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Abstract

In addressing the key technical challenges of achieving ultra-broadband and high film-
thickness uniformity for meter-class large-aperture space telescopes, this study utilized a
self-developed 4 m-class large-aperture thin-film deposition system. By employing plasma-
assisted electron-beam evaporation technology and a co-evaporation method with inner
and outer dual-ring multi-evaporation sources, precise control of film-thickness uniformity
within a 2 m range was achieved. A composite film structure combining a metal reflective
layer and an ultraviolet-enhanced dielectric layer was adopted to realize high reflectivity
across an ultra-broad spectrum from ultraviolet to long-wave infrared. Experimental
results show that the average reflectance of the composite film reaches 91.52% in the
0.25~0.38 um spectral band and 99.40% in the 0.38~12 um spectral band. The thickness
uniformity of ZrO, and MgF, films within the 2 m aperture area was controlled at 1.37%
and 3.12%, respectively, meeting the requirements for high uniformity in large-aperture
space applications. Radiation testing confirmed that the change in film reflectance is less
than 1% under a total irradiation dose of 3.66 x 108 rad(Si), satisfying the demands for
operation in harsh space environments. This research provides an innovative solution for
thin-film technology in large-aperture, ultra-broad-spectrum space optical systems and
holds significant value for engineering applications.

Keywords: space telescope; dual-ring co-evaporation; ultra-broadband spectrum; large-
aperture mirror; thin films; thickness uniformity

1. Introduction

With the ever-increasing demands of modern astronomy for higher precision and
broader scope in deep-space exploration, space telescopes are evolving along two core
directions: larger apertures and wider spectral coverage. According to the Rayleigh
criterion, the angular resolution of an optical system is proportional to its entrance aperture
diameter. At a given wavelength, a larger primary mirror diameter enables higher spatial
resolution, thereby achieving clearer imaging of distant celestial objects [1-3]. Since the
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successful launch of the Hubble Space Telescope (HST, 2.4 m aperture) in 1990, the vast
amount of scientific data it has collected in the visible to near-infrared spectrum has
fundamentally transformed our understanding of the universe [4-6]. Subsequently, the
Spitzer Space Telescope (0.85 m) extended the observational frontier into the infrared.
The launch of the James Webb Space Telescope (JWST, 6 m) in 2021 further pushed the
boundaries of large apertures and highly sensitive infrared detection to new heights [7-12].
The success of these landmark missions demonstrates that primary mirrors with apertures
exceeding one meter have become a key technological characteristic of next-generation
space astronomy facilities.

Simultaneously, a single operating band can no longer meet the developmental de-
mands of astronomy. Within the entire electromagnetic spectrum, the optical band ranging
from ultraviolet to long-wave infrared serves as a crucial radiation window for observing
stars and galaxies [13,14]. For space telescopes, the entire optical spectrum, being free
from atmospheric interference, constitutes an exceptionally important observational win-
dow. Through observations across this spectral range, astronomers can not only obtain
vast amounts of data on the structure and evolution of stars and galaxies but also gather
astronomical information related to dark matter and dark energy. Consequently, modern
space telescopes generally pursue synergistic observational capabilities covering the full
spectrum from ultraviolet to long-wave infrared and even into the terahertz range [15]. On
one hand, broad spectral coverage facilitates the acquisition of complete electromagnetic
radiation information from target celestial objects. On the other hand, by utilizing a shared
primary optical system coupled with multiple backend detectors, system complexity and
launch costs can be significantly reduced. Therefore, constructing large-aperture primary
mirrors capable of high-efficiency reflection across an ultra-broad spectral range has become
one of the core challenges in contemporary space optical system design.

