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Gamma-radiation effects in pure-silica-core photonic crystal fiber∗

Wei Cai(蔡伟)1,†, Ningfang Song(宋凝芳)1, Jing Jin(金靖)1, Jingming Song(宋镜明)1,
Wei Li(李伟)2, Wenyong Luo(罗文勇)2, and Xiaobin Xu(徐小斌)1

1School of Instrument Science and Opto-electronic Engineering, Beihang University, Beijing 100191, China
2FiberHome Telecommunication Technologies CO., Ltd., Wuhan 430000, China

(Received 29 April 2017; revised manuscript received 11 June 2017; published online 29 September 2017)

We investigated the steady state gamma-ray radiation response of pure-silica-core photonic crystal fibers (PSC-PCFs)
under an accumulated dose of 500 Gy and a dose rate of 2.38 Gy/min. The radiation-induced attenuation (RIA) spectra in
the near-infrared region from 800 nm to 1700 nm were obtained. We find that the RIA at 1550 nm is related with hydroxyl
(OH−) absorption defects in addition to the identified self-trapped hole (STH) defects. Moreover, it is proposed and
demonstrated that reduced OH− absorption defects can decrease the RIA at 1550 nm. The RIA at 1550 nm has effectively
declined from 27.7 dB/km to 3.0 dB/km through fabrication improvement. Preliminary explanations based on the unique
fabrication processes were given to interpret the RIA characteristics of PSC-PCFs. The results show that the PSC-PCFs,
which offer great advantages over conventional fibers, are promising and applicable to fiber sensors in harsh environments.
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1. Introduction

Photonic crystal fibers (PCFs) offer several distinct ad-
vantages compared with the conventional fibers and have been
widely used in fiber sensors.[1–3] Two different types of PCFs
are commercialized: solid-core PCF and air-core PCF. The
application of air-core PCFs is still limited by the reliabil-
ity, the splicing with other fibers, high costs, and high trans-
mission loss.[4,5] Compared to air-core PCFs, solid-core PCFs
are easier to handle and exhibit lower attenuation.[6] Further-
more, most solid-core PCFs are made with pure silica, which
is known to be radiation-hardened under gamma-ray radia-
tion. Thus, the pure-silica-core photonic crystal fibers (PSC-
PCFs) are possible candidates for sensors in radioactive envi-
ronments, such as the spaceborne fiber optic gyroscope. How-
ever, previous research on the steady-state gamma-ray radia-
tion responses of PSC-PCFs showed complex results. Girard
et al. found that the radiation induced attenuation (RIA) at
1550 nm of PSC-PCF is much higher than that of the conven-
tional pure-silica-core fiber with fluorine-doped cladding.[7]

Kosolapov et al. found that the RIA of PSC-PCF is very close
to that of pure-silica-core fiber from 400 nm to 900 nm.[8,9]

In an earlier study, we found that the PSC-PCF shows sig-
nificantly higher RIA at 1310 nm and its recovery is slower
than that of germanium-doped single mode fiber.[10] Theoret-
ically, the PSC-PCF should be radiation-hardened. However,
the practical high RIA makes it unsuitable for harsh environ-
ments. The steady-state gamma-ray radiation responses in
the near-infrared part of the spectrum, which covers the com-

mon operating wavelength in communication and fiber sen-
sors, should be further studied and decreased.

In this paper, we focus on the near-infrared region in
the RIA spectrum of PSC-PCF after a steady state gamma-
ray radiation with a total dose of 500 Gy and a dose rate of
2.38 Gy/min. We decomposed the RIA spectrum based on
the Gaussian model and the defects that have been identified
in the literature. It is found that the RIA at 1550 nm is re-
lated with not only the identified self-trapped hole (STH) de-
fects but also hydroxyl (OH−) absorption defects. After that,
we proposed fabrication improvement to reduce the RIA at
1550 nm based on the reduction of OH− absorption defects.
The RIA at 1550 nm is decreased effectively from 27.7 dB/km
to 3.0 dB/km. The experiment results demonstrate the contri-
butions of OH− absorption defects to RIA. Preliminary expla-
nations based on the unique fabrication technology are given
to interpret the RIA characteristics of the PSC-PCF samples.
The results show that the PSC-PCFs are promising for fiber
sensors in harsh environments.

