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Grating optics lie in the heart of X-ray spectroscopy instruments. The low efficiency and angular dispersion of
conventional single-layer-coated gratings significantly limit the transmission and energy resolution of monochro-
mators and spectrometers, particularly in the tender X-ray region (E � 1−5 keV). Multilayer-coated blazed gra-
tings (MLBGs) operating at high diffraction orders offer the advantage of achieving both high efficiency and high
dispersion simultaneously. Tender X-ray monochromators and spectrometers using different high-order MLBGs
have been designed, all demonstrating one to two orders of magnitude higher transmission compared to conven-
tional systems. By employing a 2400 l/mm MLBG at the −4th or −8th diffraction order, the theoretical energy
resolution of the instrument is improved by two to three times at 2.5 keV. Two MLBGs operating at the −2nd and
−4th orders have been fabricated, showcasing remarkable efficiencies of 34%–12% at 2.5 keV, surpassing that of
single-layer-coated gratings by an order of magnitude. Further optimization of manufacturing accuracy can yield
even higher efficiencies. The measured angular dispersion agrees well with theoretical predictions, supporting the
potential for high resolution. High-order MLBG optics pave the way for a new generation of tender X-ray mono-
chromators/spectrometers that offer both high transmission and high resolution. © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.523591

1. INTRODUCTION

X-ray spectroscopy serves as a unique tool for probing the
atomic and electronic structures of materials [1–6]. When com-
bined with the advanced light sources like synchrotron radia-
tion facilities and free electron lasers, it can unravel the
information from the number and types of atoms and their
interatomic structure to elementary excitations like charge-
transfer, and magnetic and orbital degrees of freedom, which
cannot be observed otherwise [7–17]. Photon flux and energy
resolution are the two fundamental criteria that determine the
capability of an X-ray spectroscopy instrument. These criteria
are primarily affected by the dispersion performance of optics in
the monochromator and spectrometer. Gratings are the main
dispersion optics in the soft and tender X-ray regions [18].
Conventional single-layer-coated gratings have relatively low

efficiency, particularly in the tender X-ray region. As the effi-
ciency decreases with higher line density and higher orders, the
energy resolution is also limited. For example, the −1st order
efficiency of a 2400 l/mm blazed grating with Au coating is less
than 3% in the tender X-ray region [19]. Moreover, achieving
high resolution in beamlines or spectrometers requires long dif-
fraction arms, often tens of meters, which leads to increased
instrument size and higher costs [20–25]. The poor perfor-
mance of the gratings also limits further improvements of
X-ray spectroscopy resolution.

Combining multilayer coatings with gratings dramatically
increases the diffraction efficiency, based on the quasi-Bragg
diffraction effect [26–29]. Voronov et al. fabricated a Mo/Si-
coated blazed grating that achieved a first order efficiency
of 58% at 13.3 nm [30]. Ohresser et al. fabricated a
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Mo2C∕B4C-coated laminar grating that operates at the −1st
order, exhibiting an experimental efficiency of nearly 27% at
2.2 keV [27]. Following these advancements, multilayer-coated
laminar gratings for tender X-rays were implemented in the
LUCIA and DEMIOS beamlines at the SOLEIL synchrotron
radiation facility [31,32]. Sokolov and Huang et al. further en-
hanced this technology by designing and fabricating a Cr/C-
coated blazed grating, reaching −1st order efficiencies of
45% at 2.2 keV and 60% at 3.0 keV. The latter one is approx-
imately 40 times higher than that of single-layer-coated gratings
[19]. Based on their findings, a high-efficiency multilayer-
coated blazed grating (MLBG) was developed and installed
in the monochromator of U41-PGM1 beamline at the
BESSY II synchrotron radiation facility. This implementation
resulted in a two-orders-of-magnitude increase in photon flux
found around 2.5 keV, significantly improving the imaging and
spectroscopic capabilities of the beamline [33]. However, com-
pared to single-layer-coated gratings, multilayer gratings require
a larger grazing incidence angle to satisfy the quasi-Bragg con-
dition. As a result, a multilayer grating operating at the −1st
diffraction order exhibits reduced angular dispersion and rela-
tively low energy resolution.

High diffraction orders significantly improve the angular
dispersion of a grating, which is particularly advantageous
for MLBGs, as they maintain high efficiency even when oper-
ating at high orders. Voronov et al. proposed using high-order
multilayer gratings in a soft X-ray spectrometer [34]. A
W∕B4C-coated blazed grating was fabricated, showing a dif-
fraction efficiency of 14% at 700 eV in the second order

[35]. Nevertheless, the potential of high-order MLBGs, when
combined with monochromators and spectrometers for in-
creased transmission and resolution, has not been extensively
studied especially in the tender X-ray region. The performance
of high-order MLBGs also requires further experimental dem-
onstration and analysis.

