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Full-field	x-ray	imaging	
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T (x, y)=eik n(x,y,z)dz∫ =eik 1−δ (x,y,z)+iβ (x,y,z)[ ]dz∫ = e−k β (x,y,z)dz∫ eik dz∫ e−ik δ (x,y,z)dz∫

Drop constant phase term eik dz∫

Key concept: the sample transmission function	
Away from Bragg conditions, x-ray interaction with materials can be characterized 
by the material index of refraction:	 n = 1 - δ + iβ	

€ 

ψinc

€ 

ψtrans =ψinc ⋅T (x, y)n(x,y,z)	

x	

z	y	

T (x, y)=e−k β (x,y,z)dz∫ e−ik δ (x,y,z)dz∫ = A(x, y)eiφ (x,y)

A(x, y) is the wave amplitude
φ(x, y) is the accumulated phase difference
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Samples	does	two	things	to	the	incident	wave:	
	1.		AOenuates	the	wave	amplitude	via	absorp7on	(β	term)	
	2.		Affects	the	phase	of	the	wave	(δ	term).			

	
For	x-rays,	the	wave	accumulates	less	phase	when	going	through	material.		The	phase	term	
(φ)	is	the	integral	of	δ and	it	reflects	how	fewer	cycles	the	wave	has	gone	through	to	get	to	
some	par7cular	point	in	space	(from	some	other	point	in	space)	rela7ve	to	vacuum.	

Visual	guide	



For	‘soY’	materials,	10	keV	is	good	for	few	mm	thickness	
For	‘hard’	materials,	10	keV	is	only	good	for	0.01	–	0.1	mm	thick	

β ∝λ 4

µ =
4πβ
λ

∝ λ3



1/e	aOenua7on	length:	Δt = λ
4πβ

Δt = λ
2δ

Pi	phase	shiY	length:		

Eg.		20	keV,	λ	=	12.4/20	=	0.62	Å	
	
For	Al	at	20	keV,	β	=	4e-9	and	δ	=	1.4e-6	
	
1/e	length	=	0.62e-10/(4x3.14x4e-9)	=	1.2	mm	
	
Pi	phase	shiY	length	=	0.62e-10/(2x1.4xe-6)	=	0.02	mm		



x	

φ(x)	

Phase	immediately	aYer	sample	
Wave	through	sample	has	
accumulated	less	phase	

For	x-rays,	real	part	of	
refrac7ve	index	is	<	1	

x	

z	

Sample	with	n	=	1-δ+iβ	

X-rays	

Phase	and	wavefront	

z	

x	

Wavefront	immediately	aYer	sample	
Phase	velocity	through	sample	is	
higher	than	through	vacuum	

φ(x,z)	=	constant	



Key	concept:		Huygens,	Fresnel	&	Kirchoff	diffrac7on	
	
Huygens:		Every	point	on	a	wavefront	is	a	secondary	source	of	spherical	waves.		The	
wavefront	at	a	later	7me	is	due	to	interference	and	sum	of	all	these	secondary	waves.	

ψL (x, y) =
1
iλ

ψ0∫∫ ( ʹx , ʹy ) e
ikr

r
d ʹx d ʹy

ψL (x, y) ≡ψ(x, y, z = L)ψ0 ( ʹx , ʹy ) ≡ψ( ʹx , ʹy , z = 0)

z=L	

For	synchrotrons,	we	have	ignored	an	‘obliquity	factor’	in	the	integral	



Approximate	r	with	Taylor	series	
Fraunhofer	diffrac7on:		Only	keep	linear	terms	
Fresnel	diffrac7on:		Keep	quadra7c	terms	

ψL (x, y) =
eikL

iλL
ψ0∫∫ ( ʹx , ʹy ) exp iπ

λL
(x − ʹx )2 + (y− ʹy )2⎡⎣ ⎤⎦

⎡

⎣⎢
⎤

⎦⎥
d ʹx d ʹy

Define	a	Fresnel	propagator:		

PL (x, y) =
eikL

iλL
exp iπ

λL
(x2 + y2 )

!
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Free	space	propaga7on	of	a	wave	is	thus	a	convolu7on	of	the	ini7al	wave	with	the	propagator	

ψL (x, y) =ψ0 (x, y)⊗ PL (x, y)

If	you	know	the	wavefunc7on	at	z,	you	can	calculate	the	wavefunc7on	at	z+L	



Key	concept:	‘Local’	direc7on	of	the	wave	is	normal	to	the	wave	front	

‘Local’	direc7on	of	the	wave	is	normal	to	the	wave	front		

For	a	wave	wriOen	as:		 ψ(x, y) = A(x, y)eikφ (x,y)

€ 

ψinc

n(x,y,z)	

Phase	gradients	result	in	angular	changes	of	the	rays.	
Large	phase	gradients	(rapid	phase	change)	leads	to	large	angular	devia7ons.	
Small	phase	gradients	(gradual	phase	change)	leads	to	small	angular	devia7ons.	

!
kout ≈

∂φ(x, y)
∂x

x̂ + ∂φ(x, y)
∂y

ŷ+ k ẑx	

z	y	

Wave	front	
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At	edge,	beam	is	deviated	
away	from	material	

For	visible	light,	δ	is	large	and	nega7ve.	
For	x-rays,	δ	is	very	small	and	posi7ve.	

Visual	guide	 wave	front	



θ	 θ	

Bragg	geometry	

θ	 θ	
θ	

Laue	geometry	

θ [µrad]	

•  For	a	monochroma7c	incident	beam,	crystal	reflects	
over	a	very	small	angular	range	(Darwin	width).	

	
•  Sides	of	the	reflec7vity	curve	are	very	steep	–	very	

sensi7ve	to	angular	changes	

Key	Concept:	Crystals	

Darwin	width	

Hyperphysics.phy-astr.gsu.edu	



Gra7ng	period	=	a	

θ	

Path	difference	d	=	a	sin	θ	
	

Key	concept:		Small	structures	scaOer	to	large	angles	

d	
Construc7ve	interference	when:		a	sin	θ	=	nλ	
For	n=1	(first	order)	,		θ	=	λ/a	
That	is,	small	a	->	large	θ	

Consider	scaOering	from	gra7ng	

Recall	Qun	Shen	presenta7on	
ScaOering	theory:		ScaOered	wave	amplitude	is	the	Fourier	transform	of	the	electron	density.	
Small	features	scaOer	to	high	‘q’.	

