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A high-res o lu tion CCD X-ray cam era based on YAG:Ce 
or LuAG:Ce thin scin til la tors is pre sented. The high res -
o lu tion in low en ergy X-ray ra di a tion is proved on sev -
eral ob jects. The achieved spa tial res o lu tion of the
im ages is better than 1 mi cron. The ob jects used for im -
ag ing are grids and small an i mals with parts of sev eral
mi crons in di men sion. The high-res o lu tion im ag ing sys -
tem can be used for dif fer ent types of ion iz ing ra di a tion
(X-Ray, elec tron, UV, and VUV) for non-de struc tive
mi cro-ra di og ra phy and syn chro tron beam in spec tion.

In tro ducti on

The spa tial res o lu tion of an X-ray and ion iz ing ra di a tion
im ag ing sys tem is one of its most im por tant pa ram e ters
in X-ray non-de struc tive mi cro-ra di og ra phy and ra di a -
tion beam in spec tion. The im ag ing sys tems are mostly
based on two-di men sional po si tion-sen si tive de tec tors
(PSD). There are many dif fer ent types of PSD de tec tors
with each hav ing its ad van tages and dis ad van tages [1].
X-ray mi cro-ra di og ra phy is an X-ray im ag ing method
well known from a num ber of med i cal and bi o log i cal ap -
pli ca tions re lated to the im ag ing of very small ob jects.
The sam ple is ir ra di ated with X-rays with en er gies suf fi -
cient for pen e trat ing the ob ject and be ing de tected with a
fine res o lu tion X-ray po si tion-sen si tive de tec tor. Dif fer -
ent parts of the sam ple usu ally have dif fer ent in te gral
(dif fer ent in te gral ab sorp tion lengths can be caused by
dif fer ent ma te ri als or dif fer ent thick nesses) at ten u a tion
lengths for X-rays of given en ergy and there fore the in -
ten sity of de tected X-rays de pends on the prop er ties of
the sam ple ma te ri als. 

The pre sented high res o lu tion im ag ing sys tem is a
com bi na tion of a high sen si tive dig i tal CCD cam era and
an op ti cal sys tem with a thin scintillator im ag ing screen.
The screen is the YAG:Ce (Y3Al5O12) or LuAG:Ce
(Lu3Al5O12) in or ganic scintillator. High qual ity in dus -
trial YAG:Ce and LuAG:Ce sin gle crys tals were pre -
pared by the Czochralski method [2] at Crytur. These
ma te ri als have the ad van tages in the me chan i cal and
chem i cal sta bil ity and the non-hygroscopicity. The im -
ag ing scintillator screen is op ti cally trans par ent. The
emis sion wave length of YAG:Ce and LuAG:Ce is
550 nm and 535 nm, respectively. 

Ex pe ri ments

The scheme of the ex per i men tal setup is shown in Fig ure 1.
The scintillator was placed in the fo cused ob ject plane of the
op tics. In the ex per i ments, the scin til la tors have the shape of a 
round plate with di am e ter of 19 mm and thick ness of 20 µm.
Sev eral ob jects were placed in prox im ity to the im ag ing
screen in or der to keep the smear ing ef fect caused by the
X-ray fo cal spot size as low as pos si ble. To achieve high res o -
lu tion, a mi crofo cus X-ray tube was used. The tem per a ture of
the cam era was sta bi lized by re cir cu lat ing wa ter cool ing
chiller. The re sult ing im ages were pro cessed via dark back -
ground sub trac tion and flat field cor rec tion.

Re sults and dis cu si on

Fig ure 2 pres ents an im age of a golden grid made of wires
which have a size of about 10 mi crons. The im age was taken
by us ing the LuAG:Ce 20 µm screen. The ef fec tive pixel size
of the CCD cam era used was 0.74 µm. The X-ray microfocus
source was op er ated at 40 kV/2mA. The im age ac qui si tion
time was 5 s and the av er ag ing was per formed with sam ples
of 25 im ages.

It shows that the res o lu tion of the im ag ing sys tem is in the
or der of mi crom e ters. The line pro file of one grid wire is
shown in Fig ure 3. The pro file is com pared with the geo met -
ric pro file of the grid wire, which has trap e zoidal shape with a
base of 10.7 µm and top 6.8 µm wide (mea sured in an SEM
im age of the grid).

The op ti cal prop er ties of YAG:Ce and LuAG:Ce ma te ri -
als al low to achieve the very high spa tial res o lu tion of 1 mi -
crom e ter, which is about ten times higher than stan dard X-ray 
im ag ing CCD cam eras (stan dard X-ray im ag ing CCD cam -

eras have pixel size from 10 to 24 mm, also due to charge ca -
pac ity and use mainly non-trans par ent phos phors). The
spa tial res o lu tion of the screen de pends on screen thick ness,
pho ton en ergy and the depth of ab sorp tion of the pho ton. An

Fig ure 1. Ex per i men tal setup.
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op ti cal sys tem us ing a mag ni fy ing lens was used to trans fer
the scintillator screen image to the CCD image area surface. 

Sev eral bi o log i cal sam ples were stud ied in the next ex -
per i ments. Here only Drosophila is pre sented. The im age is
shown in Fig ure 4 with the grayscales in di cat ing the trans -
par ency of the sam ple.

The im ages were taken by the CCD cam era in the same
setup as the im ages of the grid, us ing a YAG:Ce 20 µm
screen and a mag ni fy ing lenses. The ac qui si tion time was set 
to 20 s.

The zoom im age show ing se lected de tails of the fly’s leg 
in Fig ure 5 dem on strates that a res o lu tion of about sev eral
µm is achiev able by the used im ag ing sys tem. The ef fec tive
pixel size of the sys tem is about 0.65 µm.

