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Experimental-calculated estimation of fiber laser’s response to pulsed
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Experiments have been carried out to study the transient radiation-induced absorption in the active core

of a double-clad ytterbium fiber and the response of a laser based on it under the exposure of pulsed X-

rays. It has been found that the time of loss of laser performance (downtime) under pulsed irradiation

increases with an increase in the absorbed of radiation and a decrease in the laser pump power and reaches

values of ∼ 1ms. An analysis of the experimental results shows that the laser response to the X-rays

pulse exposure is determined by radiation-induced losses in the active fiber core. An experimental-calculated

method for estimating the radiation reaction of a laser, based on the results of studies of the active fiber, is

proposed.
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Introduction

Today, there is an active development of diode-pumped

fiber lasers. High efficiency and quality of laser radiation,

small size and mass characteristics make this type of lasers

preferable for application in specialized areas of technology:

spacecraft, nuclear power systems etc. Applications in

these areas require information on hardness to ionising

radiation (IR).
From the point of view of analyzing the impact of

IR on laser systems, a diode-pumped fiber laser can be

represented as three main components: a power supply

and control system (radio-electronic equipment, (REE));
a pumping system (laser diodes); and a resonant cavity

including an active medium and fiber Bragg gratings

(FBGs). The task of ensuring the required level of radiation

hardness of REE is traditional and is not an unsolvable

problem. As for the pumping system, when modern

laser diodes are irradiated with pulsed X-rays or electron

radiation, no drop in output power is observed — on

the contrary, radiation-induced laser generation [1,2] occurs
at the moment of exposure. At the present moment

the greatest difficulty is the estimation of sensitivity to

IR of optical elements of the laser. This is due to the

strong dependence of radiation characteristics on production

technology, composition, experimental conditions, etc. [3,4],
which makes it difficult to use literature data. It is

also necessary to emphasize that the data presented in

the published sources, as a rule, concern the effects

associated with the accumulated dose of ionising radiation

and practically do not consider the effects of pulse exposure

of IR.

An analysis of work on dose effects in active fibers,

e.g. [5], and Bragg lattices, e.g., [6,7], suggests that the

active fiber is the most IR-affected laser element. Literature

data [5], as well as experiments conducted by the authors

with ytterbium fibers at Co60 gamma sources, indicate that

significant changes in the characteristics of the active fiber

during the accumulation of the IR dose are associated with

the growth of non-selective losses of the active core in the

range of operating wavelengths 1050−1100 nm.

As for the studies of reversible radiation effects, there are

single papers on erbium fibers [8] and no papers on the

effects in fiber lasers. Thus, the purpose of the present

work was to determine the response of ytterbium fiber

laser in different modes of operation to pulsed IR under

variation of exposure level and to consider the possibility of

its computational-experimental evaluation.

1. Experiment procedure

1.1. Samples

In the present work, a fiber laser based on an active

double-clad aluminosilicate fiber doped with ytterbium ions

(Yb3+) was investigated. The length of the active fiber

was 4m. The laser resonant cavity was arranged using

two FBGs with reflectances > 99 and 5%. A specialized

pump laser diode unit was used as a continuous pump

radiation source with a wavelength of 975 nm. The watt-

ampere characteristic (WAC) of the investigated fiber laser

is presented in Fig. 1. The wavelength of the output

radiation was 1082 nm.

1269



1270 S.M. Dubrovskikh, O.V. Tkachev, V.P. Shukailo, A.N. Slobozhanin, A.N. Afanasiev

0.4 0.6 0.8 1.0 1.2

P
o
w

er
,

m
W

0

50

100

1 05

Current, A

Figure 1. WAC of the fiber laser.

The laser was operated in the spike mode [9]. The

duration and period of the peaks were regular and were

10 and 25µs, respectively (see further, Fig. 3).
Additionally, in the present work, the active fiber from

the same batch, on the basis of which the laser was

manufactured, was investigated separately. The length of

the fiber was 4m.

1.2. Ionising radiation sourse. Dosimetry

The source of pulsed ionising radiation was an electron

accelerator generating X-ray pulses with a duration of

∼ 30 ns, the average photon energy was ∼ 1MeV.

