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Abstract: To improve the radiation resistance of Yb-doped fiber lasers, we investigate the influence
of pre-radiation and photo-bleaching on the gamma-radiated laser’s performance. When the gamma
radiation dose is within 10 krad(Si) with a radiation dose rate less than 0.4 rad(Si)/s, compared
to the output power of a non-pre-radiated Yb-doped fiber laser, the pre-radiation technique could
enhance the radiation resistance against gamma-ray. However, the mode instability threshold was
decreased, which was caused by the cumulated radiation-induced attenuation of pre-radiation and
radiation. Based on an electronic probe micro-analyzer, the Yb-doped active fiber was Yb-doped
aluminophosphosilicate ternary fiber; therefore, the radiated defects were mainly hole-related defects.
A laser diode centered at 532 nm was chosen as the photo-bleaching laser source, which could recover
45.2% of the radiated-induced attenuation and increase the mode instability threshold. This work
demonstrates the influence of pre-radiation and photo-bleaching on the radiation resistance against
the gamma-ray of Yb-doped fiber lasers, which are of significance in the design and fabrication of
related fiber lasers.

Keywords: Yb-doped fiber; fiber laser; gamma radiation; pre-radiation; photo-bleaching

1. Introduction

In recent years, due to the superior characteristics of low quantum defect, the favorable
band structure of trivalent Ytterbium (Yb3+) ions, and good beam quality, Yb-doped silica
fibers have been considered the ideal amplifying medium for high-power fiber lasers and
amplifiers [1–6]. Yb-doped fiber lasers have rapidly expanded their market shares in the
commercial laser region and have been widely used in scientific research and industrial
processing areas [7–20]. For different working environments, the Yb-doped fiber lasers
should be specially designed, such as satisfying the demands of anti-interference and
anti-vibration requirements [15]. When operating in an ionizing radiation environment,
such as nuclear power plants and radiotherapy facilities, the Yb-doped fiber lasers should
be designed with an anti-radiation ability [21–23].

For high-power Yb-doped fiber lasers, which benefited from the tremendous improve-
ment in the material component design and fabrication technology, the output power scale
has exponentially increased to tens of kilowatts [11–13]. However, the photodarkening (PD)
effect is inevitable for Yb-doped fiber lasers operating at high output power. PD would in-
duce additional absorption in the UV and visible wavelength range with an absorption tail
overlap with the pump wavelengths of Yb3+, caused by the formation of defects [24]. When
operating in an ionizing radiation environment, the durability of high-power Yb-doped
fiber lasers would be faced with more serious challenges [22,23]. Besides the PD effect,
high-power Yb-doped fibers would suffer from a more severe output power decrease and
the additional absorption, known as the radiation-darkening (RD) effect [22–29]. S. Girard
et al. found that the additional absorb intensity of rare-earth-doped fiber is approximately
three orders of magnitude higher than that of non-rare-earth-doped passive fibers [22].
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Therefore, improving the radiation resistance of high-power Yb-doped fiber lasers is of
research and practical significance.

Numerous approaches to improve the radiation resistance of Yb-doped fibers have
been proposed, which were mainly separated as the anti-radiation design before ionizing
radiation and the bleaching recovery method after ionizing radiation. The material design
of Yb-doped fibers to improve the radiation resistance is the most promising approach. For
the Yb-doped aluminophosphosilicate ternary fiber, L. Hu et al. discovered that changing
the P/Al ratio would influence the degree of RD effect and the kinds of radiation-induced
defects [22]. Keeping the elemental concentration of P > Al benefits the radiation resistance
and lightens the reduction of Yb3+ ions affected by radiation, according to their research.
For the Yb/Ce-codoped aluminosilicate binary fiber, N. Dai et al. found that doing Ce3+/4+

ions could greatly improve the radiation resistance against gamma-ray of Yb-doped glasses
without obvious impact on the absorption properties [29]. However, the negative effects
of Yb-doped fibers’ material design are not neglectable. When the concentration of P is
larger than Al, the absorption and emission cross-section would be decreased, leading to a
degradation in the laser performance of Yb-doped ternary fibers [22]. For Yb/Ce-codoped
binary fibers, the fluorescence intensity and lifetime of Yb3+ ions would be significantly
decreased by a high concentration of Ce3+/4+ ions [29], and the interaction between Yb3+

and Ce3+/4+ ions would induce additional thermal load. Therefore, the material design
approach still needs abundant experiments and data accumulation. Moreover, pre-radiation
and photo-bleaching methods, considered to be key techniques in the relevant research
field, are effective and easy to achieve [30–34].