Lens	terminology:	numerical	aperture	(NA)	
NA	=	sin(θ)	=	lens	radius/focal	distance	=D/2f	

Lens	

θ	
θ	

D	

f	



Assume	thin	lens:	1/u	+	1/v	=	1/f	
	
Lens	imaging	is	a	two	step	Fourier	transform:	

	At	back	focal	plane	=	Fourier	transform	of	sample	plane	wavefunc7on	
	At	detector	plane	=	Inverse	Fourier	transform	of	back	focal	plane	wavefunc7on	

Sample	 Lens	

u	

Detector	

v	

f	

‘Back	focal	plane’	

Key	concept:	Abbe	theory	

Key	concept:		The	resolu7on	of	the	lens-based	imaging	system	depends	on	how	high	
in	angle	of	the	scaOered	beam	from	the	sample	is	collected	by	the	lens.		Higher	lens	
numerical	aperture	leads	to	beOer	spa7al	resolu7on.	



Lens imaging resolution 

θ	
On-axis	illumina7on.	
Highest	scaOered	angle	captured	by	lens	=	θ	
Expect	highest	‘resolu7on’	~	λ/θ = λ/ΝΑ		

2θ	
Oblique	illumina7on.	
Highest	scaOered	angle	captured	by	lens	=	2θ	
Expect	highest	‘resolu7on’	~	λ/2θ = λ/2ΝΑ		

Note:	These	are	‘rules	of	thumb’.		Actual	defini7on	of	‘resolu7on’	is	more	nuanced.	



PL (x) =
eikL

iλL
exp iπ x2

λL
⎡

⎣
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⎤

⎦
⎥ → !P( f ) = exp[−iπλLf 2 ]

ψL (x) =ψ0 (x)⊗ PL (x) → !ψL ( f ) = !ψ0 ( f ). !PL ( f )

If ψ0 (x) is periodic with period a, then !ψ0 ( f ) = An δ(
n
a
) where n ∈ integer

!ψL ( f ) = Anδ
n
a
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At multiples of the Talbot distance LT =
2a2

λ
, !P( f )=1

Talbot	effect:		An	image	of	a	periodic	sample	is	formed	at	
mul7ples	of	Talbot	distance	downstream	of	the	sample.		
	
Frac7onal	Talbot	effect:		Images	related	to	periodic	sample	are	
formed	at	frac7onal	Talbot	distances.	

Key	concept:		Talbot	effect	



LT	LT/2	LT/4	

Gra7ng	

wikipedia	

At	certain	frac7onal	Talbot	distances,	shiYs	and/or	frequency	mul7ples	



Cita%on	
Edmund	Y.	Lam,	"Computa7onal	photography	with	plenop7c	camera	and	light	field	capture:	tutorial,"	J.	Opt.	Soc.	Am.	A		32,		
2021-2032	(2015);		
	hOps://www.osapublishing.org/josaa/abstract.cfm?uri=josaa-32-11-2021	

Key	concept:	Tomography	–	Fourier	slice	theorem	

Fourier	transform	of	projec7on	image	<->	A	slice	in	the	Fourier	transform	of	the	object	
	
So,	taking	many	projec7ons	at	different	angles,	you	can	fully	fill	out	the	3D	Fourier	
transform	of	the	object.		A	inverse	Fourier	transform	gives	you	the	3D	object	in	real	space.	



Sketch	from	www.esrf.eu	

Requirements:	
	
•  Projec7on	must	reflect	the	line	integral	of	some	local	func7on.		Eg	

•  Sample	projec7on	must	be	smaller	than	detector	field	of	view	in	direc7on	
perpendicular	to	rota7on	axis.		

•  Sufficient	sample	transmission	at	the	‘most	absorbed’	regions.		
•  Best	samples	are	rods;	worst	samples	are	plates.	
•  Very	good	rota7on	stage	with	minimal		run-out.	
•  Number	of	projec7ons	~	number	of	pixels	in	direc7on	perpendicular	to	rota7on	axis.			

µ(x, y, z)∫ dz

Because	of	FOV	requirement,	FOV/resolu7on	<	#pixels	in	direc7on	perpendicular	to	rota7on	axis	
With	typical	2K	x	2K	sensors,	FOV/resolu7on	~	2K.	



ψtrans =ψinc ⋅T (x, y) ψmeasured
2

Desired	func7on	 Measured	func7on	

?	

Free	space	propaga7on	
Op7cs	
Pertuba7ons	
Detectors	
Inhomogeneous		ψinc

In	Quan7ta7ve	Imaging,	want	to	obtain	β(x,y,z)	or	δ(x,y,z)	
	
Majority	of	x-ray	imaging	is	not	quan7ta7ve	–	but	for	visualiza7on	
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Detec7on	setups	

X-rays	

Camera	
Direct	detec7on:	x-rays	hit	sensor	chip	
Chip	pixel	size	determines	resolu7on	
Mostly	for	low	x-ray	energy	<	10	keV	

X-rays	
Scin7llator	

Camera	

Op7cal	fiber	

Scin7llator	converts	x-ray	to	visible	light	
Op7cal	fiber	demagnifies	image	to	fit	
sensor	chip	
For	imaging	large	samples	
Spa7al	resolu7on	poor.	

X-rays	
Scin7llator	

Objec7ve	

Tube	lens	 Camera	

Scin7llator	screen	converts	x-rays	to	visible	light	
Visible	light	op7cs	magnifies	image	onto	sensor	chip	
~	1	um	overall	resolu7on		



X-rays	
Scin7llator	

Mirror	

Objec7ve	

Tube	lens	

Camera	

Detec7on	setups	
Most	common:	
	
Add	a	mirror	to	move	camera	and	op7cs	away	from		
X-ray	incident	direc7on.	

