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SYNCHROTRON - PHYSICAL PRINCIPLES AND PROBLEMS
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Z. Pokorna and B. Ruzicka

Institute of Scientific Instruments of the Czech Academy of Science, Kralovopolska 147,
61264 Brno, Czech Republicm ruzicka@isibrno.cz, zuza@isibrno.cz

This lecture will give an explanation of the basic principles
of electron acceleration by means of synchrotron ma-
chines.

Synchrotrons are advanced large circular devices that
allow charged particles to acquire very high energies of 10°
to 10'? electronvolts. The acceleration is achieved by re-
peated propelling effects of electrical field and the particle
trajectory is guided by magnets. In electron synchrotrons,
synchrotron radiation is produced as a by-product of the
electrons’ trajectory being curved. This radiation is highly
intensive and it can span from infra-red spectral region to to
hard x-ray. It can also be delivered with arbitrary
polarization or in the form of a train of ultra-short intensive
pulses. This makes synchrotrons an essential tool for
cutting-edge experiments in all scientific branches from
material science and nanotechnologies to bio-technologies
and medicine.

Syllabus

Introduction. Basic principles. A brief history of accelera-
tors. Basic types of accelerators: linear accelerator, cyclo-
tron, synchrocyclotron, betatron, synchrotron.

Basic building blocks. Bending magnets (dipoles), fo-
cusing magnets (quadrupoles), sextupoles and correctors.

L2

Vacuum chamber and absorbers. RF cavities. Beam diag-
nostics.

Functional units of the synchrotron. Electron gun.
Linac. Transfer lines. Booster synchrotron. Storage ring.
Insertion devices, front ends, beamlines, experimental sta-
tions.

Special problems of synchrotrons. Timing and Control
Systems. Closed orbit correction. Beam instability thresh-
olds. Radiation safety, special demands on civil
engineering.

1. A.Hofmann, The Physics of Synchrotron Radiation. New

York: Cambridge University Press. 2004.

2. H. Wiedemann, Synchrotron Radiation. Berlin: Springer.
2003.

3. Synchrotron Radiation Sources, edited by H. Winnick (Sin-
gapore: World Scientific), 1995.

The authors would like to thank, on behalf of the Academy
of Science of the Czech Republic and the CESLAB Project,
to the experts at the ALBA synchrotron facility in Barce-
lona, Spain, for their kind cooperation and help in many is-
sues. The authors are also thankful to anybody who kindly
shared their invaluable experience in the field of synchro-
tron machine physics.

PROJECT OF THE CENTRAL EUROPEAN SYNCHROTRON LABORATORY (CESLAB)

Petr Mikulik
Department of Condensed Matter Physics, Masaryk University, Brno, Czech Republic

This presentation will discuss the conceptual design of the
new synchrotron radiation facility to be built in the Czech
Republic — Central European Synchrotron Laboratory
(CESLAB). The proposals for the experimental beamlines
with their research fields, applications and the user base
will be overviewed shortly in order to make step forward
further presentation of the beamline coordinators and in-
volved scientists and to promote further discussion among
participating researchers.

Construction of this synchrotron facility has been pro-
posed by the Academy of Sciences of the Czech Republic

(ASCR) as one of the projects to be realized from the Struc-
tural Funds of the European Union. The CESLAB will be a
modern third-generation electron synchrotron facility with
energy of 3 GeV serving the Central Europe from year
2015. Due to the favourable geographical location of Brno,
the facility will serve not only to the needs of the Czech sci-
ence, research and industry, but also to the Central Euro-
pean partners from Slovakia, Austria, Hungary, and others.

The new synchrotron to be built in the Czech Republic
in Brno will be the 3™ generation source taking the best
from the current state of the art of synchrotron physics and
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technology. The main facility will be based on the latest
3 GeV European synchrotron ALBA, currently under con-
struction in Barcelona. The knowledge transfer, help and
direct collaboration on the project planning and later on
synchrotron construction has been agreed with the experi-
enced team in ALBA with a support by the respective
Czech and Spanish ministries. This considerably boosted
preparation of the Conceptual Design Study of the acceler-
ator complex.

