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Abstract: In this study, a pretreatment method for improving the radiation resistance of Er-Yb co-
doped silica fiber (EYDF) is proposed. EYDF is the object in this method and is processed by two
steps, including deuterium loading and pre-irradiation. The effects of pretreatment conditions on
the laser performance and radiation resistance of EYDF were systematically studied. An online
irradiation experiment setup was utilized to evaluate the radiation resistance of EYDF. The results
demonstrate that the pretreatment can significantly improve the radiation resistance of EYDF, with
minimal impact on the laser output power and slope efficiency. Specifically, the radiation-induced
gain variations in the pristine fiber and the pretreated fiber with a cumulative dose of 240 krad were
3.13 dB and 1.81 dB, respectively. Additionally, the high-vacuum experiments show that the proposed
pretreatment method can maintain a long-term stable radiation resistance improvement in the fiber.
This study provides a method to improve the radiation resistance of EYDF for space applications.
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1. Introduction

Over the past few decades, Er-Yb co-doped fiber (EYDF) and its amplifier (EYDFA)
have been widely used in various fields such as LiDAR [1-3], atmospheric detection [4,5],
remote sensing [6-8], space optical communication [9-11], deep space detection [12], and
other fields due to their exceptional signal amplification and laser performance near the
1.55 um band. However, when the device is exposed to harsh radiation in the space
environment, its output power declines sharply [13]. A study has confirmed that during
the irradiation process, the increasing loss of the active fiber in the device is the primary
reason for the reduction in output power [14]. Co-doped elements such as Al and P are
generally incorporated in active fibers to inhibit clusters or improve laser performance [15].
However, these elements tend to induce the formation of color centers during the irradiation
process [16], leading to additional absorption bands. Some of these absorption bands will
cover the operating laser wavelength of the active fiber, thus directly affecting its laser
performance [17].

In order to improve the radiation resistance of EYDEF, several methods have been
proposed [18]. Early studies have established that Ce co-doping can significantly improve
the radiation resistance of active fiber [13,19-21] and is widely used in the preparation
of radiation-resistant fiber. Furthermore, loading H,/D; in the active fiber core can also
significantly improve the radiation resistance of the active fiber [19,22-25]. The gas loading
process is compatible with the Ce co-doping process and can be simultaneously used
to further improve its radiation resistance. Nevertheless, Hy/D; molecules can easily
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escape from the fiber at normal temperatures and pressures, and their radiation resistance
decreases significantly after several weeks [23,26]. To suppress gas escape, Zotov et al.
proposed a method that employs carbon coating [23], which prolongs the life span of
Hj-loaded fiber several times. Girard et al. further proposed a hole-assisted carbon-
coated structure [24,26] that loads Hy /D, into the fiber core through the air holes in the
cladding, reducing the radiation sensitivity of the erbium-doped fiber amplifier (EDFA)
to 2.2 mdB/krad. However, these methods have additional requirements for the special
fiber structure. Furthermore, it is too complicated and challenging to prepare a double-clad
structure fiber [24].

In previous studies [27-29], it was found that the hydroxyl (OH-) groups generated in
the Hj-loaded fiber can improve the radiation resistance of pure silica fibers to a certain
extent. However, these groups were found to seriously affect the laser performance of
EYDF [30]. Since hydrogen and deuterium are isotopes, an erbium-doped fiber (EDF)
preform pretreated by D, loading, pre-irradiation, and thermal annealing was drawn into
the fiber and tested in some previous studies [31,32]. It was confirmed that D; solidified
in the fiber core with the deuteroxyl (OD-) form after pre-irradiation. OD- was found
to improve the radiation resistance of YDF and EDF to some extent while having little
impact on the laser performance of the fiber. However, the preform pretreatment method
must be used in the fiber preparation process, which is inconvenient compared to a fiber
pretreatment method, and the effect of OD- groups on the laser performance and radiation
resistance of EYDF has not been reported.

In this paper, in order to improve the radiation resistance of active fiber, referring
to the preform pretreatment method in previous studies [31,32], homemade EYDFs were
pretreated directly by two steps, including D, loading and pre-irradiation. The pretreated
fibers were subjected to vacuum treatment to facilitate the escape of free D, molecules
in the fiber. The effect of pretreatment on the laser performance and radiation resistance
of EYDFs was studied by comparing the absorption, laser performance, and radiation
resistance of the pristine and pretreated fibers.

