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Understanding the magnetic field topology in wire-array Z-pinches is of great sig-

nificance for their ultimate application to stockpile stewardship and inertial con-

finement fusion. We have developed and tested several novel techniques involving

material-based sensors to measure magnetic fields as a function of space and time in

high energy density plasmas on pulsed power machines. We first briefly introduce

a technique that was used to measure a lower limit of the maximum magnetic

field of a sub-microsecond duration pulse using magnetic reversal in CoPt thin

films. The time-varying magnetic field was generated by an exploding wire array

plasma called an X pinch produced on the 0.5 MA, 100 ns pulse duration, XP

pulsed power generator. We then introduce a technique based on Faraday rota-

tion that was used to measure magnetic fields in wire-array Z-pinches produced

on the 1 MA, 100 ns rise time, COBRA pulsed power generator as well as on the

XP generator. This technique measures magnetic fields as a function of space and

time using Faraday rotation of a single longitudinal mode (SLM) laser through

a magneto-optically active bulk waveguide, multicomponent terbium borate glass,

placed adjacent to, or within, the wire array. We have measured fields > 10 T with

100 ns rise times outside of a wire-array Z-pinch for the entire duration (∼250 ns)

of the current pulse and as much as ∼2 T inside a wire-array for ∼40 ns from the

start of current. This is the first time that such rapidly varying and large fields

have been measured using the terbium borate glass. The third method, also based



on Faraday rotation of SLM laser light utilized an integrated optical fiber sensor

(a fiber-sensor-fiber assembly) on the XP pulsed power generator that also yielded

a measurement of the magnetic field of a wire-array Z-pinch for part of the current

pulse. Finally, we repeated the third method by fabricating a “thin film waveg-

uide” of terbium borate glass to increase the spatial resolution of the measurement.

The thin film waveguide was then coupled to an optical fiber system. Although we

successfully fabricated thin film nanowaveguides of terbium borate glass, the first

time such waveguides have been made, due to poor coupling efficiency of light be-

tween components, preliminary Faraday rotation measurements were unsuccessful.

The technique developed in this dissertation is potentially viable for magnetic field

measurements in high current pulsed power systems if the device is protected from

intimate interaction with the high energy density plasma during the time that a

magnetic field measurement is to be made.
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CHAPTER 1

INTRODUCTION TO HIGH ENERGY DENSITY PHYSICS

1.1 Background to High Energy Density Physics

High energy density (HED) physics spans a broad range of areas in physics.

Broadly speaking it encompasses the region of parameter space exceeding en-

ergy densities of 1011 J/m3 and pressures exceeding 1 MBar. Figure 1.1 gives

an overview of the high energy density physics universe.

Figure 1.1: High energy density physics universe map [1].

More information is given in reference [1] and [2].
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1.2 X Pinches and Wire-Array Z-Pinches

Wire-array Z-pinches are high energy density plasmas that have a wide range of

applications. Specifically within the context of our work, these high energy density

plasmas have applications to nuclear weapons effects testing as well as nuclear

fusion [3].

The standard wire-array Z-pinch plasma configuration consists of a cylindrical

array of (typically) 8 wires (see Fig. 1.2) that are strung between an anode and

cathode electrode on a pulsed power generator, such as Cornell’s 1 MA COBRA

pulsed power generator. A pulsed current of 1 MA with a rise time of 100 ns

is then driven through the wires by COBRA, causing them to explode and form

a hot plasma around each wire. The current density (J) in the plasma around

the exploding wires interacts with the magnetic field (B) produced by the total

current, accelerating the current-carrying portion of the plasma toward the array

symmetry axis. Eventually the J×B Lorentz force accelerates the residual wire

material radially inward at high velocity giving rise to a high energy-density (∼100

eV, ∼ 1020cm−3 electron density) plasma on-axis (z-axis).

Anode

Cathode

Figure 1.2: A typical wire-array Z-pinch load on COBRA.

The parameters of Z-pinch plasmas can be estimated in a simple way, if a

steady-state equilibrium is assumed, as derived by Bennett in 1934 [4]. This sim-
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plified assumption rarely can be fully justified taking into account the intrinsically

dynamic nature of Z-pinch experiments. Practically, the estimates based on this

assumption are often only correct within an order of magnitude, however, they are

nevertheless convenient [5].

A Bennett pinch is a fundamental type of pinch illustrated in Fig. 1.3 (with

radius a in this case) [6]. This kind of pinch consists of a cylindrical and fully

ionized plasma column that carries an axially directed current. The current (shown

as the current density J in Fig. 1.3) produces an azimuthal magnetic field (Bθ).

As a result of the Lorentz force, this gives rise to a pinching force density directed

radially inwards towards the axis of the plasma cylinder given by:

~Fmagnetic = ~J × ~B (1.2.1)

In steady state, this force is balanced by a kinetic pressure gradient force density

directed outward given by:

~Fkinetic = ∇p = ∇(pe + pi) (1.2.2)

where pe and pi are the electron and ion pressures respectively.

At the edge of a pinch in equilibrium, the magnetic pressure, pmagnetic, balances

out the area-averaged kinetic pressure, pkinetic, which implies:

pmagnetic =
B2

θ

2µ0

=
µ0I

2

8π2r2
= pkinetic (1.2.3)

It should be noted that the pressure is defined as:

p = pe + pi = nekBTe + nikBTi (1.2.4)

where ne and ni are the electron and ion densities, kB is the Boltzmann constant

and Te and Ti are the electron and ion temperatures respectively.
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Figure 1.3: A current-carrying plasma column Z-pinch (Bennett pinch).

Bennett showed that in the case of constant ion and electron temperatures, Ti

and Te, respectively, one can derive the relation,

I2 =
8πNekB

µ0

(Te + Ti), (1.2.5)

where I is the total current in the pinch, Ne =
∫ a

0
2πrne(r)dr (equal to Ni) denotes

the number of electrons (or ions) per unit length of the cylinder. This is known as
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the Bennett Pinch Relation and is an expression for pressure balance in a Z-pinch

that turns out to be valid for any current or pressure profile [4, 6]. Additional

information on Z-pinches can be found in reference [7].

The wire-array Z-pinch plasma implosion encompasses four stages: initiation,

ablation, implosion, and stagnation briefly described here. Initiation occurs when

plasma initiates around each wire in the array as current is driven through the

wires. This plasma is hot and highly conductive and is referred to as the coronal

plasma formed around the wires. The coronal plasma carries essentially all of

the current. The expansion of the coronal plasma from the wires occurs with the

development of instabilities [8]. Subsequently, the hot plasma resulting from the

high current density, J causes ablation of the dense wire cores. The current density,

J, then interacts with the azimuthal magnetic field produced, B, via the J × B

force, causing the coronal plasma to be accelerated radially inwards from the wires

where it accumulates to form the precursor plasma before the array implosion [9].

Further growth of perturbations in the wire cores leads to the formation of breaks

(gaps) in the cores [10]. The implosion phase starts after the formation of the

gaps in the wire cores and when the wire cores run out of material in some axial

positions. It proceeds as a snowplow implosion of the radially distributed mass

whereby the material rapidly gets accelerated towards the array axis [10]. The

final stage involves the material stagnating on the array axis which also coincides

with the peak of the emitted x-ray pulse as a result of the compression of the axial

plasma.

The X-pinch plasma was produced using the 0.5 MA, 50 ns rise time, 100 ns

pulse duration XP pulsed power generator at Cornell University [11]. The X-pinch

configuration involves two or more wires that cross and touch at a single point,
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in the form of an X, as illustrated in Fig. 1.4. They are exploded by a large

current pulse, which produces a hot, dense plasma at the original cross-point of

the wires. This plasma is then compressed by a magnetic field that is generated

by the current.

Anode

Cathode

Figure 1.4: An X pinch.

1.3 Inertial Confinement Fusion and Stockpile Steward-

ship

In 1992, President Bush instituted a moratorium on nuclear testing. In 1996,

President Clinton signed the Comprehensive Nuclear-Test-Ban Treaty (CTBT),

but to-date it has not yet been ratified. The Stockpile Stewardship Program was

established in response to the Fiscal Year 1994 National Defense Authorization

Act, which requires, in the absence of nuclear testing, a program to:

1. Support a focused, multifaceted program to increase the understanding of

the enduring nuclear stockpile;
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2. Predict, detect, and evaluate potential problems of the aging of the stockpile;

3. Refurbish and re-manufacture weapons and components, as required; and

4. Maintain the science and engineering institutions needed to support the na-

tions nuclear deterrent, now and in the future.

As the civilian steward of the nation’s nuclear weapons complex, the U.S. De-

partment of Energy (DOE) National Nuclear Security Administration (NNSA) is

responsible for the safety and reliability of the United States nuclear arsenal. In or-

der to certify the safety and reliability of the nation’s nuclear stockpile, developing

improved computer models and advanced experimental capabilities that provide

accurate predictive capability of weapon performance in the absence of nuclear

testing became the main goal of the National Nuclear Security Administration’s

Stockpile Stewardship Program. The National Nuclear Security Administration’s

Stewardship Science Academic Alliances Program supports research in areas of

fundamental high energy density science and technology relevant to stockpile stew-

ardship. The work presented in this study was conducted at the National Nuclear

Security Administration Center for the Study of Pulsed-Power-Driven High Energy

Density Plasmas. As mentioned earlier, in light of this our study of wire-array Z-

pinches is motivated by its applications to nuclear weapons effects testing that is

carried out at Sandia National Laboratories, Albuquerque, New Mexico.

While the primary application of wire-array Z-pinches encompasses nuclear

weapons effects testing, another important application is their use as a potential

driver in inertial confinement fusion whereby they would be used as intense x-ray

sources to drive a deuterium-tritium pellet to ignition to attain nuclear fusion.

High x-ray power yields are required for this and in light of this, bettering our

understanding of the evolution of the magnetohydrodynamics of the plasma is
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imperative. Improving our understanding of how the current flows in a wire-

array Z-pinch implosion is directly related to the magnetic field evolution of the

pinch. Therefore, a major goal in Z-pinch research is to obtain the magnetic

field distribution inside the pinch, which would have major implications for the

development of inertial confinement fusion [3].

1.4 Importance of Studying the Magnetic Field Topology

Understanding the evolution of the magnetic field topology and magnitude in the

high energy density plasmas produced by wire-array Z-pinches is of critical impor-

tance for their ultimate application to stockpile stewardship and inertial confine-

ment fusion [3]. The standard method is to use a small magnetic probe that is

based upon electromagnetic induction [12]. The large magnetic fields to be mea-

sured are just outside of and within the wire-array Z-pinch. We are looking for an

alternate approach that could prove to be more reliable. We need the magnetic

field with a high temporal and spatial resolution. The magnetic field is correlated

to the current profile of the wire-array Z-pinch and can provide us with critical

information to bettering our understanding of these high energy density plasmas.

1.5 Pulsed Power Generators

The fundamental idea behind pulsed power technology is to store a large amount of

energy in a reservoir over many seconds and then transmit this energy over a pulsed

power transmission line and deliver it to a load via a sub-microsecond closing time

switching mechanism in a much shorter time period (hundreds of nanoseconds).
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This approach enables very high power (terrawatts) to be discharged in loads.

The basic structure of the pulsed power generators used in this study is as

follows. Energy is stored typically in a Marx generator, which is a specific type

of capacitor bank topology whereby capacitors are charged in parallel and then

discharged in series. This is done to multiply the charging voltage. The Marx

generator is coupled to an intermediate storage capacitor, which in turn is coupled

to the pulse forming line. The intermediate storage capacitor is used to reduce the

charging time. The pulse forming line is then connected to the load via a spark-gap

switch [13]. The pulsed power generator electrically compresses the pulse in time

through a series of charging/discharging steps and then eventually dissipates the

energy in a load.

The two pulsed power generators used in this study, COBRA and XP, are

typical examples of the above. COBRA is a 1 MA, 100 ns rise time pulsed power

generator. The rise time of COBRA can be varied from 100-240 ns because it

consists of four independently switched pulse forming lines. The pulse duration

is 200-250 ns. Further information on the COBRA generator can be found in

reference [14]. As stated earlier, XP is a 0.5 MA, 50 ns rise time, 100 ns pulse

duration FWHM pulsed power generator [11].

Our load consists of the wire-array Z-pinches and X pinches that are mounted

on the COBRA and XP pulsed power generators.
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CHAPTER 2

NOVEL TECHNIQUES FOR MEASURING MAGNETIC FIELDS

2.1 Motivation

As established earlier, the primary motivation of this work is to determine the mag-

netic field as a function of space and time in high energy density (HED) plasmas

(e.g. Z pinches and X pinches) as a means to understand such plasmas better. The

measurements were to be made just outside the wire-array Z-pinch and ultimately

inside the wire-array Z-pinch if possible.

The present standard for measuring B fields with spatial resolution is the mag-

netic (B-dot) probe. We are looking for an alternate approach to measure magnetic

fields that could prove to be more reliable than the magnetic probe. Ultimately

the hope is to develop a technique that can then be utilized to map out the entire

magnetic field distribution near and inside HED plasmas, which would be a critical

contribution toward understanding the dynamics of such plasmas.

2.2 Magnetic Reversal in Magnetic (CoPt) Thin Films

Initially, we examined magnetic reversal in ferromagnetic (CoPt) thin films to see

if one could potentially utilize this property to measure magnetic fields in high

energy density plasmas. We were able to develop a novel technique to determine a

lower limit for the maximum magnetic field of a sub-microsecond duration current

pulse in an X pinch using magnetic CoPt thin films.

The time varying magnetic field was generated by a current-carrying X pinch
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plasma. Using a Quantum Design SQUID magnetometer, two thin films were

initialized with remnant magnetization along a specific direction. The two films

were then placed near an X-pinch plasma configuration on the XP pulsed power

machine with magnetizations in opposite directions. The current driven through

the X pinch induced a change in magnetization in the films that implied a lower

bound of 17 kOe (i.e., 1.7 T) for the magnitude of the maximum magnetic field to

which the film was exposed. The inherent response time of the film magnetization

is of the order of tens of nanoseconds which is fast enough for the measurement of

sub-microsecond magnetic field pulses. Further details on the development of this

technique is given in the Applied Physics Letter in Appendix C [15]. To measure

larger magnetic fields, one can extend this technique to develop magnetic thin films

with higher coercivity, using, e.g. Nd-Fe-B or Sm-Co compositions or alternatively

one could use exchange bias films. However, as this technique did not provide

us with a magnetic field profile as a function of time, we proceeded to explore

other approaches that would allow us to obtain both high temporal and spatial

resolution.

2.3 Faraday Rotation and Magneto-Optics

2.3.1 The Theory of the Faraday Effect

The Faraday Effect was originally discovered by Michael Faraday in 1845 and was

the first direct experimental evidence proving that light and electromagnetism are

interconnected. Specifically it is the interaction between light and a magnetic

field in the presence of a dielectric material. Faraday discovered that the plane
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of polarization of linearly polarized light incident on a glass piece rotated when a

strong magnetic field was applied parallel to the direction of propagation of light.

Glasses or other media that rotate polarized light when a magnetic field is applied

to them are classified as magneto-optically active media and hence magneto-optics

is the general term referring to the study of this class of materials.

Since Faraday’s early discovery, the phenomenon has been observed in many

solids, liquids and gases. The amount of rotation observed for any given substance

is proportional to the static magnetic flux density and to the distance the light

propagates through the medium. Empirically, the rotation can be written as [16]:

θ = VBl (2.3.1)

where l is the distance traversed through the medium, B is the magnetic flux

density and V is the constant of proportionality known as the Verdet constant.

Table 2.1 shows some typical Verdet constant values for some materials [17]. We

will delve into further quantitative details regarding the Verdet constant relation

with the magnetic flux density in the next section.

The Verdet constant for a particularly medium varies with both frequency

(directly proportional) and temperature. By convention, a positive Verdet constant

corresponds to a (diamagnetic) material for which the Faraday Effect is l-rotatory

(levorotatory from the Latin levo meaning left) when the light moves parallel to the

applied magnetic field (B) and d-rotatory (dextrorotatory from the Latin dextro,

meaning right) when it propagates antiparallel to the magnetic field (B) [17].

Consider the following scenario involving a B field produced by a solenoid coil

wound about a sample. The plane of polarization, when V is positive, rotates in

the same direction as the current in the coil, regardless of the beam’s propagation

direction along its axis. Therefore, the Faraday effect can be amplified by reflecting
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Table 2.1: Verdet constants of some materials [17]

Material Temperature (◦C) V (min of arc gauss−1 cm−1)

Light flint glass 18 0.0317

Water 20 0.0131

NaCl 16 0.0359

Quartz 20 0.0166

NH4Fe(SO4)2.12H2O 26 -0.00058

Air1 0 6.27× 10−6

CO2
1 0 9.39× 10−6

1 λ=578 nm and 760 mmHg.

the light back and forth several times through the sample.

It should be noted that the Faraday Effect is closely associated with the direct

and inverse Zeeman effects and its explanation follows directly from the principles

contained within these effects. The theory of the Faraday Effect essentially encom-

passes the quantum-mechanical theory of dispersion, including the effects of B on

the atomic or molecular energy levels.

Consider the following limited classical argument for nonmagnetic materials

with circularly polarized, monochromatic incident light. A bound electron in a

steady-state circular orbit is accelerated by the rotating electric field (E) of the

wave. The effect of the wave’s B field is negligible. When a constant magnetic

field perpendicular to the plane of the electron orbit is applied, there is a radial

force F on the electron. The force can be directed either towards or away from

the circle’s center depending on the orientation of the polarization of light and the

direction of the B field. The total radial force, F plus the elastic restoring force
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can therefore have two different values as can the radius of the orbit. Therefore

one will then have, for a given magnetic field, two possible values of the electric

dipole moment, the polarization, and the permittivity, as well as the two values of

the index of refraction, n+ and n−.

Therefore the actual mechanism that manifests itself as Faraday rotation is

related to the birefringence of the magneto-optically active material. Applying

a magnetic field to a dielectric material (in the aforementioned case a magneto-

optically active glass) causes it to exhibit circular birefringence. Birefringent ma-

terials decompose linearly polarized light into two circularly polarized waves (ordi-

nary and extraordinary) in the presence of a magnetic field (parallel to the direction

of propagation of light) that travel at two different speeds. This manifestation is

quantified by a difference in the indices of refraction of the left and right circularly

polarized rays. As they travel at different propagation speeds through the medium,

they recombine upon emerging and, due to the net offset, a rotation of the angle

of polarization of the incident light is the outcome.

For ferromagnetic materials, the process is more complicated due to the role of

the magnetization of the sample. That is to say the magnetized material’s Verdet

constant is proportional to the magnetization in the direction of propagation of

light rather than the component of the applied magnetic field. However, the class

of materials that were employed in this work was terbium borate glasses, which

are amorphous and non-ferromagnetic.

There are other magneto-optical effects that we will not delve into detail here.

Worthy of mention in the present context are the Voigt and Cotton-Mouton Effects.

Both arise when the dc magnetic field is applied perpendicular to the direction

of propagation of the incident light. The former effect is most pronounced in
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vapors whereas the latter (which is considerably stronger) is most pronounced in

liquids. In both cases, the medium displays birefringence like that of a uniaxial

crystal whose optical axis is aligned with the direction of the dc magnetic field

(but perpendicular to the light). The two indices of refraction now correspond to

a scenario whereby the B-field vector lies in the plane of polarization or is normal

to it. The difference in the indices (i.e., the birefringence) is proportional to the

square of the applied magnetic field [17].

2.3.2 Quantitative Analysis of Faraday Rotation using

Jones Matrices

The mathematical representation of polarized light that we use here involves “Jones

vectors.” Unlike Stokes parameters, this particular formalism only applies to po-

larized light waves. A generic form of a Jones vector is given by:

~E =




Ex(t)

Ey(t)


 (2.3.2)

where Ex(t) and Ey(t) are the instantaneous scalar components of E. With a

known E, we have complete information about the polarization state. Since we

can write a polarization state as a (Jones) vector, we use matrices, A, to transform

them from the input polarization, E0, to the output polarization, E1 as shown in

Equation 2.3.3.

E1 = AE0 (2.3.3)

Expanding Equation 2.3.3 yields the following:

E1x = a11E0x + a12E0y

E1y = a21E0x + a22E0y

(2.3.4)
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As an example, if a horizontal linear polarizer polarizes an input polarization

state, E0 into the x-direction, E0x, then that transformation can be quantified by

the Jones matrix,

Ax =




1 0

0 0


 (2.3.5)

Applying Ax to the input state, E0, results in the output polarization, E1 equiva-

lent to E0x as shown below.

E1 = AxE0 =




1 0

0 0







E0x

E0y


 =




E0x

0


 (2.3.6)

Similarly a polarizer that resolves an input state, E0, into the y-direction, E0y,

then that transformation can be quantified by the following Jones matrix:

Ay =




0 0

0 1


 (2.3.7)

Along the same lines it would be useful to consider the Jones matrices corre-

sponding to a half waveplate, AHWP , and a quarter waveplate, AQWP ,

AHWP =




1 0

0 −1




AQWP =




1 0

0 ±i




(2.3.8)

Let us consider a magneto-optic glass that Faraday rotates an input state by an

angle, Θ. This implies multiplication by a rotation matrix, R(Θ), which results in

the following:

E ′
0 = R(Θ)E0 and E ′

1 = R(Θ)E1

R(Θ) =




cos(Θ) − sin(Θ)

sin(Θ) cos(Θ)




(2.3.9)
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Rotating E1 by Θ and inserting the identity matrix R(Θ)−1R(Θ), we have:

E ′
1 = R(Θ)E1 = R(Θ)AE0 = R(Θ)A[R(Θ)−1R(Θ)]E0

= [R(Θ)−1AR(Θ)][R(Θ)E0] = [R(Θ)AR(Θ)−1]E ′
0 = A′E ′

0

(2.3.10)

which then gives the following:

A′ = R(Θ)AR(Θ)−1 (2.3.11)

Applying the result in Equation 2.3.11 to an x-polarizer as an example, gives us:

Ax(Θ) =




cos Θ − sin Θ

sin Θ cos Θ







1 0

0 0







cos Θ sin Θ

− sin Θ cos Θ




Ax(Θ) =




cos Θ − sin Θ

sin Θ cos Θ







cos Θ sin Θ

0 0




Ax(Θ) =




cos2 Θ cos Θ sin Θ

cos Θ sin Θ sin2 Θ




(2.3.12)

Thus Ax(Θ) is a matrix that when applied to an input state that is any arbitrary

polarization state will give an output state rotated by Θ in the x-direction. There-

fore if the glass has a Verdet constant such that when a specific dc magnetic field

is applied that it Faraday rotates light by 45◦ then we would apply the following

matrix to our input state to obtain the correct output state:

Ax(45◦) =




1
2

1
2

1
2

1
2


 (2.3.13)

For very small angles, ε, we have the following:

Ax(ε) ≈




1 ε

ε 0


 (2.3.14)

Now consider the case whereby the light beam passes through several glasses,

each under the influence of an applied magnetic field along the direction of prop-

agation of light (and assume each glass has a different Verdet constant and/or a
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different magnetic field). Then each glass imparts a different but successive rota-

tion to the plane of polarization of the input state. Figure 2.1 depicts this scenario.