How to ensure high uniformity of film thickness across meter-class and larger aper-
tures constitutes a crucial yet often overlooked key challenge in the development of large-
aperture space telescopes. Non-uniformity in film thickness directly leads to spatial vari-
ations in reflectivity, causing differences in optical gain across different regions of the
primary mirror. This ultimately results in severe impacts such as degraded telescope imag-
ing quality, reduced resolution, and decreased contrast. Traditional coating equipment for
small apertures (typically less than 1 m) often employs mechanical uniformity correction
baffles to regulate the deposition distribution of film thickness, achieving film-thickness
uniformity control within <£1%. However, when the aperture expands to 2 m or larger, the
traditional baffle method faces multiple impracticalities: First, the structural dimensions of
the baffles become enormous, making their manufacturing, installation, and precise posi-
tioning extremely difficult. Secondly, during prolonged deposition processes, the baffles
themselves are prone to deformation, leading to inaccuracies in thickness adjustment and,
conversely, introducing new non-uniformities. Additionally, the shadowing effect of the
baffles significantly reduces material utilization, increasing process costs and uncertainty.
Therefore, this method is no longer applicable in large-aperture thin-film deposition sce-
narios. In initial experiments, when relying on a self-developed 4 m-class optical coating
system and using a traditional single evaporation source for deposition, the film layer
non-uniformity was as high as +8%, seriously affecting imaging quality and fully exposing
the limitations of the conventional approach.

To overcome the aforementioned bottlenecks, this study innovatively proposes a
co-evaporation scheme featuring an inner—outer dual-ring multi-evaporation source config-
uration based on plasma-assisted electron-beam evaporation. This scheme, implemented
on a self-developed 4 m-class large-aperture coating system, arranges multiple evaporation
source groups in a ring pattern within the vacuum chamber, forming a “concentric dual-
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ring” layout. By precisely controlling the power, evaporation rates, and activation/cessation
sequences of the inner and outer ring evaporation sources, active optimization and dynamic
matching of the radial deposition thickness are achieved. This innovative method funda-
mentally avoids the engineering challenges and performance limitations associated with
large physical correction baffles, as it requires no physical masking, thereby enabling the
regulation of film uniformity for meter-class large-aperture optical components. Further-
more, based on the design concept of a composite film stack combining a metal reflective
layer and an ultraviolet-enhanced dielectric layer, it aims to integrate the high reflectivity
characteristics of the silver film with the UV-enhancing effect of the dielectric layers to
achieve high reflectivity performance across the entire spectral band.

2. Materials and Methods

This study was conducted using a self-developed 4 m-class vacuum coating system.
Under a base vacuum pressure of 8 x 10~* Pa, a composite thin-film structure was fab-
ricated on a silicon carbide substrate employing electron-beam evaporation with the ion
beam assistance method. The system features an effective deposition area of 4 m. The
vacuum system consists of molecular pumps coupled with oil-free mechanical pumps.
Two Polycold units were utilized to significantly enhance the vacuum environment, reduce
pump-down time, and prevent contamination. Film thickness was controlled using an
Inficon IC6 deposition controller to ensure a layer control precision of up to 0.01 nm. A
schematic diagram of the system is shown in Figure 1.
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Figure 1. Schematic diagram of the independently developed 4 M-level electron-beam evaporation
equipment.

Silver (Ag) was selected as the metallic reflective layer, while ZrO, and MgF, were
chosen as the high-refractive-index and low-refractive-index materials, respectively, for
the ultraviolet-enhancing dielectric layers. This combination ensures the superior optical
performance of the composite coating system across an ultra-broad spectral range. Al,O3
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was employed as an adhesion layer material to enhance the mechanical stability and
interface quality of the films, thereby ensuring the long-term reliability of the coating
system. The detailed information of the materials is shown in Table 1.

Table 1. Detailed information of materials.

Materials 1\1/{2:;:1 NEQSer Purity Supplier
GRINM Resources and
71O, 38 x 15 mm 1314-23-4 99.99% Environment Tech. Co.,
Ltd., Beijing, China
GRINM Resources and
MgF, 1-3 mm 7783-40-6 99.99% Environment Tech. Co.,
Ltd., Beijing, China
Shen Zhen Crystal Tech.
Al,O3 1-3 mm 1344-28-1 99.99% Co., Ltd., Shenzhen,
China
Fujian Acetron New
Ag ©3 X3 mm 7440-22-4 99.99% Materials Co., Ltd.,
Changle, China

During the deposition process, to accommodate the properties of the large-aperture
substrate, the deposition temperature was maintained below 100 °C. The substrate holder
rotation speed was set to 30 rpm, and the source-to-substrate distance was fixed at 2.0 m. A
dual-ring multi-source co-evaporation configuration was employed, with the positions of
the electron-beam guns located at 1 m and 2 m from the center of the chamber, respectively.
Ion beam-assisted deposition was performed using an RF ion source. The ion source beam
current and voltage were controlled at 1500 mA and 1300 V, respectively. The process gas
consisted of a mixture of 70 vol.% Ar and 30 vol.% O.