The X-ray pulse shape was monitored using a semicon-

ductor detector [10]. With the help of thermo-luminescent

detectors at the sample location, the exposure dose was

monitored with an error of no more than ±20% at each

accelerator startup. In this case, according to the calculated
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Figure 2. Schematic of the experiment to study the effect of pulsed radiation irradiation on the output power of a fiber laser: 1 — laser

pump diode unit; 2 —
”
blind“ FBG; 3 — active fiber; 4 — translucent FBG (5%); 5 — photodiode; 6 — digital oscilloscope.

estimates, the absorbed dose of IR in the fiber material

(SiO2) within the error limits is numerically equal to the

exposure dose registered by the detectors.

1.3. Measuring techniques

During irradiation of the fiber laser, the relative change in

its output power was monitored, the measurement scheme

is shown in Fig. 2. Only the optical part of the laser was

irradiated, and the exposure level on the FBGs was reduced

by two orders of magnitude compared to the one on the

active fiber due to the geometry of the experiment.

In experiments were varied IR exposure power and the

laser pumping power, which is proportional to the pumping

current of the laser diodes.

In the study of the active fiber separately, the relative

change in light transmission of the active fiber core during

and immediately after the exposure pulse was monitored.

Studies were carried out at three wavelengths: 1.08, 1.31

and 1.55µm. During the experiments, the irradiated active

fiber was coiled into a coil with a diameter of 5 cm and

placed directly under the accelerator anode. A fiber laser

with wavelength 1.08µm was used as a source of scanning

radiation with wavelength ≈ 100mW, with wavelengths

of 1.31 and 1.55µm — optical tester (power ≈ 1mW).
The transport of radiation from the testing source to the

investigated fiber and from it to the photodetector was

carried out yb transport fiber. A reverse biased photodiode

with a bandwidth of 200MHz was used as a photodetector.

The magnitude of radiation induced absorption (RIA) was

determined, based on Bouguer’s law, by the expression

1α =
1

L
ln

(

Punirradiated
out

P ir radiated
out

)

, (1)

where L — length of the irradiated fiber section;

Punirradiated
out , P ir radiated

out — optical radiation power at the

fiber output before and after irradiation.
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Figure 3. Response of a fiber laser exposed to X-ray Dimp ≈ 250Gy, I = 1A, time sweep 50 µs/div.
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Figure 4. Relations of the downtime of a fiber laser on the

exposure dose in a pulse: points — experiment, line — calculated

estimate.

2. Experimental results

2.1. Effect of a X-ray pulse on the fiber laser

operation

Fig. 3 shows the characteristic response of a fiber laser

exposed to X-ray pulses at nominal laser operation mode

(current of laser pump diodes was I = 1exposed to X-ray

pulsesA) and maximum exposure level (exposure dose in

the pulse Dimp ≈ 250Gy). The arrow in Fig. 3 and in the

following oscillograms denotes the moment of exposure to

the IR pulse.

From the oscillogram shown in Fig. 3 it can be seen

that after pulsed X-ray exposure laser generation breaks

off then, after 150µs, reduction of laser performance is

observed, while the shape of output pulses and frequency

change. Measurements one minute after exposure showed

that the shape of the output pulses was restored. From

the obtained oscillograms we determined the laser loss
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Figure 5. Dependence of the downtime of a fiber laser on pump

current, Dimp ≈ 25Gy: points — experiment, line — calculated

estimate.

of performance time (downtime) as the time interval

during which generation was absent (Fig. 3). The pro-

cessing results showed that the downtime relations on

the magnitude of the exposure dose in the pulse and

the pumping power. Fig. 4 shows the dependences

of the laser downtime on the dose in the pulse ob-

tained at the laser operating mode close to threshold

(I = 0.5A) and nominal mode (I = 1A). The experimental

relations in the investigated range have a logarithmic

character. The no-failure rate of the laser, regardless of

the mode of operation, is approximately 10Gy per pulse

(3 · 108 Gy/s).

As can be seen from the relations shown in Fig. 4, the

laser downtime depends significantly on the pump current

of the laser diodes: at 0.5 to 1A increase in the current

consumption, the laser downtime decreases by about an

order of magnitude. The relation of the laser downtime on

the pump current at a constant dose in the Dimp ≈ 25Gy

pulse is presented in Fig. 5.
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Figure 6. Decrease in light transmission of the active fiber core at the time of exposure to the X-ray pulse at different observation interval

durations, Dimp ≈ 250Gy: a — temporal sweep 1 µs/div, b — temporal sweep 50ms/div.

