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ZIRCONIA OXIDES
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Zir co nia (ZrO2) is an im por tant ce ramic ma te rial with an
in creas ing range of ap pli ca tions. Zir co nia ce ramic com po -
nents have ex cel lent frac ture tough ness, very good wear re -
sis tance, high cor ro sion sta bil ity, low ther mal con duc tiv ity
and co ef fi cient of ther mal ex pan sion in range of steel. All
these prop er ties char ac ter ize zir co nia as a lead ing struc ture
ma te rial for a den tal med i cine [1, 2] and solid-ox ide fuel-
 cell de sign [3] and cat a lytic tech nol o gies [4]. This ma te rial
are drawn at ten tion to wards the re mark able struc tural
prop er ties: with in creas ing tem per a ture the McCullough-
 Trueblood struc ture [5] of pure zir co nia with monoclinic
sym me try (P21/c) trans forms to tetragonal sym me try (P42

/nmc), by ap prox i mately 1180 °C [6] and then to flu o rite
struc ture with a cu bic sym me try (Fm-3m) [7] start ing about 
2370 °C with melt ing by 2716 °C [8]. The dif fer ence be -
tween the cu bic and tetragonal struc ture is the al ter nat ing
dis tor tion of the O-atom col umns along the 42 axes i.e. the
O-atom dis place ment along the c axis. The al loy ing of pure
ZrO2 with CeO2, or with lower va lence ox ides such as CaO, 
MgO, La2O3, Y2O3 or cer tain other metal ox ides, it is pos si -
ble to sta bi lize the tetragonal phase at room tem per a ture.

These metastable phases are anal o gous to those in pure zir -
co nia but have dop ant ions which sub sti tuted Zr4+ ions and
a cor re spond ing con cen tra tion of ox y gen va can cies to re -
tain charge neu tral ity. 

The main aim of the work is the de ter mi na tion of in flu -
ence of Y and Ce ions on the fea tures of crys tal struc ture
and microstructural pa ram e ters of zir co nia ce ramic.  The Y
and Ce doped zir co nia sam ples have been ob tained through 
the stan dard ce ramic tech nol ogy, a mix ture of yt trium zir -
co nia ox ides ZrO2 – x%Y2O3 (x = 0; 4% and 8%) and a
mix ture of ce rium zir co nia ox ides ZrO2 – y%Ce2O3 (y = 10; 
15% and 20%) be ing used in pro por tions es tab lished a pri -
ori. Af ter grind ing and press ing, the sam ples were shaped
in form of cyl in ders. Cy lin dri cal sam ples were fi nally
treated at a tem per a ture of 1500 °C (6 h) in air. The struc -
tural anal y sis of zir co nia ox ides was per formed by us ing a

con ven tional X-ray diffractometer with CuKa ra di a tion
and the time-of-flight (TOF) High Res o lu tion Fou rier
Diffractometer (HRFD) (Fig.1 and 2) at the IBR-2 pulsed
re ac tor in Joint In sti tute for Nu clear Re search, Dubna, Rus -
sia [9]. The dif fer ence of qual ity of ex per i men tal re sults
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Fig ure 1. Dif frac tion pat terns for the Zr1-xCexO2 sam -
ples mea sured us ing HRFD at room tem per a ture,
the data were treated us ing a Fullprof pro gram.

Fig ure 2. X-ray and neu tron dif frac tion pat terns for
zir co nium ox ides mea sured at room tem per a ture,
the data were treated us ing a Fullprof pro gram.



from con ven tional X-ray diffractometer and HRFD are
shown in Fig.2. Ce ramic sam ples doped with Y ions are
inhomogeneous, how ever the low res o lu tion of con ven -
tional X-ray diffractometer do not al low to de ter mine the
type of crys tal struc ture of im pu rity. Ac cord ing to high res -
o lu tion data an im pu rity phase has a weakly dis torted
tetragonal struc ture. The vol ume of unit cell in creases as
the con cen tra tion of Y ions is in creased Fig.3. 

The sub sti tu tion of the Zr with Y or Ce in zir co nium ox -
ides leads to a change of the phase com po si tion, and a tran -
si tion from the monoclinic to tetragonal struc ture.
Con cern ing the sub sti tu tion of Zr with Ce we ob served a
dif fer ence of the phase com po si tion be tween the sur face
layer of the sam ple and the phase com po si tion of the bulk
sam ples. We at trib uted this dif fer ence to the var i ous ox y -
gen con cen tra tion in the sur face layer and in the bulk sam -
ple. The dop ing of ZrO2 by Y or Ce ions leads to in crease of 
broad en ing of dif frac tion peaks. Such a be hav ior has been
ex plained by an in crease of microstresses and/or a de crease 
of av er age size of co her ent blocks. The sub se quent in -
crease of con cen tra tion of Y ions up to 8% leads to an
increase of distortion in crystallites of tetragonal phase.
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Figure 3. Vari a tion of the unit cell vol ume of Zr1-xYxO2 (left) and Zr1-yCeyO2 (right) vs. con cen tra tion (x or y) of doped ions.
Full square – phase with monoclinic struc ture, full and empty cir cles – nor mal and a weakly dis torted tetragonal struc tures,
re spec tively. Z—the num ber of mol e cules in the unit cell. 
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Spintronic de vices [1-4], such as sen sors, spin di odes, spin
tran sis tors based on the ef fects of gi ant and tun nel
magnetoresistance have sig nif i cant ad van tages over con -
ven tional elec tronic as they use the spin char ac ter is tics of
ma te ri als.The dou ble perovskites with mo lar for mula
A2B’B’’O6 (where A= La; Pr; Sr; Baet al.; B’ and B’’ = W;
Co; Mn; Fe; Moet al. ) [5, 6] have been brought re cently
into thecenter of sci en tific in ter est be cause of their unique
phys i cal prop er ties: high value of the Cu rie tem per a ture (Tc

~ 420 K), large val ues of the neg a tive magnetoresistance
(MR) (up to ~ 30 % at 4.2K), al most 100 % - de gree of the
spin po lar iza tion of con duc tion elec trons. These prop er ties
al lows to ap ply dou ble perovskites in equip ment of
spintronic for cre at ing of spin valvesor mag netic sen sors.
Such func tional prop er ties are the main fea ture of dou ble
perovskites hav ing a tetragonal struc ture I4/m with a su per -
struc ture or der ing of Fe3+ and Mo5+cat ions.

The mag ni tude of the spin ef fect of these ma te ri als is
highly de pend ent on the de gree of spin po lar iza tion and on
the den sity of states at the Fermi level. In turn, both va lence 
state and av er age size of cat ions B’ and B’’ in flu ence onto
the den sity of states at the Fermi level. In the ideal dou ble
perovskite struc ture, the or dered ar range ment of FeO6 and

MoO6 octahedra is ob served with ac com mo da tion of
Sr2+cat ions in the voids be tween them. In this case, the
antiferromagnetic in ter ac tion be tween the spins of iron cat -
ions Fe3+ (3d5, S=5/2) and mo lyb de num Mo5+ (4d1, S=1/2)
is re al ized with the for ma tion of ferrimagnetic struc ture,
which de ter mines the half-me tal lic state com plex ox ide
with two sep a rate con duc tion bands formed by hy brid ized
states of 4dt2g-orbitals of the mo lyb de num ions and 3dt2g-
orbitals of the iron ions. This half-me tal lic na ture of the
elec tronic states leads to an al most com plete po lar iza tion of 
the con duc tion elec tron spins in stron tium-mo lyb de num
double perovskites.

The main aim of this work is def i ni tion the
regularitiesof in flu ence of ex ter nal fac tors (low- and high
tem per a tures: from 10 to 400 K, high pres sure: up to 5
GPa) onto crys tal and mag netic struc tures of dou ble
perovskites Ba2-xSrxFeMoO6. All sam ples have been pre -

pared by solid-state method at 1200 °C (10 h) in flow 5 %
H2/Ar. The in ves ti ga tion of crys tal and mag netic struc tures
have been per formed by neu tron dif frac tion time of flight
(TOF) method at High Res o lu tion Fou rier Diffractometer
(HRFD) [6] (see Fig.1) and at the spe cial ized spec trom e ter
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Fig ure 1. Dif frac tion pat terns for Ba2-xSrxFeMoO6

sam ples mea sured us ing HRFD in para mag netic re -
gion, the data were treated us ing a FullProf program.

Fig ure 2. Dif frac tion pat terns for Ba2FeMoO6 sam -
ples mea sured us ing DN-6 at dif fer ent pres sures,
the data were treated us ing a FullProf program.



DN-6. The neu tron TOF dif frac tion data un der a high pres -
sure are shown in Fig.2. The Cu rie tem per a ture was de ter -
mined by ponderomotive method. 

Ac cord ing to neu tron dif frac tion data all in ves ti gated
sam ples are ho mo ge neous. The sub sti tu tion of Ba by Sr

ions leads to changes of crys tal struc ture: cu bic (Fm-3m) ®

orthorhombic (Fmmm) ® tetragonal (I4/m). The de crease
of am bi ent tem per a ture leads also to change of type of crys -

tal struc ture from cu bic (Fm-3m) ® orthorhombic (Fmmm) 
or tetragonal (I4/m). The vol ume of unit cell and the Cu rie
tem per a ture de creases as the con cen tra tion of stron tium
ions are in creased (Fig. 3). The in crease of am bi ent pres -
sure leads to de crease of vol ume of the unit cell (Fig.4). 

The ap pli ca tion of high res o lu tion of HRFD has al -
lowed de ter min ing also microstructural pa ram e ters. The
in crease of con cen tra tion of Sr ions leads to in crease of val -
ues of microstresses that can be ex plained by in flu ence of
dif fer ence of ionic ra dii of bar ium and stron tium ions due
to their statistic distribution.
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The bar ium and stron tium hexaferrites and their solid so lu -
tions that doped by Al3+, Sc3+, In3+ and Ga3+ ions [1, 2] at -
tract much at ten tion of re searches due to their unique
phys i cal prop er ties. These ma te ri als have large magneto -
crystalline ani so tropy, high Cu rie tem per a ture, rel a tively
large mag ne ti za tion, as well as its ex cel lent chem i cal sta -
bil ity and cor ro sion re sis tiv ity. Such ex cel lent func tional
prop er ties made it pos si ble their prac ti cal ap pli ca tions as
per ma nent mag nets [3], mag netic re cord ing me dia [4], and
mi cro wave de vices. They pro vide a wide range of po ten tial 
ap pli ca tions, such as mul ti ple-state mem ory el e ments,

novel mem ory me dia, trans duc ers and new func tional sen -
sors are needed. Hex ag o nal fer rites are suc cess ful used in
ab sorp tion of centimetric ra dio waves. Such tech nol ogy is
well known as “Stealth” tech nol ogy. Re cently was re -
ported that Co/Ti-sub sti tuted hex ag o nal M-type fer rite is
an ex cel lent ma te rial for the high-fre quency multilayer
inductors. Their mag netic struc ture are well de scribed by
the Gorter’s model [5], ac cord ing with this all mag netic
mo ments of Fe3+ ions are or dered along with easy mag ne ti -
za tion axis that co in cide with hex ag o nal axis. 
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Fig ure 3. The con cen tra tion de pend ence of vol ume of unit cell 
of Ba2-xSrxFeMoO6 vs tem per a ture.

Fig ure 4. The de pend ence of vol ume of unit cell of
Ba2FeMoO6 vs pres sure.



Re cently, in PbFe12O19 ce ram ics [6] with hex ag o nal
struc ture was found large ferro elec tric po lar iza tion. Dual
ferroic prop er ties of a strong mag ne tism and large
ferroelectricity have been ob served in un-doped bar ium
BaFe12O19 and stron tium SrFe12O19 hexaferrites fab ri cated
by a mod i fied ce ramic tech nique. There fore, bar ium
hexaferrites are new po ten tial multiferroic can di dates. It is
nec es sary to point that ma te ri als with co ex is tence of
ferroelectricity and fer ro mag ne tism are rare and mostly
pro vided rather weak fer ro mag ne tism. The perovskite
BiFeO3 [7] shows weak mag ne tism, which some how limit
its prac ti cal ap pli ca tion. There fore, prep a ra tion of a ma te -
rial in which large ferroelectricity and strong fer ro mag ne -
tism co ex ist would be a mile stone for mod ern electrics and
functionalized ma te ri als [8]. The anal y sis of ex per i men tal
data of multicomponent ox ides such as hexaferrites shows
that their phys i cal prop er ties are di rectly de pended ver sus
con cen tra tion of dia mag netic substitution, type of crystal
structure, crystalline size and even anion stoichiometry. 

There fore, the main aim of our work is de ter mi na tion of 
cor re la tion be tween crys tal and mag netic struc tures of bar -
ium hexaferrites be cause of dop ing In dia mag netic ions.
The main in ter est for in ves ti ga tion of BaFe12–xInxO19 (x =
0.1 – 1.2) is as so ci ated with higher mean ing of ionic ra dii
In3+  (r  = 0.94 C) un like of  Fe3+ (r =0.645 C) [9], there fore, 
one may ex pect the sig nif i cant in flu ence of In ions to crys -
tal  and mag netic struc tures. The in ves ti gated
BaFe12-xInxO19 (x = 0.1; 0.3; 0.6; 09 and 1.2) sam ples have
been fab ri cated by the con ven tional ce ramic method. Af ter
syn the sis at 1200 °C (6 h) sam ples an nealed at 1300 °C (6
h) in air. The crys tal and mag netic struc tures were de ter -
mined by neu tron time of flight method at High Res o lu tion
Fou rier Diffractometer (HRFD, Dubna) [10] in broad tem -
per a ture range (10–730 K). Field dependences of spe cific

mag ne ti za tion were mea sured at 300 K by Liq uid He lium
Free High Field Mea sure ment Sys tem (VSM). 

Ac cord ing to neu tron data all in ves ti gated sam ples are
ho mo ge neous and pos sess a hex ag o nal struc ture with
space group (P63/mmc) with two mol e cules in the unit cell
(Z = 2). The pat tern of neu tron dif frac tion for the
BaFe12-xInxO19 (x = 0.1 and 1.2) is shown in Fig. 1. The vol -
ume of unit cell of the In-doped bar ium hexaferrites is
higher than pure BaFe12O19 com po si tion. While the in dium 
ions con cen tra tion in creases the vol ume of the unit cell is
in creased. It is due to the big ger ionic ra dii of the In3+ ion
(0.940 C) un like of the Fe3+ (0. 645 C) [9] ion. With in -
creas ing of con cen tra tion of the dia mag netic In3+ ions in
the solid so lu tions of bar ium hexaferrite, the num ber of
neigh bors of mag net i cally iron ions is re duced so that the
mag netic or der is de stroyed at lower tem per a tures. This
sub sti tu tion leads to broke ex change in ter ac tion be tween
the mag netic sublattices and to a de crease in the value of
their mag netic mo ments. As re sult, the spe cific mag ne ti za -
tion de creases from 49.8 emu/g (x = 0.1) to 36.6 emu/g (x =
1.2) at room tem per a ture and the Cu rie tem per a ture de -
creases from 695 K to 550 K (Fig. 2.) as the con cen tra tion
of In ions is in creased. A slight change in the mag netic mo -
ment of the dif fer ent com po si tions ap pears to re duce the
mag ni tude of the sublattice mag netic mo ments of the iron
ions lo cated at po si tions 2a and 2b may be due to
inhomogeneities in the dis tri bu tion of in dium ions on crys -
tal lo graphic po si tions in the prep a ra tion of the sam ples.
The high res o lu tion of HRFD al lowed us to de ter mine the
microstructural pa ram e ters of our ce ramic sam ples. The
cal cu la tion of microstresses have been per formed for iso -
tro pic ap prox i ma tion. The mi cro scopic microstresses in -
creases as the con cen tra tion of In ions is in creased that can
be ex plained by ris ing of the sys tem dis or der, as a re sult of
the sta tis ti cal dis tri bu tion of in dium ions in mag netic
sublattices, that can make dif fer ent con tri bu tions to the to -
tal de for ma tion. 

This work was sup ported in part by the Min is try of Ed u ca -
tion and Sci ence of the Rus sian Fed er a tion in the frame -
work of In crease Com pet i tive ness Pro gram of NUST
“MISiS” (Grant No. K4-2015-040), the Belarusian Re pub -
li can Foun da tion for Fun da men tal Re search (Grant No.
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Figure 1. Pow der neu tron dif frac tion pat terns for the
BaFe12-xInxO19 (x = 0.1 and 1.2), sam ple, mea sured at 300 K and
cal cu lated by Rietveld method. 

