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SCANNING METHODS WITH MICRO- AND NANO-FOCUSED HARD X-RAY BEAMS
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The use of small lat eral size X-ray beams (in the 10 keV en -
ergy range) in study ing ma te ri als lately has be come of in -
creased in ter est. While still ben e fit ing of the power of
var i ous anal y sis meth ods us ing X-rays (be it im ag ing,
spec tros copy, dif frac tion, etc.), they open now the pos si bil -
ity of ac cess ing prop er ties with lat eral res o lu tion, in a mi -
cros copy like ap proach. More over, new re search ap pli-
 cations were pos si ble.

It is the prog ress in X-ray op tics which en ables ob tain -
ing ex tremely fo cussed and in tense X-ray beams, with lat -
eral sizes as small as 10 nm. An over view of the dif fer ent
X-ray fo cus ing op tions avail able now a days will be given,
and their ad van tages and in con ve niences will be dis cussed. 
These fea tures are in ti mately in ter con nected to the type of
the ex per i ment in tended and the experimentalist should
have in mind their ca pa bil i ties and lim its when de sign ing
and per form ing an ex per i ment, via a ju di cious choice in -
volv ing very of ten com pro mises. Quan ti ties like pho ton
flux, spot size, chro ma tic ity, co her ence, etc. will have,
most of the time, to be care fully bal anced and pri or i tized.
This is sue is also strongly linked to the re lated in stru ment
needed to per form a cer tain type of ex per i ment; some
characteristics and possible requirements will be also
addressed.

Sev eral uses of fo cused beams in scan ning meth ods
will be de tailed via ex am ples, in an at tempt to show some
study cases but also to high light as well some ‘tips and
tricks’ while per form ing these ex per i ments: block ing
points and ways to over come them, choice of setup and fo -
cus ing de vice, etc. The ex am ples are mostly re lated (but
not only) to ma te ri als sci ence and X-ray dif frac tion (XRD)
tech nique, a pow er ful and non-de struc tive anal y sis tool. It
can give ac cess to the lat tice pa ram e ter of crys tal line struc -
tures and thus to strain fields, with an ac cu racy hardly
achiev able by any other tech nique. In stan dard XRD ex per -
i ments, large ar eas (square milli metres) of the sam ple are
char ac ter ized, yield ing av er aged, sta tis ti cal prop er ties,
con trarily to the use of mi cros copy ap proaches. It be came

of high in ter est to mea sure the struc tural prop er ties lo cally
while still mak ing use of all the ad van tages of XRD. This is 
par tic u larly valid for inhomogeneous sam ples, like it is the
case of small sized ob jects (mi cro- and nano-struc tures):
the “av er age” prop erty might sim ply be mean ing less in the
case of com plex struc tures and lo cal char ac ter iza tion is
needed in or der to un der stand the change in phys i cal prop -
er ties, when the nanoscale is ap proached. Fo cused X-ray
beams are used to lo cal ize and mea sure one by one sin gle
nanostructures. In a ras ter scan ning mode, a 2-di men sional
im age of the sam ple is re corded, us ing the scat tered sig nal
as con trast. Then, on spe cific sin gle ob jects, the x-ray scat -
tered sig nal is re corded and ana lysed / mod elled, to give ac -
cess to the shape, strain and com po si tion in side the ob ject
with sub-mi cron res o lu tion. Sev eral ex am ples will be
shown, start ing with sam ples closer to “model” sys tems
and fin ish ing with a lo cal probe XRD study on III-V semi -
con duc tor heterostructures for op to el ec tronic ap pli ca tions
in tele com mu ni ca tion field: by ad dress ing shape, strain and 
com po si tion at the nanoscale, the spa tially re solved mi cro-
/nano-dif frac tion from low-di men sional sys tems is ex pec -
ted to play an important role in the understanding of the
structure properties of nanomaterials, and provide a better
control on their fabrication and functionality.