E
0

E
1

A
1

A
2

A
3

Figure 2.1: A polarized light beam passing through successive magneto-
optical glasses under an applied magnetic field, each imparting a
rotation of Ai on the light beam.

To quantify the aforementioned case, we multiply the input polarization Jones

vector by all of the Jones matrices:

E1 = A3A2A1E0 (2.3.15)

noting the order in which each matrix is applied since the matrices do not commute.

2.4 Temporally Resolved Faraday Rotation through

Magneto-Optically Active Bulk Waveguides

As established earlier, the primary motivation of this work is to develop a technique

that can enhance our understanding of the evolution of the magnetic field topology

and magnitude in the high energy density plasmas produced by wire-array Z-

pinches. The current standard method is to use a small magnetic probe that

is based upon electromagnetic induction. Such a probe picks up the changing
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magnetic field using a loop of conductor connected to a cable, requiring that a

conductor be placed within the plasma if a spatially resolved measurement is to

be obtained inside the plasma.

As a potential alternative to putting a conductor in the plasma to make the

B-field measurement, we developed a technique involving temporally resolved Fara-

day rotation that is based upon putting an insulating material in the plasma. It

involves passing a single longitudinal mode (SLM) laser beam through a magneto-

optically active waveguide, which we have used to measure rapidly varying pulsed

magnetic fields produced by wire-array Z-pinch plasmas with spatial and temporal

resolution. In the series of experiments that will be presented in this section, we

used bulk waveguides, glass rods made of multicomponent terbium borate glass.

In order to avoid light from the plasma getting into the line of sight of the detector,

the glass sample had to be contained in a ceramic tube.

Before we delve into the details of this approach, we note that Faraday rotation

of a linearly polarized laser beam passing through a wire-array Z-pinch plasma has

been used to estimate magnetic fields within the plasma [18]. In principal, this is

a non-perturbing method, but it is “spoiled” by the highly nonuniform nature of

wire-array Z-pinches [19]. The equation that quantifies the Faraday rotation angle,

Θ, is [20]

Θ =
e3

8π2c3ε0m2
e

λ2
0

∫
ne

~B · d~l

= 2.62× 10−13λ2
0

∫
ne

~B · d~l
(2.4.1)

where ne (#/m3) is the electron density, λ2
0 (m) is the laser wavelength and the line

integral is along the path of the laser through the plasma. Thus determining the

magnetic field accurately requires independent knowledge of the electron density

along the laser path, but the plasma density, typically taken to be an average
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value obtained from interferometry, is known to be highly nonuniform over the

path length of the laser. As a result, either a very simple geometry (e.g., just

4 wires) or an unrealistic assumption about cylindrical symmetry must be made

in order to infer the magnetic field as a function of position. Furthermore, the

measurement made using Faraday rotation utilizes a short pulse laser, which means

the measurement is at a particular time rather than a continuous measurement.

Finally, a Faraday rotation measurement entails the total path length traversed

by the laser through the plasma, rendering the measurement location ill-defined.

Our present research with magneto-optically active waveguides was motivated by

the desire to try placing an insulator in the plasma (in contrast to the conducting

magnetic probe) while also localizing the point of measurement of the magnetic

field through the size of the magneto-active material (in contrast to the standard

Faraday rotation method).

Multicomponent terbium borate glasses are highly magneto-optically active, i.e.

they have a high Verdet constant, which determines the amount of rotation of the

plane of polarization of the SLM laser beam expected for a certain field applied for

a specific length of glass [21]. The rare-earth dopant, terbium (the trivalent para-

magnetic terbium ion, Tb3+) is principally responsible for the material’s enhanced

Verdet constant.

When polarized light enters a magneto-active glass, if the magnetic field is

parallel to the direction of propagation of light along the length of the glass, then

the magneto-optically active glass rotates the plane of polarization of the light by

an angle, Φ, given by [17]

Φ = V

∫
~B · d~l (2.4.2)

where V is the Verdet constant, in rad (or degrees) per Tesla-centimeter, of the
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material, and
∫

~B · d~l is the line integral of the magnetic field along the length of

the glass. V is extremely dependent on the wavelength of light. A visualization of

Equation 2.4.2 is shown in Fig. 2.2.
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Figure 2.2: Faraday rotation of polarized light through a magneto-optical
glass.

Note that if the magnetic field is perpendicular to the direction of propagation

of light through the glass, then that gives rise to the Voigt effect, which is a

second-order magneto-optical effect, i.e., proportional to magnetization squared;

this effect is not considered here since the k-vector for the light propagating through

the magneto-active material (short cylindrical rods) was aligned tangential to the

global magnetic field of the wire-array Z-pinch.
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CHAPTER 3

EXPERIMENTAL TESTS IN FREE SPACE

3.1 Temporally Resolved Faraday Rotation Setup

In our experimental technique, the Faraday rotation angle, Φ, is measured by

a balanced detection approach that involves splitting a polarized 532 nm single

longitudinal mode laser (SLM) beam traversing the magneto-active glass sensor

into three components, the p-component (horizontal polarization), s-component

(vertical polarization) and r-component (a component with a 45◦ phase delay with

respect to the p-component), as illustrated in Fig. 3.1 [22]. The components are

detected by ∼2 ns rise-time amplified photodetectors (PDA10A from Thorlabs).

At the start of each experiment, the half-wave plate is used to initialize the input

laser beam at 45◦ so as to maximize the sensitivity of the measurement by adjusting

the orientation of the polarization of the p and s components. This also allows us to

detect whether the plane of polarization rotates clockwise or counterclockwise. The

r-component serves an important role in that, if there are any ambiguities about

the direction of the change of the magnetic field at a peak or valley in the p or s-

component signals, then the r-components serves to resolve the ambiguity (whether

the magnetic field is increasing or decreasing and/or has changed direction). Post-

experiment analysis of the signals utilizes an algorithm that processes the signals

(p, s and r) by first applying a high-frequency noise filter followed by a routine to

normalize the signals. We then use Malus’ law [17] to calculate the total amount

of rotation a polarization component underwent (measured by intensity changes

in each optical signal) by examining the total number of maxima/minima in the
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signal. Malus’ law is given in Equation 3.1.1

I(θ) = I(0)cos2θ (3.1.1)

where I(0) is the irradiance of polarized light incident upon a linear polarizer at

an angle θ with respect to the vertical and I(θ) is the transmitted irradiance of

the light exiting the linear polarizer.

We then use Equation 2.4.2 to extract the magnetic field as a function of time

using the total amount of rotation measured. The signal bandwidth is limited by

the amplified photodetectors to about 150 MHz, corresponding to a rise time of

about 2 ns.
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8 wire Wire-Array Z-pinch in vacuum, ~10-4 torr
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Figure 3.1: Temporally-resolved Faraday rotation through a magneto-
optically active waveguide setup.

We have used three different specific terbium borate glass materials for our

experiments. First, there is M-18 from Kigre Inc., USA, a 2 cm long rod with a 1

cm diameter. At 532 nm, M-18 has a Verdet constant of 62.3◦/T.cm. The second

glass material is BTS-18 from Sumita Optical Glass, Japan. This is a 1 cm long

glass rod with a 0.5 cm diameter. At 532 nm, BTS-18 has a Verdet constant of
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Table 3.1: Magneto-optical multicomponent terbium borate glasses used

Source Glass Type Shape Diameter

(cm)

Length

(cm)

V (◦/T.cm)

Kigre Inc.,

USA

M-18 Cylindrical Rod 1 2 62.3

Sumita Op-

tical Glass,

Japan

BTS-18 Cylindrical Rod 0.5 1 125

Xi’an Aofa

Optoelectron-

ics Technology

Inc., China

MR3-2 Cylindrical Rod 0.15 0.10 79.3

125◦/T.cm. The third glass material is MR3-2 from Xi’an Aofa Optoelectronics

Technology Inc., China. This is a 1 mm long glass rod with a 1.5 mm diameter.

At 532 nm, MR3-2 has a Verdet constant of 79.3◦/T.cm. These Verdet constants

were measured either by the manufacturers or by other users of these materials

who then supplied the data to the manufacturers. Table 3.1 gives a summary of

the magneto-optical glass rods used.

Table 3.2 gives the compositions of the various magneto-optical terbium borate

glasses used for this study. However, it should be noted that all of these glasses

are proprietary so the composition information is incomplete. The details listed

are the extent of the composition made available to us by the manufacturer. There

are, albeit smaller, quantities of additional dopants that we are not aware of.

Three different types of loads were used: a short circuit load with return current

posts, wire-arrays, and a return current cylinder geometry. The two different 8 mm

radius wire-array Z-pinch loads used were 8-wire 12.5 µm Al and the same in W.
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Table 3.2: Compositions of the multicomponent terbium borate glasses

Glass Type Composition

M-18 Tb-doped borosilicate glass with ∼55% Tb2O3 by weight

BTS-18 Tb2O3 −B2O3 −Ga2O3 − SiO2 and other dopants with 40% Tb2O3 by mol

MR3-2 Tb-doped borosilicate glass with 55-70% Tb2O3 by weight

3.2 Preliminary Faraday Rotation Tests

In order to adequately characterize the response of the glass sensor in the free

space setup (free space-sensor-free space), i.e. with the laser beam propagating

through free space, through the magneto-optically active glass bulk waveguide and

then through free space again, until it reaches the photodetectors at the other

end, some initial tests, described herein, had to be conducted. Here, we present a

summary of the test results.

First, we conducted a test to see if we are able to detect Faraday rotation for

light passing through a magneto-optically active bulk waveguide positioned near

a wire-array Z-pinch. We used a Coherent Compass 315M diode-pumped solid-

state (DPSS) single longitudinal mode (SLM) 100 mW CW laser. For the initial

tests, we used M-18 glass from Kigre Inc., USA, a 2 cm long rod with a 1 cm

diameter. At 532 nm, M-18 has a Verdet constant of 62.3◦/T.cm. We used a 2 cm

long alumina ceramic tube to protect the glass and mounted it 3.3 cm from the

center of a 8-wire 12.5 µm diameter Al wire-array (wire-array has a diameter of 16

mm and a height of 20 mm). The alumina tube was mounted using a tailor-made

holder. Photographs of the setup for the initial test (504) is shown in Fig. 3.2.

The setup for the preliminary Faraday rotation tests is shown in Fig. 3.3.

It should be noted that the setup for the preliminary Faraday rotation tests
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Figure 3.2: Photographs of the setup with the sensor in the short alumina
tube.
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Figure 3.3: Setup for preliminary Faraday rotation tests.

differed from the final setup described in the previous section (see Fig. 3.1) in that

initially we did not use amplified photodetectors but rather unamplified photode-

tectors (DET210 from Thorlabs). We also did not have a third resolved polariza-

tion r-component. Furthermore the load setup was such that the anode plate was

mounted with only had two return current posts instead of the typical four return

current post configuration. This was due to the nature of the initial design used

for the magneto-optical glass rod holder.
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After the main current pulse (current driven through the wire-array) changes in

the optical signal (resolved polarization component) intensities were monitored by

the photodetectors as shown in Fig. 3.4. Note the red line denotes the integrated

current and this was a late secondary-peak shot with a peak current ∼0.9 MA. It

should be noted that an experimental test is a “shot” in pulsed power technology

terminology. The terms test and shot will be used interchangeably henceforth.
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Figure 3.4: Faraday rotation observed in COBRA test 504. The p and s-
components are shown here together with the current trace.

Figure 3.5 shows the short ceramic tube enclosing the glass rod covered in a

layer of Aluminum from exploding wires in the Z-pinch plasma (post-shot). We can

also see the plasma debris that has collected on the glass end face and roughened

the surface.

The oscillatory nature of the optical signal components in Fig. 3.4 until t≈1300

27



Figure 3.5: Ceramic tube covered with aluminum layer from wire-array Z-
pinch plasma after a shot.

ns is indicative of Faraday rotation. Note also the p and s-component start os-

cillating just as the current starts (the current is measured by a Rogowski coil

under the main load). The p-component and s-component signals increase and

decrease 180◦ out of phase as expected. This represents the pulsed magnetic field

produced by the wire-array Z-pinch plasma imparting rotation upon the polarized

light going through the M-18 magneto-optically active glass sensor. In essence

we are detecting the azimuthal component of the global magnetic field produced

by the wire-array that is parallel to the length of the glass sensor. The sensor is

positioned along a chord at a radius of 3.3 cm from the pinch center.

We note that after ∼250 ns into the current trace, just past the late secondary-

peak current, the intensity of both optical signals (p and s) drops drastically to

a noisy baseline. This, evidently, was the plasma from the wire-array Z-pinch

refracting the laser beam propagating in free space, causing the beam to be re-

fracted. Thus, neither component was focused on the photodetector after 250 ns.

To prevent this cut off of the useful signal, we had to prevent the plasma from

getting into the path of the laser beam.

Zooming in to the first 250 ns of the signals just after the start of the current
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in the wire-array, we have the plot shown in Fig. 3.6.
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Figure 3.6: Faraday rotation signals observed in COBRA test 504 (first 250
ns after start of current).

We note that the magnitude of the p and s-components differs in that they

are not exactly mirror images of each other. This was likely a manifestation of

absorption effects in the magneto-optical glass. We compensated for this by incor-

porating a normalization routine in our algorithm for analyzing the optical signals

to calculate the experimental magnetic field.

Using Malus’ law (Equation 3.1.1) and Equation 2.4.2, we extract the magnetic

field as a function of time using the total amount of rotation measured with one of

the optical components (the s-component in this case). The experimental magnetic

field for this test (for the 250 ns up to the point where the signal intensity drops)

is shown in Fig. 3.7.
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B(t) Profile for Shot 504
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Figure 3.7: Magnetic field profile of wire-array Z-pinch (test 504).

Note that the black line denotes the expected magnetic field, which was ob-

tained assuming the current flows up the axis of array and splits equally back down

through the two return current posts (in this test we used two return current posts

due to the geometry of the holder for the magneto-optical bulk glass rod). This is

by no means certain since it does not take into account the magnetohydrodynamics

of the wire-array Z-pinch plasma.

In this particular case, we note that the calculated (expected) magnetic field

and the Faraday B(t) track each other quite well and the peak measured field was

2.2 T.

It should be noted that in later tests (tests 600 and onwards), we developed an

optical signal processing algorithm that streamlined the process of applying Malus’
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law (Equation 3.1.1) in conjunction with Equation 2.4.2 to obtain the magnetic

field from the Faraday optical signals. This algorithm was then reapplied to the

500 test series to recalculate the magnetic field profiles of these tests rather than

using the brute-force approach that was used to analyze this test (504). For the

remaining 500 test series, we will show the magnetic field results obtained by

applying the optical signal processing algorithm to the Faraday signals. The details

of the algorithm are provided in the next chapter with a solved example.

The Faraday magnetic field from test 504 as analyzed by the optical signal

processing algorithm is shown in Fig. 3.8.
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Figure 3.8: Magnetic field profile of wire-array Z-pinch (test 504) reanalyzed
with the optical signal processing algorithm (more on this in the
next chapter).
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Once again, for test 504, we note that the calculated (expected) magnetic field

and the Faraday B(t) track each other quite well and the peak measured field was

2.28 T.

We decided to do another test with the same setup in order to test the repro-

ducibility of the result. The optical Faraday signals for this test (506) are shown in

Fig. 3.9. Only the time during which Faraday rotation occurs is shown as past this

point, once again, the signal intensity of the p and s-components dropped due to

the plasma’s refraction of the laser beam that propagated through the glass away

from the detectors.
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Figure 3.9: Faraday rotation signals observed in COBRA test 504 (first 250
ns after start of current).

We note that in this test the signal-to-noise ratio (SNR) is not as good as the

previous test and the Faraday optical signals are considerably noisier. The peak

current in this test was 1.15 MA so though the M-18 glass sensor was positioned

in the same place as the previous test, we expected a greater rotation and hence a
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greater magnetic field.

The experimental (Faraday) magnetic field and the expected (calculated) mag-

netic fields for this test (506) are shown in Fig. 3.10.
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Figure 3.10: Magnetic field profile of wire-array Z-pinch (test 506).

In this case, the discrepancy between the experimental Faraday B(t) and the

calculated B(t) is large. Bear in mind, as discussed earlier, the calculated B(t)

is not necessarily an accurate representation of the magnetic field at the position

of the glass sensor - plasma effects could reduce the measured magnetic field at

the position of the glass sensor (3.3 cm from the wire-array center, outside of the

wire-array). We measured a peak magnetic field of 2.15 T.

One of the major hindrances in the previous tests was the short-lived nature
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of the measured magnetic field due to refraction of the laser beam by the plasma

just after the peak current. We would like to obtain a magnetic field signal from

the wire-array Z-pinch for the entire duration of the current pulse. To address this

problem, we decided to enclose the glass sensor in a 13 cm long alumina ceramic

tube that protrudes just outside of a circle at the return current post diameter.

Some photographs of the setup for one such test are shown in Fig. 3.11.

~13 cm 

length of  

tubing

Figure 3.11: Photographs of the setup with the sensor in the long alumina
tube.

The p and s-components during this test (511) are shown in Fig. 3.12

The peak current was just over 1 MA. We see that the p and s-components are

oscillating as the magnetic field rotates the light through the sensor. The small

(50 ns) ripples that appear in the p and s-component signals in Fig. 3.12 after the

peak current is electrical noise. The long-term variation of the intensity changes

in the p and s-components past peak current indicates a gradual unwinding of the

magnetic field as the current gradually decays (like a low resistance “crowbar”).

The fact that the intensities of the Faraday signals do not drop down means the

longer ceramic tube successfully prevents the laser being refracted by the plasma

from the pinch.

For test 511, the experimental results of the measured magnetic field are shown
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Figure 3.12: Faraday rotation signals observed in COBRA test 511.

in Fig. 3.13. The peak magnetic field measured in this test was 2.38 T.

This test revealed an interesting phenomenon that there is evidence of late-

time decaying B field in the load region well past the end of the current pulse.

This could be due to an alternative current path provided by arcing in the anode-

cathode (AK) gap or a remaining plasma discharge in the region near the sensor.

Alternatively, one other hypothesis is that there is some hysteresis effect in the

glass that does not allow the magnetic field in it to decay as fast as it can rise. To

test this we conducted some short circuit load tests (more on this later).

Test 511 also reveals another important element: the Faraday signals (and

hence the magnetic field profile) can have points of inflection and kinks as we

see here about a third way up the rising slope of the peak current. This is in

fact a physical manifestation of an actual fluctuation in the global magnetic field

produced by the wire-array Z-pinch plasma. The fact that such small, short-lived

features can be detected with a resolution of a few nanoseconds is important as it
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Figure 3.13: Magnetic field profile of wire-array Z-pinch (test 511).

shows such features in the magnetic field are not beyond the scope of this technique.

This is also important because it means that the plasma path was such that the

manifestation of it as the kink, at the position of the sensor, could be detected.

We also observe that past stagnation, the magnetic field slowly begins to “un-

wrap.”

The longer alumina tube certainly enabled the Faraday rotation setup to mea-

sure the magnetic field for the entire duration of the current pulse. We conducted

some further tests to optimize the setup even further.
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3.3 Null Tests

We have established thus far that we are able to measure Faraday rotation of

polarized light through a magneto-optically active glass rod for the entire dura-

tion of the current pulse just outside a wire-array Z-pinch. The longevity of the

measurement was maintained by enclosing the glass sensor rod in a long alumina

ceramic tube. We then characterized the photodetectors’ response in the presence

of electrical noise produced by the nearly 1012 W COBRA pulsed power genera-

tor. Bear in mind that we were working with a CW laser and were looking for

the AC superposition onto the DC signal of the laser, i.e. due to the rotation of

the polarized light which manifests itself as a sinusoidal oscillation. We also had

to ensure the integrity of the optical signal detected by the photodetectors as the

wire-array Z-pinch emits radiation (self-emission) in the visible spectrum. As our

working wavelength was 532 nm, discerning between the two was pivotal to ensure

the integrity of the signals detected. We must ensure that the AC changes in the

DC signal of the polarized light components are due only to the Faraday rotation

and not any electrical noise picked up by the detectors. In order to test this we

conducted some null tests.

The first such null test involved loading a 8-wire 12.5 µm Al wire-array as

the load and having the DPSS CW laser beam propagate at a distance of 3.3 cm

from the pinch center but with no glass rod nor a ceramic tube. The laser beam

was positioned at the same distance from the pinch center as the setup in the

aforementioned section to replicate the same conditions and have the detectors

maintain the same line of sight. We then fired the shot and measured the stability

of the p and s-components. The result is shown in Fig. 3.14.

The photodetectors picked up some self-emission from the pinch plasma in both
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Figure 3.14: Null test: laser test without ceramic tube (test 512).

the p and s-component detectors, and were refracted starting at about the 1750

ns mark.

In order to eliminate the self-emission being detected in the line of sight of the

photodetectors, we repeated this test except now we mounted the long ceramic

tube (but without a glass rod) and again reloaded a 8-wire 12.5 µm Al wire-array

as the load for the experimental shot. The results are shown in Fig. 3.15.

