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Abstract The neutron supermirror is an important neutron
optical device that can significantly improve the efficiency
of neutron transport in neutron guides and has been widely
used in research neutron sources. Three types of algo-
rithms, including approximately ten algorithms, have been
developed for designing high-efficiency supermirror
structures. In addition to its applications in neutron guides,
in recent years, the use of neutron supermirrors in neutron-
focusing mirrors has been proposed to advance the devel-
opment of neutron scattering and neutron imaging instru-
ments, especially those at compact neutron sources. In this
new application scenario, the performance of supermirrors
strongly affects the instrument performance; therefore, a
careful evaluation of the design algorithms is needed. In
this study, we examine two issues: the effect of nonuniform
film thickness distribution on a curved substrate and the
effect of the specific neutron intensity distribution on the
performance of neutron supermirrors designed using
existing algorithms. The effect of film thickness nonuni-
formity is found to be relatively insignificant, whereas the
effect of the neutron intensity distribution over Q (where
Q is the magnitude of the scattering vector of incident
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neutrons) is considerable. Selection diagrams that show the
best design algorithm under different conditions are
obtained from these results. When the intensity distribution
is not considered, empirical algorithms can obtain the
highest average reflectivity, whereas discrete algorithms
perform best when the intensity distribution is taken into
account. The reasons for the differences in performance
between algorithms are also discussed. These findings
provide a reference for selecting design algorithms for
supermirrors for use in neutron optical devices with unique
geometries and can be very helpful for improving the
performance of focusing supermirror-based instruments.

Keywords Neutron-focusing supermirror - Design
algorithm - Thickness nonuniformity - Intensity distribution
over Q - Selection diagram

1 Introduction

Neutron beams are recognized as an essential probe in a
wide range of scientific and industrial applications [1-7].
Many dedicated neutron scattering and neutron imaging
instruments have been built in reactor-based neutron
sources and modern spallation neutron sources. In addition
to these large-scale sources, compact accelerator-driven
neutron sources (CANS) have received much attention in
recent years for their advantages of low cost and flexibility
[8]. Many CANS projects have been launched to meet
increasing demands for neutron beams in multiple disci-
plines [9, 10]. These demands have also stimulated the
development of accelerators for compact neutron sources,
and various new design schemes are continuously being
proposed [11, 12]. However, the low neutron intensity of
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CANS is a challenging issue for attempts to provide
competitive neutron scattering and imaging measurements.
Great efforts have been made to enhance the available
neutron intensity, including building more powerful
accelerators and targets and developing highly efficient
neutron optical devices.

One of the most promising approaches is grazing inci-
dence optics, which typically uses curved confocal conic
section mirrors to focus neutron beams. These mirrors are
well able to enhance the neutron intensity for neutron
scattering [13-20] and imaging [21-23] instruments. In
China, a small-angle neutron scattering instrument is under
construction at the Compact Pulsed Hadron Source
(CPHS); it is based on a nested neutron-focusing super-
mirror assembly and is expected to improve the neutron
intensity at the sample by nearly 100 times compared with
that of pinhole collimation [17-20]. To enable higher
reflectivity and a larger collecting area, it is essential to
deposit neutron supermirror coatings on the surface of the
focusing mirrors.

The neutron supermirror is a multilayer structure com-
posed of thin layers of two materials (usually Ni/Ti or NiC/
Ti) stacked successively according to a specific thickness
sequence [24, 25]. It can increase the critical angle of
neutron total reflection by a factor of m compared with that
of pure nickel. The critical reflectivity and m value are the
most important performance metrics of neutron supermir-
rors. They largely determine the transport or focusing
efficiency, which are the primary concern in the design of
multilayer structures.

To pursue high-performance supermirrors, various
design algorithms have been developed. They can be
roughly divided into three categories: continuous, discrete,
and empirical algorithms [26-28]. Continuous algorithms
typically solve a differential equation for dD/dn, where
D(n) is the thickness of the nth bilayer [24, 25, 29-31]. The
discrete algorithm was first proposed by Hayter and Mook
in 1989 [26]. This type of algorithm considers the discrete
nature of the multilayer structure of supermirrors
[26, 28, 32, 33]. Empirical algorithms are generalizations
of continuous algorithms in which parameters with no a
priori physical relationship are added, and optimization is
performed by traversing the parameter space [27, 34-36].

