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Abstract: To verify the feasibility of Brillouin optical time domain reflector (BOTDR) applied
in space station, three kinds of commercial fibers, YOFC fiber (about 1 km), Corning fiber
(about 1 km) and Fujikura fibers (about 1.5 km), have been radiated by Co60 in radiation
experiment. Based on the Brillouin Gain Spectrum (BGS) along sensing fiber, we analyze
power curve of Brillouin backscattered light, Brillouin Frequency Shift (BFS) along sensing
fiber and spatial resolution carefully. The results indicate that radiation has little effect on
BFS when signal-to-noise ratio (SNR) is large enough. However, since radiation will lead
to radiation-induced attenuation, the amplitude of BGS will decrease accordingly. And if the
SNR becomes small enough, the accurate BFS cannot be obtained. For the stressed fiber
section of BOTDR, the result shows that radiation has little effect on the strain coefficient
at the total radiation dose of 200 Gy, but radiation will deteriorate the spatial resolution
of BOTDR with the increase of radiation dose. These results are good references for the
introduction of BOTDR to space station.

Index Terms: Brillouin optical time domain reflector, space radiation.

1. Introduction
Brillouin optical time domain reflector (BOTDR) is one of the most outstanding distributed optical
fiber sensing techniques. This technique has been widely applied in large structural health monitor-
ing field, because BOTDR has the ability to monitor temperature and strain [1], [2]. Considering the
successful application of BOTDR on ground, space engineers have also paid much attention to the
technique recently. Here, we also want to introduce BOTDR to the structural health monitoring of
space station. However, there exists harsh radiation in space. Even if BOTDR is applied inside
space station, it will still suffer radiation. Radiation will deteriorate the optical performance of
sensing fiber in BOTDR [3]. Therefore, it’s necessary to research the radiation effect on BOTDR.
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In fact, researchers have carried out a lot of investigation on the application of distributed
optical fiber sensing technique in special application scenarios, such as Brillouin optical sensors
applied in ultra-high temperature environment [4], [5], Brillouin optical sensors with singlemode-
multimode-singlemode optical fiber [6], and distributed optical sensors with multicore fiber [7].
And as for the application in radiation environment, from 1980s, the application of optical fiber in
radiation environment has also attracted the attention of researchers. Especially, radiation-induced
attenuation and color center concentration in optical fiber have been given in [Ref. [3]. And the
radiation model of optical fiber in radiation environment has also been given in [Ref. [8], which
indicates the basic relationship among radiation dose, radiation rate and the fiber attenuation
detailly.

Based on these previous important works on the performance of optical fiber in radiation
environment, some researchers have also begun to experimentally investigate the radiation effects
on the performance of different distributed fiber sensing systems, such as Optical Frequency
Domain Reflectometry [9] and Raman distributed temperature fiber-based sensors [10]. However,
few analyses on radiation effect on BOTDR have been reported. In ref. [11], the radiation effect on
Brillouin Optical Time Domain Analysis (BOTDA) with 10 m sensing fiber has been investigated,
whose sensing principle is also based on the Brillouin back scattered light. The difference is that
BOTDA is based on the stimulated Brillouin back scattered light, while, BOTDR is based on the
spontaneous Brillouin back scattered light. In addition, considering both BOTDR and BOTDA
are distributed sensing techniques, it is not enough to investigate the radiation performance of
distributed fiber sensing systems only for 10 m sensing fiber.

Considering the high prices of anti-radiation optical fiber, it’s not a good choice for engineers to
use anti-radiation fiber as the sensing fiber of BOTDR applied in space station, because it is an
application of large structural health monitoring. In this paper, to obtain the radiation performance of
BOTDR in space environment, three kinds of commercial fibers, YOFC fiber (about 1 km), Corning
fiber (about 1 km) and Fujikura fibers (about 1.5 km), have been radiated by Co60 in radiation
experiment. Based on the Brillouin Gain Spectra (BGS) along sensing fiber, we further analyze
power curve of Brillouin backscattered light, Brillouin Frequency Shift (BFS) along sensing fiber
and spatial resolution carefully. These results will be helpful for the introduction of BOTDR to space
station.

2. Fundamental Theory
BOTDR utilizes spontaneous Brillouin backscattered light in optical fiber as basic sensing principle.
And the scattered light undergoes a Doppler frequency shift which depends on acoustic velocity.
The BFS can be described as [12]

vB = 2nVa

λ
(1)

where Va is the phonon velocity, n is the refractive index of fiber and λ is the vacuum wavelength
of incident light. The exponential decay of the acoustic waves determines the shape of BGS which
shows characteristics of Lorentzian profile [13]

gB (v) = g0
(�vB /2)2

(�vB /2)2 + (v − vB )2
(2)

where �νB is the full-width at half maximum, g0 is the Brillouin gain coefficient. gB(ν) is the gain
coefficient at different frequencies. νB is the peak frequency.

