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Abstract: The effects of gamma ray (γ-ray) radiation and electron beam (e-beam) radiation on 
Rayleigh scattering coefficient in single-mode fiber are experimentally investigated. Utilizing an 
optical time domain reflectometry (OTDR), the power distribution curves of the irradiated fibers are 
obtained to retrieve the corresponding radiation-induced attenuation (RIA). Based on the 
backscattering power levels and the measured RIAs, the Rayleigh scattering coefficients can be 
characterized quantitatively for each fiber sample. Under the given radiation conditions, Rayleigh 
scattering coefficients have been changed very little while RIAs have been changed significantly. 
Furthermore, simulations have been implemented to verify the validity of the measured Rayleigh 
scattering coefficient, including the splicing points. 
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1. Introduction 

Rayleigh scattering is an inherent scattering 

phenomenon of optical lightwave propagating 

through a medium. Scattered light is generated in 

various directions when light transmits in disordered 

medium with the random fluctuation of refractive 

index, due to its density fluctuation. Rayleigh 

systematically studied and explained the 

phenomenon of the blue sky [1] and further derived 

the –4 law [2] from the elastic-solid and 

electromagnetic theory separately. Rayleigh 

scattering coefficient as a fundamental and 

important parameter of optical fiber, is of great 

significance in many applications [3–12], such as 

random fiber laser (RFL) [3–6], distributed fiber 

sensing like optical time domain reflectometry 

(OTDR) [7, 8], and optical frequency domain 
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reflectometry (OFDR) [9, 10]. Importantly, in these 

optical fiber applications, different fibers with 

different properties will bring completely different 

performances. Therefore, it is necessary to figure out 

the specific properties of the used optical fibers. 

It is well known that irradiation could 
significantly alter fiber properties, and a great 
number of studies on the radiation-induced 

attenuation (RIA) in optical fibers were performed 
[13–17]. Besides, some reports described the 
mechanisms inducing microscopic and macroscopic 

changes under irradiation, containing compaction, 
radiation-induced emission, and RIA [18, 19]. In 
addition, some researches have studied the 
performance of irradiated fiber in the OFDR system 

[20, 21]. However, these literatures didn’t 
quantitatively reveal whether the Rayleigh scattering 
coefficient of the irradiated fiber has been changed 

or not, because the principle of such OFDR 
measurements is as follows: the refractive index of 
fiber will be altered by temperature/strain, causing 

the variation of the optical path length, and such 
length variation can be obtained by OFDR, using the 
Rayleigh backscattering signal of the probing 

lightwave. It should be noted that, Rayleigh 
backscattering coefficient is irrelevant to the 
temperature/strain resolution of OFDR (or frequency 

shift per temperature/strain unit). 
In this paper, quantitative measurements of the 

effects of -ray and e-beam on Rayleigh scattering 

coefficients of optical fibers were carried out. The 
fibers used in this study are from a same reel of 
Corning (SMF-28e+) fiber. An OTDR system was 

employed to test the power distribution along the 
irradiated fibers and their corresponding RIAs were 
retrieved through data fitting; then Rayleigh 

scattering coefficients of these sample fibers were 
retrieved based on the measured backscattering 
power, and they almost remained constant with or 

without the radiations. This is the first report that the 
specific Rayleigh scattering coefficients of -ray and 
e-beam irradiated fibers have been measured in 

detail. 

2. Preparation of irradiated fiber samples 

-ray irradiation was performed at the Indian 

designed 60Co GC-5000 irradiator. For -ray 

exposure, the samples were located in the middle of 

the cylindrical irradiation chamber (volume of  

5000 cm3), at a distance of 10 cm from the base. The 

average temperature during the exposure was about 

36℃, and the irradiation was run at a dose rate of 

1.2 Gy/s. The dose rate and the total dose were 

measured with 3.3% standard deviation. The 

dosimetry used in the system was the type of 

ethanol-chlorobenzene (ECB) with oscillometric 

readout, traceable at the National Physical 

Laboratory, by RISOE HDRL. 

Some optical fiber samples were exposed to 

e-beam radiation at the “traveling-wave” linear 

accelerator which belongs to the Institute for Laser, 

Plasma and Radiation Physics (pulse duration of 4 μs, 

operating current of 3.5μA–5.0 μA, and frequency of 

50 Hz, and electron energy in the high power regime 

of 5.5 MeV). The employed dose rate was measured 

to be 26.7 Gy/s. The fibers were placed at 60 cm 

from the accelerator exit window. For the dosimetry, 

a graphite calorimeter, calibrated at Risø High Dose 

Reference Laboratory, was used. 

Six pieces of common single-mode fibers were 

irradiated with γ-ray (represented by G1, G2, and 

G3, corresponding to 2 kGy, 12 kGy, and 36 kGy) 

and e-beam (represented by E1, E2, and E3, 

corresponding to 5 kGy, 25 kGy and 75 kGy) 

respectively, each of them with a length of 100 m. 

Besides, an additional 100 m identical SMF (SMF2) 

from the same reel fiber was utilized as a reference 

sample fiber without exposing it to any radiation. All 

of these seven sample fibers were wound into fiber 

coils with a diameter of 8 cm. 