The in ten sity of the light gen er ated by LuAG:Ce is about 
1,51 times the value of YAG:Ce. The light was de tected by
the CCD and av er aged in a squared ROI of 200 x 200 pix els.
The LuAG:Ce sin gle crys tal is more dense com pared to
YAG:Ce (den sity: 6.73 to 4.57 g.cm-3) and the X-rays are
ab sorbed stron ger by LuAG (1.7 times more of X-ray ra di a -
tion (pho tons) is ab sorbed in the range be tween 1 and
40 keV), as can be seen in Fig ure 6. At ten u a tion co ef fi cients
are taken from [3].

Fig ure 3.  Line pro file of the grid wire.

Fig ure 4. Microradiography of the body of Drosophila melano -
gaster.

Fig ure 5. Microradiography of Drosophila melanogaster – a de -
tail of the leg.

Figure 6. Ab sorp tion of X-ray ra di a tion in 20 mi crons thick
layer of YAG and LuAG [3].

Fig ure 2. Radiography of a gold-grid taken by us ing LuAG:Ce

thin screen.
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Conclu si on

In the ex per i men tal setup pre sented, a high res o lu tion im -
ag ing sys tem based on CCD cam era with lenses and pre -
cisely man u fac tured YAG:Ce and LuAG:Ce sin gle crys tal
screens was used for X-ray mi cro-ra di og ra phy. 

The mean ab sorp tion depth of X-ray ra di a tion in the
scintillator de pends on pho ton en ergy and the ma te rial. The 
YAG:Ce and LuAG:Ce screens are op ti cally trans par ent so 
the im age of in ter ac tion points is eas ily trans ferred to the
CCD. How ever, the ad van tage of the ma te rial trans par ency 
de creases with the thick ness of the im ag ing plate. If the
scintillator is thin ner, the mean ab sorp tion depth is lower
and the cre ated im age is sharper due to less blur ring of the
im age due to less lat eral spread of the scin til la tion pho tons.
Hence, the thin ner the im ag ing plate is, the better is the res -
o lu tion achieved in the im age. On the other hand, the de tec -
tion ef fi ciency de creases with scintillator thick ness. 

The ex per i ments proved that the YAG:Ce and LuAG: 
Ce screens are suit able for im ag ing with high spa tial res o -
lu tion. The submicrometer spa tial res o lu tion us ing syn -
chro tron ra di a tion has been al ready achieved [4]. The

res o lu tion of the pre sented im ag ing sys tem is about one mi -
crom e ter.

The LuAG:Ce screen has higher con ver sion ef fi ciency
than the YAG:Ce screen, so that the sig nal to noise ra tio of
the im age is better. 
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The con cepts for em ploy ing photoionization stud ies with
syn chro tron ra di a tion for bench mark stud ies in tran si -
tion-metal chem is try are out lined briefly. As an il lus tra -
tion, the exemplarily case of trimethoxo-va na dium ox ide is 
pre sented, where photoionization data es sen tially helped to 
es tab lish the en tire thermochemistry of OV(OCH3)3 from
the neu tral com pound to the quasi-ter mi nal frag ments VO+

and VOH+ in the gas eous phase. 

1. In tro ducti on

Ex per i ments with VUV pho tons (7-60 eV) stem ming from 
syn chro tron sources are of out most im por tance as a link age 
be tween mod ern and ad vanced ex per i men ta tion in chem is -
try and phys ics on the one hand and the more and more im -
prov ing the o ret i cal tools on the ba sis of quan tum
me chan ics. Now a days, one may in fact state that ab in itio
the o ret i cal stud ies of a prob lem in main-group chem is try
may be more ad e quate, more ac cu rate, re quire less per sonal 
and in fra struc ture and are faster and cheaper than con ven -
tional ex per i men ta tion.

De spite the enor mous prog ress of quan tum the ory
within the last two de cades, these meth ods need test ing and
benchmarking for keep ing stan dards as well as to war rant a
con tin u ous im prove ment. More over, the high stan dards of
ac cu racy have mean while only been reached for main-
 group el e ments, whereas tran si tion-metal com pounds form 
a con sid er ably more chal leng ing task.

This is the point of link age at which ex per i ments with
well-re solved VUV pho tons from a syn chro tron source
pro vide a junc tion be tween ex per i ment and the ory by
means of the highly ac cu rate de ter mi na tion of atomic or
mo lec u lar quan ti ties (such as ion iza tion en er gies, vi bra -
tional lev els, ex cited states etc.) or - in for tu nate cases -
even al low the de ter mi na tion of ac ti va tion bar ri ers of
chem i cal re ac tions. While in main-group chem is try, such
ex per i ments thus pres ent a test for ex ist ing the o ret i cal
tools, in tran si tion-metal re search the benchmarks de rived
from syn chro tron ex per i ments es sen tially stim u late the
prog ress in the de vel op ment of new meth ods.

2. Methods for the de li ve ry of benchmark data

In stead of de tailed de scrip tions of the beamlines or the ex -
per i men tal end-sta tions used at the syn chro tron fa cil i ties,
only the gen eral con cepts for the es tab lish ment of bench -
mark data will be in tro duced. With the avail abil ity of tune -
able VUV pho tons from a syn chro tron source, var i ous
chem i cal com pounds can be ex cited and/or ion ized. If sam -
ples are used which are suf fi ciently vol a tile in ul tra-high
vac uum at am bi ent tem per a tures (typ i cally up to a few hun -
dreds °C), photoionization by syn chro tron ra di a tion can be
com bined with mass spec tro met ric tech niques, which en -
sures a highly sen si tive de tec tion on a sin gle-event count -
ing ba sis. As an ex am ple, con sider a mo lec u lar spe cies M
hav ing an ion iza tion en ergy of 10.0 eV. Be low the ion iza -

