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Measurement of Faraday rotation in twisted optioal fiber
using rotating polarization antianalog phase deteotion

G. I. Chandler, P. R. Forman, and F. C. Jahcda

Los Alamos ?iationalLaboratory,
Hail Stop F639, Los Alamos, New 14exico8’MU5

We have demonstrated phase modulation of rotating linearly polarized light
by current-induoed Faraday rotation in a single mode optical fiber and used the
teohnique to measure the current in ZT-4014,a Reversed-Field Pinoh. He have
also demonstrated the practicality of using twisted sensing fiber to overcome
the problems associated with linear birefringence.

.

We and others have previously reported’-g measurements of electric ourrent
by monitorinfl the Faraday rotation of linearly polarized liuht in an opti6al
fiber that made one or ❑ore loops m.boutthe current. These measurements were “
based on direct polnrimatry. We have p~oposed, developed, and demonstrated
heterodyne polarimetry, the measurement of the fihift in phase of rotating
linearly polarized iight in the Faraday current probe. The amount OF the phaae
shirt 18 numerically the same as the angle determined by direct polarimetry,
which :.! twice the Faraday rotation of a linearly polarized beam. The new
technique offers greater sensitivity, Iml)rovednoise immunity, and stmplit’ied
data reduction.

We have demonstrated hderOdYnQ p~larimc!tryin c!m.junctionwith tests of a
twisted fiber that.was dovclnped at our request by a fiber manufactur~-.

Mwl!2!J

Figure 1 shows linearly polarized light from a Helium-Neon laser beinE
split by a RrauK cell th~t is modulated t~t.40 MHz. Ono of the bemms passes
through a half-wave plnte that.is usctlto rotate the plmne of polarization hy
7/2, The beams are at this point orthogonally polarized and have a frequency
difference of 40 Nllz. They are recomhtned in n calcite prism thnt is oriented
fio that tho ordinnrv and extraordinary axm~ line up with thm appropriately
polnriznfiincident beams. The spat.ialseparation is nd.juflterlso that the output
beams are collinear; they are then inclrlentupon a quarter-wnve plate that
converts ench to ctrcular Folnrizattnn. Th@ resultnnt, thn sum of oppositely
circularly poLarized henms of different frequencies, is equivalent.to a ltne~rly
polarized beam that rotateflnt ono-hnlf the difrerencc frequency.

‘l’hobeam in injected into n singln mode optical fihnr that makes onn or
more loops about an elnctrioal mrrent. Upon lmving t.hcfihnr the light passmn
through a polarization ~n~lyzer and ia detected hy n phOtOdiO(iQ. The
phntocurrent is n ~(1NHz sinunntd that 1s modulated by the Farnd~y rotation.

ReferrinR 1.[]Fig. 2, thn Low-le--ol photoourrent drives n h(’)dHz IF
amplifiar the output of whioh is npplier!to the RF input,of a ,)n~se oompnrator.
Th@ 1.()input to tha compnrmtcm is rlerl.vmlfrom k.helWaRg nnll modulation
voltnRn. Thn comparator outputs nrn t,ho the sinc~ nnd conine of th~ phane
dl.fferonne between tho two input nlgnnls. Thn oukput~ nrn diRitiZed nnd
rooordod for a,mlyals.
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Figure 1. optical apparatus.

A computer program that was written for the analysis oF interferom~ter dnta
the neversed Field Pinch fusion experiment,, ZT-UOM, was used to c~lr?ulate

the current. The algorithm cmnputt?sthe equivalent of’a Lissajnum pattern from
two inputs, lncnkws the cent.rotd o!’ the pattern, and then plr)tnthe phafl~iin~le,
sc~ki to the current.,as a Function or tlm~.

Ancddala

The response or t,h~nystem was nnnlyzed using the ,Inncn mnt.rij m~f,hod 0r

Tabor and Chen.4 Th~ rlher wan modeled Hn n single ? x 7 matrix nnnt,ai[lin~
linenr blrefYingence h and r:r.mlnr hirerrinwmw ?1: cnunmi by Fnrarlny rotation
(circu!%r birefringence cnuwvl by twistlnR cnn hr tnrlldd hy adding nn

artrl!t.fonnl term to k’). Th~ matrix rnrmlllnhlnn Is

D= ntn(X)qln(+/?)
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x = tnn ‘1(2F/b)

F = n1n2VI

n1n2 Is the product of the number of turns of fiber and the number gf turns of
current-carrying oonductor, V 18 the Verdet constar:t,4.68 x If)- rad/amp f’or
silicq at 633nm, and I 1s the current i~ amperes.

The first matrix on the right side represents the analyzer, set with Ita
axis parallel to the x direction, the second represent~ the fiber, and the 2 x 1
vector on the right 18 the rotatinR linearly polar~zed input. The squa:c law
detector produces an output proportional to Ex E , Tt can he shown that the
phasing of the intensity modulation !EX:2 expi(wt - ~“) Is given hy

(2)

Uhen the linenr bireFrinRenc~ b IS small or zero, Y’* Y = 2F. The outputs
of the phase comparator are ntn~= and ccJav” and ?an he used to compute V“
directly for comparison wit,h t?q. (2). The ratio, V“/j!F, can he used as a figure

of merit for the system as a current, sensor: the prcwlslon with which the phase
can be directly scaled to the rurrent 1s better, thp rk?nrer Y“/2F 1s to Illlit,y.
Figure 1 plots this ratio nRninflt,?F/h for t,hreodift%rent vnlIu?s of b.

