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Absorption and scattering
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Beer-Lambert law

Iout
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polychromatic case

monochromatic case

The attenuation is linear and additive
(this is why tomography works!) 
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What is imaging?

Bending magnet source
(B = 2.9 T)

Monochromator
(E = 21 keV)

Ultra-fast
CMOS Detector

Swiss Light Source storage ring
(E = 2.4 GeV)

Visible light
optics

Slits
(and Shutter)

Mouse sample

4-axis sample holder

Scintillator

Pixel size: 11 -> 0.3 µm

FOV:    22 x 22 -> 1 x 1 mm2

Projections: 300–2000

Exposure times: 0.1–300 ms

Total scan time: 0.05 to 500 s

Storage ring (3GeV)

X-ray source

Tomographic reconstruction
Synchrotron 
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Tomographic reconstruction concepts?

Tomographic reconstruction
Synchrotron 
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Numerical (algebraic)

Ax = b

Analytical (backprojection)
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radon transform of f(x,y):

2D Fourier transform of f(x,y):

Fourier transform of the  projection

The Fourier transform of the projection gives the value of the 2D 
Fourier transform of the object function along a line rotated by the 
tomographic angle. 

For simplicity v=0 (just a rotation)

This allows to split the integral:

FOURIER SLICE THEOREM:

Determinant of Jacobian of the change from 
cartesian to polar coordinates
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Fourier transform
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Collection of projections of an 
object at a number of angles

For reconstruction we 
interpolate onto a square grid, 
but for high frequencies points 
are further apart, which results 
in image degradation

FILTERED BACKPROJECTION 

Sum for each of the K angles between 0 and 180
Measure the projection, Pθ(t) Fourier transform      it 

to find Sθ(w) 
Multiply it by the weighting function  2.π.|w|/K
Sum over the image plane the inverse Fourier 

transforms of the filtered projections

Kak & Slaney, Principles of Tomography, 1999



The classical approach to time-resolved tomography

15
15

Mokso et al, J/ Phys. D. 2013

Dynamic studies in 3D are possible if

the rate of structural changes in the sample {VEVOL} < 
spatial resolution {δR}/scan time {tSCAN})

tSCAN < δR/VEVOL

10μm/s5 μm0.5 s



Indirect detectors
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State-of-the-art 2D microimaging (1-50 um)

centering devicerotation stage

X-ray (mono)  beam
scintillator mirror

To CCD9

objective



Indirect detectors
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Imaging geometries

18
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(i) Parallel beam microscopy

(ii) TXM: Transmission (full-field) microscopy

(iv) PXM: Projection microscopy

(iii) SXM: Scanning microscopy



The radiation dose 
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Absorbed dose: Eabs: absorbed energy [J]
m : mass [kg]
ρ :  density 

Chapter 4. X-ray instrumentation

4.3.2 Dose calculations

For simplicity reasons, in the following we assume a homogeneous object and monochromatic
X-rays. The total absorbed dose is then defined as the mean energy transferred to the matter
(object) per unit mass, or more specifically in the case of X-rays, the mean energy transferred
to the electrons contributing to ionization. Thus it is written as:

D =
Eabs

m
=

Eabs

V%
(4.32)

where D is the radiation dose in Gray [Gy] (SI system of units), Eabs is the absorbed energy
in Joule [J] and m is the mass in kilogram [kg]. Often, the mass is rather expressed by its
volume V and density %. As we have learned before in Sec. 3.2.2, X-ray interactions with
matter are described according to the Beer-Lambert-Bouguer law and by defining appropriate
cross-sections for each interaction process. In a similar way, by the use of the so-called mass
energy absorption coefficient µen/%, the absorbed energy can be expressed by the number of
photons and their energy h⌫. From Eq. (3.13) (Sec. 3.2.2), the X-ray absorption complies to
an exponential attenuation law and reads as:

Eabs = (I0 � I1)h⌫=
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where I0 is the number of incident photons and �l is the length of the object. In contrast to
the previously defined mass attenuation coefficient, the mass energy-absorption coefficient in-
volves the further emission of radiation produced by charged particles when travelling through
the medium [123]. Thus, it is of particular interest for dosimetric considerations of X-ray ab-
sorption. The above relations are sketched in Fig. 4.15 whereas the object length (in this
example) is given as �l = 5�x .