With the recent developments related to detectors and
data acquisition systems (hardware), but as well to the high
stability and intensity of the X-ray beams, the need of rapid
data acquisition schemes emerged, in order to access either
to large mapped areas (with good lateral resolution) or
possibility to acquire complete datasets in short intervals of 
time (is situ experiments, sample annealing, ...). Such a
rapid scanning approach, possibly using multiple types of
detectors (and thus simultaneous multiple contrast) will be
presented and detailed via several examples, related to
materials science and archaeology respectively. Issues like
data acquisition, handling, mining, storage and exploiting
will be discussed in the context of large datasets.
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X-RAY IMAGING METHODS 

J. Baruchel 

Eu ro pean Syn chro tron Ra di a tion Fa cil ity (ESRF), BP 220, 38043 Grenoble, France
 

An usual, of ten im plicit, as sump tion when in ves ti gat ing a
sam ple with X-rays, is that the sam ple is ho mo ge neous, and 
that by il lu mi nat ing the whole vol ume the re sult cor re -
sponds to the one we could mea sure lo cally. This as sump -
tion is not valid when deal ing with an inhomogeneous
sam ple: in this fre quent case we need to use an “im ag ing”
type ap proach, i.e. mea sur ing “lo cally” to pro duce a map
where each of these “lo cal” mea sure ments cor re sponds to
an ho mo ge neous area. The re quired size of the “lo cal vol -
ume” is a func tion of the size of the inhomogeneities. The
“im age” re sult ing from the en sem ble of lo cal mea sure -
ments can ex hibit con trast, mak ing in ter nal fea tures dis tin -
guish able. 

Two main ex per i men tal schemes, shown on fig ure 1,
al low these “lo cal” mea sure ments to be per formed: a) a
par al lel beam is used to gether with a pixelated de tec tor, in
such a way that each pixel cor re sponds to a given vol ume in 
the sam ple, and the spa tial res o lu tion of the im age as so ci -
ated with the pixel size (lensless tech nique) b) the beam is
fo cused on a given re gion of the sam ple, which is scanned
in or der to ob tain a se ries of “lo cal” mea sure ments on these
re gions, the spa tial res o lu tion be ing as so ci ated with their
size (X-ray lenses are re quired in this case). X-ray im ag ing
started over a cen tury ago, with the dis cov ery of X-rays, al -
low ing the vi su al iza tion of the vol ume of sys tems opaque
to other probes (in par tic u lar vis i ble light). It was im me di -
ately no ticed that these ra dio graphs, which ex ploited the
vari a tion of the ab sorp tion of the X-ray beam when go ing
through the sam ple, con sti tuted an im por tant tool for med i -
cal di ag nos tic. The ap pli ca tions of ra di og ra phy to ma te ri als 
were also rap idly de vel oped. For sev eral de cades, ab sorp -
tion ra di og ra phy re mained the only form of X-ray im ag ing. 

About fifty years ago, Bragg dif frac tion im ag ing de vel -
oped into prac ti cal use [1-3]. This “dif frac tion  top o -
graphic” ap proach ap ply to sin gle crys tals and ba si cally
con sist of map ping the in ten sity and di rec tion of the lo cally 
Bragg dif fracted beams. It re veals de fects in the bulk of
sin gle crys tals through their as so ci ated dis tor tion fields and 
the mod i fi ca tions they in tro duce into the dif frac tion pro -
cess. These tech niques helped de vel op ing the pro duc tion
of large, prac ti cally per fect crys tals, for the mi cro elec tron -
ics in dus try. Fig ure 2 shows an ex am ple of an “early
topograph” [4], which shows dis lo ca tions in a sil i con crys -
tal pro duced in the 1950’s. These tech niques ex tended be -
yond semi con duc tor crys tals, and are use ful for
in ves ti gat ing in duced or growth de fects, do mains,
phases…. Their range of ap pli ca tions dra mat i cally grew
when SR be came avail able to con densed mat ter sci en tists
[5]. 

A ma jor break through was per formed when the com -
put ing im prove ments al lowed pro duc ing three-di men -
sional (3D) im ages from a se ries of ra dio graphs re corded at 
dif fer ent an gles (“to mog ra phy”)[6]. On the other hand

interferometric de vices opened the way to the first phase
images. 

All the X-ray im ag ing meth ods bene fited from the use
of syn chro tron ra di a tion (SR), the im prove ments be ing
even more pro nounced when con sid er ing the new fea tures
of mod ern, “3d gen er a tion”, SR ma chines. Real time and
high spa tial res o lu tion ex per i ments are now a days rou tinely 
per formed, and the high co her ence of the beam al lows ex -
ploi ta tion of a novel form of ra di og ra phy, in which con trast 
arises not only from ab sorp tion dif fer ences but also from
phase vari a tions across the trans mit ted beam [7-10]. We
will briefly de scribe sev eral “par al lel beam” phase con trast
im ag ing de vel oped over the last years (“Fres nel re gime”),
in par tic u lar the sim ple “prop a ga tion tech nique”. When us -
ing the co her ent frac tion of the beam in the “Fraun hofer re -
gime”, tech niques like Co her ent Dif frac tion Im ag ing
(CDI) and, more re cently, ptychographic CDI, al low, from
the re corded pat terns, to re con struct with very high res o lu -
tion the lo cal fea tures of the sam ple. These “CDI
techniques” constitute the topic of other lectures of the
present “companion school”. 