http://physics.nist.gov/
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tion thresh old, the few M+ cat ions be ing formed can be at -
trib uted to im pact from cos mic ir ra di a tion in side the
ap pa ra tus (typ i cal count rate 0.03 - 0.1 s-1). Slightly be low
the ion iza tion thresh old, Rydberg states of the neu tral mol -
e cule, M*, can be formed which may even tu ally autoionize
to the mo lec u lar ion M+, but the cross sec tion of these pro -
cesses is usu ally very low. If the pho ton en ergy reaches the
very ion iza tion thresh old, how ever, the M+ sig nal in creases 
very rap idly to a pla teau re gime with typ i cally sev eral 104

counts per sec ond. When the an a lyzer of the mass spec -
trom e ter is fixed on the mass-to-charge ra tio of the mo lec u -
lar ion M+, the photoionization thresh old of M can thus be
de ter mined by mon i tor ing M+ as a func tion of the wave -
length (and the flux) of the ion iz ing pho tons. The typ i cal
pre ci sion amounts to about ± 0.005 eV for atomic and ±
0.03 eV for mo lec u lar spe cies [1]; dou ble photoionization
to dications has less fa vour able thresh old char ac ter is tics
and thus at best ± 0.1 eV [2,3]. Thresh olds for dissociative
ion iza tion are broad ened by Franck-Con don ef fects and
thus also only pre cise by ± 0.1 eV at best [1].

3. Case stu dy: Ion ther mo che mis t ry of tri metho -
xo va na di um oxide OV(OCH3)3

Va na dium-ox ide cat a lysts play a very im por tant role in a
num ber of large-scale pro cesses such as in the ox i da tion of
meth a nol to form al de hyde, the ox i da tive dehydro genation
of ethylbenzene, or the in dus trial pro duc tion of maleic an -
hy dride. A key prob lem in these pro cesses, both partical
ox i da tions, is the mini mi sa tion of com pet ing com bus tion
pro cesses even tu ally lead ing to COx. In this re spect, the
knowl edge of the el e men tary steps of such ox i da tion re ac -
tions is of prime im por tance as it can help to in crease the
yields of the de sired prod ucts, thereby re duc ing the
amounts of by prod ucts, waste, and heat pro duc tion. 

One way to achieve de tailed in sight into the el e men tary
steps of cat a lytic pro cesses are gas-phase stud ies of small
model sys tems, both by ex per i ment and mod ern quan tum
the ory. These ex ten sive ef forts, on the ex per i men tal as well 
as the com pu ta tional sides, need some ded i cated
benchmarks for eval u a tion of the per for mance of the dif -
fer ent meth ods. In this re spect, photoionization ex per i -
ments with syn chro tron ra di a tion can pro vide es sen tial

in for ma tion which can not be achieved by any other means.
As a ex am ple, we re fer to the trimethoxovanadium ox ide,
OV(OCH3)3, which can be re garded as a model sys tem for
C-H bond ac ti va tions by high-valent tran si tion-metal ox -
ides [4]. 

Fig ure 1 shows the photoion yields of the mo lec u lar ion 
OV(OCH3)3

+ (Fig ure 1a) and the pri mary frag ment
HOV(OCH3)2

+ (Fig ure 1b), where the lat ter is ac com pa -
nied with the loss of form al de hyde and hence rep re sents an
ex am ple of an ox i da tion re ac tion. Anal y sis of the photoion
yields re veals thresh olds of (9.56 ± 0.04) eV for the
photoionization of the neu tral com pound to the cat ion and
(10.1 ± 0.1) eV for dissociative photoionization to
HOV(OCH3)2

+ [5]. Both val ues pro vide ac cu rate
benchmarks for the cal i bra tion of the o ret i cal meth ods, in
that the for mer de scribes the en ergy de mand for re moval of 
one elec tron from the va na dium (V) com pound, thus re -
sem bling de fect for ma tion in the solid state, and the lat ter
turns out to be not due a thermochemical limit im posed by
the exit chan nel but rather rep re sents the height of the ac ti -
va tion bar rier for C-H bond ac ti va tion.

The use ful ness of the syn chro tron data is dem on strated
by the suc cess of sub se quent work [6], in which start ing
from neu tral OV(OCH3)3 the com bined ex per tise of ex per i -
ment and the ory could be used to es tab lish the
thermochemistry of trimethoxovanadium ox ide from the
bulk, neu tral com pound to the quasi-ter mi nal frag ments
VO+ and VOH+, re spec tively (Figure 2). 

4. Conclu si ons 

The above ex am ple as well as re lated work [7,8] dem on -
strate that photoionization ex per i ments us ing syn chro tron
ra di a tion pro vide ac cu rate ref er ence data for the re li able
test ing and cal i bra tion of other ex per i men tal meth ods and
for the crit i cal eval u a tion of mod ern the o ret i cal ap -
proaches. In this re spect, the ex ploi ta tion of syn chro tron
ra di a tion for es says in tran si tion-metal chem is try is just in
its in fancy and thus likely to es sen tially con trib ute to the
fu ture suc cess in this field.
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Fig ure 1.  Photoionization yields of (a) the mo lec u lar ion OV(OCH3)3
+ and (b) the frag ment ion HOV(OCH3)2

+ as a func tion of the en -
ergy of the pho tons used to ion ise neu tral, gas eous HOV(OCH3)2

+ [5].
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Fig ure 2. Ion thermochemistry from the mo lec u lar ion OV(OCH3)3
+ to the quasi-ter mi nal frag ments VO+ and VOH+.
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Úvod

Vícenásobnì nabité molekuly hrají významnou roli
v atmos férické chemii a také astrochemii, kde jsou zkou -
mány kvùli jejich roli pøi tvorbì vyšších poly cyklických
uhlovodíku [1]. Pøedchozí studie se zabývaly uhlovodíky
bez heteroatomù, naše studie se mimo to zamìøuje na uhlo -
vodíky obsahující dusík a zahrnuje také srovnání s pøed -
chozími daty zmìøenými pro homocyklické uhlo vodíky.
Veškerá naše mìøení jsou provádìna v plynné fázi, kde se
podmínky nejvíce blíží podmínkám, ve kterých se tyto
vícenásobnì nabité èastice mohou v pøírodì vyskytovat. 