After deposition, the physical thickness of the layers was characterized using a spec-
troscopic ellipsometer (GES5E, Hungarian Semilab Company) at a temperature of 23 °C.
The spectral performance of the prepared single-layer and multilayer films was tested
using a UV/Vis/NIR spectrophotometer (Lambda 1050, PerkinElmer, Inc., USA) and a
Fourier-transform infrared spectrometer. The surface roughness of Ag layers with different
thicknesses and the influence of different ion-assisted parameters on film surface defects
were characterized using a BRUKER-Dimension Edge atomic force microscope (AFM). The
resistance of the coatings to ionizing radiation was evaluated using a Cobalt-60 gamma
irradiation test facility to verify their suitability for the space environment (Beijing HTA
Jinhui Radiation Technology Co., Ltd., China).

3. Results and Discussion
3.1. Film Layer Structure

Figure 2a presents the reflectivity of different metallic materials. It can be seen that Au
exhibits high reflectivity only at wavelengths longer than 550 nm, which evidently cannot
meet the requirements of the optical system in this project. While Al demonstrates relatively
high reflectivity in the ultraviolet band, it suffers from a significant reflectivity dip around
800 nm, adversely affecting its performance in the visible and near-infrared regions [16-18].
Furthermore, the average reflectivity of Al across various spectral bands is relatively
low, resulting in suboptimal total system throughput. Ag maintains consistently high
reflectivity over a broad spectral range for wavelengths greater than 350 nm. However, its
reflectivity is extremely low (approximately 20%) within the 250-350 nm interval, severely
degrading the total system throughput in the ultraviolet region. By comparing the spectral
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performance and environmental suitability of these three metals, it is concluded that a single
metallic layer cannot achieve the required high reflectivity across the broad spectrum from
ultraviolet to long-wave infrared. Therefore, to meet the high reflectivity requirement over
this wide spectral range, we employ a Ag metallic layer combined with a UV-enhancing
dielectric coating [19-22].

(a) | (b)
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Figure 2. (a) Reflectivity of different metallic materials. (b) Schematic diagram of the structure
combining a Ag metallic layer with UV-enhancing dielectric layers, green represents the connection
layer, gray represents the metal layer, and pink and blue represent the alternating deposition of
materials with high and low refractive indices. The dots indicates the omission of the middle
layer number.

Regarding the selection of dielectric coating materials, to meet the requirements of
high transmittance and low absorption from the ultraviolet to long-wave infrared spec-
tral bands, this study considered several dielectric materials suitable for broad spectral
applications. Their properties are listed in Table 2. Due to the specific characteristics
of the large-aperture substrate, it is necessary to investigate the coating processes under
low-temperature conditions. Broad-spectrum, highly transparent fluoride and oxide films
are proposed as the low-refractive-index and high-refractive-index dielectric materials,
respectively, within the composite coating structure.

Considering the optical properties of oxide and fluoride materials, among the high-
refractive-index oxides, TapOs and TiO; films exhibit good transparency from the visible to
long-wave infrared but possess strong absorption in the ultraviolet region, rendering them
unsuitable for applications in this band. In contrast, oxide materials such as HfO,, ZrO,,
and Gd,O3; demonstrate excellent transparency across the broad spectrum from ultraviolet
to long-wave infrared, making them more ideal choices [23,24].

For low-refractive-index materials, fluorides are of significant interest due to their
high transparency from ultraviolet to long-wave infrared. Fluoride materials like CaF,,
MgF,, and BaF; exhibit particularly outstanding transparency in the ultraviolet band, and
their transparent range can extend into the long-wave infrared region [25,26]. Ultimately,
based on their suitability for the low-temperature coating process, this study selected ZrO,
and MgF, as the high-refractive-index and low-refractive-index materials, respectively,
for the ultraviolet-enhancing dielectric layers. This selection ensures the superior optical
performance of the composite coating system across an ultra-broad spectral range.
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Table 2. Properties of commonly used dielectric film materials [27].
H Transparency  Refractive L Transparency  Refractive
Zone (um) Index (0.5 um) Zone (um)  Index (0.5 um)
TiO, 0.4-12 2.2-25 SiO, 0.16-8 1.45-1.47
TayOs 0.35-10 2-2.3 Al,O3 0.2-8 1.63
HfO, 0.22-12 1.9-2.15 CaF, 0.15-12 1.3-14
Gdy03 0.27-15 1.92 MgF; 0.11-10 1.38
V4(0)) 0.25-15 2.05 BaF, 0.25-15 1.48

