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Abstract: A length-matched micro Fabry-Perot (FP) interferometer is proposed for strain
measurement under irradiation environment. Theoretical simulation shows that a well
length-matched FP sensor can achieve a very low drift of the cavity length and strain sensitivity in
irradiation environment. In experiment, such an FP cavity is realized by laser micromachining. It
shows a low cavity length drift of —0.037 pm and a strain sensitivity deviation of 0.52%, respectively,
under gamma irradiation. Meanwhile, the intensity of interference fringes is also stable. As a result,
such a length-matched FP cavity is a very promising candidate for strain sensing in radiative
environments.
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. After intense neutron-gamma radiation under high
1. Introduction u g u g

temperature, the cavity length of three surviving

The strain measurement of equipment in nuclear
environments is vital for its safe operation. The
Fabry-Perot (FP) sensor has been investigated
extensively for strain measurement under radiative
environment. F. Berghmans et al. [1] observed that
the interferometer fringes of the capillary-based FP
strain sensors were erased under irradiation. The
cavity length changes of the capillary-based
elongation FP sensors, caused by radiation-induced

compaction (RIC) [2], have been reported [3-5].
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sensors drifted between 1pum and 4 um [5]. Recently,
we reported pressure responses of an all-fiber air
cavity FP sensors before and after gamma radiation
[6]. These studies showed that radiation weakened
the FP sensor’s signal and degraded its measurement
accuracy. Especially, RIC causes a drift in the cavity
length, thereby introducing an obvious measurement
error. To achieve accurate strain measurement in
radiative environment, it is the key to eliminate the
drift of the FP sensor and reduce signal attenuation.
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Additionally, considering that high temperature and
irradiation usually exist at the same time, the strain
sensor should have good high temperature resistance
[7]. As a result, there is an urgent need to develop a
method of designing a sensor, with low radiation
sensitivity, low temperature sensitivity, and high
operating temperature, for strain measurements in
nuclear environments.

In this work, such a design method is proposed,
for realizing an FP sensor that works stably in
radiation based on a

extreme environment,

length-matched idea.

2. Design and analysis of the sensor

Figure 1 shows the FP cavity sensor, which is
formed by splicing a single mode fiber (SMF) with a
flat surface and a high-doped-germanium large
diameter fiber (LDF) with a cone groove surface.
The FP cavity consists of an air cavity and a gutter
structure with lengths of L, and Ly, respectively.

Air cavity Lo Ly

! Gutter
! Cladding '

Core —=

SMF LDF

Fig. 1 Structure of the designed FP sensor head.

On one hand, compaction-induced air cavity
length drift under irradiation causes a noticeable
measurement error for an FP sensor. On the other
hand, the strain sensitivity stability of the FP sensor
is the key to achieve accurate strain measurement
under irradiation. To realize an FP sensor suitable
for radiative environment, we carry out a theoretical
analysis on the compaction-induced cavity length
drift and the strain sensitivity stability of the sensor
after irradiation.

2.1 Analysis of radiation-induced cavity length
drift

Under irradiation, RIC causes a decrease in the

volume of silica [8]. The schematic diagram of the
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FP sensor is shown in Fig.2. Before irradiation, the
lengths of the FP cavity, air cavity, and gutter
structure are set to L, Ly, and L;, respectively. After
irradiation, the changes in lengths of the FP cavity,
air cavity, and gutter structure are set to AL, ALy, and
AL;, respectively. From Fig.2, the movement of the
second reflective surface increases the length of L,
denoted as ALy, The movement of the end faces to
the cavity decrease the length of L,, denoted as ALop.
Then, the total length of L, is
AL=ALo+ALyp. Actually, compaction causes the

change in

changes of L and L,, which lead to a decrease and
an increase in Ly, respectively. Deriving from
AL=AL—AL,, we can get ALy=ALo+ALop= AL—AL,,
where AL>0 and AL,>0, respectively. Assuming that
the linear compaction coefficients of L; and L are k;;

and k;, respectively, AL, can be expressed as
AL, =AL—-AL =Lk, —Lk,,. (D

on the fiber
composition [8] and radiation source [9]. Thus, £z,
and k; are different due to the difference of the fiber

composition and radiation source. To show how L,

Compaction mainly depends

varies with Lo/L; of the sensor, under different &,
and k; values, we calculate AL, for different cases
using (1). The density change of vitreous silica has
increased by 3% under fast neutron irradiation [10].
That gives 1% decrease in the length, if the
compaction is isotropic. Under high neutron and
gamma irradiation, the length decrease of radiation
fibers with different

corresponds to 0.24% — 0.34% of linear compaction

resistant compositions

[8]. Therefore, in calculation, it is assumed that k;;
and k; are within the range of 0.2% — 1%.