Since their invention in 1976, neutron supermirrors have
been widely used in neutron guides to transport beams at
almost all research neutron sources. These algorithms have
been successfully applied to the design of supermirrors for
neutron guides and have greatly facilitated the use of
neutrons in many applications. However, several practical
issues in the design of focusing supermirrors require a
careful evaluation and comparison of existing design
algorithms. First, the curved geometry of the mirrors may
result in more severe thickness deviations in the layers of
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supermirrors (see Sect. 2.2); thus, the sensitivity of the
design algorithms to thickness deviations should be
examined. Second, the use of focusing supermirrors in
CANS provides an additional opportunity to optimize the
supermirror structure for higher neutron intensity. The
reflectivity of supermirrors depends on Q, the quantity of
neutron wavevector transfer in the reflection process;
incident neutron intensity also has a distribution over
QO because of the neutron wavelength distribution of the
source and variation in the grazing incidence angles of
neutrons on the mirrors (as described in Sect. 2.3). This
feature, which is often ignored in the application of
supermirrors in neutron guides, may result in a preference
for certain design algorithms and may be very important
for further improvement in the focusing efficiency of
neutron-focusing mirrors.

In this study, we first describe the design parameters of
the three algorithms used for comparison and then intro-
duce a model for calculating the film thickness distribution
during the coating of curved surfaces. We also describe the
calculation of the neutron intensity distribution over Q of a
typical thermal neutron source. A schematic diagram is
shown in Fig. 1. Then, we compare the reflectivity per-
formance of the three types of algorithms, considering the
nonuniform film thickness distribution of a supermirror
coated on a curved substrate and the distribution of neutron
intensity over Q. The results are shown in the form of
selection diagrams that indicate the optimal algorithm
under various design conditions. The reasons for the dif-
ferences in performance between the three algorithms are
discussed in detail. In the last section, we summarize the
findings and provide suggestions for selecting design
algorithms for supermirrors for use in neutron-focusing
Mirrors.

2 Methods

2.1 Parameter selection of algorithms
for supermirror design

To evaluate and compare the three types of algorithms
described above, we choose a typical representative of each
type: the Gukasov—Ruban—Bedrizova (GRB) algorithm
[29, 30] for the continuous type, the Masalovich (Mas)
algorithm [33] for the discrete type, and the ABC algorithm
[27, 36] for the empirical type. These algorithms exhibit
the main characteristics of their types and thus are suit-
able for demonstrating their performance in different
design parameter spaces.

The range of the designed m value myq is limited to 238,
which covers practical values for current supermirror
technology. The ABC algorithm has only one input
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parameter, the number of bilayers, which determines the m
value of the supermirror. The GRB and Mas algorithms
have two input parameters, my and the designed reflectivity
Rg. Therefore, the latter two algorithms have an additional
degree of freedom to adjust the designed performance. To
better quantify their performance, here we use the average
reflectivity for evaluation; it is defined as Ry = %.
The difference in the Ry values of the three algorithms is
controlled within 0.001 by adjusting the designed reflec-
tivity in the GRB and Mas algorithms. The parameters of
the three algorithms determined in this way are referred to
as the initial conditions. Figure 2 shows the average
reflectivity of the three algorithms as a function of m under
the initial conditions.
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Fig. 2 (Color online) Average reflectivity of the three algorithms as a
function of m under the initial conditions. The difference between the
three algorithms is controlled within 0.001
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2.2 Film thickness distribution on curved surface
coating

We employed the model proposed by Bishop et al. [37]
to calculate the thickness distribution of sputtered films on
curved substrates. This model is based on the characteris-
tics of a magnetron sputtering system with a rotating sub-
strate, as shown in Fig. 3. The ejected mass flux decreases
in proportion to the inverse square of the distance it travels
to the substrate. Therefore, it can also be used to describe
coating systems with similar spatial structures, such as ion
beam sputtering. In addition, the substrate rotates at a
variable speed around an external center [19] (as indicated
by “Revolution” in Fig. 3) so that the nonuniformity of the
axial thickness distribution of the film can be ignored, and

Target
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Axial

Rotation

| Revolution
|

Azimuthal
Fig. 3 (Color online) Schematic diagram of sputtering chamber

geometry. Curved gray arrow indicates substrate rotation during
deposition
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only the nonuniformity of the azimuthal thickness distri-
bution must be considered.