To enhance the bonding strength between the metal layer and the substrate, as well as
between the metal layer and the dielectric layers, this study introduced adhesion layers
between these interfaces. These adhesion layers play a crucial role in enhancing bonding
strength, mitigating stress caused by differences in coefficients of thermal expansion, and
optimizing the optical performance of the coating system. They not only improve the
mechanical stability and interface quality of the films but also contribute to optimizing
the overall performance within the multilayer structure, serving as a key factor in ensur-
ing the long-term reliability and performance uniformity of the coating system. After
comprehensive consideration, Al,O3 was selected as the adhesion layer material in this
study [28-30]. Based on the ultra-broadband reflectivity specifications and operational
lifespan requirements, a coating structure was designed as illustrated in Figure 2b.

3.2. Uniformity of Film Thickness

Film-thickness uniformity is a critical factor determining the optical performance
and system reliability of large-aperture components, particularly in high-precision optical
systems such as space telescopes [31-33]. The film-thickness uniformity reported in this
paper is defined by the peak-to-valley (PV) method. Its standard formula is shown in
Equation (1).

Uniformity = £ [(Tmax — Tonin) + (2 X Tavg)] % 100% (1)

where Tax, Tiyin, and Tyyg are the maximum, minimum, and average thickness values,
respectively.

This study utilized a self-developed 4 m-class rotary planar coating system, com-
bining experimental measurements and simulation fitting to analyze the film-thickness
distribution. A schematic diagram of the equipment’s geometric configuration is shown in
Figure 3.

It is noted that while the thickness uniformity of all layers was controlled, the analysis
focuses on the dielectric layer. This is because the optical response of the thin Ag reflec-
tor is largely invariant to typical thickness fluctuations (e.g., £5%), whereas the device
performance is critically dependent on the precise optical thickness of the dielectric layer.
According to thin-film deposition theory, the film-thickness distribution on a rotating planar
substrate can be expressed as follows [34]:

n+3)/2

e io
0

Tp =
& {1 + (r/h)* + (x/h)* — (Zr/h)(x/h)cosq)}

(n+3)/2 (2)

where T, denotes the thickness at any arbitrary point (P) along the radial direction, r
represents the radius at point P, x is the distance from the system center to the evaporation
source, h is the evaporation height, and n describes the evaporation characteristics of the
electron-beam evaporation source obtained from experiments. Simulation calculations were
performed to evaluate the film-thickness uniformity within a 2 m range for evaporation
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sources at different positions. Figure 4a illustrates the uniformity of ZrO, films at various

positions of the evaporation source within the 1-2 m range, while Figure 4b shows the

uniformity of MgF, films under similar conditions.

Source |
(x1.yl,zl)

<

Figure 3. Rotating planar evaporation source and substrate geometric configuration.
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Figure 4. (a) Uniformity of ZrO; films at different positions of the evaporation source within the 1-2 m

range. (b) Uniformity of MgF, films at different positions of the evaporation source within the 1-2 m

range. (c) Simulation results of ZrO, film deposition using the inner—outer dual-ring configuration.

(d) Simulation results of MgF, film deposition using the inner—outer dual-ring configuration.