An often used and more generic representation of radiation dose is given through the
definition of the so-called entrance skin dose (often also called skin dose or entrance dose),
which is derived in the following. We consider the previously introduced bulk object and
imagine it as being sectioned in slices of thicknesses �x perpendicular to the X-ray direction,
as shown in Fig. 4.15.

With the knowledge from before we can immediately derive the absorbed dose in the first
slice by:

D =
Eabs

m
=
�Ih⌫
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=
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where Eabs is the absorbed energy, �I the number of absorbed photons with energy h⌫, I0 is
the number of photons impinging on the object and I1 is the reduced number of photons after
being partly absorbed by the object, V is the volume of the object with density %, A is the area
of the object’s cross section with object thickness�x and µen/% is the mass energy-absorption
coefficient. We now introduce the following substitution:

y := ��xµen (4.35)
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ΔI:  number of absorbed photons with energy hν
A   :  cross section area
Δx :  slice thickness
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with 

4.3. Dosimetry

by which we can rewrite Eq. (4.34) to:
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Figure 4.15. Illustration of the exponential absorption law through a bulk object and the
derivation of the entrance skin dose.

Provided that the object is homogeneous, we can now derive the maximal dose in the object
from the above expression, which due to the exponential attenuation law is only present in
the first plane affected by the impinging X-ray photon intensity I0; obviously, all other photon
intensities within the object (I1, I2 etc.) will be smaller. Thus we form the limes towards an
object with thickness �x ! 0 and obtain
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which gives the definition of the entrance skin dose:

D = N ·
✓
µen

%

◆
h⌫, (4.38)

where N is now the total number of impinging photons per surface area, given in the same
unit as 1/µ2

en. This definition can also be rewritten in more practical units [124]:
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Skin (entrance) dose:

[Howels et al.]



Absorption and scattering
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Phase contrast in free space propagation
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D= 4 mm

Three phase fibers

Fresnel diffraction
Partially coherent illumination

Da
Born, M., and E. Wolf, 1990, Principles of Optics

D= 4 mm D= 62 mm D= 500 mm

phase map

Rajmund.Mokso@maxiv.lu.se

Cloetens et al. J. Phys. 1999

propagator
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In-vivo lung imaging
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exposure time= 1.1 ms
projections=      500 

total scan time=  0.57 s
voxel size=  11 um

E= 20 keV

lungs of a babyrat

R. Mokso et al  AIP Conf. Proc. 1365 (2011) 

G. Lovric Phys Med 2016

For X-rays lung is the most contrasted ‘soft’ organ in the body



Gated acquisition mode
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Ventilation and ECG
● Retrospective image guided gating

Start StartEnd End
Heartbeat Heartbeat

ECG-TTL

Shutter Shutter

Projections Projections

0 02 min 10-15 x 180° (6 sec)

300 ms 180° 180°

90-120° 0-20°

50 ms

2 ms

Rajmund.Mokso@maxiv.lu.se

5 s – 2 min

X-rays

G. Lovric , PhD thesis



Three-dimensional representation of the total lung
tissue displacement at the end-inspiration for a single
time point (end-inspiration) of the four-dimensional
dataset for mouse M1.
Stephen Dubsky et al. J. R. Soc. Interface 2012;9:2213-2224

Medium resolution time resolved lung imaging



Stephen Dubsky et al. J. R. Soc. Interface 2012;9:2213-
2224

Distribution of air flow through an airway 
tree in rabbit lungs



Dynamic imaging of lungs: motivation
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Ventilator-induced lung injury (VILI)

● Overextension of lung tissue in certain lung regions (mechanical damage, biotrauma)

● Still unclear how ventilation induces its deleterious effect [4]

● Hypothesis: local strains in the alveolar wall cause hotspots (overstretching regions)

Human lungs (Source: Wikipedia)

trachea
pulmonary vein

pulmonary artery

alveolar duct

alveoli

primary bronchi

secondary [...]

[4] Rausch, S. M. K., Haberthür, D., Stampanoni et al., Ann Biomed Eng 39 (11), 2835 (2011).
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time was set in order to ignore spontaneous heartbeats that would occur earlier than the required delay time of 
the acquisition hardware. Only the coupling of all these aspects and the fact that ultra-short single-exposure times 
of a few milliseconds were employed finally led to motion-less CT reconstructions (Fig. 1c).