From a technical point of view, the storage ring of di-
ameter 270 m will consist of 24 straight sections for inser-
tion devices for up to 33 beamlines. The top-up filling
mode will ensure constant output flux. More details about
the facility will be presented by the Z. Pokorna and B.
Riizicka in their contribution.

Czech scientists have a long tradition in research with
synchrotron radiation and they have a lot of experience at
running synchrotron experiments. The Czech Republic
was the first from the central European countries joining
the ESRF, the brightest European synchrotron. There is a
successful Czech Materials Science beamline at synchro-
tron ELETTRA in Trieste — it will be presented at this
workshop as well. In conjunction with the upgrade
programme of the ESRF to continue its functionality as the
most brilliant synchrotron source in Europe, only proposals
of well-prepared and pretested applications will be ac-
cepted there. In general, in the Europe as everywhere in the
world, the demand for beamtime is larger than the available
measuring time. A new synchrotron will help to reduce this
pressure. The current trend in the world is to provide fast
access for urgent or cutting-edge applications, which is
needed mainly for industrial applications. Further, the new
source will enhance interest in physics and high technol-
ogy, and it will serve the other new laboratories created in
the Czech Republic from the Structural Funds. It will also
allow young researcher easier come-back from their cur-
rent positions at European synchrotrons. In summary, new
synchrotron facility in the favourite location of Brno close
to five central European countries will take care of all of
these needs.

Beamlines are the heart of results at the synchrotron fa-
cility. They provide necessary equipment for the methods
applied to different fields of research, such as biology and
medicine, material science, chemistry, microtechnology
and nanotechnology, environmental sciences, or archeol-
ogy. Let us briefly overview the beamlines currently pro-
posed for CESLAB. Macromolecular crystallography is a
method for structure determination of molecules from dif-
fraction patterns. Intense X-ray radiation of 1 A wave-
length is necessary for precise determination of
complicated structures of large molecules such as proteins
or viruses. Synchrotron set-ups are optimized for fast mea-
surement of many standard samples as well as for using
anomal diffraction for ab initio structure determination of
complicated molecular complexes, to determine atom posi-
tions precisely, or for time-resolved studies. Transmission
microscopy methods with soft X-rays in the water window
range are used for imaging of biological samples or
low-contrast materials by the phase imaging. Within hard
X-rays the methods of microtomography and phase con-
trast are widely used for visualization of the inner structure

Figure 1. Architectural rendering of the proposed synchrotron.

of devices or materials with bulk characteristics. Powder
diffraction is used for structure determination of powder
materials (organic as well as anorganic), or micro-
crystallites and their structural changes in different envi-
ronments. X-ray diffraction methods at small as well as
large angles are widely used mainly because of the high in-
tensity necessary for study of low-dimensional objects and
nanostructures, for energy tuning and for beam size condi-
tioning. LEEM and PEEM investigate both crystalline and
electronic structure of surfaces as well as of processes con-
nected with their dynamic phenomena by photoemission
spectromicroscopy and spin polarized microscopy with
slow electrons. Spectroscopy can be used in a whole range
of methods, such as absorption or magnetic spectroscopy,
synchrotron Mdssbauer spectroscopy, or photoemission.
At synchrotrons, it can probe samples continuously from
hard X-rays through VUV downto IR radiation. /nfrared
methods for microscopy, ellipsometry and spectroscopy
conducted at synchrotrons differ from those at laboratory
mainly because of the high intensity and the full range of
the IR spectrum. The methods allow to study conductive as
well as semi-conductive materials, organics, biological tis-
sues or piezo- and ferroelectrics. Chemical reactions in gas
phase allow to understand reaction mechanisms and to
study clusters, enzymes, etc., in (bio)organics and in ana-
lytical chemistry. The method utilizes photons from the
VUV spectrum and sequent mass spectroscopy. Finally, a
universal Optics beamline has been proposed in order to
test new devices and instruments or for metrology of opti-
cal components. Further, this beamline can be used for a
wide range of atypical or new experiments, and also for ed-
ucation of students or new users.

