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Transmission gratings are widely used in soft X-ray spectroscopy for laser—plasma diagnostics due to
their structural simplicity, moderate spectral resolution, and broad bandwidth. However, secondary
diffraction maxima located between the principal orders introduce spectral contamination and degrade
measurement accuracy. In this work, we propose a binarized cosine window to replace conventional
rectangular slit apertures in transmission gratings. Through theoretical analysis, numerical simulations,
and visible-light experiments, we demonstrate that the proposed design effectively redistributes
diffracted energy from secondary maxima into the principal maxima. Experimental results show a
reduction of 93.12% in secondary peak intensity and an improvement of approximately 27.36 dB in
signal-to-noise ratio. This suppression mechanism enhances both spectral resolution and measurement
reliability, providing a practical approach for improving soft X-ray spectroscopic diagnostics. The
proposed method offers a promising pathway for high-precision spectral analysis in applications such

as high energy density physics and advanced materials research.
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1. Introduction

Transmission grating (TG) spectrometers are widely employed across astronomy,
physics, materials science, environmental monitoring, and biomedicine due to their
broad spectral coverage and structural simplicity!'”). In astronomical observations,
TGs enable the spectral characterization of stellar coronae and interstellar media[8, 9],
while in high energy density physics (HEDP) experiments such as inertial
confinement fusion (ICF) diagnostics, they serve as essential tools for resolving the
emission spectra of laser-produced plasmas!'”. TGs consist of periodic parallel slits
that spatially separate wavelengths through diffraction!'"-'?). In the soft X-ray regime
(0.1-10 nm)'"), reflective optics become inefficient and conventional refractive
elements are impractical, making transmission-based diffractive elements the
preferred choice!'*. However, precise fabrication via lithography and etching is
essential for achieving adequate transmission and spectral performance!'> '®’.
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The diffraction pattern of a transmission grating arises from the convolution of its
periodic structure with the aperture function!'”"?). The resulting Fourier spectrum
encodes wavelength and intensity information for spectral analysis. Principal maxima
occur at angles satisfying the grating equation dsinf=mA, where d is the grating
constant, 0 is the diffraction angle, m is the diffraction order, and A is the
wavelength!®”. First-order diffraction is typically employed for measurements due to
its optimal balance between efficiency and dispersion, whereas zero-order lacks
spectral information and higher orders are too weak?' ),

However, secondary diffraction peaks appear between principal orders due to
incomplete destructive interference and sidelobe overlap®*2"). Although weaker than
principal maxima, these secondary peaks introduce spectral contamination that
degrades resolution and accuracy, particularly in high-sensitivity measurements or
with spectrally dense sources*™?). In practice, such contamination can cause spectral
lines from different elements to overlap, leading to erroneous identification of
elemental composition or inaccurate temperature and density diagnostics in plasma
experiments®® *!). Suppressing secondary peaks is therefore essential for improving
grating-based spectroscopy .

Concepts developed in visible optics are often transferable to X-ray systems. For
example, soft-edge apertures can suppress side lobes, reducing secondary diffraction
features. In the signal processing domain, windowing functions such as the Hanning,
Hamming, and Blackman windows are routinely applied to reduce spectral leakage in
discrete Fourier transform analysis”®> **. The underlying principle is that a smooth,
tapered envelope in the spatial (or temporal) domain produces a narrower main lobe
and suppressed sidelobes in the frequency domain"”. Similarly, in phased-array
antenna systems, amplitude tapering across the array aperture is employed to suppress
side lobes. Inspired by these strategies, modified grating profiles such as sinusoidal
and trapezoidal gratings have been explored*°>*). However, these continuous-profile
approaches pose significant fabrication challenges at nanometer scales”®” and do not
completely eliminate secondary peaks, as residual side-lobe interference remains a
limiting factor.

In this paper, we propose a binarized cosine-window grating that retains the sidelobe
suppression characteristics of a continuous cosine window while being fully
compatible with standard binary lithographic fabrication processes. We theoretically
demonstrate its capability to suppress secondary diffraction peaks using Huygens -
Fresnel diffraction theory, and construct an experimental platform based on a spatial
light modulator to validate the approach in the visible regime. The experimental
results agree well with theoretical predictions, confirming the effectiveness of the
proposed design. Furthermore, numerical simulations across the soft X-ray
wavelength range demonstrate that the suppression effect is preserved, indicating the
method's applicability to practical X-ray spectroscopic systems. This approach
provides a fabrication-friendly and effective method for improving grating
performance in the X-ray regime.
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2. Theoretical Model

©)

.

