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The effects of color centers’ absorption on fibers and interferometric fiber optical gyroscopes (IFOGs) are studied in
the paper. The irradiation induced attenuation (RIA) spectra of three types of polarization-maintaining fibers (PMFs), i.e.,
P-doped, Ge-doped, and pure silica, irradiated at 100 Gy and 1000 Gy are measured in a wavelength range from 1100 nm to
1600 nm and decomposed according to the Gaussian model. The relationship of the color centers absorption intensity with
radiation dose is investigated based on a power model. Furthermore, the effects of all color centers’ absorption on RIA and
mean wavelength shifts (MWS) at 1300 nm and 1550 nm are discussed respectively. Finally, the random walk coefficient
(RWC) degradation induced from RIA and the scale factor error induced by MWS of the IFOG are simulated and tested at
a wavelength of 1300 nm. This research will contribute to the applications of the fibers in radiation environments.
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1. Introduction

The interferometric fiber optical gyroscope (IFOQG) is
one of the most important achievements in the optical fiber
sensing field, which can be used to measure vector rotation
angular velocity relative to the inertial space and has been
widely applied to spacecraft systems recently.!!?! The sens-
ing coil wound by optical fibers is the essential component
of IFOGs. However, the presence of highly energetic radi-
ation in space induces additional optical attenuation greatly.
The radiation-induced attenuation (RIA) is primarily caused
by the trapping of radiolytic electrons and holes at defect
sites in the fiber.>*! Furthermore, it affects the performance
of the IFOGs in space environment.!”) The smaller optical
power received by the photodetector resulting from the RIA
can cause the degradation of random walk coefficient (RWC).
In Ref. [6], authors reported that the filtering effect arising
from the wavelength-dependent RIA in the fiber coil can cause
a change in the scale factor of an IFOG, but no experimen-
tal results exist. In Ref. [7], the change of wavelength cen-
troid with time for a fiber coil during proton irradiation was
tested, which showed a steady shift in wavelength. More-
over, the effect of the RIA spectrum dependence on the mean
wavelength shift (MWS) during the light transmission can lead
to the scale factor error.®! It has been found that the RIA
spectrum can be fitted by several color centers’ absorption
bands based on a Gaussian model.>~'!1 A series of color cen-
ters have been studied in detail through special spectroscopic

12,13

techniques.!!>!13! Giacomazzi et al. presented a first-principles
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investigation of Ge paramagnetic centers in Ge-doped vitreous
silica based on calculations of the electron paramagnetic res-
onance (EPR) parameters.!'l However, there are also some
near-infrared (NIR) defects that are not so well-known, except
for P-doped fibers, in which an NIR y-induced absorption has
already been attributed to P1 defects.!'?! The RIA of fibers and
its induced degradation on IFOGs have been investigated.[!3]
However, the correlation between the color centers’ absorp-
tion and its influence on IFOGs are rarely studied. In addition,
the effects of the radiation dose on the RIA and MWS of all
color centers have not been studied, which will be helpful in
assessing the performance of the space-borne IFOGs.

In this paper, to investigate the experimental spectrum re-
sults ranging from 1100 nm to 1600 nm in phosphorus (P)-
doped, germanium (Ge)-doped, and pure-silica-core (PSC)
PMFs at two radiation dose levels of 100 Gy and 1000 Gy,
the Gaussian model is adopted based on the color centers’ ab-
sorption. In addition, the influences of all color centers on
RIA and MWS of the experimental fibers are discussed at the
wavelengths of 1300 nm and 1550 nm respectively. Moreover,
the relationship of the color centers’ absorption intensity with
radiation dose is investigated based on a power law model. Fi-
nally, the degradation of the RWC and the scale factor error of
the IFOG induced by color centers’ absorption are estimated
and tested. The work will help to evaluate the performances
of optical fibers and optical sensors in other radiation environ-

ments, such as military facilities and nuclear power plants.
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2. Experimental setup

Three prototype PMFs with different dopants were cho-
sen and irradiated by a ®*Co gamma radiation source at room
temperature. Table 1 lists their main characteristics. The op-
erating wavelength and cut-off wavelength of all fibers are
1300 nm and about 1100 nm. Fibers F1, F2, and F3 (F4, F5,
and F6) were employed to compare for the discrepancy among
different dopants of fibers, and the fibers F1 and F4 (F2 and F5
or F3 and F6) were used to analyze the effect of radiation dose
on the RIA spectrum.