On the other hand the bril liant sources of the mod ern
SR fa cil i ties, cou pled with new X-ray op tics, al lowed mi -
cro-beams in the µm/nm range to be achieved. This leads to 
scan ning im ages, prob ing for in stance the flu o res cence or
the ab sorp tion near the ab sorp tion edges, with spa tial res o -
lu tions reach ing the few tens of nm range. Nearly all
X-ray-mat ter type of in ter ac tions can be ex ploited within
the frame of what we called “im ag ing ap proach”, i.e. a set
of “lo cal” mea sure ments con sti tut ing a map or im age [11].
In the pres ent lec ture the em pha sis will be put on hard

Fig ure 1.

Fig ure 2.



X-ray (6-200 keV) im ages re sult ing from vari a tions of ab -
sorp tion, phase, or Bragg dif frac tion, in their 2-or 3D
(“microtomographic”) forms. Among them, we will in par -
tic u larly con sider 1) the ex ten sions of absorpt the ab sorp -
tion edges (angiography), and, mainly, 3D im ag ing with a
spa tial res o lu tion in the sub-µm range (microtomography)
2) the ad van tages as so ci ated with phase im ag ing (2D and
3D) us ing the sim ple “prop a ga tion” tech nique and 3)
Bragg diffraction im ag ing on sin gle crys tals (his tor i cally
“X-ray to pog ra phy”, this be ing the or i gin of the “X TOP”
of our se ries of Con fer ences) and polycrystals : as an ex am -
ple, fig ure 3 shows the re con struc tion, us ing “Dif frac tion
Con trast To mog ra phy” [12], of the grains constituting the
polycrystalline stainless steel sample.
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Ta ble-top mi cro-sources of brilliances com pa ra ble to sec -
ond-gen er a tion syn chro tron sources have proved to be ex -
tremely ef fi cient for ex-situ ex per i ments. The X-ray
MicroImaging Lab o ra tory (XMI-L@b) [1,2], de scribed in
this les son, con sists of a three-pin holes SAXS/WAXS
cam era cou pled to a ta ble-top ro tat ing an ode mi cro-source
and equipped for SAXS (GISAXS), WAXS (GIWAXS)
data ac qui si tion and scan ning SAXS mi cros copy. Em pow -
ered by orig i nal al go rithms [3-5], the XMI-L@b has been
re cently used for the supra mo lecu lar and submolecular
X-ray im ag ing of nano- and bio-ma te ri als [6-9].
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Filo grasso are ac knowl edged for tech ni cal and ad min is -
tra tive sup port to the XMI-L@b.
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Fig ure 3. Re con struc tion, by us ing the trans mis sion
and dif frac tion sig nals, in a tomographic mode, of the
grain struc ture of a polycrystal.
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X-RAY IMAGING WITH PHASE-SENSITIVE METHODS 
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Hard X-ray im ag ing, i.e. above about 2 keV, of fers the pos -
si bil ity to im age bulk thick spec i mens non-de struc tively,
and to fur ther com bine im ages at dif fer ent in ci dence an gles 
of the beam to pro vide 3D im ages of the spec i men. It can
also be ben e fi cial for 2D im ag ing in sys tems that op er ate in
a harsh en vi ron ment in volv ing gases, flu ids or a bulky
setup around the sam ple, where soft X-rays, i.e. be low
about 2 keV, can not pen e trate the whole sys tem. In the case 
of soft X-ray mi cros copy, bulk set ups can also pre vent the
op tics to be placed close to the spec i men. The chal lenge of
hard X-ray im ag ing is that the ab sorp tion of ma te ri als is
weak, of fer ing a poor con trast for im ag ing.

