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ABSTRACT

In this paper =a current-measurement system based on the
Faraday rotation in a single-mude fiber is described. It is shown that
an ultra low birefringence "spun" single-mode fiber is extremeliy suit-
able four use in a maguneto-uvptic current-meter. The pruperties of this
fiber have been investigated. Measurements of high, pulsed currents
(Imax ~ 1 MA: f = 25 kHz) with guod accuracy and in accord with
theory are presented. In order to calculate the current unambiguously
and more accurate from the signals uf the current-meter, a system with
a double detector (to measure sin2é¢ and cus2d simultaneously) was con-
structed. Measurements of high, pulsed currents with this system are

alsu presented.



1. [NTRODUCTION

1.1 Current measurements in SPICA II

SPICA II [1] is a 2.8 M3 screw-pinch experiment, which has

started uperation recently. A crouss-sectional view is given in Fig.
1.1,
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Fig. 1.1. Cruss-sectional view of the SPICA II load assembly at the toroidal gap
{right) and at an arbitrary position.

1. Quartz vacuum vessel. 4. Metal shield to screen the gap.
2. Epoxy resin insulation. 5. Feeding flange of the poloidal coil.
3. Aluminum shell, 6. Primary toroidal coils.

alsu poleidal coil. 7. Plasma column.

Orre of the basic parameters of a discharge in this experiment is the

total electrical current carried by the plasma in torvidal direction.
this plasma current, which has a peak value around 700 kA and a dura-
tion of about 1 ms, should be measured accurately and with a good time
resoiution (£ 1 us}, especially during the first phase, in which the
current changes rapidly. Figure 1.2 shows a typical example of the

current as a function of time.
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Fig. 1.2. Typical waveform uf the expected plasma current in SPICA II.
t, = -100 ws, tp = 0, t3 = 10 us, t, = 1000 us.
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The conventional instrument, a Rogowski coil, has in this particular

case a number of disadvantages:

- The (counducting) coil must be insulated with respect to the metat
shell.

- Near the gap in the sheil a section of the Rogowski coil has tu be
omitted to prevent breakdown.

- The system is sensitive to electrumagnetic interference.

- The integration of the output signal is difficult, because the cur-

rent behaves almost like a step function.

To circumvent these problems a diagnostic has been developed based on
the Faraday effect. This development was inspired by the review arti-
cle of A.M. Smith [2].

1.2 The principle of the magneto-optic current measurement

The Faraday effect is a well-known optical phenomenon. If an
external magnetic field H is applied tu a suitable medium such that
there is a field component parallel to the direction of propagation
of the light, travelling through that medium, it is observed that the
pularization state of the emergent light 1is changed. Especially if
linearly polarized light is launched into the medium, it is found that
the direction of polarization of the emergent light is rotated through
an angle ¥ such that:

$ = v ;-dj,

L
where L is the path traversed by the light in the medium and V is the
su-called Verdet constant, which depends on the medium and the wave-
lenath of the light (Vv is proportiuvnal to A-2). For fused silica and
at a wavelength of 633 nm, the Verdet constant is 4.68 x 10-° rad/A
[2,3].

It is attractive to use the Faraday effect in a fiber to mea-
sure a current, because the fiber can then be used as a Jlight guide
and as a transducer. lhe fiber is placed in a luop T' arovund a conduc-
tor which carries a current. For the rotation of the plane of polar-

ization we find, using Ampéres law:

> >
% = vV [ Hedl = vV ffj” dA = V.l (1.1)
T A
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with
J, = compunent of the current density, normal to the plane of
the loop,
A = area of the loop,
I = total current enclused by the loop.

The rotation of the plane of polarization, &, is measured by
means of a Wollaston prism. The prism produces two orthogonal linearly
polarized beams of light with small angular divergence. The intensi-
ties of the twou beams are detected separately by photodiodes and the
latter are connected to an analug electronic circuit, which computes
the function (I,-I5)/(L1+[,) = T.

Assume the Wollaston prism is oriented such that with zero
current all light falls upon one of the two photodiodes (1 = 1). If a
current [ is flowing through the luoop, then the fiber rotates the
plane of polarization with # = V.I with respect tu the axis of the
Wollastun prism, and the intensities seen by the photodiodes are in

this particular case:

I}, = €y (E, sind)? and I, = C, (E, cosd)?

(£, = amplitude of the electric field vector of the light emerging
frum the fiber.)
If the photodiodes and the amplifiers are balanced, then C; = C; and:

I, - Lz

‘EZT_’—_—I;=—CUSZ§.

If the Wullaston prism {together with the photodiodes} is now rutated

over 45 degrees, we find:
T = - sin 28 . (1.2)

Thus the quantity T gives us information about ¢, whereas T
does not depend on the intensity of the light emerging from the fi-
ber. However, Eq. (1.2) is valid only if the fiber does preserve the
state of polarization in the absence of the Faraday effect, and re-

gardiess the angle of polarization.

1.3 Demands on the optical fiber

There are several causes that can change the state of polariza-
tivn of the light travelling through a fiber. In the first place, in
multi-mode fibers, many propagation modes are possible. These modes
have different velocities and hence, different phases when reaching

the end of the fiber thus causing depolarization. In single-mode fi-

bers ovnly one propagation mode can exist, so no depolarization due to
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different modes occurs. [mpurities in the medium can also cause depo-
larization. The depolarization of the single-mode quartz fiber, used
in vur experiments, is negligible.

The one propagation mode in a single-mode fiber can still have
all possible polarization states. These modes can therefore be des-
cribed as a superposition of twe independent polarized modes. When
these two polarized modes have different propagation velocities, the
state of polarization of the guided light 1is changed: this is called
birefringence. There exist two types of birefringence; linear bire-
fringence, if two orthogonal linearly polarized modes have different
indices of refraction, and circular birefringence if a left-hand cir-
cularly polarized mode and a right-hand circularly polarized mode have
different indices of refraction.

There are several mechanisms [4] producing birefringence. These
mechanisms can be divided into intrinsic and external mechanisms. In-
trinsic mechanisms are a non-circular cross-section of the core and
asymmetrical lateral stress frozen into the fiber during manufactur-
ing. External mechanisms are pressure, bending, electric field, twist
and magnetic field. Twist and longitudinal magnetic field cause circu-
lar birefringence, the others lead tu linear birefringence.

