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EXPERIMENTAL ASSESSMENT OF THE SPATIAL TRANSVERSE DISPLACEMENT OF 
X-RAYS BY PERFECT CRYSTALS IN VIEW OF SELF-SEEDING APPLICATIONS
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Free-elec tron la ser (FEL) ra di a tion arises from shot noise
in the elec tron bunch, which is am pli fied along the
undulator sec tion and re sults in X-ray pulses con sist ing of
many lon gi tu di nal modes [1]. The out put band width of
FELs can be de creased by seed ing the FEL pro cess with
lon gi tu di nally co her ent ra di a tion. In the hard X-ray re gion,
there are no suit able ex ter nal sources. This ob sta cle can be
over come by self-seed ing. The X-ray beam is sep a rated
from the elec trons us ing a mag netic chi cane, and then
monochromatized. The monochromatized X-rays serve as
a narrowband seed, af ter re com bi na tion with the elec tron
bunch, along the down stream undulators. This scheme
gen er ates lon gi tu di nally co her ent FEL pulses.

Geloni et al. [2] have pro posed monochromatization
based on For ward Bragg Dif frac tion (FBD), which in tro -
duces a de lay of the narrowband X-rays pulse (ech oes) of
the or der of femto seconds that can be matched to the de lay
of the elec tron bunch due to the chi cane. Sim u la tions based 
in the dy nam i cal dif frac tion the ory show a trans verse dis -
place ment of the FBD X-ray beam, which can re sult in a
loss of ef fi ciency of the seed ing pro cess [3]. The de lays and 
trans verse dis place ments of the ech oes are re lated by

Dx c0 = t qcos                 (1)

where q  is the Bragg an gle of the crys tal in volved re flec -
tion for the av er age in com ing pho ton en ergy. Fig. 1 pres -
ents the elec tric field am pli tude EH of the ra di a tion
trans mit ted in the for ward di rec tion as a func tion of trans -

verse po si tion and time on a sec tion down stream a 600 mm

thick di a mond crys tal ori ented in sym met ric (4,0,0) Bragg

ge om e try, and il lu mi nated by  a 10 keV beam of 10 mm
waist size. The two pan els cor re spond to Bragg and Laue,
re spec tively. In both pan els, the de pend ence of the echo
trans verse dis place ment on the echo de lay ex pressed in (1)
is clearly vis i ble.

To con firm the sim u la tions, an ex per i men tal set-up was 
de signed that ful fil the beam char ac ter is tics re quired for
this type of stud ies (small en ergy band width, beam size of

about 10 mm and small an gu lar di ver gence are cru cial). For
this rea son, af ter a Si (111) mono chro ma tor the beam is re -
fined with a chan nel cut set of Si (531) crys tals that re duce
the an gu lar width of in com ing beam to 1.075’’, which is
slightly smaller than the ex pected Dar win ac cep tance for
Di a mond (400) Bragg re flec tion at 10 keV of 1.485’’.

The lay out of at Cor nell High En ergy Syn chro tron
Source (CHESS) C-line Beamline and Ma te rial Sci ence
(MS) beamline at Swiss Light Source (SLS) is shown in

Fig. 2. The beam size was set to 12 ± 2 mm by slits lo cated
up stream the chan nel cut set of crys tals. A point de tec tor
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Fig ure 1. For ward dif fracted field mag ni tude EH from the (400) Bragg re flec tion at 10 keV for a 600 mm thick Di a mond crys tal in the

case of a 10 mm size in ci dent x-ray beam. Cal cu lated fol low ing Lindberg and Shvyd ko ap prox i ma tion [3], (Left) Bragg and (right)
Laue ge om e try.

Fig ure 2. Ex per i men tal set-up for the ex per i ment per formed at C
line at CHESS.



was sit u ated in the Bragg dif frac tion di rec tion, 44.04°,
which mis sion was re cord the width and in ten sity of the
Bragg dif fracted sig nal. The de tec tor in the for ward
direction uses a GGG scintillator crys tal to con vert x-ray to
vis i ble pho tons, which are re corded with a high res o lu tion

cam era with a res o lu tion of less than 2mm/pixel. The sam -
ples un der study were a se ries of di a mond sin gle crys tal

with thick nesses be tween 600 and 100 mm. For each scan
the sam ple was set up to the max i mum Bragg dif frac tion
sig nal of the NaI de tec tor at 10 keV, one fixed the chan nel
cut set was ro tated al low ing just a de ter mined en ergy to go
throw it with high res o lu tion. Re cord ing the sig nal trans -
mit ted thru the crys tal in the for ward cam era.

An ex am ple of the data col lec tion re sults is pre sented in 
Fig. 3. It is pos si ble to ob serve how near the Bragg con di -
tion of dif frac tion, marc in the fig ure as A, the for ward dif -
fracted sig nal is dis placed from the ini tial po si tion, marc as
B, and a se ries of max ima ap pear to be formed in the tail of
the Bragg peak which are re lated to the echoes signal.