The pre-radiation technique was proven to be quite effective at low output power [30,31].
D.L. Griscom found that extrinsic color centers of pure-silica-core optical fibers were even-
tually eradicated after a synthetic treatment of ultra-high dose gamma radiation and visible
light fluence, and the hardening ability against radiation of this fiber was improved [30].
A. Yeniay demonstrated a method to enhance the radiation hardness of the fibers with
respect to induced optical loss by a combined treatment of pre-radiation exposure and
thermal annealing, which are applied in a low dose gamma radiation environment, such as
in satellite communication systems [31]. The influence of pre-radiation on the radiation
resistance of high-power fiber lasers also needs to be further researched. On the other
hand, the cumulated radiation-induced attenuation caused by pre-radiation and radiation
would contribute to some negative effects at high output power, such as additional thermal
load and the mode instability (MI) effect [35–37]. The crucial factor of the photo-bleaching
technique is the choosing of bleaching lasers’ wavelength, which should be effective enough
to bleach the radiation-induced defects, while should not cause additional defects of silica
fiber [32–34]. Researching the influence of pre-radiation and photo-bleaching on the radia-
tion resistance against gamma-ray of high output power Yb-doped fiber lasers is urgent
and meaningful work.

In this work, we mainly radiated the Yb-doped fiber amplifiers and kept the seed’s
state steady. With the same gamma radiation dose, the power reduction of pre-radiated
fiber laser is approximately 9.80%, less than the 11.10% in the non-radiated fiber laser.
Whereas, the cumulated radiation-induced attenuation indeed caused the MI effect, which
was observed from the time domain and frequency signal of the output laser. Through
the subsequent photo-bleaching process, the output power of pre-radiated fiber laser was
further recovered by 80 W, and the MI effect also disappeared. With the radiated Yb-doped
fibers bleached to their saturation state, the radiation-induced absorbing intensity at 640 nm
approximately decreased by 45.2%. This research is of great significance in the design and
fabrication of related fiber lasers or amplifiers against gamma radiation.

2. Experiments
2.1. Laser Setup

In this research, the commercial Yb-doped fiber (Nufern-976-20/400) was used as the
active fiber in the fiber laser system. Using gamma-ray radiation at a dose of 5 krad(Si),
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the pre-radiated Yb-doped fiber was processed and fabricated into a pre-radiated fiber
laser, while the non-pre-radiated fiber laser was fabricated by the Yb-doped fiber without
pre-radiation. Except for the active fiber, both fiber lasers had the same configuration, as
shown in Figure 1. Output power of the seed laser from the homemade 1060 nm oscillating
cavity was about 10 W, with a narrow 3 dB bandwidth of 0.1 nm. The seed laser was
followed by a high-power optical isolator (ISO, HPI-1064-20W, provided by Advanced
Fiber Resources, Inc.) to isolate backward light and protect the oscillating cavity seed.
A mode-field adaptor (MFA, fabricated by Raycuslaser, Inc., Wuhan, China) connected
the seed with the amplifier stage, matching the core/cladding size of 10/125 µm in the
oscillator stage and 20/250 µm in the combiner’s signal fiber. The (6 + 1) × 1 combiner
(fabricated by Raycuslaser, Inc., Wuhan, China) injected the seed laser into the active fiber
together with the 976 nm amplifier pump light. The pump power of non-pre-radiated and
pre-radiated fiber lasers was 1277 W and 1089 W, respectively. The length of both active
fibers was 12 m, and a counter-pump (6 + 1) × 1 combiner (fabricated by Raycuslaser,
Inc., Wuhan, China) provided the potential ability to further expand the pump power
in fiber lasers. A cladding light stripper (CLS, fabricated by Raycuslaser, Inc., Wuhan,
China) was used to stripe the residual pump, and a quartz blockhead (QBH, fabricated by
Raycuslaser, Inc., Wuhan, China) was spliced to deliver the output laser. The output power
was measured with a 10 Kw power meter (10K-W-BB-45, Ophir Inc., Littleton, CO, USA).