Considering the CESLAB project preparation, the first
version of its Conceptual Design Study has been released
in Spring 2008. Furthermore, a special issue of Materials
Structure (vol. 15, no. 1a) has been issued in April 2008.
Basic information about the project are presented there, ac-
companied by abstracts from the conference “Synchrotron
Facilities for the Development of Science and Technology
in Central and Eastern Europe” which took place in Brno in
November 2007.

At this workshop, presentations of the synchrotron
complex, machine physics, as well as of proposed
beamlines and their science and applications will be pre-
sented.

More and current information about CESLAB is available
at the addresses www.synchrotron.cz and www.ceslab.eu.
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WIGGLERY, UNDULATORY A DALSi ZDROJE SYNCHROTRONOVEHO ZARENI

Jaromir Hrdy

Fyzikalni ustav AV CR, v.v.i., Na Slovance 2, 182 21 Praha 8
hrdy@fzu.cz

Synchrotronové zareni (SZ) je elektromagnetické zarent,
které vyzafuje nabita relativisticka castice (prakticky
pouze elektron nebo vzacné i pozitron), pohybujici se na
zakiivené draze. Na rozdil od nerelativistického elektronu,
ktery zafi prakticky do v§ech smért, relativisticky elektron
z4i1 do uzkého kuzele ve sméru pohybu. Vrcholovy thel
tohoto kuzele zavisi na na energii elektront a je zpravidla
v desitkach az stovkach thlovych vtefin. Pozorovatel tedy
zaregistruje relativisticky elektron pohybujici se po
kruhové draze pouze tehdy, kdyz tento kuzel protne misto,
kde se nachazi detektor zareni, ktery zaregistruje ostry
puls. T kdyz je pojem synchrotronové zafeni znam i
z astronomie, v pozemskych podminkach prakticky vzdy
oznacuje zafeni elektrond pfi jejich pohybu v urych-
lovacich.

Zaktiveni drahy elektront v urychlovacich Ize
realizovat riznym zpusobem a podle toho existuji rizné
druhy zdroji SZ. Pro jejich porovnani se pouziva veli¢ina
spektralni briliance (spectral brilliance), kterd se rovna
poétu vyzatovanych fotonti za sekundu, vztazenych na
1 mm® plochy zdroje zéfeni (coZ je plocha prifezu elek-
tronového svazku v urychlovacéi), na divergenci do prosto-
rového Gthlu 1 mrad® ana 10% Sitky (AA/A = 0.1) vinového
oboru. Cim uz§i a paralelngjsi je svazek zéafeni a ¢im vice
jsou fotony koncentrovany do co nejuzsiho vlnového
oboru, tim je vyssi spektralni briliance. Ta je v nepiimém
poméru k emitanci (emittance), coZ je v podstaté soucin
rozméru zdroje zafeni a divergence zareni.

V kruhovych urychlovacich elektronti se jejich draha
zaktivuje v ohybovych magnetech (bending magnets —
BM) a ty se pak stavaji zdrojem zafeni. Z BM se zareni
vyvadi evakuovanou trubici do experimentalni stanice
(beamline). Vyse zminény ostry puls obsahuje vzdy
znaéné mnozstvi harmonickych slozek. Jelikoz elektrony
vyzaruji fotony, jejich energie klesa a je jim v urychlovaci
opét dodavana. Vzhledem k této fluktuaci energie
elektrontl se harmonické natolik rozmyji, ze se spektrum
jevi jako spojité, a to od radiovych vin az (pfi dostatecné
vysoké energii elektronil) do tvrdé rentgenové oblasti.
Toto spektrum se obvykle charakterizuje tzv. kritickou
energii fotont E, . To je takova energie fotond, pro kterou
plati, ze celkova vyzafovana energie pro fotony s energii
vetsi nez E. se rovna celkové vyzafované energii pro
fotony s nizsi energii. E. roste s energii elektrond a
magnetickym polem magnetd. Plati dostatecné presné
vztah