3. Measurement setups 

3.1 OTDR curves acquisition 

In order to measure the RIAs of the irradiated 

fiber samples, a setup was built based on an OTDR 
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manufactured by EXFO, with 5 ns pulse width 

(corresponding to 0.5 m spatial resolution), 1550 nm 

working wavelength, and 180 s average time. The 

sketch of the test system is shown in Fig. 1. A piece 

of 520 m SMF (SMF1) wound around a 15 cm 

diameter coil was placed between the OTDR and 

SMF2 which was a reference to make sure fiber 

samples were properly wound without extra bending 

loss. The fiber under test (FUT), irradiated sample 

fiber, was connected to the SMF2 and tested one by 

one. In order to form an anti-reflection termination, 

the far end of the FUT was fused with an 8% 

oblique-angled pigtail and immersed into index 

matching liquid. The refractive index of the index 

matching liquid was 1.47. 

 

OTDR 

SMF1 

SMF2 

FUT 

Anti-reflection 
termination 

 
Fig. 1 OTDR-based attenuation measurement experimental 

setup. 

3.2 Backscattering integral power measurement 

Figure 2 depicts the measurement system for 

backscattering integral power from sample fibers. 

An amplified spontaneous emission (ASE) source 

was used as the light source and connected to the 1st 

port of the fiber optical circulator. The wavelength 

span of the ASE was from 1 520 nm to 1 570 nm, and 

10 dB bandwidth was 35.2 nm. The 9.86 dBm input 

lightwave transmitted through the 2nd port of the 

circulator into FUT. The backward Rayleigh 

scattering lightwave was output from the 3rd port of 

circulator eventually and detected by an optical 

power meter (PM). Similarly, the far terminations of 

sample fibers were processed with an 8% 

oblique-angled pigtail and immersed into index 

matching liquid to eliminate the effects of Fresnel 

reflections in the process of measuring 

backscattering power. By the way, the two ports of 

the FUT and the 2nd port of circulator were directly 

fused together instead of being connected by a 

flange, so there was no need to worry about any 

spurious back reflection coming from the circulator. 

Importantly, the PM did not have any readout (the 

minimum detected power is –50 dBm) when there 

was no FUT, which meant that the cross talk of the 

circulator between the 1st port and 3rd port (less 

than –60 dBm) was too small to have any influence.  

 

PM
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FUT

Anti-reflection
termination

ASE 
source 

1 

2

3 

 
Fig. 2 Backscattering integral optical power measurement 

setup. 

4. Experimental results 

4.1 Effects of γ-ray and e-beam radiation on fiber 
loss 

The optical power distributions along fiber in 

sample fibers can be directly obtained using the 

setup in Fig. 1 and the results are shown in Figs. 3(a) 

and 3(b), respectively for the fibers exposed to γ-ray 

and e-beam radiation. Apparently, the optical power 

distribution in 100 m SMF2 (which had a typical 

loss of 0.18 dB/km) was highly consistent with the 

one in 520 m SMF1, which meant that they had the 

same Rayleigh scattering coefficient. It also 

suggested that the winding method of the sample 

fibers did not affect the fiber loss. Moreover, the 

optical power curves of the irradiated fibers did not 

have sharp increase and decrease, which meant that 

the attenuation was relatively uniform along the 

fiber. These specific slopes were obtained through 

fitting the data of power distributions in the 

least-squares sense, as indicated in the regions 
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labeled FUT of Figs. 3(a) and 3(b), and the 

calculated RIA coefficients are shown in the insets. 

In addition, for the sample fibers with anti-reflection, 

a conspicuous drop can be observed at the end of the 

power distribution curves, indicating that there was 

no reflection, which was also significant for the 

measurement of Rayleigh scattering coefficient.  
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Fig. 3 Measured OTDR curves of the irradiated fibers:    

(a) γ-ray irradiated fibers and (b) e-beam irradiated fibers. 

The trends of the RIA coefficients of the fiber 

are shown in Fig. 4, where the black and red lines 
correspond to γ-ray radiation and e-beam radiation 
respectively. The results show that although both 

types of radiation enlarge fiber attenuation, the 
growth trends of different irradiation type are 
different. In the case of γ-ray radiation           

(2 kGy–36 kGy), throughout the entire range, RIAs 
become larger as the irradiation increases, but the 
growth rate of 2 kGy to 12 kGy is greater than the 
growth rate of 12 kGy to 36 kGy. This tendency 

highly coincides with the recent report [22]. In the 
range of e-beam radiation intensity (5 kGy–75 kGy), 
the RIA coefficients are approximately linear with 

the radiation intensity, which means that different 
irradiations have different mechanisms for changing 
fiber loss. As a result, such different changes could 

be used in different applications. For example, 
compared with the γ-ray irradiated fiber, the e-beam 
irradiated fiber could use its RIA to detect the dose 

of irradiation. 
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Fig. 4 RIA coefficients curves for the sample fibers exposed 

to γ-ray radiation (black line) and e-beam radiation (red line). 

