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Measurement of Faraday rotation in twisted optiocal fiber
using rotating polarization and analog phase detection
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Abstract

We have demonstrated phase modulation of rotating linearly polarized 1light
by current-induced Faraday rotation in a single mode optical fiber and used the
technique to measure the current in ZT-U0OM, a Reversed-Field Pinoh. We have
also demonstrated the practicality of using twisted sensing fiber to overcome
the problems associated with linear birefringence.

antroduction

We and others have previously reported1'3 measurements of electric current
by monitoring the Faraday rotation of linearly polarized light in an optical
fiber that made one or more loops rbout tue current, These measurements were
based on direct polarimetry. We have proposed, developed, and demonstrated
heterodyne polarimetry, the measurement of the shift in phase of rotating
linearly polarized i1ight in the Faraday current probe. The amount of the phase
shift is numerically the same as the angle determined by direct polarimetry,
which 1ax twice the Faraday rotation of a linearly polarized beam. The new
technique offers greater sensitivity, improved noise immunity, and simplitied
data reduction.

We have demonstrated heterodyne pclarimetry in conjunction with tests of a
twiated fiber that was developed at our request by a fiber manufacturar,

Metho!

Figure 1 shows linearly polarized light from a Helium-Neon laser being
aplit by a PBRragg cell that is modulated at 40 MHz. One of the beams passes
through a half-wave plate that is used to rotate the plane of poiarization by
®/2. The beams are at this point orthogonally polarized and have a frequency
difference of 40 Miz. They are recombined in A calcite prism that 1{is oriented
so that the ordinary and extraordinary axes line up with the appropriately
polarized incident beama. The spatial separation is adjusted so that the output
beams are collinear; they are then 1incident upon a quarter-wave plate that
converta each to circular polarization. The resultant, the sum of oppnsitely
circularly polarized beams of different frequencies, is equivalent to a linearly
polarized heam that rotates at one-half the difference frequency.

The beam im injected into A aingle mode optical fiher that makes one or
more loops about an elactrical nurrent. Upon leaving the fiber the light paasen
through a polarization analyzer and {is detected by a photodiode, The
photocurrent is a 40 MHz sinunnid that is modulated by the Faranday rotation.

Referring Lo Fig. 2, the low-leel photoourrent drives a M0 oHz IF
amplifier the output of which ia applied to the RF input of a pnase oomparator,
The LO 1input to the comparator 1ia derived from the Bragg ocell modulation
voltage. Thae comparator outputs are the the aine and cnonine of the phanse
differanne between the two Lnput aignals. The outputs are digitized and
recorded for analyasls.
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Figure 1. Opntical apparatus.

A computer program that was written for the analysis of interferometer data
from the Reversed Field Pinch fusicn experiment, ZT-U0M, was used to calrulate
the current. The algorithm computes the equivalent of a L.issajous pattern from
two inputs, 1ncates the centroid of the pattern, and then plotn the phase angle,
scaled to the current, as a funection of time,

Analysls

The response of the syatem was analyzed usaing the Jonen matri> method of
Tabor and Chen. The fiber wan modeled an A aingle 2 x ? matrix containing
linear blirefringence b and cir.ular birefringence ?F cauned by Faraday rotation
(eircular birefringence caused by twisting ecan be {necluded by adding an
additionnl term to F). The matrix formulation ia

(Ex 1 n) A -h con(wt./?)
o) - (n 0 B A')(sin(mt./?))

Ountput Matrix MAat.rix Input.
Flectrla of of Flaoclric
Field Polari{zer Fiber Field
Vaator Veat.or

whe e A = con(9/2) = {non(x)nin($/?)

aln(x)sin(¢/2)

=
"
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Figure 2. Flertrical achematin,



% = tan=1(2F/b)

F = n1n2VI

nyn, is the product of the number of turns of fiber and the number 8r turns of
current-carrying oonductor, V 1is the Verdet constart, 4.68 x 10=° rad/amp for
silica at 633nm, and I is the current in amperes.

The first matrix on the right side represents the analyzer, set with 1its
axis parallel to the x direction, the second represents the fiber, and the 2 x 1
vector on the right is the rotating linearly polar;zed input. The aquare law
detector produces an output proportional to Ex E,. Tt can he snown that the
phasing of the intenaity modulation lExlz expl(wt - “) is given by

ZQOs(i)sin(i)slnx
¥ = tan™1{ 2 2 ) (2)
cosz(g) - sin?(g)

When the linear birefringence b {a amall or zero, Y+ ¥ = 2F., The outputs
of the phase comparator are ain¥" and coa¥” and an be used to compute ¥*
directly for comparison with Eq. (2). The ratin, ¥°/2F, can be used aa a figure
of merit for the syatem an a current sensor: the preclsaion with which the phase
cAan be directly scaled to the current is better, the nearer ¥°/2F Ia to unity.
Figure 3 plota thias ratio agnlinat 2F/b for three different valuen of b,

Ferom Fig, 4 it {ia apparent that the quality of a meaaurement. will be
dependent upon the Faraday rotat.ion exceeding the linear birefringence by a
factor that 1is dependent upon the total value of the linear birafringence.
Current. mensurements will increane in precision with the amount of enrrent
mensured and the reduction of Vinear birefringerice.

