS-II	 capabilities	 by	BES-
supported	 research	 programs	 in	 the	 2-10	 year	 timeframe,	 extending	 well	
beyond	 the	 first	 LCLS-II	 experiments.	 The	 roundtable	will	 serve	 to	 illuminate	
areas	where	 gaps	 exists	 between	 the	 current	 BES	 research	 portfolio	 and	 the	
LCLS-II	 experimental	 capabilities	 including	 the	 associated	 ultrafast	 scientific	
challenges	and	opportunities.	The	roundtable	output	will	be	used	by	BES	to	lay	
the	 foundations	 for	 new	 directions	 and	 support	 for	 future	 ultrafast	 science	
research.	
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Roundtable	Plan		

•  Imaging	Nuclear	Dynamics	 			
•  Imaging	Charge	Dynamics			
•  Inducing	and	Probing	Collective														
•  High	Field,	Attosecond	Frontier	
	
Panel	leads:						 	Dmitri	Basov	(Columbia)	
	 	 	 	 	 	Nora	Berrah	(U	Conn)	
	 	 												 	Oliver	Gessner	(LBNL)	
	 	 	 	 		 	Rohit	Prasankumar	(LANL)	

	



Priority	Research	Opportunities	

	
•  Attosecond	electron	dynamics	within	a	molecule	
	
•  Light-induced	states	of	matter	

•  Dynamics	of	spontaneous	transformation	of	matter	

•  Cross-cutting	research		
	



Will	be	
posted		
shortly	



Opportunities	at	the	Frontiers	of																			
XFEL	Ultrafast	Science	

•  Focuses	on	new	possibilities	enabled	by	LCLS-II	

•  Complements	earlier	planning	documents	for	
LCLS-II,	such	as	2015	report	

	
	
	
•  Complementary	techniques	are	also	very	

important,	but	not	focus	of	the	
roundtable		

	

	 	Conventional	modelocked	lasers	
	 	High-harmonic	generation	
	 	Ultrafast	electron	diffraction	

	

	 		



PRO	1:		Electron	Motion	within	a	Molecule		

Calagari	et	al.	Science	(2014):	theory	and	HHG	

Electron	dynamics	and	
coherence	strongly	
influenced	by		
	

-  electron-electron				
	correlations	

-  Slight	relaxation	of	
positions	of	atoms	



PRO	1:		Probing	and	Controlling	Electron	
Motion	within	a	Molecule		

Creating	localized	
electronic	excitations	
through	nonlinear						
x-ray	interactions	
with	matter	
	
Stimulated	x-ray	
Raman	scattering	
	



PRO	1:		Need	for	XFELs	

Broad	coherent	bandwidth	permits	simultaneous	coherent	
excitation	of	the	entire	valence	spectrum	of	a	system,	enabling	
control	of	the	initial	state	of	the	system.		
	

Attosecond	pulse	duration	is	the	critical	characteristic	for	probing	
below	the	electronic	timescale	as	defined	by	the	energy	spread	
between	electronic	states.		
	

Short	wavelength	permits	access	to	atom-specific	core-to-valence	
transitions	in	molecules.		
	

High	repetition	rate	permits	low	density	and	subtle	effects	to	be	
recorded	with	high	fidelity.	
	

High	pulse	energy	makes	it	possible	to	employ	nonlinear	
spectroscopies.	



Generation	of	Sub-Femtosecond							
XFEL	Pulses	

A.	Marinelli	-	SLAC	

Production	of		
sub-femtosecond	
X-ray		pulses	



PRO	1:		Probing	and	Controlling	Electron	
Motion	within	a	Molecule		

•  How	does	electronic	charge	move	from	atom	to	atom	in	
a	molecular	system?	

•  How	do	electron-electron	interactions	and	correlations	
alter	this	motion?			

•  How	do	the	atoms	rearrange	following	this	electronic	
motion	and,	conversely,	how	does	this	atomic	motion	
affect	the	coherent	electronic	motion?	

•  Can	this	coupled	and	correlated	electronic	motion	be	
exploited	to	affect	longer-timescale	dynamics?			



