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Abstract Radiation hardening should be considered for 
various active fiber systems operated in adverse environ-
ments to reduce their sensitivity to complex ionizing radia-
tions. And, architecture optimization through numerical 
simulation provides an efficient choice. Here, introducing 
radiation effects into the conventional fiber laser model, a 
radiation model concerning the design optimization of low- 
and moderate-power Yb-doped fiber lasers is developed. 
And, experiments at different radiation levels up to 750 Gy 
are carried out for validation, demonstrating the ability of 
this model to correctly simulate the performance of the Yb-
doped fiber laser in harsh environments. Then, with this 
model, impacts of active fiber length, pump scheme, and 
pump allocation on the output characteristics of Yb-doped 
fiber lasers are analyzed numerically. And, optimization of 
Yb-doped fiber lasers are conducted through architecture 
design. Simulations show that a proper design with relatively 
short active fiber and dynamic pump allocation can remarka-
bly improve the radiation tolerance of Yb-doped fiber lasers. 

Keywords Radiation induced attenuation · Yb-doped 
fiber laser · Radiation responses

Introduction

As various rare-earth doped fiber systems are rapidly 
expanding their applications in adverse environments, their 
radiation responses are attracting more and more attention. 
And, extensive research has demonstrate that, severe power 
degradation appears for various fiber systems operated in 
radio-active environments due to the excess losses at the 
pump and the signal wavelengths in the irradiated active 
fibers [1–3].

Widely explored for space communications, Er-doped 
and Er/Yb co-doped fiber amplifiers are the most intensively 
investigated for radioactive applications. Experiments by J. 
Ma show that, with the active fiber exposed to γ-ray, Er/
Yb co-doped fiber amplifiers experienced a remarkable gain 
drop of about 13 dB at 300 Gy [4]. Besides, in A. Ladaci’s 
report, although Ce co-doping helps to improve the radia-
tion-resistance of the Er-doped fiber, a strong gain decline of 
about 8 dB at 300 Gy is still recorded when the active fiber, 
a section of 8 m long Er-Ce codoped fiber, is irradiated by 
an X-ray source [5]. And, recently, a gain deterioration of 
about 5.5 dB at 300 Gy is witnessed for an Er-doped fiber 
amplifier with commercial Er-doped fibers [6]. Tm-doped 
fiber lasers are promising for space communication and 
space-borne lidar. And, the radiation effects on Tm-doped 
fiber lasers have also been investigated. Experiments with 
60Co gamma source show that, for moderate-power (tens of 
Watt) Tm-doped fiber lasers, the power decline could reach 
up to 50% at 300 Gy [7–10].

Yb-doped fiber lasers and amplifiers exhibit similar 
responses. In 2009, B. Fox reported the gamma radiation 
effects of a low-power (within several Watt) Yb-doped fiber 
amplifier [11]. For an accumulated radiation dose of only 
70 Gy, the amplifier experienced a remarkable power drop 
from 0.8 W to 0.15 W. Later, in 2022, S. Sun investigated 
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the response of a moderate-power Yb-doped fiber ampli-
fier. Slope efficiency of the Yb-doped fiber amplifier 
drops from ~ 75% to only about 10% after the active fiber 
is exposed to 100 Gy of gamma radiation [12]. The situa-
tion gets even worse for high-power Yb-doped fiber lasers 
and amplifiers at hundreds of Watt. In 2018, experiments 
by Y. Wang reveal that, after exposing the Yb-doped fiber 
to 117 Gy of gamma radiation, the slope efficiency of a kW-
level Yb-doped fiber laser shrank sharply from over 80% 
to about 30% [13]. Taking the elevation of lasing threshold 
into consideration, it can be estimated that the output power 
experienced a significant decline over 650 W, which would 
surely cause lethal damage to the laser system. Research by 
Y. S. Chen gives similar results for Yb-doped fiber amplifi-
ers [14]. For radiation doses over 255 Gy, the optical–optical 
efficiency of the amplifier keeps below 25%, manifesting 
fatal performance deterioration.