Technical validation. To fully evaluate the performance of the proposed imaging technique, we compared 
tomographic slices acquired with two different optics with pixel sizes of 2.9 × 2.9 µm2 and 1.1 × 1.1 µm2, respec-
tively. With these two settings the scanned partial volumes were 5.8 × 5.8 × 2.7 mm3 and 2.2 × 2.2 × 2.2 mm3 in 
size, respectively. Tomographic acquisitions of selected lung regions were acquired first in vivo in anesthetized 
animals and shortly thereafter post mortem, both of them under constant breath-holds induced by the ventila-
tor. As detailed in the Methods section, each post mortem scan was achieved after administering an overdose of 
pentobarbital to the anesthetized animal at the end of an in vivo scan. The direct comparisons (Fig. 2) yielded 
somewhat differing results between the two optics (magnifications). For the 2.9 µm-pixel-size optics the obtained 
image quality for both the in vivo and post mortem samples produced comparable results at a single-projection 
exposure time of 3 ms. For the 1.1 µm-pixel-size optics, however, the difference was quite significant due to the 
presence of heart-induced motion artifacts that were present in the lung during the in vivo scans. It shall be noted 
that for the 1.1 µm-pixel-size optics, due to the higher magnification (hence lower photon efficiency), a higher 
single-projection exposure time of 5 ms had to be used in order to produce comparable signal-to-noise ratios as 
in the case of the 2.9 µm-pixel-size optics.

From these results, we concluded that there was no appreciable improvement by using the higher magni-
fication for the in vivo scanning mode. To further test this hypothesis, we randomly selected several alveolar 
regions in images acquired with both of the magnifications to qualitatively investigate their informative content 
in terms of visible biological features. There was indeed no improvement (Fig. 3), neither in signal-to-noise ratio 
nor in spatial resolution, when the higher magnifying optics were used. This result is significant in the sense that 
it appears to be directly linked to the required temporal resolution of the imaging systems. Namely, it indicates 
that even shorter X-ray exposure times than the ones that were applied here (5 ms) would be necessary and to be 
combined with accurate triggering within the cardiac cycle. To achieve this under the current imaging settings 
would necessitate a significant increase (4–5x) of the X-ray photon flux.

in vivo post mortem

▪ Pixel size:
  2.9 x 2.9 µm2

▪ Number of
  projections:
  478

▪ Single-projection
  exposure time:
  3 ms

▪ Pixel size:
  1.1 x 1.1 µm2

▪ Number of
  projections:
  429

▪ Single-projection
  exposure time:
  5 ms

Figure 2. Comparison of the image quality of in vivo and post mortem tomographic slices of lungs at two 
different magnifications. The red arrows exemplify the difference in lung tissue thickness, which was observed 
between the in vivo and post mortem case. The post mortem tomographic slice was acquired at 30 cmH2O, while 
all other images were acquired at 15 cmH2O.

The first insight into alveoli microstructure

30

Collaboration between Anders Larsson from Uppsala Uni. Hospital, SLS and ESRF.

Lovric et al. Sci. Rep. 2017



Lung tissue quantification
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Challenges in lung tissue analysis 
● How to detect non-linear and regional changes in the lung?
● How to quantify them?

Rajmund.Mokso@maxiv.lu.se

G. Lovric , PhD thesis



Alveoli dynamics quantification
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A detailed insight into the lung
● Apply quantification and labeling tools, previously used for foam and bone data [14] and 

dendritic microstructures [15]

Curvature

Thickness map

Original tomographic slice

25 cmH2O 30 cmH2O 35 cmH2O

[3.5 x 3.5 x 0.6 mm3] [3.5 x 3.5 x 0.6 mm3] [3.5 x 3.5 x 0.6 mm3]

G. Lovric , PhD thesis, Lovric et al. in preparation



Curvature analysis
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Goran Lovrić - ICTMS 2013, Gent

▲ Directions of principal curvatures 
(Source: Wikipedia)
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Shape analysis of lungs alveoli
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G. Lovric , PhD thesis

Chapter 6. Quantitative analysis of intact lungs at the alveolar and acinar scale

bution we have saddle-surfaces (free septal edges), sharp edges (alveolar mouths), spherical
shapes and so on. If the distribution becomes sharper around zero, it means that there is a
trend in all these surfaces towards a more flatter shape, which obviously can only be the case
for alveoli.