Based on the simulation results, a thickness compensation effect is observed when

the evaporation source is positioned at 1.0 m and 2.0 m. Accordingly, a co-evaporation

deposition mode using inner and outer dual-ring dual evaporation sources is proposed. By

adjusting the deposition thickness from different evaporation sources, film-thickness com-
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pensation can be achieved, enabling uniform film deposition. Substituting the equipment
and process parameters into Equation (2), the thickness distribution C; for the evaporation
source at the 1 m position is given by

Cl:7:[/] / ¢
0

7 p 3)
0 [5/4 + (1’/2)2 — (1/2)rcos¢

} (n+3)/2

The thickness distribution C, for the evaporation source at the 2 m position is given by

o4 _ / 4 dg @)
2 +3)/2
do & 0 {2 +(r/2)* - rcosq)} )
To ensure uniformity, taking ZrO, as an example and using n = 1.53, we define the

combined profile Cz as
Cs = aCy + (1 - )G, (5)

where a is the weighting factor. We adjust a so that C3 approaches 1 and determine a by
least squares:
min[|(C; ~1)*0<a <1 6)

Figure 4c shows that for ZrO, films deposited using the inner-outer dual-ring config-
uration, the optimal weight factor a is 0.475. This indicates that 47.50% of the single-layer
thickness is deposited by the inner ring source and 52.50% by the outer ring source. The
resulting best-fit uniformity within the 2 m range is 0.96%. Figure 4d shows that for MgF,
films, with n set to 3.4, the optimal weight factor a for the inner—outer dual-ring deposition
is 0.72. This means 72.00% of the single-layer thickness originates from the inner ring source
and 28.00% from the outer ring source, achieving a best-fit uniformity of 2.17% within the
2 m range.

Regarding the uniformity distribution within a 2 m range, quartz glass test pieces were
placed at intervals of 100 mm along the radial direction starting from the central zero point,
as shown in Figure 5a. The film thickness was measured using an ellipsometer. Figure 5b
presents the actual control results for the film-thickness uniformity of ZrO, films within
the 2 m range, while Figure 5c shows the corresponding results for MgF, films.

The experimental results indicate that the film-thickness uniformity of ZrO, films
within the 2 m range is 1.37%, and that of MgF, films is 3.12%. Compared to the simulated
values, the measured uniformity is slightly larger. This discrepancy can be attributed to
several factors affecting film-thickness uniformity during the deposition process, including
the stability of the coating process, variations in evaporation angle, and fluctuations in
vacuum level. These factors are difficult to maintain at theoretical stability levels in actual
coating processes, leading to deviations between the simulation and experimental results.
The more significant discrepancy observed for the MgF, layer can be attributed to its distinct
evaporation behavior and the resulting process sensitivity. Unlike ZrO,, which evaporates
congruently from a melt, MgF, sublimes, necessitating the use of a lower electron-beam
current to achieve stable, spit-free deposition. Consequently, the MgF, deposition process
becomes more susceptible to relative fluctuations in vacuum pressure and beam stability,
amplifying thickness non-uniformity. Additionally, the optical constants of MgF, are more
sensitive to the deposition rate, further contributing to the error between the simulated
optical thickness uniformity and the experimental result.
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(b) ZrO, Thickness Uniformity © MgF, Thickness Uniformity
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Figure 5. (a) Uniformity test conditions, where the red arrow represents the direction from the center
to the periphery. (b) Spectral test results of ZrO, film-thickness uniformity within a 2 m range.
(c) Spectral test results of MgF, film-thickness uniformity within a 2 m range.

Despite these deviations, the thickness uniformity of both films is controlled within
an acceptable range of <£2%, which is crucial for meeting the stringent requirements of
space telescope systems. This study provides an effective method and technical support
for uniform thin-film deposition on large-aperture optical components, demonstrating
significant application value.

3.3. Ion-Assisted Deposition

Subsequently, we investigated the effects of different auxiliary ion energies on ZrO,
films. Single-layer ZrO, films were deposited on quartz substrates, and their spectral per-
formance was characterized using a Lambda 1050 spectrophotometer. Although Figure 6a
shows that the transmittance spectra for films deposited at 1200 V and 1300 V are very
similar, with both exhibiting high transmittance in the ultraviolet band, a decisive difference
was observed in surface morphology.

Figure 6b—f presents the corresponding surface roughness characterized by AFM. The
root mean square (RMS) roughness was calculated from three random points on each
sample, representing the entire surface. The results reveal a clear trend: as the auxiliary
ion energy increased from 1100 V to 1300 V, the film roughness decreased significantly,
reaching an optimal value of 0.17 nm at 1300 V. In contrast, the film deposited at 1200 V
exhibited a much higher roughness of 1.34 nm. This atomically smooth surface achieved at
1300 V is indicative of exceptionally high surface quality, which is crucial for minimizing
light scattering losses and ensuring uniform optical properties across the coating.

