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The Faraday Ring Ammeter was the subject of this grant for a new inno-
vative instrument for space plasma instrumentation. This report summarizes
our progress in this work. Briefly, we have conducted an intensive series: of
experiments and trials over three years, testing some 5 configurations of the
instrument to measure currents, resulting in 2 Ph.D theses, supported by this
grant, and two flight configurations of the instrument. The first flight would
have been on a NASA-Air Force collaborative sounding rocket, but was not
flown because of instrumental difficulties described below. The second has
been successfully integrated on the NASA Auroral Turbulence payload which
is to be launched in February, 1994.

- —Tlé experimental laboratory program to develop the FRA is based on at-
tempts to construct an instrument to detect Faraday rotation in optical fibers
and thereby determine the curl of the magnetic field, which is proportional
to the current. Systems labelled FRA I, FRA 1.5, FRA II, and FRA IL.5 in
increasing stages of sophistication, were developed as described in Appendix
I, the first part of the first Ph.D thesis in this work. The thresholds that
were considered possible in this work were as low as 1-3 uAmp per square
meter. '

The flight instrumentation was based on this work and is the subject of
Appendix 1II, the second Ph.D thesis, which describes all the instrumental
problems in making a spaceworthy instrument. That spaceworthy FRA pro-
totype uses spun elliptically birefringent (SEB) fiber from an elliptical core
preform. It presents the derivation of the retardance and Faraday rotation
sensitivity for the SEB fiber. It also reviews the implications of these ex-
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pressions for a low-birefringent precursor fiber and presents the implications
for a high-birefringent precursor SEB fiber of sufficient length for a Faraday
current sensor. Sensitivity data for a space plasma SEB fiber current sensor
prototype using 650 meters and 320 meters of SEB fiber, with spin pitch
equal to the linear beat length of the unspun precursor fiber, is included
along with prototype mechanical and electrical descriptions.

The final prototype appears to be significantly poorer than we first thought
possible with SEB fibers: 1000 uAmp per square meter. The basic difficulty
lies with coherent interference of Rayleigh backscattered light within the fiber
itself. A possible solution to this difficulty lies in Faraday Version III, which
is presently far to complex to include in a sounding rocket payload, but which
we believe can be simplified. The optical alignment stability needed for that
version appears to be the biggest hurdle.

Work continues on internal funds at UNH on this method. It is hoped
that these continuing efforts will lead to a successful spaceworthy instru-
ment capable of measuring down to 1 uAmp per square meter and making
significant breakthroughs in auroral physics.
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Abstract

This dissertation presents the development of a new technique named the Faraday
Ring Arpmeter (FRA) for measuring the curl of magnetic fields, and thereby
electric currents, in space plasmas. The technique relies on the magneto-optic
-(Farada.y) effect in diamagnetic materials, for e.g. optical fibers. The FRA is a
highly non-invasive, yet direct measurement technique for space plasma current
densities, and is impervious to space-craft electromagnetic interferences.

The FRA uses a single mode optical fiber loc;p as the magneto-optic inter-
action medium. The nature of transmission through single-mode fibers and its
limitations on the measurement of the induced optical activity in the fiber is
stgdied. The Jones representation for a material possessing both linear and cir-
cular birefringence is described and applied to a fiber which is twisted and bent
into a loop. The effect of the spectral wavlelength'of the source on the FRA
measurement is analyzed Within the constraints of space flightworthy systems.

A description of the design of the first spaceflightworthy Faraday Ring Amme-
ter, FRA-I is presented. Passive polarization control was implemented in FRA-I
by reflecting the light at the fiber end such that it emerges at the front end of the
fiber having its poiarization rotated by an angle given only by Faraday rotation.
The minimum current meé,sured with FRA-Iis sﬁa]ler than any other published
as a result of an optical fiber current measurement. The results of the FRA-I

measurement are discussed. The factors limiting the resolution of FRA-I have

v



been determined.

FRA-II was designed to overcome the limitations of FRA-I, and was designed
for insensitivity to low frequency vibrations. Experimental results from FRA-II
showed that although the acousto-optic de\(ice it employed could sw.it'ch light
intensity at high frequencies, the polérization of the transmitted light was very
unstable. The third developmental design, the FRA-ILv was suggested by the
author; and the instabilities observed in FRA-I were, consequently, removed. The
latter two versions (II, and II.v) are under further development by the group.

VAn exhaustive approach to solve the interfering ﬁoise problems of FRA-I and
FRA-II was then adopted. rI.‘he approach chosen was different from any of the
previous FRA’s and it was required to study the complete state of polarization
transmitted through the fiber. For that purpose, a high speed digital ellipsometer
(DRME) which gives the Stokes vector of the light was designed by the author.
The Stokes vectors are sampled at a frequency of six kilosamples per second.
The DRME implementation has been described. The DRME would enable the
removal of noise at known frequencies, for e.g. those due to mechanical vibrations.
The responses of two types of fiber samples to an electriqal current (or magnetic
stress) as a function of thermai ambient has been studied with the DRME. The
results enable fiber selection from a variety of fibers, and compensation of thermal

effects by operating at preferred ambient temperatures.