We also addressed the question whether a curvature analysis is enough to uniquely identify
alveolar surfaces within the lung. For this, the four regions of the ISD-plot (Fig. 6.5) are
visualized in 3D in Fig. 6.13(a). As can be seen, the red surfaces (corresponding to “Region
1”) are indeed shown to lie on alveolar surfaces, however there are small surface areas that
have different shape (non-elliptical) in between. This corresponds, in fact, to previous findings
in lung anatomy indicating that alveoli hardly have a pure spherical/elliptical shape [15].
However, we can make use of a simple assumption by applying the normal cycle algorithm for
calculating curvatures. Namely if we set a big geodesic radius at each surface vertex, small
areas lying in the middle of the alveoli which do not have a strict spherical surface, will be
interpreted as spherical due to their surrounding. This fact is illustrated in Fig. 6.14: first (on
the left) side the curvature are mimicked to be calculated with small geodesic radii; then, once
the geodesic radius increases, small deviations in the alveolar surface area are still recognized
as being part of an alveolus. The result is plotted in Fig. 6.13(b) and in Fig. 6.13(c) the 2D
slice is shown.

Finally we discuss shortly the very small difference between 20cmH2O and 30 cmH2O. The
change in the ISD plot in Fig. 6.11(c) suggests that, despite the higher pressure a significant
amount of elliptical surfaces is reduced. This could be interpreted as a possible over-stretching
of lung tissue, previously only obtained through simulations [216] and could be explained as
follows: at physiological lung pressures the lung maintains an elastic distension pattern; how-
ever, if the pressure is increased significantly the overstretching could cause significant devi-
ations to the ideal shape of the alveoli. We close the discussion by showing such an example
obtained with a different dataset, depicted in Fig. 6.15

420 µm

(a)

420 µm

(b)

Region VI

Region III

Region II

Region I

(c)

Figure 6.13. 3D visualization of the four regions from the ISD-plot with different geodesic
radius: (a) depicts the calculation with radius R = 3.5 and (b) with R = 15. In (c) a 2D slice
is shown from (b).
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Gated acquisition mode
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5 s – 2 min

G. Lovric , PhD thesis, Lovric et al. in preparation



Hierarchical imaging of tissues
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10nm

100μm mGy

MGy 100μm

0.5m 0.1 s

1 h

Medical imaging and therapy 
(in vivo, medium resolution >30 um, low dose, large beam , large FOV) 

Nano-scale imaging beamlines
(fixed tissue, resolution ~ 100nm, high dose, small samples ~100um)

Down to a micrometer resolution
(rarely in vivo, high resolution ~ 1um, higher dose, small FOV)

The whole organ

Sunday, August 12th, 2012 72Stampanoni -- PSI Summerschool - Zugerberg - Switzerland

Pathogenesis of Alzheimer’s plaques

Phase contrast CT Two-photon microscopy

male

female

B. R. Pinzer et al., Neuroimage 2012

male

female

19 weeks 39 weeks 70 weeks

2 mm5x FAD Mouse Model

Bronchial wall

Zooming into organs

Cell level

3 orders of magnitude in spatial resolution

Longitudinal  in vivo

Accute in vivo

Fixed tissue

Page 4 of 10Chiappi et al. J Nanobiotechnol  (2016) 14:15 

and after cell vitrification, in cryo-conditions (Fig.  2c) 
to assure that no cell rearrangement was induced by vit-
rification (Additional file  3: Figure  S2). Reconstructed 
cryo-SXT volumes had a resolution of ~60  nm, suffi-
cient to visualise mitochondrial cristae (Fig. 2d, e, arrow-
heads). We also observed other cellular components 
such as intermediate filaments, actin bundles (Fig.  2f, 
grey) or plasma membrane (Fig. 2d, f, brown), as well as 
organelles such as the nucleus, including nucleolus and 
chromatin condensations (Fig.  2d, f; Additional file  4: 
Figure S3).