In this paper, tender X-ray monochromators and spectrom-
eters using MLBGs operating in high diffraction orders were
designed and compared for the first time. The implementation
of high-order MLBGs significantly increases the theoretical in-
strument transmission by orders of magnitude and enhances
energy resolution by several folds. In addition, high-order
MLBGs allow for a reduction in instrument length while
maintaining state-of-the-art energy resolution. Based on the
conducted analysis, two high-order MLBG samples were devel-
oped, showing high diffraction efficiency and angular
dispersion consistent with theoretical predictions. The impact
of MLBG structure imperfections on high-order efficiency was
also analyzed, providing guidance for future improvement.

2. DESIGN

A. Design of MLBGs
Figure 1(a) shows the schematic of an MLBG structure. To
achieve high efficiency at higher diffraction orders, MLBGs
are required to be operated in the single-order regime, i.e., only
one diffraction order is effectively amplified. The incident/
diffracted beams need to satisfy the grating equation and the
quasi-Bragg reflection conditions simultaneously [27,28].

Fig. 1. (a) Schematic of the MLBG structure and illustration of improved energy resolution with high-order MLBGs. (b) Theoretical diffraction
efficiency of MLBGs (G1, G2, G3, G4, and G8), compared to Rh-coated grating (SLG).
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Higher diffraction orders, which result in greater asymmetric
diffraction, affect diffraction efficiency, but the drop can be
minimized by optimizing both the grating and multilayer
structures. Meanwhile, higher diffraction orders bring much
stronger angular dispersion, defined by the equation
jnj · a0∕ cos βn (where n is the diffraction order, a0 is the gra-
ting line density, and βn is the diffraction angle), leading to
significantly improved energy resolution.

For illustration, five MLBGs were optimized at 2.5 keV
across different diffraction orders, including the −1st, − 2nd,
−3rd, − 4th, and −8th orders. The −8th order is the highest
diffraction order analyzed here, as the multilayer d -spacing
gradually decreases with increasing order. The 3 nm multilayer
d-spacing required for the −8th order represents the minimum
achievable with good quality using current technology. The
structural parameters of these MLBGs are listed in Table 1.
The diffraction efficiency in the 1–5 keV range was calculated
using the DiffractMOD software [36], as shown in Fig. 1(b).
The diffraction efficiency of higher orders is comparable to that
of the −1st order when grazing incidence angle is essentially
larger than the total external reflection (TER) region. For ex-
ample, at 2.5 keV, the diffraction efficiencies are 58% for the
−1st order, 56% for the −2nd, 51% for the −4th, and 44% for
the −8th. These values are around 29–39 times higher than
those of the single-layer-coated grating (2400 l/mm). For
higher orders, the grazing incidence angle approaches the
TER region at lower energies, resulting in a decline in high-or-
der efficiency. This phenomenon occurs due to the progres-
sively increased blaze angles and smaller multilayer d -
spacings required for higher orders. Consequently, the working
energy range is reduced at high orders, particularly for the −8th
order. However, even for the −8th order, a theoretical efficiency
above 20% is maintained at 3.5 keV. The efficiency at selected
energies can be further optimized by tailoring the MLBG struc-
ture to balance with the required resolution.

Based on the designed MLBGs, the effects of high diffrac-
tion orders are examined in the context of commonly used
tender X-ray instruments for high resolution, such as the colli-
mated plane grating monochromator (cPGM) and spherical
variable-line-spaced (SVLS) grating spectrometer [20,21,37].
For more details, refer to Appendix A for cPGM and
Appendix B for the spectrometer. The following discussion also
includes the instruments that use single-layer-coated optics for
comparison. In this instance, the single-layer-coated grating has
the same line density of 2400 l/mm to achieve high resolution,
with its coating material, blaze angle, and incidence angle opti-
mized for high efficiency.

