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INTROOUCTION

At the Second Megagauss Conference in 1979, there were reports of
experiments that used the Faraday magneto-optic effect in_a glass rod to
neasure large electric current pulses or magnetic fie'ds.1s2" Since then
we have seen the development of single-mode optical fibers that can carry
polarized light in a closed loop around a current load. A fiber optic
Faraday rotation sensor will integrate the flux, instead of sampling it at
a discrete point, to get a measurement independent of the current
distribution.

tarly Faraday rotation experiments using optical fibers to measure
currents dealt with problems such as fiber bisegrlngence and difficulties
in launching light into the tiny fiber cores.®~2 We have built on those
experiments, working to reduce the effects of shocks and obtaining higher
banawidths, absolute calibration, and computerized recording and data
analysis, to develop the Faraday rotation sensors into a routine current
diagnostic. For large current pulses we find reduced sensitivity to
electromagnetic interference and other backgrounds than for Rogowski
loops; often the fiber optic sensors are useful where conductive probes
cannot be used at all.

In this paper we describe the fiber opti: sensors and some practical
matters involved in fielding them,

SENSOR DESCRIPTION

Figure 1 shows a schematic of a typical sensor. Polarized 633-nn-
wavelength 1ight from a HeNe laser 13 focused into a single-mode fiber
which encircles a current load some distanc> away and returns to the
optics table in a shielded room. Light emerging from the fiber, with {ts
polar fzation direction rotatec by the current, is anelyzed by a pair cf
Wollaston prisms separated by a pariially reflecting mirPor and rotated by
45° with respec’ to each other. A half wave retardation plate after the
laser allows us to align the porarization in the fiber to minimize the
effects of the fiber biref) ingence, and a similar plate after the fiber



rotates the polarization so that for zero current it is along the axis of
one prism analyzer to simplify the data analysfs. Detectors behind the - —
prisms measure one or both of the polarization components.
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Fig. 1. Schematic of the polarimetric Faraday rotation sensor used at
Los Alamos.

Instead of the HeNe laser, we sometimes use a GaAlAs diode laser with
a fiber connected to it. This arrangement permits us to fuse the laser
directly to the optical fiber. When we use, in addition, an in-line fiber
optic polarization analyzer, we have an all-fiber-optic system suitable
for remote operation. Polarization control can be obtained using an 6n line
retardation system that twists the fiber to change its birefringence.®"
Since the divde lasers operate between 810 and 850 nm, they have less
sensitivity, an cdvantage only for very large, fast pulses where the
recording bandwidth is marginal.

Another arrangement that we hive :sed successfully is the Sagnac
interferometer, more commonly used iv a fiber oplic gyroscope to meas e
rotation r tes. Here a coupler spiits the laser light so that half goes
in ewh direction around the load. Index-o7-refraction changes caused by
the Faraday effect produce an interference fringe shift when the light fis
recombined in the fiter optic coupler. Beca se no polarization controllers
or analyzers are needed., Lhe interfercineter ,s easily made into an all
fiber-optic system; w2 have found it possible to field a Sagnac
interferometer for < $800 in equipment costs (exclusive of the detector).

The detectors that recorded most of our data are amplified
photodiodes. Bgndwfdths of 100 tu 400 MYz (depending on the housing used)
and gains of 104 are obtained using a 103-gain_transimpedance current
anplifier followed by a 10X voltage amplifier.

We record the signals using a dual-beam, 200-M-sample/s programmable
digitizer operated by an on-line computer. If we need faster response
than the 5 ns sampling time can provide, we record In parallel on fiim,
The computer stores the data on a disk for later analysis.

PRINCIPLES OF SENSOR OPERATION

The Faraday effect sppears #s a circular birefringence in the medium
of the light propagation. That is, there is a difference belween the



indices of refraction for beams of opposite circular polarization travelling
in the glass fiber in the presence of a longitudinal magnetic field. This
circular birefringence has the effect of rotating linearly polarized light
by half the phase difference seen by circularly polarized beams.