In this test, other than the intrinsic baseline noise, the optical signals on both

channels (the p and s-components) are steady and no plasma self-emission was

detected. This definitively showed us that utilizing the long ceramic tubing elimi-

nates self-emission from pinch plasma along the line of sight of the photodetectors

within the bandwidth of the laser line filter.
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Figure 3.15: Null test: laser test with ceramic tube (test 513).

In summary, the 10 cm long alumina ceramic tube was used for two reasons:

to prevent plasma from the wire-array Z-pinch from refracting the laser beam as

it propagated in free space to, and then from, the magneto-optically active glass;

and to eliminate as much Z-pinch emission within the bandwidth of the laser line

filter as possible in the line of sight of the photodetectors.

It should be noted that the 50 ns ripples superposed on the signals (particularly

pronounced on the s-component signal in Fig. 3.14) is in fact electrical noise

from the electromagnetic pulses (EMPs) produced by the COBRA pulsed power

generator. Though the photodetectors were shielded in Faraday boxes, some noise

being picked up (by, for example, the coaxial cables, which were also shielded

albeit) is inevitable considering the pulsed power working environment.

To further reduce spurious signals seen by the photodetectors, the experimental
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chamber port windows through which the laser light passed were covered with lead

tape with an aperture only slightly larger than the laser beam diameter. These

measures played a pivotal role in ensuring the viability of this measurement since

the Faraday rotation technique is intensity-sensitive.

To minimize electrical noise pick-up on the photodetectors included enclosing

the optics on both the laser and detector ends in electromagnetically-shielded boxes

(a Faraday cage essentially) as well as ensuring the coaxial cables are covered with

copper braid.

To further refine the setup, as discussed later, in the later series of tests, we

started to use amplified photodetectors to improve the signal-to-noise ratio (SNR).

Our approach has been one whereby the historical perspective plays a pivotal role

in enhancing the setup based on the experiential lessons learnt from each test.

3.4 Calibration Tests

Before further tests with an improved setup were conducted, one important ques-

tion that arose based upon the Faraday rotation tests 504, 506 and 511 was whether

the magneto-optic glass rod was somehow saturating at just above 2 T. In order

to address this, a calibration setup was designed shown in Fig. 3.16.

The setup utilized a Calibration Pulser charged to voltages ranging from 18-

24 kV to produce current pulses ranging from 11.9 kA to 15.5 kA (3.6 to 4.6 T

axial field) in the solenoid. Faraday signals (p and s-components) were monitored

with amplified photodetectors (PDA10A from Thorlabs). An M-18 glass rod was

mounted inside a solenoid as shown. The same DPSS 100 mW CW laser described
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Figure 3.16: Calibration tests setup.

earlier was used for these calibration tests.

Results from one such test are shown in Fig. 3.17. The dark blue sinusoidal

line is the current from the Calibration Pulser. The subsequent pulses are due to

ringing in the pulser. The oscillations in the p and s-components are also clearly

indicative of Faraday rotation.

Zooming in on the first 43 µs of the shot we get the plot shown in Fig. 3.18.

The measured magnetic field profile from the calibration test is shown in Fig.

3.19. Figure 3.19 shows the magnetic field in the first 9 µs. The Faraday B(t) shows

that the measured field reaches just above 5 T. The second plot is the magnetic

field profile obtained from the current monitor under the main load. The fact that

we have measured fields as high as 5 T conclusively eliminates any possibility of

there being any kind of ”saturation” around the 2 T mark suspected earlier.

It should be noted that in order to extract a more accurate value for measured

magnetic field, we do need improvements in this calibration pulser setup. One

improvement would entail plotting the measured magnetic field against the solenoid
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Figure 3.17: Calibration pulser test (4).

current - this would be a useful relation. It should also be noted that the self-

integrating Rogowski did not integrate for long enough. Therefore, we should use

a dI/dt monitor instead. This may also resolve the issue of the time lag of the

current trace with the Faraday signals. The magnitude of the sum of the p and

s-component intensities is also not a constant. This is either due to the glass rod

deflecting or perhaps attenuating the laser beam. However, as our main purpose

was to determine whether there was any “saturation,” which we have fulfilled, such

improvements are only suggested at this time.
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Figure 3.18: Calibration pulser test (first 43 µs).
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Figure 3.19: Magnetic field of calibration pulser test.
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3.5 Faraday Rotation Tests with an Improved Setup

Points of inflection in the magnetic field of the wire-array or other such fluctuations

warrant having a third resolved polarization component in our detection system.

As the p and s-components are 180◦ out of phase with each other, in principal,

one of them does not provide any more information than other. Therefore, we

introduced a third polarization component, the r-component, which has a 45◦

phase delay with respect to the p-component and a 135◦ phase delay with respect

to the s-component. The r-component resolves any ambiguities in the direction of

the change of the B field at a peak or valley in the p or s-component signals. That

is, the r-component determines whether the B field is increasing or decreasing or

has changed direction. It should be noted that for brevity, we are only discussing

a representative sample of the tests carried out.

To improve the earlier setup, we started to use amplified photodetectors

(PDA10A from Thorlabs) with the series of tests described next to improve the

signal-to-noise ratio (SNR) of the signals.

With this new, improved setup shown in Fig. 3.20, we conducted COBRA test

625 with an 8-wire, 1.6 cm diameter, 12.5 µm Al wire-array. The magneto-optical

glass rod sensor used was BTS-18 (0.5 cm diameter, 1 cm long) enclosed in a 10

cm long ceramic (alumina) tube positioned about 1.5 cm from wire-array Z-pinch

center. In this test we also had a magnetic probe (B-dot probe) at a position

symmetrically opposite to the sensor location outside the wire-array to measure

the magnetic field with an alternative approach as well and to then compare the

results. Figure 3.20 shows photographs of the experimental setup.

A laser image taken using laser shadowgraphy [23] of the wire-array Z-pinch
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B-dot probe

Sensor inside tube

Figure 3.20: Experimental setup for Faraday rotation test 625.

during implosion is shown in Fig. 3.21. We can see the plasma engulfing the

magnetic probe. The dark horizontal area is the shadow of the ceramic tube going

across, positioned parallel to the azimuth of the wire-array.

Figure 3.21: Laser shadowgraph of COBRA test 625 during implosion.

Figure 3.22 shows the Faraday signals obtained for COBRA test 625 as well as

the current trace measured by the main load Rogowski coil (p, s and r-components

were measured but in this plot for clear comparative purposes only the p and

r-components are shown).

This test gave us a magnificent set of Faraday rotation signals. We can clearly

see that at the start of the current, the p and r-components start to decrease in

intensity from their initial levels and then continue oscillating as the magnetic field
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Figure 3.22: Faraday signals (unfiltered) observed in COBRA test 625.

increasingly rotates the polarization of the laser beam passing through the BTS-18

glass. Just after the peak current, the polarization rotation rate slows down as the

magnetic field begins to decrease at the end of the current pulse, the frequency

of the oscillations in the Faraday signals changes drastically in that the change

in polarization angle slows down. This is indicative of the fact that the magnetic

field present very late in time changes (decreases) at a rate much slower than

the magnetic field produced during the current pulse. This late time magnetic

field, similar to that observed in the earlier test 511 is presumably attributed

to the current crowbarring in the anode-cathode region. This slow “unwinding”

of the magnetic field in the wire-array Z-pinch plasma is characteristic. Most

importantly with our improved experimental setup, we are able to measure the

pulsed magnetic field for the entire duration of the current pulse with the Faraday

rotation diagnostic. It is noteworthy to state that the black trace in Fig. 3.22,
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which is the measured current produced by the main load (the wire-array), is only

accurate to about the secondary peak, past which we believe the Rogowski coil

monitor fails to measure the current accurately due to crowbarring/shunting. So

we cannot really generate any calculated magnetic field profile based on the current

information for late-time during these implosion tests.

We now zoom in on the first 140 ns of the current pulse in Fig. 3.23 and

closely scrutinize the features of the Faraday signals’ profiles. About 95 ns from

the start of the current, we observe a turning point in both the p and r-components.

This indicates that the magnetic field starts to decrease. It is for this very reason

that the r-component was introduced, as it serves to resolve any ambiguities that

may arise in the signal turning points. The s-component, which is essentially the

complement of the p-component also has a turning point.

We also note that just past the 100 ns mark from the start of current (just

before peak current is reached), we have a point of inflection where the magnetic

field doesn’t change for a few nanoseconds. Again these features are physical

manifestations of how the magnetic field is evolving at the location of the glass.

Hence, they serve as a very useful indicator of the magnetic field that arises from

the current pulse together with the plasma dynamics.

In order to analyze these Faraday signals and resolve the magnetic field profile,

instead of opting for a brute-force approach, we developed a systematic approach

(mentioned in the earlier chapter) that revolved around developing an algorithm

that could be used to analyze these Faraday signals.
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Figure 3.23: Faraday signals (unfiltered) observed in COBRA test 625 (first
140 ns).

3.5.1 Development of Optical Signal Processing Algorithm

The process of applying Malus’ law in conjunction with Equation 2.4.2 to “unwrap”

the signals in the presence of the noise to produce the magnetic field profile is quite

involved and consists of several steps. Details of the algorithm developed for this

purpose (the MATLAB code) are provided in Appendix A. We demonstrate how

this algorithm works by using the test described at the end of Section 3.5 (COBRA

test 625) as an example.

Figure 3.24 shows four steps starting with the Faraday signal to the final desired

product, which is the magnetic field profile. We start to analyze the signals (p, s

and r) by first applying a high-frequency noise filter. For example, applying this
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Figure 3.24: Outline of analytical procedure to analyze Faraday signals
(shown here with test 625).

noise filter to the p-component of test 625 (see Fig. 3.24) gives us the signal shown

in Fig. 3.24a). We then apply a routine to normalize the signal resulting in Fig.

3.24b). We use Malus’ law (Equation 3.1.1) and Equation 2.4.2 to calculate the

total rotation of a component (measured by signal intensity changes) by examining

the total number of maxima/minima. Figure 3.24c) shows the total “untangled”

angular rotation (the angle modulo 90◦ (π/2) is shown). We then extract the

magnetic field as a function of time (Fig. 3.24d)) from this. The signal bandwidth

is limited by the amplified photodetectors to about 150 MHz, corresponding to a

rise time of about 2 ns. This has had a negligible impact on our result for the

magnetic field.

It should be noted that a polarization component undergoes 180◦ of rotation

during a full 360◦ sinusoidal cycle. To illustrate this visually, consider Fig. 3.25.
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For example, if we have a p-component (which is the horizontal polarization com-

ponent) initialized at 45◦, as is the case at the start of all of these experimental

tests, then we have the phasor associated with this component at position 1 shown

in Fig. 3.25 at 45◦. Now suppose the rotation of the polarized light is such that

the magnetic field causes the p-component to increase in intensity (hence the cor-

responding s-component Faraday signal would decrease). Then as we track the

signal cycle, we now find ourselves arriving at position 2, the first maximum where

the phasor must be horizontal to have maximum transmission of the horizontal

component. Therefore one quarter of a cycle now represents a 45◦ rotation. Now

continuing on from position 2 to position 3 as the light rotates further, we now

find ourselves back at the initial level where the phasor is again oriented at 45◦

but in the fourth quadrant. Then as the light rotates further, we arrive at position

4, which is the first minimum. At this point the phasor is vertically aligned hence

the transmission of light for the p-component photodetector is minimal. Finally,

as the light rotates further, we arrive at position 5 where the phasor is again at 45◦

in the third quadrant which in turn translates to having undergone a total of 180◦

of rotation with respect to its initial position (1). Therefore one cycle represents

a 180◦ of rotation. For an alternative explanation of this treatise of Faraday ro-

tation, please see the treatment described in reference [24] where it is shown that

two counter-rotating circularly-polarized beams make up a linearly polarized beam

and lead to the same conclusion.

Returning our attention to test 625, the magnetic field for this test is replotted

in Fig. 3.26 along with the corresponding current trace. We observe that in this

test the magnetic probe failed after about 40 nanoseconds from the start of the

current. This is due to the plasma shunting the probe and causing it to short-

circuit.
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Figure 3.25: P-component polarization rotation during one cycle.

We measured a peak field of 8.4 T. The calculated B(t) (the black trace) at

the sensor was determined assuming the current through the main load (measured

by a Rogowski Coil) flowed through an infinitely-long central conductor on the

array axis and the return current from the anode was split equally among the four

return current posts. Thus, no azimuthal asymmetries due to wire array plasma

dynamics were considered.
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Figure 3.26: Magnetic field profile of wire-array Z-pinch (test 625).
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3.5.2 Additional Wire-Array Tests

For wire-array test 626 on COBRA, a MR3-2 glass rod in the center of a 10 cm

long ceramic tube was positioned with its center about 1.1 cm from the wire-array

axis. MR3-2 is a 1 mm long glass rod with a 1.5 mm diameter. At 532 nm,

MR3-2 has a Verdet constant of 79.3◦/T.cm. It should be noted that we have

been progressively decreasing the size of the glass sensing rod used in the tests to

increase the spatial resolution of the measurement. This reduces the polarization

rotation angle, which is linear with the length of the glass as shown in Equation

2.4.2. A magnetic probe was also positioned at a symmetrically opposite position

to the waveguide, as shown in Fig. 3.27. The load was an 8 mm radius 8-wire

12.5 µm Al wire-array Z-pinch. Figure 3.28 shows a couple of laser shadowgraphs

taken during the implosion phase for this test. We can see the plasma engulfing

the magnetic probe.

Figure 3.27: Experimental setup for Faraday rotation test 626.

Figure 3.29 shows the (unfiltered) Faraday signals for test 626. Analyzing one
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Figure 3.28: Laser shadowgraphs of COBRA test 626 at two different times
during implosion.

of the Faraday signals and applying our signal processing algorithm, we obtain

the magnetic field profile shown in Fig. 3.30 along with the corresponding current

trace.
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Figure 3.29: Faraday signals (unfiltered) observed in COBRA test 626 shown
together with the current waveform.

Using the Faraday rotation technique, we measured a peak field of 9.35 T and

once again the measurement lasted the entire duration of the current pulse. The
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Figure 3.30: Magnetic field profile of wire-array Z-pinch (test 626).

magnetic probe, however, failed again after about 40 nanoseconds from the start

of the current.

The next test we discuss is a repeat of test 626, except this time with a W

wire-array. The sensor location was the same. However, we decided to cover the

magnetic probe wire loop with epoxy to see if this would increase the magnetic

probe measurement signal duration. Some photos of the setup for this test (712)

on COBRA are shown in Fig. 3.31. Note the epoxy covering the magnetic probe

which is positioned equidistant from the pinch as the glass rod on the opposite

side.

The magnetic field temporal profiles obtained experimentally and by calculation

with the W wire-array in COBRA pulser 712 are shown in Fig. 3.32.

Therefore, for test 712, we measured a peak field of 10.13 T and the measure-
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Figure 3.31: Experimental setup for Faraday rotation test 712.

ment lasted the entire duration of the current pulse, as did the magnetic probe

since both were placed outside the plasma. The duration of the measurement with

the magnetic probe covered in epoxy clearly did increase in this test.

The discrepancy between the calculated B(t), the Faraday B(t) and the B(t)

obtained from the magnetic probe is quite clear. The magnetic probe and the

glass sensor are positioned at diametrically opposite positions and it is certainly

conceivable that the plasma is not azimuthally symmetric and could provide a

path such that the magnetic field differed on the two sides of the wire-array Z-

pinch. As for the calculated B(t), as we have discussed earlier, this is does not

take into account any plasma effects in the load. Thus, we were led to conduct

some tests without the wire-array, that is with a short circuit load, and to compare

the results of the calculated magnetic field and the optically-measured (Faraday)

magnetic field. This series of tests are discussed in the next section.
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Figure 3.32: Magnetic field profile obtained for wire-array Z-pinch test 712.

3.5.3 Short Circuit Load Tests

Short circuit shots are an important calibration test. They provide a direct com-

parison of calculated magnetic field (based on the current from the load Rogowski

coil) and the experimental magnetic field obtained from the optical measurement

(Faraday rotation). Short circuit load tests also supplemented our understanding

of the response of the bulk waveguide material in a single configuration.

The typical setup of a short circuit load test consisted of a 1.5 cm diameter

cylindrical brass rod (short circuit) that replaced the wire-array load. Figure 3.33

shows the experimental setup of a short circuit load test.

Figure 3.34 shows the results from one such test (COBRA pulse 664), using

58



Short circuit 

load

B-dot probe

Sensor in 

tube

Figure 3.33: Experimental setup for short circuit load tests.

BTS-18 as the waveguide inside a ceramic tube positioned about 1.5 cm from

the center of the brass rod. The calculated magnetic field tracks the optically

measured magnetic field very well. This result was reproduced in all of the short

circuit load shots with different glass sensors (as illustrated by the four tests shown

in Fig. 3.35). These tests acted as a proof of principle that the Faraday rotation

measurements accurately tracked the magnetic field at the waveguide location.

The peak field measured in test 664 was 4.07 T.
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Figure 3.34: Magnetic field profile from a short circuit load test (664).
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Figure 3.35: Magnetic field profile from other short circuit load tests.

In most short circuit cases (664-667), the magnetic probe was not covered in

epoxy and so it shorted and did not measure a magnetic field. However, in test

713, where the magnetic probe was covered in epoxy, the signal lasted the entire

duration of the current pulse. It is noteworthy that the shape of the magnetic

field profile obtained from the magnetic probe is similar to the magnetic field

profile of the magnetic field obtained from the Faraday rotation measurement and

the calculated magnetic field profile albeit there are discrepancies between these

measurements. The magnetic probe, as shown in Fig. 3.33 was positioned at the

diametrically opposite position to the glass sensor with respect to the wire-array.

The short circuit load tests also show that there is no noticeable time lag
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between the magnetic field determined from Faraday rotation and the calculated

magnetic field (obtained from the electrically measured current through the main

load using the Rogowski Coil). This confirms earlier studies that the notion of a

hysteresis effect in magneto-optical glasses was, indeed, an experimental artifact

and not a real physical effect [25]. Furthermore, since there was no significant

delay between the angle of rotation and the magnetic field, we also conclude that

our experimental results show that for this sample of BTS-18 glass, at a sample

temperature of 300 K (room temperature), the spin-lattice relaxation time is at

most a few tens of ns. The spin-lattice relaxation time increases with decreasing

sample temperature. Previous work [25] with Hoya FR-5 glass, also a terbium

ion doped borosilicate glass, experimentally determined the spin-lattice relaxation

time for such class of materials to have an upper limit of ∼150 nanoseconds but

at a temperature of 30 K. To the best of our knowledge, this is the first time that

the spin-lattice relaxation time for multicomponent terbium borate glass has been

experimentally determined to be less than 100 nanoseconds at room temperature

(300 K).

As before, the calculated B(t) at the sensor was determined assuming the cur-

rent through the main load (measured by a Rogowski Coil) flowed through an

infinitely-long central conductor on the array axis and the return current from the

anode was split equally among the four return current posts (see Fig. 1). Thus, no

azimuthal asymmetries due to wire array plasma dynamics were considered. Us-

ing the short circuit load results, we conclude that in wire-array Z-pinch tests the

differences in the Faraday and magnetic probe profiles are likely due to imperfect

symmetry of the plasma (which can be substantial with only 8 wires in an 8 mm

radius array [19]), the possibility of unstable plasma motion and uncertainty in

the probe placement at the ±0.5 mm level.
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3.5.4 Preliminary Measurements Inside the Wire-Array

Attempts were made to measure the magnetic field inside of a wire-array. A MR3-2

glass waveguide was positioned 2-4 mm from the wire-array center in an 8-wire 12.5

µm Al wire-array. The glass rod was enclosed inside a small ceramic insulating

bead. Figure 3.36 shows the experimental arrangement.

Sensor inside 

insulating bead

B-dot probe

Figure 3.36: Experimental setup for Faraday rotation test 627.

Laser shadowgraphy showed the plasma engulfing the glass rod shortly after

the start of current and since the Faraday probe laser was propagating in free

space up to the glass rod, the signal lasted only a short time before the plasma

refracted the laser beam away from the glass rod. Figure 3.37 shows a couple of

laser shadowgraphs at two different instants during the plasma implosion.

In most cases, no useful measurement was obtained, but in COBRA pulse 627,

the Faraday signals lasted about 40 ns before the laser beam refracted due to

plasma in the optical path, as shown in Fig. 3.38. We can see also in the Faraday

signals late in time (shortly after the peak current) that some emission from the

pinch plasma in the line of sight was also detected by the photodetectors. The

magnetic probe did not give a useful signal as it shorted. Figure 3.39 shows the

magnetic field profile (for the first 40 ns).
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Figure 3.37: Laser shadowgraphs of COBRA test 627 during implosion.
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Figure 3.38: Faraday rotation signals observed in COBRA test 627.
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Figure 3.39: Magnetic field profile inside wire-array Z-pinch (test 627).

The magnetic field profile in Fig. 3.39 shows a measured peak field of about

1.9 T at 40 ns.
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CHAPTER 4

EXPERIMENTAL TESTS WITH A COUPLED OPTICAL FIBER

SYSTEM

4.1 Preliminary Configuration: PM Fiber-Sensor-Free

Space

Having developed a working technique with the laser propagating in free space, the

next step consisted of developing an approach whereby light can be delivered to

and from the sensor (the magneto-optical glass rod) in a compact yet efficient way.

This would be particularly beneficial in wire-array geometries where utilizing free

space propagation of light would not be feasible and/or difficult and the overriding

determinant for a useful measurement would be the sensor placement position.

Furthermore, the idea was to miniaturize the sensing element yet at the same time

develop an integrated sensor that could be conveniently placed anywhere in the

wire-array Z-pinch.

With this in mind, we progressively developed an integrated fiber sensor that

consisted of a polarization maintaining fiber (PM, HB450 manufactured by Fiber-

core) delivering light to the glass sensor (bulk waveguide) and then another polar-

ization maintaining (PM) fiber that transmitted light from the output of the glass

sensor to the detectors.