Cryo-soft X-ray tomograms of SPION-incubated 
MCF-7 cells showed an increase in high-absorption clus-
ters at longer incubation times, which correlated with the 

LysoTracker Red signal (Fig. 2; Additional files 2 and 4: 
Figures  S1D–F and S3). Three-dimensional reconstruc-
tion of whole cells showed high-absorption clusters con-
centrated mainly near the nucleus, although they were 
also found scattered throughout the cytoplasm; they 
were never found inside the nucleus (Fig. 2f; Additional 
file 4: Figure S3). These results coincide with the increase 
in SPION-loaded endocytic vesicles reported using clas-
sical 2D techniques [10, 12]. Volumetric representa-
tion of cells showed mitochondrial exclusion to the cell 
periphery caused by high-absorption cluster accumula-
tion near the nucleus (Fig.  2f, yellow; Additional file  5: 
Movie 2). The high-absorption clusters inside cells had a 
non-homogeneous internal substructure, consistent with 

Fig. 2 Fluorescent and cryo-SXT correlative workflow. a In vivo differential interference contrast (DIC) image of MCF-7 cells cultured on Au-HZBII 
grid and incubated 24 h with SPION (0.25 mg ml−1). Bar 200 μm. b In vivo fluorescent image from the area in the yellow square in a. Bar 20 μm. 
Nucleus, blue (DAPI), acidic vesicles, red (LysoTracker Red). c Cryo-epifluorescent image (red channel) from the area in the yellow square in b. Bar 
5 μm. d Cryo-SXT plane from the area in the yellow square in c. N, nucleus. Bar 2 μm. e Cryo-SXT plane showing ultrastructural details of the cell. 
Arrowheads indicate mitochondrial cristae. Bar 500 nm. f Volumetric representation of the tomogram in d. High-absorption vesicles (red), seg-
mented applying a threshold adapted to the volume containing the highest densities, are condensed near the nucleus (blue), displacing the 
mitochondrial network (yellow). Grey filaments, orange plasma membrane. Dataset acquired at HZB-BESSYII
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Aluminum foams

High speed tomography
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Real life system dynamics
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ARTICLE

Using X-ray tomoscopy to explore the dynamics
of foaming metal
Francisco García-Moreno 1,2, Paul Hans Kamm 1,2, Tillmann Robert Neu1,2, Felix Bülk1,2, Rajmund Mokso3,
Christian Matthias Schlepütz 4, Marco Stampanoni4,5 & John Banhart1,2

The complex flow of liquid metal in evolving metallic foams is still poorly understood due to

difficulties in studying hot and opaque systems. We apply X-ray tomoscopy –the continuous

acquisition of tomographic (3D) images– to clarify key dynamic phenomena in liquid alu-

minium foam such as nucleation and growth, bubble rearrangements, liquid retraction,

coalescence and the rupture of films. Each phenomenon takes place on a typical timescale

which we cover by obtaining 208 full tomograms per second over a period of up to one

minute. An additional data processing algorithm provides information on the 1 ms scale. Here

we show that bubble coalescence is not only caused by gravity-induced drainage, as

experiments under weightlessness show, and by stresses caused by foam growth, but also by

local pressure peaks caused by the blowing agent. Moreover, details of foam expansion and

phenomena such as rupture cascades and film thinning before rupture are quantified.

These findings allow us to propose a way to obtain foams with smaller and more equally

sized bubbles.
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Liquid Aluminum

The rise of the Aluminum foam:
From nucleation to film rupture
Acquisition speed: 208 tomo / s
TOMCAT beamline, SLS 



Nucleation

“”Liquid” foam

Data courtesy of E. Solorzano and S. Alonso, Univ. Valladolid

PU foams 

Tuesday, June 30th 201540

Solid foam

E. Solorzano, S. Alonso, Uni. Valladolid 



Image-based quantitative information retrieval
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acquisition reconstruction segmentation

feedback

labeling quantification visualization

robust, simple & universal Customized & flexible

Scanning
Sample conditioning

1TB / 2 min
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I. Brief introduction into tomographic microscopy
I. Acquisition and reconstruction

II. Applications
I. Bio: lungs
II. Hard matter: Aluminum foams

III. Overview of MAX IV instruments for imaging
I. Beamlines, techniques

• During	the	2000s	MAX-lab	becomes	convinced	it	has	the	
technology	to	realize	an	MBA	laSce
– compact	magnets	(narrow	gaps	➔	short	but	strong),	magnet	
integraHon	(common	magnet	block	=	“girder”),	use	of	combined-
funcHon	magnets

Simon	C.	Leemann
DESY	Beschleuniger-Betriebsseminar,	Travemünde,	October	31	–	November	3,	2016

MAX	IV	Origins	(cont.)
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25	mm

Photo	courtesy	A.	Nyberg



Soft X-ray

Investment in accelerator ~1150 MSEK
13 initial beamlines ~900 MSEK

+ 3 beamlines
Vetenskapsrådet



MAX IV storage ring

Simon	C.	Leemann
DESY	Beschleuniger-Betriebsseminar,	Travemünde,	October	31	–	November	3,	2016

The	MAX	IV	3	GeV	Storage	Ring	(cont.)