Fig ure 2. The concentrational de pend ence of the Cu rie tem per a -
ture Tc for all the com po si tions. 



F15d-003) and Joint In sti tute for Nu clear Re search (Grant 
No. 04-4-1121–2015/2017).
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 Shape mem ory al loys be long to Heusler al loys, which ex -
hibit many in ter est ing elec tronic and mag netic prop er ties
strongly de pend ent on crystall struc ture. Mag netic shape
mem ory and mag net i cally in duced re ori en ta tion (MIR) are
prop er ties, which al low easy strain ing of these ma te ri als in
mod er ate mag netic fields < 1 T. The martensitic trans for -
ma tion is the key con cept for deep un der stand ing of these
efects.

Ni2MnGa is good model sys tem where the above men -
tioned ef fects can be well ob served. More over, dif fer ent
be hav ior can be reached due to the off-stoichiometric com -
po si tion (with re spect to de fault 2:1:1), as well. Above that, 

all of this may be ac com pa nied by the cre ation of the mod u -
lated struc ture. Opossite to above men tioned, an other of
Heusler al loys Ni2MnIn does not have to ex hibit any
martensitic trans for ma tion. There fore, the study of the
sam ples which are doped with In in stead of Ga will be the
key ben e fit for un der stand ing the ef fects con nected to the
martensitic trans for ma tion.

Several samples of with different composition with
respect to In have been grown by Bridgeman method.
Complex studies of their structure have been performed by
high-resolution X-ray scattering and by measurement of
diffraction in low and high temperatures.
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Nanoparticles of metastable w phase form in a cer tain com -
po si tion range in metastable â ti ta nium al loys, i.e. Ti al loys
in which martensitic trans for ma tion from the high tem per a -

ture body-cen tred cu bic (bcc) b phase to low tem per a ture

hex ag o nal close-packed a phase is sup pressed and the bcc

b phase is re tained in a metastable state. The w par ti cles are
sev eral tens of nano metres large and are ho mo ge neously

dis persed in the b ma trix. It has been shown re cently that

the w par ti cles are or dered along di rec tions á100ñb. The w
par ti cles form dur ing quench ing by a displacive trans for -
ma tion dur ing which two neigh bour ing (111)b planes col -
lapse to their in ter me di ate po si tion, cre at ing a hex ag o nal

struc ture of the w phase. The col lapse can be only par tial

and its mag ni tude is com po si tion-de pend ent. Dur ing

age ing, the w par ti cles grow by a dif fu sion-as sisted, dis -
place ment con trolled pro cess dur ing which the sol ute el e -

ments are re jected from the w par ti cles into the b ma trix.

In this re search, the chem i cal com po si tion of the w par -
ti cles and its de pend ence on age ing con di tions was stud ied
in sin gle crys tals of Ti – 8.1 at.% Mo al loy by anom a lous

X-ray dif frac tion (AXRD) mea sured on (8-4-42) w dif frac -

tion peak. The en ergy de pend ence of the w dif frac tion peak 
was stud ied on a se ries of sam ples aged at temperatures 300 
°C, 335 °C and 370 °C, with age ing times rang ing from
15 min to 512 h. The AXRD mea sure ments were done on
beamline BM02 at ESRF, Grenoble, France. The stud ied
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en ergy range was near the Mo ab sorp tion edge (20.0 keV).

The w peak ex hib ited an el lip ti cal shape, which is re lated to 

the shape of the w par ti cles in the al loy (prolate el lip soids).

Fig. 1(a) shows an w dif frac tion max i mum di vided into
four el lip ti cal re gions of in ter est (ROIs) de noted by dot ted
lines. Fig. 1(b) shows in ten sity evo lu tion with in creas ing
pri mary beam en ergy within in di vid ual ROIs. The mean
Mo con cen tra tion in the al loy in flu ences mainly the pen e -
tra tion depth of the X-ray ra di a tion, i.e. the size of the step

at the Mo edge. The Mo con tent in the w par ti cles cor re -
sponds to the round ness of the curves just be low the en ergy 
of the Mo edge – with in creas ing Mo con cen tra tion in the ù
par ti cles the curves are rounder.

The evo lu tion of dif frac tion max ima in ten sity with in -
creas ing pri mary beam en ergy was sim u lated by a
core-shell model in which the mean Mo con cen tra tion in

the w par ti cle was smaller than the average con cen tra tion in 

the al loy and the cen tre of the w par ti cle was slightly richer
in Mo than its pe riph ery. For each aged con di tion of the al -
loy, Mo con cen tra tions in the core as well as in the shell of

the w par ti cles were cal cu lated. More over, the mean w par -

ti cles size (i.e. two half-axes of the prolate el lip soid) was
de ter mined from the shape of the dif frac tion max i mum.

1. S. Banerjee and P. Mukhopadhyay, Phase trans for ma tions:
ex am ples from ti ta nium and zir co nium al loys, vol. 12,
Elsevier, 2010. 

2. G. Lütjering and J. C. Wil liams, Ti ta nium, Berlin:
Springer, 2003.

3. J. Šmilauerová, P. Harcuba, J. Stráský, J. Stráská, M.
Janeèek, J. Pospíšil, R. Kužel, T. Brunátová, V. Holý and J. 

Ilavský, “Or dered ar ray of w par ti cles in b-Ti ma trix stud -
ied by small-an gle X-ray scat ter ing,” Acta Materialia, vol.
81, pp. 71 - 82, 2014. 

4. S. Nag, A. Devaraj, R. Srinivasan, R. E. A. Wil liams, N.
Gupta, G. B. Viswanathan, J. S. Tiley, S. G. Srinivasan, H.
L. Fra ser and R. Banerjee, “Novel Mixed-Mode Phase
Tran si tion In volv ing a Com po si tion-De pend ent Displacive
Com po nent,” Phys i cal Re view Let ters, vol. 106, p. 245701, 
2011.

5. T. W. Duerig, G. T. Terlinde and J. C. Wil liams, “The

w-phase re ac tion in ti ta nium al loys,” in Ti ta nium 80 Sci -
ence & Tech nol ogy, 1980. 
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Zeolites are po rous ma te ri als with im por tant in dus trial ap -
pli ca tions [1]. Their struc tures are com plex, and some times 
dis or dered which makes their struc ture char ac ter iza tion
dif fi cult us ing con ven tional meth ods. Elec tron dif frac tion
(ED) com bined with high res o lu tion trans mis sion elec tron

mi cros copy (HRTEM) is a very pow er ful method for de ter -
mi na tion of com plex or dis or dered struc tures from
nano-and submicron-sized crys tals. In this work, we used
Ro ta tion Elec tron Dif frac tion (RED) [2] com bined with
HRTEM im ag ing and pow der X-ray dif frac tion (PXRD) to 
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Fig ure 1. (a) A typ i cal w dif frac tion max i mum; ROIs are de noted by dot ted lines. (b) In ten sity de pend ence on the en ergy of the pri mary
beam for in di vid ual ROIs (in di cated by num bers). Ex per i men tal data are in di cated by dots, solid lines de note sim u lated curves.  The
curves are shifted ver ti cally for clar ity.



solve and char ac ter ize the struc ture of the com plex
germanosilicate IM-18 [3]. The RED method com bines
dis crete goniometer tilt steps (2.0-3.0°) with fine beam tilt
steps (0.05-0.20°) to col lect 3D ED data from a sin gle par ti -
cle. More than 1000 ED frames can be col lected in less than 
one hour. More over, both sharp spots and dif fuse streaks
in di cat ing the dis or der could be seen from the 3D re cip ro -
cal lat tice re con structed from the RED data. IM-18 was
first pre pared more than 8 years ago, but its struc ture re -
mained un solved [3]. RED data of IM-18 con sist ing of 649
ED frames were col lected cov er ing a tilt range of 119.46°
with a tilt step of 0.20°. RED data were col lected at 200 kV
us ing the soft ware RED – data col lec tion on a JEOL
JEM2100 TEM. The RED data pro cess ing soft ware was
used for unit cell de ter mi na tion, in dex ing, and in ten sity ex -
trac tion.

The unit cell pa ram e ters of IM-18 were ob tained from
the 3D re cip ro cal space re con structed from the RED data,
which were also con firmed from the PXRD data. We have
found that the av er age struc ture is orthorhombic (Imma)
with a  = 5.168  C, b = 14.984  C, c = 16.965 C. Three dif -
fer ent poly morphs (P2/m with a = 10.336 C, b  = 14.984 C,

c  = 17.734 C, b = 106°; Pmna with a = 14.984 C, b =
10.336 C, c = 16.965 C and Pnnm with a = 16.965 C, b =

10.336 C, c = 14.984 C) can be built from the av er age
struc ture. The dif fer ence be tween the mod els is the ar -
range ment of dou ble 4-ring (D4R) units within the layer.
HRTEM im ages can pro vide ad di tional in for ma tion about
the lo cal struc ture.

We have shown that the av er age struc ture of the com -
plex ze o lite IM-18 could be ob tained di rectly from the
RED data. Fi nally, it is pos si ble to con firm the struc tural
model by us ing the PXRD data.

1. M.E. Da vis, Na ture, 417, (2002), pp. 813-821.

2. W. Wan, J. Sun, J. Su, S. Hovmöller, X. Zou, J. Appl.
Cryst., 46, (2013), pp. 1863-1873.

3. Y. Lorgouilloux, J.-L. Paillaud, P. Caullet, J. Patarin, N.
Bats, French pat ent 2,923,477. 2007 Nov 11.
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Gal lium nitride (GaN) is now a days con sid ered as one of
the most prom is ing wide-bandgap semi con duc tors for nu -
mer ous ap pli ca tions. Due to the lack of na tive sub strates,
the GaN lay ers are usu ally grown by heteroepitaxy on for -
eign sub strates. Re cently, a mod i fied setup for high-tem -
per a ture vapour phase ep i taxy (HTVPE) was pro posed [1]
that con sists of a cold-wall re ac tor equipped with a novel
Ga evap o ra tion cell. Us ing this setup, a se ries of c-ori ented

GaN lay ers hav ing the thick ness of 5 mm was de pos ited by
HTVPE di rectly on sap phire sub strates. 

We in ves ti gated the ef fect of se lected growth pa ram e -
ters such as growth rate or am mo nia flow dur ing the de po -
si tion on the qual ity of pro duced lay ers. The den sity of
screw and edge thread ing dis lo ca tions (TDs) was de ter -
mined us ing a com bi na tion of high-res o lu tion X-ray dif -
frac tion (HRXRD) and Monte Carlo sim u la tion [2]. For the 
lat ter, we sug gested a novel de scrip tion of the dis lo ca tion
bunch ing that is based on the trans mis sion elec tron mi cro -
scopic (TEM) ob ser va tions [3]. The den sity of TDs was
cor re lated with the re sid ual stress in the sam ples that was

de ter mined us ing a mod i fied sin2y method [4].
TEM (Fig. 1) re vealed fur ther more a change of the con -

trast be tween the [0001]-ori ented col umns that were at trib -
uted to GaN grains with Ga and N po lar i ties. The grains

with in verse po lar i ties arise al ready dur ing the nu cle ation
pro cess at the GaN/sap phire in ter face and their bound aries
look like antiphase do mains. In sym met ri cal XRD ge om e -
try, these de fects cause ad di tional XRD line broad en ing in
az i muthal di rec tion and thus af fect the ac cu racy of the
screw TDs de ter mi na tion. 

The ef fect of the antiphase bound aries on the de ter -
mined TDs den si ties and on the cor re la tion be tween the de -
fect den sity and the re sid ual stress will be discussed.

1. G. Lukin, C. Röder, M. Barchuk, G. Schreiber, O. Pätzold,
J. Kortus, D. Rafaja, M. Stelter, Phys. Stat. Solidi C, 11,
(2014), 491-494.

2. M. Barchuk, V. Holý, B. Miljevic, B. Krause, T.
Baumbach, J. Hertkorn, F. Scholz, J. Appl. Phys., 108,
(2010), 43521. 

3. M. Barchuk, V. Holý, D. Rafaja, J. Phys. D: Appl. Phys.,
sub mit ted. 

4. M. Barchuk, C. Röder, Y. Shashev, G. Lukin, M.
Motylenko, J. Kortus, O. Pätzold, D. Rafaja, J. Cryst.
Growth, 386, (2014), 1-8.
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BEHAVIOR OF 2-MERCAPTOBENZIMIDAZOLE UNDER HIGH-PRESSURE
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Hanna Tomkowiak, Andrzej Katrusiak 

De part ment of Ma te ri als Chem is try, Fac ulty of Chem is try, Adam Mickiewicz Uni ver sity,  Umultowska 89b,
61-614 Poznañ, Po land, hannat@amu.edu.pl

2-Mercaptobenzimidazole, (MBi), is used as an in hib i tor of 
cor ro sion of met als, ow ing to its abil ity to co or di na tion and 
for ma tion of a pro tec tive layer on the metal sur face. The
com pound can be pres ent in the thion, thiol and zwit teri on -
ic forms

Sin gle crys tals of MBi have been in situ grown in a
Merrill-Bassett di a mond-an vil cell (DAC) [1] and the
struc tures were de ter mined by X-ray dif frac tion. The crys -
tal struc ture of this com pound was de ter mined for the first
time in 1976 [2]. High-pres sure crystallizations at iso -
choric con di tions from meth a nol so lu tion lead to the
unsolvated crys tals. 2-Mercaptobenzimidazole crys tal lizes 
in monoclinic space group P21/m up to 2.5 GPa and it’s the
same phase as that ob tained at am bi ent con di tions. In all
crys tal struc tures mo lec u lar pack ing is gov erned by NH···S 
hy dro gen bonds.

1. Merrill L.; Bassett W. A. Rev. Sci. Instrum. 45 (1974)
290-294.

2. Hendricks, S. B. J. Am. Chem. Soc. 50 (1928) 2455-2464.
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Fig ure 1. Dark field TEM im ages re corded in the dif frac tion spots +0001 (a) and –0001 dis closed do mains with in verse po lar i ties.
The se lected dif frac tion spots arisen due to the mul ti ple scat ter ing are marked in the elec tron dif frac tion pattern (left).

Fig ure 1. Stages of isochoric growth of MBi at 1.30 GPa: (a) one
seed at 423 K; (b) at 393 K; (c) at 323 K; and (d) sin gle crys tal of
MBi at 296 K/ 1.30 GPa.  
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3-Hydroxy-4,5-dimethyl-1-phenylpyridazin-6-one (1) is a
de riv a tive of maleic hydrazide, known in three poly mor -
phic forms, an an a logue of nu cleic bases, ap plied as the
growth in hib i tor in ag ri cul ture; de riv a tives of 1 are used as
an ti vi ral drugs. At am bi ent con di tions 1 pre cip i tates as
monoclinic crys tals of space group C2/c, with four sym me -

try-in de pend ent mol e cules (Z’= 4) (polymorph a) [1] and

P21/c, with Z’=1 (polymorph b).
Cur rently in the Cam bridge Struc tural Da ta base there

are about 10% of crys tal struc tures with Z’ >1; more than
66% of them have one sym me try in de pend ent mol e cule
(Z’= 1) in the struc ture, in 8.04% struc tures there are two
in de pend ent mol e cules (Z’= 2), in 0.45% Z’= 3, in 0.44%
Z’= 4 and in 0.04% Z’= 6. Also frac tional Z’ is quite fre -
quent for sym met ric mol e cules: Z’= 0.25 is pres ent in
1.56% of de pos ited struc tures, Z’= 0.33 in 0.65%, Z’= 0.5
in 22.4% and Z’= 1.5 in 0.25% of de pos ited struc tures.

How ever, the sig nif i cance of the Z’ num ber for the
prop er ties of crys tals is still puz zling. We have shown that

in the crys tal of 1 pres sure clearly fa vours the low Z

polymorph g. How ever, phase g re quires recrystallization
above 0.4 GPa and it could not be ob tained at am bi ent con -
di tions, even though the crys tal of phase ã have been kept
in open vi als for one year at least. The Z’ re duc tion in the
high-pres sure polymorph of 1 con trasts with the phase
tran si tions in thiourea [2] from its am bi ent pres sure phase
V (Z’= 1) to high-pres sure phase VII (Z’= 3); as well as the
tran si tion of urea [3] from the am bi ent-pres sure phase I
(Z’= 0.25) to phase III (Z’= 1) above 0.48 GPa; above 2.8
GPa urea trans forms to phase IV (Z’= 0.5).

