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ing, and to ven ti late with var i ous gases (He) to cre ate
non-harm ing at mo sphere (with out ox y gen).

De tec tors.
The ad vanced scat ter ing tech niques and com pli cated in -
ves ti gated struc tures re quire a spec trum of x-ray de tec tors.
For sim ple mea sure ments and scans a NaI scin til la tion de -
tec tor is re quired. Re cip ro cal space map ping of dif frac tion
from com plex struc tures re quires a pro por tional one-di -
men sional po si tion sen si tive de tec tor which al lows fast
col lec tion of data in an gu lar space. This de tec tor works
usu ally with Ar at mo sphere. Now a days, the de tec tor tech -
nol ogy goes to wards solid-state pixel de tec tors with high
dy nam i cal ranges, so we ex pect their avail abil ity af ter year
2010. In-situ tech niques at ex treme tem per a tures and at
low pres sure re quire even faster col lec tion of data and thus
a 2D CCD po si tion sen si tive de tec tor with pixel res o lu tion
around 50 µm is nec es sary in or der to col lect the in ten sity
at very fast times.For en ergy-sen si tive ex per i ments an en -
ergy-dispersive PIN di ode is re quired.

4. User com mu nity

User com mu nity for this beamline cov ers us ers from ac a -
de mia and re search in sti tu tions, uni ver si ties or in dus try
grow ing, pre par ing hard and soft con densed mat ter sam -
ples (solid state phys ics, supraconductivity, thin films,
coat ings and mem branes), as well as an a lyt i cal lab o ra to -
ries, in clud ing the Czech com mu nity “Nanoscience for so -
ci ety”. Among oth ers, this will in clude groups from
Masaryk Uni ver sity (Brno), Charles Uni ver sity (Prague),
Tech ni cal uni ver sity (Brno), In sti tute of Phys ics (Prague),
pro duc ers of sam ples and nanostructures, in clud ing in dus -
try and pri vate com pa nies, as well as bio phys ics and bio -
tech nol ogy in sti tutes for study ing liq uids, mem branes, soft
mat ter. Cur rent ex pe ri ence of these Czech groups orig i -
nates from ex per i ments at ESRF, Hasylab, ANKA, LURE,
BESSY, SLS.

From the cen tral Eu ro pean com mu nity, the in ter ested
user com mu nity cur rently cov ers us ers from Slovakia and
Aus tria (sci en tific in sti tu tions and uni ver si ties).

A FLEXIBLE CONFIGURATION FOR COHERENT IMAGING AND
TOMOGRAPHY BEAMLINE AT CESLAB 

R. Mokso

Fac ulty of Nat u ral Sci ences, Uni ver sity of Oslo, Oslo, Nor way
Rajmund.Mokso@seznam.cz

Keywords: 

to mog ra phy, phase con trast, im ag ing

Ab stract

The state-of-the-art in stru men ta tion and meth ods at the
CESLAB’s Co her ent Im ag ing and To mog ra phy (CIT)
Beamline will en able to per form re search at the fore front of 
non-de struc tive ma te ri als prob ing. Both, ac a demic and in -
dus try funded re search will ben e fit from this unique im ag -
ing fa cil ity in Cen tral Eu rope. The avail abil ity of sev eral
im ag ing tech niques will trig ger new groups to ap ply for
beamtime to study ma te ri als at a dif fer ent scale than they
used be fore. We aim to build col lab o ra tive re la tion ships
across com ple men tary dis ci plines and tech niques. In re -
cent years mi cro-to mog ra phy us ing syn chro tron ra di a tion
be came a valu able tool for the non-de struc tive three-di -
men sional in ves ti ga tion of spec i mens in fields such as
med i cine, bi ol ogy and ma te ri als sci ence. At CESLAB ab -
sorp tion- and phase-con trast tech niques will be de vel oped
and ap plied at pho ton en er gies in the range of 200 to 30 000 
eV. Due to the fi nite pixel size of the X-ray de tec tor and the 
di ver gence of the source the spa tial res o lu tion of a
tomogram in par al lel beam ge om e try will be lim ited to
about 1 µm. For re solv ing smaller struc tures in the 100 nm
re gime new tech niques have to be de vel oped. Apart of the
stan dard par al lel beam setup, it is fore seen to per form
cone-beam to mog ra phy by cre at ing a nanometer di ver gent
X-ray source us ing a Kirkpatrick-Baez (KB) multilayer ar -
range ment and mag ni fy ing the sam ple onto a two-di men -
sional X-ray de tec tor. 

