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outline 

•  Present	/upgraded	source		
–  Electron	/	photons		source	parameters	

•  Light	collec4on	
–  CollecEon	efficiency		
–  Unwanted	light	:	heat	load	

•  Tolerances	
–  Stability	
–  OpEcs	quality	

•  Some		case	studies	
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Machine parameters  SOLEIL/ Upgrade 
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                     βx (m)    β z (m)   ηx (m) 
Long SS   10    8      0.2 
Medium SS  4    1.8    0.13             
Short SS   18     1.8    0.28       
Upgrade     1   1   0 
 

Natural horizontal emittance  = 3900    à   72  pm.rad  
Energy dispersion = 1.03 / 0.86 10-3 

Coupling = 1%  /100% 

SS long medium short upgrade 

σx (µm) 281 182     388  7 

σz (µm) 17.3   8.1  8.1 
  7 

σ’x (µrad) 19.2 30 14.5  7 
σ’z (µrad) 2.2 

 
4.6  4.6 7 

Courtesy P. Brunelle 



From electron to experiment  
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•  Photon	source	emi=ance	gain	 
–  electron	emiOance	gain	is				~	4	103	
–  What	is	transfer	to	the	photon	source	?	

•  What	will	be	the	benefit	for	beamlines	?	
–  Smaller		beam	size	on	sample	

higher	flux/	unit	area	(illuminaEon)	
high	coherence	fracEon	

–  BeOer	flux	collecEon		
–  Smaller	opEcs	size	
–  OpEcs	simplificaEons	:	

	less	elements,	shorter,		more	stable,	beamlines	
–  Requirements	on	opEcs	quality		



Monochromatic Photon emittance 
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•  Photon	source		=		Electron	beam		+		Undulator	
•  Independent	convolu4on	of	divergence	and	source	size	contribu4ons	

	for		central	cone				σ’ph	≈√𝜆/𝐿  	 		σph	≈√𝜆 𝐿  /4 𝜋 				(diffrac(on	
limit)	

•  Parameters	for	a		4m	long	undulator			

	

•  Electron	and	photon	source	size	and	divergence	convolute	independently	

•  Energy	spread	widening	

																																													⟹ shift emission peak @ λ

Energy 300 eV 3 keV  30 keV 
σph  (µm) 10 3.2 1 
σ’ph (µrad) 32 10 3 
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Beamlines from a designer point of view 

We	want	to	preserve	the	small	source		size	throughout		
for	so`	X-rays	to	hard	X-rays	

We	used	to	rely	mostly	on	reflec4ve	op4cs	
Because	they	are	achromaEc	
What	do	we	need	to	change	?	

PHANGS,		5-12-2017	

collection monochromation focusing Source Sample 

collection monochromation re-focusing Source Sample slit 



Elimination  of 1st optics vignetting 

•  Small	divergence	beams	have	long	waists	

																																								⟹   waist length ~  3  �/�′			

–  With	present		β	>	10m	and	non	zero	horizontal	dispersion,	
the	first	opEcs	at	20	m	is	o`en	vignedng		on	high	energy	BL		

•  With		β=	1m		
–  All	opEcs	are	in	the	far	field	of	the	source	
–  Size	of	the	opEcs	match	the	source	divergence	

PHANGS,		5-12-2017	
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Thermal load 

•  Total	radiated	Power	

	
•  On	axis	Power	density	

	
Expected	increase		

L	⟶ x 2  ;      𝐵↓0 ⟶   x 1.5

Power density do not depend on electron beam size and divergence
But useful collection aperture does.  
Reduction of the collection aperture in hard X-rays	

PHANGS,		5-12-2017	
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Stability issues 

•  Stability	requirements	scale	with	the	source	size	
–  On	the	upgraded	machine	they	will	be	~7	µm	in	both	planes	
–  This	is		almost	the	present	verEcal	size	
–  Stability	level	required	for	the	1st	opEcs	at	20	m	:	

0.5	µm	in	posiEon	;	10	-20		nrad	in	angle	

•  Presently	most	beamline	are	sensi4ve	to	ver4cal	thermal	driPs	
–  Improvement	of	the	hutches	temperature	stability	and		
–  more	rigorous	mechanical	design	requested	

•  Vibra4on	stability		
–  Angular	vibraEon	induced	by	the	cooling	systems	are	the	most	criEcal.	
–  Rigidity	of	the	cooling	lines	is	hardly	compaEble	with	precise		posiEon	and	

angle	adjustment	of	the	opEcs	under	beam.	
–  Thermo-mechanical	engineering	is	highly	required	

PHANGS,		5-12-2017	



Mirror slope errors 

•  Mirror	imperfec4ons	can	be	characterized	by	slope	errors			
–  Small	wavelengths	⟶  geometrical	opEcs	
–  Image	widening				∝	focus	distance		(q)	