A fiber with very low linear birefringence must be used for
correct current measurements. The fiber used in the experiments is a
low birefringence fiber with circular core. The fiber has a permanent
twist imparted to it by a spinning of the preform during fiber drawing
and is therefore called a "spun" single mode fiber [5]. Electric
fields have negligible influence on this fiber, because of the very
small Kerr counstant of quartz: 10-18 qy-2 [6]. If an electric field is
applied perpendicular to the fiber, the linear birefringence &y

caused by the Kerr effect is given by [7]:

with j = Kerr constant; 2 = path length:t E = electricai field
strength. The maximum toroidal electrical field in SPICA [l is appTroux-
imately 10 kV¥ m‘l; the path length is about 2 m, so a maximum bire-
fringence of only §) = 2x10-% rad is to be expected.

If the fiber is twisted the circular birefringence is small,
unless the twist rate is very large [&]. The birefringence caused by
other external mechanisms and the intrinsic birefringence of this

fiber were examined (see Chapter 4).
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In Chapter 2 the theory of plane polarized light which propagates
through a fiber is reviewed. In Chapter 3 a description of the exper-
imental setup is given. DC current measurements and determination of
the VYerdet constant are reported in Chapter 5. Chapter 6 deals with
pulsed current measurements and in Chapter 7 efforts to measure simul-
taneously sin 2¢ and cus 2¢ {(which is necessary if the current is to

be calculated autumatically) are described.
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Z. DESCRIPIION OF THE TRANSMISSION OF PLANE POLARIZED LIGHT
THROUGH A FIBER

2.1 A methoud to measure linear birefringence of g fiber

The setup shown in Fig. 2.1 is wused to measure linear bire-

fringence:

microscope microscope
objective objective
/4 plate / photodiodes
I _n I1-In
He—Ne Yo single-mode E;IJZ]-h+b
laser Glan ~Thompson fiber Wollaston prism  €lectronics
polarizer

3D -micro positioner

Fig. 2.1. Experimental setup for birefringence measurements.

The A/4 plate near the laser is used to pruoduce circularly pularized
light. The polarizer can then be rotated, while the intensity of the
emerging light remains constant.

The polarization state of the 1light can be described using
Junes matrix calculation [8], if we assume the linear retarder model
for the fiber [3]. This dimplies that the linear birefringence per
unit length is a constant and also that the direction of linear bire-
fringence is cunstant throughout the fiber.

We chose a rectangular cuoordinate system, with the x- and
y-axes paraliel to the axes of linear birefringence of the fiber, and
the z-axis parallel to the length of the fiber.

The length of the path travelled by the light is z and the electric

field-vector of the light is described by a plane wave equation:

Eo- ¢ l_y](wt—kz)
z 0

If the polarizer is oriented with an angle ¢, with respect to the

x-axis the light launched into the fiber is characterized by:

[Exj _ cCoOs ¢0 . ej(wt_kzl)
E “lsin ¢ o] ’
Y . (8]
Z:Zl
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with z; is the path travelled by the light.

At the end of the fiber there is a phase difference § between x- and
y-polarized waves so the electric field vector of the light coming out
of the fiber 1is

Js/2 0
() - € _18/2 cos ¢, £ eJ(mt-kZQ)
E 0 e sin ¢ V]

Y Z=27Z3 ©
The Wollaston prism then splits the light beam into two light beams
with orthogonal polarizations. If the angie of the Wollaston is ¢»
with respect to the x-axis, the amplitudes of the electric field vec-
tor of the light falling upon the photodiovdes is calculated with:
eJG/2 0 cosdg

. jlot-kz3)
e 38/2 sindg Eu © '

£, cusdy sinégs

(Ez) -sing, cous¢y||0
Z= 23

For the final result of the electronics, T, it is then found:
-2 Y
B )" - fE2]

e ] £

cos 2%, cos 2¢0 + sin 245 sin 2¢0 cos §

The linear birefringence is determined as follows: for differ-
ent values of ¢, (the angle of the polarizer), the detector (¢,) is
rotated such, that [ has its maximum value. If ¢, = 0° (this is with
respect tu the x-axis or the y-axis) then the maximum of T will be 1.
If ¢4 = 45° , then the maximum will be cous §.

If the measured values of the maximum of T are plotted versus
¢, the minimum value of T gives us cos 8. Figure 2.2 shows an exam-

ple.

max N O

05|—— ' : ' :

150 180 210 240 270 300

— 9, (degr.)

Fig. 2.2. Maximum value of T, plotted versus ¢g.
$p 1is measured with respect tu an arbitrary direction.
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2.2 The measurement of a small linear birefringence

The method described in Sec. 2.1 for measurements on the linear
birefringence gives us cos §, and is therefore not very accurate, when
§ is cluse to zerto. The light emerging from the fiber is somewhat el-
liptically pularized, because of the linear birefringence. With the
detector the "degree of polarization" is measured, assuming the light
is linearly polarized and this results in cos 6.

In order to achieve a more sensitive measurement, for small §,
a A/4 plate is inserted just befoure the Wollaston prism and it is ad-
Justed to produce circularly polarized light out of linearly polarized
tight[9].

The electric field vector uf the light that falls on the photo-

diovodes 1 and 2 is calculated as follows:

Eq cosdy sindy i |1+jcosZéd) Jsin2é; 836/2 0 CUS¢U jut

= - B e .
Ea -sind, cosdy | {Jsin2d, 1-jecousZ2¢y 1|0 e 8 /2 sin¢U
with ¢, = angle of the quarter wave plate.
Calculation of the signal T leads to:

2
|E |7 fEe |
[ = —~————— = cos 2(¢1-¢2){cusZ¢Ocu52¢1+sin2¢usin2¢10085}+

+ 5in2(¢41-42) sin2¢osin6

If the XA/4 plate and the detector are Totated such that ¢;-¢,=7/4 rad
then T = sin 29, sin &.

In this case 1 is independent of the absolute value of ¢; or
$o. The detector now only sees circularly polarized light. When the
potarizer (¢,) is rotated till a maximum of the quantity T is ob-
tained then this maximum will be equal to sin §. This "sine-method"
should be used when a small birefringence has to be measured, because

a better accuracy can be reached.
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2.3 The opticali signal of the current-meter if a fiber with linear

birefringence is used

The setup which 1is used for current measurements is shown in
Fig. 2.3.

microscope microscope
oMecﬁve objective
/4 plate 215101 [ photodiodes
1
Ty . I1-12
9050 9252 Iz ,,,[;:Elz:} 111
He-Ne i
laser Glan —Thompson Wollaston prism  lectronics
nolarizer

3D -micro positioner

Fig. 2.3. Experimental setup fur current measurements.

Cuming from the laser, the light passes successively through: a X/4-
pitate, a polarizer at an angle of ¢,, a fiber section with length
20 and linear birefringence GU, the fiber loop with length £2;, linear
birefringence &, and circular birefringence ¢, (due to the Faraday
rotation), a fiber section with length &, and linear birefringence &5,
and finally the Wollaston prism with the two photodiodes at an angle
$p.

lhe problem of a medium having both linear and circular bire-
fringence is treated by W.J. Tabor and F.S5. Chen [10] by means of the
Jones-matrix calculation. This was used by A.M. Smith [5] to calculate
the signal T of a setup similar to the setup of Fig. 2.3.

