Time resolved x-ray microscopy
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SCIENTIFIC MOTIVATION

In the frame of R&D eactivity on future SPARX X-FEL source, the development of x-ray
optics to successfully manipulate FEL radiation cannot be neglected. The unique characterigtics of
pulsed radiation produced by FEL have to be preserved both in beam transport and in conditioning
optics for experimenta purposes. This work gets into the larger fidd of x-ray optics development
and teding in which the X-ray physics group of the Inditute of Photonics and Nanotechnologies
(IFN) headed by S. Lagomarsino, is involved for many years. The main new issue in working with
FEL radiation (produced in a seeded scheme) with respect to ordinary synchrotron radiation is
coherence and pulse durétion in the femtosecond scae. Thus the first requirement for optics is the
preservation of time dructure of pulses and tempora (i.e. longitudind) coherence of radiation. In
other words, dispersion properties of different optics used should be understood in detail.

Another important characteristic of FEL radiaion is the high degree of gpatid coherence which
dlows, in principle, coherent microimeging and diffraction, but which in turn requires optica
elements which preserve the coherence properties.

In view of time rexolved x-ray microscopy with nanometer gpatid resolution and
femtosecond time resolution, an interesting opticadl dement is the x-ray waveguide (WG) [1,2]. In
fact, it has been demondrated that WG is a suitable optics for x-ray microscopy because it can
produce beams of nanometer size, fully coherent in transverse direction [3, 4].

Guiding optics, such as WGs and opticd fibers are widey used for many types of radiaion from
microwave to visble optics and, in the lagt ten years in hard x-ray range, too. The disperson
features of WGs and fibers were extensvely dudied in the past to fabricate suitable devices for
opticad communication. The utilization of WGs could be extended from XUV to hard xray spectra
regions, however paying atention to ther digperson properties that, in principle, could affect
dramatically the propagation of short pulses. A WG is an opticd resonator in which incoming
radigtion can propagate only  as discrete set of modes. The condition on refraction index Ryig of

guiding layer with respect of refraction index ny of cladding layers for resonance to take place is



aways. ria > . Two different kinds of coupling were used up to now with hard xrays: “resonant
beam coupling” and “front coupling” schemes (fig 1).
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Fig. 1: Resonant beam coupling scheme (Ieft) and Front coupling scheme (right).

In the former [1] the cladding and guiding layers are depodsited on a flat substrate, and the upper
cladding layer is so thin to dlow incident radiation, in condition of tota externd reflection, to
evanescently penetrate in the dructure and couple with some guided mode depending on angle of
incident. Specific cadculaion of transmisson properties of such a scheme are reported in literature
[5].

The latter scheme (front coupling) involves focalization of the xray beam just a one side of
entrance of WG [2]. In this way good efficiency of coupling could be reached but the propagating
fidd is in generd a superpostion of different modes. A dight modification of this scheme involves
the formation of a standing wave field in front of the entrance of the device [6] in such a way that
the mode sdection becomes, in principle, possble (Fig. 2). In this configuration the incoming beam
is totaly reflected just a the entrance of WG, thus preparing the standing wave fied. Propagation
of the m" mode occurs when the angle of

incidence matches the resonance angle Qm
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Other advantages in this second scheme of ¥
coupling ae directly related with the
possble use of WG with FEL radiation. First

of dl front coupling WG can be fabricated
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with vacuum as core layer and this makes
this device cgpable of working aso in the soft

X-ray region, where absorption would hamper  Fig. 2: Front coupling scheme with mode selection.
the use of solid guiding layers. InFig. 3 we
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Fig. 3: Example of propagating modesfor 1% order (upper left) and second order (lower left). In this
latter case beam splitting isaccomplished. A magnified image of the exit of WG in the case of second
modeis also shown on theright.

report the caculated intengty didribution for a typica gtuation of front coupling with mode
section. The smulation was peformed by means of a finite-difference approach, numericaly
solving Hemoltz equation in parabolic approximation [7]. In the left part we report the distribution
for first resonance order. Second order, with beam splitter effect, isreported in left part.