21

• 528	m	circumference,	500	mA	with	top-up,	20	achromats

PRST-AB	12,	120701	(2009)

IPAC’11,	THPC059,	p.3029

JSR	21,	862-877	(2014)
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integraHon	(common	magnet	block	=	“girder”),	use	of	combined-
funcHon	magnets

Simon	C.	Leemann
DESY	Beschleuniger-Betriebsseminar,	Travemünde,	October	31	–	November	3,	2016
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Photo	courtesy	A.	Nyberg



MAX IV magnets

achromat 3D cad assembly: 

M1 

U1 
U2 

U3 

U4 

U5 

M2 

• Each cell is realized as one 
mechanical unit containing all 
magnet elements. 

• Each unit consists of a bottom and a 
top yoke half, machined out of one 
solid iron block, 2.3-3.4 m long. 

Martin Johansson, 
Workshop on Accelerator R&D for Ultimate Storage Rings, Huairou, Beijing, China, Oct 30-Nov 1, 2012 
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Simon	C.	Leemann
DESY	Beschleuniger-Betriebsseminar,	Travemünde,	October	31	–	November	3,	2016

The	MAX	IV	3	GeV	Storage	Ring	(cont.)

25

• 528	m	circumference,	500	mA	with	top-up,	20	achromats
• 19	long	straights	(4.6	m)	for	users,	1	for	injecHon
• 40	short	straights	(1.3	m)	for	RF	&	diagnosHcs
• 7-bend	achromat:	5	unit	cells	(3°)	&	2	matching	cells	(1.5°	LGB)
• 328	pm	rad	bare	laSce	emiiance	(εy	adjusted	to	2-8	pm	rad)

PRST-AB	12,	120701	(2009)

IPAC’11,	THPC059,	p.3029

JSR	21,	862-877	(2014)
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MedMAX

DiffMAX



Tomography in Lund

Rajmund.Mokso@maxiv.lu.se47

ForMAX
SAXS  beamline with  
some tomography

NanoMAX
The nanofocus beamline
(tomography maybe after 2020)

DanMAX
Diffraction & tomography

2016 2017 2018 2019 2020

www.solid.lth.se/resources/4d-imaging-lab/
Zeiss Xradia XRM 520 since 2015

2021 2022 2023
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x"

y"

! ! !! ! ! ! !!!

o  Diffrac'on*

o  !Ptychography*

o  Fluorescence*

o  Absorp'on*

2D!&!3D!!
Structure!&!strain!

Elemental!distribu5on!
Morphology!!

Bone!inner!structure!by!Ptychography!
M"Dierolf"et*al."Nature*2010""467,"4364439""

Ga!density!map!by!XRF!
G."Mar9nez4Criado"et*al*
*Nano*Le;."(2012)"12,"5829*

Strain!in!SiGe!device!by!Bragg!ptychography!
S."O."Hruszkewycz"et"al."arXiv:1506.01262v1""

[cond4mat.mtrl4sci]""

o  Materials*science*

o  Life*science*

Malaria!pigment!in!red!blood!cell!by!XRF!
F."Dubasr"et"al."Chem."Commun"2012"48,"910"

V

Structure!and!transport!in!GaAsby!InESitu!XRD!
G."Bussone"te"al.*Nano*Le;."2015,"15"981*

Focusing beam to ~40 nm (10 nm)
Clean and with high degree of coherence



Bragg coherent diffraction imaging

MA Pfeifer, GJ Williams, IA Vartanyants, R Harder & 
IK Robinson, Three dimensional mapping of a 
deformation  field inside a nanocrystal. 
Nature 442, 63-66 (2006)



source

S=150m

5 μm

Nanoimaging, Fluorescence spectroscopy
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NanoMAX

Elemental map distribution in arabidopsis seed

SulfurIronCalcium



SoftiMAX: 
Soft X-ray scanning spectro-microscopy
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Chemical contrast at the nanoscale

In operation from 2020



DanMAX: Tomographic microscopy and 
Powder diffraction
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MAX$IV$Laboratory$is$a$na1onal$laboratory$hosted$by$Lund$University.$