•  TangenEal	:		wt	=	2	σ’t	q	
•  SagiOal	:							ws	=	2	σ’s		sinθ	q			

Two	ways	of	reducing	slope	error	influence	
1.   Choose	a	short	focus	distance	

–  Focusing	stage	only	
–  Diaphragm	in	a	intermediate	image		may	help		decoupling		

beamline		opEcs	influence	(flux	cost)	
2.   Use	sagi=al	focusing	geometry	

–  Only	in	the	most	sensiEve	(dispersion)	direcEon		
–  Widely	used	on	present	machine	due	to	source	size	asymmetry	

•  Upgraded	SOLEIL	will	require	4ghter	tangen4al		tolerances	
Source	at	20	m	&	σh	=	7	µm					⟹    σ’t <<  0.2 µrad	

PHANGS,		5-12-2017	

Source 
σ’ 

p 

2σ’p 

q 
2σ’q 

θ



Wavefront preservation 

•  Light	sca=ered		from		wavefront	imperfec4ons	
–  Reduces	peak	(specular)	intensity	;		generate	a	halo	around	it.	

•  Wavefront	quality	oPen	expressed	by	Strehl	ra4o	
𝑆= 𝒔𝒑𝒆𝒄𝒖𝒍𝒂𝒓 𝒇𝒍𝒖𝒙/𝒕𝒐𝒕𝒂𝒍 𝒇𝒍𝒖𝒙 = (𝒕𝒐𝒕𝒂𝒍 𝒇𝒍𝒖𝒙 −𝒔𝒄𝒂𝒕𝒕𝒆𝒓𝒆𝒅 𝒇𝒍𝒖𝒙)/𝒕𝒐𝒕𝒂𝒍 𝒇𝒍𝒖𝒙 		
=	1	–	TIS		(Total	Integrated	Sca5er)	

•  Sca=er	is	related	to	the	power	spectral	density	of	phase	fluctua4ons	
𝑇𝐼𝑆=𝑒𝑥𝑝(−2� �↓� )↑2 	=𝑒𝑥𝑝(−2� �↓� ⁄� )↑2 						�↓� ↓↑2 		=	
variance	of	opEcal	path	
For imaging :
𝑆 >0.8    ⟺         �↓� ↓↑2 > �↑2 /180 						Maréchal	criterion	

PHANGS,		5-12-2017	



Diffraction limited  optics 

•  For	focusing:			phase	errors			must	meet	Maréchal		criterion		

–  	 	 	 							(total	for	all	surfaces) 		

–  Tolerances	are	relaxed	by	grazing		angle			

–  Rough	esEmate	using		θ	=	θc	/2	for	simple	metal	coaEng	

PHANGS,		5-12-2017	
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Consequences of small grazing angles 

	
•  Incidence	changes	along	a	curved	surface		

–  Difficult		to	exceed		±	30%	of	central		value		θ0	
Ø  	Image	aperture	angle			NA	<	0.3	sin	θ0	

•  Reduced	aperture	angle	impacts	spa4al	resolu4on	
Minimum	focus	size	is	inversely	proporEonal	to	aperture	angle	
even	for	a	perfect	surface	
eg:		E=	20	keV		;		grazing	angle		0.09	deg			⟹  NA= 0.47 10-3   ρ = 66 nm

Transverse	aperture	size		is	also	very	small	
eg	:	F=	100	mm		⟹  aperture	size=		100	µm	
	

PHANGS,		5-12-2017	
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Multilayer coatings 

•  Tuning	condi4on	

•  Standard	material	pairs	
Mo/B4C			Cr/B4C			W/B4C	

•  Stable	down	to		~	2.5	nm	period	

•  Bandpass	/	reflec4vity	tradeoff	
Number	of	effecEve	periods	

	
PHANGS,		5-12-2017	
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Multilayer  / single layer mirror 

Single layer  multilayer 

Grazing angle  θ ~ �/35 𝑛𝑚  �/2�   < �/4 𝑛𝑚  

Max Aperture ~ θ/3 < �/100 𝑛𝑚  < �/12 𝑛𝑚  
requires ML gradient 

Ultimate Resolution  50 nm 6 nm 
RMS shape errors 
(Maréchal) 

< 1.3 nm < 0.15 nm 

PHANGS,		5-12-2017	



Mirror quality progress 

•  SOLEIL	Beamline	mirrors	
–  Conven4onal	polishing	+	Ion	figuring	correc4on	
–  Best	tangenEal	RMS	slope	errors		on	length		200	–	300	

2006	:	 	0.5	µrad	
2011:	 	0.25	µrad	
2016: 	0.23	µrad	

–  Fluid	Jet	polishing		

						2014:	 	50	nrad		(0.2	nm	RMS)				-		length	300	mm		

–  Fluid	jet	polishing	is	mastered	by	one		manufacturer	only	!	