In ovrder to simplify this analysis the input polarization is

chosen to be parallel to une of the axes of linear birefringence:

£y [:0]
(Ey)o - Eoedwt :
This means that if no current is passing through the fiber loop, the
light emerging frum the fiber is still completely linegarly polarized
in the initial directioun.

Furthermore the detector is rotated in such a way that it de-

tects the two directions of polarization corresponding to
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£ +E E_-E
£,= Y and E,=

VZ )

This means that with zero current, T equals zero,.
With these adjustments, it follows that [3]:

T = - 2cos(8+n)siny sin($/2) (cus?(9/2) + cos®x sin?(4/2) )% (z.1)
with:

(6/2)% = (5,/2)% + 92,
tan y = 2 ﬁ1/51,

n = tan-! (cosy tan(e¢/2)).

In the first part of the fiber the direction of polarization is paral-
lel to an axis of birefringence, so &, does not show up in the
formula for T.

Figure 2.4 (See [12]) gives a plot of 1 versus ¢, for different
values of &) and 8. When §&; and &, are both equal to zeru, Eq. 2.1

reduces to T = - sin Z¢;.
1.0 T T 7 T
0.8+ —
T c.8 -
G.ak C B A _
T 0.2
0.0 ; . {
-0.2 51=37n } R .
- o —
-0.4 Sy= 2 51:.1550 ye
O -
-0.B+ §,=72° 's 5,= 66
-0.8|— 8,=40° -
1.0 | ! I 1 !
0 43 80 135 180 225 270 315 380

——» 8, (degr.)

Fig. 2.4. Plots of 1 versus ¢, fur different values of 6, and &;.
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2.4 Current measurement with a "cousine detectur"

The setup shown in Fig. 2.3 can alsuo be used to measure cos 248.
To realize this, the detector must be rotated such that T equals 1,

when the current is zero. then each photudiode sees oune of the two

independently polarized modes: E, = E,, Ep = Ey. The equation for

the electric field vectur at the end of the fiber remains unchanged
(see [3]):

oo |- BE exe (et + 8/2])

[Ey)z |Aje exp (3wt - 8,72 - n])

with A

cos (4/2) + J cous x sin (¢$/2)
8 = sin x sin {(&/2)

x and ¢/2 see Eq. 2.1

For the signal T it now follows:
I = - cos 2X sin? (¢/2) - cus? (¢/2) {2.2)
Since each photodiode sees one of the two polarized modes a

phase

shift between the twouo modes is not seen, and therefore 8o, does not

vcecur in Eq. 2.2.

When 8, = 0 °, Eq. 2.2 reduces to T = - cos 28;.
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EXPERIMENTAL APPARATUS

The magnetu-optic current-meter consists of three parts:
- the lightsource,

- the fiber,

- the detecting part.

The lightsvurce

The tightsource consists of the following components {(see

h/4plate microscope
ijecﬁve
_ u — fiber
He-Ne laser J !
Glan—-Thompson
polarizer 3D -migro

positioner

Fig. 3.1 The lightsource of the current-meter.

Fig.

- a 5 mW He-Ne laser (wavelength 632.8 nm). Divergence of the

beam is 1.0 mrad. The laser produces linearly polarized

light.

- a quarter wave plate, rotated such that the light leaving the

quarter wave plate is circularly polarized.

- a Glan-Thompson polarizer. The degree of polarization of the

light that leaves the polarizer, is better than 99.5 %.

- a 20 x microscope obJective. With this objective an image of

the laser beam is made on the end-face of the fiber. Because

of the beam divergence and the distance between microscope

vbjective and fiber (5 mm), the speot of the laserbeam on the

fiber has a diameter in the order of 5 um, the same order of

magnitude as the diameter of the core of the fiber.
- 8 3D-micropositioner, to position the fiber-end in or

the focus of the microscupe objective.

near

The pussibility of using a laserdiode as a lightsource has been

investigated. The most suitable wavelength available is 850 nm,

reduces the Verdet constant, and therefore the Faraday rotation

which
¢, by
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about a factor two, compared to the He-Ne laser light. An advantage of
4 laserdiode is, that the fiber can be fixed ontu the laserdiode (pig-
tail). This means that the light is launched into the fiber without
adjustments and therefore the setup is less sensitive tu mechanical
vibrations. Houwever, the direction of polarization is also fixed. It
can be made adjustable with the help of a single-mode connectur and a
weld., In this way a setup with a laserdiode would nut be simpler than
a setup with a He-Ne lfaser. Also a laserdiode is easily destroyed by
moderate interference on the powersupply lines. Therefore, it is not
very simple to use a laserdiode in the SPICA [l experiment. As a con-

sequence the use of a laserdiode has been abandoned.
3.2 The fiber

As stated in Sec. 1.3, the fiber is a "spun" single-mode fiber,
type LB6C0 manufactured by York V.S5.0.P., cansisting of a core {(diam-
eter 5 um) and a cladding {diameter 100 um). The fiber is single-moude
for a wavelength of &33 nm. The fiber is equipped with a silicon cuat-
ing with a twofold function:

- the fiber is mechanically much stronger than a fiber without coating
(diameter coating is 300 um);

- the cladding modes are stripped by the coating, because the index of
refraction uf the covating is higher than that of the cladding.

The ends of the fiber are fixed in a rectangular groove (width 3.3 mm)

of a brass cylinder in order to avoid pressure on the fiber. Further-

more, the fiber is led through a teflon tube (2 mm 0.D.) also to avoid

pressure vu the fiber.

3.3 lhe detecting part

The detecting part of the experimental setup consists of the

following components (Fig. 3.2):
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microscope .
objctive .
fiber qhlz b [ T
AT lz b
‘ Wollaston L - —
3D-micro prism - electronics  divider
positioner

photodiodes

Fig. 3.2. The detecting part of the current-meter.

- a 3D-micrupositivner.

- a 20 x microscope objective, used to focus the emerging light onto
the photodiodes. The cone of the light emerging from the fiber is
the same as the cone of the light launched into the fiber, A paral-
lel beam can be made with the microscope uobjective. However since

2 it is preferable

the active surface of the photodiodes is only 5 mm
to focus the lightbeam onto the photudiudes.

- a Wollaston prism, angle of divergence 20 degrees,

- two PIN photodiodes, which measure the intensities I; and Ij;,

- analog electronics, to form the signals I; - I, and [, + I, {adder/
subtractor),

- an analog divider with output T = (I; - I5)/(I; + [3).