Note that various methods have been proposed to reduce
the thickness nonuniformity of coatings on curved surfaces,
such as the use of shadow masks or differential deposition
techniques [19, 38—43]. However, their implementation is
complicated because they require customized designs for
different sputtering configurations and substrates. There-
fore, it is necessary to evaluate the effect of thickness
nonuniformity on the supermirror reflectivity to determine
whether these additional steps are needed.

In this model, we considered a cylindrical concave
curved substrate (i.e., one with curvature in the azimuthal
direction and not in the axial direction). The side length of
the surface is expressed as a dimensionless number, which
is the ratio of the side length to the target—substrate dis-
tance. Thus, the main parameter affecting the thickness
distribution is the radius of curvature (ROC) of the sub-
strate. Figure 4 shows the relative thickness distribution of
a layer deposited on substrates with ROCs of 50, 80, and
160 mm.

To simplify the calculation, we assume that each layer in
the supermirror has the same relative thickness distribution.
As a result, the position of a point whose thickness is
normalized to the value 1 will yield different absolute
thickness distributions. Therefore, the position of this
normalization point is also a parameter of the reflectivity.
As shown in Fig. 5, the abscissa is the azimuthal position
of the normalization point. Taking m = 5 and a ROC of 80
mm as an example, we calculate the average reflectivity Ry
of the supermirror designed by the three algorithms for this
series of thickness distributions. The optimal value occurs
when the normalization point is located at the position
where the azimuthal angle is equal to 9.6°. The film
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Fig. 4 (Color online) Relative thickness distribution of a layer
deposited on substrates with ROCs of 50, 80, and 160 mm
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Fig. 5 (Color online) Variation of average reflectivity of supermirror
(m = 5) versus position of layer thickness normalization point

thickness distribution model described here will be
employed to compare the three algorithms.

2.3 Distribution of neutron intensity with respect

to Q

As noted above, the use of neutron-focusing mirrors
introduces a neutron intensity distribution with respect to
Q, which originates from the grazing angle distribution of
incident neutrons on mirrors. Here, we use a simple model
to formulate this intensity distribution, as shown in Fig. 1b.
The neutron-focusing mirror has a nested structure [17]
consisting of a series of concentric conical mirrors with
different radii. Assuming a point neutron source, the
angular distribution of neutrons grazing the surface of a
mirror with radius R should be proportional to the solid
angle, which is given by

A
PO g

(1)

where A is the reflective area of the focusing mirror, and
L is the horizontal distance between the center of the
focusing mirror and the neutron source.

To simplify the calculation, we assume that the length of
the focusing mirror, w, is short enough that the neutron
grazing incidence angle of the mirror with the same radius
can be regarded as having the same value, and mirrors with
different radii will not block each other. Thus, the effective
reflective area is

A =2nRwsin 0 = 2nwLsin ftan 6, (2)
where

2
+R = (3)

cos20’

Therefore, the angular distribution is
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A 2w, ,
[)(9) X m = Tsm 9COS 9 (4)
For R <« L, we have
p(0) o< 6% (5)

If we denote the innermost and outermost radii of the
focusing mirror as R; and R;, respectively, the minimum
and maximum grazing incidence angles of neutrons are

R R
Hmin = fl and Hmax :fz,
angular distribution of neutrons can be simplified as
follows:

respectively. Therefore, the

07 0 < 0< Omin
2 .
p(@) _)C-0, 0mn<0<Z Qn;?x (6)
07 gmax < 9 S 5

where C is the normalization coefficient, which is set so

that jgg p(0)d0 = 1. The calculations presented in this paper
are based on Ry = 8 cm, R, = 12 cm, and L = 4 m, which
are typical values for the ongoing project at CPHS [20].

The wavelengths of incident neutrons follow the Max-
wellian distribution, which peaks around the thermal
wavelength at the moderator temperature 7. The neutron
flux ¢(4), with the unit of neutron counts per second per
unit wavelength, is thus expressed as

24 )2

00) = do " Lexp (- 2). )
pAl A

where AT \/77" h is the Planck constant, and kg is the

Boltzmann constant.