Figure 1. Schematic diagram of the Yb-doped fiber laser system.

2.2. Radiation and Photo-Bleaching Experiment

Both the non-pre-radiated and pre-radiated fiber lasers were radiated with the gamma-ray
from a 60Co source of Beijing Normal University in a normal atmosphere at room tem-
perature. The performance of both fiber lasers was researched and recorded when their
radiation dose reached 1 krad(Si), 3 krad(Si), and 10 krad(Si), respectively. In the previous
two radiation experiments, the dose rate was 0.1 rad(Si)/s, while the dose rate of the last
experiment was increased to 0.4 rad(Si)/s to compress the radiation duration. The proper-
ties of pre-radiated and non-pre-radiated fiber lasers were contrastively investigated, such
as output power, output laser spectra, laser’s central wavelength, and 3 dB bandwidth, to
research the improvement of pre-radiation on the radiation resistance against gamma-ray.

To identify the crucial doping elements in the fiber core, the radial elemental concen-
tration was researched with an electronic probe micro-analyzer (EPMA). Wavelength of the
photo-bleaching laser has a tremendous influence on the bleaching effect of radiated fiber
lasers. The 532 nm laser is considered an ideal photo-bleaching laser source, with the ability
to convert Yb2+ ions into Yb3+ ions and simultaneously eliminate hole-related defects such
as AlOHC and POHC [34,38]. In this work, 532 nm light from the photo-bleaching LD
fabricated by the Institute of Semiconductors (China Academy of Science, Beijing, China)
with the maximum power of 6 W was injected from a pump fiber of the counter-pump
combiner into the radiated fiber laser to investigate the photo-bleaching effect. Moreover, a
532 nm laser was also injected into the radiated Yb-doped commercial fiber to investigate
the variation of absorption spectra.
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3. Results and Discussions of Pre-Radiation
3.1. Output Power

Output power reduction is the most obvious radiation-induced effect on fiber lasers.
We investigated the linear relationship between output power and pump power of both
fiber lasers. We also fitted the linear relationship to compare the slope efficiency at different
radiation doses, as shown in Figure 2. The linear relationship was presented by the dotted
lines, and output power with its error bar was also demonstrated with the hollow symbols
in Figure 2. For the non-pre-radiated fiber laser with 0 krad(Si), the output power was
about 1065 W with a slope efficiency of 82.6%, as shown in Figure 2a. When the cumulated
radiation dose reached 1 krad(Si) and 3 krad(Si) with a dose rate of 0.1 rad(Si)/s, output
power of the non-pre-radiated fiber laser hardly decreased, with the corresponding slope
efficiency of 83.2% and 82.0%, respectively. When the radiation dose rate increased to
0.4 rad(Si)/s and the cumulated radiation dose reached 10 krad(Si), the output power
rapidly decreased to 946 W with a slope efficiency of 74.1%.

Figure 2. Output power of fiber lasers at different radiation doses, (a) the non-pre-radiated fiber laser,
(b) the pre-radiated fiber laser, hollow symbols for the output power and the corresponding error
bars, black dotted lines for the fitted linear relationship of 0 krad, yellow dotted lines for the fitted
linear relationship of 10 krad.

For the pre-radiated fiber laser with 0 krad(Si), the output power was approximately
878 W with a slope efficiency of 79.8%. When the cumulated radiation dose reached
1 krad(Si) and 3 krad(Si), the output power was slightly decreased, with the corresponding
slope efficiency of 79.8% and 78.6%, respectively. When the cumulated radiation dose
reached 10 krad(Si) with the rate of 0.4 rad(Si)/s, the output power decreased to 792 W
with a slope efficiency of 72.1%, as shown in Figure 2b.

The output power performance at different cumulated radiation doses was shown
in Figure 3. When the cumulated radiation reached 10 krad(Si), the output power of
the non-pre-radiated fiber laser decreased to 88.8% with the reduction of 119 W, while
the pre-radiated fiber laser decreased to 90.2% with the reduction of 86 W. Compared to
the non-pre-radiated fiber laser, the output power of the pre-radiated fiber laser was less
reduced, which presented a higher radiation resistance. Whereas, the mode instability effect
was observed in the pre-radiated fiber laser, caused by the cumulated radiation-induced
attenuation of pre-radiation and radiation.
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Figure 3. Output power of fiber lasers at different radiation doses, black solid line for the
non-pre-radiated fiber laser, red dashed line for the pre-radiated fiber laser, hollow symbols for
the output power variation, and the corresponding error bars.