2.2. Radiation-induced absorption in active fiber

core under pulse exposure

Experiments have shown that in the active fiber core the

fiber, the magnitude of optical loss and light transmission

relaxation time (up to seconds) do not differ within the

measurement error when the scanning radiation wave-

length (1.08, 1.31 and 1.55µm) and optical signal power

(1 and 100mW) are varied.

Fig. 6 illustrates oscillograms of light transmission de-

crease of the active fiber core at the moment of expo-

sure pulsed X-ray with duration 25 ns and dose in the

pulse ≈ 250Gy.

It can be seen from Fig. 6 that at the moment of exposure,

the core of the fiber completely loses its bandwidth. After

the exposure pulse, a partial reduction of fiber capacity is

observed, with the duration of relaxation processes being

much longer than the duration of the exposure pulse.

The interference observed on the signal
”
1“ 2µs before

and during 2µs after the exposure pulse (Fig.6, a) is

caused by the associated electromagnetic radiation from the

electron accelerator induced on the exposed parts of the

photodetector, communication lines, and oscilloscope input

paths located in the operator room. According to the results

of oscillogram processing, the relations of the relative light

transmission of the fiber core on the exposure dose were

plotted directly at the moment of exposure to the IR pulse

and in 0.2 s afterwards (Fig. 7).
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Figure 7. Relations of the relative transmission coefficient of the

fiber core on the exposure dose in the pulse: 1 — immediately

at the moment of exposure to the IR pulse; 2 — after 0.2 s after

exposure.

It can be seen from Fig. 7 that at a pulse dose of more

than 200Gy at the moment of exposure, the fiber core

completely loses its bandwidth. Within 0.2 s after exposure

pulse the value of the relative transmittance is substantially

restored.
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When the relative transmittance of the fiber core is

monitored over long times (minutes), there is a difference in
the rate of light transmission relaxation when the irradiation

power is changed. At a power of ∼ 100mW, the relaxation

rate is two times higher than at a power of ∼ 1mW.

Apparently, this difference is due to the photobleatching,

that is annealing of the coloring centers created by ionising

radiation, which manifests itself more strongly at higher

power of the scanning source. This effect is observed in

some irradiated laser crystals and fibers [11,12].

3. Analysis of the experiment results

3.1. Balance equations of the laser system
with accounting for radiation effects

To analyze the data of the fiber laser pulsed irradiation

response we consider a system of balance equations for

a quasi-two-level system describing the population density

of working levels and the photon density in the resonant

cavity [13]. The application of the quasi-two-level approxi-

mation to ytterbium active media is standard [14], and the

transition to it is consistently proved in work [15].















dN2

dt
= Wp(Nt − N2) −

N2

τ
− N2σ c8,

d8
dt

= N2σ c8−
8

τrez
.

(2)

Here, N2 — the working level population, [m−3]; Nt —
Yb3+-ion concentration, Nt ≈ 5 · 1025 m−3 [14,16]; Wp —
pumping speed, [s−1]; 8 — photons concentrations in the

resonant cavity, [m−3]; τ — lifetime of the working laser

level, τ ≈ 0.8ms [14,16]; c — the light speed in the active

medium, [m/s]; σ — the forced transition cross section,

σ ≈ 2 · 10−23m2 [14,16]; τrez — photon lifetime in resonant

cavity, [s].
In (2), the first equation describes the change in the

population of the working level due to the processes of

spontaneous and stimulated emission. The second equation

of the system describes the change in photon concentration

in the resonant cavity: the first term of the equation accounts

for the change in photon concentration due to stimulated

emission, while the second term describes the losses in

the resonant cavity.

The lifetime of a photon in a resonant cavity, according

to [9]:
1

τrez
=

1

τ1
+

1

τ2
= cα1 + cα2, (3)

where the first term is related to losses on the resonant

cavity mirrors (in our case on FBGs), the second term, in

the most general case, — with losses in the active medium.