Keywords: fiber optic sensors, current sensor, polarimetric techniques.
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Chapter 1 )

Int roduction‘ |

1.1 Determination of Plasma Current Densities

Recently, in space plasma physics, the need for a direct, model-independent
and non-intrusive measurement of sbace plasma current densities has increased
treﬁlendously. It is necessary to determine critical current densities at which
the ionospheric plasmas become unstable for a better understanding of the phe-
nomenon. Estimations (R.B.Torbert, et al.[5]) show that the current densities at
which the i|nsta.bilities occur are around 10-50 pA/m?. There has been no method
capable ofiperforming this measurement however, and these minute space plasma
.currents have so far never been directly measured.

A direct method with the promised precision is the Faraday Ring Ammeter
(FRA) technique. it measures the entire current independent éf the character-

istics of the distﬁbution function of the B field. It is the one technique which




promises to satisfy the sensitivity requirement of a direct measurement of current
in space plasmas. It provides the motivation for this dissertation. Nobody, to
the knowledge of the author has attempted to perform the direct measurement
of space plasma currents with the FRA or any other technique.

Existing laboratory techniques for direct measurements of currents have not
been atfempted in space plasmas as they are expected to cause perturbations
larger thgn the measurand, aﬁd cannot achieve the required sensitivity. There-
fore, so far, these currents are indirectly derived from intrusive magnetometer
measurements In this method for derivation of currents [10](as outlined below),
cbmprehensive usuﬁptions about the spatial distributions of the magnetic fields
have to be made. These assumptions could lead to large errors, but the knowl-
edge about magnetospheric current flow is so essentié.l to the understanding of
magnetospheric physics that these risks have been taken.

The significance of the assumptions made for derivation of currents may be
| understood from (Primdahl[10]):

“Polar cap horizontal ionospheric currents have long been inferred from magnetic
perturbatic;ns of polar magnetograms [Friis-Christensen and Wilhelm, 1975 and
references]. These analyses can only yieldA equivalent current systems, and addi-
‘tional informa.tvion is neces’éary for determining the real currents. Recent polar
cap electric field observations ....indicate current systems that are not in agree-
ment with the equivalent horizontal current systems deduced from local magnetic

observations....




..... It must be stressed that (1) all current densities determined from the rocket
measurements are local in some sense, (2) that their validity rests uéon relatively
unrestrictive assumptions (no neutral wind and homogeneity over relatively small
dimensi;)ns (~ 50 km), and (3) that any disagreement between these local mea-
surements and the ground-based observations ﬁndopbtedly reflects a breakdown
in assumption over large dimensions (= 500 »km).”

Typical plasma current density derivations currently fqllow one of the follow-
ing two techniques as outlined by Primdahl (10]:
-From Ohm’s Law:
The electrical conductivity teﬁéor o;; is calculated from atmospheric and mag-
netic field modélsA, electron density and temperature profiles. The ionospheric
models and conductivity tensors are combined with dc electric field (F) mea-

surements made along the rocket trajectory to calculate the current density (J),
J = 6FE, or

Ji = U';jEj ' (11)

-From magnetometer measurements:
By measuring total magnetic field B with either precession or flux gate magne-

tometers, the ionospheric current density is obtained from

J=vY x E | (1.2)
Ho

To find 7 x B or J some additional assumptions about the geometry and spatial

distribution of the currents have to be made. These assumptions, however, may




lead to large errors. The only way to eliminate assumptions and obtain more
accurate space plasma current denéities is by using diréct current measurement
techniques, as opposed to the indirect methods described above. Direct mea-
surement of the plasma currents will open up completely new areas of study
which have Been impossible so far [6]. For example, the relative drift of jons and

electrons, (where v; is the ion velocity and v, is the electron velocity), given by
<Vi> —<ve>=j/en, . (1.3)

can then be computed. This is the single most important parameter character-
izing current driven plasma instabilities, which are thought to cause aurora and
solar flares.

The principle of the FRA technique is the magneto—bptic effect in optical
(glass) fibers. It is a non-intrusive method for the measurement of currents in
space plasmas. Since the FRA series of sensors are unaflected by EMI (electro-
magnetic interference) they are ideal for plasma current measurements from
sPacecrafts. Currents from several kiloamperes to megaamperes have been rou-
tinely measured in some high-vbltage transmission lines and monitoring applica-
tions [11], [33] with the traditional FRA technique. The realm of measurements
‘aimed for with the FRA corresponds to the expected plasma current density
in the earth’s magnetosphere: one to tens of microamperes per square meter.

Therein lies the challenge accurate, direct measurement of space plasma currents

a few microamperes per square meter, by improving a technique traditionally


























































































