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Abstract : To develop beam splittersfor soft X-ray laser Michel son interferometer at 13.9 nm, Mo/ S multilayers of 100

nm thickness deposited on both sdes of slicon nitride were fabricated by usng DC magnetron sputtering. Initial evalua

tion of their reflectivity and transmisson showed that reflectivity and transmission were above 10 % and 25 %. The broad-

band analyzers have been designed , fabricated and characterized for 13 20 nm polarization measurements. The measured

results are in good agreement with the design. The supermirrors with different angular intervals at 0. 154 nm have been

designed , fabricated and characterized.
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1 Introduction

The surface reflectivity of every material for
radiation at wavelengths below 30 nm at normal
incidence is almost zero. In order to get an
enough reflection, optical components adopt
grazing angular incidence because at small inci-
dent angles high reflectivity can be obtained in
condition of total reflection. The grazing inci-
dence optics is generally complex to align. Mo-
reover , the great magnitude of aberrationslimits
their spatial resolution. High reflectivity can be
got at normal incidencein the extreme ultraviolet
(EUV) and soft X-ray region and at non-total
reflection angle in X-ray range by usng multi-
layer coatings. In general the reflectivity of the
multilayer i soptimized by selecting material s and
deposition conditions that (1) maximize the con-
trast in theindex of refraction, (2) minimize the
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absorption that is always appreciable at EUV ,
soft X-ray and X-ray range, and (3) produce
continuous layers with compositionally abrupt
and smooth interfaces. The best material combi-
nations found to data are different at different
wavelength ranges, such as Mo/ S for 12.4 30
nmt* .

High efficiency and high resolution EUV
and soft X-ray optics could be used in many re-
search fields. Extreme ultraviolet lithography
has a great interest in making next generation in-
tegration circuit!® .
tion of selected solar radiation in EUV and soft

X-ray is very important for studying the sun®'.

In astrophysics the observer

A monochromator based on multilayers has been
set up in some synchrotron radiation facilities* .
Some of multilayers can be used in ICF diagnos
tic purposes”® . We are interested in the applica
tions of multilayers in China and have made

some beam splittersfor soft X-ray laser interfer-
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ometer , some anayzers and phase retarder for
EUV and soft X-ray polarization measurements,
and X-ray supermirrors for future space tele-
scope made in China.

2 Experimenta technique

All the multilayers used in this study were
deposited usng by a DC magnetron sputtering
machine. The deposition system contains four
sputtering guns mounted on the bottom of the
chamber and spaced 90° apart. All of the sputte
ring guns are circular (100 mm diameter). The
substrates, which are spun during the depos-
tions, arefacing down and affixed to the platter ,
which rotates over the sputtering targets. The
individual layer thickness is controlled by the
substrate stay time above the target. A turbo
pump is used to evacuate to a base pressure of
lessthan 5x 10" ° Pa. Ultrahigh purity Ar gas at
1.96 Pa was used to sputter different targets.

The sputtering rates were calibrated by var-
ying the stay time of the substrate on the targets
at a constant power and determining the multi-
layer periods by fitting the Bragg peaks in the
grazing angle X-ray diffraction spectra. X-ray
diff raction measurements were performed using
aBede D1 diffractometer with a Cu Kt source
=0.154 nm). The small angle X-ray diffraction
measurements were obtained over the angular
rangeof®@ B between 0.3 10°.

Reflectivity of the multilayers was measured
with a synchrotron-based reflectometer at Ner
tional Synchrotron Radiation Laboratory in
Hefei. The reflectometer has been designed for
the characterization of multilayers, filters and
mirrors.

3 Soft X-ray beam splittersfor the
Michel son interferometer

Due to their first realization about 16 years

ago , wft X-ray transmissve optics allowed new
investigations to soft X-ray optics application. It
ispossble to extend the applications to soft X-
ray interferometer with the objective to probe
the electron dendty of laser-produced plasma.
The maximum electron density and the sze of
the probed plasmas are severely limited by ab-
sorption and refraction of the probe beam. For
these reason, Da Slva and his colleagues devel-
oped an amplitude-divison oft X-ray laser
Mach-Zehder interferometer , successully used
to probe a dense plasma at 15.5 nm in 1995® .
The soft X-ray laser Mach- Zehder interferometer
working at 13.9 nm has been success ully devel-
oped in China in 2003. The experiments have
been used two beam splitters made by depositing
Mo/ 9 multilayers on back sde of the dglicon
membranes with a clear area 10 mm x 10 mm.
The beam splitters provided a good product of
reflectivity and transmission and were suitable to
use. Two beam splitters needed at the same time
for accomplishing the interferometer.
time, two beam splitters were broken when pro-
bing the laser-produced plasma because of the
debrisof the plasma. So it is very expendve to
do the relative interferometeric experiments.
With the aim of decreasng the quantities of used
beam splitters, we need to develop a Michelson
interferometer instead of Mach-Zehder.