We first did tests with a sensor that consisted of a PM fiber only at the input

and with light propagating in free space after it went through the magneto-optic

glass rod (PM Fiber-Sensor-Free Space). We now discuss a particular application

of one version of this sensor.
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4.2 Return Current Cylinder Tests on COBRA

The experimental tests described in this sub-section used a polarization-

maintaining (PM) fiber to deliver the light to a MR3-2 glass sensor housed inside

an optical assembly. The output light propagated in free space. Prisms oriented

at 45◦ redirected light from the input fiber through the glass rod to the output

as shown in Fig. 4.1 in a U-Bracket Fiber Assembly. The configuration tested

utilized a return current cylinder geometry (see Fig. 4.2) similar to that used in

experimental studies on the Z Machine (now ZR Machine) at Sandia National Lab-

oratories [26]. In this configuration, the four return current posts were replaced

by a thin-walled cylindrical aluminum return current conductor with a diameter

of 11 cm, as shown in Fig. 4.3. Using this geometry with a short circuit load,

we have successfully measured the magnetic field as a function of time. Figure

4.4 shows the result from one such test (COBRA pulse 866), in which the MR3-2

was positioned 2.7 cm from the center of the (1.5 cm diameter) brass rod (short

circuit load). The peak field measured in this test was about 4.1 T. The measured

magnetic field in this setup was reproduced in the remaining three shots with this

configuration.

U-Bracket Fiber Assembly

Figure 4.1: U-Bracket fiber assembly with MR3-2 glass sensor.
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Figure 4.2: Z load cross-section.

Collimated Fiber Optic Input

Sensor

Figure 4.3: Experimental arrangement for short circuit tests with a return
current cylinder.

It should be noted that HB450 is a bow-tie style PM fiber so the stress-applying

parts surrounding the fiber core are shaped like a bow-tie [27]. The slow axis is

aligned along the length of the bow-tie and the fast axis is perpendicular to that.

The input polarized light was vertical and the bow-tie was always aligned vertically

so that the vertical polarized light was coupled into one of the “eyes” of the fiber

- in this case the slow axis, hence ensuring the light remained single mode as it

propagated through the fiber. We will also discuss this in more detail later in this

chapter.

We can see that the magnetic field obtained from Faraday rotation tracks the
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Figure 4.4: Magnetic field profile in an example of a return current cylinder
test (COBRA test 866).

magnetic field measured by the magnetic probe quite well, and that the magnetic

field amplitude is obtained for the entire duration of the current pulse. Note that

this is a short circuit load with no Z-pinch plasma. In any event, as the beam path

is entirely confined to inside the U-Bracket Fiber Assembly, even with a wire-array

we would expect the signal to last the entire duration of the current pulse as the

plasma will not be able to refract the beam. This type of device can conceivably be

used for short circuit load tests on Sandia’s Z load. Moreover a modified version of

the U-Bracket Fiber Assembly shown in Fig. 4.5 can also be used where the output

light is transmitted from the MR3-2 glass sensing rod to the detectors through a

PM fiber. In this case, the output light can be easily delivered to the detectors for
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convenience. This would be especially beneficial if the physical geometry of the

load and surrounding chamber does not allow for convenient aligning of the output

beam in free space.

Modified U-Bracket Fiber Assembly

Figure 4.5: Modified U-bracket fiber assembly with MR3-2 glass sensor.
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4.3 Tests with the Fiber-Sensor-Fiber Assembly on CO-

BRA

The U-Bracket Fiber Assembly was used successfully to measure the magnetic field

of a short circuit load in a return current cylinder geometry. The next step was to

design an integrated sensor that delivered light to the glass rod with a PM fiber and

the laser then propagated in free space after going through the magneto-optical

bulk waveguide. This design of a fiber-sensor-free space assembly was designed to

be a precursor to the fully integrated unit consisted of a fiber-sensor-fiber assembly

and would serve to provide some preliminary benchmark tests. Figure 4.6 shows

a photograph of the fiber-sensor-free space assembly.

Figure 4.6: Photograph of a fiber-sensor-free space assembly.

The fiber was embedded in a ferrule which had a collimating lens glued inside

to provide a collimated output. The glass rod (sensor) was enclosed in a small

insulating bead (short ceramic tube) to protect it. The laser beam then exited on

the other side in free space. Several preliminary tests were carried out outside of

wire-arrays to measure the magnetic field. Faraday rotation was then successfully

measured in a wire-array Z-pinch test and the magnetic field as a function of time

just outside of the wire-array was obtained. For brevity, we skip the results and

proceed on to the successor of this device, the fiber-sensor-fiber assembly shown in

Fig. 4.7

As we can see in Fig. 4.7 the integrated optical fiber sensor consists of an
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< 8 mm

Figure 4.7: Photograph and schematic of integrated optical fiber sensor
(fiber-sensor-fiber assembly).

input PM fiber, the bulk glass waveguide and an output PM fiber, all enclosed in

a protective and insulating ceramic tube. The bulk waveguide used was the 1 mm

long, 1.5 mm diameter MR3-2 glass rod. The setup was aligned and optimized for

maximum coupling of light and was glued using UV curable epoxy (carried out by

Doric Lenses, Inc. [28]). With this integrated unit, we carried out some tests to

measure the magnetic field of the wire-array on COBRA, as shown in Fig. 4.8.

A hole was drilled through the anode plate with a diameter just wider than

the outer diameter of the ceramic tube of the integrated optical fiber sensor. The

sensor was then placed inside the hole bored through the plate (the top plate is the

anode plate). A hole underneath the anode plate was then drilled such that it was

right above the wire-array but within its radius. The ceramic tube was positioned

such that the bulk waveguide (MR3-2 glass rod) was right above the hole, hence
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Figure 4.8: Setup for test with integrated optical fiber sensor (fiber-sensor-
fiber assembly). The load was a 8-wire 25 µm W wire-array. The
integrated sensor is contained in a hole drilled through the anode
plate.

able to sense the magnetic field from the wire-array.

This particular test was done with a 8-wire 25 µm W wire-array. The Faraday

signals obtained for this test were too noisy due to poor coupling of light into the

input PM fiber of the assembly, therefore, resulting in a low signal-to-noise ratio

(SNR). The electrical noise is generated from the high electromagnetic pulses from

the COBRA pulsed power generator. Good coupling of light into the input PM

fiber requires very fine alignment in a vibrationally isolated, damped environment.

Although the optical breadboard was mounted on an external frame that was

mechanically isolated from the steel girders of COBRA, inevitably some vibrations

do transmit up the steel leg holding the optical breadboard of the laser box (input

side) due to the platform panels that are placed on the floor on top of the steel

girders that are also touching the leg. The leg holding the laser box was not

vibrationally isolated and hence there was no damping. In fact the alignment

was so critical that merely walking on the platform would cause fluctuations in

the output light (in steady-state CW operation with no magnetic field during

alignment). Furthermore the setup for coupling light into the input fiber consisted
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of a cage assembly in which the light was coupling into a bare fiber where the

bow-tie was manually aligned vertically (slow-axis vertical). This setup could be

improved significantly as well. Furthermore, one major predicament that arose

was that the UV curable epoxy in the assembly melted due to the high average

laser power, and so coupling from input to output fiber was lost. Therefore the

design of this assembly would require improvement and a different epoxy used (or

epoxy in the line of sight of the light should be avoided).

4.4 Tests with the Redesigned Fiber-Sensor-Fiber Assem-

bly on XP

We decided to use the modified fiber-sensor-fiber assembly (the new integrated

optical fiber sensor) on the XP pulsed power generator (about half the peak current

of COBRA) [22]. Figure 4.9 shows a schematic of the modified fiber-sensor-fiber

assembly enclosure together with a photograph.

In this improved integrated optical fiber sensor, there was no UV curable epoxy

in the line of sight of the laser light. Furthermore to improve coupling of light into

the input fiber the input fiber face was angle cleaved and mounted in a ferrule.

Furthermore the output fiber was collimated by inserting the output face into a

collimator with a ball lens.

The optical setup was also significantly improved. The laser head, accompany-

ing optics for coupling into the fiber as well as the detectors and their corresponding

optics were all mounted on a thicker optical breadboard that was placed on a mov-

able cart with neoprene padding to provide damping and hence some vibration
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Figure 4.9: Improved integrated optical fiber sensor (fiber-sensor-fiber assem-
bly).
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isolation. The laser head and the detector optics were enclosed in an electromag-

netically shielded box on the optical breadboard. This setup proved to be more

stable. Figure 4.10 shows some photographs of the setup and Fig. 4.11 shows a

schematic of the optical setup.

Figure 4.10: Improved Faraday rotation optical setup.

A Glan-Thompson Calcite Polarizer was included in this setup to improve the

verticality of the polarization of the laser beam. The polarization ratio of the

laser beam emanating from the laser head is rated at 100:1, vertical. This Glan-

Thompson Polarizer has a Tp/Ts ratio > 100, 000 : 1, for 400-1064 nm light albeit

for an unpolarized input. The s-polarization (vertical) is transmitted with trans-

missivity greater than 90 %. Hence inevitably this polarizer would increase the

purity of the vertical polarization of the laser beam that is to be coupled into the

input fiber of the sensor.
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Figure 4.11: Schematic of improved Faraday rotation optical setup.

It cannot be overstated how important it is to optimize the coupling of light

from the input to output fiber through the bulk waveguide. It is imperative to

ensure maximum power transmission from the input to the output of the assembly

and have several milliwatts of power accessible at the detectors to work with.

We need at least 1 mW for each of the resolved p, s and r detectors to ensure

good SNR to account for the electrical noise from the pulsed power generator.

Therefore, ample output laser power is critical and maximum coupling of light

into the input fiber and subsequently from input fiber to output fiber through the

magneto-optical glass rod is pivotal.

Input/Output fibers in the ferrules were also angle cleaved and polished to

minimize interference and back reflections that we found to be a problem and
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caused the laser output power to fluctuate in steady-state.

Initially a null test (test 5416) was carried out with a short circuit load with the

laser turned on and the integrated optical fiber sensor on the optical breadboard.

This test was done to examine the electrical noise picked up on the p, s and r

optical channels. This test showed that there was very little noise picked up.

Subsequently, we tested an integrated optical fiber sensor consisting of a fiber-

sensor-fiber assembly in 0.5 MA, 50-75 ns experiments on XP. The integrated

assembly consists of an input PM fiber that delivers light to a MR3-2 glass sensor

inside a ceramic tube. The output light is coupled into an output PM fiber whose

“eyes” are aligned at 45◦ with respect to the input fiber.

The setup for the short circuit load tests is shown in Fig. 4.12.

Anode

Short circuit load

Integrated Optical Fiber 

Sensor

Cathode

Figure 4.12: Short circuit load tests with integrated optical fiber sensor.

The integrated optical fiber sensor was mounted just outside a 0.95 cm diameter

short circuit load on XP inside an acrylic tube. One such test (test 5434) yielded
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Figure 4.13: Faraday signals and current trace of a short circuit load test
with the integrated optical fiber sensor (test 5434).

the magnetic field for ∼125 ns from the start of current with the sensor positioned

0.76 cm from the load center.

The raw p, s and r Faraday signals are shown in Fig. 4.13. The magnetic

field profile of the short circuit load measured by Faraday rotation as well as the

calculated magnetic field (based on the magnetostatic calculation) are shown in

Fig. 4.14.

The peak inferred field from the Faraday rotation diagnostic is 17.4 T, as com-

pared to the calculated value of 12 T. At the 450 ns mark (about a 100 ns from

the start of the current) the Faraday signals are dominated by noise. After the

test, we noted that the output fiber ferrule was detached from the fiber-sensor-

fiber assembly potentially indicating that a shock wave from the shot caused it

to break. Having said that any mechanical perturbation of the physical sensor
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assembly should be on a time-scale that is much longer than the time-scale of the

experiment itself (i.e. the time-scale of the current pulse duration).

Past the 375 ns mark, the uncertainty in the Faraday rotation is greater as seen

in Fig. 4.13. Therefore, including error bars in our magnetic field measurement,

we obtain the magnetic field profile shown in Fig. 4.15.

We also conducted a test (#5456) with a 4-wire, 25 µm W wire-array on XP.

Photographs of this setup are shown in Fig. 4.16.

With the sensor positioned 7.62 mm from the center of the wire-array axis

(2.12 mm from the nearest wire) for a 10 mm diameter 4-wire 25 µm W array, we

measured the B field (peak of 17.7 T) for about 75 ns from the start of the current.

The raw p and s Faraday signals are shown in Fig. 4.17. Note that there was
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Figure 4.14: Magnetic field profile measured by the fiber-sensor-fiber assem-
bly in a short circuit load test (5434).
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Figure 4.15: Magnetic field profile measured by the fiber-sensor-fiber assem-
bly in a short circuit load test (5434) with error bars.

4x25 um W

Wire-Array load

Integrated Optical 

Fiber Sensor

4x25 um W 

Wire-Array load

Integrated Optical Fiber 

Sensor

Figure 4.16: Wire-array test with integrated optical fiber sensor.

no r component setup for this test as the coupling into the input fiber was quite

poor and as a result of that, we didn’t have enough power at the output to resolve

into three measurable components and hence had to sacrifice the r component in

the interest of obtaining an adequate SNR. However as we can see the measured

magnetic field profile from Faraday rotation is somewhat jagged and noisy as a

result of the noise on the Faraday signals. The coupling into the input fiber has

to be improved as there is also significant drifting in the aligned setup. That is
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to say, once aligned, the steady-state power level of the output power tended to

drift slowly to a lower value. This needs to be improved and we will discuss the

improved setup in the next section. The magnetic field profile of the wire-array

measured by Faraday rotation and the calculated magnetic field (based on the

magnetostatic calculation) are shown in Fig. 4.18.
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Figure 4.17: Faraday signals and current trace of wire-array test with inte-
grated optical fiber sensor (test 5456).

Past the 450 ns mark, the uncertainty in the Faraday rotation is greater as seen

in Fig. 4.17. Therefore, including error bars in our magnetic field measurement,

we obtain the magnetic field profile shown in Fig. 4.19.

In this test, the Faraday signals last only about 75 ns from the start of the

current (about the 475 ns mark in Fig. 4.17). Again the magnetic field is not

measured for the entire duration of the current pulse and is, in fact, measured for

a shorter time period than in the short circuit test. Again we postulate that a
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Figure 4.18: Magnetic field profile measured by the fiber-sensor-fiber assem-
bly in a wire-array test (5456).

Figure 4.19: Magnetic field profile measured by the fiber-sensor-fiber assem-
bly in a wire-array test (5456) with error bars.

shock wave caused the signal life to be shortened. Since after the test, the output

fiber ferrule was detached from the rest of the assembly. Although we originally
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believed that the mechanical perturbation (breakage of the output fiber ferrule

from the ceramic tube and hence causing light to be misaligned and decoupled

from the output fiber) would occur on a time-scale much larger than the time-

scale of the experiment, since we are coupling into such a small fiber core, the

diameter of which is less than the mode field diameter of 3.6 µm, it is conceivable

that the output fiber ferrule starts to break away from the assembly in 75-100 ns.

As soon as the output fiber is even slightly misaligned the signal intensity drops,

and we are not able to measure any further Faraday rotation. Since we know from

our alignment procedures that even a small displacement (a few microns) of the

output fiber will decrease the coupling into the output fiber, this is a plausible

explanation for why the signals last only the first ∼100 ns of the current pulse.

Figure 4.20 shows a photograph of the underside of the anode plate with the acrylic

tube in which the fiber-sensor-fiber assembly was fed through and held during the

test.

Figure 4.20: Underside of anode plate with the acrylic tube after a wire-array
test on XP.
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4.5 Alignment of the ”Eyes” of the PM Optical Fibers

A normal single-mode (SM) fiber will not preserve the polarization state. The

fiber is nominally completely symmetric and the two existing solutions to the

wave equation are completely overlapping. This means that there will be a strong

coupling between the polarization states. This could give the impression that the

fiber could guide linearly polarized light. However, when the fiber is bent, two

separate eigenmodes are created that will be oriented in a more or less random

way with respect to the incoming light. That is to say the incoming light will be

split up between the two modes that then will accumulate a phase difference as

the light propagates. At the next fiber bend there will be new eigenmodes and

after some distance there will be a random variation of the polarization state.

In other words, in a standard (non-PM) singlemode fiber the fundamental op-

tical mode propagates as two orthogonal and linearly-polarized (LP) modes. Since

these modes are strongly-coupled, power switches between them at the slightest

perturbation of the optical field, induced by (say) variations, fiber geometry and/or

stress. The result of this intrinsic instability is that the power distribution between

the two modes, and therefore the output polarization orientation, is both random

and time-varying.

Hence the reason for using a PM fiber. In this fiber, the symmetry is broken,

so light injected in one of the eigenmodes does not couple to the other. That is

the eigenmodes are decoupled so strongly by the fiber asymmetry that the fiber

bends do not alter this in any significant way. The basic propagation is still

singlemode but the induced birefringence means that the linearly-polarized (LP)

modes are now weakly-coupled. The higher the birefringence, the weaker the

coupling. Therefore, optical power launched into either of the two modes cannot
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switch (cross-couple) to the other, with the result that the polarization state of

the transmitted light is preserved.

Thus, if only one eigenmode is excited, this can propagate undisturbed. How-

ever, if one excites both states, then light in each mode will propagate indepen-

dently, but their sum will have a variable polarization state along the fiber as such,

the polarization state is not actually preserved. One can, however, still detect the

power in the separate modes if one arranges a polarization splitter with its axes

aligned perfectly with the axes of the PM fiber, thereby coupling each of these

modes entirely to a separate detector.

Therefore, based on the aforementioned discussion, it is imperative that only

one of the input fiber modes is excited. This means we must inject a single polar-

ization state into the waveguide.

It would be conducive to take a few moments to discuss the alignment of the

polarization of light with respect to the “bow-tie” of the PM fibers at both the

input and output of the integrated sensor as that is of critical importance. The

bow-tie is the stress-applying area surrounding the core of the fiber that induces a

birefringence. The manifestation of this is that the fiber maintains the polarization

of polarized light launched in either of its axes (the fast or slow). The two axes of

the bow-tie are also referred to as the “eyes” of the fiber. The half waveplate in the

optical setup is used to adjust the alignment of the polarization at the input. Since

the laser beam is vertically polarized and the Glan-Thompson polarizer refined the

verticality to an even higher degree, the half waveplate, which was in place from

the previous setup, is essentially redundant in this case. Light entering the input

PM fiber should be vertically aligned with the bow-tie of the input face of the

input PM fiber in the cage assembly, which is also vertically aligned. Light must
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be coupled into one of the axes (or “eyes”) of the fiber to ensure light transmission

is single mode through the fiber. In this particular setup, we decided to opt for

light being guided at the input into the slow axis, i.e. with the bow-tie vertically

aligned. Figure 4.21 shows a schematic of the input face of the HB450 fiber with

the bow-tie shown.

Figure 4.21: Bow-tie of HB450 PM fiber.

It is extremely critical that the input fiber is properly aligned with the laser so

that only one of the fiber modes is illuminated. At the output end, the fiber modes

must be as perfectly aligned with the polarization beam splitter in the detection

system as possible. That is, the output fiber modes should be aligned through the

polarization beam splitter with the p and s photodetectors. In other words, the

perpendicular axes of the fiber should be aligned with the horizontal and vertical

polarizations of the polarization beam splitter, which resolved the horizontal and

vertical polarization on each of the detectors respectively.

If one of the axes of the input fiber is not perfectly aligned with the vertically

polarized light from the laser, then there will be power in both input fiber modes.

These modes are separate in the fiber, but the two modes travel at different phase
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velocities. The two modes are also affected differently by temperature changes and

mechanical perturbations such as bending the fiber. Thus, they will recombine at

the input fiber output with a random phase difference, resulting in a random po-

larization state. This will spoil the measurements. One can test this by perturbing

the fiber and recording the peak to peak variations in the signals.

If on the other hand, there is a problem with the output fiber not being properly

aligned with the detection system, then there will be interference in the detector

between light coming from the two modes. Again the modes in the fiber are affected

differently by fiber perturbations, so one can optimize the angle for minimum

disturbance when the fiber is perturbed for example.

The output fiber “eyes” are aligned at 45◦ with respect to the input fiber in the

fiber-sensor-fiber assembly. Thus, the input fiber output face that delivers light to

the magneto-optical glass in the enclosure has its bow-tie aligned vertically. Then

the light exits the glass rod and enters the input face of the output fiber. Here

the bow-tie is aligned at 45◦ with respect to the vertical bow-tie of the input fiber.

Thus, equal power (recognizing the phase velocity of the fast and slow axes is

different) will be in the horizontal and vertical polarizations in the output fiber in

absence of Faraday rotation and both polarizations will be in their most sensitive

phase. Therefore, by orienting the output fiber “eyes” at 45◦ with respect to the

input polarization, we have essentially created an analyzer at the input of the

output fiber in the fiber-sensor-fiber assembly.

At the output of the waveguide in which Faraday rotation takes place, the

input face of the output PM fiber is oriented at 45◦ (the bow-tie is 45◦). As the

current drives through the wire-array Z-pinch and produces a magnetic field, the

magnetic field will rotate the vertically polarized light propagating through the
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waveguide. This rotating polarization (rotating phasor) will encounter the output

fiber which has the axes oriented at 45◦ and the light will get resolved into each

of those channels exciting both polarization modes of the fiber. At the output of

the output fiber, these could be separately detected by aligning the output ”eyes”

of the fiber with the detectors.

This is why at the start of any experiment, in steady-state, with the CW laser

on and no magnetic field present, the output fiber is rotated until the signal levels

on the p and s-component photodetectors are equal and stable, indicating the

“halfway” mark.
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CHAPTER 5

DEVELOPMENT OF THE MAGNETO-OPTICAL THIN FILM

WAVEGUIDE

5.1 Design

Having developed an integrated optical fiber sensor consisting of a fiber-sensor-fiber

assembly configuration, the idea now was to developed a miniaturized version of

this sensor. The concept consisted of creating a thin film of the magneto-optically

active terbium borosilicate glass and etching a nanoscale waveguide device out of

this material. Then the waveguide would be butt-coupled with an input and output

Polarization-Maintaining optical fiber to create a thin film waveguide device that

would have improved spatial resolution due to the physical size of the “sensing”

device/element.