2. Experiment
2.1. Tested optical fibers

The tested fiber samples were fabricated using the stack-
and-draw process by FiberHome Telecommunication Tech-
nologies CO., Ltd. Figure 1 shows the typical spectral atten-
uation of PSC-PCF with a cross section photograph as an in-
set. All the fiber samples have similar geometry with a pitch
of 5.6 µm, an enlarged hole diameter of 5.7 µm, and a small
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hole diameter of 3.0 µm. The differences of the structural pa-
rameters between the PSC-PCF samples are within 3%. Sim-
ilar microstructure, loss and spectral dependence levels were
observed for the PSC-PCF samples. The details of the tested
PSC-PCF samples are listed in Table 1. Each fiber sample is up
to 200 m in length. The material of the fiber core and cladding
is Heraeus F300 high purity fused silica tubes. The attenua-
tions at 1550 nm of the samples are all below 4 dB/km. The
samples mainly differ by the etching and dehydration process
in their fabrication. Sample-1 and Sample-2 are two succes-
sive samples from the same original preform. They were made
with the same material and the same fabrication processes.
The preform bundle of Sample-3 was treated with an improved
etching process before fiber drawing. The preform bundles of
Sample-4 and Sample-5 were treated with improved etching
and dehydration processes.
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Fig. 1. Measured spectral attenuation of PSC-PCF.

Table 1. Tested PSC-PCF samples.

Sample ID Length/m
Attenuation

Improved process
@1550 nm/dB·km−1

1 200 3.7 none
2 200 3.7 none
3 200 2.4 etching
4 200 2.0 etching and dehydration
5 200 1.8 etching and dehydration

2.2. Experiment setup

The experiment setup for measuring the RIA spectrum
is shown in Fig. 2. A similar system has been reported in
Ref. [11]. A supercontinuum white light source (NKT Photon-
ics SuperK compact) with a spectrum from 500 nm to 2400 nm
was used. Its output signal was split into eight paths by light
splitting components. Four were used as references to com-
pensate the variation of light intensity, and the others were
guided into the samples under test. Only the tested samples
were exposed to the 60Co source and the other parts of our
setup are kept in a shielded room outside the radiation room to
avoid the influence of irradiation. Spectral attenuations in the
near-infrared range (800 nm–1700 nm), both before and after

irradiation, were measured using an optical spectral analyzer
(OSA, Agilent 86142B). The RIA spectrum can be obtained
by using the following formula:

RIA(λ ) = LB(λ )−LA(λ ), (1)

where RIA(λ ) represents the RIA spectrum, and LB(λ ) and
LA(λ ) (dB/km) represent the spectral attenuation measured
before and after the fibers were irradiated, respectively.
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Fig. 2. (color online) Schematic of the experimental setup.

2.3. Experiment procedure

Two experiments were conducted to investigate the ra-
diation characteristics of the PSC-PCFs. In the first experi-
ment, we irradiated Sample-1 using a 60Co gamma radiation
source with a cumulative dose of about 500 Gy and a dose
rate of 2.38 Gy/min at room temperature. After irradiation,
the tested PSC-PCF sample was annealed at room tempera-
ture for a few days until most of the unstable defects were an-
nealed and transformed. Then, we obtained the RIA spectrum
of Sample-1. We observed that the RIA spectrum is related
with OH− absorption defects to some extent. It is expected
that reduced OH− absorption defects could lessen the RIA at
1550 nm. Thus, Sample-3, Sample-4, and Sample-5 were fab-
ricated with different improved processes to remove the resid-
ual OH− groups and contaminations in preform bundles. The
details are illustrated in Table 1. To verify our extrapolation
and investigate the influence of fabrication processes on the ra-
diation responses of PSC-PCF samples, we irradiated the rest
samples in Table 1 under the same conditions in the second ex-
periment. Sample-2, which is derived from the same original
preform as Sample-1 in the first experiment, acted as a com-
parison in the second experiment to ensure the reliability and
repeatability of the experiment. After the same days annealing
at room temperature, we obtained the RIA spectral responses
of the rest samples.