To guarantee safe and efficient operation in harsh environ-
ments, a variety of measures have been proposed to improve 
the radiation tolerance of various fiber systems [2, 3, 15]. As 
the active fiber is the most radiation sensitive, the first and 
most widely investigated solution involves enhancing the 
radiation tolerance of the active fiber to decrease the radia-
tion induced attenuation (RIA) levels at the pump and signal 
wavelengths. And, a plenty of methods have been investi-
gated, including Ce-doping [5, 16–20], F-doping [20],  H2/D2 
loading [9, 10, 21–23], proportion optimization of co-doping 
elements [24–26], and pre-irradiation [27, 28].

In addition to these fiber treatment approaches, another 
solution refers to the architecture optimization of fiber sys-
tems to reduce radiation vulnerability, regardless of the fiber 
behavior. First proposed by S. Girard research group, hard-
ening-by-architecture approach provides an alternative way 
for space-borne fiber system design [3]. And, this kind of 
optimization requires a simulation tool to allow the exami-
nation of different design parameters with a limited number 
of radiation tests.

In 2004, introducing the RIA into the classical propaga-
tion equations, O. Berne developed a model for the predic-
tion of EDFA gain in space radiation environments [29]. 
Later, S. Girard’s group proposed a coupled experiment/
simulation approach for the design of radiation-hardened 
Er-dopd and Er/Yb codoped fiber amplifiers [30–32]. In this 
approach, firstly, based on the rate equations and the particle 
swarm optimization technique, a state-of-the-art numerical 
model is developed. Secondly, the principal input param-
eters of the simulation model are measured through radia-
tion experiments. Then, the proposed simulation procedure 
is validated through comparisons with the measured output 
results of the amplifiers at both the pristine state and the 
irradiated state. And, finally, the verified numerical code is 
used to optimize the radiation resistance of the amplifiers by 
varying the amplifier design parameters. In 2018, L. Mescia 

further improved this model by taking thermal effects into 
account [33, 34]. And, the temperature dependence of the 
refractive index, emission and absorption cross sections are 
included. Numerical results highlight that the extra waste 
heat inside the active fiber could strongly deteriorate the 
amplifier performance.

However, up to now, most of the reported architecture 
optimization work is focused on Er-doped and Er/Yb do-
doped fiber amplifiers aiming for space applications. Nowa-
days, more and more Yb-doped fiber systems are getting 
exploited for earth-bound applications in adverse envi-
ronments, including nuclear plants and accelerators. And, 
related optimization work should be considered. In 2020, 
we developed a multiphysics thermal model concerning the 
radiation response of high-power Yb-doped fiber lasers [35]. 
Compared to the previous model for Er-doped and Er/Yb co-
doped fiber amplifiers [29–34], thermal effects on lifetime, 
the refractive index change caused by radiation induced 
compaction (RIC), and the radiation induced lifetime change 
(RILC) are all considered. And, the simulation results fit the 
reported experiment records quantitatively.

However, for low- and moderate-power fiber systems, 
thermal effects become negligible. In fact, with an optimized 
active fiber length, even for kW level high power Yb-doped 
fiber lasers, the maximal temperature rise keeps within 100 
K at 500 Gy [35, 36]. Thus, for the design optimization 
of low- and moderate-power Yb-doped fiber systems, the 
complicated thermal model can be simplified to reduce its 
time cost. Here, a simplified radiation model is developed, 
where only the primary radiation factor, namely RIA, RIC 
and RILC, are taken in consideration, while the secondary 
thermal effects are neglected. Comparisons with radiation 
experiments of low power Yb-doped fiber lasers show excel-
lent consistence, demonstrating the validity of this model. 
Then, this validated model is used to predict the general 
trends of Yb-doped fiber lasers by varying different design 
parameters, including the active fiber length, pump scheme, 
and pump allocation. And, it’s demonstrated that the radia-
tion vulnerability of Yb-doped fiber lasers can be greatly 
reduced with an optimized architecture design.

Modeling methodology

The basic idea of the radiation model is to introduce the 
major macroscopic changes of the active fiber induced by 
radiation into the conventional fiber laser model [37, 38].