Table 1. Main characteristics of the fibers.

Fiber Dopant Length/km Dose/Gy
F1/F4 P~1 mol% 0.3 100/1000
F2/F5 Ge~15 mol% 0.3 100/1000
F3/F6 PSC~none 0.3 100/1000
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Fig. 1. Schematic diagram of the experimental setup.

The setup for measuring the RIA spectrum is shown in
Fig. 1. A super continuum white light source with a spec-
trum width from 400 nm to 1700 nm was used, and its out-
put signal was split into nine paths by light splitting compo-
nents. Three were used as references to compensate for the
variation of light intensity, and the others were used as inter-
rogation signals. The RIA spectra of six experimental fibers
were measured with an optical spectrum analyzer (OSA). The
light source, the light splitters and the OSA were located out-
side the radiation room to avoid the influence of irradiation.
The spectrum measurements were conducted in a wavelength
range from 1100 nm to 1600 nm. Then the experimental fibers
were annealed at room temperature for a few weeks until most
of the unstable color centers had been decomposed and trans-
formed after irradiation. The RIA spectrum can be obtained
by using the following formula:

RIA(A) = Lp(A) —La(A), (1

where RIA(A) represents the RIA spectrum, Lg(A) the spec-
trum measured before irradiation, and La(A) the spectrum
measured after irradiation and annealing. The losses caused
by coupling and instruments can be ignored, since their value
is orders of magnitude smaller than that of the RIA.

3. Decomposition of the RIA spectra based on
color centers’ absorption

Since the types of color centers are directly related to the
dopants in fibers, the radiation effects will depend on the com-
position of the fibers, such as core and cladding dopants, im-

16171 However, these intrin-

purity levels, and stoichiometry. !
sic parameters of the fibers are generally unavailable for the
researchers who apply them to radiation study as these pa-
rameters are mostly considered to be confidential by the fiber
manufacturers. Therefore, all common dopants are employed

in this paper.
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Fig. 2. (color online) Smoothed RIA spectra of six fibers.

Figure 2 shows the RIA spectra obtained from the experi-
ments. The RIA spectra are smoothed appropriately. The RIA
spectrum decomposition is to be addressed as the superposi-
tion of several corresponding color centers. Therefore, the
RIA spectra are fitted by Gaussian functions!'8! as widely as-
sumed for defects in fibers. The fitting formula is expressed

u E-E\’
RIA =) gjexp l—( 1)
i=1

;

as

. @)

where E; and w; represent the peak position and full width at
half maximum respectively, E represents the photon energy, a;
the color centers’ absorption intensity, and 7 the type of color
centers. According to previous investigations, the values of E;
and w; of these color centers obtained at room temperature are
listed in Table 2.13.19:201

Table 2. Main parameters values of color centers.

Center name Ei/eV w;/eV
PSC-STH 0.7 0.3
Ge-STH 0.72 0.3+0.1
P1 0.765 0.22
Ge-NBOHC 1.97 0.3-0.6
Si-NBOHC 2.0 0.18
Ge(X) 2.61 0.82
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Substituting the values listed in Table 2 into Eq. (2), the fitting curves of RIA spectra can be obtained. The values of
parameters may have subtle changes when fitting the data with higher precision. By the superposition of Gaussian functions, the
RIA spectra can be decomposed. Figures 3(a)-3(f) illustrate the experimental smoothed spectra and decomposed results of six
fibers. The corresponding color centers are also given there. The unit of horizontal axis in Fig. 3 is converted from nanometer

(nm) to electron volt (eV).
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Fig. 3. (color online) RIA spectra and their fitting curves: (a) F1, (b) F4, (c) F2, (d) F5, (e) F3, (f) F6.