Fig. 1. (a) A binary amplitude TG of infinite width, (b) Rectangular window, (¢) Binary amplitude TG
truncated by a rectangular window, (d) Cosine window, (¢) Binary amplitude TG truncated by a cosine
window. The magnified inset illustrates the grating structural parameters: grating period d, slit width a,

opaque bar width b and total strip number N.

The conventional TG is a one-dimensional amplitude grating with a binary periodic

structure, as shown in Fig.1(a). Let a denote the slit width and 4 the grating

period. Here, the grating period d represents the center-to-center distance between

adjacent slits and satisfies d=a+b, where b is the width of the opaque bar between
neighboring slits. The transmittance function of an ideal infinite grating is

1 fornd <x<a+nd

t(x) = (neZ?). (1)

fornd+a<x<(n+1)d

In practice, a rectangular window is applied to truncate the grating to a finite aperture,
as demonstrated in Fig. 1(b). As a result, a binary amplitude grating TG with a finite
width is obtained, which is presented in Fig. 1(c). Alternatively, a cosine window can
be applied to introduce a smoothly varying transmittance profile along the transverse
direction, as exhibited in Fig. 1(d), thereby yielding a binary amplitude grating with a
cosine window restriction (Fig. 1(e)). The infinite grating is truncated by a rectangular
window or modulated by a cosine window. The cosine window’s gradual
transmittance decay suppresses abrupt phase changes, redistributing energy from
secondary peaks to the principal maxima via destructive interference. Since many
practical situations do not satisfy the Fraunhofer diffraction, we use the
Huygens-Fresnel diffraction formula for the calculations.

For a rectangular window of width Nd, the transmittance is
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Nd
T(x)= 1 for—TSxST 2)

0 otherwise

where d is the grating period and N is the number of periods. The diffracted intensity
is calculated via the Huygens—Fresnel integral:

2

A5 (2xjr
]S(é):j_i Nu €Xp — dx 3)
2

where ¢ is the observation plane coordinate, x is the grating plane coordinate,

r= (x - 5)2 + I’ , and L is the propagation distance.

Besides, the cosine window transmittance and corresponding diffracted intensity are:

1 1+cos(@j for—N—deSN—d
T (x)=+2 Nd 2 2 4)
0 otherwise
A ¢ 27x 20jr) [
I (&)=|—]| 2 —=|1+ —_— —— |d 5
)=z 2{ COS(Ndﬂex”( p jx ®

To quantitatively explain the sidelobe suppression mechanism, the Fourier transforms
of the two window functions is analyzed. In the far-field diffraction regime, the
intensity distribution of a windowed grating can be understood as the convolution of
the discrete diffraction orders with the Fourier transform of the window function.
Therefore, the secondary maxima between principal orders originate from the
sidelobes of the window's Fourier spectrum.

For the rectangular window 7y(x) defined in Eq. (2), the Fourier transform is:

T.(f.)=Nd-sinc(Ndf.) (6)

where sinc(u) = sin(rtu)/(mu). The sidelobe envelope of the sinc function decays as
~1/f, with the first sidelobe level at approximately —13.3 dB relative to the main lobe.
For the cosine window 7¢.(x) defined in Eq. (4), expanding the cosine term using
Euler's formula yields three frequency-shifted rectangular components. Their Fourier
transforms combine to give:

Nd -sin(z Ndf.)

TUI= s Nar (1-Na" 1)

(7

For Ndf, > , the denominator scales as (Ndf.)’, so the sidelobe envelope decays as

1/ £, which is two orders faster than that of the rectangular window. The first
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sidelobe is suppressed to approximately —31.5 dB, representing an 18.2 dB
improvement over the rectangular case.

This accelerated sidelobe decay is the quantitative origin of the secondary peak
suppression observed in the simulations and experiments. Although the cosine
window broadens the main lobe of each diffraction order by a factor of two,
expanding its width from 2/Nd to 4/Nd, this modest resolution penalty is far
outweighed by the dramatic sidelobe suppression, which is critical for resolving weak
spectral features adjacent to strong diffraction orders. Moreover, in typical
experimental configurations the effective resolution is further limited by detector
pixel size, optical aberrations, and finite source bandwidth, so the additional
broadening introduced by the apodization window is often a secondary effect rather
than the dominant resolution-limiting factor.