B. MLBG-Based Ultrahigh-Resolution Design: Photon
Transmission Performance
A cPGM is designed to keep parallelism between the entrance
and exit light throughout the scanning in the whole operating
energy range by simultaneously adjusting two optics: the mirror
and the grating, as shown in Fig. 2(a). The monochromator
transmission was evaluated by the product of the mirror’s re-
flectance and the grating’s efficiency. In Fig. 2(c), the transmis-
sion of a conventional cPGMwith Rh-coated optics is very low,
showing only 0.17% at 2.5 keV (11% from the mirror × 1.5%
from the grating). The poor transmission results from both the
inherently low diffraction efficiency of a single-layer-coated gra-
ting with high line density, as well as the reduced reflectivity of
the mirror. The mirror is expected to be operated outside the
high-reflectivity region to fulfill the parallelism requirement. A
similar low transmission of a monochromator with a high line
density grating was observed at 2.0 keV [38]. However, by ap-
plying multilayer coatings on both optics, the monochromator
transmission increases to 36%, even when using the −4th order
(70% from themirror × 51% from the grating) at 2.5 keV, cor-
responding to a 320-fold enhancement.

In the spectrometer, scattered radiation from the sample is
collected and dispersed onto the detector using an SVLS gra-
ting, as shown in Fig. 2(b). The spectrometer’s transmission is
determined by the diffraction efficiency of the grating and the
ratio of the grating’s collection solid angle to 4π. To calculate
the solid angle, the illuminated area on the grating is set to
160 mm �length� × 20 mm �width� for all MLBGs. Figure 2(d)
shows that the design with the Rh-coated grating exhibits a
low spectrometer transmission of approximately 2.7 × 10−8 at
2.5 keV. This low transmission comes from the low-diffraction
efficiency and small grazing incidence angle on the grating,
which limits the collection solid angle. MLBGs operating under
the Bragg diffraction condition provide both high efficiency
and a large operating angle, resulting in much higher spectrom-
eter transmission [39]. The transmission of the MLBG-based
design using different high orders is 7.4 × 10−7 to 1.0 × 10−6

at 2.5 keV, which is 27–37 times higher than that of the
single-layer-coated grating design. These results demonstrate that
high-diffraction-orderMLBGs significantly increase the theoreti-
cal transmission of cPGMs and spectrometers by 27–320 times.
Such improvements are crucial for photon-hungry techniques
like RIXS.

C. MLBG-Based Ultrahigh-Resolution Design: Energy
Resolution Performance
The energy resolution of a cPGM beamline or spectrometer
was calculated analytically, considering components such as

Table 1. Structural Parameters and Grazing Incidence Angle at 2.5 keV for MLBGs at Various Diffraction Orders

Grating
Number

Operation
Order

Grating Line
Density (l/mm)

Blaze Angle
(deg)

Anti-blaze
Angle (deg)

Multilayer
Material γCr

d -Spacing
(nm)

Period
Number

Grazing Incidence
Angle (deg)

G1 −1st 2400 0.90 2.10 Cr/C 0.4 5.38 100 2.10
G2 −2nd 2400 1.20 2.80 Cr/C 0.4 4.08 100 2.52
G3 −3rd 2400 1.50 3.50 Cr/C 0.4 3.50 100 2.77
G4 −4th 2400 1.90 4.43 Cr/C 0.4 3.36 100 2.55
G8 −8th 2400 3.31 7.48 Cr/C 0.4 3.00 100 1.70
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the source, mirror, and exit slit/detector [20,37] (see equations
in Appendices A and B).

As shown in Fig. 2(e), the cPGM beamline using the −1st
diffraction order achieves an energy resolution of 3.2 × 104

with Rh-coated optics and 1.1 × 104 with multilayer-coated op-
tics at 2.5 keV. The relatively low energy resolution of the
beamline with the −1st order MLBG is primarily due to the
large grazing incidence angle of the MLBG, which leads to
a small angular dispersion between two adjacent energies.
Moreover, the large grazing incidence angle reduces the number
of effectively illuminated grating grooves, broadening the an-
gular bandwidth of the diffraction efficiency curve and further
decreasing energy resolution. However, these effects can be well
mitigated by operating the MLBG at higher diffraction orders.

For example, the energy resolution of the cPGM using the
−2nd diffraction order MLBG reaches 3.0 × 104, approaching
that of the Rh-coated grating system. As the diffraction order
increases, energy resolution continues to improve. At the −3rd
diffraction order, the energy resolution is 3.9 × 104, and at the
−4th diffraction order, it reaches 5.1 × 104 − 1.6 times higher
than that achieved with the Rh-coated grating. Operating the
MLBG in the −8th diffraction order brings an ultrahigh energy
resolution of 9.0 × 104, approximately three times higher than
that of a single-layer-coated grating system.