Mirrors	are	the		only		achroma4c	X-ray		op4cs	
–  Also		required		as		blanks	for	non	achromaEc	opEcs:	

	 		graEngs	and	mulElayer	mirrors	

PHANGS,		5-12-2017	



Effect of shape errors on a fully coherent beam 

PHANGS,		5-12-2017	

Courtesy	Daniele	Cocco	(SLAC)	

Beam	on		LCLS	CXI	staEon	on	May	2017	
New	KB	mirrors,	1	m	long,	fluid	jet	polished	
								0.3	nm	RMS	measured	by	manufacturer	
								(0.5	nm	measured	at	LCLS)	

Beam	on		LCLS	CXI	staEon	on	Sept	2016	
KB	mirrors	are	450	mm	long		
with	2	nm	RMS	shape	errors.	



Laboratory Metrology 

PHANGS,		5-12-2017	

•  LTP	or	NOM	
Slope	measurement	on	linear		traces		

•  Phase	shiP	interferometer	
2D		height	maps		(with	field	sEtching)	



LTP 

SensiEvity:		~	50	nrad	
Accuracy:		± 0.1 – 0.2 µrad



De^lection response is not perfectly linear
–  must be calibrated
–  can be corrected by measuring the surface 

with a series of tilts
	

SensiEve	to	thermal	dri`	
–  requires	a	thermally	stabilized	enclosure	

(± 0.1 ℃  !!)	
–  repeated	measurements	needed		for		

ulEmate	accuracy	

Height		errors	computed	by	integraEon		

PHANGS,		5-12-2017	
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Phase  shift interferometry 

Small	field	required	to	reach	10	mm-1	
spaEal	frequency		⟹			S4tching	
SensiEvity:		~	0.1	nm	=		λ/5000	
Accuracy:		±	0.3	–	0.5	nm	

	

Uses	a	reference	surface		which	is	not	
perfectly	known	
–  must	be	calibrated	
–  can	be	extracted	from	a	set	of	

overlapping	measurements	of		
a	good	flat	surface		

	

SEtching	procedures	
–  cannot	rely	on	relief	correlaEon		

(smooth	surfaces)	
–  Must	be	guided	by	other	

measurements	to	avoid	long	range	
distorEon	of	the	shape	
	wide	pupil	interferometer	(RADSI)	
	autocollimator	or	LTP	trace			

PHANGS,		5-12-2017	

SiO2 differential coated  mirror 



Case study 1 : microfocus  20 KeV 

•  Present	state			

•  Source		650	µm	x	20	µm	(HxV	FWHM)		

–  Transfer	to	secondary	source		
	 	in	extension	building	

•  p=	27	m	,		q	=58	m		M=2.1	
•  Secondary	source	slit		cut	to	40		x	40µm		

flux	loss		~	40	

–  KB	demagnificaEon	
•  p=83	m	,	q	=0.15m		M=1/550	
•  Spot	size	~	70	-100	nm	

–  Total	length	:	165	m	

PHANGS,		5-12-2017	

•  Upgrade	

•  Source		15	µm	x	15	µm	(HxV	FWHM)		

	

–  Direct	KB	demagnificaEon	
•  p=	40	m	,		q	=0.2	m		M=1/200	
•  Spot	size	~	70	-100	nm	

–  Total	length	:40	m	

–  Fit	on	the	experimental	floor	

–  Shorter	length	⟹�
beOer	thermal	stability	
	less	vibraEon	issues	



Case study 2 : VUV beamline 

•  Energy	range	5	-	40	eV	
•  Present	state			

–  ElectromagneEc	10	m	long	undulator		16	periods	of	64	cm	
–  CollecEon	aperture	0.6	x0.6	mrad2		(oversized)	
–  @5	eV		K	~	6.7	;	Bmax=	0.15	T	
–  Total	radiated	power	~500	W	:	incident	power	on	opEcs	<100	W	

•  Upgrade	
–  Permanent	magnet	undulator,		4	m	long		16	periods	of			25	cm	
–  @	5	eV	K~	11	;		B0=	0.47	T		
–  Radiated	power	density		~2	kW		:		

	need	to	reduce	the	aperture	to	keep		P	<100	W	

PHANGS,		5-12-2017	



Case study 3: photoemission beamline ~ 1 keV 

PHANGS,		5-12-2017	
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Conclusion 

•  The	close	match	of	electron	and	undulator	divergence		(small	β)	
enables	a	good	transfer	of	source	size	gains	to	image	size	

•  Smaller	source	size		mean	less	demagnifica4on	
–  More	compact	design	
–  Smaller	aperture	and	opEcs	size	

•  This	size	change	directly	affects	the	requirements	on	op4cs	quality	
–  	slope	errors		<	0.1	µrad	RMS	
–  Shape	errors	<	1	nm	RMS	
–  Synchrotron	faciliEes	should	develop	the	metrology	to	control	such	

specificaEons	

•  Stability	requirements	scale	in	the	same	propor4ons	
–  Thermal	dri`	
–  VibraEons	(eg	induced	by	cooling)	

PHANGS,		5-12-2017	