(a) (b) Diffraction intensity profile
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Fig.2. Simulated diffraction results (a =65 um, d =130 um, N =10, A=635nm, L=1m). (a)-

(b) Two-dimensional diffraction patterns of the rectangular window alone and the
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rectangular-windowed grating, respectively. (c)—(d) Same as (a)—(b) but for the cosine window. (e)—(h)

Corresponding cross-sectional intensity profiles for (a)—(d).
Fig. 2 shows simulated diffraction patterns for rectangular and cosine windows with

parameters a=65 um, d =130 um, N=10, A=635nm and L=1m. For the

rectangular window, as shown in Fig. 2(a) the two-dimensional diffraction pattern of
the window alone exhibits a broad sinc-like envelope. And when combined with the
grating (Fig. 2(b)), pronounced secondary peaks appear between principal maxima
due to sidelobe interference. The corresponding cross-sectional intensity profiles were
shown in Fig 2(e) and 2(f), respectively, which reveal multiple secondary maxima
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with intensities on the order of several percent of the principal peaks, introducing
spectral contamination that degrades measurement accuracy. In contrast, as shown in
Fig. 2(c), the cosine window produces a smoother two-dimensional diffraction
envelope, characterized by significantly reduced sidelobe amplitudes. When applied
to the grating shown in Fig. 2(d), the diffracted energy is redistributed toward the
principal maxima. And the cross-sectional profiles (Fig. 2(g) and 2(h)) show that
secondary peaks are suppressed to near-background levels while the principal peaks
become noticeably sharper and more symmetric. A direct comparison between Fig.
2(f) and Fig. 2(h) clearly confirms the suppression of secondary maxima and the
narrowing of principal peak widths achieved by the cosine window.

Light source »
Light filter

Spatial light modulator

Charge coupled device camera(CCD) .

Fig.3. Schematic of the experimental setup.

3. Experimental arrangement, simulation and experiment.
To validate the theoretical model, a series of experiments were conducted using the
setup shown in Fig. 3. A standard binary amplitude grating was designed with

a, =65 um, d =130 um,and N, =10, as depicted in Fig. 4(a), which is equivalent

to applying a rectangular window of finite width. Subsequently, a cosine window of
limited width was added based on the black and white grating in conjunction with Eq.
(4), as illustrated in Fig. 4(b). Experiments were carried out according to the
experimental optical path constructed in Fig. 3. A /=635 nm laser theodolite served as
the beam source, along with a spatial light modulator capable of importing a
two-dimensional grating and a visible Charge Coupled Device (CCD) for receiving
the beam source signal. Eventually, the diffraction patterns in Fig. 4(c) and Fig. 4(d)
were obtained on the CCD control software. As indicated by the labeled diffraction
orders in Fig. 4(d), the Oth, +1st, and —1st orders are clearly resolved under the cosine
window, with the secondary diffraction peaks effectively suppressed and each
principal maximum conspicuously narrowed. In contrast, the rectangular-window
diffraction pattern in Fig. 4(c) exhibits pronounced secondary peaks between the
principal orders, making individual diffraction orders difficult to distinguish
unambiguously.

To further substantiate the theoretical model, comparative experiments were
performed using a sinusoidal grating. A rectangular window and a cosine window of
finite width were respectively applied to the sinusoidal grating, whose transmittance
varies sinusoidally within each period. The grating parameters were set to
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a,=130 um, d, =260 um, N,=10. A rectangular window and a cosine window

of finite width were respectively applied, as shown in Fig. 4(e) and 4(f), while the
corresponding diffraction patterns obtained using the experimental setup in Fig. 3
were presented in Fig. 4(g) and 4(h). Similarly, the Oth and *1st diffraction orders are
labeled in Fig. 4(h), where the cosine window produces clearly separated principal
maxima with effectively suppressed secondary peaks. By comparison, the
rectangular-window pattern in Fig. 4(g) shows substantial secondary peak
contamination that obscures the boundaries between adjacent diffraction orders.
Theoretically, the combination of a sinusoidal grating and a cosine window can
eliminate higher-order interference, resulting in a diffraction spectrum with an ideal
one-to-one correspondence with the incident wavelength. Although the experimental
light source is not perfectly collimated, and minor deviations exist, these do not affect
the overall conclusions, thereby confirming the effectiveness of the cosine window in
improving grating diffraction performance.

