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X-RAY IM AG ING US ING SYNHROTRON RA DI A TION

R. Mokso

SL, Paul Scherrer Institut, Villigen, Swit zer land

X-ray im ag ing is a rel a tively new tech nique. A con sid er -
able part of knowl edge in this field fol low from the work
made in vis i ble op tics or elec tron mi cro scopy. An over -
view of the prin ci ples and meth od ol ogy of X-ray im age
acquision 0D, 1D, 2D, and 3D will be given with the em -
pha sis on the specifities of syn chro tron radion. 

On pos si ble way to look at the cur rent trends in X-ray
im ag ing with syn chro tron ra di a tion to is to say that the de -
vel op ment is car ried out in two dis tinct di rec tions which
necessarily meet once in a while  but still both re quire a
sep a rate re search. The two di rec tions can be iden ti fied as
the im prove ment of temporary and spa tial. What are the
mo ti va tions and where are the real lim i ta tions in these two
driections? The aim of the tu to rial is to be able to give some 
an swers to this ques tion.

Prin ci ples of syn chro t ron based X-ray ima ging

It fol lows from the rel a tiv is tic elec trons prop er ties that the
di ver gence of the X-ray beam emerg ing from a syn chro -
tron source is ex tremely low. As a con se quence we speak
about par al lel beam im ag ing in con trary to lab o ra tory
X-ray ex per i ments where by the na ture of its gen er a tion the 
fan- or cone-beam ge om e try is usu ally the case. The par al -
lel beam has many ad van tages for to mog ra phy, such as
easy and ar ti fact free re con struc tion. The high bril liance of
the source also re sults in a much higher num ber of use ful
pho tons at the level of the de tec tor. The beam an gu lar di -

ver gence is typ i cally 0.1-1mrad dem on strat ing the im por -
tant dif fer ence in this value when look ing at a usual
lab o ra tory source di ver gence which emits over half space. 

The unique prop er ties of the X-rays emerg ing from an
in stru ment such as one of the nu mer ous op er a tional and
planned 3rd gen er a tions synchrotrons al low to de velop and 
im ple ment state-of-art in stru ments, a tool for ap pli ca tions
that can hardly be ad dressed else where with the same res o -
lu tion (in many senses of the word). 

The spa tial res o lu tion with lab o ra tory X-ray sources
has achieved re mark able re sults in the last de cade. Com -
mer cially avail able sys tems rou tinely of fer spa tial res o lu -
tions close to a few mi crom e ters. Very re cently even
sub-mi crom e ter res o lu tion lab o ra tory sys tems are reported.

The im age qual ity is how ever of ten poor when im ag ing
real ma te ri als. In this work we also ad dress sub-mi crom e ter 
res o lu tion in to mog ra phy with 3rd gen er a tion syn chro tron
ra di a tion X-ray beams that do of fer ad di tional pos si bil i ties
to those used in lab o ra tory setups.

Us ing lab o ra tory sources, the ac qui si tion time for a
com plete tomographic set at a res o lu tion of few mi crom e -
ters is of the or der of hours. At syn chro tron sources the sit -

u a tion is far better be cause of the avail able high flux of
X-ray pho tons.

When an X-ray beam im pinges on a sam ple, part of it
can be ab sorbed (mainly pho to elec tric ef fect), scat tered or
re flected.

The at ten u a tion of the X-rays of the ini tial in ten sity I0 in 
a ma te rial of thick ness  z is ex pressed by the Beer-Lam bert
law with bound ary con di tion I(z = 0) = I0 

I z I z( ) exp( )= -0 m                 (1)

m is re ferred to as the lin ear at ten u a tion co ef fi cient. The
com plex re frac tive in dex can be ex pressed as:

n i= - +1 d b                (2)

When in stead of the in ten sity we re gard the wave func -

tion in the me dia trav el ing a dis tance Dz, where k = 2p l/  is
the wave vec tor, we can write exp( ( ) exp( )i k z k z1- × -d bD D ,

where b = m/(2k), it be comes clear that the D is re spon si ble

for the phase shift j p l d= - ò( / )2 dz and b for the am pli -

tude at ten u a tion. Both fac tors will be pres ent in im ag ing,
but one im por tant ad van tage of syn chro tron sources is the
pos si bil ity to use both fac tors se lec tively. How and why to
do this se lec tion will also be dis cussed in de tail. 