Camera	

Tube	lens	
Objec7ve	

Scin7llator		
&	mirror	

X-rays	



Spa7al	resolu7on	

Source	size	–	penumbral	broadening	
Camera	pixel	size	
Detec7on		

	scin7llator	thickness	
	analyzer	crystal	–	ex7nc7on	length,	Borrman	fan	etc	
	numerical	aperture	of	op7cs	

Simplest	and	most	common	approach	is	to	add	all	the	
contribu7ons	in	quadruture	

Resulting resolution = σ so
2 +σ p

2 +σ sc
2 +σ c

2 +σ o
2



Direct	imaging	–	simplest	geometry	

Typically,	at	a	synchrotron,	L	>>	D	
Source	size	cause	blurring	at	detector:		sD/L	
	

	Example:	APS	32ID	L	=	60	m.		D	is	about	2	cm.		Horizontal	s	=	275	um	(rms)	
	 	 	So,	blur	=	275	um	x	2	cm/6000	cm	=	0.1	um	(rms)	
	 	 	But	if	D	=	1	m,	blur	=	275	um	x	1/60	=		4.6	um	(rms)	
	 	 	NSLSII,	low/hi	beta	beta	sec7on,	horizontal	s	=	28	or	99	um	(rms)	
	 	 	At	D	=	1	m,	blur	Is	much	smaller!	

	
Magnifica7on	=	(D+L)/L	–	usually	negligible	at	synchrotron	
Imperfec7ons	in	beamline	op7cs	can	effec7vely	make	L	appear	smaller	

Source	size	=	s	

L	 D	

Sample	

Detector	

Blurring	due	
to	source	
size	

Spa7al	resolu7on:		Source	penumbral	blurring	



X-ray	imaging	with	scin7llators	and	lens	coupling.	Iden7cal	visible-light	images	are	created	by	the	X-ray	beam	in	
different	planes	of	the	scin7llator.	An	image	in	plane	z0	is	focused	onto	the	CCD.	An	image	in	plane	z0	+	δz	is	out	of	
focus	at	the	CCD.	

	Mar%n	&	Koch	
	Volume	13	|	Part	2	|	March	2006	|	Pages	180–194	|	10.1107/S0909049506000550	

Challenge:		Thin	scin7llator	for	good	focus;	but	thick	scin7llator	
for	beOer	x-ray	stopping	power	(efficiency)	

Spa7al	resolu7on:		Scin7llators	



Detector	pixel	sizes	usually	
6-100	um		
	
For	um	or	below	resolu7on,	
magnifica7on	upstream	of	
camera	is	needed.	

Spa7al	resolu7on:		Cameras	

solarweek.org	



θ	 θ	

Bragg	geometry	

θ	 θ	
θ	

Laue	geometry	

X-rays	penetrate	crystal	(ex7nc7on	
length).	Reflected	beam	is	blurred.	

Energy	flows	within	the	Borrman	fan	inside	crystal	
Reflected	and	transmiOed	beams	are	blurred.	

Spa7al	resolu7on:		Crystal	effects	



Prac7cal	issues:	Choice	of	scin7llator	

Desire	 High	 High	 Low	 Matched	to	camera	

Mar:n	Nikl,	Meas.	Sci.	Tech.	2006	

Other	issues:	Availability,	environment	



technical data

pco.edge 4.2  |  scientific CMOS camera

image sensor
UZQF�PG�TFOTPS TDJFOUJÛD�$.04�	T$.04

image sensor $*4����
SFTPMVUJPO�	I�Y�W
 �����Y������BDUJWF�QJYFM
QJYFM�TJ[F�	I�Y�W
 �����N�Y������N

TFOTPS�GPSNBU���EJBHPOBM �����NN�Y������NN��������NN
shutter modes SPMMJOH�TIVUUFS�	34


XJUI�GSFF�TFMFDUBCMF�SFBEPVU�NPEFT


MJHIUTIFFU�TDBOOJOH�NPEF�     
.5' �����MQ�NN�	UIFPSFUJDBM


GVMMXFMM�DBQBDJUZ�	UZQ�
 �������F-

readout noise2 

 

���med ����rms�F��!�TMPX�TDBO

���med ����rms�F��!�GBTU�TDBO
EZOBNJD�SBOHF�	UZQ�
 �����������	�����E#
�TMPX�TDBO
RVBOUVN�FGGJDJFODZ �������!�QFBL
TQFDUSBM�SBOHF ����ON���������ON

EBSL�DVSSFOU�	UZQ�
 ������F-�QJYFM�T�!����$
%4/6 ������F- rms

13/6 �������
BOUJ�CMPPNJOH�GBDUPS �������

camera
frame rate ����GQT�

!������Y������QJYFM
�GBTU�TDBO
FYQPTVSF���TIVUUFS�UJNF �����T�������T
EZOBNJD�SBOHF�"�%5 ���CJU
"�%�DPOWFSTJPO�GBDUPS �����F-�DPVOU
QJYFM�TDBO�SBUF ������.)[�GBTU�TDBO

�������.)[�TMPX�TDBO
QJYFM�EBUB�SBUF ������.QJYFM�T�

������.QJYFM�T
CJOOJOH�IPSJ[POUBM Y�
�Y�
�Y�
CJOOJOH�WFSUJDBM Y�
�Y�
�Y�
SFHJPO�PG�JOUFSFTU�	30*
 IPSJ[POUBM��TUFQT�PG���QJYFM

WFSUJDBM������TUFQT�PG���QJYFM
OPO�MJOFBSJUZ ������
DPPMJOH�NFUIPE �����$�TUBCJMJ[FE

TFMFDUBCMF�

QFMUJFS�XJUI�GPSDFE�BJS�	GBO
�

PS�XBUFS�DPPMJOH�

	CPUI�VQ�UP����$�BNCJFOU

trigger input signals GSBNF�USJHHFS
�TFRVFODF�USJHHFS


QSPHSBNNBCMF�JOQVU�	4."�DPOOFDUPST

trigger output signals FYQPTVSF
�CVTZ
�MJOF
�QSPHSBNNBCMF�

PVUQVU�	4."�DPOOFDUPST
�
EBUB�JOUFSGBDF $BNFSB�-JOL�'VMM�	���UBQT
����.)[

time stamp JO�JNBHF�	���T�SFTPMVUJPO


Camera Link

�

��4FMFDUBCMF�WJB�4%,�	TPGUXBSF�EFWFMPQNFOU�LJU
�
2 5IF�SFBEPVU�OPJTF�WBMVFT�BSF�HJWFO�BT�NFEJBO�	NFE
�BOE�SPPU�NFBO�TRVBSF�	SNT
�WBMVFT
�EVF�UP�UIF