In tro ducti on

At CESLAB im ag ing meth ods will be per formed at the two 
im ag ing beamlines: CIT and SXRM. The first end-sta tion
of CIT (CITA) is aimed to per form mostly rou tine ex per i -
ments such as mi crom e ter res o lu tion to mog ra phy and
laminography. The high bril liance of the third gen er a tion
source and the de vel op ment of faster de tec tors will also en -
able rapid time re solved tomographic stud ies.

The long, CTIB beamline will be op ti mized to per form
nanoscale zoom to mog ra phy with di ver gent beam, co her -
ent dif frac tion im ag ing (CDI), spectromicroscopy us ing
both flu o res cence im ag ing and scan ning of the pri mary
X-ray probe en ergy for XANES im ag ing with a pos si ble
ex ten sion to per form hard X-ray full-field mi cros copy. It
will how ever be pos si ble to house ex per i ments re quir ing
large fields of view and good co her ence prop er ties. The
pho ton en er gies will range from 7 to 30 keV and the re -
quired beam size at the sam ple is sev eral mm. The key
strength of hard X-ray full-field mi cros copy is the large
pen e tra tion depth of hard X-rays into mat ter, which al lows
one to im age the in te rior of opaque ob jects. Com bined with 
tomographic tech niques, the three-di men sional in ner struc -
ture of an ob ject can be re con structed with out the need for
dif fi cult and de struc tive sam ple prep a ra tion. Pro jec tion mi -
cros copy and microtomography are now rou tinely avail -
able at syn chro tron ra di a tion sources. The res o lu tion of

these techniques is lim ited by that of the de tec tor to 1 mm or 
slightly less. X-ray im ages and tomo grams at higher spa tial 
res o lu tion can be ob tained by X-ray op ti cal mag ni fi ca tion,
for ex am ple, by us ing Zone Plate X-ray lenses as a mag ni -
fy ing op tics. Com bin ing mag ni fy ing X-ray im ag ing with



to mog ra phy al lows one to re con struct the three-di men -
sional struc ture of an ob ject, such as a mi cro pro ces sor chip, 

with res o lu tion well be low 1 mm. In x-ray scan ning mi cros -
copy, the sam ple is scanned through a small-di am e ter
beam. The great ad van tage of scan ning mi cros copy is that
x-ray an a lyt i cal tech niques such as flu o res cence anal y sis,
dif frac tion, and ab sorp tion spec tros copy can be used as
con trast mech a nisms in the mi cro scope. In com bi na tion
with to mog ra phy, flu o res cence anal y sis makes it pos si ble
to re con struct the dis tri bu tion of dif fer ent chem i cal el e -
ments in side an ob ject (flu o res cence microtomography),
while com bin ing ab sorp tion spec tros copy with to mog ra -
phy yields the dis tri bu tion of dif fer ent ox i da tion states of
atomic spe cies. To achieve a smooth beam pro file and pre -
serve co her ence, the beamline will have as few op ti cal el e -
ments as pos si ble. The ex per i men tal hutch will al low for a
vari able sam ple de tec tor dis tance from al most 0 to 10 m.
For cone-beam ge om e try, op ti cal el e ments will be added to 
the beamline to achieve a di ver gent X-ray source with fo cal 
spot size of nm range.

Be a mli ne de sign

A sim pli fied gen eral rule says that in or der to achieve high
con trast and high spa tial res o lu tion in phase con trast im ag -
ing, the lon ger the beamline is the better and the smaller the
source is is better.

At the bend ing mag net source the collimation in hor i -
zon tal di rec tion is not pre served, i.e. is larger than the nat u -
ral open ing an gle in the ver ti cal di rec tion (per pen dic u lar to
the plane of the or bit of elec trons in the stor age ring). How -
ever, in the straight sec tions, by im pos ing an al ter nat ing (in
po lar ity and in space) mag netic field in the di rec tion per -
pen dic u lar to the plane of mo tion the collimation of emerg -
ing ra di a tion can be pre served in both di rec tions en hanc ing
thus the flux/bril liance of the X-ray beam. Pro duc ing small
source in both di rec tions is cru cial for 3D co her ent im ag ing 
tech niques. Ini ti ated by the lim ited avail abil ity of straight
sec tions at syn chro tron sources, phase con trast im ag ing at a 
bend ing mag net source has also been dem on strated [1].
The choice to use straight sec tion in ser tion de vices as the
source for the Co her ent im ag ing beamline is still a priv i -
lege and a solid ground for cut ting-edge 3D Co her ent im -
ag ing.

