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“Instruments have a life 
of their own. They do 
not merely follow 
theory; often they 
determine theory, 
because instruments 
determine what is 
possible, and what is 
possible determines to a 
large extent what can 
be thought.” 

Science and Scientific Instruments  



C.	Pellegrini,	“A	4	to	0.1	nm	FEL	based	on	the	SLAC	linac”,	in	
Workshop	on	4th	Genera1on	Light	Sources,	M.	Cornacchia	and	
H.	Winick,	(Eds),	pp.	364-375,	1992.	SSRL-Report-92/02.	

The	LCLS	Proposal…	1992	

“…one	is	forced	to	have	high	gain,	i.e.	to	use	electron	beams	with	large	
peak	current,	and	at	the	same	=me	small	emi>ance	and	energy	spread.		
The	 road	 to	 an	 X-ray	 FEL	 requires	 the	 development	 of	
electron	beams	with	unprecedented	characteris=cs.”	

The	challenge:	
	Maximize	the	number	of	photons/electron/unit	@me	

The	solu@on:	
Free	Electron	Lasers	



Let’s use the X-Ray Free Electron 
Laser Oscillator (XFELO) as a test case 



XFELO:	Bragg	refec@on	for	X-ray	cavity	
(R.	Colella	&	A.	Luccio,1983:	K.	Je-Kim,	Y.	Shvyd’ko,	S.	Reiche,	2007	

Harmonic	lasing,	H.X.	Deng,	2012)	

•  Works	best	where	Bragg	sca>ering		
has	high	reflec=vity	and	large	
bandwidth---	5-25	keV	
–  High	energy,	CW		accelerator--	SCRF	

•  ~	8	GeV	SCRF	linac	with	op=mized	
injector	(W.	Qin)	
–  LCLS-II-HE,	Shanghai,	EuroXFEL	

conversion	
•  For	14.4	keV	λU=2	cm,	K=1.49	à	SC	

NbTi	:	Kmax=3.1à	5.2	keV	
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XFELO	with	8	GeV	linac:	Bav~	1028	for	εγ	>10	keV	
	

•  ~1010	photons/pulse	
~	10-2	×	SASE		

•  Δω/ω	~	10-7				
~	10-4	×	SASE		

•  B~photons/Δω/ω		
–  B	(XFELO/SASE)	~100		

•  For	εγ	>13	keV,		XFELO	>105	
×DLSR	

•  For	10	keV	<εγ	<13	keV,			
					XFELO	>103	×SASE	

Brightness units [photons/ (s mm2 mrad2 0.1% BW)] 
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Observation of X-ray scattering from a crystal (1) 



Observation of X-ray scattering from a crystal (2) 

Cleaved NaCl: Faces labeled 

(100) 

(111) 
crystal 

Entrance slit 

Exit slit 



Structural biology: 
Reciprocal space imaging of macro molecules 

 	Perutz	et	al.	Hemoglobin	
 	SR-parasi1c	
 	MAD	phasing		
 	Serial	Femtosecond	Crystallography	
 	Single	par1cle	imaging	
 	Serial	crystallography	at	SR	

	





Single shot at LCLS 
E = 1.8 keV 
80 fs pulse 
2 mJ pulse energy 

Upper 
front CCD 

Lower 
front CCD 

Resolution at corner = 8.6Å 

beam center 

Single shot X-ray scattering from a crystal of 
Photosystem I  

H.N. Chapman et al., Nature 470, 73 (2011) 



Lattice dynamics 

 	Diffuse	scaZering	
 	IXS	–	SR	based	history	
 	Time	domain	

	
	



Determination of phonon dispersion in Al: 
A diffuse x-ray scattering study 
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Inelas@c	X-ray	Sca_ering:	

M. Le Tacon et. al, Nat. Phys. 10,52 (2014)  

Underdoped YBCO 
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Time and momentum-domain x-ray scattering: 
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Trigo	et	al.	Nature	Physics.	9,	790,	2013	
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Parametric	phonon	resonance	
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M.	Trigo	et	al.	



Parametric	phonon	resonance	
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Parametric	phonon	resonance	
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Parametric	phonon	resonance	

a a 

a 

γ

Bismuth  
A1g mode 

F(232)2 

DS(0.1, 1.3, 1.3) 

u0 

(ξ/3 ξ ξ)

u0 

uq u-q 



How does the XFELO do? 

  Sta@c	imaging	in	reciprocal	space		
 	Serial	crystallography	–	FELs,	SR,	DLSR,	XFELO	
 	SFX-need	short	pulses-diffract	before	destroy	-	FELs	
 	MAD	phasing	–	SR,	DLSR,	FELs,	XFELO	
 	Single	Par1cle	Imaging	-	SASE	FELs	

 Dynamics	in	reciprocal	space	
 	Energy	domain	–	average	spectral	brightness	-	XFELO	
 	Time	domain	– FELs,	XFELO	
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Elemental mapping 

 	Focal	spot	size	–	photons/unit	area	
 	Maia	detector	
 	Minimum	detectable	limit	

	



Tomography 
 	Focal	spot	size	–	photons/unit	area	
 	Spa=al	resolu=on	
 	Object	size	–	beam	size	
 	Photon	energy	

	



5 cm 

X-Ray	Microtomography	



X-Ray Microtomography 



X-Ray Microtomography 



How does the XFELO do? 

 	Elemental	mapping	–	DLSR,	XFELO	
 	Tomography	– DLSR,	XFELO	
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Summary 
	
 	We	need	all	the	new	sources	
 Cost	independent	–	XFELO	gives	the	highest	spectral	
brightness	
 DLSR	cover	the	broadest	photon	energy	range	and	
beam	sizes	to	match	the	experimental	needs	
 SASE/seeded	FELs	provide	the	highest	peak	intensity		
(energy	per	pulse)	for	non-linear	x-ray	op@cs	

	
	
	

NOTE: This is very much a personal perspective 




