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A B S T R A C T

Needle optimization is widely used in visible and infrared region, but it is rarely utilized in X-ray and extreme
ultraviolet waveband. We use Needle optimization to design Pt/C X-ray supermirrors, and the grazing incidence
angles are 1.0, 1.4, and 1.7 degree, respectively. A modified target is introduced into optilayer software. A
good result is obtained by Optilayer software combined with IMD software. The difference of design results
between block method and needle optimization is discussed.
. Introduction

In X-ray and extreme ultraviolet (EUV) region, block method [1],
ower law method [2], numerical and analytical method [3] are often
sed to design optical thin film mirrors. In block method, a multi-
ayer mirror is divided into several blocks, and the block is periodic
ultilayer. Each block can reflect some specific waveband based on
ragg diffraction principle. The advantage of this method is easy to be
abricated, and there is no need for precise control of deposition ve-
ocity. Needle optimization method widely used in visible and infrared
aveband is rarely utilized in X-ray and EUV region. In this method,
new layer is inserted into existing multilayer, it changes refractive-

ndex profile, and this insertion will improve or deteriorate optical
erformance [4]. Only Tikhonravov group designed broad angular
irror by needle optimization method in Optilayer software [5,6].

In X-ray, layer thickness in the mirror is about several nanometres.
he negative influence of interface roughness and diffusion on specular
eflectivity cannot be ignored. The reflectivity reduction due to rough-
ess can be calculated by the Debye–Waller factor, exp(−16𝜋2𝜎2𝐿 cos2 𝜃∕
2) [7]. IMD, as a widely used design tool in EUV and X-ray, introduces
ive kinds of interface profile functions to describe this effect, and they
re Error, Exponential, Linear, Sinusoidal, and step functions. Error
unction shows a better agreement with most of experimental results,
nd it is a default setting [8]. However, Optilayer, as a successful
esign software in visible and infrared waveband, utilizes one unknown
nterlayer profile function to calculate the influence of interlayer on
ptical performance, and this restricts its application in X ray region.

In X-ray, supermirrors refer to that work in a wide waveband
egion or broad angular region. Mirrors often work by virtue of total
eflection in grazing incidence because of high transmittance for mate-
ials [9]. Grazing incidence angle is a key parameter in X-ray optical
ystem. High grazing incidence angle can shorten focus length, enhance
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collective area, and reduce cost of optical system. In ATHENA, the
mirror works at the grazing incidence angle of up to 1.752 degree in
0.1–10 keV. However, they did not give their reflectance curves [10].

In this paper, we use the gradual evolution version of the needle
optimization technique to design supermirrors in 0.2–10 keV, and the
grazing incidence angles are 1.0, 1.4, and 1.7, respectively. The design
results derived from the needle optimization is compared with that
derived from block method.

2. Design

In X-ray, Pt/C multilayer was used in Nustar [11] and ASTRO-
H [12]. Due to its proved stability in long-term space missions, we also
choose Pt/C as material pair. The substrate is fused silica with a surface
roughness of 0.45 nm. Interlayer roughness/diffusion is assumed to be
0.45 nm. There are three parts in our design strategy: first, we build a
modified target combined with roughness effect; second, we use Needle
optimization in Optilayer software to design supermirrors; third, we
utilize genetic algorithm in IMD software to do further refinement.

2.1. A modified target combined with roughness effect

Fig. 1 shows design results (black line) at 1.7 degree obtained by
Optilayer software. Thin film removal, design cleaner, and Interlayer
refinement were conducted after the gradual evolution version of the
needle optimization. The reflectance target is 10% in 2.5–10 keV at
1.7 degree. It seems that we got a good result. However, we put our
thickness distribution into IMD software, and, as shown in Fig. 1, it
is found that reflectance curve (red line) get worse if we select Error
function in interface profile function in IMD, but result (not shown)
shows a good agreement with the one obtained from Optilayer if we
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Fig. 1. Design at 1.7 degree obtained by optilayer shows a worse performance in IMD.

elect Exponential function in interface profile function in IMD. Thus, a
ew method, instead of interlayer function in optilayer, must be used to
escribe negative effect of interface roughness on optical performance
f mirrors.

Error function is defined by Eq. (1), and Exponential function is
efined by Eq. (2), where w is derivative of the interface profile, s
4𝜋 sin 𝜃∕𝜆, and 𝜎 is roughness [13]. Error function is more appro-

riate than Exponential function to describe interface profile of most
f materials deposited by magnetron sputtering. Thus, Error function
ust be introduced into designing by Optilayer software. As shown

n Eq. (3), a new target [3] is introduced to replace the old one, where
is roughness, 𝜆 is wavelength, 𝑅0 is old target, and 𝜃 is grazing

ncident angle. This new target can offset the negative effect of interface
oughness.

