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Dur ing the last con fer ence Struktura 2016 in Tábor (Sep -
tem ber 2016) and CSCA as sem bly, a pro posal ap peared to
re peat col lo quium with the ti tle Ex per i men tal Meth ods in
X-Ray and Neu tron Struc ture Anal y sis. Such con fer ences
were or ga nized in past – in Bechynì, 1981 with pro ceed -
ings [1], in Ostrava, 1994, with even more ex tended pro -
ceed ings [2] and in Ostravice 2002 with ex tended ab stracts
[3] and some texts de liv ered that are cur rently pub lished
only on the web [4]. Prob a bly, the most com plete texts are
in [2] which are al ready more than 20 years old, though.
Some of the texts were up dated in [3-4]. Now a days, it is
more and more dif fi cult to con vince any body to write lon -
ger con sis tent text that may be very use ful but it is is ac tu -
ally not taken into ac count on any eval u a tion of “sci en tific
out put”. Look ing at the programme of these meet ings one
can see the main top ics – sources of X-rays and neu trons,
op tics and de tec tors, sin gle crys tal dif frac tion, pow der dif -
frac tion, neu tron dif frac tion, small-an gles scat ter ing, mea -
sure ment of re sid ual stresses and tex tures, to pog ra phy,
mea sure ment at high pres sures, low and high tem per a tures.

In the last de cade, there has been fast de vel op ment of
X-ray in stru men ta tion i.e. – sources, op tics, de tec tors. Fi -
nally, one con tri bu tion at this con fer ence is de voted to
X-ray op tics and sev eral oth ers to the news and ex pe ri ence
in the in stru men ta tion. So, here just a few re marks on X-ray 
sources and detectors are given.

X-ray sour ces

Texts on con ven tional lab o ra tory sources and also syn -
chrotrons can be found in the above men tioned lit er a ture
[2, p. 1-10], [3, p.79-81]. 

Con ven tional sealed-off X–ray tubes have been pro -
duced for many de cades and ba si cally look the same all the
time – just dif fer ent size of fo cus is of fered and what is the
most im por tant – dif fer ent an odes. Tra di tion ally the tubes
were made of glass but ce ramic tubes ap peared later. The
power is typ i cally 2-3 kW. Draw back of con ven tional
tubes is ne ces sity of wa ter cool ing and the spec trum with

sev eral com po nents (mainly Ka1,2 and Kb) some of which
should be sup pressed or re moved by op tics or high-en ergy
res o lu tion de tec tors. The main task is se lec tion of the tube
suit able for par tic u lar prob lem. The most com mon an odes
are in Ta ble 1. The rea sons for se lec tion may be re lated to –
sym me try and size of unit cell, re duc tion of flu o res cent
back ground and pen e tra tion depth. The in crease of power
was al lowed in the con struc tion of ro tat ing an odes that are
still pro duced usu ally with power of 9 or 18 kW.

A new ap proach ap peared when the tubes were com -
bined with fo cus ing X-ray op tics. This al lowed to con struct 
sim ple air-cooled tubes with typ i cal power of 30 W (in tro -
duced by Incoatec) that can be used in all ex per i ments
where small spot is suf fi cient or some times also for low-an -
gle dif frac tion. Quite re cently, com pletely new idea was re -
al ized over com ing the prob lem with cool ing – liq uid
an ode. The Metal Jet sys tem is us ing Ga-al loy in a liq uid
form. The power achieved is more than100 kW/mm2. Since 
this is the al loy, in ad di tion to Ga Ka (1.34 C, 9.25 keV)
also In Ka spec tral lines can be used in prin ci ple.