If the linear birafringence is irreduolble, or the current is small, it is
poasiblr to add clrcular blrefringence by twisting the fiber and by =m0 doing to
improve the figure of merit. 1In this cane the Faraday rotation z 18 replaced by
the sum F * T, whare T {s the Llnduced clroular blrerrlngnncn.s' inless  T>>F,
the fiber winding direotion muat be in the sense for which T adda to F.

The foregoing analysia reatm on the assumption that the blrefringenoe
properties, innluding the Faraday rotation, are uniformlvy distributed along the
langth of the fiber, Tt alao asaumea that the input 1= 1 nearly polarized, but
A amall amount of alliptizat.ion of the rotating {input only decreases the
intenaity modulation and to =zero order doea not reduoe the perceived phasa
shift. Furthermore, the resulta are affected only vary alightiy 1{1f Lhe fiber
and polarizer matricea arce referecnaond Lo di fferant axen.
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Figure 3. Plots of figure-of-merit as a function of ratio of
Faraday rotation te linear birefringence, with total linear
birefringence as a parameter,

Sxperlments

ZT-U0M 1is a toroldal, reversed-field-pinch, magnetiec fusion oxperiment at
Lom Alamos National LAhoratory that produces currcnta as high as 400 kA for
pariods of 1 to 30 milliseaondr. We inatallen two single-mode optircal fibers by
wrapping each rix times poloidally around the torus (the short vauy around). The
fibers werec made by FOTec! and are aingle-mode at A23 nm. One of the fibers had
been twisted 15 turna per meter and the twist 1locl:ed in by re-coating. The
colls were approximately 398 mm in diameter and were fusion splioced to leads 26
metera long made from very low linear blrefringanoce single mode fiher that was
manufactured by another company.

Although approximately 300 uW of Iight power was injected, only 3 to 6 W
was avallable at the photodetector. Tnla waa apparently caused by poor aplices
and bending loases 1incurrad becaune of the tortuous route the fiber followed
through the {insulation surrounding the torusa. This resaulted in A poor
aignal-to-nolae ratio. A source of law frequency noise, or drift, waa
fluctuationa {n tha opti-al piths traversed by the two beama before
recombination on the calnite crystal. These fluctuations produoced phase shifts
that were 1indistinguishable from those caused by Faraday rotation. This
inadvertent intnrferometer w.us uaed to injeat phase ashifts for testing the
system by tappirz on the mounting plate.



-5-

The fiber was optimized for mechanical strength so that it could survive
the twisting process. As a result it has high internal stresses and a slightly
elliptical core and can be expected to display a high intrinsioc 1linear
birefringence, In eaddi‘ion, the routing of the {iber and its leads induces
birefringence because of streases in the fiber. Although we do not have the
equipment to measure the total birefringence, we consider this experiment to
have been a test of current measurement under conditions of high 1linear
birefringence,

Figure 4 1is a plot of the current computed from the Faraday rotation
apparatus with the twisted fiber in place (dashed,noisy line) and a plot of the
current calculated from the Rogowski coll that 1s the standard current
diagnastic on ZT-40M. The fallure of the Faraday current trace to return to
zero at the end of the current waveform can be attributed to drift caused by the
path f'luctuationa described above, driven by alr currents or vibrations of the
mounting plate. This baseline drift could have been reduced if the current
sensitivity had heen increased by a larger number of turns up to the extent
permitted by Fig. 3.

The second fiber, identical but not twisted, produced no detectable
response Lo the -urrent, although the optical path fluctuations were detected
during the "tap test", and drift was observed during the period of current flow.

The same epparatus was used to make current measurements on a laboratory
source that produces an approximately 20 kA peak-to-peak, U0 us period, damped
sinusoidal current. This sourcz was used to drive a ten turn coll, through
which had been threaded four turns of single-mode optical fiber., This fiber was
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not twisted and was manufactured by Lightwave Technologies, Ine.8 The leads were
much shorter, there were no splices, the fiber has much 1less intrinsic
birefringence, and therefore the total btirefringence can be expected to be much
less. Also the signal level at the photodetector was approximately 300 uW,
which resulted in an improved signal-to-noise ratio.

Figure 5 displays plots of the Faraday current measurement (dashed line)
and the output of a ocurrent tranaformer,

The currents from the Faraday rotation experiments in both Figs. 4 and 5
were scaled from the Verdet constant and the number of turns, that is as ¥, not
as Y°. No corrections of any kind were applied.

Future work

The drift caused by fluctuetiona in the optical path generated by
vibrations or air currents can be eliminated or reduced in several ways. One 1is
to split off a part of the input signal and use it to drive a feedback
mechanism, for example a plezoelectrically operated mirror.9 Another is to avold
having divided optical paths by using an electro-optic cell with ¢two -electrode
palrs driven 1in quadrature to produce the rotating linear polarization.1o A
third methnd is to measure the drift by using the front reflection off the fiber
input to drive a aecond set of electronic phase shift analyzers ard subtracting
the resul® from the current signal,

Conclusions

We have demonstrated heterodyne polarimetry for current measurements by
Faraday ''otation in single-mode optical fibers. The technique overcomes many of
the drawoacks of conventional polarimetry. We hav2 also shown that it 1is
feasible to use twisted fiher to eliminate the problems caused by birefringence.
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