Conventional fiber laser model

For a two-level laser system, the population density of the 
excited state N1 is governed by the rate equation as [37, 38]
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where N  is the doping concentration of Yb ions. h is the 
Planck’s constant, and c is the velocity of light in vacuum, 
while Ac is the core area of the fiber. � is the lifetime of 
the excited state. Γp and Γs are the overlapping factors of 
the pump and laser signal, respectively. �ap and �ep repre-
sent the absorption and emission cross-sections at the pump 
wavelength �p . �as and �es are the absorption and emission 
cross-sections at lasing wavelength �s . P±

s
(z) represents the 

forward and backward laser signal power along the fiber, 
while P±

p
(z) stands for the forward and backward pump 

power along the fiber, respectively.
At steady state, N1 can be derived as

In the active fiber, the propagation of the pump P±
p
(z) 

and the laser P±
s
(z) , is confined by the following equa-

tion[37, 38]

where �p and �s are the transmission loss of the fiber at the 
pump wavelength and the laser wavelength, respectively. Δ�e 
represents the spontaneous emission bandwidth.

And, the boundary conditions for propagation are

where Pf  is the forward pump power at the input facet of the 
active fiber, and, Pb is the backward pump power at the out-
put facet. R0

p
 and R0

s
 are the reflectivities of the pump and the 

laser at the input facet, while RL
p
 and RL

s
 are the reflectivities 

of the pump and the laser at the output facet. And, L is the 
length of the active fiber.

Together, the above equations form the conventional 
fiber laser model.
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Radiation effects

Here, 3 primary radiation factors, namely RIA, RIC and 
RILC, are considered.

RIA

Among all these elements, RIA is the primary factor that 
should be considered. RIA corresponds to an increase of 
transmission loss due to radiation induced defects [3, 39].

As RIA causes extra loss in the active fiber, in the propa-
gation equation, the overall transmission loss for the pump 
and the laser signal, �p and �s , should be expressed as

where �p0 and �s0 are the intrinsic loss, while �p(D) and �s(D) 
denote the radiation induced extra loss of the active fiber at 
radiation dose D.

RIC

RIC is another factor should be taken into account. RIC 
refers to the refractive index change of the fiber caused by 
radiation [3, 39]. And, this variation in refractive index pro-

file would surely affect the waveguide property of the fiber 
core.

Experiments show that, for radiation doses within several 
kGy level, the refractive index change caused by radiation 
can be written as [40–42]

where r1 and r2 are the radii of the core and the inner clad-
ding, respectively. nco(0) and ncl(0) denote the refractive 
indexes of the core and the cladding for the pristine fiber. 
�′
co

 and �′
cl

 are the radiation-optic coefficients of the fiber 
core and the cladding, respectively.

In the rate equation and propagation equation, the over-
lapping factor of the laser signal, Γs , is calculated as

where w is the mode field radius of the laser signal.

(5)
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For fiber cores with a normalized frequency parameter V  
bigger than 1.5, w can derived by [43]

where, V  is directly determined by the refractive indexes of 
the fiber core and the cladding. In radiation environments, 
V(D) can be attained through the following expression

RILC

RILC refers to the lifetime change caused by radiation. Thus, 
in adverse environments, the lifetime parameter in the rate 
equation should be updated.

It has been demonstrated that, for radiation doses within 
hundreds of kGy level, the lifetime of the.2F5/2 energy level 
of Yb ions �(D) can be written as [44, 45]

where �0 is the initial lifetime of Yb ions before irradiation, 
and � is the radiation-lifetime coefficient.

With all these factors considered, the conventional fiber 
laser model can be modified. And, the radiation model for 
fiber lasers with irradiated active fibers is developed.

Validation of the model

In this part, the radiation model is validated experimentally 
with a low-power Yb-doped fiber laser.

RIA measurement

First, RIA of the homemade 10/130 double-clad Yb-doped 
fiber is measured with the setup illustrated in Fig. 1. A 
1070 nm laser source is exploited for the investigation of 
RIA characteristics at the laser wavelength. The laser source 
is lead into and out of the 60Co radiation chamber through 
two sections of 10 m long un-doped fiber. And, the power of 
the laser source is set to be at the mW level to avoid possible 
bleaching effects. A power-meter (PM) is utilized to monitor 
the propagated laser power at the output end of the passive 

(8)w = r1(0.632 + 1.478V−3∕2 + 4.76V−6)

(9)V(D) =
2�r1

�s

√

n2
co
(D) − n2

cl
(D)

(10)�(D) = �0(1 + D)� ,

fiber. In fact, before the experiments, γ radiation response 
of the un-doped fiber is also tested. And, no detectable RIA 
is recorded within a deposited radiation dose of 1000 Gy, 
eliminating the influence of the passive fiber.