The RIA spectra result from three main contributions: Table 3(a). Parameter values of P-doped fiber.
the UV absorption tail, visible absorption bands, and NIR- Color center  Dose/Gy a; EleV  @/eV
contribution.['3] At the observation wavelengths, NIR absorp- P1 100 56.44 0.74 0.199
tion bands play the most important roles. The fitting results 11(2)(1)0 fg.slg 1()57;2 00'5109292
indicate that the RIA spectra of P-doped fibers can be decom- Ge-NBOHC 1000 1447 > 0.456
posed into a sum of Gaussian functions corresponding to P1, Ge(X) 100 0.0005 2618 0.756
€
Ge-NBOHC and Ge(X) color centers. The RIA spectra of Ge- 1000 0.001  2.621  0.763
doped fibers depend strongly on Ge-impacted Self-Trapped- Table 3(b). Parameter values of Ge-doped fiber.
Hole (STH) defects, Ge-NBOHC, and Ge(X) color centers. Color center Dose/Gy a E/eV ;/eV
The RIA spectra of PSC fibers are decomposed by STH de- Ge-STH 100 15.53 0.7392  0.2003
. . 1000 43.76 0.7176 0.236
fects and the Si-NBOHC color centers. The fitting parame-
. . 100 15450 1.994 0.3
ter values of the color centers are listed in Table 3. Thus the Ge-NBOHC 1000 19380 ) 03
numerical fitting functions of fibers are obtained by inserting Ge(X) 100 0.0076 2.64 0.73
© 1000 0.06944 2.64 0.7317

these values into Eq. (2).
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Table 3(c). Parameter values of PSC fiber.
Color center Dose/Gy a; E;/eV w;/eV
PSC-STH 100 5.622 0.692 04
1000 21.59 0.65 0.3617
Si-NBOHC 100 4.59 2 0.18
1000 18.39 2 0.18

4. Results and discussion

4.1. Effects of color centers’ absorption on the fiber RIA
and MWS

Each kind of color center has specific absorption charac-
teristics, and it can absorb light in a specific wavelength range.
Thus the wavelength dependence of the color centers’ absorp-
tion may change the transmission properties of PMFs. The
scale factor of IFOGs is associated with the mean wavelength
of light signals, so it is necessary to study the characteristics

of the MWS.

The mean wavelength A can be calculated by the centroid
of the spectrum weighted, which can be approximated by a
linear weighting factor as follows:

1 P(A)Ai
i P(A)

where the sample spacing in the spectrum scan is 0.1 nm, P(4;)
is the optical power at the wavelength A;. To eliminate the in-
fluence of the MWS of the light source, the MWS of the RIA
spectrum is corrected by the reference signal. According to
Eq. (3) and Gaussian spectrum decomposition shown in Fig. 3,
the RIA and the MWS of all color centers both at 1300 nm
and 1550 nm under the same spectral width of 40 nm are cal-
culated. The results at total doses of 100 Gy and 1000 Gy are
listed in Tables 4 and 5, respectively.

A= 3

Table 4. RIA and MWS computed at total dose of 100 Gy.

. RIA/(dB/km) MWS
Fibers
1300 nm 1550 nm 1300 nm 1550 nm
P1 17.786 51.536 -1.355 -0.781
Fl Ge-NBOHC 2.894 0.581 0.0124 0.027
Ge(X) 3.658%107° 1.433x107° 0 0
Ge-STH 4.925 14.163 -0.373 -0.214
F2 Ge-NBOHC 0.093 0.002 0.015 0.0003
Ge(X) 3.663x107° 1.32x1073 0 0
- PSC-STH 3.663 5.227 -0.085 -0.035
Si-NBOHC 9.813x10°15 2.290x10~ 19 0 0
Table 5. RIA and MWS computed at total dose of 1000 Gy.
i RIA(dB/km) MWS
Fibers
1300 nm 1550 nm 1300 nm 1550 nm
Pl 76.608 221.975 -5.5571 -3.33925
F4 Ge-NBOHC 7.493 1.422 0.53545 0.08208
Ge(X) 4.819x10°6 1.741x107° 0 0
Ge-STH 16.065 38.738 -0.964 -0.57251
F5 Ge-NBOHC 0.101 0.002 0.017 0.0003
Ge(X) 0.0003 0.0001 0.00002 0.000004
F6 PSC-STH 10.661 18.179 -0.351 -0.208
Si-NBOHC 3.932x10714 9.175x 1014 0 0