This concept was inspired by tools used in nanophotonics, specifically in silicon

photonics where waveguides made of Si are etched to create “light on a chip.” This

concept is visually illustrated in Fig. 5.1. Our goal was an integrated nanophotonic

structure whereby an optical fiber is butt-coupled (and then glued) to waveguides

on both the input and output facet to create an integrated device [29].

Figure 5.1: “Light on a chip.”
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The current design includes using a silicon substrate on which a silicon dioxide

layer is deposited. Then MR3-2 glass is deposited onto the silicon dioxide. A

waveguide of the terbium borate is then etched into this material and then a

cladding of silicon dioxide deposited on top for index matching. It will be conformal

on top of the waveguide. Trenches (grooves) on either side of the waveguide (input

and output) are then etched to seat or house the input and output PM fibers that

are glued in using UV curable epoxy. The trenches would be etched to a half depth

equal to the width of the optical fiber (without the cladding) save the thickness of

the oxide. The fiber diameter is 125±1 µm so the target trench depth would have

been 62.5 µm. However, the deposited oxide layer is 3 µm (as we will see later

on in this chapter) and therefore a 59.5 µm target trench depth was determined.

Figure 5.2 shows a schematic of the design of the thin film waveguide device.
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Figure 5.2: Schematic diagram of the thin film waveguide device.

The waveguide itself is expected to be about 500 nm by 500 nm in cross-section
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- the exact width and height (since it was designed to be square) was determined

by conducting simulations to find out at what width/height is the waveguide single

mode for 532 nm (which is our working wavelength).

The immediate direct manifestation of the waveguide nanoscale dimensions is

improved spatial resolution of the measured B(t). Furthermore we are hoping that

the integrated sensor design with this thin film waveguide device will prolong the

survivability of the device and hence by extension allow us to measure the magnetic

field inside the array due to its smaller size.

Before we delve into the process development of the thin film waveguide, it

should be noted that although we successfully fabricated a magneto-optical thin

film waveguide, the thin film waveguide device coupled poorly to an optical fiber

system and we were not able to test it on XP or COBRA. We did carry out some

preliminary tests on the calibration pulser, but the proportion of light coupled into

the thin film waveguide itself rather than the surrounding cladding was insufficient

to detect any Faraday rotation. Given more time, the thin film waveguide device

could inevitably be improved to enable greater coupling efficiency. However, in

this experimental study no further improvement was carried out for reasons to be

discussed in Chapter 6.

Figure 5.3 shows a chronological roadmap outlining the main steps involved

in the process development of the thin film waveguide as well as a brief overview

of the eventual outcome of the fabrication process and preliminary tests. The

charted processing steps were carried out after the computer simulations (second

box in Fig. 5.3) described in the next section were used to determine the necessary

dimensions of the waveguide.
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Figure 5.3: Process development roadmap of the thin film waveguide device.
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5.2 Simulations

One of the major predicaments associated with Faraday rotation in a rectangular

waveguide is that the transverse electric (TE) and transverse magnetic (TM) modes

must be phase matched. Otherwise the Faraday rotation will be suppressed. Recall

that TE waves must have Ez = 0, i.e. the component of the electric field in the

direction of propagation of light through the waveguide is zero. Likewise TM

waves have Bz = 0, i.e. the component of the magnetic field in the direction of

propagation of light through the waveguide is zero [30]. Figure 5.4 illustrate TE

and TM modes propagating in a rectangular slab waveguide.
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Figure 5.4: TE and TM modes propagating in a rectangular slab waveguide
(adapted from reference [31]).

As indicated in Fig. 5.4 the yz plane is the plane of incidence. The per-

pendicular polarization (s) has the electric field pointing in the x direction, i.e.,

perpendicular to the plane of incidence. This is the transverse electric (TE) po-
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larization because the electric field always points transverse to the direction of net

travel (the z direction).

The other polarization has the electric field lying in the plane of incidence (p

polarization). In this case, the magnetic field, H (which lies perpendicular to both

the local direction of travel and the electric field) is polarized in the x direction.

This is the transverse magnetic (TM) polarization because it is now the magnetic

field that points transverse to the z direction.

So the TE mode only has one non-zero component of the electric field, which

is perpendicular to the plane of its propagation, while the only non-zero B-field

component of the TM mode is perpendicular to the plane of its propagation.

Faraday rotation essentially is a coupling of TE and TM modes. If phase

mismatch (birefringence) is present, then total power transfer between the modes

is not possible. This translates to a suppression of the Faraday rotation. The

TE/TM mode conversion ratio R in a birefringent waveguide of length L can be

expressed as [32]

R =
V B2

(4β/2)2 + (V B)2
sin2(

√
(4β/2)2 + (V B)2L) (5.2.1)

where V is the Verdet constant, B is the magnetic field strength, and 4β is the

difference in phase velocity for the TE and TM modes. The units of V B are ◦/cm.

In the limit where V B À 4β, the mode conversion can be 100 %, while in the

limit V B ¿4β the mode conversion approaches zero. Therefore, to maximize the

mode conversion the TE/TM mode phase velocity mismatch must be minimized.

This is critical for this waveguide design. Phase matching is difficult to achieve

in waveguides because of several sources of linear birefringence. The first source

is material birefringence, which can be avoided if isotropic materials are used.

Unfortunately in our case, we do not necessarily have a choice in materials as our
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objective is to fabricate waveguides with multicomponent terbium borate glass.

Here the isotropy refers only to the TE and TM indices of refraction being equal

and not to the anisotropy of the off-diagonal permittivity tensor elements in a

magneto-optic material. The second source of birefringence is material stress,

but this can be eliminated by using lattice matched materials for the waveguide.

Again the aforementioned reasoning applies in our case. Finally, a third source of

birefringence is the waveguide geometry. In order to eliminate this, the waveguide

can be designed to produce degenerate TE and TM modes and that was our target.

The RSoft [33] simulation software package was used to solve for the optimum

waveguide dimensions to give single mode propagation for a 532 nm wavelength

laser beam. Specifically, the Beam Propagation (BeamPROP) module in this pack-

age was used to solve for the mode. This module employs a three dimensional (3D)

iterative semi-vectorial beam propagation method (in this case the transverse field

components are decoupled, simplifying the problem considerably while retaining

what are usually the most significant polarization effects [33]).

First the index profile as a function of space was defined. The oxide index

is 1.48. The terbium borate waveguide index is 1.6 (measured from ellipsometry

as stated earlier). Simulations were done at 532 nm (the working wavelength).

Different dimensions of the waveguide were used and it was found that a height

and width of 500 nm would give us the same β for 532 nm taking into account the

thickness of the substrate oxide as well as the top layer of oxide.

A word now about how the simulations were run. In computer simulations such

as the beam propagation method that was used here to obtain the optical mode

profiles, it is necessary to discretize the simulation domain. This discretization

essentially divides up the domain into small cells, creating a mesh (squares, rect-
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angles or triangles in 2D; cubes, or almost any hexahedron in 3D). The specified

mesh is essentially our domain. The smaller the cells, the better a simulation will

represent reality, but this reduction in size results in an increase in the number

of sections, and hence in the computation memory and time required. That is to

say, the smaller the mesh (the higher the resolution), the longer the simulation will

take. Ideally one aims to make the mesh as fine as possible but not at the expense

of the simulation taking an inordinately long time. Typically, convergence studies

are performed to determine the mesh size at which the desired accuracy in the

computed value (effective index of refraction in this case) does not change at some

tolerance level (3rd or 4th decimal for example) when the mesh size is decreased.

At the beginning, a coarse mesh (in 3D) was used. The mode was then de-

termined and we obtained an effective index (as seen by the mode). We then

repeated this for a finer mesh and observed how the effective index was affected.

The simulation converged to an effective index, i.e. it did not change much as we

made the mesh finer and finer. The refinement of the mesh was determined to be

sufficient when the 4th decimal of the effective index no longer changed.

This was achieved with a 10 nm mesh in the x and y direction. In the z-

direction (direction of propagation of light through the waveguide), the mesh was

100 nm. For BeamPROP, z does not need to be as fine as the x and y, which is a

direct manifestation of the simulation algorithm.

Figure 5.5 shows us the index profile of our defined domain. The central square

is the cross-section of the simulated waveguide and the surrounding environment

is the oxide.

As stated earlier, simulations showed that a waveguide with a width (and by
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Figure 5.5: Cross-section of simulated waveguide.

extension a height) of 500 nm is single-mode at 532 nm. Therefore our design

width for the waveguides was 500 nm, i.e. the target etch width of the waveguides

and by extension the required thickness of the deposited film of terbium borate.

The simulation result with the fundamental TE mode is shown in Fig. 5.6.

The waveguide is indeed single mode for 532 nm TE waves polarized in the x

direction. The majority of the mode is confined in the waveguide. We could make

the waveguide bigger to get more of the light in the waveguide but then at some

point the waveguide will not be single mode for 532 nm. Even though the light

source is SLM, in waveguides, one can excite higher modes due to defects and

imperfections that inevitably arise during fabrication.

The vertical and horizontal cross-sections (line-outs) of the TE mode profile

are shown in Fig. 5.7. The discontinuity in the horizontal line-out of the TE mode

is a direct manifestation of the boundary conditions.
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Figure 5.6: TE mode (|Ex|) profile through the terbium borate glass waveg-
uide.
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Figure 5.7: Vertical and horizontal cross-sections (line-outs) of the TE mode
profile through the terbium borate glass waveguide.
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Similarly, the simulation result with the fundamental TM mode is shown in Fig.

5.8. Once again, the TM mode is predominantly propagating inside the waveguide.

Figure 5.8: TM mode (|Ey|) profile through the terbium borate glass waveg-
uide.

The vertical and horizontal cross-sections (line-outs) of the TM mode profile

are shown in Fig. 5.9. The discontinuity in the vertical line-out of the TM mode

is a direct manifestation of the boundary conditions.
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Figure 5.9: Vertical and horizontal cross-sections (line-outs) of the TM mode
profile through the terbium borate glass waveguide.
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5.3 Thin Film of Terbium Borate Glass

The thin film was produced by sputtering. We used a target made of MR3-2, a

glass from Xi’an Aofa Optoelectronics Technology Inc., China. MR3-2 is a multi-

component terbium borate glass with a Verdet constant of 79.3◦/T.cm at 532 nm

(our desired working wavelength). It contains 55 %-70 % Tb2O3 by weight with

the remainder predominantly being SiO2 (see Table 3.2). The exact composition

is proprietary and this was as much information as we were able to obtain from the

manufacturer. The glass target (a 1 inch diameter glass disk) was RF sputtered

onto a silicon dioxide substrate (3101 nm thick). The deposited film of terbium

borosilicate was a composition spread ∼450-520 nm thick. We deposited films on

two wafers (silicon dioxide substrate on a Si wafer) using two different sputtering

conditions (see below for further details). Based on our sputtering conditions and

environment, we did not expect the stoichiometry of the glass to change as it was

sputtered. Hence we expect the Verdet constant to remain quite constant after

deposition. However, as noted at the end of section 5.1, we were unable to confirm

that it retained its Verdet constant using the calibration fixture. However, see

section 5.4 for further support for this assertion. Ellipsometry was used to char-

acterize the sputtered films optical properties (e.g. index of refraction) and then

based on the ellipsometric data a model of the film’s thickness and the dispersion

relation of the optical constants over the photon energy range was developed (more

on this later in this section). This model was then fed into the Filmetrics (F50)

measurement system which uses spectral reflectance to measure the thickness of

the terbium borate glass film.

The two depositions were conducted at slightly different deposition conditions.

The first deposition had a base pressure of 7.5× 10−6 torr. The deposition was at
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a working pressure of 30 mtorr comprising of 2.5 sccm (standard cubic centimeter

per minute) of O2 and 47.5 sccm of Ar. This translates to a 5 % O2 mixture with

the rest being Ar. The chamber pressure is essentially a combination of the base

pressure and the working pressure attributed to the mixture of gases used during

sputtering. The RF target gun was positioned 2 inches from the wafer. The power

supplied to the gun was 100 W save 3 W reflected. The voltage on the surface of

the target was -319 V. The voltage here refers to accelerating voltage of the Ar

ions onto the target - the higher the voltage, the greater the kinetic energy the Ar

ions have when they hit and, hence, the greater the kinetic energy of the target

ions that are knocked off have. The total sputter time was 30 minutes.

The second deposition had a base pressure of 6 × 10−6 torr. The pressure

mixture was at 10 mtorr comprising 1 sccm of O2 and 49 sccm of Ar. This equated

to a 2 % O2 mixture with the rest being Ar. The power supplied to the gun was

100 W save 2 W reflected. The voltage on the surface of the target was -288 V.

The total sputter time was 315 minutes.

The base pressure for the two deposition runs were comparable. The main dif-

ferences were the sputtering atmosphere and time period. The second deposition

period was prolonged to increase the sample thickness and a higher rate of sputter-

ing was used without cranking up the power to the target and damaging it further

through thermal cracking (the MR3-2 target cracked after the first deposition but

was kept mounted to the target gun).

Usually, a lower total pressure will increase the mean free path and kinetic

energy of Ar ions hitting the target, hence increase the rate of sputtering.

A Filmetrics measurement system was used to optically measure the thickness
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of the film. The Filmetrics mapping system mapped out the thickness of the

film on each wafer at multiple points and mapped out a topology. The thickness

topology for the first deposition wafer is shown in Fig. 5.10. The contour map for

the second, thicker film, is shown in Fig. 5.11.

Figure 5.10: Thickness profile of terbium borate thin film (first deposition
wafer).
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Figure 5.11: Thickness profile of terbium borate thin film (second deposition
wafer).

Variable-Angle Spectroscopic Ellipsometry (the VASE tool from J.A. Woollam

Co., Inc. [34]) was used to measure the index of refraction for both deposited

films. The first and second wafers had an index of refraction of 1.59 at 532 nm.

The measured values of the index of refraction of the bulk MR3-2 glass target

provided by the manufacturer were Nd = 1.7442 (at 587.56 nm) and NF = 1.7544

(at 486.13 nm).

In order to explain how ellipsometry works and how it was used to measure

the indices, we briefly discuss some fundamentals of spectroscopic ellipsometry

(SE). Spectroscopic ellipsometry measures the changes in the polarization state

(expressed as psi Ψ and delta ∆, which are two of the four Stokes parameters [17]) of
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a light beam being reflected off a specimen surface and extracts the information of

the film refractive index n, extinction coefficient k, and film thickness through data

analysis which consists of modeling the layer structure and curve fitting [35, 36].

Ellipsometry involves monitoring how the p and s-components change in relation to

each other upon reflection or transmission. The ellipsometry data can be expressed

in terms of the amplitude ratio Ψ and phase angle ∆. These parameters are

related to the complex Fresnel reflection coefficients via the complex ellipsometric

parameter ρ:

ρ =
Rp

Rs

= tan Ψ exp ı∆ (5.3.1)

where Rp and Rs are the complex Fresnel reflection coefficient for the p and s-

polarized light, respectively. The s-component is oscillating perpendicular to the

plane of incidence and parallel to the sample surface, and the p-component is

oscillating parallel to the plane of incidence. Therefore, the amplitudes of the

p and s-components, after reflection and normalized to their initial value, are

denoted by Rp and Rs, respectively. Ellipsometry measures the ratio of Rp and Rs

as described by Equation 5.3.1.

The ellipsometric data, Ψ and ∆, are used to model the film thickness and

the dispersion relation of the optical constants over the photon energy range. The

optical constants can be expressed in the refractive index, n and extinction co-

efficient, k. The Cauchy model 5.3.2 works well in this case and gives us the n

and k values. The optical parameters (n and k) of the terbium borate film were

assumed to obey the Cauchy model, which meant that the film was assumed to be

transparent over the spectra range (400-750 nm). The Cauchy model [37] can be

defined as follows:

n(λ) = A +
B

λ2
+

C

λ4
(5.3.2)

where A,B, and C are the Cauchy parameters, which describe that n (refractive
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index) monotonically decreases as λ (wavelength) increases.

So initially the data is iteratively fit to the Cauchy model parameters, A, B

and C and this gives us the n vs wavelength as well as the thickness of the film.

Then the Urbach Absorption parameters are included in the fit and n recalculated.

The Urbach Absorption gives the absorption of a material (the imaginary index k).

Equation 5.3.3 quantifies the relationship between k and the Urbach parameters

[38].

k(λ) = αeβ(12400( 1
λ
− 1

γ
)) (5.3.3)

where α is the k amplitude, β is the exponent and γ is the band edge. α and β

are the two parameters that were fitted to the ellipsometric data obtained. The

exponential absorption “tail” in Equation 5.3.3 is used to extend Cauchy models

past the onset of absorption.

Therefore including the Urbach Absorption parameters gives us the recalculated

n plot as well as the k plot. The aforementioned process was first applied to the

data measured from wafer 2. Then the same model was used for the data measured

for wafer 1 and only the thickness fitted. Then finally, all of the parameters were

refitted to the data for wafer 1 to compare the fit obtained earlier with the model

for wafer 2. The plots for the n and k for both wafers are shown in Fig. 5.12. We

can see that the n plot for wafer 1 after refitting all parameters was slightly different

than the n plot obtained using the model imported for the film on wafer 2 (though

the thickness of 492/493 nm is essentially the same within error). However, the k

plot for wafer 1 obtained from the refitting all the parameters was quite different

from the k plot obtained using the same model as for wafer 2. This implies that the

film properties of the two wafers differ somewhat. This is not entirely surprising

since the two films were deposited under different conditions as outlined earlier. It
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should also be noted that the n and k values obtained from ellipsometry were used

in the Filmetrics measurement system.

Figure 5.12: Measured index of refraction (both real, n, and imaginary, k,
parts) of terbium borate film using ellipsometry obtained by
the three methods described in the text.

From the ellipsometric fits for both wafers, the measured index of refraction of

the deposited terbium borate glass films was 1.59 at 532 nm.
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5.4 Verdet Constant of Deposited Thin Film Waveguide

Earlier we stated that we did not expect the Verdet constant of the deposited film

to change from that of its original bulk form. This was due to the fact that we did

not expect the stoichiometry of the glass to change as it was sputtered.

Faraday rotation (a paramagnetic rotation) in the visible wavelength region

arises from the electric dipole transitions between 4fn and the 4f (n−1)5d electronic

energy levels in rare-earth ions [39]. Among these rare-earth ions, the Tb3+ ion is

one of the most effective cations as predicted from the 5d energy level and con-

firmed through experimental observations [40, 41]. It has been well established

that the absolute value of the Verdet constant of glasses increases with increasing

concentrations of Tb3+ ions [42]. In our case, our goal was to ensure that the

deposited thin film of terbium borate glass on the silicon dioxide substrate had

the same Verdet constant as the bulk glass target of MR3-2. We did have some

control over this because the stability of the lower oxidation state should be en-

hanced by depositing the terbium borate glass in a slightly oxygen-deficient state.

Films deposited using an oxide target with no added oxygen in the sputter gas are

typically slightly oxygen-deficient, so this should work to our advantage.

Studies of femtosecond laser micromachined terbium borate glass waveguides

with diameters of several microns have been shown to have an effective Verdet

constant that is slightly lower than the bulk glass they originated from [43]. How-

ever, the mechanism of femtosecond laser micromachining to create waveguides is

inherently different than our RF sputtering approach, so a comparable decrease in

the Verdet constant is not inevitable in the thin films. Waveguides etched from the

thin film sputtered using RF sputtering have a very smooth stop surface and can

have much smoother walls than waveguides obtained via micromachining. Fur-
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thermore, much smaller waveguides can be fabricated by etching an RF sputtered

thin film of terbium borate glass rather than ablating a bulk glass piece using laser

micromachining. As our aim was to fabricate nanoscale waveguides rather than

waveguides that are over a few microns in diameter, the use of RF sputtering to

deposit a thin film of terbium borate glass followed by an etch recipe presented a

clear advantage over laser micromachining.

5.5 Process Development and Fabrication of Terbium

Borosilicate Waveguides

The next steps involved developing a recipe that would allow us to etch terbium bo-

rate glass waveguides. The first wafer was first cut up into (approximately) 1 inch

by 1 inch pieces for the process development stage. As waveguides of this material

on the 500 nm scale have not been fabricated before, this involved considerable

process development. Several different approaches/recipes were attempted before

a successful sequence of steps was found. A reactive ion etching (RIE) approach

was first attempted without success on the Oxford 80 plasma etcher tool using sev-

eral recipes including a CHF3/CF4/Ar etch recipe [44]. RIE is a combination of

chemical and physical etch processes. It offers high selectivity. Since this approach

did not work, we then opted for a physical etch approach, which would offer less

selectivity. However, provided the right paradigm was used, it would allow us to

etch waveguides of terbium borosilicate. A lengthy development period followed in

which we attempted to use a carbon mask on the terbium borate film for etching

on the ion mill. Carbon is a high resistance etch material that offers a hard mask.

An IPE PECVD (Plasma Enhanced Chemical Vapor Deposition) tool was used to
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deposit carbon onto a sample piece of terbium borate film. After the deposition,

some stress marks and flaking was apparent on the carbon film. 495K and 950K

PMMA photoresist was then spun on the film and the piece was exposed in the

electron beam lithography tool (JEOL JBX-9300FS Electron Beam Lithography

System) which was used to write waveguides onto the film. The pattern was de-

signed as a CAD layout in L-Edit (shown in Appendix D). The exposed pattern

was then developed (after a postbake) in MIF-300 developer where the problem

with the carbon arose - it peeled off. This was due to the intrinsic stress built up

in the carbon film as was evident from the aforementioned stress marks/flaking.

This was attributed to adhesion mismatches between the carbon and the terbium

borate film. This was further exacerbated when the bi-layer PMMA resist was

spun onto the carbon. Therefore the carbon mask approach did not work and a

new approach was needed.

The main reason for using the carbon as a mask was that it provided a high etch

resistance material that is easily removed with any oxygen plasma. It was needed

to protect the silicon dioxide substrate while the terbium borate waveguides are

being etched by the bombarding ions from the ion beam. As an alternate approach,

we tried a thicker, denser electron-beam resist, which after exposure (to electron

lithography) could act as a mask for the terbium borate waveguides during the ion

milling. We opted for XR-1541 (22 %) which is a thick, viscous and dense negative

tone e-beam resist. The process development is outlined below.

