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X-RAY NANO-FOCUSING FOR COHERENT IMAGING: MEET YOUR PROBE

Tim Salditt

Institut für Röntgenphysik, Universität Göttingen

Ad vanced X-ray op tics and fo cus ing opens us the po ten tial
of hard X-rays struc ture anal y sis, which is unique in terms
of pen e tra tion, spa tial res o lu tion, con trast, and com pat i bil -
ity with en vi ron men tal con di tions was sig nif i cantly. With
the ad vent of highly bril liant ra di a tion, co her ent X-ray fo -
cus ing, and lens-less diffractive im ag ing, we can now
probe lo cal struc tures se lec tively, even in hi er ar chi cal en -
vi ron ment such as bi o log i cal cells and tis sues. 

We il lus trate cen tral chal lenges and ad vances of hard
X-ray nano fo cus ing for co her ent im ag ing, and pres ent a
com pound op ti cal sys tem con sist ing of el lip ti cal mir rors
and X-ray waveguides. The setup en ables full field pro jec -
tion im ag ing at high mag ni fi ca tion down to 20 nm res o lu -
tion [1], but can also cover a three-di men sional field of
view, large enough to probe thick tis sues with sen si tiv ity to 
sin gle cells and sub-cel lu lar struc tures [2]. The re quired in -
ver sion of the co her ent dif frac tion pat tern can be mas tered

by dif fer ent re con struc tion algorithms in the optical far and 
near-field. 

In this talk we fo cus on ad vanced wave guide x-ray op -
tics  [3] for co her ent im ag ing, and on the char ac teri sa tion
of the il lu mi na tion sys tem (probe) by dif fer ent ptycho -
graphic  re con struc tion schemes, both in the far- and near-
 field. 
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X-ray wave guides en able a va ri ety of X-ray op ti cal func -
tions, from beam collimation to be low 10 nm [1] and co her -
ence fil ter ing [2], as re quired for high res o lu tion
ho lo graphic X-ray im ag ing [3], to beam split ting [4] for in -
ter fer om e try, beam ta per ing [5] or an gu lar redirections [6].
While the guided X-ray beams are well con trolled in the
wave guide de vice, the exit near-field dis tri bu tion is gov -
erned by free-space prop a ga tion and dif frac tion broad en -
ing, and hence is al ways much wider than in the wave guide

it self, which lim its many in ter est ing ap pli ca tions in im ag -
ing, dif frac tion or spec tros copy with nanometer sized
X-ray beams. 

In this work we show that by ex ploit ing multi-wave -
guide in ter fer ence, the near-field dis tri bu tion be hind the
wave guide exit can be tai lored for spe cial prop er ties, for
ex am ple in view of cre at ing a sec ond ary fo cal spot. To this
end we use an ar ray of 7 pla nar waveguides, with pre cisely
var ied guid ing layer thick ness vari a tion, as fab ri cated by
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Ta ble 1. The de signed layer thick ness val ues of the x-ray wave guide ar ray (WGA).



high pre ci sion mag ne tron sput ter ing of amor phous car bon
and mo lyb de num. The con trolled thick ness vari a tions in
the range of 0.1 nanometers re sult ing in a de sired phase
shift of the dif fer ent wave guide beams. In this way, spe cial
ef fects such as a sin gle or a dou ble fo cus or tilted emis sion
of the beam can be achieved by multi-beam in ter fer ence. In 
con trast to the pre vi ously used res o nant beam cou pling
(RBC) for waveguides with mul ti ple guid ing lay ers [7], the 
pres ent de sign based on front cou pling of a pre-fo cused
beam is much more ver sa tile.  Fig.1 vi su al izes the gen eral
con cept of the X-ray wave guide ar rays (WGA) with cor re -
spond ing nu mer i cal sim u la tions. The de tailed lay ers thick -
ness val ues of an ex am ple WGA struc ture are show in Tab.
1. This struc ture was sim u lated and mea sured us ing bend -
ing mag net ra di a tion at the Eu ro pean Synchrotron Ra di a -
tion Facility (ESRF) in Grenoble (data not shown). 

