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1 Needs for a next generation light source

The	Next	Generation	Light	Source	(NGLS)	will	be	a	

transformative	tool	for	energy	science.	This	high	repeti-

tion	rate,	high	brightness	X-ray	laser	will	enable	cinematic	

imaging	of	dynamics,	determination	of	the	structure	of	

heterogeneous	systems,	and	development	of	novel	non-

linear	X-ray	spectroscopies.	These	unique	capabilities	will	

lead	to	a	new	understanding	of	how	electronic	and	nucle-

ar	motions	in	molecules	and	solids	are	coupled,	and	how	

functional	systems	perform	and	evolve	in	situ.	

NGLS	will	dramatically	impact	a	wide	range	of	energy	

applications:	from	natural	and	artificial	photosynthesis,	

to	catalysts,	batteries,	superconductors,	carbon	seques-

tration,	 and	 biofuels.	 Solving	 the	 complex	 long-term	

energy	 challenges	 facing	 the	 nation,	 and	 the	 world,		

is	 the	 subject	 of	 a	 wide-ranging	 set	 of	 reports		

produced	 by	 the	 scientific	 community	 together		

with	 DOE’s	 Office	 of	 Basic	 Energy	 Sciences	 (BES)		

(http://www .er .doe .gov/bes/reports/list .html) .	These	

reports	highlight	the	urgent	need	for	deeper	understand-

ing	of	the	basic	science	underpinning	energy	technolo-

gies	in	order	to	ensure	a	safe	and	secure	energy	future.	

The	NGLS	—	with	its	combination	of	high	average	power,	

ultrashort	pulses	and	coherence	—	 is	a	 revolutionary	

observational	 tool	 that	will	bridge	 the	critical	gaps	 in		

our	understanding.

Since	their	first	discovery	by	Roentgen,	X-rays	have	

been	exploited	by	scientists	to	answer	fundamental	ques-

tions	about	molecules	and	materials.	As	sources	evolved	

from	 X-ray	 tubes	 to	 synchrotron	 storage	 rings,	 three	

broad	classes	of	X-ray	experiments	have	emerged:	imag-

ing,	structural	determination,	and	spectroscopy.	NGLS	

will	transform	all	three	of	these	techniques,	allowing	us	to	

observe,	in	ways	never	before	possible,	how	natural	and	

artificial	systems	function	—	on	multiple	timescales	and	

down	to	nano-spatial	scales.

Over	the	past	40	years,	DOE’s	light	source	facilities	—	

electron-storage-ring-based	X-ray	synchrotrons,	operated	

across	the	nation	by	BES	—	have	provided	resources	for	

ten	 thousand	 scientists	 annually,	 from	 universities,	

national	labs,	and	industry.	Researchers	have	relied	on	

these	 facilities	 to	 answer	 fundamental	 questions	 in	

diverse	fields	of	science,	and	address	critical	technology	

problems	in	areas	including	human	health,	electronics	

and	 information	processing,	and	energy.	Synchrotron	

X-ray	light	sources	have	enabled	scientists	to	unravel	the	

structures	of	biological	macromolecules,	essential	for	the	

design	of	new	drugs;	they	have	revealed	the	properties	of	

electronic	materials	for	devices	that	underlie	the	informa-

tion	technology	revolution;	and	they	have	provided	the	

first	glimpse	of	how	energy	conversion	systems	work	at	

the	atomic	level.	While	these	advances	have	been	dra-

matic,	there	is	much	more	to	learn,	and	the	array	of	X-ray	

lasers	at	NGLS	will	provide	a	foundation	for	major	scien-

tific	advances	in	the	21st	century.

DOE	has	built	upon	its	40-year	legacy	of	X-ray	light	

sources,	continuously	upgrading	existing	synchrotron	

facilities	to	keep	them	at	the	frontier.	Recently,	a	remark-

able	new	tool,	the	world’s	first	hard	X-ray	laser	—	the	

Linac	Coherent	Light	Source	(LCLS)	at	the	SLAC	National	

Accelerator	Laboratory	—	has	started	operations.	It	has	

exceeded	expectations	 in	 terms	of	performance,	and	

has	cracked	open	the	door	to	the	X-ray	laser	era.	While	

early	experiments	 from	 the	LCLS	are	 illustrating	 the	

promise	of	X-ray	lasers,	and	establishing	a	strong	user	

community	for	them,	it	is	also	already	clear	that	a	next	

generation	X-ray	laser	will	be	needed	to	realize	the	full	

potential	of	this	new	tool.	A	next	generation	source,	built	

using	a	modern	superconducting	linear	accelerator,	and	

taking	advantage	of	the	latest	laser	seeding	technolo-

gies,	will	have	the	high	repetition	rate	and	high	average	
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•	 tunability	and	polarization	control

•	 multicolor	X-ray	pump-probe	experiments

•	 synchronization	to	sub-femtosecond	timescales

•	 moderate	peak	power,	high	average	power,	and	thus	

high	pulse	repetition	rate

To	 maintain	 global	 leadership	 in	 X-ray	 discovery		

science	 —	 and	 the	 technologies	 enabled	 by	 those		

discoveries	—	 the	US	must	 remain	at	 the	 frontier	of	

X-ray	light	sources.	The	NGLS	design	is	unique	in	being	

able	to	meet	these	needs.

1.1	 Outline	of	the	Current	Proposal
In	Section	2,	we	provide	an	overview	of	the	revolu-

tionary	capabilities	of	a	next	generation	light	source	—		

an	X-ray	laser	that	produces	a	train	of	ultrashort	pulses		

at	high	repetition	rate	and	unprecedented	coherent	power.	

The	 capabilities	 we	 envision	 for	 the	 NGLS	 can	 be	

viewed	within	a	set	of	three	overarching	themes:

•	 Multidimensional spectroscopy: This	theme	refers	to	

a	class	of	measurement	capabilities	that	incorporate	

a	time-ordered	sequence	of	pulses	to	prepare	and	

probe	evolving	correlated	states	of	solid,	liquid,	and	

gas-phase	systems.	These	techniques	allow	the	iden-

tification	of	dynamic,	chemically	specific	information,	

e.g.,	on	the	flow	of	energy	and	charge.	Included	in	

this	theme	are	experiments	that	utilize	the	high	peak	

and	average	power	of	the	NGLS	X-ray	pulses	for	non-

linear	techniques.	Also,	the	coherence	of	the	NGLS,	

by	its	narrow	bandwidth	capabilities	in	long-pulse	

operation,	will	allow	unprecedented	high-resolution	

spectroscopy,	to	understand	important	low-energy	

modes	of	functional	materials.

•	 Ultrafast dynamics:	This	 theme	 refers	 to	 a	 class	

of	capabilities	 that	will	allow	the	measurement	of	

processes	 on	 timescales	 extending	 from	 those		

of	 chemical	 reactions	 that	 might	 take	 seconds	 to	

complete,	down	to	 the	 fundamental	 timescales	of	

electron	 correlation	 that	 determine	 the	 behavior		

of	pairs	of	electrons	in	materials	like	superconduc-

tors.	The	newest	existing	X-ray	sources	can	probe	sys-

tems	 on	 picosecond	 (10-12	 second)	 or	 potentially	

femtosecond	(10-15	second)	timescales,	which	are	rel-

evant	to	chemical	reactions,	as	determined	by	the	

ratio	of	typical	atomic	spacings	to	atomic	velocities.		

The	 NGLS	 will	 extend	 this	 capability	 to	 systems		

evolving	 on	 the	 hundred-attosecond	 timescale		

coherent	power	needed	to	go	beyond	the	initial	stage	of	

X-ray	lasers,	and	enable	scientists	to	answer	fundamen-

tal	questions	in	a	wide	range	of	disciplines.	The	advent	of	

X-ray	lasers	has	led	to	hundreds	of	scientists	publishing	

important	work	from	LCLS	and	other	sources,	interna-

tionally.	This	has	focused	global	 interest,	and	set	 the	

stage	for	the	next	generation.

The	necessity	for	new	observational	tools	has	been	

cited	in	several	BES	reports:

•	 Directing Matter and Energy: Five Challenges for 

Science and the Imagination	 (2007)	 noted	 that	

answering	 the	call	of	 the	grand	challenges	would	

necessitate	“a	three-fold	attack:	new	approaches	to	

training	and	funding,	development of instruments 

more precise and flexible than those used up to now 

for observational science,	and	creation	of	new	theories	

and	concepts	beyond	those	we	currently	possess.”	

•	 New Science for a Secure and Sustainable Energy 

Future	(2008)	described	a	comprehensive	set	of	scien-

tific	research	themes,	and	identified	new	implementa-

tion	strategies	and	tools	required	to	accomplish	the	

science	described	in	the	ten	BES	Basic	Research	Needs	

Workshops	and	in	the	Grand	Challenges	Report.	These	

included	“…characterization tools probing the ultra-

fast and the ultrasmall…,”	and	the	development	of	

advanced	theory	and	simulations	for	which	experi-

ments	would	provide	critical	validation.

•	 Next-Generation Photon Sources for Grand 

Challenges in Science and Energy	(2008)	identified	

connections	 between	 new	 research	 opportunities	

and	the	capabilities	of	next	generation	of	light	sources,	

with	 emphasis	 on	 energy-related	 research.		

It	noted	 that	“…femtosecond time resolution and 

high peak brilliance are required for following chemi-

cal reactions in real time, but lower peak brilliance 

and high repetition rate are needed to avoid radiation 

damage in high-resolution spatial imaging . . .”

The	 future	needs	of	 the	scientific	and	 technological	

community	that	utilizes	X-ray	light	cannot	be	met	solely	by	

upgrading	existing	light	sources	—	as	important	as	those	

sources	will	continue	to	be	over	the	next	decade.	Scientific	

and	technological	challenges	now	require	new	coherent	

X-ray	sources	—	X-ray	lasers	—	to	meet	the	requirements	

of	the	most	incisive	experiments.	A	future	X-ray	laser	facil-

ity	must	incorporate	technology	that	allows:	

•	 simultaneous	operation	of	multiple	experiments

•	 a	broad	range	of	temporal	and	spectral	properties
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•	 Spin and magnetism at the nanoscale,	to	understand	

the	fundamental	mechanisms	of	spin	and	magne-

tism,	and	to	determine	the	ultimate	speed	and	perfor-

mance	of	magnetic	systems

•	 Biological systems: imaging dynamics and function, 

utilizing	novel	methods	 in	 the	 rapidly	developing	

field	of	coherent	imaging	of	biological	systems	under	

physiologically	relevant	conditions

In	Section	4,	we	relate	these	capabilities	and	scientific	

drivers	with	a	summary	of	the	revolutionary	techniques	

that	will	be	enabled	by	NGLS:

•	 Cinematic	3D	chemical	imaging	at	the	highest	spatial	

resolution

•	 Imaging	 structure	and	 function	 in	heterogeneous	

ensembles

•	 Multidimensional	 X-ray	 spectroscopy	 in	 rapidly	

evolving	systems

In	Sections	5-6,	the	requirements	for	a	next	generation	

light	source	are	derived	from	the	scientific	needs	outlined	

in	Section	3,	from	DOE	workshops	and	resulting	reports,	

and	from	LBNL	workshops	and	reports.	We	then	describe	

the	proposed	facility,	which	responds	to	these	require-

ments,	and	compare	it	with	other	sources.

The	scientific	challenges	described	call	for	capabilities	

beyond	 those	 found	at	any	existing	or	planned	X-ray	

source.	They	include:

•	 Higher	average	power	with	an	evenly-spaced,	high-

repetition-rate	train	of	coherent	pulses	(to	reveal	sub-

tle	effects	in	a	wide	range	of	complex	materials)

•	 Shorter	pulse	durations	(to	probe	the	relevant	time-

scales	of	physical,	chemical,	and	biological	function)

•	 Narrower	 bandwidths	 (to	 examine	 the	 important,	

lowest-energy	modes	of	complex	systems)

Addressing	a	broad	range	of	scientific	applications,	

and	serving	a	large	scientific	community	requires	multi-

ple	 instruments	—	operating	simultaneously	—	with	

flexible	 means	 of	 delivering	 X-rays	 tailored	 to	 each	

instrument	 and	 experiment.	 Synchronization	 of	 the	

X-ray	pulses	with	additional	sources	(THz,	IR,	or	optical),	

as	well	as	longitudinal	(temporal	phase)	and	transverse	

coherence,	tunability,	polarization	control,	and	stability	

are	all	needed.

NGLS	will	meet	these	needs.

NGLS	is	a	multiple-beam	X-ray	laser.	It	utilizes	a	high-

current	(up	to	1	mA)	superconducting	electron	accelera-

tor	 (nominally	 1.8	 GeV	 energy)	 to	 produce	 a	 train	 of	

(1	attosecond	=	10-18	second),	the	atomic	timescale	

determined	by	the	ratio	of	electron	orbit	size	to	elec-

tron	velocity.

•	 Coherent scattering and imaging:	This	theme	cap-

tures	the	ability	of	the	NGLS	to	reveal	structure	and	

dynamics	at	the	nanoscale,	through	either	coherent	

X-ray	scattering	or	diffractive	imaging.	The	high	rep-

etition	rate	and	high	average	power	of	NGLS	will	not	

only	allow	imaging	of	the	structure	of	systems	with	

long-range	order	or	homogeneous	samples,	but	its	

high	pulse	repetition	rate,	when	coupled	with	high-

speed	readout	detectors	and	advanced	computational	

techniques,	opens	the	possibility	of	acquiring	and	

processing	billions	of	images,	in	order	to	understand	

heterogeneous	and	/	or	fluctuating	microscopic	sys-

tems	 (e.g.,	 evolving	 nanoscale	 catalytic	 particles	

under	functional	conditions	or	changing	protein	con-

formations	in	their	native	environment).

In	Section	3,	we	describe	the	scientific	drivers	for	a	

next	generation	light	source.	We	detail	a	prospective	set	

of	nine	scientific	challenges	for	which	NGLS	will	singu-

larly	address	critical	knowledge	gaps:	

•	 Photosynthesis,	to	understand	all	of	the	steps	of	nat-

ural	 photosynthetic	 processes,	 and	 to	 guide	 the	

design	of	artificial	devices	for	converting	solar	energy	

to	fuel

•	 Fundamental charge dynamics,	to	develop	a	new	lan-

guage	to	accurately	describe	and	predict	charge	and	

energy	transfer	in	molecular	systems

•	 Advanced combustion science,	to	understand	spatial-

ly,	chemically,	and	temporally	dependent	phenomena	

in	a	wide	variety	of	burning	fuels,	in	order	to	optimize		

combustion	efficiency	and	to	validate	computational	

models	of	combustion

•	 Improved catalysis,	to	enhance	efficiency	and	selec-

tivity	by	investigating	in-situ	processes	of	functioning	

catalytic	systems	on	multiple	time	and	length	scales

•	 Nanoscale materials nucleation,	 to	 observe	 and	

control	the	kinetics	of	nano-material	formation	and	

self-assembly

•	 Dynamical nanoscale heterogeneity in materials,	to	

understand	spontaneous	fluctuations	spanning	multi-

ple	time	and	length	scales,	the	evolution	of	nanoscale	

morphology,	and	their	relationship	to	the	properties	

and	functionality	of	complex	materials

•	 Quantum materials,	to	directly	probe	the	nature	of	

correlated	electron	systems



4

1 .  NEEDS FOR A NEXT GENERATION LIGHTSOURCE

In	Section	7	we	briefly	describe	how	 the	 facility	 is	

designed	to	be	upgradable:	expanding	capacity	by	add-

ing	additional	 simultaneously	operating	 free-electron	

lasers	(FELs),	and	expanding	capability	by	extending	the	

energy	range	to	both	lower	(100	eV)	and	higher	(10	keV)	

photon	energies.

Section	8	provides	a	proposed	NGLS	management	

structure,	cost,	and	timeline.

In	the	Appendices	we	provide:	(1)	a	short	description	

of	the	potential	for	perturbation	of	samples	by	the	X-ray	

pulses,	and	the	rationale	for	limiting	the	number	of	pho-

tons	per	pulse;	and	(2)	a	list	of	relevant	workshops	held	

at	Lawrence	Berkeley	National	Laboratory	(LBNL).

electron	bunches	(at	1	MHz	and	ultimately	significantly	

higher	 repetition	rates),	which	are	sequentially	 fed	 to	

multiple	undulators,	which	in	turn	deliver	independent,	

simultaneous	X-ray	laser	beams	into	end-station	instru-

ments	for	multiple	users.

Each	experimental	end-station	instrument	at	the	NGLS	

facility	will	receive	a	beam	of	X-ray	pulses	with	high	repeti-

tion	rate	(typically	100	kHz	or	more).	Initially,	the	X-ray	pho-

ton	energy	range	will	extend	from	280	eV	to	1200	eV,	and	

the	pulse	duration	from	250	as	to	250	fs,	with	pulses	hav-

ing	between	108	and	1012	photons.	Harmonics	of	the	undu-

lator	output	will	produce	photon	energies	extending	to		

3	keV	and	above,	albeit	with	fewer	photons	per	pulse.	



2 Overview of revolutionary  
X-ray science tools at NGLS

The	science	program	at	 the	Next	Generation	Light	

Source	will	be	based	on	X-ray	measurement	tools	with	

spatial,	 temporal,	 and	 energy	 resolution	 that	 are	 far	

beyond	what	can	be	achieved	with	present	sources.		Most	

importantly,	this	new	science	will	exploit	entirely	new	

X-ray	measurement	capabilities	and	approaches	that	are	

qualitatively	different	from	anything	available	from	cur-

rent	X-ray	sources,	or	from	any	other	X-ray	source	in	the	

foreseeable	future.		

The	Next	Generation	Light	Source	will	revolutionize	

X-ray	 science	 by	 providing	 unprecedented	 coherent	

power	(up	to	~100	W)	in	a	continuous	tunable	train	(ulti-

mately	up	to	100	MHz)	of	ultrafast	(femtosecond	or	less)	

pulses.		Much	as	passive	mode-locking	of	the	continuous-

wave	laser	in	the	20th	century	ushered	in	the	era	of	non-

linear	 optical	 spectroscopy	 and	 ultrafast	 science,	 a	

versatile	 X-ray	 laser	 facility	 combining	 high	 average	

power,	high	repetition	rate,	and	tunable	ultrafast	pulses	

will	usher	in	a	new	era	of	X-ray	science	for	the	21st	century.	

Following	is	a	brief	introduction	of	the	new	scientific	

tools	enabled	by	such	an	X-ray	laser.	Section	3	presents	

examples	of	the	scientific	imperatives	for	a	next	generation	

light	source,	and	illustrates	how	the	new	measurement	

capabilities	of	NGLS	will	enable	new	areas	of	science.		

Section	4	discusses	these	key	capabilities	in	detail,	and	

provides	some	comparison	with	existing	approaches.

2.1	 	Multi-dimensional	X-ray	
Spectroscopy

Multi-dimensional	 X-ray	 spec-

troscopy	refers	to	a	broad	class	of	

measurement	capabilities	 incorporating	 time-ordered	

sequences	of	X-ray	pulses	to	generate	a	signal	that	is	a	

function	of	multiple	time	delays	and/or	photon	energies.	

These	are	nonlinear	X-ray	techniques,	and	in	some	cases	

coherent	wave-mixing,	in	which	X-ray	pulses	are	used	as	

both	a	pump,	to	prepare	specific	near-equilibrium	states	

of	matter,	and	as	a	probe	of	these	evolving	states.	These	

new	tools	rely	on	simultaneous	combinations	of:	high	

peak	power,	high	average	power	(high	repetition	rate),	

spatial	coherence,	temporal	coherence,	and	tunability.

In	the	X-ray	region,	the	tremendous	promise	of	multi-

dimensional	spectroscopy	lies	in	the	capability	to	follow	

coherent	charge	flow	and	energy	relaxation	on	funda-

mental	 (attosecond	 to	 femtosecond)	 time	scales	with	

access	to	the	full	range	of	valence	states	(unrestricted	by	

dipole	selection	rules).	Importantly,	the	element	sensitivi-

ty	provided	by	X-rays	(tuned	to	core-level	absorptions)	

will	enable	us	for	the	first	time	to	follow	charge	and	ener-

gy	flow	between	constituent	atoms	in	materials.	These	

essential	capabilities	are	not	attainable	using	infrared	or	

visible	laser	pulses,	and	will	provide	critical	insight	to	cor-

related	electron	systems,	and	molecular	complexes	with	

strong	coupling	between	electronic	and	nuclear	dynamics.	

The	analogous	technique	of	nuclear	magnetic	reso-

nance	(NMR)	illustrates	the	tremendous	potential	impact	

of	multi-dimensional	X-ray	spectroscopy.	NMR	incorpo-

rates	sequences	of	radio-frequency	pulses	to	generate	a	

two-dimensional	 signal-map	 that	 is	 a	 function	 of	 the	

Fourier	transform	of	the	time	intervals	between	different	

pulse	pairs.	NMR	signal-maps	are	fingerprints	of	specific	

chemical	structures,	and	their	relative	positions,	within	a	

molecular	 complex.	The	 scientific	 significance	 is	 evi-

denced	by	the	1991	Nobel	Prize	in	Chemistry	which	was	
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interest,	~meV	for	many	important	science	applications.	

In	addition	 to	sacrificing	photons	 that	 lie	outside	 the	

bandwidth	of	interest,	the	relatively	poor	efficiency	of	

X-ray	optics	results	in	additional	loss	of	photons	within	

the	bandwidth	of	interest.	In	contrast,	the	bandwidth	gen-

erated	by	an	X-ray	laser	can	be	directly	controlled	by	the	

seeding	process.	NGLS	will	ultimately	be	capable	of	gen-

erating	pulses	up	to	500	fs	duration	FWHM	with	a	band-

width	of	~10	meV	(near	the	Fourier	transform	limit).	The	

average	flux	available	in	this	bandwidth	will	be	many	

orders	 of	 magnitude	 beyond	 any	 present	 or	 planned	

source,	and	will	drive	dramatic	advances	in	high-resolu-

tion	X-ray	spectroscopy.

2.2	 Ultrafast	Dynamics	

NGLS	will	provide	important	new	

capabilities	for	investigating	fun-

damental	dynamics	of	charge	and	energy	flow	in	matter:	

on	 the	 attosecond	 and	 few	 femtosecond	 time	 scales	

(characteristic	 of	 electron	 correlations	 and	 coherent	

charge-transfer	processes),	and	on	the	10-100	femtosec-

ond	time	scale	(characteristic	of	atomic	motion	and	vibra-

tional	modes).	Dynamic	studies	will	be	indispensible	for	

separating	coupled	phenomena	in	the	time	domain,	such	

as	collective	electronic	excitations	in	materials,	and	cou-

pled	electronic	and	nuclear	motion	in	reacting	molecules.

While	 the	attosecond	 frontier	has	been	opened	by	

high-order	laser	harmonic	sources	at	the	10-100	µW	aver-

age	power	levels	and	kHz	repetition	rates,	NGLS	will	enable	

X-ray	pump	/	X-ray	probe	attosecond	research	at	100	kHz	

rates	with	initial	tunability	from	280	eV	to	1.2	keV,	and	

average	power	of	~1	mW.	Upgrade	paths	are	already	identi-

fied	to	reach	Watt	level	average	power	in	pulses	of	a	few	fs	

duration,	with	spectral	range	extending	to	the	hard	X-rays.	

The	flexible	design	of	NGLS	can	readily	incorporate	new	

developments	in	seed	lasers	to	enhance	the	X-ray	laser	

performance.	The	combination	of	laser	seeding	and	timing	

stability	provided	by	a	continuous-wave	superconducting	

RF	linac	will	allow	for	synchronization	to	external	laser	sources	

at	the	few	femtosecond	level	for	sample	excitation	with	

ultrafast	pulses	in	the	UV,	visible,	near-IR,	and	THz	regions.	

awarded	to	R.	Ernst	for	his	development	of	multi-dimen-

sional	NMR.	In	a	dramatic	advance,	vibrational	multidi-

mensional	 spectroscopy	 was	 demonstrated	 nearly	 a	

decade	ago,	using	sequences	of	ultrafast	infrared	laser	

pulses.	The	infrared	signal-maps	provide	a	fingerprint	of	

the	coupling	between	different	vibrational	modes	in	a	

molecule,	thereby	revealing	new	insight	to	the	molecular	

structure	 and	 its	 evolution	 on	 the	 femtosecond	 time	

scale.	The	development	of	electronic	multidimensional	

spectroscopy	now	provides	an	approach	to	exploit	ultra-

fast	visible	pulses	to	map	the	dynamic	coupling	between	

electronic	states.	Over	the	past	several	years,	this	tech-

nique	 has	 become	 invaluable	 for	 following	 quantum	

coherences	and	charge	 relaxation	between	electronic	

states	in	systems	ranging	from	chlorophyll	(responsible	

for	light	harvesting	in	photosynthesis)	to	excitonic	states	

in	semiconductors.

Multi-dimensional	X-ray	spectroscopy	and	nonlinear	

X-ray	science	will	be	hallmarks	of	NGLS	as	they	require	

capabilities	that	are	not	available	from	any	other	X-ray	

source.	High	peak-power	X-ray	pulses	are	just	one	of	sev-

eral	essential	requirements.	Equally	important	is	the	abil-

ity	 to	 control	 the	 degree	 of	 X-ray	 nonlinearity	 while	

resolving	small	signals	with	high	fidelity.	High	repetition	

rate	 is	absolutely	essential	 to	achieve	 this	 in	order	 to	

avoid	disrupting	the	electronic	states	(or	other	sample	

attributes)	 that	 are	 being	 investigated.	An	 important	

benchmark	to	recognize	is	that	the	scientific	impact	of	

multi-dimensional	 laser	 techniques	was	 realized	only	

after	 the	development	of	multi-kHz	and	MHz	ultrafast	

laser	 sources.	These	 lasers	combined	both	high	peak	

power	and	high	average	power	to	enable	extremely	sen-

sitive	measurements	of	controlled	near-equilibrium	inter-

actions	of	laser	pulse	sequences	with	matter.

In	addition	to	nonlinear	X-ray	spectroscopy,	high-reso-

lution	spectroscopy	will	also	be	transformed	by	the	capa-

bilities	 of	 NGLS.	 A	 fundamental	 limit	 of	 present	

synchrotron	sources	(and	SASE	FELs)	for	high-resolution	

spectroscopy	is	their	lack	of	longitudinal	(temporal	phase)	

coherence.	The	generated	X-rays	are	inherently	broad-

band	(typically	several	10’s	of	eV	at	1	keV),*	and	as	a	con-

sequence,	 high-resolution	 measurements	 must	 use	

monochromators	in	order	to	filter	out	the	bandwidth	of	

*	For	synchrotron	sources,	the	fractional	bandwidth	in	the	central	cone	from	an	undulator	scales	as	Δλ/λ~1/Nu	where	Nu	is	the	number	of	undulator	peri-
ods.	Present	capabilities	(typically	Nu~100,	or	1%	fractional	bandwidth)	are	many	orders	of	magnitude	beyond	the	meV	resolution	of	scientific	interest,	and	
are	fundamentally	limited	by	e-beam	emittance	(which	eventually	degrades	the	coherent	superposition	of	radiation	over	the	length	of	the	undulator)	and	
practically	limited	by	the	maximum	undulator	lengths	in	a	storage	ring	(~10	m).



7

2 .  OVERVIEW OF REVOLUTIONARY X-RAY SCIENCE TOOLS AT NGLS
COHERENT SCATTERING AND IMAGING

X-ray cinematic imaging	uses	tomographic	techniques	

with	ultrafast	pulses	and	high	repetition	rates	to	create	3D	

tomographic	 movies	 of	 fluid	 dynamics	 coupled	 with	

chemistry.	NGLS	will	apply	X-ray	cinematic	imaging	to	

understand	combustion	dynamics	and	 reactive	 flows	

with	an	unprecedented	combination	of	volumetric	real-

time	probing	and	chemical	speciation.

Coherent X-ray scattering	(X-ray	photon	correlation	

spectroscopy)	is	laser	speckle	in	the	X-ray	regime.	While	vis-

ible	laser	speckle,	or	dynamic	light	scattering,	probes	dif-

fusional	dynamics	in	soft	matter	(e.g.	polymers,	solution	

suspensions,	glasses)	on	the	micron	scale,	coherent	X-ray	

scattering	probes	spatial	correlations	and	dynamic	hetero-

geneity	on	the	nanometer	scale,	with	the	chemical	sensi-

tivity	and	magnetic	contrast	mechanisms	provided	by	

tunable	soft	X-rays.	NGLS	will	apply	coherent	X-ray	scat-

tering	(at	100	kHz	repetition	rates,	with	ultrafast	pulses)	to	

understand	dynamic	nanoscale	heterogeneity	in	materials,	

including:	(1)	transient	nanoscale	fluctuations	of	charge	and	

orbital	ordering	phenomena	in	solids;	(2)	vortex	dynamics	

in	high	Tc	superconductors;	and	(3)	protein-protein	inter-

actions	in	physiological conditions.

Coherent diffractive imaging	uses	iterative	phase-recon-

struction	algorithms	to	invert	coherent	X-ray	scattering	pat-

terns	and	thereby	reconstruct	three-dimensional	images	of	

objects	at	the	nanoscale,	avoiding	the	resolution	limitations	

imposed	by	X-ray	optics.	NGLS	will	apply	coherent	diffrac-

tive	imaging	(at	100	kHz	repetition	rates,	with	ultrafast	puls-

es)	 to	 capture	 and	 image:	 (1)	 the	 earliest	 events	 in	

nanoparticle	nucleation	and	synthesis;	(2)	ultrafast	struc-

tural	changes	in	supramolecular	catalysts	in operation;	and	

(3)	heterogeneous	biological	systems	ranging	from	multiple	

conformations	and	dynamics	of	bio-molecules,	to	molecu-

lar	machines,	to	whole	cells	—	all in native environments.  

These	capabilities	for	dynamic	studies	represent	a	dra-

matic	advance	over	existing	and	planned	X-ray	FEL	sources.	

Finally,	the	temporal	coherence	and	versatility	of	NGLS	

will	be	exploited	to	tailor	the	pulse	duration	(time	resolution)	

and	bandwidth	(energy	resolution)	for	specific	experiments.

2.3	 	Coherent	Scattering	and	
Imaging		

MHz	 ultrafast	 X-ray	 lasers	 at	

NGLS	will	revolutionize	our	abili-

ty	to	image	the	nanoscale	struc-

ture	in	matter	with	unprecedented	

detail.	Structural	heterogeneity,	 rare	 transient	nano-

structures,	spontaneous	fluctuations,	and	dynamic	evo-

lution	at	the	nanoscale	will	be	revealed	using	advanced	

coherent	X-ray	scattering	and	diffraction	microscopy	

techniques	that	cannot	be	achieved	with	present	X-ray	

sources.	Importantly,	the	capabilities	of	NGLS	will	lever-

age	state-of-the-art	computational	approaches	and	high-

speed	detectors	now	undergoing	rapid	development.

X-ray	 scattering	 and	 imaging	 represent	 powerful		

scientific	tools	that	have	been	developed	over	the	past	

century,	 based	 primarily	 on	 incoherent	 (or	 partially	

coherent)	X	ray	sources.	Importantly,	synchrotron	sourc-

es	provide	limited	spatial	coherence,	enabling	the	emer-

gence	 of	 coherent	 X-ray	 scattering	 and	 diffractive	

imaging	techniques.	These	techniques	will	converge	and	

reach	their	full	potential	with	coherent	X-ray	sources.	

Spatial	 and	 temporal	 (longitudinal)	 coherence	 at		

MHz	repetition	rates	will	enable	NGLS	X-ray	lasers	to	

revolutionize	the	characterization	of	nanoscale	structure	

and	dynamics.





NGLS – science drivers3

that	accomplish	the	conversion	of	carbon	dioxide	and	

water	to	carbohydrates	in	a	single	integrated	system.	This	

motivates	the	development	of	artificial	photosynthetic	

systems	for	the	singular	purpose	of	generating	a	desired	

fuel	on	a	large	scale.

While	considerable	progress	has	been	made	toward	

this	goal,	and	some	artificial	solar	fuel	systems	are	effi-

cient,4	they	contain	rare	materials,	are	not	durable,	or	rely	

on	synthetic	processes	that	are	not	scalable.5	Conversely,	

partial	or	complete	systems	made	of	abundant	materials	

are	inefficient	and	often	not	robust.	Bridging	the	scientific	

3.1	 Photosynthesis

 Research on Solar Fuel Generating Systems 
at the NGLS

The	rising	demand	for	energy,	the	diminishing	supply	

of	oil	 and	natural	gas,	 and	 the	environmental	 conse-

quences	from	the	use	of	fossil	fuels,	all	highlight	the	need	

for	renewable	energy	sources.	Of	the	many	alternatives,	

solar	energy	is	by	far	the	most	abundant	and	inherently	

clean	energy	source.1,2,3	The	goal	of	generating	solar	

fuels	by	direct	conversion	of	light	energy	to	fuel	mole-

cules	is	inspired	by	nature’s	photosynthetic	organisms	

Detailed understanding of the processes that comprise photosynthesis — the set of reactions that use solar 
energy to convert water and carbon dioxide into organic compounds and oxygen — will have both fundamental 
and applied importance. Fundamental studies can be traced back hundreds of years, with modern investiga-
tions including the Nobel prize winning work of Melvin Calvin on critical carbon pathways, and the recent work 
of Graham Fleming on the quantum coherence underlying photosynthetic reactions. Today, artificial photosyn-
thetic systems carry the promise of sustainable energy by producing fuels from sunlight.

The unique capabilities of the NLGS will provide a far greater understanding of natural photosynthetic reactions. 
Ultrafast pulses will reveal the chemical dynamics that occur on time-scales ranging from the fastest quantum 
mechanical transfer of electronic charge across molecules, to the relatively gradual regulation of reactions asso-
ciated with changing solar flux. Wavelength-tunable, high-repetition-rate X-ray pulses will for the first time allow 
interrogation of specific photosynthetic molecules and charge states in a time-ordered and non-perturbing manner. 
These capabilities will also help identify the optimal pathways for efficient conversion of sunlight to fuels in arti-
ficial photosystems.
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3.1.1  Natural Photosynthesis —  
Critical Knowledge Gaps

3 .1 .1 .1 Scientific Gaps 

The	most	critical	reaction	during	photosynthesis	is	the	

photo-induced	oxidation	of	water	(Figure	2).	Water	oxida-

tion	in	natural	photosynthesis	consists	of	four	oxidation	

steps	driven	by	the	successive	absorption	of	four	pho-

tons	by	the	Photosystem	II	(PS	II)	reaction	center	(Figure	

3).2		The	time	scales	of	electron	transport	from	one	pig-

ment	to	another	span	about	nine	orders	of	magnitude.	

After	excitation	of	the	antenna	system	the	light	energy	is	

transferred	to	the	primary	donor	Chlorophyll	complex	

P680,	located	in	the	reaction	center	of	PS	II,	and	then	sub-

sequently	to	other	acceptor	pigments.	The	oxidized	P680	

returns	to	the	ground	state	by	receiving	an	electron	that	is	

extracted	from	the	oxygen-evolving	complex	(OEC)	by	

the	water	oxidation	reaction.	Namely,	PSII	combines	one	

photochemical	 reaction	 at	 the	 P680	 and	 four	 electron	

redox	chemistry	at	 the	OEC	to	complete	one	catalytic	

cycle.	Through	this	cyclic	process,	the	central	Mn4Ca	clus-

ter	stores	four	oxidizing	equivalents,	which	are	used	to	

extract	four	protons	and	four	electrons	from	two	water	

gaps	for	developing	viable	solar	fuel	generators	is	a	for-

midable	yet	highly	promising	task	that	will	be	dramati-

cally	 accelerated	 by	 the	 spectroscopic	 capabilities	 of	

NGLS	X-ray	lasers.	Essential	capabilities	include	time	res-

olution,	chemical	specificity	and	bonding,	and	high	repe-

tition	rate	to	probe	rare	transient	states,	in	their	operating	

environment,	without	disrupting	them.

Nature	has	devised	a	remarkably	diverse	set	of	path-

ways	to	convert	solar	photons	into	chemical	fuels	through	

a	complex	mechanism	operating	in	the	leaf	of	a	plant.	

Simply	speaking,	the	photosynthetic	reaction	center	in	a	

plant	leaf	captures	light,	creates	and	transports	electrons	

and	positive	charges	that,	with	the	help	of	a	naturally	

occurring	catalyst,	oxidizes	water	and	produces	oxygen	

molecules	and	hydrogen	ions.	In	later	stages	of	the	pro-

cess,	electrons	are	used	to	reduce	carbon	dioxide	and	fix	

carbon	by	combining	carbon	with	hydrogen	ions	in	the	

formation	of	a	sugar	that	can	later	be	converted	to	alcohol	

fuel.	While	the	natural	system	deals	with	a	complex	set	of	

tasks	that	goes	well	beyond	producing	sugar	molecules,	

artificial	photosynthesis	focuses	on	the	single	task	of	gen-

erating	a	fuel	from	water,	carbon	dioxide	and	sunlight.	

Capabilities	of	the	NGLS	X-ray	lasers	will	be	crucial	to	

advance	our	understanding	of	key	energy	transfer,	charge	

transport	and	chemical	processes	of	natural	photosyn-

thesis,	and	to	develop	fundamental	principles	for	target-

ed	design	of	artificial	systems	that	are	efficient,	durable,	

and	manufacturable	from	earth-abundant	materials	using	

scalable	processes.
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Figure	1		Left: natural photosynthetic system. Right: conceptual design of an artificial photosynthetic system (Figure courtesy of N. Lewis).
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       Figure	2		Steps in photo-induced oxidation of water.
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es	 them	for	a	sufficient	period	necessary	 for	splitting	

water,	therefore,	remains	as	a	central	question.	

3 .1 .1 .3 Capabilities Lacking 

For	 a	 complete	 under-

standing	of	the	photocata-

lyt ic 	 react ions, 	 i t 	 is	

necessary	 to	study	critical	

steps	such	as	the	transient	

S4	state,	and	 the	chemical	

dynamics	 that	 govern	 the	

directionality	of	the	catalytic	

reaction	 cycle.	 A	 detailed	

molecular	picture	requires	

time-resolved	 measure-

ments	under	ambient	con-

ditions.	However,	for	biological	catalysts	like	the	OEC	that	

usually	function	in	a	dilute	aqueous	environment,	this	

has	been	a	challenge	due	to	high	susceptibility	to	radia-

tion	damage	even	at	cryogenic	temperatures.9	For	this	

area	of	science,	NGLS	X-ray	lasers	will	bridge	several	sig-

nificant	capability	gaps	of	modern	synchrotrons,	namely:	

(1)	an	ability	to	probe	these	processes	on	the	fundamental	

time	scales	and	at	ambient	conditions	where	catalytic	

reactions,	bond	formation,	and	charge	transfer	processes	

occur;	(2)	a	capability	for	tunable	two-color	X-ray	pump,	

X-ray	probe,	and	multidimensional	X-ray	spectroscopy	

techniques	 for	 following	 the	 flow	 of	 valence	 charges	

between	different	atomic	sites;	(3)	provision	of	the	requi-

site	average	brightness	(unachievable	from	synchrotron	

sources)	that	will	directly	reveal	the	charge	correlations	

molecules,	catalyzing	the	formation	of	oxygen,	and	even-

tually	releasing	O2	at	a	rate	of	nearly	500	molecules/sec.	

The	 electrons	 on	 the	 acceptors	 are	 available	 for	 CO2	

reduction,	or	for	the	reduction	of	H+	to	H2.

Despite	many	decades	of	study,	essential	components	

of	the	water	oxidation	process	remain	poorly	understood.	

A	complete	understanding	of	the	fundamental	electron	

dynamics	that	control	this	complex	reaction	is	a	grand	

challenge	of	science.

3 .1 .1 .2    Current Understanding from Synchrotron-Based 

Experiments 

The	detailed	chemistry	of	the	OEC	has	emerged	slowly,	

but	 critical	 design	 aspects	 remain	 to	 be	 elucidated.	

Synchrotron-based	experiments	such	as	X-ray	diffrac-

tion6,7	 and	 X-ray	 absorption	 methods	 have	 revealed	

insight	about	the	protein	scaffold	and	the	overall	geome-

try	of	the	Mn4Ca	cluster.8	X-ray	emission	and	absorption	

spectroscopy	have	also	provided	information	about	the	

electronic	structure	of	some	cryo-trapped	intermediate	

states	(S0	to	S3).	The	Mn4Ca	complex	plays	a	key	role	

owing	to	the	versatile	d-electron	orbitals	and	their	manip-

ulation	via	 ligand	 fields,	 from	which	emerge:	 charge-

transfer	states,	a	capability	to	change	oxidation	state	at	

relatively	small	energy	cost,	and	a	high	level	of	catalytic	

activity.	While	it	is	widely	accepted	that	all	of	the	manga-

nese	ions	are	in	high	oxidation	states	and	bridged	by	oxy-

gen,	the	exact	oxidation	state	of	each	manganese	atom,	

the	nature	of	the	bonding	with	oxygen,	their	evolution,	

and	the	role	of	calcium	remain	largely	unknown.	How	the	

OEC	accumulates	four	oxidizing	equivalents	and	stabiliz-
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ates and products interact-

ing with a solid catalyst 

surface.13 These techniques 

open up monitoring of het-

erogeneous photocatalytic 

processes by probing bond-

ing interactions of water, 

carbon dioxide, or reaction 

intermediates on the cata-

lyst surface. Concurrent 

monitoring of transition 

metal L-edge absorption and 

ligand K-edge spectra of 

surface metal centers, using 

grazing incidence to enhance surface sensitivity, provides 

complementary electronic structure information on the 

participating catalytic centers. However, present sources 

lack the critical capability to follow these processes on 

their natural time scales. Measurements of photosynthetic 

systems on time scales faster than ~100 ms are beyond 

our reach due to the limited flux and unfavorable time 

structure of storage rings.

Time resolved X-ray absorption spectroscopy 

(TR-XAS) has been used for understanding the dynamic 

structural changes of ligand environments upon excita-

tion of organometallic light absorbers. For example, 

Della-Longa et al., have shown an expansion of the por-

phyrin ring of a nickel porphyrin chromophore in the 

excited state upon absorption of light, along with detailed 

information on electronic structural changes.14 Khalil et 

that are thought to play a key role in important catalytic 

processes; (4) requisite pulse spacing to allow for sample 

replacement, preparation (pump), and probe — on each 

pulse, and in native (liquid) environments.

3.1.2� �Artificial�Photosynthesis�—��
Critical�Knowledge�Gaps

3.1.2.1	 Scientific	Gaps	

Breakthroughs in present thermodynamic and quantum 

efficiency limits of artificial photosynthetic systems will 

require new understanding of: (1) adequately matched 

redox potentials of light absorbers, charge separators, 

and catalysts, which are essential prerequisites for con-

verting a maximum fraction of the solar photon energy to 

chemical energy of the fuel (thermodynamic efficiency); 

(2) efficient and durable contacts for directed charge 

transport between components — typically either mole-

cule-solid or solid-solid interfaces (high quantum effi-

ciencies require fast directed charge transport in order to 

compete with undesired pathways); (3) robust catalysts 

for water oxidation, or proton or carbon dioxide reduc-

tion that operate at sufficiently fast rates for the catalysis 

to keep up with the photon flux at high solar intensity;  

(4) efficient coupling of the fuel-generating and water- 

oxidation half reactions across a proton permeable, prod-

uct impermeable membrane that affords separation of 

fuel molecules from evolving oxygen. While some these 

scientific barriers are overcome by using components 

made of non-scalable materials such as noble metals, an 

overarching challenge is to bridge these scientific gaps 

with components made of abundant, robust materials.

3.1.2.2	 	Current	Experimental	Capabilities		

and	Limitations	

Various X-ray spectroscopy techniques are now being 

applied to understand the time-averaged geometric and 

electronic structure of artificial photosynthetic systems. 

For example, cobalt EXAFS measurements revealed the 

atomic structure of a recently discovered cobalt contain-

ing electrocatalytic film for water oxidation10,11 (Figure 4). 

EXAFS spectroscopy of multiple metal edges have been 

applied to investigate structural relationships of polynu-

clear light absorbers — catalyst assemblies in nanopo-

rous silica supports.12 In situ X-ray emission spectroscopy 

of oxygen and carbon K-edges provides atom-specific 

details on the electronic structure of reactants, intermedi-
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3 .1 .2 .3 Capabilities Lacking

A	critical	capability	for	developing	efficient	artificial	

photosynthetic	systems	made	of	viable	materials	is	to	

observe	and	understand	the	sequence	of	elementary	pro-

cesses	from	absorption	of	solar	photons	to	the	release	of	

fuel	and	oxygen	molecules.	There	is	compelling	evidence	

that	energetics	and	structural	aspects	of	light	absorbers,	

charge	separating	interfaces,	catalytic	components	and	

linkages	between	half	 reactions	are	mutually	affected	

throughout	the	sequence	of	energy	transfer,	charge	trans-

port	and	catalytic	processes.	Therefore,	the	design	of	effi-

cient	 solar	 fuel	 generators	 depends	 on	 the	 ability	 to	

understand	 the	 electronic	 properties	 and	 structural	

changes	of	active	sites,	on	their	natural	time	scales,	under	

operating	conditions,	and	across	the	complete	system.	

Current	 synchrotron-based	 X-ray	 spectroscopies	

described	above	do	not	provide	the	capability	to	follow	

changes	in	electronic	properties	and	structure	on	relevant	

time	scales,	and	with	required	sensitivity.	Additionally,	

current	X-ray	sources	are	practically	 limited	 to	single	

probe	wavelengths,	which	prevents	monitoring	of	pro-

cesses	at	more	than	one	metal	center	or	 ligand,	or	of	

more	than	one	chemical	species	at	a	time.	Importantly,	no	

X-ray	source	exists	that	has	a	time	resolution	of	femto-

seconds,	sufficient	pulse	energy,	and	the	required	high	

pulse	repetition	rate	to	make	simultaneous	monitoring	of	

multiple	absorption	edges	feasible.

al.,	have	detected	ultrafast	bond	length	changes	in	orga-

no	iron-based	light	absorbers	(spin-crossover	complex)	

during	the	initial	phototriggered	events.15		Very	recently,	

TR-XAS	has	been	applied	for	the	first	time	to	L-edges,	

identifying	detailed	changes	in	bonding	configuration	of	

the	hybridized	metal-ligand	orbitals	in	the	transient	high-

spin	crossover	complex	(Figure	5).16		These	studies	are	

substantially	limited	(by	present	source	capabilities)	to	

coarse	time	resolution,	and	simple	molecular	systems	

with	relatively	large	transient	signals.	The	simultaneous	

monitoring	of	nuclear	and	electronic	movements	during	

photon-induced	energy	and	charge	transfer	processes,	

however	limited,	demonstrate	the	tremendous	potential	

of	ultrafast	X-ray	spectroscopy	for	obtaining	dynamic	

information	with	high	spatial	and	temporal	resolution	in	

the	vicinity	of	specific	elements.

Beyond	TR-XAS,	Resonant	Inelastic	X-ray	Scattering	

(RIXS)	is	an	incisive	X-ray	tool	for	probing	charge	trans-

fer,	and	other	low-energy	excitations	such	as d-d	transi-

tions	and	proton	energy	transfer.	RIXS,	in	combination	

with	XAS,	has	demonstrated	the	metal	to	ligand	charge	

transfer	occurring	between	a	Co	nanoparticle	catalyst	and	

surfactant	ligands	on	its	surface.17	For	example,	Figure	6	

shows	the	charge	transfer	peak	in	Co3O4	nanoclusters	

grown	 in	 silica	 nanopores18	 that	 act	 as	 efficient	 and	

robust	catalysts	for	water	oxidation.
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Secondly,	the	quantum	efficiency	(product	evolution	

per	photon	energy	absorbed)	of	a	given	process	—	be	it	

electron	transfer	between	catalyst	and	light	absorber	or	

the	electron	transfers	taking	place	on	the	catalytic	surface	

—	is	determined	by	not	only	those	intermediates	that	

lead	to	product	evolution,	but	is	further	influenced	by	all	

the	competing	pathways.	Since	there	will	be	a	variety	of	

competing	pathways,	the	signal	due	to	each	will	be	small.	

Transient	RIXS	is	an	experiment	that	cannot	be	done	at	

current	X-ray	sources	and	will	be	ideal	for	identifying	rel-

evant	charge	transfers	between	bound	reactants	and	the	

catalytic	surface	or	between	the	light	absorber	and	catalyst.

In	natural	photosynthesis,	 the	manipulation	of	 the	

ligand	fields	of	the	Mn	d-electron	orbitals	in	the	Mn4Ca	

complex	modulates	the	charge-transfer	states	and	the	

charge	density	of	the	metal	/	ligands,	which	are	critical	for	

catalytic	activity.	The	same	idea	is	applicable	to	the	cata-

lysts	(water-splitting,	hydrogen	production,	or	CO2	reduc-

tion)	 that	 are	 embedded	 in	 the	 artificial	 systems.	 In	

addition,	directionality	of	the	reaction,	which	is	controlled	

by	the	metal-ligand,	catalyst-linker,	and	absorber-linker	

interfaces,	will	also	perturb	the	function	of	the	catalysts.	

Such	electronic	 structural	 changes	can	be	studied	by	

3.1.3  NGLS: New Capabilities for Research 
in Natural and Artificial Photosynthesis

The	sub-femtosecond	pulse	duration,	high	pulse	energy,	

and	100	kHz–1	MHz	pulse	 repetition	 frequency	of	 the	

NGLS	will	open	up	time-resolved	X-ray	absorption,	emis-

sion	and	RIXS	experiments	on	natural	and	artificial	pho-

tosynthetic	 systems	 that	 will	 lead	 to	 a	 new	 level	 of	

mechanistic	understanding	beyond	the	reach	of	existing	

experimental	 tools.	 In	particular,	 simultaneous	multi-

wavelength,	time-resolved	X-ray	probing	of	metal	cen-

ters	and	coordination	environments	of	light	absorbers,	

catalysts	and	interfaces	across	complete	photosynthetic	

assemblies	upon	excitation	with	ultrafast	light	pulses	will	

reveal	the	interplay	of	energy,	charge	movement,	and	

chemical	 transformations	under	operating	conditions.	

The	high	spatial	resolution	combined	with	time-resolved	

capability	 from	 ultrafast	 to	 milliseconds	 will	 allow		

3D	mapping	of	charge	flow	across	the	complex	heteroge-

neous	structures	of	a	solar	 fuel	system.	The	resulting	

understanding	of	how	dynamic	and	reactive	events	affect	

energetics	and	electronic	 structure	of	all	parts	of	 the	

assembly,	under	reaction	conditions,	will	provide	insight	

for	improving	solar	to	fuel	efficiency	that	is	currently	not	

available.	

Outlined	 below	 are	 examples	 of	 experimental	

approaches	opened	up	by	the	NGLS	for	understanding	

both	natural	and	artificial	photosynthetic	systems.

3 .1 .3 .1 Photon Demanding Experiments

	Time-resolved	X-ray	absorption	experiments	at	syn-

chrotron	sources	have	very	limited	capability	to	follow	

the	electronic	and	structural	configuration	of	photo-excit-

ed	molecules	and	bulk	phase	transitions	(owing	to	limits	

in	time	resolution	and	average	flux	available).	In	addition,	

critical	for	the	design	of	high	efficiency	artificial	photo-

synthetic	systems	is	monitoring	the	evolution	of	in	situ	

photo-driven	 catalysts	 (similarly	 limited	 by	 available	

average	flux).	Experiments	even	at	ms	time	scales	are	a	

significant	 challenge,	 and	 key	 experiments	 requiring	

ultrafast	time	resolution	are	impossible.	These	include	

transient	delocalization	or	 localization	of	orbitals,	and	

evolution	of	new	bonding	configurations	that	precede	

and	direct	the	formation	of	those	catalytic	intermediate	

states.	All	require	high	average	photon	flux	and	high	time	

resolution	since	the	faster	intermediates	cannot	be	accu-

mulated	over	time.	
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FEL’s	fall	short	of	these	requirements	by	many	orders	of	

magnitude.	

3 .1 .3 .2 Multi-color Time-Resolved Experiments

The	NGLS	opens	up	the	possibility	of	simultaneous	

measurements	with	X-rays	of	two	or	more	different	col-

ors.	This	capability	has	a	profound	influence	on	our	ability	

to	understand	interactions	between	different	elements	

and	/	or	spatially	separated	units.

A	fundamental	mystery	of	the	OEC	in	natural	photo-

synthesis	is	the	distribution	of	charge	associated	with	the	

four	oxidizing	equivalents.	How	are	the	charges	distribut-

ed	and	does	coherent	correlation	among	the	charges	pro-

vide	for	enhanced	stability?	In	artificial	photosynthetic	

systems,	 in	 which	 multi-metals	 are	 involved	 as	 light	

absorbers	and	oxidation	and	reduction	catalysts,	probing	

different	metal	sites	simultaneously	over	many	decades	

of	time	provides	a	powerful	tool	for	studying	how	each	

active	component	is	synchronized	with	others.	Element	

specificity	 of	 X-ray	 spectroscopy	 with	 time-resolved	

detection	will	be	essential	 for	addressing	these	ques-

tions.	A	high-repetition-rate	X-ray	laser	will	provide	pow-

erful	probes	including	RIXS	(spontaneous	X-ray	Raman	

scattering)	and	more	advanced	multi-color	approaches	

such	as	stimulated	X-ray	Raman	(CXRS)	and	X-ray	wave	

mixing	(as	described	in	Section	4.3).	

Both	hard	and	soft	X-ray	RIXS	spectroscopy	provide	

detailed	electronic	structural	changes	at	the	catalytic	sites	

or	light	absorbers	by	simultaneously	probing	two	X-ray	

photon	frequencies,	i.e.	incoming	(absorption)	and	scat-

tered	(emission)	photons	(see	Figure	7).	Stimulated	X-ray	

Raman	spectroscopy	(Section	4.3)	further	adds	time-sen-

sitivity	 to	RIXS,	and	provides	 information	of	valence-

excited-state	dynamics	by	following	the	charge	flow	from	

one	atomic	site	to	another.	In	the	artificial	system,	for	

example,	a	 localized	valence-excited	state	at	 the	 light	

absorber	atom	is	created	by	a	pump	pulse	tuned	to	a	spe-

cific	core-level	transition	(impulsive	X-ray	Raman	excita-

tion,	see	Figure	74),	and	the	evolution	of	such	a	state	is	

followed	by	a	controlled	delay	time	when	a	second	probe	

pulse	interacts	with	a	catalytic	site.	Thus,	one	can	follow	

the	change	of	site	A	in	response	to	the	change	of	site	B,	

and	detect	coherent	coupling	between	them.	The	capabil-

ities	 of	 NGLS	 will	 enable	 such	 multi-color	 multi-	

dimensional	 pump-probe	 experiments	 in	 the	 light	

absorber	—	catalyst	pair,	or	different	element	sites	within	

the	catalyst.	This	approach	is	analogous	to	NMR	tech-

time-resolved	Kβ	emission	(Figure	7,	 left)	or	soft	X-ray	

emission	/	RIXS	spectroscopies	(Figure	7,	right).	However,	

these	 much	 more	 photon-demanding	 experiments	

require	 sensitivity	 to	 detect	 weak	 signals	 that	 probe	

valence	to	core	transitions,	d-d transitions,	and	charge-

transfer	states	which	are	less	probable	(less	intense),	yet	

highly	sensitive	to	the	chemistry.	These	will	only	be	pos-

sible	at	the	NGLS	with	high	repetition	rate	(100	kHz	to		

1	MHz),	moderate	flux	per	pulse	to	avoid	disrupting	the	

states	being	probed,	and	time	structure	to	allow	for	sam-

ple	replacement	/	recovery	between	pulses.

Time-resolved	hard	X-ray	

XES	 studies	 of	 ligand-to-

metal	transitions	are	essen-

tial	 for	 understanding	 the	

water	 oxidation	 chemistry,	

as	 these	 measurements	

directly	probe	the	ligands	of	

the	 metal	 (Kβ).	 However,	

such	 transitions	 are	 much	

weaker	(~10	times	for	Kβ1,3	

and	Kβ’,	~500	times	for	Kβ2,5	

and	Kβ”)	than	the	Kα	emis-

sion	 signals	 making	 them	

impossible	 without	 NGLS	

capabilities.

Time-resolved	soft	X-ray	

absorption/emission	studies	

are	also	key	to	understanding	

the	complex	chemistry	of	the	

catalytic	 function	 as	 they	

directly	probe	the	transient	

metal	 electronic	 states	

through	transitions	from	the	spin-orbit	split	metal-2p	levels.	

Furthermore,	soft	X-ray	RIXS	allows	direct	measurement	of	

charge	transfer	processes	that	are	not	possible	by	any	other	

known	method.	Additionally,	it	is	nearly	impossible	to	

collect	soft	X-ray	spectroscopy	data	from	biological	cata-

lysts	at	synchrotron	facilities	under	ambient	condition	

within	the	time	scale	of	radiation	damage.	X-ray	source	

requirements	include:	(1)	tunability	across	the	metal	L-	

and	ligand	K-edges;	(2)	temporal	resolution	of	~50	fs	or	

better;	(3)	average	source	flux	up	to	1015	ph/s/(0.1%	BW);	

and	(4)	timing	structure	to	enable	rapid	sample	replace-

ment	between	measurements	(e.g.	flowing	liquid	jets).	

These	requirements	are	well	matched	to	NGLS,	while	

present	3rd	generation	synchrotrons	and	soft	/	hard	X-ray	

 UV-visible-THz pump, X-ray 
probe

Two-color X-ray probe

Time-resolved XAS, XES, 
XANES, EXAFS

Native environments

Sample replacement 
between pulses

High-resolution RIXS

X-ray pump, X-ray probe

Stimulated X-ray Raman 
(CXRS) – wave mixing

Core-hole correlation – 
wave mixing

see Section 4.3
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towards	high	efficiency	systems	is	expected	to	take	many	

decades	in	the	absence	of	major	new	tools	(for	compari-

son,	consider	the	65	years	of	research	on	solar	photovol-

taic	materials	for	sunlight	to	electricity	conversion	since	

their	first	appearance).	One	anticipated	impact	of	NGLS	is	

the	shortening	of	progress	towards	high	efficiency	artifi-

cial	photosynthetic	systems	by	decades.	This	is	in	addi-

tion	to	anticipated	major	fundamental	breakthroughs	in	

the	field	of	excitation,	charge	transport,	and	chemical	

transformation	in	complex	heterogeneous	systems.

Beamlines for Photosynthesis Research

Visible-pump,	X-ray-probe	spectroscopy	experiments	

on	natural	and	artificial	photosynthetic	systems	will	rely	

primarily	 on	 the	 seeded	 NGLS	 beamlines	 1	 and	 2	 as	

described	in	Section	5	(Table	2).	These	experiments	will	

use	one-color	(and	in	some	cases	two-color)	X	ray	probes	

to	follow	valence	charge	dynamics	via	XAS	and	XES	at	

transition-metal	L-edges	and	ligand	(e.g.	O,	N)	K-edges	in	

the	soft	X-ray	range.	EXAFS	probes	of	local	structural	

dynamics	will	rely	on	hard	X-rays	at	the	3rd	and	5th	har-

monics	to	probe	transition-metal	K-edges	(and	beyond	for	

hard	X-ray	XES).	Multi-dimensional	spectroscopy	experi-

ments	will	require	the	two-color	sub-femtosecond	capa-

bilities	of	beamline	2.	Soft	X-ray	RIXS	experiments	will	

rely	on	the	high	energy	resolution	(and	high	average	flux)	

of	 NGLS	 beamline	 1	 in	 long-pulse	 seeded	 operation		

(<50	meV	resolution	without	a	monochromator,	and	higher	

resolution	with	a	monochromator	at	some	loss	of	flux).

Many	of	these	experiments	will	use	flowing	samples	

(or	sample	replacement	or	rastering)	in	order	to	provide	

for	physiological	conditions	and	to	prepare	the	same	ini-

tial	state	for	each	probe	pulse.	This	sets	a	limit	of	~100	kHz	

on	the	usable	repetition	rate.	A	maximum	fluence	per	

pulse	 in	 the	mJ/cm2	 range	 is	 anticipated,	 in	order	 to	

insure	that	the	X-ray	probe	does	not	disrupt	the	electronic	

states	being	measured	(see	Appendix	1).

niques	 which	 resolve	 chemical-specific	 nuclear	 spin	

coherences.	Multidimensional	X-ray	techniques	(Section	

4)	will	enable	2D	energy	mapping	of	element-specific	

valence	charge	coherences	for	the	first	 time.	With	the	

short-pulse	capabilities	of	NGLS,	we	will	be	able	to	follow	

the	evolution	of	such	coherences	on	the	sub-femtosec-

ond	time	scale.

3 .1 .3 .3 Ambient, Real Time Measurements

 Ultrafast	X-ray	lasers	operating	with	uniformly	spaced	

pulses	at	10	μs	intervals	(100	kHz)	will	enable	an	impor-

tant	new	experimental	approach	for	time-resolved	X-ray	

spectroscopy	measurements,	particularly	for	the	natural	

photosynthetic	system.	In	this	scheme,	the	sample	is	not	

frozen,	but	remains	at	ambient	temperature	in	solution,	

consistent	with	the	natural	environment	in	which	photo-

synthesis	occurs,	and	the	sample	is	replaced	(e.g.	via	

flowing	 jet)	on	each	pulse.	Thus,	each	combination	of	

laser-pump	pulse(s)	initiates,	from	a	fresh	sample,	the	

formation	of	a	particular	state	(S1,	S2,..Sn)	storing	a	num-

ber	of	oxidizing	equivalents,	and	an	ultrafast	X-ray	probe	

pulse	interrogates	the	formation	and	evolution	of	that	

state	with	unprecedented	detail.	Such	an	approach	is	not	

practical	at	present	synchrotron	sources	owing	to	the	

ultrashort	(~2	ns)	interval	between	pulses	that	is	used	in	

order	to	achieve	the	highest	possible	average	flux.	

 Impact of NGLS on Solar Fuel Generator 
Development 

The	level	of	mechanistic	understanding	of	complete	

integrated	solar	fuel	systems	under	reaction	conditions	

that	will	emerge	from	research	enabled	by	NGLS	X-ray	

lasers	will	dramatically	accelerate	the	development	of	

highly-efficient	solar	fuel	generating	systems.	With	first	

prototype	 systems	 performing	 at	 modest	 efficiencies	

expected	to	be	developed	in	the	next	few	years,	progress	
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Time-resolved XES Experiments — Photosynthesis

The	following	estimates	illustrate	the	scientific	need	for	a	high-repetition-rate	ultrafast	X	ray	laser	for	photosyn-

thesis	research:
Required integrated flux on the sample: ~1017 photons for 100 time points

ph/pulse (usable) Rep . rate [Hz]
Time to do  
experiment

Time resolution

Storage	Ring 105			[3] 105			[1] 100 days 100	ps

Pulsed	FEL 108			[2] 102 100 days ~fs

NGLS 108			[2] 105			[1] 3 hrs ~fs

[1] Rate limit:	~105	Hz,	determined	by	sample	replacement	restrictions

-	physiological	conditions	—	liquid	jets

-		storage	rings	(multibunch)	presently	limited	to		

cryogenically	trapped	states

[2] Fluence limit:	~1mJ/cm2	to	avoid	disruption	of	electronic	properties;	100	meV	BW

	 	(e.g.	1	keV,	108	ph/pulse,	50	μm	focal	spot	⇒1	mJ/cm2)

[3] Bandwidth limit:	100	meV	BW	and	~10x	losses	from	monochromator	optics

Nominal Storage Ring Source:

Flux ~5x1015	ph/s/0.1%	BW	@	1	keV	(without	monochromator	losses)

Rep.	rate 5x108	Hz

Pulse	duration 100	ps

Nominal Storage Ring Source with Bunch Tilting:

Flux ~6x1012	ph/s/0.1%	BW	@	1	keV	(~106	ph/pulse/0.1%	BW)	(without	monochromator	losses)

Rep.	rate 6x106	Hz	

Pulse	duration ~1	ps
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are	separable	 from	 those	of	 the	nuclei	 in	a	molecule	

based	 on	 their	 disparate	 time	 responses	 (Born-

Oppenheimer	approximation).	This	assumption	becomes	

increasingly	invalid	and	misleading	when	attempting	to	

understand	photochemical	processes	in	large	molecules.	

Thus,	a	second	and	crucial	step	in	present	theoretical	

descriptions	is	to	repair	this	assumption	when	it	breaks	

down	near	specific	points	in	the	course	of	a	photochemical	

reaction.	These	are	conical	intersections	(seams	of	inter-

section	between	the	potential	energy	surfaces	of	different	

electronic	states	of	a	molecule)	that	attempt	to	describe	

via	quantum	chemistry	the	regions	where	electronic	and	

nuclear	dynamics	are	 closely	 coupled	 (and	 the	Born-

Oppenheimer	approximation	is	not	applicable).

Importantly,	the	conversion	of	energy	from	light	into	

chemical	energy	in	complex	molecules	often	proceeds	

through	multiple	breakdowns	of	the	Born-Oppenheimer	

approximation,	with	profound influence	on	the	course	of	

the	reaction	pathway.	Presently,	however,	we	are	unable	

to	observe	this	fundamental	phenomenon	in	unambigu-

ous	detail	—	even	in	simple	molecules.	To	advance	our	

fundamental	understanding	of	photochemistry	and	solar	

The	flow	of	energy	and	electric	charge	in	molecules	

are	central	to	both	natural	and	man-made	molecular	sys-

tems	that	convert	sunlight	into	fuels	or	directly	into	elec-

tricity.	Understanding	and	controlling	these	processes	

remains	a	fundamental	science	challenge,	in	large	part	

because	we	lack	the	requisite	tools	to	probe	these	pro-

cesses	—	simultaneously	at	the	atomic	level	and	on	natural	

time	scales.	NGLS	will	provide	qualitatively	new	probes	

of	energy	and	charge	flow	and	how	they	work	in	simple	

and	complex	molecular	systems.

How is Electronic Energy from the Absorption 
of Visible or Ultraviolet Light Converted into 
Chemical Energy in Molecular Systems?

Energy	from	the	absorption	of	visible	light	by	elec-

trons	in	a	molecule	is	converted	to	chemical	energy	via	

coupling	to	nuclear	motion	and	bonding	between	atoms.	

Today,	much	of	our	understanding	of	this	central	process	

in	solar	energy	conversion	and	photochemistry	is	based	

on	an	initial	assumption:	namely	that	the	electron	dynamics	

When visible or ultraviolet light interacts with a molecule, the energy is initially absorbed by the electrons that 
are also responsible for molecular bonding, and then couples to motion of the atoms.  Unless this excess energy is 
rapidly channeled into a coordinated rearrangement of chemical bonds and/or migration of electrical charge, it is 
quickly converted into heat and lost. For example, a key feature of light harvesting complexes which produce 
chemical fuels or electrical current, is that they are designed to rapidly channel the energy of electronic motion 
into specific and useful molecular pathways, by breaking and forming particular chemical bonds, or moving elec-
trical charge to specific molecular locations.

The fundamental mechanisms of energy and charge migration in molecular systems are still only partially under-
stood, and modeled only by limiting approximations. Direct observation of the intramolecular machinery remains 
difficult because measurements must be made on the ultrafast time scales of electron motion, bond breaking 
and formation, and subtle nuclear motion. NGLS will provide ultrafast pulses of extreme ultraviolet and X-ray 
radiation at high repetition rates that will allow us to probe the details of these fundamental processes of energy and 
charge migration on the relevant time-scales of attoseconds to femtoseconds. These experiments will bridge a 
critical gap in our understanding, and will facilitate bottom-up molecular design principles for the development 
of new energy producing systems.

3.2	 	Fundamental	Energy	and	Charge	Dynamics
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energy	surfaces.	We	currently	have	only	a	rudimentary	

understanding	of	this	central	process,	even	in	small	mol-

ecules,	and	very	little	ability	to	observe	it	on	an	atomic	

scale	in	molecules	of	any	size.	NGLS	will	enable	an	array	of	

experiments	to	follow	charge	migration	in	both	large	and	

small	molecules	with	atomic	resolution	by	targeting	spe-

cific	atomic	“reporter”	sites	for	X-ray	dynamical	investi-

gations	on	femtosecond	and	even	attosecond	time-scales.

3.2.1  NGLS: Probing and Visualizing Coupled 
Electronic and Nuclear Dynamics in 
Molecules — Motion Through Conical 
Intersections

3 .2 .1 .1  The Conversion of Electronic Energy to  

Chemical Energy

Biological	systems	and	light	harvesting	complexes	are	

driven	into	electronically	excited	non-stationary	states	by	

the	absorption	of	visible	or	UV	photons	or	through	charge	

exchange	 with	 neighboring	 molecular	 systems.	The	

resulting	 coherent	 superposition	 of	 excited	 states	 (a	

quantum	wave	packet)	rapidly	evolves	under	the	influ-

ence	of	the	coupled	electronic	and	nuclear	degrees	of	

freedom.	In	this	way	the	energy	of	electronic	excitation	is	

converted	 into	 nuclear	 motion	 and	 chemical	 energy.	

Many	theoretical	and	experimental	studies2-6	have	shown	

that	conical	intersections	can	provide	the	mechanism	for	

extremely	fast	chemical	processes,	e.g.	photo-dissocia-

tion,	photo-isomerization,	and	internal	conversion	to	the	

electronic	ground	state.	Time-dependent	quantum	wave-

packet	calculations	have	established	that	radiationless	

transitions	via	conical	intersections	between	electronic	

states	can	take	place	on	a	time	scale	of	10	fs	or	less.	It	is	

now	widely	accepted	that	conical	intersections	are	omni-

present	in	polyatomic	molecules,	and	are	fundamentally	

important	 for	 understanding	 reaction	 mechanisms	 in	

photochemistry	and	photobiology.7-10

3 .2 .1 .2 Prior State-of-the-Art

Femtosecond	 time-resolved	 methods	 have	 been	

applied	to	chemical	reactions	ranging	in	complexity	from	

bond-breaking	in	diatomic	molecules	to	dynamics	in	larg-

er	organic	and	biological	molecules,	 and	have	 led	 to	

breakthroughs	in	our	understanding	of	fundamental	pro-

cesses.11,12	As	a	chemical	reaction	initiated	by	a	pump	

pulse	evolves	toward	products,	one	expects	that	both	the	

electronic	and	nuclear	components	under	observation	

fuel	production	we	need	an	experimental	capability	that	

will	probe	the	central	mechanism	of	energy	conversion	in	

molecules.	The	combination	of	high	average	power	and	

ultrafast	 pulses	 provided	 by	 NGLS	 X-ray	 lasers	 will	

enable	us	to	probe	in	detail	the	coupled	electronic	and	

nuclear	motion	that	are	increasingly	acknowledged	to	

determine	the	molecular	pathways	in	light-driven	reac-

tions.	This	 new	 class	 of	 experiments	 will	 allow	 us	 to	

develop	new	principles	that	will	guide	the	design	of	mol-

ecules	that	will	be	essential	components	of	renewable	

energy	technologies	ranging	from	solar	fuel	production	

to	utilization	and	storage.

How Does the Combination of Nuclear 
Dynamics and Electron Dynamics Cause 
Charge Migration in Large Molecules?

Charge	migration	in	molecules	is	not	just	the	move-

ment	of	electrons.1		The	nuclei	must	also	move	in	order	to	

direct	and	localize	charge	at	a	new	location.	This	is	a	key	

step	in	the	operation	of	light	harvesting	molecular	sys-

tems,	whether	natural	or	artificial.	The	role	of	energetic	

barriers	and	the	degree	of	their	reversibility	is	central	to	

the	process	of	passing	charge	from	one	structure	to	the	

next.	Electronic	superposition	states	can	initiate	charge	

flow	even	on	a	time-scale	of	a	few	femtoseconds,	which	

must	be	investigated	to	understand	the	role	of	the	subtle	

nuclear	motions	that	guide	systems	from	one	state	to	

another	through	important	conical	intersections	of	potential	

t = 0 t = 4 fs

t = 8 fs

Figure	8		Simulation of charge migration in a molecule with nuclei 
fixed. A localized electron hole is created, migrates to the opposite 
end of the molecule but returns on the femtosecond time scale in the 
absence of simultaneous nuclear motion. (Courtesy L. Cederbaum32)
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system,	 very	 little	 progress	 has	 been	 made	 from	 the	

experimental	side,	mainly	due	to	the	limitations	of	exist-

ing	tools	and	photon	sources.	NGLS	X-ray	lasers	with	

MHz	repetition	rate	and	short	pulses	will	change	that.	The	

excitation	will	be	performed	with	a	UV	photon	and	the	

probe	will	be	performed	with	a	delayed,	ultrashort	X-ray	

pulse	tuned	just	above	the	carbon	K-edge.

Here	one	can	use	a	reaction	microscope	(COLTRIMS)	

type	of	detector	 to	perform	“rare-event”	 coincidence	

measurements	 and	 provide	 complete	 momentum-

resolved	measurements	at	each	time-step	by	resolving	

the	momenta	of	the	photoelectron,	Auger	electron,	and	

two	 positively	 charged	 ionic	 fragments,	 as	 shown	 in	

will	change,	and	in	the	case	of	non-adiabatic	couplings	

these	two	are	entangled.	Various	experimental	pump-

probe	techniques	have	been	used	in	the	past,	but	each	

gives	access	to	specific	aspects	of	the	complex	non-adia-

batic	reaction	dynamics	while	remaining	more	or	less	

blind	to	others.	Among	the	experimental	methods	used	

now	are	transient	absorption,	time-resolved	ion	produc-

tion,	 time-resolved	 photoelectron	 spectroscopy,	 and	

more	recently,	time-resolved	molecular	frame	photoelec-

tron	angular	distribution.13-20	This	latter	method	allows	a	

direct	monitoring	of	the	evolving	excited	state	electronic	

configurations	during	the	chemical	reaction.

3 .2 .1 .3 An Entirely New Capability at NGLS

In	order	to	probe	simultaneously	the	electronic	as	well	

as	the	nuclear	part	of	the	coupled	system,	one	has	to	

measure	all	of	the	above	elements	in	coincidence	by	per-

forming	a	kinematically	complete	experiment	at each 

time step.	A	kinematically	complete	experiment	is	one	in	

which	the	momenta	of	all	the	components	of	a	system	

being	pumped	are	measured	simultaneously	(typically	

via	probe-pulse	ionization,	followed	by	TOF	spectroscopy	

of	the	charged	fragments).	Kinematically	complete	exper-

iments	at	third	generation	light	sources	are	successfully	

and	widely	used	to	study	stationary	ground-state	mole-

cules	 using	 reaction	 microscopes.21-24	The	 NGLS	 will	

enable	the	extension	of	these	experiments	to	evolving	

excited	state	dynamics.	It	will	add	the	critical	dimension	

of	time	on	the	femtosecond	and	subfemtosecond	scales.

3 .2 .1 .4 . An Example Experiment

As	an	example,	the	π	→	π*	transition	in	ethylene	serves	

as	a	prototypical	system.	Ethylene	has	attracted	an	enor-

mous	amount	of	attention	from	both	experimentalists	

and	 theorists	 for	 its	 highly	 non-Born-Oppenheimer	

behavior.25-28	Various	theoretical	methods	predict	that	

after	π	→	π*	excitation,	the	molecule	experiences	an	ultra-

fast	decay	back	to	the	ground	state	through	two	conical	

intersections,	one	occurring	

at	a	 twisted-pyramidalized	

structure	shown	in	Figure	9	

and	the	other	near	an	ethyli-

dene	configuration	(HCCH3)	

where	one	of	the	hydrogens	

has	 migrated	 across	 the	

double	 bond.	 Despite	 the	

apparent	 simplicity	of	 this	
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Figure	9	 Illustration of a conical intersection that provides control 
for directing chemical reaction pathways. (Courtesy Todd Martinez)
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Figure	10		Illustration of coupled electronic and nuclear motion in 
ethylene. Isomerization dynamics are initiated with a UV excitation 
pulse (left), and the molecular structure is probed a variable fem-
tosecond time delays using an X-ray pulse to ionize the molecule.
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will	detect	 in	coincidence	two	photoelectrons	emitted	

from	the	two	different	metal	centers.	The	photoelectron	

energy	from	each	center	is	exquisitely	sensitive	to	the	

valence	electron	density	around	the	center.	An	illustration	

measurement	of	the	coincident	photoelectron	energies	is	

shown	in	Figure	12.	The	2D	coincidence	maps	will	pro-

vide,	at	each	time	step,	a	fingerprint	of	the	state	of	the	

valence	charge	density	at	each	metal	center,	thus	probing	

the	charge	flow	as	the	charge	oscillates	back	and	forth	

between	the	sites.	This	is	a	very	powerful	capability	that	

will	 take	 the	 traditional	 time-resolved	 photoelectron	

spectroscopy	(TRPES)	 technique	to	multi-dimensional	

spectroscopy,	in	this	case	two-dimensional	time-resolved	

photoelectron	spectroscopy	2D-TRPES.	To	further	insure	

that	the	two	photoelectrons	are	emitted	from	a	single	

molecule,	the	ionic	fragments	are	detected	in	coincidence	

with	the	electrons	via	a	time-of-flight	technique.