1. A. Katrusiak, A. Katrusiak, J. Mol. Struct., 1085, (2015),
28.

2. H. Tomkowiak, A. Olejniczak, A. Katrusiak, Cryst.
Growth. Des., 13, (2013), 121.

3. A. Olejniczak, K. Ostrowska, A. Katrusiak, J .Phys. Chem.
C, 113, (2009), 15761.
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Berg-Barrett to pog ra phy tech nique is ef fec tively used even 
to day to es ti mate the qual ity of the struc ture of semi con -
duc tor ma te ri als. This pa per shows that some mod i fi ca tion
of this tech nique can in crease by an or der of mag ni tude its
sen si tiv ity to the pe cu liar i ties of the mor pho log i cal struc -
ture of sur face and its struc tural dis tor tions.

This dif frac tion ge om e try is dif fer ent from tra di tional
schemes in that nor mal  to crys tal en trance sur face does not
lie in the dif frac tion plane [1-3].

This ex per i men tal scheme opens up new op por tu ni ties
for a layer by layer vi su al iza tion of struc tural changes in
the subsurface crys tal lay ers, and also al lows in creas ing the 
de ter mi na tion of dis tri bu tion of strain types in the
subsurface lay ers us ing a se ries of dif frac tion re flec tion
curves. Among pos si ble dif frac tion planes (hkl) for the
pro posed dif frac tion ge om e try pref er ence should be given
to those for which the dif fer ence be tween the val ues of an -

gles q and y is in sig nif i cant, i.e. y – q £ 1° (q – Bragg dif -

frac tion an gle, y – dis ori en ta tion an gle of entrance and
reflecting crystallographic surfaces).

There oc curs a kind of X-ray op ti cal in crease of
topogram res o lu tion (by about an or der of mag ni tude) due
to a re duc tion of X-ray pen e tra tion depth and a stron ger in -
flu ence of the subsurface struc tural de fects on the for ma -
tion of diffraction pattern.

This ge om e try of to pog ra phy there is some kind of in -
crease of X-ray op ti cal res o lu tion on topograms (al most by
an or der of mag ni tude) due to the de crease of the pen e tra -
tion depth of X-rays and a strong in flu ence of sur face struc -
tural de fects on the for ma tion of the diffraction pattern.

Some ex am ples show that ap pli ca tion of re flec tion to -
pog ra phy ge om e try gives an op por tu nity to per form se lec -
tive stud ies of struc tural changes in the subsurface lay ers of 
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crys tal line com pounds af ter dif fer ent ex ter nal in flu ences
with suf fi ciently small step (0.01-0.1 µm).

Im ple men ta tion of X-ray skew asym met ric to pog ra phy
pro vides a way to ob tain dif fer ent de fect pro jec tions on the
en trance crys tal sur face in the same (hkl) re flex. This gives
possibility:

- to se lect op ti mal ex per i ment ge om e try for the most
com plete in ter pre ta tion of de fect type, to study its ori en ta -
tion and elas tic strains, the fea tures of strain field
distribution;

- to readily es ti mate the de gree of struc tural dis or der ing
of sur face lay ers un der dif fer ent ex ter nal in flu ences (la ser
ir ra di a tion, ion etch ing, ion implantation, etc.);

- to in ves ti gate the main fea tures of X-ray dif frac tion
con trast for ma tion, as well as to per form quan ti ta tive di ag -
nos tics of sur face re lief, i.e. to es ti mate the height and step
pa ram e ters of the asperities.

1. I. M. Fodchuk, O. S. Kchevetskiy. Metallophys. (Sov.
Phys.). 14, (1992), 57.

2. R. Zaplitnyy, T. Kazemirskiy, I. Fodchuk, Z. Swiatek.
Phys. Stat. Sol. (A). 204, (2007), 2714.

3. A.P. Vlasov, O.Yu. Bonchyk, S.G. Kiyak, I.M. Fodchuk,
R.M. Zaplitnyy, T. Kazemirskiy, A. Barcz, P.S. Zieba, Z.
Swiatek and W. Maziarz. Thin Solid Films. 516(22),
(2008), 8106.
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This pa per pres ents ex per i men tal and the o ret i cal re search
of long-range in ter ac tions of ex tended sources of re sid ual
strains formed by the ac tion of the di a mond in denter on the
ini tial sur face of an a lyzer of sil i con LLL-in ter fer om e ter.
We pres ent new ap proaches of so lu tion of in verse prob -
lems in def i ni tion of pos si ble sources of re sid ual strains
and mu tual in flu ence at a con sid er able dis tance from them.

Sim u la tion of moiré im ages with known de for ma tion
field is based on al go rithm of Takagi equa tions nu mer i cal
so lu tion, pre sented in [1]. We per formed the anal y sis of
for ma tion of moiré in ten sity dis tri bu tions from in ter ac tion
of de for ma tion fields of two rows of dis trib uted lo cal con -
cen trated forces with dif fer ent po si tions: 1) placed par al lel
or per pen dic u lar to the dif frac tion vec tor H and spaced at
dif fer ent dis tances from each other; 2) in ter sect ing or
touch ing (Fig. 1b,c); 3) placed at an angle to each other
(Fig. 1e,f).

In ter ac tion of scratches de for ma tion fields or con cen -
trated forces rows ap pears on ex per i men tal and cal cu lated
moiré im ages by the for ma tion of the char ac ter is tic dis tri -
bu tion of moiré stripes, as well as the pres ence of mu tual
moiré stripes that be gins on one of scratches and end on the
other. Es pe cially, it is well ob served on fig.1e. As a rule,

the for ma tion of new de for ma tion moiré fringes oc curs in
al ter nat ing signs (com pres sion-ten sion) de for ma tion area
near the con cen trated forces, where the max i mum rate of
phase change is pre sented. In gen eral, the shape of the
moiré stripes usu ally re flects the re sult ing displacement
field of deformations sources.

The in tro duc tion of phase ob ject (Fig. 1c, f) as orig i nal
in di ca tor of strains al lows to de tect and spec ify the mech a -
nisms of for ma tion of moiré stripes near sources of de for -
ma tions and de ter mine the con tri bu tion of each of them. In
ad di tion, the phase moiré sig nif i cantly in flu ences on for -
ma tion of im age in the area be tween scratches. We ob serve
here some changes not only with shape and con trast of de -
for ma tion moiré stripes (dark-white to white-dark), but
also with their number.

1. I. M. Fodchuk, S. M. Novikov, I. V. Yaremchuk, Appl.
Opt., 55 (12), (2016), B120.
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Fig ure 1. Ex per i men tal moiré pat terns (220), CuKa1, (a, d) and cor re spond ing them ones, cal cu lated with out (b, e) and with phase

ob ject (c, f) (L = 1800 mm).
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STUDY OF SINGLE DISLOCATIONS BY TOPO-TOMOGRAPHY WITH X-RAY
LABORATORY SET-UP

D. Zolotov1, A. Buzmakov1, D. Elfimov1,2, M. Chukalina1, F. Chukhovskii1, 
P. Konarev1, V. Asadchikov1,2

1Shubnikov In sti tute of Crys tal log ra phy of Fed eral Sci en tific Re search Cen tre “Crys tal log ra phy and Pho ton -
ics” of Rus sian Acad emy of Sci ences, Mos cow, Russian Fed er a tion
2Lomonosov Mos cow State Uni ver sity, Mos cow, Rus sian Fed er a tion

zolotovden@crys.ras.ru

Man age able dis lo ca tion struc ture for ma tion in crys tal line
ma te ri als al lows to ex tend their in dus trial ap pli ca tions,
e.g., for cre at ing novel X-ray sen sors. On the other hand, as 
is well-known, var i ous ex ter nal loads drive the dis lo ca tion
mo tions that change the crys tal prop er ties. In this re port the 
study re sults of the crys tal line lat tice dis or der in Si due to
in di vid ual de fects (in tro duced dis lo ca tions) are pre sented.
To char ac ter ize 3D struc ture de fect the topo-to mog ra phy
method is used [1, 2]. On the ex am ple of the Si sam ples 
and us ing the X-ray lab o ra tory setup,  all the mea sure ments 
were per formed in the Lab o ra tory of reflectometry and
small an gles scat ter ing, Shubnikov In sti tute of Crys tal log -
ra phy, RAS, Rus sian Fed er a tion. The pro ce dure for in tro -
duc ing dis lo ca tions in Si-sin gle crys tals is fully de scribed.                 

The dis lo ca tion top o graphic con trast ex per i men tally ob -
tained is an a lyzed based on the nu mer i cally sim u lated 2D-
and 3D-im ages. The re con struc tion re sults of the topo-to -
mog ra phy im ages are dis cussed in the terms of the dis -
place ment elas tic field be ing around dis lo ca tions [3].

1  W. Lud wig, P. Cloetens, J. Härtwig, J. Baruchel, B. Ham -
elin, P. Bastie, J. Appl. Cryst., 34,(2001), 602.

2. D.A. Zolotov, A.V. Buzmakov, V.E. Asadchikov, A.E.
Voloshin, V.N. Shurko, I.S. Smirnov. Cryst. Rep., 56,
(2011), 393. 

3. D.A. Zolotov, A.V. Buzmakov, D.A. Elfimov, V.E.
Asadchikov, F.N. Chukhovskii. Cryst. Rep., 61, (2016), in
press.
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QUANTITATIVE SYNCHROTRON TOPOGRAPHY APPLICATION
FOR CRYSTALS OF GROOVED Si AND ZnGeP2

K. M. Podurets, A. A. Kaloyan, E. S. Kovalenko

NRC Kurchatov In sti tute, 1 Acad. Kurchatov Sq., 123182 Mos cow, Rus sia
podurets@yandex.ru

Quan ti ta tive to pog ra phy is a novel tech nique which makes
pos si ble not only vi su al iza tion of the real struc ture of crys -
tal but also ob tain ing in for ma tion on the rock ing curve of
any re gion of in ter est [1]. We pres ent the re sults of in ves ti -
ga tion of two sam ples of dif fer ent or i gin.

In the field of high en ergy phys ics the new de vice for
mul ti ple de flec tion of the pro ton beam was de vel oped re -

cently [2], it con sists of sev eral bent strips of sil i con. In the
de vice the suc ces sive bend ing of sil i con strips at the sur -
face of a thick plate is achieved due to in ter nal stresses in
the ma te rial of the crys tal as a re sult of ap ply ing me chan i -
cal grooves. Method of quan ti ta tive to pog ra phy at syn chro -
tron ra di a tion was ap plied for mea sure ment of bend ing of
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Fig ure 1. View of the de flec tor (left) and the de pend ence of the po si tion of lo cal max ima of the rock ing curves on the co or di nate across
the crys tal and the bend ing ra dius of a stripe, de pend ing on the lo ca tion (right).



the in di vid ual strips of the de flec tor and the crys tal as a
whole (Fig.1). Sil i con (511) asym met ric mono chro ma tor
and sym met ric (333) Bragg re flec tion of the sam ple were
used. The re sults of the mea sure ment are com pared with
the re sults ob tained in the pro ton beam.

ZnGeP2 crys tals have non lin ear be hav iour in the in fra -
red re gion and their per for mance de pends on the crys tal
qual ity [3]. Sev eral crys tals were stud ied us ing the quan ti -
ta tive to pog ra phy at syn chro tron ra di a tion. Sil i con (511)
asym met ric mono chro ma tor and the (336) re flec tion of the
sam ple were used with al most 0 dis per sion. Crys tals dis -
played mac ro scopic cur va ture, subgrains, growth striation

and other de fects. Nev er the less the rock ing curves width in 
some re gions dem on strated high crys tal line per fec tion.
The re sults will be useful for improvement of the growth
process.

1. D. Lübbert, T. Baumbach, J. Härtwig, E. Boller, E. Pernot,
Rev . Nucl.Instrum.Meth, B 160, (2000), 521.

2. A.G. Afonin, V.T. Baranov, V.A. Maisheev et al, Instrum.
Exp. Tech. 56 (2013), 617.

3. G.A. Verozubova, A.O. Okunev, A.I. Gribenyukov et al,
Jour nal of Crys tal Growth 312 (2010) 1122.
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IMAGING AND DENSITY ESTIMATION OF ICY MATERIALS UNDER
TEMPERATURE-CONTROLLED CONDITIONS USING PHASE CONTRAST X-RAY

COMPUTED TOMOGRAPHY

Satoshi Takeya1*, Akio Yoneyama2, Kazuyuki Hyodo3, and Tohoru Takeda4
  

1Na tional In sti tute of Ad vanced In dus trial Sci ence and Tech nol ogy (AIST), Cen tral 5, 1-1-1, Higashi, Tsukuba 
305-8565, JAPAN

2Hitachi Ltd., 1-280 Higashi-koigakubo, Kokubunji-shi, To kyo 185-8601, JAPAN
3High En ergy Ac cel er a tor Re search Or ga ni za tion, 1-1 Oho, Tsukuba 305-0801, JAPAN

4Kitasato Uni ver sity, 1-15-1 Kitasato, Sagamihara 228-8555, JAPAN
s.takeya@aist.go.jp

X-ray mi cro-com puted to mog ra phy (CT) by means of the
ab sorp tion con trast X-ray im ag ing tech nique has been ef -
fec tively used for im ag ing of gas filled pores within ma te ri -
als us ing X-ray CT. On the other hand, one of ma jor
dif fi cul ties is de tect ing changes in wa ter phases (wa ter, ice
and hy drated wa ter) within ma te ri als such as food prod uct,
bi o log i cal ma te ri als. Be cause of low den sity and small den -
sity dif fer ences in these ma te ri als and de vices, the qual ity
of the im ag ing dataset is not high enough to vi su al ize
multi-phase ma te ri als with out a con trast agent.

Den sity res o lu tion of phase-con trast X-ray im ag ing is
much higher than that of the con ven tional X-ray tran si tion
im ag ing since the light el e ments, which are com posed of

such mol e cules as hy dro gen, car bon, and ox y gen, have ap -
prox i mately 1000 times larger phase-shift cross sec tions
than their ab sorp tion cross sec tions. Ad di tion ally, this
tech nique made it pos si ble to ob tain den sity map ping of
crys tals or bi o log i cal tis sues with a den sity res o lu tion up to
sev eral mg/cm3. 

We have applied the phase-contrast X-ray CT to
non-destructive imaging of gas hydrates including guest
gas molecules, such as methane, which is being expected as 
unconventional natural gas resource. In this presentation,
experimental method under temperature-controlled
conditions using phase-contrast X-ray imaging method
will be presented.
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PHASE CONTRAST TOMOGRAPHIC IMAGING OF POLYMER COMPOSITES

D. Kalasová, T. Zikmund, J. Kai ser

CEITEC – Cen tral Eu ro pean In sti tute of Tech nol ogy, Purkyòova 123, 612 00 Brno, Czech Re pub lic
dominika.kalasova@gmail.com

X-ray com puted to mog ra phy (CT) is a non-de struc tive
method for 3D im ag ing of in ner struc ture of ob jects. How -
ever, clas si cal CT im ag ing is re stricted to ma te ri als with
not neg li gi ble X-ray ab sorp tion. Us ing the phase con trast
im ag ing tech nique, ob ser va tion of sam ples con sist ing of a
low ab sorp tion ma te rial be comes pos si ble, more over ma te -
ri als with sim i lar ab sorp tion prop er ties can be dis tin -
guished. For a long time, phase con trast im ag ing has been
re stricted to syn chro tron ra di a tion sources or spe cial tech -

niques re quir ing a spa tial co her ence of ra di a tion. Along
with re cent de vel op ment of X-ray mi cro and nanofocus
X-ray tubes and X-ray de tec tors a phase con trast im ag ing
be comes avail able also with lab o ra tory sys tems [1]. Sin -
gle-dis tance prop a ga tion based method of phase im ag ing is 
widely used on syn chro tron ra di a tion sources. Thanks to its 
sim plic ity against the other phase im ag ing ap proaches, it is
pos si ble to ap ply this method with lab o ra tory CT de vices
with par tially spa tial co her ent X-ray sources. For a quan ti -
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ta tive in for ma tion about phase shift of X-rays trans mit ted
from the ob ject, phase-re trieval al go rithms have been de -
rived [2, 3].