i . .3 L(L
v ¥ —*Moving direction L) :
I s Pure silica
Ist reflective surface —. | ¥ ‘Boron doped
dy | dy 7 =— 2nd reflective surface
L GeO, doped dsy - A
B GeO, doped -
Pure silica 4 Boron doped
Endface l : Pure silica /"
: ——: Endface!
Ly * L L

Fig. 2 Schematic diagram of radiation-induced compaction
of the FP sensor.
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Figure 3 shows AL, calculated for k;;<k; [Fig.
3(@)], ku=ky [Fig. 3(b)], and ki, >k, [Fig. 3(c)],
respectively. From it, AL, depends on Ly/L; in any
case, and the larger &;; and k; are, the larger ALy is.
When k;1<k;,
between k;; and k; increases. In the cases where

ALy increases as the difference

kpi<kp and kp =k, AL, increases as Ly/L; increases.
Accordingly, the use of fibers with excellent
radiation resistance to make an FP sensor with a tiny
L/L, can reduce the air cavity length drift. As shown
in Fig.3(c), when L(/L, takes a specific value, AL, is
zero. The reason is that, in this case, the changes of
L and L, compensate each other under irradiation,
namely, AL, = AL, then, ALy= kL — k;L,=AL-AL=0.
Therefore, based on the calculation results of the
case where k;;>k;, we propose a design method of
an FP sensor, which is to select fibers with different
core and cladding compositions to make the sensor,
as well as the design of the ratio of Ly/L; to be at a
suitable value. Namely, the cladding of the fiber has
better radiation resistance than the core. As a result,
the fiber with a highly Ge-doped core and a pure
silica cladding, indicating that the linear compaction
coefficient of the core is greater than that of the
cladding, is selected for the production of the FP
sensor. Theoretically, for the FP sensor made by this
fiber, by controlling L¢/L,, ALy can be reduced to
zero under irradiation.

2.2 Stability analysis of strain sensitivity under
radiation

For investigating the strain sensitivity stability,
the FP sensor is fixed with a distance of L. A certain
fixed strain of ¢ is applied. The strains of the FP
cavity, SMF, and LDF are marked as &gp, esmr, and
eLpE, Tespectively.

Then, the total length of the FP strain sensor
between the two fixed points is

Ly = Loy + Lep + Ly - (2)

The strains generated among the two fixed

points of the FP strain sensor, the SMF, the FP cavity,
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and the LDF are respectively expressed as
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Fig. 3 Relationship between the calculated air cavity length
drift (AL) of the sensor at different cases and the values of Ly/L;
of the sensor: (a) kz<k;, (b) k1 =k, and (c) k;>k;.
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When the force F is applied along the axial
direction of the FP strain sensor, the strains
produced by each part are different as the difference
in their cross-sectional areas (S). According to F' =
EeS, the following equation is obtained:

gSMFESMF(T)SSMF(T):gFPEFP (T)SFP(T) 4
=& prEipr (T)SLDF (7) @

where Esyr (T), Erp(T), and Eypr(7) are the Young’s
modulus of the SMF, the cladding surround the air in
the cavity, and the LDF, respectively, which are
dependent [11].
Ssmr(T), Srp(T), and Sy pr (T) are their cross-sectional
areas. The FP cavity is made on the LDF, so its

temperature Correspondingly,

Young’s modulus is the same as that of the LDF,
denoted as Erp (7).