Our study which in cludes nu mer i cal sim u la tions, de -
sign, fab ri ca tion, and ex per i men tal re sults dem on strates
that X-ray wave guide ar rays can be used to tai lor an X-ray
near-field dis tri bu tion. In par tic u lar, multi-beam in ter fer -
ence with phase shifts con trolled by vari a tion of guid ing
layer thick ness can lead to beam in ten sity max i mum in free
space be hind the wave guide exit with a spot size (FWHM)
in the sub-50nm range.  The sim u lated near-field is com -
pared to the re con structed field based on the measured
far-field (in progress).
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Fig ure 1. Setup and nu mer i cal sim u la tions. (a) Sche matic of ex per i men tal setup. The X-ray wave guide ar ray (WGA) is po si tioned in
at the fo cal plane of beamline op tics. The in com ing beam with 19.9 keV photo en ergy and pri mary in ten sity I0, is cou pled into the
X-ray wave guide ar ray, which tai lors the near-field to the de sired shape. The far-field in ten sity dis tri bu tion is re corded at a dis tance of
0.97m be hind the WGA exit by a one-di men sional pixel de tec tor (Mythen, Dectris) . (b) The struc ture of the WGA as vi su al ized by its
TEM cross sec tion of WGA. The WGA shown has seven C lay ers (guid ing lay ers) and eight Mo lay ers (clad ding lay ers), as de tailed in
Ta ble 1. The op ti cal lay ers are sandwiched by Ge wa fers; (c) Us ing fi nite-dif fer ence sim u la tions, the sim u lated wave prop a ga tion in

the WGA is shown (in ten sity val ues). A plane wave is cou pled into the front side of WGA, with a length  of 300 mm from en trance to
exit. (d) Sim u la tions of the beam near the exit of the WGA, show ing the multi-beam in ter fer ence as tai lored by the dif fer ent phases.
The fo cus point (F) is lo cated at 0.25 mm be hind the exit of WGA, with a nor mal ized in ten sity I/I0 = 0.335 and a width ( full width of
half max i mum , FWHM) of 39 nm). (e) The sim u lated far field pat tern.
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In a cur rent pro ject we are aim ing to study the growth of a
sin gle semi con duc tor nanowire (NW) by in-situ X-ray dif -
frac tion. Here we re port on re cent ex per i ments per formed
at beamline P09 of PETRA III us ing a por ta ble MBE cham -
ber. By time re solved re cip ro cal space map ping in the vi -
cin ity of the sym met ric GaAs (111) and asym met ric (220)
and (311) zinc-blende and (10.3) wurt zite Bragg re flec -
tions, the evo lu tion of self-catalysed GaAs NWs on sil i con
sub strates has been mon i tored. Sin gle NWs were stud ied
us ing pre-pat terned sub strates with a lat eral spac ing of five
mi crons pre pared by fo cused ion beam hole drill ing.

Two dif fer ent ap proaches were tested to in ves ti gate
sin gle NWs:

1) A set of Com pound Re frac tive Lenses (CRL) with
fo cal length of 0.75m mounted on a hexa pod was used re -
sult ing in a beam size of  at the cen tre of the growth cham -
ber. With this ap proach we were able to se lect sin gle NWs
(see Fig. 1, 1)).

 2) An other set of CRL equipped 13.5m up stream the
sam ple fo cused the beam with out ma jor di ver gence to a
size of. Al though this setup il lu mi nated si mul ta neous an
en sem ble of NWs, sin gle ob jects could be sep a rated be -
cause of the rather par al lel beam and the small ver ti cal mis -
align ments of in di vid ual NWs with re spect to the growth
direction (see Fig.1, 2)).

In this work we re port on X-ray dif frac tion data taken
from sin gle GaAs NWs us ing both meth ods. In par tic u lar,

we re corded re cip ro cal space maps at sym met ric and asym -
met ric Bragg peaks with set tings 1) and 2) and com pare the
data in terms of res o lu tion in re cip ro cal space and in te -
grated in ten sity. In ad di tion we com pare both set tings with
re spect to the ca pa bil ity of de ter min ing phase com po si tion
of a sin gle NW [1]. Fig ure 1 shows sep a rated X-ray dif frac -
tion sig nals in the vi cin ity of the (10.3) wurt zite re flec tion
with fo cused beam using method 1) and ensemble
measurements 2). 