The Wollaston prism, the two photodicdes and the adder/subtractor are
all fixed ounto a rotatable disc; this whole is denoted as the detec-
tor. The read-out accuracy of the angle of the rutatable disc is about

15 minutes = 4x10-° rad.
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4. PROPERTIES OF fHE FIBER, USED IN 'HE EXPERIMENIS

4.1 Introduction

The fiber appeared to be very strong (mechanically) and the
cladding modes were not observed, because of the silicon coating.

Circular birefringence was measured a few times and it was not
greater than 20 degrees. Circular birefringence only causes an offset
of the zero 1line and changes nothing in the results of the current
measurements.

lhe intrinsic linear birefringence of the fiber was measured,

and also the linear birefringence due tu external mechanisms.

4.2 Intrinsie linear birefringence {8;)

Ihe Llinear birefringence of pieces of the fiber with wvarious
lengths was measured with the methods described in 5Secs. 2.1 and 2.2.
During the experiments, the fiber is lying un a horizontal plane.
A very small force on the fiber keeps it in a straight line.

lable 4.1 shows the results. Some remarks un these results:The
measured linear birefringence consists of an intrinsic part and an un-
known contribution due tuo external mechanisms (pressure, bending,
ete). In particular the ends of the fiber are kept in a rectangular
grouve by means of a thin sheet of metal with the same width as the
grouve. In order to keep the fiber in contact with the bottom of the
groove, inevitable sume pressure must be applied to the fiber. Because
of the small width (0.3 mm) a certain force {for example 0.5 N) on the
metal sheet, already leads to a considerable pressure (length grouve =
5 cm, p = 3.3 x 10% Pa) and this will lead to a birefringence with the
same order of magnitude as the measured birefringence (about 14 de-
grees). fFurthermore, the pressure induced birefringence will be dif-
ferent for each measurement. Therefore:

- the measured birefringence is not equal to the intrinsic birefrin-
gence;
- it is certain that the intrinsic birefringence 1is not greater than

the values listed in Table 4.1
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Table 4.1
length of fiber measured linear birefringence
(m) (degrees)
sine method cusine method
(sec 2.1) (sec (2.2)
0.25 5 4
0.44 8 5
06.98 7 &
1.56 12 12
1.80 12 14
1.90 12 12

The difference between the results of the methods of Secs. 2.1 and 2.2

is due tuo the A/4 pilate, which was not very accurate.

4.3 Linear birefringence due tu external mechanisms

4.3.1 Pressure

The fiber was placed in a circular groove, with a length 1 =
60 mm, in an aluminum plate. On tup of the fiber another aluminum

plate was placed plus a number of weights. See Fig. 4.1.

v Mﬂ//%

— W ]
; :

Fig. 4.1. Various pressures were applied in this way to the fiber.

If the total weight on the fiber is denoted by F, then the pressure p

on the fiber is approximately given by:

p = F/A,  with A = l.w, w = 0.28 mm.
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For different values of the pressure, the linear birefringence (&p)
was measured, and the linear birefringence due to the pressure per
meter fiber (Gp) was calculated after a currection for the intrinsic

birefringence (&;) as follows:

6p = (ém - Gi)/l, with 1 = 40 mm.

The results are shown in Fig. 4.2.

1400 T I T
1200 |- -
7 1000 | .
£
C _
& 800
=
o B8OOI .
« O
T 400 - .
200 & =
0 | | i | |
3 5 10 15 20 25 30

— p (10%Pa)

Fig. &4.2. The linear birefringence, caused by the pressure,
per meter fiber, (8p) measured as a function of pressure p.

Since Gp is propurtional tu the pressure, one can derive a counstant:
5p/p = 7.4 x 10-° rad.m.N-1.

This value is 200 times smaller than the value found elsewhere [3].

[his difference in result may be due tuv the silicon cuating.

4.3.2. Bending

To measure the effect of bending, the fiber is wound twice
atound cylinders with several radii (r). A small force is applied
along the fiber in order to keep it in touch with the surface of the
cylinder, and tu keep the beginning and the end of the fiber in a
straight line. Frum these measurements, the linear birefringence due
to bending, per meter fiber (8p) 1is calculated from the measured

linear birefringence with:
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6b = (Gm - Gi}/i with L = 4 7mr, the length of the bent fiber.

The results are shown in Fig. 4.3.

300 , E
250 8 .
i
E 200 =
C g
(=)
3
A 150 %
0
[Fe]
T 100 - -
50 - —
O ! 1 |
o) 500 1000 1500 2000

— 2 [m_z

)

Fig. 4.3. The linear birefringence, caused by the bending of the fiber per meter
fiber, (8p), measured as a function of the bending radius (r).

In agreement with results reported elsewhere [4,11] the bending-in-

duced birefringence is proportiocnal to r-2.

4.3.5. Mechanical vibratious

In ovrder to examine the effect of mechanical vibrations on the
fiber, the fiber is attached tuv the cone of a loudspeaker, which is
vibrating with frequencies of 10-10"% Hz. A significant effect 1s only

measured, when simultanevusly a pressure is applied to the fiber.

4.4 Counclusion

The intrinsic linear birefringence of the fiber is low enough
tuv be neglected.

The birefringence induced by bending the fiber is in the par-
ticular case of SPICA IL {(with a bending radius of 15 em) only 5° and
thus alsuo small enough as will be discussed in Sec. 5.5 and Sec.
6.2.37. One should however carefully avoid any pressure onto the fiber

along its entire length because this leads to a considerable birefrin-
gence.

As a conclusion it can be said that the spun single-muode fiber

is quite suitable for use in a magneto-optic current-meter.
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5. CALIBRATION

5.1 Introduction

In a magneto-uoptic current-meter the current is calculated from
I = 8/V, suo the Verdet constant should be known. To measure the Verdet
constant of the fiber, a D.C.-current setup was cunstructed, so that

for different values of [, both & and I could be measured.

5.2 The D.C.-current experimental setup

The D.C.-current experimental setup consists of the folluowing
parts (see Fig. 5.1):
- a current source (40 Vv, 1% A),
- a cunventional current-meter, cunsisting of a shunt of 10.3 mQ and a
voltmeter {100 mV, 2 mA},
- three identical coils with 712 turns each, connected in series,
- the magneto-optic current-meter. The fiber is passing through the

three cuils, thus enclousing 2136 turns.

power supply
40v
15A shunt

lightsource detection part

fiber

Fig. 5.1. Experimental setup fur D.C.-current measurements.