Here, we re port on uti li za tion of phase con trast X-ray
im ag ing and ap pli ca tion of phase re trieval on data from
RIGAKU Nano3DX CT sys tem, spe cif i cally on sam ple of
car bon re in forced poly es ter (PE) fibres. RIGAKU
Nano3DX is equipped with 3300 × 2500 pixel2 X-ray CCD 
cam era and Cu ro ta tory tar get work ing at ac cel er a tion volt -
age 40 kV and cur rent 30 mA. The CT mea sure ment was
per formed with the op ti cal head with 20× mag ni fi ca tion,
en abling the field of view 0.9 × 0.7 mm2. A binning 2 was
set which de ter mined the lin ear voxel size of the CT data at
0.54 µm. The ex po sure time was 5 s re sult ing in the time of
scan ning 1.1 hour. The re con struc tion was re al ized us ing
CT re con struc tion mod ule within VGStudio MAX. Phase
re trieval al go rithm was ap plied us ing AnkaPhase soft ware
[3]. 

In a tomographic sec tion (Fig. 1), edge en hance ment
caused by phase ef fects is vis i ble. In this im age, a seg men -
ta tion of dif fer ent phases of ma te rial is com pli cated. Ap pli -
ca tion of phase re trieval al go rithm on X-ray im ages leads
to the CT data with better con trast and lower sig nal to noise
ra tio (SNR), and con se quently al lows eas ier seg men ta tion
(Fig. 2). More over, an other phase of the stud ied ma te rial,
hav ing prob a bly slightly dif fer ent den sity, be comes vis i ble
(in Fig. 2 pointed by white arrow). 

In this pa per, we showed the pos si bil ity of phase con -
trast X-ray im ag ing with RIGAKU Nano3DX de vice,
which was dem on strated on a poly mer-car bon com pos ite
sample.

1. J. Kastner, B. Plank, G. Requena, Ma ter. Charact., 64,
(2012), 79.

2. X. Wu, L. Hong, Med. Phys., 34, (2007), 737.

3. T. Weitkamp, D. Haas, D. Wegrzynek, A. Rack, J Syn -
chro tron Radiat, 18, (2011), 617.

This re search was car ried out un der the pro ject CEITEC
2020 (LQ1601) with fi nan cial sup port from the Min is try of
Ed u ca tion, Youth and Sports of the Czech Re pub lic un der
the Na tional Sustainability Programme II.
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Fig ure 1. Tomographic sec tion of car bon re in forced PE
fibres. Length of a scale bar is 100 µm.

Figure 2. Phase re trieval on tomographic sec tion of car -
bon re in forced PE fibres. Length of a scale bar is 100
µm.
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OPTIMIZATION OF CHANNEL-CUT X-RAY OPTICS FOR HIGH-THROUGHPUT AND
HIGH-RESOLUTION LABORATORY SMALL-ANGLE X-RAY SCATTERING

EXPERIMENTS

P. Nadazdy1, P. Siffalovic1, M. Jergel1, Y. Halahovets1, Z. Zaprazny2, D. Korytar2, P. Mikulik3,
and E. Majkova1

1In sti tute of Phys ics SAS, Dubravska cesta 9, 84511 Bratislava, Slovakia
2In sti tute of Elec tri cal En gi neer ing, Dubravska cesta 9, 84511 Bratislava, Slovakia

3Masaryk Uni ver sity, CEITEC, Kotlarska 2, 611 37 Brno, Czech Re pub lic
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The lat est gen er a tion of solid and liq uid-based microfocus
X-ray sources cou pled to multilayer op tics pro vides wide
collimated X-ray beams with high flux of 109 pho tons/s
and low di ver gence close to 0.5 mrad. Here, we pres ent
new so lu tions of Ge chan nel-cut crys tal op tics for the next
gen er a tion of high-through put X-ray collimators to fully
uti lize po ten tial of the new microfocus sources, par tic u -
larly for SAXS expriments. We per formed com pre hen sive
ray-trac ing sim u la tions of var i ous beam-com press ing
chan nel-cut collimators and their com bi na tions. Two prin -
ci pal ver sions of the chan nel-cut collimators are pre sented:
i.) the high flux con fig u ra tion based on a sin gle V-shaped
chan nel-cut com pres sor and ii.) the high-res o lu tion
dispersive con fig u ra tion which con sist of a com pres sor and 
a sym met ric par al lel chan nel-cut mono chro ma tor. We dis -
cuss also the most prom is ing high-flux hy brid so lu tion
based on the quasi-dispersive con fig u ra tion of two chan -
nel-cuts with dif fer ent work ing dif frac tions. The nu mer i cal 
sim u la tions are sup ported by ex per i ments pre formed on a
liq uid-jet Ga microfocus X-ray source. The Fig. 1 shows a
com par i son of the con ven tional Kratky collimator with the
above men tioned chan nel-cut collimators. Both chan -
nel-cut collimator de signs clearly out per form Kratky

collimator in terms of the output flux at the same resolution
and vice versa. 

We ac knowl edge sup port of the APVV-14-0745, VEGA
2/0004/15, 2/0010/15 and XOPTICS pro jects.
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PERFORMING HIGH-RESOLUTION IN-PLANE BRAGG SURFACE DIFFRACTION
USING MULTIPLE-BEAM DIFFRACTION

XianRong Huang1, Zheng Tang1,2, Lahsen Assoufid1 
1Ad vanced Pho ton Source, Argonne Na tional Lab o ra tory, 9700 South Cass Av e nue, Argonne, Il li nois 60439, 

USA
2Beijing Syn chro tron Ra di a tion Fa cil ity, In sti tute of High En ergy Phys ics, Chi nese Acad emy of Sci ences,

Beijing 100049, China
xiahuang@aps.anl.gov

In-plane X-ray dif frac tion is crit i cal for non de struc tively
un der stand ing mis fit strains and their re lax ation of
epitaxial struc tures, sur face nanostructure pat terns, etc.
Tre men dous ef forts have been made to de velop ex tremely
asym met ric dif frac tion schemes, par tic u larly graz ing-in ci -
dence dif frac tion (GID), to achieve par tial in-plane dif frac -
tion.  In ad di tion to their ex per i men tal com plex i ties and
dif fi cul ties, the var i ous GID schemes all un for tu nately suf -
fer from many se vere dif fi cul ties, in clud ing (i) low dif frac -

tion ef fi ciency (due to X-ray to tal spec u lar re flec tion), (ii)
low an gu lar res o lu tion (as so ci ated with the broad dif fuse
graz ing dif frac tion peaks), and (iii) ex tremely low spa tial
re solv ing res o lu tion for sur face map ping and im ag ing due
to the large foot print of the graz ing-in ci dent beam on the
sam ple. These draw backs have sig nif i cantly hin dered the
ap pli ca tions of high-res o lu tion X-ray dif frac tion al though
more pow er ful X-ray sources, par tic u larly fourth-gen er a -
tion synchrotrons with small two-dimensionally collimated 
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Fig ure 1. Ex per i men tally mea sured res o lu tion and trans mit tance 
of Kratky and se lected chan nel-cut line collimators.



X-ray beams, are avail able or emerg ing. Here, we pres ent a
sim ple scheme to solve the long-last ing dif fi cul ties of
in-plane dif frac tion. It only uti lizes the sym met ric re flec -
tion ge om e try with large in ci dent an gles (cor re spond ing to
small X-ray foot print and high spa tial res o lu tion) but can
pro duce two in di vid ual dif frac tion peaks through the x-ray
mul ti ple-beam dif frac tion (MBD) ef fect. These two peaks
cor re spond ex actly to the out-of-plane and in-plane dif frac -
tion pro cesses, re spec tively, such that the two kinds of
struc tural in for ma tion can be re vealed si mul ta neously but
in de pend ently. In par tic u lar, if the pri mary out-of-plane
dif frac tion is a for bid den re flec tion, only pure in-plane dif -

frac tion will be ac ti vated. Al though it in volves no graz ing
in ci dence, the in ter me di ate dif fracted waves in the MBD
pro cess prop a gate al most ex actly par al lel to the sur face.
There fore, this scheme is ex tremely sen si tive to sur face
struc tures, and thus can be used to study and im age a wide
range of epitaxial (as well as bulk) ma te ri als, in clud ing
ultrathin films and multilayers, lat eral sur face
nanostructures, and bulk crys tal phase tran si tions [1,2].

1. X.-R. Huang, R.-W. Peng, T. Gog, D.P. Siddons, L.
Assoufid, Appl. Phys. Lett. 105 (2014), 181903.

2. X.-R. Huang, Q. Jia, M. Wieczorek, and L. Assoufid, J.
Appl. Cryst. 47 (2014), 1716 (2014).
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HIGHLY EFFICIENT AND TUNEABLE SILICON DIFFRACTIVE LENSES FOR HARD
X-RAY MICRODIFFRACTION EXPERIMENTS

) M. Lebugle, F. Dworkowski, F. Marschall, V. A. Guzenko, D. Grolimund, M. Wang, C. Da vid  

Paul Scherrer Institut, CH 5232 Villigen-PSI, Swit zer land
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Many cur rently avail able struc tural and chem i cal im ag ing
tech niques such as mi cro X-ray dif frac tion (microXRD),
X-ray ab sorp tion spectromicroscopy (microXAS) or scan -
ning X-ray flu o res cence mi cros copy (SXFM) re quire
highly ef fi cient fo cus ing of hard X-rays. Such ap pli ca tions
widely rely on per form ing ex per i ments with mi cro- and
nanometer size beams, with the wish of hav ing an ex -
tremely bright beam on the sam ple un der in ves ti ga tion in
or der to ob tain the best sig nal to noise ra tio. This holds true
in par tic u lar in macromolecular crys tal log ra phy, since in -
creas ing dif fi cul ties are ob served to grow large crys tals for
ex per i ments aimed at solv ing the struc ture of chal leng ing
tar gets, such as G-pro tein cou pled re cep tors, a ma jor drug
tar get. It is there fore of par a mount im por tance to de sign fo -
cus ing mod ules with ul tra-high ef fi ciency, yet show ing fo -
cus ing ca pa bil ity for reach ing beams with mi cro- and
nanometer size.  

One ma te rial of choice for fab ri cat ing lenses in this
con text is sil i con, since it has no ab sorp tion edge at hard
X-ray en er gies, and thus shows sub stan tial trans par ency.
We de vel oped sil i con lenses based on the zone plate equa -
tion which pres ent the ideal kinoform pro file for ef fi cient
X-ray dif frac tion [1] thereby al low ing a the o ret i cal ef fi -
ciency reach ing unity, only lim ited by ma te rial ab sorp tion.

To ad dress the chal lenge of fab ri cat ing the ul tra-high as -
pect ra tio nanostructures re quired for ef fi cient hard X-rays
dif frac tion, we used the metal-as sisted chem i cal etch ing
tech nique (MAC-Etch), based on a wet-etch pro cess [2-4].
We here op ti mized the MAC-Etch ap proach to fab ri cate
lenses which con sist of diffractive struc tures with pitch

down to 150 nm and a depth of up to 6 mm (see Fig. 1). The
adopted de sign re lies on a pair of tilted lin ear lenses, thus
de coup ling fo cus ing in both di men sions, which ad di tion -
ally shows great flex i bil ity in tun ing the cen tral op er at ing
wave length [5]. 

Microfocusing ex per i ments were con ducted at
microXAS - X05LA beamline of the Swiss Light Source,
Paul Scherrer Institut and an av er age ef fi ciency of 63%
was ob tained for 1D fo cus ing at 12.4 keV (see Fig. 2). Such 
dif frac tion ef fi ciency is sub stan tially higher than the ones
ex pected from bi nary diffractive struc tures, in her ently lim -
ited to 40.5% for pure phase structures. 

The pre sen ted re sults will ran ge from the de sign of our
op tics with op ti mi zed op ti cal per for man ces, the de ve lo p -
ment of the na no fab ri cati on pro cess fol lowed by the ef fi ci -
ency cha rac te ri zati on at hard X-ray ener gies. The
sig ni fi can ce of the si li con len ses de ve lo ped will be pre sen -
ted in con text of hard X-ray micro-fo cu sing ex pe ri ments
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Fig ure 1. (a) View of a kinoform tilted lens, con sist ing of a pe ri odic ar range ment of small tri an gu lar pil lars act ing as lens el e ments
for hard X-rays. SEM pic tures of the sil i con lin ear lenses re al ized with the MAC-Etch tech nique: (b) 20° tilted view of 200 nm pitch
zones. (c) Cross sec tion of same nanostructures with as pect ra tio of 30:1. 



per for med at the Swiss Light Source, Paul Scherrer
Institut.  
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COMPLETE CHARACTERISATION OF
REFLECTION GRATING PROPERTIES BY ATOMIC FORCE MICROSCOPY (AFM),
X-RAY DIFFRACTION (XRD) AND GRAZING INCIDENCE X-RAY FLUORESCENCE

ANALYSIS (GIXRF)

W. Jark, D. Eichert, N. N.

Elettra – Sincrotrone Trieste S.c.p.A., S.S. 14 km 163.5, I-34149 Basovizza (TS), It aly

 For the char ac ter iza tion of the pro file used in dif frac tion
grat ings one usu ally re fers to scans be ing made by use of
scan ning elec tron mi cro scopes (SEM) or atomic force mi -
cro scopes (AFM). These tech niques cover only very small
ar eas at the sam ple, which make dif fi cult to ex trap o late the
grat ing per for mance in terms of ex pected dif frac tion ef fi -
ciency. In ad di tion they only re port the sur face to pog ra phy
and do thus not al low us to learn about the prop er ties of
even tu ally bur ied lay ers and in ter faces. When sub ject ing a
sam ple to X-ray graz ing in ci dence con di tions, the in ves ti -
gated area at the grat ing is sig nif i cantly in creased. By com -
bin ing an gu larly re solved Graz ing In ci dence X-ray
flu o res cence spec tros copy (GIXRF) and X-ray re flec tivity
(XRR), one then also has ac cess to the depth com po si tion
of the ma te rial, given by the an gu larly re solved flu o res -
cence con tri bu tions for the dif fer ent con stit u ents of the
sample under investigation and to its optical parameters,
respectively.

This study wants to dem on strate the per for mance of
GIXRF in the char ac ter iza tion of such pe ri odic struc tures.
A grat ing with lam i nar pro file has been mea sured sys tem -
at i cally de pend ing on the graz ing an gle of in ci dence and on 
the ori en ta tion an gle of the struc ture around its pole. In this

case when the tra jec tory of the prob ing beam is par al lel to
grooves with rect an gu lar pro file, i.e. with flat side walls,
the sys tem could be looked at as an as sem bly of many par -
al lel mi cro-mir rors. The pe ri od ic ity of the struc ture will
nec es sar ily lead to dif frac tion. In this case the dif fracted in -
ten sity will be found on a cone sym met ri cally ori ented
around the plane of in ci dence.   Then the to tally dif fracted
in ten sity should be iden ti cal to the re flec tivity of a plane
mir ror with the same coat ing. And like wise one should not
be able to dis tin guish the an gu larly re solved GIXRF from
that of the plane mir ror. This is infact ob served and in di -
cates thus the successful realization of the groove profile
with the indicated shape.

When now the grat ing is ro tated around its pole such
that the beam tra jec tory is in clined with re spect to the
grooves, then the flu o res cence in ten sity from bur ied lay ers
should ex hibit sig nif i cantly dif fer ent an gu larly de pend ent
be hav iour. This is ob served and it will be shown that the
now more struc tured an gu lar de pend ence is in agree ment
with pre dic tions em ploy ing geo met ri cal ray-trac ing cal cu -
la tions. X-ray dif frac tion data con firm the lay er ing of the
sys tem as de duced from the the previously described
experiments.
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Fig ure 2. Space-re solved dif frac tion ef fi ciency for 1D fo cus ing of a 
kinoform sil i con lens mea sured at 12.4 keV (see colorbar), ob tained
by ras ter scan with a pen cil beam. The red frame in di cates the lens
foot print with 400µm x 400µm ap er ture. The two sub-fig ures show
the av er aged ef fi ciency along each di men sion over the lens foot -
print, to ev i dence the good ho mo ge ne ity ob tained. 



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 23,  no. 3  (2016)       309

PB20

MULTILAYER LAUE LENS FABRICATION AT FRAUNHOFER IWS DRESDEN

A. Kubec1, V. Franke1, A. Reck1,2, P. Gawlitza1, S. Braun1, A. Leson1

1Fraun hofer IWS Dresden, Winterbergstr. 28, 01277 Dresden, Ger many
2Technische Universität Dresden, In sti tute of Ma te ri als Sci ence, Fac ulty of Me chan i cal Sci ence & En gi neer -

ing, Helmholtzstr. 7, 01069 Dresden, Ger many

The fab ri ca tion of multilayer Laue lenses (MLL) is a chal -
leng ing task. At Fraun hofer IWS we have im ple mented all
nec es sary steps to man u fac ture these lenses com pletely in
our own lab o ra to ries.