The measured RIA of the Yb-doped fiber at the laser 
wavelength is depicted in Fig. 2. As can be found, the 
RIA increases monotonously with the accumulation of 
the radiation dose. Analysis shows that the relationship 
between RIA and the deposited radiation dose follows the 
Power Law with an expression of

Radiation experiments and simulation

Then, the radiation response of a low-power Yb-doped 
fiber laser is investigated with the layout depicted in Fig. 3. 
A simple linear cavity centering at 1070 nm is built with 
two FBGs. And, to protect the FBGs from the radiation, 
a long cavity of about 26 m is exploited, consisting of 
6 m long active fiber for signal generation and 20 m long 

(11)RIA = 3.3863 × 10−3 ⋅ D0.82759

60Co

1070 nm
Laser Source

60Co
YDF

PM

Passive
Fiber

Fig. 1  RIA measurement setup. PM power-meter

Fig. 2  Measured RIA of the Yb-doped fiber at the laser wavelength. 
The inset shows the relationship between RIA and radiation dose in 
log–log scale

PM976 nm
LD Pump

60Co60Co

HR
FBG

PR
FBG

YDF

Passive
Fiber

Fig. 3  Schematic diagram of the radiation experiment. HR high 
reflectivity; PR partial reflectivity; PM power-meter
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passive fiber for signal propagation. Exposed to a radia-
tion dose rate of about 0.5 Gy/s, the Yb-doped fiber laser 
is examined every ~ 500 s during the radiation experiment 
to record the output power and efficiency.

The output characteristics of the Yb-doped fiber laser 
at different radiation doses are given in Fig. 4. Figure 4a 
shows the output power of the laser as a function of the 
pump power. As can be seen, for a certain radiation 
level, the output still shows a linear relationship with the 
launched pump power. And this is consistent with the 
response of Yb-doped fiber amplifiers [12, 14, 28], Tm-
doped fiber lasers [7–10] and Er-doped fiber amplifiers 
[5]. However, examined at a fixed pump, the output power 
drops dramatically with the accumulation of radiation 
dose, and, so does the operation efficiency of the laser 
system as shown in Fig. 4b, indicating that the intrinsic 
parameters of the active fiber vary with the radiation dose. 
For the investigated Yb-doped fiber laser, the slope effi-
ciency experienced a remarkable decline from 86.1% at 0 
Gy to 25.8% at 750 Gy. Besides, the threshold pump power 
witnessed a monotonous rise along with the radiation dose, 
demonstrating an increased loss inside of the cavity.

Corresponding simulation results are also depicted 
in Fig. 4 for comparison. In the simulation, the RIA at 
1070 nm is taken from Eq.  (5). Considering the close 
spectral location of the pump and the laser, RIA of the 
976 nm pump is taken as the same. And, other parameters 
are listed in Table 1.

As can be found in Fig. 4, generally, the simulation 
results agree well with the experiments despite slight dif-
ferences. For pristine fiber, the simulated output is very 
close to the experiments with a maximal power difference 
of about 0.15 W, while, for irradiated fiber, the simulated 
results are relatively smaller compared to the experiment 
results at high pump levels. This can be explained by the 
fact that, for every output power test with irradiated active 
fiber, the output is recorded with the pump power increas-
ing step by step, introducing bleaching of the active fiber, 
and, consequently, leading to higher output powers at high 
pump levels. Even so, the maximal slope efficiency differ-
ence still keeps within 4%.

Above comparisons show that, the developed model is 
sufficient to correctly simulate the performance of the Yb-
doped fiber laser in both pristine state and radiation state, 

Fig. 4  Output characteristics of the Yb-doped fiber laser in radiation: 
a output power; b slope efficiency

Table 1  Physical parameters exploited in the simulation

Parameter Value Parameter Value

Doping concentration,N 6.36 ×  1025  m−3 Core radius,r1 5 μm
RIC coefficient of the fiber core, �′

co
3.23 ×  10–9  Gy−1 [42] Inner cladding radius,r2 65 μm

RIC coefficient of the cladding,�′
cl

0.62 ×  10–9  Gy−1 [42] Initial lifetime,�0 900 μs
radiation-lifetime coefficient of Yb ions, � − 0.102 [44] Pump wavelength,�p 976 nm
absorption cross-section at the pump wavelength,�ap 2.47 ×  10–24  m−3 absorption cross-section at the 

laser wavelength,�as
3.93 ×  10–27  m−3

emission cross-section at the pump wavelength,�ep 2.44 ×  10–24  m−3 emission cross-section at the 
laser wavelength,�es

3.31 ×  10–25  m−3
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making it ready for optimization design of Yb-doped fiber 
laser systems in adverse environments.