Dif fer ent phys i cal prin ci ple is used in synchrotrons
where rel a tiv is tic elec trons with ac cel er a tion are used for
gen er a tion of X-rays. The prin ci ple is old and syn chro tron
ra di a tion was ob served for the first time in the Gen eral
Elec tric Lab o ra tory in 1946 as more or less par a sitic ef fect.
First ded i cated synchrotrons have been con structed since
about 1965. Now a days, nearly 50 synchrotrons are avail -
able over the world [5]. The so-called sec ond gen er a tion of
synchrotrons used mostly just bend ing mag nets for cir cu lar 
mo tion of elec trons, in the third-gen er a tion an im por tance
was given to fo cus ing and in ser tion de vices – undulators
and wig glers were fre quently used. Syn chro tron ra di a tion
has many well-known unique prop er ties – high in ten sity
and in par tic u lar, very high bril liance that is many or ders
higher than for lab o ra tory sources, wide con tin u ous spec -

Ano da     Ka1 Ka2 Kb E(keV) 

Ag 0.5594 0.5638 0.4971 22.11 

Mo 0.7093 0.7136 0.6323 17.44 

Cu 1.5406 1.5444 1.3922 8.04 

Co 1.7890 1.7928 1.6208 6.93 

Fe 1.9360 1.9400 1.7566 6.40 

Cr 2.2897 2.2936 2.0849 5.41 

W 0.2090 0.2138 0.1844 58.87 

Ta ble 1. Wave lengths (in C) of char ac ter is tic ra di a tion for most
com mon anodes, en ergy of Ka1
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tral range, well-de fined beam, high po lar iza tion in the
plane of or bit, pulse struc ture, nat u ral beam collimation,
small di ver gence. These prop er ties enable many different
and unique experiments otherwise impossible in lab o ra to -
ries. 

The plans for con struc tion of CESLAB (Cen tral Eu ro -
pean Syn chro tron Lab o ra tory) [6] in Brno were un for tu -
nately stopped. How ever, one of pre vi ous Struktura
con fer ences was de voted to syn chro tron and this pro ject
[7]. Two years be fore, the first and last, till this mo ment,
Struktura abroad was or ga nized – a trip with two buses to
syn chro tron in PSI Villigen and ESRF in Grenoble [8]. 

Free elec tron la ser (XFELs) is the last stage of these
sources. If the elec trons are bunched at ra di a tion wave -
length it al lows co her ent emis sion and con se quently fur -
ther in crease of bril liance by sev eral or ders. 13 XFELs are
cur rently re ported in con struc tion or par tial work [5].
There is one con tri bu tion at the meeting also about XFEL.

X-ray de tec tors

A nice pa per on clas si cal X-ray de tec tors was pre sented
many years ago at our meet ing [2, p. 25-36]. Since that
time, there was no sys tem atic con tri bu tion on de tec tors but
many talks, es pe cially by com pa nies, were de voted to new
de tec tors since nearly ev ery year there are some news in
this field and new prod ucts are in tro duced. 

Gen eral re quire ments on X-ray de tec tors are, of course, 
sen si tiv ity to the cor re spond ing en er gies, of ten high dy -
namic range, suf fi cient pre ci sion, for 1D or 2D de tec tors
also space res o lu tion, some times low mass etc. The de tec -
tors can be di vided ac cord ing to the prin ci ple (what is ac tu -
ally mea sured) or di men sion. Clas si cal de tec tors are
pro por tional (us ing gas ion iza tion) and scin til la tion ones.
These are the mostly used point de tec tors. Pro por tional de -
tec tors are quite sim ple – glass tube with a wire an ode and
work ing gas (e.g. Xe + CO2 or CH4). The re gime of work
de pends on volt age and for the ap pli ca tion in X-ray range,
the pho tons should ini ti ate ion iza tion av a lanche re stricted
to the re gion around the wire elec trode and not in the whole 
tube. Scin til la tion de tec tors use mostly the crys tal NaJ +
1% Tl but ce ramic al ter na tive (YAlO3 etc.) was in tro duced
Crytur Turnov which have sev eral ad van tages – un like NaJ 
they are very sta ble in air, they can be very thin and have
short flashes. Scin til la tion de tec tors have very high quan -
tum ef fi ciency but rel a tively high ther mal noise and poor
en ergy res o lu tion. This is better for pro por tional de tec tors
(with lower ef fi ciency) where some elec tric pulse dis crim i -
na tion can be used to re strict de tected pho tons in an en ergy
win dow. By far the best en ergy res o lu tion can be achieved
by semi con duc tor de tec tors (Si(Li), Ge(Li)) that must be
kept at low tem per a tures, which is their main drawback.
Bruker used Sol-X detector cooled by Peltier cell down to
100 °C with energy resolution better than 300 eV.