���EJGGFSFOU�OPJTF�NPEFMT
�XIJDI�DBO�CF�VTFE�GPS�FWBMVBUJPO��"MM�WBMVFT�BSF�SBX�EBUB�XJUIPVU�BOZ�ÛMUFSJOH�
3 .BY��GQT�XJUI�DFOUFSFE�30*�
� 
&YUFOEFE�SFBEPVU�NPEF�XJUI����DPMVNOT�PG�CMBDL�SFGFSFODF�QJYFM�

5 5IF�IJHI�EZOBNJD�TJHOBM�JT�TJNVMUBOFPVTMZ�DPOWFSUFE�BU�IJHI�BOE�MPX�HBJO�CZ�UXP����CJU�"�%�DPOWFSUFST�

���BOE�UIF�UXP����CJU�WBMVFT�BSF�TPQIJTUJDBMMZ�NFSHFE�JOUP�POF����CJU�WBMVF�

�����Y����� ����������GQT     35 fps
�����Y����� ����������GQT �������GQT
�����Y���� ����������GQT ������GQT
�����Y���� ����������GQT ������GQT
�����Y���� ���������GQT ������GQT

frame rate table3

typical examples fast scan slow scan

�����Y����� ������GQT �������GQT
�����Y����� ������GQT �������GQT
�����Y����� ������GQT �������GQT
������Y���� ������GQT ������GQT
������Y���� ������GQT ������GQT

����������Y�����   ����GQT     35 fps
����������Y������ ������GQT �������GQT

frame rate table extended readout mode� 
typical examples fast scan slow scan

general
QPXFS�TVQQMZ ���������7%$�	��������

QPXFS�DPOTVNQUJPO ���8�NBY��	UZQ�����8�!�����$

weight ����H
operating temperature ������$����������$
PQFSBUJOH�IVNJEJUZ�SBOHF �������������	OPO�DPOEFOTJOH

storage temperature range ������$����������$
PQUJDBM�JOUFSGBDF '�NPVOU���$�NPVOU
$&���'$$�DFSUJGJFE ZFT

pco.

lightsheet
scanning
mode
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pco.edge 4.2  |  scientific CMOS camera

technical data
quantum efficiency

dimensions
'�NPVOU�BOE�$�NPVOU�MFOT�DIBOHFBCMF�BEBQUFS�

"MM�EJNFOTJPOT�BSF�HJWFO�JO�NJMMJNFUFS�

camera views

64#����

$BNFSB�-JOL

pco.

monochrome

Want	to	match	peak	camera	spectral	response	to	
scin7llator	peak	spectral	output	



Detec7ve	Quantum	Efficiency	(DQE)	

DQE ≡ SNRout
2

SNRin
2

Koch	et	al,	JOSA		A15,	1998	
Thierry	&	Koch,	JSR	13,	2006.	

DQE =ηabs 1+
1+1/ηυ /e

ηcol(Ex / Eν )ηx/υ

⎡

⎣
⎢

⎤

⎦
⎥

−1

ηabs =
ηυ /e =

ηcol = (NA / n)
2 / 4

ηx/υ =

Ex =
Eυ =

X-ray	absorp7on	efficiency	of	scin7llator	screen	(depends	on	x-ray	wavelength)	
Camera	quantum	efficiency	(light	to	electrons;	depends	on	wavelength	of	light)	
Conversion	efficiency	from	x-ray	to	visible	light	of	scin7llator	screen	

NA	=	NA	of	light	objec7ve;	n	=	refrac7ve	index	of	scin7llator	

X-ray	energy	
Visible	light	energy	

SNR	=	signal	to	noise	ra7o	

For	a	transparent	scin7lllator/lens/camera	system:	

Generally,	scin7llator/lens	systems	in	the	1-10	µm	
resolu7on	range	have	DQE	between	1-10%.	



DQE	example	
	
A	typical	image	SNR	requirement	is	‘Rose	criteria’:		SNR	=	5	
	
In	Poisson	sta7s7cs,	noise	=	sqrt(N);	so,	SNR	=	N/sqrt(N)	=	sqrt(N)	where	N	is	counts	
	
So,	you	want	SNR(out)	=	5.		Neglect	sample	absorp7on	for	this	exercise.	
	
SNR(in)	=	sqrt(SNR2(out)/DQE)	
	
If	DQE	=	1%	,	this	means	that	you	need	a	SNR(in)	of	sqrt(52/0.01)	=	50	
	
Assuming	Poisson	sta7s7cs,	you	need	502	=	2500	x-rays	per	pixel	to	achieve	SNR(out)	=	5.	
	
Assume	each	demagnified	pixel	is	1	um	x	1	um	and	the	field	of	view	is	1	mm	x	1	mm,	then	
the	x-ray	photon	density	you	need	is	at	least	2500	photons/pixel	x	106	pixels/mm2	=	2.5	x	
109	ph/mm2	per	image.	
	
Conserva7ve	ball-park	es7mate:	need	1010	ph/mm2	for	um-resolu7on	imaging	with	
scin7llator/lens	coupling	setup	per	image	



Outline	
	
Part	1:		Key	concepts	for	imaging	
Part	2:		Prac7cal	issues	and	instruments	
Part	3:		Imaging	techniques	and	examples	
Part	4:		Current	fron7ers	



I(x, y) = ψtrans
2
= I0 T (x, y)

2
= I0 ⋅ A

2

T (x, y)=eik n(x,y,z)dz∫ =e−k β (x,y,z)dz∫ e−ik δ (x,y,z)dz∫ =A(x, y)eiφ (x,y)

€ 

ψinc

€ 

ψtrans =ψinc ⋅T (x, y)n(x,y,z)	

n = 1 - δ + iβ	

If	you	place	a	detector	immediately	aYer	the	sample,	you	would	measure:	