BFS has a linear relationship with the temperature and strain over a wide range which can be
described as [14]

�νB = Cν,T �T + Cν,ε�ε (3)
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Fig. 1. Experimental setup of radiation effect on the BOTDR system.

where Cv,T and Cv,ε are coefficients of temperature and strain respectively. So the key of BOTDR
sensing technique is to measure the BFS to obtain the variation of strain and temperature along
sensing fiber.

And to find the position with the variation of strain- or temperature, the equation should be
mentioned is [15]

z = c × t
2n

(4)

where c is the speed of light in vacuum, n is the refractive index in the fiber core.

3. Experiment and Result Analysis
As to verify the feasibility of BOTDR in space sensing field, a radiation experiment has been carried
out carefully. Fig. 1. shows the principle diagram of our experiment. The Brillouin backscattered light
generated from the fiber sample enters the optical circulator and couples with the reference light
in optical coupler 2. And then the beat signal will be detected and converted to electrical signal
by photodiode (PD). Then, based on the microwave frequency sweeping technique [16], the signal
can be converted to low frequency field. Finally, after the signal passes the band-pass filter, the
BGS along sensing fiber can be obtained.

In our experiment system, the wavelength of laser source is 1550 nm. And the pulse width
of optical signal will be modulated into 40 ns by pulse generator. The accuracy in frequency
measurement is about ±1 MHz. To simulate actual space radiation environment, Co60 [17] with a
dose rate of 1.42 Gy/min is used as our radiation source. According to China’s aerospace industry
standard, the total absorbed doses are 200 Gy (measured in water). In addition, the environment
of radiation experiment is kept at room temperature. Considering the harm of radiation generated
by Co60 to human beings, the experiment was carried out in a special radiation laboratory. We put
the sample optical fiber into the radiation field and testers must be outside the laboratory during the
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Fig. 2. BGS along the sensing fiber at different radiation doses: (a) 0gy (b) 10gy (c) 50gy (d) 100gy
(e) 200gy.

radiation. The end of the optical fiber has been pulled out of the laboratory for the measurement of
BOTDR. As showed in Fig. 2.

Many well-known manufacturers own the ability to produce anti-radiation optical fiber. However,
considering that BOTDR is used in large structural health monitoring, it’s not a good choice for
engineers to use anti-radiation fiber due to the high prices. And in our experiment, we test three
kinds of famous G.652.D single mode commercial fibers, which are widely used in engineering
field, to analyze their sensing performance in radiation environment. These tested fibers are YOFC
fiber (about 1 km), Corning fiber (about 1 km) and Fujikura fibers (about 1.5 km).

Notably, various defects will be generated in the optical fiber under radiation, which are called
color centers generated by irradiation. That will increase the loss of optical fiber, which is usually
called by radiation induced attenuation [18]. However, the defects formed under radiation are
unstable, which can be self-healing to a certain extent. That is usually called by the annealing
of radiation damage. Generally, the radiation process of optical fiber is a dynamic process between
defect generation and defect repair, and the recovery effect is most obvious in the initial period after
radiation stops [8]. To avoid the annealing of radiation damage caused by the long measurement
time, we connect these three kinds of commercial fibers by fusion splice technique. With this
method, the radiation performance of BOTDR with three kinds of fibers can be measured at the
same time. Therefore, the test time can be shortened easily.

Radiation experiment results in [11] show that temperature and strain coefficients of BOTDA are
little affected by gamma-radiation up to 10 MGy doses, which is 50, 000 times as large as 200 Gy
in our radiation experiment. Considering that BOTDR and BOTDA both utilize the frequency shift of
Brillouin backscattered light for sensing, we expect that the temperature and strain coefficients of
BOTDR will also change little for 200 Gy gamma-radiation dose. To verify the expected conclusion,
we add a fixed stress at the end of YOFC fiber by opening a small seam on the fiber spool. The
stressed fiber section is about 7 meters as shown in Fig. 1. And we can use the stressed fiber
section to analyze the radiation effect on the variation of BFS at stressed fiber section. If the BFS
caused by such stress has little change at 200 Gy, then the temperature and strain coefficients can
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Fig. 3. (a) Power curve of Brillouin backscattered light as a function of distance. (b) (c) and (d) show the
attenuation coefficients for different commercial fibers calculated at different radiation doses. (b) YOFC.
(c) Corning. (d) Fujikura.

be considered unchanged. And the measurement time can be shortened to avoid the annealing of
radiation damage caused by the long measurement time.