For the de po si tion of the multilayer stack a method is
re quired, which al lows for pre cise thick ness con trol and
smooth in ter faces be tween in di vid ual lay ers in par tic u lar.
Mag ne tron sput ter ing is the state of the art tech nique to ob -
tain thick multilayer stacks with nanometer precision.

For MLL usu ally multilayer sys tems based on two ma -
te ri als with MoSi2 or WSi2 as the ab sorber and Si as the
spacer have been used. The re sult is a multilayer sys tem
dom i nated by com pres sive stress of the amor phous ma te ri -
als. This might lead to delamination of the multilayer stack
or crack ing of the sub strate dur ing the de po si tion pro cess.
We have de vel oped a three-ma te rial sys tem, which can sig -
nif i cantly re duce the in ter nal stress of the multilayer struc -
ture. We have cho sen to use Mo as ab sorber ma te rial.,
which fea tures ten sile stress. The stress can be bal anced out 
against the com pres sive stress that is con trib uted by Si. To
ob tain nearly op ti mal rel a tive thick nesses a third ma te rial,
Car bon, is in tro duced as a tran si tion layer. It pre vents a sig -
nif i cant interdiffusion be tween Mo and Si and sub sti tutes
part of the spacer layer to obtain a nearly optimal lines to
spaces ratio. 

A la ser mi cro struc tur ing pro cess is uti lized to cut the
whole lens mod ule out of the multilayer stack. The con tour
to be cut con sists of the nar row lens el e ment (tip) and a
wider base struc ture. With ap prox i mately 80 µm width and

200 µm length the con tour is very close to the fi nal net
shape which is min i miz ing the ef forts in the sub se quent
fine pol ish ing pro cess. A laser wave length in the ul tra vi o let 
spec trum (343 nm) was cho sen to en sure ef fi cient cou pling
into the multilayer ma te rial and a min i mum laser spot size
of approximately 10 µm.

A new FIB at Fraun hofer IWS is used for the fi nal pro -
cess ing step. Part of the tip is ion milled (Ga+) to the fi nal
di men sions of the MLL. The op ti mal sec tion thick ness de -
pends on the X-ray en ergy of the des ig nated ex per i ment.
For 12 keV it is ap prox i mately 7 µm. 

PB21

ACHIEVING POINT AND LINE FOCUS USING MULTILAYER LAUE LENSES AT ESRF
BEAMLINE ID13
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3AXO DRESDEN GmbH, Gasanstaltstr. 8b, 01237 Dresden, Ger many
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Un der stand ing the be hav ior of ma te ri als and how their
prop er ties change af ter or dur ing de for ma tion or heat ing is
an im por tant part on the way to im prove many in dus trial
ma te ri als. Thin films for in stance, can show char ac ter is tic
depth-de pend ent prop er ties, which are re lated to struc tural
vari a tions across the thick ness, worth to be stud ied in de tail 
and with high lat eral res o lu tion. Lo cal char ac ter iza tion of
the crys tal lo graphic ori en ta tion and stress dis tri bu tion of

such nanocrystalline ma te ri als can be an a lyzed with X-ray
meth ods such as wide-an gle X-ray scat ter ing (WAXS). In
this case, a high-res o lu tion char ac ter iza tion tech nique nor -
mal to the in ter faces is de sired and a line fo cus im proves
dif frac tion sta tis tics for ho mo ge neous lay ers. 

We have used multilayer Laue lenses (MLL) with a to -
tal ap er ture of 50 µm to fo cus hard x-rays to a fo cal spot
size of ~ 30 nm in ver ti cal and hor i zon tal di rec tions. A de -

Fig ure 1: Fi nal shape of the multilayer Laue lens.



sign rep re sent ing 7000 zones ac cord ing to the zone plate
law was de pos ited with al ter nat ing lay ers of WSi2 and Si
start ing with zone num ber 850. The fo cal length equals 8.2
mm at 13 keV x-ray en ergy [1]. The work ing dis tance from
the or der sort ing ap er ture to the sam ple is de sign to be 2.7
mm. The lenses were man u fac tured as flat lenses first. Sub -
se quently an ad di tional SiO2 layer was de pos ited on one
side of the lens struc ture. This adds a de fined amount of
stress to the struc ture, which is de formed in de fined way to
ob tain a wedged MLL struc ture [2]. The fo cal spot size of
around 30 nm was de ter mined by ptychography. The ge -
om e try of the lens was de signed to al low switch ing be -
tween a point and line fo cus. This was pos si ble by
changing the slit position upstream of the lenses only.

Since it is planned to char ac ter ize crys tal line struc tures
of lay ered sam ples in-situ dur ing an neal ing pro ce dures and 
due to the small dis tance be tween the lenses and the heat
source MLL could be ex posed to higher tem per a tures.
There fore, ther mal sta bil ity tests of MLLs have per formed.
The lenses have been mea sured be fore and af ter heat treat -
ment and in-situ [3].

1. A. Kubec, K. Melzer, S. Niese, S. Braun, J. Patommel,
ESRF Ex per i men tal Re port for beam time MI 1177 (2014).

2. S. Niese, P. Krüger, A. Kubec, R. Laas, P. Gawlitza, K.
Melzer, S. Braun, E. Zschech, Thin Solid Films 571 (2014): 
321-324.

3. J. Gluch, K. Melzer, S. Niese  (in prep a ra tion).
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For many years, en ergy-dispersive X-ray flu o res cence
anal y sis has re lied on the use of a sin gle or multi-el e ment
semi con duc tor de tec tor.  This tech nique also has ca pa bil ity 
of im ag ing by com bin ing with XY scans of X-ray
microbeam on the sam ple. On the other hand, the ad vent of
high-res o lu tion 2D area de tec tors like CCD and sCMOS
cam eras makes the pro jec tion-type X-ray im ag ing much
quicker than the con ven tional XY scan scheme [1-2].  In
the pres ent re search [3], we have stud ied the use of CCD
cam era in or di nary X-ray flu o res cence spec tra mea sure -
ment as well as si mul ta neous im ag ing of the cor re spond ing 
el e ments. In the fi nal, a non-scan ning X-ray flu o res cence
spectromicroscopy with a lab o ra tory X-ray source was de -
vel oped.

The pres ent X-ray flu o res cence spectromicroscopy
uses a full-field beam from lab o ra tory X-ray tube (cop per
tar get, 1.5 kW, with mono chro ma tor) as light source, a mi -
cron pin hole collimator as im ag ing sys tem [4] and a com -
mer cial CCD cam era as de tec tor. For this setup, its pho ton

en ergy sen si tiv ity is re al ized by main tain ing the CCD cam -
era work ing in sin gle pho ton count mode [5]. This mi cros -
copy is able to of fer X-ray flu o res cence spec tra upon any
re gion of in ter est in the ob ser va tion field; also it sup ports
si mul ta neous flu o res cence-en ergy-se lec tive im ag ing of
dif fer ent el e ments in the sam ple. The en ergy res o lu tion is

150 eV at 5.9 keV; the spa tial res o lu tion can reach 20 mm

when a 12 mm pin hole is em ployed. Time-re solved ob ser -
va tion is also ap pli ca ble to chase the el e ment move ment
pro cess.

Fig ure 1 shows one ap pli ca tion of the mi cros copy in
chem is try ex per i ment. The sam ple is a self-as sem bly struc -
ture named chem i cal gar den, grown from crys tal seeds of
man ga nese sul phate and co balt chlo ride in so dium sil i cate
so lu tion. This time, the mi cros copy gave the X-ray flu o res -
cence spec trum over the whole ob ser va tion field, as well as
the re spec tive el e ment imaging of manganese and cobalt.

1. K. Sakurai & H. Eba, Anal. Chem., 75, (2003), 355.
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Fig ure 1. El e ment im ag ing of chem i cal gar den branches in sur face lay ers in so lu tion. (a) Op ti cal mi cros copy pho ton,  (b) Flu o res -
cence spec trum, (c) Im ag ing of Mn,  (d) Imaging of Co.



2. H. Eba, H. Ooyama, K.Sakurai, J. Anal. At. Spectrom., 31,
(2016), 1105.

3. W. Zhao & K. Sakurai, X-ray flu o res cence
spectromicoscopy with lab o ra tory X-ray source and CCD
cam era, to be sub mit ted.

4. F. P. Romano et al, Anal. Chem., 86, (2014), 10892.

5. S. Aoki et al, Adv. X-ray Chem Anal. Ja pan, 46, (2015),
237.
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Small-An gle X-ray Scat ter ing (SAXS) draws in creas ing
at ten tion in the field of phar ma ceu ti cal en gi neer ing.  SAXS 
is a ver sa tile tech nique used for shape and size char ac ter -
iza tion of nanostructured ma te ri als be tween 1 nm and 200
nm. Bi o log i cal sam ples, like pro teins or vi ruses are al ready
well known to be in ves ti gated with SAXS. Fur ther more
drug de liv ery sys tems like drug loaded ves i cles (see ex am -
ple in Fig. 1), where size and shape pa ram e ters of the ves i -
cle and the drug are found or gran u late pow ders, where the
in ter nal sur face ob tained by SAXS cor re lates with the tab -
let hard ness, are in ter est ing ex am ples of ap pli ca tions in
phar ma ceu ti cal re search.

In this con tri bu tion we pres ent se lect ap pli ca tions of bi -
o log i cal sam ples, em ploy ing a multifunctional lab o ra tory
Small and Wide An gle X-ray Scat ter ing (SWAXS) sys tem, 
the SAXSpoint.  The SAXSpoint sys tem en ables SAXS
and WAXS stud ies at am bi ent and non-am bi ent con di tions, 
GI-SAXS, in-situ ten sile SWAXS ex per i ments and sat is -

fies the ad vanced user with a wide range of ded i cated sam -
ple stages, full ex per i men tal flex i bil ity and high est
res o lu tion. The sys tem pro vides sim ple op er a tion, short
mea sure ment times and ex cel lent an gu lar res o lu tion, en -
abled by a smart beam for ma tion con cept which in cludes a
bril liant X-ray source, ad vanced X-ray op tics and op ti -
mized scatterless collimation while maintaining a lab o ra -
tory- friendly compact size and small footprint.

Dif fer ent scat ter ing stud ies on bi o log i cal and phar ma -
ceu ti cally rel e vant sam ples were per formed on the pre -
sented SAXSpoint sys tem. Some of the sam ples re quired
high res o lu tion, i.e. a very low min i mum scat ter ing an gle in 
or der to re solve large struc tural di men sions. The unique
sam ple-positioning mech a nism en abled WAXS mea sure -
ments to de ter mine crystallinity with out re-align ing any
part of the SWAXS sys tem. The pre sented stud ies clearly
show that high-res o lu tion and high-qual ity SWAXS data
can be ob tained with a lab o ra tory SWAXS sys tem. 
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Fig ure 1. Study of a liposome drug car rier sys tem. Data, ob tained from a SAXS-mea sure ment, yielded with aid of sin gle body sim u -
la tion (sim u lated Pair Dis tance Dis tri bu tion Func tion on the right side) in the de picted model of the drug-loaded liposome (on the left
side).
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Semi–in su lat ing (SI) GaAs is one of the most im por tant

can di dates for fab ri ca tion of semi con duc tor X– and g–ray
de tec tors ap pli ca ble in dig i tal ra di ol ogy in stru men ta tions
[1-4]. Ad van tage of the bulk SI GaAs is the pos si bil ity of
fab ri ca tion of a mono lithic strip or ma trix de tec tors in one
sub strate due to the cre ation of the space charge re gion un -
der each block ing con tact, which rep re sents the ac tive part
of a pixel de tec tor. In com par i son with widely used sil i con
de tec tors, SI GaAs reach 20 times higher de tec tion ef fi -
ciency, faster charge col lec tion due to higher elec tri cal
field in sen sor. It has no or min i mal po lar iza tion ef fect con -
trary CdTe of CdZnTe de tec tor and lin ear ab sorp tion co ef -
fi cient for X-rays is smooth in in ter est ing en ergy range
from 15 to 80 keV. 

We fab ri cated pixel de tec tor us ing SI GaAs sub strate

with thick ness of 350 mm. The de tec tion area has a size of
14.1 × 14.1 mm2 with 256 × 256 pix els and was con nected
with Timepix read out chip. At first we char ac ter ized the
de tec tion sys tem and per formed tests of ho mo ge ne ity in
term of count rate, test of sta bil ity of count ing rate and
spec tro met ric res o lu tion of pixel de tec tor. As a source of

ra di a tion we used 241Am which gen er ates g-ray with 59.5

keV and In for X-ray in duce emis sion of 23.7 keV (Ka).
The de tected spec trum is shown on Fig. 1. 

Fol low ing we tested im ag ing per for mance of pixel de -
tec tor us ing X-ray source with mi cro-fo cal spot size (about

8 mm). We used gold test ing ob ject with pre cisely fab ri -
cated pat terns. The size of the test ing ob ject is 0.7 × 0.7
mm2. In tests we uti lize geo met ri cal mag ni fi ca tion from 17
up to 35 and the ef fec tive size of pixel de tec tor was about

1.6 mm. The X-ray im age of test ing ob ject ob tained by
pixel de tec tor is in Fig. 2. In the im age pro cess ing we used
only flat field cor rec tion. The black ver ti cal line in the left
part of the pic ture rep re sents bad con nec tion line be tween
the pixel detector and read out chip, which can be eas ily re -
mov able.

1. Dubecký, F., Šèepko, P., Loukas, D., Za•ko, B., Sekerka,
V., Neèas, V., Šagátová-Perïochová, A., Sekáèová, M.,
Boháèek, P., Hudec, M., Huran, J.: Nu clear Instr. and
Meth ods in Phys. Res. A 531 (2004) 314-320.
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Fig ure 2. The X-ray pic ture of test ing ob ject. The ac cel er at ing
po ten tial was 50 kV and cur rent 0.1 mA.

Fig ure 1. The de tected spec trum of g- and X-rays from 241Am+In by SI GaAs pixel de tec tor.



2. Za•ko, B., Dubecký, F., Šèepko, P., Melov, V., Herms, M., 
Haupt, L.: Nu clear Instr. and Meth ods in Phys. Res. A 551
(2005) 78-82.

3. Dubecký, F., Šagátová-Perïochová, A., Šèepko, P., Za•ko, 
B., Sekerka, V., Neèas, V., Sekáèová, M., Hudec, M.,

Boháèek, P., Huran, J.: Nu clear Instr. and Meth ods in
Phys. Res. A 546 (2005) 118-124.

4. Za•ko, B., Dubecký, F., Šèepko, P., Mudroò, J.,
Stranovský, I.: Nu clear Instr. and Meth ods in Phys. Res. A
576 (2007) 66-69.
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The X-ray bichromator is a novel crys tal de vice which de -
liv ers two ar bi trarily cho sen wave lengths in one beam. The
prin ci ple has been al ready pub lished in pre vi ous pa per [1].
The method is based on si mul ta neous dif frac tion on two
dif fer ent crys tal lo graphic planes and on us ing two prop erly 
ori ented chan nel-cut crys tals.  In this poster we de scribe
de tailed pro ce dure how to sys tem at i cally tune the two cho -

sen wave lengths start ing from sev eral ba sic ori en ta tions of
crys tals. The X-ray multichromator gives three and more
wave lengths in one beam. An example of such device is
also presented.

1. J. Hrdý, J. Hrdá, P. Oberta, O. Pacherová (2016). Nucl.
Instrum. and Meth ods in Phys. Res. A 807, 61-63).
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We uti lize nano-ma chin ing meth ods, in par tic u lar sin gle
point di a mond turn ing (SPDT) and fly cut ting (FC) [1, 2, 3] 
for prep a ra tion of high-qual ity ac tive sur faces of X-ray
crys tal op tics. We are fo cus ing mainly on Ge or Si, how -
ever, other ma te ri als such as Al, Cu, Ni or plas tics can be
uti lized for IR op tics [4].The nano-ma chin ing al lows very

good form ac cu racy (£ 0.15 µm over 75 mm dia.) and sur -

face rough ness (RMS £ 3 nm). These val ues are suf fi cient
e.g. for IR op tics, how ever, X-ray op tics needs an ad di -
tional pol ish ing pro cess. Our goal is to achieve the sur face
rough ness (RMS) far be low 1 nm and de vi a tions from pla -
nar ity in the nano metre range over the lengths of milli -
metres at max i mum sup pres sion of the sub-sur face dam age 
(SSD) of the crys tal lat tice. In ad di tion to the open pla nar
sur faces, we want to ad dress also harder ac ces si ble in ner
walls in the chan nel cut mono chro ma tors.