Absorp7on	contrast	

Informa7on	about	β	only		

x	

z	y	



Most	common	form	of	absorp7on	contrast	imaging:	

hOp://40.media.tumblr.com/
tumblr_lqd2n3KRWE1qzcf71o1_1280.jpg	

Detector	as	close	to	sample	as	possible	
Minimize	blurring	due	to	source	
Minimize	any	propaga7on	effects	



β ∝λ 4

µ =
4πβ
λ

∝ λ3In	absorp7on,	you	measure:	

I(x, y) = ψtrans
2
= I0 T (x, y)

2
= I0 ⋅ A

2
= I0 e

− µ (x,y,z)dz∫

I(x, y) = I0 e
− µ (x,y,z)dz∫

− ln I(x, y)
I0 (x, y)
⎡

⎣
⎢

⎤

⎦
⎥= µ(x, y, z)dz∫

Nega7ve	logarithm	of	the	intensity	ra7o	is	a	line	integral	of	a	local	func7on	of	the	sample.	
It	is	suitable	for	tomography:		Can	obtain	3D	informa7on	by	recording	different	projec7ons.	



200	um	

Plasma	sprayed	tungsten	

Steel	

Interlayer	 Plasma	sprayed	tungsten	on	steel	substrate	

Zivelonghi	et	al,	ESRF		



Divisions	between	adjacent	blastomeres	
variably	preserved	on	the	surface	and	
within.	a,	b,	Museum	of	Earth	Science,	
Ins7tute	of	Geology,	Chinese	Academy	of	
Geological	Sciences	(MESIG)	20061.	
Divisions	between	some,	but	not	all,	
blastomeres	are	preserved	internally.	c,	d,	
MESIG	20062.	Divisions	between	all,	or	
nearly	all,	blastomeres	are	preserved	to	
their	full	extent;	the	orange	and	yellow	
structures	are	renderings	of	the	
morphology	of	a	column	of	blastomeres.	
e–g,	Geological	Museum	of	Peking	
University	(GMPKU)	2204.	Divisions	
between	blastomeres	are	generally	not	
preserved,	and	instead	the	core	of	the	
embryo	is	characterized	by	the	centrifugal	
addi7on	of	diagene7c	crust	layers	(easily	
dis7nguished	from	edge	artefacts	through	
their	absence	from	some	of	the	objects	
seen	in	the	slices);	orange	structure	
represents	a	rendering	of	one	of	the	
cavi7es	within	the	diagene7c	infilling.	

Donoghue	et	al,	Nature	442	2006.	



Plouraboue	et	al,	J.	Microscopy	215,	2004	



Take	advantage	of	energy	tunability	

Iodine	mass	aOenua7on	coeffcient:	
33155	eV	=	5.79	cm2/g	
33175	eV	=	32.72	cm2/g	

Take	images	above	and	below	absorp7on	edge.		Divide	(or	subtract)	images.	
Result	will	isolate	iodine.	



Before	iodine	 AYer	iodine	 Before	-	AYer	 AYer	-	Before	

wikibooks.org	

Angiography	



Phase	contrast	imaging	

T (x, y)=eik n(x,y,z)dz∫ =e−k β (x,y,z)dz∫ e−ik δ (x,y,z)dz∫ =A(x, y)eiφ (x,y)

A(x, y) is the wave amplitude
φ(x, y) is the accumulated phase difference

How	to	measure φ(x,y)	or	how	to	be	sensi7ve	to	φ(x,y)		



ψ = Aeiφ

ψref = Aref e
iφref

ψ +ψref
2
= Aeiφ + Aref e

iφref⎡
⎣

⎤
⎦ Ae

−iφ + Aref e
−iφref⎡

⎣
⎤
⎦

ψ +ψref
2
= A2 + A2ref + 2AAref cos(φref −φ)

‘Conven7onal’	interferometry	

Wave	func7on	we	want	to	measure	

Reference	wave	func7on	

Need	a	reference	wave:	reference	wave	must	be	coherent	
	
Need	to	be	able	to	‘add’	or	‘overlay’	ψ	and	ψref	coherently	
	
For	quan7ta7ve	phase,	need	more	work	to	yield	true	φ	
	
Need	to	‘unwrap’	the	phase	(modulo	2π)	to	yield	true	φ	

Measured	intensity	



Phase	imaging	with	Laue-Laue-Laue	interferometer	

Neutron	interferometer,	www.physics.org	

The	two	beams	overlap	at	the	
analyzer.	
	
Moire	paOern	formed	with	angstrom	
level	spacing.	
	
How	the	Moire	paOern	overlays	on	
the	atomic	planes	in	the	analyzer	
determines	the	transmiOed	beam.	



A	schema7c	view	of	the	posi7oning	system	for	the	skew-symmetric	two-crystal	X-ray	interferometer.	
The	S2	and	7lt	tables	control	the	θ	and	φ	rota7on	of	the	crystal	blocks	rela7ve	to	each	other.	The	...	

	Yoneyama	et	al.	
	Volume	9	|	Part	5	|	September	2002	|	Pages	277–281	|	10.1107/S090904950201350X	



Example	of	LLL	imaging	

Momose	et	al,	JSR	9,	136-142,	2002.	

Phase	contrast	

Absorp7on	contrast	

Slice	of	rat	cerebellum	

Takeya	et	al,	APL	90,	081920	(2007).		

Tetrahydrofuran	hydrate	crystal	



Advantages	of	interferometry:			
	
•  Measures	phase	φ(x,y).		Only	technique	that	directly	measures	phase.	

•  Quan7fica7on	of	the	phase	possible.		

•  Sensi7vity	down	to	1-2	mg/cm3.	

•  X-ray	source	does	not	need	to	be	coherent	–	crystal	does	the	work	of	making	two	
coherent	beams.	

	
Disadvantages	of	interferometry:			
	
•  Extremely	challenging	to	maintain	stability	of	SpliOer,	Mirror	and	Analyzer.		These	need	

to	be	stable	at	the	level	of	the	crystal	la�ce	spacing.		Usually	made	as	a	singular	piece	
(SpliOer,	Mirror	and	Analyzer)	from	an	ingot.		Extremely	sensi7ve	to	temperature	–	
need	mK	stability	over	interferometer.	