E. [KeV]=0.665 B[T] E* [GeV] .
Naptiklad pro magnetické pole B = 1 T a energii

elektronti E = 6 GeV (coz je situace v European Synchro-
tron Radiation Facility - ESRF v Grenoblu) je E. =24 KeV.

ZkuSenost ukazuje, ze z hlediska intenzity jsou jesté pouzi-
telné fotony o energii 4-5 krat vyssi, v krajnim ptipadéi 10
krat vyssi.

Pro zéfeni o kritické energii plati, ze vrcholovy uhel
vyse zminéného kuzelu je 1/y, kde y=E/myc”, neboli také
vy = E [MeV]/0.5 . Pro fotony o nizsi energii je vrcholovy
uhel vétsi a naopak pro fotony o vyssi energii je vrcholovy
uhel mensi. Pro ilustraci uved’'me, Ze pro ESRF je 1/y=8.3
x107, coz je asi 17 uhlovych vtefin. Uvazime-li, ze vzda-
lenost experimentalniho mista od zdroje zafeni je v ESRF
napt 40 m, pak z toho vychazi vertikalni rozmér svazku
v mist¢ experimentu 3—4 mm. Horizontalni rozmér svazku
pak zavisi na tom, z jak velké ¢asti oblouku orbity v BM
zéafeni odebirdme a jaka je konfigurace $térbin. Prakticky
byva horizontdlni rozmér svazku az 10 — 15 cm. Je tieba
jesté uvést, ze v horizontalni roviné orbitu je SZ linearné
polarizované. Nad a pod rovinou orbitu nartsta © pola-
riza¢ni slozka fazové posunuta tak, ze zareni je elipticky
polarizované, pticemz smysly rotace nad a pod rovinou
orbitu jsou opacné.

Elektrony na orbit¢ urychlovace nejsou rozdéleny
rovnomérné, ale tvoii shluky (bunches). Kazdy shluk
vytvaii puls SZ, jehoz délka zavisi na délce shluku.
Frekvence pulst pak zavisi na poctu shluki na orbité. Ten
je mozné regulovat od jednoho (single bunch mode) az do
desitek (multi bunch mode). V ESRF se naptiklad délka
pulst pohybuje okolo 100 ps a frekvence v MHz. Kone¢né
dilezita je 1 okolnost dana malymi rozméry zdroje (prufezu
elektronového svazku) a velkou vzdalenosti experimen-
talntho mista od zdroje, kterd vede k castecné koherenci
zéfeni.

Velikost magnetického pole v klasickém BM je kolem
1 T. U zdroji SZ s mensi energii elektront E (2 — 3 GeV)
se v posledni dobé ke zvySeni energii fotond a i jejich
intenzity vyuziva zvySeni magnetického pole pouzitim
supravodivych magnetii. Pro takové BM se vzil nazev
superbend. U superbendu se energie vyzafované¢ho
spektra posouva k vys$sim hodnotam a soucasné se zvysuje
1 intenzita zafeni.