4.2 Effects of γ-ray and e-beam radiation on 
Rayleigh scattering coefficient 

In fact, the obtained backscattering integral 

power represents the contributions of the attenuation 

and the Rayleigh scattering effects as the fiber tails 

are specially processed without reflection at the far 

ends. Besides, the injected light power is too small 

to bring any nonlinear effects. Therefore, at the back 

receiving module, the received Rayleigh backward 

scattering component is an integral result along fiber, 

with the absorption attenuation evenly distributing 

along the fiber, the received backscattering     

power from the 3rd port of circulator can be 

expressed as [23] 
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2
bs in 0

e ds
L l

sP P l              (1) 

where s= G1, …, G3, E1, …, E3 denotes the labels 

of exposed sample fibers, s represents the optical 

loss coefficient in sample fibers, and L is the length 

of the sample fiber. Pin and Pbs express the injected 

optical power and the backscattering power, 

respectively. The reflectivity of a small section dl in 

the fiber is represented by the integral term 
2

in e dsl
sP l    , in which s  is the Rayleigh 

scattering factor. 

Table 1 Measured and calculated parameters. 

Fiber 

sample 

Radiation dose  

(kGy) 
s (dB/km) 

Pbs 

(dBm) 

s 

(10–8·m–1) 

SMF2 0 0.18 –44.2 5.63 

G1 2 5.30 –44.7 5.64 

G2 12 9.65 –45.2 5.52 

G3 36 12.29 –45.3 5.70 

E1 5 7.72 –45.0 5.55 

E2 25 9.47 –45.0 5.76 

E3 75 14.73 –45.5 5.73 

Based on the setup in Fig. 2, the backward 

scattering power was measured at the input laser 

power Pin of 9.86 dBm. Then, through (1), the 

Rayleigh scattering coefficients are calculated as 

shown in Table 1. Obviously, compared with SMF2, 

the result suggests that the Rayleigh scattering 

coefficients of the fibers exposed to both γ-ray and 

e-beam radiations do not show any obvious 

enhancement or decline. The irradiated fibers’ and 

the SMF2’s Rayleigh scattering coefficients are 

concentrated in the range of 5.5×10–8
 m–1 to  

5.8×10–8
 m–1. Ignoring these small differences (less 

than 2%), it can be considered that both the -ray 

and e-beam irradiations do not obviously change the 

Rayleigh scattering coefficient of the fiber. The 

differences (less than 2%) between the measured 

Rayleigh scattering coefficients of 6 fibers are small, 

and such differences come from the 0.01 dB 

uncertainty of the power meter readout, as well as 

the fluctuation of the Rayleigh scattering coefficient 

along the fiber reel, from which the 6 fiber samples 

were obtained. 

4.3 Re-examination of the acquired Rayleigh 
scattering coefficients and RIAs 

For the purpose of verifying the acquired 

Rayleigh scattering coefficients and RIAs about the 

irradiated fibers (especially its splicing point with 

SMF), some simulations have been done with the 

parameters in Table 1, as shown in Fig. 5. The 

simulation model is a common OTDR simulation 

model, and the scattered light at point Z is expressed 

as 
/2

2
bs in( ) ( ) e s

Z W
l

s
l Z

P Z P l 






           (2) 

where Z represents the distance between the starting 

point and the point Z. Pin represents the intensity of 

the starting point, W means the length of pulse width, 

and ( )s l shows the Rayleigh scattering coefficient 

at point l. s corresponds to the attenuation, which is 

obtained from the slope of the OTDR curve.  
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Fig. 5 Simulated OTDR curves of the (a) γ-ray and       

(b) e-beam irradiated fibers. 
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In the simulation model, for each fiber sample, 

the Rayleigh scattering coefficient is preset to be 

Rayleigh distribution along the fiber [24], with a 

certain mean value and 0.15×10–8 variance. The 

mean of the Rayleigh scattering coefficients of 

different samples are the last column of Table 1. In 

order to compare with the experimental data, the 

620-meter SMF spliced with 100-meter FUT was 

simulated. Besides, the simulation model also 

considers the pulse width of the input light, which 

makes the results more accurate. The simulation 

results are consistent with the experimental results 

[Figs. 3 (a) and (b)], including the data at the 

locations of the SMF and FUT splicing point, further 

demonstrating that the measurements are correct and 

two irradiation schemes do not significantly alter 

Rayleigh scattering coefficient of the fiber. 

5. Conclusions 

In conclusion, the effects on Rayleigh scattering 

coefficient in standard SMF exposed to γ-ray and 

e-beam radiation were studied in detail. Firstly, the 

power distributions along the irradiated fibers were 

measured with an OTDR for the corresponding RIA. 

Then, based on the backward power measurement 

and the obtained RIAs, Rayleigh scattering 

coefficients were characterized quantitatively. 

Simulations have been implemented to verify the 

validity of retrieved RIAs and Rayleigh scattering 

coefficients, especially at the splicing points. The 

results show that RIA increases as the radiation dose 

increases for both γ-ray and e-beam radiations with 

different trends, while the Rayleigh scattering 

coefficients almost remain the same. 
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