•  Limited	space	for	sample	and	stability	requirement	limits	sample	environment	cells.	

•  Spa7al	resolu7on	limited	by	Laue	analyzer.	



Detect	the	beam	deflec7on	angle	due	to	the	phase	gradient	
	
Known	by	a	variety	of	names:	diffrac7on	enhanced	imaging	(DEI),	refrac7on	contrast	imaging,	
Schlieren	imaging,	phase-dispersive	imaging.	
	
Requires	an	‘analyzer	crystal’	that	is	sensi7ve	to	the	small	beam	deflec7on	angles	

Analyzer	crystal	

Detector	

Analyzer	crystal	

Detector	

This	technique	is	sensi7ve	to		∇φ(x, y)

Analyzer-based	phase-contrast	imaging:	crystals	



Analyzer

Sample Detector

θ

Iabs =
ILSH + IHSL
RLSH + RHSL

Irefr =
IHRL − ILRH

ILSH + IHSL

IL	=	Image	taken	at	θL	
IR	=	Image	taken	at	θH	
	
RL	=	Reflec7vity	at	θL	
RH	=	Reflec7vity	at	θH	
	
SL	=	|Slope	at	θL|	
SH	=	|Slope	at	θH|	
	

(θL	,	RL)	 (θH	,	RH)	

Irefr =
∂δ(x, y, z)

∂y∫ dz

Rocking	curve	width:	Convolu7on	of	two	Darwin	widths	



Refraction contrast in Nylon fiber

Radiograph

Analyzer on 
Shouder of 

Rocking curve

Peak

0.7 mm

Diameter

0.55 mm 0.2 mm 0.1 mm

Nylon fiber simulates density variation in soft tissue
From	Zhong	Zhong,	BNL	



Mollenhauer	et	al,	Osteoarthri:s	and	Car:lage	10,	2002.	







Zhong	et	al,	NIM	A450,	2002.	

Analyzer	crystal	can	reject	small	angle	scaOering	



Extensions:		Dark	field	imaging,	SAXS	
imaging,	USAXS	imaging	
	
Set	analyzer	crystal	OUTSIDE	of	the	
reflec7vity	range	
Only	x-rays	that	have	been	scaOered	
significantly	will	be	detected.	
Addi7onal	reflec7ons	to	ensure	low	tails	
of	reflec7vity	curve.	
	

Ilavsky	et	al,	Metall.	and	Materials	Transac:ons,	2013.		



Levine	&	Long,	JAC,	2004.	
Sample:	Deformed	polycrystalline	Cu	

USAXS	imaging	enables	an	addi7onal	
contrast	mechanism:	ultras-small	
angle	scaOering	
	
Good	for	iden7fying	materials	with	
similar	density	but	with	different	
microstructures.	



Analyzer-based	phase-contrast	imaging:	gra7ngs	

Talbot	or	Frac7onal	Talbot	effect	creates	a	related	image	of	G1	at	the	G2	posi7on.	
G2	made	to	have	same	periodicity	at	the	G1	related	image.	
	
Fabrica7on	of	amplitude	gra7ng	is	a	challenge	at	high	energies	–	need	high	aspect	ra7o	
for	high	spa7al	resolu7on	and	thick	enough	to	stop	high	energy	x-rays.	

m/n	Talbot	distance	
sample	

G1	
G2	



Phase	image	 Absorp7on	image	

Chunk	of	human	cerebellum.		3D	measurement.		Above	is	one	computer	slice.	

Schulz	et	al,	JRSoc	Interface	2010	



General	advantages	of	analyzer	based	imaging:	
	
•  Outstanding	angular	discrimina7on	–	ability	to	isolate	small	angle	scaOered	x-rays	

•  Lots	of	interest	in	medical	community	–	medical	samples	tend	to	have	a	lot	of	scaOer	
and	generally	composed	of	slowly	varying	phases	(ie,	smoothly	varying	phase).	

•  X-ray	source	coherence	not	required.		Crystals	do	the	angular	discrimina7on	for	you.		
For	gra7ng	analyzer,	a	‘source	gra7ng’	can	be	used.	

•  Gra7ng	based	imaging	aOrac7ng	much	aOen7on	because	it	accommodates	broad	
bandwidth	radia7on,	unlike	the	crystal	analyzer.		BeOer	suited	for	lab	source.	

	
Disadvantages	of	analyzer	based	imaging:	
	
•  Spa7al	resolu7on	limited	by	crystal	ex7nc7on	length	or	gra7ng	period.	

•  Mostly	1D	phase	sensi7vity	in	the	scaOering	plane.		2D	implementa7on	more	
challenging	–	requires	another	set	of	crystals	or	gra7ng	that	scaOer	in	the	other	
orthogonal	plane.		For	gra7ngs	–	a	‘2D	diffrac7on	gra7ng’	is	possible.	

•  High	angular	discrimina7on	implies	a	lower	overall	photon	efficiency.			



PL (x) =
eikL

iλL
exp iπ x2

λL
⎡

⎣
⎢

⎤

⎦
⎥ → !P( f ) = exp[−iπλLf 2 ]

!P( f ) ≈1− iπλLf 2For		 πλLf 2 <<1

ψL (x) =ψ0 (x)⊗ PL (x)
ψL ( f ) = ψ0 ( f ). PL ( f )

Convolu7on	in	real	space	is	equivalent	to		
mul7plica7on	of	the	Fourier	transforms		

!ψL ( f ) = !ψ0 ( f ). !PL ( f ) = !ψ0 ( f ) [1− iπλLf
2 ]

!ψL ( f ) = !ψ0 ( f ) − iπλLf
2 !ψ0 ( f )

I(x) = ψL (x)
2
= ψ0 (x)

2 1− Lλ
2π

∇2φ(x)
#

$%
&

'(

Propaga7on	phase	contrast	

Image	is	sensi7ve	to	the	Laplacian	(second	deriva7ve)	of	the	phase.	
Depends	on	distance	from	sample,	L.	

In	1-D	



Small	angular	devia7ons	of	the	beam	aYer	the	sample	should	show	up	as	intensity	
varia7ons	some	distance	downstream	of	the	sample.	