To op ti mize ma chin ing pa ram e ters, more than 100 flat
sam ples were pre pared and eval u ated so far. The AFM im -
age shows the re sults ob tained on the sur face ma chined
with the feed rate of 2 mm/min and sur face fin ish ing of
2 µm re moval depth that ex hib ited 0.35 nm RMS rough -

ness in Fig. 1. Mi cro Raman spec tros copy shows pe ri odic
stress vari a tions in the sub-sur face area of crys tal lat tice
(<35 nm) in Fig. 2 which fol low the sur face mor phol ogy
(rip ples) showed in AFM im age. These rip ples are not de -
sir able for X-ray op tics, hence a sub se quent pol ish ing is re -
quired to ap proach the goal of 0.1 nm RMS rough ness [5]
and to sup press the sub-sur face dam age. TEM anal y sis on
cross sec tional spec i mens thinned down to elec tron trans -
par ency by Ar ion bom bard ment as the fi nal step con firms
a non-in va sive ef fect of the nano-ma chin ing as there are no
dislocations or other type of damage up to the very surface.

1. M. A. Davies, C. J. Ev ans, S. R. Patterson SR, R. Vohra, B. 
C. Bergner. Ap pli ca tion of pre ci sion di a mond ma chin ing to 
the man u fac ture of mi cro-pho ton ics com po nents. Proc
SPIE 2003;5183:94–108.

2. R. Steinkopf, S. Scheiding, A. Gebhardt, S. Risse. Fly-cut -
ting and test ing of free form op tics with sub-m shape de vi a -
tions. Proc SPIE 2012;8486:84860K.

3. <http://www.nanotechsys.com/>
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4. Rob ert E. Parks; Fab ri ca tion of in fra red op tics. Op ti cal En -
gi neer ing 33(3), 685—691 (March 1994).

5. Z. Zápražný,D. Korytár,M. Jergel, P. Šiffaloviè, E.
Dobroèka, P. Vagoviè, C. Ferrari, P. Mikulík, M.
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metrological ap pli ca tions. Op ti cal Engn. 54 (2015) 035101.
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vel op ment Agency un der the con tracts  No. APVV-14-0745 
and CNR-SAV bi lat eral pro ject “Hard x-ray fo cus sing and
x-ray de tec tors for ap pli ca tions in med i cine and plasma di -
ag nos tics”. Sci en tific Grant Agency of the Min is try of Ed u -
ca tion of Slo vak Re pub lic and the Slo vak Acad emy of
Sci ences, pro ject No. VEGA-2/0004/15 and the COST Ac -
tions MP1203 and MP1207 are also ac knowl edged. This
con tri bu tion was cre ated also on the ba sis of the pro ject
Re search and De vel op ment Cen tre for Ad vanced X-ray
Tech nol o gies, ITMS code 26220220170, sup ported by the
Re search and De vel op ment Op er a tional Pro gram funded
by the ERDF. Fi nan cial sup port from die Österreichische
Forschungsförderungsgesellschaft FFG (Projekt 841930)
and Slo vak Acad emy of Sci ences within the M-ERA.net
Pro ject XOPTICS is highly ap pre ci ated. SPDT was per -
formed by Moore FG350 free form gen er a tor at Integra
TDS com pany pre mises.
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An au to matic sam ple po si tion ing sys tem has been de vel -
oped that ad justs an ar bi trary po si tion of a sam ple with
non-flat sur face to the ro ta tion cen tre of a goniometer. In
gen eral, sam ples with flat sur face are ad justed to the ro ta -
tion cen tre of a goniometer us ing a tech nique that sets sam -
ples sur face par al lel to the in ci dent X-ray and trans late
sam ples to in ter sect the X-ray un til trans mit ted X-ray in -
ten sity be comes half. The tech nique, how ever, is not avail -
able for a sam ple with non-flat sur face. Be cause, it is
dif fi cult to set the sam ple sur face par al lel to the in ci dent
X-ray and also X-ray is ab sorbed at the most pro ject ing
parts of the sam ple along the X-ray path. There fore, the de -
vel oped sys tem con sists of fol low ing two steps. Fig u ra tion
of a sam ple sur face is mea sured in ad vance. Us ing the fig u -
ra tion data, ar bi trary po si tion on the sam ple sur face is au to -

mat i cally ad justed to the cen tre of a goniometer. This sys -
tem en ables syn chro tron nano-beam X-ray dif frac tion
multi-scale map ping from 100 nm to a few mm.

The fig u ra tion mea sure ment was per formed us ing a la -
ser con fo cal dis place ment sen sor (LT9010-M, 10 nm res o -
lu tion, KEYENCE Co.) on an offline goniometer. A
sam ple is set on a goniometer head that has a ki ne matic
mount. Sam ple po si tions at the offline and an on line
goniometers are syn chro nized prior to the mea sure ment.
The sam ple po si tion at the on line goniometer is au to mat i -
cally ad justed to the ro ta tion cen tre us ing the data mea -
sured at the offline. Fine tun ing of the sam ple po si tion is
done by a min ia ture ul tra sonic lin ear ac tu a tor stage with a
built-in lin ear en coder (XDT35-044, 100 nm res o lu tion,
Technohans Co., Ltd.). Eval u a tion of the sys tem is per -
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Fig ure 2. Shift of the peak cen tre (brighter ar eas) in mi cro
Raman im age cor re sponds to higher stress in the crys tal lat -
tice.

Fig ure 1. AFM im age of low dis lo ca tion Ge(220) pre -
pared by flycutting is ex hib it ing 0.35 nm RMS rough ness.



formed us ing a cleaved sec tion of a sil i con wa fer as a test
sam ple. Fig. 1 (a) shows a mea sured fig u ra tion of the sam -
ple. Fig. 1 (b) shows mea sured dis place ment of the sam ple
sur face from the goniometer cen tre with the au to matic
sam ple po si tion ing sys tem. The sam ple sur face area of 600

× 100 mm2 was 14 ~ 60 mm apart from the ro ta tion cen tre,
and the sys tem ad justed the po si tion to an er ror of -0.5 ~ 1.7 

mm au to mat i cally. The er ror is suf fi ciently small so that

X-ray ir ra di a tion po si tions will not move more than 100
nm while ro tat ing sam ples for a few de grees. The de vel op -
ment of the au to matic sam ple po si tion ing sys tem in de -
pend ent of sam ple sur face con fig u ra tions en abled multi- 
scale (100 nm ~ a few mm) map ping of nano-beam X-ray
dif frac tion.

This work was sup ported by JSPS KAKENHI Grant Num -
ber 26420292 and JASRI GIGNO pro ject.
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RECENT PROGRESS IN DESIGN AND TECHNOLOGY OF CHANNEL-CUT
MONOCHROMATORS
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 4De part ment of Ma te ri als Phys ics, Montanuniversität Leoben, 8700 Leoben, Aus tria, 
5DESY, Cen ter for Free-Elec tron La ser Sci ence, Notkestrasse 85, 226 07 Ham burg, Ger many, 

6Integra TDS s. r. o., Pod Párovcami 4757/25, 921 01 Pieš•any, Slovakia
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In flat X-ray mono chro ma tors, it is im por tant to steadily
im prove shape pre ci sion (flat ness) and to de crease the sur -
face rough ness, subsurface dam age (SSD) and elas tic
strains [1] be cause of in creased de mands on con di tioned
beam pa ram e ters such as flux den sity, in te grated in ten sity,
re duced wave length dis per sion, de gree of collimation, co -
her ence and beam ho mo ge ne ity. For this, the tech nique of
chemomechanical pol ish ing (CMP) with plan e tary mo tion
in two di men sions is fully ap pli ca ble as fi nal tech no log i cal
step be cause of open sur faces. 

Two-bounce chan nel-cut mono chro ma tors (CCMs)
pre serv ing beam di rec tion and three-bounce CCMs act ing
like analysers are widely used in lab o ra tory and syn chro -
tron ap pli ca tions for me trol ogy and partly for im ag ing ap -
pli ca tions. The in ner ac tive sur faces of CCMs are usu ally
con strained in one di rec tion by the bot tom of the chan nel.
The CMP is not pos si ble to be fully used and hand pol ish -
ing fol lowed by a wet pol ish etch ing is ap plied. Due to gen -
er ated sur face un even ness (e.g. wav i ness and “or ange
peel”, there may be prob lems with beam co her ence, wave -
front flat ness and im age dis tor tion in im ag ing mono chro -
ma tors [2,3]. Re verse pro ce dure start ing with wet etch ing

is ap pli ca ble as well. So phis ti cated geo met ri cal de sign
(Z-mono chro ma tor) al low ing to use a mod i fi ca tion of
CMP was pre sented in [4]. This tech nique is ap pli ca ble for
smaller Bragg an gles and/or larger chan nel widths. In some 
cases this tech nique is ap pli ca ble to pol ish the asym met ric
chan nel-cut mono chro ma tors (ACCMs). Typology of 
sym met ri cal and asym met ric CCMs for beam com pres sion
and ex pan sion was pre sented in [3]. Beam com pres sors are
suit able for me trol ogy (diffractometry and small an gle
scat ter ing, SAXS), beam expanders are used to improve
resolution in high resolution X-ray imaging including
phase contrast imaging.

Re cently, a spe cial au to mated pol ish ing ma chine im i -
tat ing hand pol ish ing of CCMs was pre sented to mimic the
man ual pol ish ing of CCMs by us ing a sim i larly sized and
shaped tool, com bined with re peat able fig ure-eight mo tion
and fixed down pres sure [5]. The tool for hand pol ish ing
was fas tened to an X-Y translational stage with a pos si bil -
ity to program several kinematics. 

This con tri bu tion re ports an other ap proach - the sin gle
point di a mond tech nol ogy (SPDT), namely tech nique of
flycutting, which was used to pro cess the ac tive sur faces
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Fig ure 1. Mea sured dis place ment of a sam ple sur face from the goniometer cen tre with out (a) and with (b) the au to matic sam ple po si -
tion ing sys tem. The sam ple was cleaved sec tion of a silicon wafer. 



in side chan nel-cut mono chro ma tors. The SPDT tech nique
is based on pre cisely shaped sin gle crys tal di a mond tool,
ex tremely pre cise CNC con trolled slides and air spin dle in
a nanomachining cen tre. It is com mer cially avail able and is 
used to pro duce free-form op tics with the sur face qual ity
suf fi cient for in fra red op tics with out any postpolishing.
Our first ex per i men tal re sults of SPDT pro cess ing for
X-ray flat op tics were pre sented in [6]. In this com mu ni ca -
tion it will be shown that SPDT with spe cial tools can pro -
vide very pre cise flat walls in side CCMs. For chan nel
widths around 2 mm there was a prob lem – rod shaped tool
shank thinned down to 1.8 mm with di a mond aside got into
vi bra tions gen er at ing sur face wav i ness at spin dle speed of
2000 rpm. Fig. 1 shows “ar ti fi cial” sym met ri cal Ge(220)
CCM used for test ing of tech nol ogy and re cip ro cal space
maps in di rec tions per pen dic u lar and parallel to toolpath
traces (using 3 mm thick tool shank with diamond aside). 

At this stage of tech nol ogy de vel op ment, slight chem i -
cal pol ish ing was ap plied to re move tool traces vis i ble in
AFM, mi cro Raman and RSM with prom is ing re sults. Ex -
per i ments with very fine end pol ish etch ing, sep a rate CMP
us ing hand tools and, pref er a bly, on-ma chine post -
polishing, are in prog ress and the re sults obtained will be
presented. 

1. F. Masiello, G. Cembali, A. I. Chumakov,S. H. Connell, C. 
Ferrero, J. Härtwig, I. Sergeev and P. Van Vaerenbergh, J.
Appl. Cryst. 47, (2014)., 1304.

2. D. Korytár, P. Vagoviè, C. Ferrari, P. Šiffaloviè, M. Jergel, 
E. Dobroèka, Z. Zápražný, V. Áè, and P. Mikulík, Proc.
SPIE 8848, http://dx.doi.org/10.1117/12.2025142 

3. Vagoviè P., Korytár, Ce cilia A. , Hamann E., Baumbach,
T., Pelliccia D., OPTICS EXPRESS | 23, No. 14 
18391-18400, 1839113 Jul 2015 DOI:10.1364/OE.23.

4. Y. Li, A. Khounsary, S. Narayanan, A. Macrander, R.
Khachatryan, and L. Lurio, Proc. SPIE 5537 (2004), 189.

5. E. Kasman, M.Erdmann, S. Stoupin, Proc. of SPIE Vol.
9590 95900D-5.

6. Z. Zápražný, D. Korytár, M. Jergel, P. Šiffaloviè, Y.
Halahovets, J. Keckes, I. Ma•ko, C. Ferrari, P. Vagoviè, M. 
Mikloška, “23rd Int. Con gress on X-ray Op tics and
Microanalysis-ICXOM23", Brookhaven 2015 
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Fig ure 1a). SPDT pro cessed sur -
face, flycutting tech nique. 

Fig ure 1b). Re cip ro cal space map of Ge(220)
sam ple with ver ti cal tool traces perpendicular
to the plane of dif frac tion.

Fig ure 1c). Re cip ro cal space map of Ge(220)

sam ple ro tated in its plane by  90 °°, with hor i -
zon tal tool traces.

http://dx.doi.org/10.1117/12.2025142
http://www.integratds.eu
http://www.technodiamant.com
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Among of the X-ray dif frac tion tech niques, a mea sure ment 
of in ten sity dis tri bu tion in a re cip ro cal space, which is
so-called a re cip ro cal space map (RSM) mea sure ment, is
ef fec tive for char ac ter iz ing strain sta tus of an epitaxial
layer be cause lat tice tilt is sep a rated from lat tice spac ing
[1]. If we can mea sure the RSMs with us ing an X-ray mi -
cro- or nano-beam, it is ex pected to be a more pow er ful tool 
for char ac ter iz ing the lo cal strain dis tri bu tions in de tail.

To re al ize this pros pect, we have de vel oped high-res o -
lu tion mi cro- and nano-beam dif frac tion sys tem at
SPring-8 undulator beamlines for more than 10 years be -
fore [2-4].  Since fis cal year 2005, the sys tem was in stalled
at BL13XU ex per i men tal hutch 3 (EH3), which was shared 
by ul tra-high vac uum sur face X-ray diffractometer, and
was opened for pub lic us ers. As the re sult of con tin ued im -
prove ments, we re cently re al ized rapid lo cal RSM mea -
sure ments us ing fo cused beam with the size of about 200
nm pro duced by phase zone plate [3,4]. On the con trary,
drift of sam ple po si tion due to tem per a ture fluc tu a tion in
the ex per i men tal hutch became a serious problem for stable 
measurements. 

We there fore con structed a new ex per i men tal hutch 4
(EH4) and then the mi cro- and nano-beam dif frac tion sys -
tem was trans ferred from EH3. In EH4, the tem per a ture
was con trolled within ± 0.05 °C for one day by us ing a pre -
cise air con di tioner and ther mal in su lat ing walls of
phenolicfoam, which were al ready used at nano-scale anal -
y ses beamlines BL37XU and BL39XU of the SPring-8
[5,6].  Fur ther more, flu o res cent lamp type LED light ing
de vice was adopted for in-hutch light ing to de crease heat

emis sion. Con se quently, we be came able to use nano-beam 
more stably. Min i mum beam size at that mo ment was 110
(hor i zon tal) × 160 (ver ti cal) nm2 for 8 keV X-rays. 

The de tails of the the high-res o lu tion mi cro- and
nano-beam dif frac tion sys tem and typ i cal ex am ples of the
ex per i men tal re sults [7-10] will be presented.

1. For a re view, P. Fewster, Semicond. Sci. Technol., 8,
(1993), 1915.

2. S. Takeda, S. Kimura, O. Sakata, A. Sakai, Jpn. J. Appl.
Phys., 45, (2006), L1054.

3. Y. Imai, S. Kimura, O. Sakata, A. Sakai, AIP Conf. Proc.,
1221, (2010), 30.

4. S. Kimura, Y. Imai, O. Sakata, A. Sakai, Key Eng. Mat.,
470, (2011), 104.

5. T. Koyama et al., Proc. SPIE, 8139, (2011), 81390I.

6. H. Ohashi et al., J. Phys; Conf. Ser., 425, (2013), 052018.

7. S. Yoshida, T. Yokogawa, Y. Imai, S. Kimura, O. Sakata,
Appl. Phys. Lett., 99, (2011), 131909.

8. M. Yoshida, Y. Zhang, J. Ye, R. Suzuki, Y. Imai, S.
Kimura, A. Fujiwara, Y. Iwasa, Sci. Rep., 4, (2014), 7302.

9. S. Ike, O. Nakatsuka, Y. Moriyama, M. Kurosawa, N.
Taoka, Y. Imai, S. Kimura, T. Tezuka, S. Zaima, Appl.
Phys. Lett., 106, (2015), 182104.