WAVEGUIDE ASOPTICAL ELEMENT FOR TIMERESOLVED X-RAY MICROSCOPY

Since propagetion of guided modes is inherently an interference effect, the radiation at the WG exit
is coherent. This dlowed, for example, phase contrast microscopy with high spatia resolution [1].
The WG gpatid and angular acceptance, Aand DX regpectively, is related to the phase space
coherent volume, which is given gpproximatey by: A*Cf ~0.441 [5]. The WG transmisson, in case
of front coupling and vacuum core layer, is connected with the smal peneration of the
electromegnetic wave, which has nodes a the two interfaces between guiding and cladding layers,
into the cladding layers. The attenuation length can be expressed andyticaly by:

Fig. 4 shows the attenuaion length (i.e. the length of WG for which intendty is falen down
of afactor e) for a planar waveguide with a gap of 400 nm as a function of waveength in the range
1-10 m, for different choice of cladding layers materid. Both in the water window (23 nm < | <
4.4 nm) and in the carbon window (44 nm < | < 5 nm) waveguides with appreciable lengths (> 1

mm) have good transmisson properties. These two wavelength ranges are important for Xx-ray



microscopy of biological tissues, because good contrast can be obtained even “in vivo™ between
different cdlular dements without the need of contras enhancement by means of additiond

colouring substances asin the case of visble light.

WG spacing d=400 nm
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Fig. 4: Attenuation length for various cladding
material. The spacing of WG consider ed isd=400nm

All this condderdtions are vdid insofar as digperson of device is low enough to permit reiable
manipulation of pulses. For this purpose we caried out detailed caculations to evauae dispersion
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2 GVD related to group veocity dispersonGVD = W
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parameter D =- °k&w,). These

formulas refer to the propagation of a pulse with centrd angular frequency wp in the direction z In
the case of a two-dimendond WG (.e a WG that confines radiaion in two directions) we
numericaly  evduated  disperson  for

B P differet  maeid  composing  dadding
‘1——cC darting from tabulated vaues of index of
g *7 refraction n=1-d-ib [9]. Our cdculaions
e 7] show that dispersion is actudly low due to
s ] the smdl vaidion of index of refraction
:D:’ o B with wavelength in the X-ray region far from
1A absorption edges. As an example we can
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Fig. 5: Dispersion parameter calculated for Beand C
cladding WG with a gap of 400x400 nm?.



application in wavelength range between water and carbon windows.

However, it is interesting to note that close to absorption edges, sgnificant anomaous disperson
takes place. Accurate quantitative evauation of this effect is not easy, because the tabulated vaues
of the red and imaginary parts of the refraction index close to absorption edges are not very much
reliable, but nevertheess we have clear indications that with adequate WG parameters (length, gap
vaue, type of cadding materid), and a given wavdengths, the WG can be used as an efficient
anomaous dispersve optica dement. With a suitable incident chirped beam, schemes can be then
adopted to sgnificantly shorten the pulse time length.

The unique property of WG to produce two coherent beams at its exit in the second
resonance mode, suggests its use as a beam plitter. The two beams are separated by the angle 2 /d,
and this dlows to let them going dong different path lengths before to reach the sample thus
redizing a retardetion line. Two possble schemes are presented in Fig. 6, the fird involving just
one mirror and the second two mirrors. It is worth to note that the two beams are inherently
coherent, because they are produced in the same interference process, and with a correct choice of
the WG parameters are adso essentidly dispersonfree. Thus dl x-rays pump-probe experiments,
without the need of externd sources, can be redized with this scheme. This circumvents the
complicated problem of synchronization in the femtosecond scde. The two beams from the
waveguide can be used, for example, to dynamicaly study radiation damage processes. One or both
beams can adso be refocdized on the sample to enhance photon dendty, through appropriate use of
dlipticaly bent mirrors[10].
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Fig. 6: Experimental schemesinvolving WG as a beam splitter for realization of delay lines.
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