Pro zdroje synchrotronového zafeni soucasné (tieti)
generace je charakteristické Siroké pouziti tzv. vigleri
(wigglers) nebo undulatori (undulators). To jsou zafi-
zeni, kterd se vkladaji do pfimych sekci akumulaéniho
prstence mezi ohybové magnety a jejich Ukolem je
horizontaln¢, nebo v néekterych piipadech i vertikalné,
zvInit drahu elektrond. Vzil se pro né nazev insertion de-
vice, zkracené ID. V cCestin€ se objevil 1 nazev zvliiovac.
Jedna se o periodické uspofadani magnetii na draze
elektront tak, ze magnetické pole B je vertikalni (pfipadné
horizontalni) a periodicky méni smysl. Draha elektront pti
prichodu zvliiovatem se pak horizontdlné (nebo i
vertikaln€) zvini. Je 1i magnetické pole dostatecné silné, i
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zvInéni je vyrazné a zafizeni se v podstaté chova jako
soustava ohybovych magnetti. Z toho plynou stejné spekt-
ralni vlastnosti emitované¢ho zafeni jako u BM s tim, ze se
intenzity od jednotlivych prvkd zvliovace scitaji, ¢imz se
zvySuje intenzita, briliance a vykon vyzatovaného zafeni.
Vykon ve svazku zareni mtize dosahovat az n¢kolika kW!
Toto zafizeni je nazyvano vigler. Vigler navic mtze byt i
supravodivy, dokonce s magnetickym polem az 10 T, coz
radikalné ovlivni spektrum a vyzafovany vykon.

Zcela jina situace je, kdyz je magnetické pole slabé.
Pozorovatel jiz nedetekuje ostré uzké pulsy ale jen perio-
dicky modulovany signal, ve zcela idedlnim pfipadé
harmonicky modulovany signal. Takové zafizeni se
nazyva undulator. V idedlnim piipadé undulator vyzatuje
monochromatickou vinu, jejiz vinova délka je proti periodé
undulatoru podstatné zkracena vlivem relativistického a
Dopplerova jevu. Vlnova délka této viny zavisi na periodé
undulatoru, energii elektronti, magnetickém poli a ma i
smérovou zavislost. Undulator je zpravidla realizovan jako
soustava permanentnich magnetd, takze jeho perioda je
velice mala, az kolem 15 mm. Ptispévky zafeni od jednot-
livych prvkl unduldtoru interaguji koherentné, takze se
sCitaji amplitudy. Vlivem interference se snizuje i diver-
gence zafeni. Vysledkem je, ze se undulator proti vigleru
vyznacuje podstatn¢ vyssi brilianci, i kdyz celkovy vyzaro-
vany vykon je podstatné mensi. Vysokd je ale hustota
vykonu ve svazku, kterd dosahuje hodnot az stovek
W/mm®. VInova délka undulatoru klesa s rostouci energii
elektrond a s klesajicim magnetickym polem. Ukazuje se,
ze pro technicky realizovatelnou periodu undulatoru musi
byt energie elektronti asponn 6 GeV, aby vlnova délka
zateni vyzarovaného undulatorem byla kolem 0.1 nm. Toto
jedivod existence ESRF (6 GeV), APS (7 GeV) a Spring8
(8 GeV) jakozto specializovanych zdroji tvrdého rentge-
nového SZ. Tyto zdroje, diky existenci undulatort,
poskytuji rentgenové zaieni s vysokou spektralni brilianci.
Vinova délka undulatord zavisi na magnetickém poli.
Jelikoz magnetické pole permanentnich magneta je kon-
stantni, da se magnetické pole v misté trajektorie elektront
v omezené mife ménit pouze vzdalenosti horni a dolni fady
magnetil. Takto se v omezené mife da vlnova délka
undulatoru ladit.

Ve skute¢nosti je trajektorie elektrond v undulatoru
takova, Ze zafeni obsahuje i vys$si harmonické, které je téz
mozné k experimentim pouzit. Do osy unduldtoru jsou
vyzatrované pouze liché harmonické, které v§ak maji horsi
brilianci nez harmonicka zékladni. Zafeni prvni harmo-
nické je kvazimonochromatické, AA/A = 1/N, kde N je
pocet polt undulatoru. Se vzristajicim polem sice vinova
délka prvni harmonické roste, ale pfibyva harmonickych
do kterych se preléva energie. Pfi dostatecné velkych
hodnotach pole se tak undulator zméni ve vigler.