The Faradey rotation angle ¢ can be found from

L

0= v"fﬁ-d} ,
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where V” is the Verdet constant for the material, E is the magnetic field
strength, and L is the path length in the field. Remembering Ampere's law
for closed circuits,

l - ’ o ’ T
I = —=9 B-dx .
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where 1 is the current crossing the surface bounded by the line integral,
we see that @ = V’uolN for a closed light path surrounding the current N
times, independent of the path size and shape or the position of the
current flow within it. We wili refer to the quagtity V = V'u, as the
Verdet constant. In pure silica it is 4,62 x 10-° rad/A or 262°/MA for
633-rm-wavelength light, and it decreases with the square of the wave-
length. Clearly, the Faraday effect is small enough that its m st
straightforward applications in pulsed current measurements are to large
currents, although it is possible to increase the sensitivity, with some
loss of bandwidth, by increasing the number of times the light circles
around the current path, by changing the provagation materia) or the wave-
length to increase the Verdet constant, or by measuring very small rotation
angles,

The transmission of the light through the polarization analyzer depends
on the relative orientations of the polarization and the analyzer. Two
usual arrangements are to align the ana'yzer parallel to the direction of
polarization for zero current or at 45°, In the first case, the
transmission is proportional tn (1 + c052¢), and in the second case it
varies as (1 t sin20). These two signals are shown as a function of current
in Fig. 2. For small currents, the 45° alignment is more sensitive, but
tt can be difficult to achieve the exact orientation needed. When the
current pulse {is large enough to make the signal multi-valued (6 > n/4),
it can be difficult to determine the current from just one measured wave-
form unless more 1s known about the general shape. For large pulses it is
often best to split the becam as shuwn in Fig. 1 and use two analyzers
rotated by 45° with respect to each other. The resulting signals will be
quadrature coded, 1.e., 90° out of phase.

As with all other polarimetric fiber optic sensors, the performance of
the Faraday rotation sensor depends on the polarization state of the light
as it enters the sensor and as it evolves during the measurement. For an
understanding of the sensor, it is especially important to understand the
role played by birefringence in the fider. Linear birefringence is a
diffarence in the phase velocities of twy orthogonally, linearly polarized
heams having identical frequencies; circurar birefringence is a simi)ar
difference for two beams of opposite circular polarization. Wher both
effects are present, they combine in a complex manner that tonds to favor



the larger one.l0 Thus the Faraday effect (a circular birefringence
change) can be almost completely obliterated by the presence of a large
amount of linear birefringence, and smaller amounts can make the rotation
angle a non-linear function of the magnetic field strength.
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Fig. 2. Computed transfer functions for the sensor shown in Fig. 1 at a
wavelength of 633 nm. a) Signal for polarizers aligned for
mavimum transmittance at zero current., b) Signal for analyzer
rotated by 45° to give a transmittance of 0.5 at zero cur-ent,

{ inear birefringence can arise from inherent geometrical imperfections
or striss, or it may be induced by applied stress. It is possible to
remove nearly all of the internal birefringence during man?facturing. for
example,. by spinning the preform while draning the fiber.l Bending stress
remains a problem, hostis. For silica fiber at a wavelength of 633 mm,
an experimental vglu +*3 for the bend b refringence phase shift per unit
length is 8y = Kr¢/R¢, where r is the fiber radius, R is the bend radius and
K = (7.6) 4 0.05) x 107 deg/m. The bend birefringence varies approximately
inversel ' with wavelength., I[ts sffect ar the transfer function of a sensor
can be eiwmined quantitatlvely.l Calcu' ated results for two cases are
shown in . ig. 3a.

In &y linearly and/or circularly birefringent medium there is a pa‘r
of orthogonal linear input polgrization states for which the output
polarizatior state is linear. For a tiber in which bend-induced
hirefringence is dominant, these axes are in and perpendicular to the
plane of the bend. Light that enters the fiber linearly polarized along
one o7 thes¢ axes remains linearly polarized. Consenuently, this is the
input condition *hat minimizes the effect of linear birefringence on the
Faraday effect.

A qood tech31QUe for overcoming induced linear birefringence is to
twisl the fiber.Y Twisting, like the Faradiy effect, induces a rotation
or circular birefringence in the fiber. The magnitude of the rotation {s
given by, 1 = 97t , where 1 is the polarization rotation (half the circular
birefingence), & is the gwlit. and g” is a material paramcter which at a
wavelength of 633 nm igl6, about 0.0)7, The twist-induced rotation may be
added algebraicsliy to the magnetically-induced rotation. The effect on
the transfer fuuction is illustrated in Fig. 3b which shows that the benefit
of twisting fs, in essence, to hias the sensor away from the distorted part
of the transfer function. The extent to which the transfer function can
he shifted depencs on the relative magnitudes of the linear birefringence
and twist-induced rotation per turn and on the fiber strength. For a



given twist per unit length, the twist per turn increases linearly with
coil diameter and bend-induced birefringence per turn varies inversely with
the coil diameter; therefore, txisting becomes much more effective with
larger coil diameters (Fig. 3b). For small coils it may not be possible

to twist enough to measure dual polarity waveforms, but for monopolar
electric pulses, less bias is required. We have been able to measure
current pulses as small as 2A with a 10:1 signal-to-noise ratio for a

30 Ms pulse usirqg a 100-turn, 10-cm-diam coil with the fiber twisted

15 twists/m.
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Fig. 3. Computed iransfer functions of fiber current sensors showing fa)
the effec! of bend-induced linear birefringence in a 125 um-diam
fiber operating at 633 nm wavelength, and (b) the effects of
twisting the fiber. Upper curves are for a one-turn, 3-cm-diam
fiber coil!, lower curves are for a 10-turn, l0-cm-diam coil, and
dotted curves assume no linear birefringence.