The great difference between the beam
splitters used in Michel son and Mach-Zehder in-
terferometer is that beam splitters used in Mich-
elson need to depost the Mo/ S multilayers on

Every

both sides of the slicon membranes, while one
dde used in Mach-Zehder. Del motte and his col-
leagues’' developed the beam splitters for the
Michel son interferometer operating at a 45° inci-
dence angle at 13.9 nm. According to the phe
nomena of polarization in soft X-ray range, the
reflectivity of p polarizationis very low (typical-
ly, 100 times lower than for s polarization). So,
when mounted in a Michelson interferometer at
45° incidence angle, the beam splitter will be ef-
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fective only for the scomponent of the soft X-ray
laser. The stuation can be changed when put-
ting the incidence angle less than 10°, just as
7.2° used in the previous Mach-Zehder interfer-
ometer. The smulation of this kind of beam
splitter can give the optimization the relative
thicknesses of Mo in the period and the number
of periods on each sde. We have calculated the
variation of the reflectivity-transmisson product
(R x T product) as a function of the relative
thickness of Mo in the period thickness with op-
timized number of periodsfor each thickness and
with a period thicknessof 7.0 nm. Fig.1 shows
the variation of the R x T product as a function
of the number of the periods on each sde with
the relative thickness of Mo in the period of 0.4
and periodsof 7.0 nmfor incidence angle of 7.2°
and 10. 8 nmfor incidence of 45°. Approximately
2%of Rx T product can be obtained with the
number of periods equal to 4 or 5 for incidence
angle of 45° , while 4.5% of Rx T product with
the number of periods equal to 6 or 7 for inci-
dence angle of 7.2°. So the throughput can be
increased more than 4 times working at 7.2° in-
stead of 45°.
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FHg.1 Variation of the reflectivity-transmisson prod-
uct as afunction of Mo/ 9 multilayer periods

The initial experiments have been carried
out and the reflectivity of the both sdesof beam
splitters has been measured. Fig.2(a) and Fig.2
(b) showed the measured reflectivity results of
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Fig.2 Experimenta reflectivity measured on two both-

sides coated membranes versus wavelength with
the angle of incidence 7. 2°

front sde and back sde of beam splitter. The
Fabry- Perot oscillations can be seen in the re
flectivity curves. Thereisa wavelength shift ap-
peared in the oscillations because of either a vari-
ation of dlicon nitride membrane thickness or a
variation of the thickness periods. Fig.2 shows
that the reflectivity of the back sde is higher
than that of thefront sde whichisrelated to the
difference of roughness between the slicon ni-
tride membrane s front sde and back side (the
Further
studies are in progress in order to meet the re-

roughness of a back side is lower).

quirements of a Michelson interferometer at
13.9 nm.
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4  Broadband analyzers in EUV
and soft X-ray region

Circularly polarized synchrotron radiation
has attracted growing interest at various syn-
chrotron radiation centersfor the study of a wide
range of phenomena in biology, chemistry,
physcs and material science. In the soft X-ray
region, accurate evaluation of state of polarizer
tion of light emerging from a monochromator is
The polarized soft X-rays

have been used in many experiments, such as

bascally important.

circular dichroism spectroscopy, pin-polarized
photoelectron spectroscopy. Magnetic circular
dichroism (MCD) and the Faraday effect at the
2p absorption edges of the transition materials
and at the 3d edge of rare earths are starting to
be used for quantitative determination of the de-
gree of circular polarization. Helica undulators
designed to produce intense radiation polarized
circularly as well aslinearly very well meet these
requirements. In the EUV region, traditionally,
reflection analyzers are used, for the soft X-ray
range the use of multilayers in transmisson as
phase retarders has been suggested. The linear
analyzers and phase retarders based on multilay-
er interference structures, and circular polarizing
filters based on magnetic circular dichroism are
applied in magneto-optical studies utilizing syn-
chrotron radiation.

The narrow-band property of soft X-ray
multilayer analyzers loses their polarizing power
and limitstheir application because of certain an-
gle essential to keep a reasonable throughput at
these wavelengths, which limits their applica
tion. Theoriginal approach isthe design method
usng the double-multilayer or deposting the
depth-graded X-ray multilayers can improve the
wideband property of the analyzers. However ,
variation of the angle of incidence causes the di-
rection of reflected beam to change or the

process of design and fabrication of multilayer
analyzersis very complicated. To overcome the
weak points of the multilayer analyzers, we de-
signed the nornrperiodic multilayer structure as
the analyzer , which would greatly smplify the
experiment because the analyzers would have
fixed shape and angles of incidence.
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Fig.4 Reflectivity measurementsfor broadband multilay-
ers vs wavelength