V posledni dobé se zacinaji instalovat supravodivé
undulatory (superconducting undulators). Neni to kvuli
vysokému magnetickému poli, jak by se na prvni pohled
zdalo. U téchto undulatorti je mozno dosahnout nizké
periody a zejména ladit magnetické pole v Sirokém roz-
mezi. Proto poskytuji proti klasickym undulatorim Sirsi
spektrum vinovych délek.

Undulatory poskytuji linearn¢ polarizované zareni
s pomérné vysokym stupném koherence. Spojenim dvou
undulatorti, z nichz jeden zvliuje v horizontalni roviné a
druhy ve vertikalni roving, a které jsou od sebe posunuty o
vhodnou vzdalenost, lze vytvorit kruhové polarizované
zateni s libovolnym smyslem rotace.

Ukazuje se, ze emitance u kruhovych urychlovaci ma
své meze, ke kterym se emitance souCasnych zdroji SZ
znacn¢ piiblizuje. Proto dalsi, étvrta generace zdroji SZ
je jiz zaloZena na vyuziti linearnich urychlovacu, které
umoznuji snizit emitanci a zkratit délku pulst. Probiha-li
kratky elektronovy shluk dostatecné dlouhym undu-
latorem, pak elektromagneticka vlna generovana v kazdém
mist¢ unduldtoru postupuje spolecné s elektronovym
svazkem a interaguje s nim. V dasledku této interakce se
podélna hustota shluku elektrontt moduluje s periodou
emitovaného zafeni a zateni z jednotlivych casti shluku se
pak sklada koherentné. Vznika tak laser na volnych elek-
tronech, neboli free electron laser — FEL. Ten se
vyznacuje vysokou brilianci, podstatné vyssi nez u klasic-
kého undulatoru, koherenci a kratkosti pulsti, dosahujicich
desitek fs. K urychleni elektronti na hodnoty fadu GeV je
zapotiebi velmi dlouhého linearniho urychlovace. Proto se
v posledni dob¢ piistupuje k teSeni, kdy se elektrony po
probéhnuti undulatory vraci zpét do linearniho urychlo-
vace. Neni pak tfeba urychlovat elektrony z nulové energie
a urychlova¢ pak mlze byt podstatné kratsi. Takové
zafizeni se nazyva energy recovery linac - ERL. Ten, ve
spojeni s unduldtory, muze generovat femtosekundové
pulsy o vysoké brilianci. ERL kombinovany s FEL pied-
stavuje blizkou budoucnost zdroji SZ ctvrté generace
poskytujicich vysoce briliantni koherentni svazky rtg.
zéfeni ve form¢ femtosekundovych pulsi. Na obrazku je
znazornén historicky vyvoj stfedni briliance synchrotro-
nového zafeni a porovnani jednotlivych zdroju.
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SYNCHROTRON OPTICS

P. Oberta

Institute of Physics, ASCR v.v.i., Na Slovance 2, 182 21, Praha 8
oberta@fzu.cz

Synchrotron radiation is a powerful tool for modern sci-
ence. To use it most effectively, scientists had to learn how
to manipulate with synchrotron radiation. They were
forced to develop methods and optical devices which
would re-direct, stop or focus synchrotron radiation.
Within the next paragraphs I will talk about various optical
devices used for synchrotron radiation.

Synchrotron radiation has some unique features, like
high flux, brilliance, coherence and polarization. Those
properties have to be preserved and respected by synchro-
tron optics. This requires an enormous demand on the qual-
ity of each optical component. There are three basic
working principles of synchrotron optics: reflective optics,
refractive optics and diffraction optics.

Diffraction based optics are for example monochroma-
tor, Fresnel zone plate (FZP) and multilayer optics (ML).

A monochromator, Fig.1, selects from an incident spec-
trum of radiation a certain narrow band of wavelengths AA.
This selection is based on the Bragg law:

2dsin 0, =n, ()

where d is the crystallographic plane spacing, ®8 is the
Bragg angle and A is the wavelength. The most used mate-
rials for monochromators are Si, Ge, ML and diamonds.