For SVLS grating spectrometers, the additional structural
parameters of an SVLS grating, including the curvature radius
and higher-order VLS coefficients, are individually optimized
for different diffraction orders at 2.5 keV. The optimization

Fig. 2. (a) Schematic of the ultrahigh-resolution design of the cPGM beamline and the SVLSG spectrometer using MLBG. (b) Schematic of high-
resolution design of cPGM beamline and spectrometer with reduced instrument length. (c) Theoretical diffraction efficiency of gratings and trans-
mission of the cPGM. (d) Transmission of the spectrometer. (e), (f ) Energy resolution of the beamlines/spectrometer with the grating operating in
different diffraction orders. Lx1 and Lx2 represent the lengths of the SVLSG spectrometer for high energy resolution and reduced-length design,
respectively. M1, collimated mirror; M2, plane mirror; M3, focus mirror; MLBG, multilayer-coated blazed grating; r1, entrance arm length; r2, exit
arm length; Lx, total spectrometer length; h, focal height; y, inclination angle of detector.
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is based on the grating equation and the coma cancellation con-
dition. The spectrometer geometry is configured for variable-
energy operation with a fixed detector inclination angle. This
design takes into account the mechanical constraints typical for
RIXS spectrometers [20,37]. Detailed structural parameters of
the SVLS grating and the spectrometer geometry are listed in
Table 3 in Appendix B, with corresponding resolutions shown
in Fig. 2(f ). The spectrometer with an Rh-coated grating
achieves an energy resolution of 3.0 × 104 at 2.5 keV, while
the spectrometer using the −1st order MLBG has an energy
resolution of 2.1 × 104, due to similar limitations observed
in the cPGM beamline. As the diffraction order increases,
the energy resolution continues to improve. The spectrometer
with the −2nd order achieves an energy resolution of 3.4 × 104,
while the −4th order MLBG reaches 5.9 × 104, which is twice
as high as that of the Rh-coated grating. Operating the MLBG
in the −8th diffraction order further enhances energy resolution
to an ultrahigh value of 9.8 × 104, approximately 3.3 times
higher than that with a single-layer-coated grating.

These simulation results show that both the cPGM beam-
line and the SVLS grating spectrometer, using high-order
MLBGs, simultaneously provide orders of magnitude higher
transmission and several times higher energy resolution, com-
pared to the conventional single-layer-coated grating.

D. MLBG-Based High Resolution with a
Reduced-Length Design
The ultrahigh energy resolution offered by the high-order
MLBGs also enables shorter beamlines and spectrometers while
maintaining a resolution comparable to that of current setups.
For example, a 15-m-long cPGM beamline using the −8th
diffraction order MLBG achieves a theoretical resolution of
3.2 × 104 at 2.5 keV, which is close to the resolution of
a 45-m-long cPGM beamline that employs a −1st order
single-layer-coated grating. Moreover, despite the reduced size,
the transmission of the 15-m-long cPGM beamline is still two
orders of magnitude higher than that of the conventional
design. Similarly, for the case of reducing the spectrometer
length from ∼15 m to 5 m, the −8th order MLBG still enables
an energy resolution of 3.4 × 104 at 2.5 keV. Notably, the
shorter distance between the sample and the SVLS grating in-
creases the collection solid angle, further enhancing the trans-
mission up to 8.8 × 10−6. This transmission exceeds that of
previously discussed ultrahigh-resolution spectrometer designs
and is two orders of magnitude greater than that of conven-
tional setups. Shorter spectrometer length also permits the po-
sitioning of multiple spectrometers around the sample,
facilitating the simultaneous collection of emission signals
from different wavelength bands or elements, as well as other
new functions. This greatly enhances the capability of the
spectrometer.

3. FABRICATION AND CHARACTERIZATION OF
HIGH-DIFFRACTION-ORDER MLBGS

To showcase the performance of high-order MLBGs, two
MLBGs were designed and fabricated. The first MLBG, S1,
was designed to operate in the −2nd diffraction order at
2.5 keV. Its grating substrate, fabricated at the Precision

Gratings Department at Helmholtz-Zentrum Berlin by
mechanical ruling [18], has a groove density of 2400 l/mm,
a blaze angle of 1.3°, and an anti-blaze angle of 3.0°. The target
multilayer d -spacing of S1 is 4.0 nm, with a Cr thickness to
d-spacing ratio of 0.45. The second MLBG, S2, was designed
to fulfill the resonant condition of the −4th diffraction order
at 2.5 keV. Its grating substrate, produced at the Grating
Department of the National Synchrotron Radiation Laboratory
in China using wet etching, features a larger blaze angle of 1.93°
and an anti-blaze angle of 7.38°. The grating line density of S2
is the same as that of S1, and its multilayer d-spacing is 3.9 nm.
Both samples consist of 60 bilayers of multilayer structures
[19]. The multilayer deposition was carried out using direct
current magnetron sputtering technology. The base pressure
in the deposition chamber was 3.0 × 10−4 Pa, with high purity
Ar as the working gas. The deposition rates were 0.027 nm/s for
C and 0.12 nm/s for Cr. These two MLBGs were designed
based on the available blazed gratings, especially the blaze angle.
Their performance would improve if the desired blaze angle
could be manufactured.