Fig.4. TG structures and corresponding experimental diffraction patterns. (a)—(b) Binary amplitude

grating without and with cosine-window. (¢)—(d) Measured diffraction patterns corresponding to (a)
and (b). (e)—(f) Sinusoidal grating with rectangular and cosine windows. (g)—(h) Measured diffraction

patterns corresponding to (e) and (f).

In practical fabrication, continuous cosine transmittance profiles with smooth
gradients are challenging to realize at the nanoscale, where fabrication errors
significantly limit applicability in the soft X-ray regime. To address this, we introduce
a binarized cosine window that is compatible with standard lithographic processes
while retaining the desired apodization characteristics. Visible-light experiments
validate this approach, as shown in Fig. 4(h). The analytical treatment of the grating
transmittance under a binarized cosine window is nontrivial. However, by exploiting
the convolution property between an arbitrary function and an impulse lattice, the

overall transmittance function T (x, y) of the grating can be expressed as the
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convolution of the transmittance function ¢ (x,y) of the short slit and the

transmittance function ¢,(x, y) of the lattice as follows:

T(x,y) =t, (x,y)*t2 (x,y) (8)

According to Eq. (8), the binarized cosine windows of different periods can be
obtained by convolution of lattice with short slit with different periods.

For comparison, a conventional binary amplitude TG with the same period was
employed, as shown in Fig. 5(a), while the corresponding structure under the
binarized cosine window is presented in Fig. 5(b). The grating parameters were set to

a, =130 um, d, =260 um, N,=10. The simulated diffraction pattern of the

conventional grating, shown in Fig. 5(c), exhibits pronounced secondary diffraction
features surrounding the principal maxima. In contrast, it can be seen from Fig. 5(d)
that the simulated result for the grating under the binarized cosine window shows a
significant redistribution of diffracted energy, with reduced side lobes and enhanced
concentration in the principal diffraction orders.

Experimental results further confirm this behavior. As shown in Fig. 5(e), the
measured diffraction pattern of the conventional binary amplitude TG displays
noticeable secondary diffraction peaks and a broader intensity distribution, consistent
with the simulation. By comparison, the experimental result for the TG with the
binarized cosine window, shown in Fig. 5(f), demonstrates clear suppression of
secondary peaks and a more localized intensity distribution around the principal
maxima. The agreement between simulation and experiment verifies that the
binarized cosine window effectively mitigates secondary diffraction effects while
preserving the primary diffraction characteristics. This approach therefore provides a
practical and robust solution for improving diffraction performance in realistic optical
systems. For the case without the cosine window, the diffraction spectrum was
analyzed in the region of the secondary diffraction peaks by repeatedly measuring the

light intensity [, (i=1,2,...,n). The signal intensity S, was then obtained by

averaging these measurements as follows:
Sl = ; ZIU . (9)

Meanwhile, the noise intensity N, is approximated by calculating the standard

deviation of these data with the following equation:
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N, :\/L n (Ii,l _S1)2 : (10)

n—1

i=l1

From this, the signal-to-noise ratio SNR, of the secondary diffraction peak without

the cosine window can be expressed as:

S
SNR, =L (11)

1
Similarly, the signal-to-noise ratio SNR, of the secondary diffraction peak with the

addition of a cosine window is obtained as:

S
SNR, =2 (12)

2

The signal-to-noise ratio is improved by approximately 27.36 dB. On the observation
plane, a CCD located at a distance z from the transmission grating records the light

field distribution U (x, y,z) , which can be approximated as follows:

U(x,y,z xP ff (&.7) expzz[(x_g) o) }dédn (13)

where k=277[ is the wave number, 4 is the wavelength of light, U,(&,n) is the

complex amplitude distribution on the grating plane, (5,77) are the coordinates of

the grating plane and (x,y) are the coordinates of the observation plane.

The light intensity /. (x,y) in the region of the secondary diffraction peaks is

integrated to obtain the integrated intensity / which is calculated as:

r—int 2

Ly = [[ 1, (v, y) dedy. (14)

Here the integration region A is the region where the selected secondary diffraction
peaks are located. When the cosine window is added to the transmission grating, the

complex amplitude distribution on the grating plane becomes U1(§,77), which is

equal to the product of U,(&n) and the cosine function, ie.
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U (&n)=U,(&n)-C(&n), where C(&,n7) is the cosine window function. The

light field distribution U, (x, y,z) on the observation plane is calculated again

according to the Fresnel diffraction formula, and the light intensity distribution