3. Experiment results
3.1. Results of Sample-1

At the end of the first experiment, Sample-1 did not
exhibit the anticipated lower RIA at 1550 nm than that of
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the conventional germanium-doped fiber for its pure-silica
core and cladding. For example, the RIA at 1550 nm of a
germanium-doped fiber without phosphorus in the cladding
reaches 4 dB/km.[7] However, Sample-1 showed a signifi-
cantly high RIA of 28.1 dB/km at 1550 nm. Figure 3 shows
the measured spectral attenuations of PSC-PCF Sample-1 be-
fore and after irradiation. The corresponding RIA spectrum
obtained using Eq. (1) is shown in Fig. 4. We can see that the
RIA around 1385 nm is much higher than that in the range of
1000 nm–1700 nm. The OH− absorption defect, which is well
known to produce an optical absorption (OA) band at about
1385 nm, is one of the main contributions to the total loss at
1550 nm in PCFs. Thus, we deduced that there must be a
close relationship between the RIA at 1550 nm and the OH−

absorption defects.
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Fig. 3. (color online) Measured spectral attenuation of PSC-PCF
Sample-1 before (black line) and after irradiation (red line).
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Fig. 4. RIA spectrum of PSC-PCF Sample-1.

In order to get more information on the defects in the
fibers, we fitted the RIA spectrum with Gaussian functions,
which are widely assumed for defects absorption in fibers.[12]

The fitting formula is shown as

RIA =
n

∑
i=1

ai exp

[
−
(

E −Ei

ωi

)2
]
, (2)

E = h
c
λ
, (3)

where Ei and ω i represent the center and full width half max-
imum (FWHM) of the OA band of a defect, respectively; E
represents the photon energy and ai represents the absorption
intensity of defects; n is the type of defect; the letters h, c,
and λ denote the Planck constant, the velocity of light in the
vacuum, and the operating wavelength, respectively.

The values of Ei and ωi of the Si-related defects or color
centers that have been identified in the literature[12] are listed
in Table 2. The centers of OH− defects’ OA bands are 0.89 eV,
1.0 eV, and 1.3 eV, respectively. We extracted the contribu-
tions of OH− defects by subtracting all the contributions of
the defects displayed in Table 2 from the RIA spectrum. The
fits of the pure-silica-core STHs (PSC-STHs), Si-related non-
bridging oxygen hole center (Si-NBOHC), and OH− defects
contributions are quite raw. However, this allowed us to deter-
mine the main contribution to the RIA at 1550 nm.

Table 2. Main parameters of Si-related color centers in the literature.

Center name Ei/eV ωi/eV
PSC-STH-1 2.6 1.12
PSC-STH-2 1.88 0.6
PSC-STH-3 0.7 0.3
PSC-STH-4 1.63 0.46
Si-NBOHC 1.97 0.2
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Fig. 5. (color online) Gaussian decomposition of the RIA spectrum of
Sample-1 (blue line) with the Si-related defects from the literature and
OH− defects. The OA bands of different defects are shown as follows:
PSC-STH-2 (pink line), PSC-STH-3 (green line), Si-NBOHC (black
line), OH− defect centered around 0.89 eV (purple line), and OH− de-
fect centered around 1.0 eV (cyan line). The contributions of other de-
fects are negligible and not indicated.

The RIA spectrum of Sample-1 is decomposed into three
parts including the STH defects, OH− absorption defects, and
Si-NBOHC as Fig. 5 shows. Only the OA bands of defects that
have major contributions to the RIA spectrum are depicted.
The contributions of other defects are negligible and not indi-
cated in Fig. 5. The contributions of OH− absorption defects
take up ∼ 8% of the whole RIA at 1550 nm according to the
Gaussian model decomposition results. To minimize the con-
tributions of OH− absorption defects to the RIA at 1550 nm,
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the fabrication process was improved. Then, we fabricated
Sample-3, Sample-4, and Sample-5 using the improved etch-
ing and dehydration process for the second experiment.

3.2. Effects of the improved fabrication processes

The rest samples in Table 1 were irradiated in the second
experiment under the same radiation dose and dose rate as the
first experiment. The measured RIAs at 1550 nm of the rest
PSC-PCF samples are shown in Table 3. We can see that im-
proved processes effectively lower the RIA at 1550 nm from
27.7 dB/km to 3.0 dB/km. Sample-1 and Sample-2 showed
the similar RIA spectrum at the end of the experiment, which
demonstrates that the experiment conditions in the first and
second experiments were almost the same.