The re sults from the ex per i ments per formed at CHESS
and SLS are beam com pare with far ther sim u la tions of the
beam prop er ties at the syn chro tron sources to be able to
con firm the pre dicted trans verse dis place ment, which in
the case of a pos i tive con fir ma tion should be taken into ac -
count in the de sign of self-seed ing in fra struc ture for op ti -
miz ing the FEL per for mance. In a sec ond step, beamtime at 
a FEL fa cil ity will be re quested to cor re late the dif fer ent
max ima shown in Fig. 3 with the actual delays.

1. J. S. Wark, et al., J. Ap ply. Crystallogr. 32, (1999) 692.

2. G. Geloni, et al. DESY re port 10-053 (2010).

3. Y. Shvyd’ko, et al. Phys. Rev. ST Accel. Beams 15, (2012)
100702 

The au thors ac knowl edge the staff of the Ma te rial Sci ence
beamline at Swiss Light Source and of the  C-1beamline at
Cor nell High En ergy Syn chro tron Source, at which ex per i -
ments re lated to this pro ject were per formed.
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Fig ure 3. For ward Bragg dif frac tion sig nal of a 300 mm thick di a mond crys tal at a 10 keV for the (400) re flec tion ob served at Ma te rial
Sci ence Beamline of SLS. (Left) Bragg dif frac tion sig nal at the BD de tec tor, (Cen ter) sig nal at the FBD di rec tion de tec tor and (right)
sec tion of the FBD de tec tor at two Bragg an gles A (in the Bragg con di tion) and B (far from the Bragg con di tion).
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X-RAY BEAM SPLITTING BY USE OF REFLECTION GRATINGS FOR PHOTON
ENERGIES OF 4 – 12.4 kEV
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 Re cently sur pris ingly high dif frac tion ef fi cien cies were
ob served when a re flec tion grat ing was used in the con i cal
dif frac tion scheme in com bi na tion with X-rays with pho ton 
en er gies be tween 4 and 12.4 keV [1]. As shown in fig ure 1
the con i cal dif frac tion is ob tained when the tra jec tory of
the in ci dent beam is par al lel to the grooves of the grat ing.
In this case the in ci dent in ten sity is dif fracted into a cone
sym met ric around the plane of in ci dence. The highly ef fi -
cient sym met ric dif frac tion opens the pos si bil ity to use
such grat ings also as op ti cal com po nents for the X-ray
range. 

An in ter est ing ap pli ca tion is as an am pli tude beam
split ter. Beam split ting with equal in ten sity cannot only be
achieved for two beams but also for more beams. The con -
cept can thus be ap plied for in ter fer om e try ex per i ments or
sim ply for sep a rat ing a high in ten sity beam for the use in
dif fer ent ex per i men tal sta tions. We will re port re lated ex -
per i men tal data and com pare them to pre dic tions, which
will al low us to dis cuss the op ti mum pa ram e ters for given
ap pli ca tions.

1. W. Jark and D. Eichert, Opt. Ex press 23, 22753 (2015).
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The first tomographic mi cros copy beamlines are cur rently
pro posed on the dif frac tion lim ited stor age ring of Max IV.
The main em pha sis will be on mi crom e ter res o lu tion dy -
namic stud ies with high sen si tiv ity to make op ti mal use of
an in tense X-ray beam with typ i cally 20-50% co her ent
frac tion and a spot size of 1 mm in di am e ter will scat ter on
the sam ple and give rise to in ter fer ence fringes re corded in
the near field - Fres nel re gime. The state-of-the art in di rect
de tec tor sys tems for mi crom e ter res o lu tion to mog ra phy
em ploys a thin scintillator screen which typ i cally con verts
about 50% of the X-rays at 20 keV to vis i ble light that is
then col lected by a lens sys tems and reaches the de tec tor
sen sor. We can im prove this X-ray pho tons col lec tion ef fi -
ciency by us ing in stead a semi trans par ent scintillator-mir -
ror sys tem and a sec ond de tec tor fur ther down stream of the

beam (see Fig. 1a). The added value of such op ti mi za tion is 
the si mul ta neous re cord ing of two dis tinct Fres nel dif frac -
tion pat terns [1]. In re spect to fast phase im ag ing the
dual-de tec tor prin ci ple fa vours the im ple men ta tion of
quan ti ta tive phase re trieval meth ods re quir ing data at a
min i mum of two defocus dis tances. They are of par tic u lar
in ter est if the in ter ac tion of a trans versely highly co her ent
X-ray beam scat tered on the sam ple gives rise to mul ti ple
and well vis i ble in ter fer ence fringes in the Fres nel re gime.
Con trast trans fer func tion based phas ing meth ods [2] can
un der these con di tions de liver op ti mal re sults and may
there fore be con sid ered for Max IV to com ple ment the of -
ten used trans port of in ten sity based phase re trieval [3].

Be side di rect phas ing meth ods from two si mul ta neous
pro jec tions (Fig. 1b) we have im ple mented an it er a tive
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Fig ure 1. Prin ci pal beam tra jec tory par al lel 
to the grooves when a re flec tion grat ing
with rect an gu lar groove pro file pro duces
con i cal dif frac tion in the ex treme off-plane
con fig u ra tion for diffraction.