Ab sorp tion based im ag ing em pha sizes on the imag i -

nary com po nent b of the com plex X-ray re frac tive in dex

(n = 1–d –ib). The real com po nent d is pri mar ily con cerned 
when deal ing with X-ray phase-con trast im ag ing (PCI).
Many ex am ples of PCI will in volve a com bi na tion of phase 
and ab sorp tion con trast to vary ing de grees and while both
gen er ally de crease with in creas ing X-ray en ergy, it is im -

por tant to note that d var ies as l2 whereas b var ies as l4, in
the ab sence of any el e men tal ab sorp tion edges. Hence the
ef fects of phase con trast be come pro gres sively more dom i -
nant, rel a tive to ab sorp tion-con trast ef fects, at shorter
X-ray wave lengths.

The sec ond ar gu ment for us ing hard X-rays for
tomographic im ag ing is that a large num ber of in dus trial
ap pli ca tions re quire tomographic im ag ing with spa tial res -
o lu tion of sev eral mi crom e ters and a large field of view. In
or der to use the full dy namic range of the CCD based X-ray 

de tec tor and mean while keep the ex po sure time short, the
larger and more ab sorb ing sam ples im ply the use of hard
X-rays.

First (short) ex pe ri men tal end-stati on CITA

Lo cated in side the ex per i men tal hall (stor age ring build ing) 
this end-sta tion would house mainly tomographic,
laminographic even tu ally topotomographic ex per i ments.
The pri or ity here is to keep the pro ce dures for us ers as sim -
ple as pos si ble and rou tinely per form ex per i ments in ab -
sorp tion and in phase con trast mode. Both ac a demic and
in dus try re lated re search should de ter mine the fi nal de sign
of the CITA beamline. This endstation will be equipped
with a fur nace/cal o rim e ter and trac tion de vice in or der to
study ma te rial de for ma tion, fa tigue and frac ture of com -
pos ites as well as an neal ing pro cesses. The fu ture up grade
of this beamline could be to mount and ad di tional beam ex -
pan sion op tics in or der to be able to im age larger sam ples
(>20 mm).

The long ex pe ri men tal end stati on CITB

This end-sta tion will be op ti mized for phase con trast ra di -
og ra phy and to mog ra phy with large field of view and both
in par al lel and di ver gent beam ge om e try. As fo cus ing op -
tics for the lower en er gies (7–12 keV) a con denser zone
plate could be the right choice and for higher en er gies it is
re quired to use Kirckpatric-Baez mir ror sys tem. Both
would pro duce submicrometric 2D fo cal spot. The
multilayer coated KB mir rors would be bent with a 3 point
bend ing sys tem, ac cord ing to the re quire ments on en ergy
and the spec i fi ca tions of the fo cal spot. The fo cal dis tances
will be rel a tively large in or der to min i mize wave front cur -
va ture (im por tant es pe cially for CDI). The whole sys tem is
pref er a bly in the vac uum, to en sure ther mal and me chan i -
cal sta bil ity. The sam ple stage would al low to per form CDI
and the com bi na tion of Flu o res cence im ag ing with to mog -
ra phy. The X-ray de tec tor for CDI must be po si tioned on a
long trans la tion stage and the end-sta tion build ing must al -
low to go as far as sev eral me ters away from the fo cal plane
in the beam prop a ga tion di rec tion and at the dif frac tion an -
gle. The sam ple stage for the di ver gent beam ge om e try
would al low to place the sam ple in the fo cus, but also a few
cm out of fo cal plane. The di ver gent beam pass ing through
the sam ple would be re corded with a CCD placed on the
par al lel beam tomographic stage. The CITB is op ti mized
for achiev ing the best pos si ble fo cus, thus in the nanometer
range. There fore the re quire ments on ther mal and vi bra -
tional sta bil ity are very strict. Pre cise tem per a ture con trol
is needed. The fu ture up grade of this beamline can con sist
of add ing an ob jec tive zone plate op tics for full-field mi -
cros copy with hard X-rays. This would be a beamline for
com ple men tary re search to the Soft X-ray mi cros copy
beamline which op er ates up to 3 keV.