The bending radius of the fiber is 15 cm. The linear birefringence of

the fiber in this setup was measured to be:

§ = SU + 8, + 8, = {12 = 0.5) degrees.
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5.3 The adjustment of the current-meter

Before this setup can functiuvn properly as a current-meter,
some adjustments have to be made. First to minimalize the effect of
the birefringence, the direction of polarization of the light launched
into the fiber, must be adjusted parallel to an axis of birefringence.
This is affected by rotating the polarizer into a proper position.
After this, the detector is rotated, until T equals zero, which means
that the detector now forms an angle of m/4 radiasns with an axis of
birefringence of the fiber.

When these adjustments are made, and the birefringence 1is

gmall, it then follows:
T = -sin 2¢ (see Sec. 2.3)

It is not possible to make T equal to zero exactly, 1in practice
l1| < 0.001. This corresponds with a rotatiun of the detector of

1 mrad. The error in the current resulting from this inaccuracy is
about 100 A.

5.4 Results

The maximum current through the coils was 7.27 A. The fiber
then enclosed 15.5 kA turns. During the measurement, the optical sig-
nal T and the current I were registered simultaneously. The results
are plotted in Fig. 5.2. Since the rotation of the plane of pulariza-
tion was only 4.1 degrees at the maximum current, the diagram re-
presents a straight line (|TI = sin 2% = 2V.I, for & € v/4 rad).

After returning tu zeru current, the optical signal was changed
by 1.7x10-3 corresponding to a current of 0.2 kA. This is caused by
drift in the electronic circuit, as can be seen from Fig. 5.2, which
shows a slightly different slope for increasing and decreasing cur-
rents (total time for ramping the current up and down was 20 minu-

tes). From the mean slope, the Verdet constant was caiculated:
V = (4.60 * 0.02)x10-% rad/a (5.1)

For this calculation of V, no correction was made for the linear bire-

fringence.
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5.5 Discussion

The value found for the Verdet constant, Eq. 5.1, can be coum-
pared tu the Verdet cunstant for fused silica: V = 4,68x10-° rad/A [3]
and the value found by A.M. Smith [3] for a somewhat different type of
fiber: V = 4.54x10-% rad/A.

Further calculations were made with Eg. (2.1) {(Sec. 2.3), with
8§, = 8, = 0° and with &; = 5°; &, = 3.5° (Table 5.1). From this table
it is seen that there is nu need tu take the linear birefringence into

account, when V is calculated.

0.16 T T T T i T T 1

C rising current

« folling current

c.o0® 1 1 ! ] l 1 | 1
o 2 4 & 8 10 12 14 18 18

— 1 (kA)

Fig. 5.2. Signal T measured as a function of the effective current I.
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TABLE 5.1
Calculation of T with ¥ = 4.6x10-% rad/A
8§, {degrees) 0 5 10
8§, (degrees) 0 3.5 5
&
I _ T T 1
kA degrees rad
0.034 0.01 0.000 -0.0003 -0.0003 -8.0003
1.922 0.51 0.009 -0.0176 -0.0175 -0.0173
2.777 0.73 0.013 -0.0255 -0.0253 -0.0251
3.845 1.01 0.018 -0.0353 -0.0351 -0.0347
5.084 1.34 0.023 -0.0467 -0.0464 -0.045%9
5.724 1.51 0.026 -0.0%526 -0.0523 -0.0%17
6£.408 1.69 6.029 -0.0589 -0.0585 -0.057¢%
7.220 1.90 0.033 -0.0663 -0.0659 -0.0652
8.800 2.32 0.040 -0.0808 -0.0804 -0.0795
9.890 2.61 0.045 -0.0908 -0.0903 -0.0893
10.640 2.80 0.049 -0.0977 -0.0971 -0.0961
11.3440 2.99 g.052 -0.1041 -0.1035 -0.1024
12.070 3.18 0.056 -0.1108 -0.1101 -0.1089
12.880 3.39 0.059 -0.1182 -0.1175 -0.1162
13.840 3.65 0.064 -0.1269 -0.1262 -0.1248
15.170 4.00 0.070 -0.1391 -D.1383 -0.1368
- -]




“24-
6. PULSED CURRENT MEASUREMENIS

6.1 Description vf the experimental setup

6.1.1 The moudel

In the SPICA-II experiment the fiber encircles the minur cruss-

section of the torvidal vacuum vessel once. A cruss-sectiovnal view of

the vessel and the surrtounding current-carrying shield is
Fig. 6.1.

vacuum vesse

kg

given in

Fig. 6.1. Cruss-section of the vacuum vessel and the surrounding current-carryiog
shield of SPICA [I.

To create the same geometry

Fig. 6.2. The model with the fiber and a part of the coil.

current, is shown in Fig. 6.2.

for the

fiber, a moudel with the same cross-
section was constructed. This model,

also used to support the coil for the
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The coil consists of 18 wires. Nine wires are wound as a right-handed
helix with n turns around the minor circumference and one turn around
the major circumference of the model. The second set of nine wires are
wound similarly but them as a left-handed helix. All wires are con-
nected in parallel to the capacitor bank. Conseguently, the net effect
of all wire currents is a fairly smoothly distributed current around

the minor circumference of the modei (see Fig. 6.3).

Fig. 6.3. The wires are cunnected tu the capacitor such that the total current
fluws around the minor circumference.

Clearly, this cunfiguration pruduces ovnly turcidal filiux so that it can
be regarded as a single coil with n turns.

The self-inductance of an ideal turuvidal coil of this type is:

u An?
0

L = —3

with 2 = length of center-line of the toroid
A = area of the cruss-section of the toroid

n = number of turns around the minor circumference.

Substituting L = 1.35 uH (see Sec. 6.1.2), & = 1.74 m and A =
5%x10-° m? it is found that n must be 19. This means that each wire

should have 19 turns around the minor circumference.

6.1.2 [he current sovurce

In order to reach aboubt the same counditions for the current as
in the SPICA-II experiment (risetime = 10 us; Ipax = 700 kA) we use

fuur paraliel capacitors, with a tuvtal capacity of C = 31.2 uf.
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The capacitors can be charged up tu V,; = 18 kV and can be discharged
over a coil with a sparkgap as a switch. This produces a damped har-

monic vscillation of the current I, with:

[t

pooor pNIeEESTI ey 5w s (Le) % 1= 1/e-time.
max max 0

Since the frequency .shuould be 25 kHz, it follows that:
L = 1.35 uH (6.1)

[he coil cunsists of 19 turns, so that the maximum current to be pro-
duced is 700 kA : 19 = 37 kA. This will be the case for VU: 8 kV. The

voltage un the capaecitors is measured with an electroustatic voltmeter.