To mo gra phy

It is a big step from ra di og ra phy (2D im ag ing) to to mog ra -
phy (3D im ag ing). Tomographic tech niques are now a days
em ployed us ing sev eral com ple men tary probes in clud ing
X-rays. The first ever tomographic im ages were ob tained
in 1957 by Bartolomew and Casagrande [1]. Cormack and
Hounsfield [4] got a No bel price in med i cine in 1979 for
their work with com puted ax ial to mog ra phy.

We can say that the uti li za tion of X-rays was in the 20th 
cen tury the most im por tant trig ger of the de vel op ments in
to mog ra phy. This fact is due to the prop erty of X-rays to go 
through the stud ied sam ple with out be ing com pletely ab -
sorbed or scat tered. It al lows to ob tain an im age of the cross 
sec tion of a sam ple from pro jec tion data. The pro jec tions
con sist in this case of line integrals of the com plex re frac -
tive in dex n(x,y,z). 

Ima ging with a par ti al ly co he rent sour ce

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
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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. 

The co her ence is the prop erty of a sig nal or data set in
which the phase of the con stit u ents is mea sur able and plays 
a sig nif i cant role in the way in which sev eral sig nals or data 
com bine. This term is also used to char ac ter ize ra di a tion in
two dis tinct re spects. The first is the lon gi tu di nal (tem po -
ral) co her ence  which is re lated to the monochromacity of
the source.

The trans verse co her ence is re lated to the source size
and its dis tance. De pend ing on the source of ra di a tion that
is used in a given im ag ing sys tem we can con sider two lim -
it ing cases: the spa tially co her ent and the in co her ent case.
One way of de fin ing our sys tem is to say that it is in co her -
ent if the trans verse co her ence length is much smaller than
the res o lu tion of the im ages we ac quire. Chang ing from co -
her ent to in co her ent il lu mi na tion changes the blur ring pro -
cess sub stan tially. A co her ent im ag ing sys tem has an
abrupt cut-off in the fre quency do main, which re sults in
''ring ing'' around edges. In co her ent il lu mi na tion pro duces a 
smooth drop-off in the fre quency do main which blurs
edges grad u ally.

The in verse prob lem in phase con trast im ag ing con sists
in find ing the phase and the am pli tude of the ob ject from
the avail able in for ma tion which is the mea sured in ten sity.
This is not a triv ial prob lem. Sev eral al ter na tives to re trieve 
the in for ma tion from phase con trast im ages are to be re -
viewed. 

If the im ag ing sys tem is de signed to re cord the Fres nel
dif frac tion pat tern on the de tec tor, then there are var i ous
ap proaches to ap prox i mate the for ward prob lem in or der to
be able to re trieve the phase. They are gen er ally ei ther be
based on the Trans port of in ten sity equa tion [3] or the Con -
trast trans fer func tion [2]. If the dif frac tion pat tern is in the
Fraun hofer re gime, the it er a tive meth ods are the most
performant, as re viewed in [7]. 

Spe cial ima ging tech niques

Chang ing the par al lel ge om e try of a syn chro tron beam in
or der to take ad van tage of both the geo met ric mag ni fi ca -
tion and high mono chro matic flux ap pears to be a very
prom is ing di rec tion to wards nano-im ag ing. Us ing Fres nel
zone plates as ob jec tive lens and keep ing the X-ray en ergy
be low 7 keV has brought res o lu tions ap prox i mately 100
nm [6, 9]. One step for ward is to com bine X-ray mi cros -
copy with to mog ra phy to ac cess the bulk prop er ties of ma -
te ri als at sim i lar pre ci sion us ing highly pen e trat ing hard
X-ray ra di a tion [5, 8]. 

Nu mer ous other tech niques are merg ing to day. We will 
shortly look at these 3D tech niques: co her ent dif frac tion
im ag ing, an a lyzer based im ag ing, flu o res cence to mog ra -
phy, laminography, difraction con trast to mog ra phy. 