EXPERIMENT

Many of our senscr experiments have been fielded on capacitor bank
shots for which the current puise ts a damped sine wave with a risetime
(quarter cycle) of a few microseconds and a peak current of 1 to 5 MA. An
example of raw data and a measured current pulse are shown in Fig. 4.

Note the oscillations fn the wavefarm near 0 and 12 ps; they are smaller
than the others because there was linear birefiingence in the fiber and
the polarization was not exactly aligned with it. When we have recorded
data for longer times, we have seen the ndd-shaped oscillations repeat
every time the current reacnes the value that produced it the first time,
here slightiy > 0. On this shot the fib~r was struck vy a shock at 14 us,
and the resulting birefringence destroyed the cubsequert data. These data
were taken using a double fiber luop of about L2 cm di neter, giving a
Fa-aday rotation of 528°/MA; bending hirefringence was estimated to be
70°, and the occurrence of th: odd-shaped oscillations at a positive
current racher than al zero injicates that some twist was likely present
as well.
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Fig. 4. Signal waveform (upper) and measured current
(lower) for a 3 MA capacitor bank experiment.
A 2-turn coil encircled the bank load. At
14 us a shock wave struck the fiber and
obliterated the subsequent data.

Similar capaiétYE bank shots were used to develop high-current
opening switches;'9+17 we used the fiber optic sensors to measure the
switched current because of their fBility to fit easily into the tight
geometry. In the coaxial systems,!? the fibers were looped with a diameter
of 3 cm. We found it necessary to protect the fiber from shocks that
struck it during the current flow, but even with protected fibers w: some-
times -xperienced shock birefringence problems. Although we were able to
gel the needed data, we avoid such small fiber bends whenever possible.

Figure 5 shows a comparison between fiber optic senosrs and carefully
calibrated Rogowski loops for a two-stage, high-explosive-driven flux
compression generator seeded by a bank. Tne output of the first stage was
diagnosed with a HeNe laser system and the second stage was meacured with
a diode laser system, A= 808 nm, for reduced sensitivity. The results
are in agreement except that the second-stage fiber measured 3% more
current than the Rogowski loop, apparently because the loop failed at high
cuirent. In general, the fibers and Rogowski loops agree to within + 3%
on such shots; this is within their relative accuracies.

The largest uncertainty in caliorating the fiber optic aegéors is the
measurement of the Verdet constant. For bulk silica glass,2 sy =264°/MA
12% at A = 632.8 n,, and 1t decreases as the square of the wavelength.

For silica doped with 3% GeOp, typical of the fiuer we used, we estimate
that V increases by about 4% by assuming that Va A dn/dA and usisg the
dispersion values measured by Flemming. 3 For a dcped-cladding fiber,
estimating the change in V {s difficult because the amount of light

carried in the cladding varies from one fiber to another. For a fiber

with a By03-doped cladding (Flemming does not give dispersions for fluoro-
silicate g?asses) with 20X of the light in lhe cladding, we estimate a
change in V of < 1%,
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Fig. 6. Comparison of the fiber optic sensor (points) with a calibrated
Rogowski loop (curves) for a 50 MA high-explosive-driven generator
shot. The left granh shows the current measured at the output
of the first stage of the flux compression generator, and the
right one gives the current in the load after the second stage.
‘The second Rogowski probe appears o have failed shortly before
peak current, and consequently wc do not have a comparison of the
peak values measured.

To check our estimates of V for real fibers, we assembled the equip-
ment necessary to measure it to high accuracy. For pure-silica-core
fibers, the Verdet constant agreed with that of bulk glass to within
+1.5%, while for dopec-core fibers it varied from O to 3% higher.

We have begun to examine the Sagnac interferometer as a current sensor
because, as an all-fiber device, it is especially adaptable to remote
operation. Its response is the same as for a polarimetric Faraday rotation
sensor with the polarization analyzers aligned, i.e., curve a of fig. ¢,
but polarization control is not required because the sensor Ts an
interferometer. We have collected Sagnac data from several experiments to
prove the feasibility of the system and we are continuing tu work to find
a method to provide quadrature opsration at high bandwidth to obtain
linear sensitivity for small currents (curve b of Fig. 2).
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