F.’om Fig. 4 it. is appnrent. t.hnt the qu~llty of a me:lsuremcntwill hc
dependent upon thv Faraday rot.nt.ion_xcecdinR thm linear blrefringnnce hy a
factor thnt is dependent upon t,h~ t,otr+l vmllloof tbf~llnenr hirefringonce.
Current mennurement.swtll tncreane in precision with t,he amount, of cl~rrent,
mensnred and the redur?t,inn of linear hlref’rinRcr,m.
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Figure 3. Plots of figure-of-merit as a function of ratio of
Faraday rntatlcm to linear biref’rinflence, with total linear

hireTringenee afl a parameter.

ZT-MN4 la a t.nrot.dal, reversed-fi~ld-pinch, maRnetic fusion experiment at
LCM Alamos National Lnhoratory thnt produces cllrr,lntsas high as 4(’)0 kA f’or
parimis Or 1 tO 30 milltsennndrr. We instnlLer\ two single-mode optirnl fibers by
wrapping nach Fix times poloidFIlly around the tOrUs (the short k“lv around). The
flhers were made by l?0Tec7 and nre ninRle-modo at 6?3 nm. One of’ the rihcrg h~fi
been twistmi 15 turns per meter and the twist Incl:ed in by rc-conttng. The
coils were npproxlmat,ely ?qfl mm In diameter nnd wore fumlon ~pliocd F,o le~dm 26
meters long rondorrom very low llnear blref’ringnnoesingle mode riher thnt was
mnnu~antturml by annthnr cnrnpnny.
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The fiber was optimized for mechanical at.ren@h ao that it could survive
the twisting process. Aa a result it haa high internal stresaea and a slightly
elliptical core and can be expected to display a high iatrinaic linear
bl%fringence. In addi!.ion, the routing of the fiber and its leads Induces
birefringenoe because of stresses in the fiber. Although we do not have the
equipment to measure the total birefrlngence, we consider this experiment to
have been a teat of current measurement under condition~ of’ hi~h linear
birefringence.

Figure 4 is 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 coil that is the standard current
diagnastlc on ZT-40H. The failure of the Faraday curre~t trace to rsturn to
zero at the end of the current wavef’orm can be attributed to drift caused by the
path !gluctuatlonadescribed above, driven by air currents or vibrations of the
mounting plate. This baaeline drift could have been reduced if the current
aensltivlty had been increased by a larger number of turna up to the extent
permitted by Fig. 3.

The second fiber, identicnl but not twisted, produced no detectable
reaponae Lo the ‘:urrent,although the optical path fluctuations were detected
during the ‘tap teat.-,and drift was observed during the period of current flow.

The same epparatua waa used t.omake current measurements on a laboratory
source that prnducea an approximately 20 kA peak-to-peak, 40 pa period, damped
alnuaoidal current. This aourra was used to drive a ten turn coil, through
which had been threaded four turns o? single-mode optical fiber. This fiber was
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8 The lemCISwerenot twisted and was manufactured by Lightwave Technologies, Inc.
muoh shorter, there were no aplioes, the fiber has much less lntrin~lc
birefringence, and therefore the total birefrlngenoe can be expected to be much
less. Alsc the signal level at the photodetector was approximately 300 vW,
whioh resulted in an improved signal-to-noise ratio.

Figure 5 diaplaya plots of the Faraday current measurement (dashed line)
and the output of a ourrent.transformer.

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 T-. No corrections of any kind were applied.

Eu.u.cQM2ck

The drift ctwaed by fluctuetion~ in the optioal path generated by
vibration8 or air currents can be eliminated or reduced In several bfays. One is
to split ofr a part of the input signal and uae it to drive a feedback

g Another Is to avoidmechanism, for example a piezoelectrically operated ❑irror.
having (!Ivldedoptical paths by using an electro-optic cell with two electrode
paira driven in quadrature to produce the rotating linear polarization. 10 A

third method is to measure the drift by using the front reflection off the fiber
input to drive a second set of electronic phaae shift analyzers acd subtracting
the result.from the current signal.

We have demonstrated heterodyne polarlmetry f’or current measurements by
Faraday ‘notation in single-mode optical fibers. The technique overcomes many of
the drawaacks of conventional polarlmetry. We havz also shown that it is
feaaibl~ to use tw;sted Fiber to eliminate the problems caused by birefringence.

The authors thank Ken Klare for his help with the computer programs,
Richard Howell for constructing the optical apparatus, and Rodger Hall for
constructing the electronics. The twinted fiber waa produoed by Hokhtar Maklarl
of EOTec, Inc., nt our request and expense. This work was performed under the
auspices of the United States Department of Energy.
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