Te o rie

Fotoionizace molekul slouží k získání velmi pøesných
hodnot ionizaèních energií molekul v plynné fázi.
Výhodou této metody oproti jiným je znalost pøesné
energie, která je poskytována molekulám bìhem ionizace.
Jako pøíklad jiné metody mùže sloužit „charge-strip ping“
hmotnostní spektrometrie, která k ionizaci používá srážky
s neutrálními molekulami - napø. dusíkem a pøi níž se mìøí
rozdíl kinetických energii monokationtù pøed kolizí a
dikationtù po kolizi. Rozdíl kinetických energií se
pøepoèítává na ionizaèní energie pomocí kalibrace. Špatná
kalibrace mùže vést k nepøesným výsledkùm a z následné
revize kalibrace logicky vyplývá nutnost opravit všechny
výsledky na ní založené [2]. 

Fotoionizace do prvního i do druhého stupnì je
popsána Wannierovým zákonem [3-6]. V pøípadì ionizace
do prvního stupnì zákon pøedpokládá závislost relativní
intenzity iontu na energii fotonu ve formì tzv. skokové
funkce. Tento pøedpoklad je dobøe splnìn v oblasti do dvou 
elektronvoltù nad ionizaèním prahem. Pro ionizaci do
druhého stupnì Wannierùv zákon pøedpokládá již lineární
závislost relativní intenzity iontu na ionizaèní energii, tež
platnou do 2 eV nad ionizaèní práh. 

Ex pe ri ment 

Jako zdroj synchrotroního záøení slouží zaøízení SOLEIL v 
Saint-Aubin [7]. Tento syn chro tron operuje s energií
elektronového svazku 2.75 GeV a poskytuje záøení o
vlnové délce v rozsahu od infraèervené oblasti do tvrdé
rentgenové oblasti. 

K mìøení ionizaèních energií je využívána fotonová
linka s názvem DESIRS. DESIRS je napojena na
undulátor, jenž pracuje v oblasti spektra 30 až 250 nm.
Uvedená oblast odpovídá pøibližnì operaèní oblasti

5-40 eV, která pokrývá pøedpokládaný rozsah prvních a
druhých ionizaèních energií organických molekul. 

Synchrotronové záøení je pøivedeno do zdroje hmot -
nostního spektrometru ve kterém je zkoumaný plynný
vzorek pøi tlaku cca 1.10-4 Pa. Vlastní hmotnostní spektro -
metr má konfiguraci QOQ, kde Q znamená kvadrupól a O
octopól. Pokud fotony obsahují dostatek energie k ionizaci
vzorku na detektoru hmotnostního spektrometru zazname -
náme signál nabitých èástic. Pomocí kvadrupolového
hmot nostního detektoru mùžeme podle hmoty sledovat
námi studované ionty a potlaèit vliv pozadí. Výsledkem je
pak závislost intezity požadované hmoty na energii
pøivádìných fotonù, z které se podle Wannierova zákona
pomocí interpolace urèí hodnota ionizaèní energie. 

Pro interpretaci a srovnávání výsledkù z foto -
ionizaèního experimentu lze použít kvantovì chemické
výpoèty. Studované systémy jsou nároèné na výpoèetní èas 
pøi použití ab in itio metod, proto je zvolena metoda
hustotního funkcionálu B3LYP s bazí 6-311++G(2d,p)
obsahujicí polarizaèní a difuzní funkce.

 

Vý sled ky a dis ku ze

V prvním kroku je nutné provést kalibraci energetické
stupnice. Provádíme ji s pomocí vzácných plynù, jejichž
ionizaèní energie jsou velmi pøesnì známy.

Jako první vzorek byl použit 2,4,6-trimethylpyridin
C8H11N (Schéma 1), u nìjž bylo provedeno srovnání první
ionizaèní energie s daty z literatury. 

Obrázek 1 ukazuje závislost relativní intenzity C8H11N
+

na energii fotonù Efoton. Závislost je opravena na intezitu
fotonù a energetická stupnice je kalibrována mìøeními
ionizaèních energií vzácných plynù. 

Z analýzy grafické závislosti vychází hodnota první
ionizaèní energie 8.38 ± 0.05 eV. Vypoètená hodnota
ionizaèní energie je stanovena na 8.43 eV. Obì hodnoty
jsou si blízké, avšak výraznì se liší od døíve publikované

hodnoty 8.9 ± 0.1 eV pro 2,4,6-trimethylpyridin [8]. 

Schéma 1. 2,4,6-trimethylpyridin (C8H11N).
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Zá vìr

První výsledky experimentu potvrzují úspìšnou aplikaci
synchrotroního záøení v chemickém výzkumu, konkrétnì
v oblasti studující ionizaèní energie. Vysoký energetický
potenciál a specifické vlastnosti synchrotronového záøení
slibují do budoucna pøesné stanovení ionizaèních energií
látek, pro které byly ionizaèní energie doposud obtížnì
dostupné, zvláštì pak u dvojnásobné ionizace. Stejnì tak
umožòuje ovìøení pøedchozích dosažených výsledkù pro
dùležité slouèeniny, které jsou používány jako standardy.  
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Práce byla podpoøena zámìrem AV ÈR (Z40550506) a
zámìrem Ministerstva školství Èeské republiky (MSM00
21620857).