PRO	2:		Discovering	Novel	Quantum	Phases	
through	Coherent	Light-Matter	Coupling		

Hidden	
photoinduced	
nonequilibirum	
states	
	
Transient	room-
temperature	
superconductivity	
	
Photoinduced	
Floquet-Bloch	
topological	states	
of	matter	
	
	
	
	D.	Basov	



19	

C=1	

C=2	

C=-2	

trivial	

Floquet	gap	
closes	at	Q	point	

Valley	gap	closes	
at	K	point	

Valley	gap	closes	
at	K’	point	

Tuning	the	band	structure	of	
a	2D	material	with	light	to	create	
new	topological	phases	and	edge	
states.		
	

(Devereaux	group)	

PRO	2:		Tuning	Band	Structure	with	Light	



PRO	2:		Tuning	Band	Structure	with	Light	

Spatial	control	of	
topological			
phases	by	light	
	
X.	Zhang	et	al.		
2-016	



PRO	2:		Probing	New	Transient	Phases	

state with important similarities to the equilibrium super-
conductor up to room temperature.40,41

The equilibrium crystal structure of orthorhombic
YBa2Cu3O6.5 (TC = 52 K) is schematically shown in Figure
8a. It is composed of bilayers of conducting CuO2 planes,

themselves comprising buckled O−Cu−O bonds, that are
separated by an insulating layer containing yttrium atoms and
Cu−O chains. The three-dimensional superconducting state
below TC is characterized by coherent transport (Josephson
tunneling) of Cooper pairs both between the two 2D-
superconducting CuO2 planes forming a bilayer and between
the bilayers. The so-called Josephson plasma mode, which

results from supercurrent oscillations between the capacitively
coupled bilayers, carries an optical signature of this 3D
superconductivity42 that can be traced in a time-resolved
experiment. It is a longitudinal mode with the plasma frequency
mainly determined by the density of the Cooper-pair
condensate and the distance between the superconducting
layers. The Josephson plasma resonance becomes apparent as a
characteristic edge in the terahertz reflectivity along the
crystallographic c axis, as shown for a YBa2Cu3O6.5 sample at
5 K lattice temperature in the top panel of Figure 8b. For this
measurement, single-cycle terahertz pulses were generated by
optical rectification in nonlinear optical crystal and measured
after reflection from the sample using electro-optic sampling.
Above the critical temperature, the spectrally resolved

terahertz reflectivity is flat (Figure 8b, bottom, light blue solid
line). Resonant excitation of the infrared-active B1u-symmetry
lattice distortion sketched in Figure 8a with 300 fs, 15 μm mid-
infrared pulses drives the systems into a nonequilibrium state
that again exhibits a Josephson plasma resonance, that is, the
optical signature of equilibrium superconductivity below TC
(Figure 8b).
Femtosecond hard X-ray diffraction experiments were carried

out at the LCLS free electron laser to reveal the nonlinear
lattice dynamics underlying this effect.43 For symmetry reasons,
the resonantly driven B1u phonon mode in YBa2Cu3O6.5 can
only couple to Raman-active phonons of Ag symmetry. Among
those 11 modes, four lattice vibrations, all involving a concerted
distortion of the apical oxygen atoms toward the CuO2 plane
and an enhanced in-plane Cu−O buckling, were identified by
DFT calculations to strongly couple to the specific lattice
excitation. Thus, according to the concept of nonlinear
phononics, we expect the crystal lattice to be promptly
displaced along the superposition of the coordinates of these
Raman modes.
Figure 9a depicts the time-resolved intensity changes of two

selected diffraction peaks, which were measured at 100 K
temperature using 50 fs X-ray pulses at 6.7 keV photon energy.
Following the resonant excitation of the B1u phonon mode with
a fluence of 4 mJ/cm2, we observed an increase and decrease of
the (2 1 ̅1) and the (2̅ 0 4) peaks, respectively, both recovering

Figure 8. (a) Equilibrium crystal structure of YBa2Cu3O6.5 and sketch
of the B1u-symmetry infrared-active apical oxygen phonon mode. (b)
Below-TC static frequency-dependent terahertz reflectivity polarized
along the crystal c-axis. The lower panel shows the light-induced
reflectivity changes above TC (100 K, blue dots) at +0.8 ps time delay
after excitation with 300 fs pulses at 15 μm wavelength, polarized
along the c-axis. The light blue solid line shows the same signal at
negative time delay.