Therefore, 1300 V was identified as the optimal auxiliary ion energy primarily based
on this paramount improvement in surface quality. At this energy, ions retain suitable
residual energy upon reaching the substrate, enhancing their mobility to fill voids and
increase packing density. This process simultaneously yields superior surface smoothness
and high transmittance. Conversely, at higher energies (1400 V and 1500 V), excessive ion
bombardment introduces defects, deteriorates roughness, increases absorption, and thus
reduces transmittance [35].
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Figure 6. (a) Transmission spectra of ZrO, thin films deposited under different auxiliary ion energies.
(b) Surface roughness of ZrO, thin film deposited at an ion energy of 1100 V. (c) Surface roughness of
ZrO; thin film deposited at an ion energy of 1200 V. (d) Surface roughness of ZrO, thin film deposited
at an ion energy of 1300 V. (e) Surface roughness of ZrO, thin film deposited at an ion energy of
1400 V. (f) Surface roughness of ZrO, thin film deposited at an ion energy of 1500 V.

3.4. Spectral Performance

Figure 7a presents the reflectance of metal Ag layers with different thicknesses. For
very thin silver films, interference effects may result in relatively low reflectance. When
the silver film thickness increases to a certain range (typically between 50 and 150 nm), the
reflectance approaches its maximum while transmittance decreases significantly. Beyond
this thickness, further increases yield diminishing returns in reflectance enhancement and
may introduce issues such as increased roughness, stress, and compromised mechanical sta-
bility. Therefore, the surface roughness of single-layer Ag films was measured using atomic
force microscopy (AFM) to further investigate the relationship between film thickness and
roughness. It was found that film roughness initially decreases and then increases with
increasing thickness. Figure 7b—d shows the surface roughness of Ag layers with different
thicknesses as measured by AFM.

It was observed that the surface particles of the 700 nm thick film are significantly
larger. This is because the initial stage of film deposition fills the roughness profile of the
substrate surface, thereby reducing surface roughness. When the Ag film thickness reaches
a certain value, its surface roughness becomes approximately equal to that of the substrate.
However, with further increases in Ag film thickness, the surface roughness of the Ag
film begins to exceed that of the substrate. This is primarily due to the increase in the
inherent micro-roughness naturally generated during the film deposition process as the
film thickens. Combined with the spectral curves, it is evident that the increased roughness
leads to enhanced surface scattering, which is the most pronounced in the ultraviolet band,
resulting in a decrease in reflectance. Therefore, the final design selected a deposition
thickness of 120 nm for the metallic Ag layer.

Since the reflectivity of the Ag layer in the ultraviolet band is extremely low, a
multilayer dielectric coating is required to enhance reflectivity in this band [36,37].
High-refractive-index ZrO; and low-refractive-index MgF, were employed for the en-
hancement design targeting the 0.25 pm—-0.38 pm band. Using the Simplex Parame-
ters method in the Essential Macleod (Version 10.2.491) coating design software with
a reference wavelength of 0.25 um, the number and thickness of the dielectric layers
were optimized. Figure 8a,b presents the designed spectral curves, showing an aver-
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age reflectivity Ra(g 5-0.38,:m) = 94.72% in the ultraviolet band and an average reflectivity
Ra 38-12um) = 99-40% from the visible to long-wave infrared bands.

@) o, (b)
15.7nm
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Figure 7. (a) Reflectance of metallic Ag layers with different thicknesses. (b) Surface roughness of the
700 nm thick Ag layer. (c) Surface roughness of the 120 nm thick Ag layer. (d) Surface roughness of

the 30 nm thick Ag layer.
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Figure 8. (a) Design curve of the Ag layer combined with UV-enhancing dielectric layers in the
UV-NIR band. (b) Design curve of the Ag layer combined with UV-enhancing dielectric layers in the
NIR—far-IR band. (c) Measured curve of the Ag layer combined with UV-enhancing dielectric layers
in the UV-NIR band. (d) Measured curve of the Ag layer combined with UV-enhancing dielectric
layers in the NIR—far-IR band.
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Figure 8c,d displays the spectral performance of the fabricated coating as characterized
by a Lambda 1050 spectrophotometer. The measured average reflectivity of the fabricated
coating is Ra(g 25_0.38um) = 91.52% in the ultraviolet band and Ra 38 12:m) = 99-40% from
the visible-to-long-wave infrared bands. It can be observed that random thickness errors in-
troduced during the deposition of the dielectric layers caused a shift between the measured
spectral curve and the designed curve. Nevertheless, the reflectivity in the ultraviolet band
remains above 90%, meeting the application requirements and simultaneously validating
the reliability of the coating structure and its spectral performance.