Obrázek 1. Závislost relativní intenzity C8H11N
+ na energii fotonù Efoton. Závislost je oèištìna od vlivu intenzity

fotonù a energetická stupnice je kalibrována.
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CRYSTALLIZATION STUDY OF HIGH PLANTS PHOTOSYSTEM II AND
CHLOROSOMAL  BACTERIOCHLOROPHYLL C AG GRE GATES  

Tatyana Prudnikova1, José A. Gavira3, Pavlína Øezáèová4, Michal Kutý1, 2, František Vácha1,

5, Jakub Pšenèík6, Juan M. García-Ruiz3 and Ivana Kutá Smatanová1, 2

1In sti tute of Phys i cal Bi ol ogy USB CB, Zamek 136, 373 33 Nove Hrady, Czech Re pub lic 
2In sti tute of Sys tems Bi ol ogy and Ecol ogy AS CR Zamek 136, 373 33 Nove Hrady, Czech Re pub lic
3Laboratorio de Estudios Cristalografico, Edf. Lopez Neira, P.T. Ciencias de la Salud, Avenida del

Conocimiento, s/n, 18100 Armilla, Granada, Spain
4In sti tute of Mo lec u lar Ge net ics AS CR, Flemingovo n. 2, 16637 Prague, Czech Re pub lic

5Bi o log i cal Cen tre IPMB AS CR, Branisovska 31, 370 05 Ceske Budejovice, Czech Re pub lic
6Charles Uni ver sity, Fac ulty of Math e mat ics and Phys ics, Ke Karlovu 3, CZ-121 16, Czech Re pub lic

Pho to syn the sis re al ized by photosystem II (PS II) uses
light en ergy to cou ple the for ma tion of mo lec u lar ox y gen
to the fix a tion of car bon di ox ide. It con sists of four mem -
brane-in ter nal sub units (D1, D2, CP43, CP47), sev eral
smaller in ter nal mem brane (in clud ing PsbE and PsbF, con -
sti tut ing cyt b-559) and three ex ter nal sub units (PsbQ,
PsbP, PsbO in green al gae and higher plants). PS II is lo -
cated in the thylakoid mem brane of higher plants, al gae and 
cyanobacteria.

Chlorosomes are the main light har vest ing com plexes
of green photosynthetic bac te ria. Typ i cal chlorosome is an
el lip soi dal body (100-200 nm x 20-50 nm)  which con sists
of bacteriochlorophyll (c, d or e) mol e cules, ca rot en oids
(chlorobactene), very small amount of qui nones
(menaquinone-7), lipids (monogalactosyl diglyceride) and
pro teins.  The main dif fer ence from other light har vest ing
com plexes is that the main pig ments aren’t as so ci ated with
pro tein and self-as sem ble into ag gre gates.

The aim of our work was based on us ing ad vanced
coun ter-dif fu sion and stan dard va por-dif fu sion meth ods,
to ob serve ca pa bil ity of in di vid ual precipitants to in flu ence 
the crys tals growth.

Us ing ad vanced coun ter-dif fu sion method and com -
mon va por dif fu sion tech niques we have tested the in flu -
ence of sev eral salt ad di tives from Hampton Re search
screen ing test (Fe, Ca, Ba, Mg, Ca, Mn, Cd, Cu, Co, Cs, Zn, 

Y, Ni and Sr), de ter gents (b-DM, C12E8), buff ers with dif -
fer ent pH (MES, HEPES, Tris, KH2PO4, pH 6.0-8.0), and
cryoprotectants (PEG with sev eral mo lec u lar mass, glyc -
erol, MPD) to find suit able con di tions to pro duce sin gle
crys tals of dif frac tion qual ity. Crys tals of hex ag o nal shape
and nee dles ob tained from dif fer ent con di tions were mea -
sured at the synchrotrons DESY, Ham burg (Ger many),

EMBL, Grenoble (France) and diffractometer Granada
(Spain).
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S. Iwata (2004), Sci ence, 303, 1831-1838.
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J.M. Gar cia-Ruiz (2005), Acta Cryst., A61, 147.

3.   F. Vácha, J. Pšenèík, M. Kutý, M. Durchan and P. Šiffel:
Pho to syn the sis Re search, 84 (2005) 297.

4.   V. I. Prokhorenko, D. B. Steensgaard, A. R. Holzwarth:
Bio phys i cal Jour nal, 85 (2003) 3173-3186. 

This work is sup ported by grants NSM6007665808 and
LC06010 of the Min is try of Ed u ca tion of Czech Re pub lic
and In sti tu tional re search con cept AVOZ60870520 of
Acad emy of Sci ence of Czech Re pub lic.

Fig ure 1. Crys tals of Higher Plants Photosystem II.
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P5

TEXTURY  VÁPENCOVÝCH  VRSTEV

 J. Marek1, J. Hladil2 
1Jaderná fakulta  ÈVUT,  Katedra inženýrství pevných látek , Trojanova 13, CZ-120 00 Praha  2.,

2J. Hladil:  Geologický ústav ÈAV, Rozvojová  269, CZ-165 00, Praha 6-Lysolaje

K rentgenografickému difrakènímu rozboru byly dodány 
Geologický ústavem  ÈAV,  vzorky vápence z lomu „ Na
Škrábku“ lokality Choteè. Vzorky byly odebrány z vápen -
cové zahnuté vrstvy  (Obr. 1).

Odbìry z míst  1  a  2  byly provedeny ve tvaru  krychli  o
stranì délky cca  2 cm.  Krychle byly dále rozøezány  na 
destiè ky tlouštky  cca  3.5 mm.  (obr. 2)

Difraktogramy  byly provedeny na  práškovém gonio -
metru Siemens,  záøení  Co-anody.

Difraktogramy  rozemletých vzorkù  jsou uvedeny na obr. 
3,  intenzivní diftrakce  jsou identifikovány dle  databáze 
PDF Cal cite,  File: 5-586.

Pro identifikaci dalších složek  bylo vìtší množství 
materiálu rozpuštìno jednak v kyselinì octové, jednak
v kyselinì chlorovodíkové HCl.  Práškové difraktogramy 
isolátù jsou uvedeny na obr. 4.

Intenzivní difrakce jsou identifikovány  dle  databáze 
PDF  Køemen,  File  5-498 .

Obrázek 1.

Obrázek 2.

Obrázek 3.

Obrázek 4.