Ap pli cati ons

Two prin ci pal ap pli ca tions will be se lected to dem on strate
the two as pects of im ag ing as stated in the in tro duc tion.
The first is the liq uid foams; a sys tem that re quires fast im -
age ac qui si tion even tu ally real time im ag ing. 

Sci en tists know a great deal about the in di vid ual bub -
bles in foams and how they "talk" to one an other through
sim ple fric tion. But when many bub bles clump to gether to
form a foam, the re sult ing ma te rial ex hib its a host of un ex -
pected prop er ties and be hav iors. Liq uid foams, for in -
stance, are com posed of roughly 95 per cent gas and 5
per cent liq uid, yet they tend to be far more rigid than their
com po nents. This is due to a phe nom e non called jam ming.
Be cause the bub bles are so tightly packed, when a foam is
pressed down, the bub bles can't hop around one an other.
The more the bub bles are jammed to gether, the greater the
pres sure in side them grows and, con se quently, the more
they take on the char ac ter is tics of a solid. 

The big gest chal lenge fac ing sci en tists is to cre ate pre -
dic tive mod els of foam rhe ol ogy, or just sim ply coars en ing
that is, the way it flows or evolves over time. As foams age,
grav ity drains their liq uid down ward, and smaller bub bles
are ab sorbed by larger ones, a pro cess called coars en ing.
But un til quite re cently our un der stand ing of this pro cess
has been lim ited to 2D foams by the in her ent dif fi cul ties of
study ing such an ephem eral ma te rial in three di men sions. 

The spa tial dis tri bu tion and shape of par ti cles in Near
nano-struc tured or ultrafine-grain ma te ri als is the sec ond
se lected ap pli ca tion dem on strat ing the need for sub micro -
meter spa tial res o lu tion. These ma te ri als are de fined as ma -
te ri als hav ing grain sizes whose lin ear di men sions are in

the range of 100 nm to 1 mm. The phys i cal prop er ties of
these ma te ri als are po ten tially su pe rior to those of their
coarse- grained coun ter parts. This po ten tial su pe ri or ity re -
sults from the re duced size or dimensionality of the near
nanometer-sized grains as well as from the nu mer ous in ter -
faces be tween ad ja cent grains re sult ing in large vol ume
frac tion of grain bound aries. It is of high tech no log i cal im -
por tance to study the bulk of these ma te ri als in dif fer ent
con di tions. 

Fur ther ex am ples in the field of bi ol ogy, med i cine,
paleonthology and other fields will be shortly men tioned. 
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CHEMISTRY IN THE GAS PHASE USING THE VUV RADIATION

J. Roithová

Charles Uni ver sity in Prague, Fac ulty of Sci ence, De part ment of Or ganic Chem is try, Hlavova 2030/8, 128 43 
Prague 2, Czech Re pub lic

In tro ducti on

The in ves ti ga tion of model ionic sys tems in the gas phase
brings of ten deep in sight into the in trin sic prop er ties of
com plex sys tems. For ex am ple, we have shown that as
small sys tem as Ag2O

+/C2H4 is ca pa ble to re pro duce all re -
ac tion steps in the ox i da tion of eth yl ene on a sil ver cat a lyst
[1]. The small mod els al low not only de tailed in ves ti ga -
tions of ki net ics and re ac tion mech a nisms us ing mass spec -
trom e try, but also ask for a con certed the o ret i cal study. The 
iso lated sys tems in the gas phase per mit the ap pli ca tion of
high level quan tum chem i cal cal cu la tions and di rect cor re -
la tions be tween the mo lec u lar struc ture and the in ves ti -
gated prop er ties (e.g. ion iza tion en er gies or pro ton
af fin i ties) or re ac tiv ity. On the other hand, lack of sol va tion 
leads of ten to ob ser va tion of larger re ac tiv ity of the ions
than it is ex pected in the con densed phase, which has to be
con sid ered in the trans la tion of the re sults ob tained for a
model to a real sys tem. Among the big gest dis ad van tages
of the gas-phase ex per i ments is the fact that the in ter nal en -
ergy of the gen er ated ions is of ten not well de fined. The
state-of-art method for the ion iza tion is us age of the syn -
chro tron ra di a tion. Pho tons from syn chro tron have very
well de fined en ergy and the ra di a tion is more over
smoothly tun able. There fore the con di tions for ion iza tion
can be pre cisely de fined and the in ter nal en ergy of the gen -
er ated ions can be con trolled. The tu to rial will be de voted
to a dem on stra tion of the power of syn chro tron ex per i -
ments for bench mark stud ies in chem is try and for the re ac -
tiv ity in ves ti ga tions in de pend ence of in ter nal energy of
ions.