Figure	10.	The	detection	of	the	heavier	fragments	will	pro-

vide	a	molecular	frame	of	reference	and	determine	the	

energy	that	is	channeled	into	nuclear	motion.	The	com-

plete	transient	energy	map	of	the	four	particles	provides	

critical	 information	on	the	strongly	coupled	electronic	

and	nuclear	dynamics	at	and	around	the	conical	intersec-

tion.	The	photoelectron	angular	distributions	and	Auger	

electron	angular	distributions	in	the	molecular	frame	are	

exquisitely	sensitive	to	 the	electronic	states	and	their	

symmetries	as	well	as	the	position	of	the	nuclei	at	the	

time	of	the	probe.29-32		This	coincident	detection	of	all	the	

fragments	as	a	function	of	delay	time	from	the	UV	excita-

tion,	combined	with	theoretical	work,	will	give	a	unique	

insight	that	will	allow	us	to	understand	the	coupled	elec-

tronic	and	nuclear	dynamics,	and	electron	correlation	in	

the	vicinity	of	conical	intersections.

3.2.2  Direct Probe of Charge Flow in 
Molecules: Multi-Color X-ray  
Pump-Probe Experiments

3 .2 .2 .1 A New Capability at NGLS

Multiple	X-ray	pulses	can	serve	as	probes	of	charge	

migration	in	complex	molecules.	A	simple	example	involves	

the	 electron	 dynamics	 in	 dimeric	 metalloporphyrins.	

Such	metalloporphyrins	are	mostly	in	either	the	end-on	

(linear)	or	the	side-on	(cofacial)	configuration.	While	cofa-

cial	dimers	represent	the	simplest	model	system	for	bio-

logical	light	harvesting	complexes,	end-on	dimers	are	of	

interest	due	to	their	potential	application	as	molecular	

wires.	 It	 has	 recently	 been	 postulated	 that	 quantum	

coherence	might	play	an	important	role	in	the	transfer	of	

excitation	energy	in	biological	light	harvesting	complexes	

with	high	quantum	efficiencies.33	By	employing	metallo-

porphyrin	 dimers	 with	 dissimilar	 metal	 centers,	 e.g.,	

Fe(II)-Ni(II),	it	will	be	possible	to	track	the	electron	motion	

along	the	axis	of	the	dimer	by	probing	the	core	level	tran-

sitions	associated	with	each	metal	center.	The	elemental	

specificity	of	X-ray	probing	makes	it	possible	to	deter-

mine	on	which	subunit	the	electron	density	is	localized	as	

a	function	of	time.

NGLS	will	provide	a	much	more	powerful	tool	beyond	

existing	capabilities	by	enabling	simultaneous	probing	

with	two	X-rays	at	two	different	sites.	Each	X-ray	is	tuned	

to	a	few	eV	above	the	corresponding	edge	of	one	of	the	

metals,	as	shown	in	Figure	11.	In	such	an	experiment	we	

UV pump at t = 0 

eFe

eNi

Fe

N N

N N

Ni

N N

N N

X-ray probe at t = T/2
eNi eNi

eFe eFe

X-ray probe at t = T

Figure	11	 Dimeric metalloporphyrin complex. Ultrafast optical 
excitation (e.g. of the charge-transfer band) initiates inter- and 
intra-molecular charge dynamics that can be probed with element 
specificity via time-resolved photoelectron spectroscopy.

Figure	12	 Illustration of 2D coincidence maps of photoelectron 
spectra. Charge oscillations between Ni and Fe centers will lead 
to characteristic shifts of the respective photoelectron spectra 
that will be out of phase by a half oscillation period.
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evolve,	for	example	during	charge	transfer	processes,	or	

during	reactions	that	change	the	molecular	geometry.	

Core-hole	correlation	spectroscopy	probes	the	correla-

tions	between	core-excited	valence	states	at	two	distinct	

atomic	 sites	 in	 a	 molecule.34	 Multidimensional	 X-ray	

Raman	spectroscopy	exploits	one	stimulated	X-ray	Raman	

process	to	create	a	valence	excitation	(localized	at	one	

atomic	site),	and	a	second	stimulated	Raman	process	to	

probe	the	migration	of	that	excitation	to	different	atomic	

sites	(without	any	core	excitations).35	Multidimensional	

X-ray	spectroscopy	will	provide	critical	insight	into	corre-

lated	electron	systems	and	molecular	complexes	with	

strong	coupling	between	electronic	and	nuclear	dynamics.

Beamlines for Investigating Charge and 
Energy Flow in Molecules

Coincidence	experiments	and	Reaction	Microscope	

experiments	of	charge	and	energy	flow	in	molecules	will	

rely	on	visible/VUV-pump	and	soft	X-ray-probe	at	high	

repetition	rates	to	capture	rare	coincidence	events.	Some	

experiments	will	rely	on	the	seeded	NGLS	beamline	as	

described	in	Section	5	(Table	2).	The	most	demanding	

two-color	core-hole-correlation	multi-dimensional	spec-

troscopy	experiments	will	rely	on	two-color	sub-femto-

second	capabilities	of	beamline	2.	

3.2.3  Imaging Energy Flow in Large 
Molecules Using Multi-Dimensional 
X-Ray Spectroscopy

A new kind of X-ray spectroscopy that can be devel-

oped only at NGLS: Multidimensional	X-ray	spectroscopy	

(as	described	in	section	2.3.3)	incorporates	time-ordered	

sequences	of	coherent	X-ray	pulses	to	generate	a	signal	

that	is	a	function	of	multiple	time	delays	and/or	photon	

energies.	The	resulting	2D	signal	maps	follow	coherent	

charge	 flow	 and	 energy	 relaxation	 between	 specific	

atomic	 sites.	 Figure	 13	

shows	 a	 schematic	 four-

wave	mixing	geometry	(as	

is	typically	employed	in	the	

visible	regime).	In	the	case	

of	 the	 dimeric	 porphyrin	

complexes	 as	 described	

above,	 with	 X-ray	 pulses	

tuned	to	the	N	and	Ni	(or	N	

and	Fe)	absorption	edges,	

off-diagonal	features	in	the	

core-level	correlation	spec-

troscopy	maps	show	the	degree	of	correlation	between	

valence	 charges	 associated	 with	 N	 and	 with	 Ni	 (Fe).	

Furthermore,	 such	maps	 reveal	how	 these	correlations	

N-1s Ni-2p
(Fe-2p)

Valence coupling

Time
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Figure	13  Schematic multi-dimension-
al spectroscopy in dimeric porphyrin 
complexes. X-ray pulse sequences 
tuned to the N-1s and Ni-2p (or alter-
natively Fe-2p) probe correlations 
between N-2p and Ni(Fe)-3d levels. 
Alternatively, X-ray pulses tuned to 
the Fe and Ni 2p-3d transitions may 
probe d-d transitions, correlations, 
and charge flow between the Ni and 
Fe sites.

Attosecond spectroscopy

Stimulated X-ray Raman 
(CXRS) – wave mixing

Core-hole correlation – 
wave mixing

see Section 4.3
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Time-resolved Reaction Microscope Experiments

The	following	estimates	illustrate	the	scientific	need	for	a	high-repetition-rate	ultrafast	X	ray	laser	for	fundamental	

research	on	charge	and	energy	flow	in	molecular	complexes	using	reaction	microscope	techniques:

Required integrated flux on the sample: ~1019 photons for 100 time points*

ph/pulse (usable) Rep . rate [Hz]
Time to do  
experiment

Time resolution

Storage	Ring 106		[3] 107		[1] 10 days 100	ps

Pulsed	FEL 1010	[2] 102 100 days ~fs

NGLS 109		[2] 106 3 hrs ~fs

[1] Rate limit:	~107	Hz,	determined	by	TOF	energy	analyzer.

Coincidence	measurements	require	<<1	event/pulse,	and	typically	10-5	of	the	events	satisfy	the	coincidence	criteria.	

The	sample	concentration	and	flux/pulse	are	balanced	to	satisfy	the	criteria	of	<<1	event/pulse

[2] Temporal requirement:	Few	fs	pulse	duration,	low-charge	mode

[3] Bandwidth limit: 0.1%	BW	and	~10x	losses	from	monochromator	optics

Nominal Storage Ring Source:

Flux ~5x1015	ph/s/0.1%	BW	@	1	keV	(without	monochromator	losses)

Rep.	rate 5x108	Hz

Pulse	duration 100	ps

Nominal Storage Ring Source with Bunch Tilting:

Flux ~6x1012	ph/s/0.1%	BW	@	1	keV	(~106	ph/pulse/0.1%	BW)	(without	monochromator	losses)

Rep.	rate 6x106	Hz	

Pulse	duration ~1	ps

*	For	comparison,	a	typical	(non-time	resolved)	COLTRIMS	experiment	at	a	Storage	Ring	requires	days	of	signal	accumulation	at	~1	MHz	repetition	
rate,	with	a	flux	of	~1012	ph/sec	on	the	sample,	or	~1017	photons	in	total	(for	effectively	one	time	point).
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3.3	 Advanced	Combustion	Science

		Combustion	is	now	and	will	remain	for	many	decades	

the	most	important	means	of	energy	utilization	on	earth.	

The	enormous	benefits	of	modern	combustion	technolo-

gies	(e.g.	reliable	electricity,	rapid	transportation,	heating	

and	cooling	etc.),	are	accompanied	by	negative	conse-

quences,	such	as	the	health	effects	of	combustion	particu-

lates,	photochemical	smog,	and	anthropogenic	climate	

change.	It	is	increasingly	important	to	utilize	combustion	

with	greater	efficiency	and	fewer	harmful	impacts	on	the	

planet	and	its	inhabitants.	For	example,	in	the	transporta-

tion	sector,	new	energy	sources	such	as	biomass-derived	

fuels	offer	an	opportunity	to	optimize	the	fuel	stream	for	

new	highly	efficient	engines,	and	to	develop	novel	fuels	

that	 will	 help	 reduce	 greenhouse	 gas	 emissions	 and	

enhance	national	energy	security.	Climate	change	con-

cerns	create	an	urgent	need	for	these	solutions,	reflected	

in	the	goal	for	80%	greenhouse	gas	emission	reductions	

in	the	U.S.	by	2050.	Because	of	the	inherent	advantages	of	

liquid	hydrocarbons,	e.g.	in	transportability	and	energy	

density,	it	is	likely	that	they	will	continue	to	be	used	as	

energy	carriers	via	future	energy	technologies	such	as	

solar	fuels.	Accordingly,	there	is	an	increasing	need	for	

predictive	models	of	engine	combustion	that	are	accurate	

from	the	scale	of	molecules	and	electrons	through	the	

macroscopic	scale	of	engine	cylinders.

The	groundbreaking	capabilities	of	NGLS	will	be	instru-

mental	to	create	the	science	base	for	predictive	combus-

tion	models.	With	the	promise	of	new	detailed	experiments,	

and	the	astonishing	advances	in	computation,	a	concerted	

effort	will	be	able	to	deliver	truly	rigorous	science-based	

models	of	combustion,	with	genuine	predictive	power	even	

for	unexplored	fuels	and	combustion	strategies.	Validating	

such	models	will	entail	ground-breaking	experimental	probes	

of	 combustion	chemistry	and	physics,	many	of	which	

could	be	realized	with	the	high	repetition	rate,	high	aver-

age	power,	and	coherent	radiation	promised	by	NGLS.

The extraction of useful energy from combustion — the liberation of heat by combining a fuel and an oxidizer in 
a rapid chemical reaction — provides the foundation for the transportation age. The internal combustion engine 
has dramatically altered the landscape for the movement of goods and people over the past century, and will 
continue to dominate transportation for decades. Air travel will depend on combustion for the foreseeable 
future. While the efficiency of combustion is continually improving, developing a fundamental basis for predict-
ing performance in novel engine designs, with the concurrent emergence of dramatically different energy carri-
ers such as biomass based fuels, will engage research for many decades. Validation of new high-level 
computational models of combustion and engine design will require ground-breaking experimental techniques 
to probe — at high pressure and temperature — the physical and chemical processes of combustion, from the injec-
tion of liquid fuel sprays, through turbulent reacting flows, to pollutant formation.

NGLS will provide an arsenal of X-ray tools to image and quantify the dynamics of rapid combustion processes 
under realistic engine conditions. This includes the visualization of concentration gradients and turbulent flows, 
with chemical specificity, for the first time. The high repetition rate of NGLS will provide time-resolved tomo-
graphic reconstructions of fuel spray breakup and soot particle formation in a truly real-time (high frame rate) 
movie of the physics governing the ignition and completion of the combustion cycle. With the available high 
pulse energy, X-ray coherent anti-Stokes Raman spectroscopy will reveal chemical speciation of the heteroge-
neous mixture during the combustion cycle. 

NGLS X-ray lasers will provide the advanced experimental tools for validation of predictive models that will per-
mit high performance, high efficiency, and minimum environmental impacts to be designed directly into engines, 
a goal that is urgently needed to address national and global challenges in energy security and climate change.
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discoveries	using	laser	diagnostics.	It	is	clear	that	most	

emerging	engine	technologies	will	use	direct	injection	of	

liquid	fuel	into	the	combustion	chamber.	It	is	imperative	

to	understand	the	entire	spray,	how	it	breaks	up,	mixes,	

vaporizes	and	burns,	in	order	to	develop	fully	predictive	

models	for	engine	combustion.	Although	the	process	of	

fuel/air	mixture	preparation	via	an	atomizing	spray	con-

trols	combustion	efficiency	and	emissions	formation	in	

every	type	of	direct-injected	engine,	it	is	poorly	under-

stood,	even	at	the	level	of	fundamental	fluid	mechanics.	

Furthermore,	many	potentially	important	couplings	of	the	

spray	fluid	mechanics	and	chemical	environment	have	

simply	not	been	explored.	In	order	to	make	further	prog-

ress,	significant	leaps	are	required.	

As	a	simple	example,	it	is	speculated	that	under	nor-

mal	diesel	engine	operating	conditions,	a	small	fuel-rich	

flame	is	stabilized	just	downstream	of	the	liquid	jet,	lead-

ing	to	soot	formation	at	the	tip	of	the	flame.2	However,	in	

this	region,	the	fuel/air	ratio	and	the	existence	of	a	flame	

have	never	been	measured.	Furthermore,	under	very	

high	levels	of	exhaust	gas	recirculation	(EGR,	used	to	

lower	NO	production)	this	region	of	the	spray	appears	to	

be	completely	changed,	especially	as	it	evolves	down-

stream.3	Again,	the	fuel	/	air	ratio	is	unknown,	as	is	the	

chemical	 effect	 of	 EGR	 entrainment,	 or	 the	 differing	

effects	of	 fuel-bound	or	 free	oxygen.	Exploring	 these	

issues	demands	information	about	the	interior	of	sprays,	

with	chemical	detail	never	before	available.	Finally,	the	

performance	of	injection,	as	for	many	aspects	of	engine	

Challenges and Opportunities in  
Combustion Science

Because	combustion	relies	on	a	complex	interrelation-

ship	of	chemistry	and	turbulent	fluid	mechanics,	its	pro-

cesses	exhibit	inhomogeneities	and	correlations	across	a	

wide	range	of	length	and	time	scales.	The	most	powerful	

class	of	experimental	methods	for	turbulent	combustion	

is	dynamic imaging,	that	is,	resolving	the	spatial	and	tem-

poral	distributions	in	a	combustion	process.	Furthermore,	

because	the	coupling	of	chemical	and	fluid-dynamical	

phenomena	lies	at	the	heart	of	combustion’s	complexity,	

chemically-specific imaging	is	key	for	combustion	inves-

tigations.	NGLS	X-ray	lasers	will	image	the	fundamental	

chemistry	and	physics	that	govern	the	entire	process	of	

combustion,	from	fuel	sprays	to	gas-phase	combustion	

to	 particulate	 formation	 and	 evolution.	The	 following	

presents	three	critical	areas	in	combustion	science	(fuel	

sprays,	turbulent	reacting	flows,	and	particulate	formation	

and	oxidation)	where	these	breakthrough	capabilities	can	

address	problems	that	remain	difficult	or	impossible	to	

solve	with	other	techniques.	Finally,	we	discuss	how	the	

characteristics	of	NGLS	will	provide	unprecedented	new	

experimental	capabilities	to	address	these	challenges.

Chemistry and Physics of Fuel Sprays

Combustion	engines	are	undergoing	radical	changes,	

brought	on	largely	by	new	scientific	and	technological	

A B C D E

Figure	14	 A diesel spray in a chamber with a surrogate wall (lhs) to investigate wall interactions (lhs) and compare to a free jet (rhs), images cap-
tures with a high speed camera: a) early in the injection, b) late in the injection, c) OH chemi-luminescence, d) Temperature via soot black 
body fits, e) relative soot levels [via emission (κ) determinations]. (From Eismark et al.1)
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Raman	scattering	are	 low.	

Here,	the	high	power,	coher-

ence,	 and	 narrow	 band-

width	of	NGLS	X-ray	lasers	

will	enable	coherent	stimu-

lated	 Raman	 spectrosco-

pies7	 that	 can	bring	many	

orders	 of 	 magnitude	

increase	in	efficiency	over	spontaneous	Raman.	X-ray	

coherent	anti-Stokes	Raman	spectroscopy	(XCARS),	for	

example,	along	a	line-imaging	geometry8	as	shown	in	

Figure	15,	is	a	possible	way	to	spatially	resolve	the	chang-

es	in	chemical	bonding	across	the	reacting	spray,	even	for	

highly	 scattering	 environments.	The	 changes	 in	 the	

molecular	K-edge	spectra	are	mapped	onto	the	frequency	

offset	of	the	XCARS	signal.	The	temporal	resolution	will	

be	determined	by	the	amount	of	averaging	required	(as	

dictated	by	the	available	average	power),	but	coherent	

X-ray	Raman	spectroscopy	opens	a	unique	window	into	

the	 interior	chemistry	of	a	 fuel	spray.	Because	all	 the	

X-ray	wavelengths	can	be	chosen	to	transmit	through	the	

spray,	and	because	the	XCARS	signal	arises	only	from	the	

area	where	 the	beams	cross,	 chemical	 information	 is	

obtained	at	chosen	locations	within	even	a	dense	spray.	

3.3.2 Cinematic Imaging of Reacting Flows

The	stochastic	nature	of	turbulent	reacting	flows	is	a	

critical	factor	in	combustor	design,	and	understanding	

turbulence-chemistry	interactions	is	key	to	developing	

robust	and	efficient	combustion	strategies.	Despite	sig-

nificant	 advances	 in	 1D	 and	 2D	 imaging	 of	 turbulent	

flames,	many	important	observables	are	still	not	accessi-

ble	with	current	imaging	techniques.	By	its	nature,	the	

spatio-temporal	structure	of	turbulence	is	not	repeatable,	

and	therefore	comparisons	between	numerical	simula-

combustion,	is	often	governed	by	stochastic	processes	

and	statistically	unlikely	adverse	events,	such	as	wall	or	

piston	wetting,	making	temporal	and	spatial	resolution	

important.	

The	experiment	depicted	in	Figure	14	illustrates	the	

differences	between	chemical	environments	when	com-

paring	a	free	jet	to	a	wall	interaction.	In	the	combusting	

spray	the	chemical	bonding	environment	of	carbon,	for	

example,	 moves:	 from	 liquid	 fuel	 to	 vaporized	 fuel;	

through	the	combustion	process;	to	carbon	monoxide,	

carbon	dioxide,	or	to	particulate	carbon	(soot).	Correlation	

of	these	chemical	transformations	with	the	physics	of	the	

spray	 will	 be	 a	 tremendous	 breakthrough	 that	 will	

become	possible	with	NGLS.

Probing	the	mass	transport,	differential	evaporation,	

and	oxidative	chemistry	of	fuel	flows	at	the	high	pres-

sures	 (~30	 atm)	 and	 temperatures	 (~1000K)	 that	 are	

directly	 relevant	 to	high-efficiency	/	low-pollution	next	

generation	 engine	 designs	 is	 extremely	 challenging.	

Light	scattering	in	a	dense	spray	can	confound	optical	

methods,	requiring	strategies	such	as	ultrafast	ballistic	

imaging4,5	and	X-ray	absorption6	to	probe	the	critical	

spray	formation	region,	where	the	liquid	core	initially	

breaks	up.	In	fact,	even	with	the	current	state	of	the	art,	

spatial	and	temporal	imaging	of	the	fluid	structures	is	at	

best	incomplete.	Imaging	the	interior	of	the	spray	with	

chemical	specificity	is	essentially	impossible	at	present.

The	revolutionary	capabilities	of	NGLS	present	a	very	

promising	route	to	meet	these	challenges.	The	potential	

for	time-resolved	chemically-specific	tomography	of	tur-

bulent	gas-phase	reacting	flows	is	discussed	below	(and	

in	Section	4.2).	At	the	densities	of	an	evaporating	high-

momentum	fuel	jet,	transmission	imaging	near	the	car-

bon	or	oxygen	K-edges	is	simply	impossible	because	of	

the	small	penetration	depths.	Nevertheless,	for	funda-

mental	 fluid	dynamics,	single-pulse	direct	absorption	

tomography	in	the	2-3	keV	region	(NGLS	harmonics)	will	

permit	 unprecedented	 resolution	 of	 transient	 three-

dimensional	liquid	structures	with	separation	of	droplet	

and	liquid	core	features.

The	truly	transformational	aspects	of	NGLS,	however,	

are	in	the	ability	to	chemically	resolve	spatio-temporal	

structures.	The	coupling	of	the	chemical	nature	of	multi-

phase	reacting	flows	with	the	fluid	mechanics	is	largely	

unexplored.	In	principle,	X-ray	Raman	scattering	can	pro-

vide	similar	chemical	information	to	near-edge	absorp-

tion	spectroscopy,	but	cross	sections	for	spontaneous	

Fuel spray
(reactive flow)

Figure	15	 X-ray CARS diagram for chemically specific line imaging.

XCARS or Stimulated X-ray 
Raman (CXRS) – wave  
mixing

see Section 4.3
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and	will	require	cinematic	 imaging	experiments	(high	

frame	rate	imaging)	to	make	a	continuous	“movie”	of	

scalar	and	vector	flame	properties.	Among	the	pressing	

needs	for	experimental	measurements	are	4D	measure-

ments	of	species,	temperature,	mixture	fraction	(fuel	dis-

tribution),	 and	 scalar	 dissipation	 (rate	 of	 molecular	

mixing)	 spanning	 the	 full	 range	 of	 turbulence	 length	

scales.	These	measurements	will	provide	new	insights	

into	 important	 phenomena,	 such	 as	 localized	 flame	

extinction	and	ignition.	High	repetition	rate	X-ray	lasers	

offer	new	and	revolutionary	opportunities	to	make	such	

measurements.

The	following	sections	describe	a	few	of	the	possible	

experimental	 imaging	probes	that	will	provide	critical	

insight	into	turbulence-chemistry	interactions	and	facili-

tate	the	development	and	validation	of	next-generation	

turbulent	combustion	models.	Accurate	models	of	the	

coupling	 between	 fluid	 dynamics	 and	 chemistry	 are	

needed	to	advance	the	predictive	capabilities	of	high-

fidelity,	large-eddy	simulations	(LES)	and	direct	numeri-

cal	simulations	(DNS).	

The	imaging	tools	for	spatio-temporal	interrogation	of	

turbulent	flames	include	single-pulse	X-ray	fluorescence	

imaging	and	single-pulse	tomography	using	either	fluo-

rescence	or	direct	absorption.	The	narrow	bandwidth	

radiation	(<100	meV)	of	NGLS	will	be	critical	in	providing	

chemical	speciation,	and	phase	coherent	imaging	demod-

ulation	(cameras	with	pixel-by-pixel	lock-in	detection)	will	

increase	 sensitivity.	 Furthermore,	 the	 combination	of	

high	repetition	rate	and	high	pulse	energy	is	critical	and	

not	available	from	synchrotrons	or	any	envisioned	table-

top	laser	source.	Finally,	X-ray	imaging	will	be	combined	

with	(synchronized)	conventional	laser	diagnostics	that	

indicate	regions	of	local	flame	extinction	or	velocity	field	

measurements.

Time-resolved	X-ray	fluorescence	imaging	will	use	the	

NGLS	beams	(formatted	into	a	laser	sheet)	for	excitation	

at	the	low-energy	side	of	the	carbon	K-edge	near	284	eV.10	

Red-shifted	 fluorescence	 (265–283	 eV)	 arising	 from	

valence	electrons	filling	the	1s	core	hole	will	be	imaged	

perpendicular	to	the	laser	sheet.11		The	fluorescence	will	

not	be	substantially	absorbed	by	the	flame	due	to	its	red-

shift.	Absorption	cross	sections	of	~10-18	cm2	per	C	atom,	

fluorescence	quantum	yields	of	~3x10-3,	and	90%	quan-

tum	efficiency	imaging	detectors	will	provide	sufficient	

signal	to	noise	for	single-pulse	imaging.	Cinematic	2D	

images	acquired	every	10	µs	(utilizing	the	100	kHz	NGLS	

tions	and	experiments	are	currently	performed	on	a	sta-

tistical	 basis	 using	 conditionally	 averaged	 quantities	

(mixture	fraction,	local	strain	rate,	dissipation	rate,	spatial	

scales,	etc.).	The	relevant	correlations	between	species	

concentrations	 and	 flow	 conditions	 are	 incompletely	

characterized	due	to	a	lack	of	temporal	resolution	and	the	

absence	of	information	on	the	third	spatial	dimension.	

The	ultimate	goal	of	experimental	reacting	flows	is	to	

measure		complete	4D	movies	(space	+	time)	of	the	fluid	

dynamics	 while	 simultaneously	 resolving	 molecular	

identities	and	concentrations.	Achieving	this	goal	will	

permit	the	use	of	experimentally-derived	initial	boundary	

conditions	for	numerical	flame	simulations.	This	approach	

will	allow	a	direct	comparison	of	the	model	with	experi-

ment,	and	will	be	a	revolutionary	leap	forward	in	under-

standing	the	coupling	of	chemistry	and	fluid	dynamics	

that	is	at	the	heart	of	combustion	in	real	devices.

Although	VUV	radiation	from	synchrotrons	has	made	

major	 advances	 in	 our	 understanding	 of	 combustion	

chemistry	(e.g.,	the	discovery	of	enols,	a	new	class	of	

combustion	intermediate9),	the	proposed	experiments	

on	turbulence-chemistry	interactions	require	the	capabili-

ties	of	a	high-repetition-rate	X-ray	laser.	Direct	4D	com-

parison	with	combustion	models	are	not	yet	possible,	

Tunable
X-ray
FEL

Laser-sheet
forming
optics

High-repetition rate camera

Figure	16	 Planar X-ray fluorescence imaging of a turbulent flame.
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other	species).	By	contrast,	

in	 X-ray	 fluorescence,	 the	

fluorescence	lifetime	is	gov-

erned	 by	 the	 dominant	

Auger	 electron	 emission	

lifetime	(~10	fs).16		This	life-

time	is	three	to	four	orders	

of	 magnitude	 shorter	 than	

the	time	between	molecular	

collisions	in	an	atmospheric	

pressure	 flame;	 therefore	

the	X-ray	image	will	be	unaf-

fected	by	collisional	quench-

ing,	 greatly	 simplifying	

quantitative	interpretation.	

Powerful	multi-dimensional	variants	on	this	technique	

(as	described	in	more	detail	in	Section	4.3)	will	provide	

unprecedented	detail	for	investigating	turbulent	reacting	

flows.	Four-dimensional	(space	+	time)	imaging	is	possi-

ble	by	scanning	the	laser	sheet	to	multiple	different	posi-

tions	within	the	depth	of	field	of	a	single	imaging	detector	

(see	Section	4.2).	In	this	way	a	full	spatial	and	temporal	

map	can	be	acquired	with	sufficient	time	resolution	to	fol-

low	the	evolution	of	flame	structures	(using	NGLS	repeti-

tion	rates	up	to	1	MHz).	Chemical	speciation	could	be	

achieved	by	tuning	the	excitation	to	near	edge	features	

characteristic	of	important	functional	groups,	providing	

critical	information	on	the	relative	concentrations	of	e.g.	

aromatic,	aliphatic,	carbonyl,	or	ether	functionalities.	The	

excitation	light	may	also	be	tuned	to	the	red	side	of	the	

oxygen	edge	(543	eV)	or	the	nitrogen	edge	(410	eV)	to	

probe	 the	 distributions	 of	 species	 containing	 these	

atoms.	

An	second	approach	to	4D	chemically	resolved	imag-

ing	is	single	pulse	tomography—obtaining	projections	of	

the	flame	to	reconstruct	its	spatial	structure,	with	suffi-

cient	frame	rate	to	follow	its	temporal	structure.	We	envi-

sion	two	tomographic	approaches	applied	at	the	carbon	

K-edge,	based	on	fluorescence	and	absorption,	each	with	

its	own	strengths	and	challenges.	

Fluorescence	excitation	tomography	is	a	variant	of	pla-

nar	 fluorescence	 imaging	 described	 above.	 However,	

instead	of	forming	a	thin	X-ray	laser	sheet,	the	beam	is	

expanded	to	overlap	a	significant	volume	of	the	flame.	

Fluorescence	 is	 imaged	 at	 multiple	 viewing	 angles		

(~20–100	 views)	 using	 an	 array	 of	 imaging	 detectors.	

Because	fluorescence	excitation	is	a	linear	process,	the	

repetition	rate)	will	be	fast	enough	to	correlate	structures	

from	one	frame	to	the	next.	Spectrally	integrated	fluores-

cence	(265–283	eV)	will	enable	imaging	of	the	total	car-

bon	 atom	 distribution,	 which	 when	 coupled	 with	

temperature	measurements	(from	Rayleigh	scattering)	

will	provide	spatio-temporal	maps	of	mixture	fraction.	

Mixture	fraction,	ξ,	is	a	central	quantity	in	the	theory	

and	modeling	of	turbulent	non-premixed	and	partially	

premixed	combustion.	The	state	of	mixing	between	the	

fuel	and	oxidizer	streams	is	quantified	by	mixture	frac-

tion,	and	the	rate	of	molecular	mixing	is	given	by	the	sca-

lar	 dissipation	 rate,	 χ	 =	 2D(∇ξ∙∇ξ),	 where	 D	 is	 the	

mixture-averaged	mass	diffusivity.	Multi-dimensional	

mixture	 fraction	measurements	are	required	 to	deter-

mine	the	scalar	dissipation	rate.	Optical	laser-based	mea-

surements	of	mixture	fraction	in	flames	are	a	challenge	

because	of	spatial	variations	in	temperature	and	chemical	

composition.	 Single-point	 and	 line	 measurements	 of	

mixture	fraction	are	feasible	using	simultaneous	Raman/

Rayleigh/CO-LIF	to	measure	all	the	major	species	concen-

trations	and	temperature.12		However,	this	approach	is	

not	 practical	 for	 multi-dimensional	 measurements	 of	

mixture	fraction.	

State-of-the-art	methods	for	2D	mixture	fraction	imag-

ing13-15	are	single-pulse	measurements	that	do	not	pro-

vide	insight	into	the	temporal	evolution	of	the	3D	flame	

structure.	This	 structure	governs	phenomena	such	as	

localized	extinction	and	re-ignition.	 In	addition,	 these	

techniques	rely	on	measurements	of	multiple	reactive	

species	to	construct	a	conserved	scalar	(a	quantity	that	is	

neither	consumed	nor	produced,	e.g.	mixture	fraction).	

X-ray	fluorescence	imaging	of	carbon	will	enable	spa-

tially	and	temporally	resolved	measurements	of	all	car-

bon-containing	 species	 in	 the	 flame.	 Because	 X-ray	

fluorescence	is	largely	an	atomic	process,	this	measure-

ment	will	track	the	redistribution	of	carbon	atoms	that	

originated	from	the	fuel,	independent	of	chemical	reac-

tions	that	redistribute	them	in	the	flame.	The	concentra-

tion	 of	 carbon	 atoms	 is	 a	 true	 conserved	 scalar	 that	

cannot	be	directly	measured	with	optical	 techniques.	

Spatially	resolved	carbon	concentrations	will	be	coupled	

with	Rayleigh	scattering	to	determine	a	carbon-based	

mixture	fraction.	

Quantitative	visible	/	UV	fluorescence	imaging	is	com-

plicated	by	spatially	dependent	fluorescence	collisional	

quenching	rates	(i.e.,	converting	signal	to	concentration	

requires	concentration	maps	and	quenching	rates	for	all	

Time-resolved X-ray  
fluorescence

Time-resolved XAS

Real-time cinematic 
 imaging

Time-resolved tomography

see Section 4.2
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sitized	solar	cells,19	and	as	a	catalyst	support	in	direct	

methanol	and	other	fuel	cells.20		As	a	major	contributor	to	

anthropogenic	aerosols,	 soot	 is	detrimental	 to	atmo-

spheric	 visibility,21-24	 global	 climate25,26	 and	 human	

health.	Moreover,	after-treatment	control	of	particulates	

adds	substantial	 cost	and	decreases	 the	efficiency	of	

vehicles,	making	reduction	of	in-cylinder	soot	production	

a	highly	important	technical	area	for	engine	manufacturers.

The	theory	of	soot	formation	has	been	reviewed	peri-

odically22,23	 and	 many	 contemporary	 problems	 have	

been	discussed	in	a	recent	workshop.27		Yet	because	of	the	

intricate	nature	of	soot	formation,	not	to	mention	the	large	

number	 of	 tightly	 coupled	 elementary	 processes	

involved,	the	mechanism	and	kinetics	of	soot	production	

remains	poorly	understood.	Although	there	is	increasing	

consensus	on	chemical	pathways	for	the	formation	of	the	

first	and	second	aromatic	rings,	current	techniques	are	

not	well	suited	to	study	the	detailed,	time-resolved	chem-

istry	of	 later	growth	or	oxidation	phases.	This	 lack	of	

quantitative	or	even	qualitative	understanding	poses	

severe	challenges	to	future	engine	design	and	optimiza-

signal	levels	will	be	the	same	as	in	planar	imaging.	The	

extra	expense	of	multiple	cameras	will	enable	full	spatial	

and	 temporal	 reconstruction	 of	 the	 flame	 structure.	

Chemical	 specificity	 would	 be	 achieved	 as	 described	

above	for	planar	fluorescence	imaging.

An	alternative	approach	to	fluorescence	is	spatially	

and	chemically	resolved	absorption	tomography	at	the	

carbon	K-edge.	This	approach	promises	better	signal-to-

noise	than	fluorescence	(due	to	the	low	quantum	yield	of	

fluorescence),	but	requires	a	sophisticated	design	to	cre-

ate	an	angular	array	of	excitation	beams.	The	3D	spatial	

structure	of	 the	 flame	can	be	 tomographically	 recon-

structed	from	the	set	of	projected	absorption	images	at	

various	angles.	This	single-pulse	tomography	will	deliver	

the	desired	4D	cinematic	imaging	at	the	100	kHz	repeti-

tion	rate	of	NGLS.	Chemical	functional	group	speciation	

could	be	achieved	by	 tuning	 the	exciting	 radiation	 to	

appropriate	near-edge	features,	as	described	above.	This	

single-pulse	tomographic	approach	would	be	a	revolu-

tionary	capability	not	only	for	reacting	flows,	but	also	for	

imaging	many	irreproducible	objects,	and	relies	on	the	

characteristics	of	NGLS	radiation	(simultaneously	high	

repetition	rate	and	pulse	energy).

A	key	advantage	of	all	these	X-ray	based	techniques,	

compared	 to	 similar	 approaches	 in	 the	 UV-IR-optical	

regime,	is	that	signals	from	these	core	electron	spectros-

copies	will	not	be	weakened	by	diminishing	Boltzmann	

quantum	level	fractions	at	higher	temperatures,	nor	by	

unfavorable	 Franck-Condon	 factors.	The	 new	 multi-

dimensional	imaging	capabilities	will	be	instrumental	in	

making	progress	in	understanding	ignition	and	extinction	

phenomena.	Understanding	the	dynamics	of	these	tran-

sient	processes	 is	 increasingly	 important	because	the	

peak	efficiency	in	many	advanced	combustion	systems	is	

obtained	 near	 their	 stability	 limits,	 where	 the	 risk	 of	

extinction	and	excess	pollutant	formation	is	also	greater.

3.3.3  Uncovering the Chemistry and Kinetics 
of Particle Formation and Oxidation

Today’s	scientific	interest	in	combustion	particle	for-

mation	chemistry	has	been	directed	towards	both	miti-

gating	air	pollution	problems	that	invariably	result	from	

the	use	of	fossil	fuels,	and	towards	optimizing	properties	

of	technologically	useful	nanoparticles	produced	by	com-

bustion.17	Recent	applications	include	the	use	of	soot	or	

carbon	nanoparticles	as	a	cathode	catalyst,18	in	dye-sen-

Fuel + Oxidizer

CO, H2, CO2, H20, C2H2

Figure	17	 A conceptual model of soot formation. (Adapted from 
Reference 30) 



32

3 .  SCIENCE DRIVERS
ADVANCED COMBUSTION SCIENCE

the	chemical	 composition,	 structure	and	morphology	

evolves	as	a	function	of	its	reaction	history.	For	example,	

recent	studies	show	that	the	nascent	soot	particles	can	

have	an	aromatic-core/aliphatic	shell	structure	and	the	

ratio	of	aliphatic-to-aromatic	constituents	can	vary	widely	

as	a	function	of	the	local	flame	condition	and	particle	his-

tory,30,31	 as	 seen	 in	 Figure	 18.	 Currently,	 we	 lack	 the	

appropriate	tools	for	in	situ	probing	of	the	particle	chemi-

cal	composition,	morphology,	and	reactivity.	These	com-

plexities	have	led	to	the	current	situation	that	neither	the	

reactants	 nor	 the	 products	 are	 defined	 in	 the	 kinetic	

description	of	the	sooting	process.	Without	revolutionary	

new	experimental	capabilities	that	enable	a	fundamental	

approach	analogous	 to	 those	employed	 in	gas-phase	

reaction	kinetics,	the	model	of	soot	formation	will	remain	

phenomenological	rather	than	rigorous	and	predictive.

NGLS	X-ray	lasers	will	enable	new	imaging	techniques	

to	directly	interrogate	the	time-dependent	electronic	sur-

face	structure,	chemical	composition,	size	and	morphology	

during	the	evolution	from	polycyclic	aromatic	hydrocar-

bons	(PAHs)	to	particulate,	including	the	critical	and	poor-

ly	characterized	particle	nucleation,	mass	and	size	growth	

and	oxidation	processes	of	nascent	particles.	Particles	at	

different	stages	of	growth	can	be	interrogated	in	situ	in	

flames	or	reduced-dimensional	reactors,	or	held	as	single	

freely-suspended	particles.	By	employing	the	high	photon	

flux	contained	within	a	single	pulse	to	probe	the	evolu-

tion	of	products,	the	heterogeneous	reaction	kinetics	may	

be	examined	at	a	fundamental	level.	Time-resolved	fluc-

tuation	SAXS	(small-angle	X-ray	scattering)	and	related	

approaches	(described	in	section	3.5	and	4.1)	will	be	pow-

erful	new	tools	for	understanding	particulate	formation	

and	growth	during	combustion.

tion.	Soot	forms	persistently	in	many	types	of	combus-

tion	engines,	and	this	problem	can	be	solved	only	when	a	

quantitative	and	detailed	knowledge	about	particle	nucle-

ation,	 mass	/	size	 growth,	 aggregation	 and	 oxidation	

becomes	available.	

For	example,	our	current	level	of	kinetics	modeling	for	

soot	oxidation28	remains	rooted	in	a	semi-empirical	glob-

al	kinetics	approach	usually	called	the	“Nagle	/	Strickland-

Constable”	expression.29	 It	 is	becoming	more	widely	

appreciated	that	soot	oxidation	may	be	even	more	impor-

tant	than	formation,	and	yet	we	have	only	a	rough	global	

expression	at	our	disposal.	As	with	soot	formation,	the	

soot	oxidation	problem	is	highly	complex.	Soot	ages	over	

time,	and	at	the	stage	where	oxidation	becomes	impor-

tant	in	an	engine,	fuel	is	condensing	on	the	surface	as	par-

ticles	aggregate.	To	break	this	problem	into	elementary	

steps	 one	 must	 first	 characterize	 the	 complexity	 and	

nature	of	the	problem.	

The	 overall	 process	 of	

soot	 formation,	 from	 pre-

cursor	 formation,	 particle	

inception,	and	finally	to	soot	

mass	/	size	 growth	 (see,	

Figure	17)	occurs	 typically	

over	a	few	milliseconds.	At	

the	end	of	the	reaction,	soot	

particles	 typically	 contain	

106	C	atoms.	There	are	two	

fundamental	challenges	that	limit	our	understanding	of	

particle	formation	kinetics.	First,	the	average	rate	of	addi-

tion	of	C	atoms	to	the	precursor	molecule	is	~1	atom/ns.	

Following	this	rapid	process	requires	exceptional	tempo-

ral	and	spatial	resolution.	Second,	during	particle	growth,	
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Figure	18	 Panel (i) TEM micrograph, panel (ii) AFM images and aspect ratio, and panel (iii) micro-FTIR characterization of aliphatic-to-aro-
matic C–H ratios, and thermal-desorption chemical ionization mass spectrometry of nascent soot collected from a 16.3% C2H4–23.7% O2–Ar 
flame33.

Particulate formation: 

Fluctuation X-ray Scattering

Giga-shot diffractive  
imaging

see Sections 3.5 and 4.1
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such	as	oxides	of	silicon,	titanium,	and	iron.	Beyond	pro-

viding	a	test	for	predictive	combustion	models	aimed	at	

minimizing	or	eliminating	soot	production	in	practical	

combustion	devices,	they	offer	a	platform	for	optimizing	

combustion	synthesis	of	novel	materials.

3.3.4 NGLS Impact — Combustion Science

The	fully	coherent	X-ray	radiation	from	NGLS,	deliv-

ered	with	high	average	power,	high	repetition	rate,	mod-

erate	peak	power,	and	user-selectable	time	/	bandwidth	

characteristics	are	the	key	features	of	this	light	source	

that	differentiate	it	from	current	light	sources,	and	will	

enable	exploration	of	new	frontiers	in	combustion	sci-

ence.	The	need	for	real-time	cinematic	imaging	of	non-

repeatable	phenomena,	such	as	described	here,	cannot	

be	met	with	either	current	X-ray	FEL’s	(<100	Hz	repetition	

rate),	nor	with	synchrotrons	(many	MHz	repetition	rate,	

but	low	pulse	energy).	Specifically,	NGLS	will	for	the	first	

time	enable	a	wide	range	of	non-linear	coherent	spec-

troscopies	in	the	soft	and	hard	X-ray	regimes	while	simul-

taneously	enabling	time-resolved cinematic	imaging.

First,	the	coherent	nature	of	FEL	radiation	will	allow	the	

implementation	of	many	non-linear	spectroscopic	tech-

niques	(e.g.,	soft	X-ray	coherent	anti-Stokes	Raman	spec-

troscopy,	XCARS,	and	soft	X-ray	holography)	previously	

developed	in	the	optical	regime.	These	coherent	tech-

niques	will	provide	a	unique	combination	of	spatial	imaging	

with	chemical	species	identification	that	will	be	unaffected	

by	the	Boltzmann	and	Franck-Condon	limitations	of	optical	

spectroscopy	probes.	The	ability	to	trade	temporal	pulse	

width	for	spectral	pulse	width	will	be	especially	powerful	

with	non-linear	spectroscopies.	For	example,	a	0.2	fs	pulse	

has	a	full	bandwidth	of	~9	eV,	allowing	coherent	wave-

packet	excitation	of	a	large	portion	of	the	near-edge	X-ray	

absorptions	that	distinguish	bonding	environments	of	

carbon,	nitrogen,	and	oxygen.	Conversely,	longer	pulses	

(with	narrower	bandwidth)	can	be	used	to	selectively	excite	

resonances	 of	 chemical	 subsets	 within	 a	 chemically	

diverse	sample.	This	bandwidth	flexibility	may	be	combined	

in	the	XCARS	experiment,	coherently	driving	many	near-

edge	excitations	with	broadband	x-ray	radiation	in	the	pump	

and	Stokes	pulses,	and	spectrally	resolving	each	of	these	

chemical	subsets	in	the	dispersed	signal	by	utilizing	a	nar-

rowband	probe.	The	universality	of	core-level	spectroscopy	

provides	important	advantages	over	molecule-specific	

Previous	experimental	evidence	suggests	soot	nucle-

ation	occurs	through	the	clustering	of	PAHs.	Figure	19	

depicts	 a	 possible	 reaction	 sequence	 as	 predicted	 in	

molecular	 dynamics	 (MD)	 calculations	 by	Violi	 and	

coworkers.32	Critical	questions	include	the	role	of	aro-

matic	π	radicals	in	the	clustering	process,33	and	the	roles	

of	energy	transfer	and	vibrational	relaxation	in	stabilizing	

the	cluster.34-37	Core-level	NEXAFS	spectroscopy	and	

harder	X-ray	Raman	analogues	offer	the	possibility	to	

simultaneously	probe	the	chemical	bonding	environment	

and	the	spatial	structure	of	soot	growth.	In	particular	the	

radical	and	/	or	biradical	sites	that	are	postulated	to	be	the	

key	reactive	sites	for	molecular	weight	growth	or	oxida-

tion	of	nascent	soot33	have	spectral	fingerprints	in	the	

carbon	K-edge	region.	

Kinetic	experiments	on	single	particles	may	be	envi-

sioned	using	a	freely	suspended	particle	extracted	directly	

from	 a	 flame	 and	 immobilized	 by	 optical	 tweezers.	

Nanoscale	X-ray	cinematic	imaging	of	the	particle	can	

provide	time-resolved	data	on	its	structure,	morphology,	

composition,	and	 reaction	kinetics.	To	bridge	 the	gap	

between	fundamental	kinetic	studies	on	nascent	soot	and	

soot	formation	in	flames,	simultaneous	temporally	and	

spatially	 resolved	 X-ray	 CARS	 and	 Mie	 scattering	 in	

steady	or	unsteady	flames	could	probe	the	dynamics	of	

particle	formation.	

Understanding	the	exceptionally	rich	chemistry	of	car-

bon	has	yielded	several	Nobel	prizes,	most	recently	(2010)	

to	Geim	and	Novoselov	for	graphene,	as	well	as	that	to	

Smalley,	Curl,	and	Kroto	in	1996	for	fullerenes.	The	inves-

tigation	of	molecular	weight	growth	in	flames	follows	in	

the	tradition	of	this	chemistry,	but	the	scope	of	combus-

tion	particulate	growth	is	wider	than	carbon.	Studies	such	

as	those	envisioned	above	will	provide	a	better	under-

standing	of	particle	growth	and	oxidation	mechanisms	

and	kinetics	for	technologically	important	nanomaterials	

Figure	19		PAH clustering/particle nucleation as predicted by 
molecular dynamics (A. Violi, University of Michigan).
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chromators	on	beamlines	1	or	3),	while	non-linear	X-ray	

mixing	experiments	will	 require	 the	highest	possible	

peak	power	and	shortest	pulses	available	on	beamline	2.

Combustion	particulate	 formation	experiments	will	

rely	on	“diffract	and	destroy”	methods	using	the	3rd	and	

5th	harmonics	with	the	highest	flux	per	pulse	on	the	seed-

ed	NGLS	beamline	1	at	100	kHz	repetition	rates,	and	on	

the	unseeded	SASE	beamline	3,	at	MHz	repetition	rates	

(as	high-speed	detectors	allow)	as	described	in	Sections	

5	and	6.6.	Choice	of	wavelength	will	be	determined	by	

balancing	the	scattering	efficiency	and	the	required	reso-

lution	for	particular	samples.
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optical	spectroscopic	methods	in	probing	global	combus-

tion	phenomena,	as	discussed	in	the	previous	sections.

Second,	the	high	repetition	rate	of	NGLS	will	allow	cin-

ematic	imaging	on	time	scales	(~10	μs	to	1	μs)	that	are	

fundamentally	important	in	combustion	environments.	

These	 time-scales	are	 fast	enough	to	allow	frame-by-

frame	correlation	of	fluid	dynamics	and	chemistry,	which	

is	not	possible	using	existing	light	sources	or	table-top	

sources.	Third,	the	moderate	peak	powers	will	be	suffi-

ciently	intense	to	drive	non-linear	processes,	but	not	so	

intense	as	to	destroy	the	targets.	Fourth,	the	3rd	and	5th	

harmonics	of	the	FEL	will	provide	high-power	narrow-

bandwidth	X-rays	at	shorter	wavelengths.	The	greater	

penetration	depths	of	these	photons	will	enable	non-lin-

ear	 X-ray	 spectroscopy38	 to	 probe	 combustion	 with	

chemical	and	spatial	resolution	even	inside	highly	scat-

tering	or	absorbing	environments	such	as	dense	sprays.	

Finally,	the	high	average	power	and	brightness	of	NGLS	

will	allow	the	interrogation	of	samples	at	much	higher	

(i.e.,	directly	relevant)	pressures	than	was	heretofore	pos-

sible	at	synchrotron	facilities.	Silicon	nitride	windows	and	

differential	pumping	will	be	used	to	interface	the	FEL	to	

the	high	temperatures	and	pressures	of	the	samples.

New	experiments	in	combustion	science	made	possi-

ble	by	NGLS	promise	to	be	a	major	leap	forward	in	the	

development	of	predictive	combustion	models.	These	

models,	 when	 validated	 against	 high	 fidelity	 experi-

ments,	will	be	invaluable	in	designing	both	new	fuels	and	

combustors	over	a	much	larger	parameter	space	than	is	

possible	with	current	engineering	approaches.	Science-

based	predictive	combustion	modeling	will	benefit	soci-

ety	through	positive	impacts	on	energy,	human	health,	

environmental	health,	national	security,	and	economic	

competitiveness.			

Beamlines for Advanced Combustion Science

Combustion	imaging	and	chemical	speciation	experi-

ments	will	rely	on	the	un-seeded	NGLS	beamline	3,	pro-

viding	the	highest	average	flux	and	repetition	rate,	and	on	

the	seeded	beamline	1	providing	the	highest	resolution	

(<50	meV	without	a	monochromator).	Soft	X-ray	chemical	

speciation	will	be	done	in	the	pre-edge	region	of	carbon	

(280	eV),	with	some	experiments	exploiting	higher-ener-

gy	photons	at	the	3rd	harmonic	(up	to	3.6	keV)	in	order	to	

balance	absorption	and	penetration	depth.	Some	experi-

ments	will	require	higher	energy	resolution	(with	mono-
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OVERVIEW OF REVOLUTIONARY X-RAY SCIENCE TOOLS AT NGLS

X-rays	at	high	repetition	rate,	with	time	scales	of	attosec-

onds	to	hundreds	of	femtoseconds,	comparable	to	elec-

tronic	and	nuclear	motion	 in	molecules,	and	the	high	

brightness	of	NGLS	beams	allowing	spectro-nanoscopy	

down	to	sub	10	nm	spatial	resolution	opens	previously	

unthinkable	possibilities	for	discovering	how	specific	ele-

mentary	reaction	steps	proceed	on	heterogeneous	cata-

lysts.	Such	an	understanding	will	facilitate	the	discovery	

of	novel	reaction	pathways	to	make	more	selective	(green	

chemistry)	and	more	efficient	(energy	saving)	catalysts.

3.4.1  Heterogeneous Catalysts in Action — 
Microscopy and Dynamics

It	 is	well	known	that	catalysts	are	neither	static	nor	

homogeneous	entities	during	operation.	The	energetic	

processes	of	phonon	and	electron	exchanges	occurring	at	

their	 surfaces,	 and	 the	 formation	 of	 chemical	 bonds	

between	the	reactant	molecules	and	the	catalyst	can	lead	to	

restructuring	of	the	catalyst.	Knowing	the	atomic	and	elec-

3.4	 Catalysis

		

Catalytic	reactions	are	of	vital	importance	in	virtually	

all	areas	of	energy	generation.	Examples	are	industrial	

processing	of	fossil	fuels;	reduction	of	harmful	emissions	

from	power	plants	and	cars;	large-scale	production	of	

chemicals;	retrieval	of	stored	energy	as	electrical	energy	

or	heat;	and	alternative	energy	use	and	conversion	(fuel	

cells,	 artificial	photosynthesis).	The	world’s	 increased	

need	for	energy	in	the	coming	decades	can	be	sustained	

only	 if	new,	more	efficient	and	cleaner	processes	 for	

energy	generation	and	transformation	are	found.	This	

requires	the	design	of	new	classes	of	catalysts,	based	on	

inexpensive	and	abundant	materials,	with	the	versatility	

to	process	new	sources	of	bio	fuels	and	catalyze	existing	

reactions	more	efficiently	and	ecologically.	Two	key	per-

formance	 goals	 are	 increased	 output	 (i.e.	 yield)	 and	

decreased	waste	production	(i.e.	selectivity).	NGLS	will	

enable	 unique	 spectro-nanoscopy	 experiments	 with	

unprecedented	spatial	and	temporal	resolution	that	will	

provide	 transformational	 knowledge	 to	 help	 achieve	

these	two	goals.	The	ability	to	deliver	ultrafast	pulses	of	

Catalysis is critical to nearly all energy production and utilization cycles. The process whereby a chemical activa-
tion barrier is lowered to permit a normally unfavorable chemical reaction to occur on a rapid time scale, catalysis has 
revolutionized humankind. The Haber-Bosch catalytic process in the early 1900s addressed the fixation of nitrogen, 
leading to the production of fertilizer, and resulting in the award of two Nobel prizes. The automobile catalytic 
converter is a remarkable success story, producing an effectively clean engine exhaust, using complex catalysts 
as the driving force to eliminate carbon monoxide and nitrogen oxides. 

NGLS will provide the capability to follow the changes in structure of catalytic sites during the processes of 
catalytic conversion. Just as gas phase dynamics studies with lasers have pioneered a wealth of understanding 
about transition states, reaction pathways, and energetics, NGLS will unfold these stories using X-Ray spec-
troscopies for the first time on dynamic catalytic sites. NGLS provides the ability, through coherent imaging, to 
visualize the individual locations and movements of a complex set of metal atoms, set in precise configuations 
by a supramolecular framework. In situ electrochemical and photochemical processes will be analyzed by pump-
probe X-ray absorption spectroscopy, and time-resolved ambient-pressure photoemission spectroscopy, made 
possible by the high pulse repetition rates, short pulses, and high fluxes of NGLS.

Today, novel catalytic processes are paramount to successful water splitting reactions using sunlight and, 
indeed, for the internal processing in every living cell. A comprehensive understanding of artificial enzyme 
catalysis will provide visionary tools for the production and utilization of energy in the future.
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To	 elucidate	 the	 differences	 between	 synchrotron	

investigations	 and	 those	 of	 NGLS,	 consider	 a	 recent	

example.	At	the	ALS	researchers	have	demonstrated	that	

a	catalyst	changes	its	structure	in	response	to	changes	in	

reactant	composition	due	to	the	chemistry	occurring	at	its	

surface.	In	the	example	shown	in	Figure	20,	the	core-shell	

structure	 of	 bimetallic	 nanoparticle	 Rh-Pd	 catalysts	

changes	dramatically	in	response	to	the	adsorption	and	

associated	reactions	at	the	surface.	Under	oxidation	con-

ditions,	involving	for	example	NO,	CO,	and	O2,	Rh	is	con-

centrated	 in	 the	 shell	 in	 oxidized	 form,	 while	 Pd	 is	

concentrated	in	the	core	region.	The	distribution	reverses	

upon	reducing	conditions.	While	unique,	this	informa-

tion,	obtained	by	taking	advantage	of	the	different	mean	

free	paths	of	photoelectrons	of	the	Rh	and	Pd	during	in	

situ	XPS,	provides	only	time-averaged	information	over	

an	averaged	spatial	distribution.	The	combination	of	tem-

poral	resolution,	spatial	resolution,	and	chemical	specific-

ity,	available	from	NGLS	X-ray	lasers,	will	reveal	how	and	

why	these	changes	occur	by	providing	detailed	informa-

tion	on	atomic	positions	and	bonding	geometries	of	each	

atom	in	the	catalyst	and	adsorbates.	This	new	knowledge	

will	enable	the	development	of	catalysts	that	can	adapt	

their	structure	to	optimize	reactivity	and	selectivity.

In	another	example,	bimetallic	catalysts	consisting	of	

Pt	nanoparticles	promoted	with	Sn,	Ga,	or	In	exhibit	very	

high	activity	and	selectivity	for	the	dehydrogenation	of	

light	alkanes	(C2	to	C4)	into	H2	and	alkenes.	Both	products	

of	this	reaction	are	valuable,	since	H2	is	always	required	

for	heteroatom	(S,	N,	O)	removal	from	energy	feed	stocks,	

and	light	alkenes	can	be	converted	to	products	that	can	

be	blended	into	gasoline	and	diesel.	Recent	static	XAS	

studies	have	shown	that	the	promoting	elements	migrate	

tronic	structure	of	spatially-resolved	catalytic	surfaces	

and	interfaces,	during	the	reaction	and	its	time	evolution,	

is	fundamental	for	predictive	catalyst	design.	Unfortunately	

today	it	is	not	possible	to	follow	this	structural	evolution	on	

relevant	 time	scales:	 fs	 to	psec	characteristic	of	atomic	

motion,	or	ns	to	ms	characteristic	of	diffusion	and	materi-

als	evolution.	Determining	how	this	restructuring,	occur-

ring	 over	 picoseconds	 or	 longer,	 is	 connected	 to	 the	

thermal	and	electronic	processes	of	the	reactions	that	it	

precedes,	is	fundamental	for	understanding	how	the	cata-

lyst	operates.	Although	some	attempts	to	obtain	such	

information	have	been	performed	with	ultrafast	trans-

mission	electron	microscopy	and	electron	diffraction,	

NGLS	will	provide	unique	and	truly	revolutionary	ways	to	

visualize	 dynamic	 catalytic	 processes.	 In	 particular,	

advanced	coherent	imaging	techniques	such	as	coherent	

diffractive	imaging	and	ptychography	(discussed	in	Sections	

4.1	and	4.2),	will	exploit	the	high	coherence	and	intensity	

of	NGLS	X-ray	lasers	to	provide	chemically-specific	imaging	

at	the	nanoscale.	Even	if	the	high	intensity	is	likely	to	destroy	

the	catalysts	and	the	adsorbed	molecules,	the	accumulation	

of	repeated	scattering	patterns	of	new	and	nearly	identical	

particles	can	be	deconvolved	to	restore,	through	modern	

image	processing	methods,	the	real	space	nano	structure.

From	the	experimental	standpoint,	it	is	important	to	

develop	instrumentation	that	makes	possible	the	study	of	

catalysts	in	their	working	environment,	i.e.,	under	high	

pressure	of	reactants	and	at	high	temperature.	This	is	not	

trivial	for	electron	spectroscopy	experiments;	the	photo-

electron	 mean-free	 path	 in	 gas	 environments	 is	 very	

short.	For	example	a	500	eV	electron	will	travel	approxi-

mately	3	mm	through	1	mbar	of	O2	before	a	collision	with	

a	gas	phase	molecule	causes	it	to	lose	the	information	it	

carries	(kinetic	energy,	direction).	Scientists	at	the	ALS	

pioneered	the	use	of	differentially-pumped	spectrome-

ters	to	accomplish	this.1,2		The	technique,	called	ambient	

pressure	photoelectron	spectroscopy	(APPES)3,4	is	now	

being	implemented	in	many	synchrotron	facilities	around	

the	world.	APPES	has	led	to	many	important	discoveries	

in	catalysis,5-8	water	and	environmental	science,9,10	fuel	

cells,11,12	and	other	energy	related	science.	Together	with	

X-ray	absorption	spectroscopy	(XAS),	even	liquid	envi-

ronments	and	electrochemistry	experiments	are	now	

possible	to	study	at	synchrotron	sources.1	However,	syn-

chrotron-based	studies	are	not	capable	of	obtaining	the	

time-evolving	structures	that	will	be	required	in	future	

generations	of	catalytic	science.

At
om

ic
 fr

ac
tio

n

Rh0.5Pd0.5

Rhodium

Palladium

Reactants

Shell

Rh Kαl

18 19

Pd
Pd

Rh

Rh ex-situ TEM

20 21 22 23 24 2

Pd Kαl Core-Shell

Core

NO

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 NONO+CO NO+CO O2

Figure	20		In-situ XPS (Pgas = mbar) shows core-shell atom 
exchange in Rh-Pd catalyst nanoparticles induced by oxidation 
and reduction reactions of NO, CO, H2, and O2. (From Reference 13)
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environment,	non-covalent	interactions	can	play	a	critical	

role	in	stabilizing	transition	states.	Such	environments	

offer	 the	possibility	of	 (1)	precise	 control	by	a	 three-

dimensional	framework	in	which	substrates	interact	with	

one	another	and	with	the	host;	and	(2)	precise	control	of	

the	rates	at	which	the	reacting	molecules	enter	and	leave	

the	catalytic	center.

Nature	exploits	this	supramolecular	principle	to	design	

biological	catalytic	systems	such	as	enzymes	and	ribo-

zymes.	Here	supramolecular	frameworks	are	critical	fea-

tures	of	the	active	sites	in	which	biological	reactions	occur	

with	exquisite	selectivity	and	highly	enhanced	reaction	

rates,	compared	to	those	exhibited	by	analogous	process-

es	that	take	place	in	the	gas	phase,	on	surfaces,	or	in	solu-

tion.	However,	even	biological	chemists	have	historically	

focused	primarily	on	the	features	of	the	active	sites,	and	

are	only	now	beginning	to	understand	the	role	that	the	

supramolecular	framework	plays	in	controlling	catalysis.	

As	one	example,	recent	insights	suggest	that	“conforma-

tional	gating”	plays	a	significant	role	in	enzyme	catalysis	

(see	for	example,	Reference	14).	To	date,	the	homogenous	

catalysis	field	has	focused	little	attention	on	designing	abi-

ological	systems	that	take	advantage	of	supramolecular	

control	to	produce	catalysts	that	demonstrate	the	level	of	

chemoselectivity	and	rate	enhancement	typically	attribut-

ed	to	enzymes.	However,	recent	work	by	Raymond	and	

Bergman	have	demonstrated	supramolecular	catalysts	

(Figure	21)	that	approach	enzyme-like	rate	accelerations	of	

over	a	millionfold.15	Among	many	potential	applications,	

one	may	exploit	such	assemblies	to	encapsulate	metal	

complexes	capable	of	catalyzing	highly	selective	carbon-

hydrogen	bond	activation	reactions.

NGLS	X-ray	lasers	will	be	essential	to	the	develop-

ment	 of	 this	 new	 field	 of	 supramolecule	 catalysis	 by	

enabling	complete	characterization	of	the	supramolecu-

lar	assemblies	in	ways	that	are	not	achievable	with	pres-

ent	 sources.	 In	 particular,	 time-resolved	 X-ray	

spectroscopy	 techniques	

(XANES	 and	 EXAFS)	 will	

probe	 the	 local	 bonding	

geometry,	 coordination,	

and	bond-distances	of	cata-

lysts	while	they	are	operat-

ing	 in	 solution,	 and	 with	

temporal	 resolutions	 that	

can	follow	the	fundamental	

chemistry	 and	 turn-over	

in	and	out	of	the	Pt	nanopar-

ticles	 during	 the	 overall	

reaction,	 and	 during	 cata-

lyst	reprocessing	to	remove	

accumulated	 carbon.	The	

NGLS	will	provide	a	unique	

opportunity	 to	 observe	

these	processes	as	a	func-

tion	of	both	time	and	space	

via	 time-resolve	 ambient-

pressure	 photoemission,	

XAS,	and	XES.	Of	particular	

interest	 are	 the	 real-time	

dynamics	and	chemistry	of	

carbon	 deposition	 on	 the	

nanoparticle	 surface	 and	

the	 migration	 of	 these	

deposits	onto	the	support-

ing	material.	Understanding	how	promoting	elements	

affect	the	initiation	and	growth	of	carbonaceous	deposits	

and	how	to	limit	these	processes	will	provide	essential	

information	for	the	design	of	superior	dehydrogenation	

catalysts.

3.4.2 Homogeneous Catalysis

Both	heterogeneous	and	homogenous	catalysis	have	

focused	historically	on	 reactions	 controlled	by	 short-

range	interactions,	usually	between	a	small	number	of	

moderate-sized	molecules.	While	this	approach	in	homo-

geneous	catalysis	has	led	to	the	development	and	under-

standing	 of	 many	 interesting	 and	 useful	 processes,	

especially	in	the	area	of	asymmetric	carbon-carbon,	car-

bon-hydrogen	and	carbon-heteroatom	bond	formation,	

an	important	future	direction	in	catalysis	lies	in	the	devel-

opment	of	new	reactions	controlled	by	longer-range,	or	

“supramolecular,”	interactions.

Homogeneous	 “supramolecular”	 catalysis	 differs	

from	heterogeneous	surface-catalyzed	reactions	in	that	

the	latter	has	traditionally	focused	on	“external	space,”	in	

which	reacting	molecules	bind	to	extended	surfaces,	and	

those	molecules	exchange	rapidly	between	the	bound	

state	and	another	phase	such	as	a	liquid	solution	or	gas	

phase.	In	contrast,	supramolecular	chemistry	targets	the	

study	of	an	“internal	molecular	space”,	where	reactive	

substrates	enter	a	confined	environment	surrounded	on	

all	sides	by	the	supramolecular	framework.	In	such	an	
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see Section 4.2

Fluctuation X-ray scattering

Giga-shot diffractive  
imaging

see Section 4.1
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(Figure	22),	but only on long time scales	(typically	100’s	of	

ms	or	longer).	Significant	advances	will	be	made	with	

NGLS,	where	it	will	be	possible	to	probe	the	dynamics	of	

oxidation	processes	on	ultrafast	timescales	and	to	pene-

trate	in	depth	and	achieve	spatial	parameters	far	beyond	

the	limited	experiments	possible	at	present	X-ray	sources.	

Figure	22	shows	a	schematic	set	up	and	first	results	of	a	

recent	in	situ	electrochemical	study	of	the	formation	of	

copper	oxides	 (CuO,	 cupric	oxide	and	Cu2O,	 cuprous	

oxide)	as	a	function	of	the	electrode	potential.1	Similar	

studies	will	be	invaluable	tools	in	studies	of	renewable	

energy	sciences,	such	as	Li+-based	batteries.	

Spectroscopic	studies	of	solid	fuels	cells	have	also	been	

performed	in	situ	for	the	first	time	at	the	ALS	using	ambient	

pressure	XPS	(APPES).	The	example	in	Figure	22	shows	the	

simultaneous	measurement	of	surface	potential	and	cerium	

oxidation	state	across	the	electrode	gap	between	Pt	and	

CeO	in	the	presence	of	water	vapor	and	H2.	Pump-probe	

spectroscopic	experiments,	with	sub	10	nm	spatial	resolu-

tion,	where	the	electron	transfer	to	H2O	to	form	O-	and	H	are	

followed	as	a	function	of	time,	will	be	seminal	in	deter-

mining	elementary	reaction	steps.	Pump	excitation	can	be	

accomplished	via	UV	pulse	irradiation	of	the	anode	and	

cathode,	or	direct	excitation	of	the	molecules.	One	can	also	

envision	the	use	of	ultrafast	switching	devices	together	

with	the	high	pulse	energy	X-ray	probes	of	NGLS	to	first	

inject	electrons	into	the	electrode	materials,	then	follow	

with	probe	analysis	(XPS,	XAS)	of	the	charge	structure	of	

the	molecule	or	surface	species,	including	the	conduction	

band	in	the	electrolyte.	Furthermore,	the	high	brightness	

of	NGLS	will	allow	the	study	of	charge-transfer	processes	

with	the	use	of	in-situ	RIXS,	and	will	reveal	the	dynamics	

of	ion	transport	using	stimulated	photon	desorption.

3.4.4 Pump-Probe Catalysis Studies at NGLS

Pump-probe	techniques	at	NGLS	will	make	it	possible	

to	investigate	the	most	fundamental	steps	in	catalysis	

that	span	the	range	from	attoseconds	to	picoseconds.	

Experiments	that	will	become	possible	include	the	com-

bination	of	spectroscopy	and	microscopy,	with	sub-10	nm	

spatial	resolution	(spectro-nanoscopy),	following	the	ini-

tial	excitation	of:

•		electronic	states	via	charge-transfer	excitations	and	

photo-ionization	processes	on	femtosecond	and	sub-

femtosecond	time	scales	(photochemistry,	electro-

chemistry,	electronic	transitions	in	redox	cycles)

rates	in	real	time	—	from	fs	to	ms.	In	addition,	NGLS	X-ray	

lasers	will	enable	qualitatively	new	approaches	for	imag-

ing	spontaneous	dynamics	of	heterogeneous	ensembles	

of	macromolecules	in	solution,	as	described	in	Section	

4.1.		This	new	approach	is	based	on	collecting	billions	of	

coherent	diffractive	images	to	resolve	the	conformational	

dynamics	of	supramolecular	catalysts	and	provide	new	

insight	to	processes	such	as	conformational	gating.	The	

experimental	approach	closely	follows	that	described	in	

Section	4.1	for	imaging	heterogeneous	ensembles	of	pro-

tein	conformations.	The	new	understanding	of	supramo-

lecular	catalysis	from	NGLS	experiments	will	enable	the	

development	of	fundamental	operating	principles	that	

will	dramatically	accelerate	the	present	iterative	process	

of	targeted	catalysis	design.

3.4.3  Fuel Cells, Electrochemical Reactions, 
Batteries

Understanding	and	controlling	electrochemical	reac-

tions	is	particularly	important	in	many	technologies	and	

processes,	ranging	from	batteries	to	potassium	channels	

in	cell	membranes.	Soft	X-ray	spectroscopy	has	been	

extensively	employed	for	ex-situ	investigations	of	elec-

trochemically	active	materials,	but	its	use	as	an	in-situ	

probe	has	 lagged	behind	hard	X-ray	experiments	 for	

technical	reasons.	The	ALS	and	others	have	recently	dem-

onstrated	the	feasibility	and	power	of	using	soft	X-ray	

XPS,	XAS,	XES,	and	RIXS	to	determine	the	structural	and	

chemical	 changes	 of	 electrochemical	 systems	 during	

operation.	 Scientist	 have	 explored	 evaporated	 metal	

electrodes	 during	 cyclic	 voltammetric	 experiments	

= Galll. 1
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Figure	21	 The water-soluble, self-assembled, tetrahedral assem-
bly shown to catalyze the Nazarov cyclization of 1,3-pentadienols 
with extremely high levels of efficiency. Left: blue lines represent 
bisbidentate ligands. Right: space-filling model.
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3 .4 .4 .1  Use of  THz Pump Pulses to Excite Nuclear 

Motion (Heat, Vibrations) 

Nuclear	motions,	in	the	time	scale	of	fs	to	ps,	can	be	

excited	by	THz	pulses.	This	will	trigger	the	subsequent	

reorganization	of	 the	electronic	wavefunctions	 in	 the	

HOMO	and	LUMO	levels	of	the	molecule	of	interest.	The	

ability	to	determine	this	electronic	structure	will	allow	for	

an	exploration	of	transition	states	and	reaction	pathways	

in	processes	triggered	by	heating.	Unlike	heating,	how-

ever,	which	distributes	energy	to	a	number	of	vibration	

modes	according	to	the	Boltzman	distribution,	THz	excita-

tion	can	excite	specific	vibrational	modes.	Following	are	

examples	of	reactions	that	can	benefit	from	this	type	of	

experiment.

CO	is	a	fundamental	ingredient	in	the	Fischer-Tropsch	

reaction	to	make	gasoline	fuels	from	coal.	It	is	currently	

undergoing	a	strong	revival,	with	countries	like	Norway	

investing	heavily	in	the	process.	The	most	favored	mecha-

nism	involves	CO	dissociation	to	C	and	O,	which	can	be	

mediated	by	hydrogen.16	Exciting	the	C-O	stretch	mode	

•	 specific	molecular	vibrational	modes	via	coherent	

mid-infrared	 and	THz	 excitation	 on	 0.1-1	 ps	 time	

scales

•	 transient	thermally-driven	reactions	via	THz	excita-

tion	on	ps	time	scales	and	longer

NGLS	experiments	at	the	highest	temporal	resolution	

will	rely	on	repetitive	processes,	where	the	system	can	be	

prepared	repeatedly	for	each	pulse.	For	example,	reac-

tions	on	nanoparticles	could	be	performed	using	a	gas-

phase	 jet	 of	 particles	 (or	 a	 liquid	 droplet	 injector	 as	

described	 in	 Section	 4.1.3)	 crossing	 the	 NGLS	 X-ray	

beam.	Reactants	are	pre-absorbed	on	each	nanoparticle,	

for	example	by	crossing	a	jet	of	particles	with	the	reactant	

molecules	of	interest.	Excited	state	dynamics	and	transi-

tion-state	species	are	revealed	via	XPS,	XAS	or	RIXS	fol-

lowing	initial	excitation	by	a	THz,	UV,	or	X-ray	photon	

pulse,	or	pulsed	e-beam.
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Figure	22  Left: schematic electrochemical cell assembly for in situ XAS-ray absorption spectroscopy studies, cyclic voltammogram of a Cu 
thin film working electrode in NaHCO3 solution, XAS of Cu L2,3-edge after reduction1. Right: Ambeint pressure X-ray photoemission spec-
troscopy (APPES) measurements of surface potential and oxidatation state of solid-oxide fuel cell electrodes in operation.
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compositions,	and	new	reaction	conditions.	After	the	THz	

pulse,	X-ray	pulses	will	then	be	used	to	probe	the	elec-

tronic	structure	of	the	excited	molecule,	via	XPS,	XES	and	

XAS	to	follow,	with	attoseconds	or	femtoseconds	steps,	

and	their	evolution	over	several	picoseconds.

3 .4 .4 .2  Use of UV Pulses and/or Electrochemical Charge 

Transfer (Pump) to Excite Electronic Levels

Here	we	envision	exciting	molecular	orbitals	and	elec-

tronic	levels	directly,	rather	than	atomic	vibrations.	In	this	

experiment	we	can	either	initially	populate	empty	LUMO	

orbitals	and	conduction	bands,	or	create	holes	in	HOMOs	

or	valence	bands.	A	sequence	of	femtosecond	and	atto-

second	time	delayed	probe	X-ray	pulses	will	follow	the	

wavefunction	evolution	via	XPS,	XAS,	XES	or	RIXS	over	

time	periods	extending	to	picoseconds.	In	the	following	

we	describe	examples	of	processes	and	reactions	involv-

ing	electron	transfer	to	molecular	orbitals.

In	the	photoelectrochemical	splitting	of	water	to	hydro-

gen	and	oxygen,	photons	first	interact	with	one	or	more	

light	absorbing	elements	to	create	electron-hole	pairs.	The	

holes	diffuse	to	one	end	of	the	absorber	where	they	interact	

with	a	catalyst	that	promotes	the	oxidation	of	water	to	O2	

and	liberates	two	protons.	The	protons	then	diffuse	through	

a	polymeric	membrane	and	react	with	the	photon-gener-

ated	electrons	at	a	second	catalyst	to	form	H2.	The	dynamics	

of	electron-hole	transport,	and	of	electron	and	hole	inter-

action	with	the	catalysts	at	each	end	of	the	light	absorber	

are	poorly	understood	because	of	the	difficulty	in	mea-

suring	these	phenomena.	Similarly,	the	dynamics	with	

which	charged	species	interact	with	molecules	and	anions	

or	cations	present	near	the	catalyst	surface	are	largely	

unknown.	NGLS	X-ray	lasers	will	be	used	to	probe	these	

processes	via	pump-probe	experiments	where	few	fem-

tosecond	to	several	hundred	femtosecond	light	pulses	

(from	synchronized	visible	lasers)	are	used	to	generate	

electron-hole	pairs.	The	dynamics	of	the	interaction	of	these	

charged	species	with	catalysts	and	molecules	can	then	be	

followed	by	XAS	and	XPS.	Time-resolved	XES,	RIXS,	and	

Raman	spectroscopy	using	UV	stimulation	should	also	

enable	 the	 observation	 of	 molecular	 transformations	

occurring	in	the	presence	of	a	liquid	electrolyte.	These	

studies	will	contribute	information	critical	to	understanding	

the	lifetimes	of	charged	species	produced	at	the	surface	of	

electrocatalysts,	which	may	be	metals,	metal	oxides,	or	metal	

complexes.	The	influence	of	changes	in	the	composition	

and	structure	of	electrocatalysts	will	also	be	investigated	

might	be	followed	by	dissociation.	Other	channels	that	

can	be	selectively	excited	 include	CO-metal	substrate	

frustrated	modes	(translation,	rotation,	bending).	NGLS	

experiments	will	make	it	possible	to	follow	the	wavefunc-

tion	of	the	molecular	orbitals	in	response	to	the	excitation	

of	such	vibrations,	and	thus	help	discover	which	particu-

lar	mode	leads	to	specific	intermediates	or	products.	For	

example,	 the	excitation	of	CO	bending	modes	 (when	

adsorbed	on	a	catalyst)	might	change	the	geometry	of	the	

molecule	so	that	electrons	from	the	catalyst	substrate	

might	jump	into	anti-bonding	orbitals	of	the	molecules	or	

conversely,	electrons	from	the	HOMO	bonding	orbitals	

might	move	to	the	catalyst.	Common	catalysts	include	1st	

row	transition	metals	(Fe,	Ni,	Co)	and	alloys	of	those	with	

Cu,	Pt,	etc.