When the cumulated radiation dose reached 10 krad(Si) and pump power reached
the maximum, the output power of the pre-radiated fiber laser presented fluctuation.
Measured with a highspeed Si Biased photodetector (DET02AFC, provided by Thorlabs
Inc., Newton, NJ, USA) with a detection range of 400~1100 nm and a mixed domain
oscilloscope (MDO3054, provided by Tektronix Inc., Beaverton, OR, USA) with a sampling
rate of 2.5 GS/s, the time domain and frequency signals of the output laser were analyzed,
as shown in Figure 4. The voltage fluctuation could be observed on the millisecond scale
in the time domain, and peaks around 5 kHz could also be recognized in the frequency
domain. From the time and frequency domain analysis, the mode instability effect of the
pre-radiated fiber laser in this state could be confirmed [36,37]. When the output power of
a fiber laser exceeds a certain threshold power, the mode instability effect occurs when the
output laser’s mode changed from a stable fundamental mode to an unstable mode. The
energy between different modes is dynamically coupled at a millisecond scale, resulting in
sudden degradation of the directionality and beam quality of the output beam. The time
domain characteristics of typical mode instability effects exhibit periodicity at a millisecond
scale, and the frequency domain exhibits a coupling frequency on the kHz level, consistent
with the results in Figure 4.

Figure 4. (a) Time domain and (b) frequency domain properties of the output laser in pre-radiated
fiber laser.

3.2. Spectral Properties

Besides the output power reduction, radiation would also influence the spectral prop-
erties of the output laser. We measured the output laser’s spectra at different output
powers pumped by a 976 nm LD and with different radiation doses per the Telecom Op-
tical Spectrum Analyzer (OSA, AQ6370D, from Yokogawa Inc., Musashino City, Japan).
Figure 5a presents the output laser spectrum at 946 W of the non-pre-radiated fiber laser
with 10 krad(Si) radiation. The central wavelength is 1060.25 nm with a narrow 3 dB band-



Appl. Sci. 2023, 13, 6146 6 of 11

width of 0.1258 nm, and the suppression ratio reached 30.0 dB between the signal peak and
the Stimulated Raman Scattering (SRS) peak centered at 1113 nm. As a kind of non-linear
effect, the intensity of the SRS peak is related to the fiber length and output power. The
insert of Figure 5a is the signal peak with a narrow wavelength range. Figure 5b presents
the output laser spectrum at 792 W of the pre-radiated fiber laser with 10 krad(Si) radiation,
showing the same central wavelength with a narrow 3 dB bandwidth of 0.1258 nm. The SRS
suppression ratio was also 30.0 dB. With the same radiation dose, pre-radiation treatment
has little influence on the spectral property of radiated fiber lasers.

Figure 5. The output laser spectra of (a) non-pre-radiated fiber laser radiated by 10 krad(Si),
(b) pre-radiated fiber laser radiated by 10 krad(Si), inserts present the laser spectra within a nar-
row wavelength range.

The spectral properties at different cumulated radiation doses were measured, as
shown in Figure 6. The central wavelength of both fiber lasers slightly fluctuated within
the range between 1060.22 nm and 1060.26 nm. Due to the seed laser not being radi-
ated with gamma ray, the fluctuation mainly originated from a testing error or a tiny
change in environmental conditions. With the radiation cumulated, 3 dB bandwidth of
the non-pre-radiated fiber laser slightly decreased from 0.1450 nm to 0.1258 nm, and 3 dB
bandwidth of the pre-radiated fiber laser decreased from 0.1481 nm to 0.1258 nm. The
SRS suppression ratio also changed, within the range of 28.9 dB to 31.4 dB. Considering
the measuring accuracy of the spectrograph and the experimental error during the test, it
can be concluded that the radiation dose at this level has little influence on the spectral
properties, such as the central wavelength, 3 dB bandwidth, and SRS suppression ratio.