As illustrated in Tables 4 and 5, the RIA and MWS of all
color centers dramatically increase with increasing the radia-
tion dose both at 1300 nm and 1550 nm for all fibers. It can be
concluded that the proportion of the P1 color centers’ absorp-
tion is more than 80% of the total RIA both at 1310 nm and
1550 nm, which are in agreement with those of the P1 color
centers with an absorption peak around 1600 nm in P-doped
fiber that the P1 fiber color centers’ absorption is the main ori-
gin of the RIA at NIR waveband. For F5 and F6, almost all
the total RIA is ascribed to the STH band. In addition, the
RIA and MWS of all fibers at 1550 nm are more sensitive to

radiation than at 1300 nm. Therefore, the 1300 nm is the better
operational wavelength than 1550 nm for space IFOGs.
The RIA can be explained with the power-law model

A=CD/, 4)

where A is the RIA, D is the total radiation dose, and C and
f are experimental constants. This model is capable of pre-
dicting or fitting the radiation responses of different fibers in
a wide range with various degrees of accuracy.!>!??! Provided
the color centers in the fiber remain stable, and the E; and w;
are not influenced by radiation dose in theory, the RIA spec-
trum as well as the color centers at any dose, not only 100 Gy
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and 1000 Gy, can be fitted by combining power-law fitting
functions and Eq. (2). Furthermore, the RIA values of differ-
ent operating wavelengths at any dose can be obtained by

RIA(E,D) = zn:RIAi (E,D)

i=1

Y a; (D)exp —(E_Ei>2 NG

ting curves are shown in Fig. 4. Table 6 gives the coefficients
of the fitting function and their R?. R? representing the degree

of curve fitting is close to 1, and the fitting effect is better.

Table 6. Coefficients of fitting functions of a;(D).

Fitting function: a;(D) = C * Df

= W Fibers ai(D) c f R?
i=l ' Pl 3.042 0.6342 1
which can be considered as the model for the sensitivity of P-doped ~ Ge-NBOHC 2.061 0.9488 1
RIA spectra to dose. Ge(X) 0.0001182 0.3109 0.9996
h lati hi h 1 s . . Ge-STH 1.956 0.4499 1
The relationship between the color centers’ absorption in- Ge-doped  Ge-NBOHC 9819 0.09843 ]
tensity and the radiation dose is studied quantitatively. It can Ge(X) 9.104x 1073 0.9608 1
be concluded that the color centers’ absorption intensity and PSC PSC-STH 0.3812 0.5844 1
radiation dose conform to the power law relationship. The fit- Si-NBOHC 0.2859 0.6028 !
300 - 2000 - -
® experiment data m experiment data 1.2} = experiment data 50| = experiment data
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Fig. 4. Fitting curves of g; versus dose: (a) ap; (P-doped), (b) age—NBonc (P-doped), (c) aGe(x) (P-doped), (d) age—stu (Ge-doped), (e) age—NBonc (Ge

-doped), (f) age(x) (Ge -doped), (g) apsc—stn (PSC), (h) asi-nponc (PSC).