A terbium borate film sample (about 1 inch by 1 inch) was cleaned with acetone

and isopropanol (IPA). A Filmetrics measurement system optically measured the

thickness of the terbium borate glass film. The sample was then cleaned in the Aura

1000 Resist Strip tool (a Gasonics downstream asher for dry stripping of photoresist
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using recipe 03F03F). This step also improved adhesion of the photoresist. We

found that at each step where additional layers were to be added on to the terbium

borate film, the use of the Aura tool was indispensable. The film was then prebaked

at 170◦C for 4 minutes. A 1 µm layer of XR-1541 (22 %) e-beam photoresist was

spun onto the terbium borate film at 1000 rpm for 30 seconds (with a ramp-up rate

of 250 rpm/s). The film was then baked at 170◦C for 4 minutes. Electron beam

lithography (using the JEOL JBX-9300FS) was used to write straight and bent

test waveguides onto the film. The test waveguides ranged in width from 480-600

nm. The straight waveguides were 5 mm in length. The bent waveguides lengths

varied as they were written with varying bend radii but the displacement from

the input to the output was up to 5 mm. Recipe development was on a test chip

before the final device chip was fabricated (more on this later). After exposure,

the film was postbaked for 4 minutes at 170 ◦C. The waveguide pattern was then

developed in MIF-300 developer for about 10 minutes.

Ion milling with a beam current of 80 mA and a base pressure of 3.5×10−6 torr

was used to etch the waveguides. The film was loaded at an angle of incidence of

12.5◦ (chosen after several test runs at different angles). The sample was rotated

(at ∼3 rpm) to obtain straight-edged waveguides with vertical walls as studies

have shown rotating the sample at an angle allows the ion beam to bombard the

sample more evenly. The etch rates of terbium borate film and the XR-1541 (22

%) resist were characterized by running several test samples on which profilometry

and Filmetrics measurements were used in tandem to determine the etch depths.

The thickness of the film in each case was measured using a Filmetrics thin film

measurement system and the waveguide heights were measured using profilometry.

Scanning electron microscopy (SEM) was used to examine the waveguides,
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especially to check the verticality of the side walls. The verticality is critical both

for efficient and optimal guiding of light as well as to ensure the integrity of the

transmitted polarized light. Figure 5.13 shows SEM images of two test waveguides.

300 nm 1 micron

Crowning effect

on top of waveguide

Figure 5.13: SEM images of test waveguides.

As we can see from the SEM images, the walls are quite vertical albeit somewhat

rough. However, that is expected given the nature of the ion mill etching. As shown

earlier, simulation results of the mode propagating through the waveguide showed

that a 500 nm wide waveguide would assure the waveguide would be single mode

at 532 nm. Figure 5.14 shows the top view of two test waveguides written at 500

nm on the JEOL e-beam tool. There are two widths shown in each SEM image in

Fig. 5.14 - the inner width shown from the inner edge on the left side to the inner

edge of the right side measures the width of the slightly “depressed” area. This is

actually the width of the top of the waveguide which is just the remnant XR resist

(which is oxidized during the exposure in the e-beam, and so is an oxide with a

similar index of refraction as the silicon dioxide cladding to be deposited on top of

the waveguide). As we saw from the earlier SEM images (Fig. 5.13) at an angle,

the top of the waveguide has a slight crowning effect whereby the top is slightly
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narrower (converged trapezoidally) due to the nature of ion milling with the XR

resist on top. The ridges on the right and left side are actually the demarcations

between the top edge and the bottom edge and the slight slant associated with the

side walls. The very outside edge of the cusp or ridge on either side is likely to be the

bottom of the waveguide. The actual width of the waveguide is probably slightly

less than the outside width as shown, which, in this case, is 586.3 nm in one test

waveguide and 591.3 nm. It is difficult to obtain the exact width of the waveguide

from the top view due to the difficulty of determining the exact demarcation that

represents the true waveguide width. Ideally one would cut the waveguides across

and then measure them across their cross-section. We attempted to do this, but

still had problems measuring the exact width. We consistently observed that the

waveguide width (from bottom edge on either side) was always wider than the

width for which the waveguide was written in the CAD layout drawing. In light of

this, for the final device chip, we opted to write them at 450 nm in the CAD as we

expected the true width of the waveguides after ion milling to be slightly wider.

One other important observation to mention is stitching. With these 5 mm

long waveguides, we found that at times during the exposure in the JEOL e-

beam tool, stitching would occur in the waveguides which would introduce a slight

discontinuity in the waveguide. Stitching errors in electron beam lithography occur

when adjacent writing fields (domains) do not match up exactly [45]. As we can

see in Fig. 5.15 the waveguide has a slight “bump” in it which will of course affect

the propagation of light. For the final chip, reducing the length of the waveguide

should reduce/minimize any stitching effects.

In order to guide light, the terbium borate waveguides were then topped with an

oxide cladding. The GSI PECVD (Plasma Enhanced Chemical Vapor Deposition)

115



Figure 5.14: SEM images of two 500 nm test waveguides (top view).

tool was used to deposit a 3 µm silicon dioxide layer on top of the waveguides

and to index-match it with the silicon dioxide substrate. This brought the total
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Figure 5.15: SEM images of stitching effect.

thickness of the oxide to 6 µm with the waveguides embedded in the oxide at the

half-way mark.

Initial tests were carried out using a low-powered 632 nm HeNe laser beam

guided through a PM fiber to the input of a test waveguide. Figure 5.16 shows

light being guided around a bend.

Initial tests at 532 nm showed considerable scattering and the waveguides were

quite lossy after a couple of millimeters. Although the final thin film device is

targeted to have a waveguide that is 1 mm, reducing the scattering (and losses)

is important. The fact that the losses at 532 nm are more pronounced can be

attributed to the fact that the intensity of scattered light is proportional to 1/λ4.

Taking the ratio of 632 nm and 532 nm to the fourth power, we expect the waveg-

uides to be twice as lossy due to scattering at 532 nm. Furthermore the scattering

is exacerbated by the fact that although the side walls of the waveguides are quite

vertical, there is roughness, which will add to the scattering, due to the physical

etch process in place of a pure chemical etch approach.

In the initial tests, the laser light was coupled from the PM fiber to the waveg-

uide to free space. Bear in mind these waveguides are 4-5 mm long. By contrast,
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Figure 5.16: Guiding of HeNe light through a test waveguide.

the actual device waveguides are going to be 1 mm long, and over that distance

the losses are anticipated to be considerably less.

Preliminary tests were conducted wherein the waveguides were rapid thermally

annealed (RTA) to above the glass transition temperature (790◦C) to see if the

waveguides would relax and hence reduce scattering. However, initial SEM results

(see Fig. 5.17) show considerable reflow of the waveguides, exacerbated by the

remaining XR-1541 on top of the waveguides pushing down the waveguides during

RTA causing the waveguides to be destroyed. For short waveguides, sufficient light

ought to be guided at 532 nm but for longer waveguides, further tests would be

needed.
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Figure 5.17: SEM images of rapidly thermally annealed (RTA) test waveg-
uides. The RTA destroys the waveguides.

After having fabricated the test chip, another terbium borate film sample

(about 1 inch by 1 inch cut from the original wafer) was cleaned with Acetone

and Isopropanol (IPA). A Filmetrics measurement system optically measured the

thickness of the film at the center of the piece. The aforementioned process was

repeated but this time the CAD layout for the final device chip consisted of 20

1 mm long 450 nm wide waveguides. Recall that our target width was 500 nm

for the waveguides and since the actual width after the ion milling ends up be-

ing slightly larger, 450 nm seemed like a reasonable width to write the pattern.

The final chip was successfully fabricated and the waveguides checked under an

optical microscope. Most of them looked glistening “clean,” but a few had some

particulates near the waveguides.

The next step involved developing and fabricating the trenches for the waveg-

uides where the PM fibers are to be housed and glued. This process is outlined in

the next section. Figure 5.18 shows a block diagram summary of the steps involved

in the process development to fabricate terbium borosilicate waveguides.

Figure 5.19 shows SEM images of a couple of the waveguides in the final chip.
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Figure 5.18: Process development of terbium borosilicate waveguides.

Note these images were taken before the GSI oxide was deposited.
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Figure 5.19: SEM images of two different waveguides on the final device chip
at two different magnifications.
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5.5.1 Fabrication of Trenches

The next stage involved etching the trenches that would house the fibers on either

side of the waveguide. 127 µm wide trenches were drawn in the CAD layout (shown

in Appendix D). The HB450 PM fiber has a diameter of 125 µm so the trench

is slightly wider in order to have the fiber sit in it. The trenches were 2.5 mm in

length. A 5 inch chrome coated square glass plate was the mask blank. It was

used to pattern the mask on a Mann 3600F Pattern Generator (PG) Mask Writer

tool.

The terbium borate chip with the patterned waveguides was then cleaned in

the Aura 1000 Resist Strip tool (using recipe 03F03F). P20 Primer was then spun

on the sample at 2000 rpm for 60 seconds. This was followed by spinning SPR-220-

3.0 photoresist at 2000 rpm for 60 seconds. Due to adhesion issues, it took several

tries to spin a clean layer of SPR onto the sample. The Aura strip definitely aided

the adhesion. After the resist was spun, the sample was baked at 115◦C for 90

seconds.

Contact alignment was used to transfer the pattern from the mask to the film

sample. Note that SPR is a positive resist (as opposed to a negative resist).

Therefore the resist is exposed with UV light wherever the underlying material is

to be removed. In these resists, exposure to the UV light changes the chemical

structure of the resist so that it becomes more soluble in the developer. The

exposed resist is then washed away by the developer solution, leaving windows of

the bare underlying material. The mask, therefore, contains an exact copy of the

pattern which is to remain on the sample.

The ABM Contact Aligner tool was used to expose the terbium borate film.
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The Near-UV 405 nm filter was used as the light source. After a few test exposures

to find the optimal exposure time, 12 seconds was chosen. The film sample was

aligned with the mask - using the contact alignment marks that were included in

the original CAD. The terbium borate film was exposed for 12 seconds followed by

a post-exposure bake at 115◦C for 90 seconds. The film was then developed for 90

seconds in MIF-300 developer followed by a rinse in distilled water. Profilometry

and Filmetrics measurements (including Filmetrics under an optical microscope)

were then conducted.

Now that the trenches had been patterned, the next step was to first etch away

all of the oxide on top of the trenches. In order to do this, first a descum of the

chip was done in an oxygen plasma for 10 seconds on the Oxford 80 RIE tool.

This was to remove a slight top layer of the resist and to expose a “clean” layer

of the resist underneath. Profilometry and Filmetrics measurements were then

conducted to measure the trench depths. The CHF3/O2 recipe was then used on

the Oxford 100 tool to etch the oxide in the trenches. The process was run for

a total of 73 minutes (in successive runs of 10 minutes, 30 minutes, 30 minutes

and 3 minutes. After each step, profilometry and Filmetrics measurements were

conducted to determine how much of the oxide in the trenches had been etched

away). Once it had been confirmed that all of the oxide had been removed, the

next step was to etch away the remaining Si in the trenches.

The total etch depth in the trenches should be 59.5 µm. The target depth has

to be such that when the fiber sits in the trench its core is aligned with the input

of the waveguide. The target depth therefore has to be half the width of the fiber

diameter save the thickness of the oxide layer which is the substrate. The fiber

radius is 62.5 µm and subtracting off the substrate oxide of 3 µm gives a target
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depth of 59.5 µm.

The Unaxis 770 Deep Si Etcher (Bosch Etcher) was used to etch the Si. This is

a reactive ion etcher. Initially the “0trench” recipe was run for 50 loops after which

profilometry was conducted to measure the depth of the trenches to determine how

much Si had been etched. This was then followed by another 50 loops followed by

a further 18 loops and finally by a final set of 24 loops. Initially we had anticipated

a 100 loops would suffice to reach the 59.5 µm depth. However after a 100 loops,

the profilometer measurement showed us that we had not reach this depth and we

ran further loops on the film sample. However, when we started to observe that

the profilometer readings were consistently giving us a constant depth that wasn’t

increasing as we ran additional loops, we realized a mistake had been made. In

fact, we discovered that on this particular profilometer (an older model), the stylus

force is a function of the depth and for depths greater than 13 µm, a different range

has to be selected in the settings. This oversight led us to overetch the trenches.

The actual etched trench depth was 87.24 µm. This would mean there was a gap

underneath the fiber and it would not sit at the bottom of the trench when aligned

with the waveguide input. This would mean it would be trickier to glue the fiber

in place at the correct height using UV-curable epoxy, but we nevertheless decided

to continue and try.

The chip was then cleaned in the Aura tool again using recipe 03F03F to strip

the remnant resist.

Figure 5.20 shows a block diagram summary of the steps involved in the process

development to fabricate the trenches for the waveguides.
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Figure 5.20: Process used to fabricate trenches.
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We now had the final device chip with 20 waveguides. We then examined

the waveguides under an optical microscope and then diced up the chip into 10

pieces (slivers). Each sliver (about 3 mm by 1.5 mm) contained two thin film

waveguides. Each piece would then be used as a single sensing device whereby one

of the waveguides on it would be glued to an optical fiber at its input and output

to create the final thin film waveguide device. Figure 5.21 shows the cut marks

indicating how the final device chip was diced using a dicing saw.
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Figure 5.21: Cut marks (dashed lines) for the final device chip.

5.5.2 Coupling of Light into the Thin Film Waveguide

Now that we had fabricated the thin film waveguides and corresponding trenches,

the next step was to couple light to it via PM fibers. We used customized patch
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cords of HB450 that consisted of the fibers jacketed with one end FC/APC con-

nectorized with the slow axis aligned to the key of the connector and the other

end of the fiber bare. Based on our past experience, one of the areas that needed

improvement was coupling into the input fiber. We wanted to modify the setup to

improve the coupling significantly. We did this by using an adjustable FC/APC

collimator (CFC-11-A-APC from Thorlabs) at the input. This was mounted on an

xyz/pitch/yaw translation stage and enabled us to couple light with efficiencies of

up to 75 %. The output of the output PM fiber was also connected to an adjustable

FC/APC collimator to obtain a collimated output to direct to the detectors. The

modified and improved setup is shown in Fig. 5.22. Compare this with Fig. 4.11,

the earlier experimental arrangement.

DPSS SLM 

532 nm Laser

4-wire wire-array Z-pinch in vacuum

(Top view of chamber)

Return 

current 

post

Port with 

vacuum 

feedthroughs

r-component

s-component

p-component

PBS 

@ 45 

deg

PBS: Polarization beamsplitter

NP BS: Non-polarizing beamsplitter

NP BSPBS

Aperture in Faraday box

Amplified

Photodetector

Lens

Electromagnetically shielded box

(Faraday cage)

Aperture in Faraday box

Faraday Isolator

FC/APC connectorized fiber 

mounted to a collimator on a 

rotary mount

FC/APC connectorized fiber 

mounted to a collimator on a 

xyz/pitch/yaw stage
Insulating tube with

sensing waveguide

XP Pulsed Power 

Generator

Anode

C

C: Cathode

PM Optical Fiber 

(HB450)

Optical Breadboard on Neoprene 

padding for damping and vibrational 

isolation 

Iris

Figure 5.22: Improved coupling setup.
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The output end of the input PM fiber was the bare end of the fiber, which was

cleaved and then mounted on a fiber gimbal mount with pitch/yaw translation

onto a xyz translation stage. The setup was also repeated for the output fiber,

which was also cleaved. One of the thin film waveguide device chips (slivers) was

then mounted on a fixture. The cleaved output end of the input fiber was then

slowly inserted into the input trench of one of the two thin film waveguides on that

chip. Light was then coupled into the fiber and the output monitored. Though

the waveguide did guide light, there were losses. As the trench was overetched by

27.74 µm, the fiber could not sit at the bottom of the trench and had to be in mid-

air to be aligned to maximize the output into the waveguide. The fiber was then

butt-coupled to the waveguide. The procedure was then repeated for the output

fiber. The output fiber was placed into the output trench and extensive alignment

conducted. With both the input and output fibers butt-coupled to the waveguide

and aligned, the maximum power output from the setup was only at most 80 µW.

Then using a syringe, UV-curable epoxy (both OP-52 and OP-54 from Dymax

were tried) was dispensed into the trenches and the epoxy cured with a UV lamp.

The power output did reduce by a few tens of microwatts as a result of the gluing.

Several tests were conducted and it was clear that even with several milliwatts at

the output of the input fiber into the waveguide, the maximum power we could

salvage from the fiber-waveguide-fiber setup was of the order of microwatts which

would not be sufficient power level for the experimental tests on XP or COBRA.

The technology associated with silicon-based nanophotonics is quite mature and

in silicon-based devices where fibers are butt-coupled to a Si waveguide and glued,

optimizing the absolute output power is not a major problem. As long as there

is sufficient light out in a relatively noise-free environment, that is satisfactory.

In our case, we are dealing with a high EMP environment where there is a lot of
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electrical noise and having sufficient power of output laser light is imperative.

To calculate the losses in coupling light from the fiber to the waveguide, we

look at two parameters, the effective area, Aeff , of the waveguide and the mode

field diameter (MFD) of the optical fiber.

Aeff is a quantity of great importance in fiber optics. It was originally intro-

duced as a measure of nonlinearities; a small effective area would be useful for

enhancing nonlinear effects. Often a large effective area is desired because higher

powers can be transmitted without introducing any unwanted nonlinear effects in

the fiber.

The MFD is an important parameter in the context of beam divergence, splice

loss, bending loss, source-to-fiber coupling efficiency, and so on. The MFD can be

related to the effective area through the following relation:

Aeff = πw2
eff (5.5.1)

where weff is the effective modal spot size, i.e. the radius (half of the MFD), which

is frequently utilized in conventional optical fibers. This relation is only valid for

close-to-Gaussian modes in ordinary axially symmetrical fibers.

We can now apply MFD and Aeff to our configuration. The HB450 PM fiber

has a mode field diameter of 3.6 µm. Using Equation 5.5.1, we get an effective

area of the fiber of 10.2 µm2. The sensor waveguide was targeted to have a width

of 500 nm. It has a 1/e mode full-width of 684 nm. Therefore using the 1/e radius

in Equation 5.5.1 for the waveguide, we get an area of 0.37 µm2. Coupling a 10.2

µm2 spot size into an area of 0.37 µm2 is the required task at hand. Just taking

the ratio of areas gives us a coupling efficiency of only 3.6 %. This mismatch

will result in extremely poor coupling into the fiber. The beam output from the
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fiber is diverging and, in the fiber-waveguide-fiber configuration, where the fiber is

butt-coupled at both the input and output and glued in using UV-curable epoxy,

the required efficiency, ≥25%, is not possible. Therefore we decided to use lenses

to focus the light into the waveguide as well as back into the output fiber.

An alternate approach to lenses used in silicon-based waveguides to improve

the coupling efficiency in mode mismatch situations is to use tapered fibers and

tapered waveguides (a tapered input and output) as highlighted in reference [46].

In the present case, that would require lengthy simulations and characterization

especially since we have a polarization sensitive experimental configuration. The

taper would have to be impartial to TE and TM polarizations. We determined

that the most effective way forward at this point in time was to resort to a design

similar in principal to the previously constructed fiber-sensor-fiber assembly with

lenses, except instead of the magneto-optically active bulk waveguide of MR3-2,

we would insert the terbium borate nanowaveguide. We discuss this modified thin

film waveguide device design in the next section.

5.6 Final Device

The modified design for the thin film waveguide device consisted of using an as-

sembly similar to the one used in the integrated optical fiber design except this

time it would be tailored to focus light into the 500 nm by 500 nm waveguide.

The assembly consisted of an input fiber mounted in a ferrule held on a base plate.

Light was then collected by a collimating lens, followed by a lens that focused light

onto the waveguide that was positioned on a specially designed mount. At the

output of the waveguide, light was collimated by a lens followed by a lens that
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focused light into the output fiber. The trenches on both the input and output

side of the waveguide were cut off and the input and output faces of the waveguide

polished. The modified thin film waveguide device design is shown in Fig. 5.23.

Figure 5.23: Schematic of proposed modified thin film waveguide device.
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After alignment tests with the design in Fig. 5.23, it was clear that sufficient

coupling of light through the thin film waveguide was not attainable. One reason

for this was that the aspheric lens used to focus light into the input facet of the

waveguide was actually optimized for a wavelength of 780-830 nm rather than 532

nm and hence the aberration level was higher than anticipated. Furthermore we

were trying to focus a spot very close to the diffraction limit implying that utilizing

external optics would mandate a higher quality lens system. However, an aspheric

lens specifically designed for 532 nm was not available. One direct manifestation

of this was that the spot size was about 3 µm rather than the original target value

of about 0.6 µm at the input facet of the waveguide.

Another possible reason was due to some error in alignment. Since a beam

at a very large Numerical Aperture (N.A.) had to be focused into the waveguide,

a small position error (limited by the mechanical tolerances of the movable stage

components) could lead to a high aberration level.

As a result of the large focal spot, a significant proportion of the light was

passing through the cladding. The waveguide itself was illuminated but a majority

of the light was not focused in the waveguide. In order to obtain as much power at

the output as possible, we had the output PM fiber removed from the setup and a

collimating lens was used instead. Figure 5.24 shows photographs of the modified

thin film waveguide device.

The 25% power coupling from input to output of the modified thin film waveg-

uide device was ample to carry out some preliminary tests but the output consisted

of a horizontal line. Furthermore, we did not know how much of the light was ac-

tually passing through the waveguide. The beam spot directly emanating out of

the waveguide was not clear in the horizontal streak of light. Nevertheless, we
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Figure 5.24: Photographs of final modified thin film waveguide device.

decided to carry out some preliminary tests on the calibration pulser in the hope

that perhaps even the small proportion of light in the waveguide would rotate in

a magnetic field and this effect could perhaps be superposed on the evanescent

field enabling us to detect a change in intensity as the light Faraday rotates. The

preliminary tests are briefly outlined in the next section.