Figure 6. Spectral properties of fiber lasers at different radiation doses, (a) the central wavelength
and 3 dB bandwidth of the output laser (arrows represent the coordinate axis corresponding to the
lines), (b) the SRS suppression ratio of the output laser.

In summary, within the current radiation dose range (less than 10 krad), the main
influence mechanism of radiation on fiber lasers is the radiation-induced attenuation effect.
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The obvious output power reduction can be observed, while there is no significant change
in spectral properties. When the gamma radiation dose is within 10 krad, pre-radiation
treatment can slightly strengthen the radiation resistance of high-power fiber lasers against
gamma-ray, as proven in Figure 3. The reason pre-radiation enhances the radiation re-
sistance of Yb-doped fibers is partly related to the increasing OH, which originated from
the reaction of H+ ions from the fibers’ coating layer radiated with gamma-ray and the
intrinsic SiO2 units in fiber [38–40]. Whereas, the mode instability threshold would de-
crease at high-power output states, due to the cumulated radiation-induced attenuation
of pre-radiation and radiation, which needs to be comprehensively considered before the
pre-radiation treatment is implemented.

4. Results and Discussions of Photo-Bleaching
4.1. Output Power

In material science, it is usually necessary to study and observe the morphology and
chemical composition of samples at the micrometer scale. Radiation resistance of Yb-doped
fibers is closely related to the fibers’ doping elements. The type of commercial Yb-doped
fiber in this research is Nufern-976-20/400, presenting a stronger radiation resistance than
the Yb-doped aluminophosphosilicate ternary fiber in our previous work [41]. Therefore,
an EPMA was applied to identify the crucial doping elements in this commercial Yb-doped
fiber core. EPMA is a relatively mature testing instrument, which uses an electron beam to
excite the intersecting surface of Yb-doped fiber samples and perform feature analysis on
various signals generated. Carbon needs to be sprayed on the intersecting surface of fiber
samples to make it conductive.

The radial elemental concentration of Al2O3, P2O5, and Yb2O3 was measured to
be 1.13 mol%, 2.20 mol%, and 0.15 mol%, respectively, as shown in Figure 7. With the
molar ratio of (Al + P)/Yb being more than 22:1, Yb ions could be sufficiently dissolved
in the fiber core area, which would prevent Yb ions from clustering and increase the
fluorescence lifetime [42–44]. The concentration of P is approximately twice that of Al,
which is helpful to improve the radiation resistance, due to the formation of [AlPO4] units
with a large charge-compensating effect, and excess P formed a solvation shell surrounding
Yb3+ ions [22].

Figure 7. Radial elemental concentration profiles in the Yb-doped commercial fiber core, (a) Al2O3

and P2O5, (b) Yb2O3.

Due to the ability to convert Yb2+ ions into Yb3+ ions and simultaneously eliminate
the hole-related defect [34,38], the 532 nm laser was suitable as a photo-bleaching source for
the radiated Yb2O3-Al2O3-P2O5 ternary fiber. To investigate the bleaching effect, 532 nm
light was fed into the pre-radiated fiber laser with 10 krad(Si) radiation, as shown in
Figure 8a. The power of 532 nm light was 5 W, and the photo-bleaching duration lasted 2 h.
After the bleaching treatment, we measured the output power of the fiber laser, as shown
in Figure 8b. The output power of the pre-radiated fiber laser partly recovered with an
increase of 26 W, and the slope efficiency also recovered to 74.8%. The research indicated
that part of the radiation-induced defect was bleached by 532 nm light, and the output
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power has been correspondingly increased while the radiation-induced thermal load partly
decreased. Time and frequency domain signals of the output laser were also investigated
by the combination of the above-mentioned highspeed photodetector and oscilloscope,
which proved no MI effect existed at this pump power. In this research, the MI threshold
raised approximately 227 W through the photo-bleaching treatment of 532 nm light.

Figure 8. Photo-bleaching treatment of the pre-radiated fiber laser with 10 krad radiation, (a) ex-
perimental setup, (b) output power performance, hollow symbols for the output power and the
corresponding error bars.