1. P.  Schroth, M.  Köhl, J.-W.  Hornung, E.  Dimakis, C. 
Somaschini, L.  Geelhaar, A. Biermanns, S. Bauer,  S. 
Lazarev, T.  Baumbach and U.  Pietsch, Phys i cal Re view
Let ters, 114, (2015), 055504.
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Fig ure 1. Com par i son of X-ray dif frac tion in the vi cin ity of the
GaAs (10.3) wurt zite re flec tion. Sin gle ob jects are vis i ble for
both meth ods 1) (microfocus) and 2) (ensemble). 
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DEFECT-ASSISTED X-RAY MICROSCOPY WITH POLYCAPILLARY OPTICS

P. Korecki, K. M. Sowa, B. R. Jany, F. Krok
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Polycapillary X-ray fo cus ing de vices are built from hun -
dreds of thou sands of bent glass mi cro-cap il lar ies that are
stacked into hex ag o nal ar rays. De fects were iden ti fied as to 
de te ri o rate the X-ray trans mis sion of these de vices. In this
pre sen ta tion, we dem on strate that nat u ral point de fects in
the op tics (miss ing, crushes, squeezed or larger cap il lar ies)
di rectly lead to the for ma tion of mul ti ple X-ray im ages of
an ob ject, which was po si tioned in the fo cal plane of the
op tics (see Fig 1) . These mul ti ple im ages can be ana lysed
us ing the so called coded ap er ture ap proach [1-3]. The re -
sult ing spa tial res o lu tion is lim ited by the de fect size and
not by the fo cal spot size, which has typ i cally size of
10-100 µm. In a re cent proof-of-prin ci ple ex per i ment [4]
of de fect-as sisted mi cros copy, us ing a com mer cially avail -
able op tics, we ob tained sub-mi cron res o lu tion that has not
been achieved with fo cus ing polycapillary op tics un til
now. Tai lored op tics with a con trolled dis tri bu tion of “de -
fects’” (fab ri cated us ing pro ce dures known from photonic
crys tal fi bers [5]) could be used for multimodal nanoscale
X-ray im ag ing with lab o ra tory set ups.
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Fig ure 1. Idea of de fect-as sisted X-ray mi cros copy. De fects (miss ing
or bro ken and larger cap il lar ies - marked with dashed cir cles) break
the pe ri od ic ity and lead to the for ma tion of dis tinct mul ti ple x-ray im -
ages of the object.

Fig ure 2. Com par i son of de fect-as sisted im ag ing with stan -
dard X-ray pro jec tion im ag ing with the fo cal spot act ing as a
sec ond ary source. In set: SEM im age of the object.
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The ultrashort and ultraintense pulses pro vided by X-ray
free elec tron la sers en able to over come the res o lu tion lim i -
ta tions due to ra di a tion dam age for im ag ing bi o log i cal ma -
te ri als [1]. Since each pulse de stroys the sam ple, the
ac ces si ble in for ma tion in stan dard im ag ing ap proaches is
lim ited to a sin gle pro jec tion. We pro pose an ex per i men tal
setup for the hard X-ray re gime which per mits the si mul ta -
neous ac qui si tion of mul ti ple pro jec tions from the same
spec i men, sim i lar to that for soft X-rays in Ref. [2], ex ploit -
ing the si mul ta neous il lu mi na tion of the sam ple with mul ti -
ple beams gen er ated from the di rect beam by a sin gle
crys tal (see Fig ure). This tech nique thus al lows ac qui si tion
of 3-D in for ma tion from sin gle-shot mea sure ments.

We pro vide an ex per i men tal proof-of-prin ci ple of this
con cept at a syn chro tron source in both co her ent dif frac -
tion im ag ing and ho lo graphic ge om e tries. For the for mer,
im ple men ta tion at X-ray free-elec tron laser is straight for -
ward.

1. R. Neutze et al., Na ture 406, 752-757 (2000).
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Fig ure 1: (a) Ewald sphere in ter sect ing si mul ta neously a fam ily of equiv a lent Bragg re flec tions, re lated by ro ta tions around
a sym me try axis of the sil i con crys tal. (b) Fam ily of re flec tions in Bragg con di tion for a cu bic lat tice. (c) Pic ture of the ex per i -
men tal setup at the MS beamline of the Swiss Light Source, show ing the di rect beam and the eight dif fracted beams on a
phos phor screen. (d) Sketch of the con cept of the sam ple be ing il lu mi nated si mul ta neously by the direct and diffracted
beams.