Ex pe ri men tal ap pro a ches

Sev eral dif fer ent re gimes of X-ray im ag ing can be dis tin -
guished in func tion of rel a tive de tec tor-to-sam ple dis tance, 
and the over all ge om e try of the beam and sam ple stage.
Ab sorp tion ra di og ra phy, edge de tec tion, ho log ra phy and
co her ent dif frac tion im ag ing are the three ba sic im ag ing re -
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gions. Ab sorp tion im ag ing be ing the only re gime not im -
pos ing any re quire ments on the trans verse co her ence
length of the in ci dent X-ray beam, it is rou tinely per formed
at sev eral syn chro tron sources and with lab o ra tory sources
as well. It is rel a tively easy to im ple ment ab sorp tion based
to mog ra phy on an im ag ing beamline, there fore we will fo -
cus here more on the plan ning of ad vanced im ag ing tech -
niques. 

Micro to mo gra phy in pa ral lel beam ge o me t ry
(to wards fast to mo gra phy)

The re con struc tion al go rithms based on in verse Ra don
trans form for par al lel beam 3D tomographic im ag ing are
well es tab lished at syn chro tron fa cil i ties. The spa tial res o -
lu tion is lim ited by the spec i fi ca tions of the X-ray de tec tor

(pixel size, point spread func tion) to about 1 mm. Rou tinely
used de tec tors have a CCD with 2048 × 2048 or 1024 ×
1024 pix els, which sets the field of view that can be from
2 mm up to a few cm in the case of lower res o lu tion im ag -
ing. 

Per haps the most spec tac u lar dif fer ence in im ag ing per -
formed with a syn chro tron beam com pared to lab o ra tory
sources is the in ter fer ence ef fects re sult ing from the spa tial
co her ence prop er ties of the X-ray ra di a tion. Co her ent ra di -
a tion co mes from a point source, which is not the case in
prac tice, since the di men sion of the source is not in fi nitely
small. We say there fore that the ra di a tion is par tially co her -
ent. Ap pli ca tions like for in stance co her ent scat ter ing or
co her ent dif frac tion im ag ing re quire to know pre cisely the
trans verse co her ence prop er ties of the beam in or der to
limit the beam size im ping ing on the ob ject to a co her ent
part. 

Fast-to mo gra phy 

Tem po ral res o lu tion is of ten as im por tant as spa tial res o lu -
tion. Since in the par al lel beam setup there is no need for
ad di tional op tics in the beam path, a 3rd gen er a tion syn -
chro tron has the ca pac ity to pro vide enough flux to per form 
fast tomographic im ag ing. On these sources the speed of
to mog ra phy is be com ing lim ited by the ro ta tion stage
rather than pho tons flux or de tec tor speed. This is valid for
coarse res o lu tions, be cause for smaller ef fec tive pixel sizes 
the scintillator must be thin and has hence low ef fi ciency.
Fast-ra di og ra phy is rel a tively easy to per form and is mostly 
de pend ent on the de tec tor read out (or frame trans fer) ca -
pac ity and the flux at the given en ergy. For to mog ra phy it is 
a slightly more com pli cated case, here the op ti mi za tion of
the whole im ag ing sys tem is very im por tant, be cause any
soft ware or hard ware de lay time of a few mil li sec onds
would sum up at the end of the tomographic ac qui si tion. 

Cone-beam pro jecti on ima ging
(zoom-to mo gra phy)

The res o lu tion limit im posed by de tec tor tech nol ogy can be 
over come if the beam ge om e try is changed to di ver gent
and geo met ri cal mag ni fi ca tion is used. The nearly par al lel
beam is fo cused to a small spot (its di men sions de ter mine
the fi nal res o lu tion), the sam ple is placed in te beam small
dis tance from the fo cal plane and the de tec tor fur ther
down stream the di ver gent beam. The mag ni fi ca tion is the