L	



Absorption contrast Phase enhanced contrast 

Same spatial resolution ~ 2 µm 

Ant head 



Westneat	et	al,	Science	299,	2003	



Figure	6.	Phase	contrast	images	of	a	1-month-old	male	mouse	imaged	at	33 keV.	(a)	Propaga7on-based	imaging	(PBI)	
with	l2=4.26 m.	Image	size:	95.93 mm	×	32.22 mm.	Black	region	of	interest	(ROI):	300	×	300	pixels.	White	ROI:	100	×	100	
pixels.	Exposure	7me:	5.0 s.	Surface	entrance	dose:	8.6±0.3 mGy.	(b)	Analyser-based	imaging	(ABI)	image	of	the	same	
mouse.	Image	size:	47.16 mm	×	20.00 mm.	Black	ROI:	300	×	300	pixels.	White	ROI:	100	×	100	pixels.	Exposure	7me:	0.5 s.	
Surface	entrance	dose:	0.91±0.03 mGy.	(c,	d)	Magnified	segments	of	the	lung	from	(a)	and	(b),	respec7vely.	

Kitchen	et	al,	Bri:sh	Journal	Radiology	78,	2005.		
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Sample: 2 mm Al, stress-induced cracks	
Energy: 30 keV	





In-situ	real	7me	tracking	of	crack	forma7on	and	propaga7on	in	nickel	superalloy	

Liu	et	al,	Acta	Materialia	(2011)	 23	keV,	0.15-0.2	mm	thick	samples	
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High	pressure	diesel	injector	
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• 	Fuel	injectors	are	high	pressure	(1000	bars)	systems,	typically	made	of	steel.		Injec:on	
cycle	is	~	1	ms.		

• 	Dynamics	of	the	pintle	(which	only	moves	~	200	µm)	within	the	steel	body	has	never	been	
directly	visualized.	

• 	To	understand	spray,	you	need	to	know	what	happens	inside	the	nozzle.	
• 		Highly	nonlinear	and	transient	processes.	

• 		Scaled	up	and	transparent	models	do	not	necessarily	reflect	the	actual	system.	

• 		Capacitance	measurements	made	far	away	(>	200	mm)	do	not	reflect	actual	mo:on	at	
the	sac.	









18	keV	0.02	s	exposure	
for	radiography	
1	mm	diameter	
samples	(mostly	Al)	
	
For	tomography,	1	Hz	
rota7on.	250	
projec7ons	in	0.5	s.	

Amy	Clarke	et	al,	EMR2,	2013	



Aluminum	rich	crystal	growth	during	solidifica7on	of	a	Al-Cu	alloy.	
Amy	Clarke,	LANL.	



Dendri7c	growth		in	Al-Cu	alloy	
Amy	Clarke,	LANL	



Clarke	et	al,	Emerging	Materials	Research	(2013)	



Quantitative phase contrast imaging – Holotomography 
 
Sketch of the experimental setup for quantitative phase tomography: a multilayer monochromator 
selects the photons with an energy close to 21 keV from the synchrotron radiation emitted by an 
insertion device.  

Peter Cloetens et al. PNAS 2006;103:14626-14630 

©2006 by National Academy of Sciences 



Architecture of an Arabidopsis seed.  

Peter Cloetens et al. PNAS 2006;103:14626-14630 

©2006 by National Academy of Sciences 



3D rendering of intercellular air space in the hypocotyl (A) and in a cotyledon (B) and air 
space in cotyledon at higher magnification (C).  

Peter Cloetens et al. PNAS 2006;103:14626-14630 

©2006 by National Academy of Sciences 



Braincase anatomy and exceptional brain preservation in a sibyrhynchid iniopterygian from 
the Pennsylvanian of Kansas.  

Alan Pradel et al. PNAS 2009;106:5224-5228 

©2009 by National Academy of Sciences 



Silicon beam splitter

x-ray

sample

Left camera

Right camera

Image
area

x
z

Stereo	imaging	
For	tracking	par7cles	mo7on	in	3D.	
	

Video	of	straight	sec7on	of	tube	 Lee	et	al,	JSR	18,	2011	



Microns/sec	



Lens	based	imaging:		Transmission	x-ray	microscope	

Resources:	www.microscopyu.com	

An	exact	x-ray	analog	of	the	op7cal	microscope	
X-ray	condenser:	Single	bounce	capillary	or	zone	plate	
X-ray	objec7ve:	Zone	plate	

capillary condenser 
sample 

objective ZP 

phase ring 

image plane 
lens-coupled  
CCD 

tomography 
rotation axis  

 7-18 keV 

see	slides	XX	

Magnifica7on	occurs	in	two	stages:	
	X-ray	stage	~	80	
	Visible	light	stage	~	10	

ZP	efficiency	~	<10%	



Chen	et	al,	Op:cs	Lecers,	2011	



• Example:		In-situ	studies	of	
dendri7c	growth	of	Cu	in	CuSO4	
solu7on	by	electrical	poten7al	(APS	
32-ID,	8	keV)	

• 	Frame	rate:		100	msec/frame	
• 	TXM	FOV:		22	µm	

J. Yi, S. Wang (ANL), Y-K. Hwu (Acad. Sinica, Taiwan), 
J. H. Je (POSTECH, Korea), Y. S. Chu (NSLS-II, BNL) 

Real Time Nano-Imaging of Electrochemical Growth 

• Modern	x-ray	lenses	(Fresnel	zone	
plates)	and	bright	x-ray	sources	
enable	x-ray	microscopic	imaging	at	
nano-scale	spa7al	resolu7ons	

APPLIED	PHYSICS	LETTERS	97,	033101	(2010)	



J. Wang et al, Angewandte Communications 53, 2014  

4 hours per 3D scan 

In	situ	3D	morphological	changes	in	Li-ion	baOery	7n	electrode		

X8C	



I(x, y) = ψtrans
2
= I0 T (x, y)

2
= I0 ⋅ A

2
⋅ 1+ 2φ(x, y)[ ]

T (x, y)=eik n(x,y,z)dz∫ =e−k β (x,y,z)dz∫ e−ik δ (x,y,z)dz∫ =A(x, y)eiφ (x,y)

€ 

ψinc

€ 

ψtrans =ψinc ⋅T (x, y)n(x,y,z)	

n = 1 - δ + iβ	

Zernike	phase	contrast	

For	small	φ(x,y),		 T (x, y)≈ A(x, y) 1+ iφ(x, y)[ ]
If	you	can	change	the	‘1’	to	‘i’	then:		

Now,	I(x,y)	is	sensi7ve	to	the	phase	term!	

x	

z	y	



Zernike	phase	contrast	

T (x, y)≈ 1+ iφ(x, y)[ ]

How	to	change	the	‘1’	to	a	‘+/-	i’	???	