10. T. Uchiyama et al, Jpn. J. Appl. Phys., 55, (2016), 05FA07.

This work was sup ported in part by JSPS KAKENHI Grant
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DANMAX - THE DANISH BEAMLINE FOR IN SITU MATERIALS STUDIES AT MAX IV
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Henning Friis Poulsen1, Bo Brummerstedt Iversen3
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3Cen ter for Ma te ri als Crys tal log ra phy, De part ment of Chem is try and iNANO, Aarhus Uni ver sity, Aarhus,
Den mark

DanMAX will be a world-lead ing ma te ri als sci ence beam -
line ded i cated to in situ and operando ex per i ments on real
ma te ri als. The beamline will be built at the MAX IV 3 GeV
stor age ring[1] and op er ate in the 15-35 keV range. The
beamline will have two end sta tions: one for full field im -
ag ing and one for pow der X-ray dif frac tion. With a large
and di verse user com mu nity there will be a fo cus on high

through put, ad vanced sam ple en vi ron ments and ex tended
pro vi sion of data anal y sis tools.

The ra di a tion source will be a 3 me ter long in-vac uum
undulator, en sur ing a very bright and well-collimated
beam. The beam size is ad justed us ing CRLs from approx.

3 mm FWHM to 3 mm FWHM. Two dif fer ent modes will

avail able: high in ten sity/lower en ergy res o lu tion (DE/E ~

10-2) or high en ergy res o lu tion (DE/E ~ 10-4) with lower
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in ten sity. The beamline will strive to op er ate and con tin u -
ally de velop a large range of ad vanced sam ple en vi ron -
ments. Open stan dards will be avail able, both me chan i cal
and soft ware, for fast and easy in te gra tion of cus tom-built
sam ple en vi ron ments at the beamline. To en hance the user
ex pe ri ence and the suc cess of ex per i ments at DanMAX,

the user soft ware will be tai lored to give the us ers di rect
feed back, i.e. on-the-fly in te gra tion of 2D data and
on-the-fly mod el ling DanMAX will start to ac cept early us -
ers in 2019.

1. Tavares P.F., Leemann S.C., Sjöström M., Andersson C. 
J. Syn chro tron Rad., 2013, 21, 862.
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The Max IV Laboratory was in au gu rated on the 21.6. 2016
with the ini tial port fo lio of 14 beamlines. These cover
mainly spec tros copy and dif frac tion while full-field im ag -
ing ca pa bil i ties will be added in the up com ing years. The
es tab lish ment of co her ent im ag ing tech niques ori ented to -
wards bio-med i cal ap pli ca tions is mo ti vated at Max IV by
the con sid er ation that the high co her ent flux of this dif frac -
tion lim ited syn chro tron source will fa cil i tate the ap pli ca -
tion of var i ous phas ing tech niques. There is good hope that
the ra di a tion dam age may be re duced un der cer tain cir cum -
stances as more co her ent pho tons con trib ute to the im age
for ma tion.  

The first beamline de voted to bio-med i cal and soft mat -
ter ap pli ca tions is in its de sign phase. The BioMedMAX
beamline has its main de sign goal to per form lon gi tu di nal
in vivo stud ies on small an i mals at the mi crom e ter scale. It
is cur rently un der con sid er ation to widen the scope to wards 
deep sub-mi crom e ter to mog ra phy and el e ment sen si tive
im ag ing of bi o log i cal tis sue. The poster pres ents chal -
lenges and pro posed so lu tions for a best use of the high co -
her ent flux of Max IV in view of bio-med i cal imaging.
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Small An gle X-ray Scat ter ing of macromolecules in so lu -
tion (bioSAXS) con tin ues to in crease in pop u lar ity and is
used by an ever more di verse re search com mu nity. Ded i -
cated beamlines such as BM29 at the ESRF [1] pro vide an
op ti mised setup for high through put data ac qui si tion; have
had a large im pact on struc tural bi ol ogy.

The bioSAXS Sam ple Changer [2] en ables high
through put screen ing of sam ples for func tional stud ies of
how a macromolecule be haves un der vary ing con di tions.
On line size ex clu sion chro ma tog ra phy (SEC) cou pled with 
Small-an gle X-ray Scat ter ing [3] en able mea sure ments
from sam ples oth er wise not ame na ble for SAXS though
de pend ing on the col umn used can come at ex pense of
through put. Au to matic switch ing be tween SC and SEC is
con trolled via the data ac qui si tion soft ware al low ing op ti -
mal use of avail able beamtime. All data ac quired from both 
modes are pro cessed au to mat i cally to yield stan dard
invariants of ra dius of gy ra tion, max i mal par ti cle dis tance,
vol ume and mo lec u lar mass es ti mates as well as ab-in itio

mod els. Data and pipe line anal y sis re sults [4] are logged
into the ISPyB da ta base [5] and can be ac cessed from any -
where via the web based GUI.

High-through put screen ing with the SC is not ideal in
terms of sam ple con sum ing and op ti mal beam us age as
more time is spent clean ing the ex po sure cell than for data
ac qui si tion. To make an ef fi cient sys tem with low sam ple
con sump tion dig i tal (drop let) microfluidics de vices were
in tro duced to the beamline. Drop lets gen er ated on the
microfluidics chip with ad just able pro tein ad di tive con cen -
tra tions are ex posed to X-rays in a fused sil ica cap il lary of

300 mm di am e ter. The cap il lary is mounted into the stan -
dard sam ple holder pods and is con nected di rectly to the
exit of the microfluidics chip. The ex po sure and data ac qui -
si tion are syn chro nized such that only drop lets and not the
car rier oil are ex posed to avoid ra di a tion dam age of the oil
and to tal re flec tion on drop let walls. The chip de sign al ter -
nates drop lets with and with out pro tein to en able mon i tor -
ing of the back ground scat ter ing. This could be an ef fec tive 

Ó Krystalografická spoleènost

318 XTOP 2016 - Poster Ses sion B Ma te ri als Struc ture, vol. 23, no. 3 (2016)



de liv ery mech a nism for not only se rial SAXS but also se -
rial crys tal log ra phy. The vari able sam ple il lu mi na tion
avail able recently on the beamline opens a new stage of the
scientific case for photosensitive samples.

The ESRF bio-SAXS beamline BM29 set-up char ac ter -
is tics (Fig.1) to gether with the ex am ples of user data ob -
tained will be given.

1. P. Pernot et al, J. Synch. Rad. 20, (2013), 660-664.

2. A. Round, E. Brown, R. Marcellin, U. Kapp, C. S.
Westfall, J. M. Jez and C. Zubieta, Acta Cryst. D71 (2015), 
67-75.

3. A. Round et al, Acta Cryst. D 69, (2013), 2072-2080.

4. M. Brennich, J. Kieffer, G. Bonamis, A. De Maria
Antolinos, S. Hutin, P. Pernot and A. Round, J. Appl.
Cryst. 49, (2016), 203-212.

5. A. De Maria Antolinos et al, Acta Cryst. D 71, (2015)
76-85.
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Fig ure 1. Sam ple Changer, Size Ex clu sion Chro ma tog ra phy and microfluidics set-up at BM29 beamline.
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THE TOMCAT HARD X-RAY FULL FIELD TXM

A. Bonnin1, M. Lebugle1, I. Vartiainen1,2, R. Mokso1,3, C. Da vid1, M. Stampanoni1,4

1 Paul Scherrer In sti tute, 5232 Villigen, Swit zer land
2 pres ent ad dress: In sti tute of Pho ton ics, Uni ver sity of East ern Fin land, 80101 Joensuu, Fin land

3 pres ent ad dress: MAX IV Lab o ra tory, Lund Uni ver sity, P.O. Box 118, 22100 Lund, Swe den
4 In sti tute for Bio med i cal En gi neer ing, ETH Zu rich, 8092 Zu rich, Swit zer land

The TOMCAT Full Field Trans mis sion X-ray Mi cro scope
(TXM) is work ing from 8 to 20 keV. It is com posed of a
cus tom de signed con denser [1] pro duc ing a top-flat il lu mi -
na tion in the fo cal plane [2], a se ries of Fres nel Zone Plates
(FZP) ob jec tives, with dif fer ent di am e ters on the same
frame (to be se lected ac cord ing to the work ing en ergy),
which will fo cus the trans mit ted X-rays from the sam ple
onto a CCD. Thanks to the im prove ments brought by
Zernike [3] for op ti cal ap pli ca tion, phase con trast can be
achieved by plac ing a phase shifter at the back-fo cal plane
of the FZP. In our case, a se ries of Zernike phase shifter
rings (PR) have been pro duced on the same frame to match
the work ing en ergy.

The re cent im prove ment of the de sign of our in stru ment 
com prises a re duc tion of the typ i cal ar ti facts in Zernike
phase im ag ing [4], the pos si bil ity to eas ily and quickly
change the X-ray en ergy for the full-field mi cro scope in the 
en ergy range of 8-20 keV and a better sta bil ity of the
FZP/PR sup port. This in stru ment has been built in such a
way that the sam ple po si tion re mains fixed: for a work ing
en ergy, the con denser is placed at the ap pro pri ate fo cus ing

dis tance and the di am e ter of the FZP is cho sen ac cord ingly. 
In this way, the mag ni fi ca tion is also fixed, re sult ing in a
con stant pixel size of 80 nm for all en er gies. With our
XSightTM uRapid cam era, a to mog ra phy ac qui si tion time
for about 1000 pro jec tions is now com pa ra ble to a stan dard 
to mog ra phy ac qui si tion at TOMCAT: about 5 min with our 
multilayer mono chro ma tor (en ergy band width of 10-2) and
about 30 min with the Si(111) dou ble crys tal mono chro ma -
tor (en ergy band width of 10-4).

Our Full Field TXM setup reaches a spa tial res o lu tion
down to 150 nm both in ab sorp tion and phase con trast
mode. Hav ing the ca pa bil i ties to work at such high en ergy
range opens a wide range of ap pli ca tions from bi ol ogy ap -
pli ca tion to materials science.

1. Stampanoni M. et al. (2010). Phys i cal Re view B 81,
140105.

2. Jefimovs K. et al. (2008). J. Syn chro tron Ra di a tion 15,
106.

3. Zernike F. (1934). Physica 1, 689.

4. Vartiainen I. et al. (2014). Opt. Lett. 39,1601.
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SIMULATION OF RESOLUTION EFFECTS IN HRXRD BY SEMI-ANALYTICAL
RAY-TRACING

A. Mikhalychev1, A. Benediktovitch1, A. Ulyanenkov2

1Atomicus OOO, Minsk, Belarus
2Atomicus GmbH, Karlsruhe, Ger many
al ex an der.mikhalychev@atomicus.by

Mod el ling of res o lu tion ef fects is im por tant both for the
anal y sis of mea sured X-ray dif frac tion data and for the
plan ning of new ex per i ments. In this con tri bu tion we pres -
ent a gen er al iza tion of our re cently re ported ap proach to
ab-in itio sim u la tion of in stru men tal func tion [1]. The aim
of the de signed semi-an a lyt i cal ray-trac ing ap proach is to
com bine both uni ver sal ity of nu mer i cal meth ods [2] and
per for mance of an a lyt i cal ones [3]. The method re ported in
Ref. [1] is based on the as sump tions of fac tor ized trans mis -
sion func tion of op ti cal el e ments and of rect an gu lar shape
of its spa tial part. These as sump tions are not valid for such
el e ments, as Göbel mir rors, fo cus ing mono chro ma tors,
collimators with round-shape ap er tures. In the pa per [1],
only an ap prox i mate de scrip tion of such el e ments has been
pro posed. 

The pro posed gen er al iza tion of the method is free of
these lim i ta tions and pro vides a con sis tent de scrip tion of
op ti cal el e ments with cor re lated spa tial, an gu lar and spec -
tral parts of the trans mis sion func tion. An im proved es ti -
ma tion of beam shape en ables pre serv ing high
per for mance of the method with out the as sump tion of rect -
an gu lar spa tial part of the trans mis sion func tion of el e -
ments. On the ba sis of the de vel oped ap proach, the
prob lem of ef fi cient sim u la tion of the de tected sig nal for a
given sam ple re sponse and diffractometer con fig u ra tion is
ana lysed. We show that the ef fect of fi nite res o lu tion can
dif fer sig nif i cantly from its best ap prox i ma tion by a con vo -
lu tion of the sam ple re sponse with cer tain in stru men tal
func tion pro file and pro vide an ap proach for more ac cu -
rate, but still fast cal cu la tion of the de tected sig nal. This
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effect, il lus trated by Fig. 2, is cru cial for cor rect plan ning
of ex per i ments.

1. A. Mikhalychev, A. Benediktovitch, T. Ulyanenkova, A.
Ulyanenkov, J. Appl. Cryst., 48, (2015), 679.

2. S. Lam bert, F. Guillet, J. Appl. Cryst., 41, (2008), 153; 
L. Rebuffi, P. Scardi, Proc. SPIE, 9209, (2014), 92090J.

3. R. W. Cheary, A. A. Coelho, J. P. Cline, J. Res. Natl. Inst.
Stand. Technol., 109, (2004), 1; A. D. Zuev, J. Appl.
Cryst., 39, (2006), 304; O. Masson, E. Dooryhée, 
A. N. Fitch, J. Appl. Cryst., 36, (2003), 286.
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COMPLEMENTARY DATA FROM PHOTOEMISSION IN HARD X-RAY REFLECTION
EXPERIMENTS 

S. Stoupin1, and M. Zhernenkov2

1Ad vanced Pho ton Source, Argonne Na tional Lab o ra tory, Lemont, IL 60439, USA
2Na tional Syn chro tron Light Source II, Brookhaven Na tional Lab o ra tory, Upton, NY, 11973, USA

sstoupin@aps.anl.gov

Elec tric self-de tec tion of X-ray-in duced photoemission
from an ob ject can be con sid ered as non-in va sive mon i tor -
ing of the ra di a tion flux be cause op ti mi za tion of de tec tion
of the gen er ated elec tric car ri ers is fo cused on cre at ing ef fi -
cient charge col lec tion in the ex te rior of the ob ject [1]. The
mea sured elec tric cur rent cre ates op por tu ni ties for mon i -
tor ing in ter ac tion of X-rays with mat ter in clud ing not only
mea sure ments of the in ci dent X-ray flux, but also gain ing
in sights on the re flected ra di a tion flux and the struc ture of
the ma te rial ex posed to X-rays. The photoemission yield is
de fined by the pho ton-elec tron at ten u a tion prop er ties of
the ma te rial and is mod u lated by the re flec tion/trans mis -
sion prop er ties, which may strongly de pend on the char ac -
ter is tics of the in ci dent ra di a tion such as the an gle of
in ci dence and the pho ton en ergy. This de pend ence is most
prom i nent in the res o nant con di tions such as x-ray dif frac -
tion in crys tals, multilayers and to tal ex ter nal re flec tion
from smooth sur faces [1,2]. An gu lar-de pend ent elec tric re -
sponse of an x-ray mir ror en closed in a gas flow ion iza tion

cham ber can be used for di ag nos tics of the X-ray op tics,
while the same ap proach can pro vide easy ac cess to com -
ple men tary X-ray transmissivity data in X-ray re flec tivity
ex per i ments [1]. Fur ther more, us ing hard X-rays the ap -
proach can be ap pli ca ble for non-de struc tive eval u a tion of
sur face struc tures with deeply bur ied lay ers [3]. In this pre -
sen ta tion prac ti cal in for ma tion about the sam ple, which
can be gained from the self-de tected photoemission yield in 
X-ray re flec tion ex per i ments will be dis cussed along with
rel e vant ad van tages and lim i ta tions.

1. S. Stoupin, Appl. Phys. Lett. 108, 041101 (2016).

2. S.-H. Yang, A.X. Gray, A.M. Kai ser, B.S. Mun, B.C. Sell,
J.B. Kortright, and C.S. Fadley, J. Appl. Phys. 113, 073513 
(2013).

3. S. Stoupin, B. Shi, and M. Zhernenkov (sub mit ted for pub -
li ca tion) (2016) https://arxiv.org/abs/1605.02085.
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Fig ure 1. An ex am ple of re cip ro cal space map of in stru men tal
func tion, sim u lated by the de vel oped method (diffractometer
con fig u ra tion with 0.2 mm wide in ci dent slit and Ge(220)x1
analyser; Bragg re flec tion 004 is considered).