6.1.3 Miscellaneovus equipment

The measurements of the optical system can be compared with
those uf a conventional Rogowski ceil. The e.m.f. of the Rogowski coil
is proportional to dl/dt. IThe signal was integrated by a passive in-
tegrator with an RC-time of B.Z ms. (See Fig. 6.4.) The integrated

signal was calibrated by extrapolation of the maxima and minima to t =

0 s, to vbtain I___ = wCV ,
max 0
50Q 100kQ
f\rm I f} 1 1
_] —T
50Q = 82nF
bitid

Fig. 6.4. The Roguwski coil and the integrator.

fthe analug electronics which computes the functions I;-Is and [+,
had to be rebuilt for these pulsed current measurements. This was nec-
essary because of the fast changes in the I;-I, signal (see Fig.
6.%). Since T = -sin2d and ¢ = V.I = V.I sinwt the frequency of T is
nof a constant. The maximum frequency we ubserved was about 200 kHz.
PIN-photudivodes with build-in amplifiers (MDA 435} and fast

operational amplifiers for adding and subtracting (HA 5195) were

used. {(See appendix Fig. Al1.) The circuit is shielded by a metal box.
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The signals of the Rogowski cuil and the detected uvptical sig-
nals were measured with a wideband osciiloscope (Tektrunix 7844) or a
transient recorder (Bioumatiun 8100). The latter two were placed inside
a small screened roum.

The polarizer and the detector are rotated tuv a suitable posi-

tion in the same way as described in Sec. 5.3

6.2 Results

6§.2.1 Current and optical signal versus time

Figure 6.5 shows an example of T = (I;-I,)/(I1+I5) and the {in-
tegrated) Rogowski signal versus time. Both signals are recurded si-
multaneovusly with the twou-channel transient recorder. The charging
voltage of the capaciturs was 9.0 kV. The periud of the vscillation is

determined from Fig. 6.5:

T = (44,5 = 0.5) us.

At the first maximum (t = 11 ps) the current was calculated both from
the Roguwski signal (I = (713 * 7) kA) and from T (I = (712 % 5) kA),
and the two values agreed well.

The plane of polarization is seen to rotate over more than 180
degrees. Since 1 = -sin 24, one sees more than a complete period in
the first 11 pws. In the next 11 ws T returns in the same way tuv zero.
Figure 6.5 shows that the amplifiers and the divider receive a signal
with a frequency of ailmost 200 kHz whereas the integrator of the

Rogowski signal only deals with a signal of 20 kHz.

6.2.2 Exponential decay and accuracy

From Fig. 6.5 the maxima and minima of the current are calcu-
lated from both the Rougowski signal and the magneto-optical signal.
The current is calculated from the magneto-optical signal according to

the formulas:

T = -sin 28
I = 8/V
with V = 4.6 x 10-° rad/A (from Sec. 5.4).
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Fig. 6.5. The current {measured with the Rogowski coil) and the signal T from the
magneto-optic current sensor, recorded simultaneovusly in a 9.0 kV shot.

Deviations between Rogowski and optical signal are less than 3% (see
lable 6.1). The inaccuracy of the Roguwski signal is 1%, originating
from the extrapolation by the calibration, and read-out errors. The
inaccuracy of the optical signal is about the same, but when the plane
of pularization is rotated more than 160° (I > 4600 kA) the accuracy is

better (0.5%). In that situation the current is calculated as follows
(Fig. 6.6):
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Fig. 6.6. The read-out of 1 at a moment t. The current is calculated
from I = ¢/V, and 2% = 2w + arcsin -h/lk|.

The relative accuracy of 2¢ is therefore better than the relative ac-
curacy of aresin —h/lkl. When the rotation ¢ is about 135° and 45° (=
510 and 170 kA resp.) the accuracy of the optical signal is less,
because T = -sin 2¢ is nut very sensitive to changes in & artuund these
values of #&.

The maxima and minima of the current, calculated from the mag-
neto-opticai signal are plotted on a legarithmic scale (Fig. 6.7).
Because of the exponential decay of the damped oscillation, this plot
results in a straight line. For the straight line in Fig. 6.7 the

equation:
I = 750 exp {(-t/192)

holds (t in ps; [ in kA). Deviations between this formula and the
values obtained from the vptical signal are not greater than 0.6% ex-
cept for the data points at 512 kA and 457 kA (see Table 6.1). The ro-
tation is then about 135°, which causes a reduced accuracy. The accu-
racy of this measurement can be increased if cos 2¥% is measured at the
same time {(see Sec. 7).

The value for I,ff max. obtained from Fig. 6.7 (750 KkA) is in

good agreement with the value obtained by

off max. = 19 wCV0 = 752 kA.
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TABLE 6.1

160 180 200

(us)

The maxima and minima of the current (calculated from both signails)

time current {kA)

{ps) measuTed I -1 fcalculated=Ic -1
r o c
I I

) 0

Io-optlcal lr-Ruguwskl % %
11 712 713 0.1 708 0.6
33 6295 634 0.8 632 -0.5
56 559 574 2.7 560 -0.2
78 512 514 0.4 500 2.4
100 457 458 9.2 446 2.5
122 398 403 1.3 397 0.3
144 355 363 2.2 354 0.3
166 315 318 5.0 316 -0.3
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A measurement
thus producing lsff
20.5 wus lungi.

was also done at a capacitor
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1.2 MA,

with better

voltage

time resuvlution

of 15 kv,

(timebase

At the tup of the current the rotation

was about 310°.

A plot is shown in Fig. 6.8, upper part. At this time resoclutiovn, only
1 channel of the transient recorder, can be used, su the shot was
repeated to register the Roguwski signal {(Fig. 6.8, lower part).
1.2 T T T T 1 T
1.ol— _
0.8+ =
~ 0.8 -
»—N
+ 0.4 ]
= 0.2 -
ha
< 0.0 f ¢ ¢ ' ¢ ¢ i !
L o-0.2F .
- 0.4 .
I
= -0.5 —
-0.8} i
-1.0 _
1.2 ] ! L | | 1 ] |
o} 2 4 B8 8 i0 12 14 16 18
0 T ] i 1 T
-200+ .
~ =400 .
<
z
-800 - -
-800 -
T -1000 + n
-1200 -
_1400 | | t [ Lot 1 1 J
2 4 B 8 10 12 14 18 18
—>» t  (us)
Fig. 6.8. Rogowski signal and 7 from a 1% kV shot.
From the Rogowski signal, the current is calculated as a function of

time.
(Fig. 6.9).

In this plot
Sec. 2.3 with &; =

the dashed line shows that when

fringence

this is

not observed,

also T =

10°

and §,

-s5in 2%

the first maximum of the current

{(solid line)

5° (dashed line) are shown.

and Eq.

does not

reach 1.0.

The optical signal was then plotted as a function of the current

{2.1) of

the fiber exhibits linear bire-

Since

iinear birefringence of the fiber must be small.