We estimate the magnitude of the FBGs loss [9]

α1 =
1

2L
ln

(

1

R1R2

)

,

where L — the length of the resonant cavity, L = 4m;

R1 = 0.99 and R2 = 0.05 —- the reflectances of
”
blind“

and
”
semi-transparent“ Bragg gratings, respectively, then

α1 ≈ 0.38m−1. The second term of expression (3) is

responsible for the losses associated with the absorption

of laser radiation by the active medium at the generation

wavelength. As shown by measurements of the active fiber

characteristics before irradiation, this coefficient for the core

of the fiber is ≈ 0.01m−1. Since α1 ≫ α2, then α2 can be

neglected in further consideration.

Thus, the parameter Wp remains undetermined. In our

case, it is constant in time and equals

Wp = k(I − I th), (4)

where I — pumping current, [A]; I th — threshold current,

I th = 0.44 A; k [(A · s)−1] — pumping efficiency factor.

To determine the unknown coefficient k , consider the

expression for the output power of the laser radiation [13]:

P = S(I − R2)hνc8, (5)

where S — the cross-sectional area of the output

beam, [m2], calculated from the characteristic mode diame-

ter of the fiber used (≈ 8µm); hν — the photon energy of

the output radiation, [J].
In (5), the photon concentration in the resonant cavity 8

is obtained from solving the system of equations (2) for the

stationary case (at t → ∞):

8 =
Wpτ (Ntσ/α1 − 1) − 1

σ cτ
. (6)

Combining expressions (4) − (6), for the output power

we have

P = S(1− R2)hνc
τ (Ntσ/α1 − 1) − 1

σ cτ
k(I − I th). (7)

The expression (7), which has the form

|P = const k(I−I th), is an approximating expression

for the WAC. The experimental WAC of the fiber laser

(Fig. 1) is satisfactorily described by expression (7) at the

value of k = 160 (A · s)−1.

As shown in the experimental section, the losses as-

sociated with the absorption of laser radiation by the

active medium at the generation wavelength increase under

radiation exposure, which is due to the formation of

coloring centers in the fiber core under the IR influence,

which absorb the laser generation radiation. The effect of

radiation exposure in the system of equations (2) is logically
accounted for by the growth of losses in the active core of

the fiber: 1
τrez

= cα1 + c1α, where 1α — the coefficient

of radiation induced losses in the active fiber core at the

generation wavelength, [m−1].
Then, we can transform the system of equations (2)

to species:














dN2

dt
= Wp(Nt − N2) −

N2

τ
− N2σ c8,

d8
dt

= N2σ c8− c8(α1 + 1α).

(8)
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To solve the system of equations (8), it is necessary to

know the magnitude of radiation induced losses 1α.

3.2. Radiation induced losses in the core of the

active fiber

In Fig. 8, data from oscillograms obtained at pulse

dose 120 and 250Gy (Fig. 6) are plotted in a single graph,

where the change in relative transmittance is converted by

the expression (1) to radiation-induced absorption.

Experimental data on RIA relaxation in the fiber core

were approximated by a set of exponentials:

1α = Dimp

( 7
∑

i=1

Aie
−t/τi

)

, (9)

where Dimp — absorbed dose in the fiber material

per pulse, [Gy]; τi — relaxation time constant, [s]. The

normalization coefficients Ai in expression (9) were selected
taking into account the experimental dependence of the

RIA in the core of the active fiber on the dose in the

pulse, obtained directly at the moment of the exposure pulse

(Fig. 9). The RIA dose dependence (Fig. 9) was obtained

by transforming by formula (1) the data presented in Fig. 7.

The normalization coefficients and time constants at

which expression (9) satisfactorily approximates the experi-

mental data (Fig. 8) are given in table below.