I.(x,y) is obtained. The light intensity in the region of the selected secondary

diffraction peaks is also integrated to obtain the integrated intensity /_, with the

addition of the cosine window, calculated as:
- f 1. (x,y)dxdy. (15)

In order to present a clear picture of the extent to which the addition of a cosine
window affects the intensity of the secondary diffraction peaks, we calculate the
proportion Al of the intensity change with the following:

I 1
Al = =i~ Zemint o 1009 . (16)

r—int

Through the above measurements and calculations based on the Fresnel diffraction
theory, the intensity of the secondary diffraction peaks of the grating under the cosine
window is reduced by about 93.12% compared with that of the rectangular window
grating, which proves that the cosine window has an obvious suppression effect on the
secondary diffraction peaks.

4. Result and discussion
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Fig.5. Comparison of conventional and binarized cosine window gratings. (a) The TG structure of
conventional binary amplitude TG, (b) The TG structure of binarized cosine window grating, (c)—(d)
Simulated diffraction patterns for (a) and (b), (e)—(f) Experimental diffraction patterns for (a) and (b),

(g) Simulated and experimental cross-sectional intensity profiles extracted from (c¢) and (e), (h)

Simulated and experimental cross-sectional intensity profiles extracted from (d) and (f).

Substituting the abrupt step change in the cosine function with its binarized
counterpart remarkably augments the usability of TGs across diverse optical regions,
and this is especially true in the X-ray spectrum. This binarization provides a higher
level of tolerance towards the imperfections that might crop up during the actual
production and manufacturing procedures. Based on our analysis of the experimental
results, we have managed to determine the diffraction intensity distribution. Whether
the diffraction patterns are obtained from computer simulations or actual experiments,
the advantages of employing a binarized cosine window are quite apparent. The
intensity distributions depicted in Fig. 5(g) and Fig. 5(h) correspond respectively to
those in Fig. 5(c)-(f). It has been found that the positions and intensities of each peak
are largely in line with one another. The binarized cosine window evidently alleviates
the impacts of the sidelobe artifacts that are commonly associated with rectangular
windows. As a result, smoother transitions are achieved between individual
diffraction peaks, which bolsters the overall clarity and performance of the gratings.
Such an improvement is especially advantageous for applications that demand high
precision and a reduction in noise within the diffraction patterns.

In the preceding simulations, the opaque bar regions were modeled as perfectly
absorbing with zero transmittance. While this is a valid approximation in the visible
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regime, it does not hold in the soft X-ray range, where all materials exhibit finite
absorption and introduce phase shifts due to the complex refractive index

n=1-6—if. To assess the impact of realistic material properties on the suppression

performance, we performed additional simulations incorporating the optical constants
of gold.

At 2=0.15 nm, the optical constants obtained from the CXRO Henke database!*”’ are

5=44618x10" and S =4.4041x10"°. The transmittance function of the grating

under realistic material conditions can be written as!*'

1 1270 | A)t]xexp[—(2n8/ A)T] (17)

where is the ideal binary transmittance function of the binarized cosine

window grating , t is the gold bar thickness, and 6 and f are the real and

imaginary parts of the refractive index decrement obtained from the CXRO Henke
database. The first term represents the unattenuated transmission through the open
slits, while the second term accounts for the residual transmission through the gold
bars with both amplitude attenuation and phase shift.

(a) Perfect absorption (b) Au 1000 nm (©) Au 2000 nm

o
2
Au 3000 nm Au 4000 nm Au 5000 nm
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Fig. 6. Effect of finite gold bar absorption on diffraction performance of the binarized cosine window

grating at A= 0.15 nm. (a) Ideal perfect-absorption model. (b)—(f) Realistic model incorporating the



Chinese Physics B

complex refractive index of gold with bar thicknesses of 7= 1000, 2000, 3000, 4000, and 5000 nm,
respectively. Upper panels: two-dimensional diffraction patterns. Lower panels: cross-sectional

intensity profiles along the spectral direction.

Fig.6 presents a systematic comparison of the diffraction intensity distributions for the
binarized cosine window grating under different gold thicknesses: t=1000, 2000,
3000, 4000, and 5000 nm, alongside the ideal perfect-absorption case with

a=05um, d=1um, L=04m,N=500. For 7= 1000 nm, the residual X-ray

transmission through the gold bars is non-negligible, and the resulting diffraction
pattern exhibits slightly elevated background intensity and weakly enhanced
secondary peaks compared to the ideal case. As t increases to 20003000 nm, the
amplitude attenuation becomes sufficient to suppress most of the transmitted flux, and
the diffraction patterns converge toward the perfect-absorption result. For ©>4000 nm,
the diffraction profiles are essentially indistinguishable from the ideal model.