Optimization of Yb‑doped fiber lasers 
with deposited radiation

In this part, the validated model is utilized to predict the 
system performance by varying the laser design, so as to 
optimize its configuration in radiation environments.

Active fiber length and pump scheme

Firstly, impacts of active fiber length and pump scheme are 
investigated. And, Fig. 5 shows the output profiles of the 
laser system by varying the active fiber length and deposited 
radiation dose for three different pump schemes, namely for-
ward pump scheme in Fig. 5a, bidirectional pump scheme in 
Fig. 5b and backward pump scheme in Fig. 5c, respectively. 
For the forward pump scheme, 10 W pump is injected from 
the opposite side to the laser output. And, most Yb-doped 
fiber lasers are built with this pump configuration. For the 
bidirectional pump scheme, 5 W pump is launched at each 
side of the active fiber, making a total pump power of 10 W. 
For the backward pump scheme, 10 W pump is injected from 
the laser output facet.

As can be seen in Fig. 5, the output power drops with 
the accumulation of radiation. And, faster decline is wit-
nessed for longer active fiber which introduces higher extra 
propagation loss. For different pump schemes, generally, 
the backward pump scheme exhibits the highest lasing effi-
ciency except for the high-radiation and long-active-fiber 
zone where the output power falls below 3 W, while the for-
ward pump scheme shows the lowest output over the whole 
investigated area.

In the high-radiation and long-active-fiber zone, bidirec-
tional pump scheme presents superior performance out of 
the three, thanks to a more even excited-state population 
distribution. However, in practices this would not be an 
option for radiation-resistant as the fiber length is way too 
long beyond the best choice, and, it has already been dem-
onstrated that short active fibers with high doping concentra-
tions are more favorable for adverse environment applica-
tions [30, 32, 34–36].

Besides, for different pump schemes and radiation dose, 
there always exists an optimal active fiber length which pro-
vides the highest output power. And, the optimal active fiber 
lengths and corresponding maximal output powers for dif-
ferent deposited radiation doses are plotted in Fig. 6. Here, 
the fiber length is varied with a step of 0.1 m which should 
be adequate for cavity optimization.

As shown in Fig. 6a, the optimal active fiber length short-
ens gradually with the accumulation of radiation. For all the 

three pump schemes, the optimal fiber length at 750 Gy is 
only about 50% of that at the pristine state. And, the back-
ward pump scheme prefers a relatively longer active fiber 
compared with forward and bidirectional pump schemes. 
Variation of output powers at optimal active fiber lengths 
is depicted in Fig. 6b, which represents the slowest power 
decline curves in Fig. 5. For a deposited radiation of 750 Gy, 
the maximal outputs for the three different pump schemes 
all experience a shrink over 50%. For high power Yb-doped 
fiber laser systems, the output power deterioration would be 
even worse due to severe thermal effects induced by extra 
propagation loss [13, 14, 35, 36].

Dynamic pump allocation

In practices, the active fiber length is set in the design phase, 
and, cannot be tuned during the laser operation process, lim-
iting the overall optimization ability. In most cases, pump 
power can be easily manipulated through drive current con-
trol during operation, thus, for a given total pump power, 
varying the power allocation between the forward pump and 
the backward pump seems to be a more feasible way for 
radiation-resistance in practical applications.

Figure 7 presents the output profile of an Yb-doped fiber 
laser system with dynamic pump allocation. The 10 m active 
fiber is pumped from both sides with a total pump power of 
10 W. As can be found, for a given radiation dose, especially 
at high radiation levels, with the increase of the forward 
pump power, the output power first rises and then decreases, 
demonstrating that there exists an optimal forward pump 
power which provides the highest operation efficiency. 
And, generally, a small forward pump power within 3 W 
is preferred.