2. Experimental Details

A homemade radiation-resistant Er/Yb/P/Al/Ce co-doped silica fiber with a double-
clad octagonal geometry was prepared using MCVD technology, and the main available
characteristics of the fiber are reported in Table 1. The Ce was co-doped to improve its
radiation resistance.

Table 1. Characteristics of the EYDF.

Parameter Value
Core diameter 12 um
Clad diameter 125 um
Coating diameter 215 um
Core NA 0.19
Cladding NA 0.46
Clad absorption @ 915 nm 1.9dB/m
Core absorption @ 1536 nm 40 dB/m

The flowchart of the pretreatment method is presented in Figure 1, and the fibers were
divided into five groups for testing. One group was used for contrast experiment (labeled
Pristine), while the other four groups underwent a D; loading process at 60 °C and 5 MPa
for 72 h (loaded under a high temperature and pressure to accelerate diffusion into the fiber
core). Then, three of these groups were irradiated with X-rays at a dose rate of 1 krad /min
with total doses of 50, 160, and 240 krad, respectively (to stabilize the D, molecules in the
fiber core and prevent diffusion out of the fiber). Finally, all D,-loaded fibers were placed
in a vacuum environment of 50 °C and <1 Pa for 168 h (to verify whether D, molecules
were stable in the fiber). The groups of D;-loaded fibers were labeled R0, R50, R160, and
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R240 according to their pre-irradiation dose. Table 2 briefly describes the pretreatment
differences between the five groups of fibers.
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Figure 1. Flowchart of the pretreatment method.

Table 2. The pretreatment process corresponding to the five groups of fibers.

Sample D2-Loading Pre-Irradiation Vacuum Treatment
Pristine X X X
RO Vv X V4
R50 Vv 50 krad Vv
R160 Vv 160 krad Vv
R240 Vv 240 krad vV

To investigate the effect of the pretreatment on the laser performance of EYDEF, the
absorption spectra and the slope efficiency of all fibers in the 1.55 pm band were measured.
The setup used for the absorption test is illustrated in Figure 2a. The broadband light
source was the stabilized tungsten-halogen light source (Thorlabs Inc., Newton, NJ, USA),
the spectrometer was the optical spectrum analyzer (OSA, YOKOGAWA-AQ6370C), and
the passive fiber was SMF-28e. The absorption spectra were measured using the cutback
method. Figure 2b shows the setup used for the slope efficiency test, and the irradiation
source was turned off. First, a 1.55 um signal with a power of ~10 mW was generated
by a distributed feedback laser diode (DFB-LD) and amplified to ~150 mW by the EDFA
for subsequent tests. Then, the amplified signal was injected into the EYDF after passing
through an isolator. The EYDF was pumped by a backward 940 nm multimode laser diode
(MM-LD), with a maximum power of about 11.33 W. Finally, the output signal was obtained
and tested by a power meter after passing through a high-power isolator.

@) EYDF
Passive Passive
Fiber @ Fiber e)
[ ]] ~25 cm * —
Broadband Optical Spectrum
Light Sources  ----- N Analyzer

MM-LD
940nm

DFB-LD
1550nm

940/1550 nm

D

Figure 2. (a) The setup used for the absorption test; (b) the setup used for the efficiency and radiation
resistance tests.
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To assess the effect of the pretreatment on the radiation resistance of EYDEF, an online
irradiation experiment was set up, as shown in Figure 2b. The EYDFs were exposed to
X-ray irradiation with a dose rate of 100 rad /min and a total dose of 10 krad, and variations
of the output power during the process were recorded. X-ray was produced by a 160 kV
and 3000 W X-RAD 160 X-ray source (Precision X-Ray Inc., Madison, CT, USA) with a
tungsten target. Only the EYDF was exposed to X-rays during the online test to prevent
any effect on the measurement instrument.