Methanol	oxidation	is	a	much	studied	chemical	reaction	

to	produce	partially	oxidized	products	like	formaldehyde,	

while	avoiding	the	undesirable	but	thermodynamically	

favored	total	oxidation	to	CO2	and	water.	Catalysts	like	Pt,	

Au,	Ag,	Cu,	and	their	alloys	are	used	to	accomplish	this	in	

an	efficient	and	highly	selective	mode.17,18		The	excitation	

of	C-H	bonds	in	bound	methoxides	by	heat	(via	selected	

THz	pulses	that	can	selectively	excite	different	vibration	

modes	directly	in	the	molecule	or	in	the	catalyst	metal	

atoms),	will	lead	to	the	rearrangement	of	the	H,	C	and	O	

atoms	to	form	intermediates.	Capturing	the	evolution	of	

the	orbital	wavefunctions	following	the	excitation	will	

provide	unique	information	on	the	mechanism	of	the	var-

ious	possible	reaction	pathways,	which	will	then	make		it	

possible	to	study	and	select	different	catalyst	materials	or	

CH3OH + O2

Methanol oxidataion on metal alloy clusters

(1)  CH3OH + ½O2 → CH2O+ H2O

(2)   CH3OH + 3/2O2 → CO2+ 2H2O
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Figure	23	 Experimental schematic of pump-probe studies of metha-
nol oxidation on metal alloy clusters.
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in	this	manner	providing	invaluable	information	for	guiding	

the	identification	of	catalyst	properties	for	such	high	effi-

ciency	processes	as	the	splitting	of	water	to	generate	H2	or	

the	reduction	of	CO2	to	produce	methanol	and	other	fuels.

Another	example	is	the	splitting	of	O2	molecules	that	

precedes	most	oxidation	processes.	One	important	step	

here	is	the	formation	of	charged	O2
-	species.	How	does	

O2
-	form	from	O2	and	how	does	it	evolve	to	O	atoms?	

How	does	the	process	depend	on	the	substrate	(e.g.	oxide	

films	in	oxidation	reactions,	metals	in	the	catalytic	pro-

cess	of	CO	and	NO	oxidation)?	CO2	and	H2O	are	some	of	

many	strategically	important	molecules	of	low	molecular	

weight.	They	are	of	great	interest	in	processes	like	photo-

synthesis,	CO2	conversion	to	useful	chemicals,	and	water	

photo-splitting.	UV	lasers	or	short	soft	X-ray	pulses	can	

be	used	 to	populate	specific	LUMO	with	electrons	or	

HOMOs	with	holes,	followed	by	probing	with	XPS,	XAS	

or	RIXS.

Beamlines for Catalysis Research

Time-resolved	 spectroscopy	 experiments	 (XANES,	

EXAFS,	XES,	APPES)	on	catalytic	systems	will	rely	pri-

marily	 on	 the	 seeded	 NGLS	 beamlines	 1	 and	 2	 as	

described	in	Section	5	(Table	2).	These	experiments	will	

use	one-color	(and	in	some	cases	two-color)	X-ray	probes	

to	follow	the	local	chemical	environment,	bonding,	and	

coordination	at	transition-metal	L-edges	(and	K-edges	of	

C,	O,	N	etc.)	in	the	soft	X-ray	range.	EXAFS	probes	of	local	

structural	dynamics	will	rely	on	hard	X-rays	at	the	3rd	and	

5th	harmonics	 to	probe	transition-metal	K-edges.	Soft	

X-ray	RIXS	experiments	will	rely	on	the	high	energy	reso-

lution	(and	high	average	flux)	of	NGLS	beamline	1	 in	

long-pulse	seeded	operation.

Diffractive	imaging	experiments	will	rely	on	“diffract	

and	destroy”	methods	using	the	3rd	and	5th	harmonics	

with	the	highest	flux/pulse	on	the	seeded	NGLS	beamline	

1	at	100	kHz	repetition	rates,	and	on	the	un-seeded	SASE	

beamline	3,	at	MHz	repetition	rates	(as	high-speed	detectors	

allow)	as	described	in	Sections	5	and	6.6.	Choice	of	wave-

length	will	be	determined	by	balancing	the	scattering	effi-

ciency	and	the	required	resolution	for	particular	samples.	

A	key	component	of	these	experiments	will	be	a	high-

speed	particle	injector	synchronized	to	the	CW	SCRF	linac	

(see	Section	4.1).
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Characterizing	and	controlling	matter	far	from	equilib-

rium,	and	achieving	synthesis	of	materials	with	tailored	

properties	through	control	at	the	molecular	level	are	two	

of	the	outstanding	grand	challenges	in	materials	science.	

Understanding	 the	 processes	 through	 which	 crystals	

nucleate	from	solution	is	central	to	both	challenges.	The	

importance	of	nucleation	phenomena	is	widespread:	they	

are	harnessed	to	form	all	the	biominerals	required	by	our	

bodies;	they	underpin	environmental	and	atmospheric	

phenomena;	and	they	enable	the	synthesis	of	technologi-

cal	materials	 including	nanoparticles	and	catalysts.1,2	

However,	experimental,	theoretical	and	simulation	meth-

ods	for	revealing	the	molecular-scale	processes	that	con-

trol	nucleation	all	face	major	challenges.	Nucleation	is	an	

inherently	 stochastic	 process,	 requiring	 interactions	

among	many	atoms	or	molecules,	and	the	earliest	stable	

nuclei	are	highly	transient	objects,	with	a	large	thermody-

namic	driving	force	for	 further	growth.	Consequently,	

single	nucleation	events	are	rare	and	highly	transient.	

They	are	virtually	impossible	to	capture	either	in	experi-

ment	or	realistic	atomistic	simulations.	This	limits	our	abil-

ity	 to	 control	 nucleation	 processes	 in	 technological	

settings,	and	inhibits	our	ability	to	even	learn	the	princi-

ples	for	directed	crystal	formation	from	the	best	known	

examples	—	biomineralizing	proteins.3	

NGLS	offers	the	opportunity	to	perform	a	new	kind	of	

scientific	experiment	that	is	designed	for	studying	rare	

events	such	as	nucleation	in	homogeneous	solution.	The	

high	repetition	rate	will	allow	a	very	large	number	of	indi-

vidual	reactor	volumes	to	be	analyzed	at	specified	time-

points	 following	sample	preparation.	X-ray	scattering	

from	 individual	nanoscale	crystallites,	enabled	by	 the	

high	pulse	intensity	and	fast	detector	readout,	will	provide	

atomistic	and/or	morphological	information	at	the	earliest	

stages	 of	 crystal	 formation	 and	 growth.	 Detection	 of	

amorphous	precipitates	will	be	accomplished	by	averag-

ing	 the	 X-ray	 exposures	 creating	 powder	 patterns.	

Moreover,	each	X-ray	pulse	can	be	preceded	by	optical	

Understanding the processes by which crystals nucleate from solution is a fundamental challenge in materials 
science with far reaching relevance. Nucleation phenomena affecting our everyday life are harnessed to form all 
the biominerals required by our bodies, underpin environmental and atmospheric phenomena, and enable the 
synthesis of technological materials including nanoparticles and catalysts. Recent discoveries have revealed 
that nucleation pathways are far more complex than envisioned in classical theories, which also fail to provide an 
energetic basis for observed nucleation rates. Development of a new predictive theory requires an understand-
ing of these pathways. However, nucleation events and the molecular processes that control phase, composi-
tion, morphology, and final materials properties are exceedingly difficult to capture experimentally or through 
simulation.

NGLS will be a new tool for nucleation studies uniquely able to capture the dynamic aspects of spontaneous and 
directed crystal formation and growth. It will allow a new kind of scientific experiment to be performed that is 
ideal for studying rare events such as nucleation. Because NGLS will provide intense X-ray pulses at a high rep-
etition rate, single-shot diffraction images can be acquired from large numbers of supersaturated droplets, 
allowing snapshots of the earliest crystal nuclei to be discriminated. Furthermore, this approach will offer 
unprecedented insight into the dynamic process of biologically directed mineralization, revealing the protein-
inorganic bonding interactions that direct the nucleation of amorphous precursor phases and the crystallization 
of oriented nanocrystals.

3.5	 	Nanoscale	Materials	Nucleation	
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formation	of	a	pre-nucleation	association	of	ions	precedes	a	

(rate	limiting)	crystallization	step.	For	crystal	formation	in	

aqueous	solutions	in	particular,	this	pathway	is	likely	a	

consequence	 of	 the	 complex	 interactions	 between	

hydrated	ions	and	solvent	molecules	that	must	occur	for	

an	ordered	crystal	to	form.	By	combining	single	and	aver-

aged	snap-shot	diffraction	patterns	acquired	from	solu-

tions	as	a	function	of	time,	NGLS	will	enable	two-step	

nucleation	pathways	to	be	identified	and	quantified.	

3.5.2  Statistical Description of Crystal Nuclei 
Size Distributions during Nucleation 
and Growth

Following	the	turbulent	mixing	of	two	reaction	solu-

tions,	a	supersaturated	solution	will	be	translated	across	

an	NGLS	beam	either	as	discrete	liquid	droplets8	or	as	a	

stream	through	a	windowless	microfluidic	cell.9	Liquid	

droplets	can	be	prepared	with	submicron	diameters	(see	

Section	4.1.3),	lowering	the	background	water	scattering,	

while	flow	cells	are	anticipated	to	permit	analysis	of	>10	µm	

fluid	channels	at	sub-microsecond	timescales	following	

mixing.	Conditions	will	be	varied	so	that	(within	Poisson	

statistics	limits)	either	zero	or	a	single	crystal	nucleus	is	

present	in	each	analyzed	solution	volume.

As	illustrated	in	Figure	25,	we	will	acquire	single-pulse	

coherent	X-ray	diffraction	patterns	at	3.6	keV	and	100	kHz.	

Each	X-ray	pattern	will	be	individually	analyzed	to	identify	

and	index	Bragg	reflections	from	crystallites	nucleated	in	

solution.10	Each	Bragg	reflection	from	a	small	crystallite	

is	modulated	by	the	shape	factor	of	the	crystallite,	provid-

ing	a	partial	description	of	the	crystallite	morphology.11	

interrogation	pulses	designed	to	provide	additional	infor-

mation	on	aqueous	complexes	present	in	solution	prior	

to	crystal	nucleus	formation.	These	approaches	will	allow	

unprecedented	quantitative	tests	of	models	of	crystal	for-

mation	through	homogeneous	nucleation	of	inorganic,	

organic	and	protein	crystals.	

In	addition,	NGLS	offers	new	approaches	for	acquiring	

molecular-scale	structural	information	from	macromole-

cules	that	can	be	harnessed	to	reveal	the	chemical	inter-

actions	 at	 protein-mineral	 interfaces.	 Biomineral	

formation	frequently	takes	place	upon	a	highly	organized	

protein	matrix	that	confers	orientation	to	the	forming	

inorganic	phase.	Whether	in	the	form	of	organized	fibrils,	

polymeric	sheets,	or	highly-ordered	lattices,	it	is	believed	

that	the	protein	matrix	defines	the	molecular	contacts	

that	lead	to	control	over	crystallographic	orientation	and	

bias	the	energy	landscape	towards	site-specific	nucle-

ation.	However,	a	lack	of	structural	probes	with	time	reso-

lution	commensurate	with	the	characteristic	timescale	of	

nucleation	processes	has	severely	limited	investigations	

of	structural	dynamics	during	nucleation	at	an	organic	

matrix.

3.5.1 Homogeneous Nucleation

The	established	framework	for	understanding	nucle-

ation	is	Classical Nucleation Theory (CNT),	which	calcu-

lates	the	thermodynamic	stability	of	forming	crystallites	

as	a	sum	of	contributions	from	bulk	and	interfacial	free	

energy	terms.4,5		The	major	prediction	of	this	model	is	

that	early	crystallites	are	unstable	below	a	critical	size,	

and	kinetic	models	of	nucleation	have	sought	to	deter-

mine	how	rates	of	diffusion,	dissolution	and	growth	lead	

to	 the	successful	appearance	of	stable	 (and	growing)	

nuclei	 in	 saturated	solutions.1,6	While	 the	 conceptual	

basis	for	the	model	is	appropriate	for	many	systems	its	

shortcomings	 were	 appreciated	 from	 the	 beginning.	

Because	central	thermodynamics	quantities	such	as	inter-

facial	free	energy	rely	on	macroscopic	approximations,	

and	kinetic	parameters	such	as	rates	of	adsorption	or	dis-

solution	are	generally	inaccessible	to	measurement,	pre-

dictions	of	crystal	nucleation	rates	have	erred	by	orders	

of	magnitude	even	in	the	most	ideal	cases.	

Furthermore,	it	has	become	clear	recently	that	there	

are	alternative	pathways	for	crystal	formation	beyond	the	

stepwise	addition	of	monomers	from	solution.1,7	Figure	

24	illustrates	the	Two-Step	Nucleation	Model,	in	which	the	

Classical Nucleation Model

Growth

(a)

(b) (c)

Two-step Nucleation Model

Figure	24		Scheme of Classical and Two-Step nucleation path-
ways. (a) Formation of crystallites through aggregation of mono-
mers; (b) Formation of amorphous prenucleation cluster; (c) crys-
tallization. (After Erdimir et al.1)
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that	yield	descriptions	of	all	particles	nucleated	in	a	sys-

tem.6,16		To	date,	quantitative	tests	of	theoretical	predic-

tions	have	been	based	on	crystallite	number17	or	average	

crystallite	size.18

For	crystal	systems	that	form	from	solution	via	the	

Two-Step	pathway,	the	amorphous	precursors	will	not	

yield	detectable	Bragg	peaks.	However,	for	a	given	time-

point	all	single-pulse	patterns	that	yield	no	Bragg	peak	

will	be	averaged	to	produce	a	powder	diffraction	pattern	

in	which	diffuse	scattering	rings	will	be	detectable	above	

background.	Although	 individual-particle	analysis	will	

not	be	possible	for	amorphous	precursors,	the	approach	

will	reveal	the	kinetics	of	precursor	formation	prior	to	the	

nucleation	of	individual	crystallites	that	will	be	identified	

as	described	above.	Both	 thermodynamic	and	kinetic	

contributions	 to	 the	 pathway	 can	 be	 addressed.	 For	

example,	because	studies	of	the	stability	of	nanophase	

materials	have	revealed	the	strong	contribution	of	sur-

face	free	energy	on	crystallite	stability19	we	anticipate	

that	the	nucleation	step	is	highly	size-dependent	and	we	

will	observe	a	minimum	size	at	which	crystals	first	appear.	

Moreover,	 numerous	 materials	 can	 be	 crystallized	 in	

more	 than	 one	 polymorph,	 and	 may	 undergo	 phase	

transformations	during	growth.	Such	processes,	and	the	

impacts	of	conditions	and	additives	on	polymorph	selec-

tion,	can	be	studied	and	complemented	by	current	and	

anticipated	 methods	 for	 molecular	 simulations	 using	

transition	path	sampling.20-22

If	the	sample	contains	identical	objects,	the	accumulation	

of	X-ray	diffraction	patterns	at	many	orientations	allows	

direct	reconstruction	of	the	arbitrary	morphology	of	the	

object	(the	low-resolution	electron	density	distribution).	It	

was	recently	shown,	however,	that	for	crystallites	that	vary	

in	dimension	but	which	consist	of	identical	unit	cells,	the	

collection	of	Bragg	spot	profiles	can	be	analyzed	to	reveal	

the	distribution	of	crystallite	dimensions.12		This	approach	

will	provide	significantly	more	information	on	crystallite	

dimensions	than	can	be	obtained	by	conventional	X-ray	

methods	such	as	the	Scherrer	equation	for	powder	X-ray	

diffraction,13	or	by	using	small-angle	X-ray	scattering.

The	X-ray	scattering	studies	can	be	complemented	by	

prior	spectroscopic	interrogation	using	optical	laser	puls-

es.	For	example,	second-order	nonlinear	optical	imaging	

of	chiral	crystals	(SONICC)	has	been	demonstrated	for	sub-

wavelength	detection	of	protein	crystals	in	turbid	crystal-

lization	solutions.14	For	non-centrosymmetric	crystals	

that	exhibit	bulk	second	harmonic	generation	(SHG)	this	

approach	will	provide	an	easily	discriminated	signal	indi-

cating	the	presence	of	a	crystallite	in	the	analysis	volume.15	

NGLS	experiments	will	provide	probability	distribu-

tion	functions	for	crystallite	size	as	a	function	of	solution	

chemistry	and	time,	following	the	formation	of	a	super-

saturated	solution.	This	will	be	the	first	direct	experimen-

tal	observation	of	the	distribution	of	crystallites	present	

in	 solution	 during	 crystal	 nucleation	 and	 will	 allow	

unprecedented	tests	of	theories	of	nucleation	and	growth	

t

Droplet of
supersaturated
solution

X-ray scattering

Nanocrystal

vis
X-ray

[3, 1, 0]

[3, -1, 0]

[3, 0, 0]

[4, 0, 0]

[4, -1, 0]

Optical scattering

Figure	25		Scheme of NGLS experiment in which size and morphological information on single crystallites are obtained by single-pulse 
coherent X-ray diffraction. Crystallite size and shape modulates the Bragg peak profiles as illustrated by simulated scattering pattern from 
17x17x30 unit cell Photosystem I nanocrystal.11 Depending on experimental requirements, optional visible or infra-red analysis pulses can 
be designed that precede the X-ray diffraction analysis pulse.
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complex	path	involving	clusters	of	yet	a	different	stoichi-

ometry	followed	by	ACP,	followed	by	octacalcium	phos-

phate	(OCP)	and	finally	HAP.25

Despite	 the	tiny	dimensions	and	highly-anisotropic	

properties	of	the	HAP	nanocrystals,	the	hierarchical	orga-

nization	of	the	collagen	monomers	into	helices,	helices	

into	fibrils,	fibrils	into	bundles,	and	bundles	into	macro-

scopic	bone	results	in	a	material	with	nearly	isotropic	

mechanical	properties	and	remarkable	fracture	tough-

ness.	Unfortunately,	the	molecular	contacts	that	direct	

the	location	and	orientation	of	the	crystal	nucleus	and	the	

pathway	of	phase	and	compositional	evolution	that	leads	

to	the	final	crystalline	product	remain	a	mystery.	

3 .5 .3 .1  Protein-Directed Hydroxyapatite Nucleation at 

Collagen Crystal Surfaces 

We	will	acquire	multiple	single-pulse	coherent	X-ray	

diffraction	patterns	of	collagen	fibrils	in	liquid	drops	that	

are	either	supersaturated	relative	to	hydroxyapatite	(HA)	

formation	or	which	are	phosphate-free.	By	first	averaging	

single	X-ray	exposures	of	non-mineralized	collagen	we	

will	obtain	a	low-resolution	

electron	density	map	of	the	

fibrils	under	the	experimen-

tal	conditions	against	which	

the	 known	 amino	 acid	

sequence	 can	 be	 aligned.	

This	will	provide	an	atomis-

tic	 depiction	 of	 the	 nucle-

ation	sites	in	the	fibrils	that	

direct	HA	nucleation.	

3.5.3  Biologically-Directed Heterogeneous 
Nucleation

Living	systems	provide	exquisite	examples	of	materi-

als	synthesis	with	tailored	properties	via	molecular-level	

control.	 Biomineralization,	 in	 particular,	 is	 a	 process	

through	which	 living	organisms	produce	materials	 to	

solve	functional	requirements	by	exerting	molecular-level	

control	over	inorganic	crystal	growth.	Here	organic	matri-

ces	act	as	templates	to	direct	the	nucleation	stage.	Non-

equilibrium	phases	are	stabilized	by	the	introduction	of	

soluble	 macromolecules	 that	 modulate	 atomic-scale	

growth	kinetics.	This	enables	living	organisms	to	produce	

a	wide	variety	of	crystalline	nanostructures	with	func-

tions	as	diverse	as	light	harvesting,	magnetic	sensing,	

and	mechanical	support.3,23

Among	 the	 myriad	 biomineral	 systems	 found	 in	

nature,	mineralization	of	collagenous	proteins	by	calcium	

phosphates	is	one	of	the	most	important.	It	comprises	the	

skeletal	and	dental	structure	of	higher	organisms	and	

presents	an	exquisite	example	of	an	organized	protein	

matrix,	highly	directed	nucleation,	and	an	evolving	min-

eral	nucleus.23,24	At	the	shortest	length	scale,	the	colla-

gen	monomer	form	triple	helices	that	stack	parallel	to	one	

another	with	a	staggered	geometry	 that	creates	a	so-

called	“hole	 zone”	 (Figure	 26).	 Nanocrystal	 plates	 of	

hydroxyapatite	(HAP,	the	most	stable	calcium	phosphate	

phase)	a	few	10s	of	nm	across	and	<	5nm	in	thickness	

form	 within	 these	 hole	 zones.	The	 formation	 of	 HAP	

appears	to	be	preceded	by	deposition	of	amorphous	cal-

cium	phosphate	(ACP)	nanoparticles	of	a	distinct	stoichi-

ometry.	Moreover,	in	vitro	experiments	suggest	an	very	

a b c d
Hole zone

D ~ 67nm

D ~67nm

250 nm

Figure	26		Depictions of the Type I Collagen crystals that direct the nucleation of hydroxyapatite at “hole zone” regions between C- and 
N-terminus protein regions. (a) Atomic force microscopy (AFM) image of aligned collagen fibrils exhibiting the periodic bands (Tao, 
DeYoreo unpublished). (b) AFM image of single fibril.26 (c) Low-resolution electron density map of collagen helix obtained from single crys-
tal diffraction.27 (d) Reconstructed collagen structure revealing amino acid sequence.

Fluctuation X-ray scattering

Giga-shot diffractive  
imaging

see Section 4.1
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SCRF	linac	(see	Section	4.1.3),	provide	for	sample	replace-

ment	on	a	pulse-by-pulse	basis.
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tein	structure	or	chemistry.28		The	proposed	single-pulse	

X-ray	method,	avoiding	the	enormous	radiation	damage	

associated	with	electron	diffraction,	has	the	best	potential	

for	observing	how	protein-mineral	 interactions	guide	

dynamic	mineralizing	processes	of	enormous	medical	

significance.

Beamlines for Nanomaterials Nucleation 
Research

Materials	nucleation	experiments	will	rely	on	“diffract	

and	destroy”	methods	using	the	3rd	and	5th	harmonics	

with	the	highest	flux/pulse	on	the	seeded	NGLS	beamline	

1	at	100	kHz	repetition	rates,	and	on	the	un-seeded	SASE	

beamline	3,	at	MHz	repetition	rates	(as	high-speed	detec-

tors	allow)	as	described	in	Section	5	and	6.6.	Choice	of	

wavelength	will	be	determined	by	balancing	the	scatter-

ing	efficiency	and	the	required	resolution	for	particular	

samples.	A	key	component	of	these	experiments	will	be	a	

high-speed	liquid	droplet	injector	synchronized	to	the	CW	
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A	variety	of	nanostructured	systems	exhibit	dynamical	

heterogeneity	driven	either	thermally	or	by	adiabatic	vari-

ation	of	external	fields,	including	molecular	switches,1,2	

polymer	 melts,3	 colloidal	 suspensions,4	 magnetic	

domains,5-14	 single-center	 fluorophores,15,16	 biopoly-

mers,17-20	and	charge	and	orbital	domains	in	complex	

oxides.21-24	An	important	challenge	in	studying	such	sys-

tems	is	the	need	to	probe	a	very	broad	range	of	temporal	

and	spatial	scales.	In	complex	materials,	spontaneous	

fluctuations	of	electron	and	spin	ordering	will	start	to	

dominate	at	nanometer	length	scales,	and	may	provide	

an	inherent	lower	size	limit	for	devices.	Relevant	modes	

in	protein	folding	and	function,	for	example,	span	from	

molecular-scale	vibrations	at	THz	frequencies	to	macro-

molecular-scale	librations	on	the	scale	of	1	Hz.	Dynamical	

heterogeneity	is	often	associated	with	fast	or	ultrafast	

intermittent	nanoscale	events	 that	spawn	statistically	

self-similar	spatial	and/or	temporal	structures.	Power	law	

dependencies	and	the	absence	of	characteristic	length	

and	time	scales	are	of	central	importance	in	understand-

ing	the	emerging	macroscopic	properties,	though	this	

connection	is	rarely	understood	in	detail.	

Dynamical nanoscale heterogeneity impacts a multitude of important processes, ranging from protein librations 
that are crucial to biological function, to superparamagnetic fluctuations that limit the density of information that 
can be stored on a hard drive. An important aspect of such processes is the way they connect thermally-driven 
ultrafast events on the nanoscale with kinetic phenomena on the macroscale. This connection has been intensely 
studied for many decades and in many different contexts, since it governs the emergence of complex material 
properties from simple microscopic interactions.

NGLS will revolutionize the ability to probe emergent phenomena through its sensitivity to very broad ranges of 
time and length scales, in combination with its incisive X-ray contrast mechanisms. Highly coherent X-ray pulses will 
enable ‘probe-probe’ correlation spectroscopy measurements of spontaneous ultrafast processes. For example, 
thermally driven spin flips or polaron motion in a transition metal oxide will be probed on the relevant nanometer 
length scale. Closely related time-series correlation spectroscopy measurements will probe longer length and 
time scales in these systems, where fast events cross over to domain wall or microphase boundary motion. The 
richness of modern nanoscience, as manifested uniformly in physical, chemical and biological materials, begs 
for the very diverse array of X-ray tools provided by NGLS.
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Figure	27		Time and length scales accessible by various experi-
mental techniques. X-ray photon correlation spectroscopy operates in 
a key area not accessible by other techniques. NGLS will open up 
new frontiers in correlation spectroscopy by allowing to probe 
materials over a broad range of length and time scales.

3.6	 	Dynamical	Nanoscale	Heterogeneity	in	Materials
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ests	of	basic	science	with	the	needs	of	emerging	clean,	

efficient,	and	affordable	technologies.

Understanding	how	to	predict	and	control	nanoscale	

dynamical	heterogeneity	will	require	revolutionary	new	

tools	like	X-ray	lasers.	Simply	stated,	the	high	coherence	

of	an	X-ray	laser	will	allow	these	incoherently	driven	pro-

cesses	to	be	probed	in	unprecedented	detail	by	project-

ing	their	inherent	complexity	into	far-field	speckle-diffraction	

patterns,	as	shown	schematically	in			Figure	29.	With	ultra-

fast	pulses	at	high	repetition	rates,	a	sequence	of	such	

patterns	can	be	collected	and	analyzed	to	determine	the	

underlying	fluctuations	over	an	unprecedented	range	of	

space	and	time	scales	(Figure	27).	If	the	system	is	static	at	

the	length	scale	probed,	speckle	patterns	collected	at	dif-

ferent	 times	will	be	 identical,	and	perfectly	correlated	

with	each	other.	If	the	system	is	not	static,	the	speckle	pat-

terns	will	decorrelate.	Measuring	that	decorrelation	reveals	

the	dynamics	through	the	intermediate	scattering	function	

S(q,t),	which	is	the	Fourier	transform	of	the	dynamical	

structure	factor	S(q,ω).	This	approach	is	a	direct	descen-

dent	of	conventional	dynamic	laser	light	scattering,28-30	

though	 with	 high	 enough	 spatial	 resolution	 to	 probe	

nanoscale	phenomena,	and	with	the	powerful	charge,	

magnetic,	and	orbital	contrast	mechanisms	endemic	to	

X-ray	techniques.	Much	progress	in	the	development	of	

this	technique,	(typically	referred	to	as	X-ray	photon	cor-

relation	spectroscopy,	XPCS),	has	been	achieved	over	the	

past	decade	by	spatially	filtering	(at	tremendous	loss	of	

flux)	the	partially	coherent	radiation	from	3rd	generation	

synchrotron	facilities.31-38		The	coherent	flux	of	spontane-

ous	undulator	radiation	is	low	and	this	significantly	limits	

Nanoscale	dynamical	heterogeneity	will	pose	signifi-

cant	challenges	in	developing	the	complex	materials	for	

next-generation	nano-devices.	This	 is	already	a	major	

issue	in	magnetic	recording	technologies,	where	thermally	

driven	superparamagnetic	 fluctuations	determine	 the	

ultimate	storage	density	that	can	be	achieved.25-27	Future	

devices	will	have	to	address	issues	such	as	fluctuations	

that	may	limit	the	performance	of	magnetic	read-heads	

based	on	colossal	magnetoresistance	in	a	spin-	and	orbital-

ordered	manganite	material	(depicted	schematically	in	

Figure	28).	Conversely,	understanding	how	to	control	

nanoscale	heterogeneity	is	an	important	complement	to	

optimizing	driven	nanoscale	dynamics	using,	for	exam-

ple,	pump-probe	techniques	described	elsewhere	in	this	

proposal:	these	are	fast	becoming	the	Yin	and	the	Yang	of	

nanotechnology.	The	 X-ray	 correlation	 spectroscopy	

experiments	described	below,	enabled	by	the	cababilities	

of	NGLS	X-ray	lasers,	will	illuminate	nanoscale	ordering	

and	fluctuation	phenomenon,	thereby	melding	the	inter-

Magnetic
nanobits
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Spin-orbit
ordered
material

Active layer:
complex
material

Figure	28		A future generation read-device. It uses complex mate-
rials as active layer. Exploitation and engineering of lattice, elec-
tronic and spin coupling makes the device ultra small and ultra fast.
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Figure	29		A series of ultrafast scattering snapshots are taken. For a static 
system, the speckle pattern on the detector remains the same, and individ-
ual snapshots are correlated. For a dynamical system, the speckle pattern 
will change, and measuring the time constant for the decorrelation gives 
information about the intermediate scattering function S(q,t), which is the 
Fourier transform of the dynamical structure factor S(q,ω).
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3.6.2 Specific Examples

Example 1: Correlation Spectroscopy Experiments in 

Complex Oxides 

An	outstanding	fundamental	question	in	complex	cor-

related	materials	is	how	the	various	low	energy	degrees	

of	freedom	are	coupled.	For	example,	a	bilayer	manga-

nite	simultaneously	shows	some	combination	of	spin,	

charge,	lattice,	and	orbital	order.	What	are	the	temporal	

and	spatial	behaviors	of	the	collective	modes	for	these	

competing	orders?	How	are	these	order	parameters	cou-

pled?	These	orders	generally	occur	at	different	wave	vec-

tors.	 Determining	 the	 thermally	 driven	 equilibrium	

dynamics	at	these	vectors	will	illuminate	the	nature	of	the	

fluctuating	degrees	of	freedom	and	the	coupling	between	

them.	In	the	case	of	simple	continuous	transitions,	the	

dynamics	of	the	various	order	parameters	can	be	deter-

mined	and	extrapolated	to	the	critical	point	to	probe	fun-

damental	 exponents	 and	 self-similar	 behaviors.	The	

experiment	 can	be	 repeated	at	different	wavelengths	

(e.g.,	Mn	L-edge	and	O	K-edge)	to	probe	element	specific	

fluctuation	information,	as	suggested	in	Figure	30.

the	 spatial	 and	 temporal	 dynamic	 range	 that	 can	 be	

achieved,	as	shown	in	Figure	27.		The	high	coherent	power	

of	4th	generation	sources	along	with	development	of	fast	

2D	detectors	will	dramatically	expand	the	dynamic	range	

of	XPCS	in	both	space	and	time.

3.6.1  Science Case: Nanoscale Fluctuation 
And Dynamical Heterogeneity

Critical Gap 

The	equilibrium	kinetic	and	dynamical	phenomena	of	

a	complex	system	on	time	scales	ranging	from	millisec-

onds	to	picoseconds,	and	on	length	scales	from	a	nano-

meter	to	a	micron	remain	largely	unexplored.	Studies	of	

dynamical	heterogeneity	of	thermally	and	adiabatically	

driven	spontaneous	fluctuations	are	fundamentally	dif-

ferent	from	triggered	processes	studied	in	ultrafast	pump-

probe	measurements.	X-ray	 correlation	spectroscopy	

probes	these	‘inherent’	or	spontaneous	dynamics	on	the	all-

important	nanometer	and	longer	length	scale	where	mac-

roscopic	properties	begin	to	emerge.	Near	a	critical	point,	

for	example,	thermally	driven	equilibrium	fluctuations	

become	significant	and	lead	to	self-similar	behaviors	in	

space	and	time	that	produce	remarkable	properties	like	

critical	opalescence.	Nanoscale	heterogeneity	(not	always	

near	critical	points)	is	manifest	in	complex	systems	ranging	

from	protein	function	to	domain	structures	in	complex	

magnetic	and	superconducting	oxides.	In	these	systems,	

intermittent	behaviors	(some	of	which	exhibit	self-simi-

larity)	often	span	both	nanometer	and	micrometer	length	

scales	and	ultrafast	dynamical	and	slow	kinetic	time	scales.

A	key	feature	of	nanoscience	in	general,	is	the	duality	

between	real-	and	momentum-space	properties.	NGLS	

X-ray	lasers	will	allow	us	to	combine	holography	with	

correlation	spectroscopy	to	probe	this	duality	in	a	revolu-

tionary	way.	This	will	lead	for	example	to	movies	of	the	

formation	and	evolution	of	a	single	domain	wall	near	an	

ordering	transition	with	nano-	to	picosecond	time	resolu-

tion	or	of	thermal	fluctuations	that	are	the	analog	of	criti-

cal	opalescence.	But	such	movies	could	also	be	analyzed	

statistically	to	determine	the	space-time	correlation	func-

tion	G(r,t),	which	is	the	Fourier	transform	of	S(q,ω),	so	that	

nanostructures	and	rare	dynamical	events	can	be	probed	

on	the	same	footing	as	statistical	properties	that	are	con-

nected	to	useful	macroscopic	properties.	This	melding	of	

real-space	with	momentum-space	sensitivities	will	be	a	

key	feature	of	many	coherence-based	experiments	at	NGLS.

X-ray beam

CCD at OO peak

CCD at AF peak

Complex
oxide device

Figure	30		Illustration of an experimental set up for dynamical pho-
ton correlation spectroscopy at the antiferromagnetic (AF) and 
orbital-order (OO) Bragg peaks. The above figure shows a part of 
the speckle pattern obtained for a Pr0.5Ca0.5MnO3 OO peak and a 
bilayer AF peak. The important point is that the peaks have differ-
ent ordering temperature and spatial correlation length. It is con-
ceivable that the electronic order peak will have a different fluctu-
ation time scale than the magnetic order peak. Probing such inher-
ent electronic and magnetic fluctuation will provide insight into the 
spin-lattice coupling mechanism that forms the basis of correlated 
effects in complex oxide systems.
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interaction	of	flux	lines,	pinning	and	de-pinning	effects	as	

well	as	speed	and	characteristics	of	 flux	 line	motion.	

Understanding	the	vortex	dynamics	through	correlation	

spectroscopy	will	help	in	‘pinscape	engineering’	of	vorti-

ces,	which	is	an	essential	and	integral	part	to	manufac-

ture	next	generation	superconducting	wires.	Combining	

real-	 and	momentum-space	approaches	provides	 tre-

mendous	advantages,	in	particular,	imaging	in	real	time	

the	pinning	and	depinning	of	various	vortex	lines	while	

also	measuring	the	correlation	functions	that	determine	

macroscopic	properties.

Example 3: Ultrasoft Modes in Complex Materials

There	is	enormous	interest	in	characterizing	the	low-

energy	modes	of	broad	classes	of	complex	materials,	

including	two-level	tunneling	centers	that	are	ubiquitous	

in	most	glasses,	spin-	and	charge-	density	wave	dynam-

ics	in	layered	materials,	and	‘orbital	waves’	in	complex	

oxides.	In	many	experiments	to	date,	the	dynamics	of	

Example 2: Vortex Dynamics in a Superconductor

Since	the	discovery	of	high	temperature	superconduc-

tivity,	the	promise	of	zero	resistance	devices	for	electric	

power	application	such	as	generators,	motors,	and	trans-

mission	lines	operating	near	 liquid	nitrogen	tempera-

tures,	has	fueled	intense,	worldwide	research	efforts.39	

Power	applications	share	the	common	requirement	that	

the	superconductor	has	to	be	able	to	carry	large	current	

densities	in	the	presence	of	strong	magnetic	fields	con-

sisting	of	the	self-field	of	the	transport	current	and	exter-

nal	 fields	 present	 in	 motors	 and	 generators.	 In	 the	

presence	of	an	applied	magnetic	field,	type	II	supercon-

ductors	are	permeated	by	quantized	vortices	of	magnetic	

flux	as	shown	in	Figure	31	(top).	The	magnetic	induction	

in	the	surrounding	superconducting	material	is	zero.	

When	a	 supercurrent	 flows,	 there	 is	dissipation	of	

energy	unless	these	vortices	are	‘pinned’	in	some	way,	as	

to	be	inhibited	from	moving	under	the	influence	of	the	

Lorentz	force.	Only	if	the	flux	lines	can	be	immobilized	

will	the	superconductor	sustain	the	high	current	densities	

necessary	for	practical	applications.	This	so-called	flux	

pinning	arises	from	the	presence	of	localized	defects	or	

crystalline	imperfections	that	reduce	the	energy	of	a	flux	

line	such	that	it	tends	to	remain	pinned	at	this	location.	

Hence,	optimizing	the	superconductor	for	power	applica-

tions	involves	making	the	superconducting	material	less	

perfect	by	inducing	suitable	defects	for	pinning	magnetic	

flux	 lines.	This	 requires	 identifying	 the	electronic	and	

magnetic	properties	as	well	as	structural	characteristics	

of	the	pinning	centers.	Further,	the	normal	conducting	

flux	line	core	has	a	radius	corresponding	to	the	coher-

ence	length	of	the	superconductor,	ξ,	while	the	dimen-

sions	of	the	supercurrent	vortices	is	determined	by	the	

London	penetrating	depth,	λ.	ξ	and	λ	are	material	depen-

dent	and	the	1	to	100	nm	range,	the	ideal	length	scale	for	

soft	X-ray	techniques.

The	dynamics	of	the	flux	line	lattice	in	the	presence	of	

an	external	 field	and	 transport	 current,	 as	well	 as	 its	

response	to	external	excitations,	needs	to	be	studied	to	

determine	the	interaction	between	flux	lines	and	flux-pin-

ning	defects.	XMCD	spectroscopy	has	been	demonstrat-

ed	to	be	an	effective	means	to	identify	the	vorticies	(as	

illustrated	in	Figure	31,	bottom).	Thus,	XPCS	studies	at	

the	Cu	L-edge	(exploiting	the	strong	XMCD	differential	

scattering	and	absorption	cross-sections)	will	be	a	power-

ful	probe	of	the	vortex	state	dynamics	on	the	nanoscale.	

These	studies	will	provide	novel	information	about	the	
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Figure	31		Top: Illustration of fluxoids (red) surrounded by current 
vortices (green) in a type II superconductor exposed to a magnetic 
field (blue) (figure courtesy J. Hoffman, Harvard). By manipulating 
the applied magnetic field, magnetic vortices form in a Type II 
superconductor. When a current is applied, the Lorentz force 
drives dynamic behavior of the magnetic vortices. This movement 
dissipates energy and produces resistance thereby limiting the 
maximum current that can flow through the superconducting wire. 
Bottom: X-ray magnetic circular dichroism (XMCD) signal at the  
Cu L3,2 edges of YBaCuO measured in external fields of 9 T and at 
T = 20 K. (Figure courtesy E. Arenholz)
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volume	σ.	Thus,	for	a	minimum	signal-to-noise	ratio,	the	

shortest	accessible	time	interval	(measurable	correlation	

time)	Δt	scales	as	B-2.	Recent	studies	at	the	ALS,	for	exam-

ple,	show	that	dynamics	of	nanoscale	orbital	domains	in	

a	complex	oxide	can	be	probed	on	a	time	scale	of	~1	sec-

ond.42		The	higher	brightness	of	the	NSLS-II	will	improve	

the	time	resolution	in	such	experiments	to	tens	of	milli-

seconds.	Accessing	the	microsecond	and	nanosecond	

time	scales	that	are	relevant	for	functional	devices	will	

require	a	fully-coherent,	high-repetition	rate	source	pro-

viding	a	factor	of	103	or	greater	improvement	in	average	

brightness.	 Reaching	 the	 fundamental	 time	 scales	 of	

vibrational	dynamics,	charge-transfer,	and	charge	corre-

lation	will	require	an	ultrafast	soft	X	ray	laser	in	combina-

tion	with	two-pulse	(split	and	delay)	probing	as	described	

below	to	establish	the	correlation	time	of	the	speckle	pat-

tern.	High	repetition	rate	is	indispensible	to	ensure	that	

the	flux	per	pulse	remains	within	tolerable	limits	while	

maintaining	the	high	average	flux.

3 .6 .3 .1  Time Series Technique: 10 ns — Many Second 

Time Scale Dynamics

The	‘sequential	mode’	follows	the	protocol	described	

above:	a	temporal	autocorrelation	function	g2(q,t)	is	pro-

duced	 from	a	 timed	sequence	of	 speckle	patterns,	as	

shown	in	Figure	29.	The	presently	accessible	temporal	

range	in	this	approach	is	limited	by	the	repetition	rate	of	

present	X-ray	FELs.	In	the	SASE	mode,	NGLS	will	operate	

initially	at	1	MHz	(with	an	upgrade	path	to	100	MHz),	dra-

matically	expanding	the	range	of	experiments	that	can	be	

performed.	The	 high	 NGLS	 repetition	 rate	 will	 make	

experiments	on	systems	with	very	low	scattering	contrast	

possible	in	both	the	sequential	and	the	split	and	delay	

modes	discussed	below.	The	high	NGLS	repetition	rate	

will	 also	 open	 for	 study	 the	 important	 time	 regime	

between	 ~100	 ns	 and	 ~30	 ms.	This	 will	 not	 be	 easily	

probed	at	other	facilities	because	delay	lines	longer	than	

~100	ns	become	unmanageable	 in	the	split	and	delay	

approach.	Also,	the	minimum	time	scale	accessible	in	the	

sequential	XPCS	approach	is	determined	by	the	source	

repetition	rate.

3 .6 .3 .2  Split-Pulse Delay Line Technique:  

Sub-Picosecond to Nanosecond Dynamics 

The	ultrafast	‘split-pulse	mode40,41	for	XPCS	relies	on	

superimposed	pairs	of	speckle	patterns	collected	with	

time-delayed	X-ray	pulses.	The	decay	in	speckle	fringe	

these	modes	are	probed	in	the	energy	domain	using	quasi-

elastic	scattering	of	neutrons	or	photons:	they	can	some-

times	also	be	observed	in	pump-probe	experiments.	The	

full	transverse	and	longitudinal	coherence	and	the	high	

repetition	rate	of	NGLS	X-ray	lasers	will	revolutionize	

such	studies	since	we	will	be	able	to	probe	thermally-

driven	(spontaneous)	modes	in	the	time	domain	with	cor-

respondingly	 ultrahigh	 energy	 resolution.	 Using	 the	

split-pulse	technique	described	below,	we	will	be	able	to	

study	nanoscale	fluctuations	on	a	fs	to	ns	time	scale,	cor-

responding	 to	 an	 the	 energy	 regime	 spanning	 1	 eV	

through	1	μeV,	and	limited	only	by	the	time	delay	avail-

able.	Such	studies	will	lie	at	the	forefront	of	quasielastic	

X-ray	scattering	and	will	complement	related	neutron	

scattering	studies	with	the	ability	to	probe	small	samples	

with	the	multitude	of	X-ray	spectral	contrast	mechanisms.	

Such	experiments	will	be	enabled	by	the	properties	of	

NGLS	and	will	also	rely	on	significant	advances	in	our	

ability	to	manipulate	soft	X-ray	beams.	In	addition	to	the	

need	for	a	split	and	delay	line	discussed	below,	the	full	

longitudinal	coherence	will	allow	heterodyne	detection	

experiments	that	will	connect	time-domain	XPCS	experi-

ments	to	emerging	very	high	resolution	inelastic	X-ray	

scattering	 techniques.	Heterodyne	detection	 is	nearly	

always	incorporated	in	dynamic	laser	light	scattering	in	

the	optical	regime	since	it	allows	direct	measurement	of	

the	 field-field	correlation	 function,	g1(q,t).	 In	 turn,	 for	

under-damped,	propagating	modes	like	those	discussed	

above,	g1(q,t)	provides	a	measure,	through	Fourier	trans-

formation,	of	ω(q)	as	well	as	the	mode	damping.

3.6.3 New Technical Capabilities 

Techniques	now	under	development	at	first-genera-

tion	X-ray	FEL’s	will	provide	 the	 foundation	 for	major	

advances	in	XPCS	research	in	the	next	few	years.40,41	

These	techniques,	combined	with	the	very	high	repetition	

rate	of	NGLS	X-ray	lasers	will	open	for	study	entirely	new	

time	regimes	of	dynamic	nanoscale	heterogeneity	that	

are	not	accessible	with	present	synchrotron	or	low	rep-

rate	X-ray	FEL	sources.

At	present	3rd	generation	light	sources,	SXPCS	capa-

bilities	are	severely	limited	due	to	the	low	coherent	flux	

available,	and	the	subtlety	of	the	underlying	spectral	con-

trast	mechanisms.	The	signal-to-noise	ratio	of	such	exper-

iments	 scales	as	 t1/2Bσ	with	 the	 sampling	 time	 t,	 the	

source	brightness	B,	and	the	scattering	cross-section	per	
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Beamlines for Investigating Dynamic 
Nanoscale Heterogeneity in Materials

Studies	of	dynamic	nanoscale	heterogeneity	using	

SXPCS	will	rely	on	the	high	average	flux	provided	by	the	

un-seeded	NGLS	beamline	3,	providing	pulses	with	~0.5	µm	

natural	coherence	 length,	at	1	MHz	repetition	rate,	as	

described	in	Section	5	(Table	2).	Experiments	requiring	

longer	coherence	length	(narrow	bandwidth)	will	exploit	

the	seeded	beamline	1	operating	at	100	kHz	(or	alterna-

tively	 employ	 a	 monochromator	 on	 beamline	 3).	

Important	required	capabilities	are	tunability	across	the	

transition-metal	L-edges	in	the	soft	X-ray	range	and	polar-

ization	control.
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visibilty	is	driven	by	thermally	mediated	decorrelation	

occuring	in	the	time	interval	between	the	two	pulses	and	

can	be	related	to	g2(q,t).	This	approach	will	probe	ultra-

fast,	thermally	driven	dynamics	for	the	first	time,	with	a	time	

resolution	limited	only	by	the	X-ray	delay	line.	An	example	

of	such	an	experiment	at	NGLS	is	the	dynamic	formation	of	

magnetic	domains	from	a	paramagnetic	state.	As	the	sys-

tem	passes	through	the	Neel	temperature,	the	spins	start	to	

order	and	fluctuate	in	the	form	of	‘spin	droplets’.	The	spin	

fluctuation	is	very	fast,	but	as	the	temperature	is	further	

lowered	the	domains	start	to	form	in	order	to	minimize	

the	energy.	The	split	pulse	mode	will	allow	the	temporal	and	

spatial	dependence	of	these	spin	droplets	to	be	measured.

3.6.4  Sample Damage and Modification at  
4th Generation Light Sources:

Sample	damage/modification	due	to	the	intense	FEL	

pulses	are	significant	issues	that	have	been	extensively	

considered,	 and	 are	 discussed	 briefly	 in	Appendix	 1.	

These	 issues	are	particularly	 relevant	 in	 the	split	and	

delay	approach,	where	the	first	X-ray	pulse	in	a	pair	can-

not	disrupt	the	phenomena	being	measured	by	the	sec-

ond	pulse.	The	capability	to	use	moderate	peak-power	

pulses,	while	maintaining	high	average	power	via	high-

repetition	 rate	will	 be	essential.	The	 smaller	 inelastic	

extinction	length	will	make	the	problem	more	serious	

since	the	pulse	energy	will	be	deposited	in	a	smaller	vol-

ume.	However,	this	decreased	extinction	length	is	partially	

compensated	for	by	the	lower	energy	per	photon.	It	is	

becoming	increasing	clear	that	one	gets	the	best	contrast	

in	diffractive	imaging	experiments	by	using	a	wavelength	

that	is	closer	to	the	desired	resolution	and	not	arbitrarily	

short	wavelengths	to	avoid	radiation	damage.	The	impor-

tance	of	 limiting	sample	damage	or	disruption	of	 the	

states	being	measured	means	that	the	number	of	pho-

tons/pulse	that	can	be	effectively	used	will	be	comparable	

at	all	FEL	facilities.	The	higher	NGLS	repetition	rate	—	up	

to	a	million	times	higher	than	the	LCLS	in	NGLS	SASE	

mode	—	will	make	experiments	on	systems	with	very	low	

scattering	contrast	possible,	in	both	the	sequential	and	

the	split	and	delay	modes.	
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remarkable	properties	of	these	materials.	This	is	an	ambi-

tious	 goal,	 with	 tremendous	 potential	 impact	 across	

diverse	technology	areas:	from	efficient	energy	transport,	

storage,	and	conversion;	to	low-power	/	high-speed	infor-

mation	processing	and	communication;	to	high-density	

information	storage;	to	materials	and	nano-structures	

with	engineered	thermal,	mechanical,	and	electrical	prop-

erties	with	myriad	applications.

Collective Modes

The	scientific	challenge	is	to	understand	how	exotic	

and	powerful	properties	of	quantum	materials	“emerge”	

from	the	collective	or	coordinated	behavior	of	the	con-

stituent	components.	These	are	properties	that	are	not	

predictable	by	considering	the	individual	particles	(e.g.	

3.7	 Quantum	Materials

		“Quantum	materials”	refers	broadly	to	systems	that	

are	not	adequately	described	by	simple	single-electron	

band-models.	Such	models	and	related	theories	provided	

foundational	knowledge	for	the	semiconductor	revolu-

tion	of	the	20th	century.	Quantum	materials	are	promising	

materials	for	the	21st	century,	for	which	we	sorely	lack	an	

equivalent	 knowledge	 foundation.	These	 materials	

include	unconventional	superconductors,	multiferroics,	

topological	insulators,	colossal	magnetoresistance	com-

pounds,	and	nano-structures	where	surface	/	interface	

effects	and	quantum	confinement	give	rise	to	new	physics,	

new	properties,	and	important	new	functionalities.

NGLS	will	enable	qualitatively	new	approaches	 for	

understanding	quantum	materials.	This	new	knowledge	

will	be	essential	 in	order	to	develop	the	principles	for	

directed	materials	design	and	synthesis	to	exploit	the	

“Quantum materials” are materials in which electrons — through quantum entanglement — behave collectively in 
ways we are unable to predict from the reductive models and experimental approaches that guided the development 
of 20th century semiconductor technologies. Materials in which electrons are naturally quantum-entangled, 
such as high-Tc superconductors and colossal magnetoresistive manganites, have been at the heart of some of 
the greatest surprises in 20th century material science. New quantum material systems exhibiting unique emer-
gent properties are being discovered every year. Ideas inspired by these materials compose a large part of the 
innovative landscape at the frontier of modern electronics, including quantum information technologies, super-
conducting electrical grids, and nano-device engineering. However, better understanding and control of the 
materials themselves is essential to develop their potential for these applications.

NGLS X-ray lasers will provide qualitatively new experimental capabilities to observe the energetically fragile 
many-electron dynamics of quantum materials. The high repetition rate and high peak brightness proposed for 
NGLS will enable new nonlinear photoemission techniques that directly probe electron correlations. Photon 
hungry spectroscopies such as Resonant Inelastic X-ray Scattering (RIXS) will finally achieve the requisite energy and 
momentum resolution to characterize correlated states for effective comparison with theoretical predictions. 
Ultrafast time resolution will enable the observation of correlated states as they develop, and as they respond to 
specific excitations of the material. Importantly, the availability of high repetition rate makes it practical to inves-
tigate these fragile states with moderate pulse energies (while maintaining high average power) in order to 
avoid disrupting the states being measured.

Direct probes of charge correlations and their dynamics have been long-recognized as a critical capability gap of 
modern materials science. Bridging this gap requires the capabilities of NGLS X-ray lasers, and will propel the 
application of quantum materials in technology areas ranging from efficient energy transport, to low-power/high-
speed information processing, to high-density information storage.
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NGLS	will	enable	entirely	new	approaches	for	directly	

probing	 collective	 or	 emergent	 behavior	 in	 quantum	

materials,	 approaches	 that	 are	 not	 available	 through	

existing	techniques	and	facilities.	 In	the	following,	we	

present	selected	examples	of	 future	experiments	 that	

illustrate	the	scientific	impact	of	NGLS	X-ray	lasers	on	

our	understanding	of	quantum	materials.

Among	the	most	exciting	materials	studied	today	are	

ultrathin	atomic	films	such	as	graphene,3	layered	com-

pounds	including	the	high-Tc	superconductors4,5	(cuprates	

and	pnictides),	and	colossal	magnetoresistive	materials	

(layered	 manganites).	Theoretical	 and	 experimental	

research	over	the	last	three	years	has	led	to	the	identifica-

tion	of	new	“topological	insulator”	states	of	matter	in	which	

electrons	within	one	nanometer	of	a	crystal	surface	have	

unique	and	robust	properties	that	are	highly	valued	for	

devices,	such	as	novel	superconducting	and	magnetic	

states.6-8	All	of	these	materials	achieve	functional	properties	

from	interacting	electrons	that	move	predominantly	along	

layers	in	their	crystal	structure.	Furthermore,	in	all	cases	

existing	measurements	can	provide	only	limited	informa-

tion	about	the	key	electronic	processes.	High	average	bright-

ness,	ultrafast	pulses,	and	highly	phase	coherent	X-rays	

from	NGLS	will	make	it	possible	to	take	X-ray	techniques	into	

new	regimes	of	time-,	energy-,	space-,	momentum-,	and	

spin-resolution,	providing	critical	information	to	understand	

both	artificially	and	naturally	nano-structured	quantum	

materials	(Figure	33)	at	the	science	and	technology	frontier.

electrons,	atoms	etc.)	operating	in	isolation.	The	para-

digm	for	understanding	an	interacting	electron	system	in	

terms	of	the	charged	collective	modes	dates	back	to	the	

1950’s	treatment	by	Pines	and	Nozieres	of	the	interacting	

electron	gas.	They	described	the	low-energy	fermions	as	

Landau	qausiparticles,	and	identified	the	elementary	col-

lective	excitation	as	the	well-known	plasmon.	The	former	

are	observed,	for	example,	as	a	peak	in	the	one-particle	

spectral	function,	A(k,ω),	and	the	latter	as	a	peak	in	the	

two-particle,	dynamic	structure	factor,	S(q,ω).

Remarkably,	while	the	study	of	fermionic	quasiparticles	

in	modern	quantum	materials	is	now	well	advanced,	we	are	

still	 lacking	an	effective	means	to	study	the	collective	

modes.	 Angle-resolved	 photoemission	 spectroscopy	

(ARPES)	measures	directly	A(k,ω),	 and	 in	 the	past	15	

years	has	emerged	as	the	single	most	powerful	probe	of	

quantum	materials.	However,	S(q,ω)	the essential observ-

able	of	an	interacting	electron	system,	has	hardly	been	

measured	at	the	relevant	scale	in	any	quantum	material.	

The	problem	is	that,	because	the	ground	states	of	quantum	

materials	arise	from	a	subtle	balance	among	competing	

interactions,	the	relevant	collective	modes	appear	at	mod-

est	energy,	typically	1	to	100	meV	(see	Figures	32	and	36).	

Modern	inelastic	X-ray	or	electron	scattering	spectrometers	

lack	the	combination	of	photon	flux	and	energy	resolution	

required	to	measure	S(q,ω)	in	this	range.	The	absence	of	a	

means	to	measure	collective	modes	represents	an	enor-

mous	gap	in	our	understanding	of	quantum	materials.

–4
0

1

–2 0 2 4

0.000
0.010
0.020
0.012
0.016
0.020

2

1

-1

0

-2

0.0 0.5

0.0

-0.2

-0.4

-0.6
0.3 0.4 0.5

1.0

(a)

(b)

(c)

qs qe q

Figure	32  Two examples of theoretical predictions of collective excitations in S(q,ω). Left: Collective mode predicted by a unified field the-
ory of the Mott state.1 Right: Collective mode characteristic of superfluid defects in a smectic, stripe state.2 Because S(q,ω) has never 
been measured in a quantum material in the relevant energy regime, none of these (or any other) predictions have ever been tested.
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gaps,	it	is	difficult	to	distinguish	superconducting	gaps	

from	those	resulting	from	other	broken-symmetry	states,	

such	as	charge	and	spin	density	waves.	In	fact,	exactly	

this	difficulty	has	led	to	the	prolonged	“pseudogap”	con-

troversy	 in	 high-Tc	 superconductivity,	 where	 we	 are	

unable	to	distinguish	between	nascent	fluctuating	super-

conductivity	and	competing	forms	of	order.

Superconducting	coherence	appears	in	the	“anoma-

lous	propagator”		—	rather	than	the	single-particle	propa-

gator	 described	 above.	The	 anomalous	 propagator	 is	

related	 to	 the	 probability	 amplitude	 that	 the	 system	

remains	in	its	ground	state	if	we	remove	an	electron	from	

the	state	|k	↑>	at	time	zero	and	another	from	|-k	↓>	at	a	

later	time.	A	spectroscopy	based	on	non-linear	two-pho-

ton	ARPES	can	directly	probe	the	anomalous	propagator	

and	therefore,	two-electron	quantum	correlations	such	as	

superconducting	coherence.	The	brightness,	pulse	dura-

tion,	repetition	rate,	and	wavelength	tunability	of	NGLS	

make	it	a	perfect	platform	from	which	to	carry	out	such	

measurements.

Our	analysis	of	two-photon	ARPES	follows	directly	the	

standard	treatment	of	two-photon	absorption	in	nonlin-

ear	optics.	Two-photon	absorption	proceeds	from	a	ground	

state	to	a	final	state	via	an	intermediate	virtual	state,	with	

the	first	photon	creating	the	

virtual	 intermediate	 state,	

and	the	second	photon	pro-

moting	the	system	from	the	

intermediate	to	final	state.	

In	the	second-order	nonlin-

ear	ARPES	process	illustrated	

3.7.1  Understanding Charge Pairing:  
Two-photon Nonlinear ARPES  
Spectroscopy

The	complexity	of	quantum	materials,	as	well	as	their	

potential	utility,	can	be	traced	to	the	presence	of	compet-

ing	interactions	between	spin,	charge,	and	lattice	degrees	

of	freedom.	These	interactions	generate	a	multiplicity	of	

broken-symmetry	phases,	such	as	charge	/	spin	density	

waves	and	superconductivity,	 as	well	 as	more	exotic	

phases	that	have	yet	to	be	observed,	such	as	d-density	

wave	and	current	loop	order.	In	this	section	we	describe	a	

new	 spectroscopy	 termed	 “two-photon	 nonlinear	

ARPES”	to	probe	many-body	quantum	symmetry	break-

ing,	which	will	become	possible	with	the	unique	combi-

nation	 of	 (controllable)	 high	 power	 density,	 high	

repetition	 rate,	 and	 tunable	 soft	 X-rays	 provided	 by	

NGLS.

As	discussed	earlier,	ARPES	directly	measures	 the	

one-electron	spectral	density	function,	A(k,ω),	which	is	

related	to	the	single	particle-propagator.	From	the	spec-

tral	 intensity,	all	single-particle	properties	such	as	the	

momentum-resolved	density	of	states,	quasiparticle	life-

time,	and	dispersion	relation	(renormalized	band	struc-

ture)	 are	 obtained.	 However,	 because	 A(k,ω)	 is	 a	

one-particle	functions,	ARPES	does	not	directly	probe	col-

lective	modes	and	multi-particle	correlations,	and	is	effec-

tively	 blind	 to	 a	 wealth	 of	 two-	 (and	 multi-)	 electron	

properties	such	as	superconducting	coherence,	exciton	

pairing,	spin	dimerization,	and	local	valence	bond	forma-

tion.	While	ARPES	does	observe	the	opening	of	energy	
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delay	should	then	yield	the	additional	information	about	

the	quasiparticle	coherence	time.

The	condition	for	observing	nonlinear	ARPES	is	that	

the	second-photon	must	follow	the	first	within	a	space-time	

interval	determined	by	the	quasiparticle	mean-free	path	

and	lifetime.	For	high-Tc	superconductors	these	parameters	

are	~100	nm	and	~1	ps	respectively.	The	required	minimum	

peak	fluence	is	therefore	~1022	photons/cm2/s,	which	cor-

responds	to	an	instantaneous	power	of	~100	kW/cm2.	

This	power	requirement	is	well	above	the	damage	thresh-

old	for	a	CW	source,	or	even	a	~100	ps	pulsed	source.	

With	pulses	of	up	to	500	fs	duration	from	NGLS	(~10	meV	

energy	resolution,	using	a	time-compensated	monochro-

mator),	focused	to	100	µm,	~106	photons	per	pulse	are	

needed	to	approach	the	coherent	nonlinear	regime.	The	in	Figure	34,	the	ground	state	is	the	Bardeen-Schrieffer-

Cooper	ground	state,	|BCS>.	In	the	virtual	intermediate	

state,	one	photoelectron	is	ejected,	leaving	behind	a	qua-

siparticle,	or	unpaired	electron.	The	second	photon	then	

ejects	this	unpaired	electron	to	reach	a	final	state	with	

two	photoelectrons.	The	final	state	is	the	ground	state	of	

the	superconductor,	albeit	with	one	less	Cooper	pair.	The	

key	point	 is	 that	 two-photon	absorption	provides	 the	

extra	energy	to	break	the	Cooper	pair,	with	the	excess	

photon	energy	shared	by	the	two	ejected	electrons	in	a	

coherent	process.

Figure	35	contrasts	the	photoemission	signal	from	a	

superconductor	in	the	case	of	linear	(one-photon)	and	

nonlinear	(two-photon)	ARPES.	In	linear	ARPES	only	the	

occupied	states	below	the	Fermi	energy	are	observed.	

The	 spectral	 density	 is	 zero	 at	 the	 Fermi	 energy	 and	

appears	at	EF-Δ.	In	addition	to	the	gap,	one	may	observe	a	

faint	“backfolding”	of	the	band,	which	is	a	weak	signature	

of	pairing.	In	contrast,	there	is	a	clear	signature	of	super-

conducting	coherence	in	nonlinear	ARPES,	shown	in	the	

right-hand	plot	of	Figure	35.	We	predict	a	peak	in	spectral	

density	sharply	localized	in	both	energy	and	momentum.	

The	spectral	density	appears	at	the	mid-gap	energy	and	

in	a	narrow	range	of	momentum,	Δk,	of	order	the	inverse	

of	the	superconducting	coherence	length.

There	are	a	variety	of	ways	to	distinguish	the	linear	

and	nonlinear	ARPES	signals	experimentally.	Perhaps	the	

most	direct	and	informative	 is	 to	measure	the	ARPES	

spectral	density	resulting	from	a	pair	of	X-ray	pulses	as	a	

function	of	their	relative	delay.	When	the	two	pulses	are	

coincident	in	time	there	is	an	additional	nonlinear	signal	

resulting	from	their	coherent	superposition.	Measuring	

the	change	in	the	nonlinear	ARPES	signal	as	a	function	of	
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Figure	34	 Illustration of 2-photon ARPES spectroscopy of super-
conductors: initial ground state, intermediate state, and final 
states with two emitted electrons.

Figure	35	 Contrasting the ARPES spectral density in linear (top) 
and nonlinear ARPES (bottom).
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(see	Section	3.8	for	a	comparison	of	acquisition	times	for	

time-resolved	ARPES).	Laser-based	harmonic	sources	are	

not	continuously	tunable,	and	while	they	can	provide	the	

requisite	peak	power,	or	the	high	repetition	rate,	they	cannot	

provide	both	simultaneously	with	resolution	in	the	10	meV	

range.*

3.7.2  Collective Excitations: Energy-Domain 
Resonant Inelastic X-Ray Scattering 
(RIXS)

Resonant	inelastic	X-ray	scattering	(RIXS)	is	a	power-

ful	approach	with	the	potential	to	probe	collective	charge	

excitations,	revealing	a	complete	map	of	S(q,ω)	with	both	

energy	and	momentum	(q)	resolution	spanning	the	entire	

Brillouin	zone	(BZ).9-11	In	a	simple	semiconductor	RIXS	

reveals	excitations	across	a	band	gap,	showing	the	kinetic	

regime	that	can	be	accessed	via	chemical	doping.	When	

quantum	structure	and	nanoscale	inhomogeneity	are	added	

to	the	system,	new	classes	of	collective	excitations	appear	

at	low	energy	corresponding	to	the	breaking	of	quantum	

entanglement	or	modification	of	the	spatial	distribution	

of	charge	(“charge	transfer”	excitations).8-13		Furthermore,	

RIXS	is	an	element-specific	probe	of	bulk	properties,	with	

sensitivity	to	the	altered	electronic	and	structural	envi-

ronment	at	interfaces,12	an	essential	capability	for	under-

standing	composites	and	nano-structured	materials.

However,	RIXS	capabilities	are	severely	limited	by	the	

flux	of	present	X-ray	sources	which	provide	only	sparse	

‘slices’	of	S(q,ω)	covering	a	small	part	of	the	BZ	with	rath-

er	coarse	energy	resolution	(~100	meV).	While	spectrom-

eters	at	modern	synchrotrons	can	achieve	meV	energy	

resolution	with	high-order	Bragg	monochromators	(and	

grating	monochromators	in	the	soft	X-ray	range),	this	

comes	at	the	severe	penalty	of	discarding	99.998%	of	the	

beam	intensity,	leaving	only	108	or	109	photons/sec	for	

experiments,	flux	comparable	to	that	from	a	lab-scale	

rotating	 anode	 X-ray	 source;	 and	 requiring	 weeks	 to	

month	of	data	acquisition	for	a	comprehensive	data	set	

even	at	coarse	energy	resolution.	This	is	not	nearly	suffi-

cient	for	studying	collective	electronic	excitations	~kBT,	

and	is	a	direct	consequence	of	the	fact	that	synchrotron	

sources	are	temporally	incoherent.

high-repetition	rate	of	NGLS	in	conjunction	with	an	array	

of	momentum-	and	energy-resolved	3D	 time-of-flight	

(TOF)	analyzers	(see	Section	3.8)	will	enable	rapid	data	

acquisition	 and	 discern	 small	 nonlinear	 signals	 from	

background,	while	the	short	pulses	reduce	the	average	

power	on	the	sample	to	only	~100	mW/cm2	which	is	typi-

cally	below	the	damage	threshold.	The	combination	of	

MHz	repetition	rate,	time	and	energy	resolution,	and	tun-

ability	(important	for	optimizing	photoemission	cross-

sections	with	sufficient	momentum	to	span	the	entire	

Brillouin	zone)	are	not	available	from	present	synchro-

tron,	X-ray	FEL,	or	laser-HHG	X-ray	sources.

Two-photon	nonlinear	ARPES	enabled	by	NGLS	will	be	

a	powerful	new	tool	to	understand	superconductivity	in	

complex	correlated	materials.	Key	attributes	include:

•	 The	 appearance	 of	 a	 new	 spectral	 feature	 at	 the	

chemical	potential	that	signals	the	onset	of	supercon-

ducting	coherence.

•	 The	spectral	weight	of	this	feature	is	directly	propor-

tional	to	the	superfluid	density.

•	 The	momentum	space	width	of	the	nonlinear	spectral	

density	measures	 the	superconducting	coherence	

length.

•	 Cross-correlation	of	two	X-ray	pulses	yields	a	direct	

measure	of	the	superconducting	quasiparticle	coher-

ence	time.

Requirements	two-photon	ARPES	as	described	above	

are	beyond	the	capabilities	of	current	synchrotrons,	X-ray	

FEL’s,	and	laser-based	harmonic	sources.	They	include:

•	 moderate	peak	powers	—	minimum	of	two	photons	

within	a	quasi-particle	lifetime	and	mean-free	path

•	 transform-limited	pulses	—	to	achieve	resolution	in	

the	10	meV	range

•	 high	repetition	rate	—	to	avoid	space-charge	broad-

ening,	and	to	discern	the	spectral	signature	of	the	

Cooper	pairs	from	the	background	(via	energy	and	

momentum-resolving	time-of-flight	spectrometer)

•	 tunability	—	to	optimize	photoemission	cross	section	

for	sensitivity	to	coherent	states

Synchrotron	sources	provide	the	requisite	repetition	

rate	and	tunability,	but	cannot	provide	the	necessary	peak	

power.	X-ray	FEL’s	provide	the	requisite	peak	power,	but	

only	a	fraction	of	this	is	usable	(in	order	to	avoid	space-

charge	broadening),	and	the	low	repetition	rates	of	cur-

rent	FEL’s	leads	to	impractical	acquisition	times	for	ARPES	

*	For	example,	to	achieve	>106	photons	on	the	sample	(at	100	eV,	10	meV	
band	width)	at	>100	kHz,	one	requires	a	nominal	1	kW	average	power	laser	
—	assuming	10-5	conversion	efficiency	(per	harmonic),	0.4	eV	nominal	
harmonic	bandwidth,	and	x100	loss	in	a	time-compensated	soft	X-ray	mono-
chromator.
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3 .7 .2 .1  Collective Excitations that Define a  

Superconducting Gap

In	superconductors,	the	energy	and	momentum	quan-

tization	of	collective	excitations	at	the	superconducting	

gap	encodes	 the	 fundamental	 interactions	 that	 cause	

superconductivity.13		These	excitations	can	be	created	by	

perturbing	the	phase	coherence	in	the	superfluid	of	elec-

trons,	taking	the	form	of	a	whirlpool-like	vortex	(for	exam-

ple	see	Figure	40,	right)	or	a	ripple-like	gap	excitation	such	

as	is	modeled	in	Figure	38.	The	energy	scale	of	the	super-

conducting	gap	in	noteworthy	high-Tc	cuprates	and	iron	

pnictides	can	range	from	20-50	meV,14,15	which	cannot	be	

measured	with	adequate	energy	resolution	and	momen-

tum	range	at	existing	RIXS	beamlines,	but	will	be	com-

pletely	 characterized	 with	 an	 array	 of	 q-resolved,	

high-resolution	spectrometers	(see	Figure	46)	in	conjunc-

tion	with	high	average	flux	available	at	the	NGLS.

Mapping	the	momentum	dependence	of	 the	super-

conducting	gap	collective	modes	can	qualitatively	reveal	

the	symmetry	of	 the	order	parameter	 (e.g.	s-wave	or	

d-wave)	and	the	length	scale	of	Cooper	pairing.	With	a	

material-specific	model	such	as	shown	in	Figure	38,	one	

can	directly	fit	the	interactions	that	create	superconduc-

tivity,	with	the	goal	of	relating	them	to	chemical	composi-

tion	in	a	material	class.	A	great	deal	of	recent	interest	in	

the	high-Tc	“pseudogap”	phase	relates	to	the	unresolved	

question	 of	 whether	 quantum	 fluctuations	 above	 the	

superconducting	transition	are	a	precursor	of	supercon-

ductivity	 or	 represent	 a	 competing	 form	 of	 quantum	

order.16	Understanding	pseudogap	behavior	may	be	an	

important	route	to	developing	materials	with	higher	criti-

cal	temperatures.	Current	techniques	(e.g.	visible	light	

spectroscopies	and	STM)	lack	momentum	resolution	and	

observe	only	a	single	structured	energy	gap	in	both	the	

pseudogap	and	superconducting	phase.	In	contrast,	RIXS	

provides	a	two-dimensional	energy	vs.	momentum	map	

of	the	gap	collective	modes	and	structure	of	each	phase	

revealing	essential	insight	to	the	interactions	that	under-

pin	superconductivity.	Most	field	theories	of	correlated	

electron	systems,	in	particular	the	doped	Mott	insulator,	

involve	specific	predictions	 for	S(q,ω)	 at	meV	energy	

scales.	The	ability	to	measure	this	quantity	will	unravel	

the	intricacy	of	emergent	phenomena	and	revolutionize	

condensed	matter	physics.

NGLS	soft	X-ray	lasers	will	overcome	these	experi-

mental	barriers	by	providing	three	to	four	orders	of	mag-

nitude	higher	average	photon	flux	in	pulses	close	to	the	

Fourier	transform	limit	(i.e.	longitudinally	coherent,	with	

narrow	bandwidth,	see	Section	5,	Table	2).	For	example,	

NGLS	beamline	1	will	provide	1011	photons/pulse,	with	

<50	meV	band	width	prior	to	any	monochromator.	The	

high	repetition	rate	enables	experiments	at	moderate	

peak	powers	to	avoid	damage	to	the	sample.
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Figure	36		Energy scales of some important types of collective 
excitation. All of these modes can be probed by RIXS and ARPES 
using the high energy resolution proposed for NGLS.

Figure	37	 Resolution sets the paradigm: RIXS measurements with 
0.1eV resolution currently allow separate charge excitations to  
be resolved in a cuprate superconductor. With meV resolution at 
NGLS, low energy excitations such as magnons, superconducting 
gap excitations and many others will be visible, as well as line-
shape features from the entanglement between those modes  
and electronic excitations. (Figure courtesy of G. Ghiringhelli  
and L. Braicovich)
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functionality,8,18	such	as	the	quantum	computing	capa-

bilities	illustrated	in	Figure	40	(right).	These	are	likely	to	

define	future	generation	device	architectures,	and	under-

standing	their	electric	and	magnetic	field	response	with	

chemical	specificity	is	the	key	to	not	only	define	their	per-

3 .7 .2 .2 Emergent Behavior at Interfaces

While	multifunctional	materials	developed	from	com-

posites	 and	 nano-structured	 material	 interfaces	 are	

emerging	as	the	most	promising	candidates	for	next-gen-

eration	electronics,	we	lack	the	requisite	tools	to	probe	

such	heterogeneous	and	entangled	electronic	states.	As	

shown	in	Figure	39,	X-ray	spectroscopies	have	the	unique	

capability	to	selectively	measure	electronic	properties	at	

an	interface.	For	example	the	lifetime,	energy,	and	spatial	

properties	of	collective	excitations	such	as	interaction-

dressed	electrons,	charge-transfer	excitations,	and	spin	

waves	can	be	directly	probed	via	RIXS.9,10	Collective	exci-

tations	involve	a	transient	dipole	moment	to	which	X-rays	

couple,	with	a	wide	range	of	characteristic	length	scales.	

Using	short	wavelength	X-rays	at	NGLS	will	make	it	pos-

sible	to	probe	collective	excitations	on	a	tunable	length	

scales	approaching	interatomic	spacings,	which	is	critical	for	

material	properties	but	cannot	be	accessed	with	visible	or	

ultraviolet	light.	Probing	with	resonance-tuned	X-rays	also	

targets	a	chemically	specific	location,12	making	it	possi-

ble	to	isolate	how	material	properties	are	linked	to	the	

quantum	state	of	electrons,	and	to	trace	the	connection	

between	chemical	composition	and	desired	phenomena.

The	local	charge	gradient	and	distinct	site	energies	at	

interfaces	make	it	possible	to	target	specific	sites	by	tun-

ing	the	photon	energy	and	scattering	geometry.	It	has	

been	shown	that	superconductors	and	magnets	fabricated	

within	heterostructures	and	composites	exhibit	enhanced	
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electrons at an interface. (B) An atomic structure studied by X-ray 
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materials: Recent measurements have shown that collective elec-
tronic vortex modes on the surface of a superconducting doped 
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orbital	hybridization,	etc.)	as	the	correlation	develops.	

Such	studies	will	open	a	new	dimension	and	new	under-

standing	of	material	properties	beyond	that	possible	with	

static	(or	time-averaged)	measurements	as	a	function	of	

temperature,	pressure,	doping,	applied	magnetic	field,	

isotope	substitution,	etc.	It	is	also	a	crucial	step	toward	

addressing	two	grand	challenges:	(1)	to	understand	com-

plex	material	systems	out	of	equilibrium,	and	(2)	to	use	

tailored	excitation	to	control	emergent	behavior	in	complex	

correlated	systems	in	order	to	achieve	desired	properties.

In	many	 ionic	solids,	photoexcitation	results	 in	 the	

generation	of	a	charge-transfer	exciton	in	which	charge	is	

partially	transferred	from	one	atomic	site	to	a	neighbor-

ing	one.	An	important	example	of	this	is	the	cuprate	fam-

ily	 to	which	 the	high-Tc	superconductors	belong.	The	

enhanced	mobility	of	paired	charges	requires	that	optical	

excitations	in	such	doped	Mott	insulators	be	treated	dif-

ferently	from	their	band	counterparts.	 In	this	area	our	

present	understanding	is	critically	lacking.	Figure	41	(left)	

shows	the	near	band	gap	absorption	of	Sr2CuO2Cl2,	a	

two-dimensional,	spin-1/2	Heisenberg	antiferromagnet,	

and	 the	 corresponding	 real-space	 excitation.	 Due	 to	

strong	Coulomb	correlations,	each	Cu	3d	orbital	is	occu-

pied	by	a	single	hole	in	equilibrium.	The	insulator	exhibits	

a	2	eV	absorption	peak,	where	photoexcitation	corre-

sponds	 to	Å	scale	spatial	 transfer	of	 the	Cu	hole	 to	a	

superposition	of	surrounding	O-2p	orbitals.	

One	example	(of	an	entire	class	of	experiments)	is	to	

coherently	drive	charge-transfer	(CT)	excitons	with	a	few-

formance	factors	but	also	improve	them	in	an	informed	

way	through	the	development	of	physical	models.	In	addi-

tion,	external	electrical	or	magnetic	 fields	are	 readily	

incorporated	in	RIXS	experiments	as	a	means	to	tune	

material	 properties	 and	 introduce	 desired	 collective	

behaviors	(e.g.	electric	fields	to	polarize	orbital	order,	or	

and	magnetic	fields	to	create	vortices	in	a	superconductor).