Figure 1. An internally water cooled Si monochromator.

The material is chosen with respect to the needed prop-
erties of the monochromator. For example a ML mono-
chromator has a higher flux than a Si monochromator, but a
lower resolution. The shape of a monochromator can be ei-
ther flat or curved and it can be either cooled or uncooled.
The type of cooling depends on the incident radiation den-
sity, which is connected with the radiation source. If we

have a beamline with an insertion device, the radiation den-
sity is rather large and the monochromator has to be cooled.
Cooling can be direct or indirect and the cooling medium
can be water or we can use cryogenic cooling.

The second diffraction based optical devices are Fres-
nel zone plates (FZPs). A Fresnel plate is a circular diffrac-
tion grating based on the Fresnel diffraction, Fig.2.

We can divide them into amplitude ZPs and phase ZPs,
their difference is in the diffraction efficiency. A 40% dif-
fraction efficiency is reached by the phase ZPs and only a
10% efficiency is reached in the case of the amplitude ZPs.
Their focusing properties have already been discussed in
the 19t century, but just in 1952 Baez constructed one for
the X-ray region. In the case of the amplitude zones, the fo-
cusing results from different absorption between two
neighboring zones. On the other hand phase zone focusing
results from phase change upon transmission through a
zone.

Zone Plate

2y

Focus
- oD

I_'Y‘l_llj‘t‘

v p L L

<

ARn

Figure 2. Fresnel zone plates.

Multilayer optics (ML) is also diffraction based (Fig.3).
ML are created by putting two different materials periodi-
cally on each other. Mostly there are used several tens or
hundreds of layers, with a A of 2 — 10 nm. The general rule
to optimize MLperformance is to choose one material with
a high 8 and a low (3 and the other material with a low 6 and
a high B. Because of the refraction at the surface vac-
uum-ML the Bragg equation has to be corrected:

nh=2A\n* —cos’ 20, )

where A is the wavelength, A is A-B layer height and © is
the incident angle. The advantages of MLs are: high reflec-
tivity — flux, coherent preservation and the adaptability to
curved surfaces. Their disadvantages are: complex theoret-
ical description, need of perfect substrate, considerable
cost and non-trivial alignment.

The second working principle is refraction. Compound
refractive lenses (CRL) are based on refraction. Refractive
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Figure 3. Multilayer structure.

lenses made of glass are widely used in the visible region,
in 1996 Snigirev et al [1]. introduced CRL for the X-ray re-
gion. Because of their weak refraction and strong absorp-
tion, they can be used only for synchrotron radiation. For
their production, low Z materials are used like Li, Be, B, C
and Al. Their profile is parabolic, Fig.4, and they can be
used in energies under 1 MeV.

The last group is reflection based optical devices,
widely used and well known from the visible region. X-ray
mirrors work at the principle of total reflection, which oc-
curs under the critical angle. For hard X-rays the critical
angle is very small, 0.1-10 mrad, therefore the used mate-
rial should have a high electron density, like Au and Pl.
X-ray mirrors can be used as focusing elements and for re-
moving short wavelengths. The mostly spread configura-
tion is the Kirkpatrick — Baez system (KB).

The next reflection based devices are capillaries. They
rely on total external reflection from their internal surface
of the tube, this way they also avoid absorption. Their ad-
vantages is to create a very small focal point, because the
beam size is defined by the exit hole diameter.

The last reflection based device is a waveguide. Its a
thin film resonator in which a low absorbing material is en-
closed between two metal layers with a small refractive in-
dex.

1. A. Snigirev, V. Kohn, I. Snigireva, B. Lengeler, Nature,
384 (1996) 6604. 49-51.
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Figure 4. Compound refractive lens mate at Forschungszentrum
Karlsruhe.

Figure 5. Kirkpatrick-Baez system.
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