Phase con trast is now a days com monly ex ploited in
syn chro tron sources to im age spec i mens with hard X-rays.
As an ex am ple, prop a ga tion-based tech niques [1] al low the 
ac qui si tion of im ages with very short ex po sure times and
hence low dose [2], en abling e.g. tomographic ac qui si tions
in 3D in less than a sec ond [3], or im ag ing an i mals in
vivo [4]. An other method us ing grat ing in ter fer om e try [5]
has been im ple mented in lab o ra tory sources and is be ing
de vel oped as a po ten tial tool for early de tec tion of breast
can cer [6]. X-ray mi cros copy with sub-mi cron res o lu tion is 
con sid er ably more dif fi cult to achieve with hard X-rays
com pared to soft X-rays be cause of the dif fi culty to fab ri -
cate X-ray lenses for high en er gies. Nev er the less, op ti cal
mi cros copy schemes like Zernike phase con trast have been

suc cess fully im ple mented for hard X-rays [7], and prop a -
ga tion-based meth ods are also suc cess fully used in com bi -
na tion with a di ver gent beam aris ing from a sec ond ary
point source [8]. Fi nally, co her ent dif frac tion im ag ing
meth ods of fer a way to im age specimens with quantitative
phase contrast with a resolution which is not limited by any
optics [9].    

In this tu to rial I pres ent an over view of these X-ray
phase con trast im ag ing tech niques, ex plain ing their ba sic
prin ci ples and show ing ex am ples of their ap pli ca tions in
dif fer ent fields of research.
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TUNEABLE PHOTON ENERGY METHODS
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A lec ture at the XTOP 2016 Com pan ion School will be
given on meth ods that com bine X-ray im ag ing with dif fer -
ent ways of tun ing the X-ray pho ton en ergy and uti lis ing
spec tro scopic con trast mo dal i ties.

The main top ics of the lec ture are:
- The ory - Anom a lous scat ter ing and X-ray spec tros copy
- In stru men ta tion – Op tics, de tec tors, soft ware
- Re search - State-of-the-art spec tral im ag ing ex per i ments
- Fu ture pros pects within the re search filed       

X-ray im ag ing pro vides a great wealth of spa tial and
phase in for ma tion on com plex struc tures and sys tems. In
med i cal im ag ing, X-rays have been used since the dis cov -
ery by Röntgen in 1895 and has evolved tre men dously in
the last de cades by the de vel op ment of tomographic tech -
niques [1]. The ul ti mate res o lu tion in X-ray im ag ing is con -
stantly pushed in many re search fields, such as Life
Sci ences and Ma te ri als Sci ences. By us ing X-rays, 2D and

3D im ag ing of nanometer sized ob jects can now a days be
per formed [2].  X-ray ab sorp tion- or phase-con trast im ag -
ing be comes even more pow er ful if spec tro scopic in for ma -
tion is in cluded in the ex per i ments. The use of spectros -
copy as a com ple men tary con trast mode opens up the pos -
si bil ity to ob tain, for each pixel in the im age, el e ment spe -
cific and chem i cally re lated in for ma tion on the atomic and
mo lec u lar spe cies in the sam ple [3, 4]. 
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RECENT SYNCHROTRON RADIATION SOURCES, AND THE MAX IV EXAMPLE
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MAX Nfak/MAX IV Lab o ra tory, Lund Uni ver sity, P.O. Box 118, SE-221 00 Lund, Swe den
Sverker.werin@maxlab.lu.se

Synchrotrons as tools for pho ton sci ence have in creased in
im por tance, ca pac ity and sci en tific out put over the last de -
cades. The qual ity and the in ten sity of the ra di a tion is de -
vel op ing quickly with a fo cus on co her ence, where we tend 
talk about the dif frac tion lim ited stor age rings. We cur -
rently see a new gen er a tion of synchrotrons emerge with
the MAX IV fa cil ity just com ing on line. Im me di ately be -
fore we saw PETRA III in Ham burg and the NSLS II in
Brookhaven be gin op er a tion. The MAX IV will soon be
fol lowed by the SIRIUS in Brazil and among oth ers the
ESRF up grade us ing sim i lar con cepts. What is the key to
these new sources? What are the phys ics and tech nol ogy
break throughs? In a par al lel field the Free Elec tron La sers
are now be ing built in the X-ray re gion and be come an al -

ter na tive path to ad dress the co her ence, in ten sity and ex -
tremely short pulses. Will the FELs even tu ally re place
stor age rings?

This lec ture will give a view on how to re late the ac cel -
er a tors to the gen er a tion of light. The ba sic con cepts, com -
po nents and phys ics of ac cel er a tors will be in tro duced to
give an un der stand ing on how to gen er ate the nec es sary
elec tron beams and con nect this to the gen er a tion of light in 
undulators. The unique fea tures to reach higher co her ence
and smaller beams in the new light sources such as MAX
IV, PETRA III, Sirius and the ESRF up grade will be dis -
cussed. The per spec tive of spe cial fea tures in Free Elec tron 
la sers will be an a lyzed and the complementarity with
synchrotrons dis cussed.
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