4.2. Effect of color centers’ absorption on the IFOGs
The scale factor error € of IFOGs caused by the MWS
can be computed from the following formula: >3]

AA 27LD
& = T Ac ’ (6)

where L and D are the length and average diameter of the fiber

coil, A and AA represent the mean wavelength and its variation
respectively, and c is the speed of light. Moreover, RWC is an
important parameter of optical fiber gyro static index, which
determines the minimum of the gyro testing phase shift. The
RWC of the closed-loop operational IFOG with 7/2 modula-
tion phase can be expressed as!”)

Ac

RWC =
2nLD

e 1. 4kpT
NP10-Ac+AL/10 = Ay R[N P10~ (Ac+AL)/10]

5. (D)

where kg is the Boltzmann constant, 7' the absolute tempera-
ture, e the electron charge, Av the source spectral bandwidth,

R the detector load resistance, 1 the detector responsivity, P
the power of the detector, L the optical fiber coil length, A the
fiber loss, and Ac includes other optical circuit losses. The
model can be made to predict degradation of fiber optic gyro
random walk coefficient based on fiber optic radiation attenu-
ation curve.

To verify the RIA of fibers and the effects of all color cen-
ters on RWC and scale factor error of [FOGs, an experimental
IFOG with sensing coils of F4, F5, and F6 is tested. The pa-
rameters of the IFOG and its physical quantities are shown in
Table 7.

Table 7. Typical design parameters of experimental IFOG.

Parameter Value Parameter Value
Ac/dB 18 D/mm 50
n/(A/W) 0.92 P/uW 180

Av/Hz 6x1012 A/nm 1302
L/m 460 R/kQ 800
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Table 8 gives the calculated and tested results of the RWC as well as the scale factor error in the IFOG, and the contributions

of all color centers are indicated. As can be seen in the table, both of the calculated and tested results are coincident. The RWC

and the scale factor in the IFOG by using the P-doped fiber coil are more greatly affected than those by the Ge-doped and PSC

fibers.

Table 8. Results of the effects of RIA spectra on the experimental IFOG at 1300 nm.

. L Calculated RWC Tested RWC o Calculated scale ~ Tested scale
Fibers Contribution L 05 R 05 Contribution L. .
variation/((°)/h~">)  variation/((°)/h™"") variation/ppm variation/ppm
P1 91.09% 91.21%
F4  Ge-NBOHC 8.91% 0.8481 0.8030 8.79% 3777 3591
Ge(X) 0 0
Ge-STH 99.37% 98.26%
F5 Ge-NBOHC 0.625% 0.004 0.0036 1.73% 700 643
Ge(X) 0.005% 0.01%
F6 ?SC-STH 100% 0.002 0.0017 100% 354 327
Si-NBOHC 0 0

5. Conclusions

In this paper, the RIA spectra in P-doped, Ge-doped, and
PSC fibers with the radiation dose of 100 Gy and 1000 Gy
ranging from 1100 nm to 1600 nm are measured. According to
the Gaussian model, the RIA spectra of P-doped fibers are de-
composed into P1, Ge-NBOHC, and Ge(X) color centers. The
RIA spectra of Ge-doped fibers depend strongly on Ge-STH,
Ge-NBOHC, and Ge(X) color centers, and the RIA spectra of
PSC fibers are decomposed into STH and Si-NBOHC color
centers. The relationship between color centers’ absorption
intensity and radiation dose is studied quantitatively and con-
forms to a power-law model, which is helpful in decomposing
the spectrum into Gaussian functions with dynamic radiation
dose. The effects of all color centers on the RIA and MWS
in PMFs are investigated respectively. For the fibers and the
tested IFOG, the P1 color centers account for a significant pro-
portion in RWC variations and the scale factor variations in P-
doped fibers, and almost all the total RWC and the scale factor
variations are attributed to the STH band for Ge-doped and
PSC fibers. Moreover, the RWC and the scale factor error of
the IFOGs at 1300 nm are simulated based on color centers’
absorption and also tested. The calculated and tested results of
the RWC as well as the scale factor error in the IFOG are ac-
cordant with each other. Further studies should be conducted
to investigate the cross effect of radiation and temperature on
the RIA spectrum in space.
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