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MEASUREMENT OF HEGAMPERZ CU7RENTS WITH OPTICAL FIBERS

L. Veeser, D. Kani?, B. Freeman, P. Kruser and E. Zimmerman

Los Alamos National Laboratory, Mail Stop D41O, P. O. Box 1663, Los Alamos, New Mexico

Abstract

We have used fiber optic sensors routinely to measure multi-megampere currents. The

SanSnrs are low noise, absolutely calibra~ed, and electrically decoupleo from the pulsed
power source. Polarized light from a HeNe laser is guided past the current carriar by a
sinqle-mode, low-birefringence fiber. The magnetic field from the current causes a Faraday
rotation of the light polarization which 1s detected by a polarization analyzer ar.d photo-
diode at the ●nd of the ff~er. We observe a rotation of about 250°/f4A t 5*, slightly less
than the Verdot constant .or non-birefringent silica glass. We find thnt highly birefrin-
gent (polarization preserving) optical fibers do not work !n this application. We are now
trying to ruggedize the sensor for fleld,use with high-exploslve-driven current sources by
using a diode laser anti single mode fiber couplers to replace the laboratory system of
lenses and spatial filters. . . . . ..

,..I
Introduction

Traditionally, n large, fast current pulse, I, 1s measu[ed with a Rogowskl loop, a wire
in which the magnetic flux surrounding the current induces a secondary currant proportional
to the rate of change in I with time, dI/dt. Although such loops have been used satisfac-
torily for currents up 50 a meqampere or more, they begin to dintort In the large fields
presen+. near higher currents and become less accurate. An alternative method for measuring
both large currents and high magnetic Elelds (> 100 T) Invclves a probe baaed on the Faraday
~ffect.lri Recent ndvances in the fabrication of single mode fiber OPtics has made it PosSl-

bla to build a Faraday effect sensor having almc,st no lnt~”uslon on the system be!ng
measured.

Faraday Rotation

The far.lday cEfect appears as a rctation of tile polarization plane of a light wave tra-
versing n medium when thorc is a magnetic field along the direction of propagation. This
rota:ion arises becadse the magnetic field induces a circular birefringenc~, a difference In
the refractl!ue Indices for the left and riqht clrcul,arly polarized components of the light

wave, and the rotation anqle is Q = V’ JL$.d% where B 1s the magnetic field, L 1s the path
o

length in the field arid V’ Is a constant that depanrls on the medium and the wavelength of
the light, For n ,:losed path with currant I flowing through the area it bounds, the rota-
tion is + = VI, V J V’/J by Ampere’s law. For s!lica glass ~f the type used in making
single mode fibers, the ~~nstant V, known aa the Verdet constant, Is about 2600/MA at s
wavelength of 633 nl?.~

.,
Tho circular, fi]ld-induced blrof lnqence does not combine in a ❑imple way vlth the

linear bil’ofringcnce caused by internal ~tresses in the glass and exttirnal stresses from
clamping, bending, or othorwisc applying pressure to the fiber.’ If either tho circulcr or
the linear bire:rlngerce 1S much larger than the other, Its effects domlnato. Hance we used
very low internal blrefrlnqence Cibet; high-birefringence, polarization-presurv Ing fibers do
not work at all in this :,pplicatlon. In the laboratory we found that the llnear blre-
friny?ncc cflus~d a rotatio,l of < 3KJ0 in 5 m of fiber. We believe that most ef this rotation
occurlcd w!lure the #rids wwre held, In the field we used about lIJ m for eech sensor, anj
there was n tiqllt (30 mm diam) loop in thti flher which cauaed an eatlmated 120° of
rnL,lL!on,” Thn uffect of thim much birefrinqence on the first polarization peak (in the
dirur?tion pwrpnndicular to tho zero-flgld fiber output polarization) in to lowe$ the peak
abo~lt 101 and to mnko It occur near 70 field-induced rotation instaad of at 90 , but there
1s Ic!,itively littlo eflect on the nubsoquent peaks nt hiqher fields. Thu+ for curren~n of
1 MA 01’ more t!)acalibrnLion is r,early independent of the strnns-induced blrafringence.