Pro por tional de tec tors were also used for pro duc tion of
1D wire de tec tors (Braun, Inel) where not only sig nal cre -
ated by X-ray pho tons was de tected but also the lo ca tion
from the de lay the sig nal reached both ends of wire was
eval u ated. A grid ver sion of this al lowed con struc tion of
2D de tec tors (Bruker High-Star, microgap de tec tor, VDn -
tec). 

Of course, the first 2D de tec tor is also the old est one –
sim ple film. This is also the cheap est X-ray de tec tor. How -

ever, the wet pro cess of de vel op ing is not very pleas ant and 
now a days we have a sim i lar al ter na tive – im age plates that
also work on sim i lar prin ci ple when a la tent im age is cre -
ated in the sen si tive film and then de vel oped in a scan ner
by scan ning with fo cused la ser beam – la ser stim u lated flu -
o res cence. The im age is then com pletely erased by white
light and the plate can be used again. Such de tec tors have
very high dy namic range, rea son able sen si tiv ity but higher
back ground. They are very flex i ble and can be quite large.
For some ex per i ments the disadvantage may be longer
read-out time.

Since 1987, for long time CCD (Charged Cou ple De -
vice) 2D de tec tors have been used in ten sively where the
X-ray pho ton gen er ates hun dreds of elec tron-hole pairs.
The de tec tors have lower dy namic range but ex cel lent
space res o lu tion. Usu ally in di rect de tec tion is used via
phos phor screen from which the sig nal is trans ferred by fi -
bre op tics into the CCD el e ment This method has higher
dy namic range and worse space res o lu tion. Much ef fort has 
been put into the op ti mi za tion of de sign of these de tec tors
by sev eral com pa nies. Now a days, the CMOS detectors
seem to be preferred. 

In last years, 1D strip de tec tors have be come pop u lar in
pow der dif frac tion (Panalytical X’Celerator – real time
mul ti ple strip de tec tor, Bruker Lynxeye, Rigaku 1DTEX
etc.). Vari ant LYNXEYE XE pro vides quite high en ergy

res o lu tion which al lows elec tric dis crim i na tion of Kb lines
and sig nif i cant sup pres sion of flu o res cence (e.g. Fe, Co in

sam ples mea sured with CuKa).
Mod ern de tec tors are based on the so-called sin gle pho -

ton count ing tech nol ogy, i.e. di rect change of X-ray pho ton 
to elec tric charge with op ti mized solid-state sen sors and
CMOS read out in hy brid pixel tech nol ogy. They were in -
tro duced in the XRD by Dectris (Pilatus, Mythen). They
have ex cel lent sig nal-to-noise ra tion, high dy namic range,
zero dark sig nal, zero read out noise and short read out time.
Such de tec tors (or sim i lar) are now of fered by other com -
pa nies like Rigaku (Hypix), Panalytical (PIXCel). As men -
tioned above, nearly ev ery year some news in the field
ap peared. In last years, CdTe de tec tors for hard X-rays
were in tro duced, for ex am ple. So we may expect news also
at this conference.

In ad di tion to the men tioned ref er ences, one can find in -
for ma tion on sources, op tics and de tec tors in nearly each
monography on X-rays, e.g. [8-10], in par tic u lar on 2D de -
tec tors [11]. 

1. Experimentální techniky v rentgenové a neutronové 
strukturní an a lyze. Bechynì 1981. Odborná skupina 
Studium jemné struktury materiálu ionizaèním záøením 
ÈVTS.

2. Ex pe ri men tál ní tech ni ky v rent ge no vé a ne utro no vé struk -
tur ní ana ly ze. Os t ra va 1994. Krys ta lo gra fic ká spoleènost.