We select 10 Gy, 50 Gy, 100 Gy and 200 Gy as the break points. The radiation will stop while each
break point arrives. At the incident end of the sensing fiber, the light signal received at different time
corresponds to the Brillouin backscattered light generated by the fiber at different positions. And the
amplitude of Brillouin scattered light at different frequency can be obtained by sweeping frequency
method. Then the BGS along fiber can be obtained by plotting the amplitude of different frequencies
at different times in the figure, as showed in Fig. 2. From the figure, the BFS along each fiber
changes little at different doses. However, the amplitude attenuation of each fiber becomes larger
with the increase of radiation dose. The BGS along Fujikura fiber has almost been submerged in
noise when radiation dose reaches 50 Gy. And the same phenomenon also appears in Corning
fiber when radiation dose reaches 200 Gy. Because the increase of radiation dose will enhance the
color center effect of fiber [3]. While, the color center will increase the transmission loss of detecting
light and the Brillouin backscattered light.

Furthermore, there exist some drop of magnitude and some offset of amplitude in two connection
points among three kinds of fibers. The magnitude drop is caused by the loss of fusion splice. As we
know, in single-mode fiber, Brillouin peak frequency is directly proportional to the effective refractive
index of the fiber and the acoustic velocity in the fiber. Therefore, the Brillouin peak frequency is
different since the composition of the three kinds of sample fibers is different.

As for BOTDR system, we should pay more attention to the attenuation coefficient, the BFS along
sensing fiber and spatial resolution of BOTDR. Since our fiber sample is spliced by 1 km YOFC, 1
km Corning and 1.5 km Fujikura, the length of fiber sample reaches about 3.5 km. As a result, the
key parameters of BOTDR can’t be showed clearly merely according to Fig. 2. Therefore, based
on the results of Fig. 2, we will further analyze detailedly the radiation effect on the power curve
of Brillouin back scattered light, BFS along fiber and the spatial resolution for BOTDR at different
radiation doses in the following analysis.

Fig. 3(a) shows the power curve of Brillouin backscattered light along three kinds of fibers at
different doses. It can be seen that power decreases with the increase of transmission distance.
And with the increase of radiation dose, the attenuation coefficients increase obviously for all three
kinds of fibers. We further calculate the attenuation coefficients of these fibers at different radiation
doses, and show them separately in Fig. 3(b) (c)and (d). The results indicate that compared
to YOFC fiber and Corning fiber, Fujikura fiber has the biggest attenuation coefficients in each
radiation dose (0 Gy, 10 Gy, 50 Gy, 100 Gy). In addition, it should be noted that the performance
of Corning fiber is better when the radiation doses are 0 Gy and 10 Gy. However, when radiation
doses are 50 Gy, 100 Gy and 200 Gy, the attenuation coefficients of YOFC fiber are smaller than
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Fig. 4. (a) BFS along sensing fiber as a function of distance. (b) Fitting results of fiber section with weak
signal.

that of Corning fiber. That means although Corning fiber performs better than YOFC fiber under 10
Gy in radiation-induced attenuation, YOFC fiber is a better choice when radiation doses are more
than 50 Gy.

In fact, physical and chemical changes, such as discoloration, hardening and brittleness, will
occur in optical fiber under the effect of radiation. And in the microstructure, various defects are
generated which will worsen the transmission performance of optical fiber. The defects are called
color centers, which will increase the loss of optical fiber. That is radiation induced attenuation.

The three kinds of optical fibers selected in this paper are all commercial optical fibers. In
order to improve the transmission performance of optical fibers, the manufacturers will mix other
elements in the production of optical fibers. Due to the different production processes, therefore,
the anti-radiation properties of the three kinds of optical fibers are different. So, the selection of
most suitable sensing fiber must be based on the ground radiation experiment results according to
the radiation environment of application scenario.

In BOTDR system, the frequency distribution at any position of the sensing fiber obeys charac-
teristics of Lorentzian profile. BFS can be obtained by Lorentz fit based on the different frequency
points at sampling point. Then the BFS curve along the sensing fiber can be obtained by connecting
the BFSs of all sampling positions along the fiber, as showed in Fig. 4. Because the BGS along
Fujikura (at 100 Gy and 200 Gy) and Corning (at 200 Gy) is too weak to obtain the accurate BFS
by Lorenz fit, we give the fitting results separately in Fig. 4(b) to make the figure clear.

From Fig. 4(a), BFSs under different radiation doses (10 Gy, 50 Gy, 100 Gy, 200 Gy) reproduce
the case of background (0 Gy) well. It indicates that 200 Gy gamma-radiation has little effect on the
BFS when BOTDR is applied in the structural health monitoring in space station.