Major&Funders:&
The&Swedish&Research&Council&/&VINNOVA&/&Lund&University&/&Skåne&Regional&Council&/&
Knut&and&Alice&Wallenberg&FoundaHon&/&Chalmers&University&of&Technology&/&Karlstad&

University&/&Karolinska&InsHtutet&/&KTH&Royal&InsHtute&of&Technology&/&Linköping&
University&/&Luleå&University&of&Technology&/&Stockholm&University&/&Swedish&
University&of&Agricultural&Sciences&/&Umeå&University&/&University&of&Gothenburg&/&
Uppsala&University&/&Estland&/&Finland&/&Danmark&

MAX$IV$Laboratory$

Imaging$Beamlines$at$

X=ray$source$(IVU)& undulator&
Energy$(wavelength)$

range&
12$=$40$keV$(1$–$0.3$Å)$&

X=ray$energy$bandwidth& ΔE/E$~$0.1=1$%&
Beam$modes& $parallel$beam,$focused$beam,$expanded$beam&
Focusing$optics& Kirkpatrick=Baez$(KB)$mirror$pair$(VFM,$HFM)&
Beam$size$at$sample& Without$op1cs$~$1x1$mm$

With$beam$expandor:$25x25$mm$

&
Flux$at$sample$at$0.5$Å& 1014$photons/s&

&
Experiment$set=up& Microtomographic$endsta1on,$in$vivo$small$rodent$

imager&
&

Spa1al$resolu1on& 30$=>$1$μm,$200$nm$in$case$of$focused$beam$

Alexander)Björling,)Gerardina)Carbone,)Ulf)Johansson,)Sebas:an)Kalbfleisch,)Innokenty)Kantor,))
Rajmund)Mokso,)Jörg)Schwenke,)Tomas)Stankevic,)and)Karina)Thånell))
&&
The&MAX&IV&imaging&group&consists&of&four&beamlines:&NanoMAX&entered&user&operaHon&in&2017;&SoWiMAX&is&in&construcHon&and&
MedMAX& and& iMAX& is& in& design& phase.& The& group& is& complemented& by& the& DanMAX& beamline& which& will& devote& half& of& the&
operaHon& Hme& to& imaging.& All& four& beamlines& will& be& situated& on& the& 3& GeV& ring.& NanoMAX& and& SoWiMAX& are& opHmized& as&
scanning&nanoprobes,&while&DanMAX&will&host&a&full\field&microtomography&instrument&and&MedMAX&will&address&soW&ma^er&and&
biological&samples&with&the&main&design&goal&being&longitudinal&in&vivo&studies&at&sub\10&um&spaHal&resoluHon.&

 2016             2018             2020

           2017             2019 
Science cases 

&
conceptual 

design 

Detailed design
&

funding update 
construction 

procurement 
&

construction

 
first experiments

Acute&in\vivo&and&ex\vivo&
tomography&at&the&Hssue&scale&
(1&μm&resoluHon)&&
&

StaHc&tomography&at&the&cellular&scale&
(0.2\1&μm&resoluHon)&

&

In&vivo&

longitud
inal&

whole&a
nimal&

scale&&

(15\30&μ
m&

resoluH
on)&

&

&&&&&&&&&The&pordolio&of&MAX&IV&imaging&beamlines 
NanoMAX Coherent&diffracHon&imaging Materials,&bio Now&in&2D,&later&in&3D 

SoWiMAX Scanning&and&holographic&methods materials,&bio Mainly&2D 

MedMAX In&vivo&(fast)&tomographic&microscopy Bio,&soW&ma^er Hme&resolved&X\ray&movies&(4D) 

DanMAX Tomographic&microscopy&&&diffracHon materials time resolved X-ray movies (4D) 

iMAX In&situ&(fast)&tomographic&microscopy materials Hme&resolved&X\ray&movies&(4D) 

x"

y"

! ! !! ! ! ! !!!

o  Diffrac'on*

o  !Ptychography*

o  Fluorescence*

o  Absorp'on*

2D!&!3D!!
Structure!&!strain!

Elemental!distribu5on!
Morphology!!