The internal multilayer structures of S1 and S2 were char-
acterized using transmission electron microscopy (TEM), as
illustrated in Figs. 3(a) and 3(c). The surface profiles of the
gratings were measured using atomic force microscopy (AFM)
before and after multilayer deposition, as shown in Figs. 3(b)
and 3(d). Both TEM images and AFM images show that the
grating groove profile is well replicated during multilayer dep-
osition. Meanwhile, the grating substrate profiles of both
samples deviate from an ideal triangle shape. The primary im-
perfection of the groove profile of S1 is the rounded apexes of
the triangular grooves, while the main imperfection of S2 is the
non-flatness of the blazed facets. These profile imperfections
cause a variation in the local blazed facets and result in a mis-
match of the resonant condition between the multilayer and
the grating. Additionally, the surface roughness differs between
the two substrates, measuring 0.25 nm (RMS) for S1 and
0.51 nm for S2. The multilayer interfaces of S1 are also sharper
than that of S2, as observed in Figs. 3(a) and 3(c). The impact
of these structural imperfections on diffraction efficiency will be
further discussed in Fig. 3.

The optical performance of the fabricated MLBGs and the
witness multilayers on flat wafers was measured in the tender
X-ray range. These measurements were performed at the optics
beamline PM-1 for the energy range of 0.7–1.8 keV and the
KMC-1 beamline for the energy range of 2.1–6 keV, both
situated in the BESSY-II synchrotron radiation facility.

The measured reflectance of the witness multilayer for S1
and the diffraction efficiency of S1 and S2, plotted as a function
of photon energy, are presented in Figs. 4(a) and 4(b). These
experimental results were compared with the theoretical predic-
tions for both an ideal multilayer and MLBGs.

For S1, the measured reflectance of the witness sample fol-
lows the predicted trend, which gradually increases with energy
and peaks at 4–5 keV. At 2.5 keV, the reflectance is 50%,
representing 75% of its theoretical value. The measured diffrac-
tion efficiency of the −2nd order similarly shows an increasing
trend as predicted, reaching 34% at 2.5 keV and over 50%
at 4–5 keV. The experimental −2nd order efficiency is
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approximately 75% of the theoretical value (relative efficiency),
indicating that the slight decrease in efficiency compared to
theory is mainly due to the quality of the multilayer deposited
on the grating. The measured −3rd order efficiency is 17% at
2.5 keV and 24% at 4 keV, corresponding to about 57% of
the theoretical efficiency. This lower relative efficiency com-
pared to the −2nd order suggests that the higher-order diffrac-
tion efficiency is more sensitive to structural deviations and
imperfections.

For S2, the measured curves also follow a similar trend to the
theoretical predictions. Considering the larger roughness of

0.5 nm [Fig. 3(d)], the estimated reflectance of the deposited
multilayer is around 67% of the theoretical value. The mea-
sured −3rd order diffraction efficiency is 12% at 2.5 keV
and close to 20% at 4–5 keV. The measured −4th order effi-
ciency is 15% at 2.5 keV. The relative efficiency of both the
−3rd and −4th orders is approximately 35%. The larger discrep-
ancy between the experimental and theoretical efficiency of S2
compared to S1 can be caused by the more severe structural
imperfections of the S2 grating. Nevertheless, the −3rd and
−4th order efficiencies of S2 are still 10–20 times higher than
the −1st order efficiency of an Rh-coated grating with the same

Fig. 3. Characterization of the fabricated MLBG structures. Cross-sectional TEM images of S1 (a) and of S2 (c) reveal the detailed internal
structures. The additional dark stripes in the TEM image of sample S1 are due to it being a recoated sample. AFM images and the corresponding
extracted 1D profiles of S1 (b) and S2 (d) are presented, along with deviation curves that illustrate the differences between the measured profiles
(solid line) and the ideal triangle profiles (dashed line).
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line density in the tender X-ray range. The effect of structural
imperfections on high-order efficiency is discussed in the next
section.

