JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 9, NO. 8, AUGUST 1991

1031

Annealing of Linear Birefringence in Single-Mode
Fiber Coils: Application to Optical Fiber
Current Sensors

Dingding Tang, A. H. Rose, G. W. Day, and Shelley M. Etzel

Abstract—Annealing procedures that greatly reduce linear
birefringence in single-mode fiber coils are described in detail.
These procedures have been successfully applied to coils rang-
ing from 5 mm to 10 cm in diameter and up to 200 or more
turns. They involve temperature cycles that last 3-4 days and
reach maximum temperatures of about 850°C. The residual
birefringence and induced loss are minimized by proper selec-
tion of fiber. The primary application of these coils is optical
fiber current sensors, where they yield small sensors that are
more stable than those achieved by other techniques. A current
sensor with a temperature stability of +8.4 x 1075 /K over the
range from —75 to +145°C has been demonstrated. This is ap-
proximately 20% greater than the temperature dependence of
the Verdet constant. Packaging degrades the stability, but a
packaged sensor coil with a temperature stability of about +1.6
x 107%/K over the range from —20 to +120°C has also been
demonstrated.

1. INTRODUCTION

LTHOUGH single-mode fibers with very low inher-
ent linear birefringence [1] are now readily available,
there remains the problem that when these fibers are
formed into the proper configuration for many sensing ap-
plications, significant linear birefringence is induced by
bending. This bend-induced birefringence is the primary
difficulty in the development of optical fiber current sen-
sors based on the Faraday effect [2]-[4].
Bending of a single-mode optical fiber induces a phase
retardation (retardance per unit length) of [5]
o r?

EC —5 rad/m, ()

Aﬁsz

where E is Young’s modulus, C is the stress-optic coef-
ficient, r is the radius of the fiber, R is the radius of the
bend, and X is the operating wavelength. For silica, £ =
7.45 x 10° Paf6]and C = —3.3¢ x 10" Pa™ ' at A =
633 nm [7].
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For current sensors, it is more useful to consider the
retardation per turn, which is given by
2 2
AB = 2—:— EC% rad /turn. 2)
Thus, for example, a 3-cm-diameter coil of 125-pm-
diameter fiber has a retardation of approximately 1.6
rad/turn at a wavelength of 800 nm.

We have previously shown that fiber bend birefrin-
gence can be greatly reduced by annealing [8]. Stone [9]
has shown that inherent birefringence can also be reduced
by annealing. In this paper, we expand upon this previous
work and focus on the annealing of coils for current sen-
sors. We describe our procedure for annealing in greater
detail that has previously been reported. We explain the
importance of fiber selection in minimizing residual bi-
refrigence and induced loss. We describe the typical tem-
perature dependence of the residual birefrigence. And we
report what we believe is the best temperature stability for
a fiber current sensor yet obtained.

II. ANNEALING PROCEDURE

Fiber to be annealed is wrapped around a mandrel of
the desired diameter. The mandrel is removed and the coil
is placed in a channel machined into a ceramic annealing
fixture (Fig. 1) where it is held with several ceramic
wedges. The channel is approximately 3 mm wide and 8
mm deep. We presently produce coils with nominal di-
ameters ranging from 5 mm to 10 cm and with greater
than 200 hundred turns.

To anneal the fiber we use a temperature controlled
oven. The temperature is raised to about 850°C at about
5°C/min and held at the maximum temperature for about
24 h. The coil is then cooled at about 0.2°C/min until it
reaches room temperature in about 3 days. We have not
attempted to optimize the annealing cycle to achieve the
best coil characteristics in the shortest time. Using a
higher temperature might speed the process [9] as could
increasing the cooling rate after the temperature falls be-
low the strain point of the glass {10].

The coils are annealed in air. Normal buffer coatings
oxidize at temperatures of 300 to 400°C, damaging the
surface of the glass and resulting in a shattered coil. One
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Fig. 1. Ceramic fixtures used for annealing fiber coils.

Fig. 2. A 1-cm diameter, 200 turn, annealed coil.

solution to this problem is to remove the coatings prior to
annealing. This can be done successfully for relatively
large coils with a small numbers of turns, but often results
in broken coils. We have found, however, that if the
coated fibers are pretreated by soaking in a solvent, typ-
ically acetone or methylene chloride, depending on the
coating used, oxidation will occur with minimal effect on
the strength of the fiber. The solvent loosens the fiber
coating from the glass and probably speeds its oxidation.