3. Struk tu ra 2002. Ma te ri als Structu re vol 9, no. 1 and 2.
Krys ta lo gra fic ká spo leè nost.

4. http://www.xray.cz/kryst/metody.htm

5. http://www.lightsources.org

6. Ma te ri als Structu re (2008), no 1a.,
http://www.xray.cz/ms/bul2008-1a.htm,
http://www.xray.cz/xray/csca/kol2008/

http://www.xray.cz/kryst/metody.htm
http://www.lightsources.org
http://www.xray.cz/ms/bul2008-1a.htm
http://www.xray.cz/xray/csca/kol2008/
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7. Ma te ri als Structu re (2006), no 3. 
http://www.xray.cz/ms/bul2006-3.htm, 
http://www.xray.cz/xray/csca/kol2006/

8. Jens Als-Niel sen, Des Mc Morrow: Ele ments of Mo dern 
X-Ray Phy s ics. John Wi ley & Sons Ltd., New York, 2001.

9. Vi ta lij K. Pe char sky, Pe ter Y. Za va lij: Fun da men tals of 
Pow der Diffracti on and Structu ral Cha rac te ri zati on of 
Ma te ri als. Sprin ger. New York. 2009.

10. Ro bert E. Din ne bier, Si mon J. L. Bil lin ge: Pow der 
Diffracti on. The o ry and Practi ce. RSC Pu b lishing 2008.

11. Bob B. He: Two-Di men sional X-Ray Dif frac tion. John 
Wi ley & Sons Ltd., New York, 2009.

L2

IMAGING AT BRIGHT X-RAY SOURCES 

R. Mokso
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X-ray im ag ing is a broad term which in cludes a num ber of
tech niques, rang ing from ras ter scan ning to full-field us ing
at ten u a tion, scat ter ing or X-ray emis sion as con trast mech -
a nism. Lately the real break throughs hap pened in terms of
im prove ments in the tem po ral res o lu tion of all these di -
verse tech niques. With the new gen er a tion of X-ray
sources (dif frac tion lim ited stor age rings such as MAX IV
and X-ray free elec tron la sers) it is likely that this trend will 
con tinue shed ding light to na ture’s ul tra-fast phe nom ena at
the mi crom e ter scale and be yond [1]. 

In the last 15 years of tomographic mi cros copy at
synchrotrons we ex pe ri enced in av er age an or der of mag ni -
tude im prove ment in the ac qui si tion speed ev ery three
years [2]. While in the early times the scan time of 60 min -

utes at 1-3 mm voxel size was the state-of-the-art, to day we
can achieve a tem po ral res o lu tion of 20 ms. Which are the
main sci en tific driv ers for this de vel op ment? What tech ni -
cal and con cep tual break throughs con trib uted to such a
spec tac u lar im prove ments?  Are we at the tech ni cal or
phys i cal lim its of the spatio-tem po ral res o lu tion? What
will the fu ture of dif frac tion lim ited light sources bring?
These will be some of the ques tions I will re flect on in my
lec ture and in di cate some new di rec tions in multimodal and 
multiscale im ag ing us ing ad vanced X-ray op tics [3]

The stan dard im ag ing in stru ments at syn chro tron
beamlines per form very well down to about one mi crom e -
ter spa tial res o lu tion. Break ing the one mi crom e ter res o lu -
tion bar rier is con ceived typ i cally by trans form ing the
nearly-par al lel syn chro tron beam to di ver gent beam to
achieve mag ni fi ca tion in the X-ray re gime. At XFEL
sources it is still not ob vi ous which im ag ing mo dal ity is

best suited to achieve spa tial res o lu tion in the range of
some tens of nanometers. At this scale the organelles in
cells can be viewed. Are such stud ies fea si ble at all? To
shed some light onto this I will re view the performence of
dif fer ent nanoimaging mo dal i ties in terms of sen si tiv ity,
dose ef fi ciency, spatio- tem po ral res o lu tion, re quire ments
on the sample preparation and availability at synchrotron
sources [4]. 
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im ag ing oft he in ter nal ki ne mat ics of in sect flight, Sci en -
tific Re ports 5, (2015), 8727.

2. R. Mokso, F. Marone, S. C. Irvine, M. Nyvlt, 
D. Schwyn, K. Mader, G. K. Tay lor, H. G. Krapp, 
M. Skeren, M. Stampanoni, Ad van tages of phase 
re trieval for fast tomogrpahy, J. Phys. D. 46, (2013), 

494004.

