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UCLA A	laser	genera'ng	high	intensity,	coherent	X-ray	
pulses	at	Ångstrom	wavelength	and	
femtosecond	pulse	dura'on	-the	characteris'cs	
'me	and	space	scale	for	atomic	and	molecular	
phenomena-	allows	imaging	of	periodic	and	non	
periodic	systems,	non	crystalline	states,	studies	
of	dynamical	processes	in	systems	far	from	
equilibrium,	nonlinear	science,	

	
	

Why	x-ray	lasers?	
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UCLA In	the	conven'onal	atom-based	laser	approach	reaching	the	X-ray	wavelength	is	
extremely	difficult,	because	of	the	very	short	life'me	of	excited	atom-core	
quantum	energy	levels.	George	Chapline	and	Lowell	Wood	of	the	Lawrence	
Livermore	Na'onal	Laboratory	es'mated	the	radia've	life'me	of	an	X-ray	laser	
transi'on	would	be	about	1	fs	'mes	the	square	of	the	wavelength	in	angstroms.	
Chapline	G.	and	L.	Wood,1975,	Physics	Today	40,	8.		
Together	with	the	large	energy	needed	to	excite	inner	atomic	levels,	1	to	10	KeV	
compared	to	about	1	eV	for	visible	lasers,	this	leads	to	a	requirement	for	very	
intense	pumping	levels	to	a[ain	popula'on	inversion,	too	large	for	prac'cal	
purposes.	
Building	low	loss	op'cal	cavi'es	for	X-ray	laser	oscillators	is	also	difficult,	in	fact	
beyond	the	present	state	of	the	art.	
But	not	to	be	discouraged:	Scien'sts	at	LLNL	proposed	to	use	a	nuclear	weapon	
to	drive	an	X-ray	laser.	They	tried	this	concept	in	the	Dauphin	experiment,	
apparently	with	success,	in	1980.	
Hecht	J.,	2008,	The	History	of	the	X-ray	Laser,	OpEcs	and	Photonics	News,	19	
(2008)	
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Early	work	on	X-ray	lasers	
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Early	work	on	X-ray	lasers	

MaKhews	D.L.	et	al.,	1985,	Physics	Review	LeKers	54,	110.	
Suckewer	S.	et	al.,	1985,	Physics	Review	LeKers	55,	1753.		
Suckewer	S.	and	P.	Jaeglé,	2009,	Laser	Physics	LeKers	1,	411	(2009).		
	

The	development	of	high	peak	power,	short	pulse,	visible	light	lasers	made	
possible	another	approach:	pumping	cylindrical	plasmas,	in	some	cases	also	
confining	the	plasma	with	magne'c	fields.	These	experiments	led	to	X-ray	lasing	
around	18	nm	with	gain	of	about	100	in1985	(Ma[hews	et	al.,	1985;	Suckewer	et	
al.,	1985).		More	work	has	been	done	from	that	'me	and	lasing	has	been	
demonstrated	at	several	wavelengths	in	the	sof	X-ray	region,	however	with	
limited	peak	power	and	tunability.	A	review	of	the	most	recent	work	and	
developments	with	this	approach	is	given	in	(Suckewer	and	Jaeglé,	2009	)		
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An	alterna've	solu'on		
The	way	out	of	this	difficult	situa'on	is	given	by	the	
genera'on	of	X-rays	from	high	brightness	
rela'vis'c	electron	beams	and	the	FEL.	
A	proposal	in	1992	(C.	Pellegrini,	1992	Proc.	of	the	
Workshop	on	4th	generaEon	light	sources,	SSRL/
SLAC	Rep.	92/02)	to	build	an	X-ray	FEL	using	1	km	of	
the	SLAC	linac	producing	a	15GeV	high	brightness	
beam	lead	to	the	design	and	construc'on	of	LCLS	at	
SLAC.	In	2009	LCLS	successfully	started	to	work	(P.	
Emma	et	al.,	2010	Nat.	Phot.	4,	641)	with	
characteris'cs	similar	or	be[er	than	those	in	the	
original	proposal.	
A	history	of	this	development	is	found	in	Pellegrini,	
C.,	2012,	History	of	the	X-ray	free-electron	laser,	
European	Physics	Journal	H	37,	659.		
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60	cm	long	undulator	used	for	the	
first	UCLA	SASE	FEL	at	16	μm.	
Period	1.5	cm,	K=1,	gap	5mm.	
Varfolomeev,	A.A.	et	al.,	1992	Nucl.	
Instr.	and	Meth.	A	318,	813.	
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And	many	more	….	