When cool, the coils are removed from the oven and
from the annealing fixture. They then retain their coiled
configuration without constraint (Fig. 2) and can with-
stand limited handling. They must be protected, however,
before they can be extensively tested or used. For this
purpose, we use a plastic package, generally either
polycarbonate or phenolic, which has a channel similar to
that in the annealing fixture (Fig. 3) machined into it. The
coil is surrounded in the package by a very viscous lubri-
cant that can be used over a broad temperature range. The
coils are generally tested both in the annealing fixture and
the plastic package.

III. SELECTION OF FIBER
The properties of the annealed coil, specifically its op-
tical attenuation, cutoff wavelength, and polarization
properties depend substantially on the type of fiber used.
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Fig. 3. A packaged coil. Coil diameter is approximately 5 cm. The pack-
age is 30 cm long.

We have investigated the suitability of a number of fibers
for these applications. Most were ordinary, 125-um di-
ameter, telecommunications fiber, though usually with
cutoff wavelengths in the 600-900-nm range. We select
fibers for relatively low inherent birefringence, and gen-
erally choose fiber with an inherent retardation of the or-
der of 50°/m or less. We have also experimented with
specialty fibers, including ‘‘spun fibers’’ [1] and, for very
small coils, 80-um-diameter fiber. The choice of dopants
is also important, as indicated below.

A. Minimizing Residual Loss

In some fibers, annealing induces significant changes
in the spectral attenuation and cutoff wavelength of the
fiber. In part, this results from the fact that the refractive
index of silica containing certain dopants, especially bo-
ron, depends on its thermal history [11], [12]. Other, not
yet understood, mechanisms also appear to be important.

To investigate these effects, we have made spectral at-
tenuation measurements on coils of several different fi-
bers, both annealed and unannealed. The measurement
was similar to that commonly used for cutoff wavelength
measurements [13], in which the attenuation of a length
of fiber including a coil is compared to that of a straight
length of fiber. To be consistent, we used 10 turn, 3-cm-
diameter coils in all of these measurements. Generally,
repeated testing on the same fiber gave very similar re-
sults.

Figs. 4 and 5 show the results for two germania core,
silica clad fibers. These were produced by two different
companies, both using outside vapor deposition. Appar-
ently, they differ primarily in their cutoff wavelengths and
numerical apertures. After annealing, both show a small
shift of the cutoff wavelength to longer wavelengths. The
lower NA fiber (Fig. 5) also shows a broad region of in-
creased attenuation on the long wavelength side of cutoff.
The source of this loss is as yet unexplained.

Fig. 6 shows the results for another germania core fi-
ber, this one having a very slightly depressed inner clad-
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Fig. 4. Spectral attenuation of annealed and unannealed coils of a fiber
with Ge: SiO, core and SiO, cladding. NA = 0.138.
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Fig. 5. Spectral attenuation of annealed and unannealed coils of a fiber
with Ge: SiO, core and SiO, cladding. NA = 0.11.
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Fig. 6. Spectral attenuation of annealed and unannealed coils of a fiber
with Ge : Si0, core, slightly depressed inner cladding doped with phospho-
rus and fluorine, and SiO, cladding. NA = 0.13.
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ding incorporating phosphorus and fluorine. It was pro-
duced by MCVD technology and was spun during drawing
[1] to reduce inherent birefringence. After annealing it
shows essentially no shift in cutoff wavelength, but does
show evidence of increased microbending loss at longer
wavelengths.

Fig. 7 shows the results for a fiber with a germania core
and a depressed cladding incorporating boron and a small
amount of fluorine. After annealing, the cutoff wave-

1033

5 T T T
o 4l S e annealed i
S | 7 e unannealed
c 3
S i
s
> 2| —
2 o
Q Pty
ot ‘ o
< 1t . Lo e
0 R R ML .]
500 600 700 800 900

Wavelength, nm

Fig. 7. Spectral attenuation of annealed and unannealed coils of a fiber
with Ge : SiO, core and B: SiO, cladding. NA = 0.16.

length of this fiber is shifted about 60 nm to shorter wave-
lengths, and increased loss at longer wavelengths similar
to that shown in Fig. 5 is observed. The shift in cutoff
wavelength is consistent with measured changes in the re-
fractive-index profile.

All of the fibers represented in Figs. 4-6, and perhaps
even the fiber of Fig. 7, can be used with relatively little
loss, provided that the wavelength is suitably chosen. In
some cases, especially for coils smaller than 3 cm, we
find it best to operate at a wavelength for which the fiber
supports two modes, but for which the LP,; mode has a
high attenuation when the fiber is coiled: a wavelength of
650 nm for the fiber of Fig. 5, for example.