The sreflectivity and p-reflectivity of Mo/
S wideband analyzer optimized with different
target reflectivity Ro to provide the plateau sre-
flectivity is shown in Fig. 3. The sreflectivity
value is too large to obtain an even reflectivity
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Fig.5 Reflectivity measurements for broadband angu-

lar multilayers vs angle

plateau. One way can be used in practice to ob-
tain an even reflectivity plateau, that is, decrea
sng the target reflectivity value Ry of the plateau
at fixed number of bi-layers, which resultsin a
reduction and plateau of the finial sreflectivity.
As shown in curve 3(Ro =0. 34) , the scompo-
nent reflectivities oscillate greatly. Rs turns
dightly oscillatory with the decrease of Ry =0.3
incurve 2, while Rs becomes very flat in curve 1
(R =0.27).

The EUV and soft X-ray reflectivity meas
urement at grazing angle of 50 degrees indicated
that the broadband Mo/ S multilayer had about
20 % reflectivity from 15. 5

(Fig.4). Fig. 5 shows that the reflectivity re-

17. 5nm region

sultsat 13 nm and 13.4 nm of a broadband angu-
lar Mo/ S multilayer had above 30 % from 43° to
48° at 13 nm and 30 % from 45° to 51°. Further
studies are in progress for broadband analyzers.

5 Desgn, fabrication and charac-
terization of X-ray supermirrors

Recently , with the development of hard X-
ray telescopes and third generation synchrotron
sources, the hard X-ray focus optics have been
applied widely. For such applications, the re-

flective mirrors with relatively broad angular
range at hard X-ray radiation, such as Cu K
line @ =0.154 nm) , are required to extend the
view field and flux of optics, where bent crystal
and single layer metal mirrors cari't be used be-
cause of too small grazing incident angle. The
period multilayer mirrors have higher reflective
angle than the critical angle of the sngle layer
metal mirrors, but their narrow angular range
limits their application in hard X-ray focus op-
tics. More currently, depth-graded hard X-ray
multilayer mirrors are being developed because
they have broad grazing-incidence angular range
or wider energy band. The depth-graded multi-
layer mirrors can provide a large angular range
to extend the view field and flux of optical sys
tem.

The layer structures of X-ray supermirrors
are the results of the mathematical optimization
design. Theoptimized method usually usedin X-
ray supermirrors desgn is the purely numerical
techniques which are starting from an initial
multilayer structure. An optimization algorithm
(such as the random optimization, the smplex
optimization and global optimization) tries to
mini mize a given merit function to obtain the tar-
get reflectivity profile. The initial multilayer is
vital to designing X-ray supermirror. Different
optimization algorithms need different initial
multilayers to get expected result and expend
less calculated time. Both periodic multilayer
and non-periodic multilayer structures are often
used asinitial structure.

The multilayers fabricated by DC magne
tron sputtering were characterized using an X-
ray diffractometer (XRD) made by Bede compa
ny with high accuracy at 8.0 keV. Fig.6 shows
the experiment curves of the supermirrors,
which have the reflectivity profiles as a function
of the grazingincident angle, and theintendtyis
normalized according to the maximum beam in-
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Fig.7 Reflectivity measurements and fitting results of
broadband angular 0.9 0. 15° W/B4C multilay-

ers at wavelength of 0.154 nm

tensty. We also fitted several reflectivity curves
choosing the interface roughness as i ndependent
parameter usng the calculated model with
roughness. The interface roughness of the W-
onS wasfound to be about 0.5 nm, as same as
the S-on-W, and the interface roughness of the
W-on-B4C was found to be about 0. 32 nm, as
same as the BsC-on-W, smaller than W-on-S.

References:

6 Conclugons

The design, fabrication and characterization
of soft X-ray beam splittersfor Michel son inter-
ferometer working at 13.9 nm, broadband ana
lyzersfor measurements of EUV and soft X-ray
polarization, and X-ray supermirrors with
broadband angular interval were presented in
thispaper. All the multilayerswere deposted by
DC magnetron sputtering with a half-automated
deposition system made in China.

The working angle of a beam splitter for
Michel son interferometer is different from that
of vigble light. The both sdes of dlicon mem-
branes needed to coated, while just one side for
Mach-Zehder interferometer. The primary ex-
perimental results show that the product of re
flectivity and transmisson can achieve above
3%. The periodic multilayers have a very nar-
row bandwidth and are not convenient to meas
ure the polarization of statein EUV and soft X-
ray range. The measurements show that the re-
flectivities of broadband analyzers have a broad-
band which isin agreement with the desgn. The
X-ray supermirrors with different angular bands
have been made and the reflectivity measure-
ments demonstrated that a W/ S supermirror has
above 30 % reflectivity in 0.4 0.85° region and
a W/ B4 C supermirror has about 20 % reflectivity
in0.9 1.2° range at 0.154 nm.
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