Next, the strain applied to the FP strain sensor
can be expressed as

LSMFSSMF +LFP€FP +LLDF€LDF
LSMF +LFP +LLDF

[ EeSe (T)E,, (T)
_ M Soue (T Egyy, (T)
LSMF +LFP + LLDF

E=

EpSpp (T)
S op (T)

+ LFPgFP + LLDF

6))
The relationship between the strains of the FP
cavity and the FP strain sensor can be described as

g(LSMF + Ly + LLDF)

Epp = .
- Epp (T)S,, (T) FL 4L Spp (T)
ESMF(T)SSMF(T) SLDF (T)

(6)

The relationship between the change in air cavity
length and the FP strain sensor wavelength drift is as

follows:
A_//L: ALO — ALFP — (LO +L1)€FP =(1+L /L )g
1 Lo Lo Lo 1/ o0 )<Fp
(7)

Photonic Sensors

where A4 is the wavelength shift of the FP strain
sensor under strain, and A is the wavelength in
vacuum. L; and L, are the initial lengths of the gutter
and the air cavity, respectively.

Then, using (6) and (7), the strain sensitivity of
the FP strain sensor is written as
_AA
e

k

£

(1+L1/LO)(LSMF +LO +Ll +LLDF)ﬂ‘

- E.,(T)S,,(T) VL AL+ Ly, Sep (T)
ESMF (T)SSMF (T) SLDF (T)
(®)

The diameter of the SMF, the outer and inner
diameters of the FP cavity, and the diameter of the
LDF are set to di, d,, and d3, and d,, respectively, as
shown in Fig.2. Then, (8) can be expressed as

AL

ké‘
&
B (+L /L)L A
- 2 g2 2 g2y"
B D@ =d)) (@ d))
Eqge (T)d, d,
©)

According to (9), the strain sensitivity of the FP
strain sensor depends on the Young’s modulus and
diameters of the SMF, the LDF, and the FP cavity, as
well as the cavity length of the FP sensor. The
factors that affect the strain sensitivity of the FP
sensor under irradiation are as follows. Firstly, the
Young’s modulus of the silica increases by <0.5%
under gamma irradiation [12]. Secondly, the
diameter of the fiber changes under irradiation [13].
Thirdly, radiation causes a change in the FP cavity
length. In comparison, the cavity length change is
relatively obvious. Therefore, the strain sensitivity
variation of the sensor is mainly caused by the
change of L¢/L,. Moreover, the Young’s modulus
and diameter of the fiber, which have tiny changes
under irradiation, are not considered [12, 13].
Additionally, the SMF and the LDF are made of
silica with the same Young’s modulus. Besides, Ly
does not change during the strain test before and

after irradiation. Thus, (9) can be written as
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A
£
_ a+L /LO)LT/I
- 2_ 72 2_ 52
LSMF%+LO +Ll +LLDF(d2d#
1 4
=k(1+L, /L)
(10)
where

LA
(d22 _d32)(LSMF/d12 +LLDF/d42>+LO +L| '

Assume that the strain sensitivities of the FP
sensor before and after irradiation are k., and k.,
respectively. Then, the strain sensitivity deviation of
the FP sensor is expressed as
keb _ksa — LI/LO[l_(l_kLl)/(l_kL)]
1+L/L,

deviation =

&

(11)

where &; and k;, are linear compaction coefficients
of L and L,, respectively.

To provide a guidance for the sensor design,
under different k; and k;; values, the strain
sensitivity deviation of the sensor varying with the
ratio of Lo/L, (before irradiation) of the FP strain
sensor is calculated by (11), as shown in Fig. 4.
From it, the strain sensitivity deviation is zero for
the case of k;1=k;. The strain sensitivity deviation
decreases with Ly/L; when k;,#k;. Moreover, when
kpi>k;, the radiation-induced cavity length drift
leads to a decrease in the strain sensitivity of
the sensor. On the contrary, when £k;<k;, the
radiation-induced cavity length drift leads to an
increase in the strain sensitivity of the sensor. When
kp1#k;, under the condition that Lo/L; is greater than
1, the strain sensitivity deviation changes little and
tends to stabilize with an increase in Ly/L; Therefore,
to achieve strain sensitivity stability of the sensor
under irradiation, Ly/L; should not be less than 1.
However, according to (10), the strain sensitivity of
the sensor decreases with an increase in Ly/L;.
According to the theoretical analysis, for
compromise between the strain sensitivity and
stability under irradiation, the range of Lo/L; of the

Page 5 of 11

sensors should be designed to be between 0.6 and 1

with the maximum strain sensitivity deviation of
0.65%.
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Fig. 4 Relationship between the calculated strain sensitivity
deviations of the sensor at different cases and the values of Ly/L,
of the sensor: (a) 0.2%<k;1, £,<0.3% and (b) 0.6%<k; 1, k;<1%.