3. P. Ober ta & R. Mok so, A Laue-bragg mo no li thic beam 
split ter for ef fi ci ent x-ray 2-beam ima ging. Nucl. Inst.
Meth. 703, (2013), 59–63.

4. P. Villanueva-Perez, B. Pedrini, R. Mokso, M.
Guizar-Sicairos, F. Arcadu, M. Stampanoni, Sig -
nal-to-noise cri te rion for free-prop a ga tion im ag ing tech -
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The ac knowl edge ment goes to the TOMCAT team at the
Swiss Light Source of the Paul Scherrer Institut for their in -
volve ment in most of the stud ies to be pre sented in this lec -
ture.

http://www.xray.cz/ms/bul2006-3.htm
http://www.xray.cz/xray/csca/kol2006/
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hybler@fzu.cz

Film meth ods served for sev eral de cades in X-ray lab o ra to -
ries for de ter mi na tion of lat tice pa ram e ters, space groups,
and for check ing of qual ity of crys tals. Dur ing the era of
point de tec tor diffractometers, the can di date crys tals were
very of ten stud ied by film meth ods prior data col lec tion.
More re cently the X-ray film was some times re placed by
im age plates. More over the film im ages can now be dig i -
tized with aid of a scan ner.

Now a days these meth ods, per haps with few ex cep tions
rep re sent a chap ter in a his tory of crys tal log ra phy, rather
than ev ery day re al ity in lab o ra to ries. Nev er the less, from
time to time, let’s re mem ber this piece of history.

The meth ods are as fol lows [1, 2]: 
Laue method [3, 4]: Sta tion ary crys tal and film, un fil -

tered poly chro matic ra di a tion. Dif frac tion pat tern reg is -
tered on the flat film. Re cip ro cal lat tice im age col lapsed
and dis torted. Pos si ble front re flec tion or back re flec tion
ar range ment. In the later ar range ment rel a tively large crys -
tals can be stud ied. Still used for the ori en ta tion of bulk
crys tals. 

Os cil la tion and ro ta tion method: Ro tat ing or os cil lat -
ing crys tal is mounted on the crys tal lo graphic head in the
axis of cy lin dri cal sta tion ary film cas sette, mono chro matic
(usu ally fil tered) ra di a tion. Re cip ro cal lat tice im age dis -
torted and col lapsed. Re flec tions are ar ranged on lay ers,
cor re spond ing to re cip ro cal lat tice planes. 

Weissenberg method [1, 2]:  Ar range ment the same,
one layer is se lected by the cy lin dri cal layer line screen.
More over, the cas sette is placed at the car riage mov ing
there and back syn chro nously with the os cil la tion of crys -
tal. The re sult is an un-col lapsed but dis torted im age of one
se lected re cip ro cal lat tice plane. 

Pre ces sion method [5]: Both crys tal and film are per -
form ing the pre ces sion mo tion in two syn chro nously mov -
ing gimbal rings. Cir cu lar layer line screen se lects one

re cip ro cal lat tice plane. Be cause of the equal ity of crys tal
and film mo tions, an un dis torted im age of re cip ro cal lat tice 
plane is re corded. 

Cone-axis method [5]: Aux il iary to the pre ces sion
method, pro vides cir cles cor re spond ing to re cip ro cal lat -
tice lay ers. 

De Jong-Bouman method [1,2]: Crys tal as well as the
flat film is syn chro nously ro tat ing. Al ter na tive method to
ob tain un dis torted and un-col lapsed re cip ro cal lat tice im -
age. 

Gandolfi method [6]: Pro vides pow der pat terns from
sin gle crys tals due to an ad di tional the ro ta tion of the spec i -
men. 

The un dis torted im ages of re cip ro cal lat tice planes as
well as pow der dif frac tion data can be eas ily and more
quickly ob tained by pro cess ing of frames re corded by
mod ern diffractometers with area detectors.
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Dordrecht/Boston/Lon don 1992, pp. 26-41. Kluwer Ac a -
demic Pub lish ers.

2. Buerger, M.J.: X-Ray Crys tal log ra phy. Lon don 1942,
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Method. New York-San Fran cisco-Lon don 1975, Ac a -
demic Press.
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