To evaluate the angular dispersion of the optics, two-
dimensional scans of both photon energy and diffraction angle
for S1 were performed under fixed incidence. The dispersion
was measured at the resonant conditions of S1 of the −1st,
−2nd, and −3rd orders. As shown in Fig. 5, the central
high-efficiency area is attributed to the satisfaction of the res-
onant condition. The slope of the variation of the diffraction
angle versus energy (Δθ∕ΔE) represents the angular dispersion
of the grating. The experimental angular dispersion is
3.75 × 10−4 deg∕eV of the −1st order, 6.25 × 10−4 deg∕eV
of the −2nd order, and 8.75 × 10−4 deg∕eV of the −3rd order.
The angular dispersion increases with higher diffraction orders,
consistent with the predictions of the grating equation. The
angular dispersion of the −3rd order of S1 is 1.7 times larger
than that of the −1st order of an Rh-coated grating with the

same line density. The two-dimensional map also shows that
the angular width (full-width at half-maximum, FWHM) of
the diffraction peak increases with the diffraction order at a
fixed photon energy. This increase occurs due to the stronger
expansion effect inherent in the high-order diffraction geom-
etry, which enlarges the beam size. In beamline applications,
the beam size broadening can be eliminated using a focusing
mirror, while the much larger angular dispersion enhances en-
ergy resolution.

4. ANALYSIS OF STRUCTURAL
IMPERFECTIONS ON THE PERFORMANCE OF
HIGH-ORDER MLBGS

To analyze the efficiency drop in higher diffraction orders, six
typical structural imperfections were identified and their indi-
vidual effects on efficiency were examined in the context of the
MLBGs listed in Table 1, where the structure is optimized to
maximize the efficiency of a specific order. The typical struc-
tural imperfections include the multilayer interface width, the
rounded apexes of the grating groove profile, the lateral uni-
formity of the multilayer d-spacing, the uniformity of the blaze
and anti-blaze angles, and the grating period. Three methods
were used to simulate the structural imperfections. For the mul-
tilayer interface width, which is difficult to integrate directly
into the MLBG model, its effect on MLBG efficiency was
evaluated by calculating the ratio of multilayer reflectance with

Fig. 5. Two-dimensional diffraction measurements as a function of
detector angle and photon energy of the S1 at a grazing incidence angle
of 3.193° in the −1st diffraction order, 2.675° in the −2nd order, and
2.175° in the −3rd order.

Fig. 4. (a) The experimental and theoretical reflectance of the first
order of the reference multilayer (black spheres and black lines). The
experimental (spheres) and theoretical diffraction efficiency with and
without imperfections (dashed and solid lines) of the −2nd diffraction
order (red) and the −3rd order (blue) of the MLBG S1. (b) The ex-
perimental (spheres) and theoretical diffraction efficiency with and
without imperfections (dashed and solid lines) of the −3rd diffraction
order (blue) and the −4th diffraction order (green) of the MLBG S2.
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and without accounting for interface width, calculated using
the IMD software [40]. The roughness was assumed to be
delta-correlated [41]. The rounded apexes of the grating groove
profile were directly incorporated into the grating groove profile
in the DiffractMOD simulation. For the remaining imperfec-
tions, three typical values—namely, the design value and the
left and right boundaries of the defect fluctuation range—were
separately input into the MLBG model to simulate efficiency.
The resulting efficiencies were then averaged and normalized to
the design value. The simulation results, along with the sche-
matic of structural imperfections, are shown in Fig. 6. In ad-
dition, the individual effects of primary imperfections of S1 and
S2 on their efficiency were also discussed.

Four out of six structural imperfections significantly affect
grating efficiency, with the impact becoming more pronounced
at higher diffraction orders. These critical imperfections include
the multilayer interface width, the rounded apexes of the gra-
ting groove profile, the uniformity of the blaze angle, and the
lateral uniformity of multilayer d-spacing. With a multilayer
interface width of 0.4 nm, the relative efficiencies of the MLBG
decrease from 95% for the −1st diffraction order to 89% for the
−2nd, 84% for the −3rd, and 82% for the −4th. The decrease in
relative efficiency might be attributed to the increasing influ-
ence of interface width as the multilayer d -spacing decreases,
which is typically required for higher diffraction orders [27].
Moreover, a larger interface width generally leads to lower
efficiency across all orders, partially explaining the lower effi-
ciency of S2 compared to S1. The rounded apexes of the grating
groove profile are simplified as a triangle shape in the analysis.
The triangle’s width is 25% of the grating period, with an angle
corresponding to 65% of the blaze angle, according to AFM
images of S1. Under these conditions, the structures designed
for specific orders have relative efficiencies of around 100% for