Details of the S_nnor—..— —z. ._ __

FiqJI,I 1 sl)own ,1 !achomaLic diaqram of the Fnradey rot.stlon aansor. We lnaeLted polar-
izud li,lllt from ,1 lleNQ lauer into the 4 urn fiber core uminq a 10X mlcroscopa objoctlve lans.
A nlmll.~t lonn cnlllmntttd tllo Eibur output lnLo a Wollanton prism khlch neparated Lh@ two
pol(lrl;,,ll ion componcnt,n nnrl dlroctad tham to tha two detectors. One det.ctot wae a Devar



,-

type 539 photodiode and operational amplifier with a bandwidth of 4 MHz, and the other was
an EG&G Lype FOD-1OU photodiode with a Los Aiamos transimpedance amplifier having 100 MHz
bandwidtn. Presently we run the detectors .Ind laser in a screen room to minimize ncise
pickup.

A schematic diagram of the fiber
rnw La,- ●dmn.

--)=,q= i?iii’!:;:::’:::~!:;[?; Hhwe
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prism which sepnistes che two linear
mol.arlzation componerlts, dir?cting or,e
compone.lt to each detector. When current
flows , it rotates the polarization piane
and changes the relative detector signals.

We used type F1513&C single mode fiber purchased from Lightw’,.ve Technalcgies, Inc. The
Important features of this fiber are its low inter’ndl birefringel,cs and the glass jecket,
which has a higher index of reft’action than the cladding, to mode-strip out of the fiber any
light being transmitted by the cladding. (Similar fibers are manufactured by several ottler
companies.! Sii)cc we use short pieces, the fiber attenuation is of relatively little
Importance to us. For most of our measurements we used e single loop of fiber wound around
the current carrier.

We calibrated the sensor to : 5% on a capacitor bank with about 1 MA output current by
comparing with a R,.yowski loop of known geometry. The calibration acuri!cy was limiLed b:,
our ability to determine the rotation angle, but we wI1l repeat this calibration with a
sensor hovinrj a large number of fiber loops to get an accurate calibration.

Our early measurements s;)owcrl a great rtcal of aetector noise from llght that coupled
Into the fiber core. We eliminated most of this with filters In : ont uf the detectors and
black paint sprayed on the part of the fiber inside vacuum chamber. Some EMI noise remains
on the det.t,ctor sign~ls, particularly for the Devar detector, but by pa!,ing careful
attention to shielding and fabrication dctaIls, FXSC was ablo to reduce the noise 011 the
nrwer detector to a satisfactory level,

Results.—______

Fiyurc 2 shrrws oscillrrgr.ams of signals frrm two detcr!tors measurlnq the orthcgon.11 light
intcnsiric~ from a fiber er)ci[clir,g .1 capacit,,r bank loi.d four times.. The \:wer tral:tr 1s
[tom the l~lghr,r bnnrtwidth EG[,G detector. Eacl on-off cycle represents a 15 rotation of
thn pol,lri:,,ltion plan!, or ahouL 0,17 MA chang’. in the load currcn?. The curren’ rose to a
pc:ik of 5 t.lA in 6 us ,lnd then began to rlro[), at which time the lzolorlzatlon rotation
rcver:;[,cl. At 18 us the c~lrrcnt rr!verserl again,
tl’,lcu is ,1

The 2 u~-wide peak at 14 us In the lower
fid(lcial timing marker.

Fiqurc 3 SI1OW3 ,1 currcrrt mea;urcmer)t.. ‘rhc points were rend from the peaks and ~ips of
thu (Jscill(j:;copc Lrtlcc [or a sinqlc-turn sensor, and Lhe curve 1s 1 sln~? wave with n 23.2 PS
pcrird dnd an ,lml)llt(lrl,l nofmnlir,c,l to fit tile measuterncntsm After shout. 9 us, the current
b(~!llns to drvl,ltc [rum the sine functirrrl bcc,lu~e of rosistivc dampinq ifI the LC c.~cuit.
Comprlt i::c) r):; ()(, t.wr:cn the Faraday rotation svl~qor and }toyowskl loop detwclors also ghow
cxc 1111I~IIt. ngtot~o)b,nf..
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Fig. 2. Photodiode signals (2 us/div) of
the two polarization components of light
emerging from an optical fiber looped four
times around the current load. The upper
traceis from. the earliest detector type we
fielded, and the lower trace is from a
newe~ ,EG&G detector with a faster response
tlrne and less’ noise. In part (b), the
center portion of the EG6G detector signal
is shown on a 1 bs/div oscilloscope sweep.
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Fiq. 3. Measured current from detector
siqn~ls similar to those of Fig. 2, The
curve is a sine wave (arbitrary amplltude
normalization) . The measured points
deviate Erol,l the sine function at lata
times because of Leslstlve damping In the
capacitor bank load circuit.
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Fig. 4. (a) Geometry of the bank load being tested as an opj~ning switch. Megampere
currents, J, flow along the surface of the center conductor, radially outward through the
l-mm-thick aluminum foil, and back along the i,lner surface of the outer conductor. optical
fibers measure the c~rteflt on each side o