3.7.3  Collective Excitations: Time-Dependent  
(Pump-Probe) Approaches 

3 .7 .3 .1  Pump-Probe Attosecond Dynamics of Collective 

Excitations in Complex Materials

The	properties	of	strongly-correlated	electron	materi-

als	emerge	from	complex	electronic	ground	states	where	

strong	Coulomb	 interactions	between	charge	carriers	

gives	rise	to	a	non-rigid	band	structure,	i.e.	the	energy/

momentum	distribution	of	electronic	states	depends	on	

the	occupations	of	specific	atomic	orbitals.	The	energy	

scale	of	these	interactions	ranges	from	meV	to	eV,	corre-

sponding	to	dynamics	that	develop	on	100’s	of	femtosec-

onds	to	attosecond	time	scales.	Here,	NGLS	can	provide	a	

revolutionary	capability	to	understand	these	systems	via	

ultrafast	measurements,	in	which	tailored	coherent	exci-

tations	perturb	the	system	out	of	equilibrium	on	time-

scales	shorter	than	the	underlying	correlations.	NGLS	

ultrafast	X-rays	can	then	be	used	to	disentangle	the	inter-

actions	 by	 probing	 the	 evolving	 electronic	 structure	

(bonding,	charge	distribution,	spin/magnetic	moment,	
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tion	and	spectral	resolution	(within	the	transform	limit)	

are	critical	capabilities	that	are	also	unavailable	using	

present	ultrafast	sources.	Moreover,	for	probing	correlat-

ed	electron	structure	it	is,	moreover,	essential	that	the	

high	average	flux	be	delivered	at	high	repetition	rates	in	

order	to	keep	the	flux	/	pulse	in	a	tolerable	range	so	as	not	

to	adversely	affect	the	collective	states	being	measured	

(see	Appendix	1	for	further	discussion).

3 .7 .3 .2  Pump-probe: Control of Time-Reversal 

Symmetry in Topological Insulators

The	 prediction20,21	 and	 subsequent	 experimental	

observations22-27	of	so-called	3D	topological	insulators,	

building	on	the	theoretical	understanding	of	the	2D	quan-

tum	spin	Hall	effect,28	have	started	an	avalanche	of	fer-

vent	 activity	 in	 both	 theoretical	 and	 experimental	

investigations	of	these	materials.	These	systems	repre-

sent	the	existence	of	“topological	order”	in	the	solid	state	

(as	opposed	to	more	common	symmetry-breaking	order)	

and	depend	on	the	time-reversal	invariance	present	in	

non-magnetic	materials.	The	resulting	2D	linear	metallic	

surface	states	of	massless	Dirac	fermions	are	strongly	

robust	against	many	perturbations,	with	their	gapless	

nature	fully	protected	by	the	time-reversal	invariance.7	

The	demonstrated	momentum	spin-locking	of	the	surface	

state,23	where	states	are	strongly	spin	polarized	along	a	

spatial	direction	determined	by	the	direction	of	their	crys-

tal	momentum	(depicted	 in	both	real	and	momentum	

space	in	Figure	42),	enhance	the	excitement	over	the	fun-

damental	 physics	 present.	 Of	 equal	 interest	 are	 the	

wealth	 of	 potential	 device	 applications	 ranging	 from	

spintronics	to	quantum	computing.

The	creation	of	 a	 transient	nearby	magnetic	 state,	

breaking	 time-reversal	 symmetry,	 provides	 a	 unique	

opportunity	to	directly	observe	and	understand	the	re-

establishment	of	topological	order	from	a	broken	sym-

metry	state.	While	high-resolution	spin-resolved	ARPES	

experiments	have	made	strong	progress	in	exploring	the	

energy,	momentum,	and	spin	dependence	of	the	elec-

tronic	structures	in	topological	insulators,21-26	little	has	

been	done	to	directly	explore	their	time	dependence	and	

interactions	with	surface	inhomogeneity.	In	addition	to	

fundamental	understanding,	the	temporal	dependence	of	

these	electronic	structures	away	from	equilibrium	is	cen-

tral	to	the	development	of	device	application.	The	possi-

bility	 of	 pump-probe	 based	 time-resolved	 RIXS,	 and	

time-	and	spin-resolved	ARPES	provides	the	unique	ability	

cycle	near-IR	pulse.	On	atto-

second	 time	 scales,	 the	

oscillating	IR	electric	field	is	

almost	stationary.	Thus,	the	

effect	 of	 light	 waves	 as	 a	

time-dependent	 perturba-

tion	of	 the	correlated	elec-

tronic	 structure	 will	 be	

directly	observable	via	tran-

sient	soft	X-ray	absorption	

spectroscopy	and	/	or	time-

resolved	RIXS.	Absorption	

edges	 can	 be	 exploited	 to	

provide	the	elemental	speci-

ficity,	 for	example	between	Cu	and	O	using	two-color	

attosecond	pulses.	This	will	enable	for	the	first	time	the	

direct	observation	of	the	coherent	polarization	buildup	

and	dephasing	during	charge-transfer	and	stabilization	in	

the	excited-state	of	a	highly	correlated	material.	These	

will	be	manifest	as	quantum	beats	on	the	attosecond	time	

scale	(Figure	41,	right)	and	as	coherent	Rabi	oscillations	

at	optical	field	intensities	sufficient	for	complete	transi-

tions	 between	 ground-state	 and	 CT-exciton	 states.	

Resolving	 the	 charge-transfer	 dynamics	 will	 provide	

important	 new	 insight	 to	 the	 Cu-O	 correlations	 and	

Coulomb	interactions	relevant	for	a	wide	range	of	com-

plex	materials.

The	importance	of	ultrafast	time-resolved	measure-

ments	in	understanding	these	systems	derives	from	the	

capability	to	use	tailored	excitation	to	perturb	systems	

out	of	equilibrium	on	time-scales	shorter	than	the	under-

lying	correlations,	and	then	disentangle	the	interactions	

by	probing	their	time	response	as	the	correlation	develops.	

The	unimaginably	short	timescale	accessible	with	NGLS	

will	provide	unique	insight	into	the	fundamental	dynam-

ics	of	electronic	wavefunctions	and	interactions	in	solids	

by	tracing	directly	electronic	polarizations,	populations,	

and	band	structure	with	elemental	specificity	as	 they	

evolve	on	attosecond	and	few-femtosecond	timescales.

At	NGLS,	the	stability	afforded	by	a	superconducting	

linac	(operating	in	CW	mode)	will	enable	synchronization	

of	the	sub-femtosecond	FEL	pulses	to	within	an	optical	

cycle	of	the	CEP	stabilized	excitation	pulses.	The	low	aver-

age	flux	of	current	table-top	ultrafast	soft	X-ray	sources	

presents	a	severe	limitation	for	both	optical-pump	X-ray	

probe,	 and	 X-ray	 pump	 X-ray	 probe	 experiments.	

Polarization	control	and	an	ability	to	trade	off	time	resolu-

Two-color X-ray probe

X-ray pump, X-ray probe

High-resolution RIXS

Stimulated  X-ray Raman 
(CXRS) – wave mixing

Core-hole correlation – 
wave mixing

see Section 4.3
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insulator	crystals	with	magnetic	impurities.26	Figure	43(a)	

and	(b)	show	the	linear,	massless	Dirac	dispersion	with-

out	magnetic	doping	and	the	massive	and	gapped	Dirac	

dispersions	 with	 magnetic	 doping,	 respectively.	This	

method	of	breaking	the	time-reversal	symmetry,	however,	

is	intrinsically	a	static	technique,	and	therefore	cannot	

allow	the	observation	of	the	systems	as	the	time-reversal	

symmetry	phase	is	re-established	from	a	nearby	broken-

symmetry	phase	on	fundamental	timescales.	Such	chem-

ical	doping	also	introduces	additional	impurity	scattering	

and	changes	the	chemical	potential.

High	intensity	pulses	of	circularly	polarized	light	pro-

vide	a	means	 to	break	 time-reversal	symmetry	on	an	

ultrafast	time	scale.	This	method	has	distinct	advantages	

over	magnetic	chemical	doping	as	it	avoids	the	complica-

tions	 of	 impurities	 and	 modification	 of	 the	 chemical	

potential.	Additionally,	the	short	time-scale	of	the	pulses	

immediately	 allows	 the	 direct	 study	 of	 the	 dynamics	

between	phases	with	the	use	of	X-ray	probe	pulses	and	

RIXS	or	time-	and	spin-resolved	ARPES	(as	discussed	in	

Sections	3.8.2.2	and	3.8.3).	Such	an	experiment	is	depict-

ed	in	Figure	44.	Spin	resolution	is	fundamental	in	these	

materials	for	probing	the	characteristic	spin-momentum	

textures	of	the	topological	state,	and	the	resulting	spin	

dynamics	in	the	presence	of	transient	symmetry	break-

ing.	 Preliminary	 measurements	 show	 that	 significant	

time	reversal	symmetry	breaking	is	possible	with	a	laser	

pump	perturbation.	Collective	excitations	between	the	

surface	state	Dirac	cones	are	highly	sensitive	to	the	X-ray	

polarization	and	scattering	geometry	at	the	L2/3	and	M2/3	

resonance	edges.	These	factors	reflect	the	spin	polariza-

tion	and	can	be	used	to	identify	a	gap	opened	through	

time	reversal	symmetry	breaking,	in	large	part	because	

spins	near	the	Dirac	point	flip	dramatically	from	in-plane	

to	out-of-plane	perpendicular	orientations	when	a	gap	is	

opened	from	magnetic	perturbation.8	

Magnetic	symmetry	breaking	will	reconfigure	the	spin	

orientation	of	topological	Dirac	surface	electrons,	chang-

ing	the	balance	of	interactions	that	sets	the	energy	of	

excitations	 that	 involve	 the	 simultaneous	 collective	

motion	of	many	electrons	(plasmons).	The	strong	entan-

glement	between	2D	Dirac	electrons	and	plasmons	(com-

bining	to	form	“plasmarons”)	is	therefore	expected	to	

generate	a	strong	signature	visible	in	high	flux	X-ray	scat-

tering	measurements.	The	NGLS	is	the	only	proposed	

source	with	sufficient	average	flux,	repetition	rate,	and	

versatility	for	this	type	of	investigation.	The	creation	of	a	

to	 directly	 probe	 the	 energy,	 momentum,	 and	 spin-

dependent	dynamics	of	electronic	excitations	in	topologi-

cal	insulators.

The	time-reversal	invariance	of	these	systems	is	cen-

tral	to	the	surface	states	of	massless	and	metallic	Dirac	

fermions.	 Breaking	 the	 time-reversal	 symmetry	 with	

magnetic	flux	can	therefore	result	in	massive	Dirac	fermi-

ons	instead,	with	a	gap	forming	at	the	Dirac	point,	and	

can	lead	to	functional	enhancements	such	as	the	record-

ing	of	stable	quantum	information	(Q-bits,	see	Figure	

43c).	 Such	 breaking	 of	 time-reversal	 symmetry	 has	

recently	been	achieved	by	chemically	doping	topological	

a Real space b Momentum (k) space

Figure	42	 Unique spin texture of the topological insulator surface 
state. (a) In real space, electrons flow along the sample surface 
with their spins locked perpendicular to their direction of travel, and 
oppositely flowing electrons have opposite spins. (b) In momentum 
space, the surface state electronic bandstructure forms a linear 
Dirac-like cone. The electrons have spin polarization locked tan-
gential to constant energy contours, as depicted at the Fermi level.
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Figure	43	 (a) ARPES measured spin-integrated dispersion of the 
topological insulator Bi2Se3, showing a linear, massless, Dirac 
cone dispersion, with the intersection at the Dirac point ensured 
by time-reversal symmetry. (b) Chemically doped with magnetic 
atoms, time reversal symmetry is broken causing a gap at the 
Dirac point. (c) When magnetic perturbations and superconductiv-
ity are combined on a topological insulator, vortices at the surface 
act as stable bits of quantum information, Q-bits. (Images from 
Reference 8)
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states,	such	as	entangled	plasmons	and	electrons	(“plas-

marons”)	in	graphene,29	and	at	the	surfaces	of	topologi-

cal	insulators.	These	low-energy	excitations	come	directly	

from	the	quantum	elements	that	are	of	interest	for	device	

applications.

Some	 of	 the	 most	 immediate	 questions	 that	 time-

resolved	RIXS	could	answer,	using	 the	capabilities	of	

NGLS,	have	to	do	with	how	the	electron	dynamics	and	

entanglement	in	a	quantum	system	change	with	time	in	

pump-probe	experiments.	It	has	been	well	established	

that	 ultrafast	 X-ray	 pulses	 can	 be	 used	 to	 measure	

(“probe”)	the	melting	and	reformation	of	low	tempera-

ture	ordered	states	after	exposure	to	an	 intense	 laser	

“pump”.	However,	it	can	be	challenging	to	obtain	mean-

ingful	scientific	information	from	these	measurements,	

because	the	quantum	state	after	laser	exposure	is	nearly	

impossible	to	predict	or	model	from	first	principle	theo-

ries.	Analyzing	the	time-evolution	of	RIXS	scattering	fol-

lowing	a	laser	pump	will	greatly	clarify	the	picture.	When	

valence	electron	levels	are	depopulated	by	a	laser	pulse,	

the	vacant	states	are	expected	to	be	visible	as	low	energy	

peaks	in	the	RIXS	spectrum,30,31	giving	an	immediate	

metric	of	how	the	electron	configuration	has	been	per-

turbed.	Through	such	measurements,	the	melting	and	re-

establishment	of	ordered	states	can	be	directly	compared	

to	the	evolution	of	the	low	energy	wavefunction,	giving	

much	more	traction	to	theoretical	models.

Many	interesting	quantum	states	such	as	supercon-

ductivity	and	topological	insulator	order	cannot	be	stud-

ied	directly	in	present-day	time	resolved	X-ray	scattering	

experiments	because	their	functional	states	are	distin-

guished	by	collective	electronic	behaviors	that	have	no	

corresponding	structural	phase	transition.	In	these	cases,	

the	most	direct	way	to	observe	the	time	evolution	will	be	

to	measure	time-resolved	changes	in	inelastic	collective	

modes	with	high	flux	techniques	such	as	RIXS	and	2-pho-

ton	ARPES.

RIXS	spectroscopic	measurements	provide	multifac-

eted	information	about	the	electronic	state	that	is	inde-

pendent	 of	 any	 detailed	 theoretical	 model.	 The	

momentum-	and	energy-axis	width	of	RIXS	features	pro-

vide	a	means	to	evaluate	the	time	evolution	of	the	elec-

tronic	mean	free	path	and	scattering	rate.	The	degree	to	

which	the	energy	of	RIXS	features	depends	on	momen-

tum	represents	how	strongly	electrons	are	localized	in	a	

material	(e.g.	by	spin	or	orbital	order).	The	RIXS	signal	at	

large	momenta	in	particular	is	thought	to	be	dominated	

nearby	magnetic	state,	breaking	time-reversal,	starting	

from	a	topological	insulator,	is	just	one	example	of	how	

NGLS	will	reveal	the	physics	of	competing	or	precursor	

phases	in	complex	materials.

3 .7 .3 .3 . Pump-probe RIXS

The	availability	of	ultrafast	pulses	at	high	repetition	

rate	from	NGLS	will	open	entirely	new	approaches	for	

understanding	collective	dynamics	in	the	time	domain.	

For	example,	ultrafast	time-resolved	RIXS	measurements	

performed	 at	 NGLS	 will	 measure	 collective	 electron	

dynamics	in	response	to	tailored	excitations:	vibrational	

excitations,	THz	excitations,	transient	quasiparticle	cre-

ation,	and	charge-transfer	excitations.	This	is	substantially	

more	informative	than	present	time-resolved	diffraction	

(elastic	scattering)	studies	that	probe	only	a	single	long-

range	order	parameter,	and	will	make	it	possible	to	study	

the	 ordering	 and	 perturbation-response	 dynamics	 of	

functional	states	 in	a	 far	more	 flexible	and	physically	

informative	way,	even	for	materials	such	as	topological	

insulators	and	superconductors	that	have	no	static	order.

Following	 inelastic	modes	 in	 the	 time	domain	will	

extend	pump-probe	techniques	to	a	variety	of	ordered	

states	and	quantum	properties	that	cannot	currently	be	

tracked	in	the	time	domain	due	to	a	lack	of	charge	or	lat-

tice	superstructure.	To	name	just	a	few	possibilities,	at	the	

10meV	 energy	 scale	 one	 could	 measure	 momentum-

resolved	electronic	excitations	across	a	superconducting	

gap	in	high-Tc	superconductors,13	or	discern	collective	

excitation	features	caused	by	unusual	low-dimensional	

Optical circular pump: 

100 fs 

X-ray probe pulse

• Breaks TRS

• Leaves TI in transient
non-zero magnetic state Dynamics:

• Gap?

• Spin texture?

0

Time/Spin ARPES

500

Figure	44	 Schematic of a pump-probe time and spin resolved 
ARPES experiment. A circularly polarized pump pulse alters the 
fundamental symmetry of the system, and a synchronized and  
variably delayed X-ray pulse will induce photoemission, and the 
photoelectrons are properly analyzed.
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expect	to	see	the	quantum	shake-up	cause	energy	shifts,	

a	higher	prevalence	of	low	energy	excitations,	and	broad-

er	feature	widths	developing	in	the	second	half	of	the	

pulse.	The	“melting”	of	ordered	states	like	superconduc-

tivity	or	magnetism	will	be	manifest	by	the	disappear-

ance	of	their	corresponding	collective	excitations,	and	

could	 be	 monitored	 in	 tandem	 with	 other	 collective	

modes	for	a	femtosecond-by-femtosecond	record	of	the	

quantum	state.

3 .7 .3 .5  Multi-dimensional Spectroscopy of  

Collective Excitations

Nonlinear	X-ray	experiments	will	reveal	not	only	the	

interactions	that	govern	the	correlated	ground	state,	but	

also	the	nature	of	non-equilibrium	states	of	relevance	for	

a	range	of	next-generation	electronic	materials.	Optically-

driven	experiments	along	with	more	sophisticated	ultra-

fast	nonlinear	soft	X-ray	probes,	such	as	Coherent	X-ray	

Raman	Spectroscopy	(CXRS),	core-hole	correlation	spec-

troscopy,	four-wave	mixing,	and	related	multi-dimensional	

spectroscopy	techniques	in	the	soft	X-ray	regime	will	pro-

vide	the	first	complete	picture	of	electron	correlations	in	

these	materials.	Figure	45	illustrates	multi-dimensional	

spectroscopy	 in	a	 transition-metal	oxide.	X-ray	pulse	

sequences	tuned	to	the	O	1s→2p	and	Cu	2p→3d	reso-

nances	probe	correlations	between	O-2p	and	Cu-3d	levels	

via	core-hole	correlation	spectroscopy.35	Alternatively,	

X-ray	pulses	may	probe	localized	d-d	transitions,	and	fol-

low	valence	charge	flow	between	the	Cu	and	O	sites	via	

coherent	X-ray	Raman	spectroscopy.36		The	development	

of	nonlinear	X-ray	science	is	one	of	the	most	ambitious	

goals	for	NGLS.	This	will	truly	revolutionize	our	under-

standing	of	complex	materials	by	enabling	the	full	imple-

mentation	of	multi-dimensional	X-ray	spectroscopy	as	a	

probe	of	many-body	correlations	in	quantum	materials.	A	

more	detailed	description	of	these	techniques,	and	the	

information	they	provide	is	given	in	Section	4.3.

Beamlines for Nonlinear ARPES, Ultrafast, 
and High-resolution Experiments in Quantum 
Materials

Two-photon	ARPES	experiments	in	quantum	materials	

will	rely	primarily	on	NGLS	beamline	1,	providing	280	eV	

photon	energies	(better	than	50	meV	resolution	in	long-

pulse	operation	without	a	monochromator)	as	described	

in	Section	5	(Table	2).	The	use	of	high-repetition	rate	at	

by	excitons	(closely	bound	states	of	electrons	and	holes),	

which	 are	 sharply	 defined	 in	 energy	 and	 should	 be	

strongly	 affected	 by	 the	 degree	 of	 confinement.	

Measurements	of	these	properties	in	pump-probe	experi-

ments	 may	 provide	 a	 time-resolved	 view	 of	 how	 the	

onset	 of	 a	 complex	 low	 temperature	 ordered	 state	

restricts	the	relatively	free	electron	kinetics	of	disordered	

materials,	highlighting	the	specific	quantum	characteris-

tics	of	a	complex	material.	RIXS	is	typically	several	(e.g.	

3)	orders	of	magnitude	weaker	than	resonant	elastic	scat-

tering,	with	great	variability	depending	on	the	specific	

material	 and	 resonance	 to	 be	 investigated.	 However,	

even	probing	a	very	limited	parameter	range,	these	prop-

erties	make	it	a	critical	method	to	understand	the	femto-

second	time	evolution	of	complicated	wavefunctions.

3 .7 .3 .4  Time-domain RIXS: Phase Profile  

Measurements of Dynamic Structure

The	availability	of	tunable	phase-coherent	pulses	with	

high	average	brightness	at	NGLS	offers	qualitatively	new	

approaches	to	probe	collective	excitations	in	materials.	In	

particular,	 nonlinear	 interference-based	 pump-probe	

techniques	 such	as	 frequency-resolved	optical	gating	

(FROG	and	cross-correlated	“XFROG”)32,33	can	be	used	

to	extract	both	the	intensity	and	temporal	phase	of	the	

scattered	X-ray	pulses	to	determine	the	dynamic	structure	

factor	with	unprecedented	detail	that	is	not	available	from	

conventional	RIXS	based	on	temporally	incoherent	pulses.

As	an	incident	photon	probes	a	collective	excitation	

via	scattering	in	a	material,	the	outgoing	photon	is	phase	

shifted,	i.e.	the	fingerprint	of	the	phase-dependent	collec-

tive	excitation	spectrum	S(q,ω,φ)	is	imprinted	on	the	tem-

poral	phase	of	the	scattered	X-ray	wave.	This	information	

can	be	extracted	by	characterizing	the	temporal	phase	

and	intensity	of	the	scattered	wave.	Key	requirements	

include	temporal	coherence	that	is	repeatable	from	pulse	to	

pulse,	to	enable	the	accumulation	of	signal	over	multiple	

pulses.

In	 recent	years,	 sophisticated	 techniques	 for	pulse	

characterization	(with	attosecond	resolution)	have	been	

developed	and	demonstrated	in	the	EUV	regime,	and	are	

now	 being	 extended	 to	 the	 soft	 X-ray	 range.34	This	

approach	provides	important	new	information	about	the	

“birth”	of	collective	excitations,	and	how	they	evolve	on	

the	attosecond	to	femtosecond	time	scales.	For	example,	

comparing	phase	information	in	the	first	250	fs	and	final	

250	fs	of	an	intense	500	fs	scattered	pulse,	one	might	
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strong	non-resonant	scattering	modes	(e.g.	phonons)	by	

at	least	three	to	four	orders	of	magnitude,	enhancing	the	

contrast	of	weak	resonant	charge	excitation	modes	in	the	

<100	meV	range.

Enhanced	energy	resolution	in	existing	spectroscopies	

has	been	a	hallmark	of	scientific	advancement,	analo-

gous	to	the	way	that	Moore’s	Law	has	defined	the	advanc-

ing	 capabilities	 of	 computers.	 Dramatically	 higher	

average	photon	flux	makes	it	practical	to	use	higher	reso-

lution	spectrometers,	significantly	advancing	the	capabil-

ity	of	current	RIXS	measurement	technologies	that	are	

limited	 to	~0.1	eV	 resolution.	Figure	46	 illustrates	an	

advanced	high-efficiency	RIXS	end-station	designed	to	

measure	multiple	momentum	directions	simultaneously	

at	high	energy	resolution.

	

NGLS	beamline	3	in	conjunction	with	an	array	of	momen-

tum-	and	energy-resolved	3D	TOF	analyzers	(see	Section	

3.8)	will	enable	rapid	data	acquisition	and	discern	small	

nonlinear	 signals	 from	 background	 (while	 avoiding	

space-charge	effects).	In	this	case,	high	energy	resolution	

will	be	provided	by	a	monochromator.	RIXS	experiments	

on	quantum	materials	at	transition-metal	L-edges	in	the	

soft	X-ray	range	will	similarly	rely	on	the	high	energy	res-

olution	(and	high	average	flux)	of	NGLS	beamline	1	(with-

out	 a	 monochromator)	 and	/	or	 beamline	 3	 with	 a	

monochromator.	Attosecond	visible-pump,	X-ray-probe	

spectroscopy	experiments	will	rely	primarily	on	the	seed-

ed	NGLS	beamlines	1	and	2.	These	experiments	will	use	

one-color	(and	in	some	cases	two-color)	X-ray	probes	to	

follow	valence	charge	dynamics	via	XAS	and	XES	at	tran-

sition-metal	L-edges	and	O	K-edge	in	the	soft	X-ray	range.	

Multi-dimensional	spectroscopy	experiments	will	rely	on	

two-color	sub-femtosecond	capabilities	of	beamline	2.	

Tunability	and	variable	polarization	will	be	important	for	

nearly	all	quantum	materials	studies.

Technical Considerations — RIXS

The	RIXS	technique	is	very	photon-hungry,	making	a	

high	repetition	rate	critical	to	avoid	disrupting	the	low-

energy	collective	states	being	measured.	Based	on	recent	

measurements	at	the	LCLS,	it	appears	that	a	safe	upper	

bound	for	photon	flux	may	be	in	the	realm	of	1	mJ/cm2,	

sufficient	to	allow	roughly	108	photons	in	each	pulse	incident	

on	the	sample	with	a	moderately	focused	beam	(~30	μm	

X	40	μm).	At	a	1	MHz	pulse	rate,	this	configuration	will	

produce	a	signal	that	is	three	to	four	orders	of	magnitude	

stronger	than	existing	beamlines,*	and	allow	consider-

able	leeway	to	improve	the	state	of	the	art	experimental	

resolution.	A	90°	scattering	branch	analyzer	will	suppress	
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Figure	45	 Schematic multi-
dimensional spectroscopy in 
transition-metal oxide. X-ray 
pulse sequences tuned to the 
O-1s and Cu-2p probe correla-
tions between O-2p and Cu-3d 
levels via core-hole correlation 
spectroscopy.35 Alternatively, 
X-ray pulses tuned to the O 1s 
-2p and Cu 2p-3d transitions may 
probe localized d-d transitions, 
and charge flow between the Cu 
and O sites via cohrerent X-ray 
Raman spectroscopy.36

–15°
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Figure	46	 Schematic of a high efficiency RIXS end-station, config-
ured to simultaneously measure multiple momenta with enhanced 
energy resolution.

* Current spectrometers used for non-resonant measurements can achieve 
resolution ~1 meV (e.g. at APS Sector 3 among others) by sacrificing roughly 
four orders of magnitude in scattered signal intensity, which renders them 
unsuitable for synchrotron-based RIXS.
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digms	that	will	define	information	and	energy	technolo-

gies	of	the	21st	century.

To	accomplish	this,	critical	gaps	in	our	understanding	

of	spin	and	magnetization	dynamics	must	be	bridged,	

and	for	this	purpose	the	capabilities	of	NGLS	soft	X-ray	

laser	will	be	indispensible.	In	particular,	NGLS	will	enable	

incisive	probing	of	spin	dynamics	on	the	fundamental	

time	scales	of	exchange	interactions	(1-100	fs)	and	spin-

orbit	coupling	(~1	ps).	Most	importantly,	the	capability	for	

probing	these	fundamental	time	scales	will	be	combined	

with:

•	 nanoscale	spatial	resolution	—	imaging	local	spin	

structures

•	 momentum	and	energy	resolution	—	understanding	

k-dependent	spin	scattering

•	 element	specificity	—	distinguishing	the	roles	of	spe-

cific	inner	core	electrons,	e.g.	in	transition-metal	ions

•	 magnetic	ordering	sensitivity	—	distinguishing	ferro-	

and	anti-ferromagnetic	order	via	X-ray	magnetic	lin-

ear	dichroism	(XMLD)

Magnetism	in	novel	magnetic	materials	are	key	com-

ponents	of	modern	technologies	ranging	from	advanced	

permanent	magnets	in	electricity	generation	and	use,	to	

computer	hard	drives,	to	scientific	and	medical	imaging.	

The	manipulation	of	spin	and	charge	on	a	nanometer	

length	scale	forms	the	foundation	for	modern	informa-

tion	processing	and	storage	technology.	To	date,	the	vora-

cious	 demand	 for	 higher-speed	 and	 higher-density	

information	processing,	storage,	and	retrieval	has	been	

met	by	exponential	improvements	in	technology	over	the	

past	several	decades.	This	pace	of	advancement	is	now	

approaching	significant	limitations	that	test	our	funda-

mental	understanding	of	spin	and	magnetization	dynam-

ics	at	the	nanoscale.	At	the	same	time,	the	roles	of	spin	

and	magnetization,	and	the	coupling	of	spin	and	charge	

in	complex	materials	gives	rise	to	new	phenomena	and	

new	material	properties	such	as	unconventional	super-

conductors	and	topological	insulators.	A	key	challenge	is	

to	understand,	manipulate,	and	exploit	these	properties	

to	provide	a	foundation	for	new	devices	and	new	para-

Achieving a fundamental understanding of spin and magnetization dynamics at the nanoscale is essential to 
meet the future demand for higher-speed and higher-density information technologies. New concepts to manip-
ulate the spin of the electrons on nanometer length scales will provide a foundation for new devices and new 
paradigms that will define information and energy technologies of the 21st century.

NGLS will be indispensible to bridge critical gaps in our understanding of spin and magnetization dynamics. In 
particular, NGLS will enable incisive probing of spin dynamics on the fundamental time scales of exchange inter-
actions (1-100 fs) and spin-orbit coupling (~1 ps) in combination with element-specific nanoscale spatial resolu-
tion, and momentum and energy sensitivity. The high repetition rate, high energy resolution, and ultrafast pulses 
at NGLS will bring unprecedented experimental capabilities to perform time resolved spin-polarized ARPES in 
spin flip processes. Femtosecond two-color experiments with polarized soft X-rays will reveal the distribution of 
spin and angular momenta and experiments are envisioned, where one of the two pulses can be utilized as a 
source for generating spin accumulations with a subsequent probing of the spin dynamics in non-magnetic metals.

NGLS will provide unique insight into the fastest manipulation of spins by photons and will open a path to utilize 
pure spin currents in loss-free future electronic devices.

3.8	 	Spin	and	Magnetization	at	the	Nanoscale
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also	missing.	Direct	measurement	of	the	transient	non-

equilibrium	electronic	structure,	with	full	energy,	momen-

tum,	spin,	and	time	resolution	is	critical	for	elucidating	

these	issues,	and	time-	and	spin-resolved	ARPES	offers	

exactly	these	capabilities.	Time-resolve	ARPES	measure-

ments	will	provide	the	first	real-time	glimpse	of	spin-flip	

scattering	processes	which	are	believed	to	proceed	via	

“hot	spots,	“	i.e.	regions	in	the	Brillouin	zone	of	high	spin-

orbit	coupling	(see	Figure	48).

•	 spin/orbit	sensitivity	—	quantifying	and	separating	

magnetic	ground	state	properties	via	X-ray	magnetic	

circular	dichroism	(XMCD).

3.8.1  Ultrafast Manipulation of Magnetism 
and Spin

Prospects	for	controlling	magnetism	on	the	ultrafast	

time	 scale	 were	 highlighted	 by	 seminal	 experiments	

more	than	a	decade	ago	that	demonstrated	light-driven	

sub-picosecond	 demagnetization	 of	 a	 ferromagnetic	

metal.1		These	surprising	results	challenged	conventional	

paradigms,	and	evidenced	our	lack	of	understanding	of	

spin	and	magnetization	dynamics	on	fundamental	time	

scales.	 Moreover,	 they	 sparked	 new	 interest	 into	

approaches	for	ultrafast	optical	control	of	magnetism.2,3	

The	concept	of	all-optical	switching	of	magnetization	(see	

Figure	47)	illustrates	the	prospects	for	pushing	magnetic	

data	 storage	speeds	 into	 the	 fs	 region.	However,	 the	

microscopic	mechanism	behind	this	switching	process	

remains	elusive.	Other	intriguing	new	effects	appear	on	

the	horizon	such	as	the	recently	reported	change	of	the	

magnetic	 anisotropy	 energy	 barrier	 during	 ~200	 fs	

intense	electrical	field	pulses.4	However,	its	microscopic	

origin	is	even	less	explored	and	understood.	

The	essence	of	magnetism	is	angular	momentum	as	

demonstrated	clearly	by	the	Einstein-de	Haas	effect.5		We	

need	to	understand:	

•	 What	are	the	channels	for	ultrafast	angular	momen-

tum	transfer	to,	from	and	within	the	spin	system?

•	 Does	the	angular	momentum	come	from	light	or	is	it	

provided	by	other	reservoirs	such	as	the	lattice?

3 .8 .1 .1   Ultrafast Manipulation of Magnetism and Spin: 

Time- and Spin-Resolved ARPES

While	all-optical	pump-probe	techniques	are	able	to	

take	stroboscopic	images	of	the	actual	magnetization,	

key	questions	remain	about	the	microscopic	spin	and	

electron	dynamics	on	time-scales	ranging	from	the	ultra-

fast	control	pulse	 to	 the	completion	of	magnetization	

reversal.	For	instance,	the	exact	mechanism	for	the	bal-

ance	of	angular	momentum	which	must	occur	between	

the	 light,	 the	 electron	 spins,	 and	 the	 lattice	 remains	

unknown.	A	full	understanding	of	how	the	system	is	able	

to	complete	the	magnetization	reversal	through	a	demag-

netized	state,	long	after	the	control	pulse	is	removed,	is		

Figure	47		Demonstration of all-optical magnetization reversal on 
GdFeCo alloy where the magnetization of adjacent regions can 
switch only by changing the helicity of the incident fs laser pulse.6
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Figure	48		Region of the Ni bulk Brillouin zone as measured by 
synchrotron based ARPES (H. Durr, unpublished) showing the 
regions of spin-orbit “hot spots”, i.e. those points where spin up 
and down bands cross, leading to reduced magnetic moments 
and increased spin-orbit coupling. It is believed that spin-flip  
scattering into such “hot spots” provides an efficient avenue to 
spin angular momentum transfer to lattice excitations,2 q. Spin 
and time-resolved ARPES at NGLS will provide the first time 
access to observing such processes in real time.
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shows	the	first	reported	branching	of	spin	and	orbital	

moment	evolutions	following	femtosecond	laser	heating	

of	CoPd	alloys,	using	ultrafast	X-ray	dichroism	to	follow	

the	spin	and	orbit	evolution.8	This	type	of	experimental	

probe	will	directly	view	the	mechanisms	within	the	elec-

tronic	 structure	 that	 provide	 the	 required	 angular	

momentum	balance	and	allow	ultrafast	magnetization	

control.	This	in	turn	can	provide	insight	for	optimizing	

material	designs	to	improve	performance,	and	increase	

spatial	density	for	eventual	device	applications.

In	 complex	 materials,	 a	 powerful	 experimental	

approach	is	transient	two-color	scattering	or	holography	as	

illustrated	in	Figure	50.	This	exploits	soft	X-ray	dichroism	

and	source	coherence	to	follow	spin	and	orbital	ordering,	

and	their	evolution	in	response	to	tailored	material	excita-

tion.	In	multiferroics	for	example,	this	approach	will	pro-

vide	insight	to	the	coupled	order	parameters.	This	type	of	

experiments	aims	at	spatially	correlating	coupled	order	

parameters	and	obtaining	snapshots	of	their	temporal	

evolution.	Because	of	dynamic	fluctuations	of	the	order	

parameters,	 the	correlation	has	to	be	performed	on	a	

pulse	by	pulse	basis	using	two	X-ray	probe	colors	(see	

Figure	50)	or	different	X-ray	polarizations.

3.8.2 Spin Accumulations and Currents

Present	semiconductor	electronic	devices	and	data	

storage	technologies	rely	primarily	on	charge	currents	to	

transmit	and	store	information.	Power	consumption	and	

A	 time-delayed	 ultrafast	 X-ray	 pulse,	 following	 an	

ultrafast	optical	or	THz	excitation	pulse,	with	full	analysis	

of	the	resulting	photoelectron	energy,	angle,	and	spin,	

will	 capture	not	 just	 the	 time-resolved	magnetization	

state,	but	 reveal	 the	entire	spin-dependent	electronic	

structure.	Such	measurements	will	enable	a	direct	cor-

roboration	of	controversial	initial	reports	on	laser-induced	

localization	of	the	valence	electronic	structure	in	materials	

like	metallic	Ni.7

3 .8 .1 .2  Ultrafast Manipulation of Magnetism and Spin: 

Dynamic Soft X-Ray Scattering

X-rays	offer	the	unique	advantage	of	allowing	us	to	

probe	spin	and	orbital	momentum	separately.	Figure	49	
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Figure	49	 Materials composed of alternate layers of Co and Pd 
introduce a spin orientation perpendicular to the layers which is 
preferred for magnetic data recording. Femtosecond optical puls-
es were used to alter the electronic level population leading to a 
change in electron orbits (blue arrows and ellipses) and essential-
ly quenching the magnetic anisotropy responsible for the perpen-
dicular spin orientation. Femtosecond X-ray pulses were used to 
probe the change in orbital motion(blue symbols) and follow the 
spin rotation into the layer plane (red symbols).8
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Figure	50		Two-color coherent scattering experiments to probe 
spin and orbital contributions to magnetic order, and their evolu-
tion in response to tailored excitation, e.g. THz excitation of the 
electronic system (figure courtesy H. Durr).
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ting	is	rather	small.10	NGLS	X-ray	lasers	will	achieve	the	

goal	of	direct	imaging	of	spin	accumulation	due	the	com-

bined	capabilities	of	high	repetition	rate	(for	high-sensi-

tivity	measurements	and	high	average	flux)	with	time	

structure	for	transient	spectroscopy	measurements.

Furthermore,	the	ability	to	perform	two-color	X-ray	pulse	

experiments	will	enable	measurements	analogous	to	opti-

cal	pump-probe	experiments	in	semiconductors,	since	a	

circular	polarized	X-ray	beam	can	also	be	utilized	as	a	source	

for	generating	spin	accumulations.	The	latter	is	particularly	

interesting,	since	the	sub-ps	pulse	lengths	will	enable	

direct	investigation	of	spin	dynamics	in	non-magnetic	met-

als,	where	the	spin	relaxation	time	is	typically	a	few	ps.14

Thus	future	X-ray	investigations	of	spin	accumulations	

in	metals	will	result	in	a	significantly	more	detailed	under-

standing	 of	 spin-dependent	 effects.	This	 is	 important	

since	the	impact	of	spin	currents	goes	far	beyond	the	

spintronics	 paradigm.	 Namely,	 spin	 currents	 can	 be	

observed	 in	 insulators,19	 they	can	be	coupled	to	heat	

transport,20	and	they	can	result	in	angular	momentum	

transport,	which	impacts	mechanical	motion.21		Thus	they	

offer	a	wide	variety	of	novel	opportunities	for	energy	con-

version	at	the	nanoscale.

 

3 .8 .2 .1  Spin Accumulations and Currents: 

Magnetic Nano-spectroscopy

Current	approaches	to	study	spin	and	magnetization	

dynamics	on	 fundamental	 length	and	 time	scales	are	

inherently	and	severely	limited.	The	fastest	femtosecond	

heat	dissipation	are	now	major	obstacles	to	further	min-

iaturization,	with	power	densities	of	modern	processors	

exceeding	100	W/cm2.	Moreover,	the	projected	energy	

demand	from	consumer	electronics	in	2030,	based	on	

today’s	technologies,	will	require	the	equivalent	of	230	

additional	nuclear	power	plants.	One	promising	candi-

date	 to	 replace	 existing	 charge-based	 technologies	

(CMOS)	exploits	spin	currents	and	accumulations,	which	

is	the	foundation	for	spintronics	development.9

Most	practical	implementations	of	actual	spintronic	

devices	are	metal-based,	but	at	the	same	time,	a	direct	

imaging	of	either	spin	currents	or	accumulations	in	these	

structures	remains	elusive.10	Additionally,	the	concept	of	

pure	spin	currents,	which	are	not	accompanied	by	a	net	

charge	current,	has	recently	received	increased	atten-

tion.11	From	a	fundamental	point	of	view	these	pure	spin	

currents	provide	direct	insight	into	spin-dependent	phys-

ics	 and	 are	 completely	 undisturbed	 by	 charge	 trans-

port.12-14	 For	 technological	 applications,	 they	 offer	

significant	potential	advantages,	such	as	reduced	power	

dissipation,	absence	of	Oersted	stray	fields,	and	decou-

pling	of	spin	and	charge	noise.	

Pure	spin	currents	can	be	generated	through	non-local	

electrical	injection,	optical	injection,	spin	pumping	from	a	

precessing	ferromagnet,	and	via	the	and	spin	Hall	effect.15	

To	understand	the	spin	dynamics	of	such	non-equilibrium	

spin	accumulations,	a	direct	imaging	capability	enabled	

by	NGLS	X-ray	lasers	will	be	a	major	advance.	This	is	evi-

dent	 from	past	 research	on	semiconducting	systems,	

where	such	imaging	is	possible	in	the	optical	regime	due	

to	strong	magneto-optic	effects	and	long	spin	diffusion	

lengths.16-18	Questions	of	paramount	significance	to	both	

the	basic	understanding	and	eventual	technical	utilization	

of	spin	currents	could	be	immediately	answered:

•		How	do	spin	currents	couple	to	charge	currents?

•		Do	spin	currents	interact	with	heat	transport?

•		Can	we	exploit	angular	momentum	transfer?

•		What	is	the	spatial	and	temporal	spin	flow	created	by	

spin	pumping?

X-ray	imaging	with	element	specific	magnetic	contrast	

through	 X-ray	 circular	 dichroism	 is	 a	 very	 promising	

approach.	The	achievable	spatial	resolution	is	comparable	

or	better	than	even	the	shortest	spin	diffusion	lengths	

encountered	 in	most	metals.	However,	so	 far	 there	 is	

insufficient	X-ray	spectral	sensitivity	to	spin	accumula-

tions,	since	the	spin-dependent	chemical	potential	split-
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Figure	51	 I-V characteristic of current CMOS technology illustrating 
the relatively large required switching voltages (and inherent 
energy losses) in comparison with Mott-FET transitions.
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spin	accumulations	with	a	subsequent	probing	of	 the	

spin	dynamics	in	non-magnetic	metals,	where	the	spin	

relaxation	time	is	typically	a	few	ps.	

A	variety	of	imaging	techniques,	which	have	already	

been	developed	at	current	sources	(X-ray	holography23	

or	zone	plate	based	full	field	X-ray	microscopy24),	can	in	a	

similar	way	be	implemented	at	NGLS	to	take	snapshot	

images	of	nanoscale	ultrafast	spin	dynamics.	

Estimates	for	the	heat	load	onto	a	Fresnel	zone	plate	

objective	lens	to	achieve	high	spatial	resolution	in	a	sin-

gle	pulse	experiment	indicate	that	the	temperature	rise	in	

the	optical	element	will	be	less	than	100	degrees,	which,	

based	on	the	U41	microscope	at	BESSY,	can	be	easily	tol-

erated	by	existing	zone	plate	technologies.24

3 .8 .2 .2  Spin Accumulations and Currents: 

Time- and Spin-resolved ARPES

In	the	past	decades,	angle-resolved	photoemission	spec-

troscopy	(ARPES)	has	proved	to	be	an	extremely	suc-

cessful	and	powerful	technique	for	advancing	the	

understanding	of	complex	correlated	electron	systems,	

including	high-temperature	superconductors	(HTSC),25-30	

colossal	magnetoresistive	(CMR)	manganites,31-33	gra-

phene,34-37	and	topological	insulators.38-42		The	develop-

ment	of	spin-resolved	ARPES	techniques	has	sparked	

rapidly	growing	interest	in	the	last	few	years	due	to	its	

relevance	for	probing	spin	physics	for	potential	device	

applications,	and	a	growing	pool	of	high-impact	results	

laser	experiments,	limited	by	the	wavelength	of	optical	

light,	lack	sufficient	spatial	resolution.	The	highest	resolu-

tion	microscopies	are	many	orders	of	magnitude	away	

from	accessing	 fundamental	 time	scales.	 In	addition,	

optical	techniques	lack	sensitivity	to	separate	spin	and	

orbital	moments,	and	are	unable	to	distinguish	between	

different	 types	of	magnetic	ordering.	Soft	X-ray	 tech-

niques	are	a	perfect	match	in	terms	of	element	specificity,	

sensitivity	to	spin	and	orbital	moments,	and	spatial	reso-

lution.	For	example,	 the	 latest	developments	of	X-ray	

optics	has	demonstrated	a	<10	nm	spatial	resolution.22	

Slicing	experiments	at	current	synchrotrons	can	access	

the	few	100s	of	femtosecond	regime,	however,	the	loss	in	

intensity	is	tremendous	and	insufficient	(by	many	orders	

of	magnitude)	to	enable	snap-shot	capabilities	for	imag-

ing	or	spectroscopic	analytical	tools	at	the	nanoscale.	This	

gap	can	only	be	filled	with	a	next	generation	soft	X-ray	

source.	

The	high	repetition	rate,	the	high	energy	resolution	

and	the	ultrafast	pulses	at	NGLS	will	bring	unprecedent-

ed	experimental	capabilities.	Time	resolved	spin-polar-

ized	ARPES	will	allow	the	study	of	spin	flip	processes	with	

energy	and	momentum	resolution,	which	are	essential	to	

identify	spin-flip	processes	responsible	for	the	magneti-

zation	reversal	 in	an	all-optical	process.	Femtosecond	

two-color	experiments	with	polarized	soft	X-rays	in	com-

bination	with	imaging	and	micro-spectroscopy	will	reveal	

the	distribution	of	spin	and	angular	momenta.	One	of	the	

two	pulses	can	also	be	utilized	as	a	source	for	generating	
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NMFigure	52	 Spin Hall effects generate transverse spin currents from 
charge currents even in non-magnetic materials. 

Figure	53	 Pure spin currents generated in nonmagnetic metals 
(NM) via spin pumping from spin waves in a ferromagnet (FM). 
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example	see	References	59,	60),	as	well	as	the	funda-

mental	length	scales	of	the	many	nanoscale	and	nano-

structured	 systems	 of	 current	 interest.	 Physical	

restrictions	on	the	locations	of	the	zone	plates	or	other	

optics	required	for	the	nanoscale	beams	require	photon	

energies	≥100	eV,	where	high-harmonic	generation	laser	

based	systems	are	simply	unable	to	provide	the	high	

average	flux	required	for	ARPES	experiments	with	time,	

spin,	and	spatial	resolution.

The	full	potential	of	time-,	space-,	and	spin-resolved	

ARPES	to	attack	the	key	questions	in	the	electron	dynam-

ics	of	next	generation	materials	requires	a	source	with	

short	pulses	at	the	time	scales	in	question	(10-500	fs),	

tunability	in	the	range	of	280–1000	eV,	high	average	flux,	

and	high	repetition	rates	(~1	MHz).	These	strict	require-

ments	are	fulfilled	only	by	NGLS	specifications.	The	gain	

in	our	ability	to	directly	observe	charge	and	spin	dynam-

ics	and	their	responses	to	external	stimuli	will	be	para-

mount	for	our	goals	of	developing	more	precise,	faster,	

more	efficient,	and	more	reliable	control	over	materials	

and	their	capabilities.

3.8.3  Instrumental and Technical  
Considerations for Time- and  
Spin-Resolved ARPES

Spin-resolved	ARPES	is	inherently	a	low	count-rate	

experiment	as	electron	spin-polarimeters	are	quite	ineffi-

including	the	discovery	by	spin-ARPES	of	topological	

insulators.39,40,43-48

As	with	X-ray	scattering,	high	photon	flux	along	with	a	

high	repetition	rate	from	NGLS	X-ray	lasers	will	allow	

spin-resolved	ARPES	to	be	performed	with	time-resolu-

tion	 through	 pump-probe	 techniques.	 Initial	 research	

developing	 (non-spin	 resolved)	 pump-probe	 time-

resolved	ARPES	strongly	suggest	that	it	can	be	a	superb	

probe	of	electron	dynamics,49-51	although	the	limitations	

of	the	current	probe	sources	are	restrictive.

Initial	time-	and	spin-resolved	experiments	have	been	

performed	with	table-top	laser	systems	providing	both	the	

pump	and	probe	pulses	(for	example,	see	References	52	

and	53),	however	these	experiments	are	severely	limited	

by	the	probe	source	in	terms	of	low	photon	energy	and	

lack	of	 tunability.	High	resolution	ARPES	experiments	

also	restrict	the	number	of	usable	photons	per	pulse	due	

to	significant	space-charge	broadening	of	the	outgoing	

photoelectrons.54-58	Combined	with	the	requirement	of	

high	average	flux	for	such	count-starved	experiments,	

this	results	in	the	absolute	need	for	a	high	repetition	rate	

source,	far	beyond	what	laser-based	systems	and	other	

FEL	sources	will	be	able	to	provide.	These	issues	are	not	

minor,	 but	 become	 full	“show-stoppers”	 for	 the	 vast	

majority	of	experiments	that	can	be	envisioned.

The	concept	of	spatially	resolved	ARPES	experiments	

performed	with	nanoscale	focal	spots	has	also	become	

important	due	to	the	large	spatial	inhomogeneity	of	many	

“correlated	electron”	 systems	of	 current	 interest	 (for	

FEL

Plane mirror

Sample stage

CCD
detector

Condenser

Zone plate
objective

Figure	54	 X-ray optical setup of a full-field X-ray microscope for single pulse imaging. The FEL radiation is collected by a special condenser — a 
beam shaping diffractive optical device about 1 mm in diameter — which forms a homogeneous illumination of the object field. (Figure 
courtesy G. Schneider, BESSY)
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an	array	of	multiple	(possibly	up	to	10)	analyzers	mount-

ed	at	different	emission	directions	for	simultaneous	use.	

The	resulting	massively	parallel	data	acquisition	would	

greatly	 improve	 the	 speed	 and	 scope	 of	 successful	

experiments.	The	ultrafast	pulse	width	of	NGLS,	com-

pared	 with	 current	 synchrotron	 sources,	 could	 even	

allow	for	improved	use	of	the	TOF	technique	over	current	

setups	that	are	limited	by	the	pulse	widths	of	the	light	

source.	With	much	shorter	pulse	widths	provided	by	

NGLS,	and	improved	electron	detectors	(e.g.	Reference	

64),	significantly	smaller	TOF-based	analyzers	could	be	

utilized	while	still	achieving	the	same	energy	resolution.	

This	possible	size	reduction	could	be	quite	important,	

especially	when	considering	the	concept	of	an	entire	

array	of	multiplexed	analyzers.

Beamlines for Studies of Spin and 
Magnetization Dynamics

Visible/THz-pump,	X-ray-probe	studies	of	magnetiza-

tion	and	spin	dynamics	will	rely	primarily	on	the	seeded	

NGLS	beamlines	1	and	2	as	described	in	Section	5	(Table	2).	

These	experiments	will	use	one-color	(and	in	some	cases	

two-color)	X-ray	probes	to	follow	magnetization	and	spin	

dynamics	via	X-ray	dichroism	and	dichroic	scattering	

effects	effects	at	transition-metal	L-edges	in	the	soft	X-ray	

cient.	In	addition	to	high	repetition	rate	and	other	capa-

bilities	provided	by	NGLS	X-ray	lasers,	these	experiments	

will	also	require	instrumentation	that	maximizes	detec-

tion	efficiency.	The	timing	structure	of	NGLS	pulses,	in	

addition	to	providing	time	resolution	through	pump-and-

probe	techniques,	naturally	allows	the	use	of	time-of-

flight	(TOF)	based	photoelectron	analyzers	that	can	be	

more	efficient	than	the	more	frequently	used	hemispheri-

cal	analyzers,	due	to	multiplexing	detection	in	the	energy	

dimension.61-63

A	newly	developed	TOF-based	spin-ARPES	analyzer61	

(Figure	55)	that	includes	a	photoelectron	bandpass	filter	

allows	for	higher	repetition	rate	sources	(>	10	MHz)	and	

better	energy	resolutions	(<	10	meV)	than	are	traditionally	

possible,	and	illustrates	an	ideal	instrumental	approach	

for	this	type	of	experiment.	The	enhanced	efficiency	of	the	

unique	spin	polarimeter	included	in	this	design61	furthers	

improves	these	experiments.	Indeed,	this	instrument	has	

already	successfully	taken	spin-resolved	(not	time-resolved)	

ARPES	data	at	beyond	state-of-the-art	resolutions	while	

making	use	of	the	ALS	two-bunch	mode	at	~3	MHz	repeti-

tion	rate,61	thus	demonstrating	the	feasibility	of	this	type	

of	experiment	within	NGLS	repetition	rate	capabilities.

A	key	concept	in	maximizing	the	possible	throughput	

of	such	experiments	would	be	to	additionally	multiplex	

detection	in	the	angular	(momentum)	dimension	through	

e–

Figure	55	 Left: Schematic of a time-of-flight (TOF) based, high efficiency spin-resolved photoemission spectrometer, recently developed at 
the ALS. The spin resolution is obtained through low energy exchange scattering, depicted in the inset. From Reference 61. Right: Depiction 
of a high efficiency ARPES endstation with multiplexed TOF analyzers for massively parallel data acquisition over an extremely wide angu-
lar range. Such a setup could provide the efficiency required in such count-starved experiments, where the allowed photon flux per pulse 
is also restricted by space charge considerations. 



78

3 .  SCIENCE DRIVERS
SPIN AND MAGNETIZATION AT THE NANOSCALE

without	a	monochromator,	and	<	10	meV	resolution	with	

a	monochromator,	as	described	in	Section	5	(Table	2).	The	

high	repetition	rate	provided	by	beamline	3	will	be	impor-

tant	for	high-sensitivity	measurements	(while	avoiding	

space-charge	effects).	In	this	case,	high	energy	resolution	

will	be	provided	by	a	monochromator.

range.	Tunability	and	variable	polarization	will	be	of	para-

mount	importance	for	nearly	all	studies	of	magnetization	

and	spin	dynamics.

Time-	and	spin-resolved	ARPES	experiments	will	rely	

primarily	on	NGLS	beamline	1,	providing	280	eV	photon	

energies	—	<50	meV	resolution	in	long-pulse	operation	

Time- and Spin-Resolved ARPES Experiments at 10 meV

The	following	estimates	illustrate	the	scientific	need	for	a	high-repetition-rate	ultrafast	X-ray	laser	to	investigate	

spin	and	magnetization	dynamics	via	time-	and	spin-resolved	ARPES:

Required integrated flux on the sample: ~1017 photons

ph/pulse (usable) Rep . rate [Hz]
Time to do  
experiment

Time res .solution

Storage	Ring 104		[2] 107			[3] 10 days 100	ps

Pulsed	FEL 106		[1] 102 10,000 days ~fs

NGLS 106		[1] 106 1 day ~fs

[1] Fluence limit:	space-charge	limitations	(distortion	of	photoemission	spectra)

	 	includes	10x	monochromator	losses	with	SASE	FEL	operation

	 Fourier	transform	limit:	10	meV	⇔	200	fs

[2] Bandwidth limit:	10	meV	BW	and	~10x	losses	from	monochromator	optics

[3] Rate limit:	<107	Hz,	determined	by	time-of-flight	energy	analyzer

Nominal Storage Ring Source:

Flux ~5x1015	ph/s/0.1%	BW	@	1	keV	(without	monochromator	losses)

Rep.	rate 5x108	Hz

Pulse	duration 100	ps

Nominal Storage Ring Source with Bunch Tilting:

Flux ~6x1012	ph/s/0.1%	BW	@	1	keV	(~106	ph/pulse/0.1%	BW)	(without	monochromator	losses)

Rep.	rate 6x106	Hz	

Pulse	duration ~1	ps
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decades	in	time,	from	picoseconds	to	milliseconds.	Such	

dynamics	are	central	to	the	function	of	biological	systems	

and	macromolecular	machines,	ranging	from	the	enzymes	

responsible	for	DNA	repair	and	replication,	to	ribosomes	

responsible	for	protein	synthesis,	to	dynamic	membrane	pro-

tein	channels	and	signaling	complexes,	to	organells	and	the	

hierarchical	structures	of	the	cell	—	the	fundamental	unit	of	life.

In	order	to	advance	the	understanding	of	biological	

processes	at	a	cellular	level,	detailed	knowledge	of	the	

structure	of	very	large	macromolecular	machines	is	an	

absolute	necessity.	The	high-repetition-rate	X-ray	lasers	

at	NGLS	will	enable	entirely	new	methods	for	imaging	

biomolecules	 in	native	environments	 (solution	 rather	

than	crystal),	capturing	the	dynamics	of	molecules	during	

their	functional	cycles,	and	visualizing	of	cellular	compo-

nents	in	their	native	context.	The	dream	of	“imaging	bio-

logical	function”	will	be	realized	for	the	first	time.

In	 the	 following,	 we	 present	 a	 few	 representative	

examples	of	key	areas	of	biology	that	will	be	transformed	

Modern	synchrotrons	and	macromolecular	crystallog-

raphy	methods	have	revolutionized	the	field	of	structural	

biology	by	enabling	the	routine	structure	determination	of	

isolated	or	simple	complexes	of	macromolecules.	These	

structural	models1	are	the	foundation	for	understanding	

fundamental	processes	in	biology,2,3	and	the	develop-

ment	of	new	therapeutic	drugs4,5	and	novel	classes	of	

nano-materials.6		The	significance	of	this	is	evidenced	by	

several	Nobel	Prizes	in	recent	years.

However,	conventional	structural	determinations	of	

biological	macromolecules	disregard	the	presence	of	hetero-

geneous	conformations	by	assuming	identical	objects.	

Moreover,	current	X-ray	and	electron	microscopy	(EM)7	

structural	determination	methods	depend	on	growing	ordered	

crystals	of	proteins,	which	necessarily	inhibit	the	investi-

gation	of	different	conformations,	and	the	dynamic	motions	

that	connect	them.	At	the	same	time,	it	is	well	known	that	

biological	function	is	profoundly	influenced	by	subtle	(and	

not	so	subtle)	changes	in	conformation	that	span	many	

Biological function is profoundly influenced by changes in molecular conformation that span many decades in 
time, from picoseconds to milliseconds. Such dynamics are central to the function of biological systems and 
macromolecular machines, ranging from the enzymes responsible for DNA repair and replication, to ribosomes 
responsible for protein synthesis, to dynamic membrane protein channels and signaling complexes, to organ-
elles and the hierarchical structures of the cell — the fundamental unit of life. An enhanced understanding of the 
role of dynamics in biological function has both fundamental and practical importance, ranging from under-
standing how cells work to the design of better therapeutics.

Modern synchrotrons and scattering / diffraction techniques have revolutionized the field of structural biology by 
enabling the routine structure determination of isolated or simple complexes of macromolecules. The high-rep-
etition-rate of NGLS will enable entirely new methods for imaging biomolecules in native environments (solution 
rather than crystal), capturing the dynamics of molecules during their functional cycles, and visualization of cellular 
components in their native context. Of paramount importance will be the ability of NGLS to deliver ultrafast X-ray 
pulses at high repetition rate. This, in combination with newly developed sample delivery systems and X-ray 
detectors, will make it possible to collect billions of images of single molecules and whole cells. From these 
images it will be possible to probe thousands of conformational states accessible to biomolecules in solution.

NGLS will provide for a greater understanding of biomolecular dynamics and structure in native environments, 
and a wealth of information to guide the development of better therapeutics.

3.9	 	Biological	Systems:	Imaging	Dynamics	and	Function
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However,	this	method	provides	only	static	snapshots	of	

reaction	states	that	happen	to	crystallize,	and	hence	is	

incapable	of	fully	mapping	out	the	complete	conforma-

tional	evolution	of	intact,	functional	holoenzymes.	The	

approaches	offered	by	NGLS	offer	 an	unprecedented	

opportunity	to	rise	to	this	challenge.	Furthermore,	suc-

cessful	application	of	these	methods	to	topoisomerases	

will	open	a	new	window	in	 to	 the	study	of	any	 large,	

dynamic	macromolecular	complex.	Such	assemblies	lie	

at	the	heart	of	the	molecular	operations	of	the	cell	and	life	

as	we	know	it.

An	 example	 of	 another	 such	 system	 is	 the	“initio-

some,”	a	large	complex	responsible	for	assembling	the	

machinery	(the	“replisome”)	necessary	to	copy	DNA	for	

cell	proliferation.13		These	complexes	assemble	in	a	step-

wise	manner,	again	dependent	on	ATP,	but	over	a	much	

larger	region	of	DNA.	They	further	wrap,	deform,	and	melt	

DNA	as	an	integral	part	of	the	pathway	toward	replisome	

assembly.	The	structures	formed	during	this	process	are	

large	(bordering	on	1	MDa),	dynamic,14	and	—	given	the	

flexibility	of	DNA	—	impossible	to	crystallize.	An	ability	to	

image	the	transient-assembly	states	on	the	way	to	repli-

some	formation	will	only	be	possible	by	dynamic	single	

molecule	imaging	methods	such	as	described	in	Section	

4.1	based	on	the	unique	capabilities	of	NGLS	X-ray	lasers.

by	the	capabilities	of	NGLS	

for	imaging	heterogeneous	

ensembles	 and	 conforma-

tional	dynamics	of	bio-mole-

cules	in	native	environments.	

In	Section	4.1	we	describe	in	

further	 detail	 the	 enabling	

techniques	 of	 fluctuation	

X-ray	 scattering	 (fXS),	 bil-

lion-snapshot	 coherent	dif-

fractive	 imaging,	 and	

associated	 advanced	 com-

putational	methods	of	mani-

fold	 mapping,	 that	 will	 be	

realized	 for	 the	 first	 time	

using	 the	 high-repetition-

rate	X-ray	lasers	at	NGLS.

3.9.1 DNA Repair

Type	II	topoisomerases	are	essential	enzymes	required	

for	unknotting	and	disentangling	DNA	in	the	cell.8	Both	

reactions	are	carried	out	by	the	topoisomerase-mediated	

breaking	of	one	DNA	segment,	and	the	passage	of	a	sec-

ond	DNA	through	the	break.	Following	passage,	the	bro-

ken	DNA	is	resealed	to	prevent	damage	to	the	genome.	

How	type	 II	 topoisomerases	carry	out	strand	passage	

faithfully	and	rapidly	is	not	understood.	The	enzyme	must	

coordinate	large-scale	atomic	movements	(on	the	order	

of	30-150Å)	to	successfully	navigate	one	DNA	through	

another.	A	chemical	co-factor,	ATP,	is	required	for	activity.	

How	chemical	energy	released	from	the	hydrolysis	of	ATP	

is	channeled	into	mechanical	motion	is	not	understood.	

Such	events	are	central	not	just	to	topoisomerases,	but	

also	to	the	operations	of	all	molecular	machines.

Type	II	topoisomerases	also	are	the	target	of	numer-

ous	antibiotics9	and	anti-cancer	agents10	used	in	the	clinic.	

How	these	drugs	act	at	the	active	site	for	DNA	cleavage	

and	ATP	hydrolysis	has	been	established.	What	is	less	

clear	is	how	drugs	affect	the	conformational	cycling	of	

the	protein.	There	is	an	intriguing	possibility	to	develop	

new	clinically-valuable	agents	that	interfere	specifically	

with	topoisomerase	and	DNA	movement,	as	opposed	to	

chemistry.	

New	 imaging	 methods	 are	 needed	 to	 tackle	 these	

problems.	Crystallography	has	been	invaluable	in	deter-

mining	atomic-resolution	models	of	topoisomerase	pieces.11,12	 Figure	56	 Hexameric helicases.
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see section 4.1
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The interface between the two ribosomal subunits, the 

30S and 50S subunits in bacteria, consists of salt water to 

a large extent.15 The number of direct interactions 

between the two subunits, which are primarily RNA, was 

much lower than expected. This may explain why ribo-

some function is incredibly sensitive to the salts in the 

solution around it. The ability to image the ribosome and 

its dynamics, under physiological conditions in solution, 

will provide a crucial understanding of the effects of local 

environment on structure and stability. The ability to 

image thousands of conformational states will show the 

full trajectory of ribosome movement during its cycle, and 

potentially the production of the growing protein chain.

3.9.3� Membrane�Proteins

Cells are surrounded by membranes that separate the 

cellular interior from the outside world. The lipids and 

proteins that dominate the composition of membranes 

exhibit a characteristic architecture in which the lipids 

adopt a bilayer arrangement (~40 Å thick) penetrated by 

integral membrane proteins. The flows of molecules, 

energy and information across this barrier are mediated 

by the integral membrane proteins embedded in the 

bilayer. Membrane proteins represent a fertile area for 

structural study; while an estimated 25% of the proteins 

encoded in the genomes of organisms are membrane 

proteins, they constitute less than 1% of the current 

entries in the Protein Data Bank.16  The biological signifi-

cance of membrane proteins is mirrored in their pharma-

cological significance, since membrane proteins 

represent the targets for a majority of the most popularly 

prescribed drugs.17 

3.9.2� Protein�Synthesis

Proteins are manufactured by ribosomes, molecular 

machines that translate mRNA into a chain of amino acids 

specified by the nucleotide sequence originating from the 

DNA. The molecular machinery involved in this produc-

tion process, from transcription to translation, has been 

extensively researched and has led to two Nobel prizes 

over the last five years. However, a full understanding of 

the entire protein production process, involving the inter-

actions between many molecular machines is lacking. In 

order to understand the protein synthesis cycle, many 

groups have been striving to obtain atomic-resolution 

images of the intact ribosome synthesizing a protein. 

Cate et al., have determined the first “frames” of the reac-

tion cycle by solving the crystallographic structures of 

two intact ribosomes from the model organism 

Escherichia coli.15  The ribosome crystals contained two 

ribosomes per asymmetric unit, which provided two dif-

ferent snapshots of the molecule’s reaction cycle. This has 

provided clues as to how the ribosome moves along mes-

senger RNA (mRNA), the genetic template for protein 

synthesis. Comparison of the two ribosome structures 

revealed movement of the head of the small ribosomal 

subunit that appears to helps complete one translocation 

step along the mRNA. Using models and lower-resolution 

structures of the ribosome, it has been possible to pro-

pose a sequence of steps in translocation that finishes 

with the swiveling of the small subunit head to allow the 

mRNA and the transfer RNAs to move by one step. 

Swiveling of the head may be driven by elongation-factor 

G (EF-G), which uses one guanosine triphosphate (GTP) 

molecule to catalyze the stepping along the mRNA.
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Figure	57		Ribosome�ratcheting.
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between	‘open’	and	‘closed’	states.	This	conformational	

switching	may	be	gated	in	response	to	changes	in	mem-

brane	 potential,22	 ligand	 binding,23	 or	 application	 of	

mechanical	forces.24	Structural	studies	have	been	able	to	

visualize	end	points	and,	rarely,	intermediate	states	in	

conformational	switching.	(e.g.	Figure	58)

Voltage-gated	channels20	represent	one	of	the	basic	

circuit	elements	of	neurobiology,	and	their	response	to	

changes	in	membrane	potential	serves	as	a	key	event	in	

the	propagation	of	electrical	signals	through	the	nervous	

system.	For	typical	potentials	of	~0.1	V,	significant	electric	

fields,	in	excess	of	107	V/m,	are	maintained	across	the	

membrane	due	to	the	thinness	of	the	bilayer.	Over	the	

past	decade,	the	structural	framework	for	addressing	the	

opening	and	closing	of	voltage-gated	channels	has	been	

developed,20	but	the	dynamics	of	this	process	(the	tem-

poral	response	of	the	structural	changes)	has	been	lack-

ing.	 It	 should	also	be	noted	 that	 the	 influence	of	 the	

membrane	potential	on	a	protein	requires	a	membrane,	

and	 these	 effects	 cannot	 be	 studied	 with	 detergent	

extracted	proteins	in	the	absence	of	a	membrane.	Time-

resolved	structural	studies	characterizing	the	response	of	

membrane	embedded	voltage-gated	channels	(and	the	

membrane)	to	changes	in	membrane	potential	will	be	

essential	in	establishing	the	mechanistic	details	of	this	

fundamental	event	in	cell	signaling		—	how	does	a	protein	

domain	move	through	the	membrane	to	create	an	all-or-

none	change	in	channel	conductance	without	compro-

mising	the	integrity	of	the	membrane?

3.9.4 Nanogeobiology

Recent	advances	in	microbiology	have	demonstrated	

that	micro-organisms	are	intimately	involved	in	the	trans-

formation	of	inorganic	minerals	at	or	near	the	surface	of	

the	Earth.25	Microbe-catalyzed	electron	transfer	(ET)	to	

metal	ions	in	these	minerals	lies	at	the	heart	of	many	of	

these	transformations,	which	are	performed	by	redox-

active	proteins	that	efficiently	transport	electrons	over	

long	distances	with	minimal	loss	of	free	energy.26		These	

redox	proteins	are	exquisitely	tuned	for	facile	ET	to	different	

solid-phase	electron	acceptors.	Understanding	the	natural	

diversity	and	impact	of	microbial	redox	proteins,	how	

microorganisms	have	shaped	the	Earth	over	geologic	

periods	and	how	they	continue	to	do	so,	is	a	basic	research	

goal	in	biogeochemistry.	Because	microorganism-mineral	

ET	processes	influence	the	distribution	and	mobility	of	

The	same	properties	that	enable	membrane	proteins	

to	function	in	this	heterogeneous	milieu	also	have	pro-

found	 consequences	 for	 their	 structural	 analysis.	

Reflecting	the	small	membrane	surface	area	to	cellular	

volume	ratio,	membrane	proteins	are	generally	present	in	

low	abundance,	and	extraction	from	the	membrane	typi-

cally	involves	the	use	of	detergents	to	solvate	the	hydro-

phobic	surfaces.	As	a	consequence,	the	most	detailed	

structural	information	on	membrane	proteins	is	typically	

in	their	detergent	extracted	state.18		While	detergents	have	

been	extremely	useful,	they	are	not	always	faithful	mim-

ics	of	the	membrane	bilayer	and	can	perturb	the	structure	

and	 dynamics	 of	 membrane	 proteins.	 New	 methods	

enabled	by	NGLS	X-ray	lasers,	that	provide	information	

on	the	structure	and	dynamics	of	membrane	protein	in	a	

native-like	bilayer	environment,	 including	proteolipo-

somes	or	supported	bilayers,	will	be	transformative.

This	interplay	between	dynamics	and	function	is	beau-

tifully	illustrated	by	ion	channels:	a	collection	of	integral	

membrane	proteins	 that	mediate	 the	 transmembrane	

passage	of	ions	in	their	energetically	favored	direction.19	

Ion	channels	are	key	elements	of	signaling	and	sensing	

pathways,	 including	 nerve	 cell	 conduction,	 hormone	

response,	 and	 mechanosensation.	The	 characteristic	

properties	of	ion	channels	reflect	their	conductance,	ion	

selectivity,	and	gating.	Ion	channels	are	often	specific	for	

a	particular	type	of	ion	(such	as	potassium20	or	chloride21)	

or	a	class	of	ions	(such	as	anions)	and	are	typically	regu-

lated	by	conformational	switching	of	the	protein	structure	
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between	proteins	and	solids	is	to	understand	how	protein	

structure	and	conformational	dynamics	mediate	intrapro-

tein	and	interfacial	ET.	Because	of	the	dearth	of	computa-

tional	 and	 experimental	 tools,	 there	 is	 virtually	 no	

mechanistic	information	on	interfacial	ET.

Multi-heme	c-type	cytochromes	expressed	by	Fe(III)-

reducing	bacteria	(Geobacter	spp.,	Shewanella oneiden-

sis)	 are	 among	 the	 best-characterized	 redox-active	

microbial	proteins	that	interact	with	minerals	and	soluble	

metal	ions.29	Physiological	studies	of	these	bacteria	have	

identified	 a	 number	 of	 outer	 membrane	 multi-heme	

c-type	cytochromes	that	interact	with	mineral	surfaces.	

OmcA	 and	 MtrC,	 decaheme	 c-type	 cytochromes	

expressed	by	S. onedensis,	have	been	shown	to	bind	to	a	

hematite	surface,	and	rates	of	electron	transfer	to	the	

mineral	 surface	 have	 been	 measured.30	 However	 no	

high-resolution	 structure	 of	 MtrC	 or	 related	 proteins	

exists	 to	 rationalize	 the	pathway	of	electron	 transfer.	

Consequently,	the	detailed	mechanisms	of	ET	are	often	

derived	from	model	studies	on	simpler	redox-active	pro-

teins	that	are	easier	to	handle	and	for	which	crystallo-

graphic	structures	can	be	obtained31	(Figure	59).	Such	

model	systems	cannot	address	structure	—	activity	rela-

tionships	in	relevant	systems.	For	example,	it	is	known	

that	subtle	changes	in	the	axial	coordination	geometry	of	

the	Fe	center	in	the	heme	group,	caused	by	amino	acids	

substitutions	remote	 from	the	axial	heme	amino	acid	

ligands,	may	exert	significant	changes	in	the	redox	prop-

erties	and	rates	of	electron	transfer.32

A	major	contribution	to	our	understanding	of	these	

complex	nanogeobiological	systems	will	be	new	meth-

ods,	enabled	by	NGLS	X-ray	 lasers,	 to	determine	 the	

structure	of	environmentally	and	technologically	impor-

tant	 electron	 transfer	 proteins,	 including	 multi-heme	

contaminants,	and	the	carbon	cycle,	understanding	them	

is	crucial	for	safeguarding	our	natural	environment.

Moreover,	there	is	an	enormous	potential	for	harness-

ing	ET	proteins	for	myriad	biotechnologies.	Biological	

engineers	at	LBNL	have	recently	used	these	naturally-

occurring	proteins	to	relay	electronic	signals	from	living	

systems	to	synthetic	inorganic	materials.27	By	elucidating	

the	principles	underlying	protein-inorganic	ET,	this	effort	

will	 specifically	 contribute	 to	 one	 of	 the	 DOE	 Grand	

Challenges:	“to	tap	the	existing	world	of	biological	nano-

technology	by	constructing	molecular	level,	functional	

interfaces	between	living	systems	and	synthetic	soft-mat-

ter	and	solid-state	technology.”28	The	most	significant	

challenge	for	understanding	and	directing	electron	flow	

Figure	59		Soluble tetraheme c-type cytochrome used as model for 
electron transfer at a protein-mineral interface.31
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Figure	60	 Schematic representation of optical pump-probe experiment with sensitizer-protein-acceptor bioconjugate.
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low resolution electron microscopy images. The dynamic 

imaging capabilities of NGLS X-ray lasers present 

unprecedented opportunities to characterize whole func-

tional carboxysomes; observe dynamic structural changes 

during catalysis; understand the cellular context in which 

carboxysomes assemble; and track changes in carboxy-

some structure in response to environmental changes.

Carboxysomes may be viewed as complex CO2 fixa-

tion machines that self-assemble into an architecture that 

is reminiscent of icosahedral viral capsids. The carboxy-

some shell is composed of thousands of copies of hexa-

meric shell proteins that tile to form the facets of the 

shell.36,37 A second protein forms pentamers; 12 of these 

provide the “defects” necessary to close a hexagonal 

layer into an icosahedral shell38 (Figure 61c). Packaged 

within the carboxysome shell are approximately 250 cop-

ies of L8S8 RubisCO,34 a highly abundant but inefficient 

enzyme that utilizes Ribulose 1,5-bisphosphate (RuBP) as 

a substrate to convert CO2 into 3-phosphoglycerate, the 

key step in the Calvin cycle39 (Figure 61d). Also contained 

within the carboxysomes are approximately 80 copies of 

a carbonic anhydrase (CA) which converts bicarbonate 

into CO2.36  The encapsulation of RubisCO with CA inside 

of the carboxysomes enhances CO2 fixation by elevating 

the local CO2 concentration around RubisCO and mini-

mizing the competing reaction of RubisCO with oxygen. 

Because carboxysomes are found in all cyanobacteria 

and many chemoautotrophic bacteria, they are a key 

component of the global carbon cycle.

New time-resolved X-ray imaging techniques are 

required for a full understanding of the structure and  

catalytic dynamics of CO2 fixation by the carboxysome. 

For example, structural data at nanometer resolution for 

a single carboxysome will reveal how RubisCO and  

c-type cytochromes such as OmcA. Dynamic pump-probe 

studies that visualize the structural changes that occur on 

the timescales of intraprotein and interfacial ET are 

essential.

Experiments that can visualize the structural dynamics 

of the protein-inorganic material interface before and 

during intermolecular electron transfer will vastly expand 

our understanding of ET. To determine how the kinetics 

and pathways of electron transfer are altered by associa-

tion with a mineral surface, the sensitizer-protein biocon-

jugate could be complexed to a polyoxometallate cluster, 

which can serve as a model for a metal oxide mineral 

(Figure 60). These kinds of studies will provide the first-

ever systematic understanding of the structure and kinet-

ics of interfacial ET. We envision that this fundamental 

science will enable rational engineering of the redox pro-

tein / crystal interface, and in turn have significant applica-

tions in biosynthesis, bioenergy, and biosensing.

3.9.5� Carboxysomes

Carboxysomes are self-assembling proteinaceous organ-

elles that play a key role in bacterial CO2 fixation (Figure 

61). They range in size from approximately 90-170 nm in 

diameter and in mass from 100-350 MDa33-35 and encap-

sulate hundreds of copies of two key enzymes of CO2 fix-

ation: RubisCO and Carbonic Anhydrase (CA) (Figure 61c 

and d).34,36 Given the urgent global need to reduce CO2 

emissions and develop CO2 sequestration technologies, 

there is great interest in understanding carboxysomes 

and in utilizing these organelles to enhance CO2 capture 

and fixation rates in bio-engineering applications. Thus far, 

structural information about the carboxysomes has been 

limited to structures of isolated component proteins or 
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Figure	61	�(A�and�B)�Transmission�electron�micrographs�of�carboxysomes�in�a�dividing�cyanobacteria�(A)�and�single�carboxysome�(B)�Scale�
bars,�50nm�(Figures�from�Reference�37)�(C)�Predicted�model�of�a�whole�carboxysome.�RubisCO�(green),�Carbonic�Anhydrase�(red),�single�
domain�hexameric�shell�proteins�(dark�blue)�tandem�domain�shell�proteins�(light�blue)�and�pentameric�shell�proteins�(yellow)�(D).�Schematic�
of�CO2�fixation�reactions�inside�the�carboxysome.�CA,�carbonic�anhydrase;�PGA,�phosphoglycerate;�RuBP,�ribulose�bis-phosphate.
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events during neurotransmission are highly regulated 

and subject to stimulated changes.41 In the presynaptic 

terminal, these changes modulate the releasable pool 

and the release probability of synaptic vesicles. The 

molecular components involved in neurotransmitter 

release interact in a hierarchical fashion: Some compo-

nents have mutual pairwise interactions, some compo-

nents have interactions that are restricted to adjacent 

partners, and some components or groups of compo-

nents are spatially separated by compartments. In addi-

tion, some of the interactions are sequential. This 

complexity allows the neuron to create multiple regula-

tory mechanisms for neurotransmitter release.