the −1st order, 98% for the −2nd, 95% for the −3rd, and 94%
for the −4th. Due to the different grating fabrication technol-
ogies, the main structural imperfection of S2 is the non-flatness
of the blazed facets, resulting in a variation of the blaze angle of
around �18%. This variation leads to relative efficiencies of
99% for the −1st order, 94% for the −2nd, 86% for the −3rd,
and 73% for the −4th. The lateral uniformity of the multilayer
d -spacing at 1% results in a similar efficiency loss for higher
orders. These decreases in relative efficiency indicate that
higher-order efficiency has less tolerance for the structural mis-
matches between the multilayer and grating [27]. The other two
imperfections, namely, the uniformity of the anti-blaze angle at
�50% and the grating period at 1%, have a negligible effect on
relative efficiency across different orders, as shown in Fig. 6.

To evaluate the overall impact of the main imperfections
in the sample on the measured diffraction efficiency, the indi-
vidual effects of these imperfections were multiplied and
combined with the designed efficiency. For sample S1, two im-
perfections were considered: the impacts of the rounded apexes
were analyzed, where the blaze angle is reduced to 65% of its
original value and the length of the rounded area is 25% of
the grating period; the multilayer interface width, measuring
0.43 nm for both interfaces, was also included in the analysis.
For sample S2, three imperfections were taken into account:
the multilayer interface width (0.66 nm for the Cr-on-C inter-
face and 0.60 nm for the C-on-Cr interface), a variation of
�18% in the blaze angle, and a lateral uniformity in multilayer
d-spacing of 0.8%. The calculated results are illustrated by
the dashed lines in Fig. 4(a) for S1 and Fig. 4(b) for S2.
Incorporating these main imperfections brought the predicted
efficiencies much closer to the measured results. Note that
the −3rd order efficiency of S1 is significantly affected by
the rounded apexes, as S1 was optimized for the −2nd order

Fig. 6. Efficiency loss due to structural imperfections. The schematic of various structural imperfections is shown on the top. The efficiency loss
caused by each structural imperfection was calculated at 2.5 keV and normalized against the efficiency of the ideal structure. The blaze angle and d -
spacing were optimized to the maximum efficiency for each diffraction order, as detailed in Table 1.
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efficiency, leading to a deviation from the resonant condition of
the −3rd order. Consequently, higher fabrication accuracy in
the first four structural parameters is essential to improve the
diffraction efficiency of high-order MLBGs.

5. CONCLUSION AND OUTLOOK

High-diffraction-order MLBGs with both high efficiency and
resolution in the tender X-ray region were designed and exper-
imentally demonstrated. Simulations of representative cPGM
beamlines and SVLSG spectrometers using high-order
MLBGs showed that the transmission of both systems is in-
creased by one to two orders of magnitude compared to the
case with a conventional single-layer-coated grating, given to
the dramatically improved diffraction efficiency and collection
solid angle. The energy resolution of the beamline and spec-
trometer gradually increases with diffraction order, reaching
an ultrahigh value of ∼9.0 × 104 in the eighth diffraction order,
which is around three times higher than that of a single-
layer-coated grating. High-order MLBGs also enable a shorter
instrument design, achieving much higher transmission while
maintaining a resolution comparable to that of currently high-
resolution setups.

Two MLBGs operating in the −2nd, −3rd, and −4th diffrac-
tion orders were fabricated and characterized. The experimental
efficiencies are 34%–12% at 2.5 keV, which is 22–8 times
higher than that of the Rh-coated grating. The experimental
efficiencies of higher orders show larger discrepancies from
the theoretical values, primarily due to the fabrication imper-
fections in the MLBG structure. Some of these imperfections
have a more pronounced effect on higher diffraction orders.
The experimental angular dispersion is in good agreement with
the theoretical prediction, with the −3rd diffraction order
dispersion of sample S1 being 1.7 times larger than that of
the Rh-coated grating with the same line density. The exper-
imental results confirm that high-order MLBGs have great po-
tential to improve the energy resolution by several times and
the total transmission by orders of magnitude for both mono-
chromators and spectrometers in the tender X-ray energy range.
The experimental performance of high-order MLBGs can be
further enhanced by improving manufacturing accuracy.
This work contributes towards the realization of a new gener-
ation of high-transmission and high-resolution tender X-ray
spectroscopic instruments.