++
‘:h foil. The magnetic field, B, in the gap

accelerates the foil in the direction’ of x . Part”(b) ,shows the foil position after the
peak of the current pulse has discharged into the load and the foil has moved down the gap
and past the slot.
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Fig. 5. Detector signals for the two
! 2/5 fibrrs Illustrated in Fig. 4. The upper

. . . trace iS for t,he left fibeu, Noise on the
tr.lce makes this signal difficult to
lnterpr~t anrl different from the sine wave

jfl~j$+++$

we measured with Lhe Rogowski loop. The
lower traces are for the fiber in the slot.
The noise prohlern was less severe for this
fiber becausr it was better protected. No

‘“-””~~~~i ‘~’]-’j~~;[-”j-” cl]rren L wa: recolded until the toll passed
the slot. lhe measured current rise time

*

can be calculated from the foil thickness

‘;* “’ ““” “’-

and the measured veloclty. The small
oscillations appearinq after the currect

~dij
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rise are from shock stress on t“e fiber,
~nd the pe.]k between 14 and 16 PS (also In
the upper trace) is a fiducial marker.;. \:. ,.
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Fig. 6. Current measui’cments. The
upper curve !.s from the upper trace of
Fiq. 5. The time at which the
polarlzmtion reversed and the current
began to dro; was determined from
anctller (Rugow3ki) currunt probe
bcc,~~lse of the noise on this signal.
The !nwcr cu:ve Is from the lower
tr,lc~ of F17. 5 rmnd 1s Ecr the flbcr
In the larq~? slot OE Fig. 4,

0 6 10’

Time (}L’r)



Future Im,provementg

We plan to change from HeNe lasers to 830 nm laser diodes as soon as possible. With
laser diodes we will eliminate the tedious alignment procedure that we must now follow with
up to four sensors for each experiment, and we hope to increase our signal-to-noire ratio by
increasing the amount of polarized light in the fiber. We intend EO u~rzde the detectors
to the faster FCID-1OLI type because of their increased bandwidth and lower noise levels (gee
Fig. 2) , and we will then repeat the switching experiments to get more accurata results.

We have ordered a piece of polarizing fiber from York V.S.O.P. I it is advertised that
this fiber transmits one polarization mode while guiding the other mode into the cladding
and out of the fiber ,<SO that in 1 o.r 2.’ri1 of fiber unpolarized-light becomes polarized, It
offers Lhe possibll.ity of fabricating” an all fiber sensor .cons.lsting of a laser diode, tile
low-birefringence fiber in the m?gnetic field, a short piece of polarizing fiber to analyze
the polarization, and a detector. If necessary, a long piece ~f fiber could be spliced to
the polarization analyzer to carry the modulated light to a distant detector, and polarizing
fiber just past the source wouid permit use of a light-emitting diode or an unpolarized
laser diode for more flexibility.

To ellminate fiber stress as a factor in the measurements, we would lika to build a
Fibcl’ optic Saqnac interferometer, shown schematically in Its simplest form in Flq. 7, “l’he
lase~” Inpllt IIght enters a coupler which sends half OE the light in each direction arounJ
the closed fiber path. Were there no polarization rotation in the fiber, khe light having
traversed the closed loop and r+=turr.ing to the coupler would interfere constructively with
Lhe light that went the opposite dlrcction, giving a signal in the detector (and feedback t~
the laser) . Stress-induced b[refringence has identical effects on the :ight in both paths,
and therefore Its effects cancel except for possible time-dependent stresses which could
affect the different paths at dlfforent times, but magnetic field-induced hirefringence
chanqcs the index of refraction in opposite directions dapending oli which direction the
light passes through the field. Consequently, the detector will s~e a field-dependent
Intensity which, for large fields, becomes a series of Interference fringes similar to
those shown In Pigs. 2 and 5.

u-+-+@=-
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Fig. i’. Schematic diagram of a simple
sagnac fiber interferometer proposed
for mcasurlng large currents or
maqnetlc fields with less noise than
the sensor we have been using.
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