Fou rier trans form al go rithm in ter lac ing it er a tions at the
phase re trieval and tomographic level. We pro pose to take
ad van tage of the 3D struc ture of the re corded dif frac tion
pat terns to guide the phase re trieval by the nat u rally oc cur -
ring con strains when the full 3D in for ma tion about the
sam ple is avail able in two im ag ing con di tions. Fur ther -
more with the pro posed scheme we ad dress the prob lem of
back ground vari a tions dur ing the tomographic ac qui si tion.
The performance of this approach is illustrated on Fig 2.

The it er a tive 3D phase re trieval is be ing im ple mented
in Op er a tor Discretization Li brary (ODL) [4], a Py thon
frame work for rapid al go rithm de vel op ment in to mog ra -
phy. It of fers the pos si bil ity to ap ply a va ri ety of solver
schemes to a par tic u lar re con struc tion prob lem, for ex am -
ple the con ju gate gra di ent method or TV reg u lar iza tion [5]. 
In par tic u lar, the full non-lin ear prob lem of phase to mog ra -
phy can be ad dressed with out any linearization or model
sim pli fi ca tion. We will pres ent the new est re sults based on
the op ti mized it er a tive scheme and dis cuss the ad van tages
of the small and highly co her ent beam at Max IV to pur sue
high res o lu tion phase tomographic stud ies in par tic u lar for
bio-med i cal ap pli ca tions [6,7]. Some ap proaches will be
built upon the ex pe ri ence gained from pilot studies
performed at the TOMCAT beamline at the Swiss Light
Source. 

Si mul ta neous ac qui si tion of two Fres nel dif frac tion
pat terns may be achieved also by us ing a crys tal beam split -
ter as the o ret i cally pro posed in [8] and ex per i men tally
dem on strated in [9]. Of par tic u lar in ter est in this ap proach
is that wave length sep a ra tion of the two beams is pos si ble

and there fore we can fine-tune the in for ma tion con tent in
each diffraction pattern independently.
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Fig ure 2. Phase re trieval per formed on a phan tom. The orig i nal tomographic slice of a phase map on the left a
Paganin phase re trieval re sult in the mid dle and on the right a tomographic slice of re sult ing from the pro posed it -
er a tive 3D phase re trieval based on two tomographic sets ac quired at var i ous defocus distances.

Fig ure 1. (a) The sche matic rep re sen ta tion of the dual de tec tor sys tem as im ple mented at the TOMCAT beamline at the Swiss Light
Source. (b) Tomographic slice of a fly tho rax re con structed from the re trieved phase maps us ing CTF mixed ap proach based on si mul ta -
neously ac quired two Fres nel dif frac tion pat terns at sam ple-to-de tec tor dis tances set to 4 and 377 mm. The ef fec tive pixel size on the

first de tec tor D1 was 2.75 mm and it was 2.9 mm on the sec ond de tec tor D2. In (c) a Paganin [3] type re con struc tion is shown.

https://www.github.com/odlgroup/odl
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Full-field im ag ing is an ex tremely ver sa tile tech nique that
is broadly ap pli ca ble to al most all sci en tific and en gi neer -
ing dis ci plines. Its ver sa til ity is re flected by the fact that ev -
ery ma jor syn chro tron fa cil ity in the world has a ded i cated
full-field im ag ing fa cil ity. In many cases, full-field im ag -
ing is the key stone link ing a sam ple to other X-ray tech -
niques such as ptychography, µXRF, µXANES, and
µXRD. 

The cur rent Ad vanced Pho ton Source (APS) al lows for
hi er ar chi cal 3D im ag ing of dy namic sys tems and ma te ri als
with spa tial res o lu tion up to 1µm, with out a ma jor sac ri fice
in time res o lu tion and 20 nm 3D im ag ing of static or slowly 
evolv ing sys tems.

In this talk we will pres ent the lat est nano and dy namic
im ag ing re sults uti liz ing the cur rent APS source and will
de scribe the op por tu ni ties the new APS up grade source
will bring to this technique.

This re search used re sources of the Ad vanced Pho ton
Source, a U.S. De part ment of En ergy (DOE) Of fice of Sci -
ence User Fa cil ity op er ated for the DOE Of fice of Sci ence
by Argonne Na tional Lab o ra tory un der Con tract No.
DE-AC02-06CH11357.

1. J.W. Gibbs, K.A. Mohan, E.B. Gulsoy, A.J. Shahani, X.
Xiao, C.A. Bouman, M. De Graef, P.W. Voorhees, “The
Three-Di men sional Mor phol ogy of Grow ing Den drites,”
Sci. Rep. 5, 11824-1-11824-9 (2015). DOI:
10.1038/srep11824.
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Fig ure 1. Left: an i ma tion at 1.6 3D-fps growth of Al-rich den drite in Al-Cu al loy with a cool ing rate 1 K/min from 550 K.

Right: In ter fa cial shape dis tri bu tions for two 75 mm thick slices nor mal to the growth di rec tion of the nearly free-grow ing
den drite at 9.0 sec onds af ter nu cle ation [1].