3. Sample preparation and experimental
procedure

To verify the design method of the all-fiber FP
sensor proposed above, as a proof of concept, seven
FP sensors with different Ly/L; values are designed
and fabricated. The production process of the sensor
involves 4 steps as shown in Fig. 5. Firstly, a flat
surface is formed by cleaving the LDF [Fig. 5(a)].
Secondly, a micro hole is drilled at the cleaved end
face to form an air cavity via a circle mask [Mask I,
Fig. 5(b)]. Thirdly, a gutter structure [Fig. 5(c)] is
machined by using a ring-shaped mask (Mask II).
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Fourthly, an SMF is spliced to the machined fiber to
form an FP [Fig. 5(d)]. Additionally, the FP gauge
length can be further adjusted by multi-discharging.
The detailed production process of the sensor is
described in [14]. The sensitivities of the sensor,
with a very low temperature and strain cross
sensitivities, and high temperature resistance, can be
adjusted by controlling the cavity length [14]. The
micrograph of the FP sensor is shown in Fig.6. The
bare FP samples with low temperature sensitivities
are fixed on a stainless steel plate placed
in gamma (1.25 MeV)
environment to ensure that they are exposed to the
same dose rate of 1 kGy/h (SiO;), and the
accumulated dose is set to 279.483kGy at 70 ‘C. The

performances of the FP sensor before and after

horizontally radiative

irradiation are tested, including its air cavity length
(L) variations, strain responses, and temperature

responses.
% Cleaving

(a) Large diameter fiber
U Splicing

Fig. 5 Schematic diagram of the FP sensor production
process: (a) cleaving the fiber, (b) micromachining to form a
microhole, (c) micromachining to form a gutter, and (d) splicing
to form an FP.

Fig. 6 Micrograph of the FP sensor.

4. Results and discussion

4.1 Air cavity length drift

After irradiation, visual inspection with a
microscope reveals that the structure of the FP
cavity of the seven sensors does not change. The

micrographs of the sensor #4 before and after

Photonic Sensors

irradiation are shown in Fig.7.

| #4 ‘_ﬁ—“ #4
100 um % 100 um
— | S

(a) (b)
Fig. 7 Micrographs of the sensor #4: (a) before irradiation
and (b) after irradiation.

Seven FP sensors show an air cavity length drift
of 0.037um to 5.383 um, as shown in Table1. The
drift of 0.037 um of the sensor #5 is two orders of
magnitude smaller than the drift of 1 um to 4pm of
the capillary-based elongation air cavity FP sensors
[5]. From Tablel, it is found that AL, depends on
Lo/L; of the sensor before irradiation, which is
plotted in Fig.8. From it, the air cavity length has a
small drift when Ly/L, is between 0.63 and 0.81. And
ALy is zero when L¢/L, takes a specific value
within this range, as the analysis result of
compaction-induced cavity length drifts. However,
the shapes of the experimental curve and
theoretically calculated curve are different. This is

Table 1 Air cavity length (L) drift of the seven FP sensors
before and after irradiation.

L m
Lo/l 0_(um) Drift Deviation
No. (before Before After o
R L o (nm) (%)
irradiation)  jrradiation  irradiation
#1 1.200 39.398 34.015 5.383 13.60
#2 0.923 37.270 35.794 1.476 3.96
#3 0.920 39.682 39.074 0.608 1.53
#4 0.870 40.011 39.427 0.584 1.45
#5 0.810 43.545 43.582 —-0.037 0.08
#6 0.631 39.409 39.501 —0.092 0.23
#7 0.450 36.069 36.683 -0.614 1.70
—@— Measurement data
5 F
4 L
~ 3t
=]
S
s 2L
3
1k
0k
1 1 1 1 1

1 1 1 1
04 05 06 07 08 09 1.0 1.1 12 13
Ratio of Lo/L; before irradiation

Fig. 8 Relationship between the air cavity length drifts of the
seven sensors before and after irradiation and the values of Ly/L,
of the seven sensors.
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because, in fact, the compaction of the SMF and
LDF affects the compaction of L. And, linear
compaction coefficients of L and L; may be affected
by the irregularity of the FP cavity structure.
Nevertheless, the experimental results show that the
design of sensors with the length-matched FP cavity
can eliminate the radiation-induced cavity length
drift. Additionally, the FP sensor could also be
designed as a sensor for gamma detection by
controlling the ratio of Lo/L;.