ra tio be tween the sam ple to fo cal plane and sam ple to de -
tec tor dis tance. In this con fig u ra tion the re quire ments on
the de tec tor pixel size are very loose, be cause the mag ni fi -
ca tion can be of the or der of 100. Ra di og ra phy can be per -
formed with spa tial res o lu tions di rectly pro por tional to the
mag ni fi ca tion, whereas the res o lu tion in tomographic re -
con struc tions is de pend ent on sev eral ad di tional fac tors,
such as the qual ity of the fo cus ing op ti cal el e ments and rel -
a tive sta bil ity of the beam and the sam ple. The lat ter fac tors 
im pose strong re quire ments on the lab o ra tory ex pected to
house nanoscale zoom-to mog ra phy ex per i ments. For hard
X-rays (20 keV) 290 nm spa tial res o lu tion has been
achieved in 3D tomographic re con struc tions. Go ing for
submicrometer res o lu tions var i ous im age de grad ing phe -
nom ena can be pres ent in the im ag ing sys tem and it was
shown [1] that in the case of the Kirkpatrick-Baez (KB)
mir rors based  fo cus ing it is needed a cor rec tion re lated to
the fig ure er rors of the re flect ing sur faces. They re sult in
de vi a tions with re spect to a spher i cal wave of the sam ple il -
lu mi na tion. An an other in ter est ing and very use ful prop -
erty of phase con trast im ag ing was pointed out by the same
group, it is that from sam ples ex ceed ing the field of view
(e.g. by a fac tor of 10) quan ti ta tive 3D re con struc tions in
phase con trast mode are ob tained. This is called lo cal to -
mog ra phy mode. This kind of large are more rel e vant from
the ap pli ca tion point of view (for in stance for in-situ de for -
ma tion ex per i ments and other dy namic stud ies) and they
will be of par tic u lar in ter est in the ma te ri als sci ence
community. 

La mi no gra phy

Syn chro tron-ra di a tion com puted laminography (SRCL)
was de vel oped and re cently suc cess fully im ple mented for
high-res o lu tion non-de struc tive 3D im ag ing of re gions of
in ter est (ROIs) in lat er ally ex tended spec i mens and de vices 
(such as sen sors, flip-chip de vices and other mi cro sys -
tems). This ex per i ment has been per formed with par al lel
beam at the ID19 beamline at ESRF. Fur ther de vel op ment
of re con struc tion tech niques and in stru men ta tion are ex -
pected and through the CIT beamline the CESLAB sci en -
tists will have a chance to con trib ute sig nif i cantly to this
newly emerg ing field of im ag ing.

X-ray flu o res cen ce spectrosco py and map ping

The setup which would be used for the zoom to mog ra phy
as de scribed in  can be readily mod i fied for 2D map ping of
sam ples and re cord ing of flu o res cence spec tra at each point 
with an en ergy dispersive de tec tor. The mod i fi ca tion con -
sists in plac ing the sam ple in the fo cal plane and the en ergy
dispersive de tec tor at an ap pro pri ate an gle to re cord the flu -
o res cence pho tons in the se lected spec tral range. The CCD
cam era be hind the sam ple can still be used to com bine ra -
dio graphic im ages of the sam ple with the 2D flu o res cence
maps. 

Co her ent dif frac tion im ag ing

Plac ing the de tec tor at the far-field re gion of the im age
plane and the sam ple il lu mi nated with the fo cused or par al -
lel X-rays will re sult in a speckle pat tern. The prob lem of
re con struct ing the struc ture of an iso lated “com pact”
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non-pe ri odic ob ject from its co her ent x-ray dif frac tion pat -
tern alone has at tracted in creas ing at ten tion in re cent years.
In stead of lenses, al go rithms are used that trans form back
and forth be tween real and re cip ro cal space, ap ply ing ap -
pro pri ate con straints in each do main. Thereby, the res o lu -
tion is — at least in prin ci ple — dif frac tion lim ited only. 

To po to mo gra phy

The ac qui si tion and re con struc tion from a polycrystaline
sam ple can be per formed from pro jec tion im ages with the
de tec tor po si tioned ei ther in the dif fracted-beam or in the
di rect-beam po si tion. In the first case, the pro jec tion data
con sist of a se ries of in te grated, mono chro matic beam
X-ray dif frac tion topographs of the grain un der in ves ti ga -
tion. In the sec ond case, the cor re spond ing dif frac tion con -
trast in the trans mit ted beam may be in ter preted as an
ad di tional con tri bu tion to the X-ray at ten u a tion co ef fi cient
of the ma te rial. 