In this study, A is set to A , which corresponds to a
thermal neutron source. The neutron wavelength spectrum
is weighted by the angular distribution p(6) to obtain the
distribution of neutron intensity with respect to Q, which is
given by

[1@ao= [ [ st

The wavelength 4 can be expressed in terms of Q as
A= %6. Using d4 = 4"0 >dQ, I(Q) can be expressed as

o= [5e(s )<9>d6. )

Figure 6 shows the angular distribution p(#), neutron
flux ¢(4), and I(Q). As shown in Fig. 6a, the proportion of
incident neutrons collected by the mirror increases with
increasing 6. The neutron flux decreases rapidly with
increasing wavelength, as shown in Fig. 6b. Over the range
of angles and wavelengths we consider, the angular dis-
tribution changes only by a factor of 2, whereas the neutron
flux intensity changes by several orders of magnitude.
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Fig. 6 (Color online) a Angular distribution, b neutron flux ¢(4), and
¢ I(Q). The parameters used in the calculation are R; =8 cm,
=12cm, L =4 m, and JVT:ZA

Therefore, 1(Q) follows the trend of ¢(A) and increases
rapidly with increasing Q, as shown in Fig. 6¢. Note that
the O-dependent neutron intensity also depends on the size
of the mirrors. Because larger mirrors can reflect more
neutrons at larger grazing incidence angles, the proportion
of high-Q neutrons in the neutron intensity distribution
increases.
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3 Results and discussion

3.1 Effect of film thickness nonuniformity
on the average reflectivity of supermirrors
without considering 1(Q)

First, we compared the average reflectivity obtained by
the three algorithms for various m values and film thickness
nonuniformities. Here, the average reflectivity is defined as

7, — JR(Q)dQ
d fdQ .

The integral range is

(10)

Qe€l0,m-Q, where Q. ~
0.022 A is the critical Q value for total reflection by
natural nickel.

The thickness deviation Ad, which is defined as the
difference between the thickest and thinnest positions, is
used to quantify the nonuniformity of the film thickness.
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Fig. 7 (Color online) a Algorithms with highest average reflectivity
for various m and film thickness nonuniformity Ad. b Differences
between average reflectivity of the ABC algorithm and those of the
other two algorithms

@ Springer

Figure 7a shows the algorithm with the highest average
reflectivity for each point (m, Ad) in the parameter space.

In Fig. 7a, an obvious dividing line appears near
m=2.8. When m<2.8, the average reflectivity of the
GRB and Mas algorithms is higher, whereas when
m > 2.8, the ABC algorithm obtains the highest average
reflectivity. To better show the advantages of the ABC
algorithm over the other two algorithms, Fig. 7b shows the
differences between the average reflectivity of the ABC
algorithm and those of the other two algorithms at each
parameter point, where ARy = (Rqapc — Rd others )/ Rd others-
This result indicates that the ABC algorithm can better
handle large m values and high film thickness nonunifor-
mity. For m =8 and a film thickness nonuniformity
Ad > 25%, its average reflectivity can be 2.8% higher than
those of the other two algorithms.

We further explored the origins of the observed differ-
ences between the three algorithms. Consider a supermirror
with m = 5 as an example. Figure 8 shows the reflectivity
curves of the three algorithms, where the solid line is the
original reflectivity curve, and the dotted line is the
reflectivity curve considering the effect of film thickness
nonuniformity (Ad = 8.6%). The reflectivity curve of the
ABC algorithm differs from the other two. For the ABC
algorithm, the reflectivity decreases continuously with
increasing @, and the degradation is more severe. By
contrast, for both the GRB and Mas algorithms, the
reflectivity first decreases with increasing Q and then
remains stable at an almost constant value, as indicated by
the high-Q plateau in the reflectivity curves. Consequently,
the variation in average reflectivity with film thickness is
different for the three algorithms. We selected the layers
contributing to the neutron reflectivity at Q/Q. =3 ~4
and calculated the corresponding reflectivities, as shown in
Fig. 9. When the film thickness decreases, the reflectivity
curve shifts toward higher Q. For the GRB and Mas
algorithms, the slope of the fitting line is very close to 0
(approximately — 0.005), regardless of whether the film
thickness inhomogeneity is considered. The intercept dif-
ference is approximately 0.035 and is the source of the
average reflectivity difference when the film thickness
nonuniformity is considered. However, the reflectivity
curve of the ABC algorithm has a noticeable slope (—
0.035), and the slope also increases (to — 0.055) when the
film thickness nonuniformity is considered. Therefore, the
decrease in reflectivity is only approximately 0.01, which is
smaller than that of the GRB and Mas algorithms.
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Fig. 9 (Color online) Reflectivity curves of the three algorithms (m = 5) at Q/Qc = 3 ~ 4. Straight lines are linear fits of the plateaus

nonuniformity. This comparison involves the characteris-
tics of neutron sources, which can more accurately indicate

considering 1(Q) the performance of supermirrors in practical applications.
Instead of the average reflectivity written as Eq. (10) in