4.2 Strain responses

The strain tests of the four FP sensors are carried
out at room temperature before and after irradiation.
The experimental setup is shown in Fig.9, the FP
sensor is fixed on two high-precision stages, and the
force is applied along the axis of the fiber. The
distance between the two fixed points is 100cm. The
test is repeated for three cycles to check the
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reproducibility of the sensors. Strain performances
of these FP samples before and after irradiation are
listed in Table2. From it, compared with the results
before irradiation, these samples present an
increased or decreased strain sensitivity. The strain
responses of the sensor #6 before and after radiation
are presented as examples, and the inset is its spectra
before and after irradiation, as shown in Fig. 10. It is
observed that, after irradiation, the sensor #6 has the
good spectral quality and its strain response has the
good linearity. The strain sensitivity deviation of the

FP sensor is discussed below.

L7=100cm
+y Circulator Jw Lsvr Lep Lipr . -
) ‘“ | ¥ Lol Sensor head Lopdl F
hammam | . | -

[

Translation stage

Si 720 ‘P

Translation stage

Fig. 9 Strain experimental setup.

Table 2 Comparison of strain responses of four FP sensors before and after irradiation.

Lo/L, (before Strain sensitivity (pm/pe) Linearity
Number o Drift (pm/pe) Deviation (%)
irradiation) Before irradiation  After irradiation Before irradiation ~ After irradiation

#1 1.200 3.06 3.19 -0.13 —4.24 0.9956 0.9969

#5 0.810 3.81 3.79 0.02 0.52 0.9960 0.9984

#6 0.631 491 471 020 4.07 0.9950 0.9969

#7 0.450 52 498 022 423 0.9956 0.9983

4 deviations of the strain sensitivities of the seven

#6 . .
® After irradiation N samples are calculated by (11). Figure 11 shows a
@ Before irradiation .

s L o comparison between calculated results and
£ Slope: 491 pmijie 8 experimental results, by investigating the
Z 5L Slope:4.71 pmie é relationship  between the strain sensitivities
= ~ . . T
El o Refore imadiation deviations and L/L; of the FP before irradiation.
g < | e er irradiation
2 | Q z There is a difference between them, but the trend is
= i E . . . . .

® consistent. We believe that the difference is mainly

ol e due to the fiber diameter change under irradiation.
1536 1544 1552 1560 1568 .

o Wavelength (nm) From Fig. 11, when L¢/L, ranges from 0.7 to 0.9, the

0 100 200 300 400 500 600 700
Strain (LLg)

Fig. 10 Strain responses of the sensor #6 at room
temperature before and after irradiation.

Using experimental data of the cavity length, the

strain sensitivity of the sensor has a small deviation
and is independent of L;. The sensor #5 has a
minimum strain sensitivity deviation of 0.52%. This

result is different from the theoretical analysis result
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of the strain sensitivity deviation. This is also due to
the influence of the compaction of the SMF and
LDF and the irregularity of the FP cavity structure
on k;; and k;. According to the experimental results,
the strain sensitivity deviation of the FP sensor can
be avoided or even eliminated by controlling the
value of Lo/L;.

4.3 Temperature responses

Compared with the results before irradiation, the
samples have a larger temperature sensitivity, as
shown in Table 3. Compared with the results of the
FP temperature sensors reported in [15, 16], the
temperature sensitivities of these samples have a
larger variation. The changes in temperature
sensitivities of the FP samples are greater than those

Photonic Sensors

of the strain sensitivities. Temperature responses of
the sensor #6 before and after radiation are shown in
Fig.12.