Thus, expression (9) allows us to describe the relaxation

of the RIA in the core of the active fiber in the time range

from 0.1µs to 1 s after the exposure pulse at different IR

dose in the pulse. The impossibility to describe the kinetics

of RIA relaxation in the fiber core by a single exponent

indicates about large number of types of unstable radiation

coloring centers with different lifetimes.
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Figure 8. Relaxation of RIA in the core of the active fiber after

a pulse of IR: 1 — 250Gy; 2 — 120Gy.
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Figure 9. Dependence of the RIA value in the core of the

active fiber immediately at the moment of exposure on the dose
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3.3. Simulation results of the laser downtime
at IR pulse exposure

The solution of the system of equations (8) taking into

account the RIA in the core of the active fiber (9) allows

us to simulate the laser response to a pulse X-ray exposure

at different radiation load and laser operating mode. The

final form of the system of equations by which the photon

density in the resonant cavity was calculated:











































dN2

dt
= k(I − I th)(Nt − N2) −

N2

τ
− N2σ c8,

d8
dt

= N2σ c8− c8

(

1

2L
ln

(

1

R1R2

)

+ Dimp

( 7
∑

i=1

Aie
−t/τi

))

.

(10)

In solving the system of equations (10), the X-ray pulsed

exposure was introduced at time t = 1ms. The growth of

RIA during the time of radiation exposure was not taken

into account: it was assumed that radiation-induced losses

occur instantaneously and gradually relax over time. This

simplification is quite acceptable since the duration of the

X-ray pulse was ∼ 30 ns, which is a delta pulse with respect

to the RIA relaxation time constants (see Table).
An example of calculating the laser response to an

exposure pulse at a pulse dose Dimp = 250Gy and pump

current I = 1A is shown in Fig. 10.

It should be noted that the system of equations (10) is

applicable in the case of single-mode generation and does

not allow describing the spike mode of laser generation

caused by interference of several modes, which takes place

in the real case (Fig. 3). However, under the assumption

that the RIA in the fiber core are the same for different laser

Technical Physics, 2023, Vol. 68, No. 9
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Norming coefficients and time constants of the approximation of the relaxation RIA relaxation in the core of the active fiber after exposure

to a IR pulse

i 1 2 3 4 5 6 7

Ai , (Gy ·m)−1 2.8 · 10−3 1.4 · 10−3 5.5 · 10−4 3.8 · 10−4 2.8 · 10−4 1.5 · 10−4 2.3 · 10−4

τi , s 5 · 10−7 5 · 10−6 5 · 10−5 3.5 · 10−4 3.5 · 10−3 5 · 10−2 5

0.9
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o
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Figure 10. Example of calculating the laser response to a stimulus

pulse, I = 1A, Dimp = 250Gy.

modes, the solution of the system (10) allows us to estimate

the laser recovery time after pulsed exposure to ionising

radiation. As can be seen from the simulation results, a

breakdown of laser radiation generation is observed at the

moment of exposure, and then a gradual emergence to the

stationary mode. Reduction of continuous output power

to 50% of the initial value was considered to be the criterion

for restoring laser performance. Solution of the system of

equations (10) at various exposure levels (Dimp) allows us

to obtain the calculated dependence of the downtime on

the exposure dose in the pulse. On Fig. 4 together with

the experimental data the calculated dependences of the

laser downtime on the dose in the pulse at the nominal

mode of laser operation (I = 1A, Wp = 89.6 s−1) and at

threshold (I = 0.5A, Wp = 9.6 s−1) are presented. Fig. 5

shows experimental data and calculated dependence of the

downtime of the laser on the pump current. The good

agreement of the calculation results with experimental data

indicates the correctness of the assumption that the response

of a fiber laser under pulsed X-ray exposure of its optical

part is determined by RIA in the active core of the fiber

at the generation wavelength. By increasing the pump

power, the laser downtime can be significantly reduced after

exposure to the IR pulse. The approach considered in the

present work allows one to estimate, from experimental

RIA data in the core of the active fiber at the generation

wavelength, the downtime of a fiber laser at different levels

of radiation exposure and laser operation mode.

Conclusion

Experiments have been carried out to investigate the

response of a fiber laser when a X-ray pulse exposed to

its optical part. It has been obtained that the time of

laser performance loss under pulse irradiation increases with

the increase of the exposure dose rate IR and decrease of

the laser pumping power and reaches the values ∼ 1ms.

The analysis of experimental results shows that the laser

response is determined by RIA in the active core of the fiber.

The approach considered in this work allows, according to

experimental data, specifically RIA in the active fiber core at

the generation wavelength and WAC of the laser to estimate

the downtime of the fiber laser at different level of ionizing

radiation exposure and laser system pump power.
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