Thus in caiculating the expected optical signal it is not necessary to

take the linear birefringence into account.
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N ODDHANONSESED®DOMN

— T=(,-L)/(0+1,)

— I (kA)

Fig. 6.9. T plutted versus the current I. The values were obtained from Fig. 6.8.
Dots: measurement Fig. 6.8; solid line: T = -sin2d; dashed line:
Eg. 2.1 with 8; = 10° and &, = 5°.

The deviation between measurements and theovry is due to the in-
accuracy in Roguwski signal {(which is about 5% because of the small
signal and the inaccuracy of the zero-line}, the inaccuracy in the up-
tical signal and because the plot is composed of data from two differ-
ent shots. The optical signal can also be plotted directly versus the

current in an oscilloscupe x-y plot, as is shown in Fig. 6.10. The
maximum effective current was 720 KA.

— VRogowSki

Fig. 6.10. Dptical signal (I) plotted directly versus the Roguwski signal un an

ascilloscope, "A" corresponds to t = 0, both signals growing negative
in the first microseconds.
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It is expected that the two lines couincide. Due to a small phase-shift
in the divider, the two lines du not coincide completely. In a new
magnetu-uptic current-meter (now under construction) a divider with a

better frequency response will be used.

6.3 Discussiorn

Pulsed currents up to 1.2 MA {(turns) were measured with the
magneto-optic current-meter. The relative accuracy is at least as good
as the accuracy of the Rugowski-coil. The accuracy becomes better
everytime T passes a maximum {or minimum). Very close near a maximum
(or minimum) the accuracy is somewhat less.

The linear birefringence of the fiber was low, so that no cor-
rections for it had tu be made in calculating the current. Four proper
meagsurement of currents of 1 MA max and with a frequency of 25 kHz,
the analog electronics (including the divider) must have a flat fre-

quency respunse and no phase shift up to 200 kH:z.
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7. DOUBLE DETECTOR MEASUREMENIS
7.1 Introduction
In the foliowing it is assumed that 1 = sin2d instead of 1 =

-5in2#® (detector rotated over 180°).

Ihe current cannot be directly obtained from the signal T, but

has tu be calculated as fullows frum the equations T = sin 23 and
I = 8/v:
I equals either arcsin | + n=*21 op T-arcsin T + n*2=«
2y 2V
with n = G, -1, 1, =2, 2, .....

This means that 1 is not uniquely determined by [, but one needs to
knuw also n and whether arcsin | or (m-arcsin T) has to be used. This
probiem is absent in the special case that the current increases lin-
early with time from zero at t = 0. Then in the various regions shown

in Fig. 7.1, [ can be calculated as follows:

. _ arcsin T
A: I =z —=v
. . m-arcsin 1
B: I = —av
_ 2m+arcsin T
C: I = v
T

_—t

|
1
|
I
|
I
I
I
i
1
t
1
I
I
i
I
1
\
\
\
—‘—-——-—% ‘--—'
A r

O

Fig. 7.1. The signal 1, if the current increases linearly with time
from zero at t = O.
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More generally, the current I can be derived unambiguously from
T, whenever [ changes monotonically with t, for example in the first
guarter period of a sine wave. However, a problem arises when the
general behaviour of the current is unknown; near a wmaximum or a
minimum of 1, it cannot be ascertained whether the current increases
or decreases. (It may have changed from increasing to decreasing just
in the maximum (or minimum.} A second problem is the accuracy of the
current when ¢ = w/4, 3n/4, 5t/4, .... radians. For small values of AT

the possible error in I is:

sl o~ 2L o oar = 2v S(1-12)1-1 .« ar.

From this it can be seen that when T =+ 1, Al is becoming very large.
For larger values of AT, the possible error in I cannot become larger
than Alpay = I (T2aT) - I(T) = 1/2v {arcsin (T%Al) =~ aresin (1)}. An
example, when &7 = 0,01 (read-ovut error) then AI/1 can become 10% when
I = 1, see Table 7.1.

TABLE 7.1

I AT/ arcsin T I AL/I
! | e el | i
{ T -+__ | - - —*"_———‘m_%
0.50 = 0.01 2 % 0.52 = 0.01% 57 1 2 %
0.90 = 0.01 1 % 1.12 £ D.02 121 £ 3 2 %
0.98 +* 0.01 1 % 1.37 £ 0.06 149 + 4 4 %
0.9% = 0.01 1 % 1.43 +* (0.14 155 £ 15 10 %

1 is calculated with V = 4+6x10-% rad. A-l.

Both problems are avoided if we measure sin 2¢ and cous 24 si-
multaneously, by splitting the light beam intoe two light beams and
using two detectors, one rotated over 7n/4 radians with respect tu the
vther.

When ¢ = n/8 radians, sin 2& = cos 2¢ = 0.707. When & rises
above ©/B radians it is better to calculate I from 7% = cos 2%: when
¢ is falling below «/8 radians, 1 is better calculated from 1 =
sin 28, In this way the must accurate value is always obtained, and it

is always clear whether the current is rising or falling {(Fig. 7.2).
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T i i i T*
TN i
t E ! A Ar I = (2v)-! arcsin T
% ; } g e B: I = (2v)-! arccus T*
i ‘ | 1 C: I = (2v)-! {m-arcsin T}
i ‘ i | D: I = (2v)-! {2n-arccos T+}
o — o ~ E: I = (2v)-! {2m+arcsin 1}

| |

| E i |
*

Fig. 7.2. Sin 2¢8{=1) and cos 2% (=T ) plotted simultaneously versus the current.

To decide which equation has to be used a computer program can
be applied. An experimental setup to measure sin 24 and cos 2¢ simul-

tanevusly was constructed and sume experiments were carried out.

7.2 Experimental setup

The following changes weTe made in the setup, described eariier
in Chapter 3. In the detecting part of the setup a beamsplitter prism
is placed between the microuscope objective and the Wollaston prism. A
second detector, consisting of a Wollaston prism, two PIN photodiodes
and analug electronics, which computes the functions I;-I; and I;+I,,
ali attached to a rotatable disk, has been built. It is placed in the
reflected lightbeam such that the distance from the beamsplitter prism
te the Wollaston prism is equal for both detectors (Fig. 7.3).

All components, that is the twu detectors, the beamsplitter, the
microscoupe objective and the micropositioner, are firmly attached to a

frame.

| fiber
|

s cosine detector
microscope objective - .

P! Fig. 7.3. Experimental setup fur double

: B detector measurements.
beamsplitter prism E

1 w ~[}

-
W
\ W = Wollaston prism
Y P = photo diodes
sine detector < = _
E\:l o E = electronics
E
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Tuo pusition the reflected light beam into the middle of the
Wollaston prism the beamsplitter prism can be rotated and inclined, to
move the light beam in Etwo independent orthogonal directions. The
other light beam, to the first detector, is hardly influenced by these
small adjustments.