3. Results and Discussion

To evaluate the effect of pretreatment on the fibers, the absorption spectra and the
slope efficiency were tested. The absorption spectra of the pristine and pretreated EYDFs at
1500-1600 nm are shown in Figure 3a. It was observed that the spectra of all fibers were
similar, indicating that the spectral properties of the EYDF were not significantly affected
by the pretreatment process. Figure 3b shows the output power of fibers with the increase
in pump power. The output power of the pristine fiber can reach 3.96 W, with a slope
efficiency of 35.9% under 11.33 W pumping. The output powers of the pretreated R0, R50,
R160, and R240 fibers were 3.89 W, 3.85 W, 3.68 W, and 3.63 W, with slope efficiencies of
35.5%, 35.2%, 33.6%, and 33.2%, respectively, under the same test conditions. The fiber
(R240) irradiated by a total dose of 240 krad resulted in a reduction of only 2.7% in the slope
efficiency. These results suggest that the pretreatment slightly affects the laser performance
of fibers.
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Figure 3. (a) The absorption spectra of all fibers near the 1.55 um band; (b) slope efficiency of all fibers.

Figure 4 shows the gain variations in the EYDFs with an increasing cumulative X-ray
dose. During the experiment, all conditions, such as the signal power, the pump power, and
the length of EYDFs, remained the same. The output power of all groups was 2.4 £ 0.2 W
before irradiation. After irradiation, the gain of the Pristine and RO decreased by 3.22 dB
and 3.12 dB, respectively. The gain variation in R0 was very close to Pristine, indicating that
the D; loaded in the fibers was entirely consumed during the vacuuming process. The gain
variations in R50, R160, and R240 were 2.68 dB, 2.35 dB, and 1.81 dB, respectively. The gain
variation in R240 was 1.4 dB lower than that of the pristine fiber, which confirms that the
pretreatment method effectively improved the radiation resistance of EYDEF. Furthermore,
the radiation resistance was observed to improve with an increasing pre-irradiation dose.
These results suggest that the pre-irradiation process made D, molecules stable in the fiber,
permanently improving its radiation resistance.



Photonics 2023, 10, 414

50f8

Dose (rad)

0 5000 10,000
-0.5 T

T
| Recovery
|
i

Gain Variation (dB)
| |
S L

Pristine

-35 . i
0 50 100 150

Time (min)
Figure 4. Radiation-induced gain variation in the fibers.

According to a previous study [33], during irradiation, matrices in the rare-earth-
doped silica glass (such as 5i0;, Al,O3, and P,0Os) can lead to the creation of color centers,
introducing a new energy level for the energy band [34]. As a result, additional absorption
is generated in the visible and near-infrared regions, and its extension can even cover 2 pum,
including the operating laser wavelength of EYDEF, thereby affecting its laser performance.

An improvement in the radiation resistance of the pretreated fiber was mainly related
to OH- and OD- groups. As shown in Figure 5, the first and second overtone center
wavelengths of OH- groups were located at 1.38 and 0.95 um [35,36], respectively. Their
extended bands covered the operating laser wavelength of Er** ions at ~1.55 um and
Yb** ions at ~1 pum, affecting the laser performance of EYDF. After loading D, and pre-
irradiation treatment, the unstable D, molecules interacted with OH- to form new chemical
bonds (such as Si-OD and Si-D) in the silica network [32], reducing the OH- group content.
Although OD- group will also increase the absorption of the fiber, the first and second
overtone center wavelengths of OD- groups were located at 1.89 and 1.26 um [35-37],
respectively. They were far away from the operating laser wavelength of EYDF compared
to OH- groups. The OD- and D- groups in the glass network were unstable and easily
photolyzed in the irradiation environment [31,38]. A study confirmed that deuterium
radicals (D-) photolyzed by irradiation could effectively bleach the radiation-induced
dangling bond defects [39]. Therefore, the pretreatment process can effectively suppress
the creation of dangling bond defects in the fiber during irradiation.

Pump wavelength Laser wavelength
1st overtone
of OH
2nd
overtone
of OH
2nd overtone
of OD
1st overtone
of OD

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 5. Main absorption peaks of OH- and OD- groups in the fiber.
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4. Conclusions

In conclusion, a pretreatment method, involving deuterium loading and pre-irradiation,
is proposed, which can permanently improve the radiation resistance of the EYDF without
affecting its laser performance. By comparing the fiber core absorption spectrum and the
slope efficiency, the pretreatment process will not significantly impact the laser perfor-
mance of the fiber. The radiation resistance test proves that the pretreatment process can
improve the radiation resistance of the fiber, and with the pre-irradiation dose increasing,
the radiation resistance is improved. All pretreated fibers were treated in the same vac-
uum environment to evaluate the time stability of the radiation resistance. The results
of the radiation resistance experiment show that the pretreatment can bring a permanent
improvement in the radiation resistance of the fiber.
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