B. Residual Retardance

We characterize the coils after annealing as though they
consist, end to end, of a single discrete linear retarder and
a single discrete circular retarder (rotator) (Fig. 8) [14].
The measurements are made polarimetrically. Normally
the residual birefringence is small enough that 27 ambi-
guities are not a problem; otherwise, a larger-than-
assumed retardance is revealed when the coils are tested
as current sensors.

Fig. 9 shows residual retardance versus temperature for
a coil made with fiber from the same preform as that de-
scribed in Fig. 4. The coil consisted of 55 turns at a 4.5-
cm mean diameter. It was designed for and tested at a
wavelength of 780 nm. The measurements were made
after the coil was removed from the annealing fixture, but
before any protective material was applied to the fiber.
When straight, the fiber has a typical retardation of about
20°/m at that wavelength, or about 160° in the 8 m of
fiber used in the coil. These values are based on extrap-
olation of measurements made at a longer wavelength. By
calculation (2), the bend retardance prior to annealing was
about 3500° at 780 nm. The room temperature retardance
after annealing was about 65°, that is, about 1.2° /turn or
8°/m; this shows that, not only was the bend birefrin-
gence reduced substantially, but that the inherent birefrin-
gence was also reduced.

This coil shows the best temperature stability yet
achieved. Above about —30°C, the slope of the retar-
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Fig. 8. Model for the birefringence of a coil consisting of two elements:
a linear retarder of magnitude §, its fast axis oriented at angle ¢ to an
arbitrarily defined x axis, and a rotator of magnitude Q.

70
1 T 1 T |l T T T

8e | .-

%C - e ¢ \ 3 .

°g8 | +5.6x107° °/K 1

ghso! i

s |

—w |

S o

s r 1

N O = 4

&)850 1 ! | L 1 | ] |

-75 -50 -25 0 25 50 75
Temperature, °C

Fig. 9. Residual retardance versus temperature for a 55 turn, 4.5-cm mean
diameter coil made with the fiber described in Fig. 4.
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dance-versus-temperature curve is +5.6 X 107°9K.
There are several possible explanations for the more rapid
change in retardance at lower temperatures; no verifica-
tion was attempted.

Fig. 10 shows the residual retardance versus tempera-
ture for a coil similar to that of Fig. 9, except that it had
been encapsulated in a high viscosity lubricant and en-
closed in a polycarbonate package. At temperatures above
—30°C the retardance changes with temperature by about
—2.6 x 107%°/K. At lower temperatures, the retardance
increases rapidly, probably due to the hardening of the
lubricant.

Fig. 11 shows the relative magnitude of the rotation
elements for coils made with two different fibers. The
‘‘conventional’’ fiber was similar to that described in Fig.
4. The ‘“‘spun’’ fiber was similar to that described in Fig.
6. Each consisted of 55 turns at a mean diameter of 4.5
cm. The coil made from *‘ conventional fiber’’ shows es-
sentially no change in rotation with temperature, and is
typical of coils produced from most fibers. The coil made
from ‘‘spun fiber’’ shows a substantial change in rotation
with temperature, and seems to be typical of that type of
fiber. This rotation is undesirable in most sensor config-
urations.

C. Summary of Fiber Considerations

Even though these experiments demonstrate that an-
nealing reduces both bend and inherent birefringence, we
generally find that fibers with lower inherent birefrin-
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Fig. 10. Residual retardance of a coil similar to that described in Fig. 9,
except that it had been encapsulated in a high viscosity lubricant and a
phenolic package.
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Fig. 11. Relative magnitude of the rotation elements for coils of two dif-
ferent fibers. Both coils were 55 turns at a mean diameter of 4.5 cm. The
‘‘conventional’’ fiber is the same as that of Figs. 4 and 9. The “‘spun”’
fiber is the same as that of Fig. 6.

gence yield a lower residual birefringence. We suspect
that the residual birefringence is primarily limited by geo-
metrical imperfections in the fiber, especially noncircu-
larity of the core.

Aside from the advantage of avoiding boron as a dop-
ant, it is difficult to generalize about the importance of
composition and index profile. The higher NA Ge: SiO,
fibers tested here (Figs. 4 and 6) show less change in their
spectral transmittance after annealing than the lower NA
fiber (Fig. 5), though this many be coincidental. Careful
investigation of the changes of refractive index with ther-
mal history for other dopants could lead to index profiles
that will change less during annealing. This could be im-
portant, not only for annealed coils, but also in other ap-
plications where high temperatures are encountered.