Sect. 3.1, here the average reflectivity weighted by the
neutron intensity distribution over Q is used. It is defined as

3.2 Effect of film thickness nonuniformity
on weighted average reflectivity of supermirrors

As demonstrated above, the reflectivity of each algo-

rithm is distributed with respect to Q, and the intensity of - f 1(Q)R(0Q)dQ
incident neutrons also has a distribution with respect to w = W (11)

Q. This result suggests decoupling between the optimal
supermirror structure and the geometry of the focusing
mirrors and source, which can be employed to optimize the
design parameters and select the best design algorithm.
Therefore, in this section, we incorporate the effect of
geometric factors into the evaluations to explore the
influence of film thickness nonuniformity.

Considering the neutron intensity distribution over Q,
we compared the average reflectivity obtained by the three
algorithms under various values of m and the film thickness

The integral range is also Q € [0,m - Q.].

The same range of m and film thickness nonuniformity
is used to compare the three algorithms. Figure 10a shows
the algorithm with the highest weighted average reflectivity
for each point (m, Ad) in the parameter space.

When the neutron intensity distribution over Q is con-
sidered, the selection diagram changes completely. The
ABC algorithm performs well for small m and high film
thickness nonuniformity. When m > 4.5, the Mas
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Fig. 10 (Color online) a Algorithms with highest weighted average
reflectivity for various values of m and film thickness nonuniformity
Ad. b Difference between weighted average reflectivity of the Mas
algorithm and ABC algorithm

algorithm yields the highest weighted average reflectivity.
Figure 10b shows the difference between the weighted
average reflectivities of the Mas and ABC algorithms at
each parameter point, where
ARy, = (RyMas — Rw.aBc)/Rwapc. This comparison indi-
cates that the Mas algorithm has more advantages at large
m and low film thickness nonuniformity. For m = 8 and
Ad <15%, its weighted average reflectivity is 4.1% higher
than that of the ABC algorithm.

This difference can still be attributed to the difference in
the reflectivity curves of the three algorithms. Figure 11
shows the reflectivity curves for nonuniform film thickness
(Ad = 8.6%). Because there is a plateau in the reflectivity
curves of the Mas and GRB algorithms, their reflectivity
for high-Q incident neutrons is higher than that of the ABC
algorithm. According to the neutron intensity versus
Q curve in Fig. 6c¢, the neutron intensity is higher for high
0, which results in a higher weighted average reflectivity.

We also compared the effects of film thickness
nonuniformity and neutron intensity distribution over Q on

@ Springer

1.0

o
©

Reflectivity
o
[e ]
1

0.7
—— GRB
—=- Mas
—:= ABC
0.6 T T T T T
0 1 2 3 4 5

Q/Q.

Fig. 11 (Color online) Reflectivity curves of the three algorithms at a
film thickness nonuniformity of 8.6%

the average reflectivity of the ABC algorithm. Figure 12a
shows the average reflectivity difference between films of
nonuniform and uniform thickness. Figure 12b reveals
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difference between weighted average reflectivity with and
without considering the neutron intensity distribution over
Q. Even for m = 8, the degradation of the reflectivity at a
nonuniformity of 10% is less than 3%, which is much
smaller than the effect of the Q-dependent neutron intensity
distribution. The film thickness nonuniformity affects the
reflectivity to the same degree as the Q distribution only at
small m (m<3) and especially large film thickness
nonuniformity (Ad > 25%). This result demonstrates that it
is worth considering the characteristics of neutron sources
in the commonly used design parameter space of
supermirrors.

3.3 Origins of differences in reflectivity

As shown in Sects. 3.1 and 3.2, the reflectivity curves
of supermirrors generated by the three algorithms are dif-
ferent. In this section, we try to explain the reasons for
these differences.