Table 3. Measured RIA of the PSC-PCF samples.

Sample ID
Attenuation@1550 nm

RIA@1550 nm/dB·km−1
before radiation/dB·km−1

2 3.7 27.7
3 2.4 5.9
4 2.0 4.8
5 1.8 3.0

Figure 6 shows the measured spectral attenuations of
PSC-PCF Sample-5 before and after irradiation. The corre-
sponding RIA spectrum obtained using Eq. (1) is shown in
Fig. 7. We can see that the RIA around 1385 nm is almost the
same as that in the range of 1200 nm–1700 nm after improving
fabrication processes.
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Fig. 6. (color online) Measured spectral attenuation of PSC-PCF
Sample-5 before (black line) and after irradiation (red line).

The Gaussian decomposition result of Sample-5 is shown
in Fig. 8. We can see that the absorption intensity of OH− ab-
sorption defects and STH defects decline drastically compared
with that of Sample-1. On the other hand, the absorption in-
tensity of Si-NBOHC is almost the same as that of Sample-1.
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Fig. 7. RIA spectrum of PSC-PCF Sample-5.
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Fig. 8. (color online) Gaussian decomposition of the RIA spectrum of
Sample-5 (blue line) with the Si-related defects from the literature and
OH− defects. The OA bands of different defects are shown as follows:
PSC-STH-1 (brown line), PSC-STH-2 (pink line), PSC-STH-3 (green
line), Si-NBOHC (black line), and OH− defect centered around 1.0 eV
(cyan line). The contributions of other defects are negligible and not
indicated.

The RIA spectra of all the four PSC-PCF samples are de-
composed using the same method mentioned above. The color
center decomposition results are displayed in Table 4. As we
can see from Table 4, the STHs play a dominant role in the
RIA at 1550 nm. The Si-NBOHC seems to not contribute to
the RIA at 1550 nm. The RIA and the contribution of OH−

absorption defects are decreased evidently from Sample-2 to
Sample-3 by introducing the improved etching process. The
total contribution of OH− absorption defects to the RIA at
1550 nm is at least 2 orders of magnitude smaller than that
of STH defects after improving fabrication processes.

Table 4. Decomposition of the RIA@1550 nm.

Sample ID
RIA@1550

PSC-STHs Si-NBOHC OH− defects
nm/dB·km−1

2 27.7 91.3% 0.0% 7.9%
3 5.9 98.8% 0.0% 0.5%
4 4.8 97.0% 0.0% 0.1%
5 3.0 95.1% 0.0% 0.0%

4. Discussion
The significantly higher RIA of Sample-1 in comparison

with that of a germanium-doped fiber makes it unsuitable for
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application in harsh environments. However, the high RIA
can be reduced by improving fabrication processes from our
results. Here, we present a preliminary explanation of the RIA
characteristics in the experiments based on the unique stack-
and-draw fabrication processes of the PSC-PCFs. In the fab-
rication, tens of capillaries and rods form large amounts of
silica–air and silica–silica interfaces in preform bundles. Cer-
tain defect precursors could be generated at interfaces. Based
on this assumption, two hypotheses were proposed to explain
the RIA characteristics of PSC-PCFs.