These results demonstrate two important conclusions. First, the fundamental sidelobe
suppression mechanism of the cosine window, which arises from the destructive
interference among three frequency-shifted sinc components in the Fourier domain, is
preserved under realistic material conditions. The finite absorption and phase shift
modify the absolute intensity but do not alter the underlying apodization principle.
Second, the required gold thickness for effective X-ray operation is well within the
range achievable by current nanofabrication processes. For X-rays at 8 keV, a gold
thickness of 3—5 pum provides absorption contrast exceeding 99%, ensuring that the
binarized cosine window grating performs as designed. For lower photon energies in
the soft X-ray regime (0.1-2 keV), the absorption coefficient } is generally larger,
which means that thinner gold films can achieve comparable attenuation.
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Fig.7. Simulated diffraction intensity profiles of binary amplitude TG and Binarized cosine window TG
for soft X-ray wavelength (a) 0.15 nm, (b) 0.5 nm, (¢) 2 nm, (d) 5 nm and (¢) 10 nm. Insets show the

diffraction patterns.

The diffraction patterns of the binary amplitude TG and the sinusoidal grating clearly
show that the use of the cosine window greatly reduces the intensity of the secondary
diffraction peaks. Experimental results show that our proposed technique can improve
the spectral resolution and signal-to-noise ratio, thus validating its effectiveness.
Building upon the experimental validation in the visible regime, we now examine the
theoretical implications for X-ray applications. On top of that, we also simulated the

diffraction of the TG and the TG with a binarized cosine window with a =0.5 um,

d=1um, L=04m,N =500 as shown in Fig. 7, which shows that the secondary

diffraction peaks are suppressed effectively across all wavelengths. The simulated
parameters is shown in Table.l. It can be seen from the pictures that our proposed
technique can improve the spectral resolution and reduce spectral interference, which
is of great significance for improving the accuracy of spectral measurements. The
ability of the cosine window to refine the diffraction pattern can play a key role in
achieving higher accuracy in spectral analysis, which is a key factor in promoting the
progress of diffraction spectroscopy research and the optimization of optical systems.
Visible-light experiments achieve 93.12% suppression of secondary peaks, while 8
keV simulations show 84% reduction. This consistency validates the method’s
applicability to soft X-ray spectroscopy.
Table.1. Simulated parameters for grating diffraction measurements.

) Distance from ) Light
o Grating . Grating
Slit width i the grating to . source
period i period TG type
a (um) the recording wavelength
d (um) number N
plane L (m) A (nm)
Binary
TG1 0.5 1 0.4 500 0.15 )
amplitude
Binary
TG2 0.5 1 0.4 500 0.5 )
amplitude
Binary
TG3 0.5 1 0.4 500 2 )
amplitude
Binary
TG4 0.5 1 0.4 500 5 )
amplitude
Binary
TGS 0.5 1 0.4 500 10 )
amplitude
Binarized
TG6 0.5 1 0.4 500 0.15 cosine
window

TG7 0.5 1 0.4 500 0.5 Binarized
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cosine

window
Binarized

TGS 0.5 1 04 500 2 cosine

window

Binarized
TG9 0.5 1 04 500 5 cosine

window

Binarized
TG10 0.5 1 04 500 10 cosine

window

5. Conclusion

In summary, we present a practical approach for suppressing secondary diffraction
peaks in transmission gratings by introducing a cosine window and its binarized
implementation. Theoretical analysis, numerical simulations, and visible-light
experiments consistently demonstrate that this design effectively redistributes
diffracted energy from secondary peaks into the principal maxima. As a result, a
substantial reduction of 93.12% in secondary peak intensity and an improvement of
approximately 27.36 dB in signal-to-noise ratio are achieved, leading to enhanced
spectral resolution and measurement reliability. The binarized cosine window further
ensures compatibility with realistic fabrication processes, particularly in the soft
X-ray regime, while maintaining strong suppression performance. These results
indicate that the proposed method provides a viable alternative to conventional
rectangular-window gratings and offers a robust strategy for improving diffraction
quality. This approach is expected to benefit high-precision spectroscopic diagnostics
and advance applications in areas such as high energy density physics and advanced
materials research.
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