The result seems a little different from the ones of radiation experiment in [ref. [11], they find that
the HGe-doped optical fiber presents a radiation-induced-Brillouin frequency shift of about 18 MHz
at 10 MGy. In fact, it is not contradictory, because 10 MGy, which is used in this experiment, is
50,000 times as large as 200 Gy used in our radiation experiment. Based on the result of radiation
experiment in [ref. [11], the BFS in the case of 200 Gy can be evaluated easily, and the same
conclusion will be also found that the radiation has little effect on the BFS of BOTDA under the
dose of 200 Gy. However, since radiation will increase radiation-induced attenuation, which can’t
be ignored at 200 Gy, the BGS amplitude along the fiber will decrease accordingly. And if the
signal-to-noise ratio (SNR) becomes small enough, the accurate BFS cannot be obtained. Fig. 4(b)
illustrates this point. When radiation dose is 100 Gy, a clear BFS curve can still be obtained until
3000m. However, when radiation dose reaches 200 Gy, only the BFS curve for the first 2000 m can
be clearly obtained.

As a sensing technique, it’s also important to investigate the BFS at stressed section. In Fig. 4(a),
the red circle is corresponding to the BFS at stressed fiber section. We zoom the part of red circle
and use spline interpolation method to obtain Fig. 5. From Fig. 5, the variation in BFS for stressed
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Fig. 5. BFS and spatial resolutions at different radiation doses at stressed fiber section.

fiber section is 33.2 MHz at 0 Gy. And when the radiation dose reaches 10 Gy, 50 Gy, 100 Gy
and 200 Gy, the variations in BFS are 32.3 MHz, 33.1 MHz, 33.2 MHz and 34.6 MHz respectively.
Compared to the variation at 0 Gy, the variations in BFS increases -1.1 MHz, −0.1 MHz 0 MHz
and 1.4 MHz at 10 Gy, 50 Gy 100 Gy and 200 Gy. Since the measurement accuracy of our BOTDR
system is about ±1 MHz, it can be considered that the variation in BFS are not affected by 200
Gy when the fiber surfers the fixed stress. In other words, the strain coefficient will not be affected
when BOTDR is applied in space station.

Besides BFS, the spatial resolution is another important parameter of sensing system. In
practical application, we usually calculate the length between the positions corresponding to 10%
and 90% of maximum value in BFS and take this length as the spatial resolution of sensing system
[19]. The spatial resolutions of BOTDR have been marked in Fig. 5 at different radiation doses.
The spatial resolutions are 4.7m, 4.8m, 4.8m, 4.9 m and 5.5 m at 0 Gy, 10 Gy, 50 Gy, 100 Gy
and 200 Gy respectively. Firstly, it should be noted that optical pulse width is 40 ns in the radiation
experiment. Thus the theoretical spatial resolution should be 4m. But actual spatial resolution is
4.7 m at 0 Gy. This difference is mainly caused by the components and algorithm of our BOTDR
system.

From results in Fig. 5, the spatial resolution changes little under 100 Gy, but increases 0.8 m
at 200 Gy. The BFS obtained by fitting is not smooth along fiber, and the unsmooth curve will
lead to errors in the calculation of spatial resolution. As for the unsmooth curve, the reason
is that the SNR has decreased obviously after 200 Gy dose, which can be seen clearly from
Fig. 2(e). And the small SNR deteriorates the precision of fitting results, which in turn increases the
spatial resolution. Therefore, the space designers should consider the increase of spatial resolution
carefully according to the practical demand.

4. Conclusion
In conclusion, three kinds of famous commercial fibers, YOFC fiber (about 1 km), Corning fiber
(about 1 km) and Fujikura fibers (about 1.5 km), have been radiated up to 200 Gy by Co60. The
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results indicate that the Fujikura fiber has the worst performance for all radiation doses under
200 Gy in these three kinds of fibers. And for the Corning fiber and the YOFC fiber, although Corning
fiber performs better than YOFC fiber under 10 Gy in radiation-induced attenuation, YOFC fiber is
better when radiation doses are more than 50 Gy. That means the selection of fiber has to be made
by special radiation experiment according to the application scenario. Through this experiment, we
verified the feasibility of BOTDR applied in space station. The results indicate that when SNR is
large enough, radiation has little effect on the BFS. However, since radiation will lead to radiation-
induced attenuation, the amplitude of BGS will decrease accordingly. And if the SNR becomes
small enough, the accurate BFS along sensing fiber cannot be obtained. That means the radiation
will obviously decrease the maximum detectable range of BOTDR. For the stressed fiber section
of BOTDR, the result shows that radiation has little effect on the strain coefficient. However, when
SNR becomes small enough, radiation will deteriorate the spatial resolution of BOTDR. Therefore,
if space engineers want to apply BOTDR in space station, more attention should be payed to the
radiation-induced attenuation and spatial resolution in the practical application. These results are
good references for the introduction of BOTDR to space engineering field.
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