Obrázek 5.
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Na  difrakcích  Calcitu  (104), (110), (113), (202)  (viz
obr. 3) byly provedeny texturogramy odøíznutých destièek,
na texturním goniometru  Siemens,  (anoda Co),  jejichž
rozvinuté spirálové  záznamy  jsou uvedeny  na  obr.5.

Z uvedených texturogramù je  patrna velmi nízká
pøednostní orientace mìøených  vzorkù.

Výzkum byl podpoøen grantem MSM 6840770040. 
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UTILIZATION OF SYNCHROTRON RADIATION FOR IN-SITU DIFFUSION STUDIES

M. Meduòa1, O. Caha1, G. Bauer2, G. Mussler3, D. Grützmacher3

1In sti tute of Con densed Mat ter Phys ics, Masaryk Uni ver sity Brno, Czech Re pub lic
2Institut für Halbleiterphysik, J Kep ler Universität, Linz, Aus tria

3In sti tute of Bio- and Nanosystems, Forschungszentrum Jülich GmbH, Jülich, Ger many
mjme@phys ics.muni.cz

New de vices in elec tronic and op to el ec tronic ap pli ca tions,
of ten de signed in nanometer scale, are typ i cally sub jected to
a large ther mal load dur ing its pro duc tion, pro cess ing and op -
er a tion. On the con trary the ther mal prop er ties of the new
ma te ri als used are usu ally not well known and they re sult in
fast deg ra da tion pro cesses at high tem per a tures. In these
cases the in-situ dif frac tion tech niques are very ap pro pri ate
for de tec tion of tem po ral struc tural changes in side the in ves -
ti gated struc ture. 

In  our case, we con cen trate on stud ies of inter diffusion in 
SiGe elec tronic de vices, which find ap pli ca tions in CMOS
tech nol o gies, quan tum cas cade emit ters and quan tum dot
struc tures. Un for tu nately, there are only few ex per i men tal
data on interdiffusion avail able in lit er a ture. Suf fi cient set of
pa ram e ters de scrib ing interdiffusion in Ge rich SiGe al loys is 
still com pletely miss ing with re li able pre ci sion [1].

We have in ves ti gated dif fu sion prop er ties of strain com -
pen sated SiGe mul ti ple quan tum well (MQW) struc tures
grown by mo lec u lar beam ep i taxy. The se ries of struc tures
with var i ous av er age Ge con tents were stud ied in-situ by
means of re cip ro cal space map ping of X-ray dif frac tion or re -
flec tivity us ing syn chro tron ra di a tion (ESRF). Since the tem -
po ral evo lu tion of struc tural changes is usu ally very fast
within the large dy nam i cal range of in ten si ties and close to a

de tec tion limit, a high in ten sity flux was re quired for
in-situ an neal ing mea sure ments. The an neal ing at high
tem per a tures re quires ap pro pri ate am bi ent con di tions,
for in stance high vac uum, which was re al ized in side
evac u ated Be dome cham ber al low ing proper scat ter ing
con di tions.

In our ex per i ment, we have found that crit i cal tem -
per a tures, where the interdiffusion starts to be ev i dent, is
ob served in the range from 600 °C to 700 °C for Ge rich
SiGe al loys with xGe=70 and 90 % and from 700 °C to
800 °C for Si rich al loys with xGe=25 and 50 % [2]. The
MQW pe riod in dif fer ent sam ple se ries var ied in the
range from 5 nm to 30 nm. The layer thick nesses and Ge
con tents ob tained from sim u la tions of dif frac tion pat -
terns al lowed us to de ter mine the dif fu sion co ef fi cients
for var i ous tem per a tures and sev eral av er age Ge con tents 
in the MQW.

     

1.  D. B. Aubertine &  P. C. McIntyre, J.Appl. Phys., 97,
(2005), 13531.

2. M. Meduòa, J. Novák, G. Bauer, C.V. Falub, & 
D. Grützmacher, phys. stat. sol. (a), (2008), in print.
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DIFUZNÍ RTG ROZPTYL NA POLOVODIÈOVÝCH KVANTOVÝCH TEÈKÁCH

T. Èechal

Ústav fyziky pevných látek, Masarykova univerzita Brno

Tato práce se zabývá analýzou struktury SiGe kvantových
teèek pøipravených metodou LPE na Si(001) substrátu. V
nedávné dobì byly vyvinuty metody umožòující zjištìní
chemického složení a deformaèního pole v tìchto kvan -
tových teèkách založené na analýze rtg difrakèního obrazce
poøízeného v GID geometrii. Cílem práce je zobecnit tyto
metody na pøípad klasické koplanární geometrie. Jedním z
možných pøístupù je vytvoøení vhodného zjednodušeného

strukturního modelu kvantové teèky a následné fitování
namìøeného difrakèního obrazce. Vhodnost navrženého
strukturního modelu je testována pokusným fitováním
difrakèního obrazce získaného “brute-force” simulací a
následnì je tento strukturní model použit k fitování
skuteèných experimentálních dat.
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SYNTHESIS OF TITANATE NANOTUBES: INFLUENCE OF TIO2 MODIFICATION ON
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This work is fo cused on prep a ra tion of ti tan ate nanotubes
(Ti-NT) from var i ous mod i fi ca tions of TiO2. Dif fer ent
source mi cro/nanopowders of TiO 2 yielded Ti-NT with
sim i lar sizes, shapes and struc tures. Re sid ual TiO2 par ti cles 
in fi nal Ti-NT sus pen sions were elim i nated by mod i fi ca -
tion of prep a ra tion pro ce dure. Mor phol ogy and crys tal line
struc ture of both source TiO2 and fi nal Ti-NT were in ves ti -
gated by means of elec tron mi cros copy, elec tron dif frac -
tion and X-ray dif frac tion. 