Fig ure 2. Com par i son of sim u lated 2q/w scans for 224 re flec -
tion of a sam ple with Si and Si0.86Ge0.14 lay ers on Si sub strate.
Solid grey line – sim u la tion with out res o lu tion ef fects; dashed
line – con vo lu tion-based sim u la tion; solid black line – ac cu -
rate sim u la tion for diffractometer with Ge(220)x4 mono chro -
ma tor, 0.2 mm in ci dent slit and 1 deg re ceiv ing par al lel slits.



Ó Krystalografická spoleènost

322 XTOP 2016 - Poster Ses sion B Ma te ri als Struc ture, vol. 23, no. 3 (2016)

PB36

DTXRD - COLLECTION OF SOFTWARE TOOLS FOR EVALUATION OF SINGLE
CRYSTALS USING X-RAY DIFFRACTION 

Stanislav Stoupin, and Pe ter R. Jemian

Ad vanced Pho ton Source, Argonne Na tional Lab o ra tory, Lemont, IL 60439, USA
sstoupin@aps.anl.gov

A spe cial ized soft ware pack age DTXRD in cludes sev eral
util i ties for eval u a tion of sin gle crys tals us ing meth ods of
X-ray dif frac tion. The ba sic util ity "dtxrd" in the pack age is 
based on the dy nam i cal the ory of X-ray dif frac tion for a
mono chro matic wave in the 2-beam ap prox i ma tion. The
util ity pro vides cal cu la tions of re flec tivity/transmissivity
for tem per a ture-de pend ent mod els of sev eral sin gle crys -
tals com monly used for X-ray op tics and in the semi con -
duc tor in dus try. A more ad vanced code "through put" is
in cluded in the pack age to per form such cal cu la tions in a
multi-crys tal ge om e try us ing ba sic mod els for the X-ray
source with vari able di ver gence and a user de fined spec -
trum (e.g., [1]). An other code "rctopo" pro vides cal cu la -
tions of X-ray rock ing curve topographs based on a
se quence of X-ray dif frac tion im ages col lected at dif fer ent
an gles on the rock ing curve of a sin gle crys tal un der ex am i -
na tion (also known as rock ing curve im ag ing [2]). The use
of this code to pro cess se quen tial X-ray to pog ra phy data in
the pseudo plane wave ge om e try was found par tic u larly

use ful for de tailed char ac ter iza tion of X-ray crys tal op tics
(e.g., [3]). Ad di tional scripts are avail able to as sist with
data han dling and eval u a tion. The code is writ ten in py thon 
and is avail able un der the Open Source licence [4]. The
soft ware at pres ent has com mand-line in ter face with graph -
i cal out put based on the py thon-matplotlib li brary. The de -
tailed soft ware doc u men ta tion is avail able on line [5].

1. S. Stoupin, Y. V. Shvyd'ko, D. Shu, V. D. Blank, S. A.
Terentyev, S. N. Polyakov, M. S. Kuznetsov, I. Lemesh, K. 
Mundboth, S. P. Col lins, J. P. Sutter, and M. Tolkiehn,
Opt. Ex press 21, 30932 (2013).

2. D. Lubbert, T. Baumbach, J. Hartwig, E. Boller, and E.
Pernot, Nucl. Instrum. Meth ods B 160, 521 (2000).

3. S. Stoupin, Z. Liu, S.M. Heald, D. Brewe and M. Meron, 
J. Appl. Cryst. 48, 1734, 2015.

4. URL: https://github.com/sstoupin/dtxrd.

5. URL: http://py thon-dtxrd.readthedocs.org/en/lat est.
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COHERENT DIFFRACTION BASED IMAGING AT THE DIAMOND LIGHT SOURCE BY
UTILISING I13’S UNIQUE COHERENCE PROPERTIES

 U. H. Wag ner1, A. Par son1, Z. D. Pešiæ, J. Vila-Comamala2, M. Gar cia-Fernandez1, and
C. Rau1

1Di a mond Light Source Ltd., Didcot, United King dom
2Swiss Fed eral In sti tute of Tech nol ogy, Zu rich, Swit zer land

ulrich.wag ner@di a mond.ac.uk

I13 is a 250 m long hard X-ray beamline (6 keV to 35 keV)
at the Di a mond Light Source [1]. The bealine com prises
two fully in de pend ent and si mul ta neously op er at ing ex per -
i men tal branches: one for im ag ing in di rect space cur rently
pro vid ing high res o lu tion in-line phase-con trast to mog ra -
phy and one for im ag ing in re cip ro cal space us ing co her ent
dif frac tion based tech niques like Ptychography, Bragg Co -
her ent Dif frac tion Im ag ing (Bragg-CDI) and Pho ton-Cor -
re la tion Spec tros copy (XPCS). In ad di tion, the de sign of
the lat ter branch pro vides an out stand ingly large lat eral co -

her ence length be yond 200 mm [2], lend ing it self to unique
re search in the field of co her ent xX-ray op tics, the de vel op -
ment of novel in stru men ta tion and im ag ing tech niques in
re la tion to in ter fer om e try, ho log ra phy and speckle track -
ing.

Tech niques cur rently pro vided at I13 on a reg u lar ba sis
are ex per i ments in the for ward scat ter ing di rec tion, like
Ptychography (Fig ure 1) and Bragg-CDI (Fig ure 2) in re -
flec tion ge om e try. Ptychography lends it self to the study of 

spec i mens, which have hardly any ab sorp tion-con trast
over a large field of view of up to ~100 um with a res o lu -
tion of a few 10 nm. On the other hand Bragg-CDI per mits
the in ves ti ga tion of strain and phase-tran si tions in sin gle

crys tals with a size of up to 10 mm, due to tem per a ture
changes or ir ra di a tion with VIS la ser light.

In this pa per we will de tail the cur rent pros pects and re -
cent prog ress con cern ing these two key ex per i men tal tech -
niques and com ple ment them with ex am ples of more
spe cial ised op tics ex per i ment ex ploit ing the large
coherence length.

1. C. Rau, U. Wag ner, Z. D. Pešiæ and A. De Fanis, Physica
Sta tus Solidi, 208, (2011), 2522.

2. U. H. Wag ner, A. Par sons, J. Rahomaki, U. Vogt, C. Rau,
AIP Con fer ence Pro ceed ings, (2015), in print.

We ac knowl edge the sup port of Os car Branson (Cam -
bridge), who pro vided the cal ci fied Plank ton shell.



PB38

DIAMOND MANCHESTER BEAMLINE (I13-IMAGING) AT DIAMOND LIGHT SOURCE
(DLS) – NEW DEVELOPMENTS 

S. Cipiccia, S. Marathe, A. Bodey, U. Wag ner, X. Shi, D. Batey, M. Zdora, C. Rau 

Di a mond Light Source, Harwell Sci ence and In no va tion Cam pus, Fermi Av e nue, Didcot OX11 0QX
silvia.cipiccia@di a mond.ac.uk

The Di a mond-Man ches ter Im ag ing branchline of the I13
beamline rou tinely per forms real space im ag ing and to -
mog ra phy with mi cron res o lu tion. The Ex per i men tal
Hutch is about 250 m from the syn chro tron source: the
large dis tance pro vides the X-ray beam with in trin sic high
spa tial co her ence.  The branchline is ca pa ble of han dling
both pink and mono chro matic beams in the en ergy range
8-30 keV. The pink beam flux al lows fast im ag ing for the
in ves ti ga tion of rapid dy namic pro cesses. There are two
mono chro ma tors avail able in the beamline: a Dou ble Crys -
tal Mono chro ma tor (DCM) and a re cently in stalled
Multi-Layer Mono chro ma tor (MLM). The lat ter is cur -
rently un der com mis sion ing. The MLM pro vides a flux
about 20 times higher than the DCM. The mono chro ma tors 

are suited for el e ment spe cific im ag ing and prob ing the
chem i cal en vi ron ment. 

In the beamline microtomography is rou tinely per -
formed and the de vel op ment of Trans mis sion X-ray Mi -
cros copy (TXM), which is in the com mis sion ing phase,
will al low for nanometer scale im ag ing.

  Here we pres ent the pre lim i nary re sults for TXM with
MLM X-ray beam.  The TXM in Zernike phase con trast
im ag ing mode with spa tial res o lu tion in about 100 nm
range is shown. The in stru ment pro vides a large field of
view and work ing dis tance. The lat ter is im por tant for the
im ple men ta tion of customised sam ple en vi ron ments. The
full in stal la tion of MLM will help to ex tend fur ther the
capabilities of I13-branchline.
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Fig ure 1. Ptychogram of a cal ci fied Plank ton shell.

 Fig ure 2. Ro bot Diffractometer.
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HIGH PRECISION X-RAY MULTILAYER MIRRORS FOR CUSTOMIZED SOLUTIONS
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3Fraun hofer IWS Dresden, Winterbergstr. 28, 01277 Dresden, Ger many
4HUBER Diffraktionstechnik GmbH & Co. KG, Sommerstr. 4, 83253 Rimsting, Ger many
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A va ri ety of X-ray anal y sis meth ods is avail able for lab o ra -
tory ap pli ca tions. In most cases, the X-ray beam needs to
be tai lored with suit able X-ray op tics to en hance the per for -
mance and to al low for suit able work ing dis tances. X-ray
multilayer mir rors are of ten first choice for the ap pli ca tion
at typ i cal lab o ra tory X-ray sources since a beam with a re -
quested di men sion and di ver gence can be pro vided and a
suf fi cient monochromatization is achieved. We show a
typ i cal workflow of the op ti mi za tion of cus tom ized X-ray
multilayer mir rors and ex am ples for spe cific ap pli ca tions.

Sev eral as pects have to be con sid ered re gard ing the de -
sign of the en tire X-ray sys tem. This in cludes the choice of
an ap pro pri ate X-ray source (e.g. type and size of the X-ray 
fo cus, an ode ma te rial) and X-ray op tics type (e.g. one- or
two di men sional op er a tion, fo cus ing or collimating be hav -
iour, mono chro ma tic ity/ band width). These con di tions de -
fine the gen eral shape of the X-ray mir ror that is coated
with a high pre ci sion multilayer stack of al ter nat ing ma te ri -
als to per mit Bragg dif frac tion. Dif fer ent multilayer sys -
tems are avail able to achieve a nar row-band or broad-band
be hav iour, or to tune the reflectance. These spec u lar prop -
er ties can be pre dicted by re spec tive sim u la tions. The in -
flu ence of the fi nite size of the X-ray source, im per fec tions
of the cur va ture of the X-ray mir ror, or ef fects due to
non-neg li gi ble en ergy dif fer ence be tween the char ac ter is -

tic Ka1 and Ka2 pho ton en ergy at higher pho ton en er gies
can be stud ied with raytracing sim u la tions of the en tire op -
ti cal path, tak ing the spec u lar be hav iour into ac count.
Thus, a com ple men tary op ti mi za tion of the ge om e try of the 

X-ray mir ror, the choice of ap pro pri ate sub strate pa ram e -
ters, and the prop er ties of the multilayer is pos si ble.

Ex am ples are shown for the fields of high-res o lu tion
X-ray im ag ing and X-ray dif frac tion. 

Two-dimensionally fo cus ing multilayer X-ray op tics
are suit able con denser op tics for full-field X-ray mi cros -
copy with multilayer Laue lenses [1]. This con fig u ra tion is
char ac ter ized by a better match ing of the nu mer i cal ap er -
ture of con denser and MLL, and of the size of the il lu mi -
nated re gion to the field of view of the X-ray lens. Di rect

beams, brems strah lung and Kb ra di a tion are ef fi ciently
sup pressed to im prove im ag ing con di tions. In ad di tion, this 
con fig u ra tion en ables the ap pli ca tion of pho ton en er gies
E > 10 keV for full-field X-ray mi cros copy at high spa tial
res o lu tion us ing lab o ra tory X-ray sources. 

In case of X-ray dif frac tion, some as pects be come more 
im por tant, if high pho ton en er gies, large work ing dis -
tances, or small X-ray sources are pres ent. A com pre hen -
sive ex am ple is the de sign of a fo cus ing X-ray op tics for

Ag-Ka ra di a tion. The split ting of both Ka1 and Ka2 lines

(DE = 0.17 keV) as well as the lat eral ex tent of a typ i cal
microfocus X-ray source have to be con sid ered to pro vide a 
ho mo ge neous il lu mi na tion.

1. S. Niese, S. Braun, R. Dietsch, J. Gluch, T. Holz, N.
Huber, A. Kubec, E. Zschech: A Ded i cated Il lu mi na tion
For Full-Field X-ray Mi cros copy With Multilayer Laue
Lenses. Ac cepted to AIP Conf. Proc. ICXOM 2015.

This work is partly sup ported by the Ger man Min is try for
Ed u ca tion and Re search (BMBF) un der the Pro gram “IKT 
2020 - Re search for In no va tions”, Pro ject No. 16ES0069.
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STRUCTURAL STUDIES OF THE GROWTH AND ORIENTATION OF M- AND Y-TYPE
FERRITES PREPARED BY CHEMICAL SOLUTION DEPOSITION METHOD

M. Dopita1, R. Kužel1, J. Buršík2, D. Pulmannová2 and R. Uhrecký2
  

1De part ment of Con densed Mat ter Phys ics, Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity in
Prague, Ke Karlovu 5, 121 16 Praha 2, Czech Re pub lic

2In sti tute of In or ganic Chem is try, Acad emy of Sci ences of the Czech Re pub lic, 
Rez near Prague, Czech Re pub lic

dopita@gmail.com

Ori ented M-type hex ag o nal fer rite (magnetoplumbite
struc ture) thin films were pre pared by chem i cal so lu tion
de po si tion on SrTiO3 (111) (STO) sub strates and used as
tem plates (seed lay ers for ori ented Y-type Ba2Zn2Fe12O22

thin films. Sev eral M phases with dif fer ent chem i cal com -
po si tion, mag netic char ac ter and mainly lat tice mis fits in
the range of -0.8 % to -7 % were in ves ti gated by X-ray dif -
frac tion (XRD), elec tron back scat ter dif frac tion (EBSD)
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and atomic force mi cros copy [1]. XRD anal y sis was per -
formed in both con ven tional Bragg-Brentano sym met ric
setup as well as in par al lel beam with the Eulerian cra dle. In 
or der to find ap pro pri ate ref er ence value of the lat tice pa -
ram e ters of dif fer ent used M-phases, some data anal y sis of
PDF-4 da ta base had to be per formed with re spect to the sta -
tis tics and/or also to the stoichiometry. Struc tural stud ies
were fo cused on the in ves ti ga tion of pre ferred ori en ta tion
by sym met ric and asym met ric XRD scans and by EBSD
and also on the anal y sis of pos si ble re sid ual stresses.

Seed ing M-lay ers and cor re spond ing Y-films showed
al ways strong out-of-plane (000l) ori en ta tion with some
dif fer ences in its de gree. More sig nif i cant dif fer ences were
found in the ob served in-plane ori en ta tion. This largely de -
pended on mis fits be tween the M-interlayer and sub strate
and also M-interlayer and Y-film. The best in-plane ori en -
ta tion of top Y-layer was ob tained if the mis fit val ues be -
tween the seed layer and sub strate, and be tween the seed
layer and Y-layer are sim i lar and also if the sur face of seed
layer is formed by hex ag on ally shaped grains. This cor re -

sponds to the fol low ing chem i cal com po si tions of seed lay -
ers: (BaSr)(GaAl)12O19, Ba(FeAl)12O19 and SrGa12O19.
Then sin gle do main per fect hexa gon-on-hexa gon ori en ta -
tion was ob served for M-film while for the Y-layer the
in-plane ori en ta tion (001)Y || (111)STO and [100]Y ||

[2-1-1]STO shows dou ble num ber of max ima in j-scans
than it would cor re spond to the plane mul ti plic ity. This in -
di cates in-plane ob verse/re verse twinning of the Y-films.
Ex am ples of these scans are shown on Fig. 1 for one of the
best thin film ar chi tec ture with (BaSr)(GaAl)12O19

interlayer and on Fig. 2 show ing mul ti ple do mains for
(BaSr)Fe12O19 interlayer.
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Fig ure 1. j-scans on 1 0 10 re flec tion of Y phase on STO sub strate and M (BaSr)(GaAl)12O19 seed layer.
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Fig ure 2. j-scans on 1 0 10 re flec tion of Y phase on STO sub strate and M
(BaSr)Fe12O19 seed layer.