Based on the aforementioned results, a high-reflectance thin film with ultra-broad
spectral coverage from ultraviolet to long-wave infrared for space applications was suc-
cessfully fabricated using the inner-outer dual-ring co-evaporation method. The measured
results demonstrate that the prepared film exhibits an average reflectance of 91.52% in the
0.25-0.38 um band and an average reflectance of 99.40% in the 0.38-12 pm band. Com-
pared to conventional Ag-only coatings, this composite film significantly improves the
reflectance performance in the ultraviolet spectral region, effectively overcoming the in-
herent deficiency of Ag films in the UV band while satisfying the design requirements
for ultra-broadband high-reflectance coatings. The design philosophy and experimen-
tal outcomes presented in this study provide a solid foundation for the optical coating
design and application in space telescope systems and offer an effective technical path-
way for the development of future space telescopes with larger apertures and broader
spectral coverage.

3.5. Irradiation Capacity Test

Given the complex radiation environment in space, the film’s resistance to total ion-
izing radiation dose was evaluated through a total ionizing radiation dose tolerance test.
Figure 9a shows the Cobalt-60 gamma irradiation facility. The Cobalt-60 gamma irradiation
device has a design capacity of 300,000 curies, with a current activity of 80,000 curies. The
irradiation chamber is circular with a diameter of 6.5 m and a height of 3.5 m. At the center
is a cylindrical source holder with a diameter of 0.32 m and a height of 2.32 m.
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Figure 9. (a) Cobalt-60 y-irradiation test facility. (b) Spectral changes in the thin film before and
after irradiation.
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Figure 9b illustrates the spectral changes in the sample before and after gamma-ray
irradiation using the Cobalt-60 facility. It can be observed that when the total ionizing
radiation dose reaches 3.66 x 108 rad(Si), the change in reflectance of the silicon-carbide-
based reflective coating does not exceed 1%, indicating that it maintains excellent radiation
stability. This dose is orders of magnitude higher than what is accumulated in typical
low-Earth orbit missions (e.g., on the order of 10* rad over years [38]) and reaches levels
relevant to extreme deep-space environments, such as the Jovian system. This indicates that
the coating far exceeds the requirements for most Earth-orbit applications and is suitable
for long-duration deep-space exploration.

4. Conclusions

Focusing on the requirements for ultra-broadband and high uniformity in meter-
class aperture space telescopes, this study successfully designed and fabricated a novel
composite thin film, which significantly enhances reflectance in the ultraviolet band and
effectively addresses the limitations of traditional silver-based coatings. By combining a Ag
layer with ultraviolet-enhancing dielectric layers (ZrO, and MgF;), an average reflectance
of 91.52% was achieved in the 0.25-0.38 pm range and 99.40% in the 0.38-12 um range.
The substantial improvement in ultraviolet reflectance meets the stringent demands for
ultra-broadband, high-reflectance coatings in large-aperture space telescope applications.
The key innovation of this research lies in the precise control of film-thickness uniformity
through an increased number of evaporation sources configured in an inner—outer dual-
ring co-evaporation setup. This approach successfully improved the thickness uniformity
of ZrOy and MgF, films to 1.37% and 3.12%, respectively, within a 2 m range, ensuring the
consistency of the films” optical performance. Furthermore, the coating exhibits outstanding
long-term stability under simulated space radiation conditions, providing crucial technical
assurance for the high-precision observational capabilities of space telescopes over a 10-year
on-orbit operational lifespan. This study lays a solid foundation for the development
of meter-class, ultra-broadband, and highly uniform space optical thin films, offering
a new pathway for the application of high-performance optical coatings in advanced
astronomical instruments.
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