Figure 9. (a) Transient change in intensity of the (2 1 ̅1) and the (2 ̅ 0 4) diffraction peaks in YBa2Cu3O6.5, measured at 100 K following resonant
excitation of the B1u-symmetry apical oxygen mode. The red solid lines are fits as described in the text. (b) Corresponding transient crystal structure
of YBa2Cu3O6.5. The atomic displacements from the equilibrium structure are shaded.

Accounts of Chemical Research Article

DOI: 10.1021/ar500391x
Acc. Chem. Res. 2015, 48, 380−387

385

Time resolved XRD for photoinduced 
superconductivity 
(Cavalleri et al) RIXS (x-ray Raman) to probe 

excitations across the 
Brillouin zone 
 



PRO	2:		Discovering	Novel	Quantum	Phases	
through	Coherent	Light-Matter	Coupling		

•  How	can	light	be	used	to	create	novel	quantum	
phases	of	matter	exhibiting	properties	that	do	not	
exist	in	equilibrium?	

•  How	can	ultrafast	optical	excitations	be	utilized	to	
impose	quantum	coherence	or	create	new	topological	
states?	

•  How	can	the	lifetime	of	novel	transient	quantum	
phases	be	extended	and	manipulated	for	practical	
use?	

	
	
	
	



PRO	3:	Capturing	Rare	Events	&	Intermediate	
States	in	the	Transformation	of	Matter	

	•  Time-resolved	measurements	almost	always	use	
pump-probe	techniques.		This	typically	requires	

	

				 	-		Strong	perturbation	from	equilibrium	
	

	-		System	in	which	process	can	be	repeated	many	 	
						times	to	collect	stroboscopic	data		

	
•  What	about	changes	near	equilibrium	

		-		Chemical	transformations	
	

	-			Phase	transformations		
	

	
	
	
	



PRO	3:	Capturing	Rare	Events	&	Intermediate	
States	in	the	Transformation	of	Matter	

	•  Critical	events	may	are	often	fast	and	rare,	as	in	
thermally	activated	barrier	crossing.	

	

	

	
	
	
	



PRO	3:	Capturing	Rare	Events	&	Intermediate	
States	in	the	Transformation	of	Matter	

	•  New	approach:		Take	advantage	of	high	repetition	
rate	of	LCSL-II	to	accumulate	many	snapshots	of	
processes	

•  At	1	MHz,	we	can,	in	principle,	collect	1010	snapshots	
in	a	three	hour	run.	
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PRO	3:	Capturing	Rare	Events	&	Intermediate	
States	in	the	Transformation	of	Matter	

	•  New	approach:		Take	advantage	of	high	repetition	
rate	of	LCSL-II	to	accumulate	many	snapshots	of	
processes	

•  At	1	MHz,	we	can,	in	principle,	collect	1010	snapshots	
in	a	three	hour	run.	

	

	

	
	
	
	



Looking	for	Temporal	Evolution	in	
Spontaneous	Processes	

•  X-ray	photon	correlation	spectroscopy	

Ø  	Down	to	microseconds	using	successive	
frames	directly	from	LCLS	

Ø 	Down	to	femtoseconds	using	split-pulse	 		
	techniques	



PRO	3:	Capturing	Rare	Events	&	Intermediate	
States	in	the	Transformation	of	Matter	

	
•  How	can	rare	events	be	captured	without	the	use	of	external	

stimulation,	as	in	conventional	pump-probe	measurements?	

•  What	new	theoretical	advances	and	computational	
methodologies	can	rapidly	translate	large	experimental	
datasets	into	detailed	information	about	transient	states	and	
rare	events?	