The variation of the optimal forward pump power along 
with the radiation dose is given in Fig. 8. Here, the step size 
of the pump is set as 0.1 W, which is sufficient for power 
control in practice. As can be seen in Fig. 8, different from 
the optimal active fiber length in Fig. 6, which shortens 
monotonously with the accumulation of radiation, the opti-
mal forward pump power takes a “V” shape. Within 100 Gy, 
the optimal forward pump decreases dramatically from 
1.8 W to 0.8 W with the accumulation of radiation. And, 
beyond that, the optimal forward pump rises back gradually 
to about 2 W at 750 Gy.

Output powers at optimal forward pump are depicted in 
Fig. 9. And, comparison to systems with traditional pump 
schemes is also presented. Clearly, dynamic pump allocation 
provides the highest operation efficiency for different radia-
tion levels. At low radiation doses within 200 Gy, backward 
pump scheme exhibits a comparable output. Over 200 Gy, 
with the increase of the radiation dose, the superiority of 
dynamic pump allocation becomes more and more evident. 
At 750 Gy, dynamic pump allocation witnesses a power 
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Fig. 5  Output profiles at dif-
ferent active fiber lengths and 
radiation doses for three differ-
ent pump schemes: a forward 
pump scheme; b bidirectional 
pump scheme; c backward 
pump scheme



 J Opt

1 3

decline of about 64.8% compared to 69.8% of the bidirec-
tional pump and backward pump scheme. Even so, it still 
yields a tripled output power compared to that with forward 
pump scheme.

Optimized design

The optimized design is achieved by combining the optimal 
active fiber length with dynamic pump allocation. Compari-
son between the optimized design and the traditional design 
is depicted in Fig. 10. Here, the total pump power is set at 
10 W. For the traditional design, the most commonly used 
forward pump scheme is taken. And, the active fiber length 
is optimized at 6.4 m for the pristine state without radiation. 
For the optimized design, the active fiber length is optimized 
at 3.9 m for an expected total radiation dose of 500 Gy. And, 
the forward pump is varied along with the increase of the 
radiation dose.

As shown in Fig. 10, the laser output decays exponen-
tially against the radiation dose. Below 20 Gy, the primary 
output of the traditional design is slightly larger than that 
of the optimized design. However, with a decay rate of 
2.7 ×  10–3  Gy−1, obtained through exponential decay fit-
ting of the output curve, the output power of the traditional 
design presents a much faster decline. And, it falls quickly 
below the optimized design at around 20 Gy. Comparatively, 
the optimized design experiences a relatively slower output 
decline with a decay rate of 1.9 ×  10–3  Gy−1, demonstrat-
ing improved radiation-resistance. At 750 Gy, the optimized 
design can alleviate the power degradation to about 3 dB 
instead of 6 dB for the traditional design by providing a 
doubled output power.

Fig. 6  Optimal active fiber lengths and corresponding output powers 
for different pump schemes: a optimal active fiber lengths; b output 
powers at optimal active fiber lengths

Fig. 7  Output profile at differ-
ent forward pump powers and 
radiation doses for a Yb-doped 
fiber laser system with 10 m 
active fiber
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Conclusions

To improve the radiation resistance of low- and moderate-
power Yb-doped fiber lasers through architecture design, 
a simple radiation model is developed by introducing 3 
primary radiation effects into the conventional fiber laser 
model. Comparisons with radiation experiments at different 
radiation levels up to 750 Gy show that this model is able 
to reproduce the laser behavior at both pristine state and 

radiation state, allowing it to predict the impacts of differ-
ent design parameters on the radiation responses of the laser 
system. With this validated model, the influence of vari-
ous design parameters on the laser performances is investi-
gated. And, the optimized design for operation in radiation 
is attained, featuring short active fiber and dynamic pump 
allocation.

In practice, for any other Yb-doped laser systems, this 
radiation model could be ready for optimization application 

Fig. 8  Variation of the optimal 
forward pump power against the 
radiation dose

Fig. 9  Comparison with tradi-
tional pump schemes
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with a very limited number of experimental tests, which 
provides the RIA data of the active fiber and basic valida-
tion. Besides, this paper fruther confirms that, aside from the 
traditional active hardening and bleaching methods, archi-
tecture optimization provides an efficient way for radiation 
tolerance alleviation of Yb-doped fiber lasers.
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