Main ob jec tives of the tu to rial

Ion iza tion en er gies
The sim plest ap pli ca tion of the power of syn chro tron ra di a -
tion is the de ter mi na tion of ion iza tion en er gies. Ion iza tion
en er gies can be de ter mined from the de pend ence of the ion
yield on the pho ton en ergy. The pre ci sion of the ob tained
value can be very high (± 10 meV) and the lim its are usu -
ally not set by the en ergy res o lu tion of the syn chro tron ra -
di a tion, but rather by the prop er ties of the stud ied
mol e cules, sen si tiv ity of the de tec tion and by the method
used for the eval u a tion of the col lected data. Thus, mea -
sure ments us ing syn chro tron ra di a tion pro vide us with
highly ac cu rate en er gies, which re lates ther mo dy namic of
the charged sys tems with neu tral pre cur sors.

s+(E ® E0) = s0
+ (E - E0)

m             (1)

The de pend ence of the ion yield on the en ergy of the
ion iz ing pho tons is de scribed by so-called Wannier law

(Equa tion (1), s+ is cross sec tion and E0 is ion iza tion en -

ergy) [2, 3]. For the cross sec tion of sin gly charged ions is
m equal to zero, which means that the on set of the yield of
the monocations should ap pear as a step func tion. Due to
an in ev i ta ble im pre ci sion of the ex per i ment caused by ther -
mal broad en ing and Franck – Con don ef fects, the on set ap -
pears not as a pure step func tion, but rather as a lin ear
in crease of the ionic yield. The thresh old is there fore de ter -
mined as a lin ear ex trap o la tion of the on set to the base line
(Fig ure 1). For gen er a tion of dou bly charged cat ions, m is
equal to one, which means that the ionic yield at the on set is 
a lin ear func tion of the ex cess of pho ton en ergy over the
ion iza tion en ergy. This de pend ence makes de ter mi na tion
of the sec ond ion iza tion en ergy much more dif fi cult, be -
cause the ion yield at E0 is zero and a lin ear ex trap o la tion of 
the on set leads to large er rors (Fig ure 2). We have pro posed 
to con vert the mea sured ion iza tion curve to its first de riv a -
tive and con se quently eval u ate the derived curve in an
analogous manner as it is done for single ionization (Figure 
2) [4]. 

In ter nal en er gies
The re ac tiv ity of ions is dras ti cally in flu enced by their in -
ter nal en ergy. Con ven tional ion iza tion of neu tral mol e -
cules can lead to highly vibrationally ex cited ions or can
even yield elec tron i cally ex cited spe cies. The ob served re -
ac tiv ity can be thus due to vaguely de fined ex cited states of
the re ac tants. Syn chro tron ra di a tion is a unique tool for the
prep a ra tion of re ac tant ions with de fined in ter nal en ergy
and for the in ves ti ga tion the re ac tiv ity in de pend ence of the 
in ter nal en ergy.  