The reflectivity differences are essentially attributable to
differences in the supermirror multilayer sequence,
including layer thickness and layer number distribution.
Figure 13 shows the thickness distribution of each layer in
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Sequence number of layers

Fig. 13 (Color online) Thickness distribution of each layer in
supermirror multilayer sequence

the sequences designed by the three algorithms. As the
ordinal number increases, the position of a layer in the
multilayer sequence becomes closer to the substrate.
Because the first 10 layers contribute to the reflectivity at
0/0. <1, where there is no difference in the output of the
algorithms, we compare only the structures of other layers
here. As shown in Fig. 13, the layer thicknesses in the
multilayer sequences designed by the GRB and Mas
algorithm are very similar, but the layer thickness of the
multilayer sequence designed by the ABC algorithm is
relatively large. According to the principle of Bragg
diffraction,

An = 2d, sin 0 (12)

and the definition of Q (Q ~ 47” 0), we have

(13)

where d, is the thickness of the nth layer; Q, is the Q of
neutrons satisfying the corresponding Bragg conditions,
and the layer has high reflectivity to these neutrons.
Therefore, because of the relatively thick layer, the ABC
algorithm can yield higher reflectivity for low-Q neutrons.

From another perspective, the curves in Fig. 13 can also
be interpreted as indicating that layers with the same
thickness as the other two algorithms appear later in the
multilayer structure designed by the ABC algorithm. Thus,
the ABC algorithm allocates more layers to the low-Q
regime. Figure 14a shows the distribution of the number of
bilayers over Q for the three algorithms, which confirms
this interpretation. For intuitive understanding, in Fig. 14b,
we divide the reflectivity curve into four Q ranges
(0<Q/Q. <2, 2<0/0. <3, 3<0/0. <4,
4<Q/Q. <5), and compare the number of bilayers that
each algorithm allocates to each Q range. The ABC algo-
rithm assigns more layers to the low-Q regime; thus, it
obtains higher reflectivity for low-Q neutrons. By contrast,
the GRB and Mas algorithms allocate more layers to the
high-Q regime, resulting in higher reflectivity for high-
QO neutrons.

In essence, these differences originate from the theo-
retical basis of these algorithms, which has also been dis-
cussed in [44]. The continuous and empirical algorithms
were derived from the kinematic theory of neutron scat-
tering, which considers only the Born approximation.
These results are valid only for the maximum reflectivity,
Riax < 1, which requires that the number of nth bilayers,
N,, is much greater than 1. By contrast, the dynamical
theory of neutron diffraction considers multiple scattering
events and the associated extinction effects, which are
more pertinent for supermirrors. The solutions of the exact
dynamical theory of reflection are used in discrete
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Fig. 14 (Color online) a Distribution of number of bilayers over
Q and b number of bilayers allocated to each interval in multilayer
sequence of each algorithm

algorithms. It may be surprising that the performance of the
GRB algorithm is very similar to that of the discrete
algorithm. The reason is that in contrast to the Mezei
algorithm [24, 25] and the original GRB algorithm [29], the
improved GRB algorithm [30] and Schelten—-Mika (SM)
algorithm [31] introduced a refraction correction for find-
ing the thickness of layers in a supermirror design. Thus,
their thickness distribution function no longer has a power-
law form, as shown in Fig. 13a.

4 Conclusion

In this study, we considered the effect of the nonuni-
formity of the film thickness on the reflectivity of a
supermirror coated on a curved substrate. The GRB, Mas,
and ABC algorithms were compared, and the results were
presented as a selection diagram. When the distribution of
neutron intensity with respect to Q is not considered, the
ABC algorithm obtains the highest average reflectivity.
However, when the average reflectivity weighted by the
neutron intensity distribution over Q is considered, the Mas
algorithm performs best. This difference arises from the

@ Springer

different strategies for allocating layer thickness and the
number of bilayers in the designed multilayer sequences of
each algorithms. Empirical algorithms, represented by the
ABC algorithm, tend to allocate more and thicker bilayers
in the low-Q regime, which results in higher reflectivity of
low-Q neutrons. By contrast, the continuous and discrete
algorithms assign more bilayers in the high-Q regime,
resulting in higher neutron reflectivity of high-Q neutrons.
This result indicates that it would be very helpful to include
the characteristics of neutron sources when optimizing the
supermirror structure, which can further improve the per-
formance of neutron-focusing mirrors. In addition, it was
confirmed that the nonuniformity of the film thickness has
a minor effect on the reflectivity of supermirrors. By
applying an appropriate algorithm, its effect can be well-
suppressed without taking additional measures in the
coating process (e.g., using shadow masks or differential
deposition). These findings provide a reference for the
selection of design algorithms for supermirrors for use in
neutron-focusing mirrors and can be helpful for improving
the performance of supermirror-based focusing
instruments.
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