IV. CURRENT SENSOR PERFORMANCE

Ideally, in a fiber current sensor the plane of polariza-
tion of linearly polarized light propagating in a fiber coil
surrounding a conductor is rotated by an angle 6, given
by

0 = uVNI 3)
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where p is the permeability of the fiber, V is a material
parameter known as the Verdet constant, N is the number
of turns in the coil, and [ is the current flowing through
the coil [3], [4]. If the light emerging from the coil passes
through a polarizer oriented at an angle ¢ to the zero-
current output plane of polarization, the transmittance as
a function of current, which we call the response func-
tion, is given by

R() = sin®* (uVNI + o). @

For the case of ¢ = 45° which is commonly used when
measuring small currents, we can define the sensitivity S
of the sensor as the slope of the response function at zero
current S = u VN. Often two outputs with ¢ = +45° are
used, and the ratio of the difference to their sum is ob-
tained electronically or numerically. This doubles the
sensitivity, provides a bipolar response, and reduces the
effect of source drift and relative intensity noise. The re-
sulting response function is

R(I) = sin QuVNI). 5)

A. Stability

When linear birefringence is present, the response
function is distorted [3], [4]. Assuming that the retar-
dance of the coil is evenly distributed and fixed in orien-
tation, and that the current is centered in the coil, the re-
sponse function for the difference-over-sum case de-
scribed in the preceding paragraph becomes, rather than

'

(6)

R(I) = 24 VNI <sm 6° + QuVNI) >

V& + QuVNIY?

where 6 is the retardance of the coil. Equation (6) reduces
to (5) when 6 is small. It also reduces to (5) when the
Faraday rotation (2u VNI) is significantly larger than the
linear retardance (6); in other words, the distortion of the
response function occurs primarily for small currents.
From (6) we obtain the small-current sensitivity as a func-
tion of retardance

s = &R =2uwvi";3. %)

dl

=0

The temperature dependence of the sensitivity is then

1S _1av (o 1\ dd s
sdar ~ var "\ 5) dr )
or for small 6
1as _1dv 5 ds °
SdT  VdT 3dT

! Equation (6) can be derived using Jones calculus and the Jones matrix
for a medium having both linear and circular birefringence. The method is
illustrated, for example, in A. M. Smith, ‘‘Polarization and magnetooptic
properties of single-mode fiber,”” Appl. Opt., vol. 17, pp. 52-56, 1978.
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Sensitivity vs. Residual Retardance
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Fig. 12. The normalized sensitivity of a current sensor as a function of
residual retardance & is (sin ) /8 (7). Its partial derivative with respect to
retardance is (cot & ~ 1/8) (8).

The first term on the right side of (8), the temperature
dependence of the Verdet constant, has recently been
measured for several diamagnetic glasses [15]. For SiO,,
(dV/dT)/V is +6.9 x 107° /K. The quantity (cot § —
1/6) in the second term, which is the normalized de-
rivative of (sin §)/6, is plotted in Fig. 12, along with
(sin 6) /6. The third quantity in (8), the temperature de-
rivative of the retardance, dé/dT, is found experimentally
to take either sign.

The sensitivity is obviously greatest when the retar-
dance is small. If this is the case and if the magnitude of
the residual retardance decreases with temperature, the re-
tardance term in (8) is positive, and (dV/dT)/V is the
best stability that can be obtained. If, on the other hand,
the magnitude of the residual retardance increases with
temperature, the second term is negative and compensa-
tion can occur.

Rogers [4] has pointed out that there are other stable
conditions where cot § — 1/ = 0. The first occurs at
6 = 4.5 rad. Operation at this point would be accom-
panied by a loss in sensitivity of more than a factor of 4
and a phase reversal. Compensation could also occur in
this case. Subsequent points of stability probably are ac-
companied by too great a loss of sensitivity to be useful.

Another problem arises when the inherent rotation of
the coil, that is the zero-current output plane of polariza-
tion, is unstable, as is the case with ‘‘spun’’ fiber in Fig.
11. This is equivalent to a change in ¢ (4), that is, a shift
in the response function that would make dc measure-
ments impossible and, if large enough, degrade ac mea-
surements as well. However, since this rotation is recip-
rocal, it should be possible to compensate for it by using
a two-pass configuration, reflecting the light from the far
end of the coil.