4.1. Contribution of the STH defects to the RIA

The RIA of PSC-PCF at 1550 nm is mainly attributed
to the STH absorption defects from our results. Chernov et
al. showed that this kind of defect is stable at low tempera-
ture 77 K and unstable at 300 K. Moreover, this absorption
was found to be strongly dependent upon the technology of
the preform manufacturing and drawing conditions.[13] Kyoto
et al. and Henschel et al. interpreted the STH color centers
as a change in vibration modes as a result of gamma-ray radia-
tion induced structural defects, which is long-lived.[14,15] Con-
sidering the fiber samples in Ref. [13] is only 4 m in length,
the fact that we still observe STH defects at room temperature
(about 300 K) is probably owing to our high sensitivity by us-
ing fiber samples of 200 m in length. From our experiment re-
sults, the RIA at 1550 nm drops drastically from 27.7 dB/km
to 3.0 dB/km after fabrication improvement. The contribu-
tions of OH− absorption defects take up about 8% (about
2.2 dB/km) of the whole RIA at 1550 nm in Sample-2. Most
of the RIA reduction results from the decrease of the absorp-
tion intensity of STH defects. Thus, the absorption intensity
of STH defects is related with fabrication processes, especially
the treatment to the raw material, which is consistent with the
results in Ref. [13]. Yamaguchi et al. showed that the STH de-
fects are related to the effect of structural disorder.[16] Struc-
tural disorder could be induced at interfaces due to the large
surface tension during the drawing process. Such STH defects
may result from not only special fiber materials but also the in-
terfaces between core and cladding. Many more silica–air and
silica–silica interfaces exist in the unique stack-and-draw fab-
rication processes of PSC-PCFs, which may yield a higher de-
gree of structural disorder or more defect precursors than that
of conventional fibers. Thus, the STHs play a dominant role
in the RIA of PSC-PCFs at 1550 nm. The density of STHs is
also related with the fictive temperature of glass.[16,17] It seems
possible to further decrease its contribution by optimizing the
drawing parameters. In the next stage, we will investigate such
drawing parameters in order to further reduce the PSC-PCF ra-
diation sensitivity.

4.2. Contribution of the OH− defects to the RIA

As is shown in Fig. 4, RIAs of Sample-1 near the OH−

absorption peaks (1240 nm and 1385 nm) are higher than those
of other wavelengths in the investigated range, which indicates
the existence of OH− absorption defects. From the Gaussian
decomposition results in Table 4, ∼ 8% of the whole RIA at
1550 nm in Sample-2 can be attributed to the OH− absorp-
tion defects. After the improvement of fabrication processes,
the contribution of OH− absorption defects in other samples
is negligible. The initial material Heraeus F300 tube is spec-
ified with OH− content below 1 ppm, with a typical value of
0.2 ppm. However, the fabrication of PCFs involves stacking
of rods and capillaries, providing many opportunities for intro-
ducing small scratches and contaminations such as water va-
por or dust particles on the inner and outer surfaces of the pre-
form bundles. The high OH− absorption defects of Sample-2
may come from the diffusion of OH− into the glass. Since
the diffusion constant follows an Arrhenius relationship with
temperature, this form of contamination is particularly critical
during the drawing process when the temperature is high.[18]

The impurities and contaminations introduced in fabrication
could induce some near-infrared and visible absorption bands
after irradiation,[7] which affects the RIA at 1550 nm. The
impurity contents in preform bundles are decreased after fab-
rication improvement, especially after the preform was treated
with the improved etching process, and therefore the contribu-
tions of OH− defects to the RIA at 1550 nm drop observably in
other samples. It is likely that lower RIA levels can be reached
by further eliminating contaminations.

5. Conclusion
We have investigated the steady state gamma-radiation re-

sponses of PSC-PCFs in the near-infrared wavelength. The
results reveal the dominant role of STH defects in the RIA
at 1550 nm. Moreover, we found that OH− absorption de-
fects have contributions to the RIA spectrum. The contribu-
tion of OH− absorption defects to RIA at 1550 nm is negli-
gible after fabrication improvement and the RIA at 1550 nm
has declined evidently from 27.7 dB/km to 3.0 dB/km. The
level of radiation resistance achieved is superior to most com-
mercial Ge-doped single-mode fibers[7,19,20] and conventional
PSC fibers[11] at 1550 nm under similar conditions, to the best
of our knowledge. Our study provides an explanation of the
RIA characteristic of PSC-PCFs based on the unique stack
and draw fabrication process, which produces STH absorp-
tion defects and the OH− absorption defects. The generation
efficiency of defects is also affected by other parameters of the
material, fictive temperature for example. It is possible to fur-
ther decrease their contributions and consequently to fabricate
more radiation-hardened PSC-PCFs. Considering the remark-
able properties of PSC-PCFs such as low bending loss, design
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flexibility, and high birefringence with a lower sensitivity to
temperature, they are good candidates for future fiber sensors
in harsh environments.
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