Bone!inner!structure!by!Ptychography!
M"Dierolf"et*al."Nature*2010""467,"4364439""

Ga!density!map!by!XRF!
G."Mar9nez4Criado"et*al*
*Nano*Le;."(2012)"12,"5829*

Strain!in!SiGe!device!by!Bragg!ptychography!
S."O."Hruszkewycz"et"al."arXiv:1506.01262v1""

[cond4mat.mtrl4sci]""

o  Materials*science*

o  Life*science*

Malaria!pigment!in!red!blood!cell!by!XRF!
F."Dubasr"et"al."Chem."Commun"2012"48,"910"

V

Structure!and!transport!in!GaAsby!InESitu!XRD!
G."Bussone"te"al.*Nano*Le;."2015,"15"981* jorg.schwenke@maxiv.lu.se

Scanning	Transmission	X-ray	microscopy

•	The	beamline provides	coherent monochromatic	x-rays onto	a	zoneplate.
•	The	zoneplate projects	a	nano-sized	beam	onto	the	sample.	
•	The	sample	is	scanned through	the	beam.
•	The	intensity	of	the	transmitted x-ray	beam	is	measured	in	each	spot.
•	The	x-ray	energy	is	scanned	through	an	absorption	edge.

700 710 720 730
Energy	(eV)

Fe

Fe

The&Hard&and&SoW&X\ray&Nanoprobe&Beamlines&
SoftiMAX:

Scanning&transmission&X\ray&microscopy&
Coherent&X\ray&imaging&(ptychography)&
&

First&users&in&Dec&2016&

Starts&operaHon&end&2018&

Science	examples	–
STXM

C.	Everettet	al.,	J	ROYAL	SOC	INTERFACE	11,	20140165	(2014)	

STXM	images	and	carbon	K-edge	
spectra	of	an	Aβ/iron(III)	peptide	
(incubated)

Raster-scanning	method	with	
small	probe	size

• Sensitive	to	absorption	and	
phase	gradient

Carbon	K-edge Iron	L-edge

Tomographic&Microscopy&Beamlines&
MedMAX: Biomedical and soft matter tomography

DanMAX: Tomography and diffraction for materials 

See&poster:&&&

P7$\ICTMS2017\122&
&
&

In&design&phase&

Fast tomography to study in situ materials



Crack visualization in 3D at 20Hz 
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Vertical tomographic slice, time 
separation ~ 50 ms, voxel = 3μm

Al – Alumina (Eric Maire, INSA Lyon)

100 μm

Experimental setup @ TOMCAT, Swiss Light Source

8 Eric Maire et al.

Fig. 4 Reconstructed slice extracted from the same region in the middle of the sample at different instants
during the fracture experiment. The tensile axis is vertical in the figure. The crack can be clearly seen: it
nucleates at the notch and then propagates from left to right. The white arrows at t=9 sec indicate a change
in propagation plane.

  

0 sec

9 sec8 sec7 sec

5 sec2.5 sec

s

s

Fig. 5 3D view of the shape of the crack at different instants during the fracture experiment. The crack can
be clearly seen: it nucleates at the notch and then propagates from left to right. The white dots still present
in the crack at late stages of the propagation are made of aluminium matrix that is still bridging the crack.

Rajmund.Mokso@maxiv.lu.seE.Maire et al. JF 2016



@Division of Solid Mechanics, LTH, Lund

• Installed June 2014 through infrastructure and strategic funding from LTH
• Zeiss Xradia XRM 520 x-ray tomograph
• 3D imaging of bulk objects with resolutions down to < 700 nm
• Focus on “in-situ” and “in-operandi” experiments for “4D imaging”
• Development of software for 3D/4D image analysis and quantification

www.solid.lth.se/resources/4d-imaging-lab/
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Life Sciences

Fracture healing in bone

Bone formation

Bone implants

Brain tumours
Collab. C. Hedström (LU)

Eyes
Collab.  A. Kelber (LU)Collab. H. Isaksson (LTH)

e.g., collab. P. Johansson (MTH)

Heart structure
Collab. R Stephenson (AU)



Lab CT of grape stem
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4D imaging Lab in Lund – Zeiss versa 520, 5 μm spatial resolution in 3D  



Conclusions

57

For tomographic reconstruction we use both 
numerical and analytical tools. Numerical are still 
slower.

Synchrotron and lab-based tomographic instruments 
routinely go down to about 1 !m spatial resolution. 
There is a factor of ~100 in acquisition speed 
between synchrotron and lab-based tomography

Rajmund.Mokso@maxiv.lu.se

In Lund we can do 3D imaging with in 4Dlab (LTH),  in 
a couple of years also at MAX IV