= exp
(

−𝑠2𝜎2∕2
)

(1)

= 1
1 + 𝑠2𝜎2∕2

(2)

𝑅 = 𝑅0 exp
[

(4𝜋𝜎 sin 𝜃∕𝜆)2
]

(3)

2.2. Needle optimization in optilayer software

Traditional optimization method is to optimize thickness distribu-
tion of layers in a fixed number of layers by decreasing merit function.
While needle optimization is to introduce a material with a small
thickness at a boundary or some interior point of a layer. As shown in
Fig. 2, there are two materials with refractive index of nH and nL in a
three-layer of two-component coating. A small needle block is introduce
into interior point of low-index layer. This special point is determined
by calculating P(z) function by Eq. (4), where 𝜆 is wavelength of
interest, 𝜓 is defined by Eq. (5). In Eq. (5), na is refractive index at point
za, 𝜐 is weight function, R is reflectance, 𝑅̂ is target reflectance, r is
reflectance coefficient. If P(z) function deviates zero largely, this point
will be selected to introduced a needle block to mitigate this deviation.
A merit function change is used to judge whether this needle block
is permissible, and to determine the size of needle block. This merit
function change is defined by Eq. (6), where 𝑛̂ is refractive index of
needle block, n is refractive index distribution, and 𝛥z is the width of
needle block. When a needle block at the layer boundary is permissible,
the thickness of one component increases, and the thickness of the
other component decreases, which is same to traditional optimization
method. When a needle block at some interior point of a layer is
permissible, the number of layers increases by two. Besides optimizing
thickness distribution at fixed dimension, needle optimization also can
increase dimension to achieve better spectral performance, which is its
 b
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Fig. 2. Needle optimization in Optilayer Software [14].

Fig. 3. Design results obtained by Needle optimization at 1.7 degree, and a new target
(black line) calculated by Eq. (3) is introduced in Optilayer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

most distinctive feature. The details about needle optimization ban be
found in Ref. [14].

𝑃 (𝑧) = 2𝜋
𝐿
∑

𝑙=1

1
𝜆𝑙

Im
{

𝛹 (𝑧, 𝜆𝑙)
}

(4)

𝛹 (𝑧𝑎, 𝜆𝑙) =
2
𝑛𝑎
𝜐𝑙
[

𝑅(𝜆𝑙) − 𝑅̂(𝜆𝑙)
]

𝑟∗(𝜆𝑙) [1 + 𝑟(𝜆)]
2 (5)

𝛿𝐹 = 𝑃 (𝑧̂)
[

𝑛̂2 − 𝑛2(𝑧̂)
]

𝛥𝑧 (6)

Fig. 3 shows design results obtained by Needle optimization at 1.7
egree, and new target (black line) calculated by Eq. (3) is introduced
n Optilayer. Interlayer function is not used in reflectance calculation
n Optilayer, but a roughness of 0.45 nm is considered in IMD. The
ld target is set to be 5%. Thin layer removal is used. Reflectance (red
ine) increases with increasing of energy in Optilayer, but it (blue line)
ecomes flat in high energy in IMD due to interface roughness/diffusion
ffect. The average reflectance is 4% in 5–10 keV.

Fig. 4 shows reflectance curves at 1.0 degree and 1.4 degree ob-
ained by Needle optimization method, and old reflectances are set to
e 20% at 1.0 degree, and 10% at 1.4 degree. The average reflectances
re 21.2% at 1.0 degree, and 7.4% at 1.4 degree in 5–10 keV.

.3. Refinement in IMD software

Design obtained by Needle optimization can be further optimized
y Binda optimization [15] in IMD software. Binda optimization is a
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Fig. 4. Reflectance curves at 1.0 degree and 1.4 degree obtained by Needle
ptimization method.

Fig. 5. Design at 1.4 degree further refined optimization by Binda optimization, and
comparison of this job with block method. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

kind of genetic algorithm. Compared with traditional genetic algorithm,
besides simple reproduction and mutation operators, Binda added more
sophisticated mutation and crossover operators in his algorithm. In
Binda optimization, one solution for thickness distribution of the su-
permirror is an individual of population, each individual is modified
by replication, mutation, and crossover operators, and better solution
is maintained by judging its fitness. This fitness means that the decrease
the figure of merit for achieving spectral target. In our refinement by
Binda optimization, maximum number is 1000, population size P is
100 individuals per generation, and fraction of genes that are randomly
mutated in each individual 𝑓m is 20%.

As shown in Fig. 5, a relatively flat curve (blue line) at 1.4 degree
is obtained after Binda optimization. For comparison, reflectance curve
obtained by block method is also provided. This curve has more oscilla-
tions than this job, and 70 layers are used. In our job, only 59 layers are
used. The design details about block method can be seen in Ref. [16].

3. Conclusion

Interface roughness/diffusion has a great negative influence on
reflectance of mirrors in high energy. There is a discrepancy between
3

Optilayer and IMD softwares when roughness effect is taken into ac-
count in designing X ray mirrors by these two softwares. It is found that
interlayer function used in Optilayer cannot correctly describe interface
roughness effect on reflectance of mirrors, especially in high energy.
A modified target is introduced to successfully resolve this problem.
Needle optimization shows a slight superiority over block method. Su-
permirros working at 1.0, 1.4, and 1.7 degree are successfully designed
by Needle optimization.
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