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In this paper, a depth-graded C/W multilayer mirror with broad grazing incident angular range, consisting
of three multilayer stacks, each of which has different period thickness d and the layer pair number,
was designed and fabricated by direct current (DC) magnetron sputtering. For calculating the definite
performance of such a mirror, the saturation effects of the interfacial imperfection, such as interface
roughness and diffusion, were emerged. The reflectivity of the mirror was measured by the X-ray diffraction
(XRD) instrument at Cu K, radiation (A = 0.154 nm), the measured reflectivity was about 30% in a broad
grazing incident angular range (0.55°—0.85°). By the fitting data, the thickness of each layer is almost
same as the one designed and the roughness in the multilayer is about 0.85 nm, which is larger than the

prospective value of 0.5 nm.

OCIS codes: 220.0220, 230.0230, 310.0310, 340.0340.

Recently, with the development of hard X-ray
telescopes!! 31 and the third generation synchrotron
sources, hard X-ray focus optics have been applied
widely. For such applications, the reflective mirrors with
relatively broad angular range for hard X-ray radiation
such as Cu K, line (A = 0.154 nm), are required to
extend the view field and flux of optics, where bent
crystal and single layer metal mirrors cannot be used be-
cause of too small grazing incident angle. The periodic
multilayer mirrors have higher reflective angle than the
critical angle of single layer metal mirrors, but their nar-
row angular range limits their application in hard X-ray
focus optics. More currently, depth-graded hard X-ray
multilayer mirrors were developed because they have
broad grazing incidence angular range or wider energy
band. The depth-graded multilayer mirrors can provide
a large angular range to extend the view field and flux of
optical system. In this letter, one kind of depth-graded
multilayer mirrors has been designed, fabricated, and
measured for Cu K, radiation (A = 0.154 nm).

Based on the intensive research!®=#! into multilayer de-
sign and fabrication with various material combinations,
C/W layer pair was chosen to compose the depth-graded
multilayer mirrors for hard X-ray. The depth-graded
multilayer mirror is an aperiodic multilayer consisting
of some periodic multilayer stacks, each of which has
different periodic thickness (d) and number of layer pairs
(N). Such a mirror has almost the same reflectivity
over an incident angular range, it is so-called supermir-
ror. The peak reflectivity (R), incident angle at peak
reflectivity (6), and the incident angular range (dg) of
the Bragg peak of each block are functions of d, N, and
A (the wavelength of X-ray). Here, N is so optimized
that the integrated reflectivity (R x dg) is maximized at
the smallest number N. For given incident angle range
of interest, d and N for each block are so determined
that the reflectivity from each block fills the angular
ranges without gaps or unnecessary overlaps. Another
key parameter is the ratio I' of absorbing layer thickness
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d, to period d. T does not influence the first order Bragg
peak much, but has higher order peaks largely. Our cur-
rent design adopts a value I' = 0.4 to enhance the first
order Bragg peak. The detail of the simulation and the
optimization of su?ermirror design were described by
Yamashita et al.l?.

Figure 1 shows a model reflective curve of a C/W
depth-graded multilayer consisting of three multilayer
blocks. The structures of the blocks from the top layer
(vacuum side) to the bottom layer (substrate side) are d
=9.0—9.1, 6.3, and 6.0 nm, and the layer pair numbers
of the blocks are N =2, 3, and 9, respectively. Note
that the periods of the first block are not constant, but
graded, to obtain smooth reflectivity curve as a result
of superposition. The interfaces in the multilayers are
well known to be not ideal because of the roughness
and diffusion between the two layer materials, and they
would result in a reflectivity decrease. In this letter, we
set the interface roughness factor ¢ = 0.5 nm, and use
the equations
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Fig. 1. The modelling reflectivity of 3 blocks C/W supermir-
ror for X-ray (A = 0.154 nm).
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Fig. 2. The modelling reflectivity of C/W depth-graded mir-
ror and periodic multilayer film with the same roughness (o
= 0.5 nm).

based on Nevot-Croce model, to simulate the precise
reflectivity of multilayers. Here Ny is the refractive in-
dex of incident medium, o is the root mean square value
of the effective roughness, IV; is the refractive index of
the jth layer, and 6; is the grazing incidence angle at the
jth layer.

The precise calculation results are shown in Fig. 2. It
is clear that the angular response of the depth-graded
multilayer (14 layer pairs) is extended compared with
the multilayer with constant period (44 layer pairs).

The depth-graded C/W multilayer described was de-
posited on a polished silicon substrate (15x20 (mm)) by
a direct current (DC) magnetron sputtering coater. The
base pressure of vacuum system was (5.54+0.5) x 107>
Pa, and the argon (99.99% purity) pressure was fixed
at about 0.66 Pa during deposition. The powers applied
to W and C magnetrons (Lesker company) were held
constant at 25 and 130 W, respectively, and —200 V
bias voltage was applied to the substrates. The distance
between the targets of W or C and the deposited sub-
strates is about 80 mm. The deposition rates for W and
C were about 0.027 and 0.02 nm/s, respectively, which
are calculated from film thicknesses determined by X-
ray reflectivity measurements('?l. The thickness of each
layer was controlled by the time when the substrate stays
over each of the tungsten and carbon targets.

The reflectivity for different grazing incident angles
was measured by D1 X-ray diffraction (XRD) instrument
(BEDE company, UK), whose characterized X-ray radia-
tion is Cu K line. As shown in Fig. 3, the reflectivity of
the depth-graded multilayer is about 30% in the angular
response range of 0.55°—0.85°. According to the com-
parison between Fig. 3 and Fig. 2, the peak reflectivity
of the depth-graded multilayer decreases because the
diffusion and interface roughness are larger than those
predicted in design. The fitting parameters include the
interface roughness factor (o) and the thickness of each
layer in the supermirror structure. By the fitting data,
the interface roughness (o) is about 0.85 nm, which is
larger than the prospective value of 0.5 nm. This is the
reason why the reflectivity of deposited supermirror is
lower than that of designed supermirror. Additionally,
the thickness of each layer is a little different compared
with that predicted, as shown in Fig. 4. It is proved that
the deposited rate of each material is stable during the
production process.
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Fig. 3. The measured reflectivity of the deposited depth-
graded multilayer and its fitting curve at A = 0.154 nm.
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Fig. 4. Comparison between the designed and fitted thick-
nesses of each layer in the supermirror structure.

In conclusion, we found that at grazing incidence, the
depth-graded C/W multilayer mirror, deposited by DC
magnetic sputtering technology, has a much wider accep-
tance angular range and a higher integrated reflectivity
than the C/W periodic multilayer mirror, and they may
be the important considerations for X-ray imaging sys-
tem.
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