4.2. Spectral Properties

To further investigate the photo-bleaching mechanism, the absorption spectra of a
radiated Yb-doped fiber were measured. The 13 m long Yb-doped fiber was radiated
with 7 krad(Si) gamma-ray, and the radiated Yb-doped fiber was subjected to multiple
accumulated photo-bleaching treatments. The absorption spectra of this fiber at different
states were recorded in Figure 9. Before radiation, the pristine fiber demonstrated a
typical absorption spectrum of Yb-doped fiber with a broadband absorption at 915 nm and
an intense absorption at 976 nm. After radiation, a broad radiation-induced absorption
centered at 640 nm could be observed. With the injection of photo-bleaching laser, the
absorption intensity at 640 nm gradually decreased, meaning part of the radiation-induced
defect was bleached by the 532 nm laser. After a total photo-bleaching treatment of 7.25 h
at 1.5 W and 4 h at 5 W, the absorption intensity at 640 nm no longer changed. The
radiation-induced absorption had been bleached to its saturation state.

Figure 9. Absorption spectra of radiated Yb-doped fiber with 7 krad radiation photo-bleached by
injecting different bleaching lasers.

A quantitative relationship between the photo-bleaching energy and radiation-induced
attenuation at 640 nm was investigated, as shown in Figure 10a. After radiation, the ab-
sorption intensity at 640 nm rapidly increased to 0.32 dB/m, caused by the formation
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of radiation-induced defects in the fiber core. With the augment of bleaching energy at
532 nm injected, the absorption intensity at 640 nm gradually decreased originating from
a gradual reduction of gamma-radiation-induced defects by the bleaching effect of the
532 nm laser. Finally, the loss at 640 nm reached its saturation, and approximately 45.2%
of radiation-induced absorption could be bleached with the 532 nm laser. The bleaching
efficiency (absorption intensity bleached per 532 nm energy) after different bleaching treat-
ments was plotted in Figure 10b. Generally, the bleaching efficiency gradually decreased
with the gradual reduction of gamma-radiation-induced defects from the bleaching effect,
and, finally, it was close to 0 at the saturation state.

Figure 10. Quantitative research of photo-bleaching effect, (a) absorption intensity at 640 nm versus
photo-bleaching energy, (b) bleaching efficiency versus the number of bleaching treatments.

In summary, a laser diode at 532 nm was applied to bleach the radiated fiber laser
and radiated Yb-doped fiber. The output power of the fiber laser partly recovered by 26 W,
and the corresponding slope efficiency also recovered from 72.1% to 74.8%. The simul-
taneous reduction of radiation-induced attenuation from the photo-bleaching treatment
also leads to an improvement in the MI threshold. In this work, approximately 45.2% of
radiation-induced absorption could be bleached by the 532 nm laser, reaching the bleaching
saturation state. The quantitative relationship between the photo-bleaching energy and
radiation-induced absorption at 640 nm was also investigated.

5. Conclusions

To improve the radiation resistance of high-power Yb-doped fiber lasers, the influence
of pre-radiation and photo-bleaching on the gamma-radiated laser’s performance was
researched in this work. The pre-radiated fiber laser and non-pre-radiated fiber laser were
fabricated with the pre-radiated Yb-doped fiber and pristine Yb-doped fiber, respectively.
Except for the active fiber, both fiber lasers had the same configuration. The laser per-
formance of non-pre-radiated and pre-radiated fiber lasers after gamma radiation was
comparatively investigated. When the gamma radiation dose is within 10 krad(Si) with
the radiation dose rate of less than 0.4 rad(Si)/s, pre-radiation treatments would improve
the radiation resistance against gamma-ray to a certain extent, showing less output power
reduction. However, the mode instability threshold would be decreased, due to the cu-
mulated radiation-induced attenuation caused by pre-radiation and radiation. Therefore,
the radiation induced MI effect in high-power fiber lasers needs to be comprehensively
considered before the pre-radiation treatment is implemented.

Considering the doping element of this commercial Yb-doped fiber, a laser diode
at 532 nm was applied as the photo-bleaching laser source. In this research, the output
power of the fiber laser partly recovered by 26 W, and the slope efficiency also recovered
from 72.1% to 74.8%. The MI threshold was also increased. According to the research on
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bleaching treatment of the radiated Yb-doped fiber, approximately 45.2% radiated-induced
attenuation was bleached by the 532 nm laser, reaching the bleaching saturation state. This
research is of significance in the design and fabrication of high-power fiber lasers against
gamma radiation.
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