In tro ducti on

Re cently dis cov ered ti tan ate nanotubes [1] at tracted spe -
cial at ten tion in the nanomaterial re search due to their
novel unique crys tal line struc ture and mor phol ogy [2-4] as
well as the mech a nism of their for ma tion [5-7]. The
nanoparticles are ba si cally rolled sheets of ti tan ate. Their
outer di am e ter is about 10 nm and their length var ies from

100 nm to 1 mm. Nanotubes are ob tained by sim ple hy dro -
ther mal pro cess with out us ing of tem plates. Due to their
high as pect ra tio, ti tan ate nanotubes (Ti-NT) have po ten tial 
use as nanofillers in poly mer com pos ites, sim i larly to car -
bon nanotubes. They may not ex hibit as unique prop er ties
as car bon nanotubes, but they are highly uni form, their fab -
ri ca tion is sim ple, in ex pen sive and highly re pro duc ible.

In our pre vi ous work we de vel oped an iso la tion method 
yield ing non-de structed and non-merged nanotubes from
aque ous so lu tion in gram-scale amounts [8]. Prob lem of
our iso la tion method con sisted in that we had al ways ob -
tained a mix ture of Ti-NT and ana tase or rutile as proved by 
pow der X-ray dif frac tion. Main ob jec tive of this work was
to re fine the syn the sis so that we get rid of re sid ual TiO2.
More over, we wanted to com pare the dif fer ences among
syn the ses start ing from var i ous TiO2 crys tal sizes and mod -
i fi ca tions. The mor phol ogy of both source TiO2 and fi nal
Ti-NT was in ves ti gated by means of scan ning and trans -
mis sion elec tron mi cros copy. The crys tal line struc ture was
stud ied by X-ray and elec tron dif frac tion. 

Ex pe ri men tal

Syn the sis of ti tan ate nanotubes. Start ing TiO2 mod i fi ca -
tions in cluded: tech ni cal pow der (Riedel-de Haën,
Sigma-Aldrich), ana tase TiO2 nanopowder (99,8%;
Aldrich), rutile micropowder (99,9%, Aldrich) or rutile
nanopowder (99,9%, Aldrich). In the fol low ing text, the
TiO2 pow ders are de noted as fol lows: tech ni cal pow der -

microanatase (mA), anataseTiO2 nanopowder – nano -
anatase (nA), rutile micropowder – microrutile (mR), rutile 
nanopowder – nanorutile (nR). Ti tan ate nanotubes (Ti-NT) 
were syn the sized by hy dro ther mal syn the sis as re ported in
our pre vi ous work [8], but sev eral mod i fi ca tions were
made. Firstly, three dif fer ent con cen tra tions of TiO2 tech -
ni cal pow der were used: 6 g, 1 g and 0.1 g TiO2 per 100 ml
of re ac tive mix ture. Sec ondly, re ac tion time was pro longed 
to 48 hours. Thirdly, Ti-NT were syn the sized from mA,
nA, mR or nR (where mA, nA, mR and nR are de fined
above; ini tial con cen tra tion of TiO2  = 0.1 g; re ac tion time
= 48 hours).
Scan ning elec tron mi cros copy. All Ti-NT (or TiO2) aque -
ous sus pen sions were sonicated 1 min just be fore fi nal
prep a ra tion for elec tron mi cros copy. A drop of Ti-NT/TiO2

sus pen sion was de pos ited on bulk car bon sup port and left
to evap o rate. Af ter com plete evap o ra tion, the car bon sup -
port with in ves ti gated par ti cles was trans ferred into scan -
ning elec tron mi cro scope (SEM) Quanta 200 FEG (FEI,
Czech Re pub lic). The spec i mens were ob served as they
were in low-vac uum mode us ing ac cel er at ing volt age 30
kV. 
Trans mis sion elec tron mi cros copy and elec tron dif frac -
tion. The spec i mens were sonicated as de scribed in the pre -
vi ous para graph. A drop let of the sonicated sus pen sion was 
de pos ited on a thin, trans par ent car bon film, left to evap o -
rate and then in spected in a trans mis sion elec tron mi cro -
scope (TEM; Tecnai G2 Spirit 120, FEI, Czech Re pub lic).
The spec i mens were stud ied in both bright field (con ven -
tional TEM/BF) and se lected-area elec tron dif frac tion
(TEM/ED) modes at 120 kV.
Pow der X-ray dif frac tion. Pow der X-ray dif frac tion
(PXRD) mea sure ments of whole pat terns were per formed
mainly on XRD7 (FPM-Seifert) diffractometer with mono -
chro ma tor in the dif fracted beam. The PXRD re sults were
com pared with sim u lated pow der dif frac tion pat terns (cal -
cu lated by pro gram PowderCell, [9]) and ex per i men tal ED
dif frac tion pat terns (pro cessed by pro gram Pro cess Dif -
frac tion, [10]).

Re sults and dis cus si on

Hy dro ther mal syn the sis of ti tan ate nanotubes can be sche -

mat i cally de scribed by very sim ple re ac tion: TiO2 ®
Ti-NT, which usu ally takes place at el e vated tem per a tures
> 100 oC and high con cen tra tions of NaOH. In this study,
the first vari able pa ram e ter of the syn the ses was the ini tial
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con cen tra tion of source TiO2 pow ders. The next two vari -
ables were av er age par ti cle size and crys tal line mod i fi ca -
tion of source TiO2 pow ders. The size of TiO2 par ti cles was 
char ac ter ized by SEM as shown in Fig. 1. Size of par ti cles
was very dif fer ent (mA: 500nm - 100nm; mR: 1µm -
300nm; nA: 300nm - 20nm; nR: 90nm - 20nm). Ab so lute
pu rity of ana tase (Fig. 1a,c) and rutile (Fig. 1b,d) mod i fi ca -
tions was proved by both elec tron and X-ray dif frac tion.