The second detector is tuned differently from the first detec-
tor. Whereas the first detectur is rotated until T = 0 (sine-detector)
the second detector is rotated wuntil T = 1 {or -1} at zeru current
(cuosine-detector). In practice the detector is rotated until [ has a

maximum, which is hardly ever exactly 1.

7.3 Results

7.3.1 Optical signal versus time

There are two ways to register the signals coming from the
sine- and the cosine-detector simultaneously. One is to use two divi-
ders, and register T = (I,-1I,)/(I,;+I5) from both detectors.

Alternatively one could register [;-I, and I3+l from both
detectors. Then four signals need to be recorded simultaneouslys T =
(I,-1,)/(I{+I;) can be calculated afterwards.

Since only one divider and one two-channel transient recorder
were available Lhe measurements could not be made according to either
one of the two methods described.

With the setup described in Chapter 6 also [;-I, and I,+I, are

Tecorded simultaneously. The result is shown in Fig. 7.4.

LA A
y

T | ! | | 1 ] 1

o] 20 40 60 80 100 120 140 160 180

(g.u.)

1_[2
|

|

(g.u.)
8

0 1 I 1 1 1 H i L
20 40 g0 80 100 120 140 160 180

— I+l
o]

— t (us)

Fig. 7.4. I,-I, and I;+[, measured without beamsplitter (1 = sin 29).
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Since I;+Ip is almost a straight line, I;-I; must have a shape
similar to (I1-15)/(11+15) = T.

Therefore the best solution with the double detectur seemed to
be to record just [;-I; from both detectors. This was carried out and

the result is shown in Fig. 7.5.

- s} T T T T T T T

2 - . _
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-5 I 1 1 : I ! I

T (0] 20 40 [={0] 30 100 120 140 1680 180
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Fig. 7.5. I;~I, measured simultaneously with both sine- and cousine- detector.
(Vg = 9.0 kV, Ipgy = 710 kA).

7.3.2 Expunential decay; accuracy

As described in Sec. 6.2.2 the accuracy of a measurement can be
studied from a lug-linear plot of the maxima and the minima of the
current versus time, For the result of Fig., 7.5 this is done in Fig.
7.6. It is obvious that the measurement is not very accurate,

This inaccuracy is caused by the fact that the two I;+I; sig-
nals are not constant in this case. As a consequence I,-I, will cer-
tainly not have a shape similar to T = (I;-I,)/(I;+I,). Figure 7.7
shows a plot of both I;+I; and I;-Is from the cosine detector, versus
time. It turns out that the deviation of [;+I; from a constant is due

tu the polarization properties of the beamsplitter prism (see Sec.

7.3.3).
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Fig. 7.7. I;-I, and I;+l, from the cosine-detector, recorded simultaneously.
I;+I, is not constant because of the beamspiitter.
In order to examine T versus time a mesasurement was carried out

with T recorded

log-linear plot

and this 1is shown

accuracy is much better now than

only from the cosine detector. From this measurement a

of the maxima and minima of the current was also made
in 7.8. it

Fig. From this plot

7.6.

is obvious that the

in Fig.
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Fig. 7.8. Maxima and minima of the current calculated from the T-signal of
the cosine-detector {with beamsplitter).

Apparently a proper calculation of the T-signal corrects to first or-

der for the errors introduced by the beamsplitter prism.

7.3.3 Polarization properties of the beamsplitter prism

The intensity (= I,+I,) of the light transmitted through the
beamsplilitter prism, is measured as a function of the angle of the pla-
ne of polarization; the result is shown in Fig. 7.9.

Figure 7.9 can be explained as follows:

OUne may regard the incoming plane polarized light as a super-
position of two orthogonal polarizations., These two polarizations have
different ratios of intensity of reflected light to intensity of

transmitted light. As a consequence:

1. If the plane of polarization rotates, the intensity of the light
leaving the beamsplitter is not a constant.
2. The angle of the plane of polarization after the beamsplitter prism

is not the same as in front of the prism.
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Fig. 7.9. Relative intensity of the two beams coming out the beamsplitter as a
function of the angle of polarization. The intensity of the light
without the beamsplitter prism is not a constant because the intensity
of the light launched into the fiber depends on the angle of the direc-
tion of polarization.

The last effect was also observed. If the detector is rotabted such
that T = 0 or 1 without beamsplitter prism and afterwards the
beamsplitter prism is inserted, T is no longer 0 or 1. However, the
detector should not be ruvtated now, otherwise the signals will be

asymmetrical (for pusitive and negative current).
7.4 Discussion

The results of the experiments show that a beamsplitter prism
is not a proper instrument to build a double detector setup.

Since it is highly desirable tou have a double detector system
te avuid ambiguity, to gain in accuracy, and especially to make com-
puter calculations of the current possible, a correct beamsplitter
should be found.

Suitable components may be (1st) a 50% transparant mirror
(Fig. 7.10) and {2nd) a double lens {Fig. 7.11).
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8. CONCLUSIONS

In this report pulsed current measurements with a magnetu-optic
current meter are described.

First the optical properties of the spun single-mode fiber are
examined and it is concluded that this type of fiber is quite suitable
for use in a current meter. When the fiber is mounted, intu the SPICA
[l experiment however, extreme care should be taken that along the
whole length of the fiber nu pressure is applied to the fiber; that
the bending radius is not smaller than 15 cm, and that the parts of
the fiber, which do not Fform part of the loop, are shielded against
longitudinal magnetic fields.

Also the Verdet constant of this fiber has been measured, in
order t¢ calculate the current from the Faraday rotation: V =
4.60x10-% rad A-!. '

In the pulsed experiments the optically measured current turned
out to agree quite well with the current measured simultaneously with
a Ruguwski coil. The average error in the optical signal is about 1%.
It is larger when the Faraday rotation & is around the values v/4 and
3n/4 rad (I = 170 and 510 kA resp.) and less when ¢ is more than 3n/4
rad.

In order to calculate the current frum the Faraday rotation
with a cumputer program, a double detector is necessary. A setup with
a beamsplitter prism and a double detector was constructed and several
measuTements were carried out. It is concluded that a beamsplitter
prism is not the correct instrument for double detectour measurements,
but that double detector measurements are certainly possible when a
proper beamsplitter is employed. A 50% transparant mirror and a double

lens are suggested.
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Fig. A1. Electronic circuit which caleculates [2 - Iz and I} + I,

(adder/subtractur), used in pulsed current measuTrements.
Amplifier: HA5195, photodiode: MDA 435,
power supply: * 15 Vv, capacitor 10 nF,
zener diode: BZYX 85C (12 v).