Fig ure 1. Yield of monocations gen er ated from he lium as a func -
tion of pho ton en ergy. Lin ear ex trap o la tion of the ion yield leads
to a value of 24.59  ± 0.01 eV. Note that the ion yield shows al -
most per fect step be hav ior as it is ex pected for atomic
monocations (mea sured at ELETTRA).
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The ef fect of the in ter nal en ergy of re ac tants on their re -
ac tiv ity will be shown on an ex am ple of a re ac tion of the
C7H6

2+ dication with meth ane. It has been shown that me -
dium sized dications eas ily un dergo a cou pling re ac tion
with meth ane to yield larger hy dro car bons (Equa tion (2))
[5]. This re ac tion can be of high rel e vance for the ex pla na -
tion of the hy dro car bon growth in ex treme en vi ron ments as 
in ter stel lar me dium of plan e tary at mo spheres. To this end,
it is par tic u larly im por tant to ex clude the pos si bil ity that
ob served re ac tiv ity is caused by in ter nally ex cited ions.
The first re sults from the beamline DESIRS of SOLEIL
dem on strate that in deed the in ter nally cold ions re act fast -
est (Fig ure 3).

CnHm
2+ + CH4 ® [Cn+1Hm+4]

2+ ® Cn+2Hm+2
2+ + H2        (2)
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Fig ure 3. Yield of the dou bly charged prod uct C8H8
2+ from the

re ac tion of C7H6
2+ and CH4 as a func tion of pho ton en ergy used

for gen er a tion of C7H6
2+ from to lu ene. Note that the con ver sion

de creases with in creas ing in ter nal en ergy of the C7H6
2+ re ac tant

(measured at SOLEIL).

Fig ure 2. Yield of dications gen er ated from indene as a func tion
of pho ton en ergy. Lin ear ex trap o la tion of the ion yield leads to a
value of 22.50 ± 0.10 eV, whereas an anal o gous eval u a tion of the
de rived curve leads to a value of 21.80 ± 0.10 eV (mea sured at
ELETTRA). 
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APLIKÁCIA SYNCHROTRÓNNEHO ŽIARENIA PRI šTÚDIU IONOSFÉRY PLANET

Jan Žabka

Ústav fyzikální chemie J. Heyrovského, v.v.i, Akademie vìd Èeské republiky, Dolejškova 2155/3, 182 23
Praha 8

Oblas• aplikácie synchrotrónneho žiarenia sa týka
experimentálneho výzkumu chémie iónov v plynnej fáze v
súvislosti s atmosférou Titánu a iných objektov slneènej
sústavy. Výzkum sa koncentruje na sledovanie kinetiky a
dynamiky elementárnych reakcií iónov s molekulami,
ktorých produkty boli identifikované sondami predo všetkým 
v iónosfére Titánu a Marsu. Cie¾om je poskytnú• potrebné
data (identifikácia procesov, ich reakèné prierezy a
mechanizmy) pre planetológov, ktorí sa zaoberajú
modelovaním iónosféry príslušných objektov.

Použitím synchrotrónu ako zdroja fotónov s
regulovate¾nou energiou a techniky PEPICO (pho to elec tron
photoion co in ci dence) je možné pripravi• iónové reaktanty s
vybranou vnútornou energiou a následne sledova• ich
reaktivitu s neutrálnym reaktantom.  Túto metódu sme
použili pri sledovaní reakcie N+(3P), N+(1D) s metánom :

N+ (3P) + CH4 à CH3
+ + NH        DH = -3.4eV                         (1)

à CH4
+ + N                        DH = -1.9eV                 (2)

à HNC+ + H2 + H                      DH = -2.4eV                         (3)

à HCNH+ + H2                            DH = -8.8eV                        (4)

 Táto reakcia hrá doležitú úlohu v chémii Titánu a je  silne 
závislá na excitácii primárneho atómového reaktantu. Pre
túto reakciu  produkty DCN+ a DCND+ , pochádzajúce z
rozpadu dlho žijúceho komplexu prekvapivo nie sú ve¾mi
citlivé na N+ excitáciu. Oproti tomu pre N+ v základnom
stave je hlavný produkt disociatívny prenos náboja, vedúci k
CD3

+ (1) , v prípade N+ v 1D stave je hlavný kanál
nedisociatívny prenos naboja vedúci k CD4

+ (2).
Metastabilný stav N+ vïaka svojej dlhej doby života a
špecifickej reaktivite musí by• zahrnutý v modeloch
popisujúcich planetárnu iónosférickú chémiu.
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