5.7 Tests with the Thin Film Waveguide on the Calibration

Pulser

The thin film waveguide device was placed in a copper tube load (essentially a

single turn solenoid) in the calibration pulser so that an axial field produced would

be parallel to the direction of propagation of light through the thin film waveguide.

The load was mounted on the calibration pulser. The experimental arrangement

schematic for these preliminary tests is shown in Fig. 5.25. For a more detailed
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schematic of the calibration pulser used earlier, see Fig. 3.16. Figure 5.26 shows

photographs of the experimental setup for these tests.
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Figure 5.25: Setup for calibration pulser tests with modified thin film waveg-
uide device.
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Figure 5.26: Calibration pulser test photos with modified thin film waveguide
device.

Since the light output from the thin film waveguide was not collimated, the

farther away from the output of the device the photodetectors were placed, the

less light one could focus on the photodetectors. Therefore the photodetectors

were mounted outside the Faraday box as shown in Fig. 5.25 so that they were

physically closer to the device. A lens system was used to focus the horizontal

line streak from the output of the thin film waveguide device onto each of the

photodetectors.

Initial tests showed that considerable light was detected in the line of sight

of the photodetectors from the flash produced by the spark-gap switch of the

calibration pulser. To reduce the intensity of this light, the photodetectors were

covered with a black cloth and spurious light from the calibration pulser spark was

blocked by an iris positioned in front of the polarization beam splitter as shown

in Fig. 5.26. In spite of these precautions, it appeared that any intensity changes

detected when current was driven through the copper tube load, were attributed to

light being picked up by the photodetectors from the flash generated by the spark-

gap switch of the calibration pulser. Tests with several different initial polarization

orientations of the light being transmitted through the input PM fiber and then

subsequently through the thin film waveguide assembly were carried out. This
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included tests whereby initially the light was horizontally polarized (almost entirely

in the p-polarization), vertically polarized (almost entirely in the s-polarization)

and finally oriented at 45◦ whereby the p and s-components had equal power split

between them.

Figure 5.27 shows one such test result. The initial orientation of the polarized

light entering the input PM fiber was adjusted using the half waveplate to launch

at 45◦. Thus, there was equal power in the p and s-components being detected at

the photodetectors. The peak current from the calibration pulser was 15 kA as

measured by the main load Rogowski coil on the calibration pulser. The first 2 µs

are shown. As we can see the p and s-component signals are very noisy - attributed

to electrical noise from the pulser. The initial pulse detected on the s-component

signal was determined to be predominantly due to visible radiation being emitted

from the calibration pulser spark-gap switch in the line of sight of the detector.

Having said that the p-component signal does initially decrease and appear to be

a complement of the s-component. However, over the course of several tests, we

have determined that if there is any Faraday effect imparted to the light, there

is not enough light in the waveguide for it to be detected. The intensity changes

in the p and s-component signals appear to be due to emitted radiation from the

calibration pulser flash of the spark-gap switch during the discharge.
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Figure 5.27: Calibration pulser test results with modified thin film waveguide
device.
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5.8 Recommendations for Future Work

The thin film waveguide device can be improved. Although we were able to fab-

ricate waveguides of terbium borate glass, which is the first time nanowaveguides

of this material have been fabricated, we were not successful at optically coupling

the thin film waveguide to an optical fiber system to extract a Faraday rotation

measurement. Further improvements in the recipe outlined to fabricate terbium

borate glass waveguides should be possible whereby the waveguides are less lossy.

Tapered input and output facets of the waveguides can also be developed, which

should greatly improve the coupling. Inevitably, since ours was the first attempt

to make a thin film waveguide device from a high Verdet constant material, cou-

pling will be improved such that light into and out of the waveguide will reach an

acceptable level. This will take considerable time and effort, which made it beyond

the scope of this dissertation.
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CHAPTER 6

CONCLUDING REMARKS

6.1 Conclusions

In summary, we have successfully developed a technique to measure pulsed mag-

netic fields outside of wire-array Z-pinches with temporal and spatial resolution.

Temporally-resolved Faraday rotation through a magneto-optically active bulk

waveguide allows us to measure the magnetic field of a wire-array Z-pinch (and

X pinch) as a function of time (better than 5 ns) and space (resolution of 1 mm)

for the entire duration of the current pulse outside of the wire-array. We have

developed sensors that are based in free space as well as sensors coupled to an op-

tical fiber system. We also showed that there was no significant delay between the

angle of rotation and the magnetic field as shown by the short circuit load tests.

Therefore, we conclude that at a sample temperature of 300 K (room tempera-

ture), the spin-lattice relaxation time of the terbium borate glass is at most a few

tens of ns. To the best of our knowledge, this is the first time that the spin-lattice

relaxation time for multicomponent terbium borate glass has been experimentally

determined to be less than 100 nanoseconds at room temperature (300 K).

The significant advances made in this work include the measurement success

outside of the array as well as its reproducibility. This approach has been refined

to a degree whereby measuring the magnetic field outside of a wire-array Z-pinch

as a function of time can be readily achieved.

The other significant advancement achieved in this work has been developing

a recipe and procedure to fabricate thin film waveguides of terbium borate glass.
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This is the first time that magneto-optical waveguides of this class of materials

have been fabricated on the nanoscale from terbium borate glass. This may prove

to be an important development for optical isolators, polarization rotation and

sensing.

However, we did not achieve our original objective of developing a thin film

waveguide device coupled to an optical fiber system that would enable us to mea-

sure the magnetic field outside of the wire-array Z-pinch (and eventually inside

the wire-array). Though we were successful in fabricating magneto-optical ter-

bium borate waveguides on the nanoscale, we were not successful in coupling the

waveguide to input and output PM fibers to create a thin film waveguide device

that would allow us to measure the magnetic field with high spatial resolution.

This was predominantly due to the poor coupling of light from the input optical

fiber into the thin film waveguide as well as poor coupling of light out of the thin

film waveguide and into the output optical fiber.

Magnetic probes are limited in how small they can be, and they do perturb the

plasma. However, they have become smaller recently [47]. Thus, our diagnostic

has not replaced the magnetic probe. However, it is conceivable there can be

improvements made to the Faraday rotation approach so that it can provide an

alternative to magnetic probes. One advantage the Faraday rotation diagnostic

did provide was that the magneto-optical sensor is entirely insulating. In the

meantime, magnetic probes remain the best approach available, and high energy

density researchers will continue to look for a better way to measure a magnetic

field than these magnetic probes.
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6.2 Future Directions

Ultimately, the aim was to develop an integrated sensor that can be positioned

at various points throughout a wire-array Z-pinch (both inside and outside) and

conceivably obtain a 3D map of the magnetic field topology. With additional

time, improvements to the thin film waveguide fabrication recipe can be made and

ultimately this thin film waveguide can be coupled to optical fibers with sufficient

coupling efficiency. While we recognize that it may still not be possible to place it

inside the array, perhaps placement in close proximity to the wire-array will enable

useful measurements to be made with a device that is less intrusive than magnetic

probes.

We also propose another idea of an optical fiber-based sensor that could po-

tentially be used. As illustrated in Fig. 6.1, the idea is to strip the cladding of an

optical fiber and deposit a magneto-optical material (such as terbium borate glass)

along a small length of the optical fiber. The magneto-optically active cladding

over this distance would then be the sensing area to measure the magnetic field.

The idea is that the interaction of the evanescent field of the light through the core

with the magneto-optical cladding would be sufficient to rotate polarized light in

the presence of a magnetic field and hence measure the magnetic field.
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Figure 6.1: Proposed design for a thin film optical fiber sensor.
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APPENDIX A

CODE FOR OPTICAL SIGNAL PROCESSING ALGORITHM

The following is the MATLAB code for filtering the Faraday signals.

% This function filters the raw voltage data and calculates local

% maxima/minima

function [minmax, time, voltage, heursure, factor] = mmfilt

% Prompts for file name

file = input(’Enter in data file name: ’,’s’);

factor = input(’Enter in scaling factor: ’);

% Import the time and voltage values from truncdata.txt

[time, voltage] = textread(file,’%f %f’);

% Set the wavelet decomposition level

lev = 17; timeold=time;

% Runs wavelet denoising with the following options:

% Heusure: Heuristic variant of the principle of Stein’s Unbiased Risk

% s: Soft threshold de-noising

% sln: Rescaling using a single estimation of level noise based on first-level coefficients

% sym8: Orthogonal Wavelet (Can be changed from 1 to 45)

f=[.05 .055]; m=[1 0]; lev=17; dev=[.01 .01]; [n, f0, m0, w] = firpmord(f,m,dev);

E=firpm(n,f0,m0,w); heursuree = wden(voltage, ’heursure’, ’s’, ’sln’, lev, ’sym8’);

heursure=filter(E,1,heursuree’); time=time-(n/2*(time(2)-time(1))); heursure=heursure’;

% Center the filtered data about 0

centered = heursure - heursure(1);

% Initialize j for the loop

j=1;
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% Find the number of data points

L=length(time);

% Initialize loop variables

mcheck = 1; lcheck = 1; minmax = zeros(1,3); datapoints=20;

% Loop through the data points

for i=(datapoints+1):1:(L-datapoints);

% Find local maxima and minima

for k= (i-datapoints):1:(i+datapoints)

if (heursure(k) > heursure(i))

mcheck = 0;

end

if (heursure(k) < heursure(i))

lcheck = 0;

end

end

if (mcheck==1)

minmax(j,1) = time(i);

minmax(j,2) = heursure(i);

minmax(j,3) = 1;

j=j+1;

end

if (lcheck==1)

minmax(j,1) = time(i);

minmax(j,2) = heursure(i);

minmax(j,3) = 0;

j=j+1;

end

mcheck=1;

lcheck=1;

end minmax(1,:)=[];

plot(minmax(:,1),minmax(:,2),’x’,timeold,voltage,’-b’,time,heursure,’-r’);
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The following is the MATLAB code for analyzing the Faraday signals to extract

the magnetic field.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% analysis.m %

% Calculates magnetic field given filtered data and all minima and maxima %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

function [standard, angle, B] = analysis(minmax, time, heursure, factor)

btime = time; bheursure = heursure; z=1;

% Loop through the section of maxima and minima

for a=1:1:length(minmax)+1

% Set the beginning value of the section

if a==1

beginning = time(1);

else

beginning = minmax(a-1,1);

end

% Set the ending vaue of the section

if a==length(minmax)+1;

ending = time(length(time));

else

ending = minmax(a,1);

end

% Setup the time and heursure values throughout the section

for b=length(btime):-1:1

if (beginning > btime(b,1)) | ((ending <= ( btime(b,1))) & ~(a==length(minmax)+1))

btime(b)=[];

bheursure(b)=[];
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end

end

% Setup maxima and minima voltage references

minref = input(’Enter reference minima value...0

if beginning value, 1 if ending value ’);

if minref==0

minref = minmax(a-1,2);

end

if minref==1

minref = minmax(a,2);

end

maxref = input(’Enter reference maxima value...0

if beginning value, 1 if ending value ’);

if maxref==0

maxref = minmax(a-1,2);

end

if maxref==1

maxref = minmax(a,2);

end

% Setup standardized values between 0 and 1

bstandard = bheursure - minref;

bstandard = bstandard / (maxref-minref);

% Determine the angle associated with the range of values

pangle = real(acos(sqrt(bstandard)))*360/(2*pi);

if pangle(1) > pangle(length(pangle))

for c=1:1:length(pangle)

pangle(c) = 2*pangle(1)-pangle(c);

end

end

pangle = pangle - pangle(1);
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% Determine magnetic field from angle

pB=pangle/factor;

% Determine the direction of field change

fielddir = input(’Enter 0 for field decrease and 1 for field increase ’);

% Customize the field for the situation

if (z>1) & (fielddir==1)

pB=pB+B(z-1);

else

if (z>1) & (fielddir==0)

pB=B(z-1) - pB;

end

end

% Commit the values

for d=1:1:length(btime)

standard(z)=bstandard(d);

angle(z)=pangle(d);

B(z)=pB(d);

z=z+1;

end

% Reset btime and bheursure

btime = time;

bheursure = heursure;

end

% Turn row vectors into column vectors for plotting and file output

B=B’; standard=standard’; angle=angle’;
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% Plot relevant information

subplot(4,1,1) plot(time, heursure, ’-’, minmax(:,1), minmax(:,2), ’x’)

title(’Signal Plot With Local Maxima/Minima’) subplot(4,1,2) plot(time,standard,’-’)

title(’Standardized Plot’) subplot(4,1,3) plot(time,angle,’-’)

title(’Angle Plot’)

subplot(4,1,4)

plot(time,B,’-’)

title(’Magnetic Field’)

% Concatenate data sets and save them to a file

datafile = cat(5,time,heursure,standard,angle,B);

name = input(’Enter the name of the output data:’,’s’);

dlmwrite(name, datafile, ’delimiter’, ’\t’, ’precision’, ’%.10f’);
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The following is the MATLAB code is used to obtain the calculated magnetic

field.

function [out, left, right, center] = constant

wirelength = input(’Enter in length of glass in meters: ’);

centerdistance = input(’Enter in the distance from the center in meters: ’);

wirewidth = input(’Enter in the width of the glass: ’);

numwires = input(’Enter in the number of wires: ’);

numposts = input(’Enter in the number of return posts: ’);

iname = input(’Enter in current data file name: ’,’s’);

file = input(’Enter in data file name for the faraday estimated magnetic field: ’,’s’);

x = (-1*wirelength/2):.000001:(wirelength/2); y =

(centerdistance-wirewidth/2):.000001:(centerdistance+wirewidth/2);

if (numposts == 4)

% Contribution from left two return posts

leftreturn = (4*pi*10^-7*(.0314309-centerdistance))./

(2*pi*((.0314309-centerdistance)^2+(x+.0314309).^2));

left = sum(leftreturn)/(length(leftreturn)*2);

% Contribution from right two return posts

rightreturn = (4*pi*10^-7*(.0314309+centerdistance))./

(2*pi*((.0314309+centerdistance)^2+(x+.0314309).^2));

right = sum(rightreturn)/(length(rightreturn)*2);
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else

left = 0;

% Contribution from right two return posts

rightreturn = (4*pi*10^-7*centerdistance)./

(2*pi*((centerdistance)^2+(x+.0314309).^2));

right = sum(rightreturn)/(length(rightreturn));

end

if (numwires == 8)

% Contribution from first current wire

firstset = (4*pi*10^-7*(centerdistance-.008001))./

(2*pi*((centerdistance-.008001)^2 + x.^2));

first = sum(firstset)/(length(firstset)*8);

% Contribution from last current wire

lastset = (4*pi*10^-7*(centerdistance+.008001))./

(2*pi*((centerdistance+.008001)^2 + x.^2));

last = sum(lastset)/(length(lastset)*8);

% Contribution from left set of current wires

leftset = (4*pi*10^-7*(centerdistance-.005658))./

(2*pi*((centerdistance-.005658)^2+(x+.005658).^2));

left2 = sum(leftset)/(length(leftset)*4);

% Contribution from right set of current wires

rightset = (4*pi*10^-7*(centerdistance+.005658))./

(2*pi*((centerdistance+.005658)^2+(x+.005658).^2));

right2 = sum(rightset)/(length(rightset)*4);
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% Contribution from center set of current wires

centerset = (4*pi*10^-7*centerdistance)./

(2*pi*(centerdistance^2+(x+.008001).^2));

center = sum(centerset)/(length(centerset)*4);

out = first + last + left2 + right2 + center + left - right;

else

% Contribution from center current post

centerpost = (4*pi*10^-7*centerdistance)./

(2*pi*(centerdistance^2+x.^2));

center = sum(centerpost)/(length(centerpost));

out = center + left - right;

end

% Read the file containing current values

[currenttime, I] = textread(iname,’%f %f’);

%I = cumtrapz(currenttime,di);

% Plot theoretical and observed magnetic fields

subplot(2,1,1) plot(currenttime*(10^9),I/(10^6),’k’,’LineWidth’,2) set(gca,’FontSize’,12)

title(’Current vs. Time’,’FontSize’,20) xlabel(’Time (ns)’,’FontSize’,14) ylabel(’Current

(MA)’,’FontSize’,14)

[datatime, dataheursure, datastandard, dataangle, dataB] = textread(file,’%f %f %f %f %f’);

subplot(2,1,2) plot(currenttime*(10^9),-1*I*out,’k’, datatime*(10^9),dataB,’r’, ’LineWidth’,2)

set(gca,’FontSize’,12) title(’Magnetic Field vs. Time’,’FontSize’,20) xlabel(’Time

(ns)’,’FontSize’,14) ylabel(’B field (T)’,’FontSize’,14)

theoretical = cat(2,currenttime,-1*I*out); name = input(’Enter the filename for the calculated B

field: ’,’s’);

dlmwrite(name, theoretical, ’delimiter’, ’\t’, ’precision’, ’%.10f’);
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The following is an improved version of the MATLAB code used to obtain the

calculated magnetic field for the 5000 test series on XP.

function [time Btotx]=new_code(filename)

data=load(filename); time=data.Shot712(:,1);

I_file=-data.Shot712(:,2); I_post=I_file/4; I_wire=-I_file;

% definition of the constants in the problem

mu_0=4*pi*1e-7;

%a=1.5e-2;

% distance between the center of probe and center of short circuit

a=1.1e-2;

% distance between the center of post and center of short circuit

c=1.75*0.0254;

b=c-a*sqrt(2);

% distance between POST and the center of the probe in meters

r1=sqrt(a^2+b^2+sqrt(2)*a*b);

% distance between POST and the center of the probe in meters

r2=sqrt(a^2+c^2+sqrt(2)*a*c);

Th_p1=acos((a^2+r1^2-b^2)/(2*a*r1))*(180/pi); % the angle of the POST 1 in degrees

Th_p2=90-acos((a^2+r2^2-c^2)/(2*a*r2))*(180/pi); % the angle of the POST 2 in degrees

% Units are all defined in meters

%probe_dx=1e-2; % the dimension of the probe in "x-dir"

%probe_dy=0.5e-2; % the dimension of the probe in "y-dir"

probe_dx=1e-3; probe_dy=1.5e-3;
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% the distance from the center of the probe and to the center of short circuit

Y_cen=1.5e-2;

Np=4; % number of posts

% Now define a simple grid for the post to calculate B-field

xx=[-0.5*probe_dx:1e-4:0.5*probe_dx]; yy=[-0.5*probe_dy:1e-4:0.5*probe_dy];

% First calculate the contribution to the B-field from the FOUR POSTS

Bpost=zeros(size(time,1),4,size(xx,2),size(yy,2));

Bpostx=zeros(size(time,1),4,size(xx,2),size(yy,2));

Bposty=zeros(size(time,1),4,size(xx,2),size(yy,2)); rp=zeros(4,size(xx,2),size(yy,2));

thp=zeros(4,size(xx,2),size(yy,2));

% Calculate the coordinates of the posts in the new reference of frame

xp1=-r1*cos(Th_p1*pi/180); yp1=r1*sin(Th_p1*pi/180);

xp2=-r2*cos(Th_p2*pi/180); yp2=-r2*sin(Th_p2*pi/180);

xp3=r2*cos(Th_p2*pi/180); yp3=-r2*sin(Th_p2*pi/180);

xp4=r1*cos(Th_p1*pi/180); yp4=r1*sin(Th_p1*pi/180);

xp=[xp1,xp2,xp3,xp4]; yp=[yp1,yp2,yp3,yp4];

% Second calculate the contribution to the B-field from the SHORT CIRCUIT

Bwire=zeros(size(time,1),size(xx,2),size(yy,2));

Bwirex=zeros(size(time,1),size(xx,2),size(yy,2));

Bwirey=zeros(size(time,1),size(xx,2),size(yy,2));

rw=zeros(size(xx,2),size(yy,2));

thw=zeros(size(xx,2),size(yy,2));

% Define the location of the SHORT CIRCUIT

xw=0; yw=-a;

for i=1:size(xx,2)

for j=1:size(yy,2)

for p=1:Np
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rp(p,i,j)=sqrt((xp(p)-xx(i))^2+(yp(p)-yy(j))^2);

thp(p,i,j)=atan(abs((yp(p)-yy(j))/(xp(p)-xx(i)))); % angle in radians

Bpost(:,p,i,j)=mu_0*I_post(:)/(2*pi*rp(p,i,j));

Bpostx(:,p,i,j)=Bpost(:,p,i,j).*sin(thp(p,i,j));

Bposty(:,p,i,j)=Bpost(:,p,i,j).*cos(thp(p,i,j));

end

rw(i,j)=sqrt((xw-xx(i))^2+(yw-yy(j))^2);

thw(i,j)=atan(abs((yw-yy(j))/(xw-xx(i)))); % angle in radians

Bwire(:,i,j)=mu_0*I_wire(:)/(2*pi*rw(i,j));

Bwirex(:,i,j)=Bwire(:,i,j)*sin(thw(i,j));

Bwirey(:,i,j)=Bwire(:,i,j)*cos(thw(i,j));

end

end

% A final modification is required due to the geometry

Bpostx(:,2,:,:)=-1*Bpostx(:,2,:,:); Bpostx(:,3,:,:)=-1*Bpostx(:,1,:,:);

Bposty(:,3,:,:)=-1*Bposty(:,1,:,:); Bposty(:,4,:,:)=-1*Bposty(:,4,:,:);

% Now average the B-field values over the grid for POSTS & WIRE(S)

Btotpostx=mean(mean(Bpostx(:,:,:,:),3),4); Btotposty=mean(mean(Bposty(:,:,:,:),3),4);

Btotwirex=mean(mean(Bwirex(:,:,:),2),3); Btotwirey=mean(mean(Bwirey(:,:,:),2),3);

% Now calculate the TOTAL B-FIELD in the X & Y DIRECTION

Btotx=sum(Btotpostx,2)+sum(Btotwirex,2); Btoty=sum(Btotposty,2)+sum(Btotwirey,2);

% Now plot the B-field in X-direction as a function of time

figure(1) plot(time,Btotx,’Color’,’k’,’Linewidth’,1.5);

hold on xlabel(’time (s)’,’Fontsize’,18)

ylabel(’B_t_o_t (Tesla)’,’Fontsize’,18)

outfile=strcat(filename,’_’,’result’);

save(outfile,’time’,’Btotx’);
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We have measured magnetic fields up to 17.7 T with a rise time of 75 ns using temporally resolved Faraday
rotation of a single longitudinal mode laser beam through a magneto-optically active bulk waveguide. We
believe this to be the first time that such large, rapidly varying magnetic fields have been measured with
this class of materials (multicomponent terbium borate glass). As there was no measurable lag between the
magnetic field inferred from the angle of rotation of the laser beam and the electromagnetically measured
field, our sample of terbium borate glass has a spin-lattice relaxation time of a few tens of nanoseconds at
most at approximately room temperature �300 K�. The highest peak magnetic fields were measured in wire-
array Z-pinch experiments on a 0.5 MA pulsed power machine. © 2009 Optical Society of America

OCIS codes: 060.2370, 130.2755, 140.3570, 160.3820, 230.2240, 260.2110.