APPENDIX A: ENERGY RESOLUTION OF THE
BEAMLINE

The beamline energy resolution is considered as the sum of the
following six individual contributions, namely, the photon
source, the collimated mirror, the plane mirror, the grating,
the focus mirror, and the exit slit [20,42,43]:

ΔES � 2.35 ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λL
2π2

� Σ2
y

r
·

sin α

r1a0jnjλ
E , (A1a)

ΔECM � 2.35 · �2δCMs� ·
sin α0 · sin θCM

a0jnjλ
E , (A1b)

ΔEPM � 2.35 · �2δPMt� ·
sin α0
a0jnjλ

E , (A1c)

ΔEGr � 2.35 · δGrt ·
sin α0 � sin βn

a0jnjλ
E , (A1d)

ΔEFM � 2.35 · �2δFMs� ·
sin βn · sin θFM

a0jnjλ
E , (A1e)

ΔEEx � ΣEx ·
sin βn
r2a0jnjλ

E , (A1f)

where ΔE is the energy bandwidth, E is the X-ray energy, λ is
the corresponding wavelength, L is the undulator length, andP

y, δCMs, δPMt, δGrt, δFMs, and
P

Ex represent the RMS elec-
tron-beam size (vertical), the RMS sagittal slope error of the
M1 collimated mirror, the RMS tangential slope error of the
M2 plane mirror, the RMS tangential slope error of the grating,
the RMS sagittal slope error of the M3 focus mirror, and the
exit slit tangential opening, respectively. r1 and r2 represent
the lengths of the entrance arm and the exit arm with respect
to the grating. a0 is the constant line density of the grating, and
n is the diffraction order. α0 and βn are the X-ray grazing in-
cidence angle and diffraction angle of the grating, which are
determined by the MLBG structure. θCM and θFM are the graz-
ing incidence angles of M1 and M3.

The primary beamline resolution is a quadratic sum of the
six contributions:

ΔEBL � ��ΔES�2 � �ΔECM�2 � �ΔEPM�2 � �ΔEGr�2 � �ΔEFM�2 � �ΔEEx�2�1∕2: (A2)

The values of beamline parameters used to calculate energy resolution are shown in Table 2.

Table 2. Beamline Parametersa

Length of the
Undulator (m)

r1
(m)

r2
(m) Σy (m) δPMt (rad) δGrt (rad) δCMs (rad) δFMs (rad) ΣEx (m)

θFM
(deg)

θCM
(deg)

Ultrahigh-resolution
design

4.5 30 15 6.4 × 10−6 1.2 × 10−7 9 × 10−8 4:5 × 10−7 4:5 × 10−7 1 × 10−5 0.7 0.7

Reduced-length
design

4.5 10 5 6.4 × 10−6 1.2 × 10−7 9 × 10−8 4:5 × 10−7 4:5 × 10−7 1 × 10−5 0.7 0.7

aThe values primarily refer to Ref. [20].
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APPENDIX B: ENERGY RESOLUTION OF THE
SVLS GRATING SPECTROMETER

Similar to the beamline, the spectrometer’s energy resolution is
determined by the combined contributions of three main fac-
tors: the photon source, the grating, and the detector:

ΔES � ΔS
sin α0
r1a0jnjλ

E , (B1a)

ΔESE � ΔSE

1

tan��α0 − βn�∕2�
E , (B1b)

ΔED � ΔD sin γ
sin βn
r2a0jnjλ

E , (B1c)

ΔE � �ΔE2
S � ΔE2

SE � ΔE2
D�1∕2, (B1d)

where ΔES ,ΔESE, and ΔED represent the energy bandwidth
contributions of source size, slope error of the grating, and spa-
tial resolution of detector.ΔE is the total energy bandwidth.ΔS
is the source size, and it is equal to 2 μm. ΔSE is the slope error
of the grating, and it is equal to 2 × 10−7 rad (FWHM). ΔD is
the spatial resolution, and it is equal to 2 μm. γ is the detector
inclination with respect to the central ray, and it is equal to 20°.
The central line density of VLS grating a0 is 2400 l/mm. α0 and
βn are determined by the maximum efficiency condition of the
MLBG structure. The entrance arm r1 and the exit arm r2 of
the spectrometer are determined by minimizing the total en-
ergy bandwidth [37]:

r1 �
L�

ΔD sin γ sin βn
ΔS sin α0

�
2∕3

� 1

, (B2a)

r2 �
sin2βn

sin α0�sin βn
R − sin2α0

r1
− a1nλ

, (B2b)

where L is the total spectrometer length, and it is equal to
r1 � r2. R is the grating radius. a1 is the linear VLS term
of the grating.

The radius and VLS coefficients of the grating are optimized
at 2.5 keV based on the design method introduced in the

analytical section of Ref. [37], assuming a mechanical con-
straint condition of a typical spectrometer aimed at high reso-
lution [20]. The design results are shown in Table 3.
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