•  How	can	models	and	theories	translate	the	newly	available	
insights	on	the	role	of	fluctuating	local	environments	into	a	
predictive	understanding	and,	ultimately,	control	of	
macroscopic	rates	and	reaction	products?	

	
	

	

	
	
	
	



Cross-cutting	Research:	
Theory	of	dynamical	processes																																			

far	from	equilibrium		
			

•  Central	to	all	three	PROs,		including	rare	events	in	
spontaneous	transformations	

	
•  Theoretical	frontier,	but	also	critical	for	interpretation,	

planning,	and	even	real-time	feedback	for	experiments	
	
	

	
	

	

	
	
	
	

already migrated to the nitrogen (the hump on the right-
hand side of the surface). Afterwards the charge returns
mainly to its initial position and the whole process starts
again. However, since many ionic states participate in the
dynamics, the process is not purely repetitive.

First principles molecular dynamics simulations of the
cationic ground state at DFT (BP86/SV(P)) level starting
with the equilibrium geometry of the neutral indicate a
stretching of the C1–C2 bond of 5 pm within the first 5 fs.
This is the bond which was observed to break in the exper-
iments of Weinkauf et al. [7,13]. To gain an idea on the
impact of this stretching on the charge migration, we calcu-
lated the hole density and traced its migration at several
different geometries along the dissociation path. It was
observed that more and more charge migrates to the N-ter-
minal as the C1–C2 bond elongates. In Fig. 2b the hole den-
sity is shown for a geometry where the C1–C2 bond is
elongated by 20 pm. One clearly sees that in this case
almost the entire charge is transferred from the chromo-
phore to the N-terminal, and this again within 4 fs.

To further trace the evolution of the hole charge in real
space we present in Fig. 3 Qð~r; tÞ in 3D for the two dis-
cussed geometries at three different times t = 0, 2 and
4 fs. The results suggest the following conceivable scenario
of coupled electron-nuclear dynamics. The localized initial
ionization of the chromophore triggers ultrafast charge
migration and some part of the positive charge starts to
bounce between the chromophore and the N-terminal. As
time proceeds, nuclear dynamics enters the picture and
with the elongation of the C1–C2 bond more and more
charge oscillates between the two sites. These oscillations
are not perfect, due to dissipation caused by the participa-
tion of many electronic states and nuclear dynamics, and
when the bond breaks the charge is trapped at the energet-
ically more favorable N-terminal fragment, i.e. the mole-
cule dissociates into C6H5CH2 radical and H2CN(CH3)2

cation. This is confirmed by calculations on the CC2
level which predict that dissociation into C6H5CH2 +

Fig. 3. 3D-hole density of PENNA at three different time steps (0,2,4 fs). The ‘negative’ hole density, or the electron density is given in orange. Left-hand
side for the ground state geometry, right-hand side for the geometry with C1–C2 bond elongated by 20 pm. (For interpretation of the references to colour
this figure legend, the reader is referred to the web version of this Letter.)

Fig. 2. Hole density of PENNA. (a) At the ground state geometry of the
neutral. (b) At the geometry with C1–C2 bond elongated by 20 pm.

234 S. Lünnemann et al. / Chemical Physics Letters 450 (2008) 232–235



PRO	3:	Cross-cutting	research	
Multimodal	ultrafast	measurements	

•  Dynamic	structure	function	relation	accessible	by	
combined	measurements	of	physical	and	electronic	
properties/states	

	
	

	

	
	
	
	



Summary:	Roundtable	on	Opportunities	at	the	
Frontiers	of	XFEL	Ultrafast	Science	

Fascinating	new	insight	into	the	fundamental	
properties	of	molecules	and	materials	to	be	revealed	
with	ultrafast	measurement	capabilities	of	XFELs	
	

PRO	1	 	Probing	and	controlling	electron	motion	within	
	 	 	a	molecule	

	

PRO	2	 	Discovering	novel	quantum	phases	through	
	 	 	coherent	light-matter	coupling	

	

PRO	3	 	Capturing	rare	events	and	intermediate	states	
	 	 	in	the	transformation	of	matter	

	

Cross-cutting	opportunities	in	ultrafast	x-ray	science	
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