T ( fx, fy )≈ δ( fx , fy ) + i φ( fx, fy )"# $%

The	‘1’	term	is	associated	with	the	fx	=	fy	=0	(‘q’=0)	term	in	frequency	
space.		This	beam	passes	through	the	sample	without	direc7on	change.	
	
To	change	from	a	‘1’	to	a	‘i’,	you	introduce	a	phase	change.		
Recall:	exp(i	π/2)	=	i	
	
So,	to	change	the	‘1’	to	a	‘i’	you	need	to	introduce	a	π/2	phase	shiY	in	
the	‘q=0’	beam.	(Odd	mul7ples	of	π/2	will	also	work).	
	
But	how	to	do	this??	



Because	the	q=0	rays	are	spa7ally	separated	at	the	back	focal	plane	
of	the	objec7ve,	it	is	possible	to	change	its	phase	without	affec7ng	
all	the	other	frequencies	
	
Challenge:		In	prac7ce,	it	is	inevitable	that	you	also	change	the	phase	
of	q	!=	0	because	of	finite	size	of	phase	ring	width.		Image	will	have	
ar7facts.	

Holzner	et	al,	Nature	Physics	6,	2010.	





Takeuchi	et	al,	J	of	Physics,	Conf.	Series	186,	2009.		

Terminology:		Dark	field	imaging	is	when	the	‘q=0’	beam	is	NOT	captured.		Only	the	
scaOered	beam	contributes.		Eg,	SAXS	and	USAXS	imaging	are	dark	field	techniques.	



Outline	
	
Part	1:		Key	concepts	for	imaging	
Part	2:		Prac7cal	issues	and	instruments	
Part	3:		Imaging	techniques	and	examples	
Part	4:		Current	fron7ers	



Current	fron7ers:	

•  Faster	–	more	emphasis	on	looking	at	dynamics	

•  Quan7ta7ve	techniques	–	especially	phase	retrieval	

•  Diffrac7on	contrast	–	3D	grain	structure	

•  3D	image	analysis	–	how	to	extract	useful	quan77es?		Eg	porosity,	tortuosity,	
tracking	dynamics.	

•  Alternate	3D	reconstruc7on	algorithms	–	fewer	angular	projec7ons	(lower	
dose,	faster)	

•  Forward-backward	simula7ons	to	take	into	account	x-ray/material	
interac7ons	not	included	in	refrac7ve	index	eg,	scaOering.	

•  All	leading	to	f(x,y,z,E,t,q,….)	where	f	can	be	β,	δ,	fluorescence,	scaOering	
intensity,	etc.	



95 Sample:	1-	2	mm	diameter	uncompacted	sand	column	
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1 2 3 

4 5 6 

Cross sections separated by 1 s 



T=0 



98 T=1s 



99 T=5 s 
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150 ps

472 ns

1.59 us

U7lizing	Synchrotron	Time	structure	

Double	472	ns	exposure	
separated	by	3.68	us.	

Triple	17	ns	exposure	separated	by	220	ns	
Liquid	jet	moving	at	~	200	m/s	

 

APS	singlet-hybrid	

150 ps

17 ns long each, 220 ns apart

1.59 us Trial	singlet-triplet	

(2X)	
 Visible	light	

X-ray	
Autocorrela7on	



What	imaging	technique	to	use?	
	
Q:	What	do	I	want	to	see?		

	-	is	x-ray	imaging	the	right	too?		
	-	what	are	the	size	features	I	want	to	see?	(Spa7al	resolu7on)	
	-	how	fast	do	I	need	to	image?	(Time	resolu7on)	
	-	what	contrast	mechanism	do	I	need?	(Phase	or	absorp7on	or	?)	

	
	
General	guide:	
	
Below	~	0.5	microns	spa7al	resolu7on:		Use	TXM	
Highest	speed:		Filtered	white	beam	absorp7on/propaga7on	technique	
Slowly	varying	phase	(eg	tumor):	Analyzer	based	techniques	or	long	distance	propaga7on	
Quan7ta7ve	phase:		Holotomography	(propaga7on	at	several	distances)	or	interferometry	
Qualita7ve	phase:	Propaga7on	or	analyzer	based	
Samples	that	scaOer	a	lot:		Analyzer	based	techniques	
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Some	thoughts….	
	
•  Full-field	x-ray	imaging	is	a	keystone	technique.	
	
•  It	complements	other	x-ray	modali7es:	microfluorescence,	scaOering.			
	
•  Tackles	realis7c	samples;	ie,	living	animals	and	fuel	injectors.			
	
•  Technique	is	extremely	versa7le	and	flexible;	enabling	all	types	of	realis7c	environments	to	

be	incorporated	

•  	In	the	foreseeable	future,	synchrotron-based	x-ray	imaging	will	remain	unchallenged	for	
the	study	of	dynamics.	

	



10	keV	 20	keV	 30	keV	 40	keV	 50	keV	

Water,	β	 4.9e-9	 2.6e-10	 4.6e-11	 1.4e-11	 5.3e-12	

Water,	δ	 2.3e-6	 5.8e-7	 2.6e-7	 1.4e-7	 9.2e-8	

Al,	β	 6.6e-8	 4.0e-9	 7.6e-10	 2.3e-10	 9.1e-11	

Al,	δ	 5.5e-6	 1.4e-6	 6.0e-7	 3.4e-7	 2.2e-7	

Fe,	β	 1.3e-6	 9.6e-8	 2.0e-8	 6.4e-9	 2.6e-9	

Fe,	δ	 1.5e-5	 3.8e-6	 1.7e-6	 9.5e-7	 6.1e-7	

This	table	will	be	used	for	homework	and	exam	ques7on.	