PXRD pat terns in fig ure 2 il lus trate in flu ence of ini tial
con cen tra tion TiO2 on pu rity of syn the sized Ti-NT. The re -
ac tion time was pro longed from 20 h (ref. [8]) to 48 h (this
work). If 6 g of mA was used, the re ac tion mix ture was so
dense that af ter 20 h that stir ring was al most im pos si ble,
which prob a bly caused that re ac tion did not pro ceed
homogenously in the whole vol ume. Con se quently, PXRD
pat tern showed mix ture of Ti-NT and ana tase. Sim i lar be -
hav ior was ob served also for 1 g of mA. As low con cen tra -
tion as 0.1 g of mA per 100 ml of re ac tion mix ture was
nec es sary to ob tain sus pen sion, which could be ho mo ge -
neously mixed for whole 48 hours. PXRD pat terns in Fig. 2 
con firmed grad ual de crease of ana tase con cen tra tion in the
fi nal Ti-NT sus pen sions from high con tent of re sid ual ana -
tase (Fig. 2b) to pure Ti-NT (Fig. 2d).

TEM/BF mi cro graphs and TEM/ED pat terns in Fig. 3
show in flu ence of TiO2 crys tal lite size and mod i fi ca tion on
Ti-NT mor phol ogy and crys tal line struc ture. TEM re sults
proved that all crys tal mod i fi ca tions and sizes of source
TiO2 (Fig. 1) can be used for syn the sis of Ti-NT (Fig. 3, BF
mi cro graphs). Closer in spec tion of both TEM and SEM
mi cro graphs sug gested that the fin est and thin nest
nanotubes were syn the sized from pow der of nanorutile,
nR.

Elec tron dif frac tion (Fig. 3 and Fig. 4) re-con firmed
that all sin gle nanotubes of Ti-NT had the same struc ture,
with three char ac ter is tic dif frac tions (2theta = 24, 28 and

48deg for CuKa), which is in agree ment with our pre vi ous
work [8]. How ever, pow der X-ray dif frac tion sug gested
that the crys tal line struc ture of Ti-NT pre pared from
micropowders (Fig. 4a,b) dif fered from the struc ture of

Ti-NT pre pared from nanopowders (Fig. 4c,d). In case of
nanopowder-based Ti-NT, the ED and PXRD were quite
sim i lar, show ing tree char ac ter is tic Ti-NT dif frac tions (at
24, 28 and 48deg). The other in ten sive peak in PXRD (at
10deg) could not be ob served at ED as it was hid den by
beamstopper. In case of micropowder-based Ti-NT, the
ED and PXRD dif frac tion pat terns were very dif fer ent. Our 
ten ta tive ex pla na tion is as fol lows: In case of ED, the dif -
frac tion pat tern had to be re corded from lo ca tions where
the spec i mens were thin enough to be trans par ent for elec -
trons. In such places the spec i mens con tained sin gle
nanotubes and, as a re sult, all ED dif frac tion pat terns are
the same. In case of PXRD, the dif frac tion pat terns were re -
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Fig ure 1. Var i ous TiO2 par ti cles for the syn the ses: (a)
microparticles of ana tase (mA), (b) microparticles of  rutile
(mR), (c) nanoparticles of ana tase (nA) and (d) nanoparticles of
rutile (nR).

Fig ure 2. Ti-NT syn the sized from dif fer ent con cen tra tion of 
TiO2: (a) 0.1 g of mA per 100 ml  (b) 1 g of mA per 100 ml, (c) 
6 g of mA per 100 ml; (d) is the cal cu lated PXRD pat tern of 
ana tase. Note suc ces sive de crease in in ten sity of ana tase 
dif frac tions with de creas ing mA concentration.

Fig ure 3. Ti-NT syn the sized from: (a) microanatase, (b)
microrutile, (c) nanoanatase and (d) nanorutile. TEM mi cro graphs
showed dif fer ent thick ness and length of each type of nanotubes,
ED pat terns did not show any dif fer ence.



corded from the whole spec i mens. Micropowder-based
Ti-NT con tained higher amount of nanotube ag glom er ates
in com par i son with nanopowder-based Ti-NT, which
could be ob served by SEM. The ag glom er ates had prob a -
bly dif fer ent crys tal line struc ture (cf. Figs 4a-b and 4c-d).
More over, the ag glom er ates were too big for ED
(non-trans par ent for elec trons) but their dif frac tions dom i -
nated in PXRD (much big ger crys tal lites). Con se quently,
the PXRD and ED pat terns of micropowder-based Ti-NT
were dif fer ent.

Conclu si on

Hy dro ther mal syn the sis of Ti-NT, de scribed in our pre vi -
ous work [8], was fur ther in ves ti gated and op ti mized. Vari -
able pa ram e ters dur ing Ti-NT syn the ses were: (a) ini tial
con cen tra tions of TiO2, (b) to tal re ac tion times, (c) av er age
par ti cle size of source TiO2 pow ders and (d) crys tal line
mod i fi ca tions of source TiO2 pow ders. Mor phol ogy of
Ti-NT was in ves ti gated by both mi cro scopic (SEM, TEM)
and dif frac tion meth ods (ED, PXRD). The re sults could be
sum ma rized as fol lows: (i) Re sid ual TiO2 par ti cles in fi nal
Ti-NT sus pen sions were elim i nated by lower con cen tra tion 
of source TiO2 pow ders (0.1 g per 100 ml of re ac tive mix -
ture), to gether with lon ger re ac tion time (48 h). (ii) Mor -

phol ogy of Ti-NT was just slighly infuenced by source
TiO2. Un der the mod i fied con di tions (0.1g TiO2, 48 h), all
TiO2 pow ders (ana tase, rutile, micropowder, nanopowder)
were com pletely trans formed to Ti-NT, which were quite
sim i lar to each other, al though the nanopowder of rutile
seemed to yield the thin nest nanotubes. (iii) Crys tal line
struc ture of sin gle Ti-NT nanotubes was es sen tially the
same, as in di cated by elec tron dif frac tion, whereas pow der
X-ray dif frac tion of the whole Ti-NT sam ples in di cated
that larger ag glom er ates of Ti-NT ex hib ited dif fer ent crys -
tal line struc tures.
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