B. Experimental Results

We typically measure the low frequency sensitivity of
a current sensor with a 100-Hz ac current of about 500
mA in a single conductor through the coil. The detected
signals are monitored with a lockin amplifier or a spec-
trum analyzer. Measurements are made as a function of



1036

B -1 T 1 L T 1 T

S 94| |

>

8 02| )
Zs [ |
22 T .
=& 90 L .
7R N 5
s5 F +8.4x10° K i
o881 ]

[}

N = -

S 86 |

§ N I I 1 ) 1 1 !

-75 -50 -25 0 25 50 75 100 125 150

Temperature, °C

Fig. 13. Sensitivity versus temperature data for the unpackaged coil of
Fig. 9.

temperature, point by point, in an environmental cham-
ber.

Fig. 13 shows the sensitivity versus temperature for the
unpackaged coil for which the retardance versus temper-
ature data are presented in Fig. 9. The slope of the line is
+8.4 X 1073 /K, or about 20% greater than the temper-
ature dependence of the Verdet constant.

However, since the residual retardance increased with
temperature in this case, we expected partial compensa-
tion to occur and the total temperature dependence of the
sensitivity to be smaller than that of the Verdet constant
alone. Specifically, (8) yields a projected temperature de-
pendence of +2.8 X 107° /K. There are several potential
explanations for not observing compensation; these relate
to the location of the retardance in the coil and leads, and
have yet to be explored. In any case, the result of Fig. 13
demonstrates the feasibility of a current sensor with a
temperature stability approaching the material limit.

Fig. 14 shows the current sensitivity versus tempera-
ture for the packaged coil described above and in Fig. 10.
At temperatures above —30°C the sensitivity increases by
4+1.7 x 107* /K. These data are more consistent with the
measured retardance data than those for the unpackaged
coil. The predicted sensitivity versus temperature, cal-
culated using (8) and measured retardance data, is also
shown in Fig. 14. Above —30°C the predicted slope is
+2.3 x 107 /K, or about 35% greater than that mea-
sured. The sharp decrease in sensitivity at temperatures
below —30°C is consistent with the increase in birefring-
ence at those temperatures.

V. CoMPARISON TO OTHER APPROACHES

The use of annealed coils for current sensors should be
compared to other approaches for reducing the problems
caused by linear birefringence in the fiber.

The earliest and simplest approach is the use of twisted
fiber [2]. Twisting adds circular birefringence to the fiber,
in essence biasing or shifting the distorted part of the re-
sponse function (6) away from the origin. It is effective
for relatively large coils with few turns. For small coils,
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Fig. 14. Sensitivity versus temperature for the packaged coil of Fig. 10.

the twist necessary to achieve a useful effect often exceeds
the breaking strength of the fiber. Further, the twist-in-
duced circular birefringence is temperature dependent,
thereby introducing a stability problem. Nonetheless, pri-
marily because of its. simplicity, the use of twisted fiber
remains aftractive in sensors where long-term stability is
not important, for example, in the measurement of large
pulsed currents.

A second approach is the use of a fiber with a high
circular birefringence. Circular birefringence causes a ro-
tation of the plane of polarization that merely adds to that
caused by the Faraday effect. If the circular birefringence
is sufficiently large, linear birefringence arising from
bending or other effects has little effect (6). Truly circu-
larly birefringent fibers have been demonstrated [16], but
suffer from practical difficulties. An alternative is an el-
liptically birefringent fiber produced by spinning a pre-
form with high linear birefringence while it is pulled into
fiber [17]. The Faraday effect in such a fiber is reduced
according to the extent to which the eigenmodes are el-
liptical rather than circular. Good sensitivity (98 % of the-
oretical) has been achieved in sensors with a diameter of
12 mm (18], and sensors as small as 7 mm in diameter
have been demonstrated {17]. These sensors have excel-
lent immunity to mechanical perturbations. A further ad-
vance is that a coil of such fiber can be wrapped around
a conductor without breaking the electrical path. The large
temperature dependence of the elliptical birefringence re-
mains a problem. That difficulty can be addressed by using
a spectrally broad source and a two-pass optical configu-
ration; with these techniques a temperature stability of +5
x 107%/K, has been demonstrated [18].

Current sensors based on annealed coils offer better
temperature stability than has been achieved with either
of the other approaches, with the additional possibility,
in principle, of reducing the temperature dependence be-
low that of the Verdet constant. A further advantage is
that annealed coils can be inexpensively produced from
ordinary telecommunications fiber. The principal diffi-
culty is that the coils must be carefully packaged for pro-
tection and to minimize sensitivity to vibration.
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