We have used temporally resolved Faraday rotation
of a single longitudinal mode (SLM) laser beam
through a magneto-optically active waveguide to
measure rapidly varying pulsed magnetic fields. In
the present experiments, we have used bulk
waveguides made of multicomponent terbium borate
glass rods to measure magnetic fields (B fields) up to
17.7 T produced in wire-array Z-pinch experiments
by the 0.5 MA, 50–75 ns rise time current pulse from
the XP pulsed-power generator [1] and fields up to
10.2 T by the 1 MA, 100 ns rise time current pulse
from the COBRA pulsed-power generator [2], at Cor-
nell University. To the best of our knowledge, this is
the first time that such rapidly varying and large B
fields have been measured by this class of materials.
The spatial resolution was limited by the physical
sensor sizes, and the time-resolution was �10 ns or
better. The Z-pinch experiments’ harsh environment
determined the measurement validity time during
the �250 ns long COBRA current pulse and the
�150 ns long XP current pulse. With the waveguide
placed just outside the Z-pinch plasma, a valid signal
was obtained for �200 ns on COBRA (�75 ns on XP),
but it was a few tens of nanoseconds with the wave-
guide inside the plasma.

Understanding the B-field evolution in wire-array
Z-pinch plasmas is of critical importance to stockpile
stewardship and inertial confinement fusion [3]. The
standard method is to use a small magnetic (electro-
magnetic induction) probe [4]. Faraday rotation of a
linearly polarized laser beam passing through a wire-
array Z-pinch plasma has also been used to estimate
B fields within the plasma [5], but this method is
“spoiled” by the highly nonuniform nature of wire-
array Z-pinches [6]. The equation that quantifies the
Faraday rotation angle, �, is [7]

� =
e3

8�
2c3

�0me
2
�0

2� neB
� · dl�, �1�

where ne �m−3� is the electron density, �0 (m) is the
laser wavelength, and the line integral is along the
laser path through the plasma. Determining the B
field accurately requires independent knowledge of
the electron density (an average value obtained from
interferometry) and is highly nonuniform over the la-
ser path length. Therefore, either a very simple ge-
ometry (e.g., just four wires) or an unrealistic as-
sumption about cylindrical symmetry must be made
to infer the B field as a function of position (the mea-
surement location is ill-defined as it entails the total
laser path length). We were motivated by the desire
to make a local B-field measurement without placing
a conducting probe in the plasma.

Multicomponent terbium borate glasses have a
high Verdet constant, which determines the amount
of rotation of the plane of polarization of the SLM la-
ser beam versus B-field strength per unit length of
glass [8]. If the B field is parallel to the direction of
propagation when polarized light enters a magneto-
active glass, then it rotates the plane of polarization
by an angle, �, given by [8]

� = V� B� · dl�, �2�

where V is the Verdet constant (wavelength depen-
dent), in radians (or degrees) per Tesla-centimeter, of

the material, and �B� ·dl� is the line integral of the
field along the length of glass.

We measure the Faraday rotation angle, �, by bal-
anced detection splitting a polarized 532 nm SLM la-
ser beam traversing the magnetoactive glass sensor
into three components (see Fig. 1): the p component
(horizontal polarization), s component (vertical polar-
ization), and r component (has a 45° phase delay with
respect to the p and s components). The components
are detected by �2 ns rise time amplified photodetec-
tors (PDA10A from Thorlabs). The input laser beam
is initialized at 45° using a half-wave plate to maxi-
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mize the measurement sensitivity. The r component
resolves any ambiguities in the direction of the
B-field change at a peak or valley in the p- or
s-component signals (determines if the B field is
increasing/decreasing or has changed direction). To
analyze the signals (p, s, and r) we first apply a high-
frequency noise filter followed by a normalization
routine. We then use Malus’ law [9] and Eq. (2) to cal-
culate the total component rotation (measured by sig-
nal intensity changes) by examining the total num-
ber of maxima/minima, from which the B�t� field is
obtained. The signal bandwidth is limited by the am-
plified photodetectors to 150 MHz (�2 ns rise time).

The Z-pinch plasma configuration consists of a cy-
lindrical array of (typically) eight wires (see middle
photograph in Fig. 1) strung between anode and
cathode electrodes as the COBRA generator load. A
pulsed current of �1 MA, rise time of 100 ns is then
driven through the wires, causing them to explode
and form a hot plasma. The current density �J� in the
plasma around the exploding wires interacts with the
magnetic field �B� from the total current to produce a
J�B force that accelerates the current-carrying
plasma portion toward the array symmetry axis. The
resulting high inward velocity produces a high
energy-density (�100 eV, �1020 / cm3 electron den-
sity) plasma on-axis (z axis). The large B fields of in-
terest are just outside of and within the wire-array
Z-pinch. A similar process occurs in XP pulsed-power
generator load experiments (0.5 MA, 50–75 ns rise
time).

The setup for the COBRA experiments is shown in
Fig. 1. The wire-array configuration consisted of
eight Al or W wires (each 12.5 or 25 	m in diameter,
array radius of 0.8 cm, and height of 2.0 cm). Each
return current post is 4.45 cm from the wire-array
axis. Initially, the terbium borate glass in the middle
of a ceramic tube is just outside the wire array (see
Fig. 1). We used a SLM diode-pumped solid-state
532 nm 100 mW cw laser (Coherent Compass 315M-
100). The �10-cm-long alumina ceramic tube pre-

vented the wire-array Z-pinch plasma from refract-
ing the laser beam in free-space propagation and
eliminated Z-pinch emission within the bandwidth of
the 532 nm laser line filter at the detector box aper-
ture. Electromagnetically shielded boxes (Faraday
cages) were used to reduce the electrical noise from
the �1012 W COBRA pulsed-power generator.

We used three different terbium borate glasses for
our experiments. First, there is M-18 from Kigre Inc.,
USA (�2-cm-long, 1 cm diameter rod; Verdet con-
stant of 62.3° /T·cm). The second glass material is
BTS-18 from Sumita Optical Glass, Japan
(1-cm-long, 0.5 cm diameter rod; Verdet constant of
125° /T·cm). The third material is MR3-2 from Xi’an
Aofa Optoelectronics Technology Inc., China
(1-mm-long, 1.5 mm diameter rod; Verdet constant of
79.3° /T·cm). These Verdet constants (at 532 nm)
were measured either by the manufacturers or by
other users. Three different loads (see Fig. 1) were
used: a short circuit load with return current posts,
wire arrays, and a return current cylinder geometry.

To understand the response of the bulk waveguide
material, short circuit load tests were conducted. A
1.5 cm diameter cylindrical brass rod (short circuit)
replaced the wire-array load. Results from one such
test (COBRA pulse 664) using BTS-18 as the wave-
guide inside a ceramic tube positioned about 1.5 cm
from the rod center are shown in Fig. 2(a). The cal-
culated B field tracks the optically measured B field
very well. This result was reproduced in all short cir-
cuit load tests, demonstrating that the Faraday rota-
tion measurements accurately track B-field changes.
The short circuit load tests also show there is no no-
ticeable time lag between the B field determined from
Faraday rotation and the calculated B field (obtained
from the machine current measured using a
Rogowski coil). We therefore conclude that for this
sample of BTS-18 glass, at a temperature of about
300 K, the spin-lattice relaxation time is a few tens of
nanoseconds at most. Previous work [10], with Hoya
FR-5 glass, a terbium-ion-doped borosilicate glass,

Fig. 1. (Color online) Diagram of the Faraday rotation optical system arrangement. The photographs show the experi-
mental setup for the different tests. The arrows denoted with a “B” indicate the position of the magnetic probe. The arrows
denoted with an “S” indicate the position of the waveguide sensor located inside its protective ceramic tube.
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experimentally determined the spin-lattice relax-
ation time for such materials to have an upper limit
of �150 ns at a temperature of 30 K. We believe this
is the first time that the spin-lattice relaxation time
for multicomponent terbium borate glass has been
experimentally determined to be less than 100 ns at
room temperature �300 K�. This also confirms the
previously reported hysteresis effect in magneto-
optical glasses [10] is an experimental artifact and
not a real physical effect.

For wire-array test 712 (on COBRA with W wires),
a MR3-2 glass rod in the center of a 10-cm-long ce-
ramic tube was positioned with its center 1.1 cm from
the wire-array axis (oriented tangentially to a circle
centered on-axis). A magnetic probe was also posi-
tioned at a symmetrically opposite position to the
waveguide (see Fig. 1). Using Faraday rotation, we
measured a peak field of 10.2 T [see Fig. 2(b)], and
the measurement lasted the entire current pulse, as
did the magnetic probe signal since both were placed
outside the plasma. The calculated B�t� at the sensor
assumed the load current (measured by the Rogowski
coil) flowed through an infinitely long central conduc-
tor on the array axis, and the return current from the
anode was split equally among the four return cur-
rent posts (see Fig. 1). Thus, no azimuthal asymme-
tries due to wire-array plasma dynamics were consid-
ered. Using the short circuit load results, the
differences in the Faraday and magnetic probe pro-
files are likely due to imperfect symmetry of the
plasma (which can be substantial with only eight
wires in an 8 mm radius array [6]), the possibility of
unstable plasma motion and uncertainty in the probe
placement at the ±0.5 mm level.

We also positioned a MR3-2 waveguide (in a short
ceramic tube) 2–4 mm from the wire-array center in-
side an eight-wire 12.5 	m Al wire array. Laser shad-
owgraphy showed plasma engulfing the glass rod
shortly after the start of current. Evidently the free-
space laser coupling to the waveguide was broken by
a shock wave refracting the beam. Mostly no useful

measurement was made, but in COBRA pulse 627,
we measured a field for about 40 ns (peak of just over
1.9 T).

Subsequent tests used a polarization-maintaining
(PM) fiber (HB450 from Thorlabs) to deliver the light
to a MR3-2 glass sensor (inside an optical assembly)
where the output light propagated in free space. The
return current geometry is similar to that used in
studies on the Z Machine [11]. We used a short circuit
load and a thin-walled cylindrical 11 cm diameter Al
return current conductor. The results were reproduc-
ible, and Fig. 2(c) shows one such measurement
(COBRA pulse 866), where the MR3-2 is at 2.7 cm
from the 1.5 cm diameter brass rod center.

Recently, we tested an integrated optical fiber sen-
sor (fiber-sensor-fiber assembly) in 0.5 MA, 50–75 ns
experiments on XP. The integrated assembly consists
of an input PM fiber that delivers light to a MR3-2
glass sensor inside a ceramic tube. The output light
is coupled into an output PM fiber whose “eyes” are
aligned at 45° with respect to the input fiber. Prelimi-
nary results have yielded the B field (peak of 17.4 T)
for �125 ns from the start of current for a 0.95 cm di-
ameter short circuit load test with the sensor at
0.76 cm from the load center. With the sensor posi-
tioned 7.62 mm from the wire-array axis center
(2.12 mm from the nearest wire) for a 10 mm diam-
eter four-wire 25 	m W array, we measured the B
field (peak of 17.7 T) for about 75 ns from the start of
current.

We thank Hans Sohlstrom, Royal Institute of Tech-
nology, Stockholm, Sam Goldwasser, Drexel Univer-
sity, and Al Sievers, Cornell University for useful dis-
cussions. We also thank Timothy Russell, Rajesh
Atluri, and Todd Blanchard. This research was spon-
sored by the NNSA through U.S. Department of
Energy cooperative agreement DE-F03-02NA00057.
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We introduce a technique to measure the maximum magnetic field of a submicrosecond duration

pulse using magnetic CoPt thin films. In the present experiment, this technique yields a lower limit

for the field intensity and reveals the sense of that peak field. The time-varying magnetic field was

generated by an exploding wire array plasma called an X pinch. Using a Quantum Design

Superconducting Quantum Interference Device magnetometer, two thin films were initialized with

remnant magnetization along a specific direction. The two films were then placed near an X-pinch

plasma column with magnetizations in opposite directions. The current driven through the X pinch

induced a change in magnetization in the films, which implied a lower bound of 17 kOe for the

magnitude of the maximum magnetic field to which the film was exposed. © 2005 American

Institute of Physics. �DOI: 10.1063/1.2126109�

We present a technique to determine the lower limit of

the maximum magnetic field at a particular position using

magnetic CoPt thin films with a high coercivity. The tech-

nique successfully measured the lower bound magnitude and

direction of submicrosecond duration magnetic field pulses.

The development of this technique was motivated by a

search for ways to study magnetic field topologies and

strengths in high-energy density plasmas of wire-array z

pinches. This work marks the first time magnetic thin films

have been used to measure submicrosecond magnetic fields

in high-energy density plasma regimes.

The X-pinch plasma
1

was produced by the �450 kA,

100 ns XP Pulsed Power Machine at Cornell University. The

X-pinch configuration involves two or more wires that cross

and touch at a single point, in the form of an X. They are

then exploded by the large current pulse, which produces a

hot dense plasma at the original crosspoint. This plasma is

then compressed by a magnetic field produced by the cur-

rent. For experiments presented herein, 22 �m four-wire

X pinches were used to produce the submicrosecond mag-

netic fields that were monitored. The resulting hot plasma

explosion from the X pinches tested the survivability of the

thin films.

CoPt-based thin films have been extensively studied for

applications in magnetic recording media.
2–4

Although

pulsed magnetic fields from lightning have been detected

utilizing the magnetization of stones,
5

this letter presents the

first application of thin films as a pulsed magnetic field

monitor. Two sets of CoPt thin films were deposited by

cosputtering.
6,7

The first film consisted of a 50nm CoPt layer

deposited on a Si substrate and capped with a 15 nm Pt

layer.
8

The second film consisted of a 100nm CoPt layer on a

SiO2 substrate. The first and second sets were vacuum an-

nealed at 400 °C for 4 h and 700 °C for 14 h, respectively.

The films’ microstructure was analyzed using an x-ray sys-

tem with an area detector
9

and a �-� diffractometer. The

x-ray diffraction showed that the first set of films was equi-

axed, whereas the second set was textured �i.e., had a pre-

ferred crystallographic orientation�.
4

Two pieces of film

�Samples X and Y from Set 1, and Samples A and B from Set

2� were cut �approximately 5 mm�4 mm� and the in-plane

magnetic hysteresis curve of these samples was measured

using a Quantum Design Superconducting Quantum Interfer-

ence Device �SQUID� magnetometer. The SQUID measure-

ments showed that the coercivity, Hc, of Samples X and Y

was 0.75 kOe and 0.25 kOe respectively. Sample Y had a

low coercivity
10

that was attributed to a variation in the com-

position of this film. The coercivities of Samples A and B

were 7.1 kOe �Fig. 1� and 3.7 kOe �Fig. 2�, respectively.

Larger magnetic fields can be monitored with higher coer-

civities. The second set of films had significantly higher co-

a�
Author to whom correspondence should be addressed; electronic mail:

ws68@cornell.edu

FIG. 1. Hysteresis loop �in plane� of the CoPt film �Sample A�. Inset: Cali-

bration curve of the moment after recoil demagnetization as a function of

field excursion.
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0003-6951/2005/87�18�/182505/3/$22.50 © 2005 American Institute of Physics87, 182505-1
Downloaded 28 Nov 2005 to 128.84.158.89. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

160



ercivity than the first set of films due to the additional

annealing.

Using the SQUID, Samples X and Y were initialized

with remnant magnetization along a specified direction.

Samples X and Y had a remanence �mr
+� of 2.99

�10−4 emu and 1.99�10−4 emu, respectively. The two films

were then placed about 1 cm from the crosspoint of the

X-pinch plasma column with their magnetizations in oppo-

site directions to each other but aligned parallel to the azi-

muthal magnetic field produced in the vicinity of the Xpinch

�Fig. 2 inset�. A current was then driven through the X pinch

which generated a time-varying magnetic field with a pulse

duration of about 100 ns. After the shot, the remanence of the

two samples was measured using the SQUID. Sample X had

a remanence �mr
+� of 2.98�10−4 emu and Sample Y had a

remanence �mr
−� of −1.45�10−4 emu. Therefore, the mag-

netic moment �magnetization � volume� of Sample Y had

reversed direction due to the X-pinch magnetic field. We can

be certain that the field must have been greater than Hc to

have caused this change in the magnetization, and the sense

of the field must have been opposite to the original sense of

the magnetization of Sample Y at that position. Thus, the

films detect the lower bound of the maximum magnetic field

that causes their magnetization to reverse. Since Sample Y

had a coercivity of 0.25 kOe, this measurement indicated that

it would have been exposed to a field of the order of 0.5 kOe.

This experimental run served as a proof of principle.

The procedure outlined above was then repeated with

Samples A and B. The SQUID initialized and measured the

preshot remanence �mr
+� of Samples A and B to be 1.16

�10−3 emu �Fig. 1� and 0.73�10−3 emu �Fig. 2� respec-

tively. The two films were then placed about 2 cm from the

crosspoint of the X-pinch plasma column. The postshot

remanence of Sample A was �mr
−� −8.96�10−4 emu and

for Sample B was �mr
+� 6.26�10−4 emu. Therefore, the

magnetization of Sample A had reversed.

As some of the films cracked during the shot due to

material from the exploding wires, one has to take into con-

sideration the demagnetizing field contribution due to the

cracks to correctly quantify the lower bound of the magnetic

field. The films were attached to a holder and were wrapped

in Kapton tape, which maintained the films’ original orienta-

tion despite the cracks. The postshot hysteresis loop of

Sample A revealed a surprising increase in its coercivity,

from 7.1 kOe to 9.3 kOe. The magnitude of mr
− was 1.09

�10−3 emu. This decrease in remanence is attributed to the

increased demagnetizing field in the smaller sample pieces.

Since the magnitude of mr
− of Sample A after the shot was

less than 1.09 milliemu �it was 0.896 milliemu�, this meant

that the last magnetic field “seen” by Sample A was not the

field required to saturate the film �the transition point at

which this film achieves technical saturation is �25 kOe�. If

the last magnetic field seen by the film was �−25 kOe, then

the postshot mr
− of the film would have been −1.09 milliemu.

Therefore, the final magnetic field during the portion of the

pulse that caused the reversal of Sample A must have been

less than this value. With a film initialized to mr
+, if a mea-

surement of a film’s postshot remanence yields a negative

value �mr
−�, then the reversal of the film’s magnetization re-

quires that it be exposed to a large negative magnetic field

�in the direction opposite to mr
+�. If the magnetic field is not

large enough but is in the negative direction, then the rema-

nence will be some value less than the maximum mr
+. If the

magnetic field applied is positive, then the film returns to mr
+.

A calibration curve �Fig. 1 inset� for Sample A was gen-

erated to determine the value of the field that would produce

mr
−=−0.896 milliemu. For each measurement, the sample

was initialized in a field of H=30 kOe. A reverse field, Hrev,

of −30 to −10 kOe was applied, and the resulting magnetic

moment at H=0, i.e., m�0�, was measured and compared to

m�0� for Hrev of −30 kOe, i.e., mr
−=−1.09 milliemu. That is,

the calibration curve plots the moment after the recoil de-

magnetization as a function of the field excursion. For our

measured remanence of −0.896 milliemu for Sample A, the

ratio of m̂=m�0� /mr
−=0.822, corresponding to a Hrev of

−17 kOe, which is therefore the lower bound of the maxi-

mum magnetic field to which the film was exposed. An un-

certainty in this measurement is that the dynamic hysteresis

loop is not identical to that of the �static� calibration curve.

However, the phenomena that contribute to such discrepan-

cies are minimized by the use of thin films with high resis-

tivity and low permeability �avoiding eddy currents� and

high crystal anisotropy pushing the frequency of precessional

modes beyond the range that can be excited by domain-wall

motion. Thus, we are essentially measuring quasistatic

switching. This is in contrast to recent work exploring mag-

netic switching induced by ultrafast �ps� magnetic pulses

from relativistic electron bunches in a linear accelerator,

where the details of magnetization dynamics are being

explored.
11,12

The current traces of the two Rogowski coils monitoring

the X-pinch current show it to be oscillatory. However, after

one or two oscillations, there is a short circuit in the power

feed that terminates the current. The change in the magneti-

zation of the films described here shows that the correspond-

ing current through the X pinch was in a direction opposite

to the current during the initial part of the pulse. The current

in the last pulse to reach the X-pinch load generates the

magnetic field recorded by the films.

The response of the film magnetization is of the order of

tens of ns due to the inherent temporal response time of

magnetic domains, thus facilitating the measurement of sub-

microsecond magnetic field pulses via this approach. This

FIG. 2. Hysteresis loop �in plane� of the CoPt film �Sample B�. Inset:

End-on view of schematic representing the X-pinch current �I, going in�

with two magnetic films �side view� in the vicinity of the X-pinch field. The

films’ magnetizations �M� were aligned parallel to the field �B� but opposite

to each other.
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technique can be readily extended to the measurement of

larger magnetic fields by developing magnetic thin films with

higher coercivity, e.g., Nd–Fe–B compositions.
13,14
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APPENDIX D

CAD LAYOUT

Here is the CAD layout of the test chip.

Here is the CAD layout of the final device chip.
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APPENDIX E

SUMMARY OF REPRESENTATIVE TESTS

The following tables give a summary of some sample tests (shots).
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