Ap pli cati ons

Ma te rial de for mati on, fa ti gue and fractu re of
com posi tes, dy na mic sys tems such as liquid
foams

For struc tural ap pli ca tions of Alu mi num al loys the stud ies
of the microstructure and its mod i fi ca tion due to heat treat -
ment need to be con ducted on ma te ri als in the bulk form.
X-ray to mog ra phy has proved to be a very suit able tech -
nique to do this for Al based al loys. Re cent im prove ments
in X-ray tomographic tech niques (spa tial and tem po ral res -
o lu tion) al low to fol low the struc tural changes of com pos -
ite ma te ri als  dur ing an neal ing pro ce dures [2]. For the
gen eral pur pose of un der stand ing the pro cess of the co ales -
cence of coarse par ti cles at el e vated tem per a tures ex per i -
ments at submicrometric spa tial res o lu tion must be car ried
out.

There is a very wide and quickly grow ing range of ap -
pli ca tions that re quire fast ra dio and to mog ra phy in phase
con trast mode with large field of view. 

Rel a tively lit tle is known about the dy nam i cal prop er -
ties of liq uid foams, and still they are all around us in ev ery -
day life. Sev eral the o ret i cal pre dic tions ex ists, but only
re cently with the emerg ing fast to mog ra phy tech niques
could some pre dic tions be val i dated and some ques tions
an swered. Dry liq uid foams are made of thin liq uid films
sep a rat ing poly he dral gas bub bles. While ag ing, they
coarsen be cause bub bles with a small num ber of faces lose
their gas into bub bles with a large num ber of faces. Since
they strongly de vi ate light, they are no to ri ously dif fi cult to
im age. Us ing high speed 3D X ray to mog ra phy, it was re -
cently achieved to fol low the com plete evo lu tion in 3D and
it was shown that it reaches a self-sim i lar growth re gime, in 
which the scale coars ens but the sta tis ti cal dis tri bu tions of
top o log i cal and dimensionless geo met ri cal quan ti ties re -
mains in vari ant in time [3]. These re sults also ap ply to
grains in crys tals, con cen trated emul sions, and more gen er -
ally in di phas ic sys tem where a con tin u ous ma trix oc cu pies 
a much smaller vol ume than the dis persed phase. For ex -
tended struc tured ab stracts and full pa pers, the text should
be or ga nized in sec tions. 

Tra ce ele ment de tecti on with sub-micro me ter
spa tial re so lu ti on

Spa tial dis tri bu tion and con cen tra tion of trace el e ments in
tis sues are im por tant, as they are in volved in some patho -
log i cal con di tions and in many bi o log i cal func tions of liv -
ing or gan isms like me tab o lism and nu tri tion.

Microfocus hard X-rays proved to be a suit able probe
for this ap pli ca tions [1]. The the intracellular dis tri bu tion
of phar ma co log i cal doses of drugs, cel lu lar and subcellular
dis tri bu tion of bi o log i cally rel e vant el e ments, such as
phos pho rus (ATP, DNA), zinc (tran scrip tion fac tors), cal -
cium (sec ond mes sen ger pro teins) and iron is a sci en tific
ques tion of strongly in creas ing im por tance in bio med i cal
and life sci ences re search. The X-ray beam of se lected en -
ergy im ping ing on the sam ple ex cites sec ond ary emis sion
from it. The ra di a tion emerg ing from the sam ple in cludes
the char ac ter is tic X-ray lines of ma jor and trace el e ments
pres ent in the sam ple. The emit ted X-rays are de tected us -
ing an en ergy dispersive de tec tor. The in ten sity of the flu o -
res cence spec tra de pends on the con cen tra tion of the
stud ied el e ments but also on the in ten sity of the in com ing
beam. 

Ar che o lo gy, pa le on to lo gy, arts

Be fore study ing im por tant spec i mens, fos sil own ers need
to be guar an teed that the in ves ti ga tion tech nique is to tally
non-de struc tive. X-ray im ag ing tech niques are there fore
well adapted be cause they are non-in va sive. Lab o ra tory
tomo graphs, not nec es sar ily de voted to med i cal ap pli ca -
tions, have evolved over the last few years and can reach
high spa tial res o lu tions. They can re veal very small de tails
how ever, de spite the high qual ity of the data that can be ob -
tained by some of these ma chines, in ves ti ga tion of nu mer -
ous fos sils re mains dif fi cult. Lim i ta tions arise from the
poly chro matic X-ray source spec trum of these ma chines
and from the in trin sic na ture of the fos sils (highly min er al -
ised sam ples, which of ten ex hibit very low ab sorp tion con -
trast).
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