—m—Experimental data

Strain sensitivity deviation (%)

-6

®—L=190cm Simulation
-9  |—&—L=100cm

¥ L=20cm
-12 r

4 L=02cm \
-15 B L 1 1 1 1 L 1 L

04 05 06 07 08 09 10 11 12 13

Ratio of L¢/L; before irradiation
Fig. 11 Relationship between the strain sensitivity deviations
of the sensor and the values of Ly/L, of the sensor before
irradiation.

Table 3 Comparison of temperature responses of three FP samples before and after irradiation.

Temperature sensitivity (pm/C)

Drift

L Linearity
Deviation

Number  Ly/L, (before irradiation)
. P (pm/C) (%) L o
Before irradiation After irradiation Before irradiation After irradiation
#3 0.920 -0.29 -0.32 0.03 -10 0.9870 0.9883
#6 0.631 -032 -0.50 0.18 -56 0.9971 0.9631
#7 0.450 -1.42 -1.91 0.49 -34 0.9969 0.9803
#6 @® Before irradiation A¢ 47‘[ ALO I Ano (12)
o} e @ After irradiation Ezz noﬁ 0 AT
°
E 0t ¢ ° Slope: 0.3 pm/ue where nq is the initial refractive index of the air in
Z o ° the cavity, L, is the initial air cavity length, 4, is the
= —40 } [ . . .
& ° ® o wavelength in vacuum, Ag is the phase difference
o
§ ~60 F ° between the two beams, and AT is the change of
Slope: 0.5 pm/jie ° temperature. According to Ag/2mr = AAM/FSR and
_80 -
PY FSR = /IZ/ZnOLO, we can get A4 = /12A¢/27m0L0. Here,
P 00 5 200 FSR is the free spectral range of the reflection

Temperature ('C)

Fig. 12 Temperature response of the sensor #6 before and
after irradiation.

Next, we discuss the temperature sensitivity drift
factors of the FP sensor caused by irradiation.
The temperature sensitivity of the FP sensor
can be written as

spectra. As a result, the temperature sensitivity of

L An, j
AT

the FP sensors can be described as
AL

k, _AL 4 (”0 0 4
AT n,L, AT

e

LA
LAT nAT )

(13)
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According to [14], the change of the air cavity
length with temperature is expressed as

ALy =[ Cous (Ly + L) = Coesl, JAT (14

doped ™1

where Cyopea and Cgaq are thermal expansion

coefficients of the doped cone region with a length

of L, and the cladding of the LDF, respectively.
Then, (13) can be expressed as

C,..(L,/L+1)-C
kT ZA—//?V:ZO clad( 0/ 1 ) doped +5 (15)
AT L,/L,
where  0=An¢/(nyAT) is the thermo-optical

coefficient (TOC) of the air in cavity.

From (15), the temperature sensitivity of the FP
sensor depends on the thermal expansion coefficient
(TEC) of the LDF, the TOC of the air in the cavity,
and the value of L¢/L,. Therefore, the change in
temperature sensitivities of the FP sensors after
irradiation could be attributed to the following two
factors. Firstly, radiation induces a change in the
TEC of the LDF [12]. Secondly, after irradiation, the
changes in Ly/L; of the sensors are different, which
is the main reason for the different temperature
sensitivity variations of these FP sensors. Besides,
the effect of radiation on the TOC of the air in the
cavity is currently unknown. Nonetheless, compared
with strain sensitivities of the FP sensors, their
temperature  sensitivities are relatively low.
Therefore, the influence of radiation on temperature
characteristics of the FP sensors on their strain

measurements can be neglected.

5. Conclusions

A method of designing a length-matched cavity

FP sensor is proposed to resist the cavity length drift.

The experimental results indicate that the sensor
with a length-matched FP cavity exhibits the
minimal cavity length drift of —0.037 um and strain
sensitivity deviation of 0.52% after gamma radiation
(1kGy/h, 279.483 kGy, and 70 C). Although large
temperature sensitivity change is observed after
irradiation, the analysis reveals that the influence of
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this change on the strain measurement can be
neglected because the FP sensor has a relatively low
temperature sensitivity. Using the sensor design
method proposed in this work, an all-fiber extrinsic
FP sensor with a length-matched FP has a great

potential for the application in radiative
environments.
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