Brunger and colleagues have applied a combination of 

structural and biophysical studies to understand the 

molecular basis for neurotransmitter release. Structural 

information about complexes between the individual 

molecular components has been obtained by X-ray crys-

tallography,42 NMR,43 and electron microscopy44 methods. 

This information has provided the framework for investi-

gations targeted at the functional and dynamic aspects of 

the system, using single-molecule fluorescence micros-

copy techniques.45-47 The experimental studies have then 

been used to guide computational simulations designed 

to capture intermediate conformations in fusion, other-

wise inaccessible experimentally.48

Despite this wealth of experimental and computational 

information the detailed interactions between this complex 

machinery is still not understood in the context of the cell. 

Therefore, a complete understanding of the fusion process 

requires the visualization of membranes fusing in the 

presence of the driving proteins in the cell. Cellular imaging 

methods that can focus into similar regions of cells from 

many snapshots are needed to capture this process and 

describe the conformational changes involved. The capa-

bilities of NGLS will make it possible to image entire syn-

aptic vesicles, synaptosomes (synaptic vesicles docked to 

plasma membrane fragments), and of the minimal fusion 

machinery that exhibits calcium-triggered complete fusion 

activity with fast kinetics in an in vitro system recently 

developed by Brunger and colleagues. Of key importance 

will be the ability to collect billions of images of fusing 

cells and “zoom in” on topologically similar regions in 

order to generate a consensus image and the conforma-

tional variability around this average (see Section 4.1.2).

CA pack together inside a functional carboxysome to 

mediate substrate and product channeling. Docking 

atomic level structures of RubisCO, CA and shell proteins 

into a nanometer scale resolution map of the whole car-

boxysome will provide a detailed view of how RubisCO 

and CA are arranged for CO2 fixation, and how they interact 

with the protein shell. We also anticipate that the internal 

structure of the carboxysome may change with available 

light, the metabolic state of the cell or the state of biogene-

sis; a powerful result of single particle imaging will be the 

ability to compare reconstructions of carboxysomes from 

many cells, or cells grown under different environmental 

conditions. This will make it possible to characterize con-

served and heterogeneous features of carboxysome 

structure and to identify structural changes that occur in 

response to changing environmental conditions. 

Nanometer resolution structures of carboxysomes will also 

provide an initial foundation to understand how the struc-

tures of carboxysome proteins change during catalysis.

Moving to the cellular level, how are these organelles 

integrated into the metabolic and regulatory processes of 

the cell and which structural elements in the cell help pro-

mote and stabilize their assembly?  This is particularly rel-

evant for bioengineering experiments because 

understanding macromolecular self-assembly is one of 

the frontiers of synthetic biology. Knowing how carboxy-

somes self-assemble and identifying associated cellular 

changes that enhance assembly will guide experiments 

to reconstruct or even improve these CO2 fixation 

machines in vitro. Studying cells growing under different 

environmental conditions using experimental techniques 

that do not require subsequent freezing or fixation could 

also led to significant advances in understanding the bio-

logical conditions that lead to carboxysome assembly. 

Given their regular architecture and intermediate size 

between whole cells and single particles, carboxysomes 

offer an ideal system for developing organelle and cellular 

imaging methods that could later be applied to more 

complex or designed systems for encapsulating other 

metabolic processes in carboxysome shells.

3.9.6� Membrane�Fusion

The protein-mediated fusion of lipidic membranes is a 

critical process in biology.40  The pre- and postsynaptic 
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X-ray	FEL	based	diffraction	or	scattering	experiments	

on	isolated	molecules,	complexes	or	whole	cells	therefore	

must	rely	on	the	use	of	ultrashort	X-ray	pulses	that	are	able	

to	overcome	the	damage	limit.	In	the	last	ten	years	theo-

retical	calculations	have	indicated	that	ultrashort	pulses	

could	be	successfully	used	to	obtain	diffraction	patterns	

before	radiation	damage	destroys	the	sample	(“diffract	

and	destroy”).54,55	Recent	experiments	at	FLASH	and	

LCLS	using	pulses	in	the	10	to	100	fs	range	appear	to	con-

firm	 this	 theory	 for	 macromolecular	 nanocrystals		

(J.	Spence,	unpublished).	Imaging	of	biological	samples	

at	NGLS	will	rely	on	its	ability	to	generate	extremely	short	

X-ray	pulses	in	the	femtosecond	regime	at	MHz	rate.	

Beamlines for Imaging Biological Dynamics 
and Function

Biological	imaging	research	will	rely	on	“diffract	and	

destroy”	methods	using	the	3rd	and	5th	harmonics	with	

the	highest	flux	per	pulse	on	the	seeded	NGLS	beamline	1	

at	100	kHz	repetition	rates,	and	on	the	un-seeded	SASE	

beamline	3,	at	MHz	repetition	rates	(as	high-speed	detec-

tors	allow)	as	described	in	Section	5	and	6.6.	Choice	of	

wavelength	will	be	determined	by	balancing	the	scatter-

ing	efficiency	and	the	required	resolution	for	particular	

samples.	A	key	component	of	these	experiments	will	be	a	

high-speed	particle	injector	synchronized	to	the	CW	SCRF	

linac	(see	Section	4.1.3),	provide	for	sample	replacement	

on	a	pulse-by-pulse	basis.
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3.9.7  Radiation Damage in Biological 
Imaging

One	of	the	most	serious	problems	encountered	in	the	

imaging	of	biological	samples	is	the	damage	generated	by	

the	incident	X-rays	or	electrons.49	Strongly	ionizing	radia-

tion	generates	primary	and	secondary	chemical	damage	to	

macromolecules	resulting	in	broken	chemical	bonds.	In	

the	context	of	macromolecular	crystallography	this	phe-

nomenon	has	been	the	subject	of	several	studies	 (see	

Reference	50	for	a	review),	leading	to	estimates	of	maxi-

mum	X-ray	dose	for	macromolecular	crystals.51	Practical	

measures	have	been	developed	to	mitigate	the	effects	of	

damage,	most	notably	the	use	of	cryo-cooling	to	dramati-

cally	reduce	the	rate	of	diffusion	of	damaging	free	radicals	

throughout	the	crystal.52	More	recently	researchers	have	

used	microbeams	to	illuminate	only	very	small	regions	of	

the	crystal	in	order	to	limit	the	region	damaged.53	However,	

ultimately	damage	is	inescapable	and	proportional	to	the	

number	of	incident	photons.	

a

b

Figure	62		Figure 62.  Model of Ca2+-triggered vesicle fusion by 
SNAREs and synaptotagmins.  (A) Membrane stalk induced by 
SNARE complex formation prior to Ca2+ arrival between a synaptic 
vesicle (top membrane) and the plasma membrane (bottom mem-
brane).  Syntaxin, red; synaptobrevin, blue; SNAP25, green; com-
plexin, yellow; synaptotagmin 1, magenta; phospholipids, gray car-
toons; cholesterol, cyan.  (B) Fusion pore after Ca2+ (yellow 
spheres) binding to synaptotagmin 1.  Upon Ca2+ influx, the synap-
totagmin 1 Ca2+ binding loops coordinate Ca2+ with anionic phos-
pholipids, penetrating the lipid headgroup region.  Simultaneously, 
the SNARE complex fully zippers by an unknown mechanism, likely 
involving complexin as well. (From Reference 47)
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New techniques enabled by NGLS4

reveal	a	wealth	of	additional	structural	information,	con-

tained	in	fluctuations	about	the	mean	SAXS	signal	(i.e.	

modulations	in	the	nominally	radially-symmetric	SAXS	

signal),	that	cannot	be	obtained	by	conventional	tech-

niques.	Unlike	SAXS	/	WAXS,	which	projects	three	dimen-

sions	onto	one,	the	snapshot	“WAX”	patterns	from	NGLS	

will	show	two-dimensional	variation,	and	so	project	three	

dimensions	onto	two,	providing	much	more	information.

The	powerful	approach	described	above,	is	known	as	

“fluctuation	X-ray	scattering”	(fXS)	and	was	originally	

proposed	by	Kam	thirty	years	ago.3,4		To	date,	this	method	

has	been	considered	intractable	—	not	due	to	the	speed	of	

the	pulse	per	se,	nor	the	difficulty	of	the	analysis,	but	the	

requirement	of	measuring	at	least	one	scattered	X-ray	per	

particle	per	snapshot,	within	a	rotational	diffusion	time.	A	

recent	experimental	test5	at	the	Advanced	Light	Source,	

using	a	fixed	distribution	of	gold	nano-rods	as	a	model	

two-dimensional	 system	 has	 shown	 that	 an	 ab-initio	

reconstruction	is	possible	without	relying	on	any	of	the	

modeling	assumptions	normally	required	for	the	analysis	

of	SAXS	data.	However,	the	model	experiment	using	TMV	

(which	is	still	a	highly	favorable	case)	in	water	at	room-

temperature	is	still	unfeasible	on	existing	storage	rings.	

The	capabilities	of	NGLS	X-ray	lasers	will	finally	enable	this	

powerful	fXS	approach	for	determining	3D	structures	of	

macromolecules	in	their	native	environments.

Theory: The	resurgence	of	interest	in	Kam’s	correlation	

averaging	approach	has	not	happened	in	a	vacuum.	The	

long-planned	single	molecule	diffraction	(SMD)	method	

(diffract	 and	 destroy)	 poses	 significant	 data	 analysis	

4.1.1  Fluctuation SAXS — Molecular 
Structures in Native Environments

Understanding	biological	processes	at	a	cellular	level	

requires	detailed	knowledge	of	the	structure	and	dynam-

ics	of	large	macromolecular	machines.	We	presently	lack	

the	necessary	tools	for	dynamic	imaging	of	such	biologi-

cal	machines	—	in	operation,	in	native	environments,	and	

at	the	nanoscale.	Small-angle	and	wide-angle	X-ray	scat-

tering	 (SAXS	/	WAXS)	 techniques1	 offer	 tremendous	

potential,	and	are	presently	being	used	to	great	advan-

tage	in	combination	with	crystallography.2	However,	the	

full	potential	of	these	scattering	techniques	remains	unre-

alized	because	the	required	exposure	times	at	present	

X-ray	sources	are	orders	of	magnitude	longer	than	the	

rotational	diffusion	times	of	the	sample	particles.	Thus	the	

scattering	data	are	spherically	averaged,	in	effect	project-

ing	the	three	dimensions	of	the	structure	onto	one	dimen-

sion.	The	 restricted	 information	 available	 from	 these	

one-dimensional	projections	is	insufficient	for	unambigu-

ous	structure	determination.

NGLS	X-ray	lasers	will	provide	the	first	capability	for	

high-quality	 SAXS	/	WAXS	 with	 exposure	 times	 much	

faster	than	rotational	diffusion	time	scales,	thereby	elimi-

nating	the	spherical	averaging	limitation	(e.g.	<140	ns	for	

a	test	sample	of	tobacco-mosaic	virus,	TMV,	size	~300	nm	

x	20	nm,	in	pure	room-temperature	water	—	rotational	

diffusion	times	will	be	ps-ns	for	smaller	macromolecules).	

The	high-speed	SAXS	/	WAXS	scattering	snap-shots	will	

4.1	 	Imaging	structure	and	function	in	heterogeneous	ensembles
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recorded of different areas and the autocorrelation 

around a single q ring was calculated for each pattern. The 

averaged autocorrelations “converged” toward the auto-

correlation of one particle. This derivation of a one-parti-

cle pattern from a measurement of an ensemble of 

particles is the essence of correlation averaging (Figure 

63). The final step consisted of phasing this data to recon-

struct a two-dimensional image of one typical gold rod. 

This work represents the first successful ab initio experi-

mental demonstration of the Kam fXS method, albeit in 

two dimensions.8,9

A more ambitious experiment was carried out by 

Howells et al.,10 at the TROÏKA hard X-ray beam line at the 

European Synchrotron Radiation Facility. This was an 

attempt at a full 3D fXS experiment but using highly vis-

cous solvents and low temperatures to slow the rotation 

of the particles. Goethite and TMV samples were used and 

correlations were recorded. Data analysis is in progress.

4.1.1.2	 What	Has	Been	Done?		Theory:

A full 2D theory was described and used successfully 

to reconstruct a set of simulated diffraction patterns of 

K-channel membrane protein molecules in a membrane, 

again with orientations random about one axis.5 The 

same theory was used to reconstruct the set of patterns 

from the gold rod samples in the experiment cited above. A 

3D theory, still using spatial correlation averaging, was also 

developed for the SMD experiment and used successfully 

to reconstruct the 3D image of a protein molecule.11

Recent theoretical developments show that ab-initio 

image reconstruction of three-dimensional objects (ran-

domly oriented) is possible from fXS data, using algo-

rithms developed for protein crystallography and 

coherent diffractive imaging. Furthermore, current algo-

rithms available for shape reconstruction from SAXS 

data can be extended to incorporate fXS data. Although 

the computational complexity of the problem is signifi-

cant, modern computational approaches, such as hard-

ware acceleration of specific time-consuming operations, 

are expected to eliminate the most significant computa-

tional bottlenecks.

In order to determine the structure of intermediate 

states during the reaction cycle of macromolecular 

problems that have been under study. The idea to use cor-

relation averaging in that case was rediscovered indepen-

dently by Saldin and coworkers.6 Indeed it may be that 

SMD data can only be reconstructed by correlation aver-

aging.7  The reconstruction in fXS requires the solution of 

two phase problems, one to get from the experimentally 

determined autocorrelation function to the 3D single-par-

ticle diffraction pattern and a second one to invert the dif-

fraction pattern to retrieve the 3D image (as in coherent 

diffraction imaging). However, in spite of this increase in 

activity, the latest round of publications has not included 

a solution of the full 3D reconstruction problem for a 

modern fXS experiment, even in simulations.

4.1.1.1	 What	Has	Been	Done?	Experiment:	

Good progress has been made on the two-dimension-

al analogue of fXS, in which identical particles lie in a 

plane differing only by rotation about an axis parallel to 

the X-ray beam. An fXS experiment has been done at the 

ALS in which 80-nm-long gold rods were dispersed on 

membranes, the rod orientations being random about 

one axis only. About a hundred diffraction patterns were 
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Figure	63	�The�upper�panel�shows�the�q�ring�autocorrelation�of�a�
single�snapshot�of�many�80�nm�cylinders�(dotted)�and�the�calculat-
ed�autocorrelation�of�a�single�cylinder.�The�lower�panel�shows�the�
effect�of�averaging�together�121�different�measured�snapshots�and�
again�the�calculated�autocorrelation�of�a�single�cylinder.�The�aver-
age�over�snapshots�converges�toward�the�single-particle�pattern.�
(Figure�from�Reference�8)
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• High average photon flux, and high flux / pulse: 

Number of scattering particles and scattering efficiency 

is limited. Proposed NGLS flux per pulse is compara-

ble to exposing roughly one second on state of the art 

SAXS beamlines, indicating that with sufficient data, 

high resolution 2D fXS patterns can be efficiently 

obtained. Scattering patterns from multiple expo-

sures can be summed together (with appropriate pro-

cessing of individual patterns).

• Coherence: A fully coherent beam provides significant 

simplifications in data analysis of mixtures and 

doesn’t impede analysis of samples with a single 

structural species.

The proposed parameters of NGLS X-ray lasers fit the 

above requirements. The optimal choice of energy for an 

fXS experiment will be determined by the nature of the 

problem investigated. The available energy ranges from 

hard X-rays (using harmonics) to the water window 

(wavelength approximately ~2 nm) allow for the imaging 

of relatively small systems such as enzymes (using hard 

X-rays) or very large systems such as viruses or large 

macromolecular assemblies, such as polysomes.

NGLS	Capabilities	for	fXS

• Fast X-ray pulses to exploit the “diffract and destroy” 

method for single molecules or ensembles.

• Samples can be in buffer in physiological conditions, 

without viscosity enhancers.

• Samples can be at room temperature, no need for 

cooling to slow the particle diffusion.

• Higher X-ray flux at NGLS means that fXS can be 

effectively applied to smaller and more symmmetric 

macromolecules.

• Can study time dependent or triggered processes in 3D.

• Can deal more effectively with heterogeneity (non-

identical particles).

• Resonant scattering (near edges) possible in principle.

• The amount of information provided by an fXS measure-

ment is roughly equivalent to knowing the 3D autocor-

relation of the unknown structure at SAXS resolution. 

This will be orders of magnitude more information 

than that provided by the spherically-averaged pat-

terns of standard SAXS, allowing one to determine 

many more parameters with higher accuracy.

machines, the theory of fXS can be extended following 

the lines of Andersson et al.,1,3  The latter work demon-

strates that a time resolved series of WAXS data from an 

evolving mixture of species, as observed in time resolved 

measurements, can be decomposed into curves of indi-

vidual species of (meta) stable intermediates (Figure 64). 

It can be shown that a similar technique can be applied to 

fXS data, enabling the investigation of time resolved 

structural changes of large macromolecular machines in 

near native environments.

4.1.1.3	 Experimental	Considerations	for	fXS

Source	Requirements:

• Ultrafast X-ray pulse durations: scattering patterns 

must be measured with X-ray exposures that are fast-

er than molecular rotational diffusion times (typically 

sub-picosecond under native conditions)
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Figure	64		Time�dependent�evolution�of�SAXS/WAXS�patterns�of�
CO-Myoglobin�dissociation�(a).�Numerical�analyses�of�these�pat-
terns�results�in�curves�of�individual�species�(b).12
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machines,	and	provide	unprecedented,	statistically	vali-

dated	access	to	the	operation	of	molecular	factories.

Radiation	damage	severely	limits	the	information	that	

can	be	obtained	from	a	single	copy	of	soft-matter	objects	

before	they	are	destroyed.	To	boost	the	weak	scattered	

signal,	current	structural	techniques	average	data	gath-

ered	from	many	objects	assumed	to	be	identical.	This	

includes	well-established	techniques	such	as	crystallog-

raphy	and	cryo-EM,15	as	well	as	“scatter-and-destroy”	

methods	recently	enabled	by	X-ray	FEL’s.7,16-19

There	is	mounting	evidence,	however,	that	structural	

variability	is	not	only	common	at	the	molecular	level,	but	

also	important	to	function,	and	that	in	soft-matter,	“struc-

ture”	is	neither	static,	nor	immutable.20-26	Understanding	

structural	variability	and	dynamics,	while	vital	for	con-

trolling	soft-matter	processes,	has	remained	elusive.

Molecular	machines,	such	as	enzymes,	undergo	—	

often	initiate	—	conformational	changes.	Snapshots	of	

molecular	machines	thus	necessarily	represent	ultralow-

signal	sightings	of	members	of	conformationally	hetero-

geneous	ensembles,	which	cannot	be	simply	averaged.	

Understanding	the	structure	and	dynamics	of	heteroge-

neous	ensembles	represents	a	key	frontier	in	soft-matter	

science.

The ability to collect and comprehend information 

from systems spanning a broad heterogeneity landscape 

is essential, if we are to control complex dynamic pro-

cesses for efficient energy conversion, carbon sequestra-

tion, and enzymatic reactions honed by nature over 

millennia.

4 .1 .2 .1  Accessing Dynamic, Heterogeneous Systems by 

Manifold Mapping

Random	snapshots	obtained	from	members	of	a	het-

erogeneous	ensemble	are	correlated	—	otherwise	there	

would	be	nothing	to	characterize	the	set.	In	the	absence	

of	noise,	these	correlations	force	the	snapshots	to	lie	on	a	

hypersurface	—	a	manifold	—	whose	dimensionality	is	

determined	by	the	number	of	degrees	of	freedom	avail-

able	to	the	system.	A	rotating	rigid	body	observed	in	far-

field	diffraction,	for	example,	has	three	(orientational)	

degrees	of	freedom,	and	thus	produces	a	three-dimen-

sional	manifold.19		The	additional	degrees	of	freedom	of	a	

dynamic,	non-rigid	system	give	rise	to	higher	dimensional	

manifolds27	(Figure	65).	Similarly,	the	reaction	coordi-

nates	of	an	ongoing	process	are	reflected	in	the	dimen-

sionality	of	the	data	manifold.27

Sample Environment and Data Aquisition .

Utilizing	a	liquid	water	mixing	jet13	running	in	a	single	

file	across	the	NGLS	beam,	combined	with	suitable	choices	

of	substrate,	protein	concentration,	jet	velocity	and	delay	

lines,	we	can	obtain	fXS	data	at	intermediate	time	points	

within	the	duty	cycle	of	a	macromolecular	machine	that	

can	span	from	sub-nanoseconds	to	seconds.	The	high	

repetition	rate	of	NGLS	will	allow	us	to	collect	hundreds	

of	thousands	of	patterns	at	suitably	chosen	time	points	

along	the	continuous	or	droplet	beam.	NGLS	will	operate	

in	the	“diffract-and-destroy”	mode,	in	order	to	avoid	any	

effects	of	radiation	damage	on	the	diffraction	patterns.14

Given	data	rates	associated	with	these	experiments,	

efficient	detector	technology	is	instrumental	to	the	suc-

cess	of	these	experiments.	An	exciting	possibility	is	the	

development	of	hardware	solutions	for	data	reduction	

(see	Section	6.6).	Obtaining	fXS	data	involves	the	compu-

tation	of	angular	correlations	of	the	scattering	patterns.	If	

this	essential	step	can	be	performed	on	the	detector	with	

dedicated	hardware	while	the	data	is	collected,	a	signifi-

cant	infrastructure	bottle	neck	is	resolved.	

4 .1 .1 .4 Outlook

The	fXS	technique	overlaps	with	single	molecule	dif-

fraction	studies	that	typically	provide	more	detailed	infor-

mation	than	the	ensemble-based	fXS	method.	Due	to	the	

underlying	experimental	design	of	an	fXS	experiment,	

the	technique	lends	itself	to	a	higher	level	of	automation.	

Assuming	a	conservative,	particle	injector	limited,	data	

acquisition	 rate	 of	 10	 kHz,	 10	 million	 images	 can	 be	

obtained	within	20	minutes,	sufficient	to	assemble	a	high	

resolution	fXS	dataset.	Given	the	high-throughput	nature	

of	the	experiment,	akin	to	industry	standard	protein	crys-

tallographic	data	acquisition,	automated,	high-through-

put	fXS	can	be	an	essential	tool	in	the	discovery	of	novel	

drugs	acting	on	membrane	proteins	or	other	large	mac-

romolecular	machines	not	amenable	for	routine	biophys-

ical	techniques	employed	in	structure	based	drug	design.

4.1.2  Giga-shot Imaging of Heterogeneous 
Ensembles with Manifold Mapping

NGLS	will	produce	~1010	diffraction	snapshots	per	day.	

Combined	with	advanced	manifold-based	analytical	tech-

niques,	this		will	elucidate	the	role	of	heterogeneity	in	bio-

logical	 systems,	 enable	 4D	 imaging	 of	 molecular	
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fundamental	underlying	symmetries.29		These	so-called	

isometries,	previously	associated	with	certain	models	of	

the	universe	in	general	relativity,36	directly	reveal	the	nat-

ural,	physically	meaningful	eigenfunctions	of	data	mani-

folds	 produced	 by	 scattering.	 Projection	 on	 these	

eigenfunctions	allows	superb	noise	discrimination,	while	

the	isometries	themselves	provide	a	“compass”	for	navi-

gation	on	the	manifold.	This	unprecedented	capability	

can	be	used	to	efficiently	identify	data	manifolds	in	the	

presence	of	overwhelming	noise,	and	extract	physically	

meaningful	information	from	them.

Manifolds swept out by random sightings of heteroge-

neous dynamic systems can be used to compile 4D maps 

(“3D movies”) of these systems. Key to this approach is 

the availability of a sufficient number of snapshots to 

define the manifold to the required granularity. The 

unique characteristics of NGLS, particularly the combina-

tion of high flux per pulse and its high repetition rate, are 

essential to this capability.	NGLS, combined with mani-

fold-based methods, offers unprecedented access to 

structural heterogeneity in complex dynamic systems.

4 .1 .2 .2  Conformational Heterogeneity and Dynamics: 

Molecular Machines

Molecular	machines	undergo	discrete	and	/	or	continu-

ous	conformational	excursions	and	induce	similar	changes	

in	the	substrate.21	Using	ultralow-signal	snapshots	with	

no	 orientational	 or	 timing	 information,	 these	 can	 be	

mapped	by	manifold-based	analytical	techniques.29

The	data	manifold	contains	the	entire	information	con-

tent	of	the	dataset.	Often,	this	manifold	must	be	deter-

mined	 in	 the	 presence	 of	 overwhelming	 noise.	

Noise-robust	manifold	mapping	algorithms	have	been	

demonstrated	 with	 simulated	 and	 experimental	 data	

down	to	~10-2	scattered	photons/pixel	in	the	presence	of	

background	scattering,	with	signals-to-noise	ratios	as	low	

as	~	-20	dB.19,26,29

Comprehending	the	information	content	of	the	dataset	

is	tantamount	to	being	able	to	“navigate	on	the	manifold”	

so	as	to	reach	any	desired	point.	For	example,	one	may	

wish	to	reconstruct	the	3D	structure	of	an	enzyme	at	a	

particular	point	 in	 its	conformational	 landscape.	A	3D	

model	is	equivalent	to	the	ability	to	produce	any	2D	pro-

jection	at	will.	On	the	data	manifold,	this	involves	navigat-

ing	from	a	certain	point	(a	given	conformation)	along	

directions	of	pure	orientational	change	on	the	manifold,	

and	 thus	 producing	 any	 desired	 2D	 projection	 of	 the	

given	conformation	(Figure	65).	Similarly,	one	may	wish	

to	extract	the	conformational	changes	observed	from	a	

certain	direction	—	equivalent	to	moving	along	the	mani-

fold	in	a	direction	of	pure	conformation	change.

Graph-theoretic	means	for	identifying	data	manifolds	

are	well-established,30-34	but	 it	has	proved	difficult	 to	

assign	physical	meaning	to	the	dimensions	of	so-called	

embedded	manifolds35	and	thus	purposefully	navigate	

on	them.	Recent	work	has	shown	that	data	manifolds	pro-

duced	by	any	scattering	process	—	elastic,	inelastic,	kine-

matic	(single)	or	dynamical	(multiple)	scattering	—	possess	
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1800 Figure	65	 Manifold traced out by simu-
lated diffraction snapshots of a molecule 
of adenylate kinase as it unfolds due to 
heating.27 Insets show the molecular 
structure at points on the manifold. 
Advanced analytical techniques offer a 
route to reconstructing the 3D structure 
of the molecule during it evolution — 
essentially a 3D movie of the unfolding 
process.29
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which	each	class	originated	identified.	This	is	equivalent	to	

attaching	an	address	label	to	each	class.	The	number	of	bits	

required	for	each	address	is	determined	by	the	size	of	the	

object,	the	number	of	distinguishable	states	accessible	to	

the	system,	and	the	resolution	of	the	method	of	observa-

tion.7,19,27,38		When	the	signal	is	so	low	that	the	informa-

tion	content	of	the	dataset	is	smaller	than	the	number	of	

bits	required	to	label	its	classes,	the	process	breaks	down.	

Down	to	this	very	low	limit,38	one	can	trade	total	accumu-

lated	snapshots	against	the	dose	per	pulse,	i.e.,	compen-

sate	 for	extremely	 low	scattered	signals	by	collecting	

more	snapshots.

The	practical	limit	is	set	by	the	number	of	snapshots	in	

the	collection,	which,	in	turn,	depends	on	the	source	repeti-

tion	and	/	or	detector	read-out	rates.	As	a	specific	example,	

recovering	the	structure	of	a	rigid	object	to	~1	nm	resolu-

tion	typically	requires	~104	snapshots.19	Distinguishing	

between	100	different	conformations	of	a	molecule	with	a	

single	conformational	degree	of	freedom	increases	the	

number	of	snapshots	to	~106	(Reference	27).	The	LCLS	

produces	~107	snapshots	per	day,	limiting	the	size,	com-

plexity,	and	resolution	to	which	the	conformations,	con-

figurations,	and	dynamics	of	a	system	can	be	studied.	

NGLS will be capable of generating more than  

1010 snapshots per day. Assuming a one-day experiment 

and 104 snapshots to recover the 3D structure of each 

configuration to ~1 nm resolution, one can study systems 

with ~106 conformational states. The largest number of 

conformational states mapped so far is ~ 50 (Reference 

21).	NGLS represents a spectacular advance in the study 

of molecular machines and processes at the nano-atto 

scale.

The	 projected	 capabilities	 outlined	 above	 must	 be	

compared	with	 those	expected	 from	alternative	 tech-

When	a	molecular	machine	possesses	discrete	confor-

mational	states,	such	as	the	closed	and	open	conforma-

tions	of	the	energy-relevant	enzyme	adenylate	kinase,	

simulations	show	that	suitable	algorithms	are	able	to	sort	

the	snapshots	into	two	different	manifolds	and	determine	

the	orientation	of	each	snapshot.	The	sorting	confidence	

can	be	extremely	high	(~8.5	σ)	even	at	very	low	signal	

(~4x10-2	scattered	photons	per	Shannon	pixel	in	the	pres-

ence	of	Poisson	noise)27	as	shown	in	Figure	65.	The	ability	

to	separate	discrete	conformations	with	high	confidence	

and	determine	the	orientation	from	which	each	snapshot	

emanates	is	an	indication	of	the	efficient	use	manifold-

based	approaches	make	of	the	information	content	of	the	

entire	dataset.

In	many	instances,	molecular	machines	undergo	con-

tinuous	conformational	changes,	sweeping	out	a	mani-

fold	with	dimensions	corresponding	to	orientational	and	

conformational	changes	(Figure	65).	Such	manifolds	are	

best	regarded	from	the	point	of	view	of	an	ant	crawling	

on	the	manifold,	with	a	compass	provided	by	the	symme-

tries	 underlying	 image	 formation	 by	 scattering.29	

Specifically,	the	isometries	hence	the	natural	eigenfunc-

tions	of	 the	scattering	manifold	allow	one	 to	 identify	

directions	corresponding	to	orientational	and	conforma-

tional	changes.	In	this	framework,	one	can	compile	4D	

maps	(3D	movies	in	time)	of	continuous	conformational	

changes	 in	 molecules	 and	 their	 assemblies.	 Such	

approaches	are	currently	being	used	to	map	conforma-

tions	of	molecular	machines	using	cryo-EM	images,21,26	

and	X-ray	FEL	diffraction	snapshots.26

The	fundamental	limit	to	this	approach	is	set	by	infor-

mation-theoretic	considerations.	At	the	conclusion	of	the	

analysis,	the	experimental	snapshots	have	been	“sorted”	

into	classes	(“bins”),	and	the	state	of	the	system	from	
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Figure	66		Manifold mapping separates snapshots 
from different conformations and determines the 
snapshot orientations within each set with no a  
priori knowledge. When a mixture of diffraction 
snapshots from the molecule adenylate kinase in its 
open and closed conformations is presented to noise-
robust versions of graph-theoretic techniques at sig-
nal levels corresponding to 0.04 ph/pixel at 0.18 nm, 
the snapshots are automatically sorted into different 
manifolds and their orientations determined.27 The 
8.5-σ separation between the two manifolds implies 
extreme fidelity in separating different conformations.
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tor	with	~109	pixels,	a	30x	increase	in	linear	dimensions	

compared	with	detectors	currently	in	use.	The	object	is	

first	reconstructed	into	83=512	voxels,	with	the	voxel	of	

interest	successively	subdivided	into	512	voxels.	Starting	

with	a	~10	μm	field	of	view,	four	levels	of	zoom	suffice	to	

reach	~1	nm	resolution	(Figure	67).	3D	reconstruction	at	

each	level	needs	only	~5x104	snapshots.

A	key	issue	concerns	the	number	of	topological	states	

available	to	such	complex	systems.	The	following	sum-

marizes	the	number	of	states	available	to	objects,	whose	

topologies	can	be	described	in	terms	of	graphs	of	order	8	

(graphs	with	8	nodes,	or	“anchor	points”).41,42		The	large	

number	of	topological	states	is	substantially	reduced	as	

soon	as	a	single	topological	class	(family	of	graphs)	is	

considered.	Representing	the	topology	of	the	region	of	

interest	at	each	level	of	zoom	as	a	graph	of	order	8	(i.e.,	

assuming	 that	 the	 topology	 of	 512	 voxels	 can	 be	

described	by	8	anchor	points)	 reduces	 the	number	of	

topological	states	to	be	explored	at	each	level	of	zoom	

from	~6x108	to	~2x105.		This	level	of	heterogeneity	can	be	

easily	explored	by	 the	~1010	snapshots	available.	The	

number	of	topological	states	explored	in	four	levels	of	

zoom,	however,	exceeds	Avogadro’s	number,	indicating	a	

too	permissive	estimate	of	 the	number	of	 topological	

states	to	be	considered	at	each	level.	In	practice,	it	may	be	

niques	when	NGLS	commences	operation.	There	is	no	

doubt	that	cryo-EM	will	continue	to	make	progress	in	

investigating	molecular	machines.	Cryo-EM	datasets	cur-

rently	span	~106	snapshots.	While	further	progress	is	pos-

sible	 in	 key	 steps	 such	 as	 sample	 preparation	 and	

microscope	operation,	it	is	presently	difficult	to	envisage	

increases	of	more	than	100x	in	the	size	of	cryo-EM	datas-

ets,	 which	 will	 still	 be	 100x	 smaller	 than	 capabilities	

offered	by	NGLS.	More	importantly,	it	has	not	been	pos-

sible	to	introduce	time	resolution	in	cryo-EM	other	than	

by	slowing	reactions	chemically.	

The high repetition rate and the time-resolved capabil-

ities of NGLS represent an inherent advantage in study-

ing dynamic systems on the nano-atto scale.

4 .1 .2 .3 Cellular Imaging

Topological heterogeneity: Molecular factories

Beyond	conformational	heterogeneity,	complex	sys-

tems	of	a	given	class	can	differ	in	configuration	and	in	the	

number	of	components	they	contain.	Molecular	factories,	

such	as	those	involved	in	carbon	sequestration	and	bio-

logical	cells	thus	display	conformational,	compositional,	

and	topological	heterogeneity.	

A	10	μm-diameter	object	contains	~1012	nanometer-

size	voxels.	3D	reconstruction	of	such	an	object	to	nano-

meter	 level	 is	 computationally	 intractable,	 and	

unnecessary.	In	practice,	one	begins	with	initial	scrutiny	

at	low	magnification,	successively	“zooming”	into	selected	

regions	of	interest.	Zooming	can	be	achieved	by	near-

field	diffraction,39	or	via	holography.40	Both	approaches,	

which	 have	 been	 demonstrated	 experimentally	 for	

X-rays,	encode	positional	information	in	the	snapshot.

The	 large	number	of	snapshots	provided	by	NGLS	

enable	a	decisive	advance.	Instead	of	relying	on	the	infor-

mation	from	a	single	object,	which	is	quickly	destroyed	

by	radiation	damage,	one	successively	intersects	each	of	

~1010	members	of	a	heterogeneous	ensemble	with	an	

intense	pulse.	Data	are	collected	before	onset	of	damage	

and	subsequent	sample	destruction.	As	outlined	below,	

manifold-based	approaches	allow	one	to	use	the	infor-

mation	content	of	the	dataset	from	the	entire	ensemble	to	

reconstruct	each	member	of	 the	ensemble,	providing	

unprecedented	and	statistically	validated	information	on	

such	heterogeneous	systems.

One	begins	by	recording	snapshots	with	sufficiently	

large	momentum	transfer	to	allow	reconstruction	to	~1	nm	

level.	For	a	~10	μm	diameter	object,	this	requires	a	detec-

y

Root cell
0 1 2 3 4 5 6 7

x z

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

0 1

131 1 1 1 1
0 1 2 3 4

130 1 1 1 0
130

z
y
x 1 1 1 0

7 7 7 7 4

2 3 4 5 6 7

Figure	67		Taming voxels by repeated “divide and conquer”. 
Reconstruct the macroscopic (e.g. 10 μmØ) object from the coher-
ent diffraction patterns, initially with 83=512 voxels. Zoom in to a 
single voxel, and then reconstruct again with 83=512 voxels (8x 
zoom) — repeat. Four zooms span from μm to nm scale.
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4.1.3  Diffract and Destroy at High  
Repetition Rates

An	 important	 consideration	 for	diffractive	 imaging	

applications	described	in	Sections	4.1.1	and	4.1.2	is	that	

they	will	rely	on	fundamentally	new	implementations	of	

the	“diffract	and	destroy”	method	 that	has	been	pio-

neered	at	FLASH	and	LCLS.	Both	fXS	and	billion-shot	dif-

fractive	imaging	deal	with	the	problem	of	random	sample	

orientation	in	new	ways	which	capitalize	on	the	capabili-

ties	of	NGLS	X-ray	lasers.	Both	of	these	approaches	rely	

on	sample	replacement	between	X-ray	shots,	with	the	

expectation	that	 the	sample	 is	damaged	or	destroyed	

each	time.	However,	the	X-ray	exposure	per	molecule		

is	 limited	 (distributed	 among	 many	 molecules	 either		

serially	in	the	single-molecule	case,	or	in	parallel	in	the	

fXS	case),	insuring	that	scattering	occurs	before	disrup-

tion	of	the	sample	structure.	Importantly,	the	high-repeti-

tion-rate	 of	 NGLS	 (and	 advanced	 computational	

algorithms19,27,29,37,44)	 are	 exploited	 to	 both	 address	

the	issue	of	random	sample	orientation,	and	to	provide	

sufficient	to	restrict	the	graph	order	to	a	lower	value,	per-

haps	as	low	as	five.	These	considerations	lead	to	the	view	

that	the	zoom	/	octal	search	approach	is	more	than	ade-

quate	 to	map	the	 topological	heterogeneity	 in	 typical	

objects	of	interest.

The	data	manifold	now	reflects	conformational	and	

configurational	 (“topological”)	 degrees	 of	 freedom	

(Figure	68).	Navigating	such	a	manifold	will	allow	one	to	

explore	the	conformational	and	configurational	space	

available	to	any	region	of	interest	in	a	molecular	factory.	

Specifically,	~1010	different	samples	of	a	given	region	can	

be	 investigated.	As	~104	snapshots	are	needed	for	3D	

reconstruction,	this	means	the	3D	structure	of	selected	

regions	from	~106	different	molecular	factories	can	be	

explored.

Cryo-EM	and	traditional	X-ray	tomography	are	alterna-

tive	techniques	for	studying	molecular	factories.	Cryo-EM	

requires	thin	sections	because	of	strong	multiple	scattering	

of	electrons	in	micron-thick	objects.	X-ray	tomography	is	

limited	by	radiation	damage.43		The	weak	scattering	of	

X-rays,	the	possibility	to	collect	information	before	onset	

of	radiation	damage,18	and	the	ability	to	explore	a	large	

number	of	heterogeneous	objects	make	NGLS	an	unri-

valed	instrument	for	investigating	molecular	factories.	

Giga-shot digital cellular microscopy with NGLS offers an 

unprecedented capability to reconstruct selected regions of 

a large number of objects with orientational, conforma-

tional, and configurational degrees of freedom, providing 

a route to statistically validated examination of molecular 

factories beyond the limits set by radiation damage.

V

Figure	68		The manifold (in multi-dimensional data space) repre-
sents the information from the entire ensemble of ~1010 particles, 
spanning all orientations, conformations and configurations 
(topologies). To reconstruct the 3D structure of all conformations 
and configurations, one zooms in to a region of interest. 
Navigating along the manifold corresponding to the selected 
region allows one to image all such regions sampled during the 
experiment, and thus reach statistically validated conclusions on 
heterogeneous systems.

Figure	69		Hydrated bio-particle jet for interaction with the FEL 
beam. The jet provides a controlled chemical environment, e.g. for 
living cells or membrane proteins. A coaxial high-pressure gas 
sheath focuses the entrained liquid from a nozzle large enough to 
avoid clogging. The concentration of the particles is arranged to 
ensure 100% hit rate — with each FEL pulse strikes one particle, 
or several particles in the case of fXS. (From DePonte et al.13) 
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unprecedented	new	information	on	sample	heterogene-

ity.27	This	is	in	contrast	to	single-molecule	“diffract	and	

destroy”	as	originally	proposed,17,18	in	which	the	orienta-

tion	of	the	sample	must	be	determined	on	a	shot-by-shot	

basis	(setting	a	lower	limit	on	the	required	flux	per	pulse),	

while	at	the	same	time	trying	to	avoid	disrupting	the	molec-

ular	structure	during	the	pulse	duration	(setting	a	strict	

upper	limit	on	the	flux	per	pulse	and/or	pulse	duration).

Diffractive	imaging	studies	at	NGLS	will	exploit	the	tre-

mendous	advances	in	experimental	capabilities	that	have	

been	brough	about	by	first-generation	X-ray	FELs.	In	par-

ticular,	as	shown	in	Figure	69,	Doak	and	Spence	et	al.,	

have	developed	a	liquid	“aerojet”	injector	for	generating	

a	1	MHz	stream	of	~1	micron	size	liquid	droplets	at	veloci-

ties	of	~10m/s.13		This	has	been	successfully	demonstrat-

ed	 in	 initial	 experiments	 at	 LCLS	 (using	 protein	

nano-crystals	in	solution).	The	temporal	stability	and	uni-

form	pulse	spacing	derived	from	NGLS	superconducting	

linac	operating	in	CW	mode	will	be	essential	for	synchro-

nization	with	future	high-speed	aerojet	injectors.
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and	parallel	work	in	visible	light	optics	by	Jim	Feinup2	in	

phase	reconstruction	algorithms,	the	first	practical	dem-

onstration	of	reconstruction,	applied	to	a	nano-fabricated	

2D	pattern	of	gold	dots,	was	made	just	over	a	decade	

ago.3		The	subject	of	lensless	imaging	has	developed	rap-

idly	over	the	last	ten	years	and	a	review	of	the	current	

state	of	the	art	has	recently	been	published.4	

The	original	form	of	coherent	X-ray	diffraction	micros-

copy	has	been	applied	to	many	systems,	and	here	we	

illustrate	the	technique	with	application	to	imaging	a	tan-

talum	 oxide	 nanofoam.5	The	 general	 arrangement	 is	

shown	in	Figure	70.	The	sample	is	placed	on	a	thin	trans-

mitting	 membrane	 and	 monochromatic	 transversely	

coherent	X-rays	diffract	from	the	sample	and	the	result-

ing	diffraction	pattern	is	recorded	on	a	CCD	camera.	The	

real	experimental	situiation	is	more	complex	as	the	direct	

unscattered	radiation	has	to	be	blocked	with	a	stop	and	

usually	multiple	exposures	have	to	be	taken	at	different	

intensity	levels	to	extend	the	dynamic	range	of	the	detec-

tor	to	cover	the	full	range	necessary,	ie.	from	the	intense	

low	q	to	weak	high	q	ranges.	

Compared	 to	 lens-based	 transmission	 microscopy	

such	as	TXM,	the	technique	eliminates	the	low	efficiency	

of	a	projector	zone	plate	and	is	not	limited	in	resolution	

by	the	characteristic	of	an	X-ray	lens.	Furthermore,	unlike	

a	lens-based	system,	there	is	no	intrinsic	limit	on	resolu-

tion	set	by	depth	of	field	in	3D	imaging.	Having	obtained	

the	diffraction	pattern,	inversion	to	real	space	is	accom-

plished	based	on	an	iterative	phase	reconstruction	method,	

which	uses	as	a	constraint	some	knowledge	of	the	object,	

such	as	its	physical	extent.	This	support	function	in	the	

reconstruction	can	be	set	by	physical	prior	knowledge	or	

dynamically	during	reconstruction	from	a	thresholded	

autocorrelation.6		These	techniques	were	applied	in	the	

case	of	the	nanofoam	example	given	above	for	a	range	of	

sample	rotation	angles,	to	accomplish	a	full	3D	recon-

struction.	A	rendering	of	the	3D	reconstruction	and	a	local	

region	of	the	sample	are	shown	in	Figure	71.	The	resolu-

tion	in	the	structure	shown	extends	to	around	15	nm.

This	form	of	diffraction	microscopy	suffers	from	sev-

eral	problems,	the	most	severe	being	that	the	object	must	

be	isolated.	To	avoid	this	issue,	a	new	form	of	lensless	

microscopy,	ptychography,	has	recently	been	developed.7	

A	definining	characteristic	of	NGLS	is	the	combination	

of	high	peak	power	and	high	average	coherent	X-ray	

power.	These	features	will	dramatically	advance	many	

forms	of	X-ray	imaging	over	that	possible	with	conven-

tional	3rd	generation	synchrotron	sources.	Here	we	out-

line	 two	 general	 areas:	 first,	 diffractive	 imaging	 of	

structures	 at	 the	 nanoscale;	 and	 second,	 continuous	

imaging	 of	 chemically	 evolving	 systems	 at	 the	 mac-

roscale.	Many	other	advances	between	these	extremes	

will	also	be	enabled	by	NGLS.

4.2.1 Chemically Specific Nanoscale Imaging 

NGLS	will	provide	approximately	five	orders	of	magni-

tude	higher	average	brightness	and	10	orders	of	magntitude	

higher	peak	bringhtness	than	a	3rd	generation	undulator	

sources	of	synchrotron	radiation.	This	will	enable	a	new	

generation	of	nanoscale	imaging	based	on	the	enormous	

increase	in	coherent	power	we	will	have	available.	

High	resolution	X-ray	imaging	was	until	recently	based	

on	zone	plate	optics,	either	 in	Scanning	Transmission	

X-ray	 Microscopes	 (STXM)	 or	 in	Transmission	 X-ray	

Microscopes	(TXM).	Forms	of	these	types	of	microscopes	

most	likely	will	be	used	at	the	NGLS	depending	on	their	

match	to	particular	experimental	needs.	For	example	the	

STXM	has	many	unique	features	—	such	as	the	ability	to	

use	 fluorescence	 detection,	 valuable	 in	 speciation	 of	

dilute	 components	 using	 fluorescence	 NEXAFS.	

However,	one	of	the	most	exciting	prospects	is	the	use	of	

lensless	forms	of	imaging,	based	on	collection	and	inver-

sion	of	coherent	diffraction	patterns.	From	the	pioneering	

work	of	David	Sayre,	who	first	recognzied	the	possibility	

for	phasing	diffraction	patterns	of	continuous	objects,1	

Figure	70		Geometry for coherent X-ray diffractive imaging. (From 
Barty et al.5)

4.2		 	X-ray	Imaging:	From	High	Resolution	to	High	Speed
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4.2.2   Cinematic Chemically Specific 
Macroscale Imaging 

A	parallel	development	enabled	by	the	very	high	aver-

age	power	of	NGLS	is	to	perform	3D	imaging	with	chemi-

cal	specificity	over	a	range	of	object	sizes	typically	up	to	

the	macroscopic	size	scale	of	mm,	with	continuous	obser-

vation	of	a	chemical	or	structural	process.	Applications	

range	 from	 analysis	 of	 combustion	 chemistry	 (as	

described	in	Section	3.3),	applied	to	fuel	jets	and	flames,	

analysis	of	flow	through	porous	media	to	polymer	pro-

cessing.	The	distinguishing	challenge	in	this	area	is	that	

the	object	is	reactive,	and	is	constantly	changing	in	3D,	

i.e.	chemical	reactions	are	taking	place	throughout	a	vol-

ume.		Here	we	describe	two	methods	for	attacking	this	

problem	 using	 relatively	 conventional	 tomographic	

methods,	combined	with	the	chemical	sensitivity	afford-

ed	by	X-ray	absorption	and	fluorescence,	and	the	unprec-

edented	average	brightness	available	from	NGLS.

	 X-ray	3D	imaging	is	normally	achieved	through	

projection	methods,	where	in	the	simplest	form,	direct	

transmission	of	a	beam	is	imaged	onto	an	X-ray	sensitive	

detector,	and	different	views	are	achieved	by	simple	rota-

tion	of	the	object	about	one	axis.	For	dynamically	evolving	

objects,	one	normally	cannot	use	this	same	method,	due	

to	the	problem	of	covering	an	adequate	number	of	views	

in	a	time	short	compared	to	the	characteristic	timescale	

for	the	evolution	of	the	dynamic	process.	In	optical	imag-

ing,	the	problem	has	been	solved	in	a	variety	of	ways,	for	

example	confocal	imaging,	two-photon	confocal,	struc-

tured	illumination	imaging,	but	all	these	methods	rely	in	

some	way	on	very	high	numerical	aperture	optics	that	

unfortunately	are	not	available	in	the	X-ray	domain.

	The	 simplest	 method	 of	 fixed	 object	 tomographic	

imaging	is	shown	schematically	in	Figure	72.	In	this	meth-

od,	light	is	collimated	into	a	thin	sheet.	It	intersects	with	

the	object	and	light	is	generated	by	scattering	or	fluores-

cence	in	a	2D	plane.	This	plane	is	then	imaged	onto	a	2D	

detector.	The	sheet	is	then	scanned	through	the	object	in	

a	direction	perpendicular	to	the	sheet.	The	optical	equiva-

lent	of	 this	 is	well	 known	as	Selective	Plane	 Imaging	

Microscopy	(SPIM).11-13	 In	this	case	the	 imaging	optic	

(imaging	the	fluorescence	onto	the	detector)	is	simply	a	

high	NA	lens,	and	the	detector	 is	a	CCD.	 It	has	major	

advantages	over	conventional	 laser-scanned	confocal	

microscopy	in	that	it	is	fast,	and	can	be	used	to	optically	

section	very	thick	objects.	Dynamic	imaging	with	X-rays	

In	this	case,	a	probe	beam	is	formed	into	a	relatively	large	

spot	by	an	aperture	or	zone	plate	lens,	and	scanned	in	

overlapping	regions	across	a	sample	so	that	at	each	point	

a	diffraction	pattern	is	collected.	

The	overlap	turns	out	 to	give	a	powerful	new	con-

straint	 in	 the	 iterative	phase	 reconstruction,	with	 the	

practical	result	that	uniqueness	is	guaranteed,	conver-

gence	can	be	thousands	of	times	faster	than	conventional	

diffraction	 microscopy,	 and	 extended	 objects	 can	 be	

imaged.	The	original	demonstration	by	Rodenburg	and	

colleagues7	has	been	refined	to	include	an	intermediate	

step	in	the	iterative	reconstruction	that	determines	the	

probe	beam	distribution	and	further	 improves	resolu-

tion.8	Like	conventional	X-ray	diffraction	microscopy,	this	

more	refined	version	has	recently	been	developed	into	a	

3D	imaging	method,	by	addition	of	sample	rotation	so	

that	tomographic	datasets	can	be	recorded	and	recon-

structed.9

Diffraction	microscopy	as	described	above	 is	 in	 its	

infancy,	but	has	already	shown	that	it	has	revolutionary	

advantages	 over	 conventional	 X-ray	 microscopy.	

However	one	of	the	main	limitations	of	all	X-ray	micros-

copy	with	current	3rd	generation	sources	is	the	limited	

spatially	coherent	flux.	This	is	combined	with	the	fact	that	

the	required	flux	scales	as	the	inverse	of	the	4th	power	of	

the	 resolution.10	This	 makes	 high	 resolution	 imaging	

techniques	slow	and	sets	a	practical	limit	of	around	10	nm	

for	most	imaging	methods.	The	enormous	average	coher-

ent	flux	advantages	of	the	NGLS	means	that	we	will	be	

able	to	obtain	resolution	close	to	the	fundamental	limit	

set	by	the	wavelength.	In	addition,	the	huge	increase	in	

peak	coherent	flux	opens	up	many	of	these	methods	in	

imaging	dynamic	processes	at	the	nanoscale.

Figure	71	 Reconstruction of a tantalum oxide nanofoam material; 
the left panelshows a rendering of the whole 3 micron object and 
the right panel shows a 0.5 μm segment of the structure. (From 
Barty et. al.5)
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bon,	nitrogen	and	oxygen	K-edge	regions,	state	of	the	art	

multilayer	coated	mirrors	now	achieve	a	reflectivity	of	

~10%.15		In	the	simplest	arrangement,	the	incident	photon	

energy	would	be	tuned	to	a	particular	X-ray	absorption	

feature	in	the	NEXAFS	region,	for	example,	a	particular	

molecular	orbital	 feature	 for	a	defined	species	 in	 the	

products	from	a	flame,	and	the	multilayer	imaging	device	

would	be	required	to	integrate	over	the	X-ray	fluores-

cence	spectrum	to	lower	energy.	In	order	to	do	this,	the	

multilayer	might	be	made	slightly	aperiodic	to	widen	its	

natural	bandwidth.	In	the	higher	energy	regime,	imaging	

in	such	a	fashion	will	be	difficult,	and	for	imaging	thicker	

objects	we	would	need	to	resort	to	computational	imag-

ing	methods,	such	as	coded	aperture	methods.

The	promising	approach	of	coded	aperature	imaging	

is	well	developed	and	has	been	applied	to	a	wide	range	of	

X-ray	 imaging	 applications	 from	 X-ray	 astronomy	 to	

medical	imaging.16-18	Coded	aperatures	have	also	been	

used	as	multiple	object	references	in	X-ray	holography.19	

Instead	of	a	device	that	focuses	X-rays	to	an	image	plane,	

the	coded	aperture	simply	consists	of	a	series	of	pinholes	

with	known	location.	The	image	from	each	pinhole	in	this	

multiple	pinhole	camera	arrangement	falls	on	an	X-ray	

sensitive	detector.	As	the	number	of	pinholes	increases,	

the	detector	signal	increases,	but	the	images	formed	by	

each	pinhole	at	some	point	completely	overlap.	However,	

since	the	location	of	each	pinhole	is	known,	the	image	

can	be	computationally	recovered.	The	key	to	doing	this	

in	the	most	efficient	way	in	terms	of	signal-to-noise	ratio	

is	to	use	a	Uniformly	Redundant	Array	(URA)	which	has	

the	feature	that	it’s	cross	correlation	is	a	delta	function,	

resulting	in	a	single	pixel	effective	point	spread	function.	

To	get	from	the	detector	image	to	the	real	space	image,	a	

reconstruction	mask	is	created	directly	from	the	URA	and	

the	cyclic	convolution	of	the	mask	with	the	data	yields	the	

real	space	object.	

The	 stationary	 object	 tomographic	 reconstruction,	

therefore,	happens	in	several	stages:	(1)	the	excitation	is	

confined	to	a	sheet	at	one	transverse	location,	(2)	the	URL	

transmits	an	image	to	the	detector,	(3)	the	image	is	com-

putationally	 inverted,	 and	 (4)	 the	 sheet	 is	 translated	

across	the	object.	This	translation	would	be	synchronized	

with	the	time	structure	of	the	NGLS.	For	chemical	imag-

ing,	the	photon	energy	would	be	chosen	based	on	fea-

tures	in	the	NEXAFS	data	that	provide	a	fingerprint	of	a	

particular	chemical	state.	Several	photon	energies	would	

have	to	be	used	for	this	purpose.	A	minimum	would	be	

presents	 two	 additional	 challenges:	 first,	 we	 need	 to	

move	the	X-ray	beam	rapidly	across	the	object;	and	sec-

ond,	we	need	to	image	the	X-rays	over	relatively	large	

objects	at	high	numerical	aperture.

In	the	case	of	NGLS,	we	can	accomplish	the	former	by	

very	small	angular	modulation	of	a	plane	mirror.	The	

sheet	is	then	created	as	a	low	aperture	convergent	beam	

focused	in	one	plane	into	the	sample.	Due	to	the	diffrac-

tion-limited	nature	of	the	beam	(for	micron-thick	sheets	

scanning	over	mm-scale	objects)	the	deflection	mirror	

can	be	many	meters	upstream	of	the	sample,	implying	

very	small	deflection	angles.	Due	to	the	extreme	collima-

tion	of	the	NGLS	X-ray	lasers,	the	beam	size	on	the	mirror	

will	be	small,	hence	it	could	be	light,	and	therefore	cou-

pled	to	a	high	frequency	resonant	deflection	structure.	In	

this	way,	it	will	be	possible	to	move	the	beam	by	a	resolu-

tion	element	per	pulse	of	the	FEL	(i.e.	resolution	element	

per	1-10	μs).	Other	methods	also	exist	for	this	detection	

system	including	use	of	acousto-optically	generated	grat-

ings;	the	period	would	be	changed	enough	to	sweep	the	

beam	over	the	object.

To	address	the	second	issue,	the	type	of	imaging	optic	

shown	in	Figure	72	(labeled	URA)	needs	to	be	tailored	to	

the	particular	application.	For	imaging	soft	X-ray	K-edge	

fluorescence,	for	example,	the	device	could	be	a	normal	

incidence	mirror,	or	Cassegrain	mirror	pair.14	In	the	car-

Fuel spray
(reactive flow)

Detector

X-rays

URA

Translating sheet

Figure	72		Fixed object tomography using a transversely scanned 
sheet.
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two:	one	on	a	particular	NEXAFS	feature,	and	one	well	

above	the	edge	to	provide	for	local	normalization	of	den-

sity.	This	will	allow	chemical	speciation	at	close	to	the	

maximum	repetition	rate	of	the	NGLS.	If	the	photon	energy	

can	be	scanned	through	the	NEXAFS	region	for	each	object	

slice,	the	overall	3D	chemical	volume	mapping	will	be	

increased	by	a	factor	of	typically	20.	This	will	be	set	by	the	

rate	at	which	an	NGLS	X-ray	beam	energy	can	be	modu-

lated.	A	key	point	is	that	the	overall	process	can	be	rela-

tively	efficient,	and	combined	with	the	very	high	flux/

pulse	and	the	high	repetition	rate,	high	speed	3D	chemical	

imaging	will	become	possible	for	the	first	time.	

The	above	section	describes	fast	acquisition	of	tomo-

graphic	data	using	the	high	repetition	rate	of	NGLS	to	

advantage	for	objects	that	must	remain	stationary.	The	

spatial	resolution	of	such	a	system	is	modest,	~5	μm	for	

large	objects,	set	by	the	2D	sheet	width	and	the	coded	

aperture.	To	 go	 beyond	 this,	 a	 form	 of	 multiple-view	

tomography	will	be	employed	that	involves	either	direct	

transmission	 and	 projection,	 possibly	 with	 an	 X-ray	

imaging	system	that	magnifies,	as	in	normal	transmis-

sion	X-ray	microscopy,	or	a	 form	of	multi-view-angle	

lensless	microscopy.	The	technical	challenge	is	to	split	the	

incident	X-ray	beam	into	many	beamlets,	deflect	them	

through	the	sample	at	different	angles,	and	detect	each	

beamlet	 separately.	The	 number	 of	 views	 required	

depends	 strongly	 on	 the	 sparseness	 of	 the	 object.	

Methods	based	on	compressive	sensing	may	be	useful	in	

reducing	 the	number	of	views	 required	 to	a	practical	

value.20	Work	is	underway	to	design	a	practical	imple-

mentation	of	a	multi-view	system	that	could	be	used	with	

NGLS	X-ray	lasers.	
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complex	consists	of	seven	coherently-coupled	exciton	

states.	The	multi-dimensional	spectroscopy	map	(Figure	

73,	lower	right)	shows	the	coupling	between	these	exci-

ton	states		—	a	snapshot	of	the	coherent	and	incoherent	

transfer	of	charge	population	between	the	seven	states	at	

a	delay	of	1000	fs	delay	following	the	initial	excitation.

4.3.1 X-ray Multi-Dimensional Spectroscopy

In	the	X-ray	region,	the	tremendous	promise	of	multi-

dimensional	spectroscopy	lies	in	the	capability	to	follow	

coherent	charge	flow	and	energy	relaxation	on	funda-

mental	 (attosecond	 to	 femtosecond)	 time	scales	with	

access	to	the	full	range	of	valence	states	(unrestricted	by	

dipole	selection	rules).	Importantly,	the	element	specifici-

ty	provided	by	X-rays	(tuned	to	core-level	absorptions)	

will	enable	us	for	the	first	time	to	follow	charge	and	energy	

flow	 between	 constituent	 atoms	 in	 materials.	These	

essential	capabilities	are	not	attainable	using	infrared	or	

visible	laser	pulses,	and	will	provide	critical	insight	to	cor-

related	electron	systems	and	molecular	complexes	with	

strong	coupling	between	electronic	and	nuclear	dynam-

ics.	 Figure	74	 illustrates	 two	multi-dimensional	X-ray	

spectroscopy	schemes:	core-hole	correlation	spectroscopy,	

and	stimulated	X-ray	Raman	spectroscopy.

4 .3 .1 .1  Multi-Dimensional Spectroscopy —  

X-ray Core-hole Correlation

Multi-dimensional	core-hole	correlation	spectroscopy	

(Figure	74b)3,6	is	essentially	two-dimensional	electronic	

spectroscopy	performed	in	the	soft	X-ray	regime.	It	exploits	

nonlinear	interactions	with	coherent,	attosecond	X-ray	puls-

es	to	probe	correlation	effects	between	pairs	of	valence	

electrons	excited	at	different	atomic	sites	in	a	molecule.

Figure	75	presents	an	example	and	outlines	the	theo-

retical	basis	for	core-hole	correlation	spectroscopy.	Here,	

an	aminophenol	molecule	interacts	with	two	attosecond	

pulses,	one	centered	at	400	eV	(ωN)	and	the	other	at	535	

eV	(ωO),	in	resonance	with	the	1s	core	excitations	in	N	and	

O	atoms,	respectively.	In	the	coherent	four-wave	mixing	

process,	the	target	molecule	interacts	with	three	X-ray	

pulses	separated	by	times	t12	and	t13	and	emits	a	fourth	

Over	the	past	several	decades,	2nd	and	3rd	generation	

synchrotron	sources	have	enabled	the	development	of	a	

wide	range	of	 incisive	 linear	probes	of	 the	electronic,	

atomic,	 and	 chemical	 structure	 of	 matter.	 Examples	

include	X-ray	emission	spectroscopy,	X-ray	absorption	

spectroscopy,	and	inelastic	X-ray	scattering,	to	name	just	

a	few.	As	a	MHz	X-ray	laser,	the	unique	capabilities	of	

NGLS	will	open	the	entirely	new	fields	of	nonlinear	X-ray	

science	and	multi-dimensional	X-ray	spectroscopy.

Multi-dimensional	X-ray	spectroscopy	incorporates	

time-ordered	sequences	of	X-ray	pulses	to	generate	a	

signal	that	is	a	function	of	multiple	time	delays	and/or	

photon	energies.	These	are	nonlinear	coherent	wave	mix-

ing	techniques	in	which	X-ray	pulses	are	used	as	both	a	

pump,	to	prepare	specific	near-equilibrium	states	of	mat-

ter,	and	as	a	probe	of	these	evolving	states.	These	new	

tools	rely	on	simultaneous	combinations	of:	high	peak	

power,	high	average	power	(high	repetition	rate),	spatial	

coherence,	temporal	coherence,	and	tunability.

Radio Waves (NMR) ⇒ Infrared ⇒ Visible ⇒ X-rays

The	analogous	technique	of	nuclear	magnetic	reso-

nance	(NMR)	illustrates	the	tremendous	potential	impact	

of	multi-dimensional	X-ray	spectroscopy.	NMR	incorpo-

rates	sequences	of	radio-frequency	pulses	to	generate	a	

two-dimensional	signal-map	(Fourier	transform	of	the	

time	intervals	between	pulses)	that	is	a	fingerprint	of	spe-

cific	chemical	structures,	and	their	relationship	within	a	

molecular	complex.	Over	the	past	decade,	multi-dimen-

sional	spectroscopy	(enabled	by	ultrafast	laser	sources)	

has	been	extended	to	the	infrared1-3	(to	provide	a	finger-

print	of	the	coupling	between	different	vibrational	modes	

in	a	molecule)	and	to	the	visible	regime3-5	(to	map	the	

dynamic	coupling	between	electronic	states).	These	tech-

niques	have	become	invaluable	for	following	quantum	

coherences	and	charge	 relaxation	between	electronic	

states	in	systems	ranging	from	chlorophyll	(responsible	

for	light	harvesting	in	photosynthesis)	to	excitonic	states	

in	semiconductors	(for	a	review,	see	Reference	3).

Figure	73	 illustrates	a	multi-dimensional	electronic	

spectroscopy	measurement	of	the	bacteriochlorophyll	

photosynthetic	 reaction	center.5	 	This	 light-harvesting	

4.3	 	Multidimensional	X-ray	Spectroscopy



106

4 . �NEW�TECHNIQUES�ENABLED�NY�NGLS
MULTIDIMENSIONAL�X-RAY�SPECTOGRAPHY

An important criterion for core-level correlation spec-

troscopy is that the X-ray pulse durations must be faster 

than the Auger decay time (~5 fs), since Auger decay sup-

presses the correlation signal of interest. 

4.3.1.2	 	Multi-Dimensional	Spectroscopy	—	Stimulated	

X-ray	Raman

A complement to core-hole correlation spectroscopy 

is stimulated or Coherent X-ray Raman Spectroscopy 

(CXRS).7  Whereas conventional optical Raman spectros-

copy techniques exploit visible or infra-red laser fields to 

probe lower-frequency vibrational resonances in matter, 

pulse with temporal profile S(t, t13, t12). The two-dimen-

sional Fourier transform of this signal with respect to t12 

and t13 yields a two-dimensional electronic spectrum in 

frequency space. Off-diagonal features in this 2D spec-

trum are present only when there is correlation between 

the two excited valence electrons on the N and O atoms; 

no signal should be seen in the Hartree-Fock limit of inde-

pendent orbitals. Calculations show that the extent of this 

correlation depends not only on molecular structure (i.e., 

it differs in ortho- and para- aminophenol), but also on the 

nature of the molecular orbitals excited within the energy 

envelopes (∼10 eV) of ωN and ωO.6
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The	power	of	this	multi-dimensional	technique	is	that	

it	creates	a	localized	valence	excitation,	or	coherent	elec-

tronic	wavepacket,	via	a	stimulated	Raman	scattering	

process	originating	from	a	core	level	(see	Figure	74c).	

Thus	ultrafast	X-ray	pulses,	tuned	to	core	level	transi-

tions,	provide	element	specificity.	The	time	evolution	of	

the	wavepackets,	and	the	flow	of	valence	charge	between	

different	atomic	sites,	can	then	be	followed	on	fundamental	

time	scales.	In	a	multi-dimensional	implementation,	the	

initial	extitation	is	created	by	a	pulse-pair,	and	a	third	

pulse	(in	a	phase-matched	geometry)	reads	out	the	scat-

tered	Raman	signal.	The	Fourier	transform	of	the	signal	

with	respect	to	the	time	delays	of	the	pulses	creates	a	two-

dimensional	map	of	 the	valence	electronic	states	and	

their	evolution.	Importantly,	since	the	final	state	is	not	core-

excited,	but	only	valence-excited,	multidimensional	sig-

nal-maps	can	be	measured	over	much	longer	time	scales	

than	are	possible	with	core-hole	correlation	techniques.

4 .3 .1 .3  Multi-Dimensional Spectroscopy — NGLS

Multi-dimensional	X-ray	spectroscopy	and	nonlinear	

X-ray	science	will	be	hallmarks	of	NGLS	as	they	require	

capabilities	that	are	not	available	from	any	other	X-ray	

source.	High	peak-power	X-ray	pulses	are	just	one	of	sev-

eral	essential	requirements.	Equally	important	is	the	abil-

ity	 to	 control	 the	 degree	 of	 X-ray	 nonlinearity	 while	

resolving	small	signals	with	high	fidelity.	High	repetition	

rate	 is	absolutely	essential	 to	achieve	 this	 in	order	 to	

avoid	disrupting	the	electronic	states	(or	other	sample	

attributes)	 that	 are	 being	 investigated.	An	 important	

benchmark	to	recognize	is	that	the	scientific	impact	of	

multi-dimensional	 laser	 techniques	was	 realized	only	

after	 the	development	of	multi-kHz	and	MHz	ultrafast	

laser	 sources.	These	 lasers	combined	both	high	peak	

power	and	high	average	power	to	enable	extremely	sen-

sitivity	 measurements	 of	 controlled	 near-equilibrium	

interactions	of	laser	pulse	sequences	with	matter.

Following	is	a	broader	description	of	some	of	the	com-

pelling	 advantages	 of	 investigating	 valence	 electron	

dynamics	and	correlated	phenomena	via	multi-dimen-

sional	X-ray	spectroscopy:

•   Temporal (or phase) information —	unavailable	from	

conventional	RIXS	measurements,	which	probe	the	

spectral	density-density	correlation	function	S(q,ω)	in	

the	frequency	domain	but	without	phase	informa-

tion.	Powerful	capabilities	of	time/phase	measure-

ments	 include:	 (1)	 distinguishing	 different	

CXRS	uses	X-rays	to	probe	valence	excitations	in	matter	

(Figure	 74c).	 One	 may	 consider	 CXRS	 as	 a	 powerful	

extension	 (stimulated	 version)	 of	 spontaneous	 X-ray	

Raman	processes	such	a	RIXS	(as	discussed	in	Sections	

3.1	and	3.7).	As	a	stimulated	Raman	scattering	process,	

CXRS	measures	a	third-order,	χ(3),	four-wave	mixing	pro-

cess	whereby	a	sequence	of	three	incident	pulses	(three	

fields):	En(kn,ωn)|n=1,2,3,	generate	a	stimulated	signal,	e.g.,	

Esig(-ω1+	ω2+	ω3),	in	the	momentum-matched	direction,	

ksig=	-k1+	k2+	k3.
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•   Quantum selectivity —	pulse	sequences	and	momen-

tum	matching	allow	one	to	effectively	isolate	specific	

terms	of	the	contributing	Liouville-space	pathways	that	

comprise	the	theoretical	description	of	coupled	quan-

tum	systems	based	on	a	time-dependent	perturba-

tion	approach.	This	selectivity	makes	it	possible	to	

distinguish	 for	example	coherent	charge	coupling	

from	incoherent	charge	transfer,	electronic	relaxation	

from	excited-state	absorption	etc.	In	combination	

with	element	specificity	and	ultrafast	time	resolution,	

this	capability	will	constitute	a	major	breakthrough	

for	understanding	correlated	systems.
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contributions	to	the	density-correlation	spectral	dis-

tribution,	e.g.	homogeneous	versus	inhomogeneous	

distributions	of	correlated	states,	and	(2)	following	

emergent	properties	as	they	evolve	from	perturbative	

non-equilibrium	conditions	created	by	tailored	elec-

tronic	or	vibrational	excitations	ranging	from	the	THz	

to	the	X-ray	range	(e.g.,	modulation	or	manipulation	

of	correlated	states	via	coherent	vibrational	modes	or	

charge-transfer	excitations).

•   Element and chemical state specificity —	essential	for	

understanding	 the	 correlation	 between	 valence	

states	associated	with	particular	atomic	or	molecular	

orbitals.	For	the	first	time	it	will	be	possible	to	directly	

follow	the	coherent	flow	of	valence	charge	between	

different	atomic	sites	in	time,	energy,	and	space.	This	

ability	will	be	extremely	powerful	for	understanding	

mixed-valence	molecular	complexes,	dilute-magnet-

ic	 semiconductors,	 multiferroics,	 charge-transfer	

complexes,	cuprates	(electronic	states	coupled	to	Cu	

orbitals	versus	O	orbitals),	and	much	more.	Although	

conventional	RIXS	is	element	specific,	it	is	not	able	to	

distinguish	coherences	across	different	atoms.

•   Symmetry selectivity —	sensitivity	to	specific	valence	

states	(e.g.,	3d	versus	2p)	and	the	capability	to	distin-

guish	spin	and	orbital	moments	via	powerful	soft	

X-ray	dichroism	effects.

•   Access to the entire manifold of valence momentum 

sates —	since	the	soft	X-ray	excitation	wavelength	is	

comparable	to	the	unit-cell/molecular	size	(k	vector	

large	compared	to	the	Brillouin	zone),	the	strict	dipole	

selection	rules	that	mediate	optical	transitions	are	

substantially	relaxed.	The	momentum	space	span-

ning	the	entire	Brillioun	zone	can	be	sampled	with	

exquisite	resolution.	Soft	X-ray	transitions	from	core	

levels	directly	probe	important	d-d	excitations	that	

are	optically	forbidden.



5 Proposed facility

In	this	section	we	describe	the	NGLS	facility.	The	NGLS	

is	envisioned	as	a	high-power	X-ray	free-electron	laser	

(FEL)	facility	that	will	be	a	machine	of	unrivaled	initial	per-

formance	and	outstanding	future	capabilities,	preemi-

nent	in	X-ray	science	for	decades	to	come.	In	Section	5.1	

we	outline	the	required	characteristics	and	capabilities	of	

the	NGLS,	and	compare	to	current	or	under-construction	

light	 sources.	Section	5.2	presents	 the	capabilities	of	

potential	alternate	approaches,	including	other	types	of	

accelerator-driven	 light	sources,	 laser-based	high-har-

monic	generation,	as	well	as	what	performance	may	be	

expected	of	those	types	of	sources	in	the	future;	we	argue	

for	a	continuous	wave	(CW)	superconducting	linac-based	

array	of	FELs	as	the	optimal	means	to	meet	the	science	

needs	described	in	Section	3.	An	overview	of	the	NGLS	is	

given	in	Section	5.3,	summarizing	FEL	performance,	facil-

ity	layout	and	accelerator	parameters.	To	deliver	a	world-

class	 light	source	requires	an	aggressive	design,	and	

Section	5.4	begins	with	a	short	review	of	the	challenges	

for	an	X-ray	laser	such	as	the	NGLS,	and	then	describes	in	

some	detail	our	pre-conceptual	NGLS	design	that	enables	

these	new	capabilities.	

5.1	 Capability	Requirements

5.1.1 Requirements for the NGLS

The	scientific	requirements	described	in	Section	3,	can	

be	optimally	met	by	an	array	of	linac-driven,	high-repeti-

tion-rate,	X-ray	FELs.	The	high	power,	coherence,	and	

thus	brightness,	of	X-ray	FELs	make	them	unique	tools	

for	the	exploration	of	the	structure	and	dynamics	of	mat-

ter	at	fundamental	scales	of	length,	time,	momentum,	

and	energy.	

The	 NGLS	 approach	 combines	 significant	 recent	

advances	in	high	brightness	photocathode	beam	genera-

tion,	acceleration	and	transport	with	state-of-the-art	super-

conducting	RF	(SCRF)	technology	and	undulator	designs	

as	well	as	revolutionary	concepts	for	seeded	FEL	opera-

tion.	The	uniform	pulse	spacing	at	high	repetition	rate	will	

provide	unprecedented	capabilities	at	start-up,	accommo-

dating	more	diverse	or	challenging	experiments	than	cur-

rent	or	planned	sources	and	 the	potential	 to	 leverage	

advances	in	a	variety	of	technologies	and	new	concepts,	

including	seed	lasers,	superconducting	undulators,	X-ray	
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Figure	76 Schematic layout of the main components of the NGLS (not to scale).
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•	 Capability	for	rapid	polarization	control

•	 Multiple	independent	beamlines	supporting	a	large	

user	community

In	the	following	sections,	we	present	the	NGLS	baseline	

parameters	for	one	preliminary	design	point,	acknowledg-

ing	the	significant	flexibility	around	these	point	parame-

ters.	No	other	existing	or	proposed	facility	can	deliver	the	

combination	of	ultrafast	capability,	high	longitudinal	coher-

ence,	and	high	average	power,	together	with	multi-user	

operability,	flexibility	in	time	structure	(both	repetition	rate	

and	pulse	duration),	and	upgrade	potential	to	add	both	

additional	capacity	(up	to	seven	additional	FELs),	and	new	

capability	(e.g.	higher	repetition	rates,	higher	average	and	

higher	peak	X-ray	power,	longer	pulses,	higher	resolving	

power,	shorter	wavelength	and	longer	wavelength	FELs,	

tighter	synchronization,	X-ray	pulse	feedback	and	shaping	

possibilities.)	The	design	options	presented	here	are	meant	

to	illustrate	the	exciting	scientific	opportunities	presented	

by	the	convergence	of	rapidly	advancing	FEL	technology,	

superconducting	accelerator	technology,	and	sophisticated	

micro-manipulation	of	high-energy,	high-brightness	elec-

tron	beams.	A	detailed	optimization	of	cost,	performance,	

and	risk	has	yet	to	be	performed,	and	will	build	on	the	base-

line	pre-conceptual	design	presented	here.	

 5.1.2 Capabilities of Present Facilities

Here	we	briefly	compare	the	capabilities	of	UV	to	soft	

X-ray	research	tools	utilizing	ring-based	sources,	High	

Harmonic	Generation	 (HHG)	sources,	and	FELs.	Ring-

based	sources,	 in	particular	storage	rings	and	energy	

recovery	linacs	(ERLs),	provide	modest	average	power	

with	low	peak	power.	They	support	tunable	devices	that	

provide	photon	pulses	at	very	high	repetition	rates,	and	

may	 be	 effectively	 considered	 CW	 sources	 for	 many	

applications.	 Storage	 ring-based	 sources	 are	 proven	

technology,	have	well-established	user	communities,	and	

will	remain	essential	to	a	broad	range	of	X-ray	science.	

ERLs	are	an	emerging	technology	not	yet	operating	in	the	

X-ray	range.	HHG	sources	provide	modest	average	power	

in	almost	table-top-sized	sources,	and	are	rapidly	devel-

oping	new	capabilities,	although	they	are	not	yet	avail-

able	in	the	X-ray	range.	FELs	can	provide	very	high	peak	

power,	as	well	as	high	average	power,	and	are	now	oper-

ating	in	the	X-ray	range	at	lower	repetition	rates.

Existing	 storage-ring-based,	 spontaneous	 X-ray	

sources	produce	a	maximum	degeneracy	parameter,	or	

optics	and	FEL	oscillators.	The	distributed	multi-beam	

approach	allows	for	capacity	increase	through	ongoing	

growth	in	end-stations.	There	is	also	tremendous	oppor-

tunity	for	translating	advances	in	machine	control	and	

operation	into	flexibility	and	additional	capability	of	X-ray	

pulse	generation.	

Figure	76	shows	the	major	components	of	the	NGLS;	

the	injector,	laser	heater,	CW	SCRF	linac	sections,	linear-

izer	and	bunch	compression	systems,	beam	distribution,	

an	 array	 of	 independent	 FELs,	 and	 X-ray	 beamlines		

will	each	be	described	in	more	detail	in	later	sections	of	

this	document.

The	 NGLS	 facility	 will	 provide	 many	 benefits	 and	

advantages	over	existing	and	planned	light	sources,	and	

will	ultimately	feature	the	following	capabilities:

•	 High	pulse	repetition	rates	(100	kHz	or	higher	at	each	

experimental	 endstation),	 ultimately	 100	 MHz	 at	

specific	endstations,	approaching	storage	ring	repe-

tition	rates

•	 Very	 high	 average	 flux	 and	 brightness	 (several	

orders-of-magnitude	greater	than	third-generation	

rings	and	first-generation	FELs,	with	peak	powers		

of	 gigawatts	 and	 average	 powers	 of	 up	 to	 about		

100	W	per	beamline)

•	 Pulse	durations	ranging	from	hundreds	of	attosec-

onds	to	hundreds	of	femtoseconds

•	 High	temporal	coherence	of	the	FEL	output	pulses	

(close	to	the	Fourier-transform	limit)

•	 High	transverse	coherence	(approaching	diffraction	

limits)

•	 Control	of	the	time	duration,	bandwidth,	and	other	lon-

gitudinal	features	of	the	pulses	(i.e.,	the	possibility	of	

envelope	shaping,	modulation,	or	structuring,	and	ulti-

mately	feedback-based	control	of	these	parameters)

•	 Capability	 for	 excellent	 spectral	 resolving	 power,	

without	the	need	for	monochromators

•	 Synchronization	of	the	FEL	pulses	to	a	seed	laser	or	to	

other	 IR	or	 terahertz	sources	 (with	 jitter	or	 timing	

errors	on	the	order	of	1–10	fs)

•	 FEL	 output	 wavelengths	 (including	 harmonics)		

ultimately	extending	over	more	than	two	orders-of-

magnitude,	from	~10	nm	to	~1.2	Å	

•	 Capability	 for	precision	2-color	X-ray	pump/X-ray	

probe	experiments

•	 Capability	for	precision	pump/probe	experiments	with	

combined	probes	in	the	soft	X-ray	or	EUV	and	pumps	

in	the	UV,	optical,	IR,	THz,	or	other	bands
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over	each	individual	X-ray	pulse.	For	example,	10	fs	pulses	

with	 a	 large	 number	 of	 X-ray	 photons	 can	 only	 be	

achieved	with	FEL	sources.	

Normal-conducting,	linac-driven	FELs	under	realistic	

operating	conditions	are	quite	limited	in	repetition	rate,	

and	as	such	their	average	X-ray	power	is	comparable	to	

storage	rings.	In	comparison,	the	high	repetition	rate	of	

the	NGLS	will	provide	three	orders-of-magnitude	higher	

average	power	than	normal-conducting	linac	facilities	of	

comparable	beam	energy,	 three	orders-of-magnitude	

greater	power	than	storage	rings,	and	six	orders-of-mag-

nitude	greater	power	than	HHG	sources.	The	European	

XFEL	will	be	based	on	cryogenic	superconducting	accel-

erator	 technology,	 which	 will	 provide	 average	 X-ray	

power	similar	to	NGLS,	but	by	operating	in	a	burst	mode	

with	3000	microbunches	spaced	by	200	ns,	repeating	at	

10	Hz.	Figure	77	shows	a	comparison	of	the	time	structure	

of	ring-based	sources,	HHG	lasers,	and	FELs.	A	compari-

son	of	NGLS	parameters	with	those	of	other	existing	and	

planned	FEL	facilities	is	shown	in	Table	1.	

HHG	sources	currently	provide	nJ	pulses	up	to	about	

100	eV,	with	10	kHz	repetition	rate.	Future	HHG	sources	

are	expected	to	improve	in	repetition	rate	and	energy	per	

pulse,	and	 reach	soft	X-ray	wavelengths	 (see	Section	

5.2.4).	NGLS	capabilities	in	providing	high	average	power	

ultrafast	pulses	will	also	develop,	both	as	the	seed	laser	

technology	advances	(potentially	 including	the	use	of	

HHG	for	seeding),	and	as	low-charge,	high	repetition	rate	

self-amplified	spontaneous	emission	(SASE)	operation	is	

implemented	(with	bunch	charge	of	a	few	pC,	at	poten-

tially	100	MHz	rate	in	a	dedicated	operating	configura-

tion).	 In	 this	 mode	 of	 operation,	 the	 short	 electron	

bunches	radiate	in	a	single	or	few	optical	modes,	produc-

ing	 intense	coherent	radiation	of	a	few	femtoseconds	

duration,	and	at	extremely	high	repetition	rate	limited	by	

the	total	electron	beam	power	(installed	1.8	MW	capabili-

ty).	Producing	~108	photons	per	pulse	at	1	keV,	an	aver-

age	power	of	~2	W	would	be	produced	(three	orders	of	

magnitude	greater	than	that	projected	for	HHG	sources).

5.2	 Alternate	Approaches

In	this	section	we	discuss	four	alternate	approaches	to	

generating	high	average-power	ultrafast	soft	X-ray	puls-

es	that	either	exist	presently	(storage	rings	and	pulsed	

linacs),	or	are	under	development	(energy	recovery	linacs	

photon	 number	 emitted	 per	“coherence	 volume,”	 of	

about	10-2	photons	in	a	six-dimensional	phase	space	cell	

whose	size	is	set	by	the	Heisenberg-Fourier	uncertainty	

principle.	This	degeneracy	parameter	is,	in	effect,	simply	

a	more	fundamental	description	of	what	is	often	called	

brightness,	and	reflects	how	far	the	pulse	is	from	the	

ultimate	 transform	and	diffraction	 limits	 in	which	all	

photons	would	occupy	 the	same	mode.	Future	ERLs	

may	produce	more	photons	inside	a	smaller	total	phase-

space	volume	than	third-generation	synchrotron	sources,	

and	may	achieve	degeneracies	of	the	order	of	102	or	10;3	

FEL	sources,	 through	the	coherent	amplification	pro-

cess,	produce	highly	degenerate	X-ray	pulses,	with	1010	

or	more	photons	per	coherence	volume,	and	with	fur-

ther	 orders-of-magnitude	 increase	 in	 degeneracy	

obtainable	from	seeded	or	oscillator-based	FELs.

The	NGLS	FEL	complex	will	surpass	the	capabilities	

of	existing	X-ray	facilities	in	numerous	ways:	increased	

average	photon	flux	and	multiple,	simultaneously	oper-

able	X-ray	beamlines	will	be	provided;	a	moderately	

high	peak	flux	will	help	to	avoid	undesired	damage	to	or	

perturbation	of	sensitive	target	materials,	thereby	maxi-

mizing	the	fraction	of	useful	photons	in	each	pulse	in	

many	experiments;	the	combination	of	very	high	repeti-

tion	rates	with	high	photon	fluxes	in	short	pulses	will	

open	up	entirely	new	experimental	vistas;	the	multiple	

X-ray	beamlines	will	give	the	flexibility	to	serve	many	

different	types	of	experiments	and	provide	probes	with	

a	wide	array	of	photon	pulse	structures;	the	potential	for	

precise	synchronization	will	allow	for	multidimensional	

spectroscopy	and	pump-probe	experiments	with	multi-

color	probes	in	the	X-ray	range	and	pumps	in	the	THz,	IR,	

visible,	UV,	or	X-ray	bands;	the	use	of	seeding	schemes	

for	an	FEL	will	allow	for	excellent	tunability	and	ulti-

mately	will	enable	feedback-based	control	of	the	X-ray	

pulse	stability	and	characteristics.	

The	FEL	advantage	in	peak	flux	(up	to	six	orders-of-

magnitude	greater	than	storage	rings)	and	brightness	or	

degeneracy	(up	to	ten	orders-of-magnitude	greater	than	

storage	rings)	arises	because	the	FEL	amplification	pro-

cess	produces	a	very	large	number	of	photons	in	each	

pulse,	and	packs	these	photons	into	a	small	optical	phase	

space.	FELs	have	another	advantage	over	 ring-based	

sources,	in	that	their	electron	pulses	are	prepared	by	a	

linac	and	then	used	only	once	to	create	X-rays.	This	ulti-

mately	enables	a	transfer	of	brightness	from	the	electron	

bunches	to	the	photon	pulses,	and	allows	precise	control	



112

5 .  PROPOSED FACILITY
ALTERNATE APPROACHES

structures	to	repetition	rates	below	about	a	kilohertz.	For	

example,	the	SPring-8	XFEL	design	considers	an	operat-

ing	scenario	in	which	their	C-band	linac	is	pulsed	at	about	

1	kHz,	at	significantly	reduced	accelerating	gradient,	in	

order	to	provide	higher	repetition-rate	soft	X-ray	capabil-

ity	(versus	60	Hz	operation	at	higher	gradient	in	their	cur-

rent	 design	 for	 a	 hard	 X-ray	 range).	The	 maximum	

repetition	rate	at	the	LCLS-II	will	likely	be	360	Hz.

Supporting	 a	 uniform,	 one-MHz	 bunch	 rate	 with	 a	

SLAC-type	linac	would	require	CW	operation	of	the	finite-

conductivity	 accelerating	 structures.	The	 3	 m	 S-band	

structures	have	a	fill-time	of	about	700	ns	(roughly	equal	

to	the	pulse	duration)	and	an	input	power	of	about	25	MW	

and	laser-based	high-harmonic	generation).	We	consider	

these	alternatives	and	their	abilities	to	meet	the	scientific	

needs	described	in	Section	3.	We	contend	that	a	facility	

design	based	on	an	array	of	FELs	driven	by	a	CW	super-

conducting	linac	provides	the	best	choice	to	meet	the	

identified	needs,	and	to	provide	a	flexible	and	upgrade-

able	source	for	the	future.

5.2.1 Conventional Pulsed Linacs

Warm	 (finite-conductivity)	 linacs	 operating	 at	 high	

accelerating	gradient	 (typically	on	the	order	of	 tens	of			

MV/m)	are	limited	by	power	deposition	in	the	accelerating	

Table	1 Comparison of NGLS FEL baseline parameters and technical features to other FEL facilities worldwide.

Wavelength 
(nm)

Photon 
Energy 
(keV)

Pulse  
duration 

(fs, FWHM)

Effective  
x-ray pulse 
repetition 
rate (Hz)

Photons 
per pulse 

Bandwidth 
(approxi-

mate)

Energy 
per pulse   

(µJ)

Photons 
per  

second

Average  
photon 
beam 
power 

(W)

NGLS		
baseline	
parameters	
	

High-power 1 1.2 250 106 1011 10-3 20 1017 19

SASE 3.3 0.38 250 106 1012 10-3 60 1018 61

Seeded,	narrow	 1.2 1 150 105 1011 10-4 20 1016 2

bandwidth 4.5 0.28 150 105 1012 10-4 40 1017 4

Attosecond 1.2 1 0.25 105 108 10-2 2x10-2 1013 0.002

4.5 0.28 0.25 105 109 10-2 4x10-2 1014 0.004

LCLS		&	LCLS-II 0.15 8.2 10-100 102 2x1012 10-3 2x103 2x1014 0.24

5 0.25 10-300 102 7x1013 10-3 3x103 8x1015 0.34

FLASH 6.8 0.18 10–50 2x104 2x1012 10-2 60 4x1016 1.15

47 0.026 10–50 2x104 2x1012 10-2 8 4x1016 0.17

XFEL 0.1 12.4 100 3x104 1012 	10-3 2x103 4x1016 71

6.4 0.2 100 3x104 4x1014 	10-3 104 1019 413

FERMI@elettra 3 0.41 ~	40 50 1011 	10-4 7 5x1012 0.0003

10 0.12 ~	40 50 1012 	10-4 20 5x1013 0.001

SPring8	XFEL 0.1 12.4 50 60 1011 	10-3 2x102 6x1012 0.01

SwissFEL 0.1 12 0.6–28 102 1011 	10-3 2x102 1013 0.02

7 0.18 ~1–28 102 1013 10-2 7x102 2x1015 0.07

Pohang	FEL 0.1 12 ~	50 60 1012 	10-3 2x103 6x1013 0.12

1 1.2 ~	50 60 4x1012 	10-3 8x102 2x1014 0.05

Shanghai	FEL 0.1 12 ~	75 50 7x	1010 	10-3 102 3x1012 0.01

9 0.13 ~	200 10 5x1012 	10-3 102 5x1013 0.001
		

Note: FLASH and XFEL are based on pulsed superconducting linacs, and utilize trains of bunches (see Figure 2). Effective pulse rate for FLASH 
is based on 4000 bunches spaced by 333 ns and repeating at 5 Hz; effective pulse rate for XFEL is based on 3000 bunches spaced by 200 ns and 
repeating at 10 Hz.
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results	in	a	2–3	km	linac.	In	these	cases,	the	power	dissi-

pated	in	the	accelerating	structures	would	be	approxi-

mately	30	kW/m,	and	would	require	wall-plug	power	on	

the	order	100	MW	—	significantly	less	efficient	than	the	

CW	SCRF	proposed	for	the	NGLS,	which	is	to	operate	at	

about	 10	 MW.	 Operation	 of	 a	 room-temperature	 RF	

machine	in	pulse-train	mode	could	allow	for	improve-

ment	in	efficiency.	However,	this	operating	mode	does	

not	have	the	benefits	of	CW	feedback,	consistent	X-ray	

pulse	spacing,	or	high	reproducibility	that	can	be	obtained	

with	an	SCRF	CW	machine.

We	conclude	that	power	limitations	of	pulsed	conven-

tional	linacs	prohibit	them	from	delivering	the	high	aver-

age	power	X-ray	pulses	that	are	required	by	the	science	

case	described	in	Section	3.	Reference	1	summarizes	the	

status	and	future	capabilities	of	FELs,	including	use	of	

conventional	linacs.

in	order	to	achieve	17	MV/m	gradients	at	a	rate	of	60	Hz.		

To	maintain	roughly	the	same	average	RF	power	dissi-

pation	in	the	structures	when	operating	in	CW	mode,	the	

gradient	would	need	to	be	reduced	to	about	0.1	MV/m,	

so	the	linac	would	need	to	be	over	15	km	long	to	pro-

duce	1.8	GeV	electrons	(as	in	the	NGLS	baseline	design).	

Other	room-temperature	structures	operated	in	true	CW	

mode	will	have	similar	limits	on	average	power	or	on	

total	length.	One	could	probably	allow	the	heat	dissipa-

tion	 to	 increase	 significantly	with	additional	 cooling	

capacity;	assuming	a	factor	of	100	may	be	achieved,	the	

maximum	gradient	could	be	increased	by	a	factor	of	10	

compared	to	the	above	estimate,	and	thus	a	normal-

conducting,	CW	S-band	linac	might	be	required	to	be	

2–3	km	long.	The	power	consumption	would	increase	

proportionally.	 Similar	 analysis	 for	 an	 X-band	 linac	

based	on	Next	Linear	Collider	 (NLC)	 technology	also	

Ring-based
Storage ring
NSLS-II
 

~10 ps ~ns
~nJ,  0.1% BW

ERL 
JLAB FEL ~100 fs ~0.1 µs

~10 µJ,  0.1% BW

HHG  
Tabletop ~0.1–10 fs ~100 µs

~nJ,  1% BW

FEL
XFEL

~100 ms

600 μs

10 to 100 fs

200 ns

~mJ,  0.1% BW

~mJ,  0.1% BW

10 to 300 fs

~1 ms
LCLS

NGLS

1 μs
250 as to 500 fs

~0.1 mJ,  0.1% BW

Figure	77 Comparison of X-ray pulse structure of different light source types, based on current capability or near-term capability of 
facilities under construction. Storage ring and FEL performance is for soft X-rays (around 1 nm). ERLs and HHG sources are not currently 
operating at soft X-ray wavelengths, and thus perfomance is shown for UV and EUV wavelengths. Pulse energy is in the central cone  
of undulator radiation, and NGLS values reflect the baseline design SASE FEL repetition rate (the seeded FELs operate at up to 100 kHz, 
and may produce similar pulse energy in some operating modes; the NGLS may operate in SASE mode at even higher repetition rate 
with reduced per-pulse energy).
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optical	cavity	built	around	the	FEL	undulator;	the	radia-

tion	is	out-coupled	through	one	window,	and	very	high	

average	powers	have	been	achieved	in	the	IR.	A	single-

pass,	high-gain	FEL	could	be	possible,	however	the	deg-

radation	in	beam	brightness	following	an	FEL	introduces	

significant	 challenges	 in	 implementing	 multiple	 FEL	

sources	in	an	ERL	configuration.	This	single-FEL	arrange-

ment	offers	limited	flexibility	and	permits	fewer	users.		

A	parallel	arrangement	of	FELs	would	present	technical	

challenges	and	costs	that	are	prohibitive.	

We	conclude	 that	ERLs	are	not	 flexible,	multi-user	

sources	of	the	high	average	power,	coherent,	ultrafast,	

X-ray	 pulses	 that	 are	 required	 by	 the	 science	 case	

described	in	Section	3.	Reference	2	summarizes	the	state-

of-the-art	of	ERLs	as	light	sources,	and	Reference	1	gives	

an	overview	of	FEL	performance	in	ERLs.

5.2.3 Third- and Fourth-Generation  
 Storage Rings

Storage	rings	have	been	highly	productive	for	decades	

and	are	finely	honed	light	sources.	They	offer	reliability,	

stability,	moderate	average	flux,	tuning	range,	and	polar-

ization	control.	Beyond	the	existing	third-generation	rings,	

the	“ultimate”	storage	rings	offer	the	possibility	of	reduc-

ing	electron	beam	emittance	(and	thereby	raising	X-ray	

beam	brightness)	by	a	factor	of	100	to	1000	over	existing	

storage	rings.	The	newly	approved,	3	GeV	MAX-IV	ring	in	

Sweden	will	go	a	long	way	towards	achieving	the	best	

foreseeable	storage	ring	electron	beam	emittance.

Storage	rings	produce	X-ray	fluxes	typically	in	the	

range	 of	 ~106–108	 photons	 per	 pulse.	 Photon	 pulse	

lengths	are	typically	greater	than	ten	picoseconds	RMS	

in	duration,	but	shorter	pulse	lengths,	on	the	order	of		

1	ps,	can	be	reached	at	 lower	charge-per-bunch	with		

lattice	tuning	(a	“low-alpha”	lattice),	or	at	higher	charge-

per-bunch	 but	 in	 limited	 sections	 of	 the	 ring	 with		

RF	deflection	systems	(“crab”	cavity	schemes).	X-ray	

pulse	durations	of	~0.1–1	ps	have	also	been	achieved	in	

storage	rings	by	“laser-slicing”	techniques	at	repetition	

rates	into	the	tens	of	kHz,	but	with	flux	per	pulse	limited	

by	the	fraction	of	the	bunch	charge	involved	in	the	pro-

cess.	Future	rings	may	incorporate	soft	X-ray	FELs	in	a	

“partial	lasing”	mode,	or	in	a	switched	bypass,	but	with	

limited	gain	and/or	limited	repetition	rate.

5.2.2 Energy Recovery Linacs

ERLs	 are	 potential	 future	 X-ray	 synchrotron	 light	

sources	that	combine	some	of	the	qualities	of	storage	

rings	with	those	of	linac-based	light	sources.	A	high-repe-

tition-rate	(up	to	GHz)	and	high-current	(up	to	100	mA	for	

some	operating	modes)	injector	and	CW	SCRF	linac	pro-

vides	very	high	beam	power.	The	ERL	configuration	has	

the	advantage	of	providing	an	affordable	RF	power	sys-

tem	by	recovering	most	of	 the	energy	of	 the	electron	

beam.	This	emerging	 technology	promises	 to	provide	

very	high	average	brightness	with	high	spatial	coherence	

(~50%	or	more)	by	preserving	the	very	 low	emittance	

(about	~0.1	µm	normalized	RMS	transverse	emittance)	

and	low	relative	energy	spread	(about	10-4)	achievable	

from	a	full-energy,	high-current	superconducting	linac.	A	

single	turn	around	a	ring-like	transport	lattice	accommo-

dating	 several	 sequential	 insertion	 devices	 produces	

spontaneous	radiation	with	flux-per-pulse	similar	to	that	

of	storage	rings.	Following	the	insertion	devices,	the	elec-

tron	beam	would	then	be	returned	to	the	linac	where	it	is	

decelerated	to	recover	the	energy	in	the	superconducting	

RF	structure.	

Energy	recovery	 linacs	offer	 the	potential	 to	reach	

high	 spectral	 brightness	 (exceeding	 1022	 photons/s/

mm2/mrad2/0.1%	bandwidth)	with	high	spatial	coher-

ence,	and	control	of	pulse	duration	down	to	the	order	of	

1	ps	in	a	high-current	(~100	mA),	high-brightness	mode,	

and	down	 to	 the	order	of	 tens	of	 femtoseconds	 in	a	

lower	 repetition-rate	 (~1	MHz)	mode.	 Flux	per	pulse	

would	be	similar	to	storage	rings,	up	to	~107	photons	

per	pulse	depending	on	mode	of	operation.	Bandwidth	

is	limited	by	the	beam	energy	spread	in	long	insertion	

devices,	and	the	X-ray	pulses	generated	by	spontaneous	

emission	 in	 insertion	 devices	 have	 limited	 temporal	

coherence.	ERLs	have	demonstrated	energy	recovery	of	

over	1	MW,	as	well	as	two-pass	recirculation,	however	

with	beam	current	and	with	beam	energy	much	lower	

than	desired	and	with	transverse	emittances	one	to	two	

orders-of-magnitude	greater	than	required	for	an	ultra-

bright	X-ray	source.	

An	ERL	may	include	an	FEL,	as	in	the	current	state-of-

the-art	JLAB	IR/UV	Demo	FEL.1	In	this	case,	the	high-rep-

etition-rate	 of	 the	 JLAB	 ERL	 enables	 an	 oscillator	

configuration,	in	which	the	lasers	pulse	is	contained	in	an	
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5.3	 NGLS:	A	Transformative	Tool		
	 for	X-Ray	Science	

Over	 the	 last	 decade,	 theoretical	 innovations	 and	

experimental	advances	have	led	to	a	renaissance	in	the	

physics	of	X-ray	free	electron	lasers.	In	Germany,	FLASH	

using	SCRF	linacs,	and	at	SLAC,	the	LCLS,	using	room	

temperature	RF	technology,	operate	routinely	and	reli-

ably,	and	have	conclusively	demonstrated	the	technology	

required	to	produce	and	deliver	high-brightness	beams	

essential	for	X-ray	FELs.	These,	and	other	facilities	includ-

ing	the	SCSS	FEL	at	SPring8	in	Japan,	the	FERMI@elettra	

FEL	in	Trieste	and	the	SPARC	facility	in	Frascati,	are	cur-

rently	 developing	 seeded	 FEL	 capabilities.	 Looking	 a	

decade	ahead,	the	next	generation	of	X-ray	FELs	must	

build	on	the	outstanding	successes	of	these	pioneering	

machines.	In	this	section	we	provide	an	overview	of	the	

NGLS	design	features	and	layout,	FEL	performance,	and	

accelerator	parameters.	A	more	detailed	description	of	

the	technical	features	follows	in	Section	5.4.

5.3.1 Machine Overview and Performance

The	NGLS	will	operate	in	a	novel	parameter	regime,	

providing	a	suite	of	unique	features	compared	to	existing	

or	planned	X-ray	light	sources,	including	most	notably	a	

high-repetition-rate	 (1	MHz),	high-brightness	electron	

source,	and	a	SCRF	electron	linac	operating	in	CW	mode	

which	will	provide	bunches	at	high	average	beam	power	

with	uniform	bunch	spacing.	These	bunches	will	be	dis-

tributed	via	a	spreader	system	to	an	array	of	indepen-

dently	configurable	FELs,	each	operating	at	three	or	more	

orders-of-magnitude	higher	pulse	repetition	rates	than	

existing	X-ray	FELs,	and	each	with	adjustable	photon	

pulse	power,	central	wavelength,	polarization,	and	ultra-

fast	 temporal	 resolution	 down	 into	 the	 attosecond	

regime.	The	major	components	of	the	facility	are	shown	

in	Figure	76.	Our	design	is	based	on	meeting	the	most	

critical	of	the	anticipated	science	needs	and	providing	a	

large	user	capacity	while	realizing	the	physics	and	engi-

neering	constraints	of	the	accelerator	and	FELs,	all	the	

while	cognizant	of	the	facility	and	operating	costs.	Our	

baseline	design	for	a	set	of	three	simultaneously	opera-

ble	X-ray	beamlines	will	serve	a	large	number	of	experi-

ments	per	year,	with	the	capability	of	providing	up	to	

In	conclusion,	current	storage	rings	do	not,	and	future	

storage	 rings	 will	 not,	 simultaneously	 deliver	 the	

required	high	average	power,	coherent,	ultrafast,	X-ray	

pulses	that	are	demanded	by	the	science	case	described	

in	Section	3.	Reference	3	summarizes	the	potential	of	

future	ring-based	sources.

5.2.4 HHG Laser Systems 

Wavelengths	in	the	hard	ultraviolet,	or	possibly	in	

the	future	the	soft	X-ray	spectral	region,	are	attainable	

in	the	very	high	harmonics	produced	when	an	intense	

infrared	laser	pulse	is	focused	into	a	gas.	High-harmonic	

generation	can	be	produced	with	temporal	and	spatial	

coherence	properties	 similar	 to	 those	of	 the	driving	

laser	field.	They	have	a	high	degree	of	polarization,	and	

sub-femtosecond	 pulse	 duration.	 Such	 sources	 have	

been	generated	using	commercial	drive	lasers	at	the	sev-

eral-watt	level,	with	repetition	rates	ranging	from	10	Hz	to	

10	kHz.	The	cut-off	of	the	harmonic	spectrum	extends	to	

shorter	 wavelengths	 as	 the	 drive	 laser	 intensity	 is	

increased,	up	to	a	saturation	intensity	where	harmonic	

generation	decreases.	In	current	HHG	systems,	the	out-

put	flux	is	roughly	constant	between	200-500	eV,	with	

about	105	photons	per	pulse	in	a	fractional	bandwidth	

of	Δλ/λ ≈	10-2.	By	using	gas	species	with	a	higher	ioniza-

tion	potentials,	and	a	high-power,	longer-wavelength	

drive	laser,	together	with	phase-matching	techniques	in	

the	harmonic-generation	medium,	the	spectral	cut-off	

of	HHG	may	be	extended	up	to	~1	keV	with	a	conversion	

efficiency	of	the	order	of	10-5.	A	per-pulse	energy	of	up	

to	20	nJ	is	projected	for	advanced	lasers	operating	at	

100	kHz	in	the	future.	

Future	HHG	sources	will	require	significant	develop-

ments	in	laser	technology	to	provide	the	high	average	

power,	 coherent,	 ultrafast,	 X-ray	 pulses	 that	 are	

required	by	the	science	case	described	in	Section	3,	

and	are	unlikely	to	reach	the	average	power	levels	of	

100	W	obtainable	with	high	repetition-rate	FELs.	HHG	

sources	will,	however,	have	direct	applications	as	seed	

sources	for	EUV	/	XUV	or	soft	X-ray	FELs.	The	FELs	pro-

vide	several	orders	of	magnitude	gain	acting	as	tun-

able	narrow-band	X-ray	amplifiers	for	the	HHG	source.	

Reference	4	summarizes	the	capabilities	of	present	and	

future	HHG	systems.
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second	precision.	One	of	 the	 two	seeded	FELs	will	be	

capable	of	producing	“two-color”	X-ray	pulses,	while	the	

other	seeded	FEL	will	provide	better	energy	resolution	

with	longer	pulses	and	high	temporal	coherence.	The	third	

FEL	will	be	a	non-seeded	SASE	device	capable	of	operat-

ing	at	the	full	repetition	rate	of	the	linac,	thereby	providing	

very	high	average	power	X-ray	beams.	At	approximately	

constant	average	electron	beam	power,	 the	NGLS	can	

operate	at	a	higher	pulse	repetition	rate	using	bunches	of	

lower	charge,	 shorter	duration,	but	higher	brightness.	

These	 bunches	 might	 enable	 lasing	 at	 shorter	 wave-

lengths,	or	possibly	the	operation	of	a	SASE	beamline	in	

so-called	“single-spike”	configuration,	with	each	short	

electron	pulse	naturally	radiating	into	at	most	a	very	few	

longitudinal	modes.	Table	2	summarizes	major	FEL	perfor-

mance	parameters	for	the	baseline	machine,	assuming	a	

point	design	of	300	pC	bunch	charge	(and	which	may	vary	

from	a	few	pC	to	potentially	1	nC).	Figure	78	shows	the	

nominal	number	of	photons	per	pulse	produced	in	each	

of	the	three	baseline	FELs,	as	a	function	of	wavelength	

tuning.	Further	details	of	 the	FEL	design	are	given	 in	

Section	5.4.5.	

As	described	in	Section	5.4.2,	bunches	with	the	required	

high	brightness	will	be	generated	at	the	desired	high	repe-

tition	rate	by	a	state-of-the-art	VHF	electron	photo-gun,	and	

will	undergo	emittance	compensation	and	compression	

~100	W	of	average	power	to	each	of	six	end-stations	(two	

per	FEL),	with	tunability	spanning	the	important	absorp-

tion	edges	of	carbon,	oxygen,	nitrogen	and	the	L-edges	of	

the	first-row	transition	metals	(i.e.,	to	1.2	keV	in	the	funda-

mental,	and	ultimately	to	10	keV	in	the	3rd	harmonic).	

While	the	first-generation,	low-repetition-rate	X-ray	FELs	

provide	orders-of-magnitude	improvement,	primarily	in	

peak	power	and	temporal	resolution,	compared	to	third-

generation	synchrotron	sources,	peak	power	is	not	a	sub-

stitute	for	the	level	of	average	power	and/or	coherent	

power	that	will	be	provided	by	NGLS.

The	primary	spectral	range	of	the	NGLS	baseline	design	

will	extend	from	280	eV	to	1.2	keV	at	the	fundamental	of	

the	undulator	emission	(using	undulators	with	different	

periods)	and	up	to	approximately	3	keV	at	much	reduced	

intensity	with	the	generation	of	harmonics.	Lower	photon	

energies	might	be	reached	by	extracting	some	electron	

bunches	at	 lower	energy.	Flux	may	be	controlled	from	

about	108	to	about	1012	photons	per	pulse	in	the	funda-

mental,	depending	on	the	desired	wavelength,	pulse	dura-

tion,	and	repetition	rate.	Laser	seeding	will	be	implemented	

to	produce	pulses	with	duration	as	short	as	250	attosec-

onds,	with	temporal	coherence	approaching	fundamental	

transform	limits,	with	the	possibility	of	some	control	over	

chirp	or	longitudinal	pulse-shape,	and	with	synchroniza-

tion	of	the	X-ray	pulses	to	end-station	lasers	with	femto-

Table	2  Baseline performance parameters for the three FEL designs. Details are given for example design points of pulse duration and 
wavelength, and for the baseline 300 pC bunch charge. NGLS will be capable of a broad range of operating configurations, potentially 
extending the range of pulse lengths, photons per pulse, and repetition rate.

Beamline 1 Beamline 2 Beamline 3

Type Seeded,	time-bandwidth-limited 2–color	seeded SASE

Feature Short	coherent	pulses 2-color	X-ray	pump/probe	with	adjust-
able	delay	and	attosecond	pulses

High	average	flux	and	brightness

Pulse	length	(fs,	FWHM) 5	–	150 0.25	–	25 ~	5	–	250

Wavelength	range		
(fundamental,	nm)

1.2	–	4.5		
(1.0	–	0.28	keV)

1.2	–	4.5	
(1.0	–	0.28	keV)

1.0	–	3.3	
(1.2	–	0.38	keV)

Maximum	repetition	rate	(kHz) 100 100 1,000

Total	photons/pulse ~	1011	(150	fs,	1.2	nm)
~	1012	(150	fs,	4.5	nm)

~	108	(sub-fs) ~	1011	(250	fs,	1	nm)
~	1012	(250	fs,	3.3	nm)

Photons	per	6D	coherence	volume ~	1011 ~	108 ~	1010

Peak	power	(GW) ~	0.1	(1.2	nm)	–	1	(4.5	nm) ~	0.05	(1.2	nm)	–	0.1	(4.5	nm) ~	0.1	(1	nm)	–	1	(3.3	nm)

Average	power	(W) ~	1	(150	fs,	1.2	nm)	–		
10	(150	fs,	4.5	nm)

~	0.001	(sub-fs)	–	0.1	(fs) ~	0.1	(5	fs)	–		
100	(250	fs,	3.3	nm)

Power	in	3rd	harmonic		
relative	to	fundamental	(%)

~	0.1	(1.2	nm)	–		
1	(4.5	nm)	

~	1 ~	0.1	(1	nm)	–		
1	(3.3	nm)	

Relative	bandwidth	(%,	FWHM) ~	0.005	(150	fs,	1.2	nm)	–		
0.02	(150	fs,	4.5	nm)

≥	1.4	(sub-fs) ~	0.2	(1	nm)	–		
0.5	(3.3	nm)

Polarization Variable,	linear/circular Variable,	linear/circular Variable,	linear/circular



117

5 .  PROPOSED FACILITY
NGLS:  A TRANSFORMATIVE TOOL FOR X-RAY SCIENCE

Very	short-period,	superconducting	undulators	would	

allow	even	more	options.	Section	5.4.5.3	discusses	undu-

lator	design.

Choices	for	beam	energy	and	pulse	repetition	rates	

necessitate	 the	adoption	of	SCRF	 technology	 for	 the	

linac:	Sections	5.4.3.5	and	5.4.3.6	outline	our	cryomod-

ule	 and	 RF	 systems	 designs,	 based	 on	 the	 1.3	 GHz	

TESLA-type	multicell	cavities.	Our	choice	of	an	acceler-

ating	gradient	of	approximately	14	MV/m	is	conserva-

tive	in	terms	of	present-day	cavity	capabilities;	however	

it	is	within	a	broad	optimum	of	accelerating	gradients	

when	full	construction	and	operating	costs	are	consid-

ered.	Further	studies	will	determine	an	optimal	set	of	

operating	parameters	for	the	NGLS	performance,	bal-

ancing	risk	among	the	injector,	linac,	and	FEL.	Besides	

offering	 the	 desired	 high	 pulse	 repetition	 rates,	 CW	

operation	of	the	SCRF	linac	has	another	significant	oper-

ational	benefit	in	that	it	allows	for	automated	high-fre-

quency	 feedback	 control	 to	 ensure	 quality	 and	

uniformity	of	the	electron	bunches,	with	jitter	in	X-ray	

pulse	parameters	perhaps	ten	times	smaller	than	that	

currently	achieved.

Consideration	of	the	trade-offs	affecting	the	electron	

brightness	have	led	us	to	select	for	the	high-quality	core	

of	the	beam	the	following	characteristics	when	entering	

the	FEL	undulators:	0.6	μm	or	smaller	normalized	slice	

transverse	 emittance,	 50–60	 keV	 uncorrelated	 RMS	

energy	spread,	and	500	A	or	higher	current.	The	lower	

limit	 to	 the	 length	 of	 the	 high-quality	 beam	 core	 is	

determined	by	the	two-color	FEL	beamline	and	desired	

level	of	radiation	output	from	the	other	two	beamlines.	

In	particular	the	requirement	to	have	up	to	150	fs	delay	

between	the	two	seeding	laser	pulses	and	a	safety	mar-

gin	against	time-jitter	estimated	to	be	±50	fs	implies	a	

need	for	at	least	a	250	fs	duration	for	the	usable	beam	

core.	A	conservative	allowance	for	up	to	half	of	the	total	

bunch	charge	to	reside	within	the	unusable	portion	of	

the	beam	then	implies	a	total	bunch	charge	of	250	pC	or	

larger.	The	baseline	machine	design	discussed	here	pre-

supposes	300	pC	bunches,	consistent	with	delivery	by	

the	injector	of	bunches	with	RMS	normalized	transverse	

emittance	of	0.6	μm	or	smaller.	Table	3	lists	the	baseline	

electron	beam	parameters	for	the	high-quality	bunch	

core;	additional	details	are	given	in	Section	5.4.3.	Not	

included	in	Table	3	are	parameters	for	low-charge	SASE	

operation,	although	due	to	its	simplicity	this	may	be	the	

appropriate	configuration	for	commissioning	and	initial	

by	ballistic	and	velocity	bunching	through	the	injector.	

Further	compression	will	occur	through	a	magnetic	chi-

cane	in	the	linac	before	acceleration	to	the	final	beam	ener-

gy.	The	 machine	 is	 designed	 for	 an	 average	 current	

capability	up	to	1	mA,	beyond	our	initial	parameters	of		

300	pC	and	1	MHz	but	consistent	with	a	wide	range	of	

bunch	charge	and	time	structures.	Our	baseline	design	has	

been	developed	assuming	a	bunch	charge	of	300	pC,	and	

allows	flexibility	to	 increase	versatility	 in	performance.	

Higher	charge	operation	is	anticipated	for	 longer	pulse	

durations	which	we	expect	may	reach	500	fs,	or	for	higher	

peak	current	to	improve	efficiency	of	photon	production.	

Further	studies	will	be	required	to	delimit	the	exact	bound-

aries	of	the	beam	parameter-space	accessible	by	the	NGLS.

The	maximum	electron	beam	energy	of	1.8	GeV	has	

been	chosen	in	our	baseline	design	so	as	to	be	able	to	

produce	1.2	keV	(1	nm)	photons	with	readily	available	

undulator	 technology	 (periods	of	about	18	mm),	but	

with	a	minimal	accelerator	footprint	and	cost.	Beamlines	

utilizing	different	undulator	parameters	and	technolo-

gies	could	achieve	different	performance	or	cost	goals.	

For	example,	an	undulator	with	a	26	mm	period	would	

cover	wavelengths	from	13.4	nm	(93	eV)	to	1.8	nm	(688	

eV),	and	an	APPLE-type	undulator	with	period	of	38	mm	

and	a	magnetic	gap	of	5.5	mm	(providing	a	beam	clear-

ance	of	4	mm),	would	cover	wavelengths	from	12.5	nm	

(99	eV)	to	2.6	nm	(476	eV)	and	with	arbitrary	polarization.	
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Figure	78  Projected baseline output at the NGLS: Beamline 1 is a 
seeded FEL shown here for 150 fs pulse duration; Beamline 2 is a 
2-color attosecond beamline, here with 250 as pulses; Beamline 3  
is a SASE FEL here with 250 fs pulses. Section 5.4.5 describes FEL 
design and performance. 
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5.3.2 Layout, Conventional Facilities,  
 and Utilities

The	initial	NGLS	machine	will	consist	primarily	of	a	

straight	section	(for	electron	acceleration	and	transport)	

of	approximately	450	m,	which	will	 then	 fan	out	over		

180	 m	 into	 multiple	 beamlines	 and	 end-stations,	 as	

shown	in	Figure	79.

The	major	civil	construction	structures	are	the	linac	

vault	and	klystron	gallery,	spreader	hall,	FEL	vault,	and	

experimental	hall.	Additional	space	will	be	required	for	the	

cryogenics	plant	including	associated	gas	storage,	a	cryo-

module	acceptance	test	facility,	and	machine	maintenance	

activities.	Conventional	facilities,	including	cooling	towers,	

low-conductivity	water	systems,	chilled	water	systems,	

electrical	switching	and	transformer	stations,	also	need	to	

be	 housed.	These	 construction	 elements	 have	 been	

included	in	the	cost	estimate	given	in	Section	8.1.	

An	exceptionally	stable	foundation	will	be	needed	to	

support	the	entire	NGLS	machine.	Long-term	settlement	

and	vibration	must	be	minimized	for	efficient	machine	

operation	and	optimum	performance.	

Roughly	ten	meters	of	combined	concrete	and	earth	

shielding	will	enclose	the	NGLS.	Beam	dumps,	located	at	

the	end	of	the	spreader	and	at	the	end	of	each	FEL,	will	be	

positioned	 below	 floor	 level	 and	 inclined	 downward.	

Concrete	vaults	surrounding	the	beam	dumps	will	further	

isolate	these	units	from	the	main	portion	of	the	machine	

and	from	the	soil	in	which	they	are	buried.

The	width	and	height	of	the	injector	and	linac	enclo-

sure	will	be	sufficient	to	house	the	beamline	components,	

support	equipment	and	utilities	while	maintaining	a	walk-

way	for	installation	and	removal	of	a	full	cryomodule.	The	

shielding	enclosure	in	the	spreader	region	will	have	an	

increased	width	necessitated	by	the	shallow	initial	angle	

between	the	branch	lines	and	main	beam	axis.	This	wide	

hall	will	transition	to	individual	branch	enclosures	for	the	

FELs	 downstream	 of	 the	 final	 bend	 magnet	 on	 each	

branch.	The	FEL	vaults	extend	an	additional	~120	meters	

to	the	shielding	end-wall	and	the	beginning	of	the	experi-

mental	hall.

Spacing	between	FELs	is	to	be	about	6	meters,	ade-

quate	for	two	or	more	photon	branch	lines.	X-ray	beam-

lines	will	extend	about	50	meters	from	the	first	optic,	

housed	within	the	shield	wall,	and	reach	end-stations	

near	the	far	wall	of	the	experimental	hall.	An	approxi-

operation	of	the	NGLS.	In	this	configuration,	electron	

bunches	of	approximately	10	pC	charge	and	10	fs	bunch	

length	would	be	delivered	to	the	SASE	FEL,	producing	

~108	photons	per	pulse	at	1	nm	in	pulses	of	a	few	femto-

seconds	 duration,	 and	 at	 the	 full	 repetition	 rate	 of		

the	injector.

Distributing	the	electron	beam	to	an	array	of	beamlines	

through	a	spreader	utilizing	pulsed	kickers	operating	at	

100	kHz	pulse	repetition	rate	delivers	a	regular	stream	of	

bunches	simultaneously	to	each	seeded	FEL	(with	the	rate	

ultimately	limited	by	seed	laser	power	and	spreader	per-

formance),	and	bunches	for	the	final	downstream	SASE	

FEL	(not	using	a	seed	laser)	at	up	to	the	full	repetition	rate	

of	 the	 injector.	 Section	 5.4.4	 describes	 the	 technical	

details	of	the	spreader.	
 
Table	3  Electron beam parameters for baseline operation with 
300 pC bunches. With the flexibility offered by a photocathode gun 
and CW superconducting linac, NGLS will offer a range of other 
modes of operation, delivering beams required for specific FEL 
configurations and experimental needs.

Parameter 

Bunch	charge	(pC) 300

Repetition rate (MHz)

Out	of	linac 1

Into	FEL 0.1-1

Average current (mA) 0 .3

Bunch	length	(fs)

Out	of	injector	(FWHM) ~	5000

Into	FEL	(in	usable	bunch	core)	 250

Peak current (A)

Out	of	injector >	40

Into	FEL	(in	usable	bunch	core)	 >	500

Emittance (slice, normalized, µm)

Out	of	injector <	0.6

Into	FEL 0.6

Energy spread (slice, rms, keV)

Out	of	injector <	4

Into	FEL	(in	usable	bunch	core)	 50

We	are	engaged	in	R&D	to	further	reduce	technical	

risk,	allow	increased	definition	of	the	machine	configura-

tion	and	performance	deliverables,	and	reliably	under-

stand	costs	and	benefits:	Section	5.4.1	describes	technical	

and	physics	challenges,	and	Section	8.3	summarizes	our	

risk	management	and	R&D	plans.	Obviously,	much	of	the	

physics	of	seeded	FEL	operation	at	X-ray	wavelengths	is	

still	rapidly	developing	across	a	number	of	U.S.	and	inter-

national	laboratories;	risk	management	will	involve	coor-

dinated	research	over	many	institutions.
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designs	for	major	accelerator	systems	of	the	NGLS.	We	

start	with	 the	electron	source	and	 injector,	and	move	

downstream	highlighting	design	choices	and	features	of	

the	accelerator	systems	and	FEL	beamlines.	

5.4.1 Overview of FEL Physics  
 and Technology Challenges 

Lasing	at	X-ray	wavelengths	requires	very	high	bright-

ness	electron	beams.	To	preserve	brightness,	we	naturally	

endeavor	to	bend	the	electrons	as	little	as	possible	as	the	

bunches	are	generated,	manipulated,	accelerated,	and	

transported	to	the	radiating	sections.	Therefore	a	single-

pass	linac-based	design	is	a	natural	choice.

Assuming	typical	FEL	conversion	efficiencies	of	the	

electron	beam	power	to	X-ray	power	on	the	order	of	10-4,	

NGLS	will	achieve	an	overall	facility	power	efficiency	for	

the	production	of	radiation	on	the	order	of	10-5.	By	com-

parison,	this	is	several	orders-of-magnitude	greater	in	

efficiency	than	can	be	achieved	to	produce	few-nm-wave-

length	HHG	radiation	driven	by	optical	lasers.	

The	target	of	1	MHz	or	greater	bunch	repetition	rate	

enables,	with	realistic	overall	power	requirements	and	

capital	costs,	an	array	of	multiple	X-ray	beamlines	with	

flexible	and	cutting-edge	performance.	From	an	accelera-

tor	perspective,	once	one	accepts	the	utility	of	bunch	rates	

in	excess	of	about	1	kHz	or	perhaps	10	kHz,	the	technology	

of	choice	clearly	shifts	from	warm	to	superconducting	RF	

linacs.	At	these	high	repetition	rates,	CW	operation	of	the	

SCRF	 linac	 enjoys	 significant	 advantages	 over	 pulsed	

operation	without	a	great	penalty	in	power	requirements.	

For	example,	CW	operation	naturally	allows	for	high-band-

mately	ten-meter	walkway	at	the	end	of	the	photon	beam-

line	will	provide	access	for	the	installation	and	removal	of	

experimental	equipment.	Electronic	racks,	utilities	and	

support	equipment	will	be	located	in	a	second	floor	above	

the	experimental	floor,	leaving	the	ground	floor	clear	of	

heat	and	noise	sources.	Laser	systems	for	the	photocath-

ode	source,	FEL	seeding,	and	end	station	experiments	

will	be	housed	in	separate,	temperature-controlled	rooms	

outside	of	the	radiation-shielded	enclosure.

The	most	costly	ancillary	system	will	be	the	two-kelvin	

liquid	 helium	 refrigeration	 system	 for	 cooling	 of	 the	

superconducting	RF	structures.	The	compressors	for	the	

refrigerator	will	be	housed	on	a	separate	foundation,	suf-

ficiently	 removed	 to	 limit	 transmission	 of	 vibration	

through	the	ground	to	the	machine	but	not	so	far	as	to	

incur	 unreasonably	 high	 cryogenic	 transmission	 line	

costs.

The	RF	power	supply	system	will	be	the	largest	power	

draw	at	~7.2	MW,	followed	by	the	cryogenics	systems	

with	a	3	MW	power	draw.	Magnets,	vacuum	system,	

experimental	equipment	and	ancillary	support	systems	

will	contribute	approximately	2.5	MW	to	the	load.	In	total	

the	utility	power	load	will	be	approximately	13	MW.	The	

installed	capacity	will	be	greater.

5.4	 Design	Considerations		
	 and	Challenges	

In	the	following	section	we	first	outline	the	challenges	

of	building	an	FEL	that	exceeds	the	current	state-of-the-

art,	and	we	then	describe	in	some	detail	the	pre-conceptual	
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ed	the	electron	beam	brightness	required	for	X-ray	FEL	

operation,	and	our	design	includes	state-of-the-art	beam	

brightness,	 the	NGLS	requires	three	to	four	orders	of	

magnitude	greater	 repetition	 rate	 than	 the	LCLS.	The	

NGLS	injector	requires	different	technology	than	LCLS	for	

the	electron	gun	accelerating	cavity	and	the	photocath-

ode/laser	systems,	as	well	as	different	beam	bunch	com-

pression	and	emittance	compensation	schemes.	

The	saturated	FEL	output	power	is	proportional	to	the	

electron	beam	power.	For	the	NGLS,	the	energy	per	pulse	

may	reach	hundreds	of	microjoules,	and	ultimately	milli-

joules	 for	some	beamlines	when	operating	with	high-

charge	bunches.	Our	dual	goals	for	long	pulses	(250	fs	

FWHM	 in	 the	 baseline	 design,	 and	 ultimately		

longer	—	which	naturally	requires	higher	charge	and	there-

fore	higher-emittance	bunches)	together	with	a	relatively	

low	beam	energy	(for	lower	cost),	require	careful	optimiza-

tion	for	a	robust	facility.	As	SCRF	technology	develops,	the	

linac	may	allow	for	increased	beam	energy	without	signifi-

cantly	greater	risk,	thereby	reducing	the	requirement	on	

beam	brightness.	Physics	and	technology	challenges	of	an	

X-ray	FEL	are	discussed	more	generally	in	Reference	5.	

The	current	preference	for	seeding	schemes	is	to	use	

echo-enabled	harmonic	generation	(EEHG),	which	can	be	

implemented	at	100	kHz	using	modest	developments	of	

currently	available	lasers.	The	second	choice	is	to	rely	on	

HHG	seeding	at	wavelengths	in	the	~30	nm	range,	which	

can	also	be	effected	by	currently	available	laser	technology	

operating	at	10	kHz,	and	sources	are	anticipated	to	reach	

100	kHz	repetition	rates	at	the	time	of	commissioning.	

High-gain	harmonic	generation	(HGHG)	is	an	alternative	

option,	and	systems	with	power	suitable	for	10–100	kHz	

operation	already	exist.	Several	facilities	worldwide	are	

developing	and	evaluating	FEL	seeding	techniques,	and	

we	have	included	seeding	experiments	and	technology	

developments	in	the	NGLS	R&D	needs.

Other	techniques	have	been	proposed	to	increase	the	

coherence	or	brightness	of	the	FEL	output	without	seed-

ing	the	FEL	using	external	lasers.	Eliminating	seed	lasers	

has	 the	potential	 for	enabling	much	higher	 repetition	

rates	while	still	offering	some	control	over	the	timing	and	

duration	of	the	radiation	pulse,	but	at	the	cost	of	losing	

the	shot-to-shot	consistency,	tightly	controlled	synchroni-

zation,	and	the	exquisite	control	over	pulses	of	which	

external	seeding	via	an	optical	laser	systems	is	capable.	

One	method	avoiding	seeding	lasers	is	FEL	self-seeding,	

width,	automated	feedback	and	control	systems	that	can	

help	ensure	very	high	stability	and	reliability	of	electron	

bunch	properties	and	concomitant	photon	attributes.	The	

choice	of	CW	SCRF	technology	beyond	1–10	kHz	repetition	

rate	opens	up	all	the	scientific	benefits	of	even	higher	pulse	

repetition	rates	without	significantly	further	impacting	the	

accelerator	construction	costs.	The	final	machine	parame-

ters	will	be	chosen	to	achieve	relatively	low	capital	cost	per	

experimentally	usable	photon,	with	pulses	of	short	length	

and	high	spatial	and	temporal	coherence,	and	moderately	

high	but	variable	photon	flux	providing	intensities	below	

the	damage	or	disruption	thresholds	required	for	many	

sensitive	experiments.	

Our	choice	of	about	14	MeV/m	accelerating	gradient	

favors	reduced	technical	risk	in	the	linac.	We	expect	to	

continue	to	develop	plans	for	cryomodules	based	on	cost	

and	performance	optimizations	of	the	current	 ILC	and	

XFEL-based	designs	—	we	see	this	as	one	of	several	areas	

where	a	partner	laboratory	with	relevant	experience	and	

expertise	could	assume	a	valuable	role.	The	linac	design	

is	not	yet	optimized,	and	we	defer	final	judgment	on	the	

exact	choice	of	gradient	to	the	engineering	design	phase	

after	completion	of	thorough	parametric	cost	and	perfor-

mance	optimization	of	the	entire	FEL	system.	

The	FEL	operation	requires	that:	εn/γ	≤	λ/4π,	where	εn	

the	electron	bunch’s	normalized	transverse	RMS	emit-

tance,	γ	is	the	Lorentz	factor,	λ	is	the	resonant	X-ray	wave-

length	given	by	λ = λu(1+K2/2)/(2γ2),	λu	is	the	undulator	

period,	and	K	is	the	undulator	parameter.	Additionally,	

the	energy	spread	must	be	sufficiently	small	that	particles	

do	not	longitudinally	de-phase	over	an	FEL	gain	length.	

The	gain	is	a	function	of	the	peak	current,	which	scales	

proportionally	to	the	energy	spread	starting	from	a	given	

initial	bunch.	Thus,	compressing	a	bunch	to	increase	the	

peak	current	and	thus	the	gain	will	unavoidably	increase	

the	energy	spread,	and	beyond	some	point	further	com-

pression	 will	 become	 ineffective;	 conversely,	 a	 long	

bunch	will	have	a	low	gain	owing	to	low	peak	current.	

The	six-dimensional	electron	brightness,	defined	to	be	

proportional	to	the	density	of	electrons	in	their	six-dimen-

sional	phase	space,	i.e.,	B~Ne/(εnxεnyεnz),	is	the	primary	

beam	parameter	that	should	be	maximized	to	optimize	

FEL	performance.	This	quantity	is	invariant	along	the	elec-

tron	beamline	under	ideal	circumstances,	but	in	practice	

its	(near)-conservation	can	only	occur	with	carefully	con-

sidered	machine	design.	While	the	LCLS	has	demonstrat-
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generating	the	electron	bunches	of	the	required	quality	at	

high	repetition	rate	using	presently	available	laser	tech-

nology.	The	following	sections	provide	an	overview	of	the	

injector	and	of	its	simulated	performance,	followed	by	a	

description	of	its	main	hardware	components.

5 .4 .2 .1 Injector Overview

A	conceptual	design	of	the	injector	layout	is	shown		

in	Figure	80,	and	a	CAD	representation	is	provided	in	

Figure	81.	The	injector	chain	begins	with	a	photocathode	

installed	in	a	187	MHz	RF	electron	gun	operating	in	CW	

mode,	and	a	drive	laser.	A	“bucking”	solenoid	integrated	

into	the	gun	controls	the	magnetic	field	at	the	cathode	

surface.	The	next	elements	are	a	solenoid	followed	by	a	

buncher	cavity	and	then	by	a	second	solenoid.	These	ele-

ments	initiate	emittance	compensation8,	9	while	simulta-

neously	 performing	“ballistic”	 bunch	 compression.10		

The	buncher	 is	a	normal-conducting,	Cornell-designed	

cavity11	operating	in	CW	mode	at	1.3	GHz.	The	next	ele-

ment	along	the	line	is	a	cryostat	containing	a	single	1.3	

GHz,	CW,	TESLA-like,	superconducting	9-cell	cavity.	

This	 superconducting	 cavity	 accelerates	 the	 beam	

from	750	keV	at	the	gun	exit	and	performs	velocity	bunch-

ing12	by	de-phasing	the	RF	with	respect	to	the	maximum	

acceleration	 phase.	 Downstream	 from	 this	 cryostat,	

another	room-temperature	solenoid	continues	the	emit-

tance	compensation	process	and	allows	for	the	control	of	

the	transverse	beam	size	in	the	remaining	sections	of	the	

injector.	The	last	element	in	the	injector	is	a	second	cryo-

stat	containing	five	1.3	GHz	CW	TESLA-like	supercon-

ducting	9-cell	cavities.	With	the	exception	of	the	first	

cavity	in	this	last	cryostat,	which	is	de-phased	for	con-

tinuing	the	velocity	bunching,	all	the	others	are	phased	

for	maximum	acceleration.	The	energy	at	the	exit	of	the	

injector	is	designed	to	be	about	70	MeV.

Figure	81	shows	a	CAD	model	of	the	assembled	beam-

line	including	beam	diagnostic	systems,	such	as	beam	

position	monitors,	current	monitors,	 transverse	emit-

tance	measurement	systems,	and	beam	profile	monitors,	

as	well	as	steering	magnets	for	orbit	corrections.	In	the	

main	linac	(not	shown	in	the	figure,	see	Section	5.4.3.1)	

downstream	from	the	injector,	a	transverse	deflecting	

cavity	system	jointly	with	a	spectrometer	system	will	

allow	for	bunch	length	measurements,	“slice”	emittance	

measurements,	and	full	characterization	of	the	longitudi-

nal	phase	space.

where	undulator	X-ray	output	generated	from	the	beam	

itself	 is	passed	 through	a	monochromator	 to	ensure	

coherence	and	then	made	to	overlap	the	same	electron	

bunch,	suitably	delayed.	While	self-seeding	methods	

may	 have	 important	 applications,	 especially	 in	 hard	

X-ray	machines,	for	soft	X-rays	the	enormous	advantag-

es	of	external	seeding	using	short-pulse	lasers,	as	in	the	

EEHG,	 HHG	 and	 HGHG	 schemes,	 are	 major	 perfor-

mance-enhancing	capabilities	that	are	expected	to	play	

critical	roles	in	future	X-ray	FEL	facilities.	At	repetition	

rates	of	a	few	MHz	or	higher,	oscillators	might	be	used	in	

place	of	external	 lasers	for	seeding,	opening	up	new	

regimes	of	operation.	However,	this	potentially	break-

through	 technique	 is	 in	 its	 infancy	 at	 the	 moment.	

Another	possibility	is	to	generate	short	X-ray	pulses	of	

high	coherence	while	avoiding	seeding	altogether,	by	

producing	FEL	radiation	in	“single-spike”	SASE	mode,	

using	 low-charge,	 low-emittance	 electron	 bunches	

whose	length	is	on	the	order	of	a	few	SASE	cooperation	

lengths.	This	mode	of	operation	offers	almost	full	tem-

poral	and	transverse	coherence	as	well	as	femtosecond	

timing	characteristics,	but	suffers	from	large	pulse-to-

pulse	variations	in	X-ray	power,	and	less	capability	to	

synchronize	 timing	precisely	 to	external	 lasers.	Note	

that	each	alternative	technique	might	require	a	distinct	

beamline	configuration,	and	in	some	cases	substantially	

different	 electron	 beam	 parameters,	 but	 the	 relative	

conceptual	simplicity	of	these	ideas	suggests	that	each	

may	warrant	further	exploration.

5.4.2 Injector

The	electron	beam	quality	and	thus	the	FEL	performance	

depend	fundamentally	on	the	injector.	The	remaining	sys-

tems	 of	 the	 accelerator	 can	 at	 best	 preserve,	 but	 not	

improve,	the	6D	brightness	of	the	electron	bunch	from	the	

injector.	While	the	excellent	results	of	LCLS	and	PITZ	/	FLASH	

injectors6,	7	have	already	proven	the	capability	of	generat-

ing	the	bright	beams	as	needed	for	NGLS	at	relatively	low	

repetition	rates	(~100	Hz),	none	of	the	present	gun	technol-

ogies	have	yet	demonstrated	a	comparable	performance	at	

high	repetition	rates	(i.e.,	tens	of	kHz	to	MHz	or	greater).

The	injector	for	NGLS	is	based	on	a	novel	electron	

photo-gun	 design	 presently	 being	 pursued	 at	 LBNL.		

This	gun,	in	conjunction	with	the	use	of	high	quantum	

efficiency	(QE)	photo-cathodes,	is	potentially	capable	of	
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from	the	cathode,	is	chosen	to	be	trapezoidal,	with	a	flat	

top	of	the	order	of	50	ps	and	roughly	10%	rise	and	fall	

times.	In	the	low-energy	region	downstream	from	the	

gun,	space-charge	repulsion	further	expands	the	beam	

longitudinally,	 and,	 in	 order	 to	 achieve	 the	 required		

~250	fs	bunch	core	length	at	the	FEL	undulator	entrance,	

an	appropriate	compression	 is	required.	Bunch	com-

pression	starts	in	the	injector,	where	the	bunch	length	is	

reduced	to	a	typical	FWHM	value	of	~5	ps,	and	it	is	sub-

sequently	completed	further	downstream	in	the	linac.		

At	different	bunch	charge,	bunch	lengths	and	compres-

sion	factors	can	differ	due	to	different	space	charge	con-

ditions,	wakefield	and	CSR	effects,	etc.,	but	the	overall	

picture	is	similar.

In	the	NGLS	injector,	beam	compression	is	realized	with	

a	“conventional”	 ballistic	 buncher	 stage,	 followed	 by	

velocity	bunching	in	the	accelerating	cavities.	The	ballistic	

Table	3	contains	the	baseline	injector	beam	require-

ments.	In	addition,	preliminary	simulations	of	different	

modes	of	operation	with	bunch	charge	from	~10	pC	to		

~1	nC	indicate	the	ability	of	the	injector	to	successfully	

operate	over	a	wide	range	of	conditions.

	In	addition	to	the	parameters	indicated	in	Table	3,	the	

control	of	energy-time	correlations	(chirp)	in	the	longitu-

dinal	phase	space	at	the	injector	exit	will	be	critical	to	

effective	FEL	performance.	The	chirp	can	be	partially	com-

pensated	by	dephasing	the	RF	in	specific	linac	sections,	

and	to	second-order	by	using	a	higher-harmonic	cavity	

linearizer	upstream	from	the	linac	magnetic	compressor.	

Higher-order	correlation	terms	must	be	minimized	to	allow	

for	smooth	compression	in	the	linac	bunch	compressor.

In	order	to	control	space-charge	emittance	dilution	for	

the	baseline	NGLS	injector	configuration,	the	shape	of	

the	laser	pulse	and,	hence,	of	the	electron	bunch	emitted	
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Figure	80  Schematic layout showing the main components of the NGLS injector. RF systems operate in CW mode, and repetition rate is 
1 MHz (upgradeable to ≥100 MHz at low bunch charge).

Figure	81  CAD view of the NGLS injector, showing assembled systems including gun, diagnostics, buncher cavity, solenoids, and cryomodules. The 
injector delivers stable, high-brightness bunches at 1 MHz initially (upgradeable), for further acceleration, compression, and transport to the FELs. 
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5 .4 .2 .2 Photocathode Materials

The	photoinjector	for	NGLS	is	designed	to	operate	at		

1	MHz	repetition	rate	and	up	to	1	nC	pulse	charge,	or	possibly	

at	higher	repetition	rate	but	correspondingly	lower	charge.	

The	optimal	way	to	achieve	this	design	goal	is	to	use	much	

higher	QE	cathode	materials.	Considering	that	the	LCLS	

copper	cathode	has	a	QE	of	typically	2×10-5,	and	requires	a	

large	laser	system,	we	need	to	operate	at	~104	times	higher	

repetition	rate,	so	we	require	a	cathode	material	with	an	

overall	efficiency	that	is	higher	by	approximately	this	factor	

to	maintain	reasonable	drive	laser	parameters.	

We	are	 therefore	assessing	positive-electron-affinity	

semiconductor	photocathodes	such	as	cesium	telluride	

(Cs2Te)	as	used	at	FLASH,	and	di-potassium	cesium	antimo-

nide	(K2CsSb).	Both	cathodes	offer	initial	QEs	significantly	

higher	than	5%	with	photoemission	in	the	UV	for	Cs2Te	and	

in	the	visible	for	the	K2CsSb.	Because	of	its	lower	electron	

affinity,	the	latter	is	a	particularly	appealing	candidate	for	

the	NGLS	gun.	In	initial	work	in	our	laboratory	(see	Figure	

84),	we	have	shown	that	this	material	has	a	QE	of	around	

7%	under	illumination	with	green	light	at	532	nm,	giving	an	

effective	QE,	including	Schottky	barrier	lowering	due	to	the	

gun’s	accelerating	gradient,	of	~15%.	K2CsSb	has	high	reac-

tivity	and	requires	vacuum	operating	pressures	in	the	low	

10-11Torr,	and	in	particular	very	low	partial	pressures	for	

reactive	gasses	such	as	O2,	H2O,	and	CO2.

buncher,	operated	in	“zero	crossing”	mode10	does	not	on	

average	accelerate	the	beam.	 In	contrast,	 the	velocity	

bunching,	which	in	our	case	is	performed	by	operating	

the	first	two	superconducting	cavities	significantly	off-

crest,	allows	for	a	simultaneous	acceleration	and	com-

pression	of	the	bunch.12

In	the	ballistic	buncher,	the	energy	chirp	induced	on	

the	beam	is	nearly	linear,	and	the	resulting	compression	

usually	generates	more	symmetric	distributions	than	in	

the	case	of	velocity	bunching,	where	the	off-crest	opera-

tion	and	the	relativistic	velocity	compression	introduce	

non-linear	effects	and	hence	asymmetric	distributions	

with	longer	tails.	On	the	other	hand,	the	advantage	of	

velocity	bunching	is	that	it	accelerates	the	beam	as	quick-

ly	as	possible,	allowing	for	better	control	over	the	trans-

verse	emittance	growth	due	to	space	charge.	

The	injector	optimization	process	consists	in	finding	

an	appropriate	trade-off	between	these	two	compression	

schemes	while	simultaneously	controlling	space-charge	

induced	emittance	growth	by	use	of	emittance	compen-

sation	techniques.	Longitudinal	compression	increases	

the	peak	current	and	hence	increases	transverse	space	

charge,	coupling	longitudinal	and	transverse	dynamics.		

A	 large	number	of	variables	affect	 the	 injector	perfor-

mance.	For	NGLS,	we	approached	the	injector	design	by	

using	a	multi-objective	genetic	optimization	algorithm,	

introduced	in	the	context	of	accelerator	physics	and	pho-

to-injectors	by	the	Cornell	group.13		The	ASTRA	tracking	

code	was	used	for	the	simulations.14	

An	example	of	the	optimization	for	the	baseline	300	pC	

case	is	given	in	Figure	82,	where	a	set	of	possible	solutions	

is	shown	to	highlight	the	trade-off	between	RMS	bunch	

length	(y-axis)	and	normalized	transverse	projected	emit-

tance	(x-axis)	at	the	end	of	the	injector.	Figure	83	shows	

beam	phase-space	for	a	particular	solution	that	represents	

a	 possible	 match	 to	 the	 requirements	 of	Table	 3.	The		

simulations	have	been	performed	assuming	an	intrinsic	

(thermal)	 emittance	 for	 cesium	 telluride	 cathodes,	 as	

experimentally	determined	at	PITZ.15	Additionally,	a	uni-

form	“hard-edge”	 transverse	distribution	 for	 the	 laser	

pulse	at	the	cathode	was	used	to	minimize	space-charge	

effects.	For	the	solutions	shown	in	Figure	83,	the	maxi-

mum	accelerating	gradient	in	the	TESLA-like	cavities	was	

~14	MV/m,	the	Cornell	buncher	was	used	within	its	design	

limits,	and	the	maximum	field	in	the	20	cm	long	solenoids	

was	~0.1T.
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Figure	82  Results of a multi-objective optimization study of injector 
configurations showing trade-off between normalized transverse 
projected emittance and RMS bunch length at the exit of the injec-
tor for a 300 pC bunch. 
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emits	in	under	UV	illumination,	so	that	the	radiation	from	

the	IR	laser	must	be	frequency	quadrupled,	with	additional	

losses	in	efficiency,	and	hence	a	more	powerful	IR	drive	

laser	is	required	than	is	the	case	for	K2CsSb	where	the	IR	is	

only	frequency	doubled	(see	Section	5.4.2.3).	

With	this	dual	approach,	we	are	developing	the	ideal	

material	as	well	as	a	lower	risk	alternative	in	case	of	unan-

ticipated	problems	with	the	antimonide	cathodes.	LBNL	

has	a	photocathode	laboratory	dedicated	to	this	work.	We	

can	grow	these	materials	by	MBE	techniques	as	well	as	

characterize	their	properties	using	wavelength-dependent	

yield,	angle-resolved	photoelectron	spectroscopy,	PEEM	

and	many	other	standard	tools	for	materials	development	

and	analysis.	We	are	also	using	materials-science	beam-

lines	at	ALS	and	at	NSLS	in	collaboration	with	BNL	to	mea-

Although	K2CsSb	has	been	tested	before	in	photoin-

jectors,16	we	are	engaged	in	an	R&D	program	to	assess	

performance	and	develop	materials	for	operation	in	our	

photocathode	gun,	including	understanding	of	lifetime	

under	 high	 repetition-rate	 laser	 shock	 loading	 and		

vacuum	conditions	in	the	gun,	and	characterizing	trans-

verse	momentum	spectra,	surface	roughness,	and	many	

other	issues.	

In	parallel	and	in	collaboration	with	INFN-Milano	LASA,	

we	are	developing	an	alternative	path	offered	by	the	Cs2Te	

cathode	 technology.	This	 material	 does	 not	 require		

vacuum	pressures	to	be	as	low	as	K2CsSb	does,	and	has	

been	extensively	used	in	FLASH	at	high	repetition	rates	in	

burst	mode.	We	will	extend	this	work	to	explore	the	full	CW	

operating	mode	of	the	NGLS.	This	kind	of	cathode	photo-

Em
itt

an
ce

 (m
m

-m
ra

d)

-12  -10 -8  -6  -4  -2 0  2  4  6 

100% projected
normalized emittance:

0.66 μm 

t–t0 (ps)
-12  -10 -8  -6  -4  -2 0  2  4  6 

t–t0 (ps)

RM
S 

En
er

gy
 S

pr
ea

d 
(k

eV
) 

-12  -10 -8  -6  -4  -2 0  2  4  6 

Pz0 = 70 MeV/c

t–t0 (ps)

 

-12  -10 -8  -6  -4  -2 0  2  4  6 

Current Profile

t–t0 (ps)

I (
A)

0.6

0.5

0.4

0.3

0.2

0.1

0.0

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

60

50

40

30

20

10

0

P z 
 _ P z 

0 
(M

eV
/c

)

6

5

4

3

2

1

0

Normalized Slice Transfer Emittance Slice RMS Energy Spread

Longitudinal Phase Space

Figure	83  Example of phase-space parameters at the exit of the injector for a single optimization point in Figure 82, and for the baseline 
beam parameters of Table 3. The bunch head is at t-t0 > 0. The bunch has the characteristics to allow the linac systems to deliver beam of 
required pararameters to the FELs.



125

5 .  PROPOSED FACILITY
DESIGN CONSIDERATIONS AND CHALLENGES

the	infrared	region,	and	lasers	with	a	1064	nm	central	

wavelength	are	readily	available.	Starting	from	this	wave-

length,	frequency	doubling	and	quadrupling	can	gener-

ate	the	532	nm	and	the	266	nm	pulses	required	by	the	

K2CsSb	and	Cs2Te	cathodes,	respectively.	Frequency	up-

conversion	efficiency	values	are	30%	or	better	for	second-

harmonic	 generation	 and	 ~5%	 for	 fourth-harmonic	

generation.	The	requirements	for	per-pulse	energy	at	the	

cathode,	given	 in	Table	4,	have	been	calculated	 for	a	

charge	per	bunch	of	up	to	1	nC	and	a	QE	of	1%.	Initial	QE	

values	for	these	cathode	materials	can	be	as	much	as	one	

order-of-magnitude	higher,	but,	because	of	finite	lifetime,	

the	QE	progressively	decreases	during	operation.	In	our	

assumptions,	 such	 degradation	 will	 be	 compensated		

by	increasing	the	laser	energy	until	the	lower	QE	bound		

of	 1%	 is	 reached,	 at	 which	 point	 the	 cathode	 may		

be	replaced.

The	total	per-pulse	energy	budget	must	also	take	into	

account	 losses	 in	 the	beam	shaping	optics,	 transport	

optics	to	the	cathode,	the	UHV	vacuum	window	reflectiv-

ity,	 and	 beam	 sampling	 for	 diagnostic	 purposes.	

Accounting	for	these	losses,	an	overall	15%	energy	effi-

ciency	for	the	532	nm	laser	is	estimated	from	the	IR	ampli-

fier	output	to	the	cathode	plane,	which	implies	a	required	

output	IR	energy	from	the	laser	amplifier	of	about	1	μJ	

per	pulse	(or	1	W	on	average	at	1	MHz).	In	the	case	of		

266	nm,	the	overall	energy	efficiency	goes	down	to	~2%,	

due	to	the	photon	energy	quadrupling.	This	leads	to	an	IR	

output	power	requirement	of	up	to	10	μJ	per	pulse	after	

sure	the	growth	and	properties	of	these	materials,	using	

X-ray	probes.	

5 .4 .2 .3 Photocathode Laser

The	choice	of	the	photocathode	laser	system	is	criti-

cal	in	the	design	of	a	machine	devoted	to	support	a	user	

facility.	 In	 addition	 to	 the	 technical	 specifications	 in	

terms	of	power,	energy	and	pulse	duration,	other	quan-

tities	such	as	robust	reliability,	stability,	and	reproduc-

ibility,	are	important	technical	characteristics	that	must	

be	addressed.

For	the	NGLS,	fiber	lasers	represent	a	good	match	for	

the	following	reasons:

•	 They	have	been	 in	 industrial	production	for	some	

time,	and	highly	engineered	laser	layouts	with	high	

reliability	are	now	commercially	available17

•	 Fiber	lasers	have	optimum	performance	in	terms	of	

timing	and	energy	jitter

•	 They	can	be	efficiently	pumped	by	diode	lasers

•	 They	have	the	capability	of	delivering	high	average	

power	—	fiber	lasers	with	output	power	of	up	to	~10	W	

at	a	MHz	repetition	rate	are	available	

•	 The	use	of	an	active	medium	such	as	Yb3+	assures	a	

gain	bandwidth	large	enough	to	support	sub-picosec-

ond	 pulse	 durations	 and	 rise-times	 as	 may	 be	

demanded	in	some	operating	modes	of	NGLS

In	Table	4	the	laser	parameters	required	at	the	cathode	

plane	for	the	NGLS	are	shown	for	the	two	cathode	materials	

also	under	development	and	described	in	Section	5.4.2.2.	

Depending	on	the	choice	of	photocathode	material,	

the	laser	will	be	required	to	operate	at	different	wave-

lengths.	Most	of	the	commercial	fiber	lasers	operate	in	
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Figure	84  Quantum efficiency of K2CsSb measured in the photo-
cathode laboratory at LBNL, potentially offering a very efficient 
photocathode design.

Table	4  Laser requirements, at the cathode, for the two photo-
cathodes under development to provide high brightness bunches 
at high repetition rate and with conventional laser systems.

Laser	Parameters Value	at	the	cathode	
plane	(K2CsSb)

Value	at	the	cathode	
plane	(Cs2Te)

Wavelength	(nm) 532 266

Energy	per	pulse	(nJ) up	to	100 up	to	200

Transverse	distribution Quasi-uniform	hard-edge

RMS	transverse	size*	(mm) from	~	0.1	to	~	1

Longitudinal	distribution Trapezoidal	with	~	10%	rise	and	fall	times

Flat-top	width*	(ps) From	~	1	to	~	60	

Repetition	rate	(MHz) up	to	1	(higher	charge	per	bunch)	
[Goal of 100+ at low charge per bunch, 
with future developments]

*	Depending	on	the	charge	per	bunch.	The	charge	may	be	in	the	range	
from	a	few	pC	up	to	one	nC.
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5 .4 .2 .4 Photocathode Gun

	The	RF	photo-gun	proposed	for	the	NGLS	is	being	

developed	at	LBNL	in	the	APEX	R&D	project.	The	gun	is	

based	on	reliable	and	mature	mechanical	and	RF	technol-

ogies21,	22,	23	—	characteristics	that	are	important	to	pro-

vide	the	necessary	reliability	for	the	operation	of	a	user	

facility.	The	principal	component	of	the	gun	is	a	normal-

conducting,	copper	RF	cavity	resonating	at	~187	MHz		

(in	the	VHF	band).	Figure	85	shows	a	cross	section	of	the	

VHF	cavity	identifying	the	main	components,	while	Table	5	

lists	its	baseline	design	parameters.

As	 described	 in	 Section	 5.4.2.2,	 semiconductor		

cathodes	can	offer	the	required	QE	but	are	typically	very	

sensitive	to	ion	back-bombardment	damage	and	contam-

ination.	Extremely	low	vacuum	pressures,	in	the	10-11	torr	

range,	are	hence	necessary	in	order	to	maximize	the	life-

time	of	the	cathodes.

Two	 major	 goals	 are	 targeted	 in	 the	 gun	 design:		

CW	operation	capability	to	allow	operation	at	high	repeti-

tion	rate	of	MHz	or	greater,	and	 low	vacuum	pressure	

under	operating	conditions.	Because	of	the	low	resonant	

frequency,	the	cavity	dimensions	are	large	and	hence	the	

power	density	on	the	cavity	inner	walls,	produced	by	RF	

currents,	is	sufficiently	small	to	be	controlled	by	conven-

tional	water-cooling	techniques.	Thus,	the	cavity	can	with-

stand	the	heat	load	when	operating	in	CW	mode	at	the	

required	gradients.	This	design	can	realize	a	significantly	

higher	gradient	and	beam	energy	than	can	be	achieved	in	

DC	guns.	Furthermore,	the	long	RF	wavelength	allows	for	

the	large	high-conductance	vacuum	ports	(the	numerous	

final	amplification,	or	~10	W	of	average	power	at	1	MHz	

operation.	Commercial	Yb	fiber	 lasers	delivering	2	μJ		

per	pulse	at	1	MHz,	and	up	to	10	μJ	per	pulse	with	sub-ps	

pulse	duration	are	currently	available.

Uniform,	“hard-edge”	transverse	distributions	can	be	

achieved	by	means	of	pulse-conditioning	optical	sys-

tems.	An	example	of	a	practical	and	flexible	layout	con-

sists	of	a	telescope	system	followed	by	an	aperture.	The	

telescope	expands	the	beam	transversely,	overfilling	the	

aperture,	thereby	selecting	the	pulse’s	central	quasi-uni-

form	region.	Relay	optics	then	image	the	aperture	on	the	

cathode	plane,	with	the	desired	magnification,	and	with	

the	beneficial	effect	of	improving	the	laser	pointing	sta-

bility.	This	is	an	effective	but	inefficient	scheme,	with	for	

example	an	order-of-magnitude	loss	in	transmission	for	

a	10%	flat	top	intensity	distribution.	Alternative	schemes	

based	on	aspheric	lenses	can	also	be	used.18		These	sys-

tems	benefit	 from	a	higher	efficiency,	but	 require	an	

accurate	and	stable	alignment	and	rely	on	the	Gaussian-

like	transverse	beam	profiles	afforded	by	fiber	lasers	in	

order	to	operate	correctly.	Both	schemes	are	under	con-

sideration	for	the	NGLS.

The	required	temporal	laser	shaping	can	be	achieved	

by	various	schemes.	Among	these,	pulse-stacking	using	

birefringent	crystals	have	been	demonstrated	to	be	both	

reliable	and	efficient.19	In	such	systems,	a	single	pulse	is	

split	into	a	pair	of	pulses	with	orthogonal	polarization	by	

a	birefringent	crystal;	 this	pair	of	pulses	then	passes	

through	another	birefringent	crystal,	with	each	pulse	

forming	a	pair	of	daughter	pulses,	forming	2n	pulses	for	

n	crystals;	these	pulse	replicas	can	be	arranged	to	par-

tially	overlap	in	time,	forming	a	quasi-flat-top	beam.	The	

rise	and	fall	times	of	the	shaped	pulse	depend	on	the	

original	pulse	length.	The	appealing	characteristics	of	

this	scheme	are	simplicity	and	efficiency	 (more	 than	

90%	when	using	anti-reflection	coatings	on	the	crystals).	

The	drawback	is	a	lack	of	flexibility	in	pulse	time	dura-

tion.	Other	pulse-shaping	schemes	can	be	used	if	the	

pulse	length	needs	to	be	continuously	tuned.	For	exam-

ple,	shapers	based	on	grating	pairs	are	good	candidates	

in	such	a	case,20	allowing	an	extended	range	of	continu-

ous	tuning	of	the	final	pulse	length.	On	the	other	hand,	

such	flexibility	is	provided	at	the	expense	of	system	effi-

ciency,	which	typically	drops	to	~50%.	For	the	NGLS,	we	

envision	that	ultimately	a	combination	of	systems	will	

be	used	to	accommodate	the	different	modes	of	opera-

tion	of	the	facility.

Table	5  The main parameters for the CW photocathode gun built 
and undergoing tests at LBNL. The nominal bunch rate is 1 MHz, 
with bunches up to 1 nC, upgradable to ≥100 MHz with significantly 
lower bunch charge. 

Total	length	(m) 0.35

Accelerating	gap	(mm) 40

Q0	(ideal	copper	conductor) 30900

Electric	field	at	the	cathode	(MV/m) 19.5

Stored	energy	(J) 2.3

Maximum	wall	power	density	(at	0.75	MV	gap	voltage)	(W/cm2) 25.0

Cavity	internal	diameter	(m) 0.694

Cavity	resonant	frequency	(MHz) ~	187

Gap	voltage	(MV) 0.75

Peak	surface	electric	field	(MV/m) 24.1

RF	power	for	0.75	MV	at	Q0	(kW) 87.5

Operation	pressure	(Torr) ~	10-11
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The	 resonant	 copper	 structure	 is	 surrounded	 by	 a	

stainless	steel	shell	that	ensures	the	required	mechanical	

rigidity,	and	provides	the	pumping	plenum	and	vacuum	

sealing.	To	avoid	mechanical	moving	parts	inside	the	cav-

ity,	the	frequency	tuning	is	achieved	by	a	remotely	oper-

ated	mechanical	system	that	slightly	deforms	the	cavity	

wall	at	the	beam	exit	plane.	The	RF	power	is	supplied	

through	 two	 magnetic	 loop	 couplers	 diametrically	

opposed	on	the	cathode	back	wall.	The	~187	MHz	frequen-

cy	choice	is	compatible	with	both	1.3	and	1.5	GHz,	the	fre-

quencies	of	the	two	dominant	SCRF	linac	technologies	

(the	ILC	and	XFEL	are	designed	with	1.3	GHz	structures	

operating	in	pulsed	mode,	the	TJNAF	CEBAF	and	its	12	GeV	

upgrade	cavities	and	the	JLAB	FEL	cavities	are	1.5	GHz	

structures	and	operate	in	CW	mode.)

The	VHF	cavity	fabrication	has	been	completed,	and	

the	first	RF	tests	at	low	power	have	been	successfully	per-

formed;	 the	 first	vacuum	tests	have	also	successfully	

completed.	Figure	11	shows	the	completed	VHF	cavity	

during	calibration	of	the	RF	couplers.	

5.4.3 Linac 

5 .4 .3 .1 Overview of the Linac

The	linac	is	the	central	part	of	the	beam-delivery	sys-

tem,	performing	the	basic	functions	of	accelerating	and	

manipulating	the	electron	beam	as	required	for	lasing.	

Designed	to	accept	electron	bunches	at	about	70	MeV	

energy	from	the	injector,	it	provides	acceleration	up	to		

1.8	GeV	before	directing	 the	beam	to	 the	spreader	 for		

distribution	into	the	separate	FEL	undulator	lines.

The	proposed	layout,	based	on	the	preliminary	choice	

of	 	TESLA-like	 superconducting	 cavity	 technology,	

includes	components	that	have	become	conventional	in	

existing	or	proposed	4th-generation	light	sources25,	26,	27,	28	

(see	Figure	76).	The	linac	consists	of	six	main	sections.	

The	first	section,	Linac	0,	 interfaces	the	linac	with	the	

injector,	provides	about	90	MeV	acceleration,	and	accom-

modates	the	diagnostics	stations	needed	to	monitor	the	

beam	 phase	 space	 (see	 Section	 5.4.2.1)	 before	 its	

entrance	into	the	“laser	heater.”	

The	laser	heater	is	intended	for	control	of	the	beam’s	

uncorrelated	energy	spread	and	for	stabilization	of	the	

beam	dynamics.	The	beam	is	then	further	accelerated	in	

Linac	1	(with	225	MeV	energy	gain),	conditioned	by	pas-

sage	through	a	3.9	GHz	third-harmonic	RF	structure,	com-

pressed	through	a	single-chicane	bunch	compressor	at	

slots	visible	along	the	“equator”	of	the	cavity	in	Figure	85)	

that	are	necessary	for	achieving	the	desired	vacuum	pres-

sure	when	coupled	to	a	pumping	plenum	surrounding	the	

cavity	equator,	and	with	negligible	RF	field	distortion.	The	

use	of	a	 large	number	of	non-evaporable	getter	 (NEG)	

modules	 as	 the	 main	 pumping	 system	 will	 efficiently	

remove	those	molecules	(H2O,	O2,	CO2,	etc.)	that	are	par-

ticularly	damaging	to	the	cathode	and	reduce	lifetime.	

A	vacuum	load-lock	system,	based	on	a	design	used	at	

FLASH24	will	allow	for	the	replacement	of	and	the	in	situ	

conditioning	of	photocathodes.

In	contrast	to	SCRF	guns,	which	are	affected	by	field	

exclusion	and	magnetic	field	quenching	limits,	the	nor-

mal-conducting	 structure	 allows	 for	 straightforward	

application	of	magnetic	 fields,	 required	 for	emittance	

compensation	and	exchange	techniques.

NEG modules

Tuner plate

Cathode

Beam exit
portSolenoid

RF Couplers

Cathode
injection/extraction

channel

Figure	86  Assembly of the coaxial power input lines on the CW 
VHF cavity. 

Figure	85  A cross-section through the diameter of the CW VHF 
cavity, showing the main components. The cavity design allows 
for ≥1 MHz bunch rate, with a relatively high gradient at the cath-
ode, and low vacuum pressure.
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emittance,	and	energy	spread)	that	match	those	from	the	

injector	(see	Section	5.4.2).	Further	studies	will	include	full	

start-to-end	beam	dynamics	simulations	and	design	opti-

mization	of	the	integrated	injector	and	linac	systems.	

5 .4 .3 .2 Collective Effects

The	beam	dynamics	through	the	linac	are	primarily	

determined	by	the	electrons’	interaction	with	the	exter-

nally	applied	electromagnetic	fields,	with	the	beam	self-

fields	playing	a	non-negligible	and	mostly	disruptive	role.	

Indeed,	consideration	of	collective	effects,	and	means	to	

mitigate	their	impact	on	the	beam,	is	an	important	aspect	

of	a	successful	linac	design.	The	significant	sources	of	col-

lective	effects	include	RF	wakefields,	space-charge	forces,	

and	coherent	synchrotron	radiation	(CSR).

RF	wakefields	 impact	the	single-bunch	longitudinal	

phase	space	by	directly	influencing	the	beam’s	linear	and	

nonlinear	energy	chirp	and	by	 indirectly	affecting	 the	

bunch	current	profile	as	the	beam	travels	through	the	

magnetic	compressor.	The	RF	wakefield	contribution	to	

the	linear	chirp	is	generally	benign	and,	in	fact,	it	turns	

out	to	be	beneficial	as	it	assists	with	the	removal	of	the	

beam	 energy	 chirp	 beyond	 the	 bunch	 compressor.	

Quadratic	contributions	by	the	RF	wakes	to	the	energy	

chirp	before	the	bunch	compressor	are	usually	modest	and	

can,	in	principle,	be	offset	by	appropriate	tuning	of	the	lin-

earizer,	while	the	third-order	contributions	can	be	large	

and	are	not	easily	compensated.	To	some	extent	their	pres-

ence	can	also	be	beneficial;	for	example,	they	may	cause	

the	peaked	bunch	profiles	naturally	emerging	from	the	

injector	to	become	flatter	as	the	beam	exits	the	magnetic	

compressor,	which	is	not	undesirable.	However,	strong	

cubic	and	higher-order	components	in	the	energy	chirp	

have	a	tendency	to	cause	folding	of	the	beam	distribution	

in	phase	space	and	lead	to	current	spikes	at	the	edges	of	

the	bunches.	This	can	limit	the	maximum	achievable	com-

pression	or	compromise	the	preservation	of	beam	quality.	

about	350	MeV	energy,	and	then	accelerated	to	the	final	

energy	by	Linac	2,	the	last	linac	section.	Given	the	30–50	

A	range	for	the	beam	peak	current	out	of	the	injector,	a	

10–17	compression	factor	is	required	in	the	linac.	Figure	

87	shows	the	beam	energy	at	different	sections	of	the	

machine.	The	betatron	and	dispersion	functions	through	

the	spreader	are	plotted	in	Figure	88.	The	lattice	design	

includes	provisions	for	beam	collimators	placed	in	the	

bunch	compressor	and	at	various	locations	along	Linac	2	

in	correspondence	to	the	local	maxima	of	the	betatron	

functions,	and	additional	shielding	will	be	employed	in	

these	areas.

The	lattice	is	a	variant	of	our	earlier	concept	of	a	2.4	GeV	

linac	driver	discussed	 in	Reference	29,	and	has	been	

modified	to	deliver	1.8	GeV	energy	beams.	The	studies	we	

have	carried	out	to	date	to	simulate	the	machine	perfor-

mance	have	used	idealized	(i.e.	Gaussian)	electron	bunch-

es	 at	 injection	 with	 basic	 properties	 (peak	 current,	
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Exit of Linac 0
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Exit of Harmonic Linearizer
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Bunch Compressor
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Exit of Linac 2
1.8 GeV

Figure	87 Schematic layout showing beam energy at major sub-systems along the linac for the NGLS baseline design.
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The	choice	of	beam	energy	at	which	the	magnetic	com-

pression	occurs	aims	at	reducing	the	impact	of	CSR	on	the	

horizontal	emittance	(which	scales	inversely	with	the	beam	

energy),	but	faces	other	trade-offs.	A	lower	beam	energy	

would	be	favored,	among	other	reasons,	by	consideration	

of	the	microbunching	instability	(a	lower	energy	would	

increase	longitudinal	phase-space	mixing	and	reduce	the	

impact	of	LSC	forces,	as	a	lower-energy	chicane	would	

reduce	the	beam	time-of-flight	between	the	injector	and	

the	chicane).	The	value	adopted	for	this	proposal,	350	MeV,	

appears	to	strike	an	adequate	balance	between	these	com-

peting	requirements.	Further	containment	of	the	collective	

effects	 can	 be	 accomplished	 by	 careful	 lattice	 design	

aimed	at	minimizing	the	dispersion	invariant	function	in	

the	end	region	of	the	chicane.	The	adopted	design	is	a	con-

ventional	four-bend,	C-shaped,	12.64	m	long	chicane	with	

nominal	R56	=	–0.135	m.	The	layout	includes	two	small	trim	

quadrupoles	following	the	first	and	preceding	the	fourth	

dipole	and	a	collimator	placed	between	the	second	and	

third	dipoles.	

A	degree	of	control	over	the	microbunching	instability	

is	offered	by	the	use	of	a	laser	heater.38	The	laser	heater	is	

essentially	an	inverse	FEL	consisting	of	a	wiggler	inserted	

in	a	small,	dedicated	chicane.	A	conventional	laser	pulse	

interacts	with	the	beam	in	the	wiggler	and	induces	an	

energy	modulation	(at	a	wavelength	equal	to	that	of	the	

laser),	which	by	the	exit	of	the	chicane	is	effectively	con-

verted	into	an	uncorrelated	energy	spread.	As	the	develop-

ment	of	microbunching	is	sensitive	to	the	uncorrelated	

energy	spread,	proper	tuning	of	the	laser	pulse	power	

allows	for	an	effective	control	of	the	instability.	The	pro-

posed	laser	heater	located	at	about	the	point	of	160	MeV	

beam	energy	is	similar	to	the	LCLS	design39	and	is	based	

on	a	800	nm	laser	and	a	9-period,	3	cm	wavelength	wig-

gler.	A	laser	pulse,	sufficiently	long	to	accommodate	the	

electron	bunch	and	carrying	a	few	μJ’s	of	energy,	will	suf-

fice	to	induce	the	few-keV	energy	spread	that	our	studies	

indicate	are	needed	to	stabilize	the	beam.29	Commercial	

lasers	with	such	characteristics	are	readily	available.

An	essential	component	of	the	machine	layout	is	a	high-

er	harmonic	RF	structure40,	41	needed	to	linearize	the	longi-

tudinal	phase	space	by	correcting	the	quadratic	term	in	the	

beam	energy	chirp	before	the	beam	enters	the	bunch	com-

pressor.	These	energy/position	correlations	are	caused	by	

the	RF	waveform	in	the	accelerating	structures,	the	nonlin-

ear	terms	in	the	momentum	compaction	in	the	bunch	com-

pression	chicane	and,	possibly,	a	contribution	from	the	RF	

Transverse	space-charge	effects	are	mostly	confined	

to	low	beam	energy	and	are	generally	not	of	concern	in	

the	linac,	having	been	successfully	dealt	with	in	the	injec-

tor.	 Longitudinal	 space-charge	 (LSC)	 effects	 are	 also	

stronger	at	lower	energy,	but	continue	to	have	an	impact	

on	beam	dynamics	at	higher	beam	energy,	particularly	on	

short	length-scales,	and	are	the	main	driver	of	the	so-

called	“microbunching	 instability”.30,31	This	 instability	

develops	from	energy	modulations	along	a	bunch	caused	

by	LSC	or	other	collective	effects	and	by	the	unavoidable	

small	charge	density	fluctuations	(i.e.,	shot	noise),	pres-

ent	in	the	beam.	As	the	beam	travels	through	the	disper-

sive	region	in	the	bunch	compressor	and	the	subsequent	

accelerating	and	 transport	 sections,	 the	amplitude	of	

these	density	and	energy	fluctuations	can	grow	and	spoil	

the	beam	quality,	unless	suppressed	by	the	laser	heater,	

to	be	described	below.	

Coherent	synchrotron	radiation	emitted	in	the	bending	

magnets	by	a	longitudinally	smooth	beam	causes	ener-

gy/position	 correlations	 along	 a	 bunch	 analogous	 to	

those	generated	by	RF	wakefields,32,33	and	horizontal	

emittance	 growth	 via	 longitudinal/ transverse	 motion	

coupling.	In	addition,	CSR	can	aggravate	the	presence	of	

small	charge-density	fluctuations	and	further	enhance	

the	microbunching	phenomenon	caused	by	LSC.34,35	

5 .4 .3 .3 Bunch Compressor, Laser Heater, and 

 RF Cavity Linearizer

Consideration	of	the	microbunching	instability	is	the	

main	motivation	for	our	preference	to	have	a	single-chi-

cane	bunch	compressor	in	the	lattice.	The	microbunching	

instability	can	cause	an	increase	in	uncorrelated	energy	

spread	beyond	a	level	tolerable	for	efficient	application	of	

laser	seeding,	and	previous	studies36,37	have	shown	that	

the	 instability	 is	 substantially	 amplified	 by	 passage	

through	multiple	chicanes.	The	magnitude	of	the	amplifi-

cation,	however,	is	also	critically	dependent	on	the	beam	

current,	and	our	lattice	design	choices	will	be	revisited,	to	

further	weigh	the	benefits	of	a	multiple-chicane	compres-

sor	(such	as	reduced	sensitivity	to	beam	timing	jitter	and	

more	control	over	the	beam	energy	chirp)	against	the	

consequences	 of	 the	 microbunching	 instability.	

Moreover,	additional	bunch	compressors	may	be	neces-

sary	if	future	design	optimization	studies	indicate	a	need	

to	 modify	 the	 balance	 in	 favor	 of	 more	 compression	

occurring	 in	 the	 linac	versus	 that	performed	at	 lower	

energy	in	the	injector.
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The	ELEGANT	simulations	included	the	longitudinal	

RF	wakefields,	employing	the	available	models	for	the	

TESLA-like	cavities,46,47,29	CSR	as	implemented	by	the	1D	

model	described	 in	Reference	48	but	not	 longitudinal	

space	charge	effects	(to	avoid	amplification	of	artificial	

instabilities	caused	by	the	limited	number	of	macroparti-

cles),	whereas	the	IMPACT	simulations	included	full	lon-

gitudinal	and	transverse	space-charge	modeling	as	well.	

The	IMPACT	simulations	were	carried	out	with	one	billion	

macroparticles	(only	about	a	factor	of	two	smaller	than	

the	actual	electron	bunch	population).	

wakefields.	A	third	harmonic	(3.9	GHz),	RF	structure	devel-

oped	from	one	recently	installed	at	FLASH,42	with	5	MeV	

maximal	energy	per	cavity	but	with	7	or	perhaps	9	cavities	

instead	of	the	4	cavities	of	the	FLASH	linearizer,	represents	a	

natural	 choice.	 Beam	 dynamics	 simulations	 point	 to	 a	

requirement	for	the	linearizer	voltage	on	the	order	of	35	MV.

5 .4 .3 .4 Simulated Beam Dynamics and  

 Expected Performance

The	performance	of	 the	proposed	 linac	design	has	

been	investigated	with	macroparticle	simulations.	These	

numerical	studies	focussed	on	three	important	aspects	of	

beam	dynamics:	the	evolution	of	the	long-scale	features	

of	the	longitudinal	phase	space,	CSR-induced	emittance	

growth,	and	the	microbunching	instability.	We	evaluated	

the	first	two	effects	with	the	code	ELEGANT 43	using	a	

relatively	small	(but	for	this	purpose	adequate)	number	

of	 macroparticles	 (2×105),	 whereas	 we	 employed	 the	

IMPACT	code’s44	capabilities	for	high	resolution,	billion-

macroparticle	simulations	to	address	the	microbunching	

instability,45	which	is	notoriously	sensitive	to	spurious	

noise	induced	by	a	small	population	of	macroparticles.	

Results	of	these	simulations	are	shown	in	Figure	89	and	

Figure	90.	In	both	cases	we	assumed	at	the	linac	injection	

a	300	pC	beam	with	Gaussian	density	truncated	at	about	

3σ	in	the	full	6D	phase	space	(1.8σ	in	z	in	the	IMPACT	sim-

ulations),	40	A	peak	current,	and	0.6	μm	normalized	trans-

verse	RMS	emittance	(i.e.	a	beam	matching	the	basic	

properties	of	the	injector	beam	as	revealed	by	the	ASTRA	

simulations	presented	in	Section	5.4.2.1).	The	linac	was	

tuned	to	generate	about	a	15-fold	compression	to	achieve	

a	peak	current	between	550–600	A	at	extraction.
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Figure	89  Density plot of the beam longitudinal phase space (left) and current profile (right) at exit of the spreader starting from a 40 A 
peak current Gaussian bunch at injection to the main linac. Note a small residual energy chirp (left) and relatively flat charge density 
(right) in the beam core. The bunch head is at z<0 (ELEGANT simulation).

Figure	90  Density plot of the beam longitudinal phase space 
at exit of the linac showing evidence of modest microbunch-
ing instability growth. The slice rms energy spread averaged 
over the 300 fs (or 100 μm) long beam core is about 62 keV, 
having started with a 4 keV uncorrelated RMS energy spread 
beam at injection (high-resolution IMPACT simulation using a 
billion macroparticles).
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structures	must	operate	at	a	temperature	of	~2	K,	there-

fore	requiring	a	large	cryogenic	system.

The	original	TESLA	modules	developed	at	DESY	were	

intended	to	run	at	a	low	duty	cycle	(1%),	and	hence	the	

cryostat	design	is	not	suitable	for	CW	operation.	However,	

there	 already	 exist	 successful	 examples	 of	 cryostat	

designs51	supporting	TESLA-like	cavities	that	have	been	

modified	and	converted	to	allow	for	CW	operation	at	a	

reduced	acceleration	gradient,	and	 the	TJNAF	12	GeV	

upgrade	modules	were	designed	to	run	in	CW	mode	at	

high	gradient	of	~20	MV/m;	see	Figure	91.

For	the	NGLS	linac	we	have	assumed	an	acceleration	

gradient	of	about	~14	MV/m,	as	an	estimated	optimal	trad-

eoff	between	capital	costs	scaling	with	the	number	of	cryo-

modules	and	size	of	cryogenics	systems,	and	operating	

costs.	Further	studies	will	refine	this	value,	and	we	note	

that	with	a	higher	Q-value	we	may	use	a	higher	accelerat-

ing	gradient	for	a	fixed	cryosystem	capacity,	increasing	the	

electron	beam	energy	and	thereby	the	machine	perfor-

mance,	without	significant	increase	in	costs.	

The	cryomodule	configuration	must	provide	adequate	

operational	flexibility	and	easy	access	for	future	mainte-

nance	and	repair.	It	should	also	have	a	manageable	size	that	

can	deliver	the	required	accelerating	voltage,	acceptable	

higher-order-mode	(HOM)	damping,	capability	to	absorb	

beam-induced	power,	and	necessary	cryogenic	cooling.	

The	final	cryomodule	design	will	be	refined	to	reliably	meet	

the	requirements	for	the	NGLS.	Experience	at	TJNAF	with	

both	 the	12	GeV	upgrade	cryomodule	design,	and	 the		

operation	of	the	IR	FEL	in	which	significantly	greater	than		

1	mA	average	beam	current	has	been	circulated	success-

fully	(albeit	at	lower	energy),	indicate	that	optimal	engineer-

ing	solutions	can	be	found	for	the	NGLS	parameters.	

The	cryomodules	and	SCRF	cavities	at	the	relevant	fre-

quency	for	the	S-band	(3.9	GHz)	harmonic	cavity	linearizer	

Both	the	ELEGANT	and	IMPACT	simulations	show	that	

the	initial	Gaussian	bunch	transforms	along	the	linac	into	

a	bunch	with	a	relatively	flat	energy	distribution	in	the	

core	as	a	result	of	the	longitudinal	RF	wakefields	generat-

ed	in	the	RF	structures	before	the	bunch	compressor.	The	

beam	energy	chirp	beyond	the	bunch	compressor	is	par-

tially	offset	by	 the	RF	wakes	 in	Linac	2,	but	complete	

removal	of	the	chirp	requires	operating	Linac	2	off	crest	

by	about	25	degrees.	The	ELEGANT	simulations	show	a	

CSR	induced	projected	emittance	growth	to	0.73	µm	over	

the	entire	bunch	and	to	0.65	µm	over	the	useful	core	of	

the	 beam	 (with	 the	 slice	 emittance	 in	 the	 beam	 core	

remaining	about	unchanged	at	0.6	µm).	

IMPACT	runs,	taking	into	full	account	LSC	effects,	were	

repeated	for	various	values	of	the	uncorrelated	energy	

spread	of	the	input	bunch,	meant	to	model	different	set-

tings	of	the	laser	heater.	We	found	that	a	beam	with	an	

initial	4	keV	uncorrelated	RMS	energy	spread	is	scarcely	

affected	by	the	microbunching	instability	(see	Figure	90),	

and	that	the	resulting	energy	spread	at	the	end	of	the	

linac	remains	close	to	the	value	expected	from	ideal	com-

pression	(i.e.,	60	keV).

5 .4 .3 .5 CW SCRF Cryomodules

The	high	energy	beam	required	for	lasing	in	the	soft	

X-ray	range	can	only	be	attained	at	the	intended	high	rep-

etition	rate	of	1	MHz	by	means	of	SCRF	cavities	operating	

in	the	CW	mode.	Superconducting	RF	linac	structures	

have	been	developed	over	many	decades,	with	signifi-

cant	progress	having	been	made	on	L-Band	(1.3-1.5	GHz)	

operation.	The	baseline	option	adopted	for	this	proposal	

assumes	the	1.3	GHz		TESLA-type	cryomodules	with	9-cell	

cavity	structures,49,50	with	 the	1.5	GHz	TJNAF	12	GeV	

upgrade	modules	with	7-cell	cavity	structures	obviously	

representing	a	viable	alternative.	The	linac	accelerating	

Figure	91  TJNAF concept for a CW SCRF cryomodule for the 12 GeV upgrade of CEBAF. SCRF cryomodules operating in CW mode with 
accelerating gradient exceeding the NGLS specifications have already been developed at TJNAF.
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The RF system will be distributed along the path of the 

linac and in close proximity to it in order to limit the length 

of the RF transmission lines. Each RF station will be 

equipped with an RF power distribution system including 

circulators to protect amplifiers from reflected power, and 

a digital RF control system (see Section 5.4.3.7). The RF 

controller design derives directly from experience both 

with controlling the SNS superconducting linac53 as well 

as with the FERMI@elettra FEL.54   This system will be close-

ly integrated with the RF timing and pulse distribution sys-

tem such as the one LBNL delivered to the LCLS.55, 56, 57

The RF system for the S-band linearizer will follow the 

same approach as that of the main linac. A 3.9 GHz CW klys-

tron is commercially available. The RF controller for the lin-

earizer will be analogous to the controller for the main linac 

for a configuration in which all clocks and reference pulses 

are commonly derived and fully synchronized.

5.4.3.7	 RF	Control

A digital RF controller will constitute the signal coordi-

nation hub of each RF station. The information derived 

from cavity RF vector measurements will be used to con-

trol the RF power source, correct for cable drift, detect 

faults, operate the tuner(s), and set the cryogenic balanc-

ing heater; the controller’s digital nature also will allow 

the recording of all key variables to aid in first-fault identi-

fication. All these functions will run autonomously under 

the global control system and in coordination with the 

logic embedded in the RF power system. At the lowest 

level, a digital self-excited-loop, as pioneered by Jefferson 

Lab, is the appropriate model for turning on and stabiliz-

ing a narrow-band CW superconducting cavity. The RF 

controller is a key element in managing cavity frequency 

perturbations caused in particular by mechanical vibra-

tion (i.e., microphonics).

Drift and jitter of the phase and amplitude of the accel-

erating sections of the linac would cause undesired fluc-

tuations of the electron beam energy, correlated energy 

spread, peak current, slice emittance, and arrival-time of 

the beam at the undulator. This could include drift and jit-

ter of an individual RF station as well as drift of the rela-

tive phase and amplitude of different linac sections. The 

control of the vector-sum of the accelerating fields will be 

accomplished by a combination of local and global feed-

back and feed-forward. 

The requirements of the RF control system are derived 

from the desired beam parameters such as bunch- 

to-bunch energy spread, the bunch compression in the 

have already been developed at Fermilab.52  The design will 

be developed to accommodate CW operation. 

LBNL plans to engage partner laboratories and institu-

tions in providing the required SCRF expertise for NGLS. 

Several DOE Laboratories and NSF institutions have the 

required experience and infrastructure. 

5.4.3.6	 RF	Power	Systems

The RF power system must allow for delivery of beam of 

up to 1 mA at 1.8 GeV energy (i.e. a beam power of 1.8 MW), 

with sufficient margin for stability. We assume for the base- 

line design an unloaded Q0 for the cavities of 1x1010 and 

further design studies will refine the performance 

capabilities,with potential improvements to be gained with 

higher Q0. Table 6 shows major RF system parameters. 

AQ-value of 1.4x1010 would allow a 20% increase in gradient 

(see Section 5.4.3.6 and  Table 6), and improve performance 

of the FELs both in the power output in the fundamental and 

in the harmonics, as well as in the photon energy reach.

Each multicell cavity in the linac will be powered by a ded-

icated RF power source, of approximately 21 kW output 

power. Individual sources offer robustness and beam avail-

ability, and optimal control of the high-Q superconducting 

cavities. Both suitable CW klystrons and Inductive Output 

Tubes (IOTs) are commercially available. The latter offer high-

er efficiency and lower operating cost, although at a lower 

gain. One of the main advantages of IOTs is their low group 

delay, which allows for the design of more effective feedback 

control loops around the power source for gain, phase, and 

amplitude control. In either case, we plan to develop a solu-

tion in close collaboration with industry and, whenever pos-

sible, with multiple sources to ensure competition as well as 

to reduce risk. A 21 kW IOT requires a 40–50 kW DC supply, 

and ~80 kW installed capacity, drawing ~53 kW wall-plug 

power for the conditions in Table 6. 

Table 6  Parameters for the NGLS linac RF structures. 
Main	linac Linearizer

RF frequency (GHz) 1.3 3.9

Qo 1×1010 5×109

Qext 1x107 3.3×106

R/Q (Ω) 1036 750

Ibeam (mA) 1 1

Cavity voltage (MV) 14 5

Cavity gradient (MV/m) 13.5 14

Beam phase (degrees) variable –180

Cavity type 9 cell 9 cell

Number of cavities 144 7

RF tube power rating per cavity (kW) 21 3.1

Total installed RF power capability (MW) 3 0.02
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on	 the	 distribution	 system.	 Practical	 limits	 on	 heat	

exchanger	sizes	for	the	5	K	to	2	K	stage	are	consistent	with	

incorporating	such	a	unit	into	each	cryomodule.	

Return	gas	pipe	sizes	within	the	cryomodules	must	be	

sufficient	to	control	two-phase	flow	velocities	and,	in	con-

junction	with	the	gas	return	piping,	must	limit	the	pressure	

drop	to	a	few	mbar.	Cryomodule	piping	systems	must	also	

accommodate	the	rapid	helium	vapor	generation	associ-

ated	with	a	loss-of-vacuum	accident.

Detailed	requirements	for	the	cryogenics	systems	will	

be	developed	in	parallel	with	the	overall	linac	design.

5.4.4 Beam Spreader 

The	electron	beam	spreader	distributes	the	bunches	from	

the	linac	into	the	individual	FEL	undulator	lines.	In	the	pro-

posed	design,	all	the	beamlines	lie	on	one	side	of	the	linac	

axis.	The	bunches	are	extracted	into	all	the	beamlines	(except	

the	last	one)	by	fast	kickers	operating	at	up	to	100	kHz	repeti-

tion	rate,	and	distributed	along	a	FODO	transport	channel,	as	

sketched	in	Figure	92.	The	last	beamline	receives	bunches	

diverted	 by	 a	 conventional	 electromagnet	 and	 is	 thus	

enabled	to	operate	at	the	maximum	repetition	rate	allowed	

by	the	machine,	representing	the	obvious	choice	for	hosting	

a	SASE	FEL	line	unconstrained	by	seed	laser	requirements.	

The	two-meter	long	stripline	magnet	kickers	are	located	

between	focusing	(F)	and	defocusing	(D)	quadrupoles,	with	

the	 downstream	 defocusing	 quadrupole	 adding		

0.7	mrad	to	the	primary	kick.	The	orbit	passes	through	the	

focusing	quadrupole	with	a	15.8	mm	off-set	from	the	magnet	

center	and	is	forced	to	follow	a	line	almost	parallel	to	the	

FODO	axis	before	the	beam	enters	the	septum.	The	defocus-

ing	quadrupole	downstream	of	the	septum	is	a	large-bore	

design,	centered	on	the	FODO	axis	and	supplying	an	addi-

tional	17	mrad	kick.	Past	this	quadrupole,	the	two	beam	lines	

continue	in	separated	vacuum	chambers.	The	next	down-

stream	focusing	quadrupole	along	the	FODO	beamline	is	a	

small-bore	septum	quadrupole:	the	line	branching	off	passes	

injector,	and	the	arrival-time	of	the	beam	at	the	undulators.	

The	beam	parameters	can	be	translated	into	the	require-

ments	for	phase	and	amplitude	stability	of	the	accelerating	

field	of	individual	cavities.	For	example,	RF	systems	in	the	

injector	will	require	tight	field	control	on	the	order	of	0.01%	

for	the	amplitude	and	0.01°	for	the	phase.29	

The	degree	of	precision	achievable	for	the	control	of	

each	 individual	RF	station	 is	ultimately	 limited	by	the	

noise	floor	of	the	RF	signal	processing	electronics.	For	

further	control	of	the	accelerating	fields,	it	is	envisioned	

that	the	controls	at	each	RF	station	will	include	inputs	

from	 beam	 measurements	 derived	 from	 diagnostic		

stations	along	the	linac,	allowing	beam-based	feedback	

control	of	the	linac.	Diagnostics	include	measurement	of	

the	 relative	beam	energy,	bunch	 length,	charge,	and	

arrival	time	relative	to	the	master	clock.	A	suitable	linear	

combination	of	these	parameters,	along	with	individual	

RF	station	control,	will	allow	the	best	possible	stabiliza-

tion	of	the	beam	parameters	critical	for	stable	operation	

of	 the	FEL.	A	discussion	of	 the	potential	advantages		

of	feedback	systems	on	stability	of	the	X-ray	pulses	can	

be	found	in	Reference	29.

5 .4 .3 .8 Cryogenic Refrigeration and Distribution

The	cryogenic	heat	load,	scaled	from	the	CEBAF	12	GeV	

upgrade	cryomodule	test	results	to	NGLS	linac	operating	

conditions	(Table	6),	is	about	3	kW	at	2	K.	To	allow	for	tran-

sients	 and	 non-optimal	 equipment	 performance,	 an	

installed	capacity	of	4.5	kW	is	preferred.	Helium	refrigera-

tors	of	comparable	scale	are	in	operation,	for	example,	at	

TJNAF’s	12	GeV	refrigeration	system.	The	ratio	of	electric	

power	to	refrigeration	capacity	for	such	systems	is	about	

1	kW	input	power	per	W	dissipated	at	2	K,	and	we	thus	

require	about	4.5	MW	installed	capacity	and	3	MW	typical	

power	draw.

Distribution	 of	 liquid	 helium	 in	 vacuum-insulated	

coaxial	lines	is	well-established	technology.	Distributing	

the	5	K	rather	than	2	K	liquid	can	ease	the	requirements	
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Figure	92  Schematic layout of a section of the electron beam spreader showing the fast kickers and septa modularly inserted along the 
FODO channel. Dimensions are given in mm. Note that scales are different in the vertical and horizontal direction.
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those	of	the	beams	continuing	straight	downstream	of	the	

take-off	section	(just	outside	the	magnet)	—	see	also	the	

insert	picture.	A	thin	magnetic	shield	is	wrapped	around	the	

vacuum	chamber	in	this	location	in	order	to	reduce	the	resid-

ual	field	experienced	by	the	beam	traveling	outside	the	mag-

net.	Calculations	show	an	acceptable	residual	field	on	the	

order	of	0.05	G	or	smaller	(with	the	magnetic	field	inside	the	

magnet	being	about	1.1	kG).	To-date	we	have	made	a	2D	

model	of	the	septum:	a	full	3D	model	will	be	required	to	fully	

understand	important	end	effects.

5.4.5 FEL Beamlines

5 .4 .5 .1 Overview of the FELs

The	NGLS	design	incorporates	multiple	FEL	beamlines	

(as	summarized	in	Table	2	and	in	more	detail	in	Section	

5.4.5.2	below),	each	of	which	will	deliver	X-ray	beams	with	

distinctive	photon	attributes,	as	to	energy,	pulse	duration,	

bandwidth,	polarization,	photon	flux,	synchronization,	and	

pump-probe	capabilities.	Typically	a	single	beamline	will	

span	a	factor	of	3-5	in	photon	energy,	depending	on	the	

undulator	parameters	and	technology	(see	Section	5.4.5.4).	

The	three	proposed	beamlines	are:

•	 Beamline	1:	A	seeded	beamline	producing	close	to	

transform-limited	pulses

•	 Beamline	2:	A	seeded	 two-color	X-ray,	ultrashort-

pulse	beamline

•	 Beamline	3:	A	SASE	beamline	

The	two	seeded	beamlines	are	capable	of	operating	at	

up	to	100	kHz	repetition	rate,	whereas	the	SASE	beamline	

may	operate	at	 the	 full	machine	 repetition	 rate.	Each	

beamline	will	cover	a	wavelength	range	from	about	one	

by	this	quadrupole	at	a	150	mm	distance	from	the	axis	of	the	

FODO	beam	line.	

The	lattice	functions	through	a	line	in	the	spreader	are	

shown	in	Figure	88.	The	spreader	lattice	has	two	distinct	

parts,	namely	the	beam	take-off	section	and	the	FEL	fan-out	

distribution	section.	Each	part	is	built	as	a	triple-bend	achro-

mat.	In	the	beam	take-off	section	the	kicker,	septum	and	off-

set	quadrupoles	are	functionally	equivalent	to	one	bending	

magnet,	while	an	additional	pair	of	bending	magnets	com-

pletes	the	first	achromat	supplying	a	60	mrad	angle.	The	

design	for	the	second	achromat	provides	further	bending	to	

direct	the	beamlines	into	the	experimental	hall	as	desired	

with	an	angle	that	can	be	easily	arranged	to	be	between	

10–140	mrad,	according	to	the	overall	layout	of	the	facility.	

The	design	of	the	achromats	has	the	flexibility	to	allow	for	

tuning	of	the	transfer	matrix	element	R56	(controlling	the	par-

ticle	time-of-flight)	in	order	to	enforce	isochronicity.	Previous	

beam	dynamics	studies58	showed	the	importance	of	the	two	

triple-bend	achromats	being	independently	isochronous	so	

as	to	minimize	the	effect	of	microbunching	on	the	micron	

length-scale,	which	can	develop	as	the	beam	travels	through	

the	spreader.	Simulations	show	no	significant	deterioration	

in	beam	quality	in	passing	through	the	spreader.	

5 .4 .4 .1 Kickers and Septa

The	 kickers	 and	 septa	 are	 key	 components	 of	 the	

spreader,	and	a	prototype	kicker	and	pulser	are	being	built	

at	LBNL	to	demonstrate	performance	goals.

The	kickers	are	required	to	supply	3	mrad	kick	to	the		

1.8	GeV	beam	over	a	magnetic	length	of	two	meters,	with	

desired	rise	and	fall	times	of	about	5	ns	(allowing	for	future	

operation	with	much	higher	bunch	rates),	and	a	pulse	repeti-

tion	frequency	up	to	100	kHz.	Pulse-to-pulse	fluctuations	

and	ripple	between	pulses	should	be	less	than	±0.01%	of	

the	pulse	amplitude.	The	design	assumes	a	vacuum-core,	

matched-impedance	 stripline	 kicker	 magnet.	A	 solid-

state,	transmission-line	adder	topology	was	selected	as	

the	baseline	choice,	providing	bipolar	205	A	pulses	at	10.2	kV	

with	 a	 50	 Ω	 termination.	 Each	 adder	 cell	 will	 require		

six	MOSFETs	in	parallel,	and	there	will	be	fifteen	cells	in	

total	for	each	polarity.	An	advantage	of	this	topology	is	

that	it	is	easily	upgradable	by	adding	more	cells.	

In	Figure	93	we	show	a	cross	section	of	the	conceptual	

design	for	the	septum	magnets	together	with	representative	

magnetic	flux	lines.	The	magnet	is	a	C-type	with	a	small	con-

ductor	minimizing	 the	separation	between	 the	adjacent	

orbits	of	the	beams	being	kicked	(just	inside	the	magnet)	and	

Single turn coil
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Figure	93  Cross section of the septum magnet located downstream 
from the fast kickers. The inset figure shows the 15 mm separation 
of unperturbed and deflected beams; the larger figure shows the 
magnetic field lines and shielding, clearly excluding the field from 
the unperturbed beam pipe. A length scale of 30 mm is indicated.
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lators	are	also	required	for	resonant	interactions	with	seed	

lasers	operating	between	200	and	800	nm.

Beamlines	1	and	3	both	employ	multiple	3	m	radiating	

undulator	sections	separated	by	1.5	m	breaks	for	focusing,	

diagnostics,	 and	 required	 phase-shifting	 elements.		

The	breaks	are	somewhat	longer	than	the	1.3	m	used	in	

FERMI@elettra,27	and	will	incorporate	similar	components.	

Beamline	2	—	the	2-color	attosecond	beamline	—	requires	

only	two	independent	radiating	undulator	sections,	each	

about	1	m	in	length,	one	for	each	of	the	required	X-ray	pulses.

The	planar	undulators	will	naturally	produce	radiation	

with	a	high	degree	of	linear	polarization,	estimated	to	be	

about	99%.	Variable	polarization	can	be	generated	using	

orthogonal	planar	undulators	separated	by	a	phase-shifter,	

as	described	in	Section	5.4.5.3.	The	resulting	overlap	of	the	

radiation	pulses	in	the	far	field	yields	adjustable	polarization.	

Preliminary	investigations59	suggest	that	even	with	SASE	

X-ray	FELs,	circular	polarization	of	80%	or	more	can	be	

achieved	 with	 only	 moderate	 sacrifice	 of	 peak	 power.	

Polarization	control	of	attosecond	pulses	may	prove	more	

challenging	and	warrants	further	study.	

With	planar	undulators,	each	beamline	will	simultane-

ously	produce	harmonics	of	the	fundamental	FEL	radiation.	

However,	as	the	current	choice	of	electron	energy	(1.8	GeV)	is	

near	the	minimum	for	production	of	1	nm	radiation	(in	order	

to	minimize	cost),	around	this	resonance	wavelength	the	pla-

nar	wigglers	will	have	relatively	small	K-values,	resulting	in	

low	levels	of	harmonic	content	(approximately	0.1%	of	the	

fluxes	achievable	at	the	fundamental).	Modest	increases	in	

beam	energy	would	generate	up	to	an	order-of-magnitude	

more	harmonic	energy	in	Beamlines	1	and	3.	 Increased	

beam	energy	to	approximately	2	GeV	would	improve	perfor-

mance	and	may	be	achievable	without	significant	impact	on	

cost;	further	studies	will	determine	an	optimal	set	of	param-

eters	for	the	NGLS	performance,	balancing	risk	in	the	injec-

tor,	linac,	and	FEL.

Synchronization	to	external	pump	or	probe	lasers	in	the	

UV,	visible,	IR,	or	THz	bands	can	be	achieved	by	the	timing	

and	synchronization	systems	described	in	Section	5.4.7.	This	

approach	will	be	particularly	effective	when	the	duration	of	

the	seed	laser	pulse	is	shorter	than	150	fs	so	as	to	fit	within	

the	250	fs	long	core	of	the	electron	bunch	while	allowing	for	

±50	fs	jitter	in	the	timing	of	the	bunch.	If,	instead,	the	seed	

laser	overlaps	the	entire	electron	bunch,	the	timing	of	the	

radiation	pulse	will	be	driven	by	the	average	arrival	time	

of	the	electrons.	In	this	case,	the	seed	laser	should	be	at	least	

350	fs	in	duration	to	allow	for	timing	jitter.

to	a	few	nanometers,	but	the	eventual	complete	range	of	

photon	energies	accessible	by	the	overall	facility	could	be	

considerably	larger	than	this.	

A	summary	of	the	critical	electron	beam	parameters	

used	in	the	baseline	FEL	simulations	is	given	in	Table	7.		

A	“slice”	is	here	defined	as	the	duration	of	the	coherent	

FEL	 interaction	or	roughly	 ten	cooperation	 lengths	—	

about	5	fs	for	the	parameter	regime	assumed.	The	param-

eters	closely	approximate	 those	obtained	 in	 the	 linac	

simulations:	see	Section	5.4.3.4.	

Table	7  Electron beam parameters used in FEL simulations.

Parameter Value

Energy	(GeV) 1.8	

Peak	current	(A) 500	

Slice	transverse	emittance	(µm) 0.6

Slice	energy	spread	(keV) 	50	

Length	of	core	of	bunch	conditioned	for	lasing	(fs) 250	

Range	of	energies	within	the	core	(keV) ±250

In	the	straightforward	mode	of	operation	presented	

here,	the	CW	linac	will	deliver	electron	bunches	with	the	

same	nominal	parameters	 to	all	 FEL	beamlines.	Most	

importantly,	 the	electron	beam	energy,	peak	current,	

energy	spread,	and	transverse	emittance	will	all	be	identi-

cal	up	to	small	levels	of	jitter.	Because	the	different	beam-

lines	are	designed	for	differing	FEL	schemes	(SASE,	EEHG,	

etc.),	overall	performance	might	be	optimized	by	present-

ing	different	electron	bunches	to	each	beamline.	The	poten-

tial	 capabilities	 to	deliver	different	classes	of	bunches	

without	sacrificing	 total	beam	time	will	be	 thoroughly	

explored	during	detailed	design	of	the	linac	and	injector.	

The	radiation	will	be	produced	by	in-vacuum	hybrid	

permanent-magnet	undulators	with	a	magnetic	gap	of		

4	mm	to	provide	the	required	beam	clearance.	An	18.5-mm	

period	undulator	with	K-value	0.8–2.6	will	produce	a	tun-

ing	range	from	3.28	nm	(377	eV)	to	1	nm	(1240	eV)	at	the	

baseline	operating	energy	of	1.8	GeV.	A	slightly	different	

undulator	with	a	period	of	20	mm	and	with	K-value	0.8–3.0	

provides	a	tuning	range	from	4.5	nm	(276	eV)	to	1.2	nm	

(1033	eV).	These	parameters	are	summarized	in	Table	8.		

The	long-wavelength	limit	is	determined	by	the	maximum	

field	achievable	within	the	constraints	of	the	clearance	

required	for	the	electron	beam,	while	the	short-wave-

length	limit	is	dominated	by	the	requirement	to	yield	suf-

ficiently	high	photon	flux	within	a	reasonable	saturation	

length.	Finally,	long-period	(200–400	mm)	modulating	undu-
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enable	fast	machine	protection	systems.	Sufficient	space	in	

all	beamlines	is	allocated	for	such	diagnostics.

5 .4 .5 .2 Beamline Examples

This	section	provides	performance	estimates	of	the	three	

beamlines	envisioned	for	the	NGLS	Facility.	The	first	two	are	

seeded	FELs,	the	third	a	SASE	FEL.	Simulations	of	FEL	per-

formance	 have	 been	 performed	 using	 GENESIS65	 and	

GINGER.66	

Beamline	1	uses	the	EEHG	seeding	scheme66	with	two	

laser-driven	modulators	to	generate	highly	upshifted	pho-

tons.	The	 pulses	 can	 have	 a	 duration	 ranging	 from		

5	to	150	fs.	If	synchronization	to	the	electron	beam	rather	

than	the	seed	laser	pulses	is	acceptable,	the	radiation	pulse	

length	will	match	the	pulse	length	of	the	electron	beam	core	

(250	fs).	Each	pulse	is	highly	coherent,	with	modest	power	

fluctuations	 (12%	RMS)	and	phase	 fluctuations	 (0.2	 rad	

RMS),	varying	on	a	correlation	time-scale	of	~5	fs.	Figure	94	

illustrates	a	50	fs	sample	of	the	predicted	output	pulse.

Beamline	2,	using	a	variant	of	the	EEHG	seeding	scheme,	

produces	two	sub-femtosecond	pulses,	each	with	~250	as	

duration.	The	wavelength	of	each	pulse	can	be	independent-

ly	controlled,	and	the	time	delay	between	the	two	pulses	can	

be	controlled	with	a	precision	comparable	to	the	duration	of	

each	pulse.	A	typical	single	1	keV	photon	output	pulse	is	

shown	in	Figure	95.	Note	that	the	figure	illustrates	a	2	fs	time-

slice;	 the	 pulse	 itself	 is	 sub-femtosecond	 in	 duration.	

Increasing	the	length	of	the	undulator	beyond	~1	m	does	not	

increase	the	peak	power;	while	difficult	to	observe	in	the	fig-

ure,	the	pulse	duration	begins	to	increase	with	increasing	

undulator	length	after	this	point.	The	bandwidth	of	the	output	

pulse	is	close	to	the	transform	limit.

Beamline	3	is	a	SASE	beamline	and	needs	no	external	seed	

laser.	A	50	fs	section	of	the	output	pulse	is	shown	in	Figure	96.	

The	power	profile	consists	of	multiple	spikes	that	are	each	on	

the	of	order	5	fs	in	duration,	but	are	incoherent	in	phase	with	

respect	to	each	other,	and	have	nearly	independent	intensity	

fluctuations.	While	the	peak	power	of	the	SASE	FEL	is	compa-

rable	to	that	of	the	seeded	FEL	of	Beamline	1,	the	SASE	pulse	

lacks	the	high	longitudinal	coherence	or	enhanced	synchroni-

zation	capabilities	of	a	seeded	FEL.	However,	this	beamline	

has	a	more	robust	design	and	can	operate	at	the	full	1	MHz	

electron	bunch	repetition	rate,	and	potentially	greater.

Each	 of	 the	 three	 beamlines	 incorporates	 a	 distinct	

arrangement	of	undulators,	seed	lasers,	chicanes,	magnetic	

focusing	optics,	and	diagnostics,	the	details	of	which	are	

described	on	the	next	page.	

The	laser	seeding	schemes	used	in	the	example	beam-

lines	 are	 based	 on	 echo-enabled	 harmonic	 generation	

(EEHG)60	or	variants	thereof.	This	choice	has	been	made	

based	upon	the	projected	capability	of	EEHG	to	generate	

photon	energies	orders	of	magnitude	above	that	of	the	input	

radiation,	allowing	conventional	optical	lasers	to	be	used	as	

the	input	seed.	This	is	accomplished	with	only	moderate	

increases	(by	a	factor	of	10	or	less)	in	the	energy	spread	and	

peak	current	of	the	electron	bunch,	and	without	relying	on	

“fresh-bunch”	techniques	that	limit	the	output	pulse	dura-

tion	to	a	fraction	of	the	core	of	the	electron	bunch.	EEHG	is	

also	less	sensitive61	to	longitudinal	variations	in	the	electron	

beam	than	other	schemes,	which	relaxes	some	tolerances	

on	the	electron	beam.	While	EEHG	is	a	novel	concept,	it	

shows	great	promise	based	on	theory,	simulations,	and	ini-

tial	experimental	studies.	EEHG	has	been	tested	with	prom-

ising	results	up	to	the	4th	harmonic,62	limited	by	diagnostic	

capabilities.	 Further	 study	 and	 experimentation	 will	 be	

important	in	understanding	the	requirements	for	applying	

EEHG	to	harmonic	numbers	well	above	100;	the	NGLS	R&D	

plan	will	address	the	demonstration	of	seeding	techniques	

to	shorter	wavelengths	prior	to	final	design	of	the	FELs.

Within	the	FEL	beamlines,	three	adverse	beam	dynamics	

effects	must	be	considered:	increased	energy	spread	due	to	

spontaneous	synchrotron	radiation	in	either	undulators63	or	

chicanes;64	distortions	in	the	electron	beam	due	to	wake-

fields;	and	particle	losses.	Collective	effects	yield	slow	varia-

tions	in	the	position	of	the	centroid	of	each	slice,	which,	while	

predicted	to	be	smaller	than	the	RMS	beam	widths	in	posi-

tion	and	angle,	will	result	in	a	modest	degradation	of	trans-

verse	 coherence	over	 the	entire	duration	of	 the	output	

radiation	pulse.	Each	beamline	has	been	carefully	designed	

to	take	into	account	physics	limitations	and	constraints:	the	

large	harmonic	number	limits	the	initial	bunching	factor,	

requiring	either	an	amplification	section	or,	for	Beamline	2,	

localized	bunch	compression;	incoherent	synchrotron	radia-

tion	 (ISR)	 in	 the	 modulating	 undulators	 and	 chicanes	

degrades	the	beam,	requiring	long	elements	with	low	mag-

netic	fields;	shot-noise-seeded	radiation	in	the	modulators	

will	pollute	the	signal;	the	laser	spot	size	must	be	much	larg-

er	than	the	electron	beam	spot	size	to	minimize	radial	varia-

tion	that	otherwise	would	quickly	shift	the	micro-bunching	

away	from	the	target	harmonic.	Electron	beam	and	radiation	

diagnostics	are	critical	for	optimizing	and	maintaining	per-

formance	in	the	presence	of	these	effects.	Diagnostics	also	

facilitate	close	synchronization	of	experimental	systems	and	
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Figure	94  Beamline 1: Growth of X-ray 
power at 1.2 nm wavelength in a 50 fs  
section of the seeded pulse, as a function 
of distance z along the undulator. The 
final power fluctuations have RMS fluctu-
ations of 12%, while the phase fluctua-
tions have an RMS deviation of 0.2 radian, 
which are small compared to SASE fluc-
tuations (see Fig. 96), and close to the 
transform limit.

Figure	95  Beamline 2: Growth of X-ray 
power at 1.2 nm wavelength in a single 
sub-femtosecond seeded pulse, as a  
function of distance z along the undulator. 
The time window is a 2 fs section of the 
electron beam. Lengthening the undulator 
past ~1 m does not increase the peak 
power, but the duration of the pulse 
increases from 130 as to above 200 as.  
The pulse is almost transform limited.

Figure	96  Beamline 3: Growth of X-ray 
power at 1.2 nm wavelength in a 50 fs 
section of the SASE pulse as a function  
of distance z along the undulator. The 
power profile is broken up into distinct 
spikes, with uncorrelated phases among 
spikes. The pulse has large fluctuations 
and is significantly further from the trans-
form limit than the seeded pulses illus-
trated in Figs. 94 and 95.



Beamline 1: Seeded FEL

Beamline	1	 is	a	seeded	FEL	providing	pulses	with		

high	degrees	of	longitudinal	and	transverse	coherence.		

A	schematic	diagram	of	the	FEL	layout	is	shown	in	Figure	97;	

the	tuning	range	is	from	1.2	nm	to	4.5	nm	(1.0	to	0.28	keV).	

The	EEHG	technique	employed60	incorporates	two	mod-

ulators,	both	using	~200	nm	laser	seeds,	separated	by	a	

very	strong	chicane	(with	an	R56	~	-15	mm).	This	chicane	

generates	a	“striped”	phase	space	with	well-separated	

energy	bands	at	any	given	longitudinal	position	within	

the	bunch	(see	Figure	98).	A	final	chicane	(R56	~	-200	μm)	

transforms	these	energy	bands	into	longitudinal	micro-
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Figure	97  Schematic of layout for Beamline 1 utilizing EEHG seeding, showing main components, scale is in meters.
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Figure	98  Phase space density after the first modulating undu-
lator and chicane. There is minimal density modulation at this 
stage. The horizontal axis is phase of the seed laser, and the full 
scale correlates to a distance of one seed laser wavelength of  
200 nm along a section of the bunch.

Figure	99  Phase space density plot of one modulation period of the 
electron beam after the second modulating undulator and chicane 
yielding maximal compression of the microbunch. The resulting 
modulation of the peak current at very short scales is shown in the 
lower half of the figure. The horizontal axis is phase of the seed 
laser, and the full scale correlates to a distance of one seed laser 
wavelength of 200 nm along a section of the bunch.

bunching	 (via	 phase	 space	 rotation,	 see	 Figure	 99),		

yielding	high	harmonic	content	at	multiple	wavelengths.	

Figure	100	shows	the	resulting	bunching	spectrum.	The	

resulting	 beam	 is	 then	 passed	 through	 a	 final	 set	 of	

undulators	tunes	to	a	very	high	harmonic	of	the	original	

seed	laser	pulses.	The	FEL	beamline	can	be	optimized	for	

any	specific	harmonic	by	adjusting	the	strength	of	the	

chicanes.	Because	harmonics	of	 the	 laser	wavelength	

will	be	closely	spaced,	combining	changes	in	the	chi-

canes	with	a	small	tuning	range	for	the	seed	lasers	will	

permit	continuous	tunability	over	the	whole	range	acces-

sible	by	the	undulators.	



	As	shown	in	Figure	101,	Beamline	1	produces	pulses	

nominally	containing	from	3×1011	photons	at	1.2	nm	to	

5×1012	photons	at	4.5	nm.	The	saturation	length	is	consid-

erably	reduced	at	longer	wavelengths.	At	1	keV,	the	FEL	

output	power	saturates	at	~300	MW.

The	choice	of	200	nm	seed	lasers	(corresponding	to	

the	4th	harmonic	of	the	driving	IR	laser)	was	adopted	to	

reduce	the	harmonic	jump	required	to	reach	1.2	nm,	while	

still	utilizing	conventional	laser	technology.	About	8	MW	

(peak	power)	at	200	nm	is	required	in	the	first	modulator	

and	30	MW	peak	in	the	second.	It	may	be	desirable	to	

have	the	second,	higher-power	seed	laser	extend	over	the	

entire	electron	bunch,	 thus	uniformly	 increasing	 the	

energy	spread	throughout	the	beam;	this	suggests	a	seed	

laser	pulse	length	of	700	fs,	yielding	a	required	energy	

per	pulse	of	21	µJ	at	200	nm,	corresponding	to	~50	W	

average	power	in	the	driving	IR	laser.	Alternative	schemes	

involving	 longer	 seed	 wavelengths	 would	 typically	

require	higher	peak	power.	The	high-power	seed	lasers	

are	further	discussed	in	Section	5.4.5.5.

The	first	chicane	is	required	to	generate	an	R56	of	up	to	

-30	mm	and	consists	of	four	magnets,	each	about	1	m	long,	
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with	half-meter	long	gaps	in	between.	The	second	chicane	is	

significantly	weaker,	with	R56	of	at	most	–1	mm,	and	can	use	

magnets	with	a	length	of	0.5	m.	The	magnetic	lattice	before	

the	radiator	section	is	predominantly	composed	of	doublet	

quadrupoles	in	order	to	allow	strong	simultaneous	focusing	

in	horizontal	and	vertical	planes	within	the	undulators.

Beamline 2: Two-color X-ray Pump / X-ray Probe 

Beamline	2	is	a	two-color,	short-pulse	FEL	employing	a	

variation	of	echo-enabled	harmonic	generation	to	deliver	two	

X-ray	pulses	with	durations	of	250	fs	FWHM	or	less	(simula-

tions	show	pulses	as	short	as	130	as	may	be	obtained)	while	

still	containing	of	order	108	photons	in	each	pulse.67	Each	

pulse	may	be	tuned	independently	for	photon	energy	and	

timing.	The	tuning	range	is	from	1.2	nm	to	4.5	nm.	Beamline	2	

utilizes	the	same	energy	modulation	scheme	as	Beamline	1	

but	deploys	two	microbunching	modulators	operating	on	

separate	portions	of	the	electron	beam,	each	of	which	then	

can	be	forced	to	radiate	independently.	The	final	microbunch-

ing	is	produced	by	few-cycle	carrier-envelope	phase	stabilized	

800	nm	laser	pulses	combined	with	single-period	undulators.	

A	schematic	diagram	is	shown	in	Figure	102.
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Figure	100  Electron beam bunching spectrum after EEHG 
manipulations.

Figure	101  Beamline 1: Predicted output and saturation length vs. 
wavelength for the EEHG-seeded FEL. 
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Figure	102  Schematic of layout for Beamline 2 utilizing a two-color seeding scheme, showing main components, scale is in meters.



Figure	103	shows	photons	per	pulse	for	Beamline	2,	

for	two	cases:	a	fixed	length	of	1	m	radiator	undulator	for	

each	of	the	two	X-ray	pulses,	and	for	a	fixed	output	pulse	

of	250	as	duration	and	in	this	case	the	length	of	radiator	

undulator	required	is	shown.	

Phase	rotation	to	obtain	high	harmonics	(see	Figure	99)	

requires	a	few-cycle	800	nm	seed	pulse	duration	of	3.5	fs	

FWHM,68	and	the	total	pulse	energy	is	roughly	70	µJ.	The	

resulting	beam	enters	a	single	radiating	undulator	with	

significant	localized	initial	bunching	of	up	to	10%,	enhanced	

peak	current	of	up	to	3	kA,	and	large	energy	spread,	which	

can	be	tolerated	due	to	the	short	number	of	undulator		
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periods	used	to	extract	the	attosecond	pulse.	One	benefit	

of	 this	scheme	is	 that	 the	background	SASE	radiation	

from	the	final	radiator	will	be	very	low,	leading	to	high	

contrast.	Here	the	design	of	the	optical	matching	is	more	

critical,	because	compressing	 the	electrons	 to	a	very	

small	spot	size	(with	minimum	beta	functions	close	to		

1	m)	within	the	radiator	improves	the	number	of	photons	

produced,	whereas	extending	the	length	of	undulator	so	

as	to	amplify	the	power	through	FEL	gain	is	not	compati-

ble	with	the	goal	of	attosecond	pulse	durations.

FAt	1.2	nm,	the	resulting	output	pulse	reaches	a	peak	

power	 of	 60	 MW	 after	 only	 0.8	 m	 of	 undulator.	 For		

the	entire	range	of	wavelengths,	the	peak	power	and	

pulse	width	remain	 fairly	similar,	producing	of	order		

108	photons	per	pulse.

It	is	expected	that	the	amplified	effect	of	shot	noise	will	

lead	to	some	jitter	in	output	pulse	parameters	such	as	the	

total	number	of	photons,	the	central	photon	energy,	and	

the	precise	timing	of	the	pulse.	In	the	attosecond	regime,	

the	bandwidth	of	the	resulting	pulse	is	of	order	1%,	over-

lapping	several	harmonics.	Thus,	there	is	no	need	for	any	

tuning	of	seed	laser	wavelengths,	and	a	combination	of	

jumping	to	different	harmonics	and	tuning	the	undulator	

parameter	should	allow	for	continuous	tunability.

Beamline 3: High-Repetition-Rate SASE FEL

Beamline	3	is	a	SASE	FEL	that	can	accept	the	full	elec-

tron	beam	power,	ultimately	limited	only	by	the	capacity	of	

the	beam	dump.	No	external	laser	is	required,	and	tuning	

is	accomplished	solely	by	changing	the	undulator	gap.	The	

total	beamline	consists	of	sixteen	3	m	long,	18.5	mm	peri-

od	undulators.	The	1.5	m	breaks	each	contains	a	quadru-

pole,	a	radiation	diagnostic	insert,	and	a	phase-shifter	to	

maintain	proper	phase	relationship	between	the	radiation	

and	the	microbunches.	The	magnetic	optics	consist	of	a	

simple	FODO	lattice,	yielding	a	beta	function	that	ranges	

from	9	m	to	17	m	and	a	phase	advance	per	half-cell	of	42°.	

A	schematic	of	Beamline	3	is	shown	in	Figure	104.

Depending	on	desired	wavelength,	the	SASE	beamline	

will	produce	1011–1012	photons	per	pulse	(see	Figure	105).	

Note	that	 the	number	of	undulator	sections	needed	to	

reach	saturation	decreases	strongly	as	the	target	wave-

length	is	increased.	The	peak	power	varies	from	~300	MW	

to	 above	 2	 GW;	 the	 average	 power	 within	 a	 pulse	 is	

reduced	by	approximately	a	 factor	of	 two	due	to	 the		

stochastic	 nature	 of	 the	 characteristic	 SASE	 power	

spikes	within	the	output	radiation.	
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Figure	103  Photons per pulse as a function of wavelength for two 
cases for Beamline 2: In the upper figure, the performance is shown 
for a fixed radiator of 1 m length, and the pulse duration varies as a 
function of wavelength. In the lower figure, the pulse length is fixed 
at F250 as and the length of the radiator undulator is shown. This 
beamline produces 2 pulses of independent wavelength.
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5 .4 .5 .3 Undulator Design Options

The	magnetic	undulators	are	critical	elements	of	the	

NGLS	FELs,	used	in	modulating	the	electron	energy	and	

providing	collimated	photon	pulses	of	high	brightness	

with	tailored	wavelength	and	polarization	characteristics.	

We	plan	to	develop	and	implement	advanced,	high-per-

formance,	adjustable-gap	planar	undulators,	leveraging	

undulator	characteristics	to	optimize	overall	performance	

(e.g.	photon	flux)	and	to	minimize	overall	facility	cost	and	

risk	 (e.g.	 linac	 size	 and	 electron	 beam	 energy	 —	 see	

Section	5.4.1).

Table	2	describes	the	photon	property	parameters	for	

the	three	preliminary	NGLS	FEL	designs.	To	achieve	the	

desired	 performance,	 various	 undulator	 technology	

options	 were	 considered.	 As	 a	 conservative	 bound,		

a	minimum	4	mm	vacuum	aperture	in	the	undulator	sec-

tion	was	chosen	so	as	to	avoid	radiation	damage	to	the	

undulator	and	to	avoid	beam	instability	effects	caused	by	

wakefields	in	the	vacuum	chamber	walls.	An	undulator	

parameter	of	at	least	K	=	0.8	at	the	shortest	wavelength	

has	been	taken	as	a	lower	bound	for	effective	photon	pro-

duction.	The	desired	photon	spectral	 reach	and	range	

(approximately	1	nm	to	4	nm),	together	with	the	existing	

undulator	 technology	capabilities,	 then	determine	the	

optimal	 undulator	 period	 λu,	 the	 required	 maximum	

undulator	parameter	K,	and	the	baseline	machine	energy.	

Achieving	these	goals,	while	simultaneously	reducing	

technical	risk,	have	lead	us	to	select	in-vacuum	hybrid	

technology	for	the	baseline	NGLS	design,	and	lead	to	a	

linac	energy	of	1.8	GeV.	Parameters	for	the	three	baseline	

undulator	beamlines	are	summarized	in	Table	8.
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Figure	106  Prototype XFEL out-of-vacuum hybrid planar undulator (left) and SPring-8 in-vacuum hybrid undulator (right). Both technologies 
are mature for FEL application. NGLS will use in-vacuum devices.

Figure	105  Beamline 3: Scaling of performance vs. wavelength for 
the SASE FEL, in terms of number of photons and saturation length. 

Figure	104  Schematic layout for Beamline 3, a SASE FEL, showing 
main components, scale is in meters. 
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ducting-based	devices	and	are	developing	complemen-

tary	and	/	or	alternative	superconducting	technologies.		

By	themselves,	 these	high-field	devices	would	enable	

expanded	 tuning	 range	 and	 modestly	 shorter	 wave-

lengths.	Coupled	with	accelerator	upgrades	to	provide	

moderately	higher	electron	beam	energy,	such	devices	

offer	 the	 promise	 of	 much	 higher	 photon	 energies:		

for	example,	increasing	beam	energy	to	approximately		

2.5	GeV,	and	using	undulators	of	~12	mm	period	allows		

for	over	3	keV	photons	in	the	fundamental.	

5 .4 .5 .4 Synchronized THz/IR Sources 

Short,	intense	pulses	of	Terahertz	radiation	ranging	

from	0.5	to	50	×	1012	Hz	in	frequency	(or	equivalently,	

wavelengths	from	600	μm	to	6	μm)	may	be	produced	

directly	from	the	electron	beam	by	a	thin	(~1	µm)	metal	

foil	or	aperture	placed	downstream	of	the	FEL	undula-

tors.	Such	sources	are	inherently	synchronized	to	the	

electron	bunches,	and	thus	to	the	X-ray	pulses.	However,	

the	requirement	that	the	foil	lie	downstream	of	the	FEL,	

to	avoid	disruption	of	the	FEL	process	itself,	limits	the	

natural	use	of	such	schemes	to	situations	where	a	trail-

ing	THz	probe	pulse	could	be	used,	unless	 the	X-ray	

pulse	itself	could	be	delayed.	The	opposite	format,	that	

of	a	THz-pump	and	X-ray	probe,	would	be	expected	to	

find	many	more	applications.	For	these	experiments,	the	

NGLS	 timing	and	synchronization	system	would	also	

allow	tight	synchronization	of	table-top	THz,	IR,	or	optical	

sources	to	the	X-ray	pulses.

5 .4 .5 .5 Seed Laser Systems 

The	NGLS	seeded	FELs	require	high-power,	tunable,	

optical	laser	systems	with	low	pulse-to-pulse	peak	power	

fluctuations	(~1%),	and	a	quasi-flat-top	profile	with	low	

power	ripple	(~1%).	The	large	harmonic	jumps	require	that	

Table	8  Undulator parameters for the three beamlines.

Beamline 1 Beamline 2 Beamline 3

Wavelength	range	(nm) 1.2–4.5		
(1–0.28	keV)

1.2–4.5	
(1–0.28	keV)

1–3.3	
(1.2-0.38	keV)

Maximum	undulator	
parameter	K		
(minimum	0.8)

3.04 3.04 2.61

Undulator	period	(mm) 20 20 18.5

Undulator	technology Hybrid		
in-vacuum

Hybrid		
in-vacuum

Hybrid		
in-vacuum

Permanent-magnet,	planar,	hybrid	undulator	technol-

ogy	is	well	tested,	utilizing	NdFeB	permanent	magnet	

material	 plus	 soft	 iron	/	cobalt	/	vanadium	 permendur	

pole	pieces	in	a	planar	array	to	produce	light	with	a	high	

degree	of	linear	polarization.	Hybrid	devices	have	been	

used	 in	 synchrotron	 facilities	 worldwide	 since	 their	

invention	at	LBNL	in	1983.	More	recently,	hybrid	undula-

tors	are	finding	application	as	the	radiator	sections	at	

FEL	facilities	at	XFEL	in	Germany	(out-of-vacuum)	and	at	

the	SPring-8	FEL	 in	Japan	 (in-vacuum),	as	shown	by	

Figure	106.	This	well-established,	yet	powerful	undulator	

technology	 introduces	no	significant	 risk	 to	baseline	

NGLS	operation.	

Although	 the	 undulators	 will	 be	 planar,	 circular		

polarization	capability	may	be	enabled	by	orienting	the	

final	undulator	sections	orthogonally	to	the	longer	bunch-

ing	 and	 radiator	 undulator	 sections	 upstream;69	 see	

Figure	107.	A	conventional	electromagnet	phase-shifter	

positioned	between	the	crossed-planar	undulator	sec-

tions	can	enable	fast	polarization	switching	and	change	of	

polarization	state.

The	performance	of	the	FEL	beamlines	could	be	sig-

nificantly	improved	through	more	advanced	undulator	

technologies	with	higher	field-strength	capabilities	and	

shorter	periods,	and	with	potentially	lower	fabrication	

costs.	We	have	working	prototypes	of	various	supercon-

Horizontal polarization Phase shifter

Vertical polarization
Radiation with 

adjustable

polarization

Figure	107  Planar hybrid undulator horizontal and vertical sections separated by a tunable electromagnetic phase shifter enable fast polar-
ization switching and arbitrary polarization modes.
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for	 the	 IR	 laser	output	 reach	about	500	W	of	average	

power.	IR	laser	systems	up	to	power	levels	of	30–50	W	for	

10	kHz	operations	already	exist.	The	scalability	of	existing	

systems	to	higher	power	levels,	and	higher	repetition	

rates	is	well	defined.	The	current	limitation	is	the	avail-

ability	of	higher	repetition	rate	pump	lasers	with	suitable	

power	levels,	which	will	be	developed	in	the	next	decade.	

Once	again,	efficient	pulse	compression,	as	well	as	CEP	

stabilization	of	the	seed	laser	system	already	exist,	but	

would	require	further	expansion	to	the	scaled	up	amplifier	

system	and	HHG	stage	(typically	achieved	in	a	gas	cell).

	HGHG	is	an	alternate	option,	requiring	seed	lasers	

producing	approximately	10	µJ,	100	fs	pulses	in	the	UV,	

or	around	100	MW	peak	power	at	around	200	nm.	Soft	

X-ray	output	is	to	be	achieved	by	successive	harmonic	

generation	in	a	number	of	cascaded	FEL	stages.	At	a	rep-

etition	rate	of	100	kHz,	we	require	about	one	watt	of	

average	power	 in	 the	UV,	and	up	 to	100	W	in	 the	 IR.	

Commercial	IR	seed	lasers	systems	can	currently	reach	

up	to	30–50	W,	and	special	designs	will	provide	power	

levels	in	the	100	W	range.

The	current	seed	 laser	systems	available	 for	 these	

three	options	are	scalable	to	the	power	levels	required,	

and	most	of	the	critical	optical	components	are	currently	

available	(e.g.	large	aperture	Ti:Sapphire	crystals,	large	

thermally	stable	compression	gratings,	large	optics,	har-

monic	crystals,	etc.).	One	of	 the	main	areas	 for	 laser	

development	will	be	that	of	the	powerful	pump	lasers,	in	

order	to	limit	the	footprint	as	well	as	cost	of	the	overall	

pump	power	requirements.	Scalability	of	the	CEP	stabili-

zation	techniques	as	well	as	efficient	sub-15	fs	compres-

sion	would	have	 to	be	 further	developed	 to	meet	 the	

required	seed	pulse	durations.	Another	area	 that	will	

require	development	will	be	the	UV	pulse	temporal	inten-

sity	profile	uniformity.	Further	development	of	existing	

techniques	(e.g.	phase	modulation,	pulse	stacking,	etc.)	

will	be	required	to	reach	stability	requirements.	

Optics	systems	will	 transport	 the	seed	laser	pulses	

from	a	remote	temperature-stabilized	laser	room,	to	the	

FEL	installed	in	the	accelerator	radiation	enclosure.	There	

may	be	local	optical	equipment	installed	in	the	FEL	vault,	

and	this	must	be	robust	and	reliable	(e.g.	HHG	gas	cells	

for	conversion	of	the	IR	pulse	to	harmonics).	The	laser	

beam	must	overlap	the	electron	beam	for	a	significant	

distance	in	many	cases,	and	active	beam	pointing	stabili-

zation	systems	will	be	provided	to	measure	the	input	and	

output	beam	positions	and	control	the	beam	path	through	

the	phase	noise	within	the	pulse	be	below	approximately	

0.01	radians	RMS.	Additionally,	the	few-cycle	optical	seed	

lasers	used	for	generating	attosecond	X-ray	pulses	should	

be	stabilized	with	respect	to	carrier	envelope	phase,	pulse	

duration,	and	amplitude.	

We	have	baselined	our	preliminary	designs	for	EEHG	

using	 the	output	of	a	 fiber	or	Ti:Sapphire-based	 laser	

chain,	at	either	 its	 fundamental	or	up-converted	to	 its		

3rd	to	5th	harmonic	to	modulate	the	electron	beam.	Seed	

laser	power	of	up	to	approximately	30	MW	at	200	nm		

is	required	for	seeding	long	X-ray	pulses,	or	per-pulse	

energy	requirements	of	1	µJ	(for	10	fs	pulses)	to	20	µJ		

(for	 700	 fs	 pulses).	 IR	 systems	 capable	 of	 delivering		

~50–100	W	average	power	at	100	kHz	are	thus	required,	to	

provide	 temporally	 and	 spatially	 filtered	 pulses	 and	

accommodate	for	transmission	losses.	For	sub-femtosec-

ond	X-ray	pulse	generation,	a	per-pulse	energy	of	~70	µJ	

is	required	of	the	few	cycles	of	800	nm	radiation	(~3.5	fs),	

resulting	in	peak	power	up	to	~20	GW,	or	average	power	

of	order	10	W,	at	100	kHz.	Chirped-pulse	amplification	

(CPA)	or	divided-pulse	amplification	(DPA)	based	laser	

systems	of	this	type	already	exist	at	10–100	kHz,	at	peak	

power	levels	~100	MW,	mostly	limited	by	the	availability	

of	powerful	pump	lasers	at	this	repetition	rate	(~500	W	

power	levels	of	green	pump	lasers	would	be	required).	In	

addition	to	scaling	up	the	pump	and	IR	amplifier	power	

output	levels,	for	the	required	IR	pulse	within	a	few	cycles,	

carrier-envelope	phase	(CEP)	stabilization	will	be	required	

(and	is	already	implemented	in	some	CPA	amplifiers).	

