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an X-ray grazing incident optical system and an EUV
multilayer normal incident optical system6,7. The two
systems share a common optical axis and a common CCD
detector. The solar images in the X-ray and EUV bands
are focused onto a common CCD by an optical switching
assembly respectively. The innovative design enables
reduced space and weight for space applications.

X-EUVI is also equipped with a solar X-ray sensor and
EUV sensor, which works regularly to monitor the absolute
solar irradiance and calibrate solar X-ray and EUV images
for solar observation. In addition, X-EUVI has autotracking
and image stabilization functions, which can be used to
track the Sun in real time, rapidly compensate for pointing
deviation, and avoid image blurring caused by other device
disturbances to obtain high-quality images. The X-EUVI is
shown in Fig. 2.
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Fig. 2 The X-EUVI loaded onto the Fengyun-3E Satellite
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Spatial nonlinear optics for securing information
Wen Chen 1✉

Abstract
The high degrees of freedom of light, various optical structures and optical materials can be explored and applied to
develop optical encryption for securing information. An exciting optical image encryption approach has been
proposed based on spatial nonlinear optics.

With a rapid development of modern technologies, it
has been well recognized that information security plays
an important role in many applications, e.g., secured data
storage and communication. Securing information with
optical means has attracted much current attention, since
double random phase encoding1 was proposed. The
remarkable characteristics of optical encryption2–9, e.g.,
parallel processing and multi-dimensional capabilities,
have been continuously explored. For instance, parallel
processing can be realized by using optical devices, and
multiple-dimensional and multiple-parameter capabilities
of the light are explored and applied in optical image
encryption systems.
Various transform domains, optical materials and

optical imaging methods2–9 have been studied for optical
encryption, e.g., digital holography, computer-generated
hologram, diffractive imaging, and ghost imaging. These
designs, infrastructures and algorithms have greatly
enriched optical image encryption field, and make optical
encryption to be feasible and effective in practical appli-
cations. However, it has also been demonstrated and
verified that linearly optical image encryption systems
may be attacked, and security vulnerability could be
detected by using some properly-designed algorithms10,11,
e.g., chosen-ciphertext attack and known-plaintext attack.
Therefore, the breakthroughs need to be continuously
made in the field of optical encryption to achieve high
security and high applicability.

To overcome the challenges, Hou and Situ12 proposed
to apply spatial nonlinear optics for securing information.
Nonlinear characteristic is obtained for optical image
encryption in an optical setup using Sr0.61Ba0.39Nb2O6

(SBN:61) crystal12 as schematically shown in Fig. 1. To
encode an image, two statistically-independent random
phase patterns are embedded into phase-only spatial light
modulators, and the nonlinearity is generated by using
photorefractive crystal in the designed optical encoding
setup. The nonlinear Schrӧdinger transform has been
defined and applied in the proposed optical encryption
approach12.
Regarding misalignment toleration, robustness against

noise and effect of nonlinearity strength, the analysis has
been conducted in detail to show good performance of the
proposed nonlinear encryption approach12. It is also
demonstrated that owing to self-phase modulation effect
of photorefractive crystal, the proposed approach is
robust against known-plaintext attack. In addition, the
proposed nonlinear encryption approach can withstand
deep learning-based attacks, since plaintext-dependent
strategy is integrated into the designed optical encryption
system. The work in Ref. 12 sheds light on optical infor-
mation security based on spatial nonlinear optics.
In optical encryption, there are still some significant

challenges that deserve more attention and effort to
overcome, and high encoding capacity, high applicability
and high security are desired. Various optical para-
meters, optical structures and optical materials, e.g.,
metasurface, can be continuously designed and applied
to realize high-capacity and high-security nonlinearly
optical encryption. With the development of optical
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instruments and nanomaterials, it can be expected that
high-speed data decoding using an optical way could
also be feasible. The continuously-developed new con-
cepts can create a new era of optical encryption.
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Fig. 1 System nonlinearity. Schematic of the nonlinearity generated
by using photorefractive crystal in optical encryption
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Gas fiber lasers may represent a breakthrough in
creating powerful radiation sources in the mid-IR
Andrey Pryamikov1✉

Abstract
Continuous wave fiber laser created on the basis of silica glass negative curvature hollow core fiber filled with HBr
make it possible to obtain efficient narrow linewidth mid-IR emission with a maximum laser power of about 500 mW
at wavelength of 4200 nm. It is for the first time that emission from a continuous wave fiber laser have been achieved
at a wavelength of 4496 nm with the largest tuning range of 686 nm.

It is well known that creation and development of dis-
crete and tunable sources of the mid - IR laser radiation
has a very long history. The basis of mid-IR photonics was
laid when creating quantum cascade lasers1, vibronic-
state lasers2 and optical parametric oscillators3. All these
types of solid- state mid-IR lasers have their advantages
and disadvantages. For example, quantum cascade lasers
which were built out of quantum semiconductor struc-
tures can cover the spectral range from the mid-infrared
to the sub-millimiter spectral region in the continuous
wave (CW) mode. But, the heat issue generates serious
challenges for creating of high-power mid-infrared light
sources. Although the other above-mentioned solid-state
laser sources in the mid-IR spectral range have an effi-
ciency sufficient for commercial applications, significant
disadvantages4 such as a narrow linewidth and linear
polarized excitation for parametric generation are still
widely exists.
Over the last decade, the development of high-power

fiber lasers operating in the mid-infrared spectral range
has grown massively, partly thanks to a rapidly maturing
technology of soft-glass fiber fabrication5. Optical fibers
made of soft glasses have significantly lower phonon
absorption in the mid-IR spectral range compared to
optical fibers made of silicate glass or rare-earth-doped
silica glass fibers and, accordingly, significantly lower
material losses6. This factor makes it possible to actively

use them to create power fiber lasers in the mid-IR4. Fiber
lasers based on fluoride glasses have proved particularly
successful7. For example, erbium - doped fluorozirconate
glass fibers allowed to generate 30 Watt mid-infrared laser
output power at a wavelength near 3 μm8 and watt-level
fiber laser output power at wavelengths up to 3.55 μm9

(Fig. 1). The longest wavelength generation in the mid-IR
from the fluoride fiber laser was obtained at a wavelength
of 3.92 μm using a heavily holmium-doped fluoroindate
fiber at CW output power of 200 mW7 (Fig. 1). Despite
such an impressive result, since then no new record values
of CW output power at wavelengths at and beyond of
4 μm have been obtained in fluoride fiber lasers which is
primarily due to high quantum defect, thermal manage-
ment and fiber failure10.
The situation in the field of fiber lasers operating in the

mid-IR spectral range began to change dramatically with
the development of hollow core fiber technology. This was
especially evident after the creation of the so called “nega-
tive curvature” or “anti-resonant” hollow core fibers11–13

(Fig. 2). They had promising optical properties which
allowed to transmit light in the mid-IR spectral range even
in fibers made of silica glass14. The transmission spectrum
of these hollow core fibers with a cladding consisting of
capillaries has a band structure. The interaction of low
order air core modes is extremely small with the cladding at
a sufficiently large value of the air core diameter near the
centers of the transmission bands15. The new type of gas-
filled hollow core fiber lasers created on their basis and
made of silica glass were devoid of the disadvantages that
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