It	takes	a	village	to	raise	a	child	
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X-ray Free-electron Lasers today 

Flash: 4.45 
nm, 0.3 mJ, 
6/2010 

LCLS, 1.5 Å, 
4/2009, 1-3 mJ 

SACLA, 0.8 Å, 6/2011 
Fermi@Elettra, 
43nm,12/2010 

New projects: European 
XFEL, LCLS-II, Swiss X-
FEL, Korean X-FEL, 
Shanghai 
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The best quantity to compare X-
ray sources  is the brightness, the 
number of photons in the X-ray 
beam six dimensional phase 
space. In practical units it is given 
by number of photons/sec/
mm2mrad2/o.1% bandwidth. 
The plot shows the peak 
brightness for the most advanced 
X-ray sources, X-ray FELs and 
storage rings . Notice the jump by 
a factor 109 when LCLS started to 
operate in 2009. 

Comparison of X-ray sources 

Ref.	Fletcher,	L.	B.,	et	al.,	2015,	Nature	Photonics	9,	274.	
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Main	X-ray	FELs	characteris'cs		
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Design	and	typical	
measured	LCLS	x-ray	
beam	characteris'cs	
for	sof	x-ray	(SXR)	and	
hard	x-ray	(HXR)	
photon	
energies.	
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LCLS: the world’s first x-ray free electron laser 

electron	beam	

x-ray	beam	

	Injector	

1km	linac	14GeV	

AMO	 SXR	XPP	

XCS	
CXI	MEC	

Near-hall:	3	staFons	

Far-hall:	3	staFons	

Undulator	hall	
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AMO:	Atomic,	Molecular	
&	Op'cal	Science	
CXI:	Coherent	X-ray	
Imaging	
MEC:	Ma[er	in	Extreme	
Condi'ons	
SXR:	Sof	X-ray	Materials	
Science	
XCS:	X-ray	Correla'on	
Spectroscopy	
XPP:	X-ray	Pump	Probe	

More instruments 
will be added with 
LCLS II, starting 
about 2018.
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X-ray	pumped	x-ray	lasing.	Selected	single-shot	
spectra	of	the	neon	x-ray	lasing	line	at	850	eVand	simultaneously	
transmi[ed	FEL	pulse	around	960	eV.	The	x-ray	lasing	line	width	
is	much	narrower	and	ji[er	free.	Rohringer,	N.,	et	al.,	2012,	Nature	481,	488.	3/30/16	 C.	Pellegrini,	High	Brightness	Beams	 14	

Atomic	Molecular	Op'cal	Physics	
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Anomalous	nonlinear	X-ray	Compton	sca[ering	
Ma[hias	Fuchs	et	al.		
PUBLISHED	ONLINE:	31	AUGUST	2015	|	DOI:	10.1038/NPHYS3452	
	
we	report	the	observa'on	of	one	of	the	most	fundamental	nonlinear	X-ray–ma[er	
interac'ons:	the	concerted	nonlinear	Compton	sca[ering	of	two	iden'cal	hard	X-ray	
photons	producing	a	single	higher-energy	photon.	
X-ray	intensity	reached	4x1020W/cm2,	corresponding	to	an	electric	field,	5x10	11	V/m,	well	
above	the	atomic	unit	of	strength	and	within	almost	four	orders	of	magnitude	of	the	
quantum	electrodynamics	Schwinger	cri'cal	field	~1018	V/m	
Incoming	photon	energy	~9	keV,	focus	100	nm,	1.5	mJ/pulse,	50	fs	pulse	dura'on.	

C.	Pellegrini,	High	Brightness	Beams	3/30/16	



UCLA 
Warm	dense	ma[er,	hot	dense	ma[er	

Mul'ple	experiments	have	used	LCLS	to	
irradiate	a	solid	density	sample	and	measure	
subsequent	K-shell	emission	of	dense	
aluminum	plasmas,	revealing	satura'on	of	
the	absorp'on	induced	by	the	ioniza'on	in	
the	x-ray	regime	(Rackstraw	et	al.,	2015)	and	
much	larger	lowering	of	the	ioniza'on	
poten'al	(Cho	et	al.,	2012;	Ciricosta	et	al.,	
2012;	Vinko	et	al.,	2012,	2015;	Vinko,	
Ciricosta,	and	Wark,	2014)	than	predicted	
by	commonly	used	plasma	models	(Stewart	
and	Pya[,	1966).	

Vinko,	S.	M.,	et	al.,	2012,	Nature	(London)	482,	59.	
Vinko,	S.	M.,	et	al.,	2015,	Nat.	Commun.	6,	6397	
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…	..	By	mapping	nuclear	mo'ons	using	femtosecond	x-ray	
pulses,	we	have	created	real-space	representa'ons	of	the	
evolving	dynamics	during	a	well-known	chemical	reac'on	
and	show	a	series	of	'me-	sorted	structural	snapshots	
produced	by	ultrafast	'me-resolved	hard	x-ray	sca[ering.	

Within	one	or	two	oscilla'ons	of	the	carbon	skeleton,	the	C1–C6	chemical	bond	breaks	as	the	
terminal	carbon	atoms	moveperpendicular	to	the	molecular	plane	along	the	reac'on	
coordinate.	It	is	already	at	this	point	that	the	terminal	hydrogen	atoms	of	the	nascent	
hexatriene	molecule	align	to	conform	to	the	Woodward-Hoffman	rules	[16].	Consequently,	
the	stereochemical	fate	of	the	chemical	reac'on	is	sealed	as	early	as	30	fs	afer	the	op'cal	
excita'on.	

Our	analysis	shows	that,	upon	absorp'on	of	the	op'cal	photon,	the	chemical	reac'on	of	
1,3-cyclohexadiene	to	1,3,5-hexatriene	starts	with	a	rapid	expansion	of	the	carbon	bonds	
of	the	cyclohexadiene	ring.	..	
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X-ray	FELs	impact	on	structural	biology		
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Imaging	Molecular	Damage	at	the	fs	Time-Scale	
Courtesy	of	S.	Boutet	

High-Energy	pump	absorbed	by	
filter.	
Low-energy	probe	goes	through.	
Use	short	pulses	(~10-15	fs)	
Vary	delay	and	look	at	difference	
electron	density	maps.	

ThaumaFn	Molecule	
Difference	between	
unperturbed	sample	and	
pump-probe	(100	fs	delay).	

Green:	posiFve	electron	density	
Red:					negaFve	electron	density	

C.	Pellegrini	 19	
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Movie	of	Molecular	Explosion	
Courtesy	S.	Boutet	

Pump-probe		'me	delay	

100	fs	
Time	

En
er
gy
	

Vary	'me-delay	to	make	a	
“movie”	of	the	process.	

“0	fs”	 40	fs	

C.	Pellegrini	 20	
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Single	Par'cle	Imaging	

X-ray	FELs	such	as	LCLS	can	in	principle	provide	a	path	to	single-par'cle	imaging	(SPI)	by	
collec'ng	2D	coherent	diffrac've	imaging	pa[erns	from	individual	noncrystalline	
par'cles	and	assembling	a	three-dimensional	pa[ern	from	mul'ple	copies	of	
sufficiently	iden'cal	par'cles.	The	promise	of	single-par'cle	imaging	is	tantalizing,	with	
all	the	challenges	related	to	crystal	growth	and	crystallography	in	general	
removed.	Studying	single	molecules	free	of	the	crystal	contacts	and	interac'ons	that	
may	distort	their	structure	at	room	temperature	would	be	revolu'onary.	The	extremely	
weak	signal,	especially	at	high	resolu'on,	expected	from	single	biological	molecules	
makes	imaging	them	in	this	way	very	challenging.	

Assembled	three-dimensional	mimivirus	
diffrac'on	pa[ern	from	198	2D	diffrac'on	
pa[erns.	(a)	Subset	of	ten	diffrac'on	pa[erns	
shown	in	their	best	orienta'on.	(b)	All	198	
diffrac'on	pa[erns	shown	with	a	cutout	
showing	the	origin	in	reciprocal	space.	
Adapted	from	Ekeberg,	T.,	et	al.,	2015,	Phys.	
Rev.	Le[.	114,	098102.	
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H.	Chapman	et	al.	Nature,	2016,	530,	202-206	

Obtained	by	combining	analisys	of	the	Bragg	peaks	and	of	the	con'nuous	
diffrac'on	(oversampling)	yelding	the	autocorrela'on	func'on	

One	important	step	toward	single	molecule	imaging.	
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Neuroscience	

The	interac'on	between	synaptotagmin-1	and	the	neuronal	SNARE	(soluble	
n-ethylmaleimide	sensi've	factor	a[achment	protein	receptor)	complex	was	
studied	at	a	resolu'on	of	3.5	Å	(Zhou	et	al.,	2015).	This	interac'on	is	cri'cal	
in	neurotransmi[er	release.	

Interface	between	synaptotagmin	and	the	
neuronal	SNARE	complex.	(a)	The	primary	
interface	along	with	interac'ng	residues.	(b)	
Electrosta'c	poten'al	map	of	the	primary	
interface	shows	how	two	polar	regions	I	and	II	
are	connected	by	a	hydrophobic	patch	
(SNAP-25	I44,	L47,	and	V48	and	Syt1	
V292,	L294,	and	A402).	(c),	(d)	Close-up	views	of	
regions	I	and	II.	Labels	indicate	interac'ng	
residues.	Dashed	lines	indicate	hydrogen	bonds	
or	salt	bridges.	2	mFo	DFc	electron	density	
maps	of	the	interac'ng	residues	are	
superimposed	(gray	mesh;	contour	level	.	1.5σ).	
Adapted	from	Zhou,	Q.,	et	al.,	2015,	Nature	
525,	62.	3/30/16	 C.	Pellegrini,	High	Brightness	Beams	 23	



UCLA 

Mo'va'on	for	SXR	sub-fs	pulses	
…	

1)  Charge	migra'on	
(example:	2-phenylethyl-N-N-	
dimethylamine)	
	
	
	
	
	
2)	S'mulated	X-ray	Raman	
Redistribu'on:	
(example:	Metalloporphyn)		
	
	
3)	Damage-free	experiments	
	
	
	
			

0	fs	 15	fs	 26	fs	

0	fs	

2	fs	

4	fs	

From:	
	
	
	
	
	
	
SLAC-R-1053	

Courtesy	A.	Marinelli	
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General characteristics of X-ray pulses can be summarized as follows: 
èPulse energy hundreds of µJ to few mJ; 
èGood transverse coherence 
èLine width about 10-3 to 10-4 

èPulse duration from a few to about 100 fs; 
èAbout 2x1012 photons/pulse at 1Å, 100fs,  more at longer 
wavelengths.  
è Pulse repetition rate from about 100HZ to 105 to 106 for LCLS-II. 

25	

X-ray FELs: Present Status 

Four X-ray FELs are in operation: LCLS at SLAC, SACLA in Japan, 
FLASH in Germany, Fermi in Italy, covering the wavelength range from 
0.6A to 100 nm . 
Swiss FEL, Korean FEL, European XFEL, LCLS-II  are under 
construction and will start operation in the next two to three years. 
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The	concept	as	been	demonstrated	at	LCLS	,	
J.	Amann,	et	al.	Nature	Photonics,	DOI:	
10.1038/NPHOTON	2012.180		

Improving	LCLS	temporal	coherence:	Self-seeded	spectra	
Self-seeding	is	a	way	to	improve	the	spectrum	and	reduce	the	line-width	using	
the	transmission	around	the	stop	band	of	a	Bragg	reflec'on	in	a	diamond	
crystal,		Geloni,	G.,	V.	Kocharyan	and	E.	Saldin,	2011,	Journal	of	Modern	Op'cs	
58,	16.		
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High-intensity	double-pulse	X-ray	free-electron	laser	
A.	Marinelli1,	et	al.,	Nature	Comm.,	DOI:	10.1038/ncomms7369	

28	

Spectral	measurements:	SASE,	lef;	self-seeding,	right.	(a)	Intensity	as	a	func'on	of	beam	
energy	and	photon	energy	(b)	Average	and	single-shot	for	fixed	beam	energy.	

Double	laser	pulse	on	cathode	
generates	two	electron	
bunches	separated	in	'me,	
0-100	fs,	and	energy,~100eV.	
Average	photon	energy	8.3keV.	
Used	in	pump-probe	
experiments.	
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Fermi uses two different 
wavelength seed laser pulses, 
180 fs long, seed at 260-262 
lambda, fundamental at 784 
nm, color separation inside 
gain bandwidth. The two 
pulses are separated in time 
and in wavelength. 

Two-color	pump-probe	experiments	with	a	twin	pulse	seed	
extreme	ultraviolet	free-electron	laser,	E.	Allaria	et	al.	Nature	Comm.,	
DOI:	10.1038/ncomms3476	(2013)	
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Demonstra'on	Of	Two-color	X-FEL	Opera'on	and	Autocorrela'on	
Measurement	at	SACLA,	T.Hara,	Y.	Inubushi,	T.	Ishikawa,	H.	Tanaka,	T.	Tanaka,	K.	
Togawa,	M.	Yabashi,	T.	Katayama,	T.	Togashi,	K.	Tono,	T.	Sato,	Proc.	of	the	2013	FEL	Conf.	
New	York	

3/30/16	
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Future	developments	

1.  TW	peak	power	to	enable	SPI,	nonlinear	
science,	mul'ple	beam	lines	from	one	
undulator.	

2.  A[osecond	pulses	
3.  Mul'color	spectra	
4.  More	photons/fs/(Δω/ω)	
5.  Pump	probe	from	the	same	electron	bunch	
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Note	on	TW	X-ray	FELs	

To	reach	the	mul'	TW	level	we	need:	
1.	Tapering	with	large	seeding	signal	to	minimize	sideband	
instability	effects.	
2.	Minimize	the	gain	length->Maximize	the	FEL	parameter-
>Maximize	beam	plasma	frequency	
3.	We	need	a	specialized	undulator	design,	short	undulator	
sec'on,	order	gain	length,	strong,	distributed	focusing.	
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ρ ∝ I peak / βε
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Conclusions	

To	increase	the	scien'fic	area	that	X-ray	FELs	can	explore	we	
should	concentrate	research	and	development	on:	
1.  Advanced,	strong	focusing	undulators	for	TW	peak	power,	

mul'ple	beam	lines	
2.  A[osecond	pulses	in	a	pump-probe	configura'on	
3.  Improved	and	flexible	spectral	proper'es,	including	mul'color	

pulses	
To	make	X-ray	FRLs	more	compact,	less	expensive:	
1.  Advanced	e-gun,	improved	brightness	
2.  More	compact	accelerators	
3.  Improved	instrumenta'on	
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Conclusions:	390	years	of	explora'on	of	the	
microscopic	world		

1000 nm 
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Imaging	single	mimivirus	
Seibert	et	al,		
Nature,	470,	78	(2011)	

F.	Stellu',	1625	

Resolu'on:	~0.1	
mm,	0.1	sec	

Resolu'on:	~0.01	
mm,	0.1	sec	 Resolu'on:	~few	Å,		

few	fs	

Galileian	microscope	

LCLS,	2009	
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Na'vely	Inhibited	
Trypanosoma	brucei	
Cathepsin	B	Structure	
Determined	by	Using	an	X-
ray	Laser,	L.	Redecke	et	al.	
Science	339,	227	(2013)	