Additionally,	efficient	pulse	compression	(down	to	a	few	

cycles),	reliable	systems	with	tunability,	suitable	diagnos-

tics,	and	robust	remote	operation	will	need	to	be	devel-

oped	as	part	of	the	NGLS	R&D	plan.	

Another	possible	approach	to	seeding	the	NGLS	FELs	

would	be	the	use	of	HHG	laser	sources	(see	Sections	5.1.2	

and	5.2.4),	which	would	significantly	reduce	the	harmonic	

jump	required	between	the	seed	laser	and	FEL	output	

wavelength,	and	reduce	X-ray	output	sensitivity	to	seed	

laser	instability.	Currently,	HHG	sources	operate	in	the	

EUV	range,	with	10	kHz	repetition	rate	pulses	of	nJ	energy,	

at	up	to	about	100	eV.	An	FEL	can	further	amplify	the	EUV	

seed	in	an	optical	klystron	configuration,	starting	from	

pulses	of	around	30–50	nm	in	wavelength,	5	nJ	in	energy,	

and	a	few	tens	of	femtoseconds	in	duration,	correspond-

ing	to	around	100	kW	peak	power,	or	500	µW	average	

power	at	100	kHz	repetition	rate.	With	currently	achiev-

able	typical	10-6	up-conversion	efficiency,	requirements	
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5.4.6 Beam Dumps 

The	NGLS	will	utilize	both	high-power	(MW	scale)	and	

medium	power	(100	kW	scale)	beam	dumps.	The	high-

power	dumps	will	be	located	at	the	end	of	the	spreader	

section	and	on	the	high-repetition-rate	FEL	branch	line.	

The	conceptual	design	of	 the	high	power	dump	 is	a	

water-cooled	“window”	followed	by	a	series	of	metal	

plates	suspended	in	a	rapidly	circulating	water	bath.	The	

window	isolates	the	primary	absorber	from	the	vacuum	

beam	pipe	and	initiates	an	electromagnetic	cascade	that	

broadens	the	radial	extent	of	the	beam	as	it	transverses	

the	dump.	The	thickness	and	spacing	of	the	absorption	

plates	will	be	selected	to	maximize	the	energy	absorp-

tion	within	 the	metal	while	maintaining	safe	 thermal	

stress	levels,	following	the	example	of	the	CEBAF	5	GeV,	

1	MW	dump.70	

Medium-power	 beam	 dumps	 will	 be	 located	 in	 the	

remaining	100	kHz	repetition-rate	branch	lines.	The	moder-

ate	beam	power	allows	the	use	of	solid	absorber	materials,	

which	significantly	simplifies	the	construction	and	opera-

tion.	The	key	design	issues	are	localized	heating-induced	

thermal	stresses	and	overall	heat	dissipation.	

The	medium-power	dump	will	utilize	thin,	dual,	edge-

cooled	windows	to	confine	an	argon-gas-filled	volume.	As	

in	the	case	of	the	high	power	beam	dump,	the	window	will	

initiate	an	electromagnetic	cascade	that	will	broaden	the	

beam	thus	diffusing	the	energy.	Following	the	window	

will	be	a	drift	space	upstream	of	the	primary	absorber	that	

provides	room	for	the	beam	to	spread	before	striking	the	

use	of	piezo	and	motor-controlled	mirrors	and	CCD	detec-

tors.	Existing	pointing	control	systems	can	achieve	better	

than	10	μrad	precision,	which	correspond	to	the	require-

ment	of	NGLS.	Such	systems	have	successfully	been	

implemented	already	(e.g.	LBNL,	SLAC,	and	NIF	at	LLNL),	

and	will	need	to	be	adapted	to	the	specific	beam	trans-

port	line.	Superposition	with	the	electron	beam	will	be	

accomplished	using	pop-in	screens	along	the	undulator,	

and	ultimately	feedback	control	incorporating	the	elec-

tron	beam	BPMs.	Laser	beam	focusing	into	the	FEL	will	

be	done	with	first	surface	reflective	optics	for	both	IR	and	

shorter	wavelength	beams,	allowing	for	adjustment	in	

the	waist	position	within	the	undulator.	Current	coating	

technology	 will	 support	 the	 fluence	 levels	 expected.		

For	HHG	seeding	at	EUV	wavelengths,	a	Kirkpartick-Baez	

mirror	pair	may	be	used.

Diagnostics	systems	will	be	required	to	fully	character-

ize	the	seed	laser	pulses.	Spatial	and	temporal	intensity	

profiles	will	need	to	be	measured,	as	will	the	energy	pro-

file	along	the	pulse,	using	well-known	techniques	already	

in	use.	Tools	to	control	the	energy	chirp	will	be	needed.	

Ultimately,	systems	with	capability	for	feedback	control	

of	pulse	parameters,	based	on	X-ray	output	of	the	FEL,	

are	desired,	and	will	be	developed	in	future	R&D	projects.

Laser	systems	are	developing	at	a	rapid	pace,	driven	

by	 other	 demands,	 and	 NGLS	 will	 take	 advantage		

of	these	technologies	as	they	evolve.	The	existing	laser	

systems	 represent	 approximately	 10–20%	 of	 the	 IR	

power	levels	required	for	NGLS,	and	the	scalability	path	

is	well	understood.	
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Figure	108  Schematic view of the distribution of the master clock to a variety of remote clients over stabilized fiber links. Seed and user 
lasers and timing diagnostics are all synchronized at the femtosecond level.
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length	variation	equivalent	to	several	hundred	picosec-

onds	to	a	nanosecond.	One	of	the	key	developments	in	

femtosecond	timing	distribution	over	the	past	few	years	

has	 been	 the	 development	 of	 stabilized	 optical	 fiber	

links73,74	for	transmission	of	the	master	clock	signal	over	

a	facility.	

This	approach	has	been	realized	in	systems	installed	at	

the	LCLS	for	synchronizing	user	lasers	with	the	electron	

beam57	and	at	the	FERMI@elettra	linac54	for	synchroniz-

ing	 the	 relative	 phase	 of	 accelerating	 sections.	

Performance	at	the	10	fs	level	has	been	demonstrated	

over	several	months	of	operation.	Such	a	system	would	

serve	as	the	backbone	for	timing	distribution	at	NGLS.	

5 .4 .7 .2 Laser-laser Synchronization

Given	that	NGLS	will	produce	pulses	of	less	than	10	fs	

duration,	 and	 pump/probe	 experiments	 will	 require	

pulsed	lasers	to	be	synchronized	with	the	X-ray	pulse,	

NGLS	will	require	a	laser	timing	system	with	10	fs	jitter	or	

less.	While	it	is	possible	to	measure	the	relative	arrival	

time	of	the	X-ray	and	optical	pulses	to	a	precision	which	

is	less	than	the	jitter	and	post-process	the	data	accord-

ingly,	large	jitter	can	effectively	reduce	the	repetition	rate	

by	making	much	of	the	data	unusable	because	the	pulses	

do	not	overlap	at	all.	Thus,	the	goals	of	NGLS	laser	timing	

are	to	reliably	maintain	precision	well	below	10	fs	and	to	

aim	for	sub-femtosecond	jitter	and	drift.	

To	achieve	femtosecond	and	better	stability,	we	plan	

to	develop	systems	based	on	the	comb	spectrum	of	a	

mode-locked	 oscillator.	 Such	 a	 spectrum	 has	 two	

degrees	of	freedom.75	If	two	of	the	optical	frequencies	in	

the	comb	spectrum	are	stabilized	with	respect	to	one	

another,	 then	the	comb	characteristics	are	stabilized,	

including	control	of	the	pulse	repetition	rate.	A	carrier-

envelope-phase	stabilized	laser	has	one	comb	parame-

ter	fixed,	i.e.	the	comb	offset	frequency	is	zero.	The	other	

parameter	can	be	fixed	by	locking	one	comb	line	to	a	ref-

erence	 optical	 frequency.	 In	 experiments	 with	

Ti:Sapphire	and	erbium	lasers,	two	lasers	can	be	locked	

to	within	sub-fs	jitter	using	this	technique.76,77		We	have	

previously	shown	very	stable	optical	frequency	trans-

mission	using	an	interferometer,78	which	can	be	used	to	

transmit	a	single	optical	 frequency	from	one	laser	to	

another	 to	 synchronize	 them	 over	 a	 long	 fiber.	This	

would	be	the	best	candidate	for	sub-fs	synchronization,	

since	the	full	optical	frequency	of	200	THz	is	used.

primary	absorber.	The	ideal	absorber	has	a	low	atomic	

number	and	good	thermal	conductivity.	Two	materials	that	

fit	the	criteria	are	aluminum	and	graphite,	and	both	have	

been	used	successfully	 for	beam	dumps	with	 roughly	

comparable	requirements.

5.4.7 Timing and Synchronization Systems 

The	NGLS	will	require	an	exacting	level	of	synchroniza-

tion	between	accelerator	sub-systems,	user	and	accelera-

tor	 laser	systems,	and	diagnostics	 in	order	to	achieve	

both	the	desired	electron	and	X-ray	beam	performance	

and	to	enable	time-resolved	optical	pump/X-ray	probe	

studies	with	femtosecond	or	better	resolution.	With	sepa-

rations	of	hundreds	of	meters,	synchronization	of	these	

systems	at	the	femtosecond	level	will	be	challenging,	yet	

critical	to	achieving	optimum	facility	performance.	

The	major	challenges	to	be	addressed71	in	reaching	

the	level	of	synchronization	required	for	NGLS	are:	trans-

mission	of	a	stable	timing	signal	to	multiple	remote	cli-

ents	over	a	relatively	large	facility,	synchronizing	remote	

clients	such	as	lasers	and	RF	systems	to	the	stable	timing	

signal	at	the	femtosecond	level,	and	measurement	of	the	

electron	beam	arrival	time.

A	schematic	diagram	of	the	timing	distribution	for	the	

accelerator	system	is	shown	in	Figure	108.	The	system	

comprises	a	global	timing	distribution	system,	and	local	

systems	that	provide	synchronization	to	the	clock.	In	this	

approach	we	synchronize	all	of	the	accelerator	systems	

from	the	photocathode	drive	laser,	injector,	linac	RF	sys-

tems,	and	seed	and	user	lasers.	The	master	clock	signal	is	

distributed	throughout	the	facility	over	stabilized	optical	

fiber	links	with	relative	stability	on	the	order	of	ten	femto-

seconds.	Systems	that	require	extremely	low-jitter	syn-

chronization	at	the	femtosecond	and	sub-femtosecond	

level,	such	as	user	and	seed	lasers	and	timing	diagnos-

tics,	 will	 use	 an	 all-optical	 synchronization	 technique	

described	in	more	detail	below.	

5 .4 .7 .1 Master Clock Distribution over Stabilized 

 Fiber Links

One	of	the	main	challenges	in	reaching	the	level	of	syn-

chronization	required	for	next-generation	light	sources	is	

transmission	of	a	master	clock	reference	over	a	relatively	

large	facility.72	For	example,	in	a	facility	of	a	kilometer	in	

length,	diurnal	 temperature	variation	 results	 in	 cable	



146

5 .  PROPOSED FACILITY
DESIGN CONSIDERATIONS AND CHALLENGES

between	undulator	sections.	For	operational	stabilization	

and	feedback	systems	use	the	diagnostics	should	be	non-

invasive;	for	machine	studies	and	set-up,	they	may	be	

intercepting.	

Transverse	 position	 tolerance	 through	 most	 of	 the	

accelerator	is	estimated	to	be	a	few	tens	of	microns,	and	in	

the	FEL	undulators	the	requirement	will	be	tighter,	perhaps	

a	few	microns.	Longitudinal	arrival	timing	needs	to	be	

within	a	10	fs	tolerance,	and	integrated	with	the	timing	and	

synchronization	system.	Longitudinal	profile	measure-

ments	of	better	than	10	fs	resolution	are	desirable,	and	

such	systems	will	require	further	R&D.	Dedicated	studies	

are	needed	including	trajectory	sensitivity	and	correction	

analysis	to	determine	diagnostics	systems	specifications.

The	electron	beam	diagnostic	systems	include:

•	 Beam	position	monitors	(BPMs),	including	warm	and	

cold	button	pick-ups,	striplines	for	use	in	the	accelera-

tor	and	cavity	BPMs	for	use	in	the	FELs	

•	 Transverse	profile	monitors	using	YAG	screens,	opti-

cal	transition	radiation	(OTR),	and	wire	scanners	

•	 Longitudinal	bunch	profile	monitors	such	as	streak	

cameras	and	electro-optic	devices

•	 Beam	energy	measurements	following	the	injector,	

in	the	dispersive	region	of	the	bunch	compressors,	

and	before	and	after	the	FELs

•	 Beam	arrival	 time	monitors	using	RF	cavities	and	

electro-optic	techniques	

•	 Precision	timing	distribution	(see	section	5.4.7)

•	 Current	monitors	using	toroids	

•	 Beam	loss	monitors

An	equally	broad	suite	of	photon	beam	diagnostics	are	

needed	both	to	characterize	and	optimize	the	FEL	interac-

tion	between	the	electron	and	photon	beams	and	to	char-

acterize	the	resulting	photon	beam	as	it	enters	the	user	

hutches.	Diagnostics	for	the	photon	beams	are	discussed	

further	in	Section	6.5.	

To	optimize	the	FEL	interaction,	the	alignment	of	the	

electron	and	photon	beams	must	be	maintained	to	within	

a	fraction	of	the	beam	sizes	over	multiple	FEL	gain	lengths	

and	the	relative	optical	phase	between	undulator	sec-

tions	must	be	controlled	to	within	a	fraction	of	a	wave-

length.	Standard	instrumentation	includes	beam	position	

monitors,	beam	steering	devices,	and	X-ray	detectors.	

X-ray	diagnostics	will	rely	on	both	on-axis	and	off-axis	

X-ray	devices.	Off-axis	diagnostics	are	complementary	to	

the	on-axis	X-ray	diagnostics	and	will	allow	non-invasive	

monitoring	of	the	radiation.	

5.4.8 Instrumentation and Diagnostics

An	extremely	high	brightness	electron	beam	is	needed	

to	achieve	the	desired	FEL	performance,	with	exacting	

pulse-to-pulse	stability	requirements	over	time	periods	of	

hours	to	days.	These	requirements	demand	an	extensive	

suite	of	high-resolution	electron	and	photon	beam	diag-

nostics.	Systems	are	required	for	studying	and	configur-

ing	the	accelerator	and	FELs	as	well	as	maintaining	stable	

operation,	and	providing	the	necessary	sensors	in	feed-

back	stabilization	systems.	

To	optimize	 the	electron	beam,	 instrumentation	 is	

needed	to	measure	transverse	beam	position,	emittance,	

total	charge,	charge	distribution,	pulse	length,	energy,	

arrival	time,	and	beam	loss.	These	systems	are	initially	

required	to	operate	with	bunch	charges	of	approximately	

10–500	pC,	and	at	repetition	rate	up	to	the	bunch	rate	of		

1	MHz.	The	diagnostics	should	be,	wherever	possible,	

upgradeable	to	higher	repetition	rate	and	larger	dynamic	

range	to	measure	bunches	with	charge	ranging	from	a	

few	pC	to	1	nC,	depending	on	the	mode	of	operation.	

Furthermore,	each	of	these	diagnostic	systems	must	pro-

vide	signals	with	the	appropriate	bandwidth	to	be	used		

in	 feedback	 control	of	 the	accelerator	 to	 stabilize	 the		

electron	beam.

For	efficient	lasing,	it	is	critical	to	control	the	“slice”	

values,	(within	a	few	cooperation	lengths	within	a	bunch),	

for	properties	 such	as	emittance,	 charge,	 energy	and	

energy	spread.	These	must	be	measured	before	and	after	

bunch	compression,	to	allow	for	proper	optimization.	Use	

of	a	transverse	deflecting	structure	has	been	successful	

in	measuring	the	slice	parameters	by	imposing	a	trans-

verse	angular	chirp	along	the	bunch	and	projecting	the	

resulting	transverse	distribution	on	a	screen.	The	two-

dimensional	particle	density	distribution	in	a	dispersive	

section	enables	measurement	of	the	average	energy	and	

the	energy	spread	in	each	longitudinal	slice	allowing	sen-

sitive	tuning	of	the	bunch	compression	process.	Because	

this	 diagnostic	 is	 destructive,	 or	 at	 least	 disruptive,	

involving	the	interception	and	perturbation	of	an	electron	

bunch,	it	should	be	used	at	a	much	lower	repetition	rate	

than	other	diagnostics.	However,	the	high	repetition	rate	

of	the	NGLS	may	allow	operation	of	this	technique	with	

negligible	impact	on	the	average	beam	intensity.	

Critical	diagnostics	groups	will	be	located	near	the	exit	

of	the	injector,	the	input	and	exit	of	the	bunch	compres-

sor,	 the	end	of	the	linac,	the	exit	of	the	spreader,	and	
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NGLS	will	employ	interlocks	that	will	immediately	dis-

able	beam	at	the	injector	in	fault	conditions	anywhere	in	

the	accelerator,	FEL,	and	X-ray	beam	systems.	Integrated,	

active	monitoring	of	magnet,	beam	current,	and	other	

parameters	have	the	potential	to	provide	faster	feedback	

than	radiation	monitors	to	reduce	beam	losses	during	

both	routine	operation	and	in	beam	loss	events.	As	with	

all	similar	facilities,	radiation	monitors,	vacuum	levels,	

and	other	standard	measures	will	continually	be	moni-

tored	and	interlocked.

Environmental	radiation	safety	risks	have	also	been	

evaluated.	Preliminary	models	have	been	developed	for	

the	production	and	fate	of	both	the	short-lived	air-activa-

tion	products	as	well	as	longer-lived	isotopes.	Standard	

containment	and	monitoring	of	the	beam	dumps	will	be	

utilized.	Early	calculations	estimate	off-site	doses	to	be	

many	orders-of-magnitude	below	NESHAPS	 limits.	 In	

addition,	shielding	around	the	linac	tunnel	will	be	thick	

enough	to	eliminate	any	measurable	amounts	of	radio-

isotopes	entering	the	groundwater.

Empirical	beam-based	alignment	will	be	critical	to	the	

operation	of	the	NGLS	and	can	provide	the	required	accu-

racy	by	recording	beam	position	excursions	from	BPMs	

under	deliberate	beam	energy	variations.	Results	from	

BPM	information	analysis	can	feed	quadrupole	realign-

ments,	transverse	trajectory	feedback,	and	beam	steering	

at	undulator	entrances.

5.4.9 Radiation Protection

The	analysis	of	radiation	hazards	and	controls	has	been	

integrated	into	the	project	at	the	earliest	stages.	Experience	

at	other	megawatt	class	accelerators	has	been	used	to	

develop	preliminary	radiation	transport	models	of	radia-

tion	fields	expected	at	the	beam	dump,	collimators	and	

other	locations	where	beam	loss	is	expected.	From	this,	

appropriate	shielding	strategies	will	be	developed	with	

particular	attention	to	be	paid	to	the	beam	dumps	and	pho-

ton	beam	lines.	These	strategies	will	build	upon	the	experi-

ence	gained	at	similar	facilities.	Standard	search/secure	

procedures	and	interlock	technologies	to	exclude	person-

nel	from	active	beam	areas	will	be	employed.
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6 Experimental systems

6.1	 Introduction

In	the	initial	complement	of	beamlines	for	the	NGLS,	we	

are	planning	for	three	separate	FELs	with	a	core	operating	

range	from	0.28	to	1.2	keV.	The	general	characteristics	of	

each	of	these	three	lines	are	shown	in	Table	2.	The	intent	

here	is	to	outline	the	general	design	issues	and	present	

directions	for	their	solution	rather	than	to	provide	a	defini-

tive	design	in	each	case.	In	the	case	of	each	of	these	beam-

line	systems,	ultra-short	pulses	will	be	used,	into	the	sub-fs	

regime.	This	therefore	presents	one	of	the	primary	chal-

lenges,	 the	 preservation	 of	 the	 extremely	 small	 pulse	

length.	The	energy	range	to	be	accessed	requires	grating	

optics,	but	gratings	extend	 the	 temporal	 length	of	 the	

beam.	The	grazing	incidence	(focusing)	optics	that	have	to	

be	used	in	the	soft	X-ray	energy	region	also	typically	induce	

wavefront	tilt,	again	resulting	in	pulse	lengthening.	Below	

we	look	at	the	practical	consequences	of	these	effects.

A	second	challenge	is	that	in	most	experiments,	there	

is	a	 requirement	 for	single	or	 two	wavelength	pump-	

probe	measurements,	i.e.	that	the	primary	beam	must	be	

split	with	one	beam	pumping	the	sample	and	a	second	

beam	with	variable	delay	probing	the	sample.	In	the	hard	

X-ray	domain	this	action	is	easily	performed	by	crystal	

optics,	where	thin	pellicle	partially	transmitting	crystals	

are	practical.	In	the	soft	X-ray	energy	domain,	we	do	not	

have	the	equivalent	optical	elements,	and	so	alternative	

strategies	 as	 described	 below	 must	 be	 employed.		

The	final	challenge	is	from	transient	and	average	power	

load	on	the	optics	creating	damage,	or	wavefront	distor-

tion.	The	peak	power	on	the	1st	optical	elements	will	be	

similar	to	FLASH,	but	due	to	the	much	higher	repetition	

rate,	the	average	power	will	be	much	higher.	The	average	

power	 density	 will	 exceed	 that	 experienced	 at		

3rd	generation	synchrotron	undulator	beamlines	and	will	

present	a	significant	challenge.	Most	of	the	experience	to	

date	on	impulsive	damage	to	mirror	coating	has	been	on	

diamond-like	carbon	due	to	its	excellent	reflectivity	at	the	

small	grazing	angles	typically	used	for	energies	less	than	

200	eV.	In	the	NGLS	case	however,	we	need	to	have	high	

reflectivity	throughout	the	whole	soft	X-ray	energy	region	

including	 the	carbon	K-edge	region	and	 this	 imposes	

some	challenges	for	coating	materials.	In	the	following	

sections	we	have	outlined	the	overall	design	issues	and	

suggested	solutions	using	existing	FEL	technology	as	

well	as	indicating	where	the	emphasis	of	our	R&D	activi-

ties	needs	to	be	placed.

6.2	 Overall	Beamline	Design

The	design	and	operation	of	 the	FLASH	beamlines	

offers	some	guidance	on	 the	overall	 issues	and	solu-

tions,1,	2		but	here,	one	of	the	main	issues	will	be	the	pres-

ervation	and	manipulation	of	ultra-short	pulses	close	to	

the	time-bandwidth	limit	that	need	further	consideration.

A	grating	will	lengthen	a	pulse	by	a	time	δt=	Nmλ/c,	

where	N	is	the	number	of	illuminated	grooves,	m	is	the	

diffractive	order,	λ	is	the	wavelength	and	c	is	the	speed	of	

light.	For	example,	for	a	resolving	power	of	10,000	we	

would	need	the	same	number	of	grooves	to	be	illuminat-

ed	and	hence	for	the	1st	diffractive	order	at	the	carbon	

K-edge,	we	would	have	a	pulse	broadening	of	150	fs.	

The	pulse	length	of	a	transform	limited	light	source	is	

however	δT~λ2/δλc	and	so	realizing	that	the	fundamental	

resolving	power	of	a	grating	is	equal	to	the	number	of	illu-

minated	grooves,	N,	we	can	see	that	the	grating-induced	

temporal	smearing	optimally	corresponds	to	that	implied	

by	 the	 time-bandwidth	 product.	The	 design	 feature	

required	therefore	is	to	illuminate	the	correct	number	of	

grooves	for	the	wavelength	resolution	required.	
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would	 be	 done	 with	 a	 single	 elliptical	 mirror	 in	 each	

plane,	but	although	these	are	free	of	point-to-point	pulse	

stretching,	a	finite	width	object	is	imaged	in	a	plane	tilted	

with	respect	to	the	optical	axis.	To	counter	this,	focusing	

would	 require	 two	 mirrors	 in	 each	 plane	 in	 order	 to	

achieve	an	image	free	of	tilt.	Such	erect	field	imaging	for	

wide	fields	is	typically	done	with	hyperboloid-ellipsoid	

pairs	as	in	Wolter	X-ray	telescope	design,	but	here	as	the	

angular	aperture	is	smaller,	bent	paraboloid	combina-

tions	will	probably	be	sufficient	and	would	the	starting	

point	for	our	design	studies.	

ALS	high	power	optical	components	have	either	side	

or	internal	water	cooling	and	deal	with	high	power	den-

sities.	In	the	case	of	NGLS	however	at	high	repetition	

rate,	we	will	be	going	to	significantly	higher	average	

powers.	This	can	be	dealt	with	by	moving	optics	further	

from	the	source,	by	avoiding	use	of	an	 intermediate	

focus	in	the	beamlines	and	possibly	by	using	a	first	mir-

ror	at	extreme	grazing	incidence	that	is	divergent,	thus	

increasing	the	beamsize	on	downstream	optics.	Water	

cooling	can	be	pushed	beyond	the	highest	heat	 load	

ALS	optics	by	internal	jet	cooling,	but	beyond	this,	we	

will	have	 to	cryo-cool	some	of	 the	highest	heat	 load	

components.	This	has	been	done	for	example	in	the	ALS	

BL	5.0	wiggler	optical	system,	where	the	crystal	optics	

are	cooled	to	120	K	to	take	advantage	of	the	zero	expan-

sion	coefficient	of	Si	at	this	temperature	and	the	higher	

thermal	conductivity.	 In	this	case,	we	extract	roughly	

250	W	of	power,	similar	to	the	NGLS	case.	

Due	 to	 the	 very	 high	 power	 density,	 intermediate	

focusing	to	a	set	of	entrance	slits	should	probably	be	

avoided	and	so	we	will	need	interchange	of	gratings	with	

differing	line	densities.	This	grating	interchange	is	typi-

cally	done	in	soft	X-ray	beamlines	today	so	that	optimum	

diffraction	efficiency	can	be	achieved	over	a	wide	wave-

length	range,	but	here	as	well	it	is	required	for	selection	

of	the	appropriate	source-limited	resolution	and	hence	

time-bandwidth-limited	pulse	length.	A	further	issue	is	

that	the	wavefront	entering	the	optical	system	is	tilted	at	

the	exit,	due	to	the	use	of	grazing	incidence	optics.	One	

way	to	correct	this	is	to	use	two	gratings	in	the	classical	

mounting	in	subtractive	dispersion	mode	as	suggested	

by	Villoresi3	and	successfully	demonstrated	by	several	

groups.4	A	first	focusing	grating	produces	a	dispersive	

focus	at	which	the	required	waveband	is	selected	by	a	slit;	

a	second	grating	then	reimages	this	to	a	focus.	This	sec-

ondary	focus	can	be	free	to	first	order	of	primary	pulse	

stretching	and	wavefront	tilt.	The	penalty	is	that	the	nor-

mally	low	diffraction	efficiency	of	a	grating	is	made	sub-

stantially	worse	in	the	two	grating	arrangement.	

The	simplest	arrangement	however	would	be	to	use	

an	erect	field	variable	line	spacing	(VLS)	monochromator	

(Figure	109).5		In	this	system	the	exit	wavefront	is	approxi-

mately	perpendicular	to	the	optical	axis.	The	combination	

of	an	entrance	slitless	form	of	this	design	with	an	array	of	

gratings	designed	to	produce	selection	of	a	range	of	reso-

lutions	would	be	a	starting	point	for	our	design	studies.	

Light	from	the	monochromator	would	be	refocused	to	the	

sample	using	grazing	 incidence	optics.	Normally	 this	

Figure	109  VLS grating monochromator as used at the ALS (left) and a K-B mirror assembly used for microfocusing.
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sive	work	at	FLASH,	impulsive	damage	should	not	be	an	

issue.	R&D	in	this	area	would	concentrate	on	assessing	

cumulative	 damage	 due	 to	 high	 average	 power	 that	

might	be	present	below	the	single	shot	damage	limit.

6.4	 Split	and	Delay

Several	of	the	experiments	planned	for	the	initial	com-

plement	of	beamlines	will	use	X-ray	pump	—	X-ray	probe	

techniques.	We	will	therefore	have	to	split	one	or	more	

soft	X-ray	beams	and	provide	a	variable	delay	path,	with	

two	beams	that	are	ideally	co-linear.	The	two	main	ways	

to	do	this	are	to	a)	beam	split	using	a	grating;	 in	this	

method	zero	and	first	order	light	are	used	and	b)	split	the	

wave-front	using	a	knife	edge	mirror	partially	inserted	

into	the	beam.	The	first	method	has	some	advantages,	

but	for	ultrafast	pulses	is	not	practical,	as	a	second	grat-

ing	would	have	to	be	used	to	compensate	pulse	stretch-

ing.	The	second	scheme	has	been	pioneered	at	FLASH9	

and	is	shown	in	Figure	110	below.

This	arrangement	is	based	on	a	grazing	incidence	Mach-

Zehnder	interferometer.	The	right	hand	diagram	shows	the	

principle	in	which	a	mirror	(SM1)	is	partially	inserted	into	

the	beam,	thus	generating	two	beams.	These	beams	are	

directed	 towards	 mirror	 pairs	 DL1-DL3	 and	 DL2-DL4	

respectively	and	recombined	at	mirrors	SM3	and	SM4.	

Each	path	has	five	reflections	and	a	delay	is	introduced	

between	the	paths	by	lateral	motion	of	the	“interferome-

ter”	table.	Such	a	system	has	been	built	at	the	ALS	and	

used	for	VUV	Fourier	Transform	Spectroscopy	based	on	

the	same	overall	geometry	and	could	be	adapted	for	this	

purpose.	The	system	as	used	at	FLASH,	and	planned	for	

LCLS,	has	demonstrated	a	delay	range	of	10	ps	and	a	delay	

precision	of	0.2	fs.		The	main	modification	we	would	make	

to	this	system	would	be	to	use	mirrors	at	more	extreme	

grazing	angles	to	support	high	throughput	to	above	1	keV.

	6.3	 Mirror	Damage

The	issue	of	mirror	damage	has	been	extensively	stud-

ied	at	FLASH,	mainly	in	the	VUV	and	at	LCLS	for	the	hard	

X-ray	regime.	NGLS	pulse	energies	are	similar	to	those	at	

these	facilities	and	so	in	principle	we	can	adopt	similar	

solutions.	One	special	problem	however	 is	 that	 these	

coatings	 are	 based	 on	 either	 diamond-like	 carbon	 or	

boron	carbide.	In	our	case,	we	wish	to	tune	through	the	

carbon	K-edge	region	and	normally	use	of	a	carbon	coat-

ing	in	the	region	from	280-1000	eV	would	be	precluded.	

However	 there	are	 few	alternatives.	 In	order	 to	avoid	

excessive	instantaneous	electronic	heating,	we	have	to	

use	a	low	Z	coating.	At	FLASH,	diamond-like	carbon	is	

extensively	used	because	the	main	operating	energies	are	

less	than	280	eV.	At	LCLS,	B4C	is	extensively	used	because	

the	carbon	K-edge	is	substantially	lower	in	energy	than	

the	minimum	operational	energy.		On	NGLS,	the	carbon	

K-edge	is	within	our	energy	range,	and	by	itself	a	prime	

target	for	some	experiments.		Other	low	Z	materials	are	

limited,	with	perhaps	Be	the	main	alternative.	An	alterna-

tive	is	simply	to	use	B4C,	but	at	a	much	lower	grating	angle	

than	conventionally	used.	This	would	significantly	reduce	

the	carbon	K-edge	reflectivity	modulation.	Separation	

between	the	various	FEL	beamlines	is	primarily	provided	

by	the	FEL	switchyard,	not	by	the	optics,	and	considering	

the	very	low	divergence	of	the	light,	mirror	length	should	

not	be	an	issue.	However	shadowing	of	the	diffraction	

grating	grooves	at	very	small	grazing	angles	is	a	concern	

and	the	optimization	of	the	groove	shape	and	coating	to	

optimize	efficiency	will	have	to	be	carefully	considered.

The	issue	of	 impulsive	damage	of	a	mirror	coating	

under	FEL	illumination	has	been	extensively	studied	for	

diamond	like	and	amorphous	carbon6,	7	and	for	B4C.8		In	

both	cases	the	conclusions	are	similar	in	that	the	single	

shot	damage	threshold	is	in	the	region	of	0.1–0.3	J/cm2	

well	above	the	values	for	NGLS	optics.	Based	on	exten-

Figure	110  Mirror based split and delay line. (From Sorgenfrei et al.9)
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Nq	=	Eγ /ε,	where	Eγ	is	the	incident	photon	energy	and	ε	var-

ies	by	material	(ε	=	3.6	eV	for	silicon).	Fluctuations	in	ener-

gy	loss	limit	the	spectroscopic	resolution	of	the	detector	

to	σq
2	=	FNq,	where	F	is	the	Fano	factor	(F	~	0.12	for	Si).	

For	NGLS,	 silicon	 is	 an	 ideal	direct-detection	 sensor:	

Figure	111	shows	the	efficiency	(probability	of	photocon-

version	within	the	sensitive	volume)	for	X-ray	detection	

in	a	200	μm	thick	silicon	sensor	with	3	nm	of	native	oxide.	

Above	~8	keV,	the	sensor	starts	to	become	transparent	—	

limiting	detection	efficiency.	At	lower	energies,	X-rays	are	

absorbed	prior	to	entering	the	sensitive	volume.

In	order	to	fully	deplete	the	sensor	(and	thus	ensure	

full	charge	collection	with	the	minimal	point	spread	func-

tion)	a	thin	conducting	entrance	window	is	required	—	

and	 the	 thickness	 of	 this	 window	 determines	 the	

low-energy	X-ray	efficiency.	We	are	actively	engaged	in	

R&D	on	thin	windows:	for	NGLS,	the	total	thickness	of	the	

dead	layer	before	the	sensitive	volume	must	be	≤10	nm	in	

order	to	maintain	>50%	efficiency	at	the	carbon	K-edge.

Figure	111  Efficiency for 200 μm thick silicon detectors.

Readout	speed	and	data	processing	will	be	crucial	for	

NGLS.	We	have	developed	102	frame	per	second	(fps)	

2D	detectors,12	and	have	successfully	deployed	these	

detectors	at	ALS,	APS	and	LCLS.	This	detector	is	based	on	

a	unique,	thick,	fully-depleted	MOS	CCD	structure	devel-

oped	at	LBNL.13		We	are	transforming	this	detector	from	

102	fps	to	103-4	fps	by	adopting	a	fully	column-parallel	

architecture	together	with	advanced	custom	integrated	

circuit	readout	in	65	nm	CMOS.	

To	 reach	 the	105	 fps	 rate	needed	 for	NGLS,	a	new	

detector	architecture	will	be	needed.	Today,	at	200	fps,	the	

6.5	 Diagnostics

As	each	of	the	beamlines	will	be	capable	of	X-ray	pump	

—	X-ray	probe	capability,	and	measurement	of	delay	and	

pulse	length	will	be	an	essential	component	of	each	exper-

iment,	we	will	need	in-beamline	diagnostics	of	the	tempo-

ral	characteristics	of	the	beam.	There	are	several	ways	that	

this	 can	 be	 achieved,	 and	 based	 on	 on-going	 work	 at	

FLASH	and	now	at	the	SXR	beamline	at	LCLS,	the	pre-

ferred	method,	especially	for	ultra-short	pulses	is	likely	to	

evolve.	For	ultrashort	pulses,	it	is	likely	that	asec	streaking	

methods	will	be	used,	but	for	pulses	of	10	fs	we	can	use	

simpler	and	more	robust	methods.	One	of	these	is	based	

on	the	modulation	of	the	optical	reflectivity	of	a	semicon-

ductor	by	a	VUV	or	soft	X-ray	pulse.10		The	impulsive	cre-

ation	 of	 electron	 hole	 pairs	 in	 the	 semiconductor	

modulates	the	reflectivity,	and	by	tilting	one	wave-front	

with	respect	to	the	other,	a	CCD	can	be	used	to	“image”	the	

arrival	of	the	X-ray	pulse.	In	an	X-ray	—	X-ray	experiment,	

the	two	beams	would	be	physically	separated,	but	would	

be	imaged	in	the	same	way;	a	fs	laser	synchronized	to	the	

X-ray	source	would	provide	the	imaging	window	and	the	

separation	of	 the	 two	X-ray	 induced	reflectivity	edges	

could	give	a	precise	measurement	of	X-ray	pump-probe	

delay.	The	precision	of	this	system	is	presently	40	fs	over	a	

time	 window	 of	 many	 ps,	 with	 substantial	 area	 for	

improvement	to	the	10	fs	scale.	Beyond	this,	streaking	of	

photoelectron	energies	produced	by	X-ray	illumination		

of	a	gas	jet	immersed	in	an	ultrafast	laser	field	can	yield	

high	precision	pulse	shape	and	delay	measurements	in	the	

sub-fs	regime,	but	over	very	limited	temporal	windows.11	

6.6	 Detectors

Worldwide,	as	new	FEL	sources	come	on	line,	corre-

sponding	detector	developments	are	needed	in	order	to	

be	able	to	record	the	shot-by-shot	data	generated.	The	

greatest	challenges	are	for	(2-dimensional,	area)	~mega-

pixel	detectors	able	to	read	out	at	the	FEL	repetition	rate,	

with	no	memory	of	the	previous	shot.	Whereas	earlier		

2D	X-ray	detectors	were	based	on	scintillating	phosphors	

fiber-optically	coupled	to	a	charge-coupled	device	(CCD),	

modern	detectors	are	based	on	direct	detection	of	X-rays	

in	a	semiconductor	sensor.	In	a	fully	depleted	semicon-

ductor	 detector,	 the	 number	 of	 electron-hole	 pairs,		

Nq,	generated	by	an	incident	photo-converting	X-ray	is	
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NGLS,	an	advanced	version	of	the	high-speed	detector14	

developed	for	TEAM	project	together	with	on-chip	pro-

cessing	is	the	most	promising	candidate:	in	aggressive	

CMOS	technologies,	the	imaging	area	of	a	reticle-scale	

device	can	be	small,	leaving	the	rest	of	the	IC	area	free	for	

image	processing	and	compression.	As	part	of	our	on-

going	R&D	program,	we	are	prototyping	an	image	sensor	

in	65	nm	CMOS	in	order	to	determine	suitability	for	an	

ultra-high-speed	2D	X-ray	detector.	We	are	also	working	

on	 algorithm	 development	 based	 on	 X-ray	 FEL	 data.		

These	algorithms	will	be	tested	first	in	firmware,	and	then	

ported	to	silicon	for	the	NGLS	detector.

LBNL	FastCCD	generates	1.5	Tb/hr.	At	this	data	rate,	it	is	

still	possible,	if	not	always	efficient,	to	simply	read	all	

data	out	and	store	it.	At	higher	frame	rates,	data	transmis-

sion	to	archival	storage	becomes	impossible.	For	the	fully	

column-parallel	CCD	described	above,	hundreds	of	high-

speed	serial	links	will	carry	data	to	a	firmware	data	pro-

cessor,	 which	 will	 perform	 compression	 and	 feature	

extraction	prior	to	transmitting	the	data	to	storage.	At		

105	fps,	a	megapixel	detector	would	generate	a	Tb	every	

5	seconds	—	which	is	impossible	to	read	out	convention-

ally:	the	data	can	simply	not	be	moved	off	the	detector	

silicon.	On-chip	processing	is	required.	For	soft	X-rays	at	
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7 Future upgrades

NGLS,	as	described	in	Section	5,	includes	a	state-of-the-

art	electron	source,	superconducting	linac,	and	three	initial	

FEL	beamlines,	together	with	the	conventional	facilities	

required	 to	 house	 the	 facility.	The	 linac	 and	 FELs	 are	

designed	to	be	able	to	obtain	wavelengths	as	short	as	1	nm	

at	repetition	rates	at	1	MHz	or	higher.

In	order	to	accommodate	inevitable	technical	advances,	

the	NGLS	design	concept	embraces	a	strategy	of	phased	

implementation	of	FEL	beamlines.	The	NGLS	facility	will	be	

configured	to	take	advantage	of	as-yet	unrealized	advanc-

es	in	the	physics	and	technology	of	high	brightness	beams,	

new	concepts	 in	FEL	operation,	 and	 improvements	 in	

undulators	and	X-ray	optics.	The	preliminary	design	pre-

sented	here	uses	a	highly	flexible	electron	gun,	injector,	

and	linac	that	can	provide	a	wide	variety	of	electron	bunch	

structures	and	time	patterns,	so	that	NGLS	will	be	capable	

of	incorporating	a	wide	range	of	FEL	technologies.	

The	 electron	 beam	 spreader	 shown	 in	 Figure	 76	 is	

intrinsically	modular.	Capacity	can	be	increased	by	adding	

additional	 spreader	 elements,	 FELs,	 X-ray	 beamlines	

together	with	 the	corresponding	housing	as	shown	 in	

Figure	112.	Capability	can	be	increased	not	only	by	adding	

advanced	FELs,	but	also	by	increasing	the	electron	beam	

energy	with	a	combination	of	extra	 linac	sections	and		

NGLS

Capacity Expansion

Capability Expansion

Future Buildout

Figure	112  Upgrade paths.
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only	small	increments	to	beam	energy.	At	sufficiently	high	

repetition	rates,	FEL	oscillators	combined	with	harmonic	

radiators	might	provide	the	benefits	of	seeded	operation	

without	the	need	for	external	lasers.	Significant	improve-

ments	in	HHG	for	EUV	or	soft	X-ray	production	can	be	lev-

eraged	to	provide	seeding	signals	requiring	less	stringent	

harmonic	jumps.	If	the	linac	could	operate	reliably	at	mul-

tiple	parameter	points,	so	as	to	deliver	bunches	of	differ-

ent	 charge,	 duration,	 and/or	 energy	 to	 different	 FEL	

beamlines,	the	flexibility	and	versatility	of	the	machine	

would	be	redoubled.

Many	of	these	areas	of	impact	are,	or	will,	be	the	sub-

ject	of	significant	 research	efforts	worldwide,	and	 the	

NGLS	project	will	be	poised	to	 take	advantage	of	any	

incremental	or	revolutionary	improvements.	

gradient	increases.	For	example,	increasing	beam	energy	

to	 approximately	 2.5	 GeV,	 and	 using	 undulators	 of		

~12	mm	period	will	produce	over	3	keV	in	the	fundamen-

tal,	and	10	keV	in	the	3rd	harmonic	at	power	levels	esti-

mated	to	be	1%	of	those	achievable	in	the	fundamental.	

Similarly,	an	increase	in	beam	energy	to	approximately		

4	GeV,	together	with	developments	in	undulator	technol-

ogy	that	provide	for	10	mm	period	devices,	would	permit	

lasing	in	the	fundamental	at	10	keV.

In	addition,	modest	 improvements	 in	cavity	quality		

factors	could	translate	into	significantly	higher	beam	ener-

gies	at	fixed	operating	costs.		Novel	undulator	designs	—	

including	 very-short-gap	 superconducting	 undulators		

or	possibly	even	electromagnetic	undulators	—	could		

dramatically	expand	the	NGLS	wavelength	with	perhaps	



8 Management

8.1	 Cost	Estimate

The	preliminary	Total	Estimated	Cost	without	contin-

gency	(TEC)	of	the	project	is	$635M,	and	the	preliminary	

Total	Project	Cost	 (TPC)	 is	$997M	in	then-year	dollars	

(with	the	schedule	shown	in	Table	11,	and	the	funding	pro-

file	shown	in	Table	10).	The	estimate	includes	all	costs	

associated	with	Conceptual	Design	and	R&D,	together	

with	all	technical	and	conventional	construction,	acceler-

ator	commissioning,	project	management	and	contin-

gency.	These	 estimates	 were	 developed	 during	 pre-	

conceptual	 design,	 and	 are	 based	 on	 recent	 US	

experience	with	superconducting	accelerators,	free	elec-

tron	lasers,	and	recent	University	of	California	/	LBNL	

conventional	construction	experience.		A	breakdown	of	

the	cost	is	shown	in	Table	9,	with	a	preliminary	funding	

profile	shown	in	Table	10.

A	preliminary	annual	operating	cost	estimate	has	been	

performed	based	on	experience	with	the	current	operat-

ing	costs	for	the	Advanced	Light	Source.	The	preliminary	

estimate	of	$97M	in	FY11	dollars	is	larger	than	the	ALS	

operating	cost	due	to	the	larger	accelerator	and	technical	

staff	required	for	the	more	complex	NGLS,	together	with	

higher	power	costs.

Table	9  Cost breakdown in escalated M$.

Construction Cost (M$)

Injector $31

Linac $233

X-ray	Production $44

Experimental	Systems $52

Conventional	Facilities $201

Project	Management $74

Total	Estimated	Cost	(TEC) $635

Conceptual	Design $10

R&D $54

Commissioning $27

Other	Project	Costs	(OPC) $91

Contingency 37% $271

Total	Project	Cost	(TPC) $997

Profile FY11 FY12 FY13 FY14 FY15 FY16 FY17 FY18 FY19 FY20 FY21 FY22

OPC $2 $10 $10 $15 $16 $7 $4 $0 $0 $0 $6 $21

TEC $0 $0 $15 $20 $34 $93 $156 $250 $160 $110 $64 $4

TPC $2 $10 $25 $35 $50 $100 $160 $250 $160 $110 $70 $25

Table	10  Funding profile in escalated M$.
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•	 The	electron	beam	spreader,	which	distributes	the	

electron	beam	to	the	individual	FELs

	- High	 switching	 rates	 with	 minimum	 beam		

perturbation	and	beam	loss	are	required	—	see	

Section	5.4.4

•	 Electron	beam	dumps,	which	 require	engineering	

design,	not	R&D	—	see	Section	5.4.6

•	 Advanced	FEL	operation	(see	Section	5.4.5),	including:

	- Seeding	schemes:	in	particular,	EEHG-seeded	FELs	

radiating	 at	 a	 high	 harmonic	 of	 the	 seed	 laser	

require	demonstration	of	physics	and	technology	

at	both	shorter	wavelengths	and	far	higher	har-

monic	jumps	than	currently	achieved.	

	- Polarization	control	and	 tunability	using	cross-

polarized	undulators.

	- Synchronization,	timing,	and	feedback-and-control	

systems	for	sub-femtosecond	operation.

In	addition,	in	order	to	take	full	advantage	of	the	trans-

formational	capabilities	of	NGLS,	advances	in	key	techni-

cal	areas	will	enhance	the	scientific	productivity	of	NGLS.	

For	this	reason,	R&D	will	also	be	performed	on

•	 Short	period	undulators

As	described	in	Section	5.4.5.3,	the	baseline	undula-

tors	for	NGLS	will	be	based	on	well-proven	hybrid	perma-

nent	magnet	technologies.	Superconducting	technologies	

have	the	promise	to	eliminate	moving	parts	and	reduce	

costs	and	provide	elliptical	polarization,	along	with	the	

capability	to	provide	short	periods,	and	thus	extend	the	

wavelength	reach	of	NGLS

•	 X-ray	beam	transport

As	described	in	Section	6.3,	the	high	average	power	of	

NGLS	will	require	advances	in	some	optical	components.

•	 High-speed	detectors

As	described	in	Section	6.6,	advances	in	high	frame	

rate	detectors	are	required	in	order	to	benefit	from	the	

NGLS	repetition	rate.

•	 High-power	seed	laser	and	pump	laser	systems

As	described	in	Section	5.4.5.5	high-power,	and	carri-

er-envelope	phase-stabilized	 lasers	are	 required,	with	

robust	and	reliable	performance.	

•	 High-dynamic-range	diagnostics

As	described	in	Section	5.4.1,	the	capabilities	of	NGLS	

to	operate	at	very	low	charge	(a	few	pC)	and	very	high	

charge	(up	to	1nC),	will	allow	significant	advances	in	per-

formance,	and	require	developments	in	diagnostics	sys-

tems	(see	Section	5.4.8	and	Section	6.5).

8.2	 Schedule

The	 preliminary	 schedule	 of	 major	 milestones	 is	

shown	in	Table	11.	The	NGLS	conceptual	design	report	

(CDR)	would	be	developed	for	CD-1,	and	the	performance	

baseline	would	be	approved	at	CD-2.	Transport	of	electron	

beam	through	the	linac	would	mark	the	start	of	commis-

sioning	 (CD-4a).	The	 project	 would	 be	 complete	 with	

delivery	of	photons	to	the	experimental	hall	(CD4-b),	fol-

lowed	by	the	start	of	operation	as	a	user	facility.

Table	11		Preliminary Major Schedule Milestones.

Milestone Date

CD-0 Approve	Mission	Need FY11

CD-1 Preliminary	Baseline	Range FY13

CD-2/3a Performance	Baseline	/	Long-lead	Procurement FY15

CD-3b Start	of	Construction FY16

CD-4a Start	of	Commissioning FY21

CD-4b Start	of	Operations FY22

8.3	 Risk	Management	and	R&D
NGLS	cost,	schedule	and	performance	risks	will	be	

minimized	by	using	proven	technology	in	the	baseline	

design	wherever	possible.	Nonetheless,	in	order	to	deliv-

er	the	performance	described	above,	NGLS	will	require	

certain,	specific	R&D	and	engineering	advances	as	sum-

marized	in	this	section.	On	a	cost	basis,	the	majority	of	

NGLS	is	low	risk:	the	NGLS	linac	is	a	conservative	imple-

mentation	of	current	superconducting	accelerator	tech-

nology,	and	does	not	represent	a	significant	technical	

risk;	similarly,	the	conventional	construction	is	compara-

ble	to	other	equivalent	facilities.		

Four	principle	technical	systems	require	technology	

maturation,	which	will	be	addressed	by	early	R&D	in	the	

project,	and	none	of	which	are	expected	to	impact	the	

proposed	construction	schedule:

•	 The	 high-repetition-rate,	 low-emittance	 electron	

injector.	As	described	 in	Section	5.4.2	 the	 injector	

requires	

	- High	 quantum	 efficiency,	 long	 lifetime	 photo-

cathodes	—	see	Section	5.4.2.2

	- A	high-power	drive	laser	that	matches	the	photo-

cathode	materials	properties	and	that	has	trans-

verse	and	longitudinal	pulse	shaping	capabilities	

—	see	Section	5.4.2.3

	- A	high-power	electron	gun	—	see	Section	5.4.2.4
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8.5	 Environment,	Safety	and	Health

8.5.1 Integrated Safety Management System
Environment,	Safety	and	Health	(ES&H)	requirements	

will	be	systematically	integrated	into	management	and	

work	practices	at	all	levels	so	that	the	NGLS	project	is	exe-

cuted	while	protecting	the	public,	the	worker,	and	the	envi-

ronment.	NGLS	Integrated	Safety	Management	System	

documents	and	policies	will	make	it	clear	that	the	respon-

sibility	for	safety	and	environmental	protection	starts	with	

the	NGLS	Director	and	flows	through	the	management	

chain	from	senior	management	to	line	supervisors,	and	

finally	to	the	workers.	It	is	the	responsibility	of	NGLS	man-

agement	to	ensure	that	staff	are	trained	and	are	responsi-

ble	for	ES&H	in	their	assigned	areas.	The	NGLS	project	

work	will	be	executed	in	accordance	with	defined	institu-

tional	ES&H	policies	to	ensure	hazards	are	identified	and	

mitigated;	work	is	authorized	after	ES&H	analysis	is	com-

pleted;	and	oversight	of	work	is	conducted	by	NGLS	man-

agement	and	staff.	Continuous	assessment	and	oversight	

of	the	project	will	be	conducted	by	the	project,	institutional	

EH&S	and	assurance	organizations,	and	the	DOE.	

8.5.2 National Environmental Policy Act
The	DOE	will	 comply	with	 the	 requirements	of	 the	

National	Environmental	Policy	Act	(NEPA)	and	its	imple-

menting	regulations	prior	to	taking	any	action	on	the	pro-

posed	project	 that	 could	have	adverse	environmental	

effects.	A	NEPA	evaluation	will	be	prepared	to	evaluate	the	

potential	environmental	consequences	of	constructing	

and	operating	the	NGLS.	It	is	planned	that	this	will	take	

the	form	a	full	Environmental	Impact	Statement	(EIS).

8.5.3 Fire Hazards Analyses
A	fire	hazard	analysis	(FHA)	will	be	developed	to	deter-

mine	the	fire	safety	risks	associated	with	the	NGLS	project.	

8.5.4 Safety Assessment Document
In	 compliance	 with	 DOE	 Order	 420.2B	 “Safety	 of	

Accelerator	Facilities,”	a	Safety	Assessment	Document	will	

be	prepared	that	identifies	the	specific	ES&H	hazards	and	

the	means	for	their	mitigation.	In	particular,	the	radiation	

hazards	associated	with	this	facility	will	be	fully	analyzed	

and	all	appropriate	shielding,	interlock,	and	administrative	

controls	will	be	developed	and	implemented.

8.4	 Organization

NGLS	will	be	executed	as	a	project	within	the	Photon	

Sciences	Directorate	at	LBNL.	For	the	design,	construc-

tion	 and	 operation	 of	 NGLS,	 technical	 staff	 will	 be	

matrixed	 from	 the	Accelerator	 and	 Fusion	 Research,	

Engineering	and	Facilities	Divisions	—	analogous	to	the	

construction	and	operation	of	the	Advanced	Light	Source.	

Scientific	 coupling	 to	 LBNL’s	 Physical	 Biosciences,	

Genomics,	 Life	 Sciences,	 Chemical	 Sciences,	

Environmental	Energy	Technologies,	Materials	Sciences,	

Earth	Sciences,	Computing	and	General	Sciences	and	

Advanced	Light	Source	divisions	will	guide	the	develop-

ment	of	the	facility	and	the	initial	experimental	program.

Figure	113	shows	the	organization	of	NGLS.	NGLS	will	be	

executed	 as	 a	 scientific	 and	 technical	 collaboration	

between	numerous	laboratories.	In	particular,	it	is	antici-

pated	that	the	superconducting	linac	will	be	developed	

by	a	DOE	partner	laboratory.

Department of Energy

Deputy Secretary, Acquisition Executive
Under Secretary of Energy
Director, Office of Science

Director, Office of Basic Energy Sciences
Director, Scientific User Facilities Division

NGLS Program Manager

Berkeley Site Office

Site Manager
Federal Project Director

Lawrence Berkeley National Laboratory

Laboratory Director

Project Advisory 
Committee

NGLS Project Office

Project Director
Project Manager

Deputy Project Manager

Accelerator 
Systems

Experimental 
Systems

LINACInjector FELs

Conventional
Facilities

Advisory Committees

Science
Machine 

Management
Conventional Facilities

Figure	113  NGLS Organization.
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Appendix	1

X-ray Interactions and Non-Disruptive Probing

Soft	X-rays	are	an	incisive	probe	of	electronic	struc-

ture.	However,	an	important	requirement	is	that	the	probe	

pulse	not	disrupt	the	system	that	we	seek	to	understand.	

This	is	equally	true	for	systems	in	a	correlated	ground	

state,	and	for	systems	prepared	in	a	perturbative	near-

equilibrium	excited	state	by	a	tailored	excitation	pulse.	

The	X-ray	probe	interaction	with	the	material	under	study	

must	remain	in	the	linear	regime,	and	this	places	restric-

tions	on	the	tolerable	pulse	fluence	for	ultrafast	probes.

Nonlinear	X-ray	probe	interaction	may	be	manifest	in	

several	forms	depending	on	the	experimental	technique,	

and	on	the	material	properties	under	investigation.	For	

example,	photoelectron	spectroscopy	is	one	of	the	most	

informative	probes	of	electronic	structure	—	reporting	on	

both	the	energy	and	momentum	of	the	electronic	states	

of	 an	 ordered	 solid.	 However,	 at	 fluences	 above		

~5x106	ph/pulse	(50	µm	spot)	space-charge	effects	dis-

tort	the	photoelectron	spectrum	and	degrade	the	energy	

resolution.	Thus	high	repetition	rate	at	moderate	flux	per	

pulse	is	essential	to	achieve	the	required	count	rates	for	

photoemission	spectroscopy.

Photon-in	photon-out	techniques	can	tolerate	somewhat	

higher	pulse	fluence	and	still	remain	in	the	linear	interaction	

regime.	For	example,	XES	measurements	on	Si	samples	

at	FLASH	indicate	an	acceptable	upper	pulse	fluence	limit	

on	the	order	of	10	mJ/cm2.	Recent	resonant	diffraction	

studies	of	charge-ordering	in	nickelate	samples	at	LCLS	

indicate	a	safe	upper	bound	of	~1	mJ/cm2.	These	fluence	

levels	are	consistent	with	ultrafast	visible	spectroscopy	

research	over	the	past	several	decades,	where	the	impor-

tance	of	maintaining	a	linear	probe	interaction	is	well	

established.	For	1	keV	photons	and	characteristic	spot	sizes	

of	50	µm	(e.g.	for	probing	heterogeneous	materials	even	

smaller	focal	spots	may	be	required),	this	corresponds	to	an	

upper	limit	on	the	usable	fluence	of	~108	photons	per	pulse.

However,	photon-in	photon-out	spectroscopy	 tech-

niques	are	photon	hungry,	owing	to	the	small	inelastic	

cross-sections.	The	 most	 demanding	 experiments	 at		

3rd	generation	soft	X-ray	synchrotron	sources	require	an	

average	flux	in	excess	of	~1012	ph/s/(10	meV	bandwidth).	

In	order	to	achieve	these	average	flux	levels	with	soft	

X-ray	lasers	(while	restricted	to	less	than	108	ph/pulse	as	

described	above),	they	must	operate	in	the	10-100 kHz	

regime.	The	 most	 demanding	 and	 most	 informative	

experiments	of	the	future,	experiments	that	are	presently	

well	beyond	our	reach,	will	push	this	requirement	into	the	

MHz	regime,	and	will	require	even	better	energy	resolution.

Similar	estimates	on	the	appropriate	fluence	limit	can	

be	derived	based	on	simple	considerations	of	the	X-ray	

absorption	cross-section,	and	the	deposited	energy	per	

atom.	In	the	soft	X-ray	range	(0.1-1	keV),	typical	atomic	

absorption	cross-sections	are	on	the	order	of	1018 cm2.	

If	one	considers	109	photons/pulse	at	1	keV,	in	a	30	µm	

focal	spot	(10-5	cm2	area),	this	corresponds	to	1017	eV/cm2	

(16	mJ/cm2),	or	0.1	eV	per	atom.	The	typical	energy	of	a	

covalent	bond	is	~1	eV	per	atom,	so	this	fluence	level	is	

sufficient	to	break	~10%	of	the	covalent	bonds	in	a	mole-

cule	or	solid.	This	interaction	level	is	far	from	linear	or	

non-disruptive.

From	another	perspective,	 this	 fluence	 level	corre-

sponds	to	~10%	valence	to	conduction	band	excitation	in	

a	1	eV	gap	semiconductor.	This	is	the	nominal	threshold	

at	which	“non-thermal”	melting	 is	known	 to	occur	 in	

semiconductors.	These	electronic	excitation	levels	are	

sufficiently	high	to	directly	destabilize	the	lattice.	Based	

on	these	considerations,	the	incident	fluence	per	pulse	

should	be	~1 mJ/cm2	or	 less	 in	order	to	be	safely	 in	a	

linear	 interaction	 regime.	 High	 repetition	 rate	 will	 be	

essential	to	provide	the	high	average	X-ray	flux	required	

by	the	experiments,	while	keeping	the	flux	per	pulse	safely	

in	the	linear	interaction	regime.
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Nanoscale Coherent Imaging 

and Microscopy with a Soft 

X-Ray Laser

Date:	October	16	–	17,	2009

Organizing	Committee:		

John	Corlett	(LBNL),	Robert	

Schoenlein	(LBNL)

Attendees:	 102	 from	 Lawrence	 Berkeley	 National	

Laboratory,	 University	 of	 California-Berkeley,	 Davis,	

Lawrence	Livermore	National	Laboratory,	Pacific	Northwest	

National	Laboratory,	SLAC	National	Accelerator	Laboratory,	

Sandia	 National	 Laboratory,	 Heimholz	 Center	 Berlin	

(Germany),	DOE	Office	of	Science,	Canadian	Light	Source	

Inc.	(Canada),	Princeton	University,	Stony	Brook	University,	

Princeton	University,	Arizona	State	University,	Stanford	

University,	 University	 of	 Wisconsin-Milwaukee,	

Brookhaven	 National	 Laboratory,	 Royal	 Holloway	

University	of	London	(UK),	McMaster	University	(Canada),	

Sincrotrone	Trieste	(Italy)

Imaging and Defining 

Function: Chemical Sciences 

Drivers for Next Generation 

Soft X-ray Light Sources

Date:	November	30	–	

December	3,	2009

Organizing	Committee:		

Oliver	Gessner	(LBNL)

Attendees:	 92	 from	 Lawrence	 Berkeley	 National	

Laboratory,	 SLAC	 National	 Accelerator	 Laboratory,	

Lawrence	 Livermore	 National	 Laboratory,	 Argonne	

National	Laboratory,	University	of	Nebraska,	Louisiana	

State	University,	Universität	Kassel	(Germany),	Western	

Michigan	 University,	 University	 of	 Arizona,	 Vienna	

University	of	Technology	(Austria),	University	of	Heidelberg	

(Germany),	Kansas	State	University,	Brown	University,	

Northwestern	University,	Washington	State	University,	

University	of	Colorado,	Princeton	University,	ETH	Zurich	

(Switzerland),	US	Department	of	Energy,	University	of	

California-Berkeley,	 and	 Davis,	 Stanford	 University,	

Imperial	College	London	(UK),	National	Research	Council	

Canada,	Frankfurt	University	(Germany),	Tohoku	University	

Appendix	2	–	Workshops

The	 international	 user	 community	 has	 been	 fully	

engaged	in	defining	the	science-based	requirements	for		

a	next	generation	light	source.	A	series	of	workshops	have	

been,	and	continue	to	be,	organized	at	LBNL	with	the	

goals	of	refining	these	requirements,	and	understanding	

new	areas	of	science	that	NGLS	will	enable.	A	summary	

of	recent	workshops	is	listed	below.

Toward Control of Matter: 

Energy Science Needs for  

a New Class of X- Ray  

Light Sources

Date:	October	8	–	10,	2007

Organizing	Committee:		

Ali	Belkacem	(LBNL),	John	

Corlett	(LBNL),	Roger	Falcone	

(LBNL/UC Berkeley),	Graham	

Fleming	(LBNL/UC Berkeley),	

Bill	McCurdy	(LBNL/UC Davis),	Dan	Neumark	(LBNL/UC 

Berkeley),	Robert	Schoenlein (LBNL)

Attendees:	89	from	Argonne	National	Laboratory,	Arizona	

State	University,	BESSY	(Germany),	Brookhaven	National	

Laboratory,	 EPF	 Lausanne	 (Switzerland),	 ETH	 Zurich	

(Switzerland),	Frontier	Collaborative	Research	Center,	High	

Energy	 Accelerator	 Research	 Organization,	 Lawrence	

Berkeley	National	Laboratory,	Kansas	State	University,	

Louisiana	 State	 University,	 University	 of	 Groningen	

(Netherlands),	 University	 of	 Oregon,	 University	 of	

Washington,	University	of	Wisconsin-Madison,	Universite	

Pierre	et	Marie	Curie	(France),	Western	Michigan	University,	

Max	Planck	Institute	(Germany),	Massachusetts	Institute	of	

Technology,	National	Research	Council,	Oak	Ridge	National	

Laboratory,	 Ohio	 State	 University,	 Oxford	 University,		

Paul	Scherrer	Institut	(Switzerland),	Princeton	University,	

Radboud	 University	 (Netherlands),	 Sandia	 National	

Laboratory,	SLAC	National	Accelerator	Laboratory,	Stanford	

University,	University	of	California-Berkeley,	Davis,	Irvine,	

Santa	 Barbara,	 University	 of	 Oregon,	 University	 of	

Washington,	University	of	Wisconsin-Madison.



165

APPENDICES

FEL Design Workshops

Workshop on X-Ray FEL R&D

Date:	October	23	–	25,	2008

Organizing	Committee:	

Jonathan	Wurtele (LBNL/UC 

Berkeley),	Alexander	Zholents	

(LBNL) 

Attendees:	 40	 from	 Lawrence	 Berkeley	 National	

Laboratory,	 SLAC	 National	 Accelerator	 Laboratory,	

University	of	Oregon,	University	Nijmegen	(Netherlands),	

University	of	Wisconsin,	Argonne	National	Laboratory,	

University	of	Illinois,	Max	Planck	Research	Department	

(Germany),	University	of	Hamburg	(Germany),	University	

of	Colorado,	Washington	State	University,	Hong	Ding	

Institute	of	Physics	(China),	Chinese	Academy	of	Sciences	

(China),	 Helmholtz-Zentrum	 Berlin	 (Germany),	Tokyo	

Institution	 of	Technology	 (Japan),	Tokyo	 Institute	 of	

Technology	(Japan),	University	of	California-Berkeley,	

Davis,	and	San	Diego,	Los	Alamos	National	Laboratory,	

Stanford	University

Compact X-Ray FELs Using 

High-Brightness Beams

Date:	August	5	–	6,	2010

Organizing	Committee:	

Jonathan	Wurtele	(LBNL/UC 

Berkeley),	John	Corlett	(LBNL),	

Marco	Venturini	(LBNL)	

Attendees:	 45	 from	 Lawrence	 Berkeley	 National	

Laboratory,	 SLAC	 National	 Accelerator	 Laboratory,	

Argonne	National	Laboratory,	University	of	California-

Los	 Angeles,	 Naval	 Postgraduate	 School,	 RAND	

Corporation,	Daresbury	Laboratory	(UK),	University	of		

Wisconsin,	 Cockroft	 Institute	 (UK),	 University	 of	

Strathclyde,	Glasgow	(UK)

(Japan),	Max	Planck	Research	Department	 (Germany),	

University	of	Hamburg	(Germany),	AMOLF	(Netherlands),	

Helmholtz-Zentrum	 Berlin	 (Germany),	 University	 of	

Hamburg	(Germany)

Condensed Matter Science  

for the Next Generation  

Light Source

Date:	May	5	–	7,	2010

Organizing	Committee:		

Robert	Schoenlein	(LBNL),	

Zahid	Hussain	(LBNL),	Robert	

Kaindl	(LBNL)

Attendees:	 58	 from	 Lawrence	 Berkeley	 National	

Laboratory,	 SLAC	 National	 Accelerator	 Laboratory,	

University	of	Oregon,	University	Nijmegen	(Netherlands),	

University	of	Wisconsin,	Argonne	National	Laboratory,	

University	of	Illinois,	Max	Planck	Research	Department	

(Germany),	University	of	Hamburg	(Germany),	University	

of	Colorado,	Washington	State	University,	Hong	Ding	

Institute	of	Physics	(China),	Chinese	Academy	of	Sciences	

(China),	 Helmholtz-Zentrum	 Berlin	 (Germany),	Tokyo	

Institution	 of	Technology	 (Japan),	Tokyo	 Institute	 of	

Technology	(Japan),	University	of	California-Berkeley,	

Davis,	 San	 Diego,	 Los	 Alamos	 National	 Laboratory,	

Stanford	University
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Appendix	3	–		
List	of	Acronyms

1D ............... one-dimensional
2D ............... two-dimensional
3D ............... three-dimensional
4D ............... four-dimensional
6D ............... six-dimensional
ACP ............  amorphous calcium 

phosphate
ADK............ adenylate kinase
AF ............... antiferromagnetic
AFM ........... atomic force microscopy
AH .............. aromatic hydrocarbon
ALS ............ Advanced Light Source
AMOLF ......  Foundation for 

Fundamental Research 
on Matter’s Institute for 
Atomic and Molecular 
Physics

APEX..........  Advanced Photoinjector 
EXperiment

APPES .......  Ambient Pressure 
Photoelectron 
Spectroscopy

APPLE........  Advanced Planar 
Polarized Light Emission

APS ............  Advanced Photon 
Source

ARPES .......  Angle-Resolved 
Photoemission 
Spectroscopy

ASTRA .......  A Space-charge 
TRacking Algorithm

ATP ............ adenosine triphosphate
BCS ............  Bardeen-Cooper-

Schrieffer
BES ............ Basic Energy Sciences
BESSY .......  Berliner 

ElektronenSpeicherring-
gesellschaft für 
SYnchrotronstrahlung

BNL ............  Brookhaven National 
Laboratory

BPM........... beam position monitor
BW ............. bandwidth
BZ............... Brillouin Zone
C-band....... “compromise” band 
CA .............. carbonic anhydrase
CAD............ computer aided design
CARS .........  Coherent Anti-Stokes 

Raman Spectroscopy
CCD ............ charge coupled device
CD .............. circular dichroism
CD .............. Critical Decision
CDR ............  Conceptual Design 

Report

CEBAF .......  Continuous Electron 
Beam Accelerator 
Facility

CEP ............ carrier-envelope phase
CFEL ...........  Center for Free Electron 

Laser Science, DESY
CMOS ........  complementary metal–

oxide semiconductor
CMR ...........  colossal 

magnetoresistance
CNT ............  Classical Nucleation 

Theory
CO-LIF........  carbon monoxide laser 

induced fluorescence
COLTRIMS  COLd Target Recoil Ion 

Momentum 
Spectroscopy

CPA ............  chirped pulse 
amplification

CRS ..............  coherent (i.e., stimulated) 
Raman scattering

cryo-EM ....  cryogenic Electron 
Microscopy

CSR ............  coherent synchrotron 
radiation

CT ............... charge transfer
CW ............. continuous wave
CXDI...........  Coherent X-ray 

Diffractive Imaging
DC ..............  direct current (i.e., non-

oscillatory)
DESY ..........  Deutsches Elektronen 

SYnchrotron
DNA ........... deoxyribonucleic acid
DNS ...........  direct numerical 

simulation
DOE ............ Department of Energy
DPA ............  divided pulse 

amplification
EEHG..........  Echo-Enabled Harmonic 

Generation
EF-G ........... Elongation Factor-G
EGR ............  exhaust gas 

recirculation
EIS..............  Environmental Impact 

Statement
ELEGANT ..  ELEctron Generation 

ANd Tracking code
EM.............. electron microscopy
EPAC ..........  European Particle 

Accelerator Conference
EPFL ...........  École polytechnique 

fédérale de Lausanne
ERL ............. energy recovery linac
ES&H .........  Environmental, Safety, 

and Health
ESRF ..........  European Synchrotron 

Radiation Facility
ET ............... electron transfer
EUV ............ extreme ultraviolet

EXAFS........  Extended X-ray 
Absorption Fine 
Structure

FEL ............. free electron laser
FERMI ........  Free Electron Laser for 

Multidisciplinary 
Investigations

FET ............. field effect transistor
FHA ............ Fire Hazards Analysis
FLASH........  Free Electron Laser in 

Hamburg
FM .............. ferromagnetic
FODO ......... FOcusing-DefOcusing
FROG..........  Frequency Resolved 

Optical Gating
FTIR............  Fourier Transform 

InfraRed spectroscopy
FWHM .......  full width at half 

maximum
fXS .............  fluctuation X-ray 

scattering
FY ............... fluorescence yield
FY ............... Fiscal Year
GTP ............ guanosine triphosphate
HAP............ hydroxyapatite
HGHG.........  High Gain Harmonic 

Generation
HHG ...........  High Harmonic 

Generation
HOM .......... higher-order mode
HOMO........  Highest Occupied 

Molecular Orbital
HTC ............  high temperature 

superconductor
IC ................ integrated circuit
ID................ insertion device
ILC ..............  International Linear 

Collider
IMPACT .....  Integrated-Map and 

Particle ACcelerator 
Tracking code

INFN ..........  Instituto Nazionale di 
Fisica Nucleare

IOT ............. Inductive Output Tube
IR ................ infrared
ISR .............  incoherent synchrotron 

radiation
IXS .............  Inelastic X-ray 

Scattering
JLAB ..........  Thomas Jefferson 

National Accelerator 
Facility (Jefferson Lab)

KEK ............  Kō Enerugī Kasokuki 
kenkyū kikō (High Energy 
Research Organization)

L-band ....... “long” wave
LASA..........  Laboratorio Acceleratori 

e Superconduttività 
Applicata (MIlano)

laser...........  Light Amplification by 
Stimulated Emission of 
Radiation

LBNL ..........  Lawrence Berkeley 
National Laboratory

LCLS...........  Linac Coherent Light 
Source

LES ............. large eddy simulation
LIF ..............  Laser Induced 

Fluorescence
LINAC ........ LINear ACcelerator
LLNL...........  Lawrence Livermore 

National Laboratory
LLRF ...........  low-level radio-

frequency
LSC.............  Longitudinal Space 

Charge
LUMO ........  lowest unoccupied 

molecular orbital
MAX...........  National Electron 

Accelerator Laboratory 
for Synchrotron 
Radiation Research 
(Sweden)

MBE ........... molecular beam epitaxy
MD ............. molecular dynamics
MOSFET ....  metal-oxide-

semiconductor field-
effect transistor

mRNA ........ messenger RNA
MtrC  ..........  outer membrane 

decaheme cytochrome  
c lipoprotein

NA .............. numerical aperture
NEG............ non-evaporable getter
NEPA .........  National Environmental 

Policy Act
NESHAPs ..  National Emission 

Standard for Hazardous 
Air Pollutants

NEXAFS.....  Near Edge X-ray 
Absorption Fine 
Structure

NGLS .........  Next Generation Light 
Source

NIF ............. National Ignition Facility
NIR ............. near-infrared
NLC ............ Next Linear Collider
NLS ............ Next Light Source
NM ............. non-magnetic metal
NMR ..........  nuclear magnetic 

resonance
NSF ............  National Science 

Foundation
NSLS..........  National Synchrotron 

Light Source
OCP ............ octacalcium phosphate
OEC ............  Oxygen Evolving 

Complex
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OmcA.........  outer membrane 
decaheme cytochrome

OO .............. orbital order
OPC ............ Other Project Costs
OTR ............  optical transition 

radiation
PAC ............  Particle Accelerator 

School
PAH ............  polycyclic aromatic 

hydrocarbon
PEEM .........  PhotoEmission Electron 

Microscopy
PES ............  PhotoElectron 

Spectroscopy
PGA............ phosphoglycerate
PITZ ...........  Photo Injector Test 

Facility – Zeuthen
PS............... photosystem
QE............... quantum efficiency
qp ............... quasiparticle
R&D ...........  Research & 

Development
redox ......... oxidation-reduction
RF ............... radio-frequency
RIXS ...........  Resonant Inelastic X-ray 

Scattering
RMS ........... root-mean-square
RNA ........... ribonucleic acid
RST ............  Reference Structure 

Tomography
RT ............... room temperature
RuBisCo ....  ribulose 

1,5-bisphosphate  
carboxylase oxygenase

RuBP..........  ribulose 
1,5-bisphosphate

S-band....... “short” wave
SASE..........  Self-Amplified 

Spontaneous Emission
SAXS .........  Small-Angle X-ray 

Scattering
SBA............  “Santa Barbara” 

mesoporous silicate
SC............... superconducting
SCRF ..........  superconducting 

radio-frequency
SCSS..........  Spring-8 Compact SASE 

Source
SFL .............  Stabilized optical Fiber 

Link
SHG............  second harmonic 

generation
SLAC ..........  SLAC National 

Accelerator Laboratory
SMD...........  single molecule 

diffraction
SNS............  Spallation Neutron 

Source
SONICC .....  Second-Order Nonlinear 

optical Imaging of Chiral 
Crystals

SPARC .......  Sorgente Pulsato Auto-
amplificata di Radiazione 
Coerente

SPIM..........  Selective Plane Imaging 
Microscopy

SPring-8 ....  Super Photon Ring – 8 
GeV

SR............... storage ring

SRS ............  Spontaneous Raman 
scattering 

STM ...........  scanning tunneling 
microscopy

SXPCS .......  Soft X-ray Photon 
Correlation 
Spectroscopy

SXR ............ soft X-ray
TEAM.........  Transmission Electron 

Aberration-corrected 
Microscope

TEC............. Total Estimated Cost
TEM ...........  transmission electron 

microscopy
TESLA ........  Tera-Electron-volt 

Superconducting Linear 
Accelerator

TEY ............. total electron yield
TJNAF .......  Thomas Jefferson 

National Accelerator 
Facility

TMV ........... Tobacco Mosaic Virus
TOF............. time-of-flight
TPC ............ Total Project Cost
TR ............... time-resolved
TR- XAS .....  Time-Resolved X-ray 

Absorption 
Spectroscopy

tRNA .......... transfer RNA
TRPES........  Time-Resolved 

PhotoElectron 
Spectroscopy

TRS ............ time-reversal symmetry
UHV............ ultra-high vacuum
UK .............. United Kingdom

URA............  uniformly redundant 
array 

USA............ United States of America
UV .............. ultraviolet
VHF ............ very high frequency
VLS............. variable line spacing
VUV ............ vacuum ultraviolet
WAXS ........  Wide-Angle X-ray 

Scattering
X-band....... “cross” band
XANES.......  X-ray Absorption Near 

Edge Structure
XAS ............  X-ray Absorption 

Spectroscopy
XCARS .......  X-ray Coherent Anti-

Stokes Raman 
Spectroscopy

XES ............  X-ray Emission 
Spectroscopy

XFEL ...........  (European) X-ray Free 
Electron Laser

XFROG .......  Cross-Correlated 
Frequency Resolved 
Optical Gating

XMCD ........  X-Ray Magnetic Circular 
Dichroism

XPCS..........  X-ray Photon Correlation 
Spectroscopy

XPS ............  X-ray Photoelectron 
Spectroscopy

XUV ............  eXtreme UltraViolet, or 
X-ray UltraViolet

YAG